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Dynamics, Geometry and Biomechanics for
Humanoid Locomotion Synthesis and Control
Katsu Yamane
Disney Research, Pittsburgh
Pittsburgh, PA, USA
Email: kyamane@disneyresearch.com

1 Introduction
Humanoid locomotion synthesis and control is still a challenging research issue. Although there are many humanoid
robots and controllers with biped locomotion capability,
most of them only work in known, static environments and it
is still difficult to realize robust walking control under large
disturbances/uncertainties such as external forces, rough terrain and dynamic environments. In addition, their gaits tend
to look artificial with bent knees and flat foot contact. In
this talk, we introduce three pieces of work that try to address different aspects of these challenges.

2 Dynamics and Locomotion
The fundamental difficulty in humanoid robot motion synthesis and control is that free-standing humanoid robots are
underactuated and cannot perform arbitrary motions even if
the hardware has infinite capability. The zero-moment point
(ZMP), or almost equivalently the center of pressure (COP),
is often used by motion synthesis algorithms to identify if a
motion is physically feasible for the robot.
A similar problem arises when we try to use human motion
capture data for humanoid robots. Although humans and
humanoid robots share similar body structure, replaying human motions on humanoid robots is not straightforward due
to the differences in the inertial and kinematic parameters.
A typical approach to this problem is to preprocess the captured data so that the reference motion is physically feasible
for the robot using ZMP as the indicator of feasibility [1].
We instead developed a unified balance and tracking controller that allows the use of human motion data without
any preprocessing [2]. Figure 1 shows some snapshots from
the original human motion and simulated humanoid motion.
This controller works partly because the balance controller
based on a simplified humanoid model is robust enough to
handle the disturbance caused by unmodeled body movements, and partly because humans are also subject to dynamics and human motion patterns naturally include balancing behavior.

Figure 1: Snapshots of the original human motion (left column)
and corresponding simulated humanoid robot motion
(right column).

3 Geometry and Locomotion
The geometry of the body part that interacts with the environment greatly affects the motion through contact forces.
Most of the work in humanoid locomotion has traditionally tried to keep flat contact between the foot and ground
to maintain good control of the contact forces. In contrast,
human walking involves heel touchdown and toe liftoff with
the center of pressure moving continuously from heel to toe.
Many passive walkers have adopted curved feet that resulted
in efficient, human-like gaits [3].
Motivated by various foot shapes and mechanisms in the literature, we investigated a new foot shape for active biped
robots: curved heel and toe connected by a flat section in
the middle [4]. This shape is expected to allow a robot to
walk with natural heel touchdown and toe liftoff in locomotion, while giving flat-contact support in standing. In fact,
we demonstrated that it is much easier for biped robots with
such foot shapes to walk at a speed comparable to human
than those with flat feet. As shown in Fig. 2, the gaits optimized for curved feet also look plausible with heel touchdown and toe liftoff.
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Figure 3: Patellar tendon reflex simulated by the neuro-muscular
network model.
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Figure 2: A gait pattern optimized for a curved foot with different
walk speeds (left: 0.94 m/s, right: 1.26 m/s). The foot
in the bottom row has larger curved area.

4 Biomechanics and Locomotion
The last topic of the talk is our quest towards biologicallyinspired control for humanoid robots. Once humans acquire
a particular behavior, they can perform a wide variety of
similar motions in a very robust way. For example, humans
can walk in various different speeds, environments, or styles
without much practice. Given the similarities in the body
structure and control objective, it might make sense to apply
the human motor control principles to humanoid robots.
As a first step towards this goal, we have modeled the human somatosensory reflex using a detailed musculoskeletal
model and a neuro-muscular network model [5]. Our recent
results indicate that the muscle tension patterns in human
motions can be mostly explained by simple reflex loops, or
feedback control, in the human spinal cord. One way to
evaluate this model is to see if it can reproduce typical reflex motions such as patellar tendon reflex. Figure 3 shows
a motion caused by the patellar tendon reflex simulated by
our model. The model parameters were learned using a captured walking sequence. This result suggests that the observed walking motion is affected by reflex and humans are
probably using reflex to stabilize the motion.

5 Conclusion
We described three topics related to the current challenges in
humanoid locomotion synthesis and control, and introduced
our related work for each topic. Although these three pieces
of work are currently separated, we believe that combining
physics-based motion synthesis and control, humanoid body
design, and human motor control is essential in solving the
challenges.

The research introduced in this talk was conducted in collaboration with Jessica Hodgins (CMU), Laura Trutoiu (CMU),
Yoshihiko Nakamura (University of Tokyo), and Akihiko
Murai (Disney Research).
References
[1] S. Nakaoka, A. Nakazawa, K. Yokoi, H. Hirukawa,
and K. Ikeuchi. Generating whole body motions for a biped
robot from captured human dances. In Proceedings of the
IEEE International Conference on Robotics and Automation, 2003.
[2] K. Yamane and J.K. Hodgins. Simultaneous tracking
and balancing of humanoid robots for imitating human motion capture data. In Proceedings of IEEE/RSJ International
Conference on Intelligent Robot Systems, 2009.
[3] Tad McGeer. Passive dynamic walking. International
Journal of Robotics Research, 9(2):62–82, 1990.
[4] K. Yamane and L. Trutoiu. Effect of foot shape on
locomotion of active biped robots. In Proceedings of IEEERAS International Conference on Humanoid Robots, 2009
(in press).
[5] A. Murai, K. Yamane, and Y. Nakamura. Modeling
and identification of human neuromusculoskeletal network
based on biomechanical property of muscle. In Proceedings
of IEEE/EMBS International Conference on Engineering in
Medicine and Biology, pages 3706–3709, 2008.

A model of biped walking based on muscle reflexes that encode
principles of legged mechanics
Hartmut Geyer
Automatic Control Laboratory
ETH Zurich
8092 Zurich, Germany
Email: geyerh@control.ee.ethz.ch

1 Introduction
Human locomotion is controlled by an extensive network of
neurons. In the current view, this network is dominated by
the central pattern generator (CPG) that generates a rhythmic movement of extensor and flexor muscles, propelling
the legs through stance and swing. Although muscle reflexes are part of this network, they are mainly related to
timing and modulating the CPG output.
Here we show that muscle reflexes could play a far more
dominant role in the control of human locomotion. We
present a human model with a motor control solely based
on muscle reflexes. These reflexes are designed to encode
basic principles of legged dynamics and control. Comparing the model behavior with experimental evidence, we find
that this model surprisingly well matches human walking
mechanics and muscle activities, suggesting that human motor output could in part be dominated by neural circuits that
encode principles of legged mechanics.
2 Biped Model
We built a human model consisting of a trunk and two threesegment legs, each actuated by seven Hill-type muscles representing soleus (SOL), tribialis anterior (TA), gastrocnemius (GAS), vastii (VAS), hamstrings (HAM), glutei (GLU)
and hip flexors (HFL) (Fig.1A,B). We combined these muscles with positive force (F+) and length feedback schemes
(L+/-), to effectively encode basic principles of legged dynamics and control, including the reliance on compliant leg
behavior in stance cite, the stabilization of segmented legs
based on static joint torque equilibria, the exploitation of
ballistic swing-leg mechanics, and the enhancement of gait
stability using leg retraction.
3 Results and Discussion
We explore the model behavior by simulating its dynamics. For instance, with an initial speed of 2.4ms-1, the
model nearly runs, but converges in a few steps into steadystate walking at about 1.3ms-1. In steady-state walking,
the model shows qualitative agreement with angle, torque
and muscle activation patterns known from human walking

Figure 1: Biped model (A an B) and its predicted muscle activations (red) over one walking cycle compared to human
muscle activations (black, adapted from [1]) (C).

data (shown for ankle in Fig.1C). Our results suggest that
in principle no CPG is required to generate human walking
mechanics and muscle activities. Quite contrary, muscle reflexes that encode principles of legged mechanics could play
a far greater role in human motor control than anticipated
before, and may even take precedence over central inputs in
the control of normal human locomotion. If these principles
are indeed so influential in human motor control, they may
also be important for humanoid control.
This work was supported by an EU Marie-Curie Fellowship
to HG (MOIF-CT-20052-022244).
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Motor Control and Spinal Pattern Generators in Humans
Heiko Wagner, Arne Wulf, Sook-Yee Chong, Thomas Wulf
Biomechanics and Motion Science
University of Muenster
48149 Muenster, Germany
Email: heiko.wagner@wwu.de

1 Introduction
Neural oscillators, also known as spinal pattern generators
(SPG) are neural networks that can produce complex muscular activation patterns ([1], [2]), i.e. cyclic and acyclic
movements, based on simple central commands and feedback from proprioceptive sensors. To study the interaction
between the neural network within the spinal column and
the musculoskeletal system, we introduce a simple model,
which describes the basic function of spinal pattern generators.
Humans possess a flexible coupling of thoracolumbar and
cervical centers for the motor control of movement tasks [4].
They can use the upper limbs for manipulative and skilled
movements or alternatively for locomotor tasks. Depending
on the envisioned task, humans seemed to be able to manipulate the gating of neuronal circuits controlling lower and
upper limb muscles [3]. Dietz demonstrated that coordinated electromyographic (EMG) patterns were induced in
patients with either complete or incomplete paraplegia on a
moving treadmill. This could only be induced when loading
and unloading of the limbs were done in combination with
cyclic movements.
Furthermore, to control bipedal walking or complex motions, it is advantageous to use an intelligent mechanical system, i.e. the musculoskeletal system, which by itself should
be self-stable with respect to small perturbations. On this
basis, the interaction between the musculoskeletal system
and the SPG might support the stabilization of cyclic and
acyclic motions.
Our interest is focused on how these self-stabilizing properties interact with the motor control system. In these studies, we show that the use of a simple SPG model based on
Matsouka [5] and combined with a forward-dynamic musculoskeletal model can describe several different situations
of human movement.
2 Methods
The musculoskeletal system (4)-(5) together with the SPG
(2)-(3) and the sensory integration (1) includes a system
of antagonistic muscles, described by a Hill-type muscle
model. The SPG is based on a model that describes the interaction of a network of connected neurons.
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3 Results
3.1 Example A: Sudden perturbations
Reflexive muscular activation patterns after different types
of perturbations were measured with surface electromyography. The SPG model reproduces the time course of the
reflexes during the first 400 ms after perturbation. We developed a method to identify the intrinsic parameters of the
SPG model corresponding to the performed reflex trials [7].
Based on one perturbation type, the model can predict a subject’s muscular reaction to a different perturbation qualitatively.
3.2 Example B: Ground reaction force during walking
It is possible that the loading which oscillates during stance
phase and sensed by the soles of the feet, could induce steplike movements. The aim of this study is to develop a SPG
model which would use ground reaction force (GRF) and
hip angle as inputs to generate EMG signals during walking.
A simple Matsuoka oscillator [5] consisting of two neurons
was used to generate EMG signals of the tibialis anterior
(TA) and soleus (Sol). The neurons are mutually inhibited,
i.e. when one neuron is activated, the other is suppressed.
The use of GRF as the only input could produce a good fit
for the soleus [6]. However, initial difficulties in producing
a fit for the TA suggests that another input other than GRF
is necessary. It is also possible that loading had little or no
effect on the TA. Another input from the hip was thus, added
to the model. This is because activation of TA is necessary
for toe clearance during swing. This onset begins when the
hip is at full extension, signaling the start of the swing phase.
The end result shows that these two inputs allow the TA and
Sol to act like antagonistic muscles at the ankle joint.

3.3 Example C: Synergetics
Finally, we investigated the interaction between a SPG
model, consisting of four coupled neurons, and two elbowjoints (left, right) with two antagonistic muscles (biceps and
triceps). We started with a slow cyclic movement of the two
arms in phase and increased the cycling frequency during
the simulation. This was possible while changing the lateral
coupling within the SPG model from -1.5 to 0.5. During the
zero-crossing of this parameter the coupled arm movement
changed from the in-phase mode into a anti-phase mode.
This phase-shift can be measured in human experiments.
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Our results support the hypothesis, that depending on the
movement task, humans - and some animals - are able to
change the coupling between the neurons within the spinal
pattern generator. This provides an extremely simple way
to control a large variety of cyclic and acyclic movements,
based on a small number of control parameters. Thus, the
stability of the system is guaranteed based on a stable SPG,
a mechanical self-stabilization and the coupling between
these two systems.

time [s]

Figure 1: Three different examples where SPG models can describe typical human behaviors. A) An external sudden perturbation provokes not only a single reflex but a
complex reaction pattern, which can be described with
a two neuron SPG model. B) Using the typical ground
reaction force pattern during walking as an input signal, the activation patterns of SOL and TA muscles can
be generated by a two neuron SPG model. C) Forward simulation of a SPG model with four neurons and
two arms with two antagonistic muscles. While the
frequency of an in-phase cyclic movement increases a
phase transition between the two arm movements occurs when the lateral coupling parameter changes its
sign.
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control online bipedal walking
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A classical way of generating cyclic motion patterns for articulated systems is to synthesize a rhythm generator, mimicking the biological central pattern generator (CPG) principles [1]. CPGs can generate trajectories either based on their
intrinsic rhythm, or based on external inputs. As an example, it is possible to synchronize the walking movement of a
biped robot with the leg motion of a human wearing a movement sensor [2]. In this type of applications, the CPG, modelled through an oscillator network, generates coordinated
joint trajectories, which are then tracked through a low-level
controller such as a PID corrector.
This ”teleoperation” scheme could be of great use in functional rehabilitation applications, where the healthy parts of
the body could be used to control the deficient limbs. For
example, considering a hemiplegic patient, one could generate a trajectory for the deficient leg based on the movements
of the healthy leg and control the deficient leg using electrical stimulation [3, 4, 5]. Similarly controlling a prosthetic
leg in an amputee person could be possible. We have already
demonstrated the feasibility of generating cyclic patterns for
one leg observing the contralateral leg.
This raises a non-trivial technical issue: one needs to invert the musculo-skeletelal model of the patient to derive
from the desired joints trajectory the Electrical Stimulation
commands. Practically, this model inversion could be done
through optimal control. Indeed, due to the redundancy and
non-linearity of musculo-skeletelal models, classic PID controllers cannot be used to compute the commands. With optimal control one could go even further and not just follow
prescribed joint trajectories (e.g. copy the motions of the
healthy limb), but generate new and more adapted joint trajectories for the deficient limbs, e.g. minimizing energy expenditure, stimulation effort etc.
For all these tasks, the optimal control procedure must finally run online; hence there is a need for fast, efficient optimization routines. For our computations we rely on the
direct multiple-shooting approach developed by Bock and

Figure 1: Control architecture: trajectories are generated by the
CPG; commands are then derived according to a model
through optimal control.

co-workers [6, 7]. In the first set of computations we investigate the stimulation of one muscle - the tibilais anterior and its effect on the motion of the foot relative to the shank.
The tibialis anterior is essentially activated in swing phase,
and activation is assumed to be zero in contact phase. We
therefore use the stance phase to pre-compute the optimal
joint motion and required muscle stimulation for the subsequent joint phase, taking into account online information on
current walking speed, step frequency etc.
Another application is the online control of bipedal walking
for robots: again, joints trajectories can be generated with a
CPG, and an optimal control procedure can be run to determine the motor commands that will be close to the desired
trajectory while ensuring bipedal stability.
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Locomotion Synthesis for Digital Actors
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1 Introduction
Robotics and Computer Animation share one mutual objective: make humanoids walk. This common objective however has different significations in these two fields with radically different constraints. In the former case of Robotics,
humanoids are robots having physical existence and they are
naturally prone to the laws of Physics; the main problem
is to control all their actuators in order to achieve balanced
2-legged locomotion. In the latter case of Computer Animation, humanoids are purely digital human figures and the
main objective is to animate them to make them walk in a
natural manner. Constraints are then about realism and/or
naturalness of motion and, eventually, about performances
when interactive applications are aimed. Nevertheless, locomotion synthesis techniques developed by the Computer
Animation field could be interest for Humanoid Robotics.
For instance, they can be used as a reference motion to control robots when natural displacements are desired.
2 Motion Capture
Motion capture technologies are today widely used in the
field of Computer Animation in order to synthesize digital
actors’ motion. Motion capture systems are able to record
the trajectory of markers in space and time and make possible their digital replay. Various technologies exist: exoskeletons, magnetic systems, optic systems or optoelectronic ones, with both active or passive markers. Then,
capturing a human motion consists in marking and tracking
specific parts of his body, in such a manner that the limbs
of a digital actor can be animated accordingly. A motioncapture-based animation intrinsically reaches a high levelof-realism, except some concerns about the quality and accuracy of both the marking and tracking stages, as well as
the quality of the human kinematics model that is used to
reproduce the motion. However, motion captures are fixed
sequences and their content is strictly limited to the actions
performed during the capture session.
Motion-capture editing techniques were developed to adapt
the content of motion captured sequences to new constraints
imposed by the virtual environment in which digital actions
take place. These new constraints can be: changing the morphological dimensions of digital actors, changing the order
of the performed actions, repositioning some of the limbs

Figure 1: The key-idea of our solution is to generate new locomotion cycles with desired features by interpolating motion captures with known mean velocities

of the digital actor to fit the virtual objects positions, etc.
Three main type of motion editing techniques were proposed to achieve these tasks: motion warping techniques
[6] locally modify both the time and spatial properties of the
recorded trajectories, motion blending techniques [5] mix
two or more motion captures together by interpolating them
to create new sequences, and finally, motion concatenation
techniques [2] detect possible transitions between various
motion sequences in order to concatenate and reorder their
content. Since the beginning of the 2000s, several interactive locomotion synthesis techniques based on motioncapture edition techniques were proposed [3, 1]. The following section briefly describes our approach proposed in
[4].
3 Motion Capture based locomotion synthesis
Our approach is based on a motion blending technique. The
key-idea is to constitute a database of various locomotion
cycles (2 steps) executed at various linear and angular velocities at a preprocessing stage. At runtime, the user-input
is a desired walk velocity (linear and angular), as illustrated
in Figure 1. The solution selects three locomotion cycles
into the database with close features to the one of the input,
and blend them together in order to generate a locomotion
sequence with desired velocities. The input can be continuously changed by the user at any time. Next sections respectively describe the preprocessing and runtime processes.
3.1 Preprocess stage
A motion-capture database is created at a preprocessing
stage according to the following steps:
• Motion segmentation Any captured locomotion se-

new locomotion sequence is generated by interpolating the three selected locomotion cycles with respect
to their relative weight.
• Posture extraction A posture is extracted from the
generated sequence in order to ensure smooth animation in time.
4 Conclusion

Figure 2: Control Space: each point is a locomotion cycle the coordinates of which are the extracted mean angular and
linear velocities. User input is a desired walk velocity
which allows selecting three locomotion cycles into the
database, with close features

quence is segmented into locomotion cycles by detecting, for instance, right foot strike events. A locomotion cycle Ci is then composed of the two steps
between two successively detected strikes.
• Locomotion feature velocities Each locomotion cycle
Ci is then analyzed to extract the mean linear (ṽi ) and
angular (ω̃i ) velocity of the global displacement.
• Control space Locomotion cycles can be represented
as points into the 2D control space as represented in
Figure 2. The control space axis are the mean angular
(horizontal) and the mean linear (vertical) velocities.
Each point corresponds to a locomotion cycle. Its coordinates are the previously computed mean velocities
ṽi and ω̃i .
3.2 Runtime stage
Once the database is prepared, our method works at runtime
according to the following steps:
• User input The user indicates the desired instantaneous walk velocity (v, ω).
• Selection of captured locomotion cycle User input is
projected into the control space (cf. Figure 2). The
three captured locomotion cycles having the nearest mean velocities (vi , ωi ) are selected from the
database.
• Weighting & blending We then compute a weight for
each of the selected locomotion: the nearest the mean
velocities to the user input, the higher the weight. A

Motion blending techniques perfectly fits the problem of locomotion synthesis for digital actors: it provides both efficient solution and believable results. Locomotion is a cyclic
motion with repetitive patterns, changes of velocities provoke only slight differences in articular trajectories. As a result, interpolation here results in an acceptable estimation of
locomotion at any speed. Controllability is ensured. However, interpolating articular trajectories has no connection
with reality and may occasionally provoke artifacts in motions. Moreover, the resulting motion may not respect the
laws of Physics: they cannot be used as such to control a
humanoid robot motion. Transferring such motions to humanoids robot then need addressing.
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1 Introduction
Perception of emotion from whole body movements is one
of the most important capability of human life, since it provides a basis for communication[1]. While previous studies addressed the infererence of emotion from point-light
displays[2] and the primitives to compose emotional gaits
by ICA[3], we focus here on more specific kinematic properties of emotional gaits in the sagittal plane. We performed
motion capture of professional actors representing sadness,
happiness, anger and fear while walking. Statistical analysis
of these data show that, along with gait speed, the orientation
of the head and the trunk are typically important. Character
animation of artificial emotional gaits were created by modifying the speed and the orientation of the head and the trunk
in the neutral gait. Results of psychophysical experiments
were coherent with the analysis.
2 Methods
Kinematic data Vicon MX motion capture system with 12
cameras was used to record 8 professional actors representing emotions during walking. Neutral gaits at various speeds
by 3 normal subjects were also recorded.
Analysis Contribution of each kinematic parameter to representation of each emotion was evaluated according to the
contribution of the parameter to separation among the emotoin groups in comparison to separation among the different
speed groups, filtering out the effects of speed variations.
The kinematic parameters included mean elevation angles
and amplitudes of joint angles of the body segments projected on the sagittal plane, and the timings, at which the
amplitudes have maximum deviation.
Psychophysics We used, as stimuli, movie clips of (i)
camera-recorded videos of emotional gaits of professional
actors, (ii) character animation created by inverse kinematics from the motion capture data(Fig.1 top), (iii) character
animation of artificial emotional gaits created by modifying a few parameters in the natural non-emotional gait(Fig.1
bottom), (iv) very short duration version of (i). In (iii) we
modified the orientation of the head and the trunk along
with the gait speed, by adding some constant values, since
it is known that the head is quite stable[4]. Around 30 subjects participated in each of the experiment. Subjects chose

Figure 1: Example of a character showing anger during walking
among the options of angry, sad, happy, fearful, neutral and
unknown using keyboard.
3 Results
Analysis Joint angles between the head and the trunk, and
those between the arm and the trunk, and the elevation angles of the orientation of the head and the trunk have significant contribution to separation among the emotion groups
more than among the speed groups.
Psychophysics Emotions were correctly recognized with
significant rates in the conditions (i), (ii) and (iv). This
means that the emotions can be perceived in gaits, (i) on
the plane, (ii) without details of facial expressions or hand
gestures, and (iv) in a very short duration. In (iii), anger was
perceived the most in the movie with higher speed and the
head and trunk inclined forward. Happiness was perceived
with higher speed and those inclined backward. Sadness
was perceived with slower speed and those inclined forward.
Fear was perceived with slower speed.
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1 Introduction
It is a common assumption that motions of humans and animals are optimal due to evolution, learning and training [1].
As a logical consequence, from a mathematical perspective
dynamic motion tasks such as walking and running can be
formulated as optimal control problems. In this talk we discuss two ways in which optimal control can be used to explore human locomotion: (a) in the classical forward optimal control sense to generate natural motions without any
help by motion capture data; and (b) in the inverse optimal
control sense, to identify objectives of human motion from
experiments. We discuss in particular the application of
these optimal control approaches to three-dimensional human running motions.

Figure 1: Qualitative comparison of optimized running motion
and a photographed sequence by Muybridge

3 Generation of natural human running by means of
forward optimal control

2 Modeling human running motions
Running motions consist of a sequence of alternating flight
phases and single-leg contact phases. The running motion
considered in this study is assumed to be periodic. Each
phase of the motion (flight phase and single-leg contact
phase) is described by its own set of ordinary differential
or differential-algebraic equations. Between phases, there
may be discontinuities in the velocities, e.g. at touchdown
of the foot on the floor. The running model therefore takes
the form of a periodic hybrid dynamical system. To describe
the human body we use a multibody system model in three
dimensions with 12 bodies and 25 degrees of freedom. The
system is equipped with torque actuators in each internal
joint, as well as parallel spring-damper elements. Detailed
muscle dynamics are not included in the model yet, but we
plan to do so at a later stage of this research. For more details on the current model, see [2].

In humanoid robotics or computer graphics one often faces
the task to generate a natural motion for a system with given
geometry and inertia characteristics. To achieve this task
without any information at all from motion capture or any
other human measurements, optimal control techniques can
be efficiently used. Optimization has a clear advantage over
approaches based on pure simulation. Simulation always
requires to fix important quantities in advance: if it is performed on a forward dynamics model the input forces and
torques have to be pre-specified to obtain the resulting motion, and if performed on an inverse dynamics model the
position and velocity histories have to be fixed to be able
to calculate the required driving torques and forces. However, typically none of the quantities is exactly known a priori. Optimization-based simulation allows to leave forces,
torques and the motion free and to determine them all simultaneously according to some desired optimization criterion.
In order to generate optimal running motions, the following
optimal control problem must be solved:
min
x(·),u(·),p,τ

Ψ(t, x(t), u(t), p)dt

(1)

s. t. - multi-phase multibody dynamics of
running model and impact equations

(2)

- initial, final and phase switching conditions (3)
- path and control constraints
(4)

Our experience has shown that objective functions
Ψ(t, x(t), u(t), p) minimizing a sum of weighted torques
squared, and possible additionally minimizing the variation
of torques, lead to very natural running motions [2], as a
qualitative comparison with human motion shows (see figure 1). For the solution of optimal control problems we have
used the direct multiple shooting techniques MUSCOD [3].
4 Identification of human objectives during locomotion
by means of inverse optimal control
This investigation goes beyond the qualitative reasoning of
the previous section, since for a thorough biomechanical
analysis one is interested in the true objective function applied by the human. The specific optimization criterion for
locomotion in different situations is generally unknown, and
it can be expected that in most cases a combination of multiple criteria is used. The optimal behavior during a particular
locomotion task can be observed and measured by motion
capture, EMG measurements etc. The inverse optimal control problem consists in determining, from a solution that is
(partly) known from measurements, the optimization criterion that has produced this solution. To solve the inverse
optimal control problem, we make the assumption that a set
of reasonable independent base functions φi (t) for the objective function can be established. The relative contribution of
these base functions φi (t) expressed by a weight factor αi
remains to be determined by the algorithm. The inverse optimal control problem can be formulated as:

Figure 2: Recorded marker positions are used to reconstruct
movements of joint centers and other characteristic
points; and the deviation between corresponding points
in the model and the experiments is minimized by inverse optimal control
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(6)

constraint eqns. (2) - (4)

Inverse optimal control problems are difficult since they require the solution of an optimal control problem and a parameter fitting problem at the same time. We have developed a bilevel optimization technique capable to solve this
type of problems. These techniques have already been applied to identify the cost functions that produce locomotion
paths in point to point motions in free space [4] as well as in
interaction scenarios.
We apply inverse optimal control to investigate the underlying cost function of human running. We do not investigate
running at speeds attaining physical limits, since this might
require detailed muscle models in order to better explain the
limits. Instead we study running motions at medium and
slow jogging speed. The hypothesis for base functions for
the cost function to be investigated are: minimization of cycle time, of joint torques squared, of mechanical energy input, of joint accelerations, of joint jerks, of head movements,
or of functions of duty and shape factors (see [5]); maximization of stride length. The current status of this ongoing
research will be presented at the conference.
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1 Introduction
The function of the human leg during movements is complex. One issue is the segmented structure of the leg, which
consists of thigh, shank and foot. The situation is further
challenged by the parallel arrangement of muscles spanning
one single or multiple leg joints. How is the leg function
organized to make typical movements such as walking and
running possible and easily accessible?
In this paper, we demonstrate how compliant leg function
can be used and properly adjusted to selected movement
tasks. This includes the stabilization of walking and running. One important feature we can learn from this is the
functional redundancy in the leg adjustment, i.e. the same
walking or running speed can be achieved by different leg
strategies. This basic principle of redundant leg adjustments
fulfilling the same movement goal is a key for understanding
the organization of human movements.
2 Dynamics of running
The leg force generated during the stance phase of running
is remarkably similar to a linear telescopic spring (Fig. 1,
[1]). This supports the spring-mass model [2, 3] as a conceptual framework to investigate the dynamics of running.
For a given leg stiffness, appropriate landing angles of the
leg (angles of attack) can be identified to result in a steady
state running patterns. For sufficient running speed, some
of these periodic solutions are passively stable, i.e. they are
approached from adjacent points in the state space. This
property is also called self-stability, as the fixed point is stable only due to the mechanical nature of the system without
requiring any additional control effort.
3 Walking with compliant legs
The leg function in human walking seems to be fundamentally different to the leg function in running. At about midstance of walking, the knee joint is almost straight in contrast to maximum knee flexion in running. The opposite is
true for the instant of take off. Here the knee joint is clearly
bent in walking and almost straight in running. Still, the
similarity in leg function in walking and running might be
larger than expected as indicated by the relation between leg

Figure 1: Force-length tracings of the leg during human walking
and running on an instrumented treadmill at 1.55 m/s.
TD = touch down, TO = take off, index c indicates the
contralateral leg. Data provided by S. Lipfert [1].

force and leg length in both gaits (Fig. 1).
For a linear leg spring, we would expect an increase in leg
force proportional to the amount of leg shortening. Indeed,
this is the case for running (red graph) and walking (black
graph in Fig. 5C). Only at the beginning of contact (touch
down) the slope of the force-length graphs is steeper than
during the remaining ground contact. In walking, the situation is slightly different as compared to running. There
are two maxima in leg force and two minima in leg length.
However, as plotted in Fig. 1, the force-length dependency
in walking is remarkably similar to running. It is therefore
feasible to extend the spring-mass model with a second leg
spring to represent both walking and running [4].
This bipedal spring-mass model is capable of generating
both walking and running patterns. For fast speeds, running
gaits are considered as already identified with the single leg
spring-mass model [5]. At lower speeds, additional stable
walking patterns are predicted which are characterized by
double support and single support phases as in human gait.

Not only does the model predict the kinematics of the center
of mass quite realistically, it also provides a simple explanation for the double-humped shape of the ground reaction
forces in human walking [4].
4 Extensions of the leg spring
During walking and running (except for fore-foot running),
the ground contact (center of pressure) is shifted from heel
to toe. As a result, the leg forces do not intersect in a fixed
foot point as assumed in the spring mass model. In order
to represent this shift of the center of pressure on the ground
we introduce a rigid foot segment(length l f ) attached with
a rotational spring (stiffness c, rest angle φ0 ) to the linear
spring of the spring-mass model [6]. The combination of a
linear leg spring and a rotational foot spring can lead to a
modulation of the effective leg stiffness during stance phase
with higher leg stiffness during leg compression compared
to leg extension. Additionally, the leg length at take off is
larger than at touch down. Both effects are also indicated
in the force-length curves of human walking and running
(Fig. 1).
Another extension of the leg spring concept is the segmentation of the leg including thigh and shank. Here, the compliant leg function can be attributed to a rotational stiffness
of the knee joint [7]. The segmentation of the leg offers
a changed gearing between joint function and leg function
by adjusting the nominal joint angles. This is used in human
locomotion and may help to guarantee gait stability at different speeds. Joint stiffness behavior can be adapted to speed
and the amount of joint flexion. This further enhances the
capability of the leg to adapt to speed. As a result, leg segmentation can reduce the minimum speed required for stable
running. Also, the robustness with respect to changes in the
angle of attack can be dramatically increased. This comes at
the cost of a reduced tolerance of speed changes, which must
now be compensated by increases in joint stiffness. Such an
increase in knee stiffness with increasing running speed is
also found experimentally [7].
In the last examples, we focused on the role of the foot and
leg segmentation on gait and gait stability. Similar as in the
spring-mass model, the supported body was reduced to a
point mass. In this section we aim at extending the model
by an upper body in order to study mechanisms for stabilizing the upright trunk posture in human locomotion. Here,
we use a rigid segment as a replacement of the point mass
in order to describe walking and running [8]. Without any
additional means, the upper body cannot be stabilized in an
upright posture, as the center of mass is located above the
hip joint. In order to align the trunk during locomotion,
hip torques acting between the telescopic leg spring and the
trunk are required. A typical approach is to measure the orientation of the trunk with respect to the vertical axis. This
is not aimed here. Instead, we ask whether there is a simple
strategy to stabilize the trunk without any external information (e.g. direction of gravitation). One solution would be

that the hip joint would be located above the centre of mass.
In order to achieve such a virtual pivot point (VPP), the leg
forces are redirected from the leg spring to the VPP by applying appropriate hip torques. To some extent, this mimics the situation in which the leg spring would be attached
to VPP instead of the hip joint. The required hip torque
is calculated based on the spring force and the inner hip angle. Introducing this hip torque results in a non-conservative
model, as the total system energy is not necessarily constant
any more. By implementing this simple concept, it is possible to predict both walking and running with a stabilized upright trunk posture. For this, the VPP needs to be located in a
certain range above the center of mass. The predicted torque
patterns are in good agreement with experimental data on
human walking.
The presented gait model with an upright trunk demonstrates that the bipedal spring-mass model is not restricted to
simplifying body representations such as a point mass. The
previously identified gait dynamics for walking and running
can be preserved while adding additional functionality such
as an upright trunk posture to the model. For walking, the
trunk can even be used as a reference frame to align the leg
angle in preparation of touch down resulting in stable gait
patterns. This further reduces the need of global sensory
information and may facilitate the transfer of these conceptual gait models to technical implementations (e.g. legged
robots).
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1 Introduction
In theory dynamic programming provides a way to develop
control laws for nonlinear systems. However, the curse of
dimensionality, the exponential dependence of space and
computation resources needed on the dimensionality of the
state, limits the application of dynamic programming in
practice. This talk will explore three ways to extend the
range of dynamic programming. We consider how to implement dynamic programming on a supercomputing cluster. We consider how to modularize nonlinear control problems so several lower dimensional control laws can be used.
We also consider trajectory-based dynamic programming,
which combines many local optimizations to perform a
global optimization.
2 What is Dynamic Programming?
Dynamic programming provides a way to find globally optimal control laws (policies), u(x), which give the appropriate action u for any state x. This talk focuses on offline planning of nonlinear control laws for control problems with continuous states and actions, deterministic time
invariant discrete time dynamics xk+1 = f(xk , uk ), and a time
invariant one step cost function L(x, u). We are focusing on
steady state policies and thus an infinite time horizon. One
approach to dynamic programming is to approximate the
value function V (x) (the optimal total future cost from each
state V (x) = minuk ∑∞
k=0 L(xk , uk )), by repeatedly solving
the Bellman equation V (x) = minu (L(x, u) + V (f(x, u))) at
sampled states x until the value function estimates have converged to globally optimal values. Typically the value function and control law are represented on a regular grid. Some
type of interpolation is used to approximate these functions
within each grid cell.
3 Implementing Dynamic Programming on a
Supercomputing Cluster
Current supercomputers are created by networking hundreds
or thousands of fairly standard computers. The obvious way
to implement dynamic programming on such a cluster is to
partition the grid representing the value function and policy across the individual computing nodes, with the borders

shared between multiple nodes. When a border cell is updated its new value must be communicated to all nodes that
represent that cell. We have implemented dynamic programming in a cluster of up to 100 nodes, with each node having
8 CPU “cores”. We have found that the major bottleneck
is sharing updated values and actions between nodes, rather
than computing speed or the amount of memory. We use an
InfiniBand network with 16Gbit/s interconnect. We would
expect a cluster with N nodes to go N times faster than a single node. On preliminary tests, we achieve a speed of N/3
due to communication overhead.
4 Modularizing the Policy
We have also explored reducing the dimensionality of the
original problem by splitting it into sub-problems linked by
coordinating variables. In this case we can often approximately solve the optimal controller design problem by solving each sub-problem for different values of the coordinating variables, and then combining the component policies.
We are presenting a poster at the main conference on this
work applied to a 3D linear inverted pendulum biped model
(LIPM).
5 Trajectory-based Dynamic Programming
Dynamic programming is a global optimizer. Most forms
of trajectory optimization avoid the curse of dimensionality,
but find only locally optimal solutions. We have explored
how to combine multiple local trajectory optimizers to form
a globally optimal solution by verifying that the Bellman
equation is satisfied. A set of states are sampled (either using a regular grid or randomly). At each state a fixed length
trajectory is optimized. The value at the initial state is estimated by combining the cost of the trajectory and the value
of the state at the end of the trajectory. The first and second
derivatives of the initial value are estimated either numerically or by propagating derivatives through a series of second order dynamic models along the trajectory (Differential
Dynamic Programming). These second order Taylor series
models of the value function at each state are then checked
for consistency. Inconsistencies are resolved by adding additional states in that area.
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1 Introduction

minimal and the maximal values of the vector x respectively.

Actually the ability of humanoid robots to execute complex
tasks increases rapidly. The latest trends in humanoid research are to increase their autonomous behavior as well
as improving the stability and the smoothness of the whole
body motions. Optimizing motions to improve their performance is an active research subject in recent years [1, 2].
Furthermore, imagining a humanoid robot collaborates with
humans to execute some daily tasks is now reality. In order
to increase the reactivity of humanoid robots, they should
be able to imitate human motions [3, 4]. We will show that
the imitation problem can be regarded as a special case of
humanoid motion optimization problem.
2 Motion Optimization and Imitation
In order to obtain smooth motions, we consider the integral
of the Euclidean norm of joint torques as the cost function
to be minimized.The stability of the humanoid robot can be
assured by guaranteeing that the Zero Moment Point (ZMP)
[5] is always inside of the convex polygon of support feet.
Let us define qt as the vector of angular values of humanoid
robot’s joints. Thus, the optimization problem can be formulated as follows
Z tf

min

qt ,q̇t ,q̈t

t0

τt T τt dt

subject to

M (qt ) q̈t + C (qt , q̇t ) = τt





qt0 = q0 , q̇t0 = 0, q̈t0 = 0





qtf = qf , q̇tf = 0, q̈tf = 0



τ − ≤ τt ≤ τ +



q− ≤ qt ≤ q+





ZMP ∈ the polygon of support





G f oot = G freootf : tc1 , · · · , tcp

In a similar way, the human motion imitation can formulated
as well as an optimization problem
min

qt ,q̇t ,q̈t

Z tf n
t0

o
(qt − qct )T (qt − qct ) + σ (Pt − Ptc )T (Pt − Ptc ) dt

subject to

M (qt ) q̈t + C (qt , q̇t ) = τt





qt0 = q0 , q̇t0 = 0, q̈t0 = 0





qtf = qf , q̇tf = 0, q̈tf = 0


τ − ≤ τt ≤ τ +



q̇− ≤ q̇t ≤ q̇+






q− ≤ qt ≤ q+



ZMP ∈ the polygon of support
(2)
where σ is a user defined constant. qct is the vector of angular values of the virtual actor joints. Pt and Ptc are the
Cartesian positions of the the head, hands and feet of the
humanoid robot and virtual actor. It is defined as follows


Phead
Pright hand 



(3)
Pt = 
 Pleft hand 
 Pright foot 
Pleft foot
Note that if the lengths of the virtual actor links are largely
different from those of humanoid robot, the vector Ptc can be
scaled to fit for the humanoid robot size.

(1)

where τt is the vector of the applied torques on the
humanoid robot joints.
M (qt ) q̈t + C (qt , q̇t ) = τt is
the dynamic equation of motion. G freootf is the planned
reference configuration of feet, and tck denotes the instant of foot contact with the ground. x− and x+ denote the

The optimization problems (1) and (2) can be transformed
into a classical optimization which has the following form
min L(Xt )
Xt

subject to

(4)
H(Xt ) = 0
G(Xt ) ≤ 0

To solve the above classical optimization problem we use
the augmented Lagrange multiplier method, which is a very

efficient and reliable method [6, 7]. Solving the optimization problem requires the calculation of the gradient func∂ L̃(Xt ,λ )
t ,λ )
tion ∂ L̃(X
by a numerical dif∂ Xt . Approximating
∂ Xt
ference method is usually used in practice. However, this
approach not only a time consuming method on account of
the evaluation of the gradient calculation, but also may not
converge well because of the approximation.

between the robot and the obstacles should be developed and considered as an additional constraint.
2. The integration of self collision avoidance into the optimization problem as an additional constraint
3. Considering real-time application, this issue is very
challenging because it requires developing new optimization algorithms.

Therefore, we chose to use the geometric formulation [8]
which allows to express the dynamic of articulated systems
t ,λ )
is
analytically. As a result, the gradient function ∂ L̃(X
∂ Xt
calculated analytically in a recursive way.
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Snapshots of an optimized motion conducted using the humanoid robot HRP-2 is given in Figure 1a. Figure 1b shows
snapshots of an imitation of a human boxing capture motion.
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(b) Snapshots of the imitation of boxing motion

Figure 1: Snapshots of the conducted experiments
3 Conclusion and Future Work
In this abstract, we have presented the methodology that we
have developed to optimize humanoid motions and to imitate human motion capture data by a humanoid robot.
The experimental results have pointed out the efficiency of
the proposed method and they have been successfully validated on the humanoid robot HRP-2.
The future work focus on the following research axes:
1. Deforming the planned trajectory is sometimes required, therefore a function to calculate the distance

[8] F. Park, J. Bobrow, and S. Ploen, “A Lie Group
Formulation of Robot Dynamics,” International Journal of
Robotics Research, vol. 14, no. 6, pp. 1130–1135, 1995.
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1 Introduction
The benefits of structure preserving algorithms for the numerical time-integration of mechanical systems, also called
mechanical integrators, are widely accepted in forward dynamic simulations. On the one hand, the fidelity of the approximate solution is improved compared to standard methods by inheriting certain characteristic properties of the continuous motion to the discrete trajectory. For example, the
evolution of the system’s energy or momentum maps exactly
represents externally applied forces, in particular they are
conserved along the approximate motion of unforced systems. In addition to momentum maps, the symplectic structure underlying real dynamics is respected by certain mechanical integrators, and as a consequence, they also yield
good energy behaviour. On the other hand, the preservation
of these quantities stabilises the numerical integration and
thus enables longterm simulation. However, in the field of
motion planning and optimal control via direct methods, so
far, these benefits have been less used. The dynamic optimisation method DMOCC [1] presented here, does exploit
the structure preserving properties of a variational integrator
within an optimal control problem.

other leg’s swing phase. The contact is transferred instantaneously when the second foot hits the ground and the first
one is released. During a swing phase, the walker has six degrees of freedom. However, only a three-dimensional torque
acts in the hip joint yielding an underactuated system.
3 Optimal control of the walker
Without loss of generality, it is assumed that the time of contact between a foot and the ground coincides with a time
node. This is possible since periodic boundary conditions
are imposed on the initial and final states. In particular, it
is assumed that the swing phases of the left and right leg of
the walker are identical mirror images of each other. Therefore, only half a gait cycle is optimised while the final state
is requested to be a mirror image of the initial state that is
translated by the steplength into the walking direction. The
gaits resulting from different objective functions are compared. See Figure 2 for snapshots of a particular motion.

Figure 1: Compass
biped with actuating
torque in the hip joint.

Figure 2: Snapshots of the compass biped gait.
2 Compass gait walker model
In this work, a three-dimensional compass biped is modelled as a spherical kinematic pair in which the rigid legs
are combined at the hip by a spherical joint giving rise to
holonomic constraints, see Figure 1. The contact between a
foot and the ground is modelled as a perfectly plastic impact,
constraining the foot to stay fixed on the ground during the
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1 Introduction
Recently, robot’s working places are trying to be extended to
the human’s daily life. Among various robots, a humanoid
is one of the most feasible robots that can survive in the human’s life environment. In order to live in the human’s life
environment, the humanoid should overcome many obstacles such as stairs, doors and furnishings, and understand
how to manipulate many tools such as open and close many
doors, usage of many electric home appliances. All these
elemental tasks are also combined to conduct more complicated tasks such as cleaning, cooking, errands, and etc.
For these complicated tasks, a humanoid must have at least
two functions: the mobility and the manipulation. The mobility is one of the most important research topics for a humanoid and many excellent results have been reported in
recent years. The manipulation is traditional research topic
in robotics and has been successfully realized in many real
robots. In order to increase the usefulness of a humanoid,
these two research topics should be coordinated seamlessly
with guaranteeing the balance of the humanoid.
To achieve coordination of manipulation and mobility, this
paper introduces a whole body motion generation method
which resolves the CoM Jacobian of a humanoid with given
motions of manipulation and mobility.

overcome the defect of the conventional resolution of the
CoM Jacobian, the MECoM(Motion-Embedded CoM) Jacobian is proposed by Doik Kim, et al[3, 4].
Basic idea of the MECoM Jacobian is that in most cases,
human motions are occurred without considering balance of
its body explicitly, and they are assigned locally and independently. For example, if a human carries objects with a
certain pose, the aim of arms and legs are different, the one
is to main pose of the objects according to the body motion
and the other is to walk toward a destination position. While
these motions are assigned to corresponding sections, i.e.,
arms and legs, balance of the whole body is ccurred subconsciously. Thus a human needs not consider the balance
control of body consciously.
In order to implement the idea, a humanoid is divided into
several sections and each section can have reference motion
given by users, which is a Cartesian motion or a joint motion. By the given motion, all the motions are expressed
by the basis section, which means the supporting section
such as a supporting leg of a humanoid. The resolution
of set of equations of the given motions and the modiﬁed
CoM Jacobian are called the resolution of the MECoM Jacobian. Fig. 1 shows a brief diagram for the resolution of
the MECoM Jacobian.
3 Applications

2 Resolution of MECoM Jacobian
The CoM(Center of Mass) Jacobian is proposed by Kagami,
et al[1] and formulated analytically by Sugihara, et al[2].
If a humanoid has n-dof in total, then the dimension of the
CoM Jacobian is (3 × n), and the CoM Jacobian is used for
obtaining balanced motion with the optimization method by
augmenting motion constraints. The augmentation increases
the overall dimension of the optimization matrix and thus it
needs heavy computation with given motions. In order to

With this method, we can apply any conventional motion
generation method to each section or we can develop a new
motion generation method to perform a certain task without any modiﬁcation or consideration to achieve balance of
its body. Therefore, we can divide a problem into several
independent problems and solve them independently.
For example, manipulation with upper body and walking
with the lower body. The upper body motion is obtained

Reference CoM-ZMP

Real CoM &
ZMP

CoM-ZMP Control

Motion Embedded
CoM Jacobian

Humanoid

Modification of CoM
Effect

Reference Motion on
each section

Real Motion

Figure 1: Resolution of MECoM Jacobian

from the motion capture data or from many conventional
trajectory planning methods, and is embedded into the CoM
Jacobian without considering the lower body motion, i.e.,
the balancing motion. The lower body motion is to generate
a walking trajectory of foot position and the CoM-ZMP trajectory. The walking motion is planned without considering
the upper body motion.
Fig. 2 shows one of applications with the above relation,
which is the tele-operation with upper-body motions from
the motion capture device and the lower body motion generated by a walking pattern algorithm.
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Figure 2: Teleoperation with mixed motion
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Various studies of human locomotion have shown that the
elastic properties of the muscle-tendon-system plays a major role in motion control. In [1] the influence of elasticity
during mammal running has been examined. A simplified
mathematical model which consists of an massless spring
combined with a point mass has been introduce to describe
the behaviour of elastic legs during locomotion. This model
has been used to describe not only human running but also
human walking [2].
On the contrary nearly all robots are driven by stiff actuators like DC-Motors [3, 4, 5, 6]. Especially in the field of
humanoid robotics elasticity can be found as best as passive
elements. The elasticity necessary for running is achieved
by an active compliance control of the DC motors [7]. There
are only a few robots which uses an passive compliant locomotion system [8, 9].
The control strategies used to generate biped walking are
mainly based on inverted pendulum methods for example
the most used Zero moment point (ZMP) method based on
[10]. Most of these control methods uses sophisticated models. These leads to hard to compute algorithms with high
demands on the sensor systems which sometimes cannot be
served [4].

ability of the spring damper characteristics has be examined
and it has be shown that the muscles are capable to be used
as an elastic actuator for dynamic walking robots.
With the help of an one-dimensional test rig a technical realization of the biomechanical model describing the self stabilizing mechanism [2] has be developed in a complexity
reduced environment. The main benefit of this biomechanical control is the inherent adaptation to uneven terrain and
different ground characteristics. In the first step a control
strategy has be developed which generates stable oscillation
in leg length to ensure cyclic walking and running motion
pattern.

Figure 1: (left) Model of the biped system (12 DOF) (right) CADmodel of the planned biped evaluation system

The goal of this current research activities is to achieve
”elastic locomotion” in a technical system by developing a
biomechanically inspired control strategy. At first an adaptable elastic actuation system has be developed and modeled by using artificial muscle known as McKibben muscles.
These muscles have optimal properties (e.g. damping, stiffness, force) in terms of meeting the biomechanical requirements. The active use of the inherent spring-damper properties of the elastic actuation system makes self-stabilizing
periodic locomotion, smooth transitions, flexible reactions
to disturbances and this way a robust, energy efficient and
natural standing, walking and running possible.

On the other hand the closed-loop control for joints driven
by antagonistic actuators has been described in [14]. Here
the control principle of the fluidic muscle was to modify the
pressure inside the muscle by adapting the airflow into and
out of the muscle. The basic idea of our discrete closedloop controller is to calculate the desired pressures for the
muscles due to the desired angle, the desired joint stiffness
and the disturbance force in the joint. It was possible to
ensure the joint behaviour for movements of elastic actuated
joints.

In [12] an advanced model of the artificial muscle based on
the McKibben principle and the validation of this model by
a set-up like the well known quick-release test for biological
muscles has been introduced. The deviations of model and
experimental results have been reduced by adaptation of the
damping part of the muscles by taking into account different damping models including the hill-model for biological
muscles [11]. By using the FLUMUT test rig [13] the adapt-

By the combination of the different developed control components and the ”Virtual Model Control” approach [15] a
control for elastic locomotion has been developed. The main
advantage of this control is the different use of properties of
the pneumatic actuators for example like the different joint
stiffness due to different muscle pressures as well as different modes of operation of the muscles like forceless, passive
and active controlled. During the forceless mode the joint
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system overview and integration, Proceedings of the International Conference on Intelligent Robots and System, 2002.
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legs and a 2-DOF waist, Proceedings of the International
Conference on Robotics and Automation, 2004.
[6] C. Chevallereau, G. Abba, Y. Aoustin, F. Plestan, E.R.
Westervelt, C. Canudas-De-Wit, J.W. Grizzle, RABBIT: A
Testbed for Advanced Control Theory, Control Systems
Magazine, vol. 23, no. 5, pp. 57 - 79, 2003.
[7] T. Nagasaki, S. Kajita, K. Yokoi, K. Kaneko, K.
Tanie, Running pattern generation and its evaluation using
a realistic humanoid model, Proceedings of the International
Conference on Robotics and Automation, pp. 1336 - 1342,
2003.

Figure 2: Elastic walking: Robot standing, starting first step,
walks two walking cycles. Pictures taken every second.

can move free due to its natural dynamics. During the passive mode no airflow in or out of the muscle is made. The
muscles are use as nonlinear spring-damper. In the active
mode the muscles are controlled by a a close-loop control
in that mode deliberate movements of the joints are carried
out.
To generation of the elastic locomotion different virtual
components in combination with the different joint modes
(forceless, passive, active) are defined for the different
phases of walking like standing, initiation of first step, single support (left and right leg) and double support (figure 1).
This virtual components are attached between parts of the
physical structure of the robot and between the robot and
the environment. Torque is applied to the joints of the robot
so as to make the robot behave as if the virtual components
are present. A finite state machine monitors the robots configuration and discretely modulates the virtual to physical
transformation and the parameters of the virtual components
[16].
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1 Introduction
Compliant actuation, as opposed to conventional, stiff actuators like electrical drives, is currently growing in importance
and has applications in a variety of robotic technologies
where accurate trajectory tracking is not prevalent: bipedal
walking robots, assistive technology, rehabilitation training.

(a)

Instead of introducing compliance on the control level
through application-specific software, this approach is based
on inherent adaptable compliance on a purely mechanical
level. In this way intrinsic compliance is assured at all time,
enhancing system safety.
The equivalent torsion spring stiffness of an actuated joint
and the equilibrium position of its end effectors, i.e. the
joint’s configuration in which the actuator torque is zero,
leaves us with two adaptable mechanical parameters to be
set for each joint, which evidently increases the complexity
of control. This is easily countered with the range of potential benefits, adding value to existing applications and also
creating new applications in robotics. Some examples of
prosthetic foot designs are discussed in which these compliant actuators are incorporated. What we can learn from this
in view of designing humanoid robots is briefly discussed.

(b)

(c)

Figure 1: Electrically driven foot of MIT

2 Powered prosthetic foot
The major part of the research work on prosthetic feet with
electrical actuators is from the ’Massachusetts Institute of
Technology (MIT) Media Laboratory’. Au et al.[1] have
built a powered prosthetic foot (see Fig. 1.) that is capable
of mimicking intact ankle behavior. The system uses a combination of a spring and a ’Series Elastic Actuator (SEA)’
to achieve the desired requirements for intact walking. Peak
torque output of 140Nm and power output of 350W is noted,
with a torque bandwidth up to 3.5Hz.
The prosthetic ankle stiffness changes according to the
phase in the walking cycle. A 0.22kg Li-Polymer battery
enables 5000 steps of powered walking. This battery mass
is reasonable, as it is the same size as the required battery for
Össur’s Proprio foot now being sold commercially. Au et al.
found that the powered prosthesis improved the metabolic
economy of the individual with TT amputation on average
by 14% compared to the conventional prostheses evaluated.
Hitt et al. have built SPARKy[2].

(a)

(b)

Figure 2: SPARKy.

SPARKy is an acronym for Spring Ankle with Regenerative
Kinetics. Hitt et al. have shown that SPARKy should be
able to provide 100% of the push-off power required for intact walking while maintaining intact gait kinematics. This
level of power amplification brings powered running devices
within sight. The first prototype of SPARKy on a treadmill
during initial testing is shown in Fig.2 and Fig. 3.
The objective of the R&MM reseach group was the design
of a compact, low-weighed and energy efficient below-knee
prosthesis powered by electric drives to improve the amputee’s gait[3]. The key challenge was to design a device
respecting the above mentioned requirements that mimics
the natural ankle behavior during walking. It is shown that
by incorporating a modified MACCEPA into the design,

Figure 3: Ankle joint angle caracteristic of Sparky
an acceptable approach of the ankle characteristic is obtained. The proposed prosthesis contains two uni-directional
springs in parallel, connected to two lever arms (Fig.4). It
is shown that connecting one of the lever arms to a locking mechanism controlled by a ratchet and pawl set, improves the energy efficiency drastically. These lever arms
are driven by a driving system comprising an MAXON RE40 motor (150W) with a MAXON C42 gearhead (3,5 reduction) connected to a ball screw mechanism through a timing
belt. A satisfying total efficiency of 77% is obtained using
this driving system. It is shown that the Powered Belowknee Prosthesis’ behavior is manually adjustable depending
on amputee’s gait speed by regulating the pre-tension of the
springs. The model parameters were determined through
an optimization procedure, which led to mimicking the entire required ankle torque curve during stance accurately
for slow, normal and fast cadence based on the ankle data
published by Winter. The prosthesis is capable of providing 100% of the required Push-Off power, consuming only
22,19J per step during normal cadence (for a 75kg subject).
The 300g batteries incorporated in the prosthesis will allow
1,5 h walking time per day (normal cadence) . This autonomy can be enhanced to 8h walking time per day (normal
cadence) by providing the amputee with an external 1,2 kg
battery pack. The prosthesis’ weight, excluding the batteries, has been reduced to 2,84 kg, using a strict design procedure for each part.
3 Conclusions
Variable impedance actuators are beneficial in applications
coping with impact, due to the elastic element the impactstresses on the gearing system are drastically reduced.
Elastic elements can store (potential) energy during phases
of negative work, this energy can be converted in kinetic
energy. Such conversion can be very fast. This enables the
designer to reduce the power of the motors.
In case the elastic properties are adaptable, it is possible to
optimize the actuator’s performance by adapting the stiffness settings to the changing working conditions.
In general a variable impedance actuator contributes to a
safe human robot interaction.

Figure 4: R&MM’s Powered Below-knee Prosthesis
The size of the motors of humanoid robots with ankle
joint actuation can be reduced drastically using variable
impedance actuators.
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1 Introduction
Despite several decades of research, locomotion of bipedal
robots is still far from achieving the graceful motions and
the dexterity observed in human walking. Most of today’s
bipeds are controlled by analytical approaches based on
multibody dynamics, pre-calculated joint trajectories, and
Zero-Moment Point considerations to ensure stability. However, beside their considerable achievements these methods
show several drawbacks like strong model dependency, high
energetic and computational costs, and vulnerability to unknown disturbances. In contrast to this, human locomotion
is elegant, highly robust, fast, and energy efficient. These
facts gave rise to the main hypothesis of the presented work,
namely that a control system based on insights into human
motion control can yield human-like walking capabilities in
two-legged robots.

motion control of humans. Based on insights as those mentioned above, a control approach is derived that can achieve
dynamic, efficient, and robust walking of three-dimensional
and fully articulated bipeds. Being located above the neural level, the control system is structured as a hierarchical
network of local feed-forward and feedback units as shown
in Figure 2. Neither a complete dynamic model nor precalculated joint trajectories are used. Sensor event-based
spinal pattern generators coordinate the stimulation and synchronization of control units and the compliance of passive
joints. By applying local torque commands instead of joint
angle control, passive dynamics and self-stabilizing effects
of elasticities can be exploited. Postural control is achieved
by the phase-dependent activity of several reflexes of various complexity.
‘Brain’

‘Spinal Cord’
Joint Groups

A review of biomechanical and neuroscientific research reveals several control aspects that can be transferred to technical systems. First, human walking exploits the passive system dynamics and self-stabilizing properties of elastic elements to reduce the control effort, thus bipedal robots should
be “anthropofunctional” [2, 10, 9]. On the active control
level, neural motor control is of a hierarchical layout. Bizzi
et al. suggested the existence of motor programs creating
activities of whole groups of muscles and being reused for
difference forms of locomotion [6, 1]. Applying statistical
methods like factor analysis or PCA to EMG recordings of
normal walking, Ivanenko et al. show that only five basic
temporal components can explain the muscle activity observed during different walking speeds and while supporting
body weight to various degrees [4, 5]. The same five motor
patterns can even account for both walking and running except for a temporal shift [3]. While these motor patterns
seem to be mostly of a feed-forward nature, feedback is introduced by reflexes of varying complexity. Rossignol et al.
discuss the dynamic sensorimotor interactions in the spinal
cord and at supraspinal levels [7]. Zehr and Stein review
research on the modulation of reflex responses during static
tasks and locomotion [11].
2 Bio-Inspired Control Approach
This paper thus presents a control methodology for bipeds
relying heavily on the transfer of concepts found in the loco-
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Figure 1: Hierarchical layout of the control units.

3 Biped Model and Validation
The suggested approach is tested in a full-featured dynamics simulation framework on an anthropomorphic biped with
21 degrees of freedom and human-like morphology, weight,
and actuation. While not an antagonistic setup, the joint actuation is motivated by the Hill muscle model, including adjustable serial and constant parallel elasticities, and a controller allowing for direct torque or position control. Masses
and lengths of the biped model are design to match those of
human subjects.

The control system can achieve three-dimensional dynamic
walking of variable velocity as well as balanced standing. It
is able to cope with the high complexity and the mechanical elasticities of the modeled biped. The emerging, naturally looking walking gait shows remarkable similarities
to human walking. Simultaneous control of only a subset
of joints is sufficient to direct the passive dynamics of the
robot towards a walking gait. The achieved walking velocity of up to 5 km/h can compete with even the most advanced
of today’s bipeds [8]. At the same time, energy efficiency is
much better than in joint angle controlled robots. In experiment on perturbed walking as shown in Figure 3, the control
system shows considerable robustness against unknown and
unexpected disturbance like steps, slopes, or external forces.

Figure 2: Walking experiments with unknown disturbances.
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1 Introduction
With over 10 million people affected worldwide and over
125 000 new cases per year in France, strokes are
nowadays the most common cause of disability among
adults. Indeed, 75% of survivors have permanent sequelae
such as gait disorders and one of the most perturbing
elements is muscle spasticity. One treatment is to use
botulinum toxin to reduce this spasticity but unfortunately,
medical management remains a real difficulty and has few
functional impacts. To overcome this difficulty, it may be
relevant to understand the gait organization of a patient and
to identify the mechanisms that lead to this organization.
Several factors may influence this organization such as
energy consumption, environment (constraints, obstacles),
stability and security, pain and history (skills, fatigue). By
using optimization to compute muscle activation and
quantify individual muscle forces, it is necessary to define
some criteria that describe these factors mathematically.
Most of the time, these criteria are used separately in the
literature [1] and computation leads to an optimal solution.
However, patient gait studies seem to show that the
movement is not necessarily optimal in term of muscular
forces. So it can be interesting to compute a multi-criteria
optimization to study if the gait organization could be the
“most acceptable solution” and not the “optimal solution”.
We therefore propose to test the relevance of a new
criterion in a multi-criteria optimization [2] to define the
adaptation of patient with spastic muscles.
2 Material and Method
The gait of one patient (58yrs, 160cm, 69kg) was studied
before and after botulinum toxin injection and compared
with the gait of an asymptomatic subject (38yrs, 165cm,
63kg) using 6 optoelectronic cameras (Motion Analysis,
Santa Rosa, CA), 2 forceplates (AMTI, Watertow, MA)
and 12 EMG channels (Motion Lab Systems, Baton
Rouge, LA). The patient presents spasticity on his right
Rectus Femoris and was chosen for the great improvement
of his gait after injection.
It is well known that the muscle stretch velocity (MSV) is
one of the most perturbing parameter for a spastic muscle
[3]. Indeed involuntary muscle contractions due to
spasticity appear when this velocity increases over a

threshold. So the first goal was to test the relevance of the
MSV to simulate pathological movements. We compared
the MSV before and after injection using the software
SIMM (Musculographics, Santa Rosa, CA) and a generic
musculo-skeletal model. This model, based on the previous
works of S. Delp, represents the lower limbs and is defined
by 13 segments, 14 degrees of freedom and 86 muscles.
The model was scaled using anthropometric data of the
subject. Then the software allowed computing directly the
MSV of the right Rectus Femoris, used as reference data.
The second goal was to define a new criterion, using MSV,
and to test it in a multi-criteria optimization. To define this
criterion, we simulated the movement using the standard
criterion, minimize Σa², where a is the activation of the
muscle, that should represent the typical gait control. This
simulation shown that this criterion underestimates MSV.
So the new criterion has been defined as the maximization
of the squared MSV with MSV < MSVthreshold as constraint.
Then a multi-criteria optimization has been computed,
using two criteria: the standard criterion and the new
criterion.
3 Results and Discussion
The first results shown that the maximum value of MSV
was increased after injection. This increase is consistent
with the results obtained with asymptomatic subject data
that present a higher peak. So the botulinum toxin injection
seems to allow a higher maximum value and we can
suppose that this value is next to the MSVthreshold. The
second results shown that using the multi-criteria
optimization, the MSV maximum value of the right Rectus
Femoris was increased of 20% and so was more consistent
with our reference data, without modifying the right Rectus
Femoris activation pattern. So the results seem to show
that it is necessary to adapt the criterion to a pathologic
movement, and perhaps to a context. It could be now
interesting to simulate a spastic gait by improving such a
criterion and of course by trying to define a spastic muscle
model.
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Synthesizing Human-Like Walking in Constrained Environments
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1 Introduction
The problem of generating natural human walking motion
arises in different areas, including robotics, computer animation, virtual prototyping, ergonomics analysis factor and
biomechanics. Most of the prior work in this area is limited to generating human motion in open environments with
relatively few obstacles.
However, many applications, such as games and movies,
need a natural human walking motion in constrained environments (see Fig 1), i.e. enviroments with many obstacles.
We give a brief overview of our approach that combines motion planning and motion capture data for synthesizing natural motion in constrained environments.

(a) Games

(b) Robot

(c) Movie

not natural-looking by trajectory captured using motion capture data. Finally, the updated trajectory is treated as a guiding path and we use re-planning technique to generate a motion satisfying all three constraints.
3 Results
Fig 3 and Fig 4 show the result of our method on two benchmarks. Both benchmarks contain complicated obstacles
such as beam, car and furniture. Previous methods can not
generate natural-looking motion in these cases. Our framework can successfully synthesize natural human motion automatically in these environments in about 3-5 minutes.

(d) CAD/Human factor

Figure 1: Applications that need natural human walking in constrained environments.

2 Methods
Our formulation attempts to satisfy collision-free constraint,
dynamics constraint and generate natural-looking motion simultaneously. Fig 2 shows an overview of our approach.
Planner

Figure 3: Walking and Bending: The human walks toward the car

Collision-free constraints
CoM / ZMP constraints

and then bends to put the tool inside the car.

HMP

Mocap
Database

A stable and
collision-free path

Blender: combine mocap
data with planner’s path
Natural-looking constraints

HMT-I
HMT-II
A more natural
trajectory

Replanner/Postprocess
CoM / ZMP constraints
Collision-free constraints
Smoothness

Figure 2: An overview of our hybrid approach, which can combine the motion computed by planner and the motion
from mocap databases to generate a collision-free, dynamic and natural human motion.

We use an efficient decomposition-based planner [2], which
outputs a collision-free trajectory for a 38-DOF human
model. It performs whole-body planning in a high dimensional space as all parts of body need to move suitably to
avoid collision with the obstacles. We then adjust the trajectory by adjusting its ZMP by using IK-based methods.
After that we attempt to refine the trajectory so that it results in a more natural-looking motion [1]. We first analyze
the trajectory based on motion capture database by checking three criteria to analyze natural-looking motion in constrained spaces. Next, we replace motion segments that are

Figure 4: Walking in the dinning room: The human walks within
a dinning room toward a chair and sits down.
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1 Introduction
Gait rehabilitation after neurological injury is a long and
exhausting process that demands a high physical and
psychological effort from both patient and therapist. Manual
therapy as a very first approach in gait rehabilitation has a
number of disadvantages such as: limited number of steps
per one therapy session, physical exhaustion of the patient
and therapists, long therapy process and non-optimal gait
pattern.
Within the frame of the RoboWalker project, which is under
progress at the Institute of Automation (IAT), a concept of a
mobile exoskeleton based rehabilitation system has been
proposed. The system combines mobile support platform
and an active exoskeleton. The analysis and simulation of
the developed gait rehabilitation system demand different
motion data in different walking (motion) scenarios.
Commonly used marker based systems are difficult for use,
not easy for set-up and not easy accessible. In order to
overcome problems of marker-based motion capture and to
collect motion data easily, a novel robust markerless motion
capture system has been developed at the IAT. This system
was deployed in modeling and simulation of a mobile gait
rehabilitation system. In this paper, the results of simulation
of walking with the mobile gait rehabilitation system based
on data obtained using the IAT markerless motion captured
system are presented.
2 Methods
In order to examine functionalities of the rehabilitation
system and to optimize mechanical construction,
mechanical models of the human and the rehabilitation
system have been developed, using software for modeling
mechanical systems (MSC Adams and LifeMod) as well as
MATLAB.
Motion data for experiments were obtained by markerless
system that is capable of reliable extraction of the gait
features from robustly segmented images of persons
walking in a natural environment. Walking of examined
subjects was characterized with restrictions that are imposed
in walking with the rehabilitation system. Collected motion
data were used to prescribe motion to the exoskeleton’s
joints.

Block diagram of the modeling process is depicted on
Figure 1.

LifeMod

MSC Adams
Markerless
motion
capture
system

CAD tool

Figure 1: Modeling process of the rehabilitation system
Human body model is generated using LifeMode
anthropometric database. Model of the human body consists
of 19 segments (3 leg segments, 4 arm segments, 3 torso
segments, one neck segment and head segment). The
exoskeleton consists of 3 leg segments and a torso segment.
The mechanical model of the human has been coupled with
mechanical model and simulations have been performed.
3 Conclusions
Usability of motion data gathered with the novel IAT
markerless motion capture system was tested through
simulations of the mechanical system. Obtained simulation
results show the effectiveness of markerless system in
process of simulating and modeling of the gait rehabilitation
system.

Modeling and Optimization of Human Walking
Katja Mombaur
LAAS-CNRS
7 ave du Colonel Roche
31077 Toulouse, France

Martin Felis
Interdisciplinary Center for
Scientific Computing (IWR)
University of Heidelberg, INF 368
D - 69120 Heidelberg, Germany

Email: kmombaur@laas.fr

Email: martin.felis@iwr.uni-heidelberg.de

1 Introduction
In this paper we use optimal control methods to generate
human walking motions in 3D that can be used in robotics,
biomechanics and computer graphics. The gaits are symmetric, periodic, and straight along a line. We created a
multi–body model with the modeling toolbox H U MA N S [1]
and formulated an optimal control problem which minimizes both the torques applied at the joints and the motion of the head. This problem was then solved with the
highly–efficient software package MUSCOD-II [2], which
uses a direct multiple–shooting discretization scheme. In
addition to this we implemented a visualization which allows highly detailed models by using the skeletal animation
library C AL 3D [3].
The approach of generating human motions by using optimal control methods has already been successfully used for
human running [4], [5]. Its advantage is that it is not required
to prescribe exact trajectories or fixed keyframes for all degrees of freedom. Instead we only need to describe parts of
the motion (e.g. foot positions) and leave it to the optimization to find the best trajectories that fulfill them. Another
advantage is that by changing constraints and parameters of
the underlying multi–body system the method can be used
in robotics or biomechanics.

ments at the actuated joints to describe the damping at joints,
which is normally caused by muscles, ligaments and passive
tissues. This introduces new design parameters for spring
and damper constants.

2 Modeling

3 Optimization

The model we created consists of 12 bodies, including legs,
upper body, arms, and head. This resulted in a system with
31 degrees of freedom. The state of the model is described
by using minimal coordinates q. The dynamical parameters
for the model were taken from [6].

By using optimal control methods we can simultaneously
optimize the motion x(t) = [q(t), q̇(t)]T , the controls u(t)
and the parameters p, such as the spring damper constants.

As a contact model we use point–feet and use algebraic
equations to fixate the translation of the feet when in contact with the ground. This results in a system of differential
algebraic equations (DAE) with differential index 3. Since
single– and double–support phase are described by different
algebraic equations we have two distinct DAE model equations. These were then reformulated to index 1 systems that
can be solved with standard ordinary differential equation
(ODE) methods.
As we do not model muscles we used spring–damper ele-

Figure 1: Overview of our model

Figure 2: Visualization of the generated gait

As we have two model equations (one for single– and one
for double–support) we have a two–phase optimal control
problem. The whole problem can be written for i = 1, 2 as:
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The objective function (1) is of the form:
φ (x(t), u(t), p) = cu ||Wu(t)||22 + ch ||vhead (t)||22
which minimizes both the amount torques u(t) applied to the
system and the motion of the head vhead (t). To account for
different strengths of joint actuators we weigh the controls
by a diagonal matrix W . Additionally we use fixed constants
cu and ch to scale the two objectives.
Single– and double–support phases are described by (2) as
distinct model equations and the transition between them is
modeled by the phase transition function (3). The touch–
down is handled instantaneously by using impulses and is
also propagated through the multi–body system in this function. General state and control boundaries such as joint and
torque limits are described by (4). Posture conditions (e.g.
foot positions), periodicity at given time points and phase
switches are modeled by (5) and (6).
To solve this problem the software package MUSCOD-II
discretizes the continuous formulation (1)-(6) for both controls and states. The resulting nonlinear optimization problem is then solved by using a specially tailored sequential
quadratic programming (SQP) method.
4 Visualization
The visualization we created can visualize the generated
motion with simple stick models and also by using sophisticated polygonal models that are manipulated by a skeleton that represents the kinematic structure of our multi–body
system.
Custom models can be created by using the open–source 3D
content creation suite Blender [7], which allows both modeling of the skeleton and the polygonal mesh. Additionally
our visualization allows the motion to be described by either
ZYX–Euler angles or Quaternions.
5 Summary of Results and Outlook
The generated gait for a step length of 0.5m and walking
speed of 1.1m/s is shown in Figure 2. The motion is physically realistic for the current model topology. Due to the

simple point foot model the knee of the swing leg bends less
and the steps are smaller as for a real human.
One of the biggest challenges currently is the modeling of
the foot. So far we have used point feet but for a more sophisticated model, we want to use flat feet, for which touchdown and lift off would happen with heel first. We expect
this to lead to an automatic bending of the knee at lift off,
which could improve the realism of the motion. Adding a
foot body to each leg in the multi–body system would allow
us to introduce torques at the ankles.
The gait generated by using optimization depends heavily on
the constraints and the objective function. Different styles
of walking could be obtained by using objective functions
other than minimization of energy and head movement. Especially identifying specific objective functions for emotional walking styles would be of interest.
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1 Introduction

The bipedal locomotion has become a research topic of great
interest over the last decades. Beside the control of the
highly dynamic and unstable motion, the actuator itself is
still an open research topic. On the one hand an actuator has
to supply the system with energy to compensate losses due
to internal friction and environmental impact. In slow walking speeds this share is very low. Several so called passive
walkers have shown that there is no need for an actuator, if
the energy los is compensated by transforming potential energy into kinetic energy [8, 2]. In more dynamic motions
like running and jumping however, a powerfull actuator is
essential.

On the other hand it has to provide elastic behavior to avoid
hard impacts at touchdown. Besides that in normal walking
gaits the leg should be able to rely on the mechanical dynamics by just relaxing the joint. And the joint has to be very stiff
when the leg is in the support phase. One approach solve
this only by permutating the control signals from higher behaviours. Most of the todays bipedal robots use the actuator
in that way, that a stiff actuator with high gear ratio follows
their pre-calculated joint trajectories, based on multibody
dynamics and Zero-Moment Point considerations [6, 11].
The resulting walking (pseudo running) gait looks often unnatural, is highly uneconomical and the computational overhead is tremendous.

A more biological motivated approach allows the system to
use the inherent dynamics and self stabalicing effects. This
is achieved by an innately compliant joint, like it can be observed in all mammals. The loose joint can be stiffened by
contracting the muscles. Their typical characteristic is described by the hill-type muscle modell. In this antagonistic
principle the nonlinear behaviour of the seriell springs allows to define the stiffness. It includes a parallel spring to
store energy in different phases. Several groups have tried to
copy and rebuild this behavior with electric motors [3, 10, 4]
or with artifical muscles [5]. Up to now, no satisfying and
energy efficient solution for this problem could be observed.

2 Mechatronics
The actuated joints consist of a DC motor, a gearbox with
low gear ratio and a parallel elastic element (Fig 1). A rotor
disc motor is chosen, because it offers very good dynamic
properties due to its low inertia and high peak torque. The
selected model offers an absolute zero motion torque of approximately 13.72 Nm. Equipped with a gear ratio of 32 : 1 it
results in a realistic maximum obtainable torque of 150 Nm.
This low gear ratio allows a free swingphase in comparison
to the normaly used harmonic drives. Tests in the simulation have shown that a maximum peak torque of 150 Nm is
enough for jumping with a single leg [1] and walking with a
human sized robot [7].

Figure 1: Knee joint with spring in front and actuator in the back
(left) DSP-board with motor amplifiers(right)

The motor is controlled via a DSP-board with two motor amplifiers. The DSP-board further offers a PWM-synchronous
current measurement. This information is essential for the
implented torque controller.
3 Aktive stiffness control
The joint controller adjusts the stiffness of the joint. To perform this highly dynamic task the controller is built up hierarchical.
The innermost loop is a fast torque controller with a cycle
time of 1 ms. Based on this torque controller a speed and
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The problem of modeling human motion has been studied in
different fields including robotics, biomechanics, and computer graphics. Here, we present new methods to compute
collision-free paths for virtual human-like agents that can
generate realistic trajectories among static or dynamic obstacles and other human-like agents. We focus on modeling
human paths and how humans avoid collisions with each
other and obstacles. We build on recent work in multi-agent
collision avoidance, ORCA [2], and add new human-specific
parameters to compute the trajectories. We used data of real
humans walking and avoiding each other, from the recent
Locanthrope project [1] to validate our model.
2 Reciprocal Collision Avoidance for Pedestrians
Our underlying technique, called Reciprocal Collision
Avoidance for Pedestrians (RCAP), models three specific
features of human motion. First, Observation Time (Tobs ),
the time it takes humans to react to new visual input. Second, a Maximum Acceleration while moving (amax ), which
limits how fast people can change their velocities. Finally,
a Planning Radius (r), which models how much personal
space people reserve around them. Our values for these parameters come from fitting our model to the Locanthrope
data.
Trajectory Computation: Each agent engages in a continuous cycle of sensing and acting while heading towards a
goal destination. Computing an action consists of four steps
resulting in a new velocity. First, compute a set of neighbors which have been seen for more than Tobs time. Second, generate ORCA based constraints on the new velocity
to reciprocally avoid collision with others by at least r distance. Third, find a new velocity towards the goal which
satisfy these constraints. Fourth, clamp this new velocity to
be within amax of the old velocity.
3 Setup & Results
Experimental Setup: Our model was tested by comparing it to data from two real humans crossing paths with
each other. The participants did not know which direction
the other subject would come from and had to dynamically
adapt to the potential collision.

Results: We compared our model to 400 runs of real humans, figure 1 shows a representative result, comparing how
the RCAP and ORCA models respond to collisions vs real
humans in the same initial conditions. RCAP does a noticeably better job of modeling how humans avoid collisions.
In terms of the predicted paths, the RCAP model produces
paths which physically overlap the actual position of the humans 94.9% of the time. Also, based on a biomechanical,
energy based analysis[3], RCAP predicts paths which match
the energy consumpion of human paths to 99% accuracy.
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Figure 1: Comparison of real vs. modeled motions in terms of
projected closest point between two agent’s trajectories over time as two people approach on a collision
course. Three lines: Real people (Blue), simulations
with RCAP (Green) and ORCA (Red).

4 Future Work
We would like to compare our model to data from small
groups of people. We plan to use our model in a predictive
tracking approach to improve tracking of humans by robots,
and robot human interaction. Also, our model can be implemented in robots to improve the naturalness of their paths.
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[1] J. Pettré, J. Ondřej, A.-H. Olivier, A. Cretual, and
S. Donikian. Experiment-based modeling, simulation and
validation of interactions between virtual walkers. In SCA,
2009.
[2] J. van den Berg, S. J. Guy, M. Lin, and D. Manocha.
Reciprocal n-body collision avoidance. In ISRR, 2009.
[3] M. Whittle. Gait Analysis: An Introduction. Elsevier,
2007.

Geodesic trajectory generation on learnt skill manifolds
Ioannis Havoutis
IPAB, School of Informatics,
University of Edinburgh, EH8 9AB, UK

Subramanian Ramamoorthy
IPAB, School of Informatics
University of Edinburgh, EH8 9AB, UK

Email: I.Havoutis@sms.ed.ac.uk

Email: S.Ramamoorthy@ed.ac.uk

1 Motivation
Humanoid robots are appealing due to their inherent dexterity. However, their potential benefits may only be realized with a correspondingly flexible motion synthesis procedure. Designing flexible skill representations that also
capture non-trivial dynamics effects over a large domain,
such as in real humanoid robots, has been an open challenge.
This poster presents one such flexible trajectory generation
algorithm that utilizes a geometrical representation of humanoid skills (e.g., walking) - in the form of skill manifolds
[1]. Such manifolds are learnt from demonstration data that
may be obtained from off-line optimization algorithms (or
a human expert). This model may be used to produce approximately optimal motion plans (that capture constraints
and dynamics implicit in the output of a computationally expensive off-line optimization procedure) as geodesics over a
manifold and this allows us to effectively generalize from a
limited training set. We demonstrate the effectiveness of our
approach on a physical 19-DoF humanoid robot, exhibiting
fast motion planning on a realistic – variable step length,
width and height – walking task.
2 Implementation
Central to our approach is a nonlinear manifold learning
method that is able to capture the geometrical properties
of the intrinsic low-dimensional manifold that training data
points are generated from. Our learning algorithm is a modification of LSML by Dollar et al. [2], which we have
adapted with robot motion-specific issues in mind. Formally
our goal is to learn a model of the tangent space of the lowdimensional nonlinear manifold, conditioned on the adjacency relations of the high dimensional data. The learnt
manifold yields geodesic distances, projections of points
on the manifold and allows us to directly generate optimal
geodesic paths between points. Our approach captures the
continuum of solutions both inside and outside (within a
neighbourhood) the support of the original data. We demonstrate that such paths are approximately optimal with respect
to the initial – ground truth – optimality criteria and planning
is suitably fast.
3 Experimental Setup
We have used the KHR-1HV (Fig. 1(c)), a 19 DoF humanoid
robot. We focus on the task of walking, with the aim of gen-

erating a motion synthesis strategy that allows for full coverage of a reasonably large interval in step length, height and
width. For generating demonstration data we have framed
the redundancy resolution strategy as an unconstrained nonlinear optimization problem. We have used a Quasi-Newton
approach with a cubic line search procedure, that uses the
BFGS formula for iteratively updating the estimate of the
Hessian of the objective (cost) function. The cost function
we have defined is a mixture of task constraints and stability constraints. We have separated each footstep to a swing
phase and a weight shift phase. This way we have divided
learning into two components, a leg swing manifold and
support weight shift manifold, as the measure of optimality
is essentially different for each phase.
4 Results
The learnt manifolds are able to produce smooth walking
trajectories that satisfy the optimization criteria used to produce the training data. Specifically, the average RMSE of
the leg swing manifold was as low as 0.12 while the average RMSE of the weight shift manifold ranged on average
near 0.06 (Fig. 1(e)). The procedure was able to produce
stable walking in the continuum of the reaching space of
the robot as depicted in Fig. 1(a) and 1(d) for right and left
swings accordingly. A random walk entirely generated with
our method is depicted in Fig. 1(f). Notice that the step
lengths are varying and the step points are variable as well
with respect to the x axis. Snapshots of this walk executed by
the robot are shown in Fig. 2. We demonstrate how a manifold learning algorithm can capture the geometric properties
of a low-dimensional skill-specific manifold, that underlies
a high dimensional dataset, and how to tightly integrate this
with the process of trajectory generation. This model can
be naturally used to generate joint space trajectories that reflect the optimality and constraints inherent in the training
data, thus producing novel approximately optimal solutions
to continuous path planning queries efficiently.
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Figure 1: Experimental results with the humanoid robot (c). Random start and end point trajectories for left (d) and right (a) leg swings
that have been generated from our learnt manifold, via geodesic path optimization. (b) absolute time needed for planning and
optimization with our method and the nonlinear optimization method (y axis in logscale). (e) RMSE of generated data against
ground truth. (f) Random walk generated by geodesic path optimization on the learnt manifolds for randomized task-space goals.
Snapshots of the robot executing the motion in Fig. 2.

Figure 2: Stills of the robot executing the planned motion depicted in Fig. 1(f).
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I. INTRODUCTION

II. MODELS AND ALGORITHMS
A. Virtual Spring-Damper Model
This new model removes the constant height constraint,
permitting greater stretching of the knees which reduces the
knee torque and provides a more natural motion. The concept
is inspired by the “virtual model control” [2] and the passive
spring-mass walkers [3].
dhip_COM
（x, y, z）

COM

dhip_COM

lupper
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（xfr, yfr, zfr）
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Fig. 1 Virtual spring-damper model

In Fig. 1, virtual springs connect the COM and the ankle
joints. Dampers at COM prevent vertical oscillations. Only
the vertical component of spring force is employed to
determine the dynamics of vertical motion. The general
equation of virtual spring is
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III. SIMULATION OF STRAIGHTENED KNEE WALKING
COM
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B. Height Variation as Parametric Disturbance Issue
Prior research has shown that preview control can be
applied even when the COM doesn’t stay at constant height
[4]. So we treat the height deviation as a parametric
disturbance of constant COM height , and the resulted ZMP
errors can be compensated in the 2nd preview control stage.
C. Smooth Transition Strategies
ZMP errors caused by virtual springs are variations of
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Most humanoids walk with bent knees to ensure that the
Centre of Mass (COM) maintains a constant height but this
requires high motor torques. Hence, it is desirable to design a
trajectory generator that produces stretched knee walking
which is more comparable to humans. In this paper, we
address this issue by adding a virtual spring-damper to a
traditional cart-table model. This strategy combines preview
control [1], which generates the desired horizontal motion of
the COM, with a virtual spring-damper, for generating
vertical motion of the COM.

height and the acceleration . Smooth transition strategies
are proposed to constrain the vertical acceleration within
certain bound so that the preview control module is able to
compensate for the errors. Smooth transitions between
walking phases are realized, ensuring the applied virtual force
continuously changes. In this scenario, final ZMP remains
within safety margins.
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Fig. 2 Simulation of straightened knee walking

Simulations are done in OpenHRP3 [5]. Joint trajectories
are the references for tracking controllers. The simulated
robot successfully performs walking gaits. In Fig. 2, the
spherical ball represents the COM, revealing the vertical
movement. In stance phase, the robot has maximum knee
angles of approximately 26°. In addition, the walking is more
natural with both legs straightening during their respective
motions.
It will be shown that the knee torque is typically under
50Nm with only occasional spikes exceeding this value. In
contrast, a traditional cart-table model demands a mean
torque of 50Nm with spikes of up to 125Nm.
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1 Introduction
In humans the ability to stand up on two legs is a necessary
prerequisite for bipedal walking. Moreover, there is ample
neurophysiological evidence that standing and walking are
rather independent control mechanisms. Therefore, we
suggest that also humanoid robots should be trained first to
master the unstable standing posture and then learn to walk.
Moreover, the postural control system must face three
problems: P1) stabilize the inverted pendulum that
characterizes the bipedal standing posture; P2) compensate
the postural perturbations induced by movements of the
upper part of the body; P3) coordinate the redundant set of
degrees of freedom of the lower and upper part of the body
in whole body gestures, like whole body reaching (WBR).
The easiest way to solve P1 would be to use a “stiffness
strategy”, in particular at the ankle joint which of course is
the most critical one. However, this is not what humans do,
because the ankle stiffness is dominated by the elasticity of
the Achilles tendon and this is consistently smaller than the
toppling torque due to gravity [1]. There is a functional
merit to this solution because a rather compliant ankle joint
avoids high impact forces with the ground and more easily
adapts to uneven ground; on the other hand, there is a
computational price to be paid because with a compliant
ankle the stability of the standing posture is an active
process, not the indirect consequence of the material
properties of the ankle & ankle actuators.
As regards the nature of the active stabilization process, two
alternatives have been considered: 1) continuous time PD
feedback mechanism [2]; 2) intermittent, switching control
strategy [3]. It has been demonstrated [4] that the latter
mechanism is more robust and better captures the spectral
properties of human sway.
In principle, P2 can be solved by the same intermittent
control mechanism of P1, provided that the self-generated
postural disturbances are not too great. Again, the robustness
of the intermittent stabilization mechanism is crucial from
this point of view.
P3 implies a different issue, in particular if the target of the
focal movement is beyond arm’s length: postural
stabilization basically involves a single degrees of freedom,
whereas WBR recruits all the degrees of freedom of the

global kinematic chain, with a high degree of redundancy. It
has been shown [5] that the joint rotations patterns of WBR
movements can be reproduced with good accuracy by a
computational model based on a force-field approach,
named Passive Motion Paradigm (PMP [6]). The basic idea
is the observation that motor commands for any kind of
motor action, for any configuration of limbs and for any
degree of redundancy can be obtained by an “internal
simulation” of a “passive motion” induced by a “virtual
force field” applied to a small number of task-relevant parts
of the body. Here “internal simulation” identifies the
relaxation to equilibrium of an internal model of limb (arm,
leg etc, according to the specific task); “passive motion”
means that the joint rotation patterns are not specifically
computed in order to accomplish a goal but are the indirect
consequence of the interaction between the internal model of
the limb and the force field generated by the target, i.e. the
intended/attended goal. The model is based on non-linear
attractor dynamics where the attractor landscape is obtained
by combining multiple force fields in different reference
systems. We already used this approach for the coordination
of bimanual movements of the humanoid robot iCub [7].
Here we propose to use the same computational framework
for WBR tasks with the bipedal standing iCub. We tested
the feasibility of this computational mechanism using the
iCub simulator, not the real robot, because at the moment the
robot cotroller cannot support bipedal standing.

2 WBR with iCub
The PMP network for the coordination of focal and
balancing movements is shown in fig. 1. The basic subnetwork that implements the focal part corresponds to the
grey-shaded blocks. The sub-network that implements the
balancing part corresponds to the vertically-striped blocks.
The square-patterned block introduces terminal attractor
dynamics ( (t ) is the time base generator). The sub-network
with horizontally-striped blocks generates a smoothly
moving target xT (t ) from the initial position of the hand to
the designated target xF . J F is the Jacobian matrix of the
overall kinematic chain (from feet to hands) used for the
focal part of the task and K F is the corresponding stiffness
matrix in the extrinsic space; J P is the Jacobian matrix of
the subset of the kinematic chain, up to the hip, that is used
for the postural part of the task; A is the admittance matrix

in the intrinsic space; B is the viscosity matrix, in the
intrinsic space, which aims at reducing the forward shift of
the COM (Center of Mass). FF is the force-field, in the
extrinsic space, related to the focal part of the task; FP is
the force-field, in the intrinsic space, related to the postural
part of the task. K F , A, B remain constant during a
movement; J F , J P are functions of q and thus change
during a movement.
The network of fig. 1 is a kind of “internal model” that
implements the WBR synergy. By running it the iCub brain
generates joint rotation patterns that allow the end-effector
to reach the target and, at the same time, reduce the range of
motion of the COM on the support base.

Figure 2a and b. Simulations of the WBR model for different
values of the admittance matrix.

3 Future developments

Fig. 1. PMP network for WBR.

In the near future we plan to test the proposed synergy
formation mechanism on the real iCub. In the first
experiments we shall rely of the stiff PID controllers of the
joints which are currently operational. The following step
should be to increase the compliance of some joint, such as
the ankle, thus integrating the intermittent postural controller
of some crucial joint (like the ankle) with the WBR synergy
formation mechanism. At that point, iCub will be ready for
the first step forward.
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1 Introduction
The development of stable walking motions for biped robots
is an interesting challenge. Especially unexpected perturbations, such as impacts, collisions and floor unevenness have
to be compensated in order to protect the robot and its environment. Based on a model of the robot, nonlinear model
predictive control (NMPC) offers the possibility to react in
real-time to such influences and to stabilize the gait.
We present a method to stabilize the walking motion of
robots in the presence of perturbations. Based on a previous
linear approach, additional degrees of freedoms are introduced while applying a nonlinear model predictive control
scheme that permits more accurate constraints on the motion
itself as well. We focus on having low computational times
in order to keep the ability to use the strategy in real-time
on the robot. This is realized by specialized initializations
of the emerging subproblems in the nonlinear scheme.

Figure 1: Circular walking pattern with multiple perturbations to
demonstrate the constraints on the ZMP of rotated feet
positions.

3 An NMPC Strategy with Flexible Contact Times
The numerical calculations are based on the parameters of
the HRP-2, but the underlying linear model can be applied
to other biped robots as well.
2 Previous Work
Humanoid walking is a highly nonlinear dynamical system.
There are many approaches to model such systems. In opposite to a full multibody model of the whole robot, we are
using a simplified model which is similar to an inverted pendulum proposed in [1]. This approach has the advantage of
having linear dynamics that can be exploited to obtain very
low computation times. Additionally, simulations published
in [2] indicate that the behavior of the Zero Moment Point
(ZMP) of this approximated model is very close to the real
one.
In [3], we showed how a linear model predictive control
scheme of controlling a derivative of the center of mass can
be extended to stabilize the robot movement by additionally adapting the feet positions. Figure 1 shows some of our
results. The robot moves in a circular pattern and is counteracting two perturbations. Furthermore, a tailored Quadratic
Programming (QP) method to further speed up this linear
model predictive control scheme was developed in [4].

Since the results so far were very promising, we want to
keep using the linearized model. Nevertheless, using the QP
structure poses some limitations on the constraints as well.
For example it is not possible to use a higher order polynomial as approximation for the constraints on the remaining
possible foot movement. In this presentation, we move from
a fixed step touchdown time to a varying one that may even
be used to further stabilize the robot. This additional free
parameter vector t kf leads to nonlinear constraints that need
to be treated with nonlinear methods.
Based on our objective function in the LMPC scheme, we
obtain a new quadratic objective function
1 ...
γt
γf
min Φk := k x k k22 + kxkf − xfk ref k22 + kt kf − t kf ref k22
...
2
2
2
x ,x f ,t f
k k k
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We utilize a direct multiple-shooting method ([5]) to solve
the underlying nonlinear optimal control problems.
The initialization of the subsequent optimal control problems is one of the most important tasks in the NMPC context. Our initialization consists of different phases. We

Figure 2: Sketches of the applied methods to speed up the nonlinear model predictive control scheme.

Figure 3: The solution of one of the emerging optimal control
choose a finite number of foot steps n f as horizon. A first
problem arises from the fact that the free end times scale
the corresponding time intervals. Therefore, when removing a small computational time interval δk from the horizon
length, the grid changes even if the free time parameter does
not vary between two successive optimal control problems.
In order to solve this problem, we add an interval with a
fixed length at the beginning of the horizon. This way, we
can safely remove the duration δk from the first, fixed interval without unnecessary changes of the time discretization
grid. Additionally, it is convenient to introduce such an interval at the end of the horizon as well.
Figure 2 sketches the used initializations. We remove the
sampling time δk := tk+1,0 − tk,0 from the first, fixed interval. As soon as tk,1 − tk,0 ≤ δk , we shrink the horizon.
Shrinking indicates in this case the removal of a multipleshooting node from the discretization grid. One obvious
solution is to discard the multiple shooting node of tk,1 as
soon as tk,0 ≥ tk,1 , fixing tk,2 . But there is some theoretical
knownledge available at least for the subsequent shrink of
full multiple shooting intervals and with fixed end time, we
decided to stay as close as possible to the multiple-shooting
shrink strategy presented in [6]. Therefore, we discard tk,0
instead, waiting less then a sampling time and continue using directly tk,1 as the new tk+1,0 .
4 Results
Analyzing the computational times of the arising subproblems leads to the observation that we still encounter peaks
occuring during the horizon extension and smaller ones during the applications of the shrink.
Using a PC with 2 GHz and a grid of six multiple-shooting
intervals leads to a mean value of t¯ = 3.5 ms computation
time for each optimal control subproblem. This is below
our goal of 5ms. Furthermore, all shrinking peaks are less
as well in this case. Only the extension peaks violate the
goal with a maximal value of t max = 15.0 ms. Although it
has to be verified in practical experiments with the robot, a
sampling time of less than 15 ms that occurs only once during each step of reference duration 0.8 s, with the remaining
sampling times being below 5 ms should be sufficient for a
real-time usage on the robot. Otherwise, it is still possible to
perform approximated SQP iterations for the arising nonlinear programs by limiting the runtime of the underlying QP
solver.
Although the additional free parameters that were intro-

subproblems of the nonlinear model predictive control
strategy at t0 = 0.635. The first stage is shrinked to
a short time interval, followed by a full step and the
estimated duration of a half step as the final stage.

duced by the flexible contact times did not further improve
the stability of the robot in a measurable way, we have
showed that it is possible to include nonlinearities in this
control scheme without sacrificing the real-time runtime of
the algorithm. This is necessary for further nonlinear constraints on the robot movement that might arise in future
work.
We have derived a nonlinear model predictive control strategy that extends the previous linear approach by additional
free parameters and the possibility to include nonlinear constraints. Furthermore, we have maintained a runtime that is
fast enough for a real-time application on the biped robot.
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