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Abstract— The human body was not designed by engineers
and the way in which it is built poses enormous control
problems. Its complexity challenges the ability of classcal
control theory to explain human movement as well as the
development of human motor sKkill s. It isour working hypothesis
that the engineering paradigm for building robots places svere
limitations on the kinds of interactions such robots can engage
in, on the knowledge they can acquire of their environment,
and therefore on the nature of their cognitive engagement
with the ewironment. This paper describes the design of an
anthropomimetic humanoid upper torso, ECCEL, built in the
context of the ECCEROBOT projed. The god of the projed
is to use this platform to test hypotheses about human motion
as well as to compare its performance with that of humans,
whether at the mechanical, behavioural or cognitive level.

|. INTRODUCTION

Standard humanoid robas mimic the human form, but the
mechanisms used in such robds are very diff erent from thase
in humans[1]. Typicaly these robats are designed acwrding
to the same enginegingtedchniques that are used in industria
robds, asis shown by the charaderistics of their bodes: they
are heavy and tiff, and use predse and paverful motors to
control joints with easily identifiable axes of rotation. This
contrasts heavily with the human body which is relatively
light and compliant, and has a noisy and redundant actuation
system controlling some complex joints (e.g. the shouder).

One important constraint that separates the human body
from that of an indwstrial roba is the environment that
eat has to cope with. Whereas the environment of the
indwstrial roba can be tailored to fadlitate its interadions
and adhieve its misson, the human body has to cope with
an extremely dynamic environment which is often hastile,
partially unknavn and unpedictable [2].

It is not only to interad with human environments that a
robas body hes to conform to certain principles; it is also to
interad with humansthemselves. The stiff aduation principle
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of most humanoids poses a mgjor threa to humans due to
the large anourts of inertia produced. Althoughadvancesin
roba control have shown that it is possble to buld safer
robds using standard aduation methods with computation-
aly controlled compliance, this has the weanessthat it is
not intrinsic to the robas body.

Probably the best known conventional humanoid roba
is Honda's ASIMO [3]. Althoughthe engineaing behind
ASIMO is of the highest quality, when looking at ASIMO
interading with its environment it is clea that the movement
patterns are often quite different from those of humans. For
example, when the roba walks, its torso is kept straight and
tiff, unlike the human torso which flexes and swings like
a pendudum to fadlitate bipedal locomotion in an upright
posture. If pushed while walking, ASIMO compensates
with stiffly controlled predse movements, quite different in
charader from the largely passve compensatory flexing of a
human or animal.

Our working hypdhesis is that the engineaing paradigm
for building robas places svere limitations on the kinds of
interadions auch robas can engage in, on the knowledge
they can aqquire of their environment, and therefore on the
nature of their cogntive engagement with the environment.
The reasoning behind the complex platform described here
is that an anthropamimetic (truly human-like) roba body
will fadlitate human-like environmental interadions, and
will aso require the use of control systems smilar to those
used by the brain, which in turn will mediate the knowledge
aquired from the environment, and hence the forms of the
cogritive engagement with the environment.

This paper describes ECCEL (see Fig. 1), the first an-
thropamimetic roba chasds produced in the oontext of
the ECCEROBOQOT projed. The first sedion introduces the
motivations of the projed. The second sedion identifies a
set of four design principles present in the human body
that are usually not considered in the design o clasdcd
humanoids. The third sedion dfers a short description o
three robas which are built acording to (at lesst some)
of these principles. The fourth sedion hriefly describes
ECCEOS, the physics-based simulator being bult for the
projed. Finadly, the last sedion identifies the improvements
that will be made in future iterations of the roba prototype.

II. MOTIVATION

ECCEROBOT (Emboded Cogrition in a Compliantly
Engineeed Roba) is a threeyea projea funded by the
7th Framework Programme of the EU that aims to buld



Fig. 1: ECCE1 — the first prototype of the ECCEROBOT
series of anthropamimetic robats.

and control an anthropamimetic roba, and to investigate the
extent to which it displays human-like cogntive feaures.
Instead of just possesdng a human-like external shell, the
body d an anthropamimetic roba is closely modeled onthe
inner structures and mechanisms of the human body — bomes,
joints, muscles, and tendors — and thus has the potential for
human-like adion and interadion in the world.
The main gaals of the projed are the foll owing:

« to design and buld an anthropamimetic torso mourted
on a powered mohile platform;

« to develop methods of charaderising such robds in
terms of the information flows emerging from their
human-like intrinsic dynamics and sensory-motor cou-
pling;

o to investigate ways of controlling the roba during
movement, interadion, and mobile manipulation, and
to combine succesful control strategies in a single
architedure deploying them appropriately acording to
circumstances and tasks;

o to exploit the anthropomimetic nature of the roba in
order to achieve some human-like cogntive charader-
istics through sensory-motor control; and

« to evaluate the functional and cognitive abiliti es of the
roba, both absolutely and in comparison with a state
of the at conventional robat.

IIl. ANTHROPOMIMETIC DESIGN PRINCIPLES

The major role of the ECCEROBOT platform is to enable
the study and testing of hypatheses abou human function-
alities at the mechanicd, behavioural and cognitive level.
This distinguishes the ECCEROBOQOT projed from almost all
other reseach projeds on humanoid robas, and motivates
the requirement for a humanoid roba that mimics as closely
as posshle the mechanicd structures of the human body
There ae obvious difficulties in achieving this requirement,
espedally since much current techndogy canna yet perform
a the level of its biologicd counterparts. For example, the
power to weight ratio of current aduators is gill far below
that of human muscle.

Even thoughwe faceobvioustechndogicd challenges, we
beli eve that we have developed afirst roba prototype which
displays a complexity comparable to that of the human body
In [1], Owen Holland and Rob Knight outlined what they
referred to as the anthropamimetic principle, cdling for a
roba which imitates not just the human form, but also the
biologicd structures and functions that enable and constrain
perception and adion. In the following subsedions we put
forward four medhanicd design principles of the human
musculoskeletal system which are followed in ou robd,
and which we think are esentia if one wants to explore
hypatheses abou human motion generation: tendondriven
redunchnt actuation, multi ple joint aduators, compliance and
complex joints.

A. TendonDriven Redundan Actuation

In todays humanoid robats the aduators are usually posi-
tioned at the joints to control particular axes of rotation, with
ead axis of rotation being controlled by ore motor. This
principle can be seen in well-known robas aich as ASIMO
[3]. The human body on the other hand, exploits tendon
based techniques to move its limbs. Instead of pladng the
aduators diredly on a joints axis of rotation, it uses con-
tradile muscles attached to bores via dastic tendors. During
muscle contradion a force is exerted on the anchor points
of the muscle which, if sufficiently high, causes a movement
of the relevant limb-parts. Muscles are asymmetric, in that
they can only pull, naot push. Typicdly this entails having
a redundantly acuated body i.e. a body in which there ae
more aduators than there ae degrees of freedom (DoF).

B. Multi-articular Joint Actuators

In addition to muscles providing straightforward aduation
a a single joint, the human body has muscles which pass
agoss two or more joints, and can therefore move the
relevant limb-parts at more than ore joint [4]. For example,
the biceps is attached to the scgpula and to the radius,
forming a paralel muscle. Althoughits primary role is the
supination and flexion o the foream, it aso has an effed
on the shouder, and so an anthropamimetic roba shoud
include this gructure in order to capture fully the charader
of the posshle movements.

C. Compliance

In order to enable predse antrol, humanoid robaic adua-
torsaretypicdly stiff. The muscles andtendorsin the human
body; on the other hand, are dastic, providing two pradicd
advantages: the compliant structure and aduation shields the
medhanisms from imposed shock loads, and the compliance
and low mass alow safe interadion with the environment
such as grasping a fragile objea (cf. [5]). The dastic nature
of muscle systems is typicdly represented (for example, in
the popuar Hill muscle model) as an arrangement of lightly
damped springs.



D. Complexjoints

The joints of humanoid robds usually have dealy iden-
tifiable axes of rotation. From the dasscd control point of
view this alows their motion to be dedt with in a tradable
mathematicd framework. However, the human body has
joints which do nd match this description. For example, the
shouder is an extremely complex structure which includes
the davicle, the scgoula, and the humerus. Althoughit is
conreded to the sternum via the davicle, the scapula does
not have dealy defined axes of rotation as it is held in
place mainly by ligaments and muscles. This arrangement
produces a wide range of motions (rotations and trandations)
that are not easy to classfy. The spine is ancther complex
structure central to our embodment which also paoses enor-
mous challenges from the perspedives of both the design
and the oortrol.

IV. STATE OF THE ART

There ae asmal number of humanoid platforms which
comply with at lesst some of the anthropamimetic design
principles identified, and it will be useful to discuss three
examples: theiCub, Kojiro andthe ZARS. TheiCub datform
isdesigned to represent a 3 yea old child. Theroba is about
1m height, weights about 22Kg, and has 53 DoF [6]. It is
driven bah by conventionally aduated joints, and bytendon
driven muscles (in the hands, shouders, waist and ankles)
eat consisting d a brushless motor in series with a cdle.
The types of joints aduated via the tendors are dasscdly
engineaed 1 DoF, 2 DoF and 3 DoF joints; for example,
both the shouder and the spine have been simplified into
3DoFjoints[7]. The cales used areinelastic, but the tendon
driven structure gives the roba some incidental compliance.
Finally, althoughthe roba uses tendors, it is not redunchntly
aduated.

In its dructure, the Kojiro roba, as well as its prede-
cesor, Kotaro, is close to the system that is the target of
the ECCEROBOT projed. However, the am of the Kojiro
projed is quite different, asit is direced towards identifying
and investigating the benefits of this techndogy for pradicd
robaic gpplications rather than serving as a tod to investi-
gate humanoid motor and cogritive development [8]. Kojiro
is redundantly aduated by analogues of human muscles; a
brushlessmotor is placed in serieswith a cale and an elastic
comporent which gives the system intrinsic compliance

The roba includes sme complex joints. The spine mn
sists of rigid disks dadked on top o eadr other with
sphericd joints in between. The shodder blade is also a
complex structure inspired by the human body and includes
a sphericd thorax, a scgpula and a davicle [9]. However,
there is no mention of multi-articular aduation in any of the
pubicdions we have studied.

Like the two other robas, ZAR5 (Zwei-Armiger Robaer)
is also designed acarding to biologicd principles: nat only
its shape, propartions, and radii of adion, but also its joints
and musculo-tendonskeletal structure were inspired by its
anthropdogicd counterparts[10]. The aduation scheme uses
prneumatic contradile dements (or fluidic muscles), which
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Fig. 2: The aduation principle of the ECCE1 (seedetails in
the text).

have ahigh paver-to-weight ratio and dsplay no stick-dip
behavior. Althoughthe Dyneema tendors are inelastic, the
use of air-driven aduation techndogy gves intrinsic com-
pliance to the robat. Muscle pairs arranged in antagoristic
configurations drive dl the joints apart from the fingers.
Unlike Kajiro, this roba does not have complex joints.

V. ECCE1 — AN ANTHROPOMIMETIC ROBOT

ECCEL1, the first platform developed within the ECCER-
OBOT projed, ams to capture the dynamics, the geometry,
and the degrees of freedom of the human upper body: It isa
reworked version o CRONOS, the final prototype from the
CRONOS projed [1],[2] during which the anthropamimetic
principle was first articulated. The most outstanding fegure
of the design is the way in which the adive and passve
compliance ad the many degrees of freedom combine to
produce aroba in which every movement, whether adive
or pasdve, is a whole body movement, and ore with a
recognisably human charader.

A. Musculoskdetal Structure

The skeleton o ECCE1 consists of a set of rigid limb
structures modeled on the arrespondng human bores,
which are mnreded by the gppropriate joints, or smplifica
tions of them [1]. It consists of an upger torso bult on top
of a spine-like structure. For both historicd and functional
ressons, the two shouders of the roba are structuraly
different. The left shouder has an anatomicdly corred joint
structure with a scgpula carying a ball-and-socket joint
for the humerus, and a davicle jointed to the sternum;
the right shouder is a dasscdly engineaed joint of three
orthogordal 1 DoF joints fixed to the trunk. This arrangement
alows the comparison o the anthropomimetic shouder with
the rationalised version. On top o the torso sits a rather
elongated articulated nedk (similar in structure to the spine)
which suppats the head.

The material used for most of the skeleton is an enginea-
ing gade thermoplastic, a cgroladone which can be eaily
hand moulded into the desired shape when heaed to around
60C. (We have not yet observed any softening o this material



Fig. 3: The flexible spine.

as aresult of motor heaing when the roba is aduated, but it
isapossble hazad.) Each limb provides paoints for attaching
the aduators (or muscles), which consist of high-torque DC
motors in series with ore or more strands of marine grade
shock cord (sleeved natura rubkber). The motors, which are
controlled by the dedronic control units described in (H),
pull on the shock cord via Dyneema kite line woundround
the geabox ouput shaft; the other end o the shock cord is
attached to the aduated limb structure & shown in Fig. 2.
Motor position is derived from potentiometers mourted on
the output shaft.

The muscle locaions and attachment points are designed
to match those of human muscles, and so many of the
arrangements are antagornistic. However, the dasticity of
shock cord is linea, except at the extremes, and so the joint
complianceunder co-contradionis fixed rather than variable.
The functional consequences of this limitation are unknown,
and will be established by experiment.

B. Flexble Spne and Neck

The torso is held verticdly by means of a chain of four
vertebraelike dements sparated by compliant disks; this
alowstheroba to bend bah in the sagittal andin the corond
planes (seeFig. 3). Movements are produced by two agonist-
antagonist groups of muscles placal onal four sides of the
spina structure. An additional aduator is mourted in the
front (at the ebdaminal level) to assst in handing the heavy
static load. Other non-aduated passve dastic comporents
are used to stabili ze the entire torso.

Thened is dmil ar to the spine, with threerather elongated
vertebral elements alowing bending in the sagittal and
coronal planes. An additional 2 DoF joint is used to rotate the
head aroundits longtudinal and lateral axes. The nedk-head
kinematic chain is held together by several longtudinaly
arranged shock cord segments, and the whole complex is
moved by four elasticdly couped aduators.

C. Head andEye

Unlike most human beings, ECCEL is a ¢yclops — it has
only one g/e— bu future examples will be binocular. ECCE1
is currently equipped with a single canera with a 90° field
of view mournted in an eyeball-like structure (see Fig.4).
Like the human eye, the eyeball of ECCE1 can pan, tilt
and rotate aoundthe ais perpendicular to the image plane.

@ (b)

Fig. 5: Detail of the scgpula of ECCE1. As can be seen in
b), at the badk the scgpula can be dightly detached from the
torso.

The canerais aduated by threeorthogorally arranged servos
ead of which controls the desired angle of orientationin the
relevant dimension.

D. Shouder Joint

The right shouder conforms to a dasdcd structure wn-
sisting of three orthogoral hinge joints, and is aduated by
five atificial muscles, one of which, the biceps, is a bi-
articular muscle which also flexes the lower arm abou the
elbow. The left shouder replicates the structure of the human
shouder (see Fig.5). A ball-and-socket joint between the
humerus and the scgpula dlows the rotation o the humerus
abou threeorthogoral axes. The scgpulais conreded to the
clavicle using ligaments; the davicle, in turn, is conneded
to the torso at the sternum by means of a nonaduated ball
joint. The scgpulais held in placeby muscles, and by elastic
and inelastic ligaments. Five aduators are used to move the
scgpula, and the ball-and-socket joint it caries is aduated
by four artificial muscles including the biceps, which is a
bi-articular muscle &s in the right arm.

E. Elbow Joint and Rotators

The dbows consist of 1 DoF hinge joints allowing for the
flexion and extension o the lower arm. They are acduated
by three atificial muscles (including the biceps mentioned
in the previous wdion). A stiffly aduated conventional



Fig. 6: Detail of the hand: @) hand opened, b) hand half-
closed.

arrangement controls the rotation o the foreams around
their longtudinal axes.

F. Wrist

Each wrist comprises a 2 DoF joint aduated by two
agonst-antagonist pairs of aduators. This mechanism is able
to produce radial and unar deviation (movements towards
the thumb and the little finger) as well as flexion and
extension (tilti ng towards the palm and the badk of the hand).
The flexor muscle dso controls the dosing motion o the
hand.

G. Hand andFingers

At present only one atificial muscleisused to aduate eat
hand, with all the fingers being conreded to the muscle so
that as the muscle contrads, the grip closes (seeFig. 6). The
opening o the grip is achieved by a passve dastic structure.

H. ECUs — Eledronic Control Units

Typicdly, roba control is dore using a centralized control
scheme where dl the sensor values are fetched by a centra
controller and new acduation values are cdculated. This is
possble when the number of DoFs are limited. As ECCEL
has 43 aduators, ead with severa sensors, such an approac
is infeasible due to the complexity of the wiring and the
computational timing, and a distributed approach is neces-
sary. We have therefore developed eledronic control units
(ECUs) for sensor-aduator control. Each of these ECUs has
enough pocessng paver to hande two aduators and their
asciated sensors, and can run dedicated control algorithms
(eg. force paosition and impedance ®ntrol) as well as
preprocessng o sensor data. The control programs running
on ead of the distributed control units are mntrolled from
a cetral controller by sending asynchronous commands via
a CANbus s/stem.

To reduce caling and avoid running vunerable analog
sensor signals alongthe roba’s limbs, the ECUs are designed
to be placal in strategic locations aroundthe roba torso, and
so size and weight were aiticd design fadors.

Fig. 7: ECCEOS.

The ECUs have apowerful STMicroeledronics STM32F
microcontroller, incorporating a 72 MHz ARM Cortex-M3
procesr, several Analog-to-Digital conwerters and an in-
tegrated CAN interface as well as power eledronics for
two motors. The motors are wntrolled by PWM, using
two full H-bridges, with current feadbadk being gven by
an integrated Hall-effed unit in the motor loop. The PWB
measures 6¢cm by 7.8cm.

To be &bleto handlethe complexity of adistributed system
with 43 nodks, ead nock can be parameterized dyramicadly
at runtime, while the firmware image is the same for all
nodes. Parameters that can be changed dyramicdly include
the oontrol parameters of the different control loops as well
as general control parameters. Only a unique identifier and
boaloader nead to be stored in flash, and the software image
can be dhanged easily via the CANbus at system startup.

VI. ECCEOS — A GENERAL TENDON DRIVEN
PHYSICS-BASED SIMULATOR

In the ECCEROBOT projed we ae dso developing a
generic, highly customizable, physics-based simulator, EC-
CEOS, cgpable of utilizing CAD roba models (see Fig.7).
The smulator framework uses a CORBA-based platform
which is highly moduar and has a programming-languege-
independent communicaion protocol for easy interfadng
with existing software comporents. The design is generic,
and so is applicable to awide range of other robdic systems
in addition to the ECCE series.

ECCEOS makes use of (1) aphysics engine for computing
the dynamics of the smulated bodes, performing colli sion
detedion and solving constraint equations, (2) a graphics
engine for rendering the simulated scene and (3) a user in-
terface eabling flexible user interadion with the smulation.
The physics engine is the Bullet Physics Library2, an open-
source rigid- and soft-body simulator.

The graphics engine is Coin3D, an OpenGL-based clone
of the SGI Open Inventor 3D graphics APl (also open-



Fig. 8: ECCEROBOT Design Study (EDS).

source). It is crossplatform compatible (using Qt) and
provides a variety of pre-defined viewers for basic user
interadion with the simulated scene. The graphicd user
interface which we use to visualize and to interad with the
physicd model, is Qtapplication. Integration is easy since
Coin3D arealy includes a Qt render widget.

Physics based simulation models are often hard-coded in
some high-level programming languege using the goplicaion
programming interface (API) of the physics engine. Our
approad in the ECCEOS, however, is more flexible, in that
ECCEOS will alow CAD models to be loaded into the
simulator at runtime, the only requirement being that the
entire smulation model (the graphicd as well as the physicd
data) must be stored in a file acording to the Collaborative
Design Activity (COLLADA) spedficéions.

COLLADA [1]] is drealy suppated by most CAD todls
available, and so a physicd and a graphicd model of the
roba can be obtained diredly from CAD data. Since ECCE1
was hand-moulded, no CAD data ae available from the
produwction process but ongdng work involves obtaining
a CAD mode from the 3D laser scanning o individual
skeleton comporents. Muscle related parameters duch as
spring and damping constants, as well as the anchor points
themselves, will need to be added manudly to the CAD-
derived COLLADA file. Until then, a hand-coded Blender
model can be used.

VIlI. FUTURE WORK

In this paper we have identified four principles for de-
signing a roba which closely mimics the medanics of the
human body We have described ECCEL, the first upper-torso
prototype of the ECCEROBQOT series, which includes all
these principles in its design. AlthoughECCEL ladks force

sensors and joint positional sensors, which are esential for
controlling dyramic behaviours, we have drealy leaned a
gred ded abou the intrinsic charaderistics of the structure
and its constituent mechanisms. The major problem with
ECCEL1 is friction, both at the joints, and in places where
tendors make mntad with parts of the body A test rig
reveded that the use of Teflon on al joint and rubbing
surfaces, combined with higher quality and more powerful
motors, produced acceptably smoaoth movements even when
under load; a complete full-scde structural prototype, the
ECCEROBOT Design Study (EDS), has corfirmed that these
techniques will deliver the same benefits on a functiond
roba (seeFig. 8).

The next roba in the series, ECCE2, is sheduled for
completion by the end o 201Q It is designed to include
the tension and pasition sensing necessary for controlling
dynamic movements, and will be the first roba in the series
to provide experimental performance data. Theoreticd work
within the projed [12] hasindicated that the stable positional
control of compliant antagoristic aduators of the type used
here may be posdble, and it will be important to assssany
pradicd limitations. ECCE2 will also include a binocular
vision system and a more cgable hand.
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