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Understanding adaptive motion in humans and animals can help us to improve the
adaptive behavior of machines. On the other hand, experiments with technical
devices that adapt to a changing environment can shed more light on the basic
principles of biological systems. We believe that such a bidirectional approach is
essential to incorporate biological “intelligence” in machines. The AMAM 2013
encourages researchers from different fields to interact and exchange ideas in this
interdisciplinary field. These fields are covering neuromechanics, neurophysiology,
biomechanics, robotics, brain science, and other fields related to adaptive behavior of
animals and machines. Previous symposia were held in Montreal, Canada (2000);
Kyoto, Japan (2003); llmenau, Germany (2005); Cleveland, USA (2008) and Hyogo,
Japan (2011).
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Opening Talk



Time: Monday, 11th, 09:00 - 10:00
Titel: Neural Control of Force: A New Perspective

Referee: Carlo J. DelLuca

Abstract: We have developed a technology that can decompose the surface EMG
signal and identify the shape and firing instances of individual motor unit action
potentials that contribute to the surface EMG signal with an average accuracy of 95%.
Using this technology we have document a hierarchal construct of the motor-unit
firing rate, whereby the firing rate of any motor unit is inversely proportional to the
force at which it is recruitment. Thus, at any time and force, the firing rate of
subsequently recruited greater force-twitch faster-fatiguing motor units is less than
the previously recruited. This construct opposes the previously belief held for over 50
years.

Our findings have the following implications: 1) the control of motor units within a
muscle is not designed to maximize the force output of a muscle, but instead it seems
to have optimized some combination of force magnitude and time duration. (The
control scheme is well suited for the flight-and-fight response by providing the
capacity to generate force and the capacity to sustain it.) 2) As the force level increase,
the variability increases. 3) It provides a greater economy of force generation during
ordinary functional daily activities, such as normal walking, that require bursts of low
force levels generated over short periods of time. Such activities rely on the activation
of lower threshold motor units that fire faster and tetanize relatively quickly to
produce force at lower levels.

When we investigated the co-activation of synergist and antagonistic muscles around
a joint, we found a substantial amount of cross-correlation between the firing rates of
the two muscles. This finding indicates that muscles are activated as a functional
group even at the motor unit level.

The implications of these findings for designing control systems for robots that
intendend to mimic human based movement will be pointed out.



Keynote Talks



Time: Monday 11th, 13:30 - 14:30

Titel: Moving Softly: Locomotion Strategies for Deformable Animals
and Robots.

Referee: Barry Trimmer

Abstract: One approach to the design of new devices and materials is to study how
problems have been solved in nature and to adapt these solutions for our own uses.
This “biomimetic” approach is currently being used at Tufts to develop a new class of
robots fabricated from soft materials. These soft robots will perform tasks outside the
capability of current robots including climbing textured surfaces, crawling along
ropes and wires and burrowing into winding, confined spaces.

Making these machines move accurately will require the application of new concepts
based on neuromechanics and embodiment (morphological computation). These
conceptual breakthroughs also allow for the future production of machines that are
entirely biosynthetic and biodegradable and that can be grown rather than
assembled.

This talk will focus on recent discoveries in the locomotion of soft animals and the
application of these findings to the development of moving machines that are highly
deformable. These are the early prototypes of a new type of engineering based on
controlling structures built entirely of soft materials.



Time: Tuesday 12th, 09:00 - 10:00

Titel: Toward highly dynamic locomotion: design challenges in MIT
cheetah robot.

Referee: Sangbae Kim

Abstract: Robot designers are increasingly searching for ideas from biology. The talk
will introduce such bio-inspired robots that embody the hypothesized principles from
the insights obtained by animal studies. Through these examples, the intricate
processes of design principle extraction will be discussed. Current research in the
MIT biomimetics lab is centered on the development of a cheetah-inspired running
robot. Three major associated research thrusts are optimum actuator design,
biotensegrity structure design, and the impluse-based control architecture for stable
galloping control. Each research component is guided by biomechanics of runners
such as dogs and cheetahs capable of the fast traverse on rough and unstructured
terrains.



Time: Thursday 14th, 09:00 - 10:00
Titel: Emergence of social adaptability in insects.

Referee: Hitoshi Aonuma

Abstract: The emergence of social adaptability must be common interest between
biologists and robotics engineers. In animals, social interaction is important factor
for the decision making of behaviors. In order to understand how animals alter their
behaviors on the demand of changing social environment, | have focus on aggressive
behavior in insects. It is widely observed in animals that dominant hierarchy is
established by agonistic behavior, through the complex interaction among
physiological, motivational, and behavioral systems. Crickets exhibit intensive
aggressive behavior when one encounters another male. The battle starts out slowly
and escalates into a fierce struggle to establish dominant-subordinate relationship.
We have investigated the neuronal mechanism underlying cricket aggressive
behavior. Pharmacological experiments suggest that nitric oxide signaling mediates
octopaminergic system in the brain, which in turn mediates aggressive motivation.
Based on the results of experiments, we established dynamic behavior models and
neurophysiological models to understand the mechanisms of social adaptability. We
hypothesize that important mechanism underlying behavior adaptability is a multiple
feedback structure that is composed of feedback loop in the nervous systems and
through the social environment.



Tandem Talks



Time: Monday 11th, 15:30 - 17:00

Titel: Unraveling unrestrained locomotion: (1) natural statistics of
steps and patterns and (2) system identification of feedback
control.

Referees: Noah Cowan and Volker Dirr



Time: Wednesday 13th, 09:00 - 10:30

Titel: Role of Passive Properties in Producing Adaptive Motion in
Robotic and Biological Systems

Referees: Manny Azizi and Dai Owaki

Abstract: Locomotor control is not limited to the commands of the central nervous
system. The physical interactions between the body and the external environment
play a crucial role in generating adaptive motion in biological and robotic systems.
These interactions are often mediated by the passive mechanical properties of a
moving body and define a set of intrinsic control mechanisms.

In the field of Biology, passive mechanical properties have been shown to be the first
line of defense against destabilizing perturbations allowing biological systems to self-
correct without nervous input. In addition, variation in the mechanical properties of
muscles and tendons can determine the boundaries of locomotor performance in
human and animal systems. Based on these biological findings, Pfeifer et al. have
coined the term “morphological computation” to describe how the physical properties
of the body provide a passive control mechanism in moving robots. Many researchers
have demonstrated the potential of morphological computation for the generation of
stable and versatile behavior in robotic systems.

In this tandem talk, we will discuss how passive properties in biological and robotic
systems determine posture, gait and stability during locomotion.



Time: Thursday 14th, 16:30 - 18:00
Titel: Leg design and control for stable locomotion.

Referees: Koh Hosoda and Monica Daley

Abstract: There are roughly two approaches for understanding bipedal locomotion:
starting from observation of bipedal animals and from constructing and controlling of
bipedal robots. In this tandem talk, Dr. Daley will discuss inferences about control of
bipedal locomotion from observations of birds' behavior. She will introduce a simple
bio-inspired leg control policy that has emerged from these observations. Prof.
Hosoda will then talk about constructive approach toward understanding bipedal
locomotion. He will introduce several muscular-skeletal biped robots imitating
biological systems. Finally, they will conclude the talk discussing on simplification of
the controller based on appropriate morphological design, and on understanding of
the adaptability of the bipedal locomotion.



Public Lecture



Time: Wednesday 13th March, 18:30 - 20:00

Titel: Orchestrating Movement  through Complex  Terrain:
Interactions between Brains and Local Neural Circuits

Referee: Roy Ritzmann

Abstract: Animals provide remarkable models for elegant movement through
extremely complex terrains. Robotics seminars often begin with envious video of
mountain goats jumping around hill sides and insects moving seamlessly around
numerous barriers to a goal. AMAM is unique in its serious attempt to bring together
biologists who study these behaviors and roboticists who are trying to capture this
kind of movement in their devices. The benefits of robots that could move with
animal-like behavior are readily apparent. However, much of the work that is done in
the field breaks the problem into smaller units. We see fabulous work on legged
movement generating algorithms for stability and efficient propulsion but ignoring
the role of higher centers. At the other extreme wheeled vehicles are connected to
sensors that allow navigation around barriers but without the benefits of legs.
Biologists likewise focuses upon small subsets of the problem. Neurobiologists have
made great progress examining local control in spinal cords or thoracic ganglia by
eliminating or ignoring descending brain control and restricting movement to a small
subset of actions on a treadmill or a narrow track or studying rapidly moving
behaviors that may occur with limited sensory intervention. Such research is clearly
important and has been very successful in making progress in both fields. But at
some point, we must consider the interactions between higher centers and local
control that is necessary for the elegant movements that roboticists seek to capture.
The issue is similar to progress made by an orchestra working on complex musical
pieces. Individual sections must work on their own to reach proficiency on their
passages. But the symphony only reaches its full potential when all the parts are
brought together with all the complex interactions that make it wonderful.

In this talk, 1 will discuss the differences in behavior that occur in insect locomotion
when brain circuits are present or absent and then describe the research that our
laboratory is conducting to understand how these brain circuits function and interact
with local control systems that include the reflexes and pattern generators of the
thoracic ganglia to produce the kinds of behavior seen in those initial videos. The
ultimate goal is both to understand the neural properties that underlie complex
behavior and to generate the kinds of robotic control that would capture those
behaviors with minimal external control from a driver.



Tutorials



Time: Monday 11th March, 17:30
Titel: LocoK:it - robotic construction kit for legged locomotion

Referee: Jargen Christian Larsen

Abstract: It is common to observe locomotion in animals and based on these
observations develop hypotheses and models of locomotion. However, it is difficult
and time comsuming to obtain observation data due to practical and ethical issues. In
addition, verification of the developed models is difficult in particular when it comes
to verifying the completeness of a model. LocoKit is an alternative tool researchers
can use to understand locomotion. LocoKit allows researchers with no background in
mechanics, electronics, or programming to build robotic models of locomotion. A
robotic model complements the other approaches by being complete since there is no
cheating in the real world.

At this tutorial you will a first be introduced to the LocoKit construction Kit, to see
what it is capable of doing. In the second half you will have the possibility to get to
work with the system on your own. You will be getting a pre-configured quadruped
robot build from LocoKit, on which you will have to optimize various parameters to
get it to walk/run as fast as possible. In the end of the tutorial we will have a
competition where the fastest robot wins.

To be part of the tutorial you will only need to bring your laptop and you will connect
to the robot through a standard wifi connection. If anything else is needed we will
provide it at the tutorial.

The LocoKit toolbox Robot build from LocoKit



Time: Wednesday 13th March, 11:00
Titel: Hybrid Zero Dynamics Control of Legged Robots

Referee: loannis Poulakakis

Abstract: The combined difficulties of hybrid dynamics and underactuation inherent
in legged robots render the direct application of nonlinear controller synthesis tools
to these systems a challenging task. To resolve complexity, the idea of task encoding
through the enforcement of a lower-dimensional target dynamics (rather than
through the prescription of a set of reference trajectories) has been employed in the
relevant literature. Along these lines, the Hybrid Zero Dynamics (HZD) method was
proposed as a systematic way to design control laws for legged robots with provable
stability properties. In essence, this method "embeds" walking and running gaits in
the dynamics of a legged robot by defining a set of (holonomic) output functions with
the control objective being to drive these outputs to zero. The goal of this tutorial is to
introduce the audience to the concepts that underlie Hybrid Zero Dynamics and its
application to the control of walking and running robots. A broad range of models
will be considered, and theoretical aspects as well as implementation details will be
discussed.
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Human leg adjustment in perturbed hopping

Maziar A. Sharbafi*and Andre Seyfarth*
* Locomotion Laboratory, TU Darmstadt, Darmstadt, Germany
{seyfarth, sharbafi} @sport.tu-darmstadt.de

1 Motivation

Robots can help to demonstrate and prove concepts on
human locomotion such as concepts based on springlike leg
behavior. Hopping is a fundamental requirement for run-
ning in two basic functions: bouncing and balancing. In
addition, for robust hopping against perturbations, swing-
ing the leg in flight/swing phase is observed. These three
elements need to be integrated for stable/robust locomotion
in bipeds. Unlike running [1] and walking [2], stable hop-
ping cannot be achieved with a fixed angle of attack with
respect to the ground. So, finding an appropriate leg direc-
tion during the flight phase is needed for stable hopping in
place. In this study, different methods of leg adjustment dur-
ing swing phase are compared both in simulation with SLIP
(Spring Loaded Inverted Pendulum) model and in human
experiment. Because of the lack of space and since we re-
ported the simulation results previously [3], in this paper, it
is just reported with a few sentences. Our presented method
called VBLA (Velocity Based Leg Adjustment) shows better
performance in modeling and is also closer to what humans
do.

2 Methods

Most leg adjustment strategies rely on sensory informa-
tion about the CoM velocity, following the Raibert approach
[4] in which the foot landing position is adjusted based on
the horizontal velocity (for example [5])

v T

d
> +k(vy—v%) (D

)CfZ

in which x, v, and vf are the horizontal position, speed and
desired horizontal speed of the Center of Mass (CoM), re-

(a) (b) (©

Figure 1: Different leg Adjustment approaches. a) Raibert
method, b) Peuker approach ¢)VBLA.

Head

Shoulder

Figure 2: Experimental setting. Left: marker positions, right: lab
setup

spectively. Also, k is a control constant and 7y is the stance
time. The output of this controller is the horizontal distance
between the desired foot point at Touch Down (TD) and hip
point named x¢ (see Fig. 1(a)). For hopping, where v =0,
Eq. (2) converts to x;, = uv, (for hopping the stance time is
fixed and we can have a constant ().

Recently, various strategies were investigated by Peuker et
al. [6] who concluded that leg placement with respect to
both the CoM velocity and the gravity vectors yielded the
most robust and stable hopping and running motions with
the SLIP model. Defining the angles of the gravity vector
with the velocity vector and leg orientation by ¥y and « as
shown in Fig. 1, this method gives the leg orientation by
o = Uy, where [ is a constant between 0 and 1. A modified
version of this strategy, called VBLA, is presented [3]: the
leg direction is given by vector 0,a weighted average of the
CoM velocity vector V and the gravity vector G. The weight
of each vector is determined by coefficient 0 < u < 1 (see
Fig.1(c)). Unlike Peuker’s approach which just consider the
angle of velocity vector, in VBLA, both direction and angle
of the velocity vector affects the desired leg direction

‘7 - [anvy]T 5 é = [Ov_g]T (2)
O = ui+(-n)d

In all methods, when u = 0, the leg is exactly vertical and in
the two recent ones, the leg is parallel to the CoM velocity
vector for L = 1.



3 Results

It is analytically proved for SLIP model that with proper
selection of u in VBLA the dead beat response is achiev-
able. Thus, with this approach it is possible to remove all
perturbations at most in two steps. The perfect results of ap-
plying this method beside VPPC (Virtual Pendulum Posture
Controller) to SLIP model with upper-body (called TSLIP
for Trunk+SLIP) are reported in our previous work [3].

We did an experiment to investigate which method approxi-
mates to human leg adjustment best. In this experiment, the
subject hops in place with arms akimbo and suddenly a per-
turbation occurs at apex by pushing him/her from behind.
The pushing point is near sacrum which is an approxima-
tion of CoM. The kinematic behavior of the body is derived
using markers shown in Fig. 2. We use a force-plate to mea-
sure GRF during stance phase. CoM motion was obtained
by integrating the GRFs twice. Initial values for velocity
and position of CoM were obtained from the sacrum posi-
tion [7]. The markers positions, cameras and the force-plate
are shown in Fig. 2.

To evaluate the aforementioned methods, the velocity at
touch down and the leg orientation (the vector from the CoM
to the foot contact point with the ground) are detected. In
order to approximate u in different approaches, two param-
eters (assume a and b) are computed and then a least square
approximation is used to find u such that a = ub. In Raib-
ert approach, a = xy and b is the horizontal velocity. For
the second approach, a = & and b = 7. Finally, from (3) for
VBLA a = n and b = m are obtained by

Oy _ uh—(1-p)g

0. = w7
80x = W(0Vy+g0—0OV,) 3)
<~

n m

All these parameters and their linear estimations are plot-
ted in Fig. 3. VBLA has the best fitting to the data which
describes the human leg adjustment by a fixed value of u.
In addition, Table. 1 shows the statistical information about
these data. The maximum R2 index (for correlation) and the
minimum variance correspond to VBLA. The closer R> cor-
relation index to one, the better fitting of data points to a line.
This value is about 0.95 for VBLA, showing an appropriate
matching of the data to this method. At each TD moment,
related p is also obtained by a/b and then the variance of
these values are computed.

4 Discussion

The VBLA shows the best performance of leg adjust-
ment for perturbed hopping in simulation of SLIP model.
The ability of this method to converge from any point in the

Table 1: Different approaches statistical characteristics
Method u R? index | Variance
Raibert 0.1614 0.6753 0.0182
Peuker 0.2865 0.763 0.0248
VBLA 0.6881 0.9486 0.0162

Raibert Peuker s VBLA

1 0 2 4 6

05
Vi (m/s) 7Y (rad) m

Figure 3: Fitting data to a line. From left to right Raibert, Peuker
and VBLA approaches.

region of attraction to the limit cycle of the periodic verti-
cal hopping is provable. In this paper, its validity for human
hopping is investigated. The proposed method fits perfectly
to the human experiment data which is shown by correlation
and variance computation. This method can also be evalu-
ated for running. Application of this approach in addition
to a stance phase control schemes can be evaluated for more
complex models.

5 Format

We prefer to present this paper as an oral presentation.
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1 Introduction

In order to enable lower limb amputees to regain
natural and versatile walking patterns, the development of
active ankle-foot prostheses 1is required. During
locomotion, above-knee amputees show a lower walking
speed for keeping the energy effort in the range of non-
amputee walking [2]. To avoid this, prostheses with
adaptable characteristics and the possibility to store and
reuse energy can provide advantages like more dynamic
locomotion and secure operation on uneven terrains
without increasing the user’s energy effort. Using an
actuated prosthesis, a supporting torque can be applied to
the ankle joint and thus enable users to walk with less
energy effort. By this, such components might also protect
amputees against medical consequences due to
compensation movements [1].

2 State of Art

The large majority of commercially available foot
prostheses are passive prostheses with a fixed angle
between shank and foot [3]. The applied elastic elements
like carbon springs are designed for a basic adjustment to
uneven terrain and a partial recuperation of energy during a
gait cycle. Further, the mechanical characteristics can be
customized by design, e.g. by splitting those springs to
support eversion or inversion motions. Semi active foot
prostheses do not support users with direct actuation, but
are able to adjust position or characteristics of the foot and
thus can reduce energy effort and provide more natural gait
patterns. Currently, there are two active ankle foot
prostheses coming into the market: The iWalk BiOM [4]
and the Springactive Odyssey [5]. Further, active
prosthetic ankle joints are developed in academic research
projects such as the AMP Foot 2.0 [6]. Those prostheses
support locomotion with a motor spring complex. While
most active approaches use a serial elastic actuator (SEA)
composed of a motor, gears to transform rotational into
translational motion, and springs, parallel setups of spring
and actuator can also be applied.

3  Concept

In [1] it is shown that the creation of a natural walking
pattern requires variable ankle stiffness, energy storage as
well as active support synchronized with individual gait.

The authors’ concept to achieve these goals is given in
Figure 1.
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Figure 1 Mechanical setup of the ankle-foot prosthesis

The drive train consists of two DC motors with a power
of 90W and a continuous torque of 0.2Nm. Two ball
screws with gear ratios of 6283 are attached to the motors
to transform the rotational motion of the motor’s shaft into
a translational motion of the screws. The lower ends of the
screws are connected to two parallel extension springs
placed in a sleeve. Each spring can be loaded with 739N
and has a maximal extension of 18mm. In the sleeve two
mechanical stops limit the maximal extension of the
springs. With the lower mechanical stop, the actuator and
gears are able to bring a force on the heel without
compressing the extension springs, which might result in a
damage of those. The upper mechanical stop protects the
springs from increased tensile loads. Parallel to the SEA
the so-called parallel spring is installed. For
implementation, the parallel spring can be realized by two
parallel springs with equal dimensions and stiffness. The
springs are connected to the foot and to the drives that are
fixed on the shank. During dorsiflexion, energy is stored
by elastic deformation of the spring due to the angle
deviation between shank and foot. Beyond the angle range
from -5° to +10°, the spring is inactive due to the
kinematics design of the foot. For this, a conventional low-
profile carbon device with a split toe is proposed. The split
toe enables the device to fulfill an inversion or eversion
motion and to adapt on uneven surfaces. For visualization
a conceptual CAD-Model is shown in Figure 2. The serial
springs are invisibly located in the blue dyed sleeve.
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Figure 2 CAD-Model of the ankle-foot prosthesis

4  Operational Strategy
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Figure 3 The operational strategy

Figure 3 shows the prosthetic foot in different moments
of the gait cycle. In P1 a negative torque is created around
the ankle joint axis by the ground reaction forces. The
torque will rotate the foot from initial contact to foot flat.
During P2 the sign of the external torque switches from
negative to positive because the body is moving in walking
direction over the on the standing foot. In P2, the parallel
spring extends due to the angle deviation between foot and
shank and hereby creates a negative torque around the joint
axis. The serial spring is extended through the motors and
creates a negative torque. At the end of P2, the torques
created by the springs are equal to the external torque and
the bodyweight is held due to the extensions of both
springs. Hence, parallel and serial spring store energy in
form of elastic deformation energy. P3 follows with a
positive external torque around the ankle joint. In order to
support locomotion, the torque created by the parallel and
serial spring must be greater than the external torque. This
is accomplished by a further tensile load of the serial
spring introduced by the motor. The sum of all torques -the
external torque and the torques created by the springs- is
negative so that the heel starts to rise from the floor. In this
phase the parallel spring is deactivated by a sliding
mechanism as soon as a compression load acts on it. In the
swing phase no external torque appears due to the missing
contact to the ground. In this phase, the mechanical stops
in the sleeve are used to provide forces on the heel and
bypass the serial spring. Hereby, a positive torque around
the joint axis rotates the foot to a right angle relative to the
shank.

5 Results and Discussion

To survey the design concept and operational strategy,
simulations of the system dynamics are conducted based
on measured data from human walking [7]. In the
simulation environment the shank is fixed and the foot acts
like a pendulum around the lower end of the shank. To
ensure a realistic simulation, joint angles are used as
desired trajectories, while an external torque is introduced
to model the floor reaction forces. The system is modeled
by two equations of motion: One representing the drive
sided dynamics and one depicting the foot mechanics. The
angle y between foot and shank is the controlled variable
of the system and is compared to the reference angle. The
output of the controller represents the motor torque. In the
left part of Figure 4 the angle of the ankle-foot prosthesis
and of the human data is presented. Here, the trajectory
provided by the proposed prosthesis deviates only slightly
from human data. The variation at the end of P2 and
beginning of P3 implies that the angle between shank and
foot is greater than the human data. The required
mechanical power, given in the right part of Figure 4
shows the ankle power of the prosthesis and of the human
data. The peak appears at the time of push off, in which the
prosthesis mimics the catapult effect and thus the
propulsion in walking direction. In comparison to the
human data the variations occur because the prosthesis
mimics the human walk but has a different assembling i.e.
the mechanical stops. The simulation is a first and good
approach to verify that the design connected with the
operational strategy is able to mimic human gait.
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Figure 4 (a) the ankle angle; (b) the ankle power



6 Conclusion

The main innovation of the proposed concept is the
interaction of the SEA with a partially active parallel
spring, which is used for energy storing and for creating a
counter torque to the external torque. In contrast to existing
concepts using a parallel spring as the one in [1], this
spring is designed to exploit stored energy specifically.
The energy is stored during P2 and used to support the
actuators during P3. The force applied by motors to the
heel during P2 is decreased because the parallel spring
creates up to 25% of the required ankle torque. The peak
motor torque in simulation exceeds the nominal motor
torque for a negligible period of time. This might be
provided by overloading the drives. The simulations reveal
that it is possible to nearly imitate the biomechanical
model with a realistic power requirement using a PID
controller. In reality, the control strategy should be
extended to a hybrid control system with a position and
force controller for realization and better usability.

7  Open Questions

Further simulations should consider the interaction of
human and prosthesis by applying more enhanced human
model. Regarding the motor torque, the overloading
capabilities of the drives have to be considered for
implementation.
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1 Motivation

In the development of robotic assistance systentis wi
safe human-robot interaction for flexible persoreld
industrial applications size, weight, redundancyd an
compliance play an important role. For a redunahaniti-
joint kinematics with long range, high payload and
variable resilience the elephant's trunk is the aide
biological role model. The elephant's trunk is atooious
kinematics which has no traditional joints of banids a
muscular hydrostat which can multiple bend in défe
directions over the entire length by longitudinaligposed
muscle packets.

2 Stateof the Art

Present industrial articulated robots are manipusat
which are rigid multi-body systems with revolutangs
driven by inherent stiff electric motors. The simpl
dynamics is bought with heavy weight and large
construction space [1-2].

Under the heading trunk, worm, snake or more
generally continuous or hyper-redundant kinematiesy
solutions are known. Some developments from the pas
named continuum robots [3-6] begin to make usehef t
operating principle of the elephant's trunk [7-2hH some
show first technical applications up to commercial
products [12-13]. The field of application is limit
generally to the conduct of a tool or a camera in a
inaccessible object.

The continuum manipulator OctArm replaces the eria
chain of rigid links in conventional manipulatorsittw
smooth, continuous, and flexible links. OctArm gexily
based on the principle of a trunk driven by antagton
pneumatic muscles, but is more of a hook than a
manipulator [14-16]. The Rice and Clemson Univégsit
have developed a trunk like kinematics based on a
centrally located rubber backbone which acts as
counterforce to a cable actuation system driveelbgtric
motors [17-19]. The also tendon driven Air-Octor
furthermore regulates its stiffness by pneumatiesgure
[20].

The British company OCRobotics has developed
shake-arm robots based on a skeleton with cabla as
commercial product.

The nearly simultaneously developed trunk kinensatic
“Serielle  Modularkinematik” SMK from the German
Fraunhofer Gesellschaft IFF is equipped with ladattric
motors and thus not inherently compliant, can drépd to
about 60 degrees, move only a few 100 grams payadd
the motion speed is limited by screw jacks [21-ZDhe
shake like robot from the Carnegie Mellon Univerg3]
and the redundant chain robot HRCR from the Bemmste
Center for Computational Neuroscience [24] are aisoe
suitable for inspection tasks than for manipulatioh
payload.

By closer look all approaches have an articulatesid
structure. This is clearly visible in approacheshwgervo
motors such as the great manipulator EMMA from
GreyPilgrim [25] used in nuclear power plants. Byt
rigid elements with servo motors except the higmber
of degrees of freedom is retained none of the above
advantages of the trunk kinematics.

The outstanding trunk kinematics “Bionic Handling
Assistant” from the German company Festo is a
demonstrator for lightweight by additive manufaaigr
and compliance but is not designed for precisiod an
payload [26].

A continuum manipulator inspired by real propertés
an elephant's trunk like radius of action, payload,
compliance and speed of motion does not exist.

3 Contribution

The idea presented here is to combine a 3 fluidic
muscle driven universal joint with lightweight céongtion
by new materials. By the special design this jaiab be
connected not only in series but also alternateasied
into each other to save manipulator length at thees
amount of flexion. It can be stated that the more
lightweight the single joint is built and the stgmm the
further up joints are designed, the more can beackes to
a continuous manipulator.

Our modular joint named segment consist of twoart
named bones which are connected via a universat joi



with each other and are tilted by three fluidic olas
actuators against each other. The lower bone efyment
is the upper bone of next distal segment and sorbis
cascading leads to a smaller manipulator lengtlh wie
same number of degrees of freedom.

The lever arms of the bones for the connecting fausc
actuators are made of polyamide 12 (PA12) [27]hHa t
laser sintering process (SLS) [28] and strengthétin w
spring steel reinforcements similar to ferrocorerf29].
The upper side of the arms is additionally reinéafdy a
tension belt made from carbon and the shape ofother
side is optimized for notch stress free [30] (Feyj.

Figurel Build-up of a bone with spring steel
reinforcements (left) and with an upper carbon
tension belt and lower optimized shape (right).

Not only is the lower side of the lever arms (Fiyi)
optimized for notch stresses, but also the compkter
arm is analyzes for von Mises stress (Figure 2).

Figure2 Stress analysis where blue regions have
poor load (left) and can be used to e.g.
mounting holes (right).

The areas with stress peaks are marked in redarel h
to be reinforced. The blue marked regions are miti@ss
areas which do not contribute to the rigidity. Irnpiple,
these areas can be removed to save weight or tdouse
mounting holes to hold cables, circuit boards oisees.

Each configuration with and without inner
reinforcements, with or without tension belt and
combinations is tested for break. By a fluidic mMasthe
tension force on the outer lever arm is continupusl
increased up to 1000 N, and is measured by a f@osor
(Table 1 and Figure 3).

Table 1: Specification of the pulling actuator ahe
force sensor used in the breaking test stand

Name Company Force| Length
Actuator| DMSP-20| Festo AG 1600N 400 mm
Sensor KD 93633 ME-Mef3sys. 500kg 61 mm

Figure3 Breaking test stand with pulling actuator,
force sensor and to test lever arm (left) and
breaking test example (right).

The breaking test results presented here showtlbat
lever arm of the big star equipped with a 2 mm oarb
tension belt without any reinforcements breaks laua
600 N pulling force. This is the force that can thald
solely by the polyamide 12. When equipped withmets
1.5mm carbon reinforcements the breaking force
increased up to about 850 N. If the arm equippetth Wi
times 2.5 mm carbon reinforcements the materiak dux
break up to a pulling force of 1000 N (Figure 4hisTis
the estimated maximum force that can be occurrinthe
segment. In our configuration we use 4 times 2.5 mm
spring steel reinforcements, so we also have #aies
feature. In case of fault the kinematics bends Eefore it
breaks and collapses.

Big star: 2,0mm Ch-Plate with 25mm Cb-; 1,5mm Ch-; without reinforcements
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Figured4 Breaking test results of a lever arm of the
big star without reinforcements (green), with 4
times 1.5 mm (magenta) and 4 times 2.5 mm
carbon reinforcements (blue).

Each segment has a modular design and can be fitted
with different types of muscles. In the trunk kiretios
“Tripedale Alternanzkaskade” TAK version 3, botheth
fluidic muscles DMSP-10 from the company Festo with
the maximum force of 630 N as well as DMSP-20 il
maximum force of 1500N are fitted. The nest statar{
not ground position) of a segment with antagonistic
connected muscles all muscles are contracted i
of the maximum contraction of the resting lengthlyCthe
joint can be moved, when muscles shorten and imrrret
other muscles extend. The case that more than oselen
pulls on the lever arm with its maximum force never
occurs by design.



All electronic components of each modular joint are
located around the central carbon compression sfrtite
dorsal bone of the segment. The complete elecsaarie
located on three printed circuit boards, which amanged
in a triangle around the strut. Two redundant desig
boards containing the ARM microcontroller
STM32F107R, which are supplied from the third board
with voltage. The microcontrollers enable transpare
segment addressing, communication with other setgmen
via CAN bus and a logging or emergency communicatio
via Ethernet bus. The proprietary operating systenthe
controllers is implemented in C/C++ and includes a
dynamic and segmented memory
semaphores for process synchronization, shared nyasfio
the processes on a microcontroller, interrupt-drive
collision detection in real-time and sensor fusb@miween
redundant sensors. Each segment gets its targétsang
joint stiffness, controller structure and contr@r@meters
from an external path planning via CAN bus. The
segments operate independently from each otherthigut
control parameters take into account the respeptigiion
in the chain.

The current version 3 is equipped with both muscle
types DMDP-20 and DMSP-10. The bulky muscles
DMSP-20 of the upper 4 segments are driven by
proportional valves in order to realize a good posing
accuracy and low noise. The smaller muscles DMSBf10
the lower 4 segments are driven by light switchiadyes
in order to realize a wide range of motion and isigt
payload. The following Table 2 shows the main défeces
of the two valve types.

Table 2: Characteristics of the two used valve sype

proportional switching
Name PVQ MH1
Manufacturer SMC Festo
Muscle type DMSP-20 DMSP-10
Noise emission low high
Valve function 2/2 3/2
Nominal flow rate| 100 I/min 10 I/min
Weight 80 g 10g
Hysteresis 10 % -
Cut-off frequency| no information| 20 Hz
Control 0-180 mA PWM
Dead zone +54 mASB0%) | +1.2 V £5%)

Each segment requires only 5V for electronicsv24
for the pneumatic valves and compressed air from th
outside to be able to work autonomously and
independently.

All construction details together lead to a very
lightweight, but stable and sufficiently rigid kimatics
that can withstand the high tensile force of theidft
muscle actuators of approximately 1000 N (Figure 5)

management,

Figure5 Part of the biomimetic trunk kinematics
“Tripedale Alternanzkaskade” TAK as CAD
drawing of two segments (left) and
photograph of a segment in the chain (right).

The main performance parameters of the current

version 3 of the TAK consist of 8 segments and dgreles

of freedom can be found in Table 3.

Table 3: Performance parameters of the TAK v3

Target speed normal/max. 250 mm/sec 1000 mmnj/sec

Position-/repeat accuracy +15 mm +5 mm

Handling/max. payload 500 g 2000 g

Power stand-by/operation 10 W 50W+air

4  Discussion

Robotic systems are rated according to their
capabilities such as motion speed, payload, positip
accuracy as well as energy consumption and costsser
properties are primarily determined by the ussaterials
and structures as well as actuators. Light in the fast laser
sintering process produced solids (e.g. polyamide)
combined with selected materials with special maufz
properties (e.g. spring steel) positioned in thyhtriplaces
in the solid (e.g. in the distribution of forcegncnot only
reduce production costs but also open up new fields
application. The better the requirements can betifiex,
the better the kinematics can be aligned and op¢idhin
that effect.

The changing of thgoint stiffness can be achieved in
certain areas independent of the joint position thg
simultaneous actuation of all muscles (co-contoajti
Thus, the impedance can be adjusted over the detigth
of the trunk to the surrounding environment.

When multiple segments are connected to a redundant
kinematics, the supernumeratggr ees of freedom for the
path planning objectives as an energy-optimal @siin
space can be used. The maximum achievable angke ove
the entire length of the trunk can be optimizedrowbe
degree of cascading of the segments, the positicieo
universal joint along the central compression sand the
length of the lever arms. With currently 8 segmettg



TAK bend to about 135 degrees. The present combinat
of materials and the thus achieved weight per sagme
allows a maximum cascading into each other of up to
about 12 segments.

By design, thepositioning accuracy depends only on
the stiffness of the central pressurized componamtsnot
of the lever arms of the muscles. A potential gihtiveight
unavoidable bending of the lever arms of the mssotdy
leads to a reduction in the effectiveness of muscle
contraction. By function, the positioning accura®pends
mainly on the minimum adjustment of the used valwed
the resolution of the sensors.

A redundant trunk kinematics is eultivariable
control system with couplings. These couplings have to be
modeled, so that the controllers of each segmentiaiee
into account e.g. the appropriate weight per lewver.

The trunk kinematics TAK is designed for use bath i
the automated assembly as well as in households.
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1 Motivation

Various robotic quadrupeds have been introduced to in-
vestigate the realization of dynamically-stable runnireg b
haviors. The majority of these platforms involve rigid, ron
deformable torsos, a feature that distinguishes them from
their counterparts in the animal world, which owe much of
their remarkable locomotion abilities to their flexible lesl
Only a few quadrupedal robots employ torso flexibility. An
early example is the planar quadruped with articulatedtors
introduced in the MIT's Leg Lab, [1]. Contemporary robots
with flexible torso include Canid [2] and the MIT Cheetah
guadruped [3]. However, only limited information on how
torso bending movements affect locomotion is available in
the context of these platforms.

2 Stateof theart
To provide insight into the leg-torso coordination mech-

3 Our approach

The lower-dimensional, sagittal-plane model of Fig. 1 is
the subject of our study. The torso comprises two identical
rigid bodies connected via a torsional spring, intended to
introduce flexibility. The posterior and anterior virtuabk
are assumed to be massless prismatic springs.

3.1 Non-dimensional dynamics
In the non-dimensional setting, the six physical parame-
ters{m,J,L,lo, kiorso, Kieg}, Which describe the morphology
of the system, can be reduced to four dimensionless param-
eter groups, namely,
J L

l:=—, d:=—, K
mL2 |0

ktOrSO
mglo”

Note thatly corresponds to the uncompressed length of the
leg spring. The non-dimensional form of the dynamics al-

g i = kleglo
eg-—
mg

1)

Ktorso =

anisms that produce quadrupedal running in the presence of |55 ys to explore systematically a much larger fraction of

a segmented torso, models of varying complexity and dif-

the solution space for various combinations of the dimen-

ferent actuation schemes have been proposed. In parficular sjonless parameters. We concentrate on the bounding gait
bounding motions have been investigated in [4, 5] using @ gescribed in Fig. 2, which includes extended and gathered
sagittal-plane model composed of compliantlegs and a two- flight phases, and apply Poincaré’s method. The Poincaré

segment torso. In [4], the torso spinal joint was actuated, section is selected as the apex height in the extended flight
and bounding was generated via PID control loops enforc- phase, and the resulting map is

ing desired values on the relative angle between the two seg- N N
mgents of the torso. On the other hagnd, in [5] the torso Wa:S;J Zk+1)=2"(Z[K,af [K), (2)
unactuated and compliant, and bounding was achieved by wherez = (y5, 0, 65.%, 957 6;) anda; contains the ab-
keeping the torso joint angle constant when it reaches maxi- solute touchdown angles, i.e; := ( d« id): see Fig. 1.
mum flexion and extension. Our recent work in [6] provides ’ a7
a systematic analysis of the conditions under which cyclic
bounding motions can be generated passively. In this work,
rather than focusing on motion generation in the presence of
torso flexibility, we turn our attention to the local statyili
properties of passively generated bounding motions.

3.2 Self-stable bounding motions

A large number of fixed points has been computed for
suitable initial conditions and touchdown angles. To araly
local stability, we linearize (2) at a fixed poif#, a;) and
compute the eigenvalues of the Jacoblan= 0.27*/dZ.
One of the eigenvalues #éfis located at 1 reflecting the con-
servative nature of the system. The location of the restef th
eigenvalues depends on the values of the dimensionless pa-
rameters. Of particular interest here are the combinatibns
the relative torso stiffnesgorsoand relative leg stiffnesgeg
that generate bounding motions.

Fig. 3 shows how the spectral radipgA) := max |A;|
of A changes as a function @kieg, Kiorso) keeping the rest
of the dimensionless parameters constant. Note that tiye gre
area in Fig. 3 represents the irrelevant fixed points that cor
respond to periodic motions with multiple torso oscillatso

=

Figure1l: A sagittal-plane model with a segmented torso.



Figure 2: Snapshots of the model during one bounding cycle.

during one stride. Fig. 4(a) shows how the relative pitch
02 — 6, evolves for such motions, which appear for small
values of leg stiffness; clearly, a softer leg requires a rel
atively longer time period to go through a complete com-

pression and decompression process during stance, allow-

ing the torso to oscillate multiple times. We neglect such
fixed points and focus on bounding motions with a single
torso oscillation during one stride, as shown in Fig. 4(b).

that the domain of attraction of the self-stable fixed poists
small, and the system cannot tolerate large perturbations.

4 Discussion outline

In this work, the existence and stability of bounding run-
ning gaits were studied in the context of a reductive sdgitta
plane model with a flexible segmented torso and compliant
legs. The relationship between the leg and torso sprirfg stif

Such motions are represented by the colored-coded points of "€SS was discussed, showing that a range of possible leg-

Fig. 3, in which we can see that for certain fixed points the
spectral radius is equal to 1 implying that all but one of the
eigenvalues are within the unit disc. This result shows that
self-stable bounding can be generated for particular combi-
nations of leg and torso stiffness values.

8
a 7 lrrelevant e Self-stable fixed points 3
2 fixed points
=6 ‘
n 25
o _—
25
P 2
24
g I s
€ 3 '
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Figure 3: Fixed points computed for the same total energy, aver-
age speed and hopping height and for different values
of dimensionless leg and torso stiffness. The color code
corresponds to the values of the spectral radius. of
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Figure 4: Torso oscillation in one stride. (a) An irrelevant fixed
point. (b) A physically meaningful fixed point.
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It should be emphasized that the emergence of self-

torso stiffness combinations can produce stable (within a
constant energy level) bounding motions. However, the abil
ity of the system to reject sufficiently large perturbatiams

an open-loop fashion is limited. Currently, we work on con-
trol laws that can enhance the stability of these self-stabl
motions. In addition, a more complete parametric study
that included andd is conducted to further understand how
physical parameters affect the resulting motions.
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1 Motivation

PROBLEM: human mechanism for managing redun-
dancy in whole body motion

Human body is composed of a number of muscles and
joints, and whole body motion, represented by walking, is
produced as a result of dynamical interaction between this
redundant system and environment. Human effectively uses
this complex system, composed of body and environment,
for conquering the diversity in the environment, but the hu-
man mechanism for managing the redundancy to produce
such adaptability has not been revealed.

KEY FEATURE: kinematic correlation during motion
"Kkinematic synergy”

Physiological studies on locomotion have shown that the
actuation of joints and muscles keeps certain correlation,
and statistical analyses have been extracted the correlation
embedded in experimentally measured motion. Such as 7
segmental motion of whole body are constrained into 3 co-
ordination group called ”kinematic synergy”.

Constraint of the motion by kinematic synergy converts
the redundant body into easily controllable low dimensional
system, so this mechanism is considered to reflect the char-
acteristic of human redundant control. Therefore, it is im-
portant to reveal the contribution of kinematic synergy on
walking control for understanding the adaptability of human
control.

2 Stateof the Art

Physiological evidence of neural coordination in MO-
TOR and SENSORY system

Bizzi et al. showed flogs, stimulated several area in
spinal cord, actuated their legs in area specific manner, and
indicated that a control signal activates modules (called mo-
tor primitive) composed of plural actuators [1]. Poppele et
al. [2] reported that proprioceptive information transferred
through dorsal spinocerebellar tract (DSCT) coded the in-
formation corresponding to the pattern of leg orientation
and length. The kinematic synergies during locomotion also
correspond to the pattern of leg orientation and length [3],

thus low-dimensional sensory information contracted by the
kinematic synergy is probably transferred to cerebellum.

Control structure using coordination proposed in past
resear ches

Ting et al. [4] showed fewer individual difference of
muscle synergy than individual difference of muscle activa-
tion during standing motion of cat, and indicated possible
use of time series related to synergy as reference of motion
control. They further proposed a control model in which
neural mechanism corresponding to synergy integrated plu-
ral sensory information and control command was designed
for integrated low-dimensional state variables.

3 Our approach to this question

By focusing on the knowledge that low-dimensional in-
formation corresponds to kinematic synergy [2], [3], we
propose a control model in which sensory information is
contracted by kinematic synergy and control command is
planned on the low-dimensional space (Fig. 1). In our re-
search, walking experiment is performed on flat and slope
floor (Fig. 2). Kinematic synergy is extracted from the mea-
sured segmental motion (Fig. 3), and dynamical simulation
using human kinematic synergy obtained through experi-
ment are performed (Fig. 4). The effect of different en-
vironment on walking posture and the contribution of each

IR
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skeletal

Kinematic Synergy
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Figure 1: A: Control model using kinematic synergy. Sensory
information is compressed by kinematic synergy and
control is designed for the low dimensional state vari-
ables. B: The skeletal model used for simulation.
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Figure 2: Measurement of kinematic data in human walking by
motion capture system. Left and right figures show
walking on 0% and 12% slope respectively.

Right Leg

Left Leg
Foot Shank Thigh Trunk Thigh Shank Foot

o [\

[rad]
1

0
-1
1
0
-1
1
0

0.05

Segment Angle ©®
/\
/\

b —

|

|
|

|
|

\’_____..—
\_

v YY VY Yyoy

é— Spacial Structure —~

Right Leg

Foot Shank Thigh Trunk Thigh Shank Foot
Left Leg

Leg Stance

Left
ght Leg Stance

T~ Ow-+vO -vO -

Z1 Z2 Z3

[m0% m 4% =8% D12%|)

C

0% 1| 4% 1] 8% 1 [ 12%
1

Temporal Structure

Figure3: A: Kinematic synergies. B: Temporal coordinations. C:
Mean posture of one stride duration.

kinematic synergy are discussed.

4 Discussion outline

Q1. Whether the control of low-dimensional kinematic
information enables to realize stable locomotion both flat
and slope condition, or not? Q2: Whether all the kinematic
synergy needs to be controlled, or some kinematic synergy
generate as a reaction of the control of other synergy?

A1l: Dynamical simulation of the 7-link skeletal system
showed stable locomotion both on flat and slope floor. Thus
the control of low-dimensional kinematic information en-
ables stable locomotion (Fig. 4). A2: Locomotion became
unstable by reducing the gain of each synergy control during
stable locomotion (Fig.5). Thus three synergies are not gen-
erated as reaction but considered to be actively controlled.
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Figure5: Simulation result reducing synergy 1 control.
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1 Motivation

Musculoskeletal robots try exploit principles of biologi-
cal systems in an attempt to replicate their behavioural prop-
erties. The intrinsic compliance and lightweight structure of
these systems reduce the peak forces resulting from external
collisions, and protect the robot’s actuators. In addition,the
compliance of the muscle-tendon complex can greatly in-
crease the energy efficiency during periodic motions [2], as
well as allow for safe interaction with humans [1]. In gen-
eral these properties are desirable in any robot, but they are
specially useful in legged locomotion.

2 State of the art

Currently there are a number of robots built according to
musculoskeletal designs; among the most extreme examples
are Kojiro [6], Kotaro [7], and ECCEROBOT [1, 8]. In the
context of legged locomotion, examples of musculoskeletal
robots include the JenaWalker [3], the pneumatic walking
and jumping robots [4], and the BioBiped [5]. A common
feature shared by all these robots is that they utilize custom-
made (and often complex) hardware and software because
off-the-shelf components are usually not available. As a
result, the total cost of the robotic platform is usually pro-
hibitive and the final system is seldom used by people other
than those who built it.

3 Contribution

This abstract introduces the MYOROBOTICS project
which aims to spread the use of musculoskeletal robots and
to allow innovative research as well as the discovery of ap-
plication based on this unique design, including in the field
of legged locomotion research. The project envisions to pro-
vide a modular, configurable, easy-to-use and cost-effective
robot construction and development toolkit. The main goal

of the kit is to facilitate the construction and development of
new control paradigms for musculoskeletal systems.

The construction toolkit is composed of hardware mod-
ules, named Design Primitives (DPs), which embody rel-
evant functionalities of musculoskeletal designs: bones,
joints, muscle-tendon complexes, proprioceptive sensors,
and sensorimotor loops. The modularity of the DPs allows
for quick and simple (re)configuration of the physical prop-
erties of the system, such as limb morphology, mass distri-
bution, muscle power, spring characteristics, among others.
Details about the DPs will be given in the contribution for
the hardware demonstration session, to which will submit a
parallel contribution.

The focus of the present abstract lies on the controller
library as well as on the software tools for optimization of
robot designs and controllers. The controller library aims
to provide a set of useful controllers for tendon-driven sys-
tems as well as to facilitate the development of user-defined
controllers. In the context of locomotion, we are investigat-
ing the advantages of semi-intrinsic controllers. These con-
trollers try to exploit (in an unsupervised way) sensorimotor
correlations to acquire reflex circuits (such as the stretch re-
flex). These circuits are endowed with inherent muscle coor-
dination and facilitate the control of the system by reducing
its dimensionality [9, 10].

The software optimization tools offer the the possibility
to optimize the robot design and controller. These tools are
coupled with a powerful simulation environment in which
parameters of the robot (e.g. tendon-stiffness, or mass dis-
tribution) and the controller (e.g. reflex gains) can be tuned
according to some fitness criterion, such as efficiency, ve-
locity, or stability.



4 Discussion outline

We are mainly interested in discussing the MY-
OROBOTICS legged demonstrator. The demonstrator con-
sists of a bi-articular legged robot which is capable of hop-
ping using the entire infrastructure of the project: (1) the
DPs are used to build the robot, (2) reflex-like controllers are
learned from the sensorimotor interactions observed induced
by the robot’s morphology, (3) the robot’s morphology and
reflex gains are tuned to allow the robot to hop, potentially
in an energy efficient way.

5 Preferred format

Talk.
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1 Motivation

From fish locomotion [1] we learned that low drag val-
ues from gliding can be achieved during active propulsion
[2,3]. Thereby a carefully adjusted traveling body wave
pumps the fluid caudally. As a result the probability of flow
separation is reduced. To maximize their swimming speed
competitive swimmers try to copy successful strategies like
undulatory swimming from fish locomotion [4,5] during the
gliding period after start and every turn. However, in hu-
mans mainly the non-smooth and segmented body with lim-
ited flexibility allows no symmetric motion like in fish lo-
comotion. But exactly this asymmetries are interesting be-
cause they show us a modified type of undulatory swim-
ming. To reach an optimum motion swimmers check the
pros and cons of different variations of the motion. Thereby
the human swimmer can be considered as natural paradigm
for technical models [6] that must compensate its disadvan-
tages due to evolution through sophisticated kinetics. The
dependence of these flow characteristics of frequency, am-
plitude and coordination will help to deduce strategies to
improve economy or thrust.

2 Own approach

To study the flow around the swimmer and in its wake
three approaches were combined:

a) Time resolved Particle Image Velocimetry (TR-PIV)
at the human swimmer

The path of the levitating particles (illuminated by a green
laser light sheet) is monitored at 250 Hz with a high speed
video camera (PHANTOM V12). Local flow velocities
(Fig. 1b) are calculated using a cross correlation algorithm
to get a flow field as well as a qualitative and quantita-
tive characterization of vortex generation and separation [7].

b) PIV experiments at the reduced technical model

The reduced technical five-segment model (“Jena-
Swimmer”) is based on human swimmer’s silhouette
in two dimensions (length and width) in the scale 1 to 5
(Fig. 1a). Each segment can be actuated by its own servo

foot | shank thigh body head / arm

Figure 1: a) Top view on the the scaled technical swimmer model
consisting of five segments with comparison to the real
swimmer. b) Flow field (thin black arrows) generated
during dolphin kicks of a human swimmer in a still wa-
ter pool at the end of the down stroke. The large bold
arrows show vortices mainly in the feet region.

drive (Graupner DS8811) and the motion is captured by
active LED-markers. This model should drive with the
motion observed in human swimming and compare the flow
of the model with the flow of the human swimmer and the
numerical simulation.

c) Numerical simulations (in cooperation with TU-Freiberg)

Computational Fluid Dynamics (CFD) of the 3D flow
around the moving swimmer using OpenFOAM and de-
forming meshes should show the vortex generation and the
general flow pattern. In experimental measurements it is
not possible to measure directly the pressure distribution or
the forces of the moving swimmer. Results of CFD provide



information about the active and passive drag as well as the
propulsion during a kick cycle.

3 Discussion and open questions

Although the human body is not like a fish swimmers
partly use strategies from fish locomotion. The human
swimmer shows a highly complex, not simple, flow pattern
[6,7]. Due to the edges and the asymmetric movement vor-
tices at head and knee are generated already cranial but are
reused pedal for propulsion (Fig. 1b).

The movement patterns of the technical swimmer model
prescribed to the servos are modified due to inertia of the
segments, bending of the rods, and fluid forces. Tests
to check the scope of possible corrections are necessary.
Whether the results signal a deficient technique, a tribute
to the anatomic limits of our muscle-skeletal system or the
advantage to use flow preformation needs further investiga-
tion. Is the asymmetric motion always a disadvantage for
aquatic locomotion or it is possible to reach a performance
comparable to symmetrical and smoothed body swimmers
by an appropriate combination of segmental silhouette and
correspondent motion. Does the asymmetric motion have
advantages?
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This paper presents the latest advances we
made in static and dynamic locomotion with our
compliant quadrupedal robot StarlETH. It sum-
marizes the robot design and outlines the differ-
ent underlying control principles used to achieve
sophisticated locomotion performance. The fo-
cus of the paper is put on experimental find-
ings which illustrate that the applied actuation
and control principles are a valuable approach to
bring our robotic devices a step closer to their
natural counterparts.

1 Motivation

Legged robotic devices, and in particular
quadrupedal systems, have made significant progress
in the past years. Such artificial systems have bro-
ken records in different areas. For example, Boston
Dynamic’s hydraulically actuated Cheetah [4] very
recently set the world record in fast running. Last
year, the Cornell Ranger [1] was able to walk the
Marathon with a cost of transport that is better than
a human. This high energetic efficiency was achieved
as the robot largely exploits swing leg pendulum
dynamics similar to McGeer’s passive dynamic walk-
ers [13]. Going a bit further back in the history of
quadrupedal locomotion, different groups participating
in the LittleDog challenge (e.g. [11]) pushed the state
of the art of climbing in very rough and unstructured
terrain using precise foot placement strategies. The
large range of motion due to the mechanical design of
the robot and advanced motion planning, control and
learning algorithms led to remarkable performances
of the robots. Other robots like the six-legged robot
RHex [12] are able to overcome similar obstacles in a
brute force way owing to the inherent robustness of
the system design.

Despite these advances in design and control, all ex-
isting robotic solutions are still far behind our natural
counterparts. Unlike animals and humans, most of the
robots lack some of the key characteristics, namely ver-
satility, speed, efficiency, and robustness. Vertebrates
are able to climb in very difficult environment by care-
fully selecting the footholds, at the same time they
can walk or run nearly effortlessly on less challenging
ground while maintaining balance even in case of large
external disturbances. On the contrary, man-made ma-
chines as previously mentioned are particularly good in

Figure 1: StarlETH: A compliant quadruped robot.

a specific domain, but perform poorly regarding at least
to one of the other aforementioned key features.

At the Autonomous Systems Lab, we recently devel-
oped the quadrupedal robot StarlETH that combines
all these features and allows us to investigate different
control and planning principles to achieve advanced lo-
comotion skills. In the following section we give an
overview of the applied design and actuation princi-
ples, followed by an outline of the locomotion control
methods. In the experimental part, we illustrate how
the robot can statically walk while optimizing energetic
efficiency or safety against slippage. We present results
of a dynamic trotting gait under substantial external
disturbances and summarize some interesting aspects
from a bio-mechanical point of view.

2 System Design

StarlETH (Springy Tetrapod with Articulated
Robotic Legs) is a fully actuated robot that fea-
tures four identical, completely symmetric articulated
legs connected to a single rigid main body. Each
leg has three degrees of freedom (DOF) that are ar-
ranged in mammalian-style with successive hip abduc-
tion/adduction, hip flexion/extension, and knee flex-
ion/extension. To achieve fast swing leg motion, we
put emphasis on a lightweight construction with all ac-
tuators tightly integrated at the main body. Using ro-
tational actuators in all joints makes a large range of
motion possible, so that the leg can be fully retracted
and extended. Having a body length of about 0.5m,
segment lengths of 0.2m, and a total weight of 23 kg,



Figure 2: Foothold planning in a dynamic gait.

this robot is comparable to a medium-sized dog.

Starl ETH is driven by highly compliant series elas-
tic actuators which have very similar properties of our
muscles and tendons. They act as compliant elements
to temporarily store a large amount of energy. Me-
chanical springs decouple the motor and gearbox from
the joint to protect the gearbox from impact loads at
landing, to intermittently store energy, and most im-
portantly, to allow for high fidelity joint torque control.
This opens a very broad spectrum of opportunities to
implement novel locomotion control algorithms.

The system is equipped with an inertial measure-
ment unit (IMU) that allows, in combination with the
accurate kinematic information from the joint encoders,
to precisely estimate the state of the robot [3]. Hence,
all maneuvers can be executed without additional per-
ception or using a motion capture system. Differen-
tial pressure sensors in the compliant ball feet give re-
liable feedback about the contact situation of the legs.
StarlETH is operated on a large-scale custom made
treadmill with the dimensions of about 2.90mx1.6 m
in most of the experiments presented in this paper.

3 Control Design

We separate locomotion control into three layers
such as motion generation, motion control, and actu-
ator control.

3.1 Motion Generation

Motion generation defines the desired foot locations
and the motion of the main body. For static walking in
rough terrain, such as in the LittleDog challenge (e.g.
[11]), the motion of the robot is mainly determined by
the available footholds. As soon as it comes to less de-
manding surfaces, the robot can speed up and switch
to dynamic gaits. In that case the desired foothold lo-
cations are determined by the desired body velocity as
well as the postural control strategy to counteract ex-
ternal disturbances. Following the fundamental princi-
ples that can be adopted from the SLIP template [2]
respectively the early Raibert controllers [14], we apply

the control framework described in [6]. A predefined
gait graph clocks the swing and stance phases of each
leg and specifies the foot fall pattern. The stepping po-
sition of each leg is computed based on the reference
frames in the middle of the front and back leg pair, re-
spectively, as shown in Figure 2. The desired position
of the foot is calculated relative to the nominal standing
position by

rr = 2tpcdesTst + khD (Frcges — twe) Vhue, (1)

with the velocity at the respective hip center ry¢, the
stance duration Ty defined by the gait pattern, the hip
height hgc to normalize the feedback contribution [17],
and the feedback control gain k55,

3.2 Motion Control

To achieve robust and sophisticated walking, we
use a hierarchical task space inverse dynamics control
framework [9] that is based on support consistent equa-
tions of motion and prioritized least square optimiza-
tion. The complex behavior of a robotic system evolves
from the simultaneous execution of different motion
tasks, such as ensuring stability, moving a foot point, or
keeping certain posture. At the same time, joint torques
and ground contact forces can be optimally distributed,
e.g. to guarantee safety against slippage or to minimize
the actuator effort. The hierarchical task decomposi-
tion ensures that critical tasks are fulfilled by all means
while less important ones are only fulfilled as good as
possible.

3.3 Actuator Control

We developed two complementary actuator control
strategies for torque and position control [10]. To
achieve high energetic efficiency and accurate torque
control, we designed the mechanical damping in the ac-
tuator as low as possible. In return, to achieve fast and
precise foot positioning and to suppress undesired os-
cillations due to the series elasticity, we implemented a
position controller that can actively damp out all un-
desired oscillations.

4 Results

Preliminary performance tests with StarlETH
showed a payload capability! of 25kg and a large, pas-
sive robustness? against impacts during dynamics ma-
neuvers [8].

4.1 Static Walking

Static walking gaits are used for slow locomotion
speed and in particular when it comes to crossing chal-
lenging terrain. Static stability can be ensured since at
least three legs are in contact with the ground. More-
over, this offers the potential to optimize the contact
forces and joint torque distribution, respectively.

Lhttp://www.youtube.com/watch?v=7ZEZe2w1NUGo
2http://www.youtube.com/watch?v=5XLf43GXFxI
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Figure 3: Smooth contact force distribution is achieved by
interpolating between subsequent contact situ-
ations.

In a first set of experiments, we compared actuator
efficiency defined by

E. = /TTTdt, (2)

and risk of slippage expressed by the relation between
local tangential and normal contact forces:

Ftangential (t) )

Fnormal (t) (3)

[ = mean (
By minimizing the local tangential forces in contrast to
optimizing actuator efficiency, we could lower f from
0.2 to 0.04. In return, the actuator cost E, was in-
creased by about 20% while the executed motion re-
mained exactly equal.

Legged locomotion is accompanied by discrete
changes in the contact situation which is often reflected
in discontinuous actuator torques and contact force dis-
tributions. To compensate for that, we apply an inter-
polation method between two subsequent contact situ-
ation by changing the internal force directions as illus-
trated in Figure 3.

As soon as it comes to challenging terrain, it is often
required to perform climbing maneuvers by clinging to
the ground. In case the local contact surface normal di-
rections are known, the proposed optimization routines
allow to minimize the local tangential forces and hence
to minimize the risk of slippage*. We demonstrated
this capability by walking on a curved surface shown in
Figure 4.

4.2 Dynamic Trotting

Dynamic locomotion is characterized by inherent in-
stability as the robot will fall if the legs are not ap-
propriately positioned. When performing such a gait,
the robot can resist external disturbances in two ways.
First, it can produce reaction forces with the grounded
legs to counteract the perturbations as good as pos-
sible. Second, to compensate for disturbances in the

372 is often use to quantify electric losses in the motor

4http:/ /www.youtube.com/watch?v=_OfJoyeveA4

Figure 4: Robust walking on a curved surface is only pos-
sible by applying internal contact forces.

underactuated subspace®, the subsequent foothold lo-
cations of the current swing legs are adapted appro-
priately. To evaluate the performance of our control
approach for dynamic gaits, we performed two exper-
iments with StarlETH trotting at speed in the range
of 0.5-0.7m/s on the treadmill. In the first one, we put
unperceived obstacles on the treadmill as shown in Fig-
ure 5(a). The robot detects the change in ground eleva-
tion by the tactile sensor in the foot element and reacts
accordingly®. In the second experiment, we kicked the
robot from the side while the quadruped was trotting
(Figure 5(b)).The robot immediately steps sidewards
to counterbalance this impulsive disturbance, and finds
back to the nominal trotting gait” within two steps.

In order to quantify the energy consumption we con-
ducted a long-term experiment by letting StarlETH
trot a distance of 100m at constant speed. To get
comparable values to the metabolic costs found in na-
ture, we measured the electric power delivered at the
socket before the AC/DC converter. For a trotting gait
with ~0.43m/s, the robot required an average power
of P,;; = 360 W. This results in a dimensionless cost
of transport (COT) of about 3.5. The energy losses
of all electric components without load amounts to
Pioss, =~ 80W. We estimated an average positive me-
chanical power Puech,,, =~ 32W by multiplying joint
torque with motor speed. This means on one hand
that the mechanical COT including all control actions
required to stabilize the robot on its nominal walking
gait is COTech,,, = 0.28. On the other hand, we no-
tice that the efficiency of the overall energy conversion
is as low as about 10%. This is reasonable as already the
maximal possible efficiency is not more than 55%, which
is determined by multiplying the values given by the
manufacturer for AC/DC converter (nac/pc = 90%),

5for trotting this is the rotation around the line of support
Shttp://www.youtube.com/watch?v=Wuc7mL0hkGo
"http://www.youtube.com/watch?v=7TF6GRFPkdp0



(b) External disturvance

Figure 5: Robust dynamic trotting in 3D under significant external disturbances such as obstacles (a) or a kick (b).

motor controller (nppos = 94%), motor (1, = 90%),
and gearbox (ngp = 75%). In particular motor and
gearbox efficiencies are significantly lower while walk-
ing due to the alternating load direction in every joint.

5 Discussion

In this project, we showcased the applicability of
compliant actuation for torque controllable legged de-
vices that can robustly perform different gaits from
static climbing in challenging terrain to dynamic trot-
ting. We see a large potential in this actuation prin-
ciple for legged robots, in particular since the under-
lying principles are very similar to the muscular ten-
don system of humans and animals. We revealed in
earlier studies that the applied series elastic actuators
indeed largely support the passive dynamics of locomo-
tion [10]. We showed that more than 60% of the energy
can be passively stored and released while the motors
only compensate for the energy loss. Furthermore, the
output power and speed of the motor is amplified by a
factor four. All these findings show an astonishing level
of agreement with biomechanical studies (e.g. [15]).

We are also not that far away from nature in terms
of efficiency. A similar sized dog (canis familiaris, 18kg)
requires for the same locomotion speed a metabolic
COT of 0.73 [16]. At first glance, this seems to be an
extreme difference. However, considering that motors
produce an average mechanical power of about 32W
(COT=0.32), there is large potential to optimize the
energy consumption of the electronic equipment. Ongo-
ing progress in this field can potentially fully close this
discrepancy with respect to efficiency. Comparing only
the actuator performance with the biological counter-
parts unveils that our machines have for instance higher
power and torque density (e.g. [7]) as well as a higher
control bandwidth than human reflexes (e.g. [5]).

Despite these local advantages, animals still largely
outperform our robots and there remains many unan-
swered research questions before our robots can com-
pete with nature.
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Abstract Regarding aiming movements with the arm,
roboter and humans both face the problem, how to adapt to
externally imposed changes of the arm’s dynamical
properties, and what kind of information is necessary to
succeed? In an experiment, subjects were asked to perform
goal directed forearm movement with (N=15) and without
(N=15) visual feedback of the actual forearm position.
Movements where conducted either unloaded or loaded
with viscous (velocity dependent) damping applied via a
torque motor. On the load changes, which occurred every
10 movements, the peak velocities showed on average
clear transition-effects and re-adapted to the previous state
step by step. These effects, however, where independent of
the feedback condition. We concluded that humans apply
feedforward control through an inverse model of their arm
dynamics, which adapts to changes of the actual arm
dynamics via the interrelationships  within the
proprioceptive measurements solely. Simulations conform
to these hypotheses. Consequences of these findings for the
type of motor learning that humans probably apply are
discussed.

1 Introduction

Roboter and humans as well face the same problem
when performing aiming movements: How to adapt to
externally imposed changes of the arm’s dynamical
properties, for instance through altered weight, inertia,
stiffness or damping? And what information is necessary
to succeed? The type of the adaptive mechanism depends,
of course, on the type of movement control. Here we
insinuate that the human operator applies feedforward
control, which includes an inverse dynamics model of the
arm (e.g. Kalentscher et al. 2003, Wolpert & Kawato 1998,
Kalveram et al. 2005, Miyamoto et al. 1988).

An inverse dynamics model operates by load
compensation. Therefore, feedforward control by an
already adapted inverse dynamics model would cause a
transition-effect (after-effect) in the torque domain, if a
load is added to or removed from the limb. Loading with
damping, for instance, should diminish the arm’s velocity
in the next moment, and unloading from damping should

make the arm immediately move faster. The occurrence of
a transition-effect and the following piecemeal re-
adaptation to the previous balanced state distinguishes a
controller as an adaptive feedforward controller applying
an inverse dynamics model of the arm. The yet open
question is, if successful adaptation is based either on
visual, or proprioceptive, or mixed feedback.

2  Method

In a motor learning experiment, we checked whether
the adaptation to a changed additional damping load
follows the above described pattern, and whether
adaptation does require visual feedback of the movement
error or does not. For these purposes, the subject’s forearm
was fixed on a lever driven by a torque motor. The forearm
was movable in a horizontal plane, and rotated with respect
to the upper arm about the elbow joint. See fig.1 for the
experimental setup. The forearm’s angular position,
referenced to straight ahead, was electronically transposed
to the angular position of a lamp, which was located above
the subject’s head and projected a mark to a flat screen at a
distance of r=3.4m in front of the subject’s face. A second
projection lamp provided the goal marker the subject was
asked to hit with the arm marker if the goal marker
changed the position.

desired {} act_u_al
ﬁ} position

position

torque

subject

light
beams
Computer

Figurel: Schema of the experimental setup
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3  Results

Results are visualized in Fig.2a (experimental group
N=15, visual feedback on) and Fig.2b (control group
N=15, visual feedback off). Fig.2c presents the results of a
simulation run that mimics the conditions of the human
experiment (see discussion in chapter 4).

Under visual feedback, the original peak velocity
measurements are on average smaller than those performed
without visual feedback. To eliminate this discrepancy, the
original velocity measurements v, where transformed into
standardized values v using the formula ‘ ‘ ‘ ‘ ‘ ‘

. . 10 20 30 40 50 60

v, =0.5+ (v, —min)/ (max - min) 1) trial number

This causes the averages to vary between 0.5 and 1.5. In ¢ Simulation Auto-Imitation
both groups, the standardized mean peak velocities taken 15 ‘ ‘ R ‘ -
over blocks and subjects exhibit clear transition-effects (t-
tests, p<0.01) and re-adaptation courses (t-tests, p<0.01) on
loading or unloading the arm with damping. Between the
groups, however, neither the strengths of the transition-
effects nor of the re-adaptation courses differ significantly
(t-tests, p>0.1).

The positional errors (absolute difference between
goal marker and feedback marker at first stop position),
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however, exhibit no systematic dependency on the 5 05/ ]
damping condition. Aside from this, the error in the e

condition with visual feedback off reveals as much greater g * * * *

compared to the condition with visual feedback on. The f A =

bifid distribution of the error originates from the subjects’ @ L T e T e
tendency, to confine their movements relative 0 10 20 30 40 50 60

trial number

independently of the goal positions to the left side.

4 Discussion, conclusions Figure2: Mean absolute peak angular velocity values (circles)
. _ and angular positional errors (stars) in dependency on the trial
Regarding aiming movements, results support the number - without (blue markers) and with additional damping
hypothesis, that humans apply feedforward control using (red markers). The averages are taken over blocks and subjects.
an inverse model of the respective limb, and that the The circles represent standardized averages. Standardizing is
respective inverse model adapts online to variations of the based on max and min, which denote the maxima respectively
limb’s dynamics. Results further provide a strong hint that minima of the original mean peak angular velocity
the adaptive process does not rely on the positional error measurements among the 62 trials (formula see text).

fed back visually, but rather exploits the interrelationships



within the proprioceptive (bodily centred) measurements.
An inverse model based on those measurements, however,
cannot effectively reduce the error defined in exteroceptive
(environmentally centred) coordinates. This task needs to
hook up the controller by an inverse model that also
transforms goals expressed in environmentally centred co-
ordinates into goals expressed in bodily centred co-
ordinates. Given that humans are provided with such an
inverse kinematics model, we conclude that the
experimental  conditions applied in the current
investigation prevent an update of this model. Therefore,
its output may fluctuate randomly.

Cartesian co-ordinates:
positional goal

(X,Y) to - "
angular Inverse Kinematics Model
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weights
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Cartesian co-ordinates:
perceived position

Figure3: Feedforward control of goal directed horizontal
movements (see text for more information).

Fig.3 sketches a control model that meets the
requirements outlined above. The forearm is represented
by its forward dynamics described by the differential
equation

() =%{Q(t)— B-ot)-K-p®)l, (@

where J denotes the inertia, B the coefficient of damping,
K the stiffness, Q the external torque, and @, ®,¢ the

angular kinematics. The inverse dynamics model then
reads as

J-¢(t) + B- (1) + Ko(t) = Q(t). (3)
In equ.(3), the symbols of course denote neural correlates
of the physical magnitudes residing in (2). In the present
case, a single artificial neuron with linear input-to-output
characteristic principally suffices to represent the inverse
model in (3). Its coefficients respectively weights can be
by acquired by auto-imitation (Kalveram 2004, Kalveram

& Seyfarth 2010), an un-supervised learning algorithm
based on original Hebbian learning (Hebb 1949, Kalveram
1999). The procedure conducted by this learning model

resembles the regression of the angular kinematics @, @, ¢

on the torque Q. The procedure determines values for J, B
and K, which are interpreted as synaptic weights, and
transferred to the neuronal network representing the
inverse dynamics. So, a change of the arm’s damping can
quickly be counteracted for through an update of the
inverse dynamics model.

To define the measurements of the goals and of the
actions of the subjects, we used the angles of the projection
lamps and of the lever (see methods, chapter 2). This
provides simplified kinematics transformations; but note
that formally the forward kinematics is given by

X=r-tang, 4)
where x denotes the location of the marker on the screen
referred to the midst of the screen located straight ahead
(representing x=0), r the distance between the projection
lamp and the screen at x=0, and ¢ the angle of the
projection lamp, which equals the angle of the lever. The
inverse kinematics model then reads

e=atanx/r. (5)

We guess that it this relationship that cannot validly be
learnt under the circumstances of the present experiment.
So the positional error level remains high though the
inverse dynamics model adapts.

We checked the control model by generating 15*5
blocks with 62 simulated movement trials, using the
same series of goals as in the human experiment. In each
trial, a random number (normally distributed with mean=0
and SD=0.0075) was superimposed on the output of the
inverse kinematics model. This mimicked the fluctuations
of the inverse kinematics output as assumed in the
subjects. The inertia J of the simulated arm plus lever was
set to 0.1 Nm/(rad*s?), and the coefficient of damping B
was given the values 1.25 at the no-load condition and 3
Nm/(rad*s™®) at the load condition. K was zeroed.
Regarding B, learning rate was set to 7.5. The simulated
data were processed in the same manner as in the human
experiment. Results of the simulation are shown in fig.2c.
They reveal, regarding transition-effects and recovery,
essentially the same features as in the human experiment.
The courses of human and simulated mean absolute peak
velocities even coincide in lots of further details (see fig.2).
It obviously are the interactions between the varying goals,
the changed damping, the ongoing synaptic adaptation, and
the dynamics of the arm plus lever, which shape the course
of the peak velocities along the trials.

5 Open questions

In order to simulate the control model of fig.3, we
based on auto-imitation, a kind of un-supervised learning.
To acquire inverse models, the machine learning
community, however, keeps lots of further - supervised as



well as unsupervised - learning techniques at hand (e.g.
Nguyen-Tuong & Peters 2011). Which of all these control
models has the greatest chance of being functionally
applied by humans? To answer this question the test trilogy
(Kalveram & Seyfarth 2009) can be used. In the
framework of this procedure, the simulation test checks the
logical correctness of a model, the hardware test proofs its
physical feasibility, and the behavioural comparison test
compares the results of human experiments with the effects
of the thus validated control models on the controlled
system, all of this done under the same conditions.

A technical feedforward controller, however, will have
problems of getting validated in the sense of the behavioral
comparison test, if it has a holistic view on motor control,
and/or needs only visual respectively task specific
feedback to establish control. This we expect, because our
results rather invoke that humans tend to separate inverse
dynamics and inverse kinematics, and are reliant on
proprioceptive feedback to establish the inverse dynamics
model.

References

Hebb, D.O., The organization of behavior. New York:
Wiley & Sons (1949)

Jordan, M.1., Supervised learning and systems with excess
degrees of freedom, COINS Technical Report, 88/27
(1988) 1-41.

Kalenscher, T., Kalveram, K. Th., & Konczak, J., Effects
of two different dynamic environments on force
adaptation: Exposure to a new force but not the
preceding force experience accounts for transition- and
after-effects. Motor Control , (2003), Vol.7, 242-263.

Kalveram, K.T.. A modifed model of the Hebbian synapse
and its role in motor learning. Human Movement
Science, 18 (1999), 185-199,

Kalveram, K.T., The inverse problem in cognitive,
perceptual, and proprioceptive control of sensorimotor
behaviour: Towards a biologically plausible model of
the control of aiming movements, International Journal
of Sport and Exercise Psychology, 2 (2004) 255-273.

Kalveram. K.T., Seyfarth, A. Learning the Inverse
Dynamics of a Robot Arm by Auto-Imitation. In J.
Baralt, N. Callaos, H. W. Chu, M. Savoie & C. D. Zinn
(Eds.), Proceedings of The International Multi-
Conference  on  Complexity, Informatics and
Cybernetics, April 6-9 (Orlando, Florida), Vol. | (2010),
pp. 230-235: International Institute of Informatics and
Systemics (111S).

Kalveram, K.T., Schinauer, T., Beirle, S., Richter, S. and
Jansen-Osmann, P., Threading neural feedforward into a
mechanical spring: How biology exploits physics in limb
control, Biological Cybernetics, 92 (2005) 229-240.

Kalveram, K.T. and Seyfarth, A., Inverse biomimetics:
How robots can help to verify concepts concerning
sensorimotor control of human arm and leg movements,
Journal of Physiology - Paris, 103 (2009) 232-243.

Wolpert, D.M. and Kawato, M., Multiple paired forward
and inverse models for motor control, Neural Netw, 11
(1998) 1317-1329.

Miyamoto, H., Kawato, M., Setoyama, T. and Suzuki, R.,
Feedback-error-learning neural network for trajectory
control of a robotic manipulator, Neural Networks, 1
(1988) 251-265.

Nguyen-Tuong, D. and Peters , J. , Model learning for
robot control: a survey. Cognitive Processing 12 (2011),
319-340.



Poppy: a New Bio-Inspired Humanoid Robot Platform
for Biped Locomotion and Physical Human-Robot Interaction

Matthieu Lapeyre, Pierre Rouanet and Pierre Yves Oudeyer
Flowers Team, INRIA Bordeaux Sud Ouest, France
matthieu.lapeyre @inria.fr

1 Introduction

Humanoid robots are predicted to play a key role in our
everyday lives in the future. Yet, several challenges need
to be addressed before this becomes a reality. In particular,
biped robots need to be able to locomote robustly in human
environments, which includes the ability to keep stability
when unpredictable physical contact with humans happens.
At the same time, these robots need to be capable of rich
and safe social and physical interaction with humans, and
to adapt to the behaviour and preferences of each particular
user.

We should not only try to solve these challenges through
artificial cognitive intelligence but also through body intel-
ligence [1]. On one hand, a way to permit robots to adapt
their behaviors to unknown environments is to provide them
with learning algorithms based on social guidance [2], or
on autonomous self-exploration mechanisms [3, 4]. On the
other hand, a part of the computation needed for such adap-
tation could also be done through the intrinsic mechanics
and electronics of the robot, thus providing effective and
hyper-responsive reactions while simplifying the algorithms
of the different behaviors. Actually, body intelligence, real-
izing morphological computation, has been argued to facili-
tate and guide considerably the learning and development of
sensorimotor skills [5].

No current platform (Nao [6], Darwin Op [7], Nimbro
Op [8], HRP-2, ...) does offer both a bio-inspired morphol-
ogy optimized for both walking and human physical interac-
tion capability (safe, compliant, playful). To address these
challenges, while exploring further approaches to the one
elaborated for the Acroban robot [9], we have designed a
new bio-inspired humanoid robotic platform, called Poppy,
which provides some of the software and hardware features
needed to explore physical and social interaction together
with biped locomotion for personal robots. It presents the
following main features:

e Design inspired from the study of the anatomy of the
human body and its bio-mechanic, with an emphasis
on leg structure;

e Dynamic and reactive: we try to keep the weight of
the robot as low as possible (optimized geometry of
the pieces and smaller motors);

e Human interaction: screen for communication and
compliant physical interaction;

e Practical platform: low cost, ease of use and easy to
reproduce through rapid prototyping techniques;

2 Poppy

Poppy (Figure 1) is a humanoid robot, 84cm tall, and 3
kg. It has a large sensorimotor space including 25 Robotis
motors (including MX-28 permitting dynamic compliance
control), force sensors under its feet and some extra sensors
in the head: 2 HD-wide angle-cameras, a stereo-micro and
an inertial central unit (IMU 9DoF) plus a large LCD Screen
(4 inch) for visual communication (e.g. emotions, instruc-
tions or debug).

The poppy morphology is designed based on important
aspects of the actual human body. This inspiration is ex-
pressed in the whole structure (e.g. the limb proportions)
and in particular in the trunk and legs. The weight of all
limbs has been minimized thanks to sophisticated girder like
design, which was made possible by the use of 3D printing
techniques (all limbs were 3D printed).

Poppy uses the bio-inspired trunk system introduced by
Acroban [9]. These five motors allow it to reproduce the
main DOFs of the human spine [10]. This feature allows the
integration of more natural and fluid motion while improv-
ing the user experience during physical interactions. In ad-
dition, the spine plays a fundamental role in bipedal walking
and postural balance by actively participating in the balanc-
ing of the robot.

The legs were designed to increase the stability and
agility of the robot during the biped walking by combin-
ing bio-inspired, semi-passive, lightweight and mechanical-
computation features.The architecture of the hips and thighs
of Poppy uses biomechanical principles existing in humans.
The human femur is actually slightly bent at an angle of
about 6 degrees. In addition, the implantation of the femoral
head in the hip is on the side. This results in a reduction
of the lateral hip movement needed to move the center of
gravity from one foot to another and a decrease in the lat-
eral falling speed. In the case of Poppy, the inclination of its
thighs by an angle of 6 degrees causes a gain of performance
of more than 30% for the two above mentioned points. An-
other example is Poppy’s feet. Poppy has the particularity of



Figure 1: a. Global view of the Poppy platform. b. Zoom on legs
design

Figure 2: Poppy feet use actual children shoes combine with a
compliant feet, toes (a.) and pressure sensors (b.)

having small feet compared to standard humanoids. It has
humanly proportioned feet (ie about 15% of its total size). It
is also equipped with toe joint actuated by compliance (see
Figure 2.a). We believe that these are two key features to ob-
tain a human-like and efficient walking gait. However, that
raises problems regarding balance because the support poly-
gon is reduced. We included pressure sensors under each
foot in order to get accurate feedback of the current state of
the robot (see Figure 2.b).

3 Open questions

In our current work, we explore the combination of both
a bio-inspired body and bio-inspired learning algorithms.
We are currently working on experiments involving Poppy
to perform skill learning. First we aim at achieving an ef-
fective postural balance using the articulated spine, the feet
pressure sensors and the IMU. Then, when this is learnt and
used as a building block, we will experiment on the learning
of biped walking using online and developmental learning

algorithms such as [4] and [11]. We are expecting to clearly
reduce the learning time needed and increase the quality of
the learned skills thanks to the bio-inspired morphology of

Poppy.

We are also studying social physical interactions with
non-expert users. We plan to conduct user studies to eval-
uate how playful physical interactions and emotions could
improve learning in robotics. We think that the poppy plat-
form could be very suitable for such studies.
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1 Motivation

Several biological behaviors such as locomotion are rhythmic processes which can be modeled as dynamical
systems with stable periodic orbits. Examining periodic behaviors from this perspective allows us to distill
significant amounts of data into low-dimensional representations that are both descriptive and predictive.

A prevalent hypothesis is that a periodic behavior is characterized by a dynamical system in the neigh-
borhood of a limit cycle. However, given noisy measurements from system outputs comprising a subset of
the states, it is not obvious what the dimension of the dynamics should be, much less their structure. As-
suming noisy, possibly redundant, full state measurement, what is the maximum dimension of the underlying
dynamics (that is, the co-dimension of the noise dynamics) that can be reliably inferred from data? For
running, this question is compounded by an important modeling choice: do we treat a human as bilaterally
symmetric or do we embrace its asymmetry? If symmetric, we should fit the step-to-step return map, else
we should fit the stride-to-stride return map. What are the consequences on the co-dimension of the noise
dynamics under these two modeling paradigms? To address these questions we adapt the method of Revzen
and Guckenheimer (2011).

2 Previous work

Various template models have been developed for analyzing and studying animal and human locomotion
(Blickhan and Full, 1993). Majority of these templates are governed by intuitive mechanical models which
can (more or less) accurately describe steady-state center of mass trajectories, ground reaction forces or
responses to perturbations.

In contrast, Revzen and Guckenheimer (2011) developed a numerical method to estimate the dimension
of the slow dynamics of a periodic system directly from data with no intermediate modeling step. The
algorithm is as follows:

1. Estimate the phase of the data.

2. Fit a Fourier approximation of the limit cycle in the measured variables.
3. Estimate return maps between Poincaré sections at specific phases.
4

. Compare the eigenvalue distribution of randomly sampled return maps to a null distribution, i.e.
eigenvalues of Gaussian random real matrices.

5. From this comparison, construct a heuristic to estimate the dimension of dynamics which can be
approximated by the Gaussian noise.

6. Subtract this noise ‘dimension’ from the dimension of measurements to obtain the dimension of slow
dynamics.

3 Data

In this work, we seek to identify the dimension of the noise dynamics (the co-dimension of which would
correspond to the highest dimension of a model that could be informed by the data at hand) using the
methods described above. The system of interest is human treadmill running. We address the question of
how the noise dimension changes with the modeling choice of selecting a return map, namely step vs. stride.

The data consist of 3D tracked markers at the toe, foot, knee and hip on each leg. We reduce this data
to the three sagittal plane angles and angular velocities for each leg, as well as position and velocity of the



center of mass in Cartesian coordinates. This 16-dimensional dataset is obtained for three subjects, at three
different belt speeds (2.4, 2.8, and 3.2 m/s).

4 Phase and limit cycle estimation

The ‘phaser’ algorithm (Revzen and Guckenheimer, 2008) was used to estimate phase from the kinematic
data, assuming periodic data with the same fundamental frequency. This frequency corresponds to the
derivative of the phase. Once phase was estimated, data was transformed from time to phase coordinates.
The data in phase coordinates were fit to a Fourier series (order 11), with coefficients at the fundamental
frequency and its harmonics. Fitting in the Fourier domain ensured that the limit cycle was periodic.

5 Dimension of slow dynamics

Observing the states at a specific Poincaré section (that is, at a particular phase), it is possible to estimate
one set of eigenvalues (Floquet multipliers) using all the data available. However, this would not allow
statistical estimation of the noise dimension. Instead, we follow Revzen and Guckenheimer (2011) to obtain
an empirical return map distribution based on resampling of the available data. Dimension of the highest-
dimensional model informed by the data can be defined as the dimensionality that cannot be generated by
a null (noise) model. Here, the null model is the set of random matrices whose elements are unit normal
random variables. In order to characterize and compare the return map and null distributions, Revzen and
Guckenheimer (2011) extract the distributions of ordered eigenvalue magnitudes. Finally they introduce a
scale independent error metric based on cumulative densities to estimate the noise dimension.

6 Discussion

The return maps for each step and each stride (2 steps) were computed. The noise co-dimension for the
step-to-step fits was typically 5 to 7 compared to only 2 to 3 for stride-to-stride fits. In other words, step-
to-step fits can inform a model with roughly twice as many states as a stride-to-stride model indicating that
many dimensions of perturbations that could affect running are attenuated below the noise floor within two
steps.

This finding highlights an important modeling trade-off. Fitting the dynamics for step-to-step transitions
provides much greater modeling fidelity at the expense of making a strong assumption about bilateral
symmetry.
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1 Motivation and State of the Art

During running in a natural environment, humans must
routinely negotiate varied and unpredictable changes in
ground condition (e.g. stiff and compliant forest trails,
asphalt partially covered with snow or uneven pavement
and roots). Nevertheless, it seems that they handle such
irregularities with ease.

Recent studies have shown that humans adapt their leg
properties (e.g. leg stiffness, orientation, length) to
changing ground conditions [1, 2, 3, and 4]. These
adaptations take place within the descriptive realm of a
spring-mass model and help to stabilize the locomotion in
part passively. Current records of muscle activation during
running across uneven ground suggest that the observed
leg stiffness adjustment (during ground contact) is
introduced by an altered pre-activation pattern (during
flight before ground contact) of the m. gastrocnemius
medialis [5]. The visual perception of the perturbation
allows an adaptation of the motor program prior to the
perturbation, overlapping a purely passive response. Such
a visually guided pre-adaptation is not possible in
experiments where the changes in ground level are
invisible due to camouflage and occur by chance.
However, until recently it was not known how human
runners react if they encounter an unexpected drop and if
they alter their strategies compared to running on uneven
ground with visible ground level changes.

2 Own approach

For eleven subjects we investigated two consecutive
contacts during running across visible and camouflaged
changes in ground level [6]. After running on the
unperturbed flat track, in a first set-up the variable-height
force plate at perturbed second contact (first contact
remains unchanged) was set down to an elevation of -5 cm
and -10 cm, respectively. After the visible trials, in a
second set-up, the variable height force plate was
camouflaged with a non-transparent paper and randomly
set to an elevation of 0 cm or -10 cm (Figurel).

For both situations (visible, camouflaged), we found
significant variances in their leg parameters and ground
reaction forces (GRF) during the perturbed second contact
but also one step ahead, in the unperturbed first contact. At
visible first contact, humans linearly adapt their GRF to

lower their center of mass. During the camouflaged
situation, the GRF decreased too, but it seems that the
runners anticipate a drop of about 5-10 cm. During the
visible perturbed second contact the GRF increased with
drop height. At the camouflaged second contact, GRF
differ obviously from the observed reaction when crossing
a similar visible drop, the contact time decreases and the
initial impact peak increases (Figurel).

z
2
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camouflaged contact

Figurel Side view of the runway with camouflaged
second contact. The force plate on second
contact was set on two different elevations of
0 cm (upper right) and -10 cm (lower right).
The initial impact peak increases in both
situations.

3 Discussion and Open questions

Runners encountering camouflaged drops are able to
cope with the situation but at the cost of a reduced
performance which become visible in the increased impact
peak. It is arguable whether this increased impact peak can
be interpreted as a purely mechanical contribution to cope
with the event or whether it can be attributed to a mismatch
between the produced and required muscle force at the
moment of impact (caused by the vague visual perception).

Furthermore, we observed increased angle of attack
and leg length with drop height for both situations. This is
in accordance with the results observed in birds running
over a track with an unexpected drop [7]. Daley et al.
showed that guinea fowls can easily negotiate drops of
8.5 cm (40% of their standing hip height). If we scale this



into human size, it would be hardly feasible. So, what is
the different between human and avian locomotion?

[1]

[2]

[3]

[4]

[5]
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[7]
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1 Introduction

Despite legged robot locomotion has been studied by
many researchers for long time, there are still a number of
challenges remained. The energy efficiency of legged robot
locomotion is still low if compared to the biological system.
In order to improve the energy efficiency, our legged robots
usually have complex mechanical designs, lack of locomo-
tion patterns, and limited scalability in terms of weights and
size [1][2][3]. From this perspective, we have been explor-
ing the design strategy of a legged robot which achieves a
high energy efficiency of locomotion and capability of vari-
ation in the weight and size.

Previously many researches attempted to introduce com-
pliant elements into robot structures, since the spring-like
system can store the kinematic energy and release it when
necessary. One of the energy efficient legged robots is the
Passive Dynamic Walker, which makes use of the passive
dynamics of swing and stance legs to achieve natural bipedal
locomotion with the energy efficiency similar to the human
walk (specific energetic cost of transport (COT) at 0.2) [4].
The other robot is ARL Monopod. By optimizing many pa-
rameters, the robot can achieve the COT of 0.2 at 1.2m/s
[5]. However, our robots still have limited speed, behavioral
variations or more complex design. Furthermore, the design
strategy does not scale to different sizes and body weights.

2 Curved beam robot based on free vibration

To achieve the energy efficient robot locomotion, we
have been investigating the use of free vibration. Free vi-
bration designates oscillatory motion patterns of an elastic
mechanical structure when actuated at the resonance fre-
quencies. The energy efficiency of locomotion can benefit
from free vibration in many ways [6]. First, the mechanical
design of the robot is simple since the free vibration dose not
need many motors or sensors that consume energy. Second,
the leg can be made by a simple elastic structure that leads
to a light weight of the leg. As a result, the energy loss in
the collision with the ground is low. Third, the free vibration
is induced simply by resonance frequencies instead of large
actuation forces that consume a great deal of energy.

In our previous works, we made use of elastic curved

(@)

(b)

Figure 1: (a) The curved beam robot. (b) Time series pho-
tographs for one cycle stable vertical hopping of the curved
beam robot. The time is shown at the upper right of each
snapshot. The upper left numbers index the order. The ro-
tation direction of the motor is clockwise. The snapshots 3
and 7 show the moments when the robot touches down and
takes off the ground.

beams to achieve the free vibration. When an elastic curved
beam is structured properly, a near-to resonance frequency
from the motor can induce self-excited vibration which is
exploited for the locomotion behavior. The curved beam is
not only easy to manufacture but also low-cost and light-



weight. Moreover, the low damping of the curved beam
is helpful to improve the energy efficiency of locomo-
tion. From these perspectives, several different curved beam
robots have been developed. Because of different designs of
beam structures, each robot has a specific locomotion mode
(e.g. hopping and running) [7]. These curved beam robots
have shown high energy efficiency in the robot locomotion.
In addition, one robot can exhibit various gait patterns (e.g.
hopping and running) that can be controlled by regulating
the actuated frequencies [8].

In this article, we introduce a hopping robot and discuss
the further method of improving its energy efficiency in hop-
ping locomotion. The robot is shown in Fig. la. It consists
of abody made by an elastic curved beam, a foot base, a pay-
load, a DC motor and two rotating masses. The curved beam
is made of aluminum and structured into a C-shape, which
provides certain elasticity. The foot base is also made of
aluminum and has an H-shape structure to provide basic sta-
bility during locomotion. The DC motor drives the rotating
masses around the shaft with approximately constant speed
and this rotation induces centripetal force. By increasing
angular velocity of these rotating masses, the whole system
oscillates with larger amplitude, and at a certain frequency,
the base takes off from the ground and the robot starts hop-
ping. If the curved beam is structured into a certain shape,
this hopping behavior occurs mainly along the vertical di-
rection as shown in Fig. 1b.

The current robot can achieve an energetic cost of trans-
port of 0.4 without optimization [6], so there is still room to
improve the energy efficiency of the robot hopping. More-
over, it is not clarified whether the energy efficiency of lo-
comotion can be maintained at the same level when the hop-
ping robot changes its size and weight. Although the nu-
merical simulations have proved that the high locomotion
energy efficiency can be still achieved for the robot with a
changing size, we are exploring the development of the hop-
ping robot with the large size and heavy weight

During the manufacture, we need to carefully consider
two points. The first one is the selection of the material
that constructs the beam. The material needs to be strong
and light. Furthermore, the damping in the beam should
be also considered when the size and weight of the beam
are changed. We will systematically explore some materials
including glass-reinforced plastic and carbon fiber springs,
and investigate their properties. The second one is the de-
sign of robot beams. We will adopt optimization methods to
obtain certain number of optimized parameters for the en-
ergy efficient hopping, e.g. the shape, thickness and width
of the elastic curved beam.

3 Open questions

There are three challenging questions in this project.
First, it is not clarified the robot with large size and heavy
weight can actually reach the high energy efficiency in hop-
ping. Although we carefully set up a development plan,

there are still potential risks that we have not realized. Thus
we expect several iterations of design and manufacture of
the large hopping robot. Second, we lack effective methods
to systematically analyze the stability of hopping, although
there are some initial results that show the hopping robot is
able to exhibit a certain ability of self-stabilizing in the hop-
ping. Third, it is not fully understood how to design and
control a set of desired locomotion patterns in different en-
vironments. It is particular challenging to investigate how to
achieve the trajectory control in the hopping robot based on
free vibration.
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1 Introduction

The process of finding working gaits for legged robots
always, to different extents, includes manual tuning, sys-
tematic search, or optimization of control parameters. This
process populates a dataset of control parameter vectors and
respective robot behavior factors including body rotations,
speed, duty factor, etc. Normally, targeting actuated robots
and not simulated ones, these datasets are sparse, unless sys-
tematic search with small parameter changes is applied.

The dataset obtained from a tuning process can include
many gaits which share a similar performance in one be-
havior factor, e.g. speed, but differ in the control parameter
vectors used. Our question here is, using the tuning dataset,
how a continuous drive function can be calculated which
takes the desired behavior, e.g. speed, and maps that to a
control parameter vector!. If this question is answered prop-
erly, then the robot operator (or a higher level controller)
will have a single control knob to continuously change the
desired behavior factor. Here in this contribution we address
the case were a Central Pattern Generator (CPG) [3] is used
as the locomotion controller and the desired behavior factor
to control is the locomotion speed.

There are model-based approaches like [4, 5, 6] which
explore speed control using closed-loop control of the step
length. We address the question of the speed drive function
from a model-free open-loop> control perspective when a
parameter-speed dataset is given. We do our experiments
with the compliant quadruped robot Cheetah-cub (Figure
1) [7], use trot gaits, and go up to a speed of more than
4 BodyLength/s which gives dynamic locomotion with a
froud number fr~ 1.

2 Drive function extraction

Our hypothesis is that if the desired continuous change
in the behavior is small, then the change in control parameter
vector should be small as well. So, using the collected tun-
ing dataset, one should choose an array of parameter vectors
such that the successive changes between them are minimal
and results in a small change in the desired behavior factor

IThis is different from experiment design approaches like Doehlerts
[1, 2] where prior knowledge about the form of the drive functions and
independence of control parameters is available.

Zno sensing other than for low-level motor control.

Figure 1: Cheetah-cub robot

(e.g asmall increase in speed). Then function approximation
tools can be used to fit continuous functions on the chosen
parameter vectors.

We cluster all the control parameter vectors based on the
speed that they give to the robot in equally spaced bins. So
the i-th bin %; contains:

B =1{x; ¢ |v(xk) —vi|]| <8} Vk=1.K (1)

where K is the number of control parameter vectors, X; is
the k-th parameter vector, v(.) is the obtained speed, and v;
values are the center of the bins equally space on the speed
axis and 0 determines the bin width. Now if one candidate
is chosen from each bin, then the total length of the multi-
segment line passing through all candidates is:

N-1
d= ) % =%, | @
i=1

Table 1: CPG parameters and the obtained drive functions

Name Param. Obtained drive function
Frequency f 1.7V +4.7v+0.3
Desired duty factor D —0.18v+0.66
Fore/hind hip amplitude Ay 12V —9.3v? 4-48v 419

—0.74v3 +2.31> — 1.4v+0.71
—0.44° +1.7v2 —1.2v+0.71

Fore knee swing amplitude ~ Apg
Hind knee swing amplitude Ank

Fore hip offset Orn 1.80° —6.8v2 +5v+ 14
Hind hip offset Onun 4.4 — 1TV +12v 413
Fore knee offset Ork —0.142 +0.12v+0.38
Hind knee offset Ouk —0.28v2 4-0.24v40.16
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Figure 2: Parametric joint angles profiles generated by CPG.

with N being the number of bins, and x;, the k-th member of
the i-th bin. Finally, the problem of finding the drive func-
tion knot points can be formalized as:

min d 3)
ki, i=1.N

Solving the aforementioned problem, we obtain an ar-
ray of control parameter vectors with respectively increasing
robot speeds, which then should be approximated by fitting
tools to obtain the drive functions.

3 Results

We implemented our approach on the Cheetah-cub
robot, a small (~ 1Kg) quadruped robot with compliant pan-
tograph legs (Figure 1). In order to find working gaits for
Cheetahcub, a series of manual trials was done to find work-
ing gaits. A collection of 110 control parameter vectors and
respective locomotion speeds was obtained from the man-
ual tuning process, which includes only the cases where the
robot did not fall during locomotion on a flat terrain. This
data collection is depicted in Figure 3 (cross markers).

The CPG model used for the control of locomotion is
defined by four coupled phase oscillators generating the de-
sired joint angles profiles for hip and knee joints, depicted
in Figure 2. The hip joint angle profile is a skewed sine
(skewed based on the desired duty factor), and the knee joint
angle profile consists of a flexion during the swing phase (to
obtain foot clearance), and an additional flexion during the
stance phase to actively control the leg length. The CPG
control parameters are given in Table 1.

Solving? the problem in equation (3) gave the selection
of the knot points per bins which are depicted with bold
markers in Figure 3. We then used first to third order polyno-
mials to fit a function on these points and thus obtained the
drive functions as depicted in Figure 3 and given in Table 1.

3Using brute force and checking all possible solutions. This takes
about five minutes using MATLAB running on a quad-core PC. For big-
ger datasets, one can instead use discrete valued optimization techniques
like Genetic Algorithm or [8].
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Figure 3: The tuning dataset (cross markers), selected candidates
(bold markers), and the calculated drive functions. Bin
parameters are v; = 0.1+ 0.2i, i =0..6 and 6 = 0.1.

We interpolated the obtained drive functions in the speed
range of v=0.140.1i[m/s], i = 0..12 and extracted the re-
spective control parameter vectors. Then we ran the robot
with these parameter vectors (5 runs for each parameter vec-
tor) and recorded the locomotion speed. Results of these
evaluation runs are depicted in Figure 4. No post-processing
was done on the obtained drive functions. The robot did not
fall in any of these experiments, and the average pitch and
roll angles were always less than 10 degrees.

4 Discussion

We proposed a simple way to extract drive functions
from existing data obtained from manual tuning of a robot’s
locomotion controller. These drive functions act as a sin-
gle control knob which give the proper control parameters
for a certain desired behavior (speed in this paper). The in-
troduced method differs from a model fitting on the whole
dataset which is not the proper way to extract the drive func-
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Figure 4: Evaluation of the obtained drive functions. The error bars show the minimum and maximum values.

tions because it will average different trails out instead of
finding a correct path along them. We believe that the in-
troduced drive function extraction method is useful in many
cases where robots are going through a tuning process and a
dataset of behavior versus control parameters is collected.

The introduced approach is not dependent to the mean-
ing of the control parameters. One can use a different control
strategy, like a different CPG controller, or even a model-
based controller, and obtain a parameter-behavior dataset
while tuning the robot’s locomotion. Such dataset can then
be utilized to obtain a data-driven drive function using the
method introduced in this paper.

Our drive-function experiments with the cheetah-cub
robot where limited to testing the obtained parameter vec-
tors one at a time, and we have not yet explored the online
change of the control parameters during locomotion. We
expect a slow change of the control parameters to give a
smooth change in the locomotion speed, but this has to be
further tested, especially to inspect the transient behavior
and balance of the robot during the parameter change.

There are a number of open questions that we aim to
explore in the future: 1) Is there a common parametric
representation of the drive functions for a class of similar
quadrupeds? 2) Can we also extract drive functions for all
control parameters including both feedforward and feedback
parameters? 3) Can we use the method here to extract drive
functions at a different level of control, e.g. at the muscle
activation level?
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1 Motivation & State of the Art

When birds increase speed during terrestrial
locomotion, they change gait. At slow speeds, birds walk.
With increasing speed they gradually change to grounded
running (a running gait without aerial phases [1, 2]). At
higher speeds many species change from grounded running
to aerial running. Gait changes appear to not always be
correlated to changes in the metabolic energy
consumption, but specialized walking/running birds utilize
specific gaits at given speeds on a treadmill in correlation
to energetic minima [1, 5]. So far, studies on avian gait
transitions mostly focus on i) variations of spatio-temporal
parameters as the speed increases ii) leg joint amplitudes
related to speed, and iii) the gradual shift from vaulting
mechanics towards bouncing mechanics of the center of
mass (CoM) [1, 3-6]. Although these studies provided
important insight into speed related changes of avian
terrestrial locomotion, we still know surprisingly little
about how template parameters related to the SLIP (spring
loaded inverted pendulum) vary with gait changes, and
thus how their tuning impacts gait and motor control
strategies. Template related parameters describe
biomechanical systems as a whole. In the case of avian
terrestrial locomotion by reducing the hindlimb to a
"virtual leg" linking the hip or the CoM with the center of
pressure (CoP). Parameters of the SILP model are the leg
stiffness k, touch-down angle o, mass m, and rest length |o.
Experimental determination of k and I, are challenging,
especially for small animals.

In the present work we aim to study how the template
parameters k and |y in a small predominantly terrestrial bird
change with speed and gait.

Our main hypothesis is that at the global virtual leg
function approximates a spring-mass behavior for all gaits.
Contrary to humans or large animals which walk with
extended legs, and thus with high leg stiffness (e.g.
humans, [7]), the crouched posture observed in small
animals may enable spring-like locomotion even at lower
speeds.

2 Own approach
Eight adult common quails were motivated to move across

a 3 m long walking-track at their preferred speeds. The
track was covered with sand paper to reduce slipping. We
simultaneously recorded kinematics (biplanar X-ray
videography) and ground reaction forces (GRFs).

We calculated the instantaneous position of the body’s
CoM from kinematic data (X-ray motion analysis data of
the limbs, additional kinematic data of digitized head, neck
and torso landmarks, and each element’s CoM position) as
presented in [6].CoM’s motions and speed were used to
obtain the fluctuation of the potential (E,) and kinetic
energy (Ey). Then, we relied on the percentage of
congruity, as proposed by [8], between E, and Ey to
discriminate bouncing (running) from vaulting
(walking) mechanics.

We computed the instantaneous virtual leg length
as the distance between CoM and CoP. As leg length
usually is non-symmetrical relative to touch-down
(TD) and take-off (TO) events, we averaged relative
virtual leg lengths in order to determine the leg
stiffness k from kinetic data. We computed k as
k =GRF, /A, where

midstance

A :(Ileg_TD + IIeg_TO )/ 2- IIeg_midstalm:e ' Note that
lo=(leg 10 +heg 70)/ 2is the rest length of the
spring. Dimensionless leg stiffness was defined as

k =Kl,/mg , where m is the mass of the bird and g

gravity. The dimensionless leg compression (y)
related to the compression of the spring at midstance
is equal to the GRF in body weight
(w=GRF / mg =k(l,—1)/ mg; see [2]).

3 Results and Discussion

Globally, quail locomotion displays a surprisingly
linear-like spring-like behavior at all investigated gaits
(walking, grounded running, and running) in accordance to
the SLIP model. However, contrarily to the telescopic
expectation of the SLIP model, GRFs are more vertically
oriented; highlighting that trunk balance during all gaits
seems to be a mandatory issue.
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Our results show that between walking and grounded
running the leg stiffness decreases (w. k = 5.77 £1.25; g.r.

k = 4.99 + 0.67). Accordingly, increased leg compression
resulted in higher vertical GRFs at midstance during
grounded running compared to walking. When quails run,
higher leg compression permits them to introduce aerial
phases, and leg stiffness is increased (to values not
significantly different to those obtained during walking;

k = 6.15 + 0.62) to the cope with the decreasing contact
times. The value o [m] associated with the rest length
of the spring in the SLIP model, was similar for
walking and grounded running, but significantly
longer for running (w. 0.0872 + 0.0087; g.r. 0.0886 +
0.007; r. 0.0956 + 0.009). We hypothesize that a more
extended leg at touch-down, controlled by the joint angles
in knee and intertarsal joints, has an important influence in
the leg stiffness adjustment process during running.

4 Open questions

How does real local leg control contribute to a global
linear-like spring-like behavior?

Do small birds always use the same leg function
despite gait and speed?
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1 Introduction

With safety aspects due to closer human-robot inter-
action and increased requirements in energy effiency due
to mobile applications, series elastic joint concepts receive
high priority in contemporary robotics. Beyond making
robots more safe and flexbile, such concepts can store en-
ergy and thus optimize the energetic efficiency of the robot’s
motion. Therefore adjusting the stiffness is advantageous,
since the natural frequency of the drive train and the fre-
quency of the desired trajectory can be matched [1, 2].

2 State of the Art

Introduced in the 1990s, the Series Elastic Actua-
tor (SEA) [1] and the Mechanical Impedance Adjuster
(MIA) [3] pathed the way for series elastic actuation and
variable compliance in robotic joints. The majority of
concepts developed since then can be categorized in four
groups considering the principle of stiffness variation [4].
Those are equilibrium-controlled, antagonistic-controlled,
structure-controlled and mechanically controlled stiffness.
As the original SEA changes the equilibrium position of a
spring, it belongs to the first group. Antagonistic-controlled
approaches utilize actuators working against each other as
in AMASC [5]. Although both groups allow for stiffness
variation, energy is dissipated during operation in both: The
equilibrium-controlled solutions require power to simulate a
virtual spring while the actuators work against each other in
the antagonistically-controlled ones. Thus, many contempo-
rary variable stiffness designs belong to structure-controlled
and mechanically controlled solutions. Strucutre-controlled
devices change stiffness by a modification of an elastic el-
ement’s structure as in MIA. Mechanically controlled ones
like MACCEPA [2] adjust the system stiffness by preten-
sion.

3 Concept and Implementation

The authors’ approach based on variable torsion stiffness
(VTS) aims at biomechanically inspired robotic joints [6].
As described there and shown in Figure 1, actuator 1 ap-
plies an input torque 7; to the torsional elastic element to
move the link. For the the adjustment of the torsional stiff-
ness kys(x), the active length x of an torsional elastic el-
ement is varied by changing the position of counter bear-

Figure 1: Concept of variable torsion stiffness [6]

ing using actuator 2. Hence, this concept belongs to the
structure-controlled group. Since the joint driving and the
stiffness control actuator are seperated, the adjustment of the
stiffness does not depend on the joint position. For the im-

Figure 2: Implementation of the elastic element

plementation of the elastic element, a hollow cylinder with
outer radius R = 11.0mm and inner radiues r = 8.7 mm and
a length of / = 0.16m is chosen due to [6]. The realized
version manufactured from polyamide is presented in Fig-
ure 2. A flange on the left connects the element to actu-
ator 1, while six evenly distributed fitting rails are used to
transmit the torque from the tube to the output side. Due
to the deviations in material and geometry compared to the
ideal cylinder proposed in [6], the stiffness characteristics
might not fit perfectly the requirements given there. Thus,
the influence of those deviations is investigated experimen-
tally in this paper. To realize the experimental evaluation

Figure 3: Test rig for experimental investigations

of the stiffness characteristics, a friction compensation is



realized. As most of the friction is due to the motor-gear
unit, only this is investigated. In the experiment, the motor
torque is increased linearly from ONm to 10 Nm. Figure 4
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Figure 4: Friction characteristics and model

shows the data measured in 5 trials for each direction and
the model fitted with least squares regression. With this, the
friction torque is compensated by feedforward control of the
model 7y = 5.9Nmsign(¢;) 4+ 357.1Nms /rad ¢;.

4 Stiffness Characteristics

The stiffness characteristics of the element are investi-
gated in a static experiment. Therefore, the active length x
of the elastic element is set to values between 0.011m
and 0.151m in steps of 0.02m and a final step at x =
0.166m. As these settings should refer to different stiffness
values, the pendulum is positioned at specific angles stati-
cally and the input and output angles are measured. Further,
the torque 7, resulting from gravity is determined. With the
models given in [6], the stiffness &, at a specific length x
can be determined by

Tg
Oi— @

and is parameterized by a least squares regression. The
stiffness characteristics determined in this experiments are
shown in Figure 5. It becomes distinct that the stiffness
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Figure 5: Experimentally determined stiffness characteristics

determined in the experiment on the test rig plotted in red

shows higher values than expected from the analytical model
plotted in red. Only for an active length below x = 0.04m
the analytical solution exceeds the experimentally obtained
results. This is due to the reason, that the analytical solution
converges to infinity, while the real system is contrained to
finite stiffness. The increased stiffness of the experimental
measurement is caused by the implementation, as the fitting
rails reinforce the elements structure.

5 Discussion and Conclusion

Regarding the friction characteristics, the influence of
static friction (5.9Nm) is higher than the one of gravity
(4.1Nm for ¢, = 10°) and has to compensated. Further, a
confirmation of the friction compesation in the complete test
rig should be performed before testing in dynamic scenarios.
For the stiffness characteristics, the evaluation shows that
the implemented elastic elements has comparable behaviour
as the analytical model predicts. Anyhow, the real element
geometry should be considered during design to achieve a
better consistency - e.g., by finite element simulation.

6 Open Questions

One open questions for future research is the investiga-
tion of alternative design of the elastic element. Further, the
structural integrity of the elastic element is a key issue due to
the high loads and stresses that can be expected during dy-
namic operation. As for the current implementation stiffness
control is performed manually, an appropriate actuation is to
be determined for a complete realization of the concept.
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1 Introduction

In the 1990s compliant joint actuation was introduced to

robotics with the Series Elastic Actuator [1] and the Me-
chanical Impedance Adjuster [2]. Such concepts provide
safer human-robot interaction, can store energy and decrease
force control effort [1]. In the following decades, energy
efficient actuation with such concepts had high impact in
mobile applications such as bipedal robots, since the stiff-
ness adjustment can be utilized to match the natural fre-
quency of the drive train to the frequency of the desired tra-
jectory [1, 3]. A review on designs of actuators with variable
elasticity between drive and link is given in [4] and followed
by an energetic examination of specific concepts in [3].
Early solutions for actuators with variable stiffness are de-
signed focusing on the drive side and hence only the input
inertia of the drive train is considered as in [1]. Although the
input and output inertia of the drive train were included in
models of the complete robotic application according to [5],
the dynamic interaction of those inertias is not considered
for drive train design sufficiently [2]. In contrast to this, in-
put inertia is not considered appropriatly in the dimension-
ing of recent approaches due to the assumption that drives
represent ideal torques or position generators [6, 7, 8, 9].
Further, the analysis of power consumption in [3] is based on
the same assumptions and hence does not regard the inertia
interaction during dynamic operation. So far, the influence
of more than one inertia is mainly considered in complex
antagonistically-controlled concepts as AMASC [10] and
VSA [11]. While the influence of interaction does not show
significant influence on the characteristics of AMASC, its
impact is not examined in the case of VSA. In the structure-
controlled and comparable complex VSJ [12], the interac-
tion influence is rather low as in AMASC.
Yet, this is not the case in general applications and thus both
inertias and their interaction should be considered, as this
has strong impact on the drive train dynamics and hence its
dimensioning as well as an energy-efficient strategy for stiff-
ness variation. This paper investigates those influences on a
linearized model of a generic actuator with variable stiffness
based on the parameters of VTS [13].

2 Modelling

To investigate the mechanical influences of input inertia,
output inertia and their interaction, simple dynamic models

of serial elastic drives are used. Their basic structures are
given in Figure 1. While the upper model considers the out-
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Figure 1: Investigated drive train models

put inertia I, only, the one depicted below can be used to
examine the interaction of the inertias. Both are investigated
with and without the torque m, g! sin(¢,) at the link due to
gravity. The dynamics of those can be represented by their
equations of motion: Considering the output inertia only,
this is given by the one from [13], while the extended model
is given by the equations from [5]. After linearization at
equilibrium position, these are transformed to the frequency
domain. Thus, the first model with gravity is described by

@) _ 1 1
=— , ()
Ti(s)  Ls’+k+mygl
while the transfer function of the extended model is
(pO (S) _ k (2)

Ti(s)  LLis*+ ((L+1)k+Limogl)s® +kmygl’

In both models, ¢; and ¢, represent the input and output
position, while 7; and 7, are the corresponding torques. The
stiffness k is treated as a variable parameter to examine the
impact of stiffness variation on the mechanical influences.

3 Mechanical Influences

The system dynamics of all four systems -
with/without [; and with/without g - are given in the
bode plots shown in Figure 2. Compared to the simple
model plotted in blue, significantly higher natural frequen-
cies can be observed for all other models. For the green
plot, this is due to an increased stiffness caused by the
gravity term, which also leads to an increased static gain.
By considering I;, the integral behaviour of a rigid body
mode can be observed in addtion to a higher increase of
the natural frequency in the red plot. For the cyan plot, this
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Figure 2: Mechanical influences on drive train dynamics

rigid body mode is transformed to an elastic mode with
higher frequency due to the fixation introduced by gravity
and the elastic mode increases in frequency. In Figure 3, the
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Figure 3: Impact of stiffness variation

impact of stiffness variation is presented for the extended
model. With increasing stiffness, both natural frequencies
increase, where the influence is stronger for the second one.

4 Discussion and Conclusion

As the natural frequencies of actuators with variable se-
rial stiffness should be optimized to the specific task for
energy-efficient operation, an holistic modelling of the ba-
sic mechanical system is required for design. Thus, the me-
chanical influences of input inertia and gravity should not be
neglected in general applications, since the reflected inertia
on the input can be comparable to output inertia due to the
gear ratio and gravity introduces a virtual fixation. Although
drive and link are not rigidly coupled, the reflected inertia is
fully present at the input and influences the system dynam-
ics significantly. By considering those mechanical effects,
an investigation of power consumption should show two ar-
eas with minimum power due to the two natural frequencies.
This also has impact on the stiffness variation strategy, since
other stiffness values have to be chosen to match the fre-
quencies of actuator and trajectory.

5 Open Questions

Future work should focus on the investigation of the in-
fluence of damping as well as analyses of the eigenvectors,

2

which are definining the relative motion, and the power con-
sumtion of the system.
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1 Motivation

The locomotion gaits of animals are elegantly
supported by the mechanisms, materials and phys-
ical properties of their bodies. In every stride, the
body supports the movement of the animal to make
every single step as seamless as possible. The chee-
tah is e.g using its tail to steer its body during run-
ning. The number of examples where the body of an
animal is used to support its movements are count-
less. If we compare what is observed in nature with
a large range of “state of the art robots”, some dif-
ferences are noticed. The body of the robot is often
stiff and inflexible, and does therefore not support
the dynamics of the robots during locomotion. The
brain is controlling the robot in the classical way,
where every movement of the robot is planed, and
very little influence have been left for the dynamics
of the body. The body is so to speak ”"under total
control”. A reason is that, this is the general way of
designing robots, firstly because creating mechanics
with the same abilities as we seen in nature is an dif-
ficult engineering problem, but also because it offers
several advantages such as making the system easier
to model and allows for more precise control. How-
ever, this approach is maybe limiting the results that
can be achieved in the area of locomotion. In con-
trast, we will describe experiments done on a robot
build from the robotic toolkit, LocoKit. The robot
is quadruped, with a flexible body, and with a added
mass on top of the robot that can be shifted be-
tween front and back on the robot during locomo-
tion in order to control the center-of-mass (COM)
on the robot, Figure 1. In the spirit of embodied
artificial intelligence (Pfeifer R.), we aim to improve
the robustness, efliciency, and versatility of robot lo-
comotion by controlling the physical properties of the
robot’s body.

2 State of the art

In the past years, there have been put a lot of
effort into studies of animal locomotion. Some of
these studies have been concentrating on the mass
distribution [1], others on the movements of the body
center of mass [2]. On robots, some experiments have
been made with robots either able to walk or jump,
by using an actuated lever mechanism to actuate the
body, [3], [4].

3 Approach

To construct the robot used in these experiments,
we have used the LocoKit robotic toolkit [5]. The
dimensions of the robot is W27xD18.5xH21cm, one
motor per leg and one motor used to move the COM.
The motors for the four legs are placed next to the
legs on the body of the robot and the motor for mov-
ing the COM is positioned slightly towards the hind,
holding an arm with a weight in the end. This arm
is used to move the center of mass (COM) during
locomotion. The control of the robot is done in two
separate functions; the control of the legs, and the
control of the lever arm. The legs on the robot are
controlled in a simple feed-forward open loop. The
legs are synchronized with each other, to make sure
that the two leg pairs, front and hind, always have
the same phase shift between them. The lever arm
is either controlled by using feedback control using
the tilt of the robot as input or open-looped control
synchronizing the arm with the movement of the legs
with a specific phase shift. During all experiments
the robot have been programmed for a bounding gait.

4 Discussion outline

Shifting the COM during locomotion have a big
impact on the locomotive abilities of our robot. It
opens up a number of interesting research questions
that we would like to address. What makes these
studies even more interesting is that they can be fo-
cused on multiple questions like the control of the
lever arm, the embodiment of the arm, locomotive
skills of the robot etc. The following list is to name
but a few:

e Can moving the COM improve the locomotive
abilities like speed, energy efficiency, gait sta-
bility etc.?

e Can the locomotion be made more stable?

e Can the lever arm be used to increase move-
ability in uneven terrain?

e Which control schema is most fruitful. Having
the lever arm coupled to the body or the legs?

e What is the optimal moment that the lever arm
have to produce to make body steady during
bounding?
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(a) Schmatic of the robot for testing the impact
of using an actuated lever arm.

(b) Actural robot build from LocoKit.

Figure 1: Figure (a) shows the schematics of the robot used during all the experiments. The robot is quadruped, and
has an actuated lever positioned slightly towards the hind of the robot. The weight on the lever can be
adjusted during the experiments. In the right figure (b) the final robot build from LocoKit is shown.

To get a deep insight into the dynamics of the
robot, we are measuring the kinematics of the robot
during experiments with 9 high speed cameras (Oqus
series, Qualisys, Gothenburg, Sweden) at 250Hz, as
well as the forces created by the robot using a force
plate (Kistler, Winterhut, Switzerland). Combining
these data will provide us with great insight into the
dynamics of the complete system as it acts in the
real world.
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1 Motivation

While jogging or running in an urban environment or
on nature trails, humans face major and minor
disturbances requiring quick reactions and adaptations. For
example, we actively initiate turning, sidestepping
pedestrians, or jumping over obstacles. On the other hand,
minor disturbances such as sudden moderate changes in
ground level or stiffness can be compensated passively
(e.g. [1, 2]). Investigating the kinematics of the runner’s
center of mass (CoM) in such situations can unravel which
global locomotion control strategies humans use and help
to distinguish between willingly initiated (and actively
controlled) or mechanical (passively controlled) reactions.
Such insights not only help toward a more complete
understanding of the locomotion but may also find
application in the control of bipedal robots.

2 State of the art

It is well known that human runners show adaptations
in their kinematics and dynamics if they face disturbances
on the path. These adaptations are visible in the global (leg
stiffness, orientation and length — referring to the spring-
mass model [3]) and local leg parameters (leg joint angles).
For example, for running on surfaces with altered ground
stiffness it could be shown that humans adapt the leg
stiffness to compensate for changes in the ground stiffness
[1, 4, 5]. These adaptations in leg stiffness correlate with a
nearly unaffected CoM deflection for both known and
unknown changes in ground stiffness. From this, the
researchers inferred that the control of the CoM trajectory
might be a general principle in running and that
adaptations of leg stiffness are utilized to achieve this [4,
5]. Runners encountering ground level changes adapt leg
stiffness too [2, 6, 7]. But they also alter leg orientation
and length. Using numerical modeling (spring-mass
model) it could be demonstrated that the adaptation
process is able to stabilize running [2, 8]. However, until
now it is not clear what kid of CoM strategies humans use
while running on uneven ground. For example, do they use
controls keeping the CoM trajectory nearly unchanged [9,
10] similar to the findings for ground stiffness changes or
do they prefer controls maximizing gait stability [11, 12]?

3 Own approach

To shed light on the strategies human runners use we
first analyze adaptations of the CoM for different ground
level changes and second discuss these findings with
respect to recently proposed theoretical strategies.

Figurel Different ground level situations (left)
running on a visible single step of 10 cm and
(right) running across a camouflaged drop of
10 cm.

For the experimental part, we studied running on
visible single or permanent steps (10 cm and -10 cm, see
[6]) and running across camouflaged drops (which
occurred by chance, 10 cm depth, see [7] and fig.1). For
both studies, the relative adaptations in the vertical
oscillation of the CoM compared to the undisturbed
situation were analyzed. We found that the runners adapted
their CoM in preparation for a visible step up or down by
lifting it about 50% of step height or lowering it by about
40% of drop height. After contact on the changed ground
level, different adaptations depending on the situation
occur (about 100% for plateau up/down, about 60% for
single step up/down, fig.2A&B).

We also found adaptations in preparation for the
camouflaged step which are similar to the adaptations for a
visible step down. The runners lowered their CoM (about
25% of the possible drop height) equally whether a drop
occurred or not (fig.2C). However, the height of the CoM
in the subsequent flight phase depends on the situation
which actually occurred (drop or not). In case the runners
encountered the drop, the CoM was lowered about 90% of
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drop height, and in case the runners encountered an even
ground, their CoM height was almost unaffected (fig.2C).
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Adaptation to visible ground level changes

Discussion and open questions

If human can see the disturbances they adapt their
global leg parameters not only on the disturbed step but
also in advance of a step ahead. These adaptations change
the height of the center of mass with respect to the actual
ground level and achieve a smooth, not abruptly changed
ride of the CoM. Also, it shows that runners prefer two or
more steps to compensate for a visible ground level
disturbance, regardless of whether it is a single step or
permanently altered ground level.

The finding that human runners alter their CoM height
when running on uneven ground suggests that they do not
use strategies keeping the CoM trajectory unchanged [4, 9,
10], even if the disturbance in ground level is only short
and temporary (single step up or down). Such adaptations
were expected for a permanently altered ground level
where runners have to adapt their CoM in order to perform
a normal running gait, but not necessarily for a single step.
This raises the question why human runners use the
observed strategies?

Aspects influencing the CoM-strategies

The observed strategies may represent a compromise
with respect to energy consumption, safety, and/or comfort
(see also [13]). In our experiment, the visual perception of
the mechanical disturbance largely influences the reaction

Adaptations after ground contact

Figure2 Vertical oscillations of the
CoM of a typical runner for: (A)
running up a visible single step of
10 cm (black-solid) and a visible
permanent elevated track step of
also 10cm (black-dashed), (B)
running down a single visible
10 cm drop (black-solid), and (C)
for running across a camouflaged
area where drops of 10cm
occurred by chance (black-dashed
for the 10 cm drop, grey-dotted for
an unchanged ground level). The
grey-solid lines represent the
reference trails i.e. running on even
ground. The adaptations of the
vertical deflection of the CoM are

:

? highlighted with thick arrows (blue

— ahead of a (possible) ground

i B B level change, orange — in the
e

subsequent flight phase after a
ground level disturbance).

after disturbance

of the system and makes it difficult to distinguish between
active (feedback) and passive (self-stabilizing feedforward)
strategies. We think experiments with camouflaged
disturbances, where runners cannot predict whether a
disturbance occurs or not, lead to a more complete
understanding of the strategies in human running.
Furthermore, it can help to unravel to which extend the
locomotion control rely on active and passive parts.

Strategies for running across camouflaged disturbances

The adaptations to the CoM height which we found for
the camouflaged situation (drop or even ground) are in part
different to the same, visible situation. The pre-adaptation
in front of the camouflaged step with the potential
disturbance are of the same size as for a 5 cm drop [7].
Because the runners are aware that the next step might be a
drop they lower their CoM ahead, probably with the aim to
reduce the peak ground reaction forces (safety and
comfort). In the subsequent flight phase after the
camouflaged step, the runners CoM height depends on the
encountered situation (drop or even ground, fig. 2C). We
found that the height difference between these two
situations equals almost the drop height. Numerical
modeling (spring-mass model) revealed that such a height
difference is characteristic for a dead-beat control
maximizing gait stability [11, 12].

Open questions and future work

The observations suggest that humans rely on CoM-
strategies which support sufficient and situation-depended
gait stability. Until know, it could not be conclusively



unraveled to which extend active or passive parts
contribute to the control. For the different studies the
EMG-pattern of the leg muscles were recorded and will be
analyzed in the future. They might reveal whether humans
rely mainly on reflexes (e.g. positive force feedback) or on
feedforward strategies (e.g. use a predetermined EMG
pattern set ahead of the disturbance), or of both when
altering the leg parameters for the compensation of a
disturbance and stabilization of the movement.
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1 Introduction

The anatomical structure of the human foot is known to
be substantially different from those of other primates
owing to its adaptation to bipedal locomotion. For
examples, the human foot possesses the longitudinal arch
and the unique structure of the calcaneocuboid joint that
are not present in the other primate feet[1]. As human
walking is a mechanical phenomenon to move the center of
body mass forward without falling by appropriately
generating the ground reaction forces acting onto the foot,
it is anticipated that mechanical characteristics of the
human foot embedded in its anatomical design may
contribute to realize appropriate physical interaction
between the body and the ground, and hence facilitate
generation of robust human bipedal walking. However,
how the human foot physically interacts with the ground
during bipedal walking has not been fully investigated. In
this study, we therefore attempted to clarify the
deformation of the human foot during bipedal walking by
means of digital image correlation method.

2  Methods

The digital image correlation method is an optical
method to measure 3D deformation of an object surface by
using the stereo-triangulation and the correlation of the
speckle pattern on the surface[2]. In this study, we sprayed
the right foot of an adult male participant with aqueous
black ink to draw the speckle pattern on the foot surface.
The participant was then asked to walk at self-selected
speed. The dorsolateral surface of the foot from heel-
contact to toe-off was filmed at 30 Hz by two manually-
synchronized digital cameras as shown in Figure 1. The
image size of the camera was 1920 x 1080 pixels. We used
digital image correlation software Vic-3D (Correlated
Solutions, Columbia, SC, USA) for quantification of the
foot deformation during walking.

3  Results & Discussion

Figure 1 shows dynamic changes in the distribution
patterns of the magnitudes and directions of the principal

strain on the dorsolateral surface of the foot during walking.

In the present study, the skin strain distribution was
calculated assuming that the foot shape at the mid-stance
phase is the reference shape configuration. Therefore, the
color contour map in Figure 1 illustrated how each location
on the foot surface was stretched or contracted from the
mid-stance phase.

As shown in Figure 1, at the heel contact, the anterior
surface around the ankle was stretched and the
dorsomedial surface corresponding to the distal end of the
first metacarpals was contracted, since the ankle joint was
comparatively plantarflexed and the first
metatarsophalangeal joint was dorsiflexed (Fig 1.A). When
the heel was lifted, the lateral surface corresponding to the
fifth metatarsal was stretched in the anteroposterior
direction (Fig 1.E), suggesting that the lateral longitudinal
arch started to flatten at this time. However, this region
was then stretched in the dorsopalmar direction at the time
of toe-off (Fig 1.F), possibly because the transverse arch
flattened as the toe pushed off the ground and the
tuberosity of the fifth metatarsal was projected out laterally.

4 Open questions

Detailed understanding of the deformation of the foot
during locomotion is important for elucidating how the
design and architecture of the human foot contribute to
generation of adaptive bipedal walking in humans. We
would like to discuss with the other participants of the
AMAM meeting during poster presentation how the
extracted deformation characteristics of the human foot
during walking may contribute to the facilitation of
balance control in human walking.
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1 INTRODUCTION

Tool-use enables humans to accomplish tasks that
cannot be realized solely with the human body. In the
robotic motion, tools can be used to extend the robot’s
body, allowing it to achieve tasks that would be other-
wise impossible to complete [1]. That is to say, skillful
tool-use dramatically improves the robot’s performance
of locomotion. In those skill, a particularly interesting
task is the pole vault, in which the athlete’s movement
dynamically changes depending on the way the pole is
manipulated.

It is important for improving the vaulting perfor-
mance that the athlete suspending from the pole ac-
tively manipulates the pole. In fact, it is known that
the athlete’s total energy when crossing the bar can ex-
ceed 120% of the initial energy at takeoff [2]. Many
previous studies have measured the athlete’s mid-flight
behavior. For example, Frere et al. took electromyo-
grams of the muscles in upper limbs and analyzed the
role of each muscle in the overall action [2]. Other stud-
ies such as McGinnis et al. used inverse kinematics to
calculate the moment exerted by the athlete mid-flight
[3]. These studies have focused on measuring the ath-
lete’s behavior. However, they have not explicitly ad-
dressed the how the athlete’s manipulation of the pole
contribute to his overall performance.

Therefore, in this study, we try to analyze the active
bending effect to the vaulting performance proposing
”Transitional Buckling Model”. This proposed model
accounts for the athlete’s active bending on the pole.
In addition, we find out how the robot should actuate
the pole. Accordingly, we present one of the way to
skillfully use the flexible and complex tools.

2 MODEL

2.1 Active Bending of the Pole

In a pole vault, it is known that the athlete’s body
movements have a significant impact on the pole. Based
on previous works which use EMG signals from upper
limbs [2] or use inverse kinematics [3] to analyze the
athlete’s actions, it is known that an experienced ath-
lete bends his pole as follows (Fig.1).
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Figure 1: Transitional Buckling Model. Pink linear arrows
are forces from arms. Blue curved arrows are
input bending moments from arm forces.

Phase 1: Pole-plant and pole-bending phase
By applying an upward force on the lower hand-
grip of the pole, the athlete bends the pole in such
a way as to increase the pole curvature.

Phase 2: Pole-straightening phase
By doing a handstand mid-flight, the athlete
bends the pole in such a way as to reduce the
pole curvature.

It has enough studied that how the athlete action,
but not enough studied that how the action affect vault-
ing performance. Thus, there is a need to model a sys-
tem including both the human and the pole.

2.2 Transitional Buckling Model for Active
Bending

First, we modeled the overall pole vault motion il-
lustrated in Fig.2. It was quite difficult to model the
system containing flexible pole so that we modeled the
system by Euler buckling model. Euler buckling model
can treat the force exerted by the flexible pole as a sim-
ple constant force and is generally used for analysis of
the pole vault. Besides, we treated vaulter and vaulter’s



Table 1: Simulation parameter

parameter  description experimentl experiment2
0 elevation angle of mass variable —
l displacement from pole lenglth variable —
0o initial angle sin™' (1/ho) —
lo pole length 3-5[m] —
ho initial height 2.0[m] —
Vo initial velocity 6-9[m/s] 9[m/s|
m mass of vaulter 80[kg] —
g acceleration of gravity 9.8[m/s?] —
E Young’s modulus 70[GPa] —
1 second moment of area 5lcm?] —
fs exerted force from the pole - —
U input bending moment - —

Figure 2: Pole suspending one point mass model.

motion as the mass point and bending moment. There-
fore, the equation of motion is represented as:

0

0 0
d|é]| —ﬁ(ﬂé—kgcos@) 0
8 U I o] W
! —(1+10)0% + gsinf L
2
where fS:CWTQEI:(const.).
0

Here, C is the end-support condition coefficient, F is
Young’s modulus, and [ is second moment of area. The
mass point has horizontal initial velocity vg and the pole
applies the exerted force f; on the mass point. The ex-
erted force fs can be represented by Euler buckling load.
According to the Euler buckling model, as long as the
end-support condition of the pole remains constant, f;
remains constant regardless of pole deformation. In the
Euler buckling model, the coefficient C' is determined
by the end-support condition (Fig.1). The exerted force
fs is constrained by the coefficient C.

Second, we represent active bending effect presented
in Sec.2.1 as the extended Euler buckling model. Most
previous pole vault models have treated both the top
and bottom end of the pole as pinned support, and C

has been usually set to constant as C' = 1 [4] [5]. In con-
trast, our proposed model also treats the bottom end
of the pole as pinned support, while it differently treats
the top end of the pole as variable support transitioning
as a function of input bending moment u (Fig.1). Thus
C' is set to variable C' = C(u). The exerted force f! is
represented as:

fi= C(U)T' (2)

Therefore, to substitute f. for fs in Eq.(1) prop-
erly accounts for bending moment influence. We call
this proposed model the Transitional Buckling Model
(TBM). The relationship between the active bending
action and C(u) is as follows.

Phase 1: C(u) <1
Force received from the pole f! is small, so that
the pole can be bent with a larger curvature than
inC=1.

Phase 2: C(u) > 1
Force received from the pole f! is large, so that
the mass point can reach a greater height.

3 SIMULATION EXPERIMENTS

We focused on the advantage of input bending mo-
ment. To compare that we conducted follow experi-
ment. First, we experimentally compared the original
buckling model treating C' as constant and the Transi-
tional Buckling Model treating C'(u) as variable. Sec-
ond, in Transitional Buckling Model, we experimentally
explored the vaulting performance shifting the timing
and change rate of the transition of C'(u).

3.1 Experimental Setup

We simulated the pole vault by use of numerically-
solving ordinary differential equation eq.(1) with a step
time of 1[ms]. Simulation parameters was determined
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referring to an actual athlete’s data (Tablel). Vault
height H, is a maximum height of the trajectory of the
mass point. The mass point lets go of the pole when
the pole straightens, so that it takes off in a projectile
motion.

3.2 Experimentl: Active Bending Effect

In original Euler buckling model, C' is constant as
C = 1. In Transitional Buckling Model (TBM), C(u)
is linearly changed from Cy = 0.8 to C; = 1.2. We
changed initial velocity from 6.0[m/s] to 9.0(m/s]. In
TBM, vault height H, at each initial velocity was larger
than in the original model (Fig.4). Here, H, is a max-
imum height of the trajectory of the mass point. The
mass point lets go of the pole when the pole straightens,
so that it takes off in a projectile motion. Thus, input
bending moment affects the vaulting performance.

3.3 Experiment2: How to Change Input Mo-
ment

In TBM, we analyzed the effect of how C'(u) changes
from Cy to C;. Vault height H, map show that H,
took a high value around [ =0and sharp increase area
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Figure 5: Vault height map by the transition timing and
the rate of change with end-support condition
coefficient C'(u). Horizontal axis is the tran-
sition timing normalized by [. When C(u) is
large, input bending moment is like a step in-
put.

(Fig.5). The point of [ = 0 is the point of minimum
I, which is the timing at which the pole is maximally
bent. Therefore, the robot should change the direction
of the bending moment like a step input at the time
when the pole is maximally bent.

4 CONCLUSION

In this paper, we analyzed the active bending effect
to vaulting performance proposing a model that the
pole’s end-support condition varies with input bend-
ing moment. We showed that input bending moment
improved the vaulting performance. In addition, we an-
alyzed the best timing and the change rate at which the
bending moment direction to improve the vaulting per-
formance. We found that the robot should change the
direction of bending moment like a step input at the
time when the pole is maximally bent. Accordingly, we
inspire the way of skillfully using complex flexible tools.

In the future, we will implement the above model in
a control theory of a pole vaulting robot.

5 OPEN QUESTIONS

The equation for input bending moment » and end-
support condition coefficient C'(u) is still an open ques-
tion.
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1 Introduction

Humans can walk without tumbling by
coordinated control of muscles in the musculoskeletal
system. Numerous studies have been conducted to
understand the mechanism underlying the generation of
human walking (Aoi et al. 2008). However the changes of
control strategies of human walking to adapt on slopes
remain unknown. A few experimental studies have been
conducted to gain some insight on the effect of the slope
on the kinematic of the body and the activation signals of
the muscles (Lay et al. 2006). However, no simulation
study has yet managed to represent stable walking gait on
various inclined grounds.

A better knowledge on how the nervous system
manages to deal with the change of inclination of the
ground would have very practical applications. It could be
used for implementing new control laws for biped robots to
deal with sloped grounds in an energetically optimized
way. Moreover, lower limb amputees using prosthetic feet
have difficulty walking on slopes. Biomechanics could
then be used for the design of lower-limb prostheses that
would automatically adapt to the terrain.

In this abstract, we will describe our approach to
create an anatomically based human walking simulation on
various inclined grounds which would help us to better
understand the mechanisms of the nervous system to deal
with the change of the environment.

2 Musculoskeletal and nervous system model

We constructed a two-dimensional anatomically based
musculoskeletal model composed of seven rigid links: the
HAT (head, arms, and trunk), thighs, shanks, and feet; and
nine muscles: Gluteus Maximus, lliopsoas, Biceps Femoris
Long Head, the Biceps Femoris Short Head, Vastus,
Rectus Femoris, Gastrocnemius, Soleus and Tibialis
Anterior. All the anatomical parameters are chosen to
create a model very similar to the average Japanese man
(Ogihara and Yamazaki 2001). The model is constructed
using Open Dynamics Engine’s library.

Physiological studies suggest that the central pattern
generators (CPGs) located in the spinal cord would

contribute to rhythmic limb movement, such as locomotion.

We decided to base the control system of our simulation on
a model of the Central Pattern Generator model composed
two hierarchical networks: a rhythm generator (RG) and a

pattern formation network (PF) (Fig.1). The RG network
generates the basic rhythm and alters it by producing phase
shift and phase resetting based on sensory feedbacks. We
model it using two simple oscillators including a phase
resetting system at each heel contact. The phase produced
by this network can be written:

¢R = w— Kw SII‘I ((PR —(PL —TE)— ((pR _¢contam)8(t_t;ontam)
¢-)L = w— Kw SII‘I ((pL —(PR _ TE) _ ((pL _ ¢contact)S(t _tiontact)
o)

where ¢, and ¢, are respectively the phases of the right
and of the left leg, w=2x/T isthe basic frequency, T =
1.1 s being the period of a gait cycle and K, = 10 the gain
parameter, where (') is Dirac’s delta function, t*™* (i =
left, right) is the time when the foot lands on the ground,
@™ is the phase value to be resetted when the foot
touches the ground.

Ivanenko et al. discovered that the activation patterns
of the muscles during human locomotion can be accounted
to only five basics patterns. In our simulation, we thus use
the rhythm of locomotion generated in the RG in the
Pattern Formation network to determine the activation
signals of the muscles using combination of five basics
Gaussian shaped signals.

The activation signal of muscle m can thus be written:

1 (p—1)°
o \/ﬁ eXp(— 20_i2 ) (2)

am (¢’) = z Ki,m

Rhythm Generator Pattern Formation

Gl

Phase resetting at heel contact

Figure 1 Nervous system model
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where K;,, the weight coefficient of the Gaussian i for the
muscle m and g and o, are the coefficients of the
Gaussian i. A PD control of the hip muscles is also
included for postural control of the trunk.

In order to generate bipedal locomotion, one must thus
determine the shapes of the five basic Gaussian signals (10
parameters) and the dependency relationships between the
muscle activations and basic signals (45 parameters). In
this study, we decided to use a genetic algorithm for tuning
the parameters in order to maximize walking distance and
to minimize energy expenditure. We first realized a PD
controlled simulation on a flat ground to approximate the
shapes of the activation signals to be input as initial
conditions for the Genetic Algorithm searching. We then
obtained a stable walking pattern for a flat ground and we
used the corresponding muscle’s parameters as initial
conditions for a new Genetic Algorithm searching, this
time on a slope.

3 Results and Discussion

As illustrated in Figure 2, the genetic algorithm
searching allowed us to determine the parameters of the
muscle activation resulting in a stable walking gait for the
level ground as well as for a sloped ground. The amount of
the inclination of the ground chosen for this simulation is
relatively small (2 degrees) but is still encouraging for
future parameter searching on more inclined surfaces.
Looking at the stick diagrams, the gait obtained for the
level ground is very similar to normally observed
experimental data. Then, on the slope, we can notice that
the trunk seems to be a bit more bent forward compared to
the result on the level ground. It seems to indicate that the
model is naturally moving the center of gravity forward in
order to keep its balance when walking on the slope. The
swinging leg also seems to reach a higher position,
compared to the position reached on the level ground, at
the end of the swing phase. This allows the model to finish
the swing phase without the foot touching the ground

prematurely, which would result on the model falling down.

The generated muscle forces obtained also seems
encouraging. On the flat ground, the amplitudes of the
muscles are consistently similar to experimental data and
we can observe most of characteristic behaviors of the
muscles during locomotion. We can note the activation of

the Gluteus Maximus and of the Biceps Femoris Long
head during the double support phase. We can also observe
the activation of the Soleus and the Gastrocnemius during
the swing phase and the activation of the Tibialis Anterior
right before heel contact.

On the slope, we can observe that the amplitude
and the duration of activation of some muscles are
significantly different to the result on the flat ground. This
observation is quite consistent with the experimental
findings of Lay et al. publishing EMG data on downhill,
level and up uphill walking. We can notice for example
that, as observed on EMG data, the amplitude and the
duration of the activation of the Vastus, the Gluteus
Maximus and the Biceps Femoris Long Head is
significantly increased during the early stand phase. The
amplitude of the Rectus Femoris, the Gastrochnemius and
the Soleus are also slightly bigger which seems natural
since, as noted previously, the model tends to reach a
higher position of the leg at the end of the swing phase.
Higher energy expenditure during the swing phase was
thus to be expected to avoid a premature foot contact.
Finally, the activation profiles of the Iliopsoas, the Biceps
Femoris Short Head and the Tibiatis Anterior don’t seem
to be affected much by the change of the inclination of the
ground. This result is still to be confirmed with other runs
of the Genetic algorithm for various inclinations.

4  Perspectives

The results obtained after the Genetic Algorithm
searching on a slope are encouraging since they correspond
quantitatively to the observation of EMG data. However,
they can still be improved to be more similar to human
walking by for instance reducing the energy expenditure of
the muscles. New parameters searching for a large number
of different inclinations of the ground (uphill as well as
downhill) are also planned in order to have a more
quantitative approach of the influence of the slope for
different surfaces.

The understanding of the relationships between muscle
activity and mechanics during challenging tasks would
provide insight on how the neural control strategies adapt
to the changes of the environment and could open new
possibilities for artificial control systems to deal with
change of the terrain.
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1 Introduction

Many animals use actively moveable tactile sensors to
explore the near-range space. While mammals like rats
and cats use active whisker movements to detect and scan
objects in the vicinity of the body, insects and crustaceans
use antennae (or feelers) for obstacle localization, orienta-
tion and pattern recognition [1]. Compared to vision-based
sensors, the tactile sense is independent of light conditions,
it works at day and night. Recently, a number of artificial
tactile sensing systems have been developed that were
inspired by insect antennae or mammal whiskers. Insect
antennae are highly sensorized and multimodal limbs of the
head. As actively moving sensory organs, they are subject
to self-stimulation, particularly of their mechanoreceptors.
For an animal to adapt its behaviour to environmental
conditions, it is important to identify external cues, e.g.,
true touch events, from self-stimulation during self-motion.

Here we use a bionic tactile sensor inspired by the an-
tenna of the stick insect, Carausius morosus. It consists of
an acceleration sensor mounted to the tip of an otherwise
unsensorized probe, and is capable of near-range tactile
localization and material classification [2]. However, if the
tactile system is attached to a moving body, with each sen-
sor being moved relative to the body, the mechanosensory
signal will be corrupted by self-induced motion artefacts.
Self-stimulation is a general problem of sensory systems
on moving bodies, and of moving mechanoreceptors in
particular. In [2], state-dependent modulation of input
signals was used to suppress the detrimental effects of robot
velocity on the antennal dynamics. Rather than modulating
the input signal, [3] applied a forward model based on Echo
State Networks (ESN) for predicting the expected sensory
reading. The goal was to tell true contact events from false
positives as the robot was moving along a path with bumps.
Here, we expand this system to two antennae with 2 degrees
of freedoms each, executing a complex sampling pattern in
three dimensional (3D) space. Additionally, we have tested
the prediction system in different scenarios (see section 2.1)
which included not only different acceleration profiles of
the robot, but also rhythmic perturbation by a spiked wheel,
simulating rhythmic impacts of the feet of a legged robot.

In physiological motor control, a forward model is an
internal approximation of the motor system that uses the
current state of the system and the motor command (effer-
ence copy) to predict the next state [4]. The state affects
the processing of sensory signals. Therefore, the forward
model can be used to estimate the sensory consequences of
a motor command. Self-induced movements can produce
sensory inputs (reafference) that are indistinguishable from
inputs caused externally (afference). A forward model can
be used to cancel the reafferent signal (corollary discharge),
and thus allow the external signals to be recovered [4, 5].

The forward model described here is based on an Echo State
Network (ESN), a special type of artificial neural network.
It has been shown that ESNs are suitable for chaotic time
series predictions with a comparatively high accuracy [6].
In general, ESNs have a large, fixed, randomly initialized
reservoir of recurrently and sparsely connected neurons.
The output of the ESN is read out through a linear layer
and the training of the output weight matrix is a linear
regression task which is straightforward and fast compared
to classical, gradient-based training methods. Here, inputs
to the ESN are the motor commands which set the positions
of the antennae, and a local proprioceptive signal which
measures the vibrations of the robot platform.

The next section briefly describes the experimental
setup, our approach, and the test scenarios. For more
details of the experimental setup, see [3]. In section 3, the
results are shown and discussed briefly. Then a summary
of findings and contributions of our investigation are given.
Finally, open questions will be discussed.

2 Approach

The data for training the ESN were obtained from several
trials carried out with the moving robot (Erratic base,
ERA-Videre Design LLC). The two antennae were mounted
onto two pan-tilt-units, each allowing active rotation around
two orthogonal axes, controlled via servo motors (HITEC
HS-755MG, see Figure 1a). Each antenna carried a 2-axes



Figure 1: (a): Experimental set-up showing the ERA robot and the positions of the sensors. S1 and S2 are the acceleration
sensors mounted to the robot platform and to the tip of the antenna, respectively. Arrows correspond to possible causes of
events, touch (red) and disturbances (green), recorded by S2 sensor signal. (b): Echo State Network showing the inputs, S1 and
antennal servo commands (LV, LH, RV, RH), Dynamical reservoir (DR), and the outputs S2. L and R represent left and right

antennae. V and H suffixes stand for vertical and horizontal.

accelerometer (ADXL321) mounted at the tip of a 40 cm
poly-acrylic tube. Both antennae were moving in an “8”-
shaped pattern with an approximate frequency of 0.56 Hz.
The working-range of each antenna was about 100 degrees
in both the vertical and horizontal planes. An Inertial
Measurement Unit (x-IMU, from x-io Technologies Ltd.,
which includes a 3-axes acceleration sensor) was mounted
on the robot (S1) in order to measure the vibration of the
robot base while moving. The readout for the acceleration
sensors was implemented on a micro-controller (ATMEL
AT90CAN128) and the raw sensor signals were transferred
to a notebook via serial interface (RS232/USB) for storage
and further processing in Matlab (7.9.0-R2009b). All the
devices were integrated into a common framework for easy
communication.

The servo position commands and both acceleration
data were preprocessed in order to remove the DC-bias.
Furthermore, the two components of S2 (X, Y) and the
components of S1 (X, Y, Z) were combined according to
the Euclidean norm before being fed into the ESN model.
As shown in Figure 1b, a single network was used to predict
the accelerometer readings of both antennae.

The Matlab ESN toolbox created by D. Popovici (re-
vised by H. Jaeger) was used to implement the ESN [7].
The parameters, such as size of the dynamic reservoir (DR),
spectral radius (SR) and input scaling factor (ISF) were
systematically varied in order to find a suitable set for the
ESN. The normalized root mean square error (NRMSE)
between the predicted and actual time series was used as the
performance measure. Then, the trained network was used
as the forward model in the proposed method for detecting
true touch events to the antennal system (see Figure 2 and
section 3).

2.1 Experiments
The forward-model-based prediction system was tested in
three different scenarios:

o Straight motion - The robot was moving straight on a
flat surface with a constant velocity of 0.3 ms~!. Ob-
stacles or bumps (5 mm height) were placed along the
robot’s pathway to generate disturbances. A wooden
stick was used as the contact object presented to the
antennae.

e Curve motion - In separate trials, the robot was set
to move on a curved path in clockwise or in anti-
clockwise direction. Here, the linear and angular ve-
locities were about 0.15 ms~! and 0.5 rads™! (ap-
proximately 30 degrees/s) respectively. The bumps
and contact objects were introduced as in the previous
case.

o Spiked wheels: A small rubber protrusion (about 1 cm
x 1 cm x thickness of the wheel) was attached to each
of the front wheels of the ERA robot with a phase
shift of 180 degrees. When the robot moved forward,
the wheels alternatingly generated rhythmic impacts.
With this experiment, we were able to estimate the
performance of an active tactile system mounted to a
walking robot with rhythmic impacts, as caused by the
limbs touching the ground. Here, the robot was mov-
ing straight with a constant velocity of approximately
0.2ms L.

3 Results and Discussion

When the wheeled robot drove across bumps, the impact
caused vibrations, thus affecting the tactile sensor reading
(S2). We refer to these unwanted sensory readings as
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disturbances. On the other hand, the antennal sensors (S2)
were capturing direct contacts (touch events) to the anten-
nae. Owing to the similar magnitude of these two types of
responses, we could not directly use a threshold on the S2
signal since that would have caused miss-classification of
disturbances as touch events. Therefore, we applied the for-
ward model for predicting the expected S2 sensory reading
and then the reading was compared with the actual value
for peak cancellation. A small but variable phase difference
could be seen between the actual and the predicted signals.
Therefore, simple subtraction of the predicted signal from
the actual traces did not cancel all unwanted peaks in the
original signal. As shown in Figure 2, both signals were
first rectified, then subtracted and finally filtered with a
first-order low-pass filter (LPF). In fact, for a linear filter,
this is same as taking the envelopes before the subtraction.
We tested the model performance for LPFs with different
cut-off frequencies (@,): 100, 50, 20 and 10 Hz. Table 1
summarizes the number of total false predictions in the
three scenarios used, i.e., straight and curved trials with
bumps on the floor, and straight trials with spiked wheels
(see section 2.1). With cut-off frequencies 100 and 50 Hz,
the prediction system was able to correctly identify the
true touch events, i.e., without false negatives. However,

No.Trials No. of Events o, [Hz]
Touch | Disturbances | 100 [ 50 [ 20 | 10
Straight | L | 16 44 26 |14 3 |11
n=16 | R | 11 44 27 |14]o] 6
Curve | L | 13 35 18 1] 4a]o
n=10 |R| 13 35 17 10|12
Spiked | L | 0 47 28 21 ]2
n=3 |R| 0 47 31 |14 3 |1
Total 53 252 147 | 85 | 12 | 31

Table 1: Total number of false predictions in each scenario

some of the the disturbances were misclassified as touch
events (false positives). In summary, we found that a
cut-off frequency of 20 Hz allowed the forward model to
distinguish 53 touch events from 252 other disturbances
with a success rate of about 96%. Note that the touch events
occurred at different positions along the each antenna
covering approximately 20-90% (proximal to distal) of its
length. For a lower @, e.g., @, = 10 Hz, false negatives
occur owing to stronger smoothing of the input signal.
Given the high performance for single contact events, we
conclude that our method provides an appropriate means of
eliminating self-stimulation of a tactile sensor on a moving
body. Its neural network implementation makes the forward
model a good candidate for prediction and elimination of
self-induced stimulation of mechanosensors in general, but
also for sensors in other modalities.

Our approach implements a forward model using ef-
ference copies (LV, LH, RV, RH) and a local proprioceptive
signal (S1) as inputs. It is interesting to compare the impor-
tance of each signal as an input to the model. Therefore, we
conducted simulated lesion experiments and compared how
the individual inputs affect the prediction performance. In
each trial, at first, the ESN was trained using both signals
as inputs. Then the prediction task was carried out with
the model receiving only one input, i.e., either the local
proprioception or the efference copies (all four) were set
to zero or to a constant value. Table 2 lists the number
of false predictions that occurred in each scenario. Two
cases are compared; one, where the efference copies were
set to 0.5 and one where they were set to zero. Thus,
the only varying input available to the ESN was the local
proprioception from S1. In both cases, the lowest number
of misclassifications increased compared to the full model,
and the prediction performance declined by about 7.5 or
5.0%, depending on whether the ECs were non-zero or zero.
The minimum occurred for @. = 10 or 20 Hz respectively.
On the other hand, without the S1 signal (after setting it to
either 0.0 or 0.5), the ESN was completely unable to predict



No.Trials o, [Hz]
100 50 20 10

EC= | 05 0 05 005 0105 0
Straight | L | 35 25 23 16 | 12 8 10 11
n=16 | R | 36 31 26 16| 9 4 7 6
Curve | L | 23 16 18 11 8 4 8 7
n=10 | R | 22 14 14 8 6 2 6 3
Spiked | L | 24 23 19 18| 8 6 3 4
n=3 | R | 22 19 18 18 | 4 2 1 1
Total 162 128 | 118 87 | 47 26 | 35 32

Table 2: False predictions of the model with efference copies
(normalized EC) set to either 0.5 or 0.0

the effect on the S2 sensors due to disturbances. Hence, the
proposed method (see Figure 2) failed to distinguish touch
events to the antennae from other disturbances. Therefore
we conclude that, in the current experimental setup, both
the local proprioceptive signal and the efference copies
are useful but only the proprioceptive signal is necessary.
Nevertheless, the efference copy is a necessary input to the
ESN in order to predict the induced accelerations due to
self-motion (oscillatory movements when sampling the 3D
space) of the active tactile system.

4 Summary

In this study, we expand our work on Echo State Network
(ESN) based forward models for predicting the expected
sensor reading of an insect-inspired active tactile sensor sys-
tem on a mobile robot [3]. ESNs are a special kind of recur-
rent artificial neural networks that are suitable for chaotic
time series prediction. Inputs to the forward model are the
motor commands which set the positions of both antennae,
and a local proprioceptive signal which measures the vibra-
tions of the robot platform. The model was successfully
used to detect tactile events on each antenna while the robot,
is either moved on a straight or curved path with bumps on
the floor, or moved with spiked wheels. The latter scenario
was chosen to estimate the performance of an active tac-
tile system mounted to a walking robot with rhythmic im-
pacts caused by the legs touching down. By simulated lesion
experiments, we found that the local proprioceptive signal
plays a major role in discriminating disturbances from tac-
tile events in the proposed forward model. We conclude that
such an ESN-based forward model is suitable for prediction
and elimination of self-induced stimulation of sensors, in
particular of mechanosensors.

5 Open Questions

In this study, we have tested the model on real measured data
that were analyzed offline. Online implementation will re-
quire real-time control and computational efficient libraries
for ESN etc. Also, putting controllers and the forward model

into a single embedded system would be advantageous. An-
other point to discuss is the selection of the cut-off frequency
(@), which has a crucial role for the overall performance, of
the LPF. It is known that the decay time of the antennal oscil-
lations depend on the contact position along the antenna [2].
Therefore, the use of an adaptive @, as opposed to a globally
fixed value could be advantageous. Furthermore, we know
that the signal to be predicted (S2) has both fast and slow
dynamics. In general, the spectral radius (SR) of the ESN
should be small for the fast dynamics and large for the slow
dynamics. Hence, finding a single SR value that is equally
well suited for different frequency components is difficult.
Recently, [8] introduced a modular ESN architecture com-
prising a combination of local expert ESNs with different
SR values and one special gating ESN. Such a method will
also serve to improve the performance of the forward model
discussed here. Moreover, the adaptation of the method to
other sensory modalities, such as vision, may be considered.
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1 Introduction

Stability and safety are of major interest when it comes
to walking with lower-limb prostheses. Enhanced mobility
is one of the most important features offered by adaptive and
active prosthetic limbs challenging the recent understand-
ing of stability in human walking. Recently, highly versatile
exo-prostheses have emerged enabling an amputee patient
to master various difficult gait situations, e.g. walking at
different gait speeds, ascending and descending slopes, and
walking on uneven terrain. With micro-processor assisted
prosthetic devices that make use of sensoric information and
passive-adaptive mechanical elements, dynamic locomotion
became possible for the patient and mobility could be en-
hanced. Nevertheless, stable walking is still challenging
for above-knee amputee patients due to the absence of ac-
tive control possibilities over the knee and ankle joint of the
prosthetic devices. Understanding the strategy of healthy
humans in maintaining balance while performing dynamic
locomotion is a key-task to develop more versatile and safe
prosthetic components. Analytical stability criteria need to
be established to exploit the potential given by controlled
prosthetic devices.

To quantify dynamic stability of walking on two legs
and particularly to address the increasing dynamics within
prosthetic walking we combine the methods of multiple-
shooting algorithms in optimal control [2, 8] and N-Step
Capturability in humanoid robotics [6]. Kinematic data of
healthy human gait on level ground were gathered in the gait
lab. The human body was modeled as a multi-body system
composed of eight rigid bodies that represent the pelvis and
three-segmented legs as well as the upper body. The tra-
jectory of the Instantaneous Capture Point (ICP) was com-
puted using the kinematic and kinetic data of the multi-body
model that derived from the solution of our optimal control
problem. The results show that the swing foot directly ap-
proaches the ICP during swing phase and suggest a correla-
tion between the foot placement strategy in human walking
and N-Step Capturability.

Figure 1: Dynamic simulation of the Instantaneous Capture Point
behavior in human walking. The Instantaneous Capture
Point is visualized as a yellow dot on the ground.

2 Experiments and Modelling

The experiments in the gait laboratory involved healthy
subjects walking on level ground recorded by an image-
based motion capture system. Data from one subject (male,
30 years, 1.87 m, 86 kg) walking on level ground (walking
speed: v = 1.5 m/s, step length I; = 0.83 m) were further
processed to obtain the joint-angles for all degrees of free-
dom (DoF) of our model.

2.1 Multi-body representation of the human body

The parts of the body relevant for walking motions are
represented by rigid bodies connected to each other by ball
joints allowing three rotational degrees of freedom in each



joint. For the upper body we consider the head, arms and
trunk combined in a single rigid body which, accordingly, is
named the HAT-segment (Head, Arms, Trunk). The multi-
body model of the human body is comprised of eight rigid
bodies representing the segments HAT, pelvis, right and left
thigh, right and left shank, and right and left foot. These seg-
ments are connected by seven joints representing the lumbo-
sacral joint, the right and left hip, right and left knee, right
and left ankle. The resulting 27 DoF of the model are com-
posed of 3 translational and 3 rotational DoF for the pelvis
segment which are relative to the global frame and 7x3 ro-
tational DoF that specify the rotation of a more distal seg-
ment relative to the next proximal one with the pelvis being
the most proximal segment. The anthropometric data of the
subject which will be set as model parameters in our multi-
body model are obtained using regression equations by de
Leva [3] that receive the subject’s total mass and total height
as input.

2.2 Equations of motion

The dynamics of the multi-body model are described
by equations of motion generated using the modeling tool
RigidBodyDynamicsLibrary [12]. Since our model is for-
mulated with generalized coordinates ¢, the equations of
motion can be expressed as

M(q)§+N(q,q) =7 (D

where M(q) is the symmetric positive definite 27 x27-mass-
matrix, N(g,q) the 27x 1-vector of generalized non-linear
effects that contains the coriolis, centrifugal and gravita-
tional forces, and T the 27 x 1-vector of generalized torques.
We compute M(g) in a highly efficient way using the Com-
posite Rigid Body Algorithm (CRBA) and N(q,q) using the
Recursive Newton Euler Algorithm (RNEA) [4].

2.3 Ground contact model

The contact between the model and the ground is mod-
eled as arigid three point contact at each foot where the three
contact points are located at the Calcaneus (heel), the me-
dial Metatarsal Phalangeal Joint and the lateral Metatarsal
Phalangeal Joint. In the event of ground contact the vertical
position of the contact points in touch with the ground are re-
stricted to the ground by algebraic equality constraints. Fur-
thermore, the horizontal accelerations of the contact points
are restricted to zero.

Using the ground contact model we receive the Index 1-
differential algebraic equation

M(q)i = t—N(g,9)+G(q)"A )
G(q)i —¥(4,9); 3)

or in matrix notation

(L)(4)-(7)

where G are the point jacobians of the contact points, A the
contact forces and y the generalized acceleration indepen-
dent part of the contact point accelerations.

In human walking, the occurrence of contact is subject
to an impact and leads to discontinuities in the generalized
velocities g. We compensate these by introducing events of
infinitesimal length where we apply the system of equations

() ()-( )

where A refers to an inelastic impulse, ¢+ denotes the gen-
eralized velocities right after the impact and ¢_ the general-
ized velocities right before the impact, respectively.

With every change in G(g) that arises due to changing
ground contact properties we formulate a seperate model
stage and create a new set of equations of motion (4). Sim-
ulating the typical sequence of human gait with our three-
point foot model leads to six different stages regarding the
ground collision and lift-off of the contact points. This num-
ber of stages also includes transition stages that are needed
to compensate impacts due to a touch-down of a contact
point using (5).

3 Stability, Balance and Capturability

Considering strictly periodic motions, self-stable open-
loop gait had been simulated exploiting Lyapunov’s first
method as a mathematical definition of stability [8].

A very popular criterion to ensure balance of biped
robots is known as the Zero Moment Point (ZMP) which
is defined as the ground-reference point where the net mo-
ment generated from the ground reaction forces vanishes
for the two axes that span the ground plane [13]. In hu-
manoid robotics the dynamic feasibility of desired trajecto-
ries is usually ensured as long as the ZMP lies well within
the borders of the base of support (BoS) but cannot be guar-
anteed if the ZMP lies on the edge of the BoS [10].

Balance of a biped walking system can also be quanti-
fied using the rate of change of angular momentum at the
systems’s center of mass (CoM) [5]. This method refers to
the preservation of rotational stability and considers a biped
walking system to be rotational stable if the external forces
and moments sum up to a zero centroidal moment. Accord-
ing to the fundamental principles of mechanics this leads to
a minimization of the rate of change of angular momentum.

Push recovery, i.e. enabling a humanoid robot to recover
itself from a sudden arbitrary push to avoid falling down, led
to the concept of N-Step Capturability with the main idea
represented by the Capture Point [11]. The Capture Point
(CP) is defined as the ground-reference point indicating the
position where a biped walking system would have to step
on to come to a complete stop. Assuming that the CP can
be reached instantaneously and neglecting the time that is
needed to swing the foot forward leads to the Instanteneous
Capture Point (ICP). Since, as mentioned earlier, we regard
human walking motion as a sequence of falling and catch-
ing, we hypothesize that walking can be described related to



push recovery and exploiting the concept of N-Step Captura-
bility. We try to find a correlation between the position of the
ICP and the actual foot placement during human walking in
order to quantify stability in human locomotion.

4 Optimal control problem

We intend to find joint angle trajectories x(¢) and joint
torques u(z) for our multi-body model that best fit the ex-
perimental data ®,,, using least-squares algorithms (LSQ)
while considering given constraints. Considering also the
contact properties as previously discussed this leads to a
multi-stage optimal control problem of the following form:

Jmin [T < epaw)Bar©
subject to: x(t) = fi(t,x(t),u(r)) or DAE (7)
x(E) = h(x(E)), ®)
gi(t,x(t),u(r)) > 0, ©)

for t€[fioy,f],i = 1,..,np, fo=0, f,,ph:tf
r*(x(0),...,x(tf)) = 0, (10)
P4 (x(0),...,x(tf)) > 0, (11)

where we minimize the objective function (6) by modifying
the states x(t) = (q(t),4q(t)) and the controls u(t) = t(¢). In
(7) we find the right hand side of the set of equations of
motion that are formulated seperately for each of the n,
model stages. With (8) stage transitions are modeled con-
sidering (5). The path constraints (9) define general limits
to the states that are given by physiological constraints such
as maximum joint angles. The equality constraints (10) and
inequality constraints (11) ensure stage-wise general non-
linear constraints such as contact point position at ground
contact or positive contact forces.

This optimal control problem is solved using the di-
rect multiple-shooting method that is implemented in the
optimal control code MUSCOD-II [2, 7, 9]. This method
uses a piecewise constant control discretization as a direct
method for the discretization of the optimal control prob-
lem. Furthermore, the original boundary value problem is
transformed into a set of initial value problems with corre-
sponding continuity and boundary conditions by the multi-
ple shooting state parameterization.

With identical grids for the multiple-shooting state pa-
rameterization and the direct method, this leads to a non-
linear programming problem. This discretized problem can
be efficiently solved with SQP algorithms adapted to the
structure of the problem [7] as well as fast and reliable inte-
gration of the trajectories on the multiple-shooting intervals
with regard to sensitivity information [1].

5 Results

In the first two plots of Figure 2 the displacement in x
and y-direction (in walking direction and to the left) of the

ICP is depicted together with the displacement of the projec-
tion of the left and right ankle on the xy-plane for the whole
step. The third plot shows the absolute distance from the an-
kle projections to the ICP. In x-direction the ICP trajectory
is greater than the trajectory of both feet for the whole step
with the position of the swing foot (left) converging to the
ICP position during the swing phase. At the end of the swing
phase when the left heel gains ground contact, the x-position
of the left ankle is 0.089 m less than the ICP x-position. In
y-direction the ICP position is less than the left ankle posi-
tion but greater than the position of the right ankle for the
whole step with the swing foot position converging to the
ICP position as close as 0.091 m. The absolute distance of
the swing foot to the ICP is strictly monotonic decreasing
during the swing phase indicating that the ICP is directly
approached by the swing foot. The fact that the swing foot
strikes behind the ICP also holds for the stance phase can be
interpreted as a strategy in human walking to intentionally
risk the ability to come to a stop after each step.

x—displacement

y-displacement ICP-foot distance

0 0 —
0 100% 0 100% 0 100%

ICP Left foot ——=—— right foot |

Figure 2: The first two plots show the displacement of ICP and
left and right ankle projection on the ground (xy-plane)
in x and y-direction during the left step. The third plot
shows the absolute distance from right and left foot to
the ICP.

6 Discussion

Our investigation was motivated by the need to under-
stand the stability mechanisms of human walking in or-
der to enhance stability in prosthetic devices. We hypoth-
esize a correlation between the stability of human walking
and the Instantaneous Capture Point. Using optimal control
methods, joint angle trajectories of the multi-body model
were generated that best fit the experimental data in a least-
squares sense while considering the kinematic and physio-
logical constraints of the human body. The trajectory of the
ICP was computed using the kinematic and kinetic data of
the multi-body model that derived from the solution of our
optimal control problem. The trajectory of the ground pro-
jection of the swing foot ankle was found to converge to the
trajectory of the ICP. This suggests that the ICP trajectory
can be used to compute the location of the foot position.

7 Conclusion

Due to the limited ability to actively control the pros-
thetic limb and the reduced degrees of freedom, stable walk-
ing and avoiding to fall is challenging in prosthetic walking.
Unfortunately, a measure to reliably define the stability of
gait and how well falling is avoided in a particular walking
situation has not been formulated yet. In order to quantify
stability and eventually be able to compare stability of dif-



ferent walking strategies, prosthetic setups or gait situations
we use N-Step Capturability as a velocity-based concept that
closely regards foot placement after swing phase.

8 Open questions

To identify Capture Regions, one needs to consider the
physiological abilities of the walker, namely the maximum
step length and the minimum step time. While the maxi-
mum step length of a subject is rather simple to determine,
the minimum step time is highly individual and depends on
properties that are difficult to obtain such as reaction time
and the configuration of the subject’s musculo-skeletal sys-
tem. Methods to reliably predict these parameters should be
part of future investigations.

Furthermore, it is important to predict to which extent
upper-body movement can contribute to regaining stability
once a critical state has been reached. We will address this
question in our future work.
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1 Introduction

A skeletal muscle has a distinctive hierarchical structure
consisting of many minimalistic functional units, which can
only contract and relax in response to changes ih Gan-
centration, called sarcomere. More specifically, sarcomeres
constitute a skeletal muscle by sequentially building larger
structures in the order corresponding to myofibrils, muscle
fibers and muscle fiber bundles. In particular, it has been fo-
cused how the system efficiently expresses continuous out-
put force based on many binary elements in engineering.

Ueda et al. developed a cellular actuator which consists
of a number of small ON-OFF piezoelectric elements[1].
Their main focus is the decentralized control for the cel-
lular actuator, which needs only one common scalar input
signal for all ON-OFF elements, called broadcast feedback.
In their method, each element is stochastically changing its
binary state according to a Markov decision process which
consists of two states corresponding to the ON-OFF states.
In addition, the muscle activation is decided by the rate of
elements which are the ON. The common scalar input signal
is used to adjust the transition probability from one state to

Input signal + noise

I JE T

Figure 1: A simplest example of SR in a threshold element.

Output signal Input signal

Time

2 Stochastic Resonance

Stochastic resonance(SR) is a phenomenon, by which
the addition of noise can enhance the response of a nonlin-
ear system, proposed to explain the periodic occurrence of
ice ages[3]. Since then, SR has been intensively studied for
wide variety of problems[4][5].

The simplest example of SR among a number of systems
that exhibit SR can be seen in a threshold element as shown
in Fig.1. If a system applies a threshold to a received in-

the other for all elements. Because the expected value, how put signal and makes it binary, the magnitude information

much the rate of activated elements is, is given as the station-

ary distribution of the Markov decision process, the scalar
value determines the activation rate of the cellular actuator.
The broadcast feedback is much simpler and more biolog-
ically plausible than a centralized control that deterministi-
cally selects ON-OFF states of all elements. In addition, in
recent years, biological muscles are also being focused for
their use as actuators[2]. To employ simple muscle model-
ing and to investigate how the system can be controlled is
also beneficial for this kind of works.

In this research, we propose a minimalistic decentral-
ized modeling of a skeletal muscle consisting of many bi-
nary elements in which the muscle activation is determined
by their summation. Each element, instead of having a ex-
plicit probabilistic model as in [1], has only a threshold in
this modeling. The main idea is to enable threshold ele-
ments to stochastically express a magnitude information of
an input signal by adding a noise. This phenomenon is well-

will be lost. However, when an additional noise is applied
to the input signal, the input can stochastically exceed the
threshold. In this situation, the probability relates not only
the noise variance but also the difference between the input
signal and the threshold. As the result, the output signal
stochastically expresses the magnitude information of the
input signal. Because the output signal will be completely
random if the noise variance is unreasonably large, it can be
easily estimated that there is a specific noise variance that
can maximize the magnitude information of the input sig-
nal contained in the output signal. In the minimalistic de-
centralized modeling, SR enables each threshold element to
stochastically express the input signal’s magnitude informa-
tion and to realize the continuous control.

3 Minimalistic Decentralized Modeling

Fig.2 shows the structure of the proposed decentralized
modeling of a skeletal muscle. The system is structured

known as stochastic resonance and the details are explainedby a number of threshold elements that receive independent
in the next section. In this paper, we show that this simplest noises which and that have binary states corresponding to
modeling is still able to control the activation continuously.  the contract and relax states. For simplicity, we employ the
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Figure 2: Minimalistic decentralized modeling of a skeletal mus-
cle based on stochastic resonance.
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same threshold value and noise variance for all elements. In
addition, all elements receive the same input signals and the
entire activation of the system is determined as the summa-
tion of the element output signals. Therefore, this indicates

that all elements contract when the input signal exceeds the
threshold value when no noise is added. As explained in pre-
vious section, adding a non-zero and adequate level of noise
will cause SR and statistics of the binary states will express

richer information about the input signals.

Although we assume that the threshold element and the

Mutual Information [bit]

Noise Variance

20 40 60

Input Amplitude

80

Figure 3: Mutual information between the input signal and the
muscle activation.

determined. One of the most suggestive points is that en-
hancing the input signal intensity does not indicate directly
to increase the signal contained in output signals. As the

entire system are corresponding to the sarcomere and the consequence, it can be confirmed that the proposed system

skeletal muscle, respectively, several distinctive structures
such as myofibril, muscle fiber and muscle fiber bundle are
not considered. In other words, we assume that force out-
puts of myofibrils, muscle fibers, muscle fiber bundles and a
skeletal muscle are expressed by linear sum of force outputs
of sarcomeres, myofibrils, muscle fibers and muscle fiber
bundles, respectively. Because the assumption is not much
different to that in biological models, it is valuable to present
that the very simple system with very simple decentralized
control can still express the input information as statistics of
many composing elements by the effect of SR.

4 Simulation

In this section, we confirm that the proposed system can
show SR and that it can be exploited by tuning the input sig-
nal intensity relative to the environmental noise. In the sim-
ulation, the number of elements is 10,000 and the threshold
is configured to be the same to the average of the input sig-
nal. The input signal is a sinusoidal signal and the amplitude
is a parameter to be optimized. In addition, the environmen-
tal noise variance is also widely varied to evaluate the effect
to change the input amplitude relative to the noise variance.

Fig.3 depicts mutual information between the input sig-
nal and the muscle activation, which is the summation of all
binary output signals as written in Fig.2, obtained by chang-
ing the sinusoidal input signal amplitude and the variance of
the environmental noise in the system. From this figure, the
occurrence of SR can be confirmed because maximum mu-
tual information when the input amplitude was determined
was obtained at a specific size of noise variance. At the
same time, a specific amplitude of the input amplitude max-
imizes the mutual information when the noise variance is

can undergo SR and that the performance can be optimized
by tuning the input signal intensity relative to the environ-
mental noise.

5 Open questions

In this research, we proposed a minimalistic decentral-
ized modeling for a skeletal muscle based on SR. In our pre-
sentation, we wish to discuss wide-ranging topics about both
artificial and biological skeletal muscle modeling which
have hierarchical structures.
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1 Introduction

Legged animals exhibit versatile gait patterns in re-
sponse to their locomotion speed and environmental con-
ditions. These locomotor patterns are generated via the co-
ordination of limb movements, i.e. inter-limb coordination.
However, the inter-limb coordination mechanism responsi-
ble for the generation of such locomotor patterns is largely
unknown. Thus, further clarification of this mechanism is
required in order to design an adaptable and multifunctional
legged robot as well as to understand the fundamental mech-
anism responsible for the remarkable abilities of legged an-
imals [1][2][3][4][5][6].

In order to elucidate the mechanism underlying the abil-
ity of animals to generate adaptive inter-limb coordination,
we have recently proposed an unconventional CPG model
by focusing on the physical interaction between the legs tak-
ing as a quadruped locomotion as a practical example [7].
The CPG was modeled by using phase oscillators that were
completely decoupled. Instead, their phases were modified
according to the ground reaction forces on the legs. This lo-
cal force feedback mechanism enabled physical interaction
between the legs. Our robot exhibits good adaptability to
changes in weight distribution and walking speed simply by
responding to local sensory feedback, even in the absence of
a “direct neural connection” between the different limb os-
cillators, and it can reproduce many aspects of the walking
patterns of actual quadrupeds. Representative experimen-
tal results are shown in Fig.1. As the figure illustrates, the
proposed CPG model self-organizes a totally different gait
pattern depending on the bodily changes.

Our proposed CPG-based control method suggests that
“physical communication” between legs during movements
is essential for the inter-limb coordination in quadruped
walking. Now a question arises: to what extent is this CPG
model applicable to the generation of adaptive locomotion
under different number of legs? To put it differently, what
is the design principle underlying multi-legged locomotion?
As a first step toward a unified understanding of inter-limb
coordination mechanism underlying multi-legged locomo-
tion, in this study, we investigate the applicability of our
CPG model to hexapod locomotion.
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Figure 1: Experimental results of the gait for changes in body
properties. (A) With a load of 0.12 kg on the fore legs,
and (B) with a load of 0.29 kg on the hind legs. The
duty factors of the legs bearing the load (the fore legs
in A and the hind legs in B) are larger than those of the
legs without a load.

2 The CPG model

We describe each phase oscillator that constitutes the
CPG as follows:

¢; = ® — oN;cos ¢; (1)

where o is the intrinsic angular velocity, and the second
term expresses the local sensory feedback in terms of the pa-
rameter ¢, which is a positive constant describing the mag-
nitude of the feedback to the corresponding oscillator, N; is
the ground reaction force (GRF) acting on the ith leg, which
is detected by the pressure sensor in each foot. The ith leg is
actively controlled according to the corresponding phase ¢;
such that the ith leg is in the swing phase when 0 < ¢; < 7,
the stance phase when 7 < ¢; < 27.

We designed the local sensory feedback such that a
leg remains in the stance phase while supporting the body
(N; > 0). With respect to Eq. (1), we note that the phase is
mainly modulated to pull toward 377/2 in the stance phase
when N; > 0 because of the influence of the local sensory
feedback. For example, if a leg continues to bear a load
(N; > 0) at the end of its stance phase (¢; ~ 27), a phase
delay is introduced in response to the magnitude of N;. This



Figure 2: Hexapod robot as a platform for investigating the ap-
plicability of our CPG model designed for quadruped
locomotion.

phase delay, which is introduced when —GN;cos ¢; < 0, al-
lows time for another leg to enter the stance phase. As the
other leg begins to support the body, the load on the leg de-
creases; consequently, the feedback decreases in magnitude,
allowing the leg to enter the swing phase. Therefore, the
local sensory feedback, which allows the legs to maintain
the stance phase by exploiting only the local force sensory
information N; from the foot, governs the appropriate rela-
tionship between the phases of the decoupled oscillators and
the leg movements.

3 Preliminary results

We have implemented our CPG model to a hexapod
robot shown in Fig.2. The obtained gait diagram is illus-
trated in Fig.3. As the figure explains, the robot successfully
self-organizes stable walking pattern called the metachronal
wave gait. This suggests that “physical communication” be-
tween the limbs plays an essential role in the inter-limb co-
ordination of hexapod locomotion rather than “neural com-
munication”.

4 Open questions

We have demonstrated that the physical communication
between the limbs plays a crucial role in hexapod locomo-
tion as well as quadruped locomotion. However, we have
observed that the gait pattern did not converge to a stable
gait, rather it changed to a slightly different gait pattern over
time. Therefore, at present it is still unclear that the inter-
limb coordination in hexapod locomotion additionally re-
quires “neural communication” between the limbs for sta-
ble and rapid coordination. We will further investigate this
point.

20 22 24 26 28 30 [s]

Figure 3: The gait diagram obtained. R1, R2, R3, L1, L2, and
L3 represent right fore, right middle, right hind, left
fore, left middle, and left hind limb, respectively. The
colored area indicates that the corresponding leg is in
the stance phase.
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1 Introduction

Quantifying skeletal movement of the human foot is
crucial for understanding biomechanical function of the
complex foot musculoskeletal systems consisting of many
bones, ligaments and muscles that mechanically interact to
one another and to the ground. Many studies have
employed marker-based motion capture system for the
measurement of the 3D kinematics of the foot bones in
motion, but such quantification is less accurate because of
skin movement artifacts[1]. Recently, X-ray fluoroscopy is
used to directly quantify the 3D skeletal movements. In
these studies, the 3D surface models of the bones are
manually matched to single-plane fluoroscopic images
frame-by-frame to quantify the dynamic changes in their
positions and orientations in the 3D space. However,
extracting 3D kinematics data from a single-plane
fluoroscopy is notoriously difficult and the measurement
for translation along the projection axis is less accurate.

Towards gaining insights about the foot mechanics based
on cadaveric experiments, we recently developed a
biplanar dynamic X-ray fluoroscopic system with
Shimadzu Corporation, Kyoto, Japan. In this study, we
aimed to develop an automatic registration method of the
bone models to biplanar fluoroscopic images for measuring
human foot skeletal movements in our future cadaveric
studies.

2  Method

The biplanar fluoroscopic system is shown in Figure 1.
The flat panels consist of a precision amorphous silicon
metal-insulator semiconductor sensor and thin film
transistor array with a field size of 17 in x 14 in and a
detector matrix of 2688 x 2208 pixels. Dynamic images of
a human foot were acquired at 15 Hz using this biplanar
fluoroscopic system (Fig. 1A).

In this study, we attempted to register 3D surface model
of a target bone with the two fluoroscopic images to
calculate the time changes in the position and orientations
of the bone in the 3D space. For this, we firstly constructed
the 3D surface models of the human foot bones based on
the computed tomography (CT). Each of the bones was
extracted from the CT data of the same foot and their
surface models were generated by the marching cube
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/”/
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Figurel A Biplanar fluoroscopic system, B
Registration method

method.

To reconstruct the 3D movements of the bones from the
2D images, spatial calibration of the biplanar fluoroscopic
system is necessary. We used two calibration objects (an L
shaped and a wand) to obtain the projection geometry of the
biplanar fluoroscopic system. Using this projection
geometry, the extracted bones were virtually projected onto
the flat panels and virtual projection images were generated
(Fig. 1B). On the other hand, the edge-enhanced images of
the actual fluoroscopic images were also generated using
the Canny edge detection algorithm. The contour matching



Figure.2 3D reconstruction of calcaneus movement A : Images obtained from left screen, B : Images obtained from right
screen. Top: Fluoroscopic images, Middle: Edge-enhanced fluoroscopic images, Bottom : Registration results.

score was used as an objective function to calculate for the
position and orientation of the bone that maximize the
similarity of the fluoroscopic and the virtually projected
images [2]. Let F(x,y) and V(x,y) be brightness values of the
edge-enhanced images of the actual fluoroscopic images
(Fig.2B) and the virtual fluoroscopic images (gray lines in
Fig.2C) respectively, and x and y indicate coordinates of the
pixel on each of the images. The contour matching score S
is calculated as

§= Z(x,y)F(xﬂy)V(x'y)/Z(x,y) V(x,y)

This score is similar to a cross correlation between the two
edge-enhanced images. To solve for the six degrees of
freedom (translation and orientation) of the target bone that
maximize the contour matching score, we used the quasi-
Newtonian method.

3  Result and Discussion

In our preliminary analysis we choose the calcaneus as
the target bone to be matched and its translation and
orientation were quantified using the biplanar fluoroscopic
system. Figure 2 shows our preliminary results of the
automatic registration. Gray lines show edge-enhanced
virtual projection images of the 3D calcaneus model. As
the figure illustrated, using the optimization technique, the
virtual projection images were successfully matched with
the corresponding edge-enhanced fluoroscopic images.
The present methodology must be undergone further

evaluation, but we believe the proposed framework will
serve as an effective tool for understanding the
morphofunctional relationships of the human foot.

4 Open questions

Quantification of precise deformation of foot kinematics
is important not only for clinical applications but also for
science of human walking. While poster presentation, we
would like to discuss how our future cadaveric studies
using the biplanar fluoroscopic system should be designed
towards better understanding of the human foot mechanics.
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1 Introduction

Quadrupeds exhibit versatile gait patterns in response to
their locomotion speed and environmental conditions [1].
Typically, their gait pattern changes from walk to trot (or
pace) to bound as their locomotion speed increases. Clari-
fication of this mechanism will help us to design an adapt-
able and multi-function robot, as well as to understand the
fundamental mechanism underlying versatile animal loco-
motion. Well-known experiments that used decerebrate cats
[2] suggested that this gait transition is caused in part by an
intraspinal neural network called the central pattern genera-
tor (CPG), which is capable of self-organizing coordinated
movement patterns between the legs. Thus, various types of
CPG neural network models have been proposed to eluci-
date the gait transition mechanism [3, 4]. Meanwhile, sev-
eral researchers have claimed that “physical interaction” be-
tween the legs is more essential for the gait transition than
is the CPG network topology [5, 6]. Thus, a complete and
unified understanding of the gait transition mechanism has
not yet been gained.

In our previous work, we employed a minimalist ap-
proach and proposed an unconventional CPG model by fo-
cusing on the physical interaction between the legs [7]. In
this model, we considered a simple body consisting of a
trunk and four legs with no knee and ankle joints. The
CPG was modeled by using phase oscillators that were com-
pletely decoupled. Instead, their phases were modified ac-
cording to the ground reaction forces on the legs. This local
force feedback mechanism enabled physical interaction be-
tween the legs. Our model could reproduce many aspects of
quadruped locomotion, such as the gait transition from walk
to trot and the adaptability to changes in body properties.

However, our previous model could not reproduce the
“bound” gait observed in high-speed locomotion. In part,
this was because neither a knee nor an ankle joint was imple-
mented in each leg. Accordingly, in this study, we improve
our previous model. We describe the body two dimension-
ally for simplicity and add a prismatic knee joint to each leg.
We show via a simulation that the improved model can suc-
cessfully reproduce the gait transition from walk to trot to
bound. This result strongly supports the validity of the local
force feedback mechanism that we previously proposed and
suggests that the physical interaction between the legs plays
a crucial role in realizing quadruped gait transition.
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Figure 1: Schematic of model.

2 Model

A schematic of the quadruped model is shown in Fig.
1. Although quadrupeds exhibit three-dimensional motion,
we model the body two dimensionally for simplicity. Each
leg is described by a rigid link and prismatic knee joint,
with which the latter composed of a parallel combination
of a real-time tunable spring (RTS) and damper (an RTS
is a spring whose natural length can be actively changed
[8]). The fore and hind legs are connected via a backbone
that includes a joint with an embedded torsional spring and
damper.

The CPG is modeled by using phase oscillators, with one
oscillator implemented in each leg. The hip (shoulder) joints
are actively controlled via proportional-derivative (PD) con-
trol, and their target angles are determined according to the
corresponding oscillator phases. More specifically, the tar-
get angle of the hip (shoulder) joint in the ith leg, ¢;, is set
to

¢ = @ocosb, (0

where ¢ is a positive constant and 6; is the ith oscillator

phase. The natural length of the RTS in the ith leg, [;, is also
determined according to the oscillator phase as

i = Il(l—asin;), 2)

where Iy and a are positive constants. Thus, the ith leg tends
to be in the swing phase for 0 < 6; < 7 and in the stance
phase for 7 < 6; < 2.

The time evolution of the phase, 6;, is given by

6,‘ = CO—GN,'COSGi, 3)
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Figure 2: Simulation results. The upper graph shows the time evolution of the phase difference: 6, — 0; (blue line), 63 — 6; (yellow line),
and 64 — 6; (green line). The lower graphs show the magnified views of the gait diagram.

where o is the intrinsic frequency. The second term on the
right-hand side describes the local force feedback mecha-
nism that we previously proposed [7], where o is the feed-
back strength and N; is the ground reaction force on the ith
leg. The local force feedback term works such that the os-
cillator phase is pulled toward 37/2 when N; > 0. Thus,
for example, when the ith leg is in the stance phase, the tar-
get angle of the proximal joint, ¢;, is shifted toward zero to
effectively support the body. When the other legs begin to
support the body and the ground reaction force NV; decreases,
the effect of the local force feedback decreases, causing the
ith leg to shift to the swing phase. In this manner, inter-
limb coordination can be achieved through this local force
feedback term, even in the absence of a “direct” neural con-
nection between the different limb oscillators.

3 Simulation results

We performed simulations to validate the model. The
parameter values were determined by trial and error but were
chosen such that they did not deviate considerably from the
physically plausible parameter ranges. The intrinsic fre-
quency ® was increased gradually. Figure 2 shows the time
evolution of the oscillator phase and the gait diagrams. It is
clear that the gait pattern changes from walk to trot to bound
as o increases, although the gait is slightly disturbed at the
end of the stance phase in the trot gait. The phase relation-
ship also changes in accordance with the change in the gait
pattern.

4 Open questions
We have shown via a simulation that the two-
dimensional quadruped model with prismatic knee joints,
in which the local force feedback mechanism that we pre-
viously proposed [7] was implemented, can successfully re-
produce a gait transition from walk to trot to bound. Al-

though this finding suggests that the local force feedback
mechanism, which enables physical interaction between the
legs, plays a pivotal role for realizing the gait transition, its
detailed mechanism is still unclear. We would like to discuss
the gait transition mechanism in detail at the poster presen-
tation.
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1 Introduction

Animals are generally capable of changing their locomo-
tion patterns in response to changes in their body properties,
e.g., injuries. Such an ability has been honed by many cy-
cles of evolutionary pressure, and there probably exists an
ingenious mechanism underlying it. Clarifying this remark-
able mechanism will help develop highly resilient robots and
hence has attracted the attention of roboticists as well as bi-
ologists. Several findings have indicated that autonomous
decentralized control mechanisms underlie such resilient an-
imal locomotion [1]; however, their details are still unclear.

To tackle this problem, we focused on ophiuroids as our
model. An ophiuroid has a radially symmetric body con-
sisting of a central disk and five arms that diverge radially
from the disk [2]. In spite of its simple nervous system
consisting of a nerve ring in the disk and radial nerves in
the arms, it properly changes its locomotion pattern to suc-
cessfully move on various terrains when some of the arms
are removed [2]. For example, while it moves by assigning
rhythmic and non-rhythmic motions to its arms when all five
arms are intact, it pushes or pulls the body to move forward
by anchoring a certain part of the arm when only one or two
arms remain intact.

Our aim of in this study was to clarify the autonomous
decentralized control mechanism underlying the resilient
ophiuroid locomotion. As a first step, we conducted behav-
ioral experiments using ophiuroids with four of the five arms
removed, and we propose a simple model that reproduces
the experimental results.

2 Behavioral experiment

We used three ophiuroid subjects (Ophiarachna incras-
sata), which we hereafter refer to as subjects A, B, C, and D.
Four of the five arms of each subject were removed. While
the nerve ring was intact for subject A, it was cut on the
right-hand side, left-hand side, and both sides of the arm for
subjects B, C, and D, respectively. We observed the locomo-
tion of the subjects on a substrate with a rectangular object
(21 mm x 28 mm x 3 mm). Figure 1 shows photographs
of the locomotion. When the arm contacts the object on its
left-hand side, subjects A and B bent their arms and moved
forward by pushing themselves against the object. In con-
trast, such behavior was not observed for subjects C and D,
and they did not move forward effectively.

Figure 1: Ophiuroid locomotion on a substrate with a rectangular
object: (a) subject A, (b) subject B, (c¢) subject C, and
(d) subject D.

3 Model and simulation

Figure 2 shows the schematic of the musculoskeletal
system of our model. The body consists of a disc and an arm.
The unremoved arm consists of several identical segments,
each of which is connected to the adjacent segment via four
sets of parallel combinations of a spring and damper. The
lower two springs are passive springs, while the upper two
springs are real-time tunable springs (RTSs) whose natu-
ral length can be actively varied [3]. When the RTSs con-
tract, the arm bends; simultaneously, it is pushed against the
ground.

The schematic of the nervous system is shown in Fig.
3. [Each segment includes right/left force sensor neuron
(RFSN/LFSN), right/left motor neuron (RMN/LMN), and
chemical sensor neuron (CSN). These neurons are mod-
eled as leaky integrators that compute the average firing fre-
quency [4]. To reproduce the behavior of subject A, the fol-
lowing local reflexive mechanism is implemented: When the
body contacts an object at a certain point of the arm, the cor-
responding force sensor neuron activates. Each force sensor
neuron is connected to adjacent motor neurons by excitatory
connections as shown in Fig. 3 (red lines), and the natural
lengths of RTSs decrease as the corresponding motor neu-
rons activate. Thus, stiffness near the contact point increases
owing to the co-contraction of the RTSs, which enables the
arm to push itself against the object.
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Figure 2: Schematic of musculoskeletal system of our model.
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Figure 3: Schematic of nervous system of our model. For sim-
plicity, typical example of the neural paths is presented.

To reproduce the behavior of subjects B, C, and D, this
local reflexive mechanism should be affected by the effer-
ent input from the nerve ring. Thus, we modeled the nerve
ring as shown in Fig. 3. The nerve ring includes center
neuron (CN), right inter neuron (RIN), and left inter neuron
(LIN) in each arm. CSN in each segment of the arm is con-
nected to the CN by excitatory connection (blue line), and
the CN is connected to the adjacent RIN and LIN by exci-
tatory connections (black lines). Each interneuron is con-
nected to itself and adjacent inter neurons by inhibitory con-
nections (black lines). The interneurons are projected to the
pathway of the local reflexive mechanism by “synapse-on-
synapse” with inhibitory connection (green line). Owing to
this mechanism, the local reflexive mechanism works when
CSNs detects chemical stimuli; the local reflexive mecha-
nism is inactivated when the nerve ring is cut like subjects
C, and D, while it remains to work when the nerve ring is
cut like subject B.

We performed simulations to validate the model. Figure
4 shows photographs of the locomotion. When the nerve
ring was intact or cut on the right-hand side of the arm,
the simulated ophiuroid moved forward by pushing itself

Time

Figure 4: Photographs of simulated ophiuroid. The symbols (a)-
(d) correspond to those in Fig. 1.

against the object. In contrast, when the nerve ring was cut
on the left-hand side or both sides of the arm, it could not
move forward effectively. These results agreed well with
the behavioral experiment results.

4 Open questions

We have successfully reproduced the locomotion of an
ophiuroid with four of the five arms removed. However, it is
still unclear whether our model can be applied to the loco-
motion of ophiuroids having several arms. Furthermore, bi-
ological basis for our model is not yet established. We would
like to discuss the validity of our model from mathematical
as well as biological viewpoint at the poster presentation.
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1 Introduction

Animals exhibit astoundingly adaptive locomotion un-
der unpredictable and unstructured real-world constraints.
Endowing robots with this ability will enable them to per-
form effectively in undefined environments. Several biolog-
ical findings have indicated that autonomous decentralized
control mechanisms underlie animals’ adaptive locomotion
[1]. Thus, various types of biologically inspired robots have
been developed based on autonomous decentralized control
[1].

However, previous robots based on autonomous decen-
tralized control could only adapt to a limited number of envi-
ronments. This was partly because the control schemes were
designed specifically for certain environments. To tackle
this problem, we employed a different approach: we de-
signed an autonomous decentralized control scheme based
on a fundamental principle that can be applied in various
environments (Fig. 1). In general, animals move by exploit-
ing the various features in their environments as scaffolds.
Thus, we hypothesized that robots can move in any environ-
ment by simply implementing a scaffold-exploitation mech-
anism. To this end, we needed to examine a living organism
that could serve as a suitable model and unveil its inherent
locomotion mechanism.

Accordingly, we decided to use a flatworm as our model.
Flatworms move over various terrains using their two-
dimensional sheet-like body structure and adapt their lo-
comotion pattern to the environment in real time—e.g., by
crawling on the ground or swimming in water (Fig. 2)-
although their nervous system is quite primitive [2]. This
locomotion is achieved by effectively pushing their body
against features in their environment. In our previous work,
we developed a flatworm-inspired sheet-like robot that im-
plements the scaffold-exploitation mechanism and showed
that the robot moved effectively on irregular terrains [3].
In this study, we redesigned the robot to move in water as
well as on the ground. We expect that the results of this
study could form the basis for the development of a multi-
terrestrial robot whose working area covers land, sea, and
even air (Fig. 1).

2 Robot
Our first sheet-like robot prototype was designed to
move only on the ground in a specific direction, to exam-
ine whether the proposed control scheme works properly
[3]. To increase the working area of the robot, we present
here a new robot design that facilities locomotion in water

SN -~ Balloon
Sy

Flying

Crawling
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Figure 2: Flatworms.

as well as on the ground. Figure 3 shows photographs of
the robot. The robot consists of 15 identical segments con-
catenated one dimensionally via joints. The total length and
width of the robot is 45 and 8 cm, respectively. Adjacent
segments are connected via linkage mechanisms. A motor
and potentiometer are implemented on each segment; both
are packed in a waterproof box. A stern tube is implemented
to transmit the motor torque outside the waterproof box ef-
fectively. A pressure sensor is attached on the bottom of the
segment, which is covered by a hard material.

The joint torque can be controlled by adjusting the motor
angle. We controlled the motor angle ¢; (i > 2) by using
the autonomous decentralized control scheme we proposed
previously [4] as

¢ = ¢i—1 +Cg(fix1 — fi), )
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Figure 3: Photographs of sheet-like robot: (a) overview, (b) top
view of a segment, and (c) bottom view of a segment.

with
g(X)=1+tanh(aX — B), 2)

where f; is the sensor signal detected at the pressure sen-
sor on the ith joint and C, @, and 3 are positive constants.
Note that the motor angle of the first joint ¢; is provided by
the motor command from a robot controller to determine the
direction of motion. The first and second terms on the right-
hand side of Eq. (1) contribute to wave generation and the
scaffold exploitation. More detailed explanations are pro-
vided in [4].

We performed experiments to examine whether the im-
plemented control scheme works properly in water. Jets of
water shot from a nozzle upward as the robot traversed it.
The results for the cases of C = 10 [deg] and C = 0 [deg]
are shown in Fig. 4. It is clear that the robot moved faster
for the case of C = 10 [deg] than for the case of C = 0 [deg].
This fact suggests that the scaffold-exploitation mechanism
plays a crucial role for the locomotion in water as well as on
the ground.

3 Open questions
We will evaluate our results quantitatively and would
like to discuss the validity of our control scheme based on
the obtained results. We would also like to discuss on the
type of actuators that should be used when developing a
robot that can move in two directions in the future.
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1 Introduction

Legged robots have become a much more prominent
field of robotics in recent years, due to their potential versa-
tility and capability of performing tasks which conventional
vehicles are unable to do. Most of the recent legged robots,
however, lack the versatility of performing both precise nav-
igation over rough terrain and the strong, fast motions that
are necessary for dynamic tasks such as jumping and run-
ning. Presently very few examples exist besides BigDog [8]
by Boston Dynamics and HyQ [11] by IIT.

To design such kind of machines, firstly the designer
has to define the tasks that the robot should accomplish to
then choose the actuator that satisfies the task requirements
in terms of joint velocity and torque. It is easier for a de-
signer to narrow down the desired dimensions and mass of
the robot. But when it comes to the selection of actuators,
it is challenging to figure out the appropriate joint velocity
and torque limits. The aim of this work is to build a scal-
ing tool that helps the quadruped robot designers to select
actuators that fulfill the desired requirements. We started
our study using the squat jump as a characteristic motion for
highly dynamic robots, obtaining peak values of joint ve-
locity and torque in relation to robot mass, size and desired
jump height [10]. This paper presents the extension of that
study to a running trot to get peak hip and knee joint torques
and velocities in relation to forward velocity, robot mass and
leg segment length.

2 State of the art

Biological studies have shown that all legged animals
typically run with similar center of mass (CoM) motions
relative to the (approximately) horizontal ground [13].
Blickhan and Full showed in one of their studies that the
running motion for multilegged locomotion behaves like
a bouncing monopod and they calculated the compression
of a virtual monopod’s leg and its stiffness from the an-
imals’ mechanical-energy fluctuation and ground-reaction
force [2]. A CoM trajectory of the legged robot dur-
ing a running trot can be modeled by simple models (e.g.
SLIP) [1] and more accurate models (e.g. M-SLIP) [6]. A
spring-loaded inverted pendulum (SLIP) model is a simple
way to model the CoM trajectories of legged locomotion
during running. It offers a small stability domain on the
steps-to-fall map. But its stability domain for running mo-
tion can be enhanced by swing-leg retraction [12] and it
also reduces the foot speed which helps to reduce impact
energy losses, minimize foot slippage and decrease peak

forces. But in this work the simple SLIP model is used and
it is sufficient to get peak forces in stance phase. One of the
aims of this work is to get upper boundaries of joint torque
and velocity for a given forward velocity.

Some similar studies were conducted for the electric DC
motor sizing of a bounding robot [3] and hopping monopod
robot [4]. But these studies were limited to quadruped robots
with telescopic legs or a specific type of actuator. The cur-
rent work is for quadruped robots with articulated legs and
it is not restricted to only one type of actuators.

m

& CoM
m-Mass
k-Stiffness
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Figure 1: The equivalent virtual spring (connected to CoM) represents
the virtual linear spring of a diagonal pair of legs

3 Running Trot Simulation

Desired joint torques are generated by placing a virtual
linear spring between the hip and foot of each articulated
robot leg [7] to control the motion of the leg. Each virtual
spring of a diagonal leg pair is working synchronously in a
trot and can be represented by one equivalent virtual spring,
Fig. 1. The CoM motion of any quadruped during a run-
ning trot can be approximated by the SLIP model as it is
observed in animals. A point mass m that is attached to a
mass-less linear spring can be described as a SLIP model
where k is the spring stiffness and [y is the rest length. Dur-
ing stance phase, the spring force exerted on the ground is
defined as k(lp — ). During flight phase, the mass follows a
parabolic trajectory under the law of Gravitation. We define
the spring rest length in relation to the leg segment length /
of each articulated robot leg as follows: lop=K;l;;, where K;
is ratio between the leg segment length and the spring rest
length. In our simulation Kj is equal to 1.41, which we as-
sume to be a good value based on our experience with HyQ.
From the SLIP model, we know the foot trajectory in Carte-
sian coordinates of the equivalent virtual spring leg during
stance. Using the leg Jacobian, we can calculate the angular
position, velocity and acceleration of hip and knee joints of
the articulated robot leg. The ground reaction forces (GRF)



in stance phase depend on the virtual leg deflection and its
stiffness. In our simulation it is assumed that the robot mass
is evenly distributed and that the robot torso is always paral-
lel to the ground. During the stance phase of a running trot
only two feet of a quadruped touch the ground. So the GRF
for each articulated robot leg can be defined as F = F,;/2
assuming evenly distributed load, where F,; is the GRF for
the equivalent virtual spring.

The leg’s GRF is then transformed into hip and knee
joint torques with the Jacobian transpose. During running
humans and animals adjust their leg stiffness according to
the ground stiffness [5]. In this work ground stiffness is
assumed constant and the equivalent virtual spring stiffness
and angle of attack is chosen from the stability domain of
steps-to-fall map of the SLIP model.

4 Simulation and Experimental Results

Based on the SLIP model we performed a number of
simulations for a range of forward velocities and leg seg-
ment lengths. First of all, suitable SLIP parameters (spring
stiffness and angle of attack) had to be calculated for each
input pair based on the steps-to-fall map. The SLIP param-
eters with the lowest spring stiffness that resulted in stable
hopping of 50 or more steps were then selected. This way
low impact peaks were obtained. Fig. 2 shows the peak joint
torque scaled by the robot’s body weight (BW) for different
leg segment lengths and forward velocities. White areas in-
dicate where the SLIP model failed to perform 50 steps for
the given parameter range. For the validation of our selected

Max Hip Torque/BW [Nm/kg] a5 Max Knee Torque/B\LV [Nm/kg]
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Forward Velocity [m/s]
Forward Velocity [m/s]
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Figure 2: Left: plot of maximum hip joint torque scaled by the robot’s
body weight (BW) for different leg segment lengths and for-
ward velocities. Right: plot of maximum knee joint torque for
different leg segment lengths and forward velocities.

approach we used HyQ’s leg segment length (0.35m) and
robot mass (73kg) and tuned the SLIP parameters until we
obtained a matching hopping frequency with experimental
results of a running trot that was performed on a treadmill
at a slow speed [9]. The matching parameters are 59° and
16 kN/m, which resulted in a forward velocity of 3m/s. Fig.
3 on the top shows the vertical position of the SLIP model’s
CoM. Fig. 3 center and bottom plots show the GRF of the
front and hind leg of each diagonal leg pair, showing both
simulation and experimental results. As can be seen in these
plots, the model used in this work is sufficient to predict ap-
proximate vertical GRF.
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Figure 3: 7op: Simulation of Vertical position of CoM (black dashed).
Center: Front leg GRF experimental (red solid) and simula-
tion (black dashed). Bottom: Hind leg GRF.

5 Open Questions

How to select appropriate actuators to design a versatile
and highly-dynamic quadruped robot? How to evaluate if
the desired performance lies inside the robot actuator limits
without the need to implement stable running controllers?
How to obtain required joint range of motions?
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1 Introduction

Compliance has become the essential part of
locomotion in robotics. Due to ability of storing and
releasing energy, compliance can be used for energy
efficiency or reducing impact during ground collision and
gaining robustness. On the other side, natural/passive
dynamics are important because by exploiting such
dynamics, energy efficiency will be assured. Therefore it is
crucial to understand how compliance changes natural
dynamics of a system. After this inspection, natural
dynamics exploitation can be more straightforward through
developing tools like adaptive oscillators. Such research to
exploits natural dynamics of compliant system are reported
in [1], [2] and [3].

Intuitively, it is known that using linear compliance
results in efficiency in only one mode. For instance, in
mass-spring system for each spring constant, there is only
one frequency where system is energy efficient. Using
variable compliance is an attempt to overcome this
problem in order to gain efficiency over a range of
different set-points or tasks. Great achievements reported
using variable compliance in robotics application in [4]
and [5]. Another way to overcome this problem is using
nonlinearity. Natural dynamics and their multi-modality of
efficiency will be discussed in this paper. It seems muscle-
tendon units in biological systems are taking advantage of
such nonlinearity in their compliance [6]. An adaptive
oscillator based the one in [7] is presented in this work.
This oscillator is able to exploit natural dynamics of
system by shaping desired trajectory through frequency
and phase lag.

2 Nonlinear Compliance

The most simple nonlinear compliance can be express
by F = kx3, where k is constant and x is position. Let
assume that we used this spring in spring mass system.
Mass set to 1Kg for sake of simplicity. Equation with
initial condition is as follow.

i=—kx3 x(0)=A

Solution to this fairly simple system is quite
complicated. As we see below, solution belongs to Jacobi
elliptic functions. A simple form of this function,
JacobiSN(t, 1), is illustrated in Figurel.

V2k
x(t) = A]acobiSN((TAt + Inverse]acobiSN(l,I)) D

This function is similar to sinusoidal trajectories and
can be used in robotics application to generate periodic
motions. Interesting point about solution of nonlinear
spring-mass system is its natural frequency.

V2k

Wp =——4

It shows that natural frequency of this system is a
function of its amplitude. At first, this coupling might be
considered as disadvantage of this system, but this
coupling nicely falling into locomotion domain where
animals during accelerating, increase their frequency and
amplitude simultaneously.

:
;J

Figurel JacobiSN(t,I)

Frequency and amplitude coupling for different types
of nonlinearity is illustrated in Figure2. These graphs
hinting that for every monotonic coupling, there is a
nonlinear spring. Finding this nonlinear spring is an open
problem.
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Figure2 Frequency and Amplitude Coupling for different type of
nonlinearity in compliance, here initial condition is the
same as amplitude
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3 Adaptive Oscillator

Adaptive oscillators like Adaptive frequency oscillators
[7] are proficient tools to converge to natural frequency of
external signal. In our work, in order to exploit natural
dynamics for energy consumption minimization, this
external signal ought to be the controller applied force.
Using this approach, block diagram of system is like one
shown in Figure3. Note we use trajectory provided by
oscillator as desired trajectory for our robotic application.
In this system Plant can be consider as joint in a robotic
leg.

AFO y Applied force

X, X,
d T ) controller plant

Figure3 Block diagram of AFO

Equations of adaptive frequency oscillators (AFO) are
as follow:

x=y(p— & +y?))x —wy
y= V(Il - (x* +y2))y + wy + €Fpp (t)

o Yy
w = EFPID(t)—\/m

One of main properties of this oscillator is 90 degree
lag between it channels, namely x and y. By assuming
periodicity and low tracking error, we can conclude:

{49&%431

- £ =27
71X = LXT yAFO v‘l"

Like oscillators in [7], this oscillator tries to
synchronize y whit external signal, in our case Fp;p. This
synchronization results in:

{LVAFO = LFppp

- = LFpp = LV
LYaro = LUy PID "

This synchronization between applied force and
velocity provides the necessary condition for minimum
power consumption. In following, we study behavior of
this adaptive oscillator for hopper leg shown in Figure4.
Oscillation with 0.2m amplitude around rest length of
hopper is the desired task for this system (third subplot in
Figure5). Note that there is discontinuity in the dynamics
between fight and stance phases, resulting in complex
natural dynamics for such a simple system.

Proposed adaptive oscillator is used to exploit natural
dynamics of this system. Initial frequency and epsilon are
Srads® and 0.1. Frequency convergence is shown in the
first subplot of Figure5. This converged frequency in not

close to one calculated from /k/m . The second subplot
in Figure5 shows that AFO applies less force by getting
closer to natural dynamics. Another interesting point is that
AFO learns to not exert any negative force which can be
expected by intuition that jumping up does not imply using
downward force. The third subplot in Figure5 shows that
tracking performance of controller is satisfying.
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Figure4 Hopper leg; m=0.5kg, k=9Nm?, b=0.01Nsm*K,=100,
Ki=0.5,Kd=5.
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Figure5 Adaptation for hopper leg

4 Open Questions

In this paper, we studied natural dynamics of nonlinear
compliance in simple systems. Studying complex systems
like legged robots with nonlinear compliances in their
bodies is in our future work list. A novel and adept
adaptive oscillator was presented in this work; capability
of this oscillator for natural dynamics exploitation was also
satisfactory. We built our adaptive oscillators upon Hopf
oscillator. However, for more versatility and learning
capability we will explore other oscillators as well.
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1 Introduction

Humans can walk on rough terrain. A part of such adapt-
ability is brought by the mechanical characteristics of the
human foot, that is the mechanical compliance and its com-
plex structure consisting of skins, muscles, ligaments, and
bones. However, the kinematics of the foot structure during
walking and its contribution to human adaptability have not
been clarified. Therefore in this study, we focused on the
relative movements of the bones during walking. (a) Bone structure

(b) Bone structure and soft tis-
sues

The numerical analysis with finite element method
(FEM) is a powerful tool for the foot analysis. FEM Figure 1: The foot geometry
can predict precisely physics of the complicated structures.
Many researchers analysed static posture of a foot with
FEM[1, 2, 3]. As an example, Cheurdd al. used FEM . )
to observe the plantar pressure distribution during standing forced movement. In this method, we can analyse the inter-

posture[1]. In these studies, dynamic foot movement was @l movement of the complex human foot structure during
not considered. On the other hand, some researchers anal-92!t We intend fo validate simulated GRF during walking.
ysed foot movement with FEM dynamically. Jasenal Main contribution of this study is to establish the framework

have conducted FE analysis during walking and measured of the precis_e three-dimensional dynamical FE analysis of

the internal tissue loading[4]. Here, the foot structure was human walking.

simplified as two-dimensional FE model in sagittal plane.

In addition to this, the bones other than the phalanges were 2 Method

combined into one rigid segment. However, FE analysis

with complex structure is intrinsically important because the 2.1 FE Modeling of Human Foot

adaptability of humans is based on the mechanical compli- Three dimensional FE model of the foot was constructed

ance due to relative movement of the foot bones. In light of in Abaqus 6.11. The geometry of the soft tissue and the

these considerations, three-dimensional dynamical FE anal- bones were obtained from CT scan which was performed

ysis should be conducted in order to understand the human in a healthy person(Fig.1). The bone structure consists of

adaptability based on dynamics of the complicated human 23 parts and each of which was define as rigid body. The

foot structure. soft tissue material was defined as isotropic and non-linear
elastic through the second order polynominal strain energy

Based on the above discussion, the goal of this study iS nction[5]. The viscoelasticity of the soft tissue was de-
to clarify the role of the relative movements of the bones in = ¢,+4 using a two-term Prony series[6]. The tissue and the

the foot during walking. To this end, we intend to deal with )65 were combined using tie constraint. The foot-ground

three-dimensional dynamical FE analysis. More specifi- jteraction was modeled using penalty contact with a fric-
cally, we measure the displacement of human shank dur- ;ion coefficient of 0.6[7].

ing gait using motion capturing system. And then, we take
them into the three-dimensional FE model of the foot as the 1Abaqus/Explicit was employed for dynamical analysis.




(b) The FE model of the shank

(a) Attachment of markers markers, the plane and the foot

Figure 2: Assignment of a simulated foot motion corresponding
to human walking

(a) heel-strike

(c) toe-off

Figure 3: Snapshot of the foot during walking with von Mises

stress distribution for heel-strike, mid-stance, and toe-

off, respectively.

2.2 A Foot Motion in FE Analysis

The foot motion is determined based on the measure-
ment of human walking. The human shank displacement
during gait was measured using motion capturing system.
Here, we attached 3 markers on the lower shank, and 2 mak-
ers on the foot(l.e., the heel and the toe)(Fig.2(a)). The
plane, which is constructed by the shank markers, con-
strains the cross section at the lower shank in foot FE
model(Fig.2(b)).

3 Discussion

Based on the above setting, we conducted FE analysis
of human walking during from heel-strike to toe-off. The
transition sequence of foot motion is shown in Fig.3 as snap-
shots. As the figure explains, main contribution of this study
is to establish the framework of the precise dynamical sim-
ulational analysis of human walking. As mentioned above,
the FE analysis with complex structure is intrinsically im-
portant because adaptability of human is based on mechani-
cal compliance due to relative movement of foot bones. As
an on-going simulation, we are estimating simulated GRF
during walking. The future work is FE modeling of the car-
tilages, the ligaments, and muscles more precisely.

We also plans to perform experiments using a cadaver
foot driven by a musculoskeletal biped robot to clarify the
role of the human foot structure. The biped robot for ma-
neuvering cadaver foot has artificial muscles and uses pneu-
matic pressure(Fig.4). Our simulator can reproduce not only
single support phase but also double support phase. We plan
to monitor the behavior of the foot bones during walking by
X - ray cinematography.

Figure 4: Pneumatical bipedal robot to drive cadavar foot.



4 Open Question

The questions we would like to discuss are listed as fol-
lows:

e What is the role of the complex foot structure during
walking?

e How benefits could we have by understand such struc-
ture?

e What is the limitation of the FEM approach?

e What is the limitation of the cadaver experiment ap-
proach?
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1 Motivation

In this work, the dynamics of quadrupedal bounding is
studied via the reduced-order sagittal-plane model oflFig.
The model is composed of a rigid torso and two massless
springy prismatic legs. Albeit simple, models in this fanil
have been found useful in uncovering many important prop-
erties of bounding. For example, it has been shown in [1]

that a variety of bounding gaits can be generated passively,

suggesting that such motions represent natural interectio
between a quadruped and its environment.

According to the modeling and control hierarchy intro-
duced in [2], reductive locomotion models can be used to
inform the control of more accurate high-dimensional rep-
resentations of robots (or animals) by suggesting suitable

perturbations without requiring excessive inputs.

2 Stateof theart

A large number of controllers have been proposed to
stabilize bounding motions on quadrupedal robots. Among
them, Raibert’s three-part controller [3] demonstrateghhi
performance running motions over natural terrain. Varia-
tions of this controller have been used to control eledisica
actuated quadrupedal robots in [1]. A different paradigm fo
controller design that uses principles from neurobiology h
been employed by [4] to induce dynamically stable locomo-
tion on the quadrupedal robot Tekken.

To investigate the dynamics of legged systems, formal
reductive models—termet@mplates in [2]—have been in-

coordination mechanisms. However, passive reduced-order troduced in an effort to resolve complexity in locomotion.
models such as the one in [1] cannot be used directly as con- Among these models, the Spring Loaded Inverted Pendulum

trol targets for more complete robot models due to their lim-
ited ability in rejecting perturbations. For example, the-m
jority of the passively generated fixed points in [1] are un-
stable; stable (within a total energy level) fixed pointsyonl
exist when the forward velocity is in a range that is not re-

(SLIP) stands out as a canonical model of the center-of-mass
(COM) dynamics of running robots (and animals), prompt-
ing a variety of control laws for stabilizing SLIP running.
Most relevant to our work is the controller proposed in [5],
which uses symmetries to stabilize periodic running orbits

alizable by most robotic quadrupeds. Even for these stable through an adaptive touchdown angle update law. Clearly

fixed points, the domain of attraction is not practical.

Figure1: A sagittal-plane bounding model.

In this work, a controller for the bounding model of Fig.
1 is described. The proposed control law manipulates the
touchdown angles of the front leg based on feedback of the
liftoff angle of the back leg to stabilize a large number of
passively generated periodic bounding gaits within a con-
stant energy level. To reject perturbations that alter oited t
energy, actuation is introduced at the hip joints during the

though, point-mass hoppers like the SLIP cannot capture the
torso pitch dynamics of bounding, which calls for non-ivi
modifications of SLIP-based control ideas. Proposing such
controllers for bounding is the subject of this work.

3 Our approach

The reduced-order model of Fig.1 is used to study
bounding. In this model, the legs are assumed massless
and actuation is introduced at the hips during the front and
back leg stance phases to develop non-conservative correc-
tive action. The geometric and inertia parameters are taken
from [1] and bounding without double stance is considered.

3.1 Touchdown angle control policy
It has been observed in [1] that passively generated
bounding motions have the following property

o = —Wo. (1)

back and front leg stance phases, and a continuous-time con-Wherey_‘frD andy’,, are the front leg touchdown and the back

troller is proposed that stabilizes the energy of the system
a desired level. It is shown in simulation that this two-laye
controller design is capable of rejecting sufficiently krg

leg liftoff angles at a desired fixed point, respectively. Mo
tivated by [5], the front leg touchdown angLéD at the
(n+ 1)-th stride is updated based on feedback of the back



leg liftoff angle yf’o at then-th stride according to

Vipn+1] = o+ (o — Woln)), )

wherec is a constant gain. To investigate the local stability
of the system in closed loop with (2), the eigenvalues of the
linearization of the corresponding Poincaré return map ar
computed for a variety of values foras shown in Fig. 2. It
can be seen that far> 1.1 all the eigenvalues enter the unit
disc, except one eigenvalue that remains at one reflecting th
conservative nature of the system.

1

0.5

-1
-1

-0.5

-0.5 0

0.5 1
Figure2: Locus of the eigenvalues avaries in[—0.5,2].

3.2 Energy controller

The conservation of energy precludes the existence of
asymptotically stable fixed points; for, perturbationgalt
ing the total energy of the system cannot be rejected. To
incorporate non-conservative forces to the model of Fig. 1,
actuation is introduced at the hip joint. The hip actuatoes a
active only during the stance phase of the corresponding leg
developing torques according to the prescription

E-E

=—-K——
T A¢,

®)
whereAd is the change of the stance leg angleelative to
the torso at the desired fixed poift,s the total energy and
E its nominal value at the fixed point, akde [0, 1].

3.3 Controller evaluation in simulation

The performance of the proposed two-level controller is
evaluated in simulation. The passively generated fixedtpoin
y = 0.35m,qror = 0deg,x = 3m/s, Gror = 150deg’s (states
refer at the apex height) is used, and (2) and (3rferl.3
andK = 0.2 are employed. Figures 3(a) and 3(b) demon-
strate convergence to the nominal orbit after a perturbatio
0.4m/s is introduced in the forward velocity at apex. Note
that despite the relatively large size of the perturbatiig.,
3(b) shows that the torque required is small.

4 Discussion outline

This work aims at enhancing the stability properties
of periodic bounding orbits passively generated via the
reduced-order sagittal plane model of Fig. 1. As in the mod-
eling and control hierarchy proposed in [2], this model can

0.3

Error in velocity (m/s)

0 0.5 15 2

1
time(s)

(b)

time(s)

@)

Figure 3: (a) Error in forward velocity at apex. (b) Back leg (red)
and front leg (blue) hip actuator torques. The energy
converges to its nominal value faster than the velocity.

serve as a behavioral control target for more complete mod-
els of quadrupedal robots. To achieve this objective, there
are a number of issues that require further attention. In par
ticular, the choice of the controller constanin (2) has a
strong influence on the ability of the controller to stalgliz
passively generated fixed points. We are currently in the pro
cess of establishing analytical criteria for the choicehis t
parameter. Furthermore, to make these results relevant to
the control of quadrupedal robots, we plan to devise control
strategies in the spirit of the Hybrid Zero Dynamics (HZD)
method [6]. These strategies coordinate the joints of highe
dimensional—more realistic—models of legged robots so
that their behavior is governed by lower-dimensional con-
trol targets that encode the desired task; the model of Fig. 1
can serve as such a control target for bounding.
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1 Introduction

The cost optimization and self-organization of systems
dynamics build two opposite views within the scientific
community on the motion generation. While the first pos-
sesses well-established tools, the second relies to the great
deal on the intuition of an engineer who choses a suitable
hardware and dynamics type. In exchange, appropriate dy-
namics shows high adaptivity, while optimization relies on
the quality of models and fails in cases of unforeseen pertur-
bations. Some approaches combine both philosophies, e.g.
Dynamic Motion Primitives, [6], represent a controller as a
dynamic system, whose parameters are subject to optimiza-
tion.

In this work we present another combination of these
two frameworks. We propose to search such a cost func-
tion, which allows the application of the Speed Gradient
(SG) method developed in [2] leading to a state-feedback
form. The controlled system is then an autonomous dy-
namic system, like in the dynamic system approach while
the optimization is shifted into the choice of the cost func-
tion. The cost function that satisfies the requirements of the
SG method may be difficult to find, thus we tested the possi-
bility to use learning for this purpose. In this work we show
that the SG method can be successfully applied to control of
hopping of two serial springs. Additionally a modified Slow
Feature Analysis (SFA) can be used for learning of related
cost function.

2 Methods

2.1 Speed Gradient Control

The word ”speed” reflects the fact that this method fo-
cuses not on the given cost function, but on the speed of
changes in the cost function along the trajectory. In this way
the natural dynamics of an unforced system can be taken
into account, which is a big advantage of this method.

Let us consider a controlled system x = F (x,u,t) , where
x(t) is a state vector and u(r) is a vector of control inputs.
Let V (x,t) be the cost function. Then SG method suggests
to change the control variable along the gradient of the speed
of costs in control, with the rate y:

av A% A%
u= —')/Vu (dl) = _}/Vu <axF+ &t) . (D

N

Y2

Figure 1: 1-D visco-elastic model of human hopping [4].

The intuition behind this choice is, that such control will de-
crease the speed V. As soon as V < 0, also the cost function
will decrease. This type of control was successfully applied
to excitation of oscillations, synchronization, and control of
chaotic systems [2]. The problem of the SG approach is, that
for many applications it is not clear how to choose a suitable
cost function. In our hopping example we use the following
cost function: V(x,t) = (E(t) — E*)?, where E(¢) is a full
energy of the system and E* is the desired energy level. In-
deed, a high constant energy level corresponds to hopping.
However for more complex systems the search of a suitable
cost function may be difficult. Bellow we introduce a learn-
ing method that can be used for this purpose.

2.2 Slow Feature Analysis

The introduction in [7] describes SFA as follows: ”The
SFA learns instantaneous, non-linear functions g(x) that
transform time-varying input data x(¢) into slowly-varying
output signals, y(¢)”. Besides numerous applications in
computational neuroscience, SFA was also used for extrac-
tion of driving forces from nonlinear dynamical systems.
However it was not yet used for learning of energy of dy-
namical systems as proposed here. Our results show, that the
SFA can be used for learning of both energy and Hamilton
functions, given that the dissipation on the one side ensures
that the energy is not constant, but on the other side is low
enough, so that the energy is the slowest varying function.



3 Application: State-feedback control of serial springs

A system consisting of two damped spring-mass ele-
ments arranged in series was proposed in [4] as a model for
the human hopping (Figure 1). The coupling of the springs
leads to non-trivial dynamics and control. Following equa-
tions describe the motion of the system (from [4]):

myy; = M7m1g+k1(ll()fl])*b1[1761Sign([1)
myy, = —u—mgg—kl(llo—ll)—i—hh+clsign([1)+
kz(lz() — l2) —bziz —czsign(fg),

where y; is the height of center of mass, m; is the mass, lo;
the rest length, k; the stiffness coefficient, b; the damping
coefficient, ¢; the friction coefficient, and /; the length of the
spring i (see Figure 1).

The energy of the system can be calculated as follows:

E(t) = 3my}+my}+ki(lo—1)?+ka(lo— b)*]+
glmiy1 +mays)

For an energy-based cost function in (1) we get a follow-
ing SG controller:

d

o N
u=—yWVu (E(t)~E )? = —Y(E(r) —E*)

— 2
a0 @
where [ is the length of the actuated spring (see Figure 1).
As the exact energy value is not essential for the gradient

method, we simplify (2) to an almost local controller

ndl
u=—ysgn(E(t)—E )dt .
We use this controller during the decompression of the
upper spring with ¥ = 50. In order to test the robustness we
reproduced in simulation the experiment done in [4]. The
system is released from initial height of 0.19m. After the
stabilization of the hopping, the ground level is perturbed
by -0.05 m and later, if possible, by 0.025m, see Figure 2. It
can be seen that the controller is robust to perturbations. Fig-
ure 3 shows return maps for different release heights (0.19m,
0.17m, 0.15m) for analytically calculated and learned con-
troller. The later uses in (2) for V,E the Hamiltonian func-
tion learned with the help of modified SFA as will be de-
scribed later (see Figure 6).

In order to measure the energy-efficiency of the pro-
posed method we calculated the cost of transport in the fol-
lowing form:

1 ru .
CoT = [l it
S,

where ?; is the time of touch down, ¢; is the time of lift off,
and scale factor S takes in account the hardware and the hop-
ping height H: S = 9.8(m; +my) (k| +k2)H. Figure 5 com-
pares the costs for different methods. The costs are plotted
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Figure 2: Control of hopping with SG-method. From top to bot-
tom: height of the ”body”, height of the ”shank”, en-
ergy and desired energy (dotted line), ground contact,
control input. The x-axes shows time in seconds. The
vertical lines show the instants of perturbations.
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Figure 3: Return maps for release hight of 0.19m (red diamond),
0.17m (green square) , 0.15m (blue circles). Return
map shows the hopping height of current step (y-axes)
versus hopping height of previous step (x-axes ). Points
on the diagonal correspond to stable hopping. The
drops in height correspond to the perturbations. The
stable hopping recovers very quickly. a) Analytically
calculated SG controller. b) Learned SG controller.

for all hopping sequences. The lowest release height comes
first. The x axes shows how many time the system hopped.
It can be seen that the SG method has the lowest costs. For
the SG method the costs, although already scaled by hop-
ping height, still depend on it, while for the other methods
not. This dependency is rather natural.

For learning of Hamiltonian we use an off-line version
of SFA and gather the data during an “exploratory” trial with
force input which is just a step function, (see Figure 4). In-
put to the learning algorithm is a vector x, consisting of posi-
tions, velocities and applied forces. Our goal is to find with
help of SFA such coefficients of quadratic polynomial of x,
that this polynomial is constant on the trajectory of the sys-
tem. In difference to the classical SFA ([7]) we take in ”Ex-
pansion” step all two degrees polynomials in coordinates,
but only linear combination of force and coordinate, mean-
ing that the term u? is dropped. In “Temporal variation” step



Table 1: SFA coefficients in extended function space
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Figure 4: Exploratory trial for SFA-based learning. From top to 12
bottom: height of the "body”, height of the ’shank”, en- 10
ergy, ground contact, control input. The x-axes shows 8 = - 4 -
time in seconds.
Energy supply, [4]
8

the numerical calculation of the derivative is exchanged by )

the derivative which uses the measured data: d‘fj(tx> = %x, 6

where % is calculated analytically and x is measured data. 9

Figure 6, c),d) shows the results of this modified method 4

if damping and friction were reduced to 1% of the values 3 T R

used in [4]. The table 1 shows how the results get worse if

we increase the damping and friction. The first row shows

the normalized coefficients for respective polynomial terms Figure 5: Cost of Transport for different control methods as a

calculated from the theoretical model. Other rows are calcu- function of step number.

lated via modified SFA. On the left we display the reduction

factor of damping and friction compared to values used in

[4]. Coefficients that are smaller than 1.0e-6 are rounded to

Zero. 0.3 2.6 -19.4—— -8.4

0.2 2.4 -19.5 8.6
4 Open questions 01 22 196 8.8
a 2 19.7 9
The main advantage of SG method is the exploitation of

natural dynamics and it remains an open question how this o -8 o8 o2

quality can be transfered from control of quasi passive sys- 025, S a9 54 P 5

tems to active systems. One way could be to embed the ac- a) b) ¢) d)

tual dynamics into dynamics of a passive mechanical system

with desired trajectory. For example [5] proposes an embed- Figure 6: Learning results for nearly conservative system.

ding into SLIP-dynamics. The stabilizing C(?ntrol (formula a)Analytically calculated energy function. b)Output of
(13)) corresponds exactly to the Speed-Gradient control for standard SFA. c)Analytically calculated Hamiltonian
SLIP-Energy. It was shown in [5] that the choice of ap- function. d)Output of modified SFA.

propriate holonomic constraints (which corresponds in our
formalism to a choice of cost function) is crucial for dealing



with perturbations. This supports our idea of shifting the
optimization step from the choice of controller to the choice
of the cost function. Indeed, as soon as the cost-function is
known, we get the SG-controller simply by calculating the
gradient (1). However the choice of cost function is not a
trivial step and rises following questions:

e What are requirements on cost-function, besides the
ones formulated in [2], that increase the robustness?

e Can the SFA-based learning of invariants take in ac-
count such requirements?

e Should the cost function take in account not only dy-
namics of links but also actuators dynamics?

Biological modeling is not a primary task of our work,
but the results are a product of interdisciplinary discussion
which is fruitful for both biologists and engineers. From a
biological point of view I would like to discuss following
questions:

o Initially the SFA algorithm was developed for sensory
learning. Is the slowness principle used by SFA plau-
sible also for motor learning?

e Can application of SFA-based learning to the analy-
sis of the human motion provide further conservative
entities comparable to SLIP-energy?

e Muscles models, e.g. [3] suggest the combination of
feedforward and feedback control as a trade-off be-
tween optimal and robust control. Is the combination
of embedding into a passive system and stabilization
via speed-gradient comparable to such trade-off?

From more general perspective, it is interesting to dis-
cuss how the formulation of a soft control that relies on con-
servation laws, synchronization and geometrical constraints
can help to understand the possibilities of uploading of the
control into hardware, a phenomena which can be observed
in animals and humans.
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1 Introduction

This contribution will discuss the similarities
between the biological actuator, that is to say muscles,
and technological ones, say internal combustion
engines, in the attempt to demonstrate that actuators are
actuators, no matter where they come from.

Particularly, I am interested to show that many
aspects of their function can be approached parallely in
the two scientific domains, where similar solutions to
similar problems have been found.

2 Questions

Here are some of the open questions:

a. Why both muscles and internal combustion
engines show an optimal regime/contraction frequency
minimizing the energy cost of transport?

b. Which determinants negatively affect the
performance of cars and humans at altitude?

c. Does the allometry of size/cycle frequency of
heart and engines follow the same trend and rules?

d. Is there a common strategy in switching gaits (or
fibre types) in bipeds/quadrupeds and gears in
automobiles?

e. Which advantages and risks resides in
momentarily boosting the locomotor performance
(spleen squeezing vs turbo-compressor)?

f. How additional mechanical energy can be stored
and released when needed in the musculo-skeletal
system and in engine transmission machinery?

g. Is there a similar size effect in the economy of
natural and artificial vehicles?

h. What is the effect of aging in the musculo-
skeletal/cardiovascular system and in circulating
vehicles?

3 Concepts

The following concepts from physiology and bio/

mechanics help to answer those questions:

o Human and animal locomotion shows optimal
speeds, i.e. for some gaits there is a speed minimizing
the metabolic/fuel cost of transport.

« Aging and wear of the locomotor machine involve
higher fuel consumption and the exacerbation of
'vehicle' asymmetry.

« Different actuators/engines are used to better serve
different transport performances (power or duration).

« Additional strategies (tendons/flywheel, spleen/
turbocharge) are exploited to extend the mechanical
power available from the 'engine'.

o Cell exoskeleton and steel are the evolutionary
solution to form the building blocks that allow the
construction of high size animals and vehicles.

o Different fuel/air ratios are responsible for the
available maximum power and efficiency of
biological and technological actuators.

« All internal combusion 'engines' suffer from
operating at high altitude, with similar decay in
performance.

« The mass-specific cost of transport decreases at
increasing size both in human/animals and in vehicles.

« Multi-fuel and hybrid 'vehicles' are diffused both
in biological and technological transport: 1)
phosphocreatine-glycogen-lipids versus GPL-
gasoline, and 2) the management of mechanical
energy fluctuations (acceleration/deceleration).

Figurel

Engines and Muscles

4  Open questions

The quite remarkable similarities between the motor
function in biology and in engineering suggest an
alternative cultural route with respect to the traditional
transfer of some to the best solutions from Nature to
technology (the so-called biomimetical approach).

The open question here follows: would the study of
transport engineering allow to use the inherent
understanding of man-made processes to shed light into
the many still obscure mysteries of biological
movement?
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1 Introduction

To improve physical abilities of legged robots, body
structures of animals are the useful references. Many robots
mimicking them were developed to clarify their roles in dy-
namic motions [1, 2, 3, 6, 7]. McKibben-type pneumatic ar-
tificial muscles were often used for actuators of such robots
because they have high power/mass ratio, viscosity and elas-
ticity, however, their ranges of length which can exert high
tension are small and biased to the limit length [4] compared
to living muscles [5]. Thus, it is difficult to adapt to motions
which need various postures if moment arms of muscles are
constant to angles of joints. This problem is typical when
a robot takes extended leg posture and needs large thrust-
ing force such as running and jumping from slight squatting
position because leg extensor muscles exert little torque in
such a posture because of biased torque-angle relations.

It is possible to refer some researches which focused
on the torque-angle characteristics of actuators to refine
the highly biased output characteristics of pneumatic-driven
robots. Pull rods and lever mechanisms were adopted by a
robot with pleated pneumatic muscles, which also have non-

Figure 1: Image of the robot and layout of muscles. The abbrevia-
tions are, Gmin: gluteus minimus; ADD: adductor; FB:
fibularis brevis; TP: tibialis posterior; Gmax: gluteus
maximus; IL: iliopsoas; HAM: hamstrings; RF: rec-
tus femoris; VAS: vastus; GAS: gastrocnemius; SOL:
soleus; TA: anterior tibialis; FDL: flexor digitorum
longus. AT: Achilles tendon (passive element).

linear force-length relations, to linearize the torque-angle re-
lations [6]. On the other hand, in MACCEPA (Mechanically
Adjustable Compliance and Controllable Equilibrium Actu-
ator), which is a kind of the series elastic actuator, moment
arms are determined by profile disks to modify the stiffness-
angle relation [7]. If the idea adjusting moment arms by
guides is introduced to pneumatic-driven robots, it is ex-
pected that such robots can equip high dynamic performance
and high adaptability to the various postures simultaneously.

In this paper, to improve physical abilities of robots in
dynamic motions with various postures, the torque-angle re-
lation of a muscle on a joint is modified by setting appropri-
ate muscle route. In particular, Angle-Dependent Moment
Arm (ADMA) with biased pivot is proposed. In this study, a
musculoskeletal bipedal robot model refining Athlete Robot
[3] was used as a platform (Fig.1, Table 1). First, the de-
sign of the mechanism is introduced, then, the effectiveness
of this mechanism is examined by analyzing output force
characteristics of the robot’s leg and jumping experiments
of the robot model in dynamic simulation, and finally, the
mechanism is implemented to the real robot.

2 Angle-Dependent Moment Arm (ADMA)

ADMA is constructed by displacing the guide circle of
muscle from the rotation center of a joint (Fig.2). Using
variables in Fig.2, moment arm and muscle length are cal-
culated as follows. Moment arm MA is calculated as:

MA(0) =bsin¢ +acos +r, (1)

guide circle

muscle ;
a

insertion point

center of rotation bone B

Figure 2: The mechanism of ADMA. The length of a, b, ¢, d and
r are constant values, 0 is joint angle, and ¢ and x are
functions of 6.



Table 1: Specification of the robot.
actuators

pneumatic artificial muscles
(McKibben type)

springs (Misumi, AWT20-60)
pressure regulating valves

valves || (Hoerbiger, tecno basic),

pilot valves (CKD, EXA-C8-02C-3)
Anest Iwata, SLP-221EBD (external)

passive elements

air compressor

air buffer || six 10 1tanks (external),
eight 0.5 I tanks (on board)
CPU board || General Robotix, Lepracaun

OS || linux-2.6.21.1-ARTLinux
materials || Nylon, CFRP pipes
mass of the robot || 13.5 kg
physical parameters of each part

Table 2: Parameters for moment arm (mm). The parameter
rconst. indicates the corresponding value of constant
moment arm with the same range of motion by a mus-
cle. Note that lower value of moment arm of RF knee
and VAS are limited to 25.0 mm because of mechanical
constraints.

muscle “ a b c d I Tconst.

Gmax 179 552 346 200 110 323

IL || -43.7 438 298 200 11.0 28.6

HAM hip 40.0 332 2600 28.0 0.0 3.1

HAM knee 00 0.0 29.5 4.8 28.0 28.0

RF hip 0.0 0.0 25.0 84 250 25.0

RF knee 9.8  35.0 31.0 280 4.0 27.7

VAS 9.8 35.0 310 280 40 27.0

trunk || 0.45m, 9.050 kg
thigh || 0.30 m, 1.240 kg
shank || 0.28 m, 0.456 kg
foot || 0.10 m, 0.354 kg
toe || 0.05m, 0.106 kg

GAS knee 0.0 0.0 25.0 1.0 250 25.0
GAS ankle 36.0 220 280.0 250 11.0 50.9
SOL 36.0 22.0 250.0 57 11.0 37.0

TA || -325 100 220.0 -27.3 0.0 28.8

FDL ankle 36.0 22.0 221.1 25.0 4.0 323

where ¢ = arccos (r/\/ A? +Bz) —arctan (B/A),
A=—a+dsinB+ccosO, B=b—dcosO+csin6.

Muscle length L is calculated as follows. When muscle is
mono-articular muscle working to ith joint,

L(6;) = L(6;,0) +x(6;) —x(6;0), 2
and when muscle is bi-articular muscle working to ith and
Jjth joint,

L(6;,0;) =L(6;0,0;0)
+(x(6:) —x(6i0)) + (x(6;) —x(6;0)).  (3)
where 6; and 0; denote joint angles that the muscle adds
torque to, and 6,9, 6,0, L(6;0) and L(6;0,0)0) constitute

the specific values of angles and lengths. Variable x is cal-
culated as:

x(0) =r(n/2—¢)
+(b+csin® —dcosO +rsing)/cosg.  (4)

Muscle tension 7 is calculated by substituting muscle length
into the theoretical equation (Eq.5 [4]).

T =pC(1—¢)*>—D, )
where C = 3/4nd;cot’(68y), D = 1/4md3 csc*(6p).

Here, dy, 6y, € and p denote initial diameter, initial angle
of braid, contraction ratio and inner pressure of muscle, re-
spectively. Finally, torque is calculated as the product of MA
and T.

Using eq.(1)-(5), parameters were decided to extend
high-torque regions (Table 2, Fig.3). Decided parameters

FDL toe 0.0 0.0 136.2 4.0 14.0 14.0

ADD 40 66.0 5140 -10.0 0.0 59.4

Gmin 00 490 2850 280 0.0 43.1

TP 36.0 22.0 250.0 57 11.0 232

FB || -325 100 2200 -27.3 0.0 215
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Figure 3: Torque-angle relations of the model with ADMA, the
model with constant moment arms and human [5].

were used in the following experiments. In addition to broad
high-torque regions, the peaks in the torque-angle relations
of ankle flexor and extensor muscles were designed to ap-
proximate those of human [5] (Fig.3). Note that above equa-
tions can be applied to pull rods and lever mechanisms by
setting » = 0, and constant moment arm mechanisms by set-
tinga=>b=0.

3 Experiments

3.1 Analysis of leg’s output force characteristics

To investigate the postural characteristics of the robot
model with ADMA, Maximum Output Force (MOF) pro-
files [2] of the robot model with various postures were cal-
culated. MOF profile is a convex polygon that encompasses
the force vectors produced by all combinations of the actua-
tor output forces. For comparison, MOF profiles of a model



— Model with ADMA
--= Model with constant moment arms

Figure 5: Snapshots of the robot model jumping (condition 4) and
the definition of the angle.

with constant moment arms were also calculated. Active
strokes of joints were conformed in these two models (Ta-
ble 2). Although the model with ADMA exerted less down-
ward force in a squatting position, it exerted more downward
force in an extended leg posture (Fig.4). This result indicates
that robots with ADMA have aptitudes for extended leg pos-
tures despite having relatively slack leg extensor muscles.

3.2 Jumping simulation

To evaluate the effectiveness of ADMA to motions from
various postures, jumping experiments were conducted in
the dynamic simulator OpenHRP3 [8] (Fig.5). The physical
parameters and shapes of the body parts are calculated from
the 3DCAD models. In these experiments, the model with
constant moment arms was also used for comparison. The
robot model began thrusting motion from various squatting
positions and the highest Center of Gravity (CoG) position
of the robot was measured as the evaluate value. Ten initial
postures were decided by dividing equally between two ex-
treme positions. In the least squatting position, the flexion
angle of the hip, the flexion angle of the knee, and the dor-
siflexion angle of the ankle were 0.6, 0.2, and 0.1 radians,
respectively. In the most squatting position, they were 1.5,
2.0, and 1.0 radians, respectively. These conditions are num-
bered 1 to 10 from the most extended leg posture. The jump-
ing motion was generated as the combination of two phases:
the extension of hip and knee (supplying air to Gmax, RF,
and VAS), and the extension of all joints (supplying air to
Gmax, RF, VAS, GAS, SOL, and FDL). The commands for
inner pressure of muscles in each phase were constant at
0.8 MPa and phase switching time for highest value was
searched by 0.001 s from O to 0.2 s in each initial position.
This representation of motion commands was selected be-

Model with ADMA =
Model with constant moment arms o

»~

—_

1 2 3 4 5 6 7 8 9 10
initial position

[ e o

Figure 6: Maximum CoG of jumping from various postures.
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Figure 7: The torque-angle curves of Gmax during pressurized
maximally (0.8MPa) and during thrusting the ground.
Arrows indicate the flow of the time.

cause it is simple but it can generate jumping motions to
various directions due to the timing of ankle extension.

Comparing highest values in each posture on two mod-
els, values on the robot with ADMA were higher in slight
squatting position (Fig.6). The values were 1.2374+0.098
m on the model with ADMA, and 1.2154+0.147 m on the
model with constant moment arms (mean=standard devia-
tion). This shows that the robot with ADMA had smaller
variation of the maximum jumping height to initial squat-
ting position. This result indicates that ADMA can improve
adaptivity of a robot to the motions from various postures
by redistributing physical abilities to postures with relatively
low capabilities.

To investigate the effect of ADMA during jumping, the
torque-angle curve of the muscle during jumping is exam-
ined (Fig.7). First, the torque exerted by the muscle rose
toward the torque-angle curve of the maximum inner pres-
sure, and then followed the curve. In the jumping from the
deep squatting position, first rise of torque was smaller on
the robot with ADMA than the robot with constant moment
arms. By contrast, in the jumping from the slight squatting
position, the torque was larger on the robot with ADMA
than the robot with constant moment arms during all the



Figure 8: Photographs of the robot jumping.
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Figure 9: The motion data of the robot.

thrusting time. This result suggests that ADMA is advan-
tageous to the motions from the middle of motion range.

3.3 Development of the real robot

Since the effectiveness of ADMA to motions from vari-
ous postures was confirmed by above experiments, the robot
with ADMA was developed (Fig.1). To confirm its physi-
cal ability, jumping experiments from a full squatting posi-
tion were conducted (Fig.8). The motion of the robot was
generated by simultaneous air supply to leg extension mus-
cles (Gmax, RF, VAS, GAS, SOL, FDL) for 0.3 seconds.
The movements of the body segments were measured using
motion capture system (VICON 624). The ground reaction
forces were measured with a force plate (Kistler 9287). The
maximum height of its hip position was over 1.0 m and the
elevation of the toe position exceeded 0.3 m (Fig.9(a)). The
peak of vertical ground reaction force was over 400 N, that
is three times of the weight of the robot (Fig.9(b)).

4 Conclusion

In this paper, an actuation mechanism ADMA with bi-
ased pivot was proposed to improve physical abilities of
robots in motions which need various postures. By analyz-
ing output force characteristics of legs, it was confirmed that
the model with ADMA can exert large downward force at
extended leg posture. In simulation experiments, it was in-
dicated that ADMA can improve physical abilities of robots
in motions from various postures by making the robot model

jump from various squatting positions by improving the per-
formance of motions from slight squatting positions. The
robot with ADMA was also developed and it was confirmed
that it can jump 1.0 m high at its hip position. In future
works, jumping experiments of the real robot with various
postures will be conducted to verify the effect of ADMA in
the real world.

5 Open questions

The effectiveness of ADMA to keep high output force
in various postures was indicated in this work, however, the
control methods to fully utilize it are still open questions.
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1 Introduction

Humans can keep walking without falling even though
unexpected external perturbations are applied. To
elucidate the mechanism underlying generation of such
adaptive response against external perturbations during
bipedal walking, many studies have analyzed responses
against external perturbations during human walking [1,2].
However, such adaptive mechanisms are not fully
understood.

Adjustment of locomtor rhythm in response to external
perturbation is considered as an effective strategy for
generation of human walking. In this study, we
investigated temporal response of human bipedal walking
against external perturbations induced by a split-belt
treadmill. The treadmill has two belts, one for each leg,
and the speeds of the belts can be controlled independently
by a computer to apply perturbations during walking.

2  Method

Four adult male participants were asked to walk on the
split-belt treadmill at 4.5 km/h. At this speed, all the
participants declared that their walking was comfortable.
After 5 minutes of normal gait (without perturbations),
external perturbations were applied during walking by
sudden decrease or increase in the speed of the right belt
approximately once in 20 sec. The perturbations are
applied randomly so that the perturbation can be applied at
different instants of the gait cycle.

The motion responses were measured using an eight
camera motion capture system (Mac 3D system, Maotion
Analysis, USA). A total of 12 reflexive markers (6 on each
side) were placed at: 1) head of the fifth metatarsal, 2)
tuberosity of the calcaneus, 3) lateral malleolus of the
fibula, 4) lateral epicondyle of the femur, 5) greater
trochanter, and 6) acromion as shown in Figure 1. The
sagittaly-projected joint angles of the hip, knee and ankle
and the trunk angle with respect to the inertial coordinate
system were calculated from the 3D positions of the
markers.

In order to clarify how the locomotor rhythm is
adjusted to the external perturbation, we plotted amount of
phase-shift in walking cycle against the timing of the
perturbation (Phase response curve) [3]. Human walking is
a cyclic movement, cycle duration of which is
approximately constant. However, when a perturbation

CCD camera
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Figurel The experimental setup

applied, the cycle duration is either prolonged (delayed) or
shortened (advanced). We quantified this change in the
walking rhythm by means of phase response curve as
follows.

We defined the walking phase (the particular point in
the walking cycle) at which a perturbation is applied as
@ sim = tsim /T , where tyy is the time when the
perturbation is applied after right heel contact (the zero
phase of the walking cycle is defined by right heel contact)
and T is the average walking cycle of unperturbed
walking. Let At be the change in the walking cycle due to
the perturbation. The amount of the phase shift in walking
cycle can be represented by Agp = At /T . Therefore, the
amount of the phase shift of the k th step after the
perturbation A ¢  is calculated as:

Adyy = {t(k) [ty +T )} /T" (1)

In this study, we plotted A ¢  against tn to obtain phase
response curves for the both decelerating and accelerating
perturbations.

3 Result and Discussion

Figure 2A illustrates stick diagrams of perturbed
walking patterns in one participant. Even though
perturbations were applied by the split-belt treadmill
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during walking, all the participants could kept walking
without falling. In the decelerating perturbation, the trunk
tended to tilt backward and vice versa in the accelerating
perturbation. Because of the perturbations, the kinematic
trajectory of human walking was actually deviated from
that of steady unperturbed walking (Figure 2B), but it soon
converged back to the original trajectory in several steps
after the perturbations.

Agﬂ ler MMW %
Accelerating {0 forward t

D

B Dlgceleratlng

0.8

B
2
G
e

0

0.6 Ankle[rad] 1.
Accelerating

1.5
)
!

0 -0,

-6 Ankle[rad] 1. 1 Trunk|rad] 0.15
C Decelerating Accelerating

0.2 02

0% 02 03 76 02 03 04 )

¢slim ¢stim

Figure2 (A) Stick diagrams of perturbed walking.
Decelerating and accelerating perturbations. (B) Joint
angle trajectories in decelerating and accelerating
perturbations. The black, red, and green curves indicate
joint angle trajectories of gait cycles before, at which and
after perturbation is applied. White dots: foot contact.
Black dots: perturbations. (C) Phase response curves.
Decelerating and accelerating perturbations.

Figure 2C shows the phase response curves of the same
participant for the decelerating and accelerating
perturbations. Black and white plots showed the phase
shifts of the first (k=1) and second (k=2) steps after
perturbation. As shown in Figure 2C, the amount of phas
shift was always positive for the decelerating perturbation
during human walking, while that of the accelerating
perturbation was always negative, indicating that walking
cycle was consistently delayed and advanced for the
decelerating and accelerating perturbations, respectively.

Furthermore, we found that the amount of phase-shift
was phase-dependent, and it was large if the perturbation
was applied in the early stance phase, but it tended to
decrease as the timing of the perturbation was delayed.
Linear regression analyses revealed there were
statistically-significant negative and positive correlations
between the amount of phase shift and the timing of the
perturbation for both decelerating and accelerating
perturbations, respectively, in the three of four participants.

It is difficult to distinguish if such phase-dependent
modification of the walking cycle (rhythm) emerges due to
active control of the neuronal rhythm generated by the
Central Pattern Generator (CPG) or passive consequence
of the external forces applied to the body by perturbation.
However, the neuronal rhythm (CPG) and the rhythmic
movement of the body must somehow be entrained in
order to keep walking after perturbation is applied. We
therefore hypothesize that active adjustment of the walking
rhythm (or phase reset) in a phase-dependent manner plays
an important role in generation of human walking adaptive
to unknown external perturbations.

4 Open questions

During our poster presentation, we would like to
discuss how we are able to experimentally extract
kinematic and Kkinetic strategies underlying the phase-
dependent modification of the walking rhythm.
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1 Introduction

For more than a decade, dielectric elastomer actuators
(DEA) have been the subject of intense research in
material science. The potential capability of those actuators
is emphasized by the very meaning of the words, “artificial
muscles”. Biological archetypes, like skeletal muscles of
mammals, are exceeded pertaining to energy density and
efficiency [1, 2]. In addition the advantages of natural
muscle tissue compared to classic electro mechanic
actuators are inherent characteristics of DEA. This makes
DEA promising actuators for the development of a new
generation of robotic solutions with a broad spectrum of
possible applications, which may vary from intrinsically
safe service robots to highly dynamical energy-
autonomous mobile kinematics or bionic prosthetics.
Hereinafter a new research project to facilitate the
transition from fundamental research to the qualification of
DEA as regular control elements in complex and compliant
robot kinematics is described. To carry out this transition,
four major research tasks are identified to actualize the
adaptability of DEA within basic methodologies of
robotics. The research is embedded within the framework
of the Bavarian biomimetic initiative “bionicum-
forschung”.

flexible dielectric
electrodes

elastomer

AZ
z

Figurel Functional principle of a dielectric
elastomer actuator (DEA)

2 Four key research tasks

As the functional principle of a DEA, like presented in
figurel, can be outlined by the deformation of a charged
flexible plate capacitor with an incompressible elastomer
forming the dielectric medium, one option for the desired
reduction of driving-voltages below 1 kilovolt is the
shrinking in thickness of the dielectric medium to values
below 100um [3]. Consequently the automated production
of multilayer DEAs has to be developed further to create

actuators capable of driving kinematic systems on a
macroscopic scale by direct contraction. Because of its
pertinency to create homogeneous layers with a broad
variety of materials [4] within the presented project the
Aerosol Jet Printing process is investigated to build up
complex structured stack actuators (see figure2) based on
silicone-elastomers with a layer thickness below 20um.
Besides the dielectric structures, in order to improve the
mechanical characteristics of DEA, the electrode layers are
also built up of printed elastomers, compounded with one
to two weight percent carbon-nano-tubes.

Figure2 Creation of a stacked DEA by Aerosol
Jet Printing

Another key aspect of the research is the development
of lightweight power electronics for mobile DEA-based
robots. To improve the overall specific power of a complex
kinematic system only one central high-voltage source
shall drive a large number of actuators, while their
individual contraction is controlled with a principle based
on the pulse width modulation (PWM). Using PWM
permits the substitution of DC-DC converters for each
actuator by single lightweight semiconductor elements like
optocouplers [S5] or insulated gate bipolar transistors. The
usage of PWM may also allow sensory analysis of active
DEA by using the known PWM signal as a reference for
measuring the current capacity of an actuator.

With the reaction of DEA to applied voltages
depending on the actual state of deformation of the
actuator, new mathematical models describing DEA are



developed. In this third main research task, the electro-
elastostatic description [6, 7] is the starting basis for an
extension to the dynamic description. New tools based on
structure preserving methods are developed to efficiently
determine solutions for DEA models by numerical
simulation. This allows forward dynamics, the optimal
control of robot kinematics, and may lead to the
development of models suitable for the real-time control of
single DEA.

Considering the expected run-time complexity of
mathematical models for DEA, a new set of controlling
hardware is needed, as normal workstations are not
suitable for application in mobile robots. Therefore the
development of a combined system of micro-controllers
and FPGAs is the fourth and final focus within the
presented project to control DEA in real-time in an energy
efficient way.

3 Future objectives

The described five-year project aims at the
development of an energy self-sufficient and mobile robot
platform inspired by a capuchin monkey to demonstrate
the capabilities of DEA based kinematics regarding
dynamic environment interactions, that extend the actual
state of the art in robotics.

4  Open questions

Q1: How to produce stacked Actuators with thousands
of layers? Q2: Can DEA be controlled by PWM? Q3: Can
DEA be controlled online? Q4: Can a two legged robot be
capable of highly dynamical movements like jumping?
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1 Motivation

Feline locomotion combines great acrobatic proficiency,
unparalleled balance and higher accelerations than other an-
imals. To date, many biologists have tried to decipher the
mistery behind feline locomotion, with special contributions
from Engberg and Lundberg [1], and Goslow [2], using an-
imal observation to draw conclusions on their locomotion.
Although greatly contributing to better understand animal
locomotion, its innerworkings are still not well explained.

Understanding animal locomotion and, possibly, apply-
ing this knowledge to reproduce self-stability in robots have
been the objective of many biomimetic researchers. Dif-
ferently from biologists, biomimeticists try to recreate bio-
logical systems and draw conclusions based on experiments
performed with this new artificial system. Among reasons
for this approach we could mention the controllability of the
artificial animal, the capacity to isolate or freeze parameters
( e.g. redundant muscles) or even replace parts for different
experimental settings ( e.g. different limb lengths).

Considering a highly complex biological leg, such as
cats hindlimbs with more than 30 muscles, recreating such
morphology would be very difficult. Combining so many
compliant muscles and tuning such redundant structure
would be extremely burdensome, requiring biomimeticists
to simplify the structure to a level where a gait may be
produced while still using a biologically valid morphology.
This creates the concept of degree of biomimeticity: how
close and truthfully robots may resemble animals? A robot
with a higher degree of biomimeticity may resemble real an-
imals in more aspects than lower ones.

Motivated by a better understanding on how felines
excel when compared to other animals, we developed a
quadruped robot capable of stably walking through a sim-
ple leg unloading rule. In the actual development phase this
robot possess highly compliant hindlimbs, with 8 muscles
each, attached to a sliding strut, simulating cat stepping at a
muscular level and thus being the most faithful representa-
tion of biological cats in real environments to date. In Fig. 1
we show a picture of our experimental setting.
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Figure 1: Picture of experimental setting with Pneupard’s
hindlimbs attached to a sliding strut.

2 State of the Art

Many quadruped robots have been developed in the last
few years (e.g., [3] [4]) with different views regarding de-
grees of biomimeticity. Works such as [5] allows the study
of a cheetah by simply reproducing movements with elec-
tric motors, having a low degree of biomimeticity. Works
from [6] and [7] adopted monoarticular pneumatic muscles
as actuation means, while [8] adopted exclusively biarticular
muscles for this purpose.

The most biologically faithful works hitherto would be
Pigorass [9] and Ekeberg’s cat [10]. These works com-
bine mono and biarticular muscles in a skeletal structure,
allowing the study of individual muscles during locomotion.
However, Pigorass adopts only ten active muscles for its en-
tire body, which has simplified forelimbs to reduce the to-
tal degree of freedom, not resembling feline walking. Eke-
berg, on the other hand, proved that a muscular structure,
with bi and monoarticular muscles, is capable of produc-
ing a very adaptive behavior, performing well even against
disturbances in a groundbreaking computer simulation envi-
ronment. The unloading rule, proposed on the same work,
associates the end of stance phase to the reduction of the
reaction force on the soleus muscle.
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Figure 2: Muscular structure on hindlimb. Monoarticular, biar-
ticular and passive muscles are depicted in red, green
and yellow, respectively.

It is a biomimetic belief that to successfully connect the
knowledge obtained in biological experiments to robots, re-
producing their behavior, a platform which replicates the an-
imal is needed. Hence, building quadruped robots to repli-
cate cats and dogs will help us understand locomotion.

3 Approach

We tackle the problem with a deeper biomimetic ap-
proach. Differently from usual quadruped robots, we devel-
oped a pneumatic quadruped robot (named Pneupard) with
air muscles as actuators. Such muscular morphology was
chosen considering muscular importance for locomotion.

The hindlimb is composed of 8 muscles, while the fore-
limb, still under construction, only possess 7. On the
hindlimb 4 muscles are monoarticulars: biceps femoris (hip
extension), iliopsoas (hip flexion), vastus lateralis (knee ex-
tension) and soleus (ankle extension), while 3 are biarticular
muscles: semitendinosus (hip extension and knee flexion),
rectus femoris (hip flexion and knee extension) and gastroc-
nemius (knee flexion and ankle extension). One last muscle
provides abduction of the leg (similarly to gracilis or caud-
ofemoralis), being opposed by a passive adductor spring.
The hindlimb structure is depicted in Fig. 2.

The artificial muscles used on Pneupard are composed of

Table 1: Pneupard’s key characteristics

Property Value
Hindlimb length 810 mm
Body width 300 mm
No of degrees of freedom 8
No of active muscles 16
Hindlimb weight 600 grams
Total weight (without strut) 3.0kg
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Figure 3: Muscular activation pressure during walking.

a rubber tube surrounded by a nylon braided sheath, which
controls the expansion of the tube when air is supplied. The
contraction produced by such muscle is enough to actu-
ate the joints and are strong enough to support the robot’s
lightweight body. The overall specifications for the robot
can be found in Table 1.

Similarly to Ekeberg’s approach, we produce a stable
walking gait on a robotic hindlimb attached to a sliding
strut, simulating the forelimbs. Adopting a muscular pattern
based on feline EMG walking data [1] we controlled seven
muscles responsible for flexion/extension of the hindlimb.
Movements related to abduction/adduction were constrained
by the 8th muscle with constant pressure, allowing some
compliance for lateral movements.

In Fig. 3 we can see the behavior of four muscles during
walking on a treadmill. While gastrocnemius (GA) and vas-
tus lateralis (VL) act as extensors, working mainly during
stance phase, iliopsoas (IL) flexes the limb, acting during
swing phase. Semitendinosus (ST), as explained in biologi-
cal observations, has important roles during touch down and
lift off phases.

Applying EMG data while using a hindlimb unloading
rule, as proposed by a simulation in [10], generates a stable
walking. A FSR sensor was installed on each limb, register-
ing the reaction from the floor through a voltage divider con-
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Figure 4: Ground reaction force data from Pneupard on a tread-
mill. The right and left legs alternate their movements
during walking.

nected to the analog input from our microcontroller, which
sampled at 40Hz. Due to the curved shape at which the sen-
sor was submitted, the signal from the FSR sensor could not
be directly converted into force (N). Thus, the unloading rule
was implemented using voltage values as thresholds. In Fig.
4 we show ground reaction force data from the proposed
robot walking on a treadmill.

4 Discussion

Analyzing data from Fig. 4, obtained from the mus-
cular activation pattern from biological observation [1] [2]
combined with the unloading rule [10], we can see that the
walking produced is stable, with right and left legs evenly
alternating duty factor during gait. During swing phase,
characterized by the lack of contact between the leg and the
ground, we can notice that the FSR sensor value decreases
(being below the 3.5V).

The stability of the gait was high enough to overcome
construction differences between muscles from right and
left limb, which rendered the robot slightly assymetric. Al-
though not shown in the previous section, the adaptivity of
the robot was enough to overcome small blocks added dur-
ing the course of the treadmill walking.

In [10] Ekeberg produced a stable stepping of a simi-
lar structure within a simulation environment. Although the
activation pattern used by the same could not be fully rep-
resented in this work due to a different behavior from air
muscles, we aimed to reproduce the same experiment in a
real environment. The unloading rule alone was capable of
generating a stable alternating stepping, being a strong state
attractor. However, differently from Ekeberg, we also no-
ticed that the unloading rule is also a state attractor for a
bounding gait, though not as strong as the first state.

We approached legged robots with a deep biomimetic
view, using it as a way to replicate and better understand an-
imals. A broader knowledge about animal locomotion will
allow us, as a long range objective, to create better robots.

2.5 = Right Limb
2 = Left Limb

5 Open questions

To which extent using muscles on a robot will help us on
self-stability? What is the great benefit of muscles? Com-
paring pneumatic artificial muscles with elastic series actu-
ators, what are the merits of using one over the other? Is
the presence of legs enough to label a robot biomimetic? To
which extent is a robot biomimetic?

In the future will robots have muscles? How is the con-
trollability affected and at which point is it needed?
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1 Introduction

Humans can stably hold and skillfully manipulate an
object by the thumb and other fingers by coordinated
control of the complex hand musculoskeletal system. In
order to understand the neural control mechanisms of
human precision grip capabilities, precision grip in
macaques has recently been extensively investigated using
electrophysiology [1,2]. However, precision grip is a
mechanical phenomenon generated by dynamic
interactions among the nervous system, musculoskeletal
system, and a grasped object. To elucidate how the nervous
system controls a large number of muscle activations in a
coordinated manner to generate appropriate external forces
for stably holding and skillfully manipulating an object,
biomechanical analyses of macaque grasping based on an
anatomically plausible mathematical model appear to be
essential. In this study, we therefore constructed an
anatomically based musculoskeletal model of the Japanese
macaque hand and attempted to biomechanically analyze
macaque’s precision grip based on inverse dynamic
calculation.

2  Method

We constructed a 3D musculoskeletal model of the
Japanese macaque hand from computed tomography scan.
The hand skeleton was described as a chain of 20 links
connected by revolute joints, joint centers and rotation axes
of which were determined based on quadric surface
approximation of joint surfaces. A total of 23 muscles were
modeled as line segments connecting origins and insertions,
based on the results of cadaver dissections. The maximum
force generated by the muscle was determined based on the
measured physiological cross-sectional area of the muscle.
This anatomically accurate model of the Japanese macaque
was then loaded into musculoskeletal simulation software
Anybody Modeling System (AnyBody Technology,
Denmark) for inverse dynamic analysis of the model. The
hand movement during a precision grip task in one adult
Japanese macaque was filmed using five video cameras
(iVIS HF S21, Canon). The macaque has been trained to
grip, hold and release pinch levers with its thumb and
index finger according to movement of cursors displayed

on a monitor and the electromyographic (EMG) of hand
muscles during the task were recorded simultaneously.
From the motion images, well-recorded precision grip
sequences were manually digitized frame-by-frame, and
3D movements of the joint positions were calculated. The
hand musculoskeletal model was then matched to the
recorded motion data by minimizing the sum of distances
between each motion-captured joint position and the
corresponding joint on the model. The reaction forces
applied to the fingertips were measured by the strain
gauges attached to the pinch levers and were input to the
model for inverse dynamic calculation. The sum of the
cubes of muscle stress was used as an objective function to
solve for the muscle recruitment problem [3].
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Figurel A,B: Skeltal(A) and musculo-skeltal(B) model of
the Japanese macaque hand (dorsal view), C: The monkey
controlled cursors on a screen by pinching two levers with
a thumb and index finger

Figure2 Reconstructed skeltal kinematics A: Levers are
released, B: Levers are pinched
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3  Result and Discussion

Figure 2 shows the reconstructed musculoskeletal
kinematics of Japanese macaque hand during the precision
grip task, indicating that the hand musculoskeletal
movements were successfully reconstructed using the
model-matching method. It is generally regarded that the
first dorsal interossei (1DIQ), flexor digitorum super
ficialis (FDS) and abductor pollicis longus (ABPL) are
important for generating a precision grip task. Our inverse
dynamic analysis revealed that the 1DIO and FDS were
activated when the levers were pinched and the ABPL was
in active when the levers were released. The estimated
muscular force patters are generally in accordance with
EMG data, demonstrating the validity and efficacy of the
constructed model analysis scheme for comprehensive
analysis of precision grip control in primates.

4 Open questions

What we would like to understand is how temporal
activities of hand muscles are generated in a coordinated
manner during the highly complex precision grip task. It is
recently suggested that the muscle synergies (co-activation
of hand muscles) facilitate the control of the complex and
redundant musculoskeletal system and spinal interneurons
are the key to understand the muscle synergies [4]. We
would like to discuss how we can tackle this problem using
our model.
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1 Motivation

The addition of a flexible spine to quadrupedal robots
is motivated by a desire to improve energy efficiency, ro-
bustness, and range of motion over comparable rigid spine
quadrupedal designs.

2 State of the Art

In 1996, Leeser built a planar quadruped robot with hy-
draulic hip, spine, leg actuators, and passive air springs in
the legs [5]. Leeser demonstrated his control strategies on
a treadmill with the robot mounted on a planarizing boom.
Another robot, Canid [4], has electrically actuated hip joints,
as well as an actuated spine with an elastic element. The de-
sign of controllers for Canid is an open research problem,
and serves as a motivation for this work.

Simulation work with actuated-spine models includes
that of Haueisen, who considered the effect of an actu-
ated spine on a planar quadrupedal model consisting of 6
point masses connected by rigid links and actuated rota-
tional knee, hip, and spine joints [3]. Culha considered a
similar model, but with passive linear spring-damper legs
[2]. In both cases, the spine is actuated and does not include
a passive elastic element.

Work by Poulakakis et. al. has studied the stability of
passive dynamics of a bounding saggital plane quadrupedal
model with a rigid spine [6]. More recently, Poulakakis and
Cao have studied the passive dynamics of a similar model
with an unactuated flexible spine, and discovered families
of unstable fixed points [1].

3 Approach

We consider a model consisting of two point masses lo-
cated at the hip joints, a passive torsional spine spring, and
passive linear spring-damper legs (Figure 1). There are ac-
tuators located at each hip. However, due to the massless
legs, the hip actuators are only effective one at a time during
the stance phase of the connected leg (our model excludes
double-stance configurations). The control inputs, therefore,
comprise the leg angles (set at the moment the leg leaves the
ground) as well as a torque signal 17, defined during stance.
Controllers to compute these signals must be designed in or-
der to stabilize the system.

In order to study the body pitch dynamics analytically
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Figure 1: (a) Schematic model of the planar quadruped model
showing the point masses, springs, and hip actuator.
(b) Simplified view showing ground reaction force vec-
tor, orthogonal force components, and center of mass

and derive a control law to stabilize the body pitch dur-
ing stance, a simplified model (Figure 2) is derived as fol-
lows. The legs are removed from the higher order model,
the masses are assumed to be equal, and only two degrees of
freedom (r and 0) are allowed. The torsional spring (with
spring rate K; and neutral angle 6)) at the center of the spine
is unchanged. The distance from each point mass to the
spine joint is L. A torque 7 can be exerted about the cen-
ter of mass, but no other external forces are allowed.

Figure 2: Simplified system used to derive feedback law

Using 0 and r as generalized coordinates, the equations
of motion for the simplified model can be derived as
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Then, by algebraic manipulation, the desired torque
about the center of mass during stance 77, (¢) can be defined
in order for the error dynamics of 8 to match that of a second



order spring-mass-damper system with natural frequency @
and damping ratio £. We choose & = 1 to give a critically
damped response. @ can be tuned based on the tradeoff be-
tween response speed and peak actuator torques.

Tpp = —2mr* |00 — Byep) +2(E — g)(é —ber)|

The body pitch reference signal 6.y was chosen to be
a piecewise quadratic-linear function with constant accel-
eration until the desired angular velocity is achieved. The
magnitude of the acceleration and the final velocity are com-
puted for each step based on the duration and final pitch an-
gle and angular velocity of the previous step.

The desired body torque about the center of mass can be
achieved by applying an appropriate actuator torque during
stance. Using the notation in Figure 1(b), consider the point
of contact to be the origin, and X}, to be a vector pointing to
the location of the back hip mass. Also, we define X, to
point to the center of mass, and X, to be a unit vector normal
to Xp. The spring-damper in the stance leg will produce a
force Fy directed along X;,. F, is a force along X,, that can
be generated by the hip actuator torque Tj;,. Summing FgX),
and F,,)?n gives the total ground reaction force ? If ? is
directed through the center of mass, there is no net torque.
Otherwise there is a torque on the body that can be used to
control O during stance, as shown previously. Equation 3
gives an expression for the actuator torque Tj;, to achieve
the desired torque about the center of mass Tyy,.

e = —
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Using this control technique, we observed gaits which
appear stable over several steps, but where the horizontal
velocity of the center of mass slowly varies. Introducing an
additional control law to set the rear leg angle at touchdown
as a linear function of forward speed stabilizes the gait.

3)

Gait stability was investigated by first identifying fixed
points, and then computing eigenvalues of the Jacobian near
the fixed point. Fixed points were identified by running the
simulation for several steps to bring it near the fixed point.
Then, starting from that initial guess, we use a numerical
optimizer to solve the non-linear least squares problem:

Xyp = argmin||X;q [k] — Xiq[k + 1] 2. “4)
er[k]

Once a fixed point is identified, the Jacobian is con-
structed by varying each state individually by a small € and
simulating to the next touchdown state. If the eigenvalues of
the Jacobian have magnitude less than 1, then small pertur-
bations around the equilibrium state will die out, and stabil-
ity is demonstrated.

Our investigation centers around studying the parameter
values that give rise to stable fixed points with small eigen-
values (so that equilibrium is restored quickly after perturba-
tion). In particular, the tradeoffs between body speed, eigen-
value magnitude, and cost of transport are of great interest.

4 Discussion Outline

It is relatively easy to vary controller parameters and
generate a stable gait with a characteristic cost of trans-
port, forward speed, and largest eigenvalue. Consider these
three parameters to form a three-dimensional performance
space, with achievable designs occupying a subset of this
space. How can the bounds of the achievable design region
be determined in a systematic way? Is the magnitude of the
largest eigenvalue sufficient as a predictor of rough terrain
performance?
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1 Introduction

A dynamic movement is a very challenging task. To
date, robots have been able to achieve dynamic movements
such as running and hopping[1] which are cyclical move-
ments. In such moments, robots can try to close to the target
value in many times. On the other hand, there are some re-
search of non-cyclic motion, so-called “one-shot motions”.
This research aims to realize jump which is one-shot dy-
namic motion in robots. Specifically, we control the direc-
tion in which a musculoskeletal robot jumps.

Pneumatic artificial muscles (PAMs) are often used to
dynamic movements in robots. PAMs generate force non-
linearly with respect to muscle length. In the neighbor pos-
ture which robots generate high torque, small sensing errors
of robot’s posture create large errors of torque. In addition,
the robots can jump in limited posture, because the robots
can generate high torque in limited posture. For this rea-
son, it is not well-suited method that to physically tip robot’s
posture in the desired direction, which is the most intuitive
method for controlling jump direction in robots. Therefore,
it is necessary to control jump direction without changing
initial posture. This problem is able to be solved by chang-
ing the torque-angle relationship.

There are some researches of pneumatic-electric hybrid
actuators to control high torque[2, 3]. Both studies com-
bined in parallel the two types of actuators to compensate
for each other’s weaknesses, low output of electric motors
and time-delay of pneumatic actuators. And however they
have no mention of the posture problem, both studies control
high torque well. So, we propose a new pneumatic-electric
hybrid system for changing the torque-angle relationship.

2 Materials and Methods

Regarding the hindlimb model, we designed it to re-
flect the gluteus maximus (GMAX), rectus femoris (RF),
and gastrocnemius (GAS) as shown in Figurel (a). These
muscles are antigravity muscles for jump. We calculated the
length of PAMs which is depend on the joint angle 6 and
motor angle ¢.

McKibben-type PAMs generate tension F as a function
of muscle length in the following way[4].
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(a) Model of TARCS.
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(c) Torque-angle relationship of GMAX.

Figure 1: TARCS (hindlimb) and torque-angle relationship of
GMAX.

where A and B are the specific contact number for each mus-
cle, p is inner pressure, 0 is joint angle, and L is length, L,
is maximum length of each muscle. And, the torque T which
each muscle generates is calculated as a following function.

JdL
26
Next, we determined the torque-angle relationship. Mus-
cles are attached via pulleys, and Electric motors move pul-
leys. Control of motor angles create the changes of muscle
length L, and the moment arm of muscle dL/d 8, and finally
torque 7. We can design the relationship between muscle
length and angle by changing pulley’s size, pulleys’ posi-
tion and motor’s position. We call this system torque-angle
relationship control system, TARCS. Figure 1 (c) is example
of torque-angle relationship for GMAX, which we found to
have a dependency on the angle of the motor-1.

T=—F(L) @

3 Robot Experiments

We constructed a single robotic hindlimb to test whether
direction specificity can be achieved using the above de-
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Figure 2: GRF & MOF Profile.

sign (Figure 1). CFRP pipes and ABS resin were used to
construct the skeletal structure. With respect to TARCS, a
Dynamixel 12A+ servo motor was used to rotate aluminum
parts equipped with pulleys.

To ensure that the above system indeed generates torque,
we first measured the Ground Reaction Force Profile (GRF
Profile) which is the magnitude of force applied by the one-
legged robot upon contact with the ground. In the experi-
ment, we fixed the robot’s posture and measured its ground
reaction force with force plate when applied air pressure was
set to 0.0 or 0.2 MPa for each of the three muscles. The mag-
nitude of observed force as well as its directionality (x- and
y-components) were plotted. Two different initial motor-1
angle configurations were tested.

Next, the obtained GRF Profile was compared to the
theoretically-derived Maximum Output Force Profile (MOF
Profile)[5]. The GRF Profile’s horizontal force became
lower than MOF Profile’s. One of the reason is that the toe of
one-legged robot slipped on the force plate. However, Both
profiles underwent a similar change by a motor. Both pro-
files are extended to the right by the changing of GMAX’
s route, and downward to the left by the changing of RF’s
route(Figure 2).

4 Simulation Experiments

To confirm the hypothesis that controlling motor an-
gle causes changes of jump direction, we constructed a
quadruped robot model and simulated its movements with
dynamic simulator, OpenHRP3. The size and mass of the
quadruped were decided by considering the actual develop-
ment of the robot with TARCS. In the initial state, the robot
is pushed into upright posture by injecting air to the PAMs in
the forelimb and GMAX. Then the robot rotates the motors,
and thrusts the ground using its hind limb. We measured
the highest point of the center of gravity (COG) during the
robot’s jump, then measured the horizontal jump distance as
the distance travelled from the starting point to the highest
point (Figure 3). Control of motor-1’s angle caused changes
in the horizontal jump distance, up to 0.15 m. Control of
motor-2’s angle also caused changes.
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Figure 3: Jump distance of COG.

5 Conclusion

This paper proposed a unique hybrid system between
PAM and electric motor to control the direction in which
a robot jumps. A one-legged robot was constructed, and
we tested whether the observed GRF profile qualitatively
matched the theoretically-derived MOF profile. Finally, a
simulation was used to verify whether jump direction can be
altered by changing the electrical motor rotation angle. In
future works we will construct a four-legged robot using the
proposed design and attempt to dynamically control its jump
direction.

6 Open Questions

In this paper, we showed that the jump direction of the
robot is changed depending on the motor angle. However,
we have still yet to fully understand how these parameters
should be used to control jump direction.
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1 Hardware platforms and project ideas

The field of robotic research applying legged machines

and robots is growing quickly, but it is still facing a major
discrepancy of performance, quality, and complexity, com-
pared to their biological counterparts.
A lack of appropriate off-the-shelf hardware platforms, a
lack of open-access to dynamically running legged robot
platforms, and missing comparative studies between exist-
ing quadruped platforms (mis)leads researchers to re-invent
and re-design own quadruped robots, from the scratch. As
research of legged locomotion should be the goal, and not
research about its tools (the robots per se), this can be a
frustrating and time consuming process. Research in dy-
namic legged locomotion would benefit from free and easy
access to blueprints, and studies where different robot de-
sign choices can be tested and compared rigorously against
each other. A future, better-performing platform could be
assembled from the best-performing components (actuators,
sensors, driver code, controllers) and principles (type of ac-
tuation, type of control, sensing, leg design, trunk design,
compliant design) of existing systems.

We shortly present two quadruped robot platforms.
CheetahCub-robot was developed at BioRob [1], of an older
version with lower speed and capabilities [2]. Oncilla-
robot was developed at BioRob/EPFL in cooperation with
ResLab/UGhent. Both robot platforms use a four-segment,
pantograph-based leg design [3], and are roughly similar
in dimensions. Of the two platforms, Oncilla-robot is the
successor of CheetahCub-robot, with more sensor capabil-
ities (Table 1), improved actuation, but also higher com-
plexity and cost. CheetahCub-robot and Oncilla-robot were
designed with multiple purposes; one of them includes re-
search on the pantograph-like leg structure, and its implica-
tions for dynamic locomotion.

Oncilla-robot is being developed as the quadruped robot
platform of the European AMARSI project, ... aim[ing] at
a qualitative jump in robotic motor skills towards biologi-
cal richness.”’[4], and is also meant to help comparing and
analysing data from Biology and Robotics [5]. The en-
tire Oncilla-robot platform will become open-source soon.
This will include blueprints of all mechanical and electrical

components and assemblies, firmware, communication, and
driver programming code.

Due to its similarity in structure, both systems are easy to
compare: CheetahCub-robot reached dynamic trot-gaits (up
to 1.4ms ™!, 6.9 body lengths per second, Froude number[6]
FR=1.3, cost of transport COT=6JN"'m~!) [7]. Chee-
tahCub shows self-stabilizing properties, where open-loop
locomotion patters lead to decreasing pitch and roll angles
at increasing robot speed. The robot also performed well at
step-down obstacles, again without using sensory feedback.
Oncilla-robot is currently undergoing rigorous tests, show-
ing already good trot gait speed (v=0.55ms "), at lower cost
of transport, around COT=3JN"'m~!. Hence, the effect of
using stronger, more heavy motors and smaller gear box ra-
tios is reflected by the lower cost of transport of Oncilla-
robot.

Oncilla-robot was designed with having certain draw-
backs of CheetahCub-robot in mind. The RC servo motors
of CheetahCub robot are modular, very compact and light-
weight, easy to control, relatively cheap, and require not ex-
ternal control PCB. However, their small motor size (around
12W) and the extremely high gear ratio (around 300/1)
leads to a very high power consumption at fast and high fre-
quency gaits, up to 10JN~'m~!. This showed to be a limit
for long-lasting experiments, RC-servo motors defected at
robot speeds higher than 1 ms~!, without taking long cool-
down breaks. Oncilla-robot was designed with high-power
(90W) brushless motors, which can deal better with heat
induced by fast oscillating motors, and rapidly switching,
high torque profiles required for legged locomotion. Due
to the high motor output torque, a lower gear ratio leads to
better cost of transport performance. Equally, stronger mo-
tors allow for adequate load capabilities of Oncilla-robot.
Hence, more sensors, and power on-board could be imple-
mented. On-board sensing, improved actuation, and higher
weight however also require a more expensive (10 times),
more complex, and more load-bearing robot setup. From the
existing results with CheetahCub we expect robot speeds up
to 1 ms~! with Oncilla robot, but with significant lower cost
of transport, and typically at slightly higher gait frequencies,
above 357!



Table 1: Rough comparison of CheetahCub-robot and Oncilla-robot. We use the Hildebrand version of the Froude number: FR =v?g~ 'L~

with v the average robot speed, and the standing hip height as the leg length (L). Cost of transport is defined as COT= Pm

—lg—lv—l’

with P the full electrical power consumption for locomotion, and m the mass of the robot.

CheetahCub-robot

Oncilla-robot

Weight

Leg length, width foot-foot, hip-shoulder
Computation, communication, power on

board
Sensors

Active DOF per leg
Leg design

Actuation per leg

Gear ratio hip, knee, ablation
Speed max trot, walk

FR max trot, walk

COT best, max FR

1.1kg

0.15m,0.11m, 0.21 m
RB110, wireless and PWM
50Hz, tether

RC-internal absolute encoder
for hip and knee

hip, knee

pantograph, 3-spring system,
4 segments

2x RC servo motor

297/1, 297/1, none
1.4ms™!, 0.75ms™!
1.33,0.38

59IN"'m~!, 10JN~Im~!

3.7kg

0.17m, 0.14m, 0.225m

RB110, wireless, RS485 high speed bus, bat-
tery on board

IMU 9axis, 3x absolute joint encoders per leg,
horizontal and vertical force sensing per leg,
hip and knee relative encoders per leg, robot
power consumption, RC servo encoder

hip, knee, ablation

pantograph, 3-spring system, 4 segments

2x 90W brushless 4-pole motors, 1x RC servo
motor

84/1, 56/1, 297/1

0.55ms™ 1, ...

0.33,...

3IN"Im~1, ...

Diagonal spring
Parallel spring
Knee cable mechanism

L2-segment

L3-segment

(b) CheetahCub-robot, CAD

Figure 1: Links to movies of both robots can be found in sec-
tion 3. Both robots are roughly house cat-sized, Chee-
tahCub being less heavy (1.1kg) than Oncilla-robot
(3.7kg).

2 Open questions

Research questions for both robot platforms
CheetahCub-robot and Oncilla-robot are related to the

design of the mechanism, the controller, and the resulting
gait characteristics. Above robot platforms are very similar
in mechanics, this includes the leg design, but also the center
of mass. With the upcoming development of bio-inspired
quadruped and legged robots, it becomes interesting to
identify required “blueprints”, and see their dependence on
the expected gaits.

1. Leg design: Raibert’s quadruped robot design [8],
featuring prismatic legs, and a three-parted controller
proved that engineering a quadruped robot can work
extremely well. Succeeding robots (BigDog [9], Al-
phaDog) seemingly feature similar base-controllers,
but have switched to different leg design. The exact
influence of leg segmentation and leg design will
require more work, and presents a challenging task.

2. Until recently, gait and locomotion controllers for
quadruped robots, at higher comparable speed, re-
lied on feedback loops. Reflex-based controllers
(e.g.CPG [10]) were implemented, or model based
control (e.g.Scout 2 [11]). With CheetahCub-robot
we can show that with the appropriate leg configura-
tion, and an adapted controller, higher-speed, open-
loop, and self-stabilizing locomotion is possible. We
propose that for level-running, a robot should be capa-
ble of open-loop running, i.e. feedback, either model
or reflex-based, should only be necessary when facing
obstacles, or perturbations.

3. Somewhat like airplanes, legged robots such as
quadruped robots require a low mass to size ratio, to
succeed with high-speed gaits. Calculated, controlled
passive deflections in leg or trunk structure can be ad-
vantageous. Compliant elements can reduce the robot



weight, by replacing actuators, and by redirecting, in-
tegrating, and accumulating/freeing forces and ener-
gies. However, simple, linear, and passive compliant
systems typically restrict a robot system to one pre-
ferred frequency. How can one force or stimulate a
simple passive compliant system into multi-mode lo-
comotion with a large range of dynamics?

4. Together with intrinsic stability characteristics of
the robot, the number and types of sensors define
the robot’s capabilities. Certain controllers require
state estimations, e.g.a standard SLIP-like control
would require the information of the instantaneous hip
height, speed, and the leg angle in world frame co-
ordinates. While off-the-shelve sensors become eas-
ier accessible nowadays, good quality ones can still
be very expensive (IMU, load cells). Which sensors,
and which controller present a robust and easy to
implement trade-off for a good legged robotic de-
sign?

3 Material

Movie links to CheetahCub-robot and Oncilla-robot are
available here:
http://tinyurl.com/d3okppf (CheetahCub-robot)
http://tinyurl.com/crypjy8 (Oncilla-robot)
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1 Motivation

The purpose of this research is to realize and analyze
Multi-Legged Passive Dynamic Walking(PDW). Although
various studies of PDW have been conducted based on the
PDW’s interesting features, almost all these studies dealt
bipedal robots. There are many walking creatures which
have more than four legs in nature. And the animal which
routinely do bipedalism is just only human. So, to reveal
the principle of walking, it is also important and interest-
ing to analyze whether PDW robot with four legs or more
is realizable or not. Moreover, it is well known that many
multi-legged animal shows various locomotion (pace, walk,
trot...) depending on variety factors, such as size or lo-
comotion speed. And it is also known that bipedal PDW
robot can also show a bifurcation phenomena depending on
a change in slope angle or the robot’s parameters. Then, it is
also interesting to reveal whether multi-legged PDW robot
can change it’s locomotion depending on a slope angle or a
structure of the robot.

2 State of the Art

Up to now, PDW has been mainly studied with bipedal
robots. A few research related to Quadrupedal PDW[1, 2]
were already carried out but these were only simulation
base study. We also were interesting in multi-legged PDW
and have studied multi-legged PDW and tried to realize
and analyze it’s locomotion. Especially, we developed
a quadrupedal PDW robot “Jenkka-I"’[3] and super-multi-
legged PDW robots “Jenkka-II” and “Jenkka-III’[4] and
verified the possibility of Multi-legged PDW not only in
the simulation but also in the experiment with a real robot.
Moreover, in the simulation and experiment, we found an-
other interesting phenomena. In case of Jenkka-II, the ip-
silateral legs touched down from foreleg to hind-leg in or-
der (Fig.1(a)). Such locomotion pattern is called diagonal-
sequence(DS) in [5]. Whereas, ipsilateral legs of Jenkka-III
touched down from hind-leg to foreleg in order. (Fig.1(b)).
This locomotion pattern is called lateral-sequence(LS). It
is known that the “walk” locomotion of Quadrupedal an-
imal can be varied according to species[5]. It seems that
the difference of touch down sequence of Multi-Legged
PDW is related to the difference in “walk” locomotion of
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Figure 1: Simulation results of Multi-Legged PDW robot
“Jenkka”

Quadrupedal animal. Then, in this paper, we carry out a
more detailed gait analysis of Multi-Legged PDW with nu-
merical simulations.

3 Own approach to this question

Jenkka series robots are consist of fundamental bipedal
components and bodies which connects each bipedal com-
ponents(Fig. 2). The basic structures of Jenkka-II and III
are almost same and one of the biggest difference between
Jenkka-II and Jenkka-III is the number of legs (Jenkka-II
has 6 legs and III has up to 20 legs). However, Jenkka-III
showed the same LS locomotion even when the number of
legs was reduced. Other large difference between Jenkka-II
and III is the size of robots. The weight and length of leg
of Jenkka-II are 120[mm] and 0.395[kg]. Those of Jenkka-
IT are 100[mm] and 0.207[kg]. Hence, we expected that the
difference of gait between Jenkka-II and III might be derived
from the difference of the fundamental bipedal component,
especially the difference of height of center of mass of a
leg. Therefore, we attached additional weights to the legs of
robot model and investigated a change of gait when the posi-
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Figure 2: Basic structure of multi-legged PDW robot “Jenkka”
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tion of the weight was moved and the center of gravity(CoG)
of leg hcoc was changed(Fig. 3).

4 Discussion outline

Figs. 4 shows simulation results in case of 4-legs and
12-legs. From these figures, it can be seen that LS and
DS were observed in both case of 4-legs and 12-legs and
it is verified that the difference of gait was not derived from
the number of legs. Here, it should be noted that LS gait
was emerged when the position of CoG was high and DS
gait was emerged when the position of CoG was low. This
tendency was obtained even when the number of legs was
changed. Next, we calculated a diagonality, which is defined
as aratio of stride interval hat footfall of forefoot follows hid
on same side. When the value of diagonality is lower than
50%, the gait corresponds to LS gait. On the other hand, the
gait is DS when the diagonality is higher than 50%. Fig. 5
shows the calculated diagonality. From this figure, the di-
agonality is practically independent with a slope angle and
is strongly affected by the position of CoG. In the previ-
ous research[5], it was reported that camel and horse, whose
CoG were comparatively high, usually showed LS gait and
primate, whose CoG were low, showed DS gait. Our sim-
ulation result corresponds to this previous results and then
seems to be significant.

5 Open questions

The result of this paper is only the first step for the gait
analysis of multi-legged PDW. It is necessary to analyze
the correspondence relation between a locomotion of ani-
mal and that of Multi-Legged PDW in detail. Moreover, it is
interesting that multi-legged PDW robot can show a high di-
agonality value locomotion (over 90%) because any animal
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Figure 4: Gait with respect to the position of center of gravity
and slope angle. DS: diagonal-sequence. LS: lateral-
sequence. U: undetermined
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whose diagonality is more than 75% has not been discovered
until now.
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1 Introduction

Living systems exhibit remarkably versatile behaviors
by exploiting numerous degrees of freedom (DOF) in their
bodies. Owing to this behavioral diversity, living systems
can generate adaptive behaviors according to the situation
encountered, by actively interfacing between such complex
body dynamics and their dynamically changing environ-
ment. This research attempted to understand how living sys-
tems orchestrate and exercise such complex body dynamics
(i.e. numerous DOF) to generate adaptive behavior and use
the findings to build life-like robots that exhibit truly adap-
tive behaviors.

To this end, we focused on one of the most primitive
living organisms: the plasmodium of true slime mold. The
plasmodium is a large amoeba-like multi-nucleated unicel-
lular organism, with motion driven by spatially distributed
biochemical oscillators in the body [1]. These oscillators
are coupled each other hydrostatically by tubes filled with
protoplasm and induce rhythmic mechanical contractions,
leading to a pressure increase in the protoplasm, which
in turn generates protoplasmic streaming according to the
pressure gradient. Hence, the interaction between the ho-
mogeneous elements (i.e. the biochemical oscillators) in-
duces global behavior in the plasmodium in the absence of a
central nervous system. Yet, despite such a decentralized
system, the plasmodium exhibits versatile spatiotemporal
oscillatory patterns and, more interestingly, spontaneously
switches between these patterns [1]. Through interfacing
between such body dynamics and its environment, the plas-
modium is thought to be capable of exhibiting adaptive be-
havior according to the situation encountered.

Two important factors help the plasmodium exhibit such
oscillatory patterns: phase modification of the oscillators
and physical communication (i.e. morphological commu-
nication) stemming from protoplasmic streaming. Due to
the hydrostatical connectivity, long-distance physical inter-
action is induced between the oscillators by generating pro-
toplasmic streaming through these tubes. This physical in-
teraction leads to phase modification based on the pressure

(i.e. mechanosensory information) applied by the proto-
plasm [2]. In light of biological knowledge, the versatile
oscillatory pattern is attributed mainly to the synergistic ef-
fect of the phase modification and morphological communi-
cation stemming from the protoplasmic streaming.

Here, we introduce a mathematical model for a de-
formable amoeba-like robot, which is driven by many hy-
drostatically coupled oscillators. The key feature of this
model is that the robot can generate adaptive behavior by
spontaneously interfacing between the hydrostatically cou-
pled mechanosensory oscillators and forces from its envi-
ronment. The results are expected to shed new light on a de-
sign scheme for life-like robots that exhibit amazingly ver-
satile and adaptive behaviors.

2 The model

2.1 Mechanical system

The robot comprises several homogeneous modules and
a center joint unit (Fig. 1). Each module is composed of a
sealed air cylinder filled with fluid (i.e. the protoplasm for
this robot), real-time tunable spring (i.e. a soft actuator that
we have proposed) to push or pull the protoplasm inside the
cylinder, and its control system (i.e. phase oscillators). The
modules are hydrostatically connected via the center joint
unit, which allows protoplasm exchange, and neighboring
modules’ edges are connected with an elastic outer skin.

The motion equation for the center joint unit and edge of
module i can be described as'

Nete = — Y (F* + F® + E?), (1)

]
nii=F+F*+F + F + @)
where F is the force from the actuator, F® is a constraint
force from the protoplasm that keeps the total length of the
cylinders constant’, and 17"i9 is the force from the torsion

'In this mathematical model, we assume that the dynamics of these
equations are slow enough to neglect the inertial force.

’In this model, we assume that the protoplasm is an ideal gas. Using
the ideal gas equation, we can calculate the pressure inside each cylinder.
Based on the pressure gradient between the cylinders, protoplasm is ex-
changed between the cylinders (i.e. protoplasmic streaming).
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Figure 1: Schematic of robot composed of several homogenous
modules and center joint unit

springs to form a radial structure. ﬁ}s is the force from the
elastic outer skinS. ﬁiE is the force from obstacles, which is
described as a soft-core potential.

2.2 Real-time tunable spring (RTS)
RTS is a device that can change its softness by altering
its resting length. The spring constant of RTS;, k;(¢;), varies

as follows: Ki(05) = @ /Li(6y), 3)
where « is a constant given by the material and geometric
properties of the elastic material, and ¢; is phase of the oscil-
lator embedded in each module. The resting length of RTS
i, Li(¢;), changes with ¢, as

Li(¢:) = Li(1+acos 1), “4)
dL;
= (I; — L;) + f;(attractant), 5)
B when module i detects
f(attractant) = attractant, (6)

0 otherwise.

Eq. (4) expresses the oscillatory variation of the resting
length of RTS i, where a is a constant in space and time
(0 <a < 1) and L; is the mean length. Eq. (5) shows that
L; is a variable that can be changed according to the actual
length of RTS and attractant. By setting f (attractant) as in
Eq. (6), L; become longer when the module detects the at-
tractant, implying that RTS becomes softer than the other
part (see Eq. (3)).

The RTS force, which can be sensed using an embedded

tension sensor, can be described as
HA o r,' - rC
F=k(Li— 1)

|7i — 7

)

where [;(= |F; —7.|) is the actual length. This active-passive
mechanical feature allows the soft actuator to have a “dis-
crepancy” between the controlled value L; and the actual
value /;. This discrepancy is essential to design the sensor
feedback in oscillator systems.

2.3 Control system
We introduce the dynamics of the oscillator model to be
implemented in each module. The oscillator is expressed as

h=0—=— (Z F 2) (8)
where o is the intrinsic frequency of the oscillator and the

second term is local sensory feedback used to reduce the
discrepancy (i.e., tension on RTS) [3].

31n this model, we assume the outer skin is linear elastic element.
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Figure 2: Snapshots of simulation result. The black objects are
obstacles that are described using soft-core potentials.

2.4 Friction control on center joint unit

To generate locomotion, the center joint unit has a
ground friction mechanism with two exclusive modes: an
anchor mode and anchor-free mode, based on time deriva-
tive of the protoplasm pressure in the center joint unit, p.,
which is given by

when p. > 0,
otherwise,

(€))

N = Nu (anchor mode) :
N = ML (anchor-free mode) :

where g > 1L.
3 Simulation results
To confirm the model validity, we conducted simulation
experiment using 50 modules in a complex environment.
The attractant come from the right-hand side. The model
successfully negotiated the environment and moved through
narrow space between the obstacles (Fig. 2).

4 Conclusion
The mathematical model of a deformable amoeba-like
robot driven by numerous hydrostatically coupled oscilla-
tors was presented.
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1 Motivation

The target of this paper is finding the best parameters of
the foot for walking using Hybrid zero Dynamics method.
This can be used in designing the robot feet or the pros-
thesis. Similar to human walking, during walking with the
curved feet, the center of pressure (CoP) moves forward
which is not accessible via point feet. The CoP movement
through walking with curved feet model is very similar to
both healthy human walking and walking with prosthetic
leg, previously reported in [1] and [2]. For example in [2],
the authors considered comparative roll-over characteristics
of prosthetic feet and the resulting ankle-foot roll-over shape
resembles a circle. The radius of this circle is obtained by
fitting the best circular arc to the measured data [1]. Also,
the curved feet are very popular in passive walkers which
can only move on slope without any actuation. In [3], some
approaches are presented to substitute the gravity with small
active power sources to walk on level ground. Hence this
model can be considered as an appropriate model both for
making simple bipedal robots and prosthetics. In this paper,
the effect of the foot radii on walking is investigated where
the foot curvature is invariant with respect to forward speed
and the load carried.

Hybrid Zero Dynamics (HZD) controller is selected
for walking on a flat surface, for its profound stability
background [4]. Through the significant role of the foot
shape and controller parameters on walking performance,
to achieve efficient, fast or human-like motion a specific
foot radius and controller parameter set are resulted from
our method. It may be resulted from the simulation that
energy consumption can be optimized with suitable selec-
tion of radii and the controller parameters. Also, the simula-
tion results show significant effects of feet curvature on the
robot’s velocity.

2 Model Description

A few researchers consider the compliant ground in
modeling [5] which it causes the double support phase to
be in non-zero duration. Although compliant ground is
more realistic, the uncertainties that are raised from the
mentioned assumption in modeling tends inaccurate results.
Also, it adds considerable complexity in the model via non-
Lipschitz continuous dynamics. Many researchers consider

instantaneous double support phase. In this paper, a curve
feet robot with rigid impact is modeled on level ground.

The advantages of using springs in legged locomotion
for energy efficiency are well documented [6]. The spring
may be used to store the energy at impact and release the
stored energy at take off. Also, the spring can isolate the
actuator from shocks that occurred at impact. Geyer et al.
showed that the compliant leg is necessary for human-like
locomotion [7]. In this paper, each robot leg consists of a
spring operating along the leg passively. Addition of the
curved feet to the popular SLIP (Spring loaded Inverted Pen-
dulum) template model approaches to a more realistic model
of human locomotion. BSCF (Bipedal SLIP + Curved Feet)
is the model used in this paper as shown in Fig. 1. The
resulted hybrid model has two sub-phases: continuous and
discrete. In the first phase which holds during single sup-
port, the dynamical equation of motion are illustrated below:

M(q)§+N(q,9)4+G(q)+C(q) = Bu (1)
where M(q) is inertia matrix, the matrix N(q,q§) contains

Coriolis term, the vector G(q) is the gravity vector and C(q)
is obtained the compliant term. When the swing leg hits the

Figure 1: (a) The BSCF model with states; ¢ = [q1;¢2;Ly]. The
parameters are given in Table. 1. (b) Bipedal robot with
curved feet.

ground, an instantaneous impact occurs which re-initializes
the robot’s configuration under the impact map A. It is as-
sumed that the spring in the swing leg is non-deflected. The
mentioned assumption is realistic because as soon as the
weight of the robot removed from the former stance leg, the
spring rapidly relaxes. The full hybrid model can be read in



Table 1: Model fixed parameters for human [8]

parameters symbol | value [units]
upper body mass My 54 [kg]
leg mass m 13 [kg]
leg moment of inertia I 1.38 [kg m?]
distance hip to leg CoM P 0.45 [m]
leg rest length Ly 1 [m]

the following equation:

r: { i @

where x* and x~ are the states just after and before the im-
pact, respectively. When the swing leg hits the ground, the
stance phase ends. This occurs when:

(Lg = R)cos(q2) = (Lo = R)cos(q1 —q2) =0 (3)

then the stance leg become swing leg and visa versa. The
model parameters are considered for a human with 80kg
weight and 1.9m height. (see Table. 1)

3 Controller Design and Stability Analysis

Virtual constraints, used in HZD-based controller, are
holomonic constraints which are satisfied virtually through
feedback controller for evolution of the robot components.
Virtual constraints tend to create a lower dimensional sur-
face which is hybrid invariant and exponentially attractive
under hybrid closed-loop system. The restriction dynamics
associated with the invariant surface is called the hybrid zero
dynamics. The compliance increases the degree of under-
actuation which results in complex conditions for hybrid in-
variance. This complexity is resolved in [9] with a method
called ”deadbeat hybrid extension”. Selection of the effi-
cient compliance is the second challenge. Compliant HZD
controller is employed for walking of MABEL as a com-
pliant bipedal robot [10]. We benefit the theory of virtual
constraints and feedback control to achieve an asymptoti-
cally stable periodic waking gait which was never utilized
for BSCF model before. By defining the output like the fol-
lowing equation

y=h(q) = ho(q) —hi(6(q)) “4)

where 0(g) is monotonically increasing function that de-
pends on configuration variables, the target is diminishing
y to zero. As you can see in equation (4), the output depends
only on the configuration variables. Due to second order na-
ture of the system, the derivative of the output along solution

of (2) does not depend on the input,

5% 9 ] d —M! (NZ:+G+C) }JF[M&B D

dh } q
9q ~M~'(Ng+G+C)

+[§—Z OHME)IB]M

)
Differentiating from the output once again results in
y=4 (%’;q')
— [ ﬂq oh } q
I? Iq ~M~'(NG+G+C)
L3h (6)
Ph . dh 0
+[ a9 ][M‘B}u
LeLsh

which it shows the relative degree of the output is two. The
matrix LgLyh is called the decoupling matrix. Invertibility
of the mentioned matrix at a given point ensures the exis-
tence and uniqueness of zero dynamics in a neighborhood
of that point [11]. The control input (7) results the output
asymptotically converges to zero,

_ 1 1
u=—(LeLyh) ! <L§h + ~KaLgh+ gzKph> (7

where K}, > 0 and K; > 0, also, € is a positive tunning scalar.

Like [4] and [10], Bezier polynomial is set as desired
function for evolution of variables in &o(q). Walking is de-
signed with the suitable selection of free parameters. In this
paper like [4] and [12], the selection of free parameters co-
incides with an optimization problem which its aim is min-
imization of the energy in one step length subject to peri-
odicity and actuator limitation. Finally, the stability of the
closed-loop system is investigated by numerical solution of
the restricted Poincaré map when the zero dynamics just af-
ter impact can be taken as a Poincaré section. A stability
margin criterion are exploited from Jacobian linearization
of the Poincaré map by the magnitude of the largest eigen-
values.

4 Results & discussions

As it said ealier, a suitable set of BeZier coefficients and
the fixed-point of the Poicaré map is acquired from an op-
timization procedure which we used *fmincon’ from MAT-
LAB optimization toolbox [12]. With a unique optimum set
of Bezier coefficients and fixed-point that determine desired
zero dynamics, the effect of different curvature radii is in-
vestigated. The related average velocity of the robot CoM
and consumed energy per meter are illustrated in Table. 2.



Table 2: The influence of foot curvature radius on walking

Radius(m) Energy per meter(kJ/m) Average velocity(m/s)
0.05 3.7962 0.6299
0.1 2.9595 0.6827
0.15 3.0489 0.8949
0.3 3.6909 1.4954

Table 3: The influence of foot curvature radius on robot stability

It can be seen that the higher velocities are achievable with
the larger R up to optimum value as stated in [2]. It may
be the result of swing time reduction since the swing leg
hits the ground earlier. Also, the simulation results show
that the consumed energy of the robot with the optimal con-
troller is strongly influenced from foot radii as it can be read
in Table. 2. The energy per meter values show that for the
same controller parameters K, and K, also, optimum pa-
rameters of Bezier for each values of foot radii, R = 10cm
is the most efficient one. As the Bezier paramters that re-
sulted from optimization change for different value of foot
curvature, distinction between the effect of radius and con-
troller is not detectable. In general, for a desired goal such
as the speed maximization or energy minimization, the de-
sired foot can be selected based on optimization procedure.
Fig. 2 displays the effect of this parameter on the trajectory
of the COM. Similarity of this trajectory to the CoM mo-
tion in human walking (e.g., as shown in [13], [14]) can be
considered as another performance index for optimization.
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Figure 2: The effect of feet curvature radius on the vertical posi-
tion of center of mass.

The next step is presenting a comprehensive perfor-
mance index for designing the foot. Then, with the pro-
posed approach it is easy to find the most optimum radius of
the foot. The same procedure can be used for designing our
robot foot (shown in Fig. 1(b)) which are under construction.
The mentioned robot is constructed from some substances
which cause the robot leg has longitude compliance. The
goal in our design procedure is energy minimization to find
the minimum torque to walk on a level ground like [3]. An
stability criterion is extracted from the Jacobian lineariza-
tion of Poincaré map where stability margin is the distance

Radius(m) Largest Eigen-value
0.05 0.3152
0.1 0.3035
0.15 0.1538
0.3 0.8882

of its largest eigen-value from the unit circle. As you can see
in Table 3, for considered values of foot curvature, R = 15¢m
has the the most stability margin among the other values,
in the other word, as the foot radii becomes greater up to
R = 15cm, the largest eigen-value of the Poincaré map Jaco-
bian linearization monotonically decreased. For R > 15, al-
though, the robot moves more anthropomorphic with larger
speed, but, it decreases stability margin of the robot and it is
not optimal from energy consumption point of view.

5 Future work

Active compliance design may be obtained when the leg

springs are replaced with prismatic joints. After designing a
controller for the robot with the mentioned change, it can fit
a spring in the desired behavior of the prismatic joints that
is resulted from the controller.
In addition of compliance in the leg of robot, the hip can
have compliance too, as in human body it exists. We want
to consider the effect of hip spring in our robot (as you can
see in Fig. 1(b)) and optimize the energy consumption in
presence of both hip and leg spring.
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