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Foreword

Robotics is undergoing a major transformation in scope and dimension. From
a largely dominant industrial focus, robotics is rapidly expanding into human
environments and vigorously engaged in its new challenges. Interacting with,
assisting, serving, and exploring with humans, the emerging robots will in-
creasingly touch people and their lives.

Beyond its impact on physical robots, the body of knowledge robotics has
produced is revealing a much wider range of applications reaching across di-
verse research areas and scientific disciplines, such as: biomechanics, haptics,
neurosciences, virtual simulation, animation, surgery, and sensor networks
among others. In return, the challenges of the new emerging areas are prov-
ing an abundant source of stimulation and insights for the field of robotics.
It is indeed at the intersection of disciplines that the most striking advances
happen.

The Springer Tracts in Advanced Robotics (STAR) is devoted to bringing
to the research community the latest advances in the robotics field on the ba-
sis of their significance and quality. Through a wide and timely dissemination
of critical research developments in robotics, our objective with this series is
to promote more exchanges and collaborations among the researchers in the
community and contribute to further advancements in this rapidly growing
field.

The monograph written by Bram Vanderborght is the third in the series
devoted to biped robots. The work speculates on the study of human walking
to ensure a suitable compliant behaviour for a pneumatically actuated biped.
A complete hardware and software architecture is developed and different
planning and control techniques are tested for energy efficient walking.

The monograph is expanded from the doctoral dissertation of the author,
which was a finalist for the Eight Edition of the EURON Georges Giralt PhD
Award. A very fine addition to STAR!

Naples, Italy Bruno Siciliano
January 2010 STAR Editor



Preface

This book reports on the developments of the bipedal walking robot Lucy.
Special about it is that the biped is not actuated with the classical electrical
drives but with pleated pneumatic artificial muscles. In an antagonistic setup
of such muscles both the torque and the compliance are controllable. From hu-
man walking there is evidence that joint compliance plays an important role
in energy efficient walking and running. Moreover pneumatic artificial mus-
cles have a high power to weight ratio and can be coupled directly without
complex gearing mechanism, which can be beneficial towards legged mecha-
nisms. Additionally, they have the capability of absorbing impact shocks and
store and release motion energy. This book gives a complete description of
Lucy: the hardware, the electronics and the software. A hybrid simulation
program, combining the robot dynamics and muscle/valve thermodynamics,
has been written to evaluate control strategies before implementing them in
the real biped.

The current control architecture consists of a trajectory generator and a
joint trajectory tracking controller. Two different trajectory generators have
been explored. The first is based on an inverted pendulum model where the
objective locomotion parameters can be changed from step to step. The sec-
ond is an implementation of the preview control of the zero moment point
developed by Kajita. The joint trajectory tracking unit controls the pressure
inside the muscles so the desired motion is followed. It is based on a com-
puted torque model and takes the torque-angle relation of the antagonistic
muscle setup into account. With this strategy the robot is able to walk up
to a speed of 0.15m/s. Higher walking speeds are difficult because the robot
has to walk flat-feet and the valve system is not fast enough to follow the
predescribed pressure courses.

On a single pendulum structure a strategy is developed to combine active
trajectory control with the exploitation of the natural dynamics to reduce
energy consumption. A mathematical formulation was found to find an opti-
mal compliance setting depending on the trajectory and physical properties
of the system. This strategy was not implemented on the real robot because
the walking speed of the robot is currently too slow.



Acknowledgements

First of all, I would like to thank my promotor Dirk Lefeber to let me walk
freely where I found the road ahead myself, but also for assisting me when
needed.

Robotics is a very multidisciplinary research domain, which demands for
the most varying competencies. It is thus immensely important to work within
a team of enthusiastic people. This was for me one of the key factors for
deciding to do my masters thesis and afterwards my doctoral thesis in the
Robotics & Multibody Mechanics Research Group. Although a dissertation
has only one author, the work was only possible by a close collaboration with
the group members. I’m especially grateful to Björn Verrelst and Ronald Van
Ham who started the research towards Lucy. Also Michaël Van Damme for
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Chapter 1
Introduction

1.1 Motivation

Perhaps humans always have been envious of the power, speed and beauty of certain
animals. By taking their names and wearing their skin people thought they would
acquire the same performances. It is only by our intelligence that we were able to
survive in the animal world. By creating tools we were able to compensate our weak
power and became the most dominant species of the world. The machines that have
been built surpass in many ways the possibilities of animals. Airplanes are faster
than most of the birds; submarines can dive deeper than whales. Our cars are faster
than cheetahs. In many cases the animal world has been the model for the designers
and engineers. The design of a swimsuit for competition swimmers is inspired by
the skin of sharks. Aircraft collision detection and avoidance is inspired by the so-
phisticated echolocation of bats. Fireflies utilize compounds to emit cold light that
is so efficient it emits no heat as LEDs do. In view of this it is strange that wal-
king, so common and normal for most of us, is still so difficult for robots. Even the
most advanced walking robots can only attain a few kilometers per hour with the
highlight Asimo who can attain an astonishing 6km/h running (175) and the Toy-
ota running humanoid who can reach 7km/h (390). This is still much slower than
a human and surely than most of the animals. Also walking on rough terrain, one
of the advantages of using legs over wheels, is still impossible for bipeds. Another
deficiency of walking robots in comparison with their biological counterparts is the
high energy consumption. The continuous operating time of for example Asimo is
1hour (175). To be ever useful in a real application the autonomy must definitely
increase. This can be done by developing better power sources as batteries and in-
creasing the efficiency of walking. The most energy efficient bipeds are the so called
passive walkers, they don’t need any actuation at all to walk down a slope. The slope
is used as a source of energy to compensate the friction and impact losses and can
be replaced by actuation. The energetic cost (amount of energy used per meter trav-
eled per unit of weight) of these robots is between one and two orders of magnitude
smaller than the energetic cost of actively controlled humanoids (100). The passive
walkers are designed to exploit the natural dynamics of the system while walking.

B. Vanderborght: Bipedal Walking by the Pneumatic Robot Lucy, STAR 63, pp. 1–40.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2010
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Unfortunately they are of little practical use: they cannot start and stop and they can-
not change their gait due to the fixed dynamics. This is in contrast with the actively
controlled bipeds as for example Asimo and HRP-2. They do precise joint-angle
control and are consequently very versatile. For example these robots are able to
walk among obstacles (282), step over obstacles (379), climb stairs (212) and ma-
nipulate objects while walking (461). These capabilities are still impossible for the
actuated passive walkers. The optimal is probably somewhere in between those two
approaches as shown in figure 1.1: a combination of active control to be able to
perform different tasks while still exploiting the passive dynamics to reduce energy
consumption. Most of the research trying to incorporate energy efficient locomotion
is performed on the side of the passive walkers, so on the right hand side of figure
1.1. The robots developed on the left hand side of the figure are usually built to eval-
uate task driven applications with as final goal to have enough capabilities for close
cooperation with humans in a home or office. The goal of this work is to investigate
how fully actively controlled robots can improve their energy efficiency while main-
taining their versatility. Consequently this work is situated on the left hand side of
figure 1.1. The control strategy is a combination of calculating dynamic stable tra-
jectories for the different joint links which are tracked by actively controlling the
actuators in the different joints and an extra controller to reduce the energy con-
sumption. Essential for this research is the use of adaptable compliant actuators so
the natural dynamics of the system can be controlled. Adaptable compliance is also
important for human walking and running. During walking electromyograhical data
shows there is little muscle activity during for instance the swing phase of the leg.
So this means this motion is mainly passive. When running, motion energy is stored
in the Achilles tendon and released in the next hop. The compliant muscles allow
also to absorb impact shocks. An interesting actuator, introducing such compliance
for robotic mechanisms, is the pleated pneumatic artificial muscle, because in an
antagonistic setup both the torque and the compliance of the joint can be controlled.

This book is a summary of the PhD work of the author and is dedicated to the
elaborate control aspects demanded by compliant actuation mechanisms. The work,
which emphasizes mostly on real experiments, discusses the complete concept of the
biped Lucy which has been built for this study. The robot is a planar walking robot
actuated by pleated pneumatic artificial muscles (105). In this chapter the different
aspects of the motivation will be discussed in more detail.

This chapter starts with an overview of some trends (section 1.2) that can be ob-
served in modern robotics where humanoid robots are one of the emerging research
topics. Probably they will play an important role in our daily lives in the next two
or three decades. Nowadays, humanoid robots are mostly found in research centres.
To have an idea about where research is performed on humanoid robots an overview
is given in section 1.2.1. This book focus on compliant actuation for legged robots
which is the reason why the biped Lucy has only legs and an upper body, without
e.g. arms and a head. A motivation why legs can be more interesting than wheels,
is provided in section 1.3. Nature has always been a source of ideas and it is worth
looking on how nature has solved the locomotion issue. In section 1.4.1 the biologi-
cal aspects of walking and running are discussed and a major role in this story is the
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Fig. 1.1 Location of the biped Lucy among the active and passive bipeds.

compliance of a human joint. For biological aspects the adaptable compliance is an
important factor minimizing the energy consumption, however introducing adapt-
able compliance in a mechanical actuator is fairly new in robotics. Section 1.4.2
gives an overview of the different designs of passive compliant actuators. Such actu-
ators are currently implemented in a number of bipeds, in section 1.4.3 the author’s
research will be positioned among the other research concerning energy-efficient
bipedal locomotion. Because Lucy is a pneumatic biped, also an overview of these
robots is given in section 1.4.3.3. At the end the goal and approach of the Lucy-
project are described in more detail.

1.2 Robotics

The roots of robotics can be tracked back to the Egyptians. Egyptians invented the
idea of thinking machines: citizens turned for advice to oracles, which are stat-
ues with priests hidden inside (256). Also the Greek mythology had some ideas
of robots: Daedalus, whose son Icarus flew too close to the sun, created animated
statues that guarded the entrance to the labyrinth in Crete according to Aristotle
(38). This philosopher also wrote “If every tool, when ordered, or even of its own
accord, could do the work that benefits it... then there would be no need either of
apprentices for the master workers or of slaves for the lords.” (39), already dreaming
what robots can do for humans. The first recorded design of a humanoid automa-
ton is credited to the famous engineer and painter Leonardo da Vinci around 1495.
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It was a mould of a human scale armored knight, using metal linkages and a lot
of mechanical gears. The design of Leonardo’s robot was not rediscovered until the
1950s (353). The word robot was introduced in the play R.U.R. (Rossum’s Universal
Robots) which opened in Prague in January 1921 and was written by the Czech
playwright Karel Capek. “Robot” is the Czech word for forced labour or slave. The
word “robotics” was first used in Runaround, a short story published in 1942, by
Isaac Asimov. “I, Robot”, a collection of several of these stories, was published in
1950. Asimov also proposed his three “Laws of Robotics” (40), and he later added a
“zeroth law” (41). These laws had a big influence on how to look at robot behaviour
and their interaction with humans (96; 97).

In 1961 the first industrial robot, Unimate, joined the assembly line at a Gen-
eral Motors plant to work with heated die-casting machines. Unimate was a robotic
arm which took hot metal die castings from machines and performed welding on
car bodies; tasks that were hated by the factory workers. Unimate was built by a
company “Unimation” which stands for universal automation and this was the first
commercial company that made robots. Robots are currently widespread in factories
assembling cars and other consumer goods, but robots plays also a major role in for
example the Human Genome Project to unravel human DNA, to explore Mars and
many others. An important trend that can be observed nowadays is that robotics is
about to enter and will change our daily lives, in the next coming years. The robotic
vacuum cleaners such as Roomba and entertainment robots as Aibo, Robosapien,
Furby, Lego (see figure 1.2) Mindstorms NXT are already very popular. However
these robots demand for new requirements compared to industrial robots: first of
all safety, a comfortable human-robot interaction, intelligence, but also legislation,
ethics and social issues must be addressed alongside the research and technology
development (432). There are several reasons why robots are now at our doorstep.
First of all the demographical situation will create large markets for robots. The
Japanese population is aging very rapidly with 28.1% of the population expected
to be over age 65 by the year 2020 (20). This trend can also be witnessed in other
highly industrialized regions as Europe and America. This is why Japan is investing
heavily in robotics R&D, both by the government as by industry. Also the technol-
ogy becomes affordable: there exists a wide range of cheap sensors, communication
technology is ubiquitous and computers are still following Moore’s law (406). The
Japan Robot Association predicts the robotics will be the next digital revolution
(202). Predictions of the Japan Robot Association state that the market of robots by
the year 2010 will reach a turnover of about $ 35 billion each year, a sales num-
ber which exceeds the current Japanese PC market (27). As correctly stated by Bill
Gates, despite all the excitement and promises, the robot industry for service robots
lacks critical mass and practical applications are relatively rare (134). He compared
it with the computer industry during the mid-1970s. Probably the first market that
will succeed in becoming profitable is that of specialized niche products. This will
pave the way for more sophisticated costly general-purpose systems such as a com-
plete autonomous and intelligent humanoid.
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Fig. 1.2 Lego Mindstorms NXT is often used to educate science to children, here during
RoboCup Junior.

Fig. 1.3 Population aged 65+ (source (20)).

1.2.1 Humanoid Robots

A humanoid robot is not only an anthropomorphic robot with the overall appearance
based on that of the human body (so a torso with a head, two arms and legs), but
is also able to interact like a person. Even some research groups are focussing on
emotions and facial expressions (198), something that was unthinkable 10 years ago.
Famous social robots in this field are Kismet (61) and Leonardo (62), the android
Repliee series (284), WE-4RII (199), Robot head ROMAN (52) and Probo (357).
The six basic emotions of the huggable robot Probo are shown in figure 1.4. But
why would we build machines that look and act like us? In many religions people
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Fig. 1.4 The 6 basic facial expressions of the huggable robot Probo (happy, surprise, sad,
anger, fear and disgust).

think that god created man in his own image and maybe roboticians want to do the
same. Of course there are more reasons to develop humanoid robots. People have
to adapt their way of communication to interact for example with a computer or
mobile phone. To control such a device the user has to touch some keys and scroll
through menus. This is a difficult task for many, especially elder persons. An im-
portant challenge will be how robots can be adapted to humans instead of the other
way. And it seems that people may be better able to relate to robots that look like
us and that can also communicate in a similar manner (219) (64) (60). Commu-
nication is not only verbal but supported by body and gestures (177). Humanoids
can operate in environments designed for humans. Our offices and homes contain
stairs and other obstacles which are difficult to negotiate for wheeled robots. Hu-
manoids can for example open and close doors, reach switches, crawl or go through
narrow spaces. Humanoids can also use tools made for humans. Well-known is the
Robonaut, a robotic astronaut built by NASA. The robot is designed to work within
existing corridors and use the same tools as space walking astronauts (58) (59).

Although the most advanced humanoids are already very astonishing, their capa-
bilities are not sufficient to engage them in society yet. They have a disappointing
lack of mobility against the severity of the real environment and also their intelli-
gence is low. Mobility is often compared with that of an 80 year old person and in-
telligence is comparable to the one of a three year old child. Even Honda, one of the
pioneer companies investing in humanoid robot technology, is not yet in the position
of commercializing their humanoids. Honda is only doing some renting business for
sales promotion and similar events. There is little demand for humanoid robots at
the moment because they are extremely expensive, not flexible and not intelligent
enough to be of practical use. But hopefully this will change soon, as explained
by H. Hirukawa in the Financial Times (3.06.2006 p8): “a bipedal robot costs now
more than a Ferrari, if one can find a nice application and sell a million of them, the
price would fall to that of a cheap car.” As Niels Bohr once said: “It is difficult to
make predictions, especially about the future”. But if one analyzes the evolution of
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an airplane, some 100 years old, a personal computer 30 years and the mobile phone
15 years it is not so unreasonable to think that in the nearby future humanoid robots
will have a major role in our society.

In the next section an overview is given of the most advanced humanoid robots
in the world.

1.2.2 Overview of Humanoid Robots

1.2.2.1 Humanoid and Walking Robots in Japan

The country with most of the humanoid robotic research is certainly Japan. Some
say that Japanese people have grown up while watching robot animations (for exam-
ple human-like robot character Astro-Boy, an idol for many Japanese children) or
try to find explanations in their religion (257). Probably the release of the humanoid
Honda robot P2 in 1996, started the snowball effect triggering a technological race
to develop humanoids in Japan (161).

1.2.2.2 Honda

Honda is a private company with the longest history in humanoid robotics. After
10 years of secret research the P2 was unveiled in 1996 (159). The robot walked
stable and could climb stairs. This astonished both the robotic researchers as the
society. Since then many other projects started in Japan. To come to the P2 a lot of
prototypes were built E0 (1986) for examining the principles of two-legged loco-
motion, E1-E2-E3 (1987-1991) for realizing rapid two-legged walking, E4-E5-E6
(1991-1993) for completing the basic functions and P1 (1993) to perform research
on completely independent humanoid robots. Since P2, Honda presented P3 (158)
in 1997 and in 2000 Asimo (355). Asimo is the acronym of “Advanced Step In
MObility”. Honda has chosen the height of 120cm as ideal for a robot to operate in
a human living space. Different version of Asimo exist. Asimo’s first evolutionary
phase was released in 2002. The robot had a more advanced communication ability
thanks to recognition technology (355). In 2004 a second evolutionary phase was
made public with a “posture control” technology making it possible to run in a nat-
ural human-like way (17). The latest version of Asimo is able to run at 6km/h on
a straight line while 5km/h running in a circular pattern (2.5m radius) (175). This
makes Asimo the fastest human sized robot in the world.

Asimo (see figure 1.5) receives a lot of media exposure, every place the robot
visits a lot of fans attend the robot and VIP persons shake hands with Asimo. But
this is certainly not the main objective of the project. The scale of the project is too
big to explain the motivation only by the publicity (161). The goal of the Honda
project is to realize a humanoid robot that can work at home and office: a partner
for people, a new kind of robot that functions in society.
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Fig. 1.5 Asimo for a Belgium TV show to convince children to start a career in science and
technology.

1.2.2.3 Sony

A new way of entertainment for Sony was robotics. After the success of AIBO, a
commercial robotic dog, Sony proposed the small-scale humanoid SDR-3X in 2000
(197), SDR-4X in 2002, and SDR-4XII in 2003, better known as QRIO with stands
for “Quest for Curiosity” (figure 1.6). SDR-4X has a Real-time Integrated Adaptive
Motion Control so the robot can walk on uneven surface and make an adaptive
motion control against external forces. Also the falling-over control of the robot is
realized by this controller.

QRIO can perform a lot of amusing things: walk on a wobbling surface, fall down
and get up again, throw a ball, dance, and it was the first humanoid that was capable
of running (21).

Its moving parts consists of totally 38 degrees of freedom, and each joint (except
the joints in the hands and the neck) is driven by the actuator unit called ISA (Intel-
ligent Servo Actuator) which has a motor driver and communication circuits built-in
(196). Plain flat gears were used instead of harmonic drives to have back-drivability
of the gears. When the robot is pushed by an external force, the robot adapts quickly.

SDR Motion Creating System is used to realize dynamic and elegant motion
performances (254). This software system with GUI is composed of two parts: the
Motion Editor to edit upper body motion and whole body motion, and the Foot
Trajectory Editor to create stable lower body motion.

In March 2006 Sony ended the robotics project: end of AIBO and no further de-
velopment of QRIO (1). The robotics community was very disappointed and many
asked why. Probably the bad situation of their main business and the current market
size of robots lead to this discussion. However the Intelligence Dynamics Labora-
tory, housing the developers of their robot technology, is still active.



1.2 Robotics 9

Fig. 1.6 QRIO in a dance act to show the SDR Motion Creating System.

1.2.2.4 Toyota

For the world expo in Aichi 2005 Toyota developed “out of the blue” an orches-
tra of robots capable of playing trumpets and other instruments. A biped humanoid
Partner Robot, a Segway-type robot and a wheeled robot were developed (18). The
reliability was shown by the 2000 shows they gave during the 185 expo days without
problems. Toyota wants to continue its robotics division. The first practical appli-
cation of their robots is to set them in Toyota leasing garages. Also the ifoot was
showed, a two-legged walker with an egg-shaped cockpit for a seated human rider
(18) and the first wire-driven bipedal robot (404) (see figure 1.7). Most multi-jointed
bipedal robots are actuated using direct-driven motors and gears placed at the indi-
vidual joints. For this robot the motors are placed in the torso and the forces are
transferred to the joints by wires. This design reduces the weight and moment if
inertia of the robot leg and makes the robot safer for human interaction in symbiotic
environments. By including an additional spring in the wires a more safe robot is en-
visaged. Toyota sees this robot as new type of mobility besides their cars. Their last
creation is a one-legged hopping robot (391) and a running humanoid robot (390).

1.2.2.5 Humanoid Robotics Project (HRP)

Not only private Japanese companies are investing heavily in humanoid robots, also
the Japanese government provides a large budget for the development of humanoid
robots. The “Humanoid Robotics Project (HRP)” of METI (=Ministry of Economy,
Trade and Industry) was the largest in scale with a budget of 40M USD. It had been
launched in 1998 and ran for five years. Main goal of the project was to use the hu-
manoid for tasks in industrial plants and services at home and offices (194). HRP-1
was the first robot developed in the HRP project and is an enhanced version of the
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Fig. 1.7 Wire driven robot of Toyota.

Honda P3 robot. The legs and arms of HRP-1 were controlled separately so the robot
had to stop walking when it wanted to use it arms. A lot of practical applications
were consequently impossible. This was solved by replacing the main control CPU
and the software, which resulted in HRP-1S (459). Successively, Kawada Industries
developed HRP-2L (where “L” stands for legs alone) (220), HRP-2P (where “P”
stands for prototype) and HRP-2 (figure 1.8) (164). Its appearance was designed by
a professional designer Yutaka Izubuchi for humanoid heroes in animation. Also
a software platform OpenHRP (221), to perform dynamic simulations, was deve-
loped in contribution with General Robotix. Different research institutes and uni-
versities are currently using the HRP-2. The only HRP-2 outside Japan is used in
JRL-France (Joint Japanese-French Robotics Laboratory) in Toulouse. The author
had the opportunity to work on HRP-2 in the sister laboratory JRL-Japan in Tsukuba
in the ongoing research “Dynamically Stepping Over Large Obstacles by the Hu-
manoid Robot HRP-2”. More information about this topic can be found in section
3.7. NEDO (=New Energy and Industrial Technology Development Organization)
has sponsored the further development of HRP and the first prototype HRP-3P is
water and dust proof, so the robot is capable of working outdoors and the hardware
has been improved (223). For the world expo 2006 the knowledge of HRP was used
to develop two biped dinosaur robots (figure 1.9) (258). During the development of
cybernetic human HRP-4C is focussed on a realistic figure and head of a human
being (227).

Because the price to lease a HRP-2 is too high for many research institutes and
universities, it costs 400.000 euro to lease it for 4 years, AIST (National Institute
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Fig. 1.8 HRP-2 playing the drum.

of Advanced Industrial Science and Technology) and 4 companies revealed in May
2006 the small-sized HRP-2M Choromet (5). It is 33cm tall, weighs 1.5kg, has 20
DOF and costs 3.000 euro. It has an accelerometer, gyro and force sensors in the
feet. The movements and especially the walking pattern is much smoother than for
example other servo-controlled humanoids as for example a Kondo-robot (12).

1.2.2.6 Waseda University

“The Bio-engineering group”, consisting of four laboratories in the School of Sci-
ence & Engineering of Waseda University, started the WABOT (WAseda roBOT)
project in 1970. The WABOT-1 (1970-1973) was the first full-scale anthropomor-
phic robot developed in the world (231). It was equipped with a visual recognition
system, a verbal communication system and a quasi-static walking controller. The
WABOT-1 walked with his lower limbs and was able to grip and transport objects
with hands that used tactile-sensors and consisted of the WAM-4 (as its artificial
hands) and the WL-5 (its artificial legs). The research towards bipedal locomotion
started already in 1966 with the development of the lower limb model WL-1 (6).
Waseda University has consequently one of the longest histories on the development
of human-like robots. An impressive row of prototypes have been built. Nowadays
the Takanishi Laboratory is in charge of the research on biped walking mechanisms.
Wabian-2 (figure 1.10) (305) has a special designed waist and the legs having 7 DOF.
The main purpose is to investigate stretched-leg walking and its consequences to-
wards energy-consumption. Merging the technology of Wabian-2 and the expressive
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Fig. 1.9 Out of the technology of the HRP series two dinosaurs were built for the World
Expo 2006 in Aichi, Japan.

head WE-4RII (287), Kobian is developed capable to express human-like emotions
and gestures (464).

Also famous is their multi-purpose locomotor WL-16RII (Waseda-leg no 16 Re-
find II) able to walk up and down stairs carrying a human (382). The legs consist of
6 DOF parallel mechanisms instead of the more common articulated legs.

1.2.2.7 Tokyo University

The humanoid robot H5 was created by Jouhou System Kougaku (JSK) Labora-
tory of the Tokyo University for research on dynamic bipedal locomotion (206). An
offline algorithm generated dynamically equilibrated motions. Together with an on-
line ZMP compensation method the robot was able to walk, step down and so on.
To achieve full body motion H6 was developed (301; 210). H7 was built by Kawada
Industries and University of Tokyo and is an improved version of H6 (209). The in-
ternal design with used motors, gear reductions and many other useful information
is nicely described in the Japanese book Robot Anatomy (193). This differs a lot
from the other Japanese robots for which the design is most of the time secret.

The main research topic of JSK is Dynamic Walking Pattern Generation (299).
To improve their locomotion strategies comparisons with humans were made (207).
This robot is also used to investigate robot motion planning (208).
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Fig. 1.10 Wabian2 with 7DOF legs.

1.2.2.8 Small-Scale Humanoids

A group of robots that is often used for research and hobby purposes are the robots
driven by hobby servomotors. Famous in Japan and Korea is the ROBO-ONE robot
competition which centers the battle of two walking robots (4). The robots used for
this competition are usually Kondo KHR-1 (12), Hitec’s Robonova (10) or simi-
lar robots. Mostly an interface architecture is sold with the robot kit so users can
develop their own programs easily. The HOAP (Humanoid for Open Architecture
Platform) series is developed by Fujitsu Laboraties for researchers (368). ZMP inc.
(26) is the creator of several small humanoid robots: the open-source PINO (454),
the experimental Morph 3 (399), and the consumer robot Nuvo (16).

1.2.2.9 Humanoids and Walking Robots in Korea

1.2.2.10 KAIST

KAIST (Korea Advanced Institute of Science and Technology) developed a series of
walking robots. KHR-0 (KAIST Humanoid Robot) was developed in 2001 and has
2 legs without an upper body. The actuator requirements were studied by using the
robot. Afterwards a complete humanoid KHR-1 was developed (241). KHR-2 has
an updated design in the mechanical and electrical architecture. The joint stiffness
and the joint angle ranges have been improved, and the appearance of the robot has
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become more human-like, and human friendly (318) (242). This robot is Windows
operated because it is familiar to many software developers and thus more easy to
maintain and improve the system. In 2004 KHR-3 (or also HUBO) was finished and
is an upgrade compared to KHR-2 (317) (316). For one of their robots of HUBO
KHR-3 the stock head was replaced with an animatronic replica of Albert Einstein’s
head and is called Albert HUBO (310). Also a human-riding biped Hubo FX-1 was
developed comparable with the ifoot of Toyota (259).

The AIM laboratory of KAIST has developed the humanoid robot AMI2 to study
biped locomotion and social interaction (455). It is the successor of the wheeled
robot AMI (205).

1.2.2.11 KIST

NBH-1 (network based humanoid) has been built by the Korean Institute of Science
and Technology (KIST) and Samsung and can walk at a speed of up to 0.9km/h (15).
MAHRU (male) and AHRA (female), were born in March 2005, and recently in
2006 new models have been developed. The robot is connected to an external server
through a network and sends images or voice data to the external server and the
external server analyses and processes the data and sends back commands. Recently
KIST Babybot was presented (311).

1.2.2.12 Humanoids and Walking Robots in the Rest of the World

1.2.2.13 China

BHR-1 is a major project for the Beijing University of Science and Engineering
under China’s High and New Technology Research and Development Program. The
humanoid robot BHR-1 Huitong consists of a head, upper body, two arms and legs,
and has in total 31 DOF. There are two computers built in BHR-1’s body, one is
for motion control, the other for information processing (261) (326). The newest
version is BHR-2 (449).

1.2.2.14 Russia

Russia has two humanoids developed called ARNE and ARNEA. ARNE is the male
version and ARNEA the female. The name ARNE is an abbreviation of “Anthropo-
morphic Robot of New Era”. They were built by company at St. Petersburg called
New Era and students from the Polytechnic University in St. Petersburg. Main goal
for these robots is to play soccer (377).

1.2.2.15 United Arab Emirates

REEM-A is a humanoid robot developed by PAL Technology (19), a company of the
United Arab Emirates but the research team is located in Spain. The robot can walk
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up to 1.1 km/h. REEM-B has the ability to autonomously navigate in indoor envi-
ronments while avoiding obstacles and the complete control software is integrate
within the robot itself (401).

1.2.2.16 Germany

The robot Johnnie has been developed by the Institute for Applied Mechanics at
the Technical University of Munich (TUM) (265) (263). The main objective was to
realize an anthropomorphic walking machine with a human-like, dynamically sta-
ble gait. Because the research was focused on walking, the robot only consists of
17 joints and is able to walk at 2.2km/h. The robot is also equipped with a visual
guidance system developed by the Institute of Automatic Control Engineering of
the Technical University Munich (103). With this vision system, the robot is able to
detect obstacles and to decide whether to step on, over or walk around these obsta-
cles. The project was supported by the Deutsche Forschungsgemeinschaft (German
Research Foundation) within the Priority Program Autonomous Walking. The suc-
cessor of the Johnnie robot is the humanoid robot Lola with enhanced performances,
which is currently under developed by the University of Munich (266) (71). Signif-
icant increase in walking speed and more flexible gait patterns are the main focuses
of the new design. The researchers intend the robot to reach the average human
walking speed of approximately 5km/h.

The university of Hannover created BARt-TH for which the motion is restricted
to the sagittal plane (136). It was built to investigate the technical requirements
for bipedal service robots in the human environment. The successor LISA (Legged
Intelligent Service Agent) has twice the number of DOF and is an experimental
robot to perform research in the field of autonomous bipedal walking (169). The hip
joint has a spherical parallel manipulator with three degrees of freedom.

1.2.2.17 France

The robot Rabbit is the result of a joint effort by several French research laboratories
and is a testbench for studying dynamic motion control (89). The lateral stabilization
is assured by a rotating bar, and thus only 2D motion in the sagittal plane is con-
sidered. The robot is a five-link, four-actuator bipedal robot and has consequently
no feet, so the robot is under-actuated. This was done to demonstrate that actuated
ankles are not absolutely necessary for the existence of asymptotically stable lo-
comotion patterns. A bipedal running controller, based on hybrid zero dynamics
(HZD) framework, was developed and the robot Rabbit executed six consecutive
running steps (293). The observed gait was remarkably human-like, having long
stride lengths (approx. 50cm or 36% of body length), flight phases of significant du-
ration (approx. 100ms or 25% of step duration), an upright posture, and an average
forward rate of 0.6m/s (293).

The BIP project is a joint French project, started in fall 1994, which involves
four laboratories (43) (42). BIP is an anthropomorphic walking robot with 15 DOF
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Fig. 1.11 The author with the humanoid iCub and his science popularizing book about robots.

designed for the study of both human and artificial bipedal locomotion. Sherpa is a
biped robot with directdrive capabilities and parallel manner actuation (314).

In 2005 the first French company dealing with humanoid robotics, Aldebaran
Robotics, was launched (2). The Nao humanoid robot aims to be a robot with an
affordable price. The 55cm tall robot will use the URBI (Universal Real-time Be-
haviour Interface) scripting language (44).

1.2.2.18 Italy

Within the RobotCub project (358), funded by the European Commission, the goal
is the development of an embodied robotic child iCub (see figure 1.11) with the
physical and ultimately cognitive abilities of a 2,5 year old human baby (403). The
“baby” robot is designed for crawling and the selection of motors to power the
lower body were done through simulations of crawling motions of different speeds
and transitions from sitting to crawling pose and vice versa.

1.2.2.19 Spain

Rh-1 (75) is a humanoid robot with 21 DOF designed and constructed by the
Robotics Lab in University Carlos III of Madrid and is a redesign of the humanoid
robot Rh-0 (262). It has a height of 1200mm (without head) and weighs 50kg. Each
leg has 6 joints, three in the hip and one in the knee and two in the ankle.

The SILO-2 robot (73) of the Industrial Automation Institute, Madrid (IAI-CSIC)
is a 14 DOF biped robot powered by SMART actuators (Special Mechatronic Ac-
tuator for Robot joinTs) (74). A SMART drive is a nonlinear actuator with variable
reduction ratio and implemented using a four-bar linkage mechanism. It is consid-
ered efficient for humanoid robot locomotion (72). This drive is characterized by
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Fig. 1.12 Sarcos CB (Computational Brain).

the change of the transmission ratio from some value in the medium part of a tra-
jectory ad infinitum at its end positions. An enhanced version is the DUAL SMART
drive combining continuously changing transmission ratio and dual properties for
realization of slow motion of a heavy robot body and quick motion of the robot’s
leg (124).

1.2.2.20 United States of America

SARCOS is a Utah based company selling different robot applications (23). Their
newest research humanoid robot is called CB (Computational Brain, see figure 1.12)
and is made so also walking can be studied (86). The predecessor DB (Dynamic
Brain) was not able to walk (359). Both robots are located at the Advanced Telecom-
munications Research Institute International (ATR) in Japan. The robot has 50 DOF
and the controller provides full position/velocity/force sensing and control at 1kHz,
allowing the flexibility in deriving various forms of control schemes. Most of the
DOF are driven by hydraulic servo actuators. The first experiments revealed the
robot is able to keep self-balance under unknown disturbances, future work includes
more advanced full-body human-humanoid interaction as well as dynamic locomo-
tion, such as walking and running (191).

After the successful running and hopping robots developed by Marc Raibert
(341), the Massachusetts Institute of Technology (MIT) Leg Lab developed the se-
ries elastic actuator (333). An elastic element was placed between the output of
the gear reduction and the load. This actuator was used in the planar biped robots
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Spring Turkey and Spring Flamingo and two autonomous robots named Troody
and M2 (331). The company Boston Dynamics founded by Raibert presented the
quadruped BigDog (69), a rough-terrain robot that walks, runs, climbs and carries
heavy loads and Petman, an anthropomorphic bipedal robot for testing chemical
protection clothing used by the US Army. The successor of Spring Flamingo and
M2 is currently developed by Pratt et al. (338) and is called M2V2. It is a 12 de-
gree of freedom three dimensional walking robot using Series Elastic Actuators to
achieve force control. The walking and balance recovery controllers will use the
concepts of Capture Points and the Capture Region in order to decide where to
step (347).

1.2.2.21 RoboCup and FIRA

RoboCup is an international research and education initiative. Its goal is to foster
artificial intelligence and robotics research by providing a standard problem where
a wide range of technologies can be examined and integrated (22). Their dream
is “By the year 2050, develop a team of fully autonomous humanoid robots that
can win against the human world soccer champion team” (70). The main focus of
the RoboCup activities is competitive football amongst robots as shown in figure
1.13 and the robots are split up in different categories. One of the leagues is the
humanoid league and was introduced in 2002. The robots are grouped in two size
classes: KidSize (30cm < Height < 60cm) and TeenSize (65cm < Height < 130cm)
and the humanoid robots play in “penalty kick” and “1 vs. 1”, “2 vs. 2” matches. An-
other organization for football robot competition is “The Federation of International
Robot-soccer Association (FIRA)” with the Humanoid Robot World Cup Soccer
Tournament (HuroSot) (7).

For these competitions commercial robots sometimes are used while other groups
developed their own robots like Toni (49), Bruno (prototype HR18 of Darmstadt
Dribbllers & Hajime Team) (155) and Robotinho (50). Several skills have to be

Fig. 1.13 Soccer player robot in action during RoboCup game.
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programmed for successful football. Effective and powerful kicking is for example
a challenging task because of balance. During the period of kicking, the kicking leg
moves very fast and therefore the dynamics should not be ignored (398).

1.3 Focus on Legs

An important motivation for research and development of legged robots is their po-
tential for higher mobility. Legged robots are often grouped depending their number
of legs. Since these machines only need a discrete number of isolated footholds, their
mobility in unstructured environments can be much higher than their wheeled coun-
terparts, which require a more or less continuous path of support (340). Preparing
a special arrangement such as ramps to allow them moving around is not required
for legged robots (457). Legged robots therefore are suitable for rough terrain like
minefields (420) (160) (302), volcanoes (249) (45), disaster zones and so one. Pay-
load can be traveled smoothly despite pronounced variations in the terrain using
an active suspension that decouples the path of the body from the paths of the feet
(341). Controlling bipeds is more difficult than using more legs due to stability prob-
lems, but this is a technological problem and may not be the reason to abandon the
research towards bipedal robots. Humanoids are also more dextrous and have higher
motion flexibility in human environments with obstacles compared to other legged
robots. A human environment is optimised for humans so the best machine that will
be able to work in such an environment is a human-shaped robot. Yi also argues
that building a biped robot is more cost effective than the other legged robots since
the cost of actuators is considerable; a biped has less actuators than other legged
robot (457).

The second reason to study legged machines is to gain a better understanding of
human and animal locomotion. Such insights are required to build protheses and
orthoses. Well-known innovative examples are the exoskeleton Lokomat to reha-
bilitate paraplegic persons (203) or the robot suit HAL(233) (see figure 1.14) and
BLEEX (235) to augment human strength and endurance during locomotion. A nice
overview o f robotic exoskeletons is given by Guizzo and Goldstein (146). At the
Robotics & Multibody Mechanics Research Group the ALTACRO project (figure
1.15) (54) has emerged from the insights gained during the Lucy project. The goal
is to design, build and test a novel step rehabilitation robot with adaptable compliant
actuation. Another project by the same group aims at the development of an intel-
ligent transtibial prosthesis IPPAM powered by PPAMs (figure 1.16) (431) and the
passive AMPfoot (figure 1.17) (430).

Despite their potential for high mobility, most of the bipeds have never been out-
side a laboratory. The fastest biped built until now is Asimo which can run at speeds
up to 6km/h. A huge technological achievement but still rather slow compared to
humans. Also walking on rough terrain is not yet achieved. When a show is given
with Asimo the floor surface is required to have irregularities of at most 2mm and a
horizontal deviation of at most 1◦, no slippery or springy floors are allowed. HRP-2
can cope with slightly uneven terrain, the surface may have gaps smaller than 20mm
and slopes < 5% (224). The problem is mainly due to the fact that the control of
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Fig. 1.14 HAL exoskeleton.

Fig. 1.15 Knee joint of the Altacro exoskeleton powered by PPAMs.
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Fig. 1.16 IPPAM ankle-foot prosthesis powered by PPAMS.

Fig. 1.17 AMPfoot prosthesis powered by modified MACCEPA actuator.

a legged machine is intrinsically a complex issue. Some major difficulties for the
control system are the following (348) (335):

• The robot kinematics and dynamics are non-linear and difficult to accurately
model. Robot parameters such as centers of mass, moments of inertia, etc are
not known exactly.

• The dynamics of the robot depend on which legs make contact with the ground.
In other words, the dynamics change whenever the robot makes a transition be-
tween a single support phase and a double support phase or a flight phase, and
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vice-versa. Moreover, exchange of leg support is accompanied by an impact dis-
turbing the robot’s motion.

• A legged robot is submitted to intermittent holonomic and nonholonomic con-
straints.

• The environment is unknown and dynamic. The surface might be elastic, sticky,
soft or stiff.

• Vertical contact forces on the surface are unilateral, meaning that they can not
pull the robot against the surface.

• The goal of keeping dynamic balance is difficult to decompose into actuator com-
mands.

• Many degrees of freedom, which have to be controlled real-time.

To summarize one can conclude that controlling a bipedal walking robot that is
able to negotiate different terrains and walk/run at high speeds is still an unsolved
problem. Mastering this technology would be beneficial for many applications as eg
service robots.

1.4 Compliant Actuation

Most of the robots are actuated by electrical drives since these actuators are widely
available and their control aspects are well-known. The rotational speed of the shaft
of an electrical motor is high and the torque is low, while a robot joint generally
requires a fairly low rotation speed but with high torques. Thus a transmission
unit is often required. Harmonic drives are very popular transmission units because
they combine zero backlash, high precision, high single-stage transmission ratio,
compact dimensions and a high torque capacity (372) (242) (301) (220). Because
the transmission ratios are high (1/160 for HRP-2L (220), 1/100-1/160 for KHR-3
(HUBO) (316), 1/160 for Johnnie (328)), they are non-backdrivable and this is very
inconvenient for shock absorbance and stiff actuators cannot store energy. For ma-
nipulator robot implementation, stiff joints have always been preferred over compli-
ant joints since they increase tracking precision. For legged robots however, tracking
precision is not that stringent as overall dynamic stability. Elastic joint properties on
the contrary might be used for shock absorbance and be exploited to store energy
and reduce control effort. As will shown in the next section compliance plays an
important role for human walking and running.

1.4.1 Biological Aspects of Walking and Running

Locomotion of humans and other mammals is richly studied, but due to the com-
plexity not yet completely understood. When building bipedal walking robots it is
however worth looking to the research performed by biomechanicists. The inter-
connection of muscles, sensors, spinal cord and brain intelligence seems to have an
overwhelming perfection because humans are able to cope with most of the surface
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Fig. 1.18 Basic model
for walking.

Fig. 1.19 Eadweard Muybridge’s sequence of walking (407).

structures. By training our body and mind, humans are even able to achieve out-
standing performances which can be witnessed at the Olympic Games, at a show of
Cirque Du Soleil and so one.

However the biological solution is not always the best solution because it is a
product of evolution and is consequently a combination of historical, functional
and structural constraints (the so called Seilacher’s triangle (364)). Out of this it
is impossible to have an optimal design because then the design should only have
functional constraints (365). Evolution comes up with a partially optimal solution so
it is fit enough to survive the current environment. Some go even further: “If there
were no imperfections, there would be no evidence to favor evolution by natural
selection over creation.” said by Jeremy Cherfas (87) or “The proof of evolution lies
in imperfection.” of Stephen Jay Gould (142).

Evolution came up with excellent solutions and it makes sense to study them and
transfer the underlying ideas and principles into technology, not one to one but in a
reasonable, technology-oriented way.

1.4.1.1 Walking and Running

Walking is classically defined as a gait in which at least one leg is in contact with
the ground at all times (156). In contrast, running involves aerial phases when no
feet are in contact with the ground. So during walking there are no aerial phases,
while in running there are aerial phases. There are more differences still.

During walking the stance leg is almost completely stretched in the single support
phase (32). As a consequence the head goes up and down with an amplitude of
about 4cm. This motion can be seen in figure 1.19. By doing this the kinetic energy
and gravitational potential energy of the center of mass are approximately 180◦
out of phase. At mid-stance in walking, the gravitational potential energy is at its
maximum and the kinetic energy is at its minimum. During the first half of the stance
phase of walking, the center of mass loses kinetic energy but gains gravitational
potential energy. During the second half of the stance phase, the center of mass
loses gravitational potential energy but gains kinetic energy. As a result, the energy
transfer mechanism used in walking is often referred to as the “inverted pendulum
mechanism” (figure 1.18). At intermediate speeds up to a maximum of about 65% of
the mechanical energy required to lift and accelerate the center of mass is recovered
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Fig. 1.20 Basic model
for running.

Fig. 1.21 Eadweard Muybridge’s sequence of running (407).

by this energy transfer mechanism. The mechanical energy-savings fall toward zero
at very low and very high walking speeds (82).

At a certain speed (which is about 2-2.5m/s) a person starts running instead of
walking. It is reasonable to think that gravity causes the walk-run transition. The
center of mass m describes a circular arc with speed v around the ankle with a radius
which is the length of the leg L. The required centripetal force is mv2/L with may
not be bigger than gravitational force which is mg. Or v <

√
gL. When making a

quick calculation with g = 10m/s2 and L = 0.9m gives v = 3m/s. So walking with
a higher speed is impossible based on this calculation. However a race walker can
reach up to 4m/s. The reason is the strange movement of the hip: the center of
mass is slightly lowered when the stance leg is vertical, this to reduce the vertical
movements of the body’s centre of mass. The centre of mass rises and falls less than
the hip joints so the inverted pendulum model is not valid anymore.

The ratio between the centrifugal force and the gravitational force is the Froude
number (v2/gL) and has consequently to stay under 1 for walking. In normal grav-
ity, humans and other bipeds with different leg lengths all choose to switch from
a walk to a run at different absolute speeds but at approximately the same Froude
number (0.5) (32). In (248) it was found that, at lower levels of gravity, the walk-
run transition occurred at progressively slower absolute speeds but at approximately
the same Froude number. This supports the hypothesis that the walk-run transition
is triggered by the dynamics of an inverted-pendulum system. However, it remains
unclear why the transition occurs at that particular dimensionless speed.

In contrast with walking, the stance limb during running is compliant so that the
joints undergo substantial flexion during the first half of stance and extension during
the second half of stance (figure 1.21). Due to the compliance of the stance limb
the center of mass reaches its minimum height at mid-stance. As a consequence,
the kinetic energy and gravitational potential energy are nearly in phase and the
mechanism of saving energy based on the “inverted pendulum” is not valid anymore.
The pattern of movement of the center of mass has been proposed as the defining
difference between a walking gait and a running gait (277).

Running uses another strategy to conserve energy by storing and releasing energy
in elastic tissues. Because the movements of the center of mass during running are
similar to a bouncing ball, running is often referred to as a “bouncing gait” (figure
1.20). Because it is often compared to a bouncing rubber ball that moves forward
and upward with each ground contact. The efficiency in running has been calculated
to be about 40-50% (83). The most important spring in the legs to store motion
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energy is the Achilles tendon (245). The Achilles tendon is a fibrous tissue that
connects the heel to the muscles of the lower leg: the calf muscles. When running
the impact forces are about 2.7 times the bodyweight. The reaction force takes place
about 116mm in front of the ankle joint. This is a free rotating joint and because the
Achilles tendon is about 47mm after the ankle joint, the Achilles tendon has to hold
7 times the bodyweight. For a man of 70kg the force is about 5000N, for a woman
of 50kg this is 3500N. This force is enough to stretch the tendon for about 6%. The
Achilles tendon has a length of about 250mm, so its stretches for about 15mm. A
second important spring is the ball of the foot (33).

The metabolic power increases with speed for both walking and running (32).
The curve of walking and running crosses each other at 2m/s. Slower than 2m/s
the preferred gait is walking, at higher speeds humans choose to run. The energy
consumption is measured by measuring the O2 consumption. At high running speeds
the anaerobe muscles starts working. Humans also try to avoid the neighborhood of
the crossing of the two curves. The optimal walking speed is about 1.34m/s, this is
the minimum when the metabolic energy consumption is normalized by the distance
traveled (36).

As a summary one can state for walking:

• No aerial phase
• Straight supporting leg
• Potential energy and kinetic energy out of phase
• Energy storage by interchange of gravitational potential energy and kinetic en-

ergy
• Behaves like an inverted pendulum

and for running:

• Aerial phase
• Bent legs
• Potential energy and kinetic energy in phase
• Energy storage by elastic properties of the joints
• Behaves like spring-mass

Remarkably, these basic mechanisms of energy conservation have been demon-
strated in a wide variety of animals that differ in leg number, posture, body shape,
body mass, or skeleton type, including humans, kangaroos, dogs, lizards, crabs, and
cockroaches (114). Geyer et al. (137) showed that not stiff but compliant legs are
essential to explain walking mechanics. With a bipedal spring-mass model that in-
cludes the double support as an essential part of its motion, they could reproduce
the characteristic dynamics of walking that result in the observed small vertical os-
cillation of the body and the observed out-of-phase changes in forward kinetic and
gravitational potential energies. This model combines the basic dynamics of wal-
king and running in one mechanical system, but also show these gaits to be just two
out of many solutions to legged locomotion offered by compliant leg behavior and
accessed by energy or speed.
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1.4.1.2 Role of Compliance in Walking and Running

One of the most remarkable characteristics of a muscle is the large range over which
the stiffness of a muscle and hence joint can be controlled (184). Kearney and Hunter
(236) have measured up to 50-fold changes in human ankle stiffness resulting from
triceps surae activation.

For walking, the compliance is needed to let the limbs swing as a pendulum
mechanism. Electromyographic measurements show that nearly no muscle activ-
ity is present in the swing limb at some walking speeds (46). It is thought that
the limb swings forward passively after the muscles start the limb into motion
during the period of double support. Observation of animals also partially vali-
dates passive-dynamic approaches. For example, electromyographic muscle signals
(EMG) recorded by Basmajian and Tuttle (47) show a low level of muscular ac-
tivity in human and gorilla legs during walking, as compared to other movements.
Especially during single support phase low muscle activity can be observed sug-
gesting a natural adaptation of the structure of the body to enable stable gait. There
is more activity during double support probably to achieve sufficient propulsion to
continue the motion. It appears that the mechanical work for step-to-step transitions,
rather than pendular motion itself, is the major determinant of the metabolic cost of
walking (116) (252). Experiments by Whittington et al. (441) provide quantitative
support for the suggestion that passive elastic mechanisms about the hip are utilized
during human walking. This mechanism reduces the amount of the pre-swing hip
power burst that must be generated actively to initiate leg swing.

These observations have led to the development of the so called “passive walk-
ers”. In 1990, Tad McGeer (275) showed for the first time that a mechanical struc-
ture, without sensors, motors or control, could walk on its own down a slope. This
was a totally different approach for the biped robot community who had for years
built elaborate robots with many sensors and motors and complex control. The idea
was to put the intelligence not in the control of the robot but in the mechanics. Since
then research groups have built several simple passive dynamic walkers. To be able
to walk over level ground minimal actuation is provided just enough to overcome
friction when walking over level ground like the Cornell biped and the Delft biped
Denise (100). To be able to incorporate passive dynamics, compliant actuation is
required.

Few research has been done on how the compliance changes. Hansen et al. dis-
covered that the slopes of the moment versus ankle angle curves (called quasi-
stiffness) during loading appeared to change as speed was increased (149).

For running the compliance is used to store energy during early stance and then
recovering it near the end of stance. This makes it possible for the whole body to
operate at an efficiency of 40-50% during running while the maximum efficiency of
a contracting muscle is 25% (83).

When humans run, the overall musculoskeletal system behaves like a single lin-
ear spring, the so called “leg spring” (126). Experiments have shown that leg stiff-
ness is independent of forward speed (122). This seems illogical on first sight. The
only difference is that the angle swept by the leg spring is greater while running
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at high speeds. Because of the greater angle swept, there is an increased compres-
sion of the leg spring and an increased force in the leg spring. Consequently, the
vertical displacement of the mass during the ground contact phase is smaller and
the ground contact time decreases. When measuring joint stiffness it was found that
the stiffness was constant (7Nm/deg) in the ankle joint and increased from 17 to
24Nm/deg in the knee joint for increasing running speed (251). The leg stiffness is
also independent of simulated gravity level (153). However leg stiffness is adjusted
to achieve different stride frequencies at the same speed (122) both for hopping in
place as during running. Between the lowest and highest possible stride frequencies,
the stiffness of the leg spring changes more than twofold.

Studies showed that leg stiffness is adjusted to accommodate surfaces with dif-
ferent properties. Experiments were both performed during running (123) as hop-
ping in place (126). When animals run on a compliant surface, the surface acts as a
second spring in series with the leg spring. In this case, the mechanics of a bounc-
ing gait depend on the combined stiffness of the leg spring and the surface spring.
The leg spring stiffness increases to accommodate compliant surfaces, thus offset-
ting the effects of the compliant surface on the mechanics of locomotion. Both the
experimental and theoretical results support the observation that runner’s change
their leg spring stiffness in an attempt to not disrupt their overall running dynamics.
If runners do not adjust their leg stiffness when running on different surface stiff-
nesses, then their ground contact time and center of mass displacement will increase
as surface stiffness decreases. It is believed that the adjustment in leg stiffness is an
attempt to keep the overall stiffness of the system (runner and ground) constant.

The importance of the compliance is also well-understood in the development
of high-tech prosthetics. The double-leg amputee sprinter Oscar Pistorius set a
new world record during the men’s 200-meter race at the Athens 2004 Paralympic
Games, probably fast enough to qualify for the able-bodied Olympic Games. The
core of the L-shaped prosthese is a carbon-fiber composite. This forms an extremely
efficient spring, returning nearly all of the energy stored (176).

One can conclude that compliance is important for human running. What about
this topic in running robots? Raibert has studied different running robots (344) (343)
(see figure 1.22). These famous hopping robots were driven by pneumatic and hy-
draulic actuators and performed various actions including somersaults (329). Im-
portant was the spring mechanism to store kinetic energy during running cycles.
The biologically-inspired hopping robot Kenken has an articulated leg composed of
three links, and uses two hydraulic actuators as muscles and linear springs as a ten-
don (190). The robot has succeeded in running of several steps in a plane. KenkenII
has two legs to realize not only hopping, but also biped walking and running (189).
To improve stability a tail was added in KenkenIIR. In (188) Hurst and Rizzi showed
by the construction of the Electric Cable Differential Leg (ECD Leg) that a running
robot is a unified dynamic system comprising electronics, software, and mechani-
cal components, and for certain tasks such as running, a significant portion of the
behavior is best exhibited through natural dynamics of the mechanism.
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Fig. 1.22 Different robots of Raibert are on display at the MIT Museum.

Also the most common known robots as QRIO, Asimo and HRP-2 try to jump
and run, but without spring elements in the actuators. The compliance consists of the
result of the compliance of the ground, the sole and the non negligible compliance
of the robot servos working at high speeds. However, the main problem is the huge
impact forces when the foot hits the ground. These forces can damage the hardware
of the robot and need to be reduced. This has as consequence that the flight phases
and jumping heights of these robots are consequently still rather short.

QRIO demonstrated running with 0.23m/s whose flight phase is approx. 20ms
(21), HRP-2LR realized a steady hopping motion of 60ms flight phase, 0.5s support
phase and 3mm footlift (215). The maximum force of about 1000N was generated
at touchdown and this is within acceptable limits for the mechanical strength of
HRP-2LR which is more than three times the robot’s weight. Asimo is up to now
the fastest running biped. His top speed is 6km/h and he has a flight phase of 80ms.

To reduce the impact forces, an impact absorbing control is needed. Different
approaches exist to tackle this problem. When excessive vertical force is detected
for HRP-2, the controller shortens the legs: when the total vertical force exceeds the
threshold of 410N, the foot is lifted with a speed to shorten the legs (216). When the
total vertical force becomes smaller than the threshold of 410N, the foot returns to
its original height. A proper switching function is responsible for smooth changes
to avoid chattering.

In (304) the impact at landing is minimized by inducing almost zero absolute ver-
tical velocity of the foot at landing. However the flight time on OpenHRP simulation
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is often bigger than expected and therefore the landing happens in an unexpected
instant, producing large impacts at landing. So all these methods are only patches
to minimize the problem. And this is a key objective, because the large impacts at
landing are the major obstacles to perform aerial phases in human size humanoid
robots. The use of actuators with inherent compliance can solve this problem.

Putting the necessary compliance in the controller rather than in the hardware is
also insufficient. Rigid actuators, as for example an electric gearmotor, are not fea-
sible for three reasons: bandwidth limitations with respect to impacts, power output
limitations, and energetic efficiency (185). The bandwidth limitation of an electric
motor is due, in large part, to the high reflected inertia of the motor linked rigidly to
the robot leg via the gearbox.

Another problem for robots without spring elements is that most of the kinetic
energy is lost at each hop in an inelastic collision with the ground (187). After
impact the foot should stick to the ground on impact without chattering, implying
an inelastic collision, because during this stance phase the robot needs sufficient
time to apply the necessary control forces.

So during the next hop all the necessary energy has to come from the joint
torques. One study on the HRP1 robot found that the motors would have to be
28-56 times more powerful without increasing the weight of the robot, to make the
robot run at 10.4km/h (217) because the joint torques are between 7.3 and 9.2 times
higher compared to those in walking. A comparison between the robot and a hu-
man running with 9.8km/h shows that the robot consumes power which is about
ten times higher than the human runner. When the actuator has elastic elements
the energy can be stored in the springs and the efficiency of the robot increases
dramatically.

1.4.2 Passive Compliant Actuators

Introducing compliance in the actuators is a fairly new trend in robotics. Traditional
robotics focuses on the interface between motor and loads which is “as stiff as pos-
sible”. This rule of thumb arose because stiffness improves the precision, stability
and bandwidth of position control. A welding robot for example needs stiff actua-
tors. But a precise tracking of a trajectory is not that stringent anymore for walking
and running robots. New requirements arise to let a robot walk or run and those can
be found in compliant actuation: good shock tolerance, lower reflected inertia, more
accurate and stable force control, less damage during inadvertent contact, and the
potential for energy storage (332).

An important contribution in the research towards compliant actuators has been
given by Pratt with the development of the “series elastic actuator” (333). It consists
of a motor drive in series with a spring and has been successfully implemented in
the two legged robot “Spring Flamingo” (335). In this setup the stiffness is fixed.
Nowadays research is focused on actuators with adaptable compliance. Takanishi
developed the two-legged walker WL-14 (1998) (450), where a complex non-linear
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spring mechanism makes predefined changes in stiffness possible. Hurst et al. of
the Robotics Institute at Carnegie Mellon University developed the “Actuator with
Mechanically Adjustable Series Compliance” (AMASC) (186). It has fiberglass
springs with a high energy storage capacity. The mechanism has two motors, one for
changing the position and one for controlling the stiffness. The electro-mechanical
Variable Stiffness Actuation (VSA) (55) motor developed by Bicchi and Tonietti of
the university of Pisa is designed for safe and fast physical human/robot interaction.
A timing transmission belt connects nonlinearly the main shaft to an antagonistic
pair of actuator pulleys connected to position-controlled backdrivable DC motors.
The belt is tensioned by springs. Concordant angular variations control displace-
ments of the main shaft, while the opposite variations of the two DC motors generate
stiffness variations. The Biologically Inspired Joint Stiffness Control (by Migliore
et al. of the Georgia Institute of Technology, USA) (283) can be described as two
antagonistically coupled Series Elastic Actuators, where the springs are made non-
linear. Instead of using an antagonistic setup of non-linear springs, different designs
exist based on the manipulation of the effective structure of a spring element. Hol-
lander and Sugar developed different prototypes. A first design consists of an elastic
beam with a rectangular cross section surrounded by a spring to avoid buckling
(172). The compliance can be changed by rotating the beam. For the Jack Spring
Actuator the active coil region is changed by inserting an axis in the spring (173).
Other designs based on the principle of changing the effective length of a compliant
element is the “Mechanical Impedance Adjuster” (MIA) developed by Morita et al.
(292; 200). By pressing together many different sheets a passive element with vari-
able mechanical impedance is obtained (234), both vacuum techniques (234) and
electrostatic forces (386) can be used. At Northwestern University the “Moment arm
Adjustment for Remote Induction Of Net Effective Torque” (MARIONET) (384) is
being developed by Sulzer et al. This rotational joint uses cables and a transmis-
sion to vary the moment arm such that the compliance and equilibrium position is
controllable. Special is that this device does not use an elastic element, the system
moves against a conservative force field created by a tensioner.

Most mechanisms with variable compliance mentioned above are relatively
heavy and large to be used in mobile robots. An elegant way to implement variable
compliance is to use pneumatic artificial muscles. Well-known pneumatic muscles
are the McKibben muscles (78). These muscles can only pull, thus in order to have
a bidirectionally working revolute joint, one has to couple two muscles antago-
nistically. Using artificial muscles, the applied pressures determine position and
stiffness. Research at the Vrije Universiteit Brussel focuses on the Pleated Pneu-
matic Artificial Muscle (PPAM) (105). A recent development by the same lab is
the “Mechanically Adjustable Compliance and Controllable Equilibrium Position
Actuator” (MACCEPA) (414) and MACCEPA 2.0 with a stiffening characteristic
(417). The actuator is a straightforward and easy to construct rotational actuator, of
which the compliance can be controlled separately from the equilibrium position. To
prove MACCEPA 2.0 is beneficial for energy storage and return the hopping robot
Chobino has been constructed as can be seen in figure 1.23. An overview paper of
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Fig. 1.23 Picture of
Chobino1D, a 1DOF hop-
ping robot actuated with
the MACCEPA 2.0.

Fig. 1.24 A sequence of photos of a jumping motion of
Chobino1D. The images were taken every 40ms with a high
speed camera.

passive compliant actuators is presented is presented in (413) where a categorization
for them is presented.

1.4.3 Use of Compliant Actuators in Robotics

1.4.3.1 Compliant Actuators for Safe Human-Robot Interaction

One reason to use the actuators compliance is for safe human-robot interaction
(HRI). The biggest danger present when working in close proximity with robotic
manipulators is the potential for large impact loads resulting from the large effective
inertia (or more generally effective impedance) of many robotic manipulators (466).
These authors reported about an empirical formula “Head Injury criteria (HIC)” for
the thread of serious damages or injuries after collision.

For the PUMA 560 industrial robot an impact velocity of 1m/s produces a HIC
greater than 500, more than enough to cause injury. Ways to reduce impact loadings
is to reduce the arm effective inertia or decrease the interface stiffness by for ex-
ample adding an amount of compliant material (467). For this example the required
thickness of a compliant cover is more than 5inch, which is very impractical. There-
fore it is important to produce manipulators possessing naturally low impedance in
order to achieve natural safety in the mutual interaction man-robot (84).

When the robot moves slowly the joint can be made stiff for improved positional
precision. For fast movements the stiffness can be decreased so the inertia of the
motor is disconnected from the arm. An impact in both cases will result in a rel-
atively low impact force (56). On the other hand, Van Damme et al. (409) studied
the effect of joint stiffness on safety. The maximum impact force turned out to be
almost independent of joint stiffness over a wide range of stiffnesses. This indicates
that the impact is mainly determined by the inertia of the impacting link.

In the same context the 2 DOF planar pneumatic “softarm” (see figure 1.25)
is developed by Van Damme et al. (410). The assistive manipulator will interact
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Fig. 1.25 Softarm actuated by PPAMs to study safe human-robot interaction.

directly with an operator in order to assist him handling heavy loads. The project
provided two important conclusions (409). The first is that safety oriented control
is crucial. Due to its low weight (around 2.5kg) and the inherent compliance of the
pneumatic muscles, the investigated system had excellent hardware safety charac-
teristics. In spite of this, when its safety was numerically quantified, it was found
that it could be quite dangerous to humans in some circumstances when using stan-
dard control techniques (PID with gravity compensation in this case). Much better
results, both with respect to safety and tracking performance, were obtained with
a modified form of Proxy-Based Sliding Mode control (PSMC) (240). The second
conclusion is that passive compliance is a double-edged sword with respect to robot
safety. Passive compliance can greatly improve robot safety in cases of impact be-
tween a human and a robot. It also has the ability to store energy (very similar to
loading a spring). However, when this energy is suddenly released, it can result in
high speed motions of the robot, and correspondingly in a high risk for humans in
case of collision. PSMC limits the energy build-up by introducing a type of sensor-
less active compliance, which illustrates again that safety on the hardware level has
to be complemented by safety on the software level.

The role of passive compliance in active force control is investigated by De Schut-
ter (111). He showed that all active force control methods require a comparable de-
gree of passive compliance to yield a comparable execution speed and disturbance
rejection capability. It is intuitive that a very low stiffness joint is more capable of
applying a constant force in the face of position disturbances than a rigid joint. For
different force control tasks, different joint stiffnesses may be desirable (185).

1.4.3.2 Compliant Actuators for Bipedal Locomotion

In section 1.4.1 the biological aspects of walking were discussed and it was shown
that compliance plays an important role to walk energy-efficient. Most of the
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Fig. 1.26 Building and tuning the simple 2D passive dynamic ramp-walker Elvis during
Dynamic Walking conference.

research concerning energy-efficient locomotion is performed on the right hand side
of figure 1.1, the side of the passive walkers. Most of these robots have compliant
actuation because compliance is needed to exploit the natural dynamics of the sys-
tem. To have the same versatility as actively controlled robots the goal of Lucy is
to be situated on the left hand side of figure 1.1. On this side usually stiff actuators
are used because they are excellent in precise tracking of a desired trajectory. To
be able to combine trajectory tracking with the exploitation of the natural dynamics
compliant actuation is required.

Passive walkers are robots basing their locomotion on natural dynamics solely.
No energy is supplied and to overcome friction and impact loses they have to walk
down a slope. The inertial properties and compliance characteristics are designed
in such a way that they can walk within a certain rhythmic motion, but its dynami-
cally feasible walking patterns are situated within a small range of possible motions.
Depending on the stability of the system, a certain error is allowed. Since biped lo-
comotion has periodic gaits, Poincaré maps can be used to analyze the problem. A
Poincaré map samples the flow of a periodic system once every period (239) (443).

The simplest passive walker consists of two rigid legs interconnected by a passive
hinge. There are some possible ways to allow the leg to swing from the back to the
front. The first uses special designed feet to make the body toddle and causes the
feet to be lifted out of the sagittal plane. This principle is used in passive walking
toys, dating back to the 1800s (121). Another possibility is to equip the slope with
blocks placed at the footholds of the robot as shown in figure 1.26. This way, the leg
can swing freely between the blocks and end up on top of the next block.
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Articulated legs can avoid the blocks. The knee joint creates a double pendulum
leg. The first robot of this type was built by McGeer in 1989 (274). A mechanism is
placed in the knee to prevent the lower leg from overstretching, otherwise it is not
possible to support the weight of the robot during stance phase.

The passive walker developed at the Nagoya Institute of Technology contains a
fixed point, kind of a stopper to limit the forward motion of the leg. Experiments
showed the results with and without stopper. It is difficult for the passive walker
without stopper to walk for more than 4 steps. While the passive walker with stopper
can walk for many steps with a best record number of 4010 steps (192).

To make passive walkers walk on level ground, a minimal actuation is required.
Adding actuation also increases stability. To maintain the capability of the joints to
swing passively, compliant actuation is required. The hip actuation by McKibben
muscles increases the robustness of 2D motions as shown by experiments with the
robot Mike (448). If one puts the swing leg fast enough in front of the stance leg the
robot will not fall forward (445).

Current research tries to improve the performances of passive walkers. Max, built
by Wisse, contains a passive upper body connected to a bisecting mechanism at the
hip (447). A skateboard-like ankle joint is a solution for 3D stability as shown in the
robot Denise (446). Meta is the first robot with electric actuation of the University
of Delft. A Maxon DC motor, in series with a spring, is used to actuate the hip
and is PD position controlled (361). Their latest walking robots, Flame (166), and
the RoboCup soccer robot TUlip (165), are the first steps towards a more versatile
walking robot.

Besides hip actuation to restore energy losses during walking, also a push-off can
inject energy in the system. The Cornell biped (99) has only actuated ankle joints.
A small motor stores energy in a spring during leg swing which is released to per-
form a push-off. This provides a powerful impulse while minimizing motor power
requirements. This is remarkably effective with a mechanical cost approximately
equal to the human value and far more better than the estimated mechanical cost of
the robot Asimo (34).

Osaka University constructed several bipeds actuated with McKibben muscles.
Pneu-man is a 3D biped robot that has 10 joints driven by antagonistic pairs of
McKibben actuators: 1 DOF arms and 4 DOF legs (178). The only sensors on the
robot are several touch sensors on the soles. Que-kaku (396) has three joints: 1 hip
and both knees and is a planar walker. The opening time of the expel air valve of
the hip muscle is controlled in order to operate the hip joint passivity. The results
showed that the passive walker changes its behaviour by the hip passivity (395).
The successor has also actuated joint ankles and is able to jump and run up to 7
steps (179). It could not remain stable during running because the robot does not
have feedback from external sensors. In (180) a pneumatic biped robot is presented
that can change its joint compliance for different locomotion modes as walking,
jumping, and running.

The problem of the passive walkers mentioned above is the fix walking speed
due to the fix dynamics. The work of Van Ham et al. (414) focus on overcoming
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Fig. 1.27 Veronica powered by MACCEPAs.

this problem by using a range of compliances instead of a discrete number of com-
pliances, in order to be able to vary the walking speed. The biped Veronica (figure
1.27) has been actuated with 6 MACCEPA actuators (414). The control concept of
the robot is based on “Controlled Passive Walking”. Instead of continuously con-
trolling the biped, the sets of control parameter for each joint, meaning equilibrium
position and compliance, are only changed a few times during walking. A transition
to a next phase is triggered by an event as footswitches, joint angle values or time
delays. Between the discrete control actions the motion is passive due to the com-
pliant actuators. So this robot behaves like an actuated passive walker. Because the
compliance is adaptable, different natural frequencies can be selected. This means
that the walking motion is not restricted to a fixed walking speed (412). A similar
biped Achilles has been built by the Tsinghua University and is controlled to walk
with a phase transforming based reinforcement learning method (270). For the robot
Dribbel the behaviour of a joint with springs was emulated by a geared motor with
torque sensor (113). By changing the setpoint and controller gain, the walking gait
of the robot was influenced so the robot was able to walk with different gaits at
different speeds.

Unfortunately these passive walkers are of little practical use because they lack
the versatility of the actively controlled robots. Another problem of passive walkers
is that the robot is launched to walk by a human operator and that consequently the
variance in these experiments of the initial condition is quite large (178). Besides
starting to walk, also stopping is difficult or impossible for a passive walker. 3D
passive walkers are currently under development, but also these robots can only
walk on a straight line and are not able to make a controlled curve.

To cope these problems the strategy elaborated in this thesis is to start from
dynamically stable trajectories which are tracked by the different joint actuators.
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The advantage is that the robot can stand still, start and stop by its own and walk at
different walking speeds and with different step lengths. In a second stage the com-
pliance of the joints will be controlled. Hereby the natural dynamics will be adapted
as a function of the imposed trajectories, such that control activity and energy con-
sumption will be reduced.

To the author’s knowledge only two other bipeds have been built for which a stra-
tegy has been developed combining trajectory tracking and compliance adaptation.
Waseda University built two anthropomorphic walking bipeds having antagonistic
driven joints, WL-13 and WL-14. The typical characteristics of the antagonistic
driven joints using nonlinear spring mechanism are to vary the stiffness of joints
over a broad range (452). By varying the joint stiffness a reduction of 25% of energy
consumption during the swing phase was observed in the walking WL-14 compared
to the case when the stiffness was not varied actively (450) (451). It is a pity the
authors did not mentioned which stiffness was chosen and why.

For this thesis the pleated pneumatic artificial muscle was chosen as compliant
actuator. The muscles are implemented in a biped, called Lucy. 12 pleated pneu-
matic artificial muscles actuate 6 DOF: the hip, knee and ankle of both legs. Using
compressed air as power source is not so common, only a few pneumatic bipeds
exist of which an overview is given in the next section.

1.4.3.3 Overview Pneumatic Bipeds

Pneumatic bipeds can further be grouped into robots using pneumatic cylinders and
pneumatic muscles. Pneumatic muscles are distinguished from the pneumatic cylin-
der by their changing force to length relationship, this is due to their shape changing
property. Pneumatic muscles can also generate higher forces compared to cylinders.
Pressure control, instead of mass flow control, is the key to control for this kind of
actuator (104). Another major difference is weight: whereas cylinders are typically
made of aluminum or plastics, a muscles core element is its membrane which is,
obviously, extremely lightweight. Another disadvantage of pneumatic cylinders is
friction and stickslip effects.

The number of pneumatic legged robots built worldwide up till now is rather li-
mited compared to the amount of robots with electrical actuation. Probably because
the control is much more difficult. One of the first to incorporate pneumatics is the
Japanese pioneer for legged locomotion Kato. During the sixties and seventies he
has built several statically balanced walking bipeds such as WAP I, II and III (232).
These machines where actuated by different types of pneumatic artificial muscles
and were able to move very slowly.

Another pioneer in legged robotics is Raibert, who has built several hopping and
running machines during the eighties at the Massachusetts Institute of Technology.
His mono-, bi- and quadruped robots used a combination of hydraulic actuators with
pneumatic cylinders to actuate the telescopic legs (342). Raibert implemented con-
trol algorithms focussing on controlling hopping height, forward running speed, and
body posture. Energy is stored in a pneumatic spring in the legs and is modulated
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to manipulate hopping height, forward speed is controlled by positioning the legs
during the flight phase and body attitude is regulated during the stance phase. Based
on this principle a one-legged robot hopping in 2D was constructed (343), a one-
legged robot hopping in 3D (344), a running robot on four legs (345), a bipedal
robot running and being able to execute a forward flip in 2D (167) (168).

Einstein and Pawlik (117) constructed a statically balanced pneumatic walking
robot machine at the polytechnic institute of Czestochowa in Poland. The COG
was positioned above one foot, the other foot was lifted and then the entire body
was rotated around the vertical axis, passing through the area covered by the stand-
ing foot. 3 different EP-WAR (Electro-Pneumatic-Walking-Robot) robots have been
built at LARM (Laboratory of Robotics and Mechatronics) in Cassino using pneu-
matic cylinders. The first prototype EP-WAR was able to walk straight, to turn right
and left (128). The second prototype EP-WAR2 was also able to climb stairs (129).
Then, EP-WAR3 has been designed, built and tested at LARM in order to descend
stairs (130). Because the pneumatic cylinders are used in a binary way, only a dis-
crete number of postural positions are possible. The walking stability of the biped
robot is obtained by using suction-cups, which are installed on the sole of each foot.
Guihard et al. designed BIPMAN (140). Each leg has three rotational joints actuated
by four-way servo valves. The control architecture is composed of two main levels.
The upper one, called the “Coordinator” level, maintains the robot stability by cor-
recting on-line its center of mass acceleration and distributing correctly the forces
on each limb. The lower level, called the “Limb” level, is devoted to the control of
each limb according to the desired position and force trajectories given by the Coor-
dinator level. Spampinato and Muscato constructed a 10 DOF biped called DIEES
actuated by pneumatic pistons (145; 143). The swing leg is controlled through a set
of parabolic trajectories generated during the gait. The stance leg is actuated through
a simple but efficient force control approach based on a different interpretation of
the Virtual Model Control strategy (375). The robot is able to perform walking mo-
tions when assisted by a wheeled device to prevent the robot from falling. Step is
a 5-link electro-pneumatic biped robot developed by the Laboratoire de Robotique
de Versailles consisting of 2 legs and a free trunk, so the robot is underactuated. A
sliding mode control scheme was implemented but experiments showed there were
still some problems leading the robot to fall (294). Festo developed a full scale hu-
manoid TronX which is actuated with pneumatic cylinders. Although this robot has
two actuated legs, it is not able to walk. Anybots, a technology company of Cali-
fornia, has developed Dexter driven by air cylinders (3). This is the only robot from
this paragraph which is able to walk without support.

The Shadow Walker is a wooden leg-skeleton powered by Shadow air muscles
and built by the Shadow Company (439). Twenty-eight air muscles (14 on each
leg) act across the eight joints, enabling a total of twelve degrees of freedom. This
project is no longer active and the robot was never able to walk. A 4 DOF planar
robotic leg actuated with McKibben artificial muscles was designed, constructed,
and controlled by the Case Western Reserve University (98). There main research
interests are building robots using insights gained through the study of biological
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mechanisms. Their most famous robots are the cockroaches (243) and whegs series
(339). The group of Caldwell, at the university of Salford, developed the biped Sal-
ford Lady (77) actuated with McKibben artificial muscles. The local joint control
directly calculates desired pressure levels with a PID position feedback loop. The
pressure itself is regulated with fast switching pulse-width modulated on/off valves.
For the PANTER biped, studies are performed to implement the Festo muscles for
“elastic locomotion” (237). The walking performances of these robots are very li-
mited and they are not able to show the advantages of muscles over more traditional
actuation as electrical drives, the reason why these robots were initially built.

The most successful use of pneumatic muscles is to actuate the passive walkers
which are described in section 1.4.3.2. However the control of the muscles is much
simpler compared to a tracking-controller. For example when a foot touches the
ground certain valves are opened during some time. These parameters are usually
tuned by hand. For a robot with many DOF or when one wants the robot to walk
with different gaits, learning algorithms are an interesting alternative because the
search space is big.

1.5 Goal of the Lucy Project

The goal of this work is to give an answer to the following questions:
Can pneumatic artificial muscles be used for dynamic balanced bipedal locomo-

tion in a trajectory controlled manner?

• The control of pneumatic muscles and also more general compliant actuators to
power bipeds is not well-known. Currently the most successful use of them is in
passive walkers were the control scheme is rather simple. To tackle the problem
in a trajectory controlled manner is not shown yet.

How to control the adaptable compliance of a joint powered by passive compliant
actuators?

• By using compliant actuators an extra parameter can be controlled: the compli-
ance. Mostly an arbitrary value is chosen. The concept to control the compliance
is also special. Moreover in robotics the motto was for a long time “the stiffer the
better”.

1.6 Approach

A lot of attention is gone to actually prove the proposed control architecture is work-
ing on a real biped. The bipedal walking Lucy is built containing the necessary
sensors, actuators and processing power. A trajectory generator and joint trajectory
tracking controller is developed to prove pneumatic muscles are able to power the
biped. The trajectory generator uses the zero moment point (ZMP) concept as sta-
bility criterion (434). The joint trajectory tracking controller uses the dynamics of
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the robot and the characteristics of the muscles and joint to control the pressure in-
side the muscles so the desired trajectory is tracked. Besides the discussion of all the
graphs, probably the most convincing to prove the strategy actually works is to see
the robot in motion. So please see the video http://lucy.vub.ac.be/phdlucy.wmv.

To study the compliance of pneumatic muscles and how to control this extra pa-
rameter, a simple pendulum setup has been built. First sine trajectories were studied
and a mathematical formulation has been developed to select an optimal compli-
ance for reduced energy consumption. A strategy for more complex trajectories is
proposed too. Different designs of compliant actuators were compared.

1.7 Outline

In chapter 2 the robot Lucy is described. Because the muscles play a major role, the
chapter starts with the design and force characteristic of the muscle. Two muscles in
an antagonistic setup powers a joint with a certain torque and compliance. Muscles
also require adjusted mechanics and control hardware. The second half of the chap-
ter is devoted to an extensive description of the mechanical and electronic design.
Also a virtual Lucy has been built in simulation, written in Visual C++. Mathe-
matical models of the different units are described. Special is that mechanics and
thermodynamics are put in one dynamical simulation.

The current control architecture for Lucy can be split into two components: a
trajectory generator and a joint trajectory tracking controller. The trajectory gen-
erator, given in chapter 3, uses objective locomotion parameters (which are step
length, intermediate foot lift and mean velocity) to calculate dynamically stable tra-
jectories which can be changed from step to step. Two methods are developed. The
first method is based on the principles of inverted pendulum walking, modeling the
robot dynamics as a single point mass. Disadvantage is that not the complete multi-
body mechanics with distributed masses and inertias is taken into account, causing
a difference in desired and real ZMP especially at higher walking speeds. A second
approach describes the implementation of a preview controller to control the Zero
Moment Point (ZMP). Special for this controller is that also future information of
the motion is exploited. The dynamics of the robot are represented by a cart-table
model. Because both methods use the ZMP as stability criterion, this concept is
repeated at the beginning. The author performed research on the humanoid robot
HRP-2 at the Joint Japanese/French Robotics Laboratory (JRL) in AIST, Tsukuba
(Japan) in the ongoing research “Gait Planning for Humanoids Robots: Negotiating
Obstacles”. A quick overview of the strategy and results are provided because the
base is also the preview controller.

Chapter 4 handles about the joint trajectory tracking controller. The goal of this
unit is to control the pressures inside the muscles so that a prescribed trajectory is
tracked. The joint trajectory tracking controller is divided into an inverse dynamics
unit, a delta-p unit and a pressure bang-bang controller. With the combination of
the trajectory generator and the joint trajectory tracking controller the robot Lucy is
able to walk. The experimental results for walking are discussed.
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In chapter 5 the role of compliance is discussed. The concept of controlling com-
pliance is fairly new in robotics. The first part deals about the ability of compli-
ant actuators to adapt the compliance to exploit the natural dynamics and how this
can be used for reduced energy consumption. This study was not performed on
the biped Lucy, but on a single pendulum structure powered by pleated pneumatic
artificial muscles. A strategy is proposed to find an optimal compliance were the en-
ergy consumption is minimal dependent on the trajectory and physical properties of
the pendulum. Also the energy consumption of other designs of compliant designs
with a spring element are compared. In the last part of chapter 5 some preliminary
experiments of the robot Lucy performing jumping motions are shown, to present
compliant actuators can absorb impact shocks.

Finally, in chapter 6 the overall conclusions and future work are given.



Chapter 2
Description of Lucy

2.1 Introduction

The main goal of the construction of the biped Lucy is to investigate the use of
Pleated Pneumatic Artificial Muscles (PPAM) as an interesting alternative to the
electrical drives generally used in walking robots. Hereby will be focussed on the
exploitation of compliance characteristics in combination with trajectory tracking.

Lucy is a sagittal walking robot with a mechanical structure that is representative
for human walking. One of the biggest challenges of building and controlling hu-
manoid robots is the complexity due to the large number of degrees of freedom. This
means large and complex equations, a lot of computational power needed, many
electronics, sensors and actuators to control the various joints. Usually a fully 3D
biped has 6 DOF for each leg (3 for the hip, 1 in the knee and 2 in the ankle), while
a planar biped only has 3 DOF per leg. This is the main reason why Lucy is a planar
biped (with 7 links). Moreover, it has been shown that for biped walking the dy-
namical effects in the lateral plane have a marginal influence on the dynamics in the
sagittal plane (48). To study the essence of bipedal locomotion a planar approach is
a first important step. In the frontal plane there is mainly the lateral stabilization and
the exchange of support motion. The complexity can further be reduced by elim-
inating the active ankles, resulting in 5 links and 4 actuated joints as in the biped
Rabbit (89). The contact with the ground is just a point and not an area as is the case
with a foot. Only a reaction force and not a torque can be applied to the ground so
the robot is underactuated during the single support phase. This option has not been
taken because feet improve the stability (115).

The upper part is a single part without arms and head. Elftman (118) calculated
the angular momentums arising as a consequence of the arms motion during the
gait. Based on the energy efficiency was shown that the arms by their motion annuls
the vertical (yaw) component of the angular momentum that appears at the body
gravity center. For a planner robot this is not a problem so arms are not required for
this study.

This chapter starts with a description of the pleated pneumatic artificial muscle
and the antagonistic muscle set-up. They are incorporated in a modular unit. The

B. Vanderborght: Bipedal Walking by the Pneumatic Robot Lucy, STAR 63, pp. 41–91.
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different modular units are linked to each other and form together with the feet
a complete robot. To prevent the sagittal robot from falling sidewards a guiding
mechanism is chosen consisting of a horizontal and a vertical rail. These rails are
mounted on a frame which also incorporates a treadmill so that the robot is enabled
to walk longer distances.

The next section describes the electronics to control the robot. An important ele-
ment is the communication between the robot and a central PC. An overview of the
interface program is provided.

The last section handles about a “virtual Lucy”, a hybrid simulator combining
the mechanics and dynamics. For all the essential parts of the robot a mathematical
model is given.

2.2 Pleated Pneumatic Artificial Muscle (PPAM)

A pneumatic artificial muscle (PAM), also called a fluidic muscle, an air muscle or
pneumatic muscle actuator, is essentially a volume, enclosed by a reinforced mem-
brane, that expands radially and contracts axially when inflated with pressurized air.
Hereby the muscle generates a uni-directional pulling force along the longitudinal
axis. Different designs exist. Daerden et al. (105) classified the pneumatic muscles
under Braided muscles (contains the McKibben muscle and Sleeved Bladder Mus-
cle), Netted Muscles (Yarlott Muscle, RObotic Muscle Actuator, Kukolj Muscle)
and Embedded Muscles (Morin Muscle, Baldwin Muscle, UnderPressure Artificial
Muscle, Paynter Knitted Muscle, Paynter Hyperboloid Muscle, Kleinwachter tor-
sion device). The McKibben muscle is the most popular and is made commercially
available by different companies such as the Shadow Robot Company (24), Mer-
lin Systems Corporation (13), Hitachi Medical Corporation (9) and Festo (8). The

Fig. 2.1 Photograph of 3 contraction levels of the 1st generation of PPAM.
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McKibben muscle contains a rubber inner tube which will expand when inflated,
while a braided sleeving transfers tension (78). Inherent to this design are dry fric-
tion between the netting and the inner tube and deformation of the rubber tube.

The McKibben muscle however has some drawbacks: moderate capacity of con-
traction, hysteresis as a result of friction between an outer sleeve and its membrane
and a threshold behavior (104). Consequently this muscle is difficult to control. Be-
sides this, friction reduces the life span of this actuator. Daerden developed a new
pleated PAM, the Pleated PAM , to cope with those disadvantages (104). The muscle
has a high stiffness membrane that is initially folded together and unfold upon in-
flation. This leads to a strong reduction in energy losses with regard to the classical
types and, hence, develops stronger forces and higher values of maximum contrac-
tion. Verrelst et al. developed a second generation of the PPAM to extend the muscle
lifespan and to simplify the construction process of the muscles (425). In the first
generation, the tension is transferred by the stiff longitudinal fibres, spread all over
the surface of the membrane. This results in the pileup and crumple of the fibres
near the end fittings, since the deformation is different for a fibre at the top and at
the bottom of a fold. When only a strand of stiff fibres is placed at the bottom of each
fold, while the rest of the folded membrane is made out of a more flexible airtight
material, each strand has the same deformation. Doing so ensures a more equal un-
folding of the membrane, which is clear when comparing figure 2.1 and figure 2.2.
As a result, the lifetime of the muscle increases drastically: during a durability test
more than 400.000 cycles were achieved moving a payload of 130kg up and down.
The first generation only attained 3000 cycles. Currently the third generation PPAM
are developed, for which specifically the Kevlar fibres of the pleats are rearranged.
Using toothed ABS parts and a continuous high tensile fibre, it is possible to fold
the membrane at the same time that it is fixed to the end fittings which simplifies

Fig. 2.2 Photograph of 3 contraction levels of the 2nd generation of PPAM (used for Lucy).
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Fig. 2.3 Photograph of 3 contraction levels of the 3rd generation of PPAM.

drastically the production process and reduces the muscles weight even further. Be-
sides, the new production technique makes it relatively easy to fill the dead volume
with a cylindrical tube during the production process. A disadvantage is that the
PPAM expands more radial than the McKibben muscle. It is also more difficult
to use a bundle of PPAMs as the McKibben muscles used in the Shadow Hand
(351) or to twist the PPAM around something. Two McKibben muscle were for
example twisted around the radius and ulnar bone of the forearm to produce prona-
tion/supination (79). This is the motion to move the palm facing down and up.

Besides the pneumatic artificial muscles other forms of muscle technology ex-
ist, which use active materials like shape memory alloys and polymeric actuators.
They are not yet sufficiently developed to be used in walking machines; their speeds
of operation are very low, with time constants in the order of tens of seconds
(174; 80) and they generate weak forces (94). Primary application of this technology
is focused in micro-actuators and micro-manipulation. Exception is for example a
small-sized biped actuated by an antagonistic pair of IMPMCs (ionic polymer-metal
composite) (453).

2.3 Concept

The working principle of a PPAM is that, when inflated, the pleats of the membrane
unfold and the muscle contracts while generating high pulling forces. The flexible
fabric is a simple woven polyester cloth, which is made airtight by a polymer liner.
This structure is folded and in each crease a yarn of high-tensile Kevlar fibres is
responsible for transferring the large axial tension. Figure 2.4 depicts the complete
straightforward construction of the new muscle. The end fittings have a treated hole



2.4 Force Characteristic 45

Fig. 2.4 Composition of the new muscle prototype.
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Fig. 2.5 Drawing of the two muscle end connectors.

in which additional muscle connectors can be screwed. These connectors incorpo-
rate three functions: guiding the pressurized air in and out the enclosed volume,
creating the interface for the connection to the specific application frame, and pro-
viding an attachment for a pressure sensor positioned inside the muscle. Figure 2.5
shows the two different connectors to be fixed at each side of the muscle. The left
side drawing of figure 2.5 shows the connector which allows the air to flow in and
out of the muscle, while the right side drawing depicts the connector with the at-
tachment for a pressure sensor.

2.4 Force Characteristic

When neglecting the membrane’s material deformation and the inertial muscle prop-
erties, the generated force is expressed as:

F = −p
dV
dl

(2.1)
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Table 2.1 Coefficients of the force fitting function

f4 f3 f2 f1 f0

−2.04130 171.623 −7178.93 128611 146099

with p the gauge pressure inside the muscle, dV enclosed muscle volume changes
and dl actuator length changes. Comparing the force-length expression to that of
pneumatic cylinders, dV/dl is defined as the actuator’s “effective area” (325). The
volume of the actuator increases with decreasing length until a maximum volume
is reached. At maximum contraction, forces become zero, and at low contraction
the forces can be very high. The changing force as a function of contraction at con-
stant pressure is essentially different compared to standard pneumatic cylinders, for
which the generated force does not change at constant pressure. For these devices
the generated force is proportional to the piston area on which the internal pres-
sure works, consequently the force does not change with piston position at constant
pressure.

Verrelst et al. (425) provide a mathematical model for the muscle and this model
describes the shape of the muscle bulging at each contraction level, and gives es-
sential characteristics such as muscle traction and enclosed volume. Static load tests
validate this model such that the developed functions can be used for dimensioning
purposes. Additionally, a fit on the measured force data was carried out, because it
is easier to work with than the numerical solution derived from the mathematical
model. Here, only the main equations are shown.

The influence of elasticity can be omitted for the high tensile strength material
used for the fibres. The generated force is given by:

F = pl2
0 f

(
ε,

l
R

)
(2.2)

where p is the applied gauge pressure, l0 the muscle’s full length, R its unloaded
radius and ε the contraction. The dimensionless force function f depends only on
contraction and geometry. This force function can be approximated by the following
fitting function:

F = pl2
0

(
f4ε3 + f3ε2 + f2ε + f1 + f0ε−1) (2.3)

The coefficients of the fitting process for the force function, f0 to f4, following
the structure of equation (2.3), are given in table (2.1). This table is made for a
muscle of l0 = 110mm and R = 16mm, the size of the muscles used for the biped
Lucy. The values are valid when the generated force F is expressed in N, the initial
muscle length l0 in m, the pressure expressed in bar and the contraction ε expressed
in %.

The graph in figure 2.6 gives the generated force for different pressures of this
muscle. At low contraction, forces are extremely high causing excessive material
loading, and for large contraction the generated forces become very low. So the con-
traction range is set for this application between 5 and 35%. The generated forces are
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Fig. 2.6 Generated force as a function of contraction at different pressure levels (l0 = 110mm
and R = 16mm).

much higher at lower pressure levels compared to the McKibben and Festo muscles.
For example a McKibben muscle with a diameter of 22mm can generate maximum
300N at 4bar (278). A Festo muscle with an internal diameter of 20mm and a nom-
inal length of 200mm can generate up to 1500N at 3.5bar (127). The force of a
PPAM used for Lucy is maximum 6.000N at 4bar. The PPAM’s maximum mus-
cle contraction is 40%, much higher compared to McKibben and Festo muscles
which can contract typically up to 25%. For a hysteretic model of the PPAM is re-
ferred to (411), where a Preisach model for hysteresis was introduced. Good agree-
ment between predictions and measurements were achieved in an important range of
contractions.

2.5 Volume Characteristic

The fitting for the enclosed muscle volume is performed on the theoretical data
(figure 2.7) (425):

V (ε) = l3
0 v(ε) = l3

0

(
v5ε5 + v4ε4 + v3ε3 + v2ε2 + v1ε + v0

)
(2.4)

In table 2.2 the coefficients of the volume fitting v0 to v5, following equation (2.4),
are given. The values are valid for the volume given in ml, the initial length ex-
pressed in m and the contraction ε expressed in %. The data in table 2.1 and 2.2,
together with equations (2.3) and (2.4), can also be used to generate an approxima-
tion of the force and volume characteristics for muscles with lengths different from
l0 = 110mm. But the values in these tables are only valid for muscles with a specific
slenderness (l0/R = 110/16 = 6.9). So, whenever the fitting is used for a muscle
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Table 2.2 Coefficients of the volume fitting function

v5 v4 v3 v2 v1 v0

0.02254 −2.6296 113.82 −2386.3 30080 71728

Fig. 2.7 Theoretical enclosed muscle volume as a function of contraction (l0 = 110mm and
R = 16mm).

with different initial length, the unloaded radius of that muscle has to be adapted,
otherwise the force and volume approximations are not valid.

2.5.1 Antagonistic Muscle Setup

2.5.1.1 Kinematics

Pneumatic artificial muscles can only pull. In order to have a bidirectionally work-
ing revolute joint one has to couple two muscles antagonistically. In fact only one
muscle e.g. in combination with a mechanical return spring could be used, but in
order to be able to control joint compliance, this option is not chosen (see section
2.5.2). The antagonistic coupling of two muscles could be achieved with either a
pulley mechanism or a pull rod and leverage mechanism. The latter is chosen since
the lever arm can be varied such that the highly nonlinear force-length characteristic
of the PPAM is transformed to a more flattened torque-angle relation. A scheme of
the basic configuration of the pull rod and leverage mechanism is depicted in figure
2.8 and figure 2.9 shows the implementation in a modular unit.

Two muscles, muscle 1 and 2, are connected at one side of the system to a fixed
base in the points B1 and B2 respectively. The other ends of the muscles are attached
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Fig. 2.8 Schematic overview of the an-
tagonistic muscle pull rod system.

Fig. 2.9 CAD drawing with side view of
a modular unit, showing the kinematical
joint design parameters.

to a pivoting part at the points D1 and D2, of which the rotation axis passes through
a point R. The rods are assumed to be rigid.

To determine the kinematic expressions of the joint system, an orthogonal X ,Y -
coordinate system is defined. The X-axis is aligned with the base points B1 and
B2, while the vertical Y -axis intersects the physical pivoting point R and lies along
the base suspension bar of the pull rod mechanism. The essential parameters to be
determined during the design process of the joint are the following:

• bi is the distance between the origin O and the point Bi.
• di is the distance between the pivoting point R and the point Di.
• αi is the angle between the vector RDi and RC, with C a point on the rotating

part. (αi is not oriented and always positive)
• lmi is the actual length of muscle i
• lb is the length of the base suspension bar, measured between the origin O and

the pivot point R.
• θ represents the rotation angle, measured between RC and the Y -axis. (θ is ori-

ented, counter-clockwise is positive)

The vectors BiDi and RDi are expressed in the proposed coordinate system as
follows:
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B1D1 = [b1 − d1 sin(α1 − θ ) , lb + d1 cos(α1 − θ )] (2.5)

B2D2 = [d2 sin(α2 + θ )− b2, lb + d2 cos(α2 + θ )] (2.6)

RD1 = [−d1 sin(α1 − θ ) ,d1 cos(α1 − θ )] (2.7)

RD2 = [d2 sin(α2 + θ ) ,d2 cos(α2 + θ )] (2.8)

The expression for ri (θ ) can then be found as:

ri (θ ) =

∣∣BiDi × RDi
∣∣∣∣BiDi

∣∣ (2.9)

The muscle contraction εi relates to the rotation angle θ as:

εi (θ ) = 1 − lmi

l0i

= εc
i +

lc
mi

− lmi

l0i

= εc
i +

|BiD
c
i |− |BiDi|

l0i

(2.10)

The contraction εi (θ ) is defined with respect to εc
i , which is the contraction of

muscle i at a chosen central reference position θ c. The parameters εc
i and θ c are

defined during the joint design process.
By changing the position of the connections of the muscles, the torque and com-

pliance characteristics of the joint and the joint angle range can be influenced.

2.5.1.2 Torque Characteristics

Taking into account equation (2.2) then with r1 and r2 the lever arm of the ago-
nist and antagonist muscle respectively, the joint torque is given by the following
expression:

T = T1 − T2 = p1l2
1r1 f1 − p2l2

2r2 f2

= p1t1 (θ )− p2t2 (θ ) (2.11)

with p1 and p2 the applied gauge pressures in the agonist and antagonist muscles re-
spectively with lengths l1 and l2. The dimensionless force functions of both muscles
are given by f1 and f2. The functions t1 and t2 are determined by the choices made
during the design and depend on the angle θ . Thus the joint torque is influenced by
weighted differences in gauge pressures of both muscles.

2.5.2 Compliance Characteristics of an Antagonistic Muscle
Setup

The compressibility of air makes the PPAM compliant. Joint stiffness, the inverse of
compliance, for the considered revolute joint can be obtained by the angular deriva-
tive of the torque characteristic in equation (2.11):
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K =
dT
dθ

=
dT1

dθ
− dT2

dθ

=
d p1

dθ
t1 + p1

dt1
dθ

− d p2

dθ
t2 − p2

dt2
dθ

(2.12)

The terms d pi/dθ represent the share in stiffness of the pressure changing with
contraction, which is determined by the action of the valves controlling the joint
and by the thermodynamical processes. If polytropic compression/expansion with
closed valves is assumed, then the pressure changes inside the muscle will be a
function of volume changes:

PiV
n
i = PioV

n
io (2.13)

with:
Pi = Patm + pi (2.14)

leading to:
d pi

dθ
= −n(Patm + pio)

V n
io

V n+1
i

dVi

dθ
(2.15)

with Pi,Vi the absolute pressure and volume of muscle i, Pio the absolute initial
pressure, Vio the initial volume when the valves of muscle i were closed and pi, pio
the gauge pressure and initial gauge pressure. n is the polytropic index and Patm the
atmospheric pressure.

Taking the torque characteristics as an example, the following reasoning can be
made for muscles with closed valves. An increase of the angle θ will result in an
increase of the torque generated by the agonistic muscle while its volume will de-
crease. Thus dt1/dθ > 0 and dV1/dθ < 0. For the antagonistic muscle the actions
will be opposite. Combining equation (2.12), (2.13) and (2.15) with this information
gives:

K = (k1 p1o + k2 p2o + katmPatm) (2.16)

with:

k1 = t1n
V n

1o

V n+1
1

|dV1

dθ
|+ V n

1o

V n
1

|dt1
dθ

| > 0

k2 = t2n
V n

2o

V n+1
2

|dV2

dθ
|+ V n

2o

V n
2

|dt2
dθ

| > 0

katm = k1 + k2 −|dt1
dθ

|− |dt2
dθ

|

The coefficients k1, k2, katm are a function of the joint angle and are determined
by the joint and muscles geometry. From equation (2.16) the conclusion is drawn
that a passive spring element is created with an adaptable stiffness controlled by the
weighted sum of both initial gauge pressures when closing the muscle.

Since stiffness depends on a weighted sum of gauge pressures while torque is
determined by a weighted difference in gauge pressure, the torque and stiffness can
be controlled simultaneously.
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2.6 Modular Unit

A convenient elements in the design phase was modularity and flexibility regard-
ing the ability to make changes to the robot configuration during the experimental
process. The complete robot consists of 6 identical modular units and two feet. A
modular unit is a link of the robot driving one joint. The upper body, consisting of
two units, drives the hip joints, the upper leg drives the knee joint and the lower
leg drives the ankle joint. The mechanical setup of a modular unit incorporates a
basic frame, two muscles attached to the frame via a pull rod mechanism, a leverage
mechanism creating the interface to the neighboring unit and two pneumatic valve
systems which regulates the pressure inside both muscles.

2.6.0.1 Basic Frame

The basic frame is a pull rod and leverage mechanism to position two muscles in
an antagonistic setup and is depicted in figure 2.10. The CAD drawing shows both
assembled and exploded view of the basic frame. The modular unit is made of two
slats at the side, which are connected parallel to each other by two linking bars. A
joint rotary part, provided with roller bearings, is foreseen for the connection with
an other modular unit. The fixed base for the pull rods mechanism includes two
rotary axes at which the muscles are attached. The small rotations of these axes are
guided by plain bearings positioned in the frame. As can be seen in the exploded
view, the basic frame is created by assembling several elementary parts. All these
parts are made of a high grade aluminium alloy, AlSiMg1, apart from the bolts
and nuts, required to assemble the frame. The cross sectional dimensions of the
frame are determined to withstand buckling due to the load set by the muscles in the
antagonistic setup. Forces generated by the muscles can easily go up to 5000N.

Figure 2.11 shows a CAD drawing with the muscles attached to the frame by
the pull rods and lever mechanism. The muscles are positioned crosswise to allow
complete bulging. At one side they are attached to the frame via the fixed rotary
base and at the other side the interface to the next modular unit is provided via the
leverage mechanism. The parameters b1, b2 and lb are the same for all the joints.
Two connection plates, joined together with two rotary axes, are fixed to the next
modular unit and incorporate the leverage mechanism. Again plain bearings are
used to guide the rotations of both rotary axes. The position of the rotation points
determine the dimensions of the leverage mechanism and consequently joint torque
characteristics. The connection plates incorporate the parameters α1, α2, d1 and d2

of the leverage mechanism for both muscles. Since these parameters have a large
influence, the connection plate system is the one which can be changed easily to
alter the joint torque characteristics. The muscle contraction parameter εc which is
defined at a chosen mid angle θ c, is also adaptable. This parameter is associated
with the length of the threaded rods which form the interface between muscle and
leverage mechanism. This length can be altered with the nuts that cling the rods to
the rotary muscle axes (see figure 2.11).
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Fig. 2.10 CAD drawing of the modular unit’s basic frame.

When determining the joint characteristics, a lot of requirements should be taken
into account. Such as static torques required for standing still and more important,
the dynamic torque values for walking. Of course, the latter are strongly related to
the walking speed and the control strategies. The ranges of angular motion in com-
bination with the torque values should be determined as well. These also depends
on the various movements the robot should perform. For the biped Lucy, another
design factor, associated with natural dynamics, has to be taken into account. The
kinematic joint parameters in combination with muscle dimensions determine the
range in which the compliance of the joint can be altered. Of course, if this com-
pliance variation is intended for energy minimization, the range in which it should
vary depends on the walking speed and on the specific control strategy. This all
clearly indicates that a good joint design is hard to make in an initial design. As in-
dicated before, during the evolution of the experimental and theoretical knowledge
concerning the different aspects of controlling Lucy, the design parameters can be
altered based on the gained insights in this complex matter, by changing the leverage
mechanism.
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Fig. 2.11 CAD drawing of the modular unit’s basic frame with muscles and connection
plates.

Currently, the first design of the parameters has been made rather empirically
and based on simulations performed by Vermeulen (421) and some analogy with
human walking. In figure 2.12 the specific oriented relative ankle, knee and hip
angles are defined (counterclockwise positive). In the shown posture angles β1 and
β3 are consequently negative. The ankle angle β1 varies with respect to the lower leg
between −30◦ and 25◦ (−15◦ and 10◦). The knee is not able to stretch completely
and the specific joint angle ranges from 15◦ to 65◦ (8◦ and 68◦). The upper body
should be able to rotate more to the front than to the rear as is the case for humans.
The range of angular motion for the hip joint is therefore set between −35◦ and
15◦ (−30◦ and 18◦). The values between brackets are typical for a walking human
(352). The joint range for the human ankle is remarkable smaller. Reason is that
the plantigrade human foot rolls over the ground during each walking step, roughly
analogous to a wheel (29) whereas the flat sole of Lucy cannot roll.

The generated torque at 3bar is designed to be able to generate 70 up to 80Nm
at the extreme positions, which generally require the largest joint torques for static
postures. In the first design attempt, the torque generation is taken symmetrical for
both flexor and extensor muscle of a joint. This is not always necessary. The flexor
of the knee joint for example generally does not require the same torque as the
extensor muscle. The knee extensor muscle has to carry the weight of the robot,
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Fig. 2.12 Definition of the oriented relative joint angles (counterclockwise positive, for
shown posture angles β1 and β3 are negative, β2 is positive).

Fig. 2.13 Generated flexor and extensor torque in the ankle joint for 1, 2 and 3 bar.

while the flexor is required to lift the lower leg when the specific leg is in a swing
phase. So the torque characteristics where designed with 3bar gauge pressure, but
it is taken into account that higher pressures up to 4.2bar can be set in the muscles
(see alarm pressure sensor in 2.7.0.1).
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Fig. 2.14 Generated flexor and extensor torque in the knee joint for 1, 2 and 3 bar.

Fig. 2.15 Generated flexor and extensor torque in the hip joint for 1, 2 and 3 bar.

So whenever the tracking controller demands higher torques, it can apply higher
pressures in the specific muscle. The actual torque characteristics currently deter-
mined for Lucy are depicted in figure 2.13, 2.14 and 2.15. The graphs on these
figures give extensor and flexor torques respectively for ankle, knee and hip at 1,
2 and 3bar muscle gauge pressure. The muscle contraction range associated with
the angle range for each joint are approximately between 7 and 30%. This means
that the angular ranges still can be extended when required, the nuts of the angular
position limiters in the joints can be fine-tuned to set exact ranges.
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2.6.0.2 Valve System

Pneumatic artificial muscles have a high power to weight ratio which makes them
suitable for legged robots (106). For a pneumatic system the weight of the pressure
control device should be taken into account to evaluate this ratio if the valve system
is on board of the robot. Placing the valves close to the muscle is preferable so the
tubes can be as short as possible. All the air in the tubes does not contribute to the
generated force, but consume compressed air. So the weight of the valves controlling
the muscles should be taken as low as possible without compromising too much
on performance. Since most pneumatic systems are designed for fixed automation
purposes where weight is not an issue at all, most off-the-shelf proportional valves
are far too heavy for this application.

In order to realize a lightweight rapid and accurate pressure control, fast switch-
ing on/off valves are used. The pneumatic solenoid valve 821 2/2 NC made by Ma-
trix weighs only 25g. It has a reported switching time of about 1ms and flow rate of
180Std.l/min. Figure 2.16 shows a picture of the selected valve. The valves come
with two different types, one with and one without return spring which acts on the
air flow interrupting flapper inside the valve.

To pressurize and depressurize the muscle which has a varying volume up to
400ml, it is best to place a number of these small on/off valves in parallel. Obvi-
ously the more valves used, the better the pressure tracking, but also the higher the
electric power consumption, price and weight will be. Simulations of the pressure
control on a constant volume led to the compromise of 2 inlet and 4 outlet valves.
This asymmetrical situation is introduced since asymmetrical pneumatic conditions
exist between exhaust and inlet. The orifice airflow though a valve is characterized
by the pressure difference over the valve. The gauge pressure inside the muscle gen-
erally varies between 0 and 3bar, while the pressure of the inlet is set at 6 to 7bar.
This means that the maximum pressure difference over the exhaust valves is 3bar
and over the inlet valves 6 to 7bar. Consequently, the orifice airflow through valves
with the same opening section is much lower for exhaust compared to the inlet.

Fig. 2.16 Picture of the pneumatic solenoid valve 821 2/2 NC made by Matrix.



58 2 Description of Lucy

Fig. 2.17 CAD drawing of the valve island.

This means that the time required to set the pressure inside a muscle differs signifi-
cantly between inflation and deflation of a muscle. In order to level this difference,
the number of exhaust valves has been doubled. Of course, increasing the number
of valves and reaction levels ameliorates and fastens the pressure tracking, but on
the other hand increases the weight of the pneumatic valve system and the elec-
tronic power consumption, required to switch the valves. Simulations and tests on
a robot arm with one pair of comparable artificial muscles, which are not discussed
in this work, have led to the current compromise of 2 inlet and 4 outlet valves. The
6 valves are brought together in a valve island with special designed inlet and outlet
collectors after removing parts of the original housing material. A CAD drawing of
the valve island is given in figure 2.17. The total weight of this device is less than
150g. The two valves at inlet are without spring, while the four valves responsible
to deflate the muscle have an internal return spring. The pressure difference over
the valves are minimum 4bar for the inlet valves and 0bar for the exhaust valves.
Removing a spring significantly decreases opening times of the valve, while on the
other hand the presence of the spring decreases closing times of the valves. On the
contrary, a large pressure difference over the valves increases opening times, while a
small pressure difference increases closing times of the valves. So, due to the oppo-
site pressure difference conditions over the inlet and exhaust valves, both situations
concerning the return spring are exploited positively. The valves are controlled by a
multilevel bang-bang controller with dead zone as described in section 4.1.4. In this
section also experiments showing the tracking performances are shown. For more
detailed experimental information on this topic one is referred to (415).
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2.6.0.3 Complete Mechanical Setup of a Modular Unit

In figure 2.18 a final CAD drawing is given of the complete modular unit. The two
valve islands are mounted at each side of the frame. The muscles are connected
with the valves and the latter with a compressed air buffer. This buffer is required to
avoid the pressure fluctuations in the compressed air supply tubes while controlling
the complete biped. The volume of this buffer is comparable to the volume of one
muscle. In normal operation, only one muscle of the antagonistic setup is inflated.
The other muscle is deflated, except when the controller decides to increase the stiff-
ness of the joint by increasing the mean pressure of both muscles. Additionally, a
silencer is added at the exhaust of each valve island of the modular unit. Without
a silencer, the immediate expansion to atmospheric conditions of the compressed
air at the exhaust creates a lot of noise. A silencers consists of a closed perme-
able tube which makes the pressurized air leave the volume slowly, resulting in a

Fig. 2.18 CAD drawing of the complete modular unit.
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strongly reduced noise generation. But generally, a silencer also obstructs the dy-
namic performance of muscle deflation, since a pressure rise in the silencer lowers
the exhaust airflow. It is therefore important to use sufficiently large silencers with
good permeable material adapted to the volume of the muscle.

In order to set the joint rotation range, an angular position limiter is provided.
This device is equipped with two screws to regulate separately the maximum and
minimum joint angle. The limits of the angular position are provided to avoid singu-
lar joint configurations in the pull rod and leverage mechanism. Such configuration
occurs when the axis of the muscle is in line with the joint axis and the muscle at-
tachment point in the leverage mechanism. In this situation the muscle can seriously
damage the leverage mechanism when increasing pressures would by applied by the
controller. This angular position limiter is also used to bound the muscle contraction
range. As was argued in section 2.4, this range lies between 5 and 35%. Finally, this
limiter can also be used to create a joint locking state by means of one muscle driv-
ing the joint to its extreme position. This can be exploited for example in the knee
during stance, in order to induce a simple inverted pendulum motion over the stance
foot (443; 331). Figure 2.19 shows a photograph of the modular unit.

 

Fig. 2.19 Photograph of a modular unit.
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2.6.1 Complete Robot

Six modular units, as discussed in the previous sections, are combined to create the
complete biped. A CAD drawing of the mechanical configuration of the complete
robot is given in figure 2.24. Figure 2.25 gives a photograph of the real robot, includ-
ing the electronic components. The upper body of the robot consists of two modular
units which are rigidly connected to each other. The left and right antagonistic mus-
cle pairs of the upper body drive the left and right hip joint respectively. Each leg
has two modular units, which form the upper leg and the lower leg. The muscle pair
of the modular unit in the upper leg actuates the knee joint and the muscles in the
lower leg drive the ankle joint. The latter forms the connection to the foot, which is
the only link with a configuration different from the modular unit setup.

The feet do not have any form of toes and do not explicitly have a heel shape
rounding at the rear. Thus currently, Lucy can only walk with the feet kept parallel
to the ground at touch-down and foot lift-off. The sole of the foot consists of two
rotating plates as can be seen in figure 2.20. Each foot has two loadcells to measure
ground forces and two switches to detect if the foot is on the ground or not. A ball
is placed between the force sensor, which is attached to the sole plate, and the rest
of the foot so only unidirectional forces are applied to the sensor. A picture of the
feet is given in 2.21.

Figure 2.22 gives an overview of the pneumatic circuit, which is used to control
the different muscles of the robot. The pneumatic scheme shows the 6 identical
pneumatic circuits of which each of them drives one antagonistic flexor/extensor
muscle pair. This scheme contains the local reservoir from which the two valve
islands are supplied with compressed air. The valve island separately shows inlet and
exhaust, each of them represented by two “2/2 electrically actuated” valve symbols.
These two symbols represent the 2 reaction levels of the valve system. The number
of actual valves which are included in each configuration are depicted as well.

All reservoirs of the modular units are connected to the pressure regulating unit
at the central pneumatic distributor by separate tubes. The pressure regulating unit
consists of two supply circuits with different pressure levels. One for the normal op-
erating high pressure supply and an other one for a lower reference pressure supply.
The latter circuit is used for the calibration of the pressure sensors (2.7.0.1) each
time the robot is initialized. Two mechanical pressure regulating units determine the
pressures in the high and low pressure circuits respectively, and each circuit is in-
terrupted with an electrically actuated valve. The reference circuit uses a 2/2 valve,
while the high pressure circuit is interrupted by a 3/2 valve. The exhaust of this high
pressure valve is connected to an electrically actuated 2/2 depressurizing valve in
order to deflate the complete robot. The air supply is buffered and an airflow sensor
is positioned in the supply line of this reservoir.

Since the robot can only walk in the sagittal direction, a kind of supporting struc-
ture has to be provided to avoid turning over in the frontal plane. Several config-
urations can be used for this purpose. One such configuration is a rotating boom
mechanism attached to the hip and a central rotating point as was used for e.g.
the biped Rabbit in France (89) and Spring Flamingo at MIT (335). This solution
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Fig. 2.20 CAD drawing of the foot.

Fig. 2.21 Photograph of the feet with electronic boards for ground force sensors.

requires a lot of space since the boom mechanism has to be large in order to mimic
planar walking. Laterally extended feet are another possible configuration, such that
the projection of the COG on the ground in the lateral plane lies within the support-
ing feet area. This for example has been used for the robot BARt-UH in Germany
(268). The extended feet however require a large distance between the legs such
that they can never hit each other and some positions of the feet are not possible
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Fig. 2.22 Schematic overview of the complete pneumatic circuit.

anymore. For Lucy, it has been decided to use a vertically positioned XY-frame (fig-
ure 2.23), to which the hip points of the robot are attached with two ball bearings.
The XY-guiding mechanism is of high quality for smooth sliding of the frame, in
order not to disturb the robot motion in the sagittal plane too much.

The guiding mechanism is mounted on the same frame which incorporates the
treadmill for enabling the robot to walk for longer distances. The treadmill consists
of a wooden deck and a belt, driven by a 3 phase synchronous AC Motor. The speed
of the motor is reduced by a transmission gearbox in series with a belt guide. Space
for the central computer is provided so the whole experimental setup robot-guiding
mechanism-treadmill-computer is integrated in one frame.

2.7 Electronics

Each modular unit has its own low-level control hardware in order to control the
pressure inside the muscles in order to generate a desired motion. An overview of
this hardware and its function is given in figure 2.26. Pressures are measured with
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Fig. 2.23 Guiding mechanism consisting of two rails connected to the hip.

absolute pressure sensors and the angular position and velocity is captured with an
incremental encoder. The valves of the two valve islands are controlled by digital
micro-controller signals after being transformed by the speed-up board in order to
enhance the switching speed of the valves. In the next sections detailed information
is given about the different elements of the low-level control hardware.

2.7.0.1 Pressure Sensor

To have an accurate dynamic pressure measurement, the sensor is positioned inside
the muscle (see figure 2.27). Since this sensor is inside the muscle volume, an ab-
solute pressure sensor is used. In order to pass through the orifice of a muscle, the
size of the sensor and its electronics has to be small (12mm). An absolute pressure
sensor, CPC100AFC, from Honeywell has been selected for this purpose. The sen-
sor measures absolute pressure values up to 100psi (6.9bar) and has an accuracy of
about 20mbar.

The principe of the electronics, which conditions the millivolt output of the pres-
sure sensor, is depicted in figure 2.28. The complete electronic scheme can be found
in appendix C.3.

The output of the pressure sensor is amplified by a differential amplifier, and in
order to avoid noise disturbance as much as possible, the amplified pressure signal
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Fig. 2.24 CAD drawing of the robot Lucy.
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Fig. 2.25 Photograph of the robot Lucy.
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Fig. 2.26 Overview of the low-level control hardware.

 

Fig. 2.27 Pressure sensor to be positioned inside the muscle.

is immediately digitized by a 12bit analog to digital converter. This chip commu-
nicates with the micro-controller unit by a serial peripheral interface (SPI), which
is typically used for communication between chips and micro-controllers. A com-
parator is provided to generate an alarm signal in order to protect the muscle against
pressure overload and consequently extend its lifespan. This alarm signal is not
treated by a micro-controller, but immediately acts on the central pressure supply
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Fig. 2.28 Block diagram of the pressure sensor electronics.

valve (see 2.7.1.2). Whenever the muscle gauge pressure exceeds approximately
4.2bar, the pressure supply is cut-off.

2.7.0.2 Encoder

The HEDM6540 incremental encoder is used for reading the joint position and ve-
locity. An incremental encoder is a disk with two sets of regularly-spaced slots set
along concentric circles. The passage of a slot in front of a light beam produces a
pulse; the net number of pulses in a given direction, multiplied by the (constant) an-
gle between slots, gives the angular displacement in that direction during the count-
ing period. The two sets are in quadrature, so that it is possible to deduce direction
of motion by knowing which pulse train leads the other. Because the encoder loses
its absolute position when the electricity is cut off, an initialization at start-up is
necessary to find the reference point of the encoder, provided by a third line. The
HEDM6540 has 2000 pulses per revolution, the micro-controller is able to detect
the 4 flanks, so this gives a resolution of 0.045◦.

A rotary optical encoder produces two square waves in quadrature. Each transi-
tion of both waves is detected as an encoder line. The measurement of the velocity
can either be done by a fixed-time or fixed-position method (260). In either case,
only one variable is measured. A fixed-time method, also called a pulse-counting
or “M” method, estimates the velocity by counting the pulses over a fixed sam-
pling period. A fixed-position method, also called a pulse-timing or “T” method,
estimates the velocity by measuring the time for one encoder pulse using a high-
frequency auxiliary clock signal. It is well known, however, that the fixed-time and
fixed-position methods are inaccurate respectively at low and at high velocities.

In essence, the velocity is estimated by performing an approximate derivative
operation on the discrete data. Many designs of discrete-time derivative filters exist
today; unfortunately, most of these are unsatisfactory for control applications as the
delay inherent to these derivative filters adversely affects stability (65). Furthermore,
it is well known that derivative operators tend to magnify errors.
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In (65) several velocity estimator algorithms using discrete position versus time
measurements were discussed for microprocessor-based systems with a discrete po-
sition encoder. The simulations show that no one estimator algorithm is best for a
system that has a large dynamic range of speeds, has large transients, and uses an
imperfect (real) encoder.

For this project the fixed-position method is used. This method cannot produce
an angular velocity at a fixed rate, which is for example the sample rate of the
controller. One can compute the velocity at the moment an encoder pulse is detected.
If the joint stops, the velocity will never go to zero because the time between two
pulses is infinity. Therefor the elapsed time instead of the time between two pulses
is taken. With this strategy the velocity goes asymptotically to zero.

2.7.0.3 Valve System Speed-Up Circuitry

In order to enhance the opening time of the Matrix valves, the manufacturer pro-
poses a speed-up in tension circuitry. With a temporary 24V during a period of
2.5ms and a remaining 5V , the opening time of the valve is said to be 1ms. During
practical tests the opening times were in many cases twice as long, in certain ranges
of pressure difference over the valves. The opening voltage is therefore increased,
but the time during which this voltage is applied is decreased, as such that the valves
do not get overheated. Figure 2.29 gives the basic electronic scheme of the speed-up
circuitry. A complete scheme can be found in appendix C.2. The micro-controller
commands the valves via discrete 5V on/off signals. These signals directly activate
mosfet Q1 in order to apply 5V over the valve. A timing unit ensure the switching
of mosfet Q2 and Q3 in order to apply temporally an increased voltage. Whenever
the micro-controller commands the valve to close, by disabling mosfet Q1, the dis-
charge path is connected to the increased supply source via diode D2. This provides
a fast discharge of the electromagnetic energy of the valve, which results in a faster
closing time. Several experiments, see (415), resulted in an opening and closing
time of about 1ms. An increased opening voltage of 36V is being applied during

Fig. 2.29 Essential scheme of valve speed-up circuitry.
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Fig. 2.30 Valve speed-up circuitry.

1ms. Figure 2.30 gives a photograph of the speed-up circuitry with its valve island.
Four circuits, such as in 2.29, are provided. Two circuits control separately the two
inlet valves and two more control the exhaust valves. Hereby three valves are con-
trolled simultaneously by one circuit. Each circuit has 2 LED’s: a red one to show
the 36V , a green to show the 5V for an inlet valve and yellow for an outlet valve.

2.7.0.4 Joint Micro-controller Unit

The joint micro-controller units are necessary to capture sensor data and control the
valve actions. Part of the control architecture is also locally implemented in these
micro-controllers. Therefore a 16bit processor was chosen over an 8bit and 32bit
processor. The former is not suited for arithmetics, while the latter is an overkill
for the fairly simple local feedback control implementation. The chosen micro-
controller is the MC68HC916Y3 of Motorola. This controller has a 16Mhz clock
rate and an internal 100kB flash EEPROM. A separate timer processor unit (TPU)
can process sensor information, such as encoder reading, and control outputs with-
out disturbing the CPU.

The basic scheme of the micro-controller board is depicted in figure 2.31. A
complete electronic scheme of this board is given in appendix C.1. The basic task
of the micro-controller consists of reading the pressure, registering encoder signals,
controlling the on/off valves of the two valve islands and communicating with the
central PC. The pressure is read via the SPI interface of the micro-controller and the
valves are commanded through the TPU output. The TPU is also used to handle the
encoder information to provide angle and velocity values.
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Fig. 2.31 Essential scheme of micro-controller board.

The micro-controller board provides a quasi real-time local control of the robot
joints. It performs the local control loop and communicates with a central PC at a
refresh rate of 2000Hz. In order to ensure a real-time operation, the 16bit parallel
communication lines are buffered via a dual ported RAM structure. The memory of
this structure is physically divided into an input and output section of 256bytes each,
by applying the external r/w signal to the higher address lines of the dual ported
RAM unit. Additionally, several control lines are linked with the IRQ input/output
interface of the micro-controller. The communication interface (see 2.7.1.1) uses
these control lines to master the communication protocol and to reset the different
micro-controllers. This communication interface is also used to load a program in
the micro-controllers. Figure 2.32 shows a picture of the micro-controller board with
its dual ported RAM communication interface.

2.7.1 Complete Electronic Hardware

Figure 2.33 gives an overview of the complete electronic hardware. The central PC
hosts the program (see section 2.8) and performs the calculations for a large portion
of the control scheme. The PC exchanges data with the different dual ported RAM
units of the low-level control boards through a data exchange agent which is imple-
mented on an extra micro-controller. This controller distributes the serial USB 2.0
bulk data transfer, originating from the PC, over the several 16 bit parallel data lines
going to the dual ported RAM units of the local micro-controllers, and the other way
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Fig. 2.32 Micro-controller board.

Fig. 2.33 Schematic overview of the robot electronics.

around. Besides the 6 micro-controllers, of which each of them masters a modular
unit, an extra controller is provided to read additional sensor information and con-
trol the supply valves via a safety board. Extra sensor informs about absolute robot
position, ground reaction forces, foot switches, air consumption, supply pressure
level, speed of treadmill and control signal of treadmill. The safety board controls
the supply valves and depressurizes the supply tubes whenever a muscle pressure
sensor gives an overload pressure alarm signal, or whenever an emergency bottom
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is activated. In the next sections detailed information about this global electronic
scheme is given.

2.7.1.1 Communication Hardware and Protocol

Since extensive calculations are required due to the model based control algorithms,
a central PC is used. Therefore a fast communication line between PC and robot
hardware is provided. A fast communication line could be an extension of the in-
ternal PC bus by means of a parallel data communication, but this kind of commu-
nication is only suitable for short distance applications. For larger distances (sev-
eral meters) serial communication protocols are preferable. The most popular serial
protocol in the past was the RS232 protocol. This is suitable for slow data trans-
fer (20 to 115Kbit/s). Nowadays, several other serial protocols, used to branch to
computers, have much higher data transfer rates: USB (up to 480Mbit/s), FireWire
(standard IEEE-1394: 400Mbit/s and IEEE-1349b: 3.2Gbit/s) and Ethernet con-
nections (up to 1 Gbit/s). Since USB is a widely used standard, which is available
on all modern computers, and since a micro-controller was found, which incorpo-
rates a USB 2.0 interface, USB was chosen as communication protocol. Over time
the USB standard has evolved from USB 1.1 (1.5 or 12Mbit/s) to the current USB
2.0 (up to 480Mbit/s). For normal control operation, the communication line should
only transfer pressures and angle information, but in the experimental setup much
more information such as control parameter values, valve actions and several status
information is transferred. A total set of 226bytes are transferred in bulk. Therefore
the fastest USB 2.0 protocol is preferred in order to have a high sampling rate.

Since the local Motorola controllers (6 joint controllers+1 extra controller) have
a 16 bit parallel communication bus via the dual ported RAM units, the serial USB
bulk data block has to be divided into 7 blocks of 16 bit parallel data. Therefore an
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Fig. 2.34 Communication interface overview scheme.
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extra micro-controller, EZ-USB FX2 from Cypress Semiconductors, is provided to
act as data transfer agent only. This controller runs at 48Mhz and is able to transfer
the serial data block of 226bytes to the peripheral 16bit data bus in less than 50μs.
Additional to the Cypress development board, an electronic interface has been de-
signed to connect the peripheral bus of the Cypress micro-controller to the different
dual ported RAM units. An overview of the communication interface is given in
figure 2.34. More information about the electronics can be found in appendix C.7.
This interface mainly converts the different voltage levels of address and data lines
and connects the Cypress controller, which is the bus master, to the interrupt driven
ports PF of the several Motorola micro-controllers. Through the first three pins on
port PE, the Cypress controller selects a specific slave micro-controller via a mul-
tiplexer. It can generate common interrupts on pins PF1 and PF2 of the different
micro-controllers and command a global reset of these controllers, such that a soft-
ware reset of the complete robot can be ordered by the PC. In the other direction
each slave controller can communicate separately or all together, via an AND gate,
with the pins of port PA of the Cypress bus master. All these lines are used to ex-
change communication acknowledgement signals. A photograph of the complete
communication interface is given in figure 2.35.

Due to the use of a Windows operating system the refresh rate for the control
calculations, implemented on the PC with high priority, is currently set to 2000Hz,
which is the same as the refresh rate of the local micro-controller units. The tim-
ing of the communication refresh rate is controlled by the USB Cypress micro-
controller. The local micro-controllers ensure low-level, quasi real-time control of
the joints. In order to prevent control disturbance of missed torque calculations
by the central PC, the incoming data of the local units are buffered via the dual
ported RAM hardware. So whenever the central PC does not succeed to perform the

 

Fig. 2.35 EZ-USB FX2 communication interface.
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necessary calculations within the specific sampling time, the local control units use
the previously sent data, which are stored in the dual ported RAM structure. One
should also remark in the context of this refresh rate, that the delay time of the
valves is about 1ms, which suggests that the communication frequency of 2000Hz
is high enough.

2.7.1.2 Extra Sensor Implementation and Safety Board

Besides the 6 micro-controller boards, another micro-controller board is provided.
This micro-controller is responsible for handling additional sensor information and
control of a safety board and treadmill. The controller board is the same as for the
joint controllers (2.7.0.4), except that the connections for input and output differ.
The TPU of this controller reads three additional encoder signals which are of the
same type as for the joints. The encoders measure the horizontal and vertical posi-
tion of the hip point, which moves together with the guiding XY-frame, and measure
the absolute rotation of the upper body. These signals fully determine the absolute
position of the robot since it can only move in the sagittal plane. Two extra sensors,
air flow and reference pressure sensor, are positioned in the pressure regulating cir-
cuit. The standard analogue signals of these sensors are transformed with the same
electronic scheme as for the pressure sensor inside the muscles (2.7.0.1). So they are
captured by the SPI interface of the extra micro-controller. The flow sensor is needed
to have an indication of the air consumption, which becomes crucial when dealing
with experiments regarding exploitation of the natural dynamics. This sensor is a
SD6000 flow meter from IFM Electronic and measures airflows in a range from 4
to 1250Nl/min. It has a built in accumulator which gives total air consumption. A
reference pressure sensor is required to calibrate all 12 pressure sensors inside the
muscles, whenever the robot is initialized. This reference sensor is a PN2024 gauge
pressure sensor also from IMF electronics. It measures in a range from −1 to 10bar
gauge pressure with accuracy smaller then ±0.6% of the range.

Four additional force sensors (THA-250-Q of Transducer Techniques) measure
the ground reaction forces in the foot. Each foot requires two such force sensors,
one in the front and one at the rear, in order to calculate the ZMP position as a
function of the real position of the robot. This information is required to evaluate
dynamic stability of the robot and can be used to create a ZMP feedback structure to
compensate for errors of the model based trajectory generation. To detect if the foot
is standing on the ground or not, 4 on/off switches are mounted in the feet. More
details about the electronics placed in the feet can be found in appendix C.4 and in
picture 2.21.

2.7.2 Safety Board

The safety board (figure 2.36) consists of electronic hardware, which commands the
three valves of the supply pressure regulating unit (figure 2.22). This board handles
all the alarm signals, originating from the pressure sensors inside the muscles and



76 2 Description of Lucy

Fig. 2.36 Safety board and supply valves.

several emergency stops. Whenever an alarm signal is activated, the supply valves
of the two pressure regulating pneumatic circuits are closed, while the depressur-
izing valve is opened in order to deflate the complete robot. Opening or closing of
the supply valves in the pressure regulating circuits can be commanded by the 7th
micro-controller, if the valve commands are not overruled by the electronic hard-
ware during an emergency case. Since this controller is attached to the PC via the
USB and dual ported RAM communication structure, selection of the proper supply
pressure circuit and depressurization of the robot can be commanded by the central
control and GUI. The complete electronic scheme of the safety board can be found
in appendix C.6.

2.7.3 Control of Treadmill

The treadmill is powered by a 3 phase synchronous AC Motor controlled by the
ACS 350 frequency inverter from ABB. This motor drive contains a vector control
to provide enough torque at low rotation speeds. The steering signal for the inverter,
coming from the robot, adapts the speed of the treadmill ν̃ treadmill to the speed of
the robot ν̃robot so that the hip of the robot Xhip stays in the middle of the treadmill
X̃. The controller consists of a feedforward part which is the desired speed of the
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Fig. 2.37 ACS 350 Frequency inverter, AC motor and electronic board with opto-couplers
for the treadmill.

robot and a PI feedback part:

ν̃ treadmill = ν̃robot − Kp
(
Xhip − X̃

)− Ki ∑
(
Xhip − X̃

)
(2.17)

The feedback parameters Kp and Ki are tuned manually. The X and Y position of
the hip are measured by two linear encoders attached to the rails of the guiding
mechanism. The steering signal and the measured rotation speed of the motor are
treated by a separate electrical board which can be seen in figure 2.37. This board
contains opto-couplers so in case of a fault like an overvoltage on one side, the other
side is not corrupted, in particular to protect the low voltage electronics of the robot.
This board is also connected to the emergency buttons: if an emergency button is
pressed the treadmill stops automatically. The electronics for this subsystem are
provided in appendix C.5.

2.8 Interface Program

The interface program, written in Visual C++, has two functions and each has its
own thread. A thread in computer science is short for a thread of execution. Threads
are a way for a program to split itself into two or more simultaneously (or pseudo-
simultaneously) running tasks. The first one is to manage the input/output USB data
stream and contains the necessary functions to control the robot. The other one is
the interface with the user to enable him to survey the robot. The built Graphical
User Interface (GUI), consisting of text and widgets to represent the information
and actions available to the user, can be seen in figure 2.38. Because data exchange
between both threads is needed and only one thread at a time can be allowed to
modify data, “critical sections” are used. To do this the CCriticalSection object of
the Microsoft Foundation Class (MFC) is used. Two critical sections were built: one
receive critical section and one send critical section.
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Fig. 2.38 Screenshot interface program.

The first group box Communication is the starting point to initialize the com-
munication between the robot and computer. First the micro-controllers are pro-
grammed with the low-level controllers. Afterwards the pressure sensors and
encoders have to be calibrated. Then the control of the robot can begin. By push-
ing Begin in Global control the robot will go from squat position to stand-up po-
sition. Walk is used to start walking. In Walking: objective locomotion parameters
the speed, step length, foot lift can be chosen by sliders. Stop can be used to stop
the treadmill and both feet are placed next to each other. To control the speed of the
treadmill two options are available. The user either can control by hand the speed of
the robot or if the check box is selected, the speed of the treadmill will be adapted
to the speed of the robot so the robot stays in the middle of the treadmill. In Output
robot some essential information is shown such as the state of the robot, number of
steps and so one.

In case of malfunction of the robot different test programs can be executed to
facilitate the search for the failure. Test programs for the valves, encoders, pressure
sensors, LEDs,... are available.
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Fig. 2.39 Screenshot Matlab program to view data results.

The data is exported to a .txt-file. It is not possible to view in realtime all the data
graphically because this will require too much computer power. Every 20ms 131
parameters such as time, real and desired angles, velocities, pressure levels, valve
actions, torques,... are stored. This creates a datafile of about 2.7MB per minute. A
result viewer is written in Matlab to analyze this huge data stream afterwards and
the main window can be seen in figure 2.39. Matlab is used because of the many
built-in functions for graphs.

2.9 Virtual “Lucy”

Besides a real biped a virtual “Lucy” has been built, mainly because it is much
easier and faster to test a robot in simulation than for real. The simulator is used
to debug control programs and evaluate them before implementing them in a real
biped. Matlab was too slow to execute the simulation, but is a powerful tool for
engineering purposes. Therefore the complete simulator is written in C++ in a so
called MEX-file. Because this is compiled, it is executed very fast.

To have a realistic model both the mechanics of the robot and the thermody-
namical processes in the muscles are combined in one set of differential equations.
Reported hardware limitations such as valve delays and sampling times, observed
on the real robot, where taken into account in the simulation model, as well as some
parameter estimation errors. Beside the expected inaccuracies due to the discrete
pneumatic valve control system, and parameter estimation and modelling errors for
the feedforward trajectory control system, the changing dynamics due to the differ-
ent phase transitions in the walking motion (e.g. from stance to lift off and at impact)



80 2 Description of Lucy

Table 2.3 Inertial parameters of the robot

i li (m) JiGi (m) mi (kg) Ii (kgm2)
1 0.45 0.260 3.61 0.060
2 0.45 0.261 3.69 0.062
3 0.45 0.200 10.3 0.145
4 0.45 0.189 3.66 0.060
5 0.45 0.192 3.53 0.058
6 0.30 0.073 2.05 0.016

also might jeopardize the dynamic stability of the robot. In this section the mathe-
matical model for the different parts of the complete robotic system are described.

2.9.1 Mechanics

The biped model during a single support phase is depicted in figure 2.40 and the
figure shows the definition of the chosen Lagrange coordinates. These coordinates
are the absolute angles of each link of the robot, apart from the stance foot, and are
measured with respect to the horizontal axis:

q =
[
θ1 θ2 θ3 θ4 θ5 θ6]T (2.18)

Gi is the COG of each link, and mi and Ii are respectively the link mass and the
link inertia about Gi. Ji represents the rotation axis between two connected links.
The inertial and geometrical parameters of the simulation model are summarized in
table 2.3 with li the length of link i.

Fig. 2.40 Model of the biped in single
support.

τKS

τ- KS

τ- AS

τHS

τ- HS

τ- KA

τKA

HAτ-

τHA

τ- AA

AAτ τ1

τ2

τ3

τ4

τ5
τ6

 

Fig. 2.41 Definition of net torques and
joint torques.
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The mechanical part of the simulation model contains three different phases: a
single support phase, a double support phase and an instantaneous impact phase.
During single support, the robot’s equations of motion are used (These dynamic
equations are written as (376)):

D
(
q
)
q̈+C

(
q, q̇

)
q̇+ G

(
q
)

= τ (2.19)

with D
(
q
)

the generalized inertia matrix, C
(
q, q̇

)
the centrifugal/coriolis matrix,

G
(
q
)

the gravitational torque/force vector. The torque vector τ contains the net
torques acting on each link of the robot since the equations of motion are written in
absolute coordinates (see figure 2.41):

τ =

⎡
⎢⎢⎢⎢⎢⎢⎣

τ1

τ2

τ3

τ4

τ5

τ6

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

τKs − τAs

τHs − τKs

−τHs − τHa

τHa − τKa

τKa − τAa

τAa

⎤
⎥⎥⎥⎥⎥⎥⎦

(2.20)

The H, K and A stands for “Hip”, “Knee” and “Ankle” respectively, a stands for
“air”, and s for “stance”. Expression (2.20) gives the relations between the net
torques and the applied joint torques.

The derivation of the full dynamic model of Lucy can be found in appendix B.
Immediately after impact of the swing leg, three geometrical constraints are im-

posed on the motion of the system. The three constraints are summarized as follows:

l1cos(θ1)+ l2cos(θ2)− l2cos(θ4)− l1cos(θ5)− λreal = 0 (2.21a)

l1sin(θ1)+ l2sin(θ2)− l2sin(θ4)− l1sin(θ5)− δreal = 0 (2.21b)

θ6 −Cte = 0 (2.21c)

with λreal and δreal the actual horizontal and vertical position of the front ankle
point at touch down. The third constraint expresses that the swing foot stays on
the ground, with θ6 being constant. This constant Cte equals zero for level ground
walking. The number of DOF during double support is reduced to 3, but the same
6 Lagrange coordinates (2.18) are used. The equations of motion of single support
are adapted with the three geometrical constraints as follows (201):

D
(
q
)
q̈+C

(
q, q̇

)
q̇+ G

(
q
)

= τ + JT (
q
)
Λ (2.22)

with J
(
q
)

the Jacobian matrix, which is calculated by taking the derivative of the
constraint equations with respect to the generalized Lagrange coordinates:

J
(
q
)

=

⎡
⎣−l1sin(θ1) −l2sin(θ2) 0 l2sin(θ4) l1sin(θ5) 0

l1cos(θ1) l2cos(θ2) 0 −l2cos(θ4) −l1cos(θ5) 0
0 0 0 0 0 1

⎤
⎦ (2.23)
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and Λ the vector of Lagrange multipliers:

Λ =
[
λ1 λ2 λ3]T (2.24)

The inertial parameters of the swing foot are taken into account, while the influ-
ence of the supporting foot is neglected, since this foot is not moving. The origin
of the coordinate system is positioned at the supporting ankle point during single
support and at the rear ankle point during double support, which is physically the
same point. Each time a transition from double support to single support occurs, the
origin of the coordinate system is shifted. In order to have a realistic simulation, an
impact phase at touch-down of the swing leg is considered. This impact phase is
modelled as an inelastic impulsive impact of the front foot.

2.9.1.1 Single Support Phase

The simulation kernel integrates first order differential equations only. Since the
equations of motion (2.19) are of second order, these equations have to be trans-
formed into a first order formulation. This can be done by introducing ω for the
angular velocity vector:

ω = q̇ =
[
ω1 ω2 ω3 ω4 ω5 ω6]T (2.25)

The equations of motion (2.19) are then rewritten as:

{
ω̇ = D

(
q
)−1 [

τ −C
(
q,ω

)− G
(
q
)]

q̇ = ω
(2.26)

Note that the inertia matrix D
(
q
)

is symmetric and positive definite and can be
inverted. Equations (2.26) represent a set of 12 first order differential equations for
which the torques τ depend on the angular positions q and the pressure values in the
muscles of all joints (4.38).

During the simulation process, several conditions need to be observed to check
for phase transitions. Whenever the ankle of the swing foot hits the ground, an im-
pact phase will occur, followed by a double support phase, i.e. if the foot does not
bounce. If the coordinates of the front foot are given by:

XAF = l1 cosθ1 + l2 cosθ2 − l2 cosθ4 − l1 cosθ5 (2.27a)

YAF = l1 sinθ1 + l2 sinθ2 − l2 sinθ4 − l1 sin θ5 (2.27b)

than the condition for phase transition is formulated as:

YAF < Ygr (XAF) (2.28)

With Ygr (X) representing the specific shape of the ground. In this work simulations
only consider walking on flat terrain, thus Ygr (X) = 0. Note that an approximation
is made by expressing this condition at the ankle joint, neither including the foot di-
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mensions, nor taking into account specific shapes of obstacles which could obstruct
the walking motion.

One of the difficulties of controlling legged robots is the unilateral nature of this
foot/ground contact. The vertical acceleration of the global COG, ŸG, has to be
higher than −g, otherwise the sign of the total ground reaction force will switch
and the robot starts a flight phase which is not foreseen in the programmed control
algorithm. Thus a necessary condition for foot/ground contact is:

Ry = mtot
(
ŸG + g

)
> 0 (2.29)

With the positive direction of the vertical defined upwards. Furthermore, the ZMP
position (3.4) has to stay within the physical boundaries of the foot, otherwise the
robot starts to tip over while rotating around one of the supporting foot edges:

−l6B < − τA

mtot
(
ŸG + g

) < l6F (2.30)

This situation is undesirable and is described by totally different equations of mo-
tion, so the simulation should be stopped at this point. It is furthermore assumed
that the stance foot of the robot does not slip, meaning that friction between the foot
sole and the ground is sufficiently high.

2.9.1.2 Double Support Phase

The equations of motion for the double support phase (4.3) represent 6 equations in
9 unknowns: 6 unknowns for q̈ and 3 for the Lagrange multipliers Λ . This should be
solved by additionally using the three constraint equations (2.21), which constitute
a total set of differential algebraic equations (DAE). In order to transform this into a
set of ordinary differential equations (ODE), the second derivative of the kinematic
constraint equation with respect to time is used (201):

J
(
q
)
q̈+ J̇

(
q
)
q̇ = 0 (2.31)

Combining (4.3) and (2.31) results in:
[

D
(
q
)

JT
(
q
)

J
(
q
)

0

][
q̈
Λ

]
=

[
τ −C

(
q, q̇

)
q̇− G

(
q
)

−J̇
(
q
)
q̇

]
(2.32)

Equations (2.32) are then solved for the 9 unknowns. After introducing ω, the fol-
lowing set of 12 first ODE is formed, which have to be integrated numerically:{

ω̇ = f
(
q,ω

)
q̇ = ω (2.33)

with f being a result of solving (2.32).
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When describing the equations of motion with dependent coordinates and La-
grange multipliers, the forces associated with the constraints can be calculated in a
straightforward way. In this case, the ground reaction force R̄F of the front foot (see
figure (3.5)) is linked with the two first constraints of (2.21) by Lagrange multipliers
λ1 and λ2. The constraint equations can be written in such a way that the horizontal
and vertical components of the ground reaction force acting at the front ankle point
are found as:

Rx
F = λ1 (2.34a)

Ry
F = λ2 (2.34b)

Writing the linear momentum theorem with respect to the global COG allows one
to calculate the total ground reaction forces:

Rx
tot = mtot ẌG (2.35a)

Ry
tot = mtot

(
ŸG + g

)
(2.35b)

with mtot the total mass of the robot, ẌG and ŸG the horizontal and vertical acceler-
ation of the global COG, which can be calculated with equations (B.3) of appendix
B. Combining (2.34) with (2.35) allows one to find the ground reaction force acting
at the rear ankle point:

Rx
R = Rx

tot − Rx
F = mtot ẌG − λ1 (2.36a)

Ry
R = Ry

tot − Ry
F = mtot

(
ŸG + g

)− λ2 (2.36b)

When the vertical component of the ground reaction force acting at the rear foot
(2.36b) becomes negative, the rear foot is lifted of the ground and the double support
phase ends. Apart from the rear foot ground reaction force, the vertical component
of the front foot ground reaction force is checked if it becomes negative during the
double support phase. If so, the simulation should be terminated, since this means
that the robot tends to move in the opposite direction, apart from eventual bouncing
effects just after impact. Based on the values of the vertical ground reaction forces
of the feet, the ZMP position during double support is obtained with equation (3.6).

2.9.1.3 Impact Phase

After the single support phase, an impact occurs when the swing foot touches the
ground. This impact causes jumps of the joint angular velocities. The values of these
changes in velocity become the starting conditions for the numerical integrator of
the next double support phase. The touch-down of the front foot is modeled as an
inelastic impulsive impact at the ankle joint. Ignoring the impact on the foot itself,
then only the two first equations (2.21a) and (2.21b) are taken into account.

The relation between front foot ankle joint velocity and angular velocities of each
link, apart from the feet, is given by:
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q̇AF = Jq̇ (2.37)

with

qAF =
[

XAF

YAF

]
(2.38)

and the Jacobian matrix J:

J
(
q
)

=
[−l1sin(θ1) −l2sin(θ2) 0 l2sin(θ4) l1sin(θ5)

l1cos(θ1) l2cos(θ2) 0 −l2cos(θ4) −l1cos(θ5)

]
(2.39)

Since the Jacobian matrix is non-square it can not be inverted. Zheng and Hemami
(465) derived the following expression, which calculates the angular velocity jumps
Δ q̇ using the dynamic model of the robot (2.19):

Δ q̇ = D−1JT (
JD−1JT )−1 Δ q̇AF (2.40)

with:

Δ q̇AF =
[−Ẋ−

AF−Ẏ−
AF

]
(2.41)

Ẋ−
AF

and Ẏ −
AF

are the horizontal and vertical velocity of the front foot ankle point
just before impact. D is the generalized inertia matrix of equation (2.19). It is as-
sumed that the robot configuration and applied torques remain unchanged during
the infinitesimal short impact phase.

2.9.2 Thermodynamics

The thermodynamic processes which take place in the antagonistic muscle setup
of each joint are described by four first order differential equations. Two equations
determine the pressure changes in both muscles of the antagonistic setup and the
remaining two describe conservation of mass in the respective muscle volumes. Ad-
ditionally to these differential equations the perfect gas law is used to determine
temperature values.

The pressure inside a muscle is influenced by its volume changes resulting from
a variation of the joint angle and by the air flows through the valves which have
been activated by the bang-bang pressure controller. Assuming a polytropic thermo-
dynamic process, and assuming that the compressed air inside each muscle behaves
as a perfect gas, the first law of thermodynamics, while neglecting the fluid’s kinetic
and potential energy, can be written for each muscle of the antagonistic setup in the
following differential form (appendix A):

ṗi =
n
Vi

(
rT sup

air ṁin
airi

− rTairiṁ
ex
airi

− (Patm + pi)V̇i
)

(2.42)

The total orifice flow through opened inlet valves (ṁin
airi

) or exhaust valves (ṁex
airi

)
can be calculated with the following equations which represents a normalized ap-
proximation of a valve orifice flow defined by the International Standard ISO6358
(195):
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ṁair = CPuρ0

√
293
T u

air

√
1 −

(
Pd/Pu − b

1 − b

)2

if
Pd

Pu
≥ b (2.43)

ṁair = CPuρ0

√
293
T u

air
if

Pd

Pu
≤ b (2.44)

C and b are two flow constants characterizing the valve, ρ0 the air density at standard
conditions. The constant C is associated with the amount of air flowing through the
valve orifice, while b represents the critical pressure ratio at which orifice air flows
become maximal. Both coefficients have been experimentally determined for the
used Matrix valves, which resulted in C = 22 Std.l/ min/ bar and b = 0.16 (416).
Pu and Pd are the upstream and downstream absolute pressures, while T u

air is the
upstream temperature. When choking occurs, equation (2.44) is valid, otherwise
equation (2.43) is used.

Once the actions (opening and closing of the valves) for the different inlet and
exhaust valves are known, all the air flows can be calculated in order to be substi-
tuted in (2.42). The temperature in the muscle Tairi is calculated with the perfect gas
law:

Tairi =
PiVi

mairi r
(2.45)

The total air mass mairi is given by integration of the net mass flow entering
muscle i:

ṁairi = ṁin
airi

− ṁex
airi

(2.46)

The volumes and their time derivatives are given by kinematical expressions as
a function of the joint angle and joint angular velocity. These functions are de-
termined with the volume fitting function (2.4) and the link between contraction
and joint angle, represented by the kinematic expression (2.10) of the pull rod sys-
tem. The link at torque level between the mechanical equations of motion and these
thermodynamic differential equation systems is provided by equation (4.38) which
characterizes joint torque as a function of pressures and joint angle.

2.9.3 Complete Simulation Model

In figure 2.42 an overview is given of the complete simulation model. The kernel
of this simulator is based on three equation blocks, as depicted in the center of the
figure. The 12 first order differential equations (2.26) or (2.33) describe the motion
during single support and double support respectively, with addition of the constraint
equations for double support. The thermodynamics of each joint are characterized
by four first order differential equations on pressure (2.42) and air mass (2.46). This
gives a set of 24 differential equations for the thermodynamic differential equation
block. Finally, the 12 thermodynamic state equations (2.45) complete the set.

The antagonistic muscle model block creates the link between the mechan-
ics and the thermodynamics by calculating the torque for each joint ( j) with the
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Fig. 2.42 Structure of the complete simulation model.

pressure information of the thermodynamic block. Therefore it needs angle informa-
tion from the integrated equations of motion. This information allows to calculate
the contraction of each muscle (i) within the antagonistic setup (2.10), while using
the kinematic data of the pull-rod mechanism of the specific joint. With the con-
traction values, the linear forces (2.3) of the two muscles can be calculated in order
to determine the applied torque with equation (4.38). Additionally, to determine the
pressure changes in the thermodynamic differential equation block, muscle volume
and volume changes are calculated with (2.4). For the volume changes angular ve-
locity information is required from the integrated equations of motion.

The valve system block determines the air mass flow rates (2.43 or 2.44) for each
muscle, depending on the actual pressure and temperature in the muscle and the
action taken by the valves. This action is determined by the valve control signals of
the control unit. These signals pass through the delay observer, which requires the
time instant of the integrator to determine whether the valve may be switched or not.
Hereby a valve delay of 1 ms is used.

Finally, the phase observer calculates the vertical ground reaction forces (2.29 or
2.34b, 2.36b) and the position of the front foot (2.27) to check whether the robot is in
a single support phase or a double support phase. At touch-down of the front foot,
this module commands the impact module to calculate the velocity jumps (2.40).
The phase observer requires angles, angular velocities and accelerations and the
Lagrange multipliers to determine the ground reaction forces.

The differential equations are numerically integrated using a 4th order Runge-
Kutta method with an integration time step of 50μs, which is ten times less than
the sample time of the control unit. In order to evaluate robustness of the controller
with respect to parameter estimation, two systematic errors are introduced. Firstly,
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Fig. 2.43 Comparison between real experiment and simulation of pressure course in front
hip, knee and ankle muscle of left leg.

the inverse dynamics control unit calculates with deviations on the inertial parame-
ters: 5% for center of gravity and mass and 10% for the inertia of each link. These
deviations are applied by increasing the inertial parameters with the respective de-
viation. Secondly, the reported ±5% for the hysteresis on both force functions of
the antagonistic set-up is taken into account. In particular this is achieved by adding
5% to the estimated force for one muscle and subtracting the same deviation for the
other muscle before calculating the applied joint torque with (4.38). Both muscles
of an antagonistic setup, after all move in opposite directions.

In figure 2.43 a comparison is made between simulations and experiments per-
formed on the real robot Lucy for the pressure course in the front hip, knee and ankle
muscle of the left leg. The walking conditions (trajectory generator, joint trajectory
tracking controller and objective locomotion parameters) are the same as in section
4.2.2. The pressure courses of the real experiments are the ones of figures 4.31, 4.33
and 4.35. The figures give a good approximation of reality and confirms that this
hybrid simulator can be used to evaluate control architectures.

2.9.4 Use of Middleware

A major problem of the interface program (section 2.8) and simulator (section 2.9)
is that they are two separated programs. An approach as in OpenHRP instead of two
seperate programs is recommended for future software developments. In OpenHRP
(221) there is unification of the controllers for both the simulation and the real coun-
terpart, this leads to more efficient development of the controllers and the developed
code is more reliable. Moreover, as most of the software for research robots, the
interface program and simulator are developed independently of the others, mainly
driven by the specific application and objective of a pneumatic biped. Further de-
velopment of the software by other researchers or re-using parts of software will
be difficult because it is custom-made. The need among many researchers is arising
for a more standardized (e.g. IEEE standard) approach to tackle the problem. The
benefits are obvious: development software can be ported so the software develop-
ment can be limited to the new components and control methods that are not imple-
mented so far. The maintainability will be easier and so on. So called middleware is
often used to realize compatibility between separately developed software modules.
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Different initiatives have been taken: BABEL (125), Miro (Middleware for Robots)
(408), OpenHRP (Open Architecture Humanoid Robotics Platform) (221), YARP
(yet another robot platform) (279), MARIE (Mobile and Autonomous Robotics In-
tegration Environment) (102), Player (419), ORCA (63), OROCOS (Open robot
control software) (67), (68), MCA2 (Modular Controller Architecture Version 2)
(14) and CoRoBA (Controlling Robot with CORBA) (101). But as correctly stated
by Hirukawa: “Every-one agree that software should be modularized for recycling
and we should have a common architecture, problem is no one agree on how to do
it.” In June 2006 Microsoft launched Microsoft Robotics Studio (381) because Mi-
crosoft sees great potential in robotics. It includes a visual programming language,
a 3-D virtual simulation environment and a runtime framework for interfacing with
all kinds of hardware that makes it easy to create and debug robot applications. Bill
Gates even compares this software with Microsoft BASIC, which was one of the
key catalysts for the software and hardware innovations that made the PC revolution
possible (134). He states that the robots are in a situation similar with the computer
industry during the mid-1970s with a lack of computer standards or platforms. The
complexity of this problem is however big. Robotic projects involve very different
areas with very different needs: artificial intelligence, control systems, data acquisi-
tion, networking, etc, which requires the collaboration of very different people and
the integration of a variety of software and hardware components (125).

Fig. 2.44 Biped Lucy on treadmill with central computer.
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2.10 Conclusion

In this chapter the construction of the biped Lucy is presented. The robot is equipped
with 12 pleated pneumatic artificial muscles to power 6 DOF: the hip, knee and an-
kle of both legs. Initially the compressor or supply tank and PC are not placed on
the robot. Building an autonomous robot is not the major concern, the main focus
of the research is to investigate how well the pneumatic artificial muscles perform
in bipedal locomotion. The muscles however are strong enough to carry an addi-
tional payload. The robot Lucy weighs 33kg and is 150cm tall. The motion of Lucy
is restricted to the sagittal plane in order to avoid unnecessary complexity regarding
control and design. A guiding mechanism prevents the robot from falling sidewards.
Because the rails of the guiding mechanism have limited length a treadmill is used
to enable walking for longer distances. The speed of the treadmill is controlled so
that the robot stays in the middle. The complete setup is shown in figure 2.44. Key
elements in the design phase were modularity and flexibility such as to have the abil-
ity to make changes to the robot configuration during the experimental process. This
resulted in nearly the same configuration for each structural element such as lower
leg, upper leg and body. The same type of modularity is also incorporated in the
control hardware. Every joint has its own 16-bit micro-controller (MC68HC916Y3
made by Motorola) which incorporates a low-level pressure controller and collects
sensor information from the Agilent HEDM6540 incremental encoder for deter-
mining the joint position and velocity and two pressure sensors inside each muscle
of the antagonistic setup. The encoder and pressure signals are registered with a
separate subprocessor, TPU, on the micro-controller in order not to load the CPU
whilst reading their values. An additional micro-controller is used to detect ground
contact, ground forces and absolute position of the body. The high-level control is
implemented on a PC. All the micro-controller units communicate with this central,
Windows operated PC by a USB 2.0 high speed serial bus. As such, the complete
biped is controlled at a sample rate of 2000Hz. The timing of the communication
refresh rate is controlled by the EZ-USB FX2 Cypress micro-controller. The local
micro-controllers ensure low-level, quasi real-time, control of the joints, and in or-
der to prevent control disturbance of missed torque calculations by the central PC,
the incoming data of the local units are buffered in the dual ported RAM. So when-
ever the central PC does not succeed to perform the necessary calculations within
the sampling time, the local control units use the previously sent data. One should
also remark that the delay time of the valves is about 1ms, which suggests that the
communication frequency of 2000Hz is high enough.

Most parts of the system are highly non-linear: force/torque-contraction of the
muscles, the thermodynamic processes in the muscles, the mechanics of the sys-
tem, difference between single and double support phase, stance and swing leg, im-
pacts. So it is difficult to make a stability/convergence analysis. In order to evaluate
control strategies before implementing them in the real biped, while taking into ac-
count all these non-linearities, a hybrid simulator was created. This model combines
formulations of the thermodynamic processes, taking place in the muscles, with
the standard Lagrange representation of the robot dynamics. The simulation model
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allows to simulate single and double support phases and also impacts are modelled
when the swing foot touches the ground. These phase transitions after all have a
strong influence on the system. Reported hardware limitations such as valve delays
and sampling times, observed on the real robot, are taken into account in the simu-
lation model, as well as some expected parameter estimation errors.



Chapter 3
Trajectory Generator

The challenge for legged robots, especially bipeds, is to maintain postural stability
while walking around, whatever the state of the surface the robot is walking on. A
possible overall control structure required to steer a biped is shown in schematic
overview, depicting several essential control blocks (figure 3.1). A task manager
commands the robot to execute a particular task at a specific moment. Depending
on the current global robot position and information about its direct environment, a
gait planner produces specific objectives for the global robot motion. According to
these objectives, while taking into account the biped’s configuration, a joint trajec-
tory generator calculates desired trajectories for each joint of the robot. Finally, a
tracking controller determines the necessary control actions to be carried out by the
different joint actuator units in order to track the trajectories. A joint trajectory gen-
erator generally calculates trajectories which incorporate global dynamic postural
stability e.g. based on ZMP (435) placement. However since this feedforward ZMP
placement is based on estimated robot parameters and approximated dynamics, an
extra feedback loop controlling the ZMP, should be provided. This control block
commands deviations for the trajectory controller and/or tracking controller, based
on ground reaction force measurements in the feet and global orientation informa-
tion of the robot.

The task manager and gait planner is not within the scope of this project. Well-
known research in this field is performed by for example Kuffner. He developed
navigation strategies for humanoids through complex environments while using
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Fig. 3.1 Global control scheme for walking robot.
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their full capabilities. For indoor environments, this includes dealing with furni-
ture, walls, stairs, doors, and possible (movable) objects on the floor (282; 380). For
outdoor environments, this includes the ability to navigate on rough terrain and un-
even surfaces (88). Yoshida et al. (460; 461) developed a humanoid motion planner
to manipulate objects in complex environments. First the kinematic and geometric
motion planner generates the trajectory for both the humanoid body as the carried
object. Afterwards the path is reshaped to provide dynamically feasible robot mo-
tions without collisions. Part of the their research was performed using the path
planning software KineoWorksTM (11). On the humanoid platform Johnnie (103)
and the biped robot BARt-UH (363) a vision guided path planning and obstacle
avoidance was implemented. Gutmann et al. (147) presented a three level archi-
tecture for the navigation of QRIO where the motion capabilities of the robot are
represented by a collection of different behavior modules as an ordinary walk, stair
climb, crawl, sidewards walk and so on.

The current research and the topic for this project focusses on the two control
blocks depicted with boldface in figure 3.1: the trajectory generator and the joint
trajectory tracking controller. The trajectory generator will be the topic of this chap-
ter, the joint trajectory tracking controller is described in the next chapter. Some
remarks on the ZMP controller or “stabilizer”, as referred to in (163), is also given
in the next chapter.

Two different trajectory generators for Lucy will be described. Both use the Zero
Moment Point as stability criterium and this chapter starts with an explanation of this
concept. There are several possibilities to calculate trajectories for walking robots.
In section 3.2 an overview is given were the methods are divided in three main cat-
egories depending on their main underlying working principle. The first proposed
trajectory generator is based on the inverted pendulum approximation, which mod-
els the robot as a single point mass. The trajectory generator allows the step length,
intermediate foot lift and velocity to be chosen for each step while keeping the zero
moment point in the ankle point during the single support phase and it provides a
smooth transition of the ZMP from the rear ankle point to the front ankle point dur-
ing the double support phase. This method is good for low walking speeds, but at
higher speeds the real and desired ZMP will differ. The main reason is that the com-
plete multibody distributed masses are not taken into account. A second trajectory
generator copes with this problem by taking the full multibody model into account.
The trajectory generator is a kind of servo tracking controller which tracks a ZMP
reference path. It will be shown that future information is needed and a preview
control method is introduced. This method is also used for another research project
which the author participated in during his 6 weeks research stay at JRL in Tsukuba,
Japan. The goal was to generate trajectories to dynamically step over large obstacles
by the humanoid robot HRP-2.

3.1 Dynamic Balance

There are two main kinds of control regarding stability of legged robots: static and
dynamic balancing.
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Statically balanced robots keep the center of mass within the polygon of support
in order to maintain postural stability (374; 276), this is sufficient when the robot
moves slow enough so all the inertial forces are negligible. The support polygon of
the robot during single support phase is the area of the supporting foot and during
the double support phase it is the polygon created by the convex boundary around
the two feet. A support area does not exist in the case when both the feet are off the
ground (running or jumping) or when the contact area has degenerated to a point
or a line (this, however, means that the rigid foot rotates about an axis or point and
that the mechanism as a whole is pivoting) (436). Contrary to statically balanced
robots, for dynamically balanced robots the inertial effects have to be taken into
account in the different control strategies. However the boundary between static
and dynamic balancing is very loose and often dynamic gaits are referred to as not
statically balanced at all times (349). The robot is certainly dynamically balanced
when phases can be distinguished were the vertical projection of the COG is outside
the support area during walking. For bipeds having single-point feet (for example
RABBIT (330)), purely static balance during motion is also impossible. Problem
of the term “dynamic balance” is that within the robotics community one does not
agree about the definition and that consequently also many different concepts exist
to judge if the robot’s dynamic stability is guaranteed or not. The most popular
criteria is the zero moment point (ZMP), introduced by Vukobratović (434).

The ZMP can be referred to as ”an overall indicator of the mechanism’s be-
haviour, and is the point where the influence of all forces acting on the mechanism
can be replaced by one single force” (435). Or as interpreted by Dasgupta and Naka-
mura (107): The ZMP is defined as that point on the ground at which the net moment
of the inertial forces and the gravity forces has no component along the horizontal
axis. For a better comprehension, the ZMP formulation is given here for a planar
robot system.

During the single support phase, the ZMP concept is about avoiding tipping over
of the stance foot. After all, it is important to be able to use the total supporting foot
area in order to influence the robot’s behaviour. In figure 3.2, all the forces, inertial
and ground reaction forces, which act on the foot are depicted. The influence of the
dynamics of the complete robot on the foot are replaced by the torque τ̄A (exerted by
the ankle actuator) and the force F̄A, acting at the ankle point A. The total resultant
of the ground reaction force R̄ works at point P and gravity acts on the foot in the
center of gravity G f . Note that for the sake of clearness the discussion is restricted
to a 2D problem representation with the foot aligned to the horizontal ground. In the
vertical direction, the ground reaction force R̄ compensates the vertical component
of F̄A and the weight of the foot mfḡ. The horizontal component of R̄, generated by
friction forces, only compensates the horizontal component of F̄A. Note that, besides
the robot stability criteria on rotation, friction between foot sole and ground has to
be sufficient in order to have a non-slipping foot condition. To prevent the foot from
rotating around one of its edges, the ground reacting forces will also counteract the
moment induced by gravity and the inertial forces:

OP× R̄+ OGf × mfḡ+ OA× F̄A + τ̄A = 0 (3.1)
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Fig. 3.2 Forces acting on a foot.

Writing equation 3.1 with respect to point P, the ground reaction force R̄ disappears
from the equation. So with respect to this point the moment of the inertial and grav-
itational forces acting on the robot has to be zero. This explains the name of point
P, zero moment point, and clarifies the equality between ZMP and COP, center of
pressure. The center of pressure is defined as the distance-weighted average location
of the individual pressures on the foot (331), thus the point P where the resultant R̄
of the ground reaction forces acts. The ZMP and COP are frequently mixed up in
the legged robotics community, the ZMP can be seen as defined from the robot dy-
namic’s point of view, while the COP is determined by the ground reaction forces.
Whenever, the moment generated the ankle actuator τ̄A is too large for the uni-
lateral ground reaction force R̄ to compensate, the force R̄ will act on one of the
foot edges, while an uncompensated part of the force moment will cause the robot
to start tipping over (figure 3.3). This means that, in this undesirable situation, the
COP is located at the foot edge, but that the ZMP actually, doesn’t exist anymore.
In this context, Goswami et al. (141) defined the foot-rotation index (FRI). The FRI
is the point on the foot/ground contact surface, within or outside the support area
where the net ground reaction force would have to act to keep the foot stationary.
This point coincides with the ZMP when the foot is stationary, and diverges from
the ZMP for non-zero angular foot accelerations.

The criteria above can judge wether or not the contact is kept, without solving the
equations of motions when the robot moves on a flat plane under the assumption of
sufficient friction. Humanoids however can move in an arbitrary terrain (225) and
are able to use their arms to grasp a handrail (150), push, pull or lean on an object
(151) or crawl (222). Hirukawa et al. presented a more universal stability criterion
for the contact with the environment of legged robots (162). The proposed method
checks if the sum of the gravity and the inertia wrench applied to the COG of the
robot is inside the polyhedral convex cone of the contact wrench between the feet
of a robot and its environment, which is proposed to be the stability criterion. The
method has the advantage that it also takes into account the use of hands and it can
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Fig. 3.3 Forces acting on the foot when the foot starts turning.

determine if the foot contact is sufficiently weakly stable incorporating the effect of
friction. However, it is proved in the paper that the proposed criterium is equivalent
to check if the ZMP is inside the support polygon of the feet when the robot walks
on a horizontal floor with sufficient friction. Both these assumptions are fulfilled
and Lucy has no arms, the ZMP criterion is maintained. As stated by the authors the
ZMP can be drawn on a plane which is very convenient.

In a further development of the control strategy in this chapter an approximation
is made by neglecting the weight of the foot and the height of the ankle point.
In figure 3.4 the origin is placed at the ankle point A and τA is the applied ankle
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Fig. 3.4 Calculation of the ZMP.
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torque in the ankle joint of the supporting foot, during the single support phase. The
horizontal ZMP position, Xzmp, is then defined as:

RyXzmp + τA = 0 (3.2)

Ry = mtot
(
ŸG + g

)
> 0 (3.3)

with mtot the total mass of the robot and ŸG the vertical acceleration of the global
COG, which can be calculated with equation (B.3b) of appendix C, representing
the vertical position of the COG. Equation (3.3) is a result of the vertical compo-
nent of the linear momentum theorem expressed for the global COG of the robot.
Combining (3.2) and (3.3) gives:

Xzmp =
−τA

mtot
(
ŸG + g

) (3.4)

with the necessity to keep the foot on the ground

ŸG > −g (3.5)

To ensure dynamic stability during the single support phase
∣∣Xzmp

∣∣ has to be respec-
tively smaller than the distances l6B and l6F , which are the respective distances from
the heel and from the toe to the ankle point.

For the double support phase, instead of calculating the ZMP with the inertial
and gravitational forces, the ground reaction forces are used to calculate the COP.
In figure 3.5 the robot is depicted during a double support phase. At the front foot
(FF ) the ground reaction force R̄F is acting, and at the rear foot R̄R. In the absence
of ankle torques, the total reaction forces on both feet act at the ankle points. The
COP, or ZMP, location P is then found as:

Xzmp =
Ry

F XAF

Ry
F + Ry

R
(3.6)

with XAF the distance between both ankle points during double support. Contrary
to the single support phase, the ZMP stability margin is generally much larger and
does not imply the same critical situation towards postural stability. During double
support, the ZMP will have to be shifted from the rear to the front foot by gradually
changing the “weight” of the robot from the back to the front. The ZMP will be
located at the front foot when the rear foot is about to be lifted to start the next
single support phase.

3.2 Trajectory Generator

Biped dynamics are high-order and nonlinear and therefore difficult to understand.
There are different ways to generate biped locomotion control. “Natural dynamics-
based control”, “soft computing” and “model-based trajectory generation” are pos-
sible groups of strategies.
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Fig. 3.5 ZMP during a double support phase.

3.2.1 Natural Dynamics-Based Control

The first group encompasses passive walking robots, where the idea is to put the
intelligence not in the control of the robot but in the mechanical design. These robots
are carefully designed mechanical systems with tuned natural dynamics so they can
achieve a dynamic gait despite the lack of any control. By adding additional control
like changing the duration of the swing of the leg, the stability is increased (395).
Wisse et al. increased the stability of Mike by putting the swing leg fast enough in
front of the stance leg (445). Schuitema et al. (362) used reinforcement learning to
control the torque applied in the hip to the upper legs for the Meta biped.

Also the virtual model control is counted in this category. The robot Spring
Flamingo is able to walk without any generation of trajectories and uses an intu-
itive control scheme. Virtual components are placed at strategic locations within the
robot or between the robot and the environment (334) (337) to control the pitch,
height and speed of the robot. The virtual forces applied by the springs are mapped
to physical torques at each of the robots joints. The resulting reaction forces on the
body exactly mimic the virtual forces created by the virtual elements.

These methods give very nice results regarding energy consumption and the wal-
king motion looks very natural. However, they lack the versatility of trajectory-
controlled robots. A major disadvantage is that there is not a strategy to build and
control such a robot, but mainly depends on the experience of the researcher. Many
parameters have to be tuned by hand, so from a practical point of view the size and
weight of the robot must be adapted to this. Lucy is too heavy and big for such
trial-and-error experiments and probably also too fragile to survive a big fall.
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3.2.2 Soft Computing

Soft computing consists of neural networks, fuzzy logic techniques, genetic algo-
rithms, etc or combinations of these methods (204). They are characterized by the
fact that a model of the robot is not needed and are very tolerant against imprecision
and uncertainty.

Park constructed a fuzzy-logic controller for the trunk to control the ZMP to sta-
bilize the robot (319). Jha et al. (204) made a gait generator using a fuzzy logic con-
troller whose rule base was optimized off-line, using a genetic algorithm. Genetic
algorithms are also used to minimize the consumed energy by finding the optimal
locations of the center of mass of the links (238).

There is definite experimental evidence in lower vertebrates, and suggestive evi-
dence in higher mammals, that pattern generators can be found in spinal cords and
are used to coordinate movement between multiple limbs (400). This biological in-
spiration has led to the development of Central Pattern Generators (CPGs). A widely
used oscillator was first proposed by Matsuoka (1987) and is based on the mutual
inhibition of two artificial neurons that generate a periodic signal as output.

These systems can realize robust bipedal locomotion control in terms of external
disturbances and energy consumption and are not dependent on precise modelling
(119). A drawback of the CPG approach is that most of the time these CPGs have
to be tailor made for a specific application, and there are very few methodologies to
construct a CPG for generating an arbitrary periodic signal (350).

Taga successfully applied a CPG controller for an 8-link simulated planar biped
model (389). A pair of CPGs, modelled by an ANN (artificial neural network), con-
trolled the muscles of the trunk and the left and right hip, knee and ankle joints.
Once the model had been trained, it not only produced level gait under normal con-
ditions, but it also adapted to environmental perturbations such as uneven terrain or
increased carrying load. Taga also demonstrated that the speed of walking could be
controlled by a single parameter which drove the neural oscillators, and the step cy-
cle could be entrained by a rhythmic input to the oscillators (387) (388). Miyakoshi
et al. extended Taga’s work from 2D to 3D and also simplified the CPG control
mechanism (288).

In (289) it is shown that a humanoid robot can step and walk using simple si-
nusoidal desired joint trajectories with their phase adjusted by a coupled oscilla-
tor model. The control approach was successfully applied in a hydraulic humanoid
robot developed by SARCOS and the small humanoid QRIO. Also HOAP2 is able to
walk using a system of coupled nonlinear oscillators that are used as programmable
central pattern generators (350). RunBot has a sensor-driven controller built with
biologically inspired sensor- and motor-neuron models (135). This way RunBot can
reach a relative speed of 3.5 leg lengths per second (0.8m/s) after only a few minutes
of online learning. An active upper-body component was added to walk on terrains
with different slopes up to 7.5◦ (269). Nakanishi et al. proposed a learning method
for biped locomotion from human demonstration (296). Other research in this field
was performed by Aoi and Tsuchiya (37), Komatsu and Usui (244) and Matsubara
et al. (272).
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To use such a strategy in a real robot, it is preferred that the learning has been
done in simulation first. The success greatly depends on the quality of the model
of the real world used in simulation. Also when one wants to use the strategy in
another robot, the whole learning algorithm has to be redone.

3.2.3 Model-Based Trajectory Generation

This group obtains trajectories for the different joints based on a model of the robot
and a joint trajectory tracking controller has to follow the desired path. This can be
further classified in “trajectory replaying” and “realtime generation” as proposed by
Sugihara (383), or roughly speaking off-line and on-line techniques.

The first category prepares a joint-motion trajectory in advance, and applies it to
the real robot with little on-line modification. Mita et al. (285) recorded human data
and applied a tracking control of the human gait trajectories. Unfortunately, measur-
ing the angle trajectories during human walking for a wide range of step lengths and
walking speeds is difficult and time consuming (81). Moreover a humanoid robot
does not necessarily have the same kinematical and dynamical properties (e.g. link
dimensions, number of DOF, number of actuators, etc.) as a human individual, such
that the recorded data from humans have to be processed to fit the robot’s specifica-
tions. Zarrugh et al. (463) also investigated the walking pattern for a biped robot by
recording human kinematic data.

Numerous off-line techniques mainly focus on the aspect of optimization of a
certain criterion, such as e.g. energy consumption. Since computation time is not
an issue in this case, numerical optimization techniques have been developed in
order to obtain energy optimal trajectories. Chevallereau and Aoustin focused on
optimal cyclic gaits for a walking and running biped robot without actuated ankles
(91). The coefficients of the polynomial functions were chosen to optimize various
criteria (maximal forward velocity, minimal torque, and minimal energy) and to
insure cyclic motion of the biped. Polynomials were also used by Beletskii et al.
(51) and Channon et al. (85), Cabodevilla et al. (76) used Fourier series, Ono and
Liu (315) used Hermite polynomial functions.

Denk et al. developed a systematic method for generating databases of walking
primitives for humanoid robots allowing step length adaptation, direction changes
and stepping over obstacles (112). It was demonstrated that walking primitives can
be computed efficiently by optimal control techniques using direct collocation meth-
ods. To be ever applicable in a real world, off-line trajectory generators are not very
useful.

On-line techniques, on the other hand, generate joint trajectories in real-time,
while using actual robot feedback information. This method executes planning and
control in a unified way. Although realtime generation is more promising than tra-
jectory replaying from the viewpoint of high mobility, they commonly suffer from
a large amount of computations which have to be performed in real time.

This class can on its turn be subdivided into two categories (212). The first cat-
egory uses precise knowledge of dynamic parameters of a robot e.g. mass, location
of center of mass and inertia of each link to prepare walking patterns. Therefore, it
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mainly relies on the accuracy of the model data. This method is sometimes called
the ZMP based approach since they often use the ZMP for pattern generation and
walking control.

In (181) a method was developed to plan a walking pattern consisting of a foot
trajectory and a hip trajectory represented by 3rd order periodic spline functions.
They changed the hip trajectory iteratively to obtain a smooth trajectory xh(t) with
the largest stability margin by defining different values for xsd and xed which denote
the distances along the x-axis from the hip to the ankle of the stance foot at the
beginning and the end of the double support phase.

In (422) the trajectory planner generates motion patterns based on two specific
concepts, being the use of objective locomotion parameters, and exploiting the nat-
ural upper body dynamics by manipulating the angular momentum equation. The
trajectories of the leg links, represented by 6th order polynomials, are planned in
such a way that the upper body motion is naturally steered. Natural motion of the
upper body is defined here as the motion generated by an underactuated system,
i.e. without ankle torque. By using the angular momentum equation in an adequate
way, the motion of the leg links can be defined such that the upper body motion is
indirectly controlled on the position, the velocity and the acceleration level. Since
the upper body performs this motion naturally, the resulting ankle actuator action is
limited. It is restricted to cover the minor differences between a polynomial tracking
function and the natural trajectory, and the compensation for non-modelled external
disturbances. This limited action avoids problems concerning ZMP and foot rota-
tion. An interesting aspects of this method is that they are based on fast converging
iteration loops, requiring only a limited computation time. A disadvantage of his
work is that for each set of objective locomotion parameters, the user has to provide
the vertical position, velocity and acceleration of the hip at the start and end of the
single support phase.

The second category uses limited knowledge of dynamics e.g. location of total
center of mass, total angular momentum, etc. Since the controller knows little about
the system structure, this approach much relies on a feedback control. The funda-
ment of this method is often the inverted pendulum approach. The first trajectory
generator that is developed is based on this concept, so a more elaborated overview
is given in the next section.

3.3 Requirements

The trajectory generator for Lucy has to comply with a number of requirements:

• Dynamically balanced trajectories.
• Gait generator must be planar.
• Use of objective locomotion parameters being horizontal velocity ν , step length

λ and intermediate foot lift κ without the need to provide additional parameters.
• These objective parameters must be allowed to change during the locomotion

process, in order to make motion on irregular terrain possible.
• Must contain a double support phase.
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• The method should always give a solution in real time.
• Gait generator must be planar.
• Angle position, speed and accelerations of different joint trajectories continuous.

In section 3.1 is showed that dynamic balancing is more interesting than static
balancing because higher walking speeds can be attained. It is chosen to use the
ZMP as stability criterion. This point is easy to measure by ground force sensors.

Using objective locomotion parameters is an elegant way of characterizing steps
of a motion pattern. They are calculated by a high level path planning control unit to
perform a certain predefined task which is beyond the scope of this work. It should
be possible to change these parameters while walking to adapt to a continuously
changing environment and to be able to walk on irregular terrain. The user interface
(section 2.8) allows to change the objective locomotion parameters by sliders, this
means that the method should always give a result in real time.

The objective locomotion parameter “step height” is not used in the proposed
locomotion generator because it is impossible to emulate the climbing of stairs with
a treadmill. Moreover theoretical analysis reveals that dynamic gaits are not energy
efficient for stair climbing (370). More information about climbing stairs can be
found in (370; 291).

Some authors only consider the single support phase and study trajectory gener-
ators with instantaneous double support phase. This is interesting from an academic
point of view. For controlling real robots, a double support phase is very important
for improving the smoothness of the biped locomotion. As correctly remarked by
Shih and Gruver (371) a double support phase is needed to enable the robot to start
and stop its motion.

Only gait generation in the sagittal plane is considered because Lucy is a planar
walker. For more information about controlling the robot in the frontal plane the
reader is referred to (139; 154; 93; 92).

It is preferred for Lucy that besides joint position and velocity, also the accelera-
tions are continuous because the joint trajectory tracking controller (chapter 4) use
this to calculate the desired pressures for the muscles. Large pressure discontinu-
ities are found to destabilize the system due to the slow dynamics of the valves (see
section 4.1.4).

3.4 Trajectory Generation Based on Inverted Pendulum Mode

Kajita et al. (218) suggested the Linear Inverted Pendulum Mode (LIPM). The LIPM
assumes a concentrated mass at the torso and neglects all other mass distributions.
Kajita considered applying constraint control so that the body of the robot moves on
a particular straight line and rotates at a constant angular velocity. This makes the
dynamics of the center of mass completely linear. By doing this there is no ankle
torque needed and the ZMP (437) stays in the ankle. The ankle torque is used to
control the horizontal motion of the body to include the effect of the masses of the
legs and to cope with external disturbances. An extension to three dimensions is
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presented in (211) and is called the Three-Dimensional Linear Inverted Pendulum
Mode (3D-LIPM). This method was tested on the 12 DOF biped HRP-2L.

A walking pattern generated by the 3D-LIPM tends to have singularities and
excessive knee joint torque problem (high knee joint angular velocities) since it re-
quires planar constraint of the waist. In (291) a more natural and more efficient
walking pattern using mostly stretched knees was generated by introducing a para-
metric constraint surface. This means that the motion of the center of gravity follows
a desired surface which is designed by considering a landing position and a movable
space of legs. Human walking also contains almost stretched knees.

At the Waseda University, the WABIAN-2 robot was developed. It has two 7-
DOF legs, a 2-DOF waist and a 2-DOF torso. An algorithm was developed that
enables the robot to stretch its knees in steady walking, avoiding singularities by
using the waist motion (394). It was shown that the required knee joint torques of the
stretched walking are much lower than those of the conventional walking with bent
knees (306) and that the energy consumption of the knee actuators was lower (308),
(307). Sekiguchi et al. developed a walking strategy based on LIPM that changes the
leg motion direction by using proper ankle control around the singularities (366).

Because the LIPM method doesn’t take the mass of the legs into account, er-
rors occur between the position of the real ZMP and the desired ZMP. Park and
Kim (320) proposed the gravity-compensated inverted pendulum mode (GCIPM).
Instead of taking only one mass as in the LIPM method the robot model consists of
two masses: one mass is for both the base link and the supporting leg, and the other
is for the free leg. Using this technique, they developed an on-line trajectory gener-
ation method to increase the stability robustness of locomotion, based on the ZMP
equation and the sensed information of the ZMP (323). This strategy was further
refined in (322), where it was expanded to be used during the double support phase.

In (297) a two-mass inverted pendulum model was proposed with one mass for
the lower part and another mass for the upper body of the humanoid robot.

The Multiple Masses Inverted Pendulum Mode (MMIPM) models the robot with
several masses (136) (31). The user prescribes the foot motion of the swinging leg
and the remaining trajectories of the robot are then calculated iteratively. Simula-
tions and real measurements of the ZMP by force sensors show that this leads to a
higher gait stability with respect to the ZMP, which is logical because the model is
more accurate.

For LIPM no angular momentum has been generated since it assumes that the
COG is a mass point and that the ground force vector always passes through the
COG of the system. In (250) the LIPM method is extended so that angular momen-
tum can be induced by the ground reaction force. This method is called the Angular
Momentum inducing inverted Pendulum Model (AMPM). The LIPM is enhanced
in two ways. The ZMP is allowed to move over the ground and the ground vector
does not have to be parallel to the vector between the ZMP and the COG, as far as
its horizontal component is linearly dependent on the COG position. This method
is the base to counteract the large amount of angular momentum induced by strong
external perturbations applied to the body during gait motion (246).
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3.4.1 Objective Locomotion Parameters Based Inverted
Pendulum Mode (OLPIPM) Trajectory Generator

The LIPM method generates a stable gait. The foot placement is controlled so the ve-
locity of the next single support phase can be controlled. Consequently this method
is not applicable if the foot must be placed on specified locations. This is needed to
walk for example on stepping-stones or in an area with obstacles (212). The goal
of this new trajectory generator is that the objective locomotion parameters, which
are intermediate foot lift, desired speed and step length can be chosen from one step
to another. The method is based on the inverted pendulum model so the ZMP stays
in the ankle point during single support phase. Consequently this phase the motion
is passive. This has as consequence that the necessary control actions have to take
place during double support phase to realize the desired objective locomotion pa-
rameters of the next step. This is achieved by controlling the accelerations during
the double support phase. Here is the difference with the LIPM method where the
velocity during double support phase is a constant and the acceleration is zero. By
making the position, velocity and acceleration continuous when switching between
single and double support phases there is a smooth transition of the ZMP from rear
ankle point to front ankle point.

Many trajectory generators based on the inverted pendulum principle have a body
of the robot that moves on a particular straight line. However, humans almost stretch
the knee of the stance leg and studies on bipeds show that walking with stretched
knees reduces the energy consumption and torque level of the knee actuator (253).
For planar walking bipeds it is impossible to walk with stretched knees and have
a double support phase without the use of the toes and heel of the foot because at
impact the robot comes in a singular state were both legs are completely stretched.
To be able to walk with explicit use of the toes and heel requires a special design
of the feet. Lucy doesn’t have these specially designed feet. To solve this problem
trajectories are calculated with almost stretched knees. During single support the
distance between ankle and hip of the stance leg is kept constant. The proposed
controller can however also be used for completely stretched knees.

Figure 3.6 shows 3 states of the robot and definitions of parameters used. The
shown states are: start position of single support phase, end position of single sup-
port phase which is also the start position of the double support phase and finally the
end of the double support phase which is also the beginning of the single support
phase of the next step.

3.4.1.1 Hip Motion during Single Support Phase

The hip motion during single support is that of an inverted pendulum. A passive mo-
tion is desired so no ankle torque is considered, consequently the ZMP stays in the
ankle joint. The equation of motion for small angles for this model can be written as:

mL2θ̈ − mgLsin(θ ) = 0 (3.7)
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Fig. 3.6 Definition of parameters used (θ positive for clockwise rotations).

This can be simplified for small angles θ :

mL2θ̈ − mgLθ = 0 (3.8)

With L the length from the contact point to the COG (here we have taken the hip)
and m the mass of the complete robot.

The step length λn−1 is calculated out of the measured joint angles at impact of
the previous swing phase, while λn is given by the user. The duration of the single
support phase will be chosen as 80% of the total step duration, corresponding to
its duration in human walking at low speeds (152). The start angle θSS(0) and end
angle θSS(tendSS) are:

θ (0) = −asin(
0.8λn−1

2L
) (3.9)

θ (tendSS) = asin(
0.8λn

2L
) (3.10)

with the duration of the single support phase tendSS :

tendSS =
0.8λn−1 + 0.8λn

2ν
(3.11)

ν is the mean horizontal hip velocity. The trajectory of the hip can be calculated out
of equation (3.8) with a desired θ (0) and θ̇ (0) as initial condition:
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θSS(t) =
θ (0)+ Tcθ̇ (0)

2
e

t
Tc +

θ (0)− Tcθ̇ (0)
2

e
−t
Tc (3.12)

with:

Tc =

√
L
g

(3.13)

At tendSS , the end condition (3.10) has to be reached. This is possible by choosing
the start velocity θ̇ (0) as:

θ̇ (0) =
2θ (tendSS)− θ (0)e

tendSS
Tc − θ (0)e

−tendSS
Tc

Tce
tendSS

Tc − Tce
−tendSS

Tc

(3.14)

The velocity and acceleration of θ are found by deriving equation (3.12):

θ̇SS(t) =
θ (0)+ Tcθ̇ (0)

2Tc
e

t
Tc +

θ (0)− Tcθ̇ (0)
−2Tc

e
−t
Tc (3.15)

θ̈SS(t) =
θ (0)+ Tcθ̇ (0)

2T 2
c

e
t

Tc +
θ (0)− Tcθ̇ (0)

2T 2
c

e
−t
Tc (3.16)

The motion of the hip, in Cartesian coordinates, is given by:

xhip(t) = Lsin
(
θSS(t)

)
ẋhip(t) = Lcos

(
θSS(t)

)
θ̇SS(t)

ẍhip(t) = Lcos
(
θSS(t)

)
θ̈SS(t)− Lsin

(
θSS(t)

)
θ̇SS(t)

2

yhip(t) = Lcos
(
θSS(t)

)
ẏhip(t) = −Lsin

(
θSS(t)

)
θ̇SS(t)

ÿhip(t) = −Lsin
(
θSS(t)

)
θ̈SS(t)− Lcos

(
θSS(t)

)
θ̇SS(t)

2

(3.17)

This means that the coordinate system is located in the ankle joint of the stance foot.
At the end of the double support phase the coordinate system is shifted to the next
stance foot.

3.4.1.2 Hip Motion during Double Support Phase

The motion of the hip during the double support phase has to connect the old and
the new single support phases while position, velocity and acceleration have to be
continuous. The boundary conditions are:

X(tstartDS )n = X(tendSS)n and X(tendDS)n = X(tstartSS )n+1

with X = [x, ẋ, ẍ,y, ẏ, ÿ]T .

The most evident method is to use 5th order polynomials with the bound-
ary conditions determining the coefficients. A problem arises for the ZMP when
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Fig. 3.7 x-acceleration. Fig. 3.8 ZMP.

Fig. 3.9 y-position. Fig. 3.10 y-velocity.

Fig. 3.11 y-acceleration. with λ = 0.3m ; ν = 0.4m/s

implementing this strategy, as is illustrated in figures 3.7-3.8. The x-acceleration
(figure 3.7) oscillates severely in the time interval, meaning that the zero moment
point (figure 3.8) goes forward and backward very violently. This is not the case for
the y-position so we keep this strategy for the y-direction as can be seen in figures
3.9-3.11, showing the y-position, velocity and acceleration.

For the x-position another strategy is used to shift the ZMP from the rear ankle
to the front ankle smoothly. Since the evolution of the ZMP is mainly dependent
on the x-acceleration, the strategy is built up from this second order derivative. The
idea is to use the opposite of the acceleration curve of θ in the single support phase
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during the double support phase. So equation (3.16) is taken with a minus sign. By
choosing this particular θ -acceleration, the acceleration is at once continuous and
also the velocity when there is no change in desired speed. One could also choose
for example a linear change of θ̈DS between the end of the single support phase and
the start of the next single support phase, but then more calculations will be needed
to fulfill the boundary conditions. So this gives1:

θ̈DS(t) = −
(

θ (0)+Tcθ̇ (0)
2T 2

c
e

t
Tc +

θ (0)−Tcθ̇ (0)
2T 2

c
e

−t
Tc

)
(3.18)

Because the distance between the two feet remains constant (λn) during this double
support phase instead of going from λn−1 to λn equation (3.9) is

θ (0) = −asin(
0.8λn

2L
) (3.19)

Equation (3.10) remains the same and equation (3.11) to calculate tendSS has to be
changed because the double support phase is shorter in time than the single support
phase.

tendDS =
0.2λn

ν
(3.20)

With these values it is possible to use equation (3.14) to calculate θ̇(0).
Integrating (3.18) gives the velocity:

θ̇DS(t) =−
(

θ (0)+Tcθ̇(0)
2Tc

e
t

Tc +
θ (0)−Tcθ̇(0)

−2Tc
e

−t
Tc

)

+ θ̇ (tendSS
)+

θ (0)+Tcθ̇ (0)
2Tc

+
θ (0)−Tcθ̇(0)

−2Tc

(3.21)

The last 3 terms are introduced to guarantee the continuity (θ̇DS(0) = θ̇SS(tendSS))
because by definition θ remains the same as in single support phase. Integrating
(3.21) gives the position:

θDS(t) =−
(

θ (0)+Tcθ̇(0)
2

e
t

Tc +
θ (0)−Tcθ̇(0)

2
e

−t
Tc

)

+
(

θ̇ (tendSS
)+

θ (0)+Tcθ̇ (0)
2Tc

+
θ (0)−Tcθ̇ (0)

−2Tc

)
t

+θ (tendSS
)+

θ (0)+Tcθ̇ (0)
2

+
θ (0)−Tcθ̇ (0)

2

(3.22)

If we do this for a constant speed ν , the x-velocity (figure 3.13) and x-acceleration
(figure 3.14) at start and end are continuous, but not the position (figure 3.12). This
is due to the higher mean velocity during double support phase as can be seen in
figure 3.13, which comes from the last 3 terms of (3.21) that were introduced to
guarantee the continuity of θ̇DS(t) at t = 0. This can be solved by decreasing the
time of the double support phase by a factor ζ .

1 For better readability of the equations the start time of the double support phase is set to
zero, so tstartDS = 0.
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Fig. 3.12 x-position with λ = 0.3m, ν =
0.4m/s.

Fig. 3.13 x-velocity with λ = 0.3m, ν =
0.4m/s.

Fig. 3.14 x-acceleration with λ = 0.3m,
ν = 0.4m/s.

Fig. 3.15 Discontinuity of velocity, a
change of velocity from ν1 = 0.4m/s to
ν2 = 0.3,0.4,0.5m/s with λ = 0.3m.

tad justed
endDS

=
tendDS

ζ
(3.23)

To find the adjusted tad justed
startDS

one has to replace t = ζ t∗ in equation (3.18)
and again integrate twice, just as in equations (3.21) and (3.22). At t∗ = tendDS/ζ
θ has to be the start position of the next single support phase or θDS(tendDS) =

asin
(

0.8λn
2L + 0.2λn

L

)
. This gives the following equation a + b

ζ + c
ζ 2 = 0 with:

a = θ (tendSS
)−asin

(
0.8λn

2L
+

0.2λn

L

)

b = θ̇ (tendSS
)tendDS

c =
(

θ (0)+Tcθ̇ (0)
2

+
θ (0)−Tcθ̇(0)

2

)

−
(

θ (0)+Tcθ̇(0)
2

e
tendDS

Tc +
θ (0)−Tcθ̇ (0)

2
e

−tendDS
Tc

)

+
(

θ (0)+Tcθ̇(0)
2Tc

+
θ (0)−Tcθ̇ (0)

−2Tc

)
tendDS

(3.24)
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So we get a quadratic equation aζ 2 + bζ + c = 0 with 2 solutions of which the
negative solution can be neglected. This makes also the position at the end of the
double support phase continuous.

The single support phase is intended to be passive. When one wants to change the
velocity from one step to another an extra acceleration or deceleration θ̈DS(t)extra

is needed during the double support phase to attain the necessary velocity for the
next single support phase, as can be seen in figure 3.15. Because the acceleration
at t = tstartDS and t = tendDS is fixed by the pendulum motion and independent of
the velocity, the extra acceleration at these points has to be zero. So a quadratic
acceleration is chosen with at the start and end position zero acceleration and for
which the integral is the desired velocity change. The extra acceleration is:

θ̈DS(t)extra = kt2 + lt + m (3.25)

with boundary conditions:

θ̈DS(0)extra = 0

θ̈DS(tendDS/2)extra = aextra

θ̈DS(tendDS)
extra = 0

(3.26)

These boundary conditions yield:

k =
−4aextra

t2
endDS

l =
4aextra

tendDS

m = 0

(3.27)

As a result the extra terms for position, velocity and acceleration become:

θ̈DS(t)extra =
−4aextra

t2
endDS

t2 +
4aextra

tendDS

t (3.28a)

θ̇DS(t)extra =
−4aextra

t2
endDS

t3

3
+

4aextra

tendDS

t2

2
(3.28b)

θDS(t)extra =
−4aextra

t2
endDS

t4

12
+

4aextra

tendDS

t3

6
(3.28c)

with θDS(0)extra = 0 and θ̇DS(0)extra = 0. aextra is calculated out of the extra velocity
change needed by using (3.28b):

aextra =
3(θ̇nextSS(0)− θ̇(0))

2tendDS

(3.29)
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θ̇nextSS(0) is calculated out of equation (3.14) for the next step. Additionally the term
0.5TDS(θ̇nextSS(0)− θ̇(0)) has to be added in the b-term of equation (3.24). This term
comes from (3.28c) and (3.29) at tendDS .

So θDS(t), θ̇DS(t) and θ̈DS(t) during double support become:

θDS(t) =−
(

θ (0)+Tcθ̇(0)
2ζ 2 e

ζ t
Tc +

θ (0)−Tcθ̇(0)
2ζ 2 e

−ζ t
Tc

)

+
(

θ̇ (tstartDS)+
θ (0)+Tcθ̇ (0)

2ζTc
+

θ (0)−Tcθ̇ (0)
−2ζTc

)
t

+θ (tstartDS)+
θDS(0)+Tcθ̇ (0)

2ζ 2 +
θ (0)−Tcθ̇ (0)

2ζ 2

+
−4aextra

t2
endDS

t4

12
+

4aextra

tendDS

t3

6

(3.30)

θ̇DS(t) =−
(

θ (0)+Tcθ̇(0)
2ζTc

e
ζ t
Tc +

θ (0)−Tcθ̇(0)
−2ζTc

e
−ζ t
Tc

)

+ θ̇ (tstartDS)+
θ (0)+Tcθ̇ (0)

2ζTc
+

θ (0)−Tcθ̇(0)
−2ζTc

+
−4aextra

t2
endDS

t3

3
+

4aextra

tendDS

t2

2

(3.31)

θ̈DS(t) =−
(

θ (0)+Tcθ̇ (0)
2T 2

c
e

ζ t
Tc +

θ (0)−Tcθ̇ (0)
2T 2

c
e

−ζ t
Tc

)

+
−4aextra

t2
endDS

t2 +
4aextra

tendDS

t
(3.32)

With tendDS at once the adjusted tad justed
endDS

.
This strategy makes it possible to change the desired step length and velocity

from one step to another without discontinuities when switching between single
and double support phase. Figures 3.16-3.19 show a change in desired velocity ν .
The ZMP is calculated out of the motion of the concentrated mass. One can see the
smooth transition of the zero moment point, shifting from the rear foot to the front
foot. When the desired velocity increases (line 3) the ZMP is behind the ZMP when
the velocity is kept constant (line 2), due to the higher forces in the rear ankle to
increase the speed. The opposite happens when the desired velocity of the next step
decreases (line 1). Figures 3.20-3.23 show a change in desired step length λ . Again
the ZMP shifts very smoothly from the rear ankle point to the front ankle point.

Since the developed strategy does not contain any iterations and consists of very
straightforward calculations, it always gives results and is very fast, suitable for
realtime use.

3.4.1.3 Foot Motion during Single Support Phase

Two sixth order polynomial functions for the leg links of the swing leg are estab-
lished, which connect the initial, intermediate and final boundary values for the
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Fig. 3.16 x-position of hip. Fig. 3.17 x-velocity of hip.

Fig. 3.18 x-acceleration of hip. Fig. 3.19 ZMP
Single, double and single support phase with parameters:
1: λ1 = 0.3m λ2 = 0.3m ; ν1 = 0.4m/s ν2 = 0.3m/s
2: λ1 = 0.3m λ2 = 0.3m ; ν1 = 0.4m/s ν2 = 0.4m/s
3: λ1 = 0.3m λ2 = 0.3m ; ν1 = 0.4m/s ν2 = 0.5m/s

swing foot motion. The intermediate condition at t = tendSS/2 is used to lift the foot,
with height κ , whenever an obstacle has to be avoided during the swing phase. At
the start of the single support phase the boundary conditions are: x f oot(0) = −λn−1

and ẋ f oot(0) = ẍ f oot(0) = y f oot(0) = ẏ f oot(0) = ÿ f oot(0) = 0 At the end of the single
support the boundary conditions are: x f oot(tendSS) = λn and y f oot(tendSS) = 0, the ve-
locity and acceleration can be chosen freely, here both are taken zero. This special
kinematic requirement at touch-down was introduced by Beletskii et al. (51), who
described it as the softness of gait. According to Blajer and Schiehlen (57) the im-
pacts due to collision of the legs with the ground create destabilizing effects on the
walking cycle, and should therefore be avoided. However, Chevallereau and Aoustin
(90) stated that in most cases high joint torques are needed in order to achieve this
specific requirement, especially when walking at high speeds. This seems logical
since one deliberately has to slow down the dynamics in order to avoid the impact.
If necessary, it is however not a problem to choose a non-zero touchdown velocity
in this strategy.

3.4.2 Calculation of the Joint Trajectories

Out of the desired trajectory for the hip (xhip, ẋhip, ẍhip, yhip, ẏhip and ÿhip) and
the motion of both feet (x f oot , ẋ f oot , ẍ f oot , y f oot , ẏ f oot and ÿ f oot) it is
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Fig. 3.20 x-position of hip. Fig. 3.21 x-velocity of hip.

Fig. 3.22 x-acceleration of hip. Fig. 3.23 ZMP
Single, double and single support phase with parameters:
4: λ1 = 0.3m λ2 = 0.2m ; ν1 = 0.4m/s ν2 = 0.4m/s
2: λ1 = 0.3m λ2 = 0.3m ; ν1 = 0.4m/s ν2 = 0.4m/s
5: λ1 = 0.3m λ2 = 0.4m ; ν1 = 0.4m/s ν2 = 0.4m/s

straightforward to calculate the desired joint angles, velocities and accelerations
using inverse kinematics.

xdi f f and ydi f f are respectively horizontal and vertical distances between hip and
foot. D is the distance between those two points.

xdi f f = xhip − x f oot (3.33)

ydi f f = yhip − y f oot (3.34)

D =
√

x2
di f f + y2

di f f (3.35)

The angle γ between horizontal and line between hip and ankle is:

γ = atan
ydi f f

xdi f f
xdi f f > 0 (3.36)

γ = π/2 xdi f f = 0 (3.37)

γ = atan
ydi f f

xdi f f
+ π xdi f f < 0 (3.38)
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Fig. 3.24 Used parameters for calculating the inverse kinematics.

By using the “law of cosines” it is possible to find α and the “law of sines” for β :

α = acos
(−D2 + 2l2

2l2

)
(3.39)

β = asin
( lsin(α)

D

)
(3.40)

Using α en β it is easy to calculate the absolute angles Q1 and Q2. The absolute
angles Q are measured with respect to the horizontal axis.

Q1 = γ − β absolute angle lower leg (3.41)

Q2 = Q1 +(π − α) absolute angle upper leg (3.42)

With those absolute angles forward kinematics can be used to find xdi f f and ydi f f .

xhip − x f oot = lcos(Q1)+ lcos(Q2) (3.43)

yhip − y f oot = lsin(Q1)+ lsin(Q2) (3.44)

When the derivative is taken, it is possible to find Q̇1 and Q̇2 by taking the inverse.

ẋhip − ẋ f oot = −lsin(Q1)Q̇1 − lsin(Q2)Q̇2 (3.45)

ẏhip − ẏ f oot = lcos(Q1)Q̇1 + lcos(Q2)Q̇2 (3.46)

Q̇1 =
(ẋhip − ẋ f oot)cos(Q2)+ (ẏhip − ẏ f oot)sin(Q2)

lsin(Q2 − Q1)
(3.47)

Q̇2 = − (ẋhip − ẋ f oot)cos(Q1)+ (ẏhip − ẏ f oot)sin(Q1)
lsin(Q2 − Q1)

(3.48)
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When the derivative is taken a second time, Q̈1 and Q̈2 can be found in an analogous
way.

ẍhip − ẍ f oot =− lcos(Q1)Q̇2
1 − lsin(Q1)Q̈1 (3.49)

− lcos(Q2)Q̇2
2 − lsin(Q2)Q̈2 (3.50)

ÿhip − ÿ f oot =− lsin(Q1)Q̇2
1 + lcos(Q1)Q̈1 (3.51)

− lsin(Q2)Q̇2
2 + lcos(Q2)Q̈2 (3.52)

A = (ẍhip − ẍ f oot)+ lcos(Q1)Q̇2
1 + lcos(Q2)Q̇2

2 (3.53)

B = (ÿhip − ÿ f oot)+ lsin(Q1)Q̇2
1 + lsin(Q2)Q̇2

2 (3.54)

D = −l2sin(Q1)cos(Q2)+ l2sin(Q2)cos(Q1) (3.55)

If Q1 �= Q2, then D �= 0:

Q̈1 =
Alcos(Q2)+ Blsin(Q2)

D
(3.56)

Q̈2 =
−Blsin(Q1)− Alcos(Q1)

D
(3.57)

The trajectories for the upper body and feet are:

Qupperbody = π/2 (3.58)

Q f oot = 0 (3.59)

So the upper body is always kept vertical and the foot is kept parallel with the
ground. In practice, it is generally desired that the posture of the trunk is kept nearly
stationary, in an upright position. This would allow the robot to carry objects in a
stable manner, or to get scenery information with vision cameras in the head (321).

3.4.3 Influence of the Complete Multibody Model

The trajectory generator calculates joint trajectories with the ZMP located in the
ankle, but with the assumption that all the mass of the robot is located in the hip.
This is off course not the case because the robot has distributed masses. To have
an idea of these effects the proposed trajectories were tested in simulation with a
multibody model of the biped Lucy, hereby supposing the trajectories are tracked
perfectly. In figure 3.25 one can see the evolution of the desired and multibody
ZMP, x-position of both feet and hip with the following sequence of steps:

• Stand-up: λ = 0.0m ; ν = 0.0m/s (start position)
• λ = 0.20m ; ν = 0.3m/s
• λ = 0.30m ; ν = 0.4m/s
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Fig. 3.25 desired and multibody ZMP, x-position of both feet and hip.

• λ = 0.25m ; ν = 0.3m/s
• λ = 0.00m ; ν = 0.3m/s
• λ = 0.00m ; ν = 0.00m/s (end position)

The vertical lines are the phase transitions when switching between single support
and double support. The ZMP deviation between desired and real ZMP is large. This
is not a problem as long as the ZMP multibody stays within the support polygon.
The higher the walking speed, the higher the dynamics of for example the swinging
leg will influence the ZMP multibody. If the mass of the upper body of Lucy was
higher compared to the mass of the leg, then the deviation would be smaller. So
this method is suitable for low walking speeds. To be able to use this method also
at higher walking speeds a stabilizer is needed. A stabilizer is a sensor feed back
module which adapts the motion of the robot based on a difference between desired
and actual measured ZMP to cancel this difference. In section 4.3.3 an overview
of possible stabilizers is given. Beside the compensation for the deviation of ZMP
due to the used simplification of the robot model also destabilizing effects due to
unexpected disturbances or tracking errors can be handled by a stabilizer. To draw
a line up to which speed this method can be used is not unambiguous to say. It
depends on the size of the feet and the stability region, the tracking performances
and the expected disturbances that will act on the robot.

3.5 Implementation of a Preview Controller of the Zero
Moment Point to Generate Trajectories

In the previous section a trajectory generator was built without taking into account
the distributed masses of a complete multibody model. For moderate walking speeds
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without stabilizer this is unnecessary, but for higher walking speeds the disturbances
due to for example the swing leg threatens the dynamic stability of the robot. In the
trajectory generator proposed in this section the complete multibody model of the
robot will be used too, so this will make the strategy suitable for higher walking
speeds. The goal is to follow a predefined trajectory of the ZMP using a method
proposed by Kajita (212). This is not so straightforward as calculating the ZMP out
of the joint trajectories. The controller used here is based on the linear quadratic
integral (LQI) technique to derive an optimal controller having state feedback plus
integral and preview actions, called preview controller.

3.5.1 Introduction to Preview Controller

When the control signal is solely calculated based on the error signal, it is a feedback
problem. When the controller also utilizes a prediction calculated by a model and the
desired trajectory it is called a feedback/feedforward control. Those two approaches
are very popular. Not so commonly used is a preview control where also future
information is available and used.

The preview control method can either be used when the future information of
the reference signals or the disturbances are available to greatly improve the perfor-
mance of transient responses (392). The method is used in a number of engineering
problems. The tracking control of a suspension durability test simulator is presented
in (280), (281). The objective was to control a hydraulically actuated durability sim-
ulator, so that the vehicle responses, previously measured on the test track, can be
reproduced in the laboratory. Katayama et al. (229) used this method to make an
optimal control tracker for a heat exchanger in the presence of load changes. In (95)
the objective of the control system for the rolling stand of the tandem cold mill in
the steel-making works is to minimize thickness error of the exit strip and tension
variation between stands simultaneously. The entry strip thickness to the stand and
the roll gap variation are considered as previewable disturbances, since they can be
measured and estimated.

In robotics the preview controller was used by Kajita et al. to build a trajectory
generator to track a predefined ZMP trajectory (212). This walking pattern generator
is still very successfully used in the humanoid robot HRP-2. Because a preview con-
troller for trajectory generation needs future trajectory information till twice Tprev

ahead as will be explained in section 3.5.6, the trajectory cannot be changed in this
period from the original desired motion. However this is sometimes necessary in
order to realize a quick response to a change of input commands. In (298) a wal-
king pattern generation is implemented on HRP-2 that can update the pattern at a
short cycle such as 40ms. Kanzaki et al. (228) implemented the preview control
method in the humanoid robot HOAP-2 to generate bracing behaviour against ex-
ternal impact. To reduce the ZMP error at impact the future information of external
forces was used. Wieber (442) focused on the compensation of strong perturbations
of the dynamics of the robot and proposed a new Linear Model Predictive Control
scheme which is an improvement of the original ZMP preview control scheme. The
control performance of the mine detection hexapod robot COMET-III, powered by
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hydraulics, is improved by a preview sliding mode controller. The preview control
prevents the flattery delay caused by the strong nonlinear characteristic of the oil
pressure system, by using a future target value (303). Verrelst et al. (379) used this
preview control scheme as base to step dynamically over large obstacles. More in-
formation about this will be given in section 3.7.

This section is organized as follows. In section 3.5.2 the cart-table model is de-
scribed, this is a convenient way to represent the dynamics of a biped and the cor-
responding ZMP equations are given. The idea to use this cart-table model with a
preview controller to track a desired ZMP trajectory was introduced by Kajita (212)
and is described in section 3.5.3. In section 3.5.4 the necessary equations are given
to reproduce the trajectory generator. Because not all the necessary equations are
given in the work of Kajita (212), they are taken from Katayama et al. (230). Sec-
tion 3.5.5.1 discusses the methodology used and the influence of some parameters.
Section 3.5.6 deals with the deviation of the ZMP of the complete multibody model
and how this error can be reduced by using the preview controller for a second time
with a discussion of the results.

3.5.2 Cart-Table Model

Kajita et al. (212) proposed to approximate a humanoid robot by a cart-table model
which is shown in figure 3.26. A running cart of mass m is placed on a pedestal
table with negligible mass. If the COG of a cart at rest is outside of the foot area of
the table, the table will fall. However, the ZMP can be positioned inside the stability
region by choosing a proper acceleration of the cart. This will keep it upright for a
while. Since the moment around the ZMP must be zero, one has:

τZMP = mg(x − pZMP)− mẍzc = 0 (3.60)

where zc is the height of the COG, g is the gravity acceleration. So the COG is
supposed to move horizontally on a constant height, while the COG of the previous
method moved up and down. Out of equation (3.60) the position of the ZMP can be
derived:

pZMP = x − zc

g
ẍ (3.61)

These are called ZMP equations in (212).

3.5.3 Trajectory Generation as Servo Tracking Control of ZMP

The goal of the trajectory generator is to design an optimal controller for a biped to
track a desired ZMP path pre f . The control scheme is given in figure 3.27. When an
ordinary servo control is used the hip will move like in figure 3.28. The hip moves
of course too late and the ZMP is not able to track the desired ZMP trajectory.
The reason is that the cart has to move before the ZMP changes and that is why
also future information is needed as shown in figure 3.29. To employ this a preview
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Fig. 3.26 Cart-table model.

Fig. 3.27 Control scheme to track desired ZMP.

Fig. 3.28 Ordinary servo control. Fig. 3.29 Preview control.

controller is implemented as proposed by Kajita (212). The concept and naming
originates from Sheridan (369) and the LQI optimal controller technique used to
solve the problem was developed by Tomizuka and Rosenthal (402) and extended
for MIMO systems by Katayama et al. (230).
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3.5.4 Trajectory Generation Using Preview Control

If ux is defined as the jerk (derivative of acceleration) of the cart and used as input
value in the dynamical system describing the cart-table model, the following set of
equations can be written:

d
dt

⎛
⎝x

ẋ
ẍ

⎞
⎠ =

⎛
⎝0 1 0

0 0 1
0 0 0

⎞
⎠

⎛
⎝x

ẋ
ẍ

⎞
⎠+

⎛
⎝0

0
1

⎞
⎠ux (3.62a)

pZMP =
(
1 0 −zc/g

)⎛
⎝x

ẋ
ẍ

⎞
⎠ (3.62b)

The discretized version of (3.62) with sampling time T is:
⎛
⎝x((k + 1)T)

ẋ((k + 1)T)
ẍ((k + 1)T)

⎞
⎠ =

⎛
⎝1 T T 2/2

0 1 T
0 0 1

⎞
⎠

⎛
⎝x(kT )

ẋ(kT )
ẍ(kT )

⎞
⎠+

⎛
⎝T 3/6

T 2/2
T

⎞
⎠ux(kT ) (3.63a)

pZMP(kT ) =
(
1 0 −zc/g

)⎛
⎝x(kT )

ẋ(kT )
ẍ(kT )

⎞
⎠ (3.63b)

or

x(k + 1) = Ax(k)+ Bu(k) (3.64a)

p(k) = Cx(k) (3.64b)

with

x(k) =
(
x(kT ) ẋ(kT ) ẍ(kT )

)T
state vector (3.65)

u(k) = ux(kT ) control vector (3.66)

p(k) = pZMP(kT ) output vector (to be controlled) (3.67)

and

A =

⎛
⎝1 T T 2/2

0 1 T
0 0 1

⎞
⎠

B =

⎛
⎝T 3/6

T 2/2
T

⎞
⎠

C =
(
1 0 −zc/g

)

(3.68)

pre f (k) is taken as the reference vector of the desired ZMP. This vector is assumed to
be an arbitrary bounded signal convergent to a constant vector ( lim

k→∞
(pre f (k)) = p̄re f )
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and is previewable in the sense that at each instant k, NL step future values pre f (k +
1) . . . pre f (k +NL) are available for control purpose. The values beyond time k +NL

are hypothetically approximated by the values at k+NL. The product T ∗NL is called
the preview period Tprev. The incremental state vector is Δx(k) = x(k)− x(k − 1),
the tracking error e(k) = p(k) − pre f (k), the incremental control vector Δu(k) =
u(k)− u(k − 1) and the incremental demand Δ pre f (k) = pre f (k)− pre f (k − 1). The
optimal controller is the one who makes the performance index

J =
∞

∑
i=k

[eT (i)Qee(i)+ ΔxT (i)QxΔx(i)+ ΔuT (i)RΔu(i)] (3.69)

minimal at each time k. Qe and R are symmetric positive definite matrices and Qx

is a symmetric non-negative definite matrix. Qe, Qx and R penalize the loss due
to tracking error, incremental state and incremental control vector respectively. The
physical interpretation of J is to achieve the asymptotic regulation without excessive
rate of change in the state and control vectors (230).

From (3.64a), the incremental state is described by

Δx(k + 1) = AΔx(k)+ BΔu(k) (3.70)

and the ZMP tracking error from (3.64b) and (3.70):

e(k + 1) = e(k)+CAΔx(k)+CBΔu(k)− Δ pre f (k + 1) (3.71)

Combining (3.70) and (3.71) gives:
(

e(k + 1)
Δx(k + 1)

)
=

(
1 CA
0 A

)(
e(k)

Δx(k)

)
+

(
CB
B

)
Δu(k)−

(
1
0

)
Δ pre f (k + 1) (3.72)

where 0 is a 3x1 zero matrix. Or:

X(k + 1) = ÃX(k)+ B̃Δu(k)− ĨΔ pre f (k + 1) (3.73)

With

X(k) =
(

e(k)
Δx(k)

)

Ã =
(

1 CA
0 A

)

B̃ =
(

CB
B

)

Ĩ =
(

1
0

)
(3.74)

In (230) the optimal controller u◦(k) is given by:
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u◦(k) = −GI

k

∑
i=0

e(i)− Gxx(k)−
NL

∑
l=1

Gd(l)pre f (k + l) (3.75)

where GI , Gx and Gd(l) are the gains calculated from the weights Qe, Qx and R and
the system parameters of equation (3.63). So the preview control is made of three
terms, the integral action on the tracking error, the state feedback and the preview
action using the future reference.

The gains are:

[GIGx] = [R + B̃T P̃B̃]−1B̃T P̃Ã (3.76a)

Gd(1) = −GI (3.76b)

Gd(l) = [R + B̃T P̃B̃]−1B̃T X̃(l − 1), l = 2, . . . ,NL (3.76c)

Where matrix P̃ is the non-negative definite solution of the algebraic Riccati equa-
tion:

P̃ = ÃT P̃Ã− ÃT P̃B̃[R + B̃T P̃B̃]−1B̃T P̃Ã + Q̃ (3.77)

Furthermore, the matrices X̃(l) are given by:

X̃(1) = −Ãc
T

P̃Ĩ (3.78)

X̃(l) = −Ãc
T

X̃(l − 1), l = 2, . . . ,NL (3.79)

where Ãc is the closed-loop matrix defined by

Ãc = Ã − B̃[R + B̃T P̃B̃]−1B̃T P̃Ã (3.80)

These are the necessary equations to be able to track the desired ZMP trajectory.
In the next section it will be explained how they need to be used practically and
what is the influence of the different parameters.

3.5.5 Methodology and Influence of Parameters

3.5.5.1 Methodology

First of all the gains for the optimal controller have to be calculated by using
equations (3.76a)-(3.76c). For these gains the solution of the Riccati equation P̃
is needed. The Riccati equation is not amenable to elementary techniques in solv-
ing differential equations. The matlab function “dlqry” (Linear quadratic regula-
tor design with output weighting for discrete-time systems) is used to calculate the
steady-state solution to the associated discrete matrix Riccati equation.

Figure 3.30 shows the gains for the preview action Gd(l) with T = 0.005s, zc =
0.6m, Qe = 1, Qx = 0 and R = 1.10−6. After t = 2s the gains become very small
so the controller doesn’t need the information of the far future. Qx = 0 because
otherwise it cannot be solved by the matlab function. The gains are independent of
the preview period Tprev.
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Fig. 3.30 Gains Gd(l) of preview controller.

The imposed trajectory of the ZMP is the one that has to be controlled and is
calculated out of the objective locomotion parameters of the desired motion. The
objective locomotion parameters used are horizontal velocity ν , step length λ (mea-
sured between ankle joints) and intermediate foot lift κ .

When a 80%-20% time distribution is taken between single and double support,
the phase durations are:

TSS =
2(λn−1 + λn)

5ν
(3.81a)

TDS =
TSS

4
(3.81b)

with λn−1 the length between rear and front ankle joint at the start of the swing
motion and λn at impact. The trajectory of the ZMP pre f (k) can be freely chosen
as long as the ZMP stays in the stability region. In section 3.5.5.4 three different
trajectories will be discussed.

At the same time, sixth (for the vertical Z direction) and fifth (for the horizontal
X direction) order polynomial function for the trajectories of the swing foot are
established, which connect the initial, intermediate and final boundary values for
the swing foot motion. The additional order for the Z direction is to include also
the foot lift. This intermediate condition at t = tendSS/2 is used to lift the foot, with
height κ , whenever an obstacle has to be avoided during the swing phase. At the
start of the single support phase the boundary conditions are: x f oot(0) = ∑n−1

l=0 λl and
ẋ f oot(0) = ẍ f oot(0) = z f oot(0) = ż f oot(0) = z̈ f oot(0) = 0. At the end of the single
support the boundary conditions are: x f oot(TSS) = ∑n

l=0 λl and z f oot(TSS) = 0, the
velocity and acceleration can be chosen freely, here both are taken zero. So the
coordinate system is fixed and does not move with the stance foot as is the case in
the previous method.

The gains (GI , Gx, Gd) and the trajectory of the ZMP (pre f ) are used to calculate
control vector u◦(k) (equation (3.75)) and afterwards equations (3.64a) and (3.64b)
are taken to obtain the state vector x(k) and the output vector p(k). The state vector
x(k) describes the x-motion of the COG, the height of the COG of the robot is taken
constant and equals zc. The motion of the hip is the same as the COG with a constant
vertical deviation of 0.25m so the hip moves at a height of 0.85m. Out of the desired
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trajectory for the hip and the motion of both feet it is straightforward to calculate
the desired joint angles, velocities and accelerations are shown in 3.4.2.

For the step sequences shown in figures 3.31 - 3.37, 3.40, 3.45 and 3.46, the same
objective locomotion parameters as in section 3.4.3 have been taken:

• Stand-up: λ = 0.0m ; ν = 0.0m/s (start position)
• λ = 0.20m ; ν = 0.3m/s
• λ = 0.30m ; ν = 0.4m/s
• λ = 0.25m ; ν = 0.3m/s
• λ = 0.00m ; ν = 0.3m/s
• λ = 0.00m ; ν = 0.00m/s (end position)

So the robot starts at rest, takes 4 steps and stops; to show the robot is able to walk
at different walking speeds and step lengths.

3.5.5.2 Influence of Preview Period Tprev

Figures 3.31-3.34 give the trajectory of the hip and ZMP of the cart-table model
and trajectory of both feet for 4 different preview periods Tprev = 0.5s, Tprev = 1.0s,
Tprev = 1.5s, Tprev = 2.0s. For Tprev = 2.0s and Tprev = 1.5s the imposed ZMP tra-
jectory is followed precisely. When the previewing period is reduced, the trajectory
tracking of the ZMP becomes worse. Taking a larger preview window requires more
calculations and should be avoided if unnecessary.

Fig. 3.31 Tprev = 0.5s. Fig. 3.32 Tprev = 1.0s.

Fig. 3.33 Tprev = 1.5s. Fig. 3.34 Tprev = 2.0s.
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Fig. 3.35 Influence of R on ZMP position
(Qe = 1).

Fig. 3.36 Influence of R on jerk ux (Qe = 1).

3.5.5.3 Influence of R and Qe

The parameter R penalizes the loss due the to incremental control vector. Figures
3.35-3.36 show 5 different values for R on the ZMP position and the jerk respec-
tively. Taking R = 0 is impossible because this matrix has to be positive definite. The
higher R, the lower the jerk ux, but the tracking of the ZMP becomes worse. The pa-
rameter Qe penalizes the tracking error. The higher Qe, the better the tracking as can
be seen in figure 3.37, but the jerk ux will also increase.

Fig. 3.37 Influence of Qe on ZMP position (R = 1.10−6).

In (213) it is shown that the third component of Qx (Qx[3]) is enlarged to penalize
the horizontal acceleration of the COG because this is more suitable for walking on
low friction floors. This of course reduces the ZMP tracking performance but the
ZMP is still within the supported foot area. In the same work a slip concerned ZMP
was proposed to treat the slip and non-slip condition.

3.5.5.4 Influence of Desired ZMP Trajectory pref(k)

The preview controller uses a desired trajectory as input so different trajectories can
be used. Three different ZMP trajectories are proposed:
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• “ZMP trajectory 1” ZMP is in the ankle point during single support phase and
makes a step to the ankle point of the next single stance leg in the middle of the
double support phase.

• ‘ZMP trajectory 2” ZMP is in the ankle point during single support phase and
evolves linear from the rear to the front ankle point during double support phase.

• ‘ZMP trajectory 2” ZMP evolves both during the single and double support
phase. In this example, during single support phase, the ZMP shifts from 5cm
behind the ankle point to 5cm in front of the ankle point. The limits are that the
ZMP moves from the heel to the tip of the foot during single support phase.

These desired ZMP trajectories are shown in figure 3.38. Figure 3.39 shows the
velocity of the hip for those 3 different ZMP trajectories. “ZMP trajectory 1” has
the highest velocity peaks, the accelerations of “ZMP trajectory 3” are the smallest.
Consequently it is preferable to use “ZMP trajectory 3”, but then the ZMP comes
closer the boundary of the support area. This is the reason why for this application
“ZMP trajectory 2” is chosen. More research is needed to find an optimal ZMP tra-
jectory. Also the time distribution between single and double support phase should
be studied. Here an arbitrary value of 80%-20% is taken; maybe a more optimal
distribution can be found, possibly dependant on speed and step length.

Fig. 3.38 3 different ZMP trajectories. Fig. 3.39 Velocity for 3 different desired ZMP
trajectories.

3.5.6 Complete Multibody Model

When the physical parameters of the complete multibody model of Lucy are used,
the ZMP calculated with equation (3.82) deviates from the desired trajectory as can
be seen in figure 3.40, stage 1.

pmultibody =
∑7

l=1

(
ml ((z̈l + g)xl − ẍlzl)+ Ilθ̈l

)
∑n

l=1 ml(z̈l + g)
(3.82)

This deviation is caused by the difference between the simple cart-table model and
the complete multibody model consisting of 7 links. In order to solve this, as pro-
posed by Kajita (212), the complete multibody calculated ZMP trajectory is re-
feeded into the preview control by means of taking the error between the calculated
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Fig. 3.40 Comparison of X position hip and ZMP (stage 1 after 1st preview controller, stage
2 after 2nd preview controller).

Fig. 3.41 Used buffers for preview controller.

multibody trajectory pmultibody and the desired trajectory pre f . This error Δ pre f 2 is
again presented as input to a second stage of preview control with the same cart-
table model, resulting in deviations of the horizontal motion of the COG Δx(k). So
the X position, velocity and acceleration of the COG is adapted such that the ZMP
stays closer to the desired trajectory.
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Fig. 3.42 Total scheme of preview controller.
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The complete control scheme of the trajectory generator based on preview con-
trol of the ZMP can be summarized as shown in figure 3.42. Figure 3.41 depicts
the different buffers shown in the grey boxes of figure 3.42. At the sample k, out of
the desired objective locomotion parameters, the desired ZMP and foot trajectory
at k + 2NL can be constructed. Equation (3.75) requires pre f (k + NL + 1)...pre f (k +
2NL) out of the ZMP trajectory buffer and also uses p(k + NL) and x(k + NL). Us-
ing equation (3.64a) it is possible to find the motion of the cart-table. The use of
these equations are shown by red lines in both figures. From the motion of the cart-
table model, which represents the motion of the COG, and the foot trajectory it
is possible to find the robot state with the equations of section 3.4.2. Using equa-
tion (3.82) it is possible to calculate pmultibody(k + NL), shown in green. The dif-
ference between this ZMP of the multibody and the desired ZMP trajectory ΔZMP
(Δ pre f 2(k+1)...Δ pre f 2(k+NL)) is calculated and is shown in blue. This is re-feeded
in a seconde stage of the preview controller as shown in pink to obtain the deviation
of the cart-table motion Δx(k). Together with the motion of the cart-table obtained
after the first stage of the preview controller the final motion of the cart-table is ob-
tained, as shown by brown lines. In a way as was done after the first stage, the final
robot stage can be calculated with the foot trajectory, in dark green.

Figure 3.43 and 3.44 shows respectively the velocity and acceleration after the
1st and 2nd preview stage for Lucy. The large adaptation of the hip trajectory to
compensate for the swinging leg can be noticed.

Using equation (3.82) the position of pmultibody is calculated again out of the
final robot stage and also depicted in figure 3.40, stage 2. One can see that after
this second round through the preview controller the ZMP is tracked substantially
better, however a difference between desired and real ZMP can still be observed.
This is mainly due to the low inertia and weight of the body of the robot Lucy.
The body of Lucy weighs 10.2kg, while the total weight of the robot is 33kg. This
also has as consequence that the COG is located under the hip. Consequently the
influence on the ZMP of for example the swinging leg is large. This can be solved
by using for a third time the preview controller, but then the number of calculations
becomes very big as the preview time Tprev triples. Another strategy is to increase

Fig. 3.43 X velocity after 1st and 2nd preview
stage

Fig. 3.44 X acceleration after 1st and 2nd pre-
view stage.
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Fig. 3.45 Comparison of X position hip and ZMP with increased upper body mass (stage 1
after 1st preview controller, stage 2 after 2nd preview controller).

Fig. 3.46 Comparison of X position hip and ZMP with zc = zh = 0.85m (stage 1 after 1st

preview controller, stage 2 after 2nd preview controller).

the weight of the body of the robot. When the parameters of the biped used in
((183), table 1) are taken, the results are much better because the influence of for
example the swinging leg on the ZMP is smaller compared to the one generated
by the body (see figure 3.45). Here the mass distribution of the upper body to the
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complete robot is 43kg/81kg. The specifications of HRP-2P ((164), table 1) are even
better 38.9kg/54.1kg.

It is also important to take for zc the actual height of the COG instead of the
hip height zh. For the biped Lucy zc = 0.6m, while zh = 0.85m. If zc = 0.85m = zh

the deviation between real and desired ZMP course becomes worse as can be seen
in 3.46.

3.6 Comparison between OLPIPM en Preview Control Method

The results of the implementation of the OLPIPM and preview control method in
the real biped are provided in section 4.2.1, because they are strongly related to the
performances of the joint trajectory tracking controller, which is discussed in the
next chapter.

The ZMP multibody trajectory tracks better the desired ZMP trajectory when
using the preview control method compared to the OLPIPM method. This is logical
because the OLPIPM method only uses the simplified inverted pendulum model,
while the preview control method also takes into account the complete multibody
distributed masses. So this method is more suitable for walking at higher walking
speeds. Moreover the desired ZMP trajectory can be constructed as desired because
it is an input. More research should be performed to determine what the best desired
ZMP trajectory is. Possible questions are for example should the ZMP move in the
foot during the single support phase or is it better that the ZMP stays in the ankle
point or in the middle of the foot? What is the best time distribution between single
and double support phase? Is it dependent on the speed?

The cost of the better performance of the preview control method is that more cal-
culations need to be performed. To calculate the trajectories for the different joints
links out of the step sequence of section 3.4.3 the OLPIPM method needs about
0.015s while the preview control method requires 4.58s. The time to calculate the
gains is not included because they are constants for a biped. This is the average value
for 1000 loops, calculated using Matlab on an 2GHz Intel Dual-Core processor. An-
other disadvantage of the preview control method is that future information (3.2s)
about the desired ZMP trajectory is needed. In (298) a modified preview controller
is proposed that can update the pattern at a short cycle such as 40ms. If enough com-
putation power is available the preview control method is advised. For robots with
less computation power the OLPIPM method gives nice results and if a stabilizer is
added probably also higher walking speeds can be achieved.

An important remark when evaluating the different trajectory generators is that
the upper body mass of Lucy is too low. The influence of for example the swinging
leg on the ZMP has to be canceled by manipulating the hip trajectory or the upper
body trajectory. The trajectory generator developed by Vermeulen (421) exploits the
natural upper body dynamics by manipulating the angular momentum equation. In
(427) this method is implemented in simulation for the biped Lucy. Even when the
upper body mass is increased from 10.5kg to 18kg the upper swings 5◦ to keep the
ZMP in the ankle joint. The OLPIPM method can only work at low walking speeds
except a stabilizer is added and using the preview method the deviated motion of
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the cart-table model after the second preview stage is considerable. In figure 4.19
one can notice that the hip has to move backwards during a short period so the ZMP
multibody tracks the desired ZMP trajectory.

3.7 Dynamically Stepping over Large Obstacles by the
Humanoid Robot HRP-2

The advantage of the method of preview control is that it has as core a simpli-
fied model of the robot, represented by the cart-table model, while the multibody
dynamics of the robot are only used during a second control loop. This strategy
makes it possible to handle disturbances of for example the swing leg. To further ex-
plore the possibilities of preview control, this method has been used for dynamically
stepping over large obstacles by the humanoid robot HRP-22. Especially during the
stepping over phase the swing leg creates severe disturbances because large and fast
step motions are needed. In the cart-table model of the robot it is also presumed that
the COG and hip height stays on a constant height. During the stepping over, the
hip height has to change in order to have feasible stepping over, causing additional
disturbances. It will be shown that the second preview stage can also cope with such
a disturbance. In this section a summary of this research is given, for a more detailed
description of this problem the reader is referred to (379; 428; 426; 423).

3.7.1 Introduction to Stepping Over

Humanoid robots have the potential to navigate through complex environments such
as standard living surrounding of humans. This is mainly due to the legged nature
of the robotic system, which allows higher mobility than its wheeled counterpart.
For example legged robots have the capacity to negotiate obstacles by stepping over
them. Few research has been performed in this field. The elaborated strategy adapts
the foot, hip and body trajectories for a collision free and dynamical stable stepping
over.

Previous work on stepping over large obstacles, conducted by Guan (144), inves-
tigated the feasibility of the stepping over. Hereby focusing on quasi-static stepping
over procedures by keeping the projection of the global COG of the robot within the
polygon of support. Since the postural stability only takes into account the COG, the
motion of the robot has to be slow in order not to induce substantial accelerations
and as such not demanding for dynamic stability criteria, e.g. ZMP.

If large obstacles are considered, this quasi-static stepping over motion has a
quite unnatural resemblance due to the continuous restricting balancing of the COG

2 From the end of April 2006 the author Bram Vanderborght participated for 6 weeks in the
ongoing research “Dynamically Stepping Over Large Obstacles by the Humanoid Robot
HRP-2” which was conducted by Björn Verrelst at the Joint Japanese-French Robotics
Laboratory (JRL) located at the National Institute of Advanced Industrial Science and
Technology (AIST) in Tsukuba, Japan.
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Fig. 3.47 Quasi-static stepping over performed by Guan (144).

(see figure 3.47). Moreover, a large double support phase is required, in order to
shift the COG from the rear to the front during the double support phase. This im-
plies kinematical restrictions and consequently limits the dimensions of the obsta-
cles which can be negotiated.

On the contrary, a dynamic stepping over procedure cancels the restriction of
the COG balancing and allows a shorter double support phase. A dynamic walking
pattern is characterized by postural stability on the ZMP criterion and allows the
COG to leave the supporting foot as long as the ZMP stays within the polygon of
support. As such the COG can be shifted over the obstacle during one single support
phase, which in theory should allow for using an instantaneous double support phase
only, if running is not regarded. This results in larger obstacle dimensions which can
be negotiated.

3.7.2 Feasibility Unit

First the feasibility unit calculates the step length, step height and foothold positions
during the stepping over procedure because the actual leg layout of HRP-2 and the
closed kinematic chain during the double support phase makes this phase mainly
determine the actual obstacles which can be stepped over. Figure 3.48 shows all
the essential parameters which are of concern for these calculations. The obstacle
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Fig. 3.48 Double support phase feasibility.

is regarded to be rectangular with certain width Ow and height Oh. For the stepping
over trajectory planning a safety margin (Sw, Sh) around the obstacle is included, not
only to cope with deviations on calculated kinematics due to tracking errors during
the actual stepping over, but mainly regarding the uncertainty of the vision system,
determining the obstacle dimensions. Since the rear leg is most likely to collide
with the obstacle, due to the knee which is directed towards the obstacle, the heel
of the front foot behind the obstacle is positioned near the safety boundary around
the obstacle at point o4. The selection of the step length and hip height starts with
the normal walking values, while piecewise increasing step length and decreasing
hip height until a collision free configuration is found. Hereby taking into account
a minimum angle (qmin) for the knee angle (qk) which cannot be exceeded in order
to avoid the singular configuration of knee overstretching. When the optimal step
length is determined the step sequence to reach the obstacle can be calculated as
well as the desired ZMP trajectory.

The calculation of the feasibility takes place at a certain time instant tDS when the
hip is at a certain horizontal position XhDS . In fact the horizontal trajectory Xh(t) is
calculated by the preview controller and consequently not known yet. The value of
this parameter XhDS originates from a look-up table containing an estimate for dif-
ferent step lengths created by the pattern generator for normal walking, for which a
specific step-time has to be chosen. For the Y direction in the frontal plane, generally
YhDS = 0 if the left and right foot are positioned symmetrically with respect to the
center waist frame. The height of the hip of course is determined by the feasibility
selection itself.

3.7.3 Spline Foot Trajectories

Contrary to regular walking the stepping over large obstacles requires more infor-
mation to be used for the design of the foot trajectories, in order not to collide with
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Fig. 3.49 Snapshots of the step over procedure for an obstacle of 15cm plus 3cm safety
boundary zone, showing the two intermediate configurations for both steps involved in the
stepping over.

the obstacle. Therefore Clamped Cubic Splines (CCS), for the 3 translations (X,Y,Z)
and pitch rotation ω of the foot (ccw+ angle between horizontal and foot sole), are
chosen over the more traditional polynomials because these tend to oscillate when
different control points are chosen. Clamped Cubic Splines are constructed of piece-
wise third-order polynomials which pass through a set of control points with a cho-
sen start and end velocity. These boundary values on the velocity are chosen zero to
avoid impacts at touch-down and have a smooth transition at lift-off.

Two intermediate control configurations P1 and P2 are selected to construct the
foot trajectories. For most cases the Y coordinate (horizontal frontal plane axis) of
the feet is kept constant, so the focus is set on the sagittal horizontal X and vertical Z
coordinate. The two intermediate control configurations P1 and P2 are used for both
steps of the step over procedure as depicted in the snapshots in figure 3.49, and are
determined such that the tip of the foot coincide with point o2 of the obstacle and the
ankle of the foot with point o3 respectively. Two rotation angles at the intermediate
points are chosen to prevent self-collision of the leg and the foot.

3.7.4 Preview Control on ZMP

Because the desired footholds and the ZMP trajectory is known the preview con-
troller can calculate the horizontal waist motion (both in the horizontal X and Y di-
rection) by the first stage of the preview controller. The vertical motion of the waist
(Zh) is a regular 3th order polynomial to change (in general to lower) from the nor-
mal walking height to the one (ZhDS) at double support over the obstacle determined
by the feasibility unit, subsequently it is restored to normal height again during the
second step. To clear more space during the double support over the obstacle and
consequently allow for larger obstacles to be stepped over, the waist of the robot is
rotated. The HRP-2 robot has two degrees of freedom (yaw and pitch) between the
waist and upper-body such that the upper-body and the head (with vision system) is
oriented towards the walking direction. This motion is achieved with an analogous
polynomial structure as for the vertical waist motion. Because the complete motion
of the robot is now known the real ZMP motion can be calculated. This will again
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 Fig. 3.50 Snapshots of the step over procedure for an obstacle of 25cm plus 3cm safety
boundary zone, showing the difficulties using the basic trajectory planning.

differ from the desired ZMP trajectory as explained in section 3.5.6, also because
now the hip height changes during the stepping over. A re-feeding of ΔZMP in a
second stage of the preview controller filters out these disturbances as is shown in
section 3.7.6, discussing the results.

3.7.5 Trajectory Adaptations for Higher Obstacles

When higher obstacles (> 20cm) are considered, the basic foot trajectory planning
is not sufficient anymore. In this case overstretch during the first step and collision
with the rear leg during the second step occurs as depicted in figure 3.50.

3.7.5.1 Avoiding near Knee-overstretch

Changing the foot trajectory to avoid overstretch situation is undesired because the
impact at touch-down has to be kept low. By rotating the arms to the rear, the second
preview loop will compensate for this COG shift by moving the waist forward in
order to keep track of the desired ZMP. This avoids the overstretch situation.

3.7.5.2 Avoiding Intermediate Collisions

The basic trajectory planner has taken into account several intermediate collision
free configurations. And, although these intermediate points are selected carefully
there is no guarantee that tracking these specific foot and waist trajectories will result
in collision free stepping over. Especially when large obstacles are negotiated, due
to the complex movement and shape of the leg itself. So, the last required tool is a
trajectory adapter which makes small corrections to the planned base trajectories.
Two extra changes are performed by the collision free trajectory adapter. First the
trajectory of the waist height is altered as such that the knee does not intersect with
the safety boundary on top of the obstacle, as depicted in the picture on the right of
figure 3.50. Secondly, the foot trajectory is adapted to avoid any other collision as
shown in the second picture on the right of figure 3.50. Comparing this picture with
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the equivalent picture of figure 3.49 (intermediate configuration 1 for stepping over
smaller obstacles), it is clear that the foot around configuration 1 has to be lifted
much higher to the rear for higher obstacles.

3.7.6 Simulation Results

The simulations are performed using OpenHRP (Open Architecture Humanoid
Robotics Platform) (221). OpenHRP is a software platform for humanoid robotics,
and consists of a dynamics simulator, view simulator, motion controllers and mo-
tion planners of humanoid robots. Figure 3.51 shows the results of a simulation for
stepping over an obstacle of 15cm (plus 3cm safety boundary zone) for the height
and 5cm (plus 2x3cm safety boundary zone) for the width. The figure gives ZMP
and waist position for both the walking direction X and the perpendicular horizontal
direction Y. The simulation shows 7 steps, for which normal steps last 0.78s and
0.02s for single support and double support respectively, while the stepping over
steps and both previous and subsequent steps take 1.5 s and 0.04 s respectively.

The stability of the system is given by the position of the ZMP, which is calcu-
lated with the complete multibody model of the robot. For normal steps, the desired
ZMP position is right underneath the ankle point of the stance foot, while for the
actual stepping over steps the desired ZMP is shifted a little to the front as such that
it falls in the middle of the foot, increasing the stability. The graphs show both ZMP
calculations after first and second preview. A big difference between both can be
witnessed, specifically for the stepping over. But it is clear that the second preview
loop almost perfectly compensates for the use of the simplified model and is able to
cope with the severe dynamic disturbance of the large swing leg motions and waist
height variation during the stepping over. Of course, in these simulations imperfec-
tions such as compliance in the feet, parameter uncertainties, tracking errors etc. are
not taken into account.

Figure 3.52 shows the results of a simulation for stepping over an obstacle of
25cm (plus 3cm safety boundary zone) for the height and 5cm (plus 2x3cm safety
boundary zone) for the width. This graph is given to depict the effect of the over-
stretch and collision free trajectory adaptations. Waist and left foot trajectories are
given before and after adaptation. The waist is more to the rear before the adapta-
tion, which induces the overstretch. The foot lift is clearly higher than in figure 3.51
to cope with the high obstacle and the step-length over the obstacle, calculated by
the feasibility tool, is larger. Again, the ZMP course shows that overall stability is
guaranteed by the second preview loop. Of course, for these calculations the second
preview loop was executed several times in order to conduct the overstretch and
collision detections for the two adaptation strategies.

3.7.7 Experimental Results

Figure 3.53 shows a photograph sequence of HRP-2 stepping over an obstacle of
15cm height and 5cm width, again 3cm safety boundary around the obstacle is taken
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Fig. 3.51 Stepping over an obstacle of 15cm plus 3cm safety boundary zone: ZMP and waist
position in both walking (X) and perpendicular horizontal (Y) direction and horizontal and
vertical foot positions.

into account. One can notice the waist rotation and the arm motion to the back. The
obstacle limit for real experiments so far is 15cm mainly due to two reasons. A first
influencing factor is the presence of the extra stabilizing control loop (225; 458).
The preview pattern generator takes into account the complete multibody model of
the robot but does not include model parameter errors, the compliance of the feet
and all kinds of extra external perturbations. Therefore the stabilizer acts on the pos-
ture of the robot trying to match the real measured ZMP with the desired one. This
feedback loop controls hip motions and consequently the stance leg configuration,
but it also adapts the swing leg according to the changing hip. Even if near over-
stretch situations are carefully avoided by the step over planner, the stabilizer tends
to induce overstretch again, mainly because the performance of the feedback control
of the stabilizer is poor in near stretched positions. Therefore the step over planner
needs to apply more severe boundaries to avoid overstretch. Another issue is the
speed and torque limitation of the motors, which reduces the tracking performance
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Fig. 3.52 Stepping over an obstacle of 25cm plus 3cm safety boundary zone: ZMP and waist
position in walking direction (X) and horizontal and vertical foot positions.

Fig. 3.53 Photograph sequence of HRP-2 stepping over an obstacle of 15cm height and
5cm width (18 height and 11 width including safety boundaries). The images are taken every
0.64s.

of some specific motions. For stepping over an obstacle of 20cm this limitation was
reached by the knee joint of the second swing leg stepping over the obstacle. For a
video about this topic one is referred to http://lucy.vub.ac.be/hrp2obstacle.wmv.

The idea to change the hip height and to use the second stage of the preview con-
troller to compensate for the generated errors is also used in (378). HRP-2, holding
a bar of 2m in its right hand, is in front of a door opening. By using the embedded
stereoscopic vision system the robot reconstructed the environment. KineoWorksTM

plans the motion and in order to pass through the door the robot had to descend, this
is the sequence where the adapted preview controller was used.
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3.8 Conclusion

The trajectory generator unit determines joint motion patterns to walk from one
point to another while keeping the robot dynamically balanced. The Zero Moment
Point (ZMP) is chosen as stability criterion. Two different approaches are presented.

“Objective Locomotion Parameters Inverted Pendulum Based Trajectory Gener-
ator” is a new trajectory generator based on the principles of inverted pendulum
walking, modelling the robot dynamics as a single point mass. Important in the de-
veloped strategy is that the objective locomotion parameters (which are step length,
intermediate foot lift and mean velocity) can be changed each step and that the tra-
jectories are generated online. The motion of the hip during the single support phase
is calculated in such a way that there is no ankle torque, meaning that the ZMP stays
in the ankle joint. During the double support phase the accelerations are planned so
that the next set of objective parameters is attained and that there is a smooth tran-
sition of the ZMP from rear to front ankle point. This approach is computationally
very fast, suitable for realtime applications. Because this strategy does not include
the complete multibody distributed masses the real ZMP differs from the desired
ZMP. However, as long as the walking speed is moderate the ZMP stays in the foot
contact region.

A second and improved version of the trajectory generator is based on the pre-
view control method for the ZMP developed by Kajita (212) which has been adapted
for use in the biped Lucy. The most important adaptation is that the robot uses the
real step length instead of the desired step length at impact. The goal is to have the
ZMP follow a predefined trajectory. This is not as straightforward as calculating the
ZMP out of the joint trajectories. The main idea is to plan the motion of the COG,
represented by the hip motion, in function of desired ZMP trajectories determined
by the foothold sequences. The problem is regarded as a ZMP servo control imple-
mentation, trying to track the ZMP by controlling the horizontal jerk. Because often
the hip has to move before the ZMP path changes, information about desired posi-
tion of the ZMP in the future is needed, hence the use of a preview control method.
The dynamics are simplified to a cart-table model, a cart that represents the global
COG of the robot moving on a horizontally positioned pedestal table with negligi-
ble mass. Since the true robot is a multibody system the real and desired position of
the ZMP will differ. In order to solve this issue, Kajita (212) proposed a re-feeding
of the complete multibody calculated ZMP trajectory into the preview control by
means of taking the error between the multibody calculated ZMP and the desired
ZMP trajectory. This error is again presented as input to a second stage of preview
control with the same cart-table model, resulting in deviations of the horizontal mo-
tion of the COG. By implementing this method the real ZMP tracks the imposed
trajectory well, so a more stable walking motion is obtained. The cost is that this
strategy is computationally more expensive. Another disadvantage of this method is
that the trajectory is fixed for 2Tprev = 3.2s due to the use of the two stages of the
preview controller. Depending on the walking speed and step length this means that
some walking steps ahead cannot be changed anymore. This is not the case for the
inverted pendulum based method. In the next chapter however it will be shown that
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at the beginning of a new step the real step length instead of the desired step length
is taken and consequently in the coming 3.2s the trajectory is changed.

Finally, also a brief overview and results are given of the developed strategy for
dynamically stepping over large obstacles by the humanoid robot HRP-2. Main dif-
ficulty is to cope with the large disturbances during the stepping over motion, as they
threaten the dynamic stability. A combination of the generation of specific trajecto-
ries for the feet, waist and upper-body with the powerful and robots preview pattern
generator has solved this problem. Included are strategies to prevent a collision of
a part of the robot with the obstacle and to avoid an overstretch of the knee joint.
HRP-2 can step over a 25cm height and 5cm width (with addition of the 3cm safety
boundary at all sides) obstacle geometrically. However due to the joint torque and
velocity limitations, 15cm (with addition of the 3cm boundary values) is currently
the maximum height for HRP-2 experimentally. In view of this, one has to realize
that an obstacle of 20cm height for a robot with stretched ankle to hip length of
60cm is comparable to an obstacle with a height of 30cm for a human. This is the
highest obstacle a humanoid has currently ever stepped over without falling to the
author’s knowledge.



Chapter 4
Trajectory Tracking

The joint trajectory tracking controller has to control the torques generated in the
joints so that the motion of the robot follows a specific trajectory as calculated by
the trajectory generator.

For many robots this tracking is performed by servo controllers. For electrical
motors such controllers are well-known and are commercially available. For exam-
ple HRP-2 applies high gain PD position control, the joint trajectory is referenced
every 5ms and the motor servo runs every 1ms (215). For the new HRP-3 humanoid
robot a HP-RMT Processor is developed to do the control cycle 5 times faster (273).
For KHR-3(HUBO), the joint motor controller receives every 10ms a reference
value and the local PD tracking controller works at 1000Hz (317). A similar PD
control makes it possible to ensure tracking of the trajectories of RABBIT (354).
Main difficulty of joint motor controllers is to make them compact, lightweight and
cheap, especially when the robot has many degree of freedoms. Also the cooling
system has to be adequately designed.

The first walking experiments of Lucy were performed using an adapted feed-
back PI controller, implemented to set an angular position. The output of this low
level controller generated a Δ p̃ signal, which was added and subtracted in the an-
tagonistic setup from a chosen mean pressure pm (424). This results in the two de-
sired pressure levels for both muscles in the antagonistic setup ( p̃1 = pm + Δ p̃ and
p̃2 = pm − Δ p̃). Subsequently a bang-bang pressure controller is used for control-
ling the actions of the on/off valves (see section 2.6.0.2) to set the desired pressures
in the muscles. With this control strategy the robot was able to walk very slowly,
about 20s/step. The stability of the local PI joint controller was jeopardized when
moving at higher frequency. So more advanced techniques to efficiently control the
system are necessary to be able to attain higher walking speeds.

In particular the following difficulties are encountered when designing a con-
troller for joints powered by artificial muscles:

• Non-linear force-contraction relation of the PPAM actuator
• Hysteresis in the force-contraction relation of the PPAM. Although this hystere-

sis effect is less pronounced in the PPAM than in other types of pneumatic artifi-
cial muscles, it still makes it difficult to estimate the actual force exerted by the
actuator.

B. Vanderborght: Bipedal Walking by the Pneumatic Robot Lucy, STAR 63, pp. 143–175.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2010



144 4 Trajectory Tracking

• Imprecise knowledge of PPAM parameters.
• Non-linearity of the pressure regulating valves, choking effects.
• The coupling between actuator gauge pressures and link angles and angular ve-

locities. This means that the system cannot be modelled as a cascade of a pneu-
matic system followed by a mechanical system.

Also electrical powered robots use nonlinear tracking control techniques to track
given joint reference trajectories for a nonlinear system as a biped. A computed
torque method is implemented in the robot Johnnie (264), the under-actuated robot
Rabbit (108), the simulated 3-link (456) and 7-link robot (320). Tzafestaz et al.
(405) compared a computed torque method with sliding mode control for a 5-link
biped in simulation. Regarding robustness against parameter and modelling devi-
ations, sliding mode control was found superior to a computed torque method at
the cost of actuator control activity. Unfortunately, in this study actuator dynamics
were not taken into account. Gorce and Guihard (140), on the other hand proposed
a two level control method which combines a computed torque method with a dy-
namic control model of the pneumatic actuators in order to perform position and
impedance control on the legs of the biped Bipman. Whatever control strategy is
developed, it is obvious that the necessary calculations have to be finished within
the control cycle.

When using high gain PID actions, the actuator force, determined by the po-
sition controller, can become excessively large due to a large difference between
desired and real joint position. This can be caused by power failure to the actuators
(valves don’t open), external forces (for example when a foot is stuck) and so one.
A proxy-based sliding mode control proposed by Kikuuwe and Fujimoto is a modi-
fied version of sliding mode control and is an extension of a PID control scheme to
achieve safer overdamped recovery from large positional errors without sacrificing
tracking accuracy during normal operation (240). This promising new control stra-
tegy has been implemented recently in a softarm actuated by PPAMs. Experiments
show the good tracking performance together with a safe behaviour (410).

First the joint trajectory tracking controller is discussed consisting of an inverse
dynamics control, a delta-p unit and a pressure bang-bang controller. The inverse
dynamics control is different for the single and double support phase because the
robot is overactuated during the double support phase. In the second half of this
chapter the real walking experiments are discussed. First the global results of both
implemented trajectory generators are compared, afterwards the local results of the
method based on the preview control only are given.

4.1 Joint Trajectory Tracking Controller

The task of a joint trajectory tracking controller for Lucy is to apply pressures in
the PPAMs ensuring the necessary torques such that the robot follows the trajecto-
ries as imposed by the trajectory generator. Due to the specific nature of the pneu-
matic actuation system, this tracking controller has several essential blocks which
are depicted in figure 4.1 in order to cope with the highly nonlinear behaviour of
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Fig. 4.1 Overview of the joint control architecture.

the complete system. The inverse dynamics unit determines the torque values re-
quired to track the imposed joint trajectories. These feedforward torque calculations
are based on the robot dynamics for the single and double support phase, since the
calculations demand a different approach for both phases.

For each joint a so called delta-p unit translates the required torques into pressure
levels for the two muscles of the antagonistic set-up. Finally, a bang-bang controller
determines the valve actions to set the pressures in the muscles. The trajectory gen-
erator, inverse dynamics and delta-p unit are implemented on a central PC, since
these controllers require a substantial computational effort. The bang-bang pressure
controller are locally implemented on micro-controller units (see chapter 2). In the
next sections the different elements of the control structure are discussed in more
detail.

4.1.1 Inverse Dynamics Control during Single Support

During the single support phase the robot’s supporting foot is assumed to remain
in full contact with the ground. This condition is guaranteed as long as the ZMP
stays within the physical boundaries of the supporting foot and if the acceleration
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of the COG of the robot does not reach −g. Successful tracking of the generated
joint trajectories should implicitly ensure the correct ZMP location. So during sin-
gle support, the robot can be seen as a multi-link serial robot for which standard
nonlinear tracking techniques of manipulator control are utilized. Here a computed
torque method as described by (373) is proposed. This method, also called feed-
back linearization, linearizes the nonlinear input-output relation for the mechanical
dynamic equations, describing the robot motion. The computed torque method de-
termines the torque vector τ̃ . The calculation of these torques is performed by feed-
ing forward the desired trajectory accelerations ¨̃q and by feeding back measured
positions q and velocities q̇ in order to cancel the nonlinear coriolis, centrifugal
and gravitational terms in (2.19). A PID-feedback loop is added to improve control
performance. This results in the following calculation:

τ̃ = Ĉ
(
q, q̇

)
q̇+ Ĝ

(
q
)
+ D̂

(
q
)[

¨̃q− Kp
(
q− q̃

)− Ki ∑
(
q− q̃

)− Kd
(
q̇− ˙̃q

)]
(4.1)

The matrices D̂, Ĉ and Ĝ contain estimated values of the inertial, coriolis, centrifu-
gal and gravitational parameters. The feedback gain matrices Kp, Ki and Kd are
manually tuned.

The torque vector τ contains the net torques acting on each link of the robot since
the equations of motion are written in absolute coordinates (see section 2.9.1). The
joint torques can then be calculated using equation 2.20.

τAa = τ6

τKa = τ5 + τ6

τHa = τ4 + τ5 + τ6

τHs = −τ3 − τ4 − τ5 − τ6

τKs = −τ2 − τ3 − τ4 − τ5 − τ6

τAs = −τ1 − τ2 − τ3 − τ4 − τ5 − τ6

(4.2)

4.1.2 Inverse Dynamics Control during Double Support

4.1.2.1 1st Approach: Using a Pseudo Inverse

Immediately after impact of the swing leg, three geometrical constraints are imposed
on the motion of the system (see section 2.9.1). The number of DOF during dou-
ble support is reduced to 3, but the same 6 Lagrange coordinates (2.18) are used.
The equations of motion of single support are adapted with the three geometrical
constraints as follows (201):

D
(
q
)
q̈+C

(
q, q̇

)
q̇+ G

(
q
)

= τ + JT (
q
)
Λ (4.3)

with J
(
q
)

the Jacobian matrix, which is calculated by taking the derivative of the
constraint equations with respect to the generalized Lagrange coordinates:
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J
(
q
)

=

⎡
⎣−l1sin(θ1) −l2sin(θ2) 0 l2sin(θ4) l1sin(θ5) 0

l1cos(θ1) l2cos(θ2) 0 −l2cos(θ4) −l1cos(θ5) 0
0 0 0 0 0 1

⎤
⎦ (4.4)

and Λ the vector of Lagrange multipliers:

Λ =
[
λ1 λ2 λ3]T (4.5)

Since each joint is actuated, the number of applied joint torques is 6. The number
of DOF during double support is however reduced to 3, which makes the system
overactuated during this phase. An infinite combination of torques can be applied to
realize the tracking of a trajectory. In the following, one specific solution is selected.
These calculations are based on an extended version of the method proposed by Shih
and Gruver (371). The latter omitted the centrifugal and coriolis terms, which are
taken into account in this work. Also, an adaptation of their pseudo-inverse calcula-
tion is proposed related to the specific goals of the trajectory generator.

The 6 Lagrange coordinates, depicted in figure 2.40, are divided into dependent
and independent coordinates as follows:

q1 =
[
θ1 θ2 θ3]T q2 =

[
θ4 θ5 θ6]T (4.6)

where q1 are the independent and q2 the dependent coordinates. The independent
coordinates describe the absolute angle of the upper body and the orientation of
the rear leg (stance leg of the previous phase), while the dependent coordinates
describe the front leg and the front foot orientation. With these separate coordinates
the constraints (2.21) can be rewritten in the following form:

Z (q) = Z1 (q1)+ Z2 (q2) = 0 (4.7)

with:

Z1 (q1) =

⎡
⎣l1cos(θ1)+ l2cos(θ2)

l1sin(θ1)+ l2sin(θ2)
0

⎤
⎦ (4.8)

and

Z2 (q2) =

⎡
⎣−l2cos(θ4)− l1cos(θ5)− Xtd

AF

−l2sin(θ4)− l1sin(θ5)−Ytd
AF

θ6 −Cte

⎤
⎦ (4.9)

Analogously, the Jacobian matrix is also divided into two different parts J1 and J2:

J (q) =
∂Z
∂q

= (J1 J2) (4.10)

with

J1 (q1) =
∂Z1

∂q1
=

⎡
⎣−l1sin(θ1) −l2sin(θ2) 0

l1cos(θ1) l2cos(θ2) 0
0 0 0

⎤
⎦ (4.11)
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and

J2 (q2) =
∂Z2

∂q2
=

⎡
⎣ l2sin(θ4) l1sin(θ5) 0
−l2cos(θ4) −l1cos(θ5) 0

0 0 1

⎤
⎦ (4.12)

The constraint equation and the Jacobian matrix (4.10) are used to write the deriva-
tives of the dependent coordinates as a function of the independent coordinates.
Differentiating the constraint equation gives

Ż (q) = 0 ⇔ J1 (q1) q̇1 + J2 (q2) q̇2 = 0 (4.13)

The first derivatives of the dependent coordinates are then obtained:

q̇2 = −J−1
2 J1q̇1 (4.14)

The Jacobian matrix J2 is invertible when det J2 �= 0, or:

det (J2) = l1sin(θ5) l2cos(θ4)− l2sin(θ4) l1cos(θ5) �= 0 (4.15)

If both lengths of upper and lower leg (l1 and l2) are identical, which is the case for
the robot Lucy, then:

det (J2) = l2sin(θ5 − θ4) �= 0 (4.16)

meaning that a fully stretched front leg corresponds to a singular configuration. For
biped robots this situation can be avoided by walking with sufficiently bent knees
(214).

Differentiating again (4.13) once more gives

J̇1q̇1 + J1q̈1 + J̇2q̇2 + J2q̈2 = 0 (4.17)

The second derivatives of the dependent coordinates are then obtained:

q̈2 = J−1
2

(−J̇1q̇1 − J1q̈1 − J̇2q̇2
)

=
(−J−1

2 J̇1 + J−1
2 J̇2J−1

2 J1
)

q̇1 − J−1
2 J1q̈1 (4.18)

Additionally, the equations of motion (4.3) can be split as follows:
{

D11q̈1 + D12q̈2 +C11q̇1 +C12q̇2 + G1 = JT
1 Λ + τ1

D21q̈1 + D22q̈2 +C21q̇1 +C22q̇2 + G2 = JT
2 Λ + τ2

(4.19)

where

D
(
q
)

=
[

D11 D12

D21 D22

]
(4.20)

C
(
q, q̇

)
=

[
C11 C12

C21 C22

]
(4.21)

G
(
q
)

=
[

G1

G2

]
(4.22)
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and
τ1 =

[
τ1 τ2 τ3]T τ2 =

[
τ4 τ5 τ6]T (4.23)

D, C and G are calculated by using estimated values of the inertial parameters.
The equations of motion (4.19) are a set of 6 differential equations, containing 3
additional unknown variables of the Lagrange multiplier Λ . This set is transformed
into three equations by eliminating the Lagrange multipliers in (4.19):

D11q̈1 + D12q̈2 − JT
1 (JT

2 )−1D21q̈1 − JT
1 (JT

2 )−1D22q̈2

+C11q̇1 +C12q̇2 + G1 − JT
1

(
JT

2

)−1 (C21q̇1 +C22q̇2 + G2)

= τ1 − JT
1 (JT

2 )−1τ2 (4.24)

Next, the derivatives of the dependent coordinates are eliminated by substituting
(4.14) and (4.18) in equation (4.24):

D′ (q) q̈1 +C′ (q, q̇1) q̇1 + G′ (q) = τ1 − JT
1 (JT

2 )−1τ2 (4.25)

with

D′ (q) = D11 − D12J−1
2 J1 − JT

1 (JT
2 )−1D21 + JT

1 (JT
2 )−1D22J−1

2 J1 (4.26)

C′ (q, q̇1) = −D12J−1
2 J̇1 + D12J−1

2 J̇2J−1
2 J1

− JT
1 (JT

2 )−1 (−D22J−1
2 J̇1 + D22J−1

2 J̇2J−1
2 J1 +C21 −C22J−1

2 J1
)

+C11 −C12J−1
2 J1 (4.27)

G′ (q) = G1 − JT
1 (JT

2 )−1G2 (4.28)

In (4.25) q1, q̇1 and q̈1 are replaced by their desired values, q̃1, ˙̃q1 and ¨̃q1, com-
puted by the trajectory generator. The three independent coordinates q̃1 and their
first and second derivatives are obtained from the trajectory generator. The depen-
dent coordinates q̃2 are analytically obtained from the geometrical constraint equa-
tions (2.21). Next, a feedforward torque τ̃ f, required to track these desired reference
trajectories, is calculated.

The rhs of equation (4.25) can be rewritten as:

τ̃1 − JT
1 (JT

2 )−1τ̃2 = {W1 − JT
1 (JT

2 )−1W2}τ̃ f = W τ̃ f (4.29)

with
W1 = [I3x3 03x3] W2 = [03x3 I3x3] (4.30)

and
τ̃ f =

[
τ̃1 τ̃2]T (4.31)

Since W has dimensions 3 × 6 and the lhs of equation (4.25) is a three dimensional
vector, the computed torque is calculated with a pseudo-inverse of matrix W :
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τ̃ f = W+ [
D′ (q̃) ¨̃q1 +C′ (q̃, ˙̃q1

)
˙̃q1 + G′ (q̃)

]
(4.32)

In this case the rows of W are linearly independent, so WW T is invertible. The
pseudo-inverse can be calculated using the Moore-Penrose formula (346):

W ∈ R
3x6 W + = W T (WW T )−1 (4.33)

Expression (4.32) selects a certain solution (least square) that can be used to cal-
culate the torque vector. Many trajectory generators demand zero or small ankle
torques (to keep the ZMP in the ankle joint). This strategy can be expanded to
have the same condition during double support. Moreover, small ankle torques al-
low these joints to be used by the ZMP observer as depicted in figure 3.1. So before
applying a Moore-Penrose inverse in (4.32) an extra condition is added which ex-
presses zero ankle torques during the double support phase. The front foot is taken
into account in the equations of motion and this foot is forced to stay on the ground
(θ6 = Cst). Consequently the calculated ankle torque of the front foot, represented
by τ̃ f(6), is already zero. Note that τ̃ f represents net torques acting on each link.
Thus, recalling (2.20), the ankle torque of the rear foot can be calculated by adding
all the net torques. Demanding that the rear ankle torque has to be zero, is expressed
thus by including the following condition:

5

∑
i=1

τ̃ f(i) = 0 (4.34)

This results in the following expression:

τ̃ f =

⎡
⎢⎢⎣

1 1 1 1 1 0
W11

...
W36

⎤
⎥⎥⎦

+ [
0

D′ (q̃) ¨̃q1 +C′ (q̃, ˙̃q1
)

˙̃q1 + G′ (q̃)

]
(4.35)

Finally, as was done for the computed torque during the single support phase, a PID-
feedback loop is added to cope with modelling errors and to improve the tracking
performance.

τ̃ = τ̃ f − Kp
(
q− q̃

)− Ki ∑
(
q− q̃

)− Kd
(
q̇− ˙̃q

)
(4.36)

The parameters of the gain matrices Kp, Ki and Kd of the feedback loop are tuned
manually.

A disadvantage of this method are the discontinuities in desired torque at the tran-
sitions between single and double support phase. These discontinuities are shown
in figure 4.2. Experiments on the real robot showed that due the slow dynamics of
the valves, the discontinuities cause severe perturbations at the phase transitions,
destabilizing the motion of the robot.
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Fig. 4.2 Discontinuity in torque level at phase transitions.

4.1.2.2 2nd Approach: Linear Transition

An alternative approach to avoid the discontinuities at phase transitions, is to make
a linear transition between the torques of the old and new single support phase, by
calculating the applied torque as if the robot is in single support phase. The applied
torque can be written into the following form:
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)]) (4.37)

with s going from s = 0 at impact until s = 1 at calculated lift off instant. C, G,...,Kd

are computed as if the robot is in single support phase with the rear foot on the
ground, C′, G′,...,K′

d are calculated as if the robot is in the next single support phase
with the front foot on the ground.

The advantage of this strategy is that there are no torque discontinuities when
switching between single and double support phase as can be seen in figures 4.28 -
4.30. The disadvantage is that the calculated torques are not dynamical correct, but
the double support phase is rather short and a feedback loop is implemented. Sim-
ulated and experimental results show that this strategy works well for the motions
considered.

4.1.3 Delta-p Unit

In the previous sections the net torque values for each link were calculated. These
net torques can be transformed into the required joint torques with (4.2). On the
other hand, the torques generated by each joint are obtained by the pressure dif-
ferences in the antagonistic muscle system. Therefore the delta-p unit is used to
transform the calculated torques into required pressure levels. For each muscle pair,
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such a controller is provided and dimensioned according to its specific torque char-
acteristic.

The generated torque in an antagonistic muscle setup was already discussed in
2.5.1.2. For the sake of convenience, the formulation is repeated here. The generated
torque is calculated with the kinematical model of the leverage and rod mechanism,
combined with the estimated force function of the muscles (2.3) and the applied
gauge pressures. This can be represented by the following calculation:

τ = p1l2
01

r1 (β ) f1 (β )− p2l2
02

r2 (β ) f2 (β )

= p1t1 (β )− p2t2 (β ) (4.38)

with τ the generated torque and β the locally defined relative joint angle. pi is the
applied gauge pressure in the respective muscle with initial unpressurized length l0i

and fi (β ) characterizes the force function of the respective muscle. The kinematical
transformation from forces to torques are represented by r1 (β ) and r2 (β ) which
results, together with the muscle force characteristics, in the torque functions t1 (β )
and t2 (β ). These nonlinear functions are determined by the choices made during
the design phase and depend on the specific joint angle β .

Equation (4.38) is used to determine the two desired gauge pressure p̃1 and p̃2 for
each muscle pair. These two pressures are generated starting from a mean pressure
value pm while adding and subtracting a Δ p̃ value:

p̃1 = pm + Δ p̃ (4.39a)

p̃2 = pm − Δ p̃ (4.39b)

The mean value pm normally influences the joint stiffness and can be controlled in
order to influence the natural dynamics of the system. At this moment the controller
of the complete biped does not yet incorporate the exploitation of natural dynamics
as will be discussed in chapter 5 and consequently pm is held constant. Combining
the equations (4.39) with equation (4.38), allows one to calculate the Δ p̃ value re-
quired to generate the torque originating from the inverse dynamics control module:

Δ p̃ =
τ̃ + pm [(t̂2 (β )− t̂1 (β )]

t̂2 (β )+ t̂1 (β )
(4.40)

The delta-p unit is consequently actually a feed-forward calculation from torque
level to pressure level using the kinematic model of the muscle actuation system.

4.1.4 Bang-bang Pressure Controller

For each joint the two desired pressure values p̃1 and p̃2 are sent to the respective
local muscle pressure controller, which is responsible for tracking the required mus-
cle pressure. In order to realize a lightweight rapid and accurate pressure control,
fast switching on/off valves are used. For the inlet and the exhaust of a muscle re-
spectively 2 and 4 valves are placed in a parallel configuration. The hardware of
this valve system is described in section 2.6.0.2. The pressure controller itself is
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Fig. 4.3 Multilevel bang-bang pressure control scheme with dead zone.

Table 4.1 Currently applied reaction levels of the multilevel bang-bang pressure con-
trolscheme

perror(mbar) valve action

a −60 open all exhaust valves
b −25 open only one exhaust valve
c −20 close all exhaust valves
d 20 close all inlet valves
e 25 open only one inlet valve
f 60 open all inlet valves

achieved by a multilevel bang-bang structure with various reaction levels depend-
ing on the pressure error. Figure 4.3 depicts the working principle of this control
scheme and table 4.1 gives the currently applied reaction levels and the respective
valve actions. The reaction levels were manually tuned. The pressure error is de-
fined as perror = p̃− p, with p̃ the desired pressure calculated by the delta-p unit and
p the pressure measured inside the muscle. If this pressure error is small and stays
within the boundaries b and e, no valve action is taken and the muscle volume stays
closed. If perror increases and reaches level e, one inlet valve is opened in order to
make the pressure rise to the required level. If one opened inlet valve is not enough
to track the required pressure and perror becomes larger than f , a second inlet valve
is opened. Whenever perror drops again, the opened valves are closed only if the
error drops below level d. This has been introduced since a considerable time delay
exists to set pressures. The same approach is used for negative values of perror, but
beyond level a 4 exhaust valves are opened instead of 2. This asymmetrical situation
is introduced since asymmetrical pneumatic conditions exist between exhaust and
inlet as explained in section 2.6.0.2.

Figures 4.4-4.7 shows the tracking performances for 3 different pressure control
set-ups. The experiment was performed on a pressure tank with a constant volume
of 0.385l, which is about the average volume for a muscle (see section 2.5). A de-
sired sinusoidal trajectory with an amplitude of 1bar and a variable frequency was
imposed. Figure 4.4 shows the average pressure error as a function of the imposed
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frequency. In figures 4.5-4.7 the real and desired absolute pressure in the volume are
depicted together with the valve actions as calculated by the bang-bang controller.
Closed valves are represented by a horizontal line depicted at 2bar, 2.5bar or 3bar
pressure level, while a small peak upwards represents one opened inlet valves, a
small peak downwards one opened exhaust valves and the larger peaks represent
two opened inlet or four opened outlet valves. In the set-up “1/1 valves no silencer”
only one inlet and one outlet valve is used and no silencer is added at the exhaust.
“2/4 valves with silencer” is the set-up used for Lucy containing 2 inlet and 4 out-
let valves with a silencer and “2/4 valves no silencer” is without silencer. The best
performances are off course with 2/4 valves and without silencer because a silencer
lowers the exhaust airflow. However for Lucy a silencer is added because the im-
mediate expansion to atmospheric conditions of the compressed air at the exhaust
creates a lot of noise. Especially the exhaust valves have troubles tracking the de-
creasing pressure course, while the inlet valve can track the increasing pressure very
well. The minimal error of figure 4.4 is at the lowest frequency and equals the error
level where the bang-bang controller opens one valve. Compared to e.g. electrical
motors the dynamics of this valve system is very slow and this might jeopardize the
control of the robot. For more information about this topic one is referred to (415).

4.2 Walking Experiments

In this section the walking experiments of the biped Lucy are discussed. The two de-
scribed trajectory generators of chapter 3 together with the joint trajectory tracking
controller given in this section are compared. The global results are given for both
trajectory generators, while the influence of the tracking controller is discussed only
for the preview controller based generator because they are similar for the other
one. For sake of simplicity the Objective Locomotion Parameters Based Inverted
Pendulum Trajectory Generator is abbreviated OLPIPM and the method based on
the Preview Controller of the Zero Moment Point Preview Control. It is important
to mention that both trajectory generators calculate the trajectories for the different
joints online.

4.2.1 Global Results

The experiments were performed using the set of objective locomotion param-
eters shown in table 4.2 for the OLPIPM based method and table 4.3 for the
PC based method. In both tables the time instants are depicted when the ob-
jective locomotion parameters are changed. Intermediate foot lift κ was 0.04m.
Figures 4.8 and 4.9 show a sequence of photos of the biped Lucy, taken every
0.40s for both algorithms. For videos of the walking biped one is referred to
http://lucy.vub.ac.be/phdlucy.wmv.

Figures 4.10 and 4.11 show the imposed and real step length for both methods.
There is a substantial difference between the desired and the real step lengths be-
cause the tracking is not precise. For legged robots however, tracking precision is
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Fig. 4.4 Average pressure error as a function
of imposed frequency for 3 different pressure
control set-ups.

Fig. 4.5 Real and desired absolute pressure
and valve actions for 3 different pressure con-
trol set-ups, frequency desired trajectory is
1Hz.

Fig. 4.6 Real and desired absolute pressure
and valve actions for 3 different pressure con-
trol set-ups, frequency desired trajectory is
2Hz.

Fig. 4.7 Real and desired absolute pressure
and valve actions for 3 different pressure con-
trol set-ups, frequency desired trajectory is
3Hz.

not as stringent as overall dynamic stability, which is achieved even while adapting
the step length and forward speed of the robot. The maximum attained step length is
18cm, then the angle between foot and lower leg exceeds the maximum joint angle
which is −30◦ for the ankle joint. This can also be found on graphs 4.23. Using a
toe-joint, as discussed in section 4.3.1, makes it possible to increase the maximum
step length.

Figures 4.12 and 4.13 depict the desired and real walking speed of the robot.
Figure 4.12 additionally shows the speed of the treadmill and the X-position of the
hip. The X-position of the hip was measured by a linear encoder placed on the
horizontal rail of the guiding mechanism. The speed of the treadmill is controlled so
the robot stays in the middle of the treadmill. If the position of the hip is behind the
middle position, the speed of the treadmill is reduced and vice versa. The maximum
possible speed for the OLPIPM based method is 0.11m/s, while the Preview Control
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Table 4.2 Set of objective locomotion parameters used for OLPIPM based method experi-
ments (λ= desired step length, ν= desired walking speed)

time λ ν
(s) (m) (m/s)
0 0.06 0.020
50 0.08 0.035
75 0.10 0.050

100 0.12 0.065
125 0.14 0.080
150 0.16 0.095
175 0.18 0.110
200 0.16 0.095
225 0.14 0.080
250 0.12 0.065
275 0.10 0.050
300 0.08 0.035
325 0.06 0.020

Table 4.3 Set of objective locomotion parameters used for Preview Control based method
experiments (λ= desired step length, ν desired walking speed)

time λ ν
(s) (m) (m/s)
0 0.08 0.025
75 0.12 0.050

100 0.14 0.075
125 0.16 0.100
150 0.18 0.125
175 0.18 0.150
200 0.18 0.125
225 0.16 0.100
250 0.14 0.075
275 0.12 0.050
300 0.08 0.025

based method attains 0.15m/s. To the author’s knowledge this is the fastest robot in
the group of trajectory controlled pneumatic bipeds. The improvement of maximum
speed is mainly due to the better control of the ZMP of the Preview Control based
method compared to the OLPIPM based method as can be seen in figures 4.14 and
4.15. The maximum speed of the Preview Control based method is limited by the
step length and the valves which cannot keep up with the desired pressure course
anymore. At maximum speed the time spent in single and double support phase is
960ms and 240ms respectively.

Figures 4.14 and 4.15 are the desired and real multibody ZMP trajectory and
the ZMP calculated out of the multibody model with desired trajectories. In the
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Fig. 4.8 A sequence of photos of the walking biped Lucy. The images were taken every 0.40s
(OLPIPM).

Fig. 4.9 A sequence of photos of the walking biped Lucy. The images were taken every 0.40s
(Preview Control).

OLPIPM based method the desired ZMP is placed in the ankle joint during single
support phases. For the Preview Control based method the ZMP is in the middle of
the foot (at 6.5cm in front of the ankle joint), so the stability margin is the same
as well forwards as backwards. It is clear that the Preview Control based method
generates trajectories with a better ZMP curve than the OLPIPM based generator.
This is logical because the Preview Control method includes the multibody model
while this is not the case for the OLPIPM trajectory generator. The multibody ZMP
curve of the Preview Control method has a spike at the beginning of each double
support phase, when the ZMP is shifted from rear foot to the front foot. The reason
is that the trajectory generator (both OLPIPM and PC) continues the calculations
with the real step length instead of the desired step length. The real step length is
calculated at impact out of the measured joint angles. If for example the real step
length is different from the desired step length and the trajectory uses the desired
step length instead of the real one, the tracking controller will create torques trying
to achieve the desired step length. This is however impossible because both legs
are on the ground and ground friction will prevent the step length from changing.
When the foot lifts off at the end of the double support phase the torques will cause
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Fig. 4.10 Desired and real step length (OLPIPM).

Fig. 4.11 Desired and real step length (Preview Control).

severe oscillations in the leg. This is unwanted so the strategy uses the real step
length for its further trajectory generation of the double support phase and the next
single support phase. For the OLPIPM based method the trajectory for position,
velocity and acceleration is calculated using equations (3.12), (3.15) and (3.16).
When a new step length is introduced suddenly a discontinuity in the trajectory will
be observed which can for example be seen at joint angle level. However the ZMP is
not influenced a lot and this effect can hardly be seen on figure 4.14. For the Preview
Control based method the whole scheme of figure 3.42 has to be recalculated and
the motion of the COG of the cart-table is treated as a servo tracking problem.
Equation (3.75) implies a very fast response, making the jerk during a small time
very high to track the desired ZMP again. This is felt on acceleration level causing
the spike in figure 4.15 each time at the beginning of each double support phase. This
leads to small discontinuities in joint angle as can be noticed in figures 4.22-4.24.
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Fig. 4.12 Desired and real walking speed, real speed treadmill and X-position of hip on
treadmill (OLPIPM).

Fig. 4.13 Desired and real walking speed (Preview Control).

A discontinuity is for example noticeable at 214s in the desired ankle angle of the
left foot. Because the real step length is now also the desired step length and due to
the inertia of the robot this influence is filtered out in the real ZMP. At this moment
the measurement of the ZMP is not yet used in the control loop, in section 4.3.3
stabilizers are discussed who exploit this sensory information to further stabilize the
robot, especially for rough terrain and unexpected disturbances.

Figures 4.16 and 4.17 show the desired ZMP and the real and desired X path of
the hip and calculated COG.

Figures 4.18 and 4.19 are the real and desired Y-position of the hip. The desired
position of the hip for the OLPIPM based method is going up and down in order to
achieve quasi-stretched walking during the single support phase. However, due to
the small step length, these oscillations are small. For the Preview Control method
the robot walks with constant hip height. Due to the compliance of the joints and
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Fig. 4.14 Desired, real and multibody ZMP (OLPIPM).

Fig. 4.15 Desired, real and multibody ZMP (Preview Control).

the non-perfect tracking the knees are more bent during single support phase and
cause the reduced hip height. This effect can also be noticed on figure 4.23 were
during stance phase the real knee angle is bigger than the desired one. But in fact
the deviation between desired and real hip height is quite small, only 5mm on a total
height of 0.85m.

The desired objective parameters are attained as depicted in figures 4.20 and 4.21,
showing the real and desired X and Y position of both feet for the Preview Control
based method. In figure 4.20 the coordinate system is each time placed in the stance
foot. These positions are obtained by the absolute position measured by the linear
encoder on the rails and the measured joint angles. On 4.20 one can see that the real
step length, measured at impact, is taken for the calculation of the trajectory. The
impact times are shown by arrows. The deviation between desired and real foot and
hip trajectory is due to tracking errors.
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Fig. 4.16 Desired ZMP, real and desired COG and X-position hip (OLPIPM).

Fig. 4.17 Desired ZMP, real and desired COG and X-position hip (Preview Control).

4.2.2 Local Results

In this section the influence of the joint trajectory tracking controller on the results
is discussed, this means the more local results. Only the results from the preview
controlled method are discussed because the results of both methods are similar. The
objective locomotion parameters are λ = 0.18m, κ = 0.04m and ν = 0.125m/s. So
the results are taken at the boundary of the possibilities of the robot. This situation is
shown because some interesting effects take place while at lower speeds the tracking
etc will general not be worse.

Figures 4.22, 4.23 and 4.24 show the desired and real joint angle βi of the hip (i =
3), knee (i = 2) and the ankle (i = 1) respectively of both legs. The definitions of the
oriented relative joint angles are giving in figure 2.12 (counterclockwise positive).
Vertical lines on all graphs show the phase transition instants. Due to the nature of
the bang-bang pneumatic drive units and the imperfections introduced in the control
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Fig. 4.18 Real and desired Y-position of hip (OLPIPM).

Fig. 4.19 Real and desired Y-position of hip (Preview Control).

loops, tracking errors can be observed. Also the phase transitions are responsible
for tracking errors, since these introduce severe changes for the control signals. At
the beginning of the double support phase also the discontinuity in the desired joint
angle of the swing leg can be noticed caused by the trajectory generator who uses
the real step length instead of the desired step length as explained some former
paragraphs. For example at 214s the left leg was the swing leg and at the start of
the double support phase the discontinuity in joint angle occurs. In figure 4.24 it
can also be seen that the ankle joint angle reaches −30◦ and puts a limit on the
maximum step length.

Figures 4.25, 4.26 and 4.27 show the real and desired joint angle velocities of
both legs. Especially the velocity during swing phase of the ankle joint oscillates
severely. Reason is a combination of the bang-bang pressure control with the low
inertia of the foot.
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Fig. 4.20 X-position of foot (Preview Control).

Fig. 4.21 Y-position of foot (Preview Control).

Figures 4.28, 4.29 and 4.30 visualize the torque calculated by the computed
torque unit, which consists of a PID feedback part and a computed torque feed-
forward part for the left hip, knee and ankle. For the next results only the data of
the left leg are shown, since each leg takes all essential configurations over the time
period shown. The definitions of the joint torques τH , τK and τA are giving in figure
2.41. The PID and computed torque component for the joint torques can be calcu-
lated using equation (4.2). The computed torque estimator is working well, but the
robot parameters still have to be fine-tuned to lower the action of the PID controller,
more information about this is given in section 4.3.2. The difference between stance
leg and swing leg is clearly visible. For example the knee torque τK of figure 4.29 is
positive (about 30Nm) during stance phase to support the weight of the robot, while
it is negative to support the weight of the leg during swing leg and of course the
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Fig. 4.22 Real and desired hip angle (Preview Control).

Fig. 4.23 Real and desired knee angle (Preview Control).

Fig. 4.24 Real and desired ankle angle (Preview Control).
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Fig. 4.25 Real and desired hip velocity (Preview Control).

Fig. 4.26 Real and desired knee velocity (Preview Control).

Fig. 4.27 Real and desired ankle velocity (Preview Control).
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Fig. 4.28 Total hip torque τH , PID and computed torque component.

Fig. 4.29 Total knee torque τK , PID and computed torque component.

Fig. 4.30 Total ankle torque τA, P, I, D and computed torque component.
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magnitude of the knee torque is lower in this phase. These torque values are sent to
the delta-p unit.

Figures 4.31 - 4.36 depict desired and measured absolute pressure for the front
and rear muscle of the different joints of the left leg. All these graphs additionally
show the valve actions taken by the respective bang-bang pressure controller. Note
that in these figures a muscle with closed valves is represented by a horizontal line
depicted at the 2.5bar pressure level, while a small peak upwards represents one
opened inlet valves, a small peak downwards one opened exhaust valves and the
larger peaks represent two opened inlet or four opened outlet valves. The desired
pressures are calculated by the delta-p unit. For this experiment the mean pressure
pm for all joints is taken at 3bar, consequently the sum of the pressures in each
pair of graphs, drawing the front and rear muscle pressures, is always 6bar. It is
observed that the bang-bang pressure controller is very adequate in tracking the
desired pressure.

It is found that the ability to track the pressures limits the maximum obtainable
speed of the robot. Especially the exhaust valves are causing this limitation, since
the pressure gradient between muscle and atmosphere is low at some instants. For
example at the start of the double support phase (214s), the back muscle of the knee
joint (figure 4.34) cannot follow the pressure course although all the exhaust valves
are open. Also the desired pressure inside both muscles of the ankle joint during
the stance phase are not well tracked. This is partially solved by the PID part of the
torque controller who will increase the pressure of the opposing muscle.

The ground reaction forces of the left foot are shown in figure 4.37. The green
line is the sum of forces measured in the front and the rear. During single support
on the left leg the total force is about 330N, this is the total weight of the robot.
During swing motion the total force is zero. During the double support phase the
force gradually increases after impact and decreases before lift-off causing the ZMP
to move from the old stance leg to the new stance leg. Out of these measured forces
in the feet and the measured joint angles the position of the ZMP is calculated as
shown in figures 4.14 and 4.15. On the same graph the state of the foot switches are
depicted. They are used to determine the phase in which the robot is situated.

4.2.3 Adding Supplementary Mass

In figure 4.38 an extra mass of 6kg is attached at the hip of the robot at t = 85s and
released at t = 91s, this is repeated from t = 101s till t = 108s. The robot was wal-
king at 0.9m/s with a step-length of 13cm. So the controller is able to handle severe
disturbances. 6kg is 18% of the total weight of the robot. The parameters of the com-
puted torque part are kept unchanged so this disturbance is mostly catched by the
PID component of the inverse dynamics control unit which controls the pressures so
the desired trajectories are tracked, while those trajectories remains unchanged. The
role of a stabilizer as described in the next section should be to alter also the trajec-
tories in order to guarantee stability. Figure 4.39 shows the robot with and without
an extra weight of 6kg attached to the hip.
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Fig. 4.31 Real and desired absolute pressure in front hip muscle, valve action.

Fig. 4.32 Real and desired absolute pressure in back hip muscle, valve action.

Fig. 4.33 Real and desired absolute pressure in front knee muscle, valve action.
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Fig. 4.34 Real and desired absolute pressure in back knee muscle, valve action.

Fig. 4.35 Real and desired absolute pressure in front ankle muscle, valve action.

Fig. 4.36 Real and desired absolute pressure in back ankle muscle, valve action.
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Fig. 4.37 Total, front and rear left foot force.

Fig. 4.38 Total, front and rear left foot force when adding extra mass.

Fig. 4.39 Left: Robot Lucy with extra mass attached to the hip; right: no extra mass.
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4.3 Improvements for Lucy

When building and performing experiments with the biped Lucy a lot of possibilities
for improvement came up. In this section an overview of the most important items
are presented and how other researchers tried to answer them.

4.3.1 Use of a Toe-Joint

The robot is walking with flat feet. The maximum step length of Lucy is 18cm, for
which the angle between foot and lower leg exceeds the limit. The next boundary
is an overstretching of the knee joint. The rigid body structure of the foot makes it
difficult to realize a heel lift-off to start the swing phase because small disturbances
may lead to instabilities due to the line contact of the foot leading edge and the floor.
Research performed by Ahn et al. (30), Nishiwaki et al. on humanoid robots H6 and
H7 (300), Wang et al. (440) showed that a foot with actuated toe-joint results in
a reduction of the maximum speed of knee joints and the walking speed could be
increased as well as the maximum step-length. This extra link also contributes to
more natural walking, which is similar to the human gait (393). For these reasons
the robot Lola will also have actively driven toe joints (267). Studies are carried out
also on passive toe-joints for HRP-2 (367) and WABIAN-2R (309) revealing that
bigger steps and higher walking speeds are possible.

Passive walkers usually have arc-shaped feet rigidly mounted to the shank because
this probably contributes to a positive effect on disturbance handling. As stated by
Wisse (444) disadvantages of arc feet however are the non-human like nature. More-
over for 3D models friction torque against yaw (rotations around the vertical axis)
is often insufficient for the arc foot walkers. At last it is not possible to stand still in
an upright position with arc feet. An interesting thing is that the COP evolves from
the heel to the ankle, while usually the COP stays in a fixed place for trajectory con-
trolled robots. To be able to improve the walking performances of bipedal walking
robots it is probably crucial to use the complete foot with a toe-joint.

4.3.2 Parameter Identification

Reference data for the dynamic parameters were obtained from conventional weigh-
ing and pendulum measurements. Disadvantage is that the robot has to be disman-
tled into its different links in order to be able to perform the experiments. Moreover
this method is complex, time consuming and information about friction cannot be
obtained. If the robot is physically changed afterwards, the experiments have to be
redone to obtain the new parameters. The design of a computed torque is based on
the robot model and its performance depends directly on the model accuracy (385).
Errors made between the real robot and the model cause fairly high torques coming
from the PID feedback part in the inverse dynamics control. More advanced pa-
rameter identification methods should be incorporated to better approach the reality.
One can think of using CAD models to predict the mechanical parameters, but many
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parts of the robot cannot be modeled accurately, for example, the dynamics of the
hosing and wiring, and the internal dynamics of the actuators (138). Additionally,
there are many unknown forces acting within the robot, caused by friction, stiffness
and damping of various elements. Therefore experimental methods are more suited.
Parameter identification methods use the measurements of the motion and actuation
data to extract the dynamic parameters. Off-line methods collect the input-output
data prior to analysis in contrast to on-line identification. It is obvious that besides
static also dynamic experiments have to be performed. MLE, Levenberg-Marquardt
method, LSE, Kalman observers and pseudo-inverse are examples of well-known
methods (385) (148). A problem of such parameter identification methods are that
they require a lot of time to develope, while it is only a tool or implementation to
improve the control and it is not new research.

4.3.3 Stabilizer

At this moment the measurement of the ZMP is not used in the control loop to in-
crease the stability of the walking motion. HRP-1S can walk stable in simulation,
but it falls in the experiment (163). Using a feedback stabilizer the robot is also able
to walk in experiments because it is able to cope with eventual disturbances. For
HRP-1S and HRP-2P a stabilizer is essential due to the soft spring-damper mecha-
nism on its feet. The stabilizer used in HRP-1S consists of a Body Inclination Con-
trol, ZMP Damping Control and Foot Adjusting Control (459). The ZMP Damping
Control accelerates the torso when the actual ZMP is forward of the desired ZMP.
About the mathematics of this stabilizer little is known. It uses the measured ZMP,
body inclination and joint angles coming from the robot together with the desired
posture and ZMP to define the goal joint angles, tracked by the different links (312).
The tracking of the desired horizontal motion of Johnnie is suspended whenever the
ZMP approaches instability regions (327). Another interesting work is conducted by
Mitobe et al. (286), where ZMP manipulation is used to control the angular momen-
tum of a walking robot. The ZMP compensator developed by Okumura et al. (313)
is based on altering the speed of walking instead of the walk pattern and is tested us-
ing the humanoid robot Morph3. The landing position of the foot is kept unchanged
because this is normally determined according to exogenous environmental needs.
The real time ZMP compensation control of the robot H5 consists of two units.
The first one keeps the soles in contact with the ground and the second one is an
inverted pendulum control is designed to maintain dynamic balance (295). Adding
such a stabilizer is essential when the robot will leave the controlled environment of
a laboratory because then one has less control about all kind of disturbances.

4.3.4 Reflexes and Emergency Stop Algorithm

4.3.4.1 Reflexes

A biped robot, certainly when working autonomously in the human environment,
is at a permanent risk of loosing its balance. The concept of the ZMP is used to



4.3 Improvements for Lucy 173

keep the robot dynamically balanced while walking and standing still. Larger per-
turbations, for example impacts against the robot, uneven or slippery terrain or a
mistake of the robot (eg valves are not opened accordingly) can cause a fall down
and at that moment the ZMP stability prediction turns sometimes out to be of little
significance. In these situations a fast reaction or reflex has to be executed to prevent
the robot from falling. Traditionally a reflex is defined as an involuntary movement
which is triggered by a sensory stimulus (247). Höhn et al. (170) deals with a pat-
tern recognition approach to detect and classify falls of bipedal robots according to
intensity and direction. Reflex motions, which are initiated by the classified state,
are intended to prevent the robot from falling. It turned out that the typical step ex-
ecution time is about 400-500ms and that the time needed to detect and classify a
fall should be shorter than 100ms. This study was extended in (171) were two dif-
ferent algorithms, Gaussian-Mixture-Models (GMM) and Hidden-Markov-Models
(HMM), are presented that allow to distinguish exceptional situations from normal
operations and these were verified on the biped BARt-UH.

In (182) a walk control consisting of a feedforward dynamic pattern and a feed-
back sensory reflex was proposed. The dynamic pattern is a rhythmic and periodic
motion, considering the whole dynamics of the humanoid. The sensory reflex is a
quick local feedback control to sensor input requiring no explicit modelling. The
sensory reflex consists of a ZMP reflex, a landing phase reflex, and a body-posture
reflex. These reflexive actions are organized online hierarchically to satisfy the dy-
namic stability constraint, to guarantee to land on the ground in time, and to keep
a stable body posture for humanoid walking. This method was both verified by a
dynamic simulator and an actual humanoid. Pratt et al. (336) defined the “capture
region”, the region on the ground where a humanoid must step to in order to come
to a complete stop when the robot is pushed. To calculate this region the Linear
Inverted Pendulum Model was extended to include a flywheel body. This rotational
inertia enables the humanoid to control its centroidal angular momentum by lunging
or “windmilling” with their arms. This enlarges the capture region significantly.

In case the robot cannot avoid a fall, the configuration of the robot has to adapt
quickly to prevent as much damage as possible. Fujiwara et al. examined both the
forward (132) as backward (133) falling motion. When a forward fall is detected the
knees are bend at maximum angular velocity in order to make the potential energy
of the robot smaller by converting it into kinetic energy. Afterwards the landing
speed is braked by moving hip, waist and shoulder pitch joints and the feedback
gains of the joints control are reduced to one-tenth of their original value to make
the joints more compliant to impact at landing. For a backward falling motion, the
neck, waist and arms are curled up into a landing posture and at a certain angle the
legs of the robot are extended to decrease angular velocity. Additionally, the robot
HRP-2P has impact absorbing materials mounted on the hip and knees because they
are considered as the first impact points (133). Because it is not reasonable to use
such a human-sized humanoid robot with full specifications for preliminary falling
experiments Fujiwara et al. developed HRP-2FX (131). The robot is approximately
one half the size of HRP-2P and has a simplified humanoid robot shape with 7 DOF
and can emulate motions in the sagittal plane of a humanoid robot. Optimization
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techniques are used to minimize the landing impact of a falling motion with an in-
verted pendulum model to calculate backward falling motions and triple inverted
pendulum to represent forward falling motion until landing on the knee. Also SDR-
4X (255) of Sony is equipped with a Real-time Adaptive Falling over Motion Con-
trol which puts the robot into a secure pose. After falling over, the robot can make
standing-up motion again.

The research of such falling down motions entails a high risk of seriously damag-
ing the robot and has consequently not been performed on the robot. So this research
has to be performed in simulation first. In case it is desired to make such a strategy
for Lucy, then the developed simulator has to be extended to be able to calculate the
impact forces at landing.

4.3.4.2 Emergency Stop Algorithm

There are many cases which force a walking robot to stop quickly without falling.
Since an emergency occurs at an unpredictable moment and at any state of robot, the
stopping motion must be generated in real-time. Morisawa et al. proposed an emer-
gency stop algorithm that allows the robot to take a statically stable posture within
one step for the humanoid robot HRP-2 (290). The signal to trigger the emergency
stop motion was provided externally. An improved version is given in (226). Also
Takana et al. (397) developed an emergent stop algorithm which can stop the robot
immediately within one step.

4.4 Conclusion

The joint trajectory tracking controller controls the pressure in each muscle of the
robot in order to track the different joint trajectories. This controller is multilayered
and incorporates several feedforward structures in order to cope with the highly non-
linear behaviour of the complete system. The inverse dynamics unit calculates the
required joint torques based on the robot dynamics. This dynamic model is different
for the single and double support phase because during single support the robot has
6 DOF and during double support the number of DOF is reduced to 3 (which makes
the system over-actuated). This block is based on the computed torque method con-
sisting of a feedforward part and a PID feedback loop. For each joint a delta-p unit
translates the calculated torques into desired pressure levels for the two muscles of
the antagonistic set-up. This unit utilizes the nonlinear torque to angle relation. Fi-
nally, a local multilevel pressure bang-bang controller with dead zone commands
the several on/off valves to set the required pressure in the respective muscles.

This chapter also contains the walking experiments performed on the robot Lucy.
First both trajectory generators proposed in the previous chapter were compared.
Both methods are able to change the objective locomotion parameters from step to
step. The strategy based on the inverted pendulum method is computationally less
but does not track the desired ZMP as well because the strategy doesn’t include the
complete multibody distributed masses. With this strategy the robot was able to walk
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up to 0.11m/s. The other version of the trajectory generator is based on the preview
control method for the ZMP developed by Kajita (212). The tracking of the ZMP is
better and the maximum walking speed is 0.15m/s. The maximum speed is limited
by the maximum step length and the valves cannot keep up with the desired pressure
evolution anymore. An elaborate discussion concerning the different characteristics
of the walking system was presented, as well global results (e.g. step length, speed
and ZMP) as local information (e.g. joint angles, torques and pressures). An indica-
tion of the robustness of the controller was shown by randomly adding and releasing
a mass of 6kg (18% of robots weight) during walking.



Chapter 6
General Conclusions and Future Work

6.1 General Conclusions

This book reports on the development and control of the bipedal walking robot Lucy.
The main purpose of the biped is to evaluate the implementation of compliant actu-
ators and to develop control strategies for bipedal locomotion. Compliant actuators
are currently studied and applied in walking systems for research in the field of low-
energy consumption walking. Often the approach is to start from passive walkers
while adding control to be able to walk on level ground, to be more robust against
disturbances and so on. Disadvantage of this group is that the number of walking
motions is limited. The approach intended for Lucy is to start from dynamic stable
trajectories which are tracked by a tracking controller. Afterwards a compliance con-
troller should select an appropriate stiffness so the motion of the natural dynamics
correspond as much as possible to the reference trajectories. Advantage is that the
robot will be capable of starting, stopping and walking at different walking speeds
and step lengths.

An interesting compliant actuator for this purpose is an antagonistic setup of two
pleated pneumatic artificial muscles. Pneumatic artificial muscles have some char-
acteristics which can be beneficial towards actuation of legged locomotion. These
actuators have a high power to weight ratio and they can be coupled directly to the
structure without complex gearing mechanism. Due to the compressibility of air,
a joint actuated with pneumatic drives shows a compliant behavior, which can be
employed to reduce shock effects at touch-down of a leg. Moreover, in a joint setup
with two muscles positioned antagonistically, the joint compliance can be adapted
while controlling the position. This joint compliance adaptation can be used to in-
fluence the natural dynamics of the system for reduced energy consumption.

Chapter 2 started with a description of the pleated pneumatic artificial muscles
and the antagonistic muscle setup. This antagonistic setup is used in a modular unit
which forms a link of the biped. Such a modular unit has two valve islands consist-
ing of on/off valves. The opening and closing times of these valves were reduced by
an electronic valve speed-up circuitry. Every modular unit is controlled by a 16-bit
micro-controller which measures the pressures in both muscles, the angular position
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and angular velocity and controls the on/off valves. Six modular units are linked
to each other and together with the feet they form a complete robot. So the robot
consists of a an upper-body and two articulated legs with one dimensional joints. To
prevent the sagittal robot from falling sidewards, a guiding mechanism consisting of
a horizontal and a vertical rail is chosen. These rails are mounted on a frame which
also incorporates a treadmill so that the robot is able to walk longer distances. The
robot is controlled by a central PC which communicates at 2000Hz with the micro-
controllers using the USB 2.0-protocol. An interface program with GUI is written
allowing the user to control the robot. Besides the real biped also a hybrid simu-
lator is developed in which the mechanics of the robot and the thermodynamical
processes in the muscles are combined in one set of differential equations. The sim-
ulator is used to debug control programs and evaluate them before implementation
in the real biped.

The current control architecture of the biped Lucy consists of two components: a
trajectory generator and a joint trajectory tracking unit.

The trajectory generator, described in chapter 3, calculates trajectories for the
different joints so that the robot can walk from a certain position to another while
keeping the Zero Moment Point (ZMP) in the stability region, thus ensuring dy-
namic balancing of the robot. A first developed strategy is based on the inverted
pendulum model, which represents the complete mass of the robot as a single point
mass. For each step the objective locomotion parameters (step length, intermediate
foot lift and speed) can be chosen. The motion of the hip during the single sup-
port phase is calculated in such a way that there is no ankle torque, meaning that
the ZMP stays in the ankle joint. During the double support phase the accelerations
are planned so that the next set of objective parameters is attained and that there
is a smooth transition of the ZMP from rear to front ankle point. This strategy does
not include the complete distributed masses of a real robot and consequently the real
and desired ZMP will differ. When walking at moderate speeds the ZMP stays in the
support area so the robot maintains its stability. For higher walking speeds however
a stabilizer should be implemented or a trajectory generator has to be implemented
which includes the complete multibody mass distribution.

The second version of the trajectory generator is based on the preview control
method for the ZMP developed by Kajita (212), which has been successfully used
in the humanoid robot HRP-2. The goal is to have the ZMP follow a predefined
trajectory. This is not as straightforward as calculating the ZMP out of the joint tra-
jectories. The main idea is to plan the motion of the COG in function of desired
ZMP trajectories determined by the foothold sequence. The problem is regarded as
a ZMP servo control implementation, trying to track the ZMP by controlling the
horizontal jerk. Because the hip has to move before the ZMP path changes, infor-
mation about desired position of the ZMP in the future is needed, hence the use of
a preview control method. The dynamics are simplified to a cart-table model, a cart
that represents the global COG of the robot moving on a horizontally positioned
pedestal table with negligible mass. Since the true robot is a multibody system the
real and desired position of the ZMP will differ. In order to solve this issue, Kajita
(212) proposed a re-feeding of the complete multibody calculated ZMP trajectory
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into a second stage of the preview control with the same cart-table model by means
of taking the error between the multibody calculated ZMP and the desired ZMP
trajectory. This results in deviations of the horizontal motion of the COG. By imple-
menting this method it is observed that the real ZMP tracks the imposed trajectory
well, so a more stable walking motion is obtained. It is important to have enough
mass in the upper body of the robot so the COG is positioned near or above the hip,
in order to minimize the influence of the swinging leg on the dynamics. Normally
the trajectory cannot be changed anymore in the time period up to twice the preview
period ahead. To be able to implement the strategy for Lucy, the whole trajectory is
recalculated at impact to correct for the real step length instead of the desired one.
Reason is that the real and desired step length can differ.

This preview control approach was also used in a strategy to let the humanoid
robot HRP-2 dynamically walk over large obstacles. Trajectories for the feet, waist
and upper-body were generated that fulfilled the following requirements. All the
trajectory had to be collision-free. Obstacles require large steps which threaten the
dynamic stability of the robot and the knee of HRP-2 cannot be put in an over-
stretched position. Impacts at touch down of the foot have to be minimized in order
not to damage the harmonic drives for example. The method of the preview con-
trol presumes the robot walks with a constant hip height, but to walk over large
obstacles the hip has to be lowered. The second stage of the preview controller is
robust enough to tackle this besides the disturbances coming from the swing leg.
Experiments showed the robot is capable of negotiating an obstacle of 15cm (plus
3cm safety boundary zone) in height and 5cm (plus 2x3cm safety boundary zone)
in width. For higher obstacles the speed limits of the knee joints are reached. This
is the highest obstacle a humanoid has currently ever stepped over to the author’s
knowledge.

The task of the joint trajectory tracking controller (chapter 4) is to apply appro-
priate muscle pressures to let the robot follow the joint trajectories as required by
a trajectory generator. Due to the specific nature of the pneumatic actuation system
and the highly non-linear character of the system, this tracking controller has sev-
eral essential units. The inverse dynamics unit calculates the required joint torques
based on the robot dynamics. This dynamic model is different for the single and
double support phase because during single support the robot has 6 DOF and dur-
ing double support the number of DOF is reduced to 3 (which makes the system
over-actuated). This unit is based on the computed torque method consisting of a
feedforward part and a PID feedback loop. Subsequently for each joint a delta-p unit
translates the calculated torques into desired pressure levels for the two muscles of
the antagonistic set-up. Finally, a bang-bang controller with dead zone determines
the necessary valve signals that control the actions of a set of on/off valves to set
the correct pressures in the muscles. The complete control structure, trajectory gen-
erator and joint trajectory tracking controller, was experimentally validated on the
robot. First a comparison is made between the method based on the inverted pendu-
lum model and the preview control method. The former requires less computations
but the real ZMP differs more from the desired one in comparison with the preview
control method. The use of the latter method results in a higher attainable walking
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speed of 0.15m/s while the first method can attain 0.11m/s. This is quite fast for
an actively controlled pneumatic biped. This speed limitation has two causes. The
robot always has to walk with flat feet due to the lack of a toe-joint so the maximum
step length is 18cm. Another reason is due to the ability of the valves to follow the
desired pressure course. Especially the exhaust valves cannot follow the imposed
values above a speed of 0.15m/s. An indication of the robustness of the controller
was shown by randomly adding and releasing a mass of 6kg (18% of robots weight)
during walking.

Chapter 5 concerns the adaptability of the compliance of the actuators. A strategy
is developed to combine active trajectory control with the exploitation of the natural
dynamics in order to reduce energy consumption. This study was not performed on
the biped Lucy, but on a single pendulum structure powered by pleated pneumatic
artificial muscles. First sinusoidal trajectories were studied. By changing the stiff-
ness an optimal constant stiffness could be found for which the airmass consump-
tion was minimal. A mathematical formulation was derived to calculate this optimal
value which is dependent of the physical properties of the pendulum and the fre-
quency of the imposed motion. The idea behind the mathematical formulation is to
fit the actuator compliance to the natural compliance of the desired trajectory. The
natural stiffness of the desired trajectory is calculated as the derivative of the torque
necessary to track the desired trajectory with respect to the joint angle. For trajecto-
ries more complex than a sinusoidal function, the optimal stiffness as calculated with
the previous strategy is not a constant anymore. It was shown however that chang-
ing the compliance costs a lot of energy and a fixed compliance strategy should be
preferred. Both for a trajectory consisting of a sum of two sinusoidal functions and a
hip trajectory calculated by the trajectory generator the average stiffness seems to be
a good approximation of the optimal stiffness. The average stiffness is defined here
as the slope of the first order linear regression line fitted to the torque-angle curve.
This strategy could not be implemented in the real biped because the walking speed
of the robot is too slow to benefit from a compliance adaptation. In the last part of
the section about compliant actuation for exploitation of natural dynamics different
designs of compliant actuators with a spring element are compared. For all the de-
signs holds that the energy consumption for a sinusoidal trajectory is much less than
in the case stiff actuators. If a compliance is chosen away from the optimal then the
energy consumption for an antagonistic setup were the endpoints of the springs are
not coupled mechanically increases very fast and becomes much higher than in the
case where stiff actuators are used. The conclusion is that an antagonistic setup is
less appealing regarding energy consumption. The reason is that in order to change
the torque or compliance both actuators have to work, while energy from one motor
cannot be recovered in the other motor. This is not the case when the equilibrium
position and compliance can be set independently.

In the same chapter, preliminary jumping motions were analyzed, thereby show-
ing the capability of muscles to absorb impact shocks. Further research in this field
was made impossible by the limited joint range. Strategies for exploiting the capabil-
ity of the muscles to store and release motion energy therefore were not developed.
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The goal of this work was to give an answer to the following questions:
Can pneumatic artificial muscles be used for dynamic balanced bipedal locomo-

tion in a trajectory controlled manner? The robot Lucy has been built and a control
architecture has been developed to dynamically stabilize the pneumatic biped. It is
currently the fastest and one of the most advanced robots in the field of trajectory
controlled pneumatic bipeds.

How to control the adaptable compliance of a joint powered by passive compliant
actuators? A compliance controller has been developed to control the compliance of
the actuators to reduce the energy consumption. Because the current walking speed
of the robot is too slow to benefit from the exploitation of the natural dynamics, it is
not yet implemented in the biped.

Please go to http://lucy.vub.ac.be/phdlucy.wmv to watch a video of the biped
Lucy. The video starts with a brief history of some milestones in the construction of
the robot. Afterwards videos of the experiments described in this work are shown.
http://lucy.vub.ac.be is the site of the biped Lucy containing publications, press
coverage and other information.

6.2 Future Work

The knowledge gathered during this project is currently extended towards other ap-
plications developed at the Robotics & Multibody Mechanics Research Group. Two
new projects are situated in the emerging field of medical rehabilitation robotics.
The ALTACRO project (54), which stands for “Automated Locomotion Training us-
ing an Actuated Compliant Robotic Orthosis”, focuses on the design, construction
and testing of a step rehabilitation robot for patients suffering from gait disorders.
Introducing compliance in the actuation opens up the possibility for new therapies,
for example in combination with Functional Electrical Stimulation (FES). Another
project is the design of an intelligent transtibial prosthesis actuated by the pneumatic
actuators (429). The use of these pneumatic actuators allows both the incorporation
of adaptable compliance in the prosthesis by regulating the internal air pressure and
the generation of the required plantar flexion torque for obtaining a normal gait
pattern.

The more fundamental research towards the use of compliant actuators for
bipedal locomotion is certainly not finished. The optimal choice between the
trajectory-controlled robots on one side and the group of robots derived from the
passive walkers on the other side is not yet found. This will be a robot, like a hu-
man, which can execute all the desired motions in combination with the exploitation
of the natural dynamics to reduce energy consumption. A lot of research activity is
currently observed to extend the capabilities of powered passive walkers. However
there is little research going on in the path followed by the author: combining trajec-
tory tracking with compliance adaptation to exploit natural dynamics. In chapter 5
a strategy is proposed to adapt the compliance in function of the desired trajectory.
This is not yet tested on a complete biped. The trajectories of chapter 3 have been
built to ensure dynamic stability, but no considerations about energy consumption
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have been made. Thus, a new trajectory generator is needed which combines the
possibilities of compliance adaptation and trajectory generation.

Few robots are yet able to walk on surfaces were legged robots do have a real
advantage over wheeled robots: rough terrain and uneven structures. When the actu-
ally most advanced humanoid robot Asimo gives a show, the technical requirements
are that the floor surface has irregularities of at most 2mm and the horizontal devia-
tion is at most 1◦. No slippery or springy floors are allowed. For HRP-2 a stabilizer
has been developed that can cope with slightly uneven terrain. The surface may have
gaps smaller than 20mm and slopes < 5%. Terrain maps can be built using stereo vi-
sion. However, methods for 3D reconstruction of surfaces of a real environment are
computationally very expensive. This is a disadvantage because the reconstruction
has to be performed in real-time and together with other processes such as motion
planning, trajectory generation and stabilization. Given a height map of the terrain
and a discrete set of possible footstep motions, planners are developed to generate
a sequence of footstep locations to reach a given goal state. Typically errors of such
stereo vision data in height are, for the humanoid robot HRP-2, of 20mm when the
robot stands still (462). One can conclude that for a range of sizes of obstacles on
one side the robot cannot see them and on the other side the robot is unable to walk
over rough terrain without initially knowledge of the structure of the surface. Com-
pliance can be the key to solve this gap. A control method using stiff actuators will
reach the desired position whatever the external forces are and will reject any dis-
turbances. In case of an unknown structure the desired position will be reached, this
does not mean that a good and firm contact between sole and ground is established.
Here flexibility is required. The author believes that a strategy based on active or
passive compliant actuators can give good results. The latter has the advantage that
it is able to absorb impact chocks occurring at higher walking speeds, but the control
is probably more difficult.

Compliant actuators are very crucial for hopping and running robots to store
and release motion energy. Humans run energy efficiently by storing motion en-
ergy mainly in the Achilles tendon and the stored energy is released during the next
hop. A strategy from which robots with stiff actuators cannot benefit. At impact all
the energy is lost. Moreover such stiff structure creates big impact shocks, possibly
damaging electronics and mechanics. Consequently strategies have to be develo-
ped to reduce impact effects. A possibility is to retract the leg just before touch
down. Such a strategy is superfluous when compliant actuators are used. The con-
trol strategy should set an optimal compliance depending on hop-height/frequency
or running speed, add energy to compensate for the friction and impact losses and
one should add control to maintain stability.

Crucial for a robot to be ever allowed in a human environment will be a guaran-
teed safe human-robot interaction. In this field compliant actuation also can play a
major role. Besides a soft skin the structure must behave inherently flexible to mini-
mize the damage in case of an impact. Besides collision with other objects the robot
must also be able to fall without getting damaged. Compliant actuators can reduce
impact shocks and a strategy should detect if a fall occurs and position the robot in
an optimal posture and compliance depending on the way the robot is falling.
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The compliant actuator used during this project were the pleated pneumatic arti-
ficial muscles in an antagonistic setup. In this work some advantages of the muscles
were stated. However, some disadvantages were also encountered. The muscles need
valves, buffers, tubing and silencers which are quite complex, heavy and noisy. The
bandwidth of the muscles is dependent on how fast air can be put in and out the
muscles and this is yet not fast enough to reach walking speeds comparable with the
speed of human walking. Especially depressurizing the muscle takes much time. The
compliance range is limited and an antagonistic setup is not good for energy efficient
walking. The PPAMs are also difficult to produce and the production time is long,
although the newly developed 3rd generation copes with the problem. Compressed
air is delivered by an external source in the lab. To make the robot autonomous the
air compressor or tank should be taken onboard. Using batteries is far more easy.
Although different designs of compliant actuators are currently under investigation,
the ultimate design combining a stiffness range from completely stiff to zero stiff-
ness, lightweight and compact and easy to control has not yet been invented. One
can conclude that in the field of compliant actuation a lot of research is still possible,
on the actuator itself, the applications, how to control the compliance, etc. Within
the robotics community even a lot of misunderstanding between viewpoints exists
concerning this field and the discussion has certainly not come to an end.

Despite the mentioned disadvantages, the complete study of Lucy has given im-
portant research results. Out of nothing a complete robot was built and programmed
into a walking biped in a short period and with limited resources. This offered us
many insights in different disciplines and gave interesting ideas on how a new biped
should look like. In the meantime Lucy became world famous and hopefully the
work inspired many other researchers.



Appendix A
Thermodynamic Model

In this section the first order differential equation describing the pressure changes
inside the muscle valve system is formulated. The discussion is based on the works
of Daerden (104) and Brun (66).

The first law of thermodynamics is applied to a muscle with its valve island of 6
on/off valves. The muscle itself and its tubing until the different input and exhaust
valve orifices are taken as control volume V . Figure (A.1) gives a schematic rep-
resentation where the two inlet valves and the four exhaust valves are respectively
depicted as one inlet and one exhaust. The first law is given in its rate form and 
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Fig. A.1 Muscle and valves on time step t and t +dt.

expresses that the variation of the total energy of an amount of fluid is equal to the
sum of the work done by the exerted forces and the net heat transfer with the sur-
rounding. Assuming a uniform thermodynamic state inside the control volume the
first law of thermodynamics can be written as follows (variation referred to time):

dU + dEk + dEp = δW + δQ (A.1)

with:
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dU = variation of the fluid’s total internal energy

dEk = variation of the fluid’s total kinetic energy

dEp = variation of the fluid’s total potential energy

δW = work done by external forces

δQ = the net transfer of heat across the boundary

The pressurized air can be regarded as an ideal gas for which the following relations
hold:

PV = mrT (A.2)

u = cv(T − T0) (A.3)

h = cp(T − T0) (A.4)

cp = cv + r (A.5)

with:

P = absolute pressure (A.6)

V = air volume (A.7)

m = air mass (A.8)

T = temperature (A.9)

r = dry air gas constant = 287Jkg−1K−1 (A.10)

u = specific internal energy (A.11)

h = specific enthalpy (A.12)

cv = constant volume specific heat = 718Jkg−1K−1 for dry air at 300K (A.13)

cp = constant pressure specific heat = 1005Jkg−1K−1 for dry air at 300K (A.14)

T0 = reference temperature which is taken zero (A.15)

To calculate the different variations in equation A.1 for the open muscle-valve sys-
tem, the constant mass (m + dmi + dme) is studied at two instant time steps t and
t + dt as depicted in figure (A.1). At time t, pressurized air with mass dmi is about
to enter the control volume V while mass m + dme is inside this volume. At t + dt
mass dme is leaving while the mass inside the control volume is m+dmi. Evaluating
equation A.3 between the two time steps results in:

dU = [(m+ dmi)cv (T + dT)+ dmecvTe]− [(m+ dme)cvT + dmicvTi] (A.16)

While neglecting second order terms, equation A.16 leads to:

dU = mcvdT + dmicv(T − Ti)+ dmecv(Te − T) (A.17)
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Neglecting furthermore the kinetic energy of the air inside the muscle against the
kinetic energy of the inlet and exhaust, the variation of kinetic and potential energy
becomes:

dEk = dme
C2

e

2
− dmi

C2
i

2
(A.18)

dEp = dmegze − dmigzi (A.19)

The work exchanged with the environment, while assuming reversibility, is ex-
pressed as:

dW = −PdV + PidVi − PedVe (A.20)

with the first term, the work done by the muscle and the other two terms associated
with the work needed to transport dmi and dme in and out the muscle volume.

Combining the first law of thermodynamics (A.1) with equations (A.17), (A.18),
(A.19) and (A.20) gives:

mcvdT + cvT (dmi − dme) = −PdV
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)
+ δQ (A.21)

with vi and ve the specific volume of inlet and exhaust. Taking into account conser-
vation of mass and the definition of enthalpy:

dm = dmi − dme (A.22)

h = u + Pv (A.23)

Differentiating the perfect gas law (A.2) gives:

d (PV ) = PdV +VdP = mrdT + rTdm (A.24)

Using (A.24), equation (A.21) can be transformed to:
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Flows through small orifices, such as valves and tubes, are assumed to be adia-
batic and since no mechanical work is exchanged with the surroundings, for these
situations is stated:
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h +
C2

2
= constant (A.26)

Thus for inlet and exhaust can be written:

hi +
C2

i

2
= hs = cpTs (A.27)

he +
C2

e

2
= h = cpT (A.28)

with hs and Ts the enthalpy and temperature of the pressurized air supply buffer,
h and T are the enthalpy and temperature of the pressurized air inside the mus-
cle volume. For equations (A.27) and (A.28) kinetic energy is neglected since the
considered volumes are assumed large enough. Taking into account these two equa-
tions and the definition γ = cp/cv and relation (A.5), the energy balance (A.25) can
be rewritten in the following form, if potential energy of the air masses is neglected:

dP = − γ
V

(PdV + rTsdmi − rTdme +(γ − 1)δQ) (A.29)

If furthermore an adiabatic process is considered, δQ = 0, equation (A.29) becomes:

dP =
γ
V

(−PdV + rTsdmi − rTdme) (A.30)

Expression (A.30) is valid for the so called isentropic process, where adiabatic and
reversibility conditions are assumed. The non-ideal conditions can be represented in
analogy with the polytropic process, by substituting γ with a polytropic coefficient
n in equation (A.30) (n = 1.2):

dP =
n
V

(−PdV + rTsdmi − rTdme) (A.31)

with dmi and dme determined by air flows through the different inlet and exhaust
valves and dependent on the number of valves that are opened.



Appendix B
Kinematics and Dynamics of the Biped Lucy
during a Single Support Phase

B.1 Kinematics

The biped model during a single support phase is depicted in figure B.1. For the
following derivations it is supposed that both legs are identical. Hereby assuming
all inertial properties and the length of the upper and lower leg to be pairwise equal.
li, mi and Ii are respectively the length, mass and moment of inertia with respect
to the local COG Gi of link i. The location of the COG’s Gi are given by J1G1 =
J6G5 = αl1, J2G2 = J5G4 = β l2 and J3G3 = γl3 and for the foot J6G6 = σ l6 where
0 < α,β ,γ,σ < 1. The position of each link i is given by the angle θi, measured
with respect to the horizontal axis.

1

J1

θ

X

Y

Z

θ2

θ3

θ4

θ5

θ6

G1,m1,I1

G2,m2,I2

G3,m3,I3
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J2

J4

J5

J6

J3

l3

γl3
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βl2

l1αl

σl6

l6

H

 

Fig. B.1 Model of the biped during a single support phase.
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The hip takes a central position, so the location of the different COG’s is calcu-
lated with reference to this point.

XH = l1 cosθ1 + l2 cosθ2 (B.1a)

YH = l1 sinθ1 + l2 sin θ2 (B.1b)

The vectors defining the position of the local COG’s of each of the five links are
calculated as:

OG1 = (XH ,YH)T − (1 − α)l1 (cosθ1,sinθ1)
T − l2 (cosθ2,sin θ2)

T (B.2a)

OG2 = (XH ,YH)T − (1 − β )l2 (cosθ2,sin θ2)
T (B.2b)

OG3 = (XH ,YH)T + γl3 (cosθ3,sinθ3)
T (B.2c)

OG4 = (XH ,YH)T − (1 − β )l2 (cosθ4,sinθ4)
T (B.2d)

OG5 = (XH ,YH)T − (1 − α)l1 (cosθ5,sinθ5)
T − l2 (cosθ4,sin θ4)

T (B.2e)

OG6 = (XH ,YH)T + σ l6 (cosθ6,sinθ6)
T

− l1 (cosθ5,sinθ5)
T − l2 (cosθ4,sin θ4)

T (B.2f)

The position of the global COG of the robot, stance foot not included, is given by:

OG = (XG,YG)T (B.3)

with:

XG = XH + a1 cosθ1 + a2 cosθ2 + a3 cosθ3

+ a4 cosθ4 + a5 cosθ5 + a6 cosθ6 (B.3a)

YG = YH + a1 sinθ1 + a2 sinθ2 + a3 sinθ3

+ a4 sinθ4 + a5 sinθ5 + a6 sinθ6 (B.3b)

and:

a1 = −(1 − α)η1l1

a2 = −[
η1 +(1 − β )η2

]
l2

a3 = γη3l3

a4 = −[
η1 + η6 +(1 − β )η2

]
l2

a5 = −[
η6 +(1 − α)η1

]
l1

a6 = ση6l6

and:
ηi =

mi

2(m1 + m2)+ m3 + m6
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The first and second derivative of (B.3a) and (B.3b), which are required for the
derivation of the dynamic model and the ZMP, are straightforward and thus not
explicitly listed here.

B.2 Dynamics

With the swing foot included, the robot has 6 DOF during the single support phase
if the robot is assumed to move only in the sagittal plane. These degrees of freedom
are represented by the 6-dimensional vector:

q =
[
θ1 θ2 θ3 θ4 θ5 θ6]T (B.4)

The dynamics are represented by 6 equations of motion of which the i th equation
can be written with the Lagrange formulation as:

d
dt

{
∂K
∂ q̇i

}
− ∂K

∂qi
+

∂U
∂qi

= Qi (i = 1 . . .6) (B.5)

with K and U, respectively the total kinetic and gravitational energy of the robot, Qi

are the generalized forces associated with the generalized coordinates qi.
The total kinetic energy can be found by the summation of the separate kinetic

energy values of each link:

K =
6

∑
i=1

Ki =
1
2

6

∑
i=1

(
miv

2
Gi

+ Iiθ̇ 2
i

)
(B.6)

with v̄Gi =
(
ẊGi,ẎGi

)T
the velocity of the COG of link i and θ̇i the angular velocity.

The expression of the total kinetic energy is quite long and is not explicitly listed
here.

The gravitational (potential) energy is given by:

U = MgYG (B.7)

The generalized forces are the different net torques acting on each link of the
robot (see figure B.2):

Q = τ =

⎡
⎢⎢⎢⎢⎢⎢⎣

τ1

τ2

τ3

τ4

τ5

τ6

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

τKS − τAS

τHS − τKS

−τHS − τHa

τHa − τKa

τKa − τAa

τAa

⎤
⎥⎥⎥⎥⎥⎥⎦

(B.8)

The H, K and A stands for “Hip”, “Knee” and “Ankle” respectively, a stands for
“air”, and s for “stance”. Expression (B.8) gives the relations between net torques
and applied joint torques.
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Fig. B.2 Definition of net torques and joint torques.

The 6 equations of motion (B.5) can be written in the following form (376):

D
(
q
)
q̈+C

(
q, q̇

)
q̇+ G

(
q
)

= τ (B.9)

with D
(
q
)

the inertia matrix, C
(
q, q̇

)
the centrifugal/coriolis matrix, G

(
q
)

the grav-
itational torque vector and τ the net torque vector.

The inertia matrix can be calculated with the following relation to the kinetic
energy:

K =
1
2

q̇T D
(
q
)
q̇ (B.10)

The elements of the centrifugal/coriolis matrix ck j can be found with the follow-
ing expression (376):

ck j =
6

∑
i=1

ci jkθ̇i =
6

∑
i=1

1
2

{
∂dk j

∂θi
+

∂dki

∂θ j
− ∂di j

∂θk

}
θ̇i (B.11)

with ci jk the so called Christoffel symbols and di j the elements of the inertia matrix
D

(
q
)
. The elements of the gravitational torque vector gi are given by:

gi =
∂U
∂qi

(B.12)

As a result all the parameters of the dynamic model are given below:
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• Inertia matrix D
(
q
)
:

d11 = I1 + l2
1

[(
1 + α2)m1 + 2m2 + m3 + m6

]
d12 = l1l2 [m1 +(1 + β )m2 + m3 + m6]cos(θ1 − θ2) = d21

d13 = l1l3γm3 cos(θ1 − θ3) = d31

d14 = l1l2 [(β − 1)m2 − m1 − m6]cos(θ1 − θ4) = d41

d15 = l2
1 [(α − 1)m1 − m6]cos(θ1 − θ5) = d51

d16 = l1l6m6σ cos(θ1 − θ6) = d61

d22 = I2 + l2
2

[
m1 +

(
1 + β 2)m2 + m3 + m6

]
d23 = l2l3γm3 cos(θ2 − θ3) = d32

d24 = l2
2 [(β − 1)m2 − m1 − m6]cos(θ2 − θ4) = d42

d25 = l1l2 [(α − 1)m1 − m6]cos(θ2 − θ5) = d52

d26 = l2l6m6σ cos(θ2 − θ6) = d62

d33 = I3 + γ2l2
3m3

d34 = 0 = d43

d35 = 0 = d53

d36 = 0 = d63

d44 = I2 + l2
2

[
m1 +(1 − β )2 m2 + m6

]

d45 = l1l2 [(1 − α)m1 + m6]cos(θ4 − θ5) = d54

d46 = −l2l6m6σ cos(θ4 − θ6) = d64

d55 = I1 + l2
1

[
m1(1 − α)2 + m6

]
d56 = −l1l6m6σ cos(θ5 − θ6) = d65

d66 = I6 + l2
6m6σ2

• Centrifugal/coriolis matrix C
(
q, q̇

)
:

c11 = 0 = c22 = c33 = c44 = c55 = c66

c12 = l1l2 [m1 +(1 + β )m2 + m3 + m6]sin(θ1 − θ2) θ̇2

c13 = l1l3γm3 sin(θ1 − θ3) θ̇3

c14 = −l1l2 [m1 +(1 − β )m2 + m6]sin (θ1 − θ4) θ̇4

c15 = −l2
1 [(1 − α)m1 + m6]sin(θ1 − θ5) θ̇5

c16 = l1l6m6σ sin(θ1 − θ6) θ̇6

c21 = −l1l2 [m1 +(1 + β )m2 + m3 + m6]sin(θ1 − θ2) θ̇1

c23 = l2l3γm3 sin(θ2 − θ3) θ̇3

c24 = −l2
2 [m1 +(1 − β )m2 + m6] sin(θ2 − θ4) θ̇4
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c25 = −l1l2 [(1 − α)m1 + m6]sin(θ2 − θ5) θ̇5

c26 = l2l6m6σ sin(θ2 − θ6) θ̇6

c31 = −l1l3γm3 sin(θ1 − θ3) θ̇1

c32 = −l2l3γm3 sin(θ2 − θ3) θ̇2

c34 = 0 = c35 = c43 = c53 = c63 = c36

c41 = l1l2 [m1 +(1 − β )m2 + m6]sin(θ1 − θ4) θ̇1

c42 = l2
2 [m1 +(1 − β )m2 + m6] sin(θ2 − θ4) θ̇2

c45 = l1l2 [(1 − α)m1 + m6] sin(θ4 − θ5) θ̇5

c46 = −l2l6m6σ sin(θ4 − θ6) θ̇6

c51 = l2
1 [(1 − α)m1 + m6]sin(θ1 − θ5) θ̇1

c52 = l1l2 [(1 − α)m1 + m6] sin(θ2 − θ5) θ̇2

c54 = −l1l2 [(1 − α)m1 + m6]sin(θ4 − θ5) θ̇4

c56 = −l1l6m6σ sin(θ5 − θ6) θ̇6

c61 = −l1l6m6σ sin(θ1 − θ6) θ̇1

c62 = −l2l6m6σ sin(θ2 − θ6) θ̇2

c64 = l2l6m6σ sin(θ4 − θ6) θ̇4

c65 = l1l6m6σ sin(θ5 − θ6) θ̇5

• Gravitational torque vector G
(
q
)
:

g1 = [(α + 1)m1 + 2m2 + m3 + m6]gl1 cosθ1

g2 = [m1 +(β + 1)m2 + m3 + m6]gl2 cosθ2

g3 = γm3gl3 cosθ3

g4 = [−m1 +(β − 1)m2 − m6]gl2 cosθ4

g5 = [(α − 1)m1 − m6]gl1 cosθ5

g6 = gl6m6σ cosθ6



Appendix C
Details of the Electronics

C.1 Joint Micro-controller Board

Figure C.1 gives a detailed overview of the micro-controller board which is provided
for each modular unit. This micro-controller board regulates muscle pressure with
the bang-bang control structure. Furthermore, it handles sensory inputs originating
from two pressure sensors and an encoder, and provides a buffered interface between
the central PC and the local micro-controller. The same board architecture is also
used for an extra micro-controller, which handles additional sensory information
such as absolute robot position, supply pressure conditions, ground reaction forces
and control of the treadmill.

The core of the joint controller board is the MC68HC916Y3 micro-controller of
Motorola. It has a 16 bit central processor unit, CPU, and a separate processor, TPU,
which is designed to handle sensory input and control output without disturbing
the CPU.

The micro-controller unit can be debugged and programmed via the serial SDI
interface which is a commercially available device. A 10 pin connector is provided
to link the essential pins to the SDI debugger module. This interface has only been
used during the development of the micro-controller board. Currently, the micro-
controllers are programmed via the 16-bit communication interface.

This interface is created with a dual ported RAM unit. This unit provides a
buffered structure which communicates with the Cypress micro-controller commu-
nication interface board (see C.7). Two dual ported ram chips IDT7130SA (8 bit
wide) are used to create the 16-bit parallel bus interface. Each chip has 1Kbyte of
memory, the first chip is used to store the lowest byte of the 16-bit data, while the
other stores the highest byte. The memory is physically divided into a read data
block and a write data block by connecting the R/W signal to address line number 8
of the dual ported RAM memory. The highest address line is not used, which means
that two memory storage places are provided for 256 16bit wide data. Due to the
divided structure into a read and write block, it is never possible to access a memory
place from both sides simultaneously, therefore the BUSY and INT pins of the dual
ported RAM units are not used.
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The connector to the USB interface board redirects the pins of port PF which
can be used to generate interrupts on the CPU (MC68HC916Y3) and give acknowl-
edge signals to the communication master. E.g. the Cypress USB micro-controller,
which is the communication master controlling the communication sampling rate,
generates an interrupt on the CPU of all the Motorola micro-controllers each com-
munication sample. Furthermore these pins are used to reset all the Motorola CPUs
and in the other direction, to acknowledge to the communication master that the
specific Motorola CPU is ready for a read or write action.

One connector is provided for the interface to the sensors and the valves. These
valves are controlled by several TPU signals. The micro-controller board provides
6 separate signals to control the 6 valves of a valve island, but currently only 4 of
them are used since three exhaust valves are switched together. The 3 incremental
encoder channels are also connected with the TPU, which presents a position signal
to the CPU without demanding any processor time. Additionally, one of the two
main channel of the encoder are linked with a secondary TPU pin in order to esti-
mate angular joint rotation speed. This speed is determined by a time measurement
between two neighboring encoder flanks. The 12-bit digital signals of the two pres-
sure sensors are linked to the micro-controller via the serial SPI interface. Finally,
port G is connected with 8 LEDs which are used to visualize the different operation
modes of the robot.

Resetting the controller can be done by a local button on the micro-controller
board or by the USB micro-controller via the dual ported RAM units. The local reset
and micro-controller initialization scheme uses an AND-port (chip 4023) structure
as clearly explained in the data sheets. Furthermore are provided an oscillation cir-
cuit to generate the clock for the CPU, two RS232 interfaces and a flash EEPROM
programming circuit, all described in the data sheets.

The communication software is programmed into the flash EEPROM and works
with two essential modes: program and run mode. These modes are selected by the
first word of the communication data block, which come with 32bytes each sample.
Program mode is selected to load the micro-controller with the specific low-level
controller program, such as e.g. the bang-bang controller, and in the run mode this
downloaded program is executed while exchanging necessary control data with the
central PC. So there is no fixed controller design programmed in the controller but
it is downloaded each time the robot is initialized. This creates a fast and flexible
experimental low-level control board for which different controller strategies can be
implemented easily.
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Fig. C.1 Electronic scheme of joint micro-controller board.
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C.2 Speed-up Circuitry

In order to enhance the opening time of the Matrix valves, the manufacturer pro-
poses a speed-up in tension circuitry. With a temporal 24V during a period of 2.5ms
and a remaining 5V the opening time of the valves is said to be 1ms. But during
practical tests more than double values for the opening time were recorded. The
opening tension is therefore increased to 36V , but the time during which this volt-
age is applied is decreased to the actual opening time of 1ms, such that the valves
do not get overheated.

Figure C.2 gives the complete electronic scheme of the speed-up circuitry. Four
identical schemes are provided, two for inlet and two for exhaust valves, of which
one circuit commands three exhaust valves to open and close simultaneously. For
each circuitry two LED’s are provided in order to visualize valve action, one of
them only lights up when the increased voltage is applied. These LEDs are impor-
tant to check if the pressure control block is properly working. For each circuitry,
the micro-controller commands a valve via discrete 5V on/off signals. These sig-
nals directly activate mosfet Q1 (IRF530) in order to apply 5V over the valve. The
same signal passes parallel through a one-shot (74LS123) in order to increase the
applied voltage over the valve during the first 1ms of valve activation. The output
of the one-shot therefore temporally activates mosfet Q2 (IRF610) which on its turn
commands mosfet Q3 (IRF9540) to branch the 36V supply to a valve. Whenever the
micro-controller commands a valve to close, by disabling mosfet Q1, the discharge
path is connected to the increased supply source via diode D2. This provides a fast
discharge of the electromagnetic energy stored in the valve, which results in a faster
closing time.
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Fig. C.2 Electronic scheme of the speed-up circuitry.
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C.3 Pressure Sensor

Figure C.3 depicts the electronic scheme which conditions the pressure sensor sig-
nal. The most important component is the absolute pressure sensor, CPC100AFC,
from Honeywell. This sensor measures absolute pressure values up to 100psi
(6.9bar) and has an accuracy of about 20mbar. Approximately 100mV for each
100psi is generated, meaning 14.5mV for 1bar. The output of the pressure sensor
is amplified by a differential amplifier. The gain of this amplifier is approximately
63.2. In order to avoid as much as possible noise generation, the amplified pressure
signal (V0) is immediately digitized by a 12bit analog to digital converter. A stable
reference voltage for this converter is locally generated by a cascade circuit of two
zener diodes. The negative input (-IN) of the AD-converter is augmented with a
fixed voltage to roughly compensate atmospheric pressure. The AD-converter chip
communicates with the micro-controller unit by a serial SPI interface, which is typ-
ically used for communication between chips and micro-controllers. A comparator
LM324 is provided to generate an alarm signal in order to protect the muscle against
pressure overload. This signal is not treated by the micro-controller, but immediately
acts on the central pressure supply valve (see 2.7.1.2). Whenever the muscle gauge
pressure exceeds approximately 4.2bar, the pressure supply is cut-off. The pressure
sensor circuit is calibrated each time the robot is initialized. This calibration is per-
formed via an other pneumatic calibration circuit with an additional pressure sensor.
In order to pass through the entrance of a muscle, the diameter of the sensor and its
electronics is made small (12mm).



C.3 Pressure Sensor 239

C
2

+
IN

G
N

D

-IN V
ref

C
LK

V
cc

C
s

D
out

R
12

1k

-
o
u
t

1
2
 
V

+
o
u
t

G
N
D

C
O
N
N
E
C
T
O
R

R
5

560K

-+

LM
324

R
6

100K

-+

LM
324

R
15

10K

-+

LM
324

R
14

56K

R
3

18k

- +

LM
324

D
2

B
Z

X
79C

4V
7

L
C
T
1
2
8
6
C
S
8

R
9

100K

C
1

R
8

100K

R
13

100

+
12V

C
LK

D
out

C
S

G
N

D

A
LA

R
M

A
D
 
C
O
N
V
E
R
T
E
R

P
R
E
S
S
U
R
E

S
E
N
S
O
R

C
P
C
1
0
0

R
7

100K

M
I
C
R
O

C
O
N
T
R
O
L
L
E
R

R
4

560K

D
1B
Z

X
79C

5V
1

 

Fig. C.3 Electronic scheme of the pressure sensor.
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C.4 Foot Measurement Board

An electronic scheme of the foot measurement board is shown in figure C.4. The
ground reaction forces are measured by load cells of Transducer Techniques (THA-
250-Q). A commercial strain gauge amplifier of RS-components (846-171) is used
to amplify the signal of the full bridge circuit. The chip requires also a negative
supply voltage of −10V . To avoid the necessity of a new power supply a DC/DC-
converter of Traco Power (TEN 10-2422) is used which makes out of 24V +/−12V .
The foot board has one such DC/DC-converter for the gauge amplifiers of the rear
and front load cell. The amplified force signal is digitized by a 12 bit AD-converter
(LTC 1286). A stable reference voltage for this converter is locally generated by
zener diodes. The AD-converter chip communicates with the micro-controller unit
by a serial SPI interface. Each foot has also a mechanical switch to detect if the foot

Fig. C.4 Electronic scheme of the foot measurement board.
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is on the ground or not. To provide a clean interface with the digital system switch
debouncers (MAX6816) are used.

C.5 Treadmill Control Board

The treadmill is powered by a 3 phase synchronous AC Motor controlled by the
frequency inverter ACS 350 from ABB. This motor drive contains a vector control to
provide enough torque at low rotation speeds. The steering signal and the measured
rotation speed of the motor are treated by a separate electrical board which can be
seen in figure C.5 This board contains opto-couplers so in case of a fault like an
overvoltage on one side, the other side is not corrupted, especially to protect the
low voltage electronics of the robot. This board is also connected to the emergency
buttons: if an emergency button is pressed the treadmill stops automatically.

The treadmill control board (figure C.5) connects the 7th micro-controller with
the frequency inverter ACS 350, which controls the motor of the treadmill. Essential
are the opto-couplers 6N139 for galvanic separation of the robot electronics and the
frequency inverter. A PWM signal coming from the TPU unit of the 7th micro-
controller represents the speed signal. This signal is inverted (74HCT04) and feeds
a LED and the opto-coupler 6N139. 4 emergency stops can be connected to this
board. These signals are merged by OR-gates and if one of the emergency stops is
pressed the power supply to the opto-coupler is turned off. After the opto-coupler
a first order filter, formed by a capacity and resistor, makes an analogues signal
between 0-10V for the frequency inverter. MC14538B is a monostable multivibrator.
When there are no pulses the output is driven so the Darlington transistor is low
and the frequency inverter is stopped. When pulses occur they are lengthened by
the multivibrator so they form a continuous high signal and the frequency inverter
is started. The drive has one programmable transistor output. In this application the
frequency inverter is programmed to give the speed signal. Through an opto-coupler
the signal is sent to the TPU unit of the 7th micro-controller. A manual switch makes
it possible to reverse the rotation speed.

The part of the frequency inverter is fed by the frequency inverter itself. The board
is designed so it consumes less than 200mA, the maximum current it can supply.
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Fig. C.5 Electronic scheme of the treadmill control board.
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C.6 Safety Board

The safety board is provided in order to control the supply pressure flow. It will
cut-off the supply pressure in case an emergency situation is met. It can also select a
lower calibration supply pressure required for the calibration of the 12 muscle pres-
sure sensors. Figure C.6 shows the electronic scheme of the safety board. There are
three valves which control the supply pressure. Opening valve 1 connects the robot
to the high supply pressure and valve 2 introduces a lowered calibration pressure.
Both valves are activated by a transistor circuit for which signals S1 or S2 have to
be logic zero in order to open valve 1 or valve 2 respectively. If these signals are
high, than valve 3 is opened in order to depressurize the robot. This happens when
the robot is not working or when a pressure alarm or emergency stop is activated.
A pressure alarm is induced by the pressure sensors in the muscles, whenever the
pressure exceeds approximately 4.5bar gauge pressure. In this case a rising flank
on the alarm signal switches the output of a D flip-flop to low logic state. The flip-
flop is used to remember this emergency state and close the pressure valve until a
manual reset is given on the safety board. All alarm signals have their own flip-flop
structure with an additional LED such that is can be easily detected in which mus-
cle the alarm signal was generated. An OR structure on all the flip-flop outputs in
combination with 4 mechanical emergency stops depressurizes the robot whenever
one of them alerts for a dangerous situation. Selection between the high or initial-
ization pressure is done by two external signals, which are commanded by the extra
micro-controller.
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Fig. C.6 Electronic scheme of the safety board.
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C.7 Cypress Communication Interface

C.7.1 Why USB 2.0?

Since a lot of extensive calculations are required due to the model based control al-
gorithms, a central PC is used. Therefore a fast communication line between PC and
robot hardware is provided. A fast communication line could be an extension of the
PC bus by means of a parallel data communication, but this kind of communication
is only suitable for short distance applications. For larger distances (several meters)
serial communication protocols are preferable. This section will deal about the elec-
tronics needed to make the connection and the design choices made to handle the
communication between the central PC and the 7 micro-controllers. This section
will not deal about how the USB protocol works. For more information (25; 35; 28)
is suggested.

Table C.1 shows an overview of some common interfaces.
RS-232 is not fast enough, FireWire is limited too much in allowable distance.

For this application it was chosen to use a USB 2.0 communication interface, which
has a data transfer rate of 480Mbit/s.

Other advantages for choosing an USB protocol are:

• A USB device can be plugged in anytime, even while the PC is turned on.
• When the PC detects that a USB device has been plugged in, it automatically

interrogates the device to learn its capabilities and requirements. From this infor-
mation, the PC automatically loads the devices driver into the operating system.
When the device is unplugged, the operating system automatically logs it off and
unloads its driver.

• USB devices do not use DIP switches, jumpers, or configuration programs. There
is never an IRQ, DMA, memory, or I/O conflict with a USB device. USB expan-
sion hubs make the bus simultaneously available to dozens of devices.

• Single connector type, the USB defines a single connector used to attach any
USB device. Additional connectors can be added with USB hubs.

Table C.1 Comparison between different interfaces

Interface Type max transmission max
# peripherals speed distance

USB serial 127 USB 1.0: 1.5Mbits/s, low speed 5m
USB 1.1: 12Mbits/s, full speed (with hubs

USB 2.0: 480Mbits/s, high speed up to 30m)
RS-232 serial 2 20 - 115kbit/s 15-20m

IEEE-1394 serial 64 400Mbit/s 4m
(FireWire) IEEE-1394b: 3.2Gbit/s
Ethernet serial 1024 10Mbit/s 4m

1Gbit/s
100Mbit/s
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C.7.2 EZ-USB FX2

Since the local Motorola controllers (6 joint controllers+1 extra controller) have a
16bit parallel communication bus via the dual ported RAM units, the serial USB
bulk communication data blocks have to be divided into 7 blocks of 16bit parallel
data. Therefore an extra micro-controller, EZ-USB FX2 from Cypress Semiconduc-
tors, is provided to act only as data transfer agent. The main reasons to choose the
EZ-USB FX2 were:

• An integrated, high-performance CPU based on the industry-standard 8051 pro-
cessor.

• A soft (RAM-based) architecture that allows unlimited configuration and up-
grades. Full USB throughput. USB devices that use EZ-USB chips are not limited
by number of endpoints, buffer sizes, or transfer speeds.

• Automatic handling of most of the USB protocol.
• No external power supply, The 3.3V power supply can be delivered by the 5V

power available at the USB connector (which the USB Specification allows to be
as low as 4.4V ).

This controller runs at 48Mhz and is able to transfer the serial data block of 226bytes
to the peripheral 16bit data bus in less than 50μs. Additional to the Cypress devel-
opment board, an electronic interface has been created to connect the peripheral bus
of the Cypress micro-controller to the different dual ported RAM units. Figure C.7
gives the electronic scheme of the interface. Since the Cypress controller works at
3V supply voltage level and the dual ported RAM units at 5V , all lines connecting
both parts are buffered via octal supply translating transceiver chips, 74LVC4245.
These have a tristate when not enabled, this is important especially for connecting
the data lines FD[i] of the Cypress controller to data lines D[i] of the dual ported
RAM units. Two chips, U1 and U2, are foreseen for the 16 bit data lines, which
work in both directions. The address lines are buffered with U3 which only trans-
lates in one direction as is the same for chip U4. The latter connects port PE of
the Cypress controller to the other micro-controllers in order to give communica-
tion commands. These are: selection of a specific dual ported RAM unit by means
of the line decoder chip U6, directing the R/W signal, global reset by software via
pin PE5 and two extra general purpose control pins connected to PF1 and PF2 of
the Motorola controller. These PF port pins can be controlled interrupt driven. In
the other direction, pins PF3 of all the Motorola micro-controllers are connected
separately to port PA of the Cypress controller. The pins PF4 of all Motorola con-
trollers are connected together via an AND gate to pin PA7. These signals are used
as communication acknowledgement signals, knowing that the Cypress controller
is the bus master. Furthermore, a dip switch is provided to act on pin PF5 in order
to select between two working modes. Finally, a general purpose interrupt can be
generated manually on pin PF7 of all controllers and a manual global reset button is
provided also.
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Fig. C.7 Electronic scheme of the cypress communication interface.
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C.7.3 USB Transfer Types

USB defines four transfer types. These match the requirements of different data
types delivered over the bus.

• Bulk Transfers
• Interrupt Transfers
• Isochronous Transfers
• Control Transfers

The EZ-USB FX2 is configured as Bulk Transfer for the robot application. Bulk
data is bursty, traveling in packets of 512bytes at high speed. The most important
reason to choose for this type is that it has guaranteed accuracy, due to an automatic
retry mechanism for erroneous data. The host schedules bulk packets when there is
available bus time.

C.7.4 EZ-USB FX2 Architecture

The FX2 packs all the intelligence required by a USB peripheral interface into a
compact integrated circuit. As figure C.8 illustrates, an integrated USB transceiver
connects to the USB bus pins D+ and D-. A Serial Interface Engine (SIE) decodes
and encodes the serial data and performs error correction, bit stuffing, and the other
signaling-level tasks required by USB. Ultimately, the SIE transfers parallel data to
and from the USB interface.

The high-level USB protocol is not bandwidth-critical, so the FX2s CPU is well-
suited for handling host requests over the control endpoint. However, the data rates
offered by USB 2.0 are too high for the CPU to process the USB data directly. For
this reason, the CPU is not in the high bandwidth data path between endpoint FIFOs
and the external interface. Instead, the CPU simply configures the interface, then
“gets out of the way” while the unified FX2 FIFOs move the data directly between
the USB and the external interface. To do this the General Programmable Interface
(GPIF) is used. This internal FX2 timing generator serves as an internal master,
interfacing directly to the FIFOs and generating user-programmed control signals
for the interface to external logic.

Fig. C.8 FX2 Simplified Block Diagram (28).
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C.7.5 FX2 Endpoint Buffers

The USB Specification defines an endpoint as a source or sink of data. Since USB is
a serial bus, a device endpoint is actually a FIFO which sequentially empties or fills
with USB data bytes. The host selects a device endpoint by sending a 4-bit address
and a direction bit. Therefore, USB can uniquely address 32 endpoints, IN0 through
IN15 and OUT0 through OUT15.

From the FX2s point of view, an endpoint is a buffer full of bytes received or
held for transmission over the bus. The FX2 reads host data from an OUT endpoint
buffer, and writes data for transmission to the host to an IN endpoint buffer. The
terms “IN” and “OUT” are from the viewpoint of the PC, because the PC is always
the master in a USB system. USB devices respond to host requests. USB devices
cannot send information among themselves, as they could if USB were a peer-to-
peer topology.

EP0 is the default CONTROL endpoint, a bidirectional endpoint that uses a single
64-byte buffer for both IN and OUT data.

Endpoints 2, 4, 6 and 8 are the large, high bandwidth, data moving endpoints. In
this application the endpoint 2 is used as OUT endpoint and 6 as IN endpoint.

C.7.6 Firmware

Because the FX2s configuration is soft, one chip can take on the identities of mul-
tiple distinct USB devices. The functionality of the controller, called the firmware,
isn’t stored in the memory of the chip itself, but on the central PC. This has as advan-
tage that it is easily adapted. When first plugged into USB, the FX2 enumerates au-
tomatically and downloads firmware and USB descriptor tables over the USB cable.
Next, the FX2 enumerates again, this time as a device defined by the downloaded
information. This patented two-step process, called ReNumerationTM , happens in-
stantly when the device is plugged in. The new programmed FX2 is visible in the
“Device manager”.

C.7.7 Driver

To communicate between the FX2 and the PC the proper device driver has to be
installed. A device driver is the software that Windows or a Windows based appli-
cation uses to interact with a piece of hardware. As a result the application doesn’t
need to bother about protocols, physical connections, signals and can stay platform
independent.

Because the FX2 is not a standard piece of hardware, a class driver can’t be
used. Examples of class drivers are the human interface device (HID) class, which
supports devices like mice, joysticks, and keyboards. Another is the monitor class,
which controls image position, size, and alignment on video displays. Custom
drivers are an alternative to class drivers.
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Because we didn’t want to write our own driver with for example Driver De-
veloper’s Kit (DDK), the generic driver “WinRT for USB” of BSQUARE is used.
Using this, developers can write application-level Win32 hardware control programs
for USB hardware and eliminate the need for device driver toolkits or custom device
driver development.

Communicating with the FX2 is then possible with easy to understand functions
as for example “WinRTBulkTransfer” and “FindBulkEndpoints”.
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• Trajectory Planning for the Walking Biped ’Lucy’
VERMEULEN Jimmy, VERRELST Bjorn, VANDERBORGHT Bram,
LEFEBER Dirk
International Journal of Robotics Research, Vol. 25, No. 9, 2006, pp. 867-887

• Controlling a Bipedal Walking Robot Actuated by Pleated Pneumatic Artificial
Muscles
VANDERBORGHT Bram, VERRELST Bjorn, VAN HAM Ronald, LEFEBER
Dirk
Robotica, Vol. 24, No. 4, July 2006, pp. 401-410

• Second Generation Pleated Pneumatic Artificial Muscle and Its Robotic Appli-
cations
VERRELST Bjorn, VAN HAM Ronald, VANDERBORGHT Bram, LEFEBER
Dirk, DAERDEN Frank, VAN DAMME Michael
Advanced Robotics, Vol. 20 No. 7, 2006, pp. 783-805

• Exploiting Natural Dynamics to Reduce Energy Consumption by Controlling the
Compliance of Soft Actuators
VANDERBORGHT Bram, VERRELST Bjorn, VAN HAM Ronald, VAN
DAMME Michael, LEFEBER Dirk, MEIRA Y DURAN Bruno, BEYL Pieter
International Journal of Robotic Research, Vol. 25, No. 4, April 2006, pp. 343-
358

• A real-time joint trajectory planner for dynamic walking bipeds in the sagittal
plane
VERMEULEN Jimmy, VERRELST Bjorn, LEFEBER Dirk, KOOL Patrick,
VANDERBORGHT Bram
Robotica, Vol. 23, No. 06, November 2005, pp. 669-680

• Control Architecture for the Pneumatically Actuated Dynamic Walking Biped
’Lucy’
VERRELST Bjorn, VANDERBORGHT Bram, VERMEULEN Jimmy, VAN
HAM Ronald, NAUDET Joris, LEFEBER Dirk
Mechatronics, Vol. 15, No. 6, July 2005, pp. 703-729
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• The Pneumatic Biped ’LUCY’ Actuated with Pleated Pneumatic Artificial
Muscles
VERRELST Bjorn, VAN HAM Ronald, VANDERBORGHT Bram, DAERDEN
Frank, LEFEBER Dirk, VERMEULEN Jimmy
Autonomous robots, Vol. 18, No. 2, March 2005, pp. 201-213

• Motion Generation and Control for the Pneumatic Biped ”Lucy”
VERRELST Bjorn, VERMEULEN Jimmy, VANDERBORGHT Bram, VAN
HAM Ronald, NAUDET Joris, LEFEBER Dirk, DAERDEN Frank, VAN
DAMME Michael
International Journal of Humanoid Robotics (IJHR), Vol. 3, No. 1, 2006, pp. 1-35

• Fast and Accurate Pressure Control Using On-Off Valves
VAN HAM Ronald, DAERDEN Frank, VERRELST Bjorn, VANDERBORGHT
Bram, LEFEBER Dirk
International Journal of Fluid Power, No. 6, 2005, pp. 53-58

• Treadmill walking of the pneumatic biped Lucy: Walking at different speeds and
step-lengths Authors: VANDERBORGHT Bram, VERRELST BJORN, VAN
HAM Ronald, VAN DAMME Michael, VERSLUYS Rino, LEFEBER DIRK
Reference: International Applied Mechanics, vol. 44, n. 7, 2008, pp. 134 - 142

• Objective locomotion parameters based inverted pendulum trajectory gener-
ator Authors: VANDERBORGHT Bram, VERRELST BJORN, VAN HAM
Ronald, VAN DAMME Michael, LEFEBER DIRK Reference: Robotics and Au-
tonomous Systems, vol. 56, n. 9, 2008, pp. 738 - 750

• Development of a compliance controller to reduce energy consumption for
bipedal robots Authors: VANDERBORGHT Bram, VERRELST BJORN, VAN
HAM Ronald, VAN DAMME Michael, BEYL Pieter, LEFEBER DIRK Refer-
ence: Autonomous Robots, vol. 15, n. 6, 2008, pp. 419 - 434

• Overview of the Lucy Project: Dynamic Stabilization of a Biped Powered by
Pneumatic Artificial Muscles Authors: VANDERBORGHT Bram, VAN HAM
Ronald, VERRELST BJORN, VAN DAMME Michael, LEFEBER DIRK Refer-
ence: Advanced Robotics, vol. 22, n. 10, 2008, pp. 1027 - 1051

• Dynamically Walking over Large Obstacles by a Humanoid Robot Authors:
STASSE Olivier, VERRELST BJORN, VANDERBORGHT Bram, YOKOI
Kazuhito Reference: IEEE Transactions on Robotics, vol. 25, n. 4, 2009, pp.
960 - 967

• Comparison of Mechanical Design and Energy Consumption of Adaptable,
Passive-compliant Actuators Authors: VANDERBORGHT Bram, VAN HAM
Ronald, LEFEBER DIRK, Sugar Thomas, Hollander Kevin Reference: Interna-
tional Journal of Robotics Research, vol. 28, n. 1, 2009, pp. 90 - 103

For a publication list including conference papers please visit
http://mech.vub.ac.be/bram.htm
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