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Historical Perspective of Humanoid Robot
Research in Europe

Yannick Aoustin, Christine Chevallereau, and Jean-Paul Laumond

Abstract

From the very first humanoid automation designed by Leonardo da Vinci in 1495 to
Pyréne — a fully force control humanoid robot — designed for research purpose in
2016, this chapter discusses the contributions of Europe in humanoid robot research
and development. It is organized around the presentation of the main
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influential platforms, followed by thematic contributions covering collaborative
robots, control, biomechanics, and neurosciences.

1 Introduction

The first sketches of a humanoid robot were made by Leonardo da Vinci around
1495 [1]. His notebooks contain several detailed drawings of a mechanical knight
which could stand, sit, yaw, move its arms and head, and raise its visor. Around
1738, Jacques de Vaucanson made an android that played the flute [2]. In the modern
era, European research laboratories began, in the late 1960s, to develop biped
and humanoid robots, and have made several major contributions to the field. For
example, the concept of the Zero Moment Point (ZMP), upon which most biped gait
syntheses have been developed, was first introduced by Vukobratovic in 1968 [3].
Although the first practical demonstration of ZMP was Kato’s dynamically balanced
biped WL-10RD [4] at the Wasewasda University in Japan, the Mihajlo Pupin Insti-
tute in Belgrade (now Serbia) continued to work under Vukobratrovic’s guidance on
the development of legged locomotion systems and active exoskeletons [5]. Devel-
opment of bipedal robot and humanoid robots has since accelerated across Europe.
However, given the international nature of many of the groups advancing the field,
a purely geographical presentation would exhaust and mislead the reader. European
Union policy is to encourage international collaboration, funding both consortia and
research fellowships that transcend national boundaries. This chapter will rather
attempt a functional classification of developments in Europe, grouping the various
initiatives by the research interests of the teams involved. For example, teams with
great expertise in the design of mechanical systems concentrate on the construction
of humanoid robots with a complex kinematic structure, and many actuated joints.
The robotics group at Delft University has made remarkable advances in mechanical
designs whose goal is energy conservation in passive bipedal robots. In Munich,
the robots Johnnie and then Lola attained significant walking speeds, dexterity, and
autonomy, thanks to their complex kinematics and sensors. Other teams focusing on
the problem of optimizing automatic control and orbital stability are also attracted to
the field, with the ambition of imitating the human gait, with its unbalance phases.
In Nantes, the Ls2n laboratory, working in collaboration with the Universities of
Michigan and Moscow, has made several theoretical contributions to the problem of
the orbital stability of periodic walking gaits in underactuated bipedal robots. These
machines may demonstrate underactuated walking, or even passive walking without
any actuators. Teams whose expertise is biomechanics build machines with springs
and compliant actuators to address the conservation of energy on foot impact. For
example, the University of Heidelberg and the Ecole Polytechnique Fédérale de
Lausanne have produced human-inspired mathematical models, and optimization
and learning algorithms applicable to robotic walking. Several humanoid robot
projects focus on the link between robotics and the neurosciences. This has led
to humanoid robots devoted to the task of cognition and learning, such as ICub,



HRP2, Teo, and so on. The private sector is also active in Europe. For example, PAL
Robotics, a manufacturing company based in Barcelona, has collaborated with Laas,
a CNRS-funded laboratory in Toulouse, on the development of the robot Pyrene.
The Paris-based company Aldebaran (owned, since 2015, by the Japanese company
SoftBank Robotics) developed and successfully commercialized the internationally-
known humanoid Nao.

This chapter is outlined as follows. The main research platforms are gathered
in Sect. 2 following the previously enumerated research axes. However, it is not
possible to understand and explain the existence of these remarkable achievements
without describing the spectrum of research in the fields of engineering sciences,
theoretical mechanics, physics, and applied mathematics. The remarkable dissemi-
nation of these skills across Europe has created a multitude of synergies between
various research groups. We give an overview of this distribution of knowledge
in Sect. 3. Many projects aim to develop synergy in humanoid robotics between
universities and industry in Europe and have been supported by the European
Research Area (ERA). A brief list is given in Appendix A. We conclude with a
discussion of future perspectives in humanoid robotics in Sect. 4.

2 Humanoid European Robots

This section introduces all known humanoid robots developed in Europe between
1990 and 2017. Rather than a simple historical perspective, the robots are grouped
by research topic: complex dynamic control, underactuated biped controls and pas-
sive bipedal robots, bioinspired and compliant systems, and social robotics/learning
robots. All examples are prototype platforms developed in research laboratories.
The section concludes with a description of recently designed commercial humanoid
robots developed in the private sector.

Complex Dynamic Bipedal Robots. This family of bipedal robots is charac-
terized by a complex kinematic structure with lower and upper limbs, resembling
the human morphology. The Technical University of Munich has developed two
research walking platforms in this family: Johnnie and Lola. Johnnie’s design dates
from the turn of the new millennium. It has 17 actuated joints [6], an overall weight
of about 49 kg, and is 1.80 m tall. Each leg has six driven joints: three in the hip, one
in the knee, and two in the ankle joint. The upper body has a rotational degree of
freedom (DoF) about the body’s vertical axis. A remarkable property is that Johnnie
has two arms with two DoFs, which can counterbalance the overall momentum
about the body’s vertical axis. An impedance control method is used to control
locomotion, which is modeled as a system of three point-masses: one for each leg
and a third for the body, a modification of the linear inverted pendulum (L/P) model
[7]. The lateral swing of the center of mass (CoM) is defined according to the LIP
principle and the biped model. The leg swing trajectory is defined independently
from the CoM. A hybrid position/force control is used in task space with an inner
joint position control loop to stabilize the biped and to overcome external disrupting



forces. An outer control loop modifies the contact force wrench to provide inertial
stabilization. Its maximal walking speed is almost 2.2 km/h.

Lola is an evolution of Johnnie of similar size [8], weighing 55 kg. The kinematic
structure of Lola has 25 DoFs, with 7-DoF legs and an active joint in each
foot. The knee motor has moved to the top of the thigh and actuates the knee
through synchronous belts and cardan joints. Lola is modeled as three coupled
dynamic systems: (A) rigid multibody dynamics, (B) contact dynamics, and (C)
drive dynamics. This new kinematic structure enables Lola to walk as fast as 5 km/h.

From 2007 to 2010, the Otto-von-Guericke of University of Magdeburg devel-
oped the bipedal ROTTO [9, 10]. Their humanoid robot consists of 8 heavy
links and has 30 DoFs. A principal objective of ROTTO’s development was to
design algorithms that enable periodic and dynamic walking. ROTTO’s actuators
are implemented as linear drives. Brushless motors drive ball screws using belt
transmissions with a reduction ratio of two. There is an absolute magnetic encoder
installed in each joint. An incremental position sensor, two current sensors, and two
limit switches are installed in each actuator module. Each leg’s shank is equipped
with a six-component force sensor. ROTTO also has a tri-axis inertial sensor. The
bearing structures of the robot are fabricated from carbon material, connected by
optimized milled-out aluminum components.

The Carlos IIT University in Madrid and Hynergreen Technologies company
presented 7eo in 2011, an evolution of their RA-0 and Rh-1 humanoid robot designs
[11]. Rh-0’s objective was to design stable walking without considering the upper
part movements related to physical collaboration. Rh-1 focused on walking stability,
though human-robot interaction and collaboration were also studied. Teo addresses
challenges in the fields of motion, safety, energy efficiency, and autonomous
performance. Teo has 23 DoF's and its overall weight is 55 kg. The control of Teo is
inspired from the human postural control system (HPC) that involves the integration
of a variety of sensory information, and the elaboration and execution of movement
patterns [12]. An anticipative system for predicting postural corrections to deal
with unexpected events improves its control. The eventual correction is selected
from a set of motion patterns or synergies. The anticipative process is enabled
by neuro-fuzzy modules that provide the system with human-style reasoning
behavior [13].

Early in the second decade of the new millennium, Eindhoven University of
Technology designed its 3D humanoid 7ulip, which is 1.34 m tall and weighs 30 kg
[14, 15]. Tulip is a 17 degrees of freedom (DoFs) autonomous humanoid robot.
All DoFs are electrically actuated. The joints of its locomotor system are actuated
by four 90 W and eight 60 W DC motors. The actuators drive the joints through
gearboxes with ratios between 66 and 111. Tulip has a head, a torso, two arms,
and two legs. Both legs have six DoFs: three revolute joints are placed in each hip;
one in each knee and two in both ankles. Each motor has an incremental encoder.
Force sensors are placed at four points below the corners of each foot, to measure
the ground contact force. The head consists of two BlackFin camera boards which
enable stereo vision. An inertial measurement unit (/MU) inside the torso provides
3D orientation, acceleration, angular velocity, and earth-magnetic field. The main



computing unit is a 1 gHz Poseidon PC104 stack, also positioned inside the
torso.

Early in the new millennium, the Versailles Saint-Quentin-en-Yvellines Univer-
sity designed a 3D humanoid ROBIAN with 18 DoFs: 6 DoFs for each leg, an
original 1 DoF passive or active joint for each foot, and 4 DoF's for the upper limb.
Although a static walking gait has been adopted, it has a parallel mechanism at the
hip and the ankle, a modular design, and an active/passive joint between the heel
and the toe [16]. Later collaboration within the framework of the ANR project with
Paris-based company BIA yielded the Hydroid humanoid robot. Its principal feature
is its ability to transfer hydraulic power without needing hydraulic pipes [17]. This
technology opens the prospect of energy storage and restitution between actuated
joints in different walking phases.

Underactuated Biped Controls and Passive Bipedal Robots. By definition, an
underactuated biped has fewer actuators than DoF’s during a single stance phase.
The planar bipedal robots are assumed to have a passive intermittent contact with
the ground. The study of legged locomotion was very active in the USSR in the early
1980s with major contributions from four researchers: Belestskii at the Academy of
Sciences, Formalskii and Lensky at Moscow’s Lomonosov University, and Larin at
the National Academy of Sciences in Kiev. Belestskii was the first to use parametric
optimization for the walking gait synthesis of a biped [18]. Formalskii published
a very complete analysis of anthropomorphic mechanisms of locomotion based
on ballistic motion [19] and [20]. In the mid-1990s, Lensky designed two bipedal
robots when working at the Institute of Mechanics at Lomonosov University. The
first is a compass biped robot with two telescopic legs, controlled by two drives
[21]. The legs have passive (not actuated) feet that extend in the frontal plane, so the
mechanism can only execute planar walking. Lensky showed that during dynamic
walking, an actively adjustable stance leg compliance in combination with viscous
damping can result in smaller hip velocity changes and reduce the impact effect. The
second robot was a five-link anthropomorphic biped with knee joints. The legs had
passive feet so it could only walk in the sagittal plane. In unbalance phase for the
reference trajectories of the actuated joint variables, polynomials as function of time
with a constant part at the end were used to obtain the desired posture of the biped
robot at each impact [22]. A force sensor that measures a single effort component
is fixed onto the leg of the biped, close to the feet [23]. It enables effort control of
the biped during the double support phases. Larin studied the walking apparatus as
a controlled mechanical system with variable couplings, and discussed the issues of
selecting the motion program and synthesizing the stabilization algorithm [24].

Soon after the turn of the millennium, the Rabbit robot appeared in France. The
objective of the Rabbit project was to design a robot that could both walk and
run. A five-link planar biped with pointed feet, whose actuated knees and hips are
connected to a radial bar via a revolute joint, Rabbit proved an excellent test bed for
the development of the concept of the virtual constraint. Each actuated joint follows
a path that is a function of a geometric variable (the angle variable of the virtual leg
from hip to foot, or of the ankle relative to a vertical axis) rather than as a function
of time [25, 26], and Rabbit successfully performed six running steps [27, 28].



The passive biped robots use the natural frequencies of their mechanical structure
to walk without actuation on mild inclines [29]. These robots possess an efficient,
natural dynamic gait but are usually not very versatile and robust with respect to
external perturbation. Delft University has made great efforts in this field, having
designed four such experimental robots, Mike [30], Max [31], Denise, and Meta
[29]. Mike is a 2D dynamic walking robot with pneumatic McKibben actuators used
as adjustable springs, and feet of roll-over form. Mike has four legs. When two legs
are in contact with the ground, the two others are termed swing synchronized legs.
Mike can be started with a manual launch. An automatic launch from a static position
can also be carried out if the legs are placed with a very small inter-leg angle. Max is
the direct successor of Mike with a bisecting mechanism for the addition of a passive
upper body. Denise is a 3D walking biped with torso and arms, which is capable
of achieving stable walking on a flat surface with a simple sensing, actuation, and
feedback control system [32].

Bioinspired Bipeds and Compliant Bipedal Robots. The goal of research in
this field is to mimic or adapt animal or human characteristics to design machines
that are more energy-efficient, that more closely resemble the human gait, and
to reduce control complexity. In humans, joint compliance is achieved mostly
through muscular tone, and it plays an important role in energy-efficient walking
and running. Similarly, in robots, a compliant element placed between the gear head
and the joint can protect the gears and motors from impacts.

In the first decade of the new millennium, INRIA Rhone-Alpes and the Poitiers
LMS allied to design and build two examples of the BIP2000 [33]. The humanoid
has neither arms nor head, is 1.8 m tall, and weighs 105 kg. It has 15 actuated
joints, 12 for the locomotor system and three for the pelvis-trunk. Statically
stable trajectories were obtained for a walking speed of 0.36 km h™'. BIP2000 is
bioinspired in the sense that, similarly to a muscle, a linear actuator is placed along
the shin. the robot has also two passive joints located in the feet, at metatarsal level.

TU Delft designed several bipeds actuated by a geared electric motor associated
with series elastic elements. Both the 2D biped Meta and the 3D biped Flame use
the design [34]. Flame is 1.3 m tall and weighs 15 kg. Experimental results suggest
that the additional series elastic element reduces the actuator impedance by a factor
of more than 50. Controlled through local torques and PID controllers, the applied
torque is measured through the elongation of the series elastic element and then
compared to the desired torque. Its maximal speed is 1.66 km/h. The year 2012 saw
the introduction of a small (height 0.8 m, weight 13.5 kg) biped robot Phides, with a
similar geometric structure to Rabbit. This experimental running robot has human-
like morphology and gait. The specific screw/nut-based transmission systems are
arranged in parallel at the ankles and at the trunk-pelvis linkage. Phides’s knees
have a series elastic actuator as well as a spring parallel to the actuation. The
deflection of the series spring is used to control the actuation torque in the same
way as a series elastic actuator [35, 36] and [37]. There is a nonconstant transmission
between the knee joint and the parallel spring. It creates an effective prismatic spring
between the foot and the hip with constant stiffness, resembling the spring linear



inverted pendulum (SLIP) model [38]. The strategy to design Phides’ running is
based on swing-leg retraction (SLR) [39]. SLR is a behavior exhibited by humans
and animals in which the airborne front leg rotates rearward prior to touchdown.
The SLR influences the stability of limit cycle running. The convergence to limit
cycle running is maximal at a retraction rate of 0.30 [37].

TU Darmstadt developed several bioinspired legged robots with leg muscu-
loskeletal structures similar to humans: JenaWalker II in 2007, followed by three
musculoskeletal BioBiped robots, BioBipedI 2011, BioBiped2 2012, and BioBiped3
2014/2015 [40]. All three use compliant musculoskeletal bipedal systems with SEA
as replacement for biological muscles. SEA provides controllability in addition to
elasticity. JenaWalker I used a single electric motor at the hip to actuate each leg in
which energy was transferred to other joints through passive springs resembling
human muscles. BioBiped3 is equipped with an active biarticular structure to
improve its performance.

Walk-Man is the humanoid robot developed by the European Commission project
of the same name, see Appendix A. A test bed for powerful manipulation and
robust balanced locomotion, it is designed to be capable of operation in realistic
challenging workspaces. Walk-Man stands almost 1.915 m tall with an overall
weight of 132 kg. Walk-Man has 6 DoFs for each leg (3 DoF's at hip level, 1 DoF at
the knee, and 2 DoFs at the ankle). Each arm has 7 DoF's (3 DoF's at the shoulder, 1
DoF at the elbow, 1 DoF for the forearm rotation, and 2 DoF at the wrist). The trunk
has a 3-DoF waist. Each bioinspired hand has a remarkable 19 DoFs. Its motion
control is based on OpenSot, a whole-body control framework derived from the
Stack of Tasks [41]. The idea is to decouple the tasks/constraints description and
the solvers’ implementation. Walk-Man has successfully performed manipulation
tasks such as driving a car, opening a door, and closing a valve. Its locomotion is
based on Kajita’s preview control [7], and it is able to walk stably and turn on level
ground.

COMAN (the COmpliant HuMANoid platform) is developed within another
European project, AMARSIi, see Appendix A. COMAN is a relatively small
humanoid robot, standing 0.945 m tall and weighing only 31.2 kg. The COMAN
body has 25 actuated joint variables, including 14 with passive compliance based
on series elastic actuation (SEA) [42]. A systematic methodology has been designed
for tuning its SEA-powered joint stiffness. This method is based on modal analysis
and energy storage maximization criteria. Note that the SEA does not allow spring
stiffness to be changed during real-time operation.

In 2005, Vrije Universiteit Brussel presented Lucy, a planar bipedal walking
robot with 7 links actuated by 12 pleated pneumatic artificial muscles (McKibben
muscles) giving 6 DoFs [43]. The antagonistic setup of such muscles means that
both the torque and the compliance are controllable. Pneumatic artificial muscles
have a high power-to-weight ratio and can be coupled directly to the structure
without requiring a complex gearing mechanism. Lucy implements a version of
Kajita’s preview control [7], propelling a 33 kg, 1.50 m body to walking speeds
of up to 0.5 km/h.



Social and Learning Robots. Addressing the cognitive interaction between
human and humanoid robot in the performance of complex tasks often requires
concept-learning on the fly. Icub, a small humanoid robot that is 1.04 m tall and
weighs 22 kg [44], is the result of RoboCub project, see Appendix A. It can crawl
on all fours and sit up to manipulate objects with hands that have 9 DoFs (three for
the thumb, two for the index finger, two for the middle finger, one for the coupled
ring and little fingers, and one for adduction/abduction). Each arm has 7 DoFs, each
legs 6 DoF's, the head 6 DoF's, and the upper body 38 DoFs. Icub was designed as an
actor in cognitive scenarios, performing tasks useful for learning while interacting
with the environment and humans. In particular, manipulation plays a great role in
the development of cognitive capability. Another important characteristic of Icub is
that tactile sensing has been extended over much of its body [45].

TU Delft investigated a learning algorithm to design a walking pattern with
a small 2D biped Leo, which is 0.50 m tall and weighs 1.7 kg [28]. It has two
identical legs (with knee), two feet, and only one arm. It is equipped with seven
actuators at the level of hips, knees, ankles, and shoulders. Connected to a radial bar
via a revolute joint, it is able to learn a walking behavior during several hours. It
has the ability to stand up with its arms. It is a remarkable experimental device to
illustrate the efficiency of reinforcement learning algorithms, though their extension
to a humanoid robot of greater size may be difficult.

Industrial Humanoid Robots for Sale or for Demonstration. Several manu-
facturers now market humanoid robots. Aldebaran Robotics was originally a French
company before its acquisition by Japan’s SoftBank Robotics. Its humanoid robot
Nao first appeared in 2005. Only 0.58 m tall and weighing 4.8 kg, it is known
worldwide, and several thousand copies have been sold. Though Nao may be
considered a toy by the general public, its gait is based on preview control using
the LIP model to track a reference trajectory for the ZMP, meaning it can serve as a
highly efficient test bed for research [46].

Pyrene is the result of a partnership between the robotics team of the CNRS
LAAS Laboratory and the Spanish manufacturer PAL Robotics. The CNRS LAAS
Laboratory is using the platform to test the results from the Gepetto human motion
project and interaction safety with humanoid robots. Pyrene is 1.75 m tall with 32
DoFs.

The Robotics and Mechatronics Center (RMC) researches applications of DLR in
robotics, mechatronics, and optical systems. Starting in 2010, the center developed
four prototypes of DLR bipeds culminating, in 2014, in a fully humanoid robot
called Toro [47]. Toro is 1.74 m tall and weighs 76.4 kg. Each arm and leg has six
actuated joints. There is a single actuated yaw joint at the waist, and two position-
controlled joints in the neck. The walking algorithm of the humanoid robot is based
on the “Capture Point” principle [48].

In 2014, the Aldebaran Robotics company (today Softbank Robotics) presented
the humanoid robot Romeo which is designed to serve as a genuinely useful personal
assistant and companion [49]. Romeo is 1.40 m tall and weighs 45 kg with a total
of 32 DoFs in its two arms and legs, trunk, and head. Torques can be directly
controlled.



3 Thematic Research Fields
There are many synergies between robotics and other scientific disciplines, as

summarized below.

3.1 Robotics and the Collaborative Working Environment

Human interaction and collaboration between humans and humanoid robots are
key factors in the successful development of industrial applications, and this was
the principal focus of the European project Robot@cwe. A remotely controlled
humanoid robot connected to a collaborative working environment which walked
and handled objects was demonstrated [50, 51].

Vision, simultaneous localization, and real-time visual mapping (SLAM) is an
active research theme for mobile robots, with results that are obviously applicable
in humanoid robotics, for manipulation or walking [52] and [53].

3.2 Robotics and Automatic Control

In robotics, the definition of reference trajectories, which satisfy physical properties
such as singularities, motor limits, and interaction with the environment, is a
significant challenge. Bipedal or humanoid robots can be underactuated during
their walking phase. Such reference trajectories may be defined as a function of
a geometric variable that controls robot configuration at impact. This geometric
variable is intrinsic to a bipedal robot. The zero-dynamic equations developed in
automatic control, which describe the internal dynamics, i.e., the dynamics of the
unactuated variables, enables the definition of the orbital stability properties of
walking and running [25-27].

All humanoid robots have a unilateral constraint: their relation to the ground,
and the attendant risks of loss of stability and falls. Proposals for safe humanoid
locomotion include Wieber’s association of both the concept of viability and model
predictive control [54]. This concept can be adapted to the LIP model and Kajita’s
preview control [7].

Working toward goals such as walking through rocky terrain or manipulating a
screwdriver requires that the problem of contact interaction be addressed. A full-
state linear quadratic regulator LOR using the full dynamics of the humanoid robot
to enforce contact consistency has been derived [55]. The dynamic model, which
explicitly takes into account the contact reaction of the environment, is linearized at
given key poses. As this linearized system is uncontrollable, the difficulty is over-
come by projection into the null space of the velocity and acceleration constraints.
The method can be used for more complex scenarios including switching contacts.
They explore the idea of using only a small number of LOR controllers computed
from a set of predefined robot poses.



3.3 Robotics and Biomechanics

Much effort in biomechanics has been expended on an understanding of the role of
tendons and muscles, the synchronization of motion between the upper and lower
limbs, foot-ground contact, walking, running, and so on, working toward goals
such as better sports coaching, medical applications, or better understanding of
the human body. Plainly, this body of knowledge is of great interest to roboticans
seeking to improve the form of their machines, enhance their stability, choose
and situate actuators, etc. There have been many collaborations between the two
communities. Solutions to problems such as the definition of efficient trajectories
to conserve energy and ensure stability are being actively pursued in humanoid
robotics. Optimal trajectories can be designed with direct [56-58] or indirect
methods derived from the analytical approaches initiated by Pontryagin [59, 60].
Clever et al. [61] describe a successful combination of optimal control and dynamic
movement primitives which enable learning that generates walking sequences.
These are then validated in a simulator OpenHRP. Dynamic movement primitives
(DMP) have recently become popular tools for studying robotic motion [62], and
this theme is also being currently explored by another European project Koroibot
(see Appendix A).

The knee and the shoulder of human allow a wider range of movement than
a simple revolute joint. In the leg, the muscles that actuate both the knee and
the hip and work in an agonist/antagonist configuration that preserves joints
from impact. These biomechanics have inspired models of more efficient robot
designs. The design of humanoid robots, wearable robots such as exoskeletons,
human motion analysis and synthesis, biomechanics of human motion, data-driven
learning of motion primitives, and rehabilitation robotics are still open problems.
Large-scale human motion databases are key for these problems. Researchers
of Kalsruhe Institute of Technology (KIT) have developed a whole-body human
motion database, focusing on whole-body action [63].

34 Robotics and the Neurosciences

ZMP and the capture point concept [48] are currently proving their worth for
engineers designing walking gaits for humanoid robots. But is human locomotion
based on ZMP or the capture point concept? It’s a legitimate research question
[64]. Do humans plan their steps in advance? Sometimes, obviously, we do, when
the ground is uneven. But most of the time, we walk without thinking, with no
consciousness of any planning phase, or advance computing of where we must
place our feet. Neurophysiologists have observed that humans and animals tend
to maintain head tilt relatively constant compared to other limbs of the body. Head
tilt conservation offers a consistent and stable egocentric reference frame for the
perception and generation of motion in general [65]. The center of mass (CoM)
is a critical focus in the organization of leg motion, and a more useful reference

10



point for modeling movement than the center of the hip. Observations of foot
motion reveal movement in the arc of a circle centered on the center of mass when
walking [64]. Results from the numerical simulation of a 2D model consisting of
five limbs show that the head contributes significantly to stabilization though its
mass is only seven percent of the total body mass. Though the Yoyo-Man model of
bipedal locomotion presents challenging issues in biomechanics and neuroscience,
and has yet to be fully validated as a model of human locomotion, it nevertheless
merits empirical examination in robotics, and may inspire the design of new robot
architectures.

4 Conclusion and Perspectives

The rich and diverse history of research activity in humanoid robotics is remarkable.
Over the decades, the robotics community has built machines that resemble ever
more closely human form and function, through the establishment of collaboration
with other scientific disciplines such as neurosciences and biomechanics. But there
are still significant knowledge gaps, and the benefit of these collaborations is
ongoing. Much work remains to be done on more efficient actuation, and the
improvement of the interaction of the humanoid robot with its environment: human
society. Bioinspiration seems like to yield significant progress in the next generation
of humanoid robots. Collaborations between European countries are likely to
intensify, not only on humanoid machines that contribute to our understanding of
locomotion, but also to address tasks in daily life or manufacturing applications.
Many challenges assisting the elderly, surgical applications, travel in hostile envi-
ronments, and space exploration await this new generation of humanoid robots,
though considerable scientific and technological investments will be required to
overcome the numerous obstacles. But the necessary scientific foundations have
been laid in Europe, and construction looks likely to succeed.

A.1 Appendix A
A.1.1 European Contracts and Research Groups

Developing synergy between the universities and research centers in the different
European countries is a formal goal of European Union policy. Support for young
or senior researchers who are leaders in their domain is available in the form of
European Research Council projects (ERC). We present here a nonexhaustive list of
these projects.

1. Robot@CWE (Advanced robotic systems in future collaborative Working
Environment, 2007-2009), (http://roboticslab.uc3m.es/roboticslab/project/
robotcwe) is a two-year European research project. The consortium of this
project is composed of the Centre National de la Recherche Scientifique

11



(CNRS) (Coordinator), University Carlos III of Madrid (UCM), Technical Uni-
versity of Munich (TUM), University of Salzburg (US), Ecole Polytechnique
Fédérale de Lausanne (EPFL), Dragados, Hewlett Packard, Space Applications
Services, and Advanced Industrial Science and Technology (AIST). It aims to
research and demonstrate integrative concepts of advanced robotic systems, to
be seen as collaborative agents, in various environments, working together with
humans.

2. RobotCub (2005-2010) is a five-year project funded by the European Commis-
sion. Its consortium is composed of researchers at the University of Genova, the
Scuola Superior S. Anne the University of Zurich, the University of Uppsala, the
University of Ferrara, IST Lisbon, and the University of Sheffield. Its principal
goal is the study of cognition through an implementation of a small humanoid
robot: ICub.

3. Amarsi (2010-2014) (www.amarsi-project.eu) (Adaptive Modular Architec-
tures for Rich Motor Skills) is a four-year European research project. A
consortium of Bielefeld University (Coordinator), the Ecole Polytechnique
Fédérale de Lausanne (EPFL), Graz University of Technology — Institute
for Theoretical Computer Science, Santa Lucia Foundation — SLF, Ghent
University, Tiibingen University, the University of Zurich, the Italian Institute
of Technology — IIT, Jacobs University, and the Weizmann Institute, AMARSI
aims to make a qualitative leap forward in robotic motor skills toward biological
richness.

4. Robohow (2012-2016), (www.robohow.eu) was a four-year European research
project that started in February 2012. The consortium of this project included
the Universitidt Bremen (UNIHB) (in a coordinating role), the Centre National
de la Recherche Scientifique (CNRS), the Ecole Polytechnique Fédérale de
Lausanne (EPFL), Kungliga Tekniska Hogskolan (KTH), the Katholieke Uni-
versiteit Leuven (KUL), the Foundation for Research and Technology-Hellias
(FORTH), Univeriteit Leiden (UL), Aldebaran Rrobotics, and the Technische
Universitdt Miinchen (TUM). It aims at enabling robots to competently perform
everyday human-scale manipulation activities — both in human working and
living environments.

5. Walk-Man (2013-2017), (www.walk-man.eu) is a four-year European research
project that began in September 2013 (Whole-body Adaptive Locomotion and
Manipulation, www.walk-man.eu) [66]. The consortium was formed by the
Istituto Italiano di Tecnologia (IIT) (as coordinator) the Ecole Polytechnique
Federale de Lausanne (EPFL), UniversitA di Pisa (UNIPI), Karlsruhe Institute
of Technology (KIT), and the Universitd Catholique de Louvain (UCL). The
objective is to develop a robotic platform, with an anthropomorphic form, which
can operate in unstructured environments and work spaces as a result of natural
and man-made disasters.

6. Named for the first recorded Olympic champion in history, Koroibot (http://
orb.iwr.uni-heidelberg.de/koroibot/) is a four-year European research project
scheduled to run from 2013 to 2017. Its consortium is composed by the
Universitdt Heidelberg (coordinator), the Centre National de la Recherche
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Scientifique (CNRS), the Karlsruhe Institute of Technology Germany (KIT),
the Istituto Italiano di Technological Italy (IIT), the Technische Universiteit
Delft Netherlands (TUD), the Weizmann Institut in Israel, Universitit Tiibingen
(UT), and the University of Marburg (external collaborators). It aims to improve
humanoid walking capabilities by human-inspired mathematical models, opti-
mization, and learning.

7. CodyCo (Compliant Dynamical Contacts, 2013-2017), (www.codyco.eu) is a
four-year European research project. The consortium of this project includes
the Istituto Italiano di Technological Italy (IIT) (coordinator), the Technische
Universitaect Darmstadt (TUD), the Université Pierre et Marie Curie (UPMC),
the University of Birmingham (UB), and the Jozef Stefan Institute (JSI) in
Slovenia. The aim of CoDyCo is to advance the current control and cognitive
understanding about robust, goal-directed whole-body motion interaction with
multiple contacts.

8. ERC Actanthrope (Atelier de 1’ Action Anthropomorphe 2013-2018) (Compu-
tational Foundations of Anthropomorphic Action) is managed by Jean-Paul
Laumond at the CNRS laboratory LAAS at Toulouse, France. This ERC
project is exploring the computational foundation of human action to design
more autonomous robots, while reciprocally developing robotic techniques to
improve the understanding of human manipulation and dynamic locomotion.

9. ERC Cont-Act (Control of contact interactions for robots acting in the world,
2014-2019) (Humanoid robots and manipulation) is managed by Ludovic
Righetti at the Max Planck Institute for Intelligent Systems (Autonomous
Motion Department) in Germany. This ERC project’s ambition is to develop
a consistent theoretical framework for motion generation and control. Contact
interaction is at the core of the approach, and an efficient use of sensory
information drives the development of high performance, adaptive and robust
planning, and control methods.

10. COMANOID (Multi-Contact Collaborative Humanoids in Aircraft Manufac-
turing 2015-2019) is a four-year European research project as a part of the
Horizon H2020 program. The consortium is composed of the Centre National
de la Recherche Scientifique (CNRS), the German Aerospace Center (DLR),
the Institut National de Recherche en Informatique et Automatique (Inria), the
Universita degli Studi di Roma” La Sapienza,” and Airbus Group Innovations.
COMANOID aims to deploy humanoid robots to perform nonadded value
tasks that have been identified by Airbus Group in civilian airliner assembly
operations.
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