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Abstract— Major progress in robotics turns today’s hu-
manoid robots into ever safer, more robust, and more agile
agents by the moment. However, it is still a long way until rolots
can safely operate in open environments. Especially in therea
of service robotics, the need arises for robots to work flexily
in a human centered environment. One way towards this goal
is to incorporate more and more of the mechanisms that can be
found in humans for our robots. In this work we would like to
propose a bio-inspired control architecture for an equally bio-
inspired — namely anthropomimetic — humanoid robot. To
achieve this, the human motor control system is analyzed and
copied at a structural level. This results in a distributed ontrol
infrastructure that is capable of reducing the complexity d the
control task by off-loading parts of the control problem into the
robot’s limbs. Finally, we will prove the fact that it is possible
to control an anthropomimetic robot with a large number of ~ Fig. 1. ECCE, a so called anthropomimetic robot, is the ptaiffor the
degrees of freedom with the proposed control architecture. work preser_ned here. In this_ type of robot not_only the ogtg'ﬂthe human

body is copied but also the inner structures, like bonestgpimuscles, and
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same mechanisms as humans will also be able to utilize the

) o same tools and operate in the same environments, without
Standard humanoid robots mimic the human form, bu{ssing a larger threat, since they will have similar weight,

the me_chanisms used_ in such rqbots are very different frogl,e  force and dynamic properties. This includes not only a
those in humans. This results in seemingly very unnatdyeleton that is as close to the one of a human as possible,
ral movements even though a very big effort is made iRyt also compliant muscles. This radically different agmio
making the trajectories of the robot limbs as smooth agich is called anthropomimetic design [2], leads to more
possible. Typically, assemblies of accurately manufadtur pio|ogically realistic movements. While the technology fo
components are precisely controlled with impressive tesul building this type of robot has already been explored, it
as illustrated by the ngl-known humanoid rqbots that havg currently not possible with standard control methods
been developed by major Japanese companies, €.g. Hondg'$achieve good control, even though we know that it is
Asimo, and Sony’s Qrio. However, these robots are still fagossible, because the human brain achieves exactly that.
from matching the abilities of humans in open environmentshe gistinctly human-like movements of an anthropomimetic
Additionally, state of the art humanoid robots inherently@ oot can be attributed to the fact that all movements as
severe limitations in their interaction possibilities wibu-  \yell as disturbances are transmitted through the wholetrobo

mans as the joints are stiff and do not yield to pressure fro'&bdy by the underlying muscle and joint structure. Simple
outside as a human body would. Itis true that great advancggvements such as lifting an arm will require the actuation

in robot control [1] have shown that it is possible to builésa of various muscles to retain the body posture. This has to be
robots using standard actuation methods. Nevertheless, fken into account, when designing the overall system.

compliance is here mainly added l.)y control, itis not inl_iq'ns The anthropomimetic approach has already been described
to the trofbot ?O?fy fmd comes with the cost of S|gn|f|can6y Holland and Knight [2]. Here, the focus clearly lies on
comptrational etiort. the mechanics of the robot and neither the electronics mor th

For those reasons we believe that the goal of a safe a ormation processing has been taken into account. While

flexible humanoid service robot comes with the need to n%is is still at an early stage, first steps towards contigll

pnly copy the outside shapel of the human body but also '{ﬁis complex robot have been made in [3]. Another muscu-
inner structures and mechanisms. Robots that incorpdrate tloskeletal robot is Kotaro [4] and its successor Kojiro [5].

Michael Jantsch, Steffen Wittmeier and Alois Knoll aretwiihe chair for Those two robots show an amazing degree of comp_IeX|ty
Robotics and Embedded Systems, Department of Informafeshnische  with 91 and 82 degrees of freedom (DoF), respectively,
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Fig. 2. The actuation principle in an anthropomimetic rotoies to mimic
the elasticity of a human muscle and consists of a motor thiatisvkite
line on a spindle and hence exerts a force on the robot’s bone.
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been proposed e.g. by De Sapio et. al. [6] and Kino et. organ
al. [7]. De Sapio et. al. proposed qn_operatl_ona_l Space_@bnt'i:ig. 3. A motor nucleus is a cluster of motor neurons in the &rspinal
scheme for a human shoulder joint, which is easily oneord (or brain stem). It is responsible for muscle controfl a directly
of the most complex joints in the human body and Kingonnected to the related receptors [9].
et. al. studies the effect of bi-articular muscles on ir¢rn
forces, while proposing an impedance based control scheme.
Before implementing a whole-body control scheme, a control Not only the type of actuation is as close to its biological
infrastructure capable of supporting it must be present. Aounter part as possible, but also the attachment points of
distributed control approach similar to the one proposed ithe AM. Of course it is (currently) impossible to duplicate
this paper, was already mentioned by Blank et. al. [8]. lll of the well over 250 muscles [9] in the human body. To
the latter work, a control architecture using distribute8H3  keep complexity at a tolerable level for the first experinsent
and a CAN bus for communications is used to control aur current prototype of an upper body has 45 AM, but in
monopod during highly dynamic applications. However, aldue time we are planning to build another prototype with
results presented were obtained in simulation, while real- 80 AM. The muscles that were chosen to be duplicated
world impedance control was only tested for a single degrég the current prototype are the ones responsible for larger
of freedom. scale movements, omitting the ones used for fine grained
In this paper we propose the electronic infrastructure falexterous movements, e.g. in the hands (for now).
controlling a robot with many DoF and a complex actuator | a|| robots, as well as humans, proprioception — the
set up, like our anthropomimetic robot, during movemeniense of the relative position of neighboring parts of the
interaction, and mobile manipulation. This novel controhody — is fundamental for well-controlled movements and
architecture reduces the complexity of the control task biyteractions with the environment. The use of high-precisi
distributing subtasks into the limbs, as it is also done byctuators in conventional robots allows for the direct mea-
us humans. In Section Il a general overview of the anthrasy,rement of the joint positions which can easily be mapped to
pomimetic robot setup is given, while the architecture fop hody pose. In an anthropomimetic robot, however, the use
controlling this robot is described in Section Ill, whicly$a  of compliant actuators makes measuring the motor positions
the foundation for future work on controlling this type ofjnsufficient, since the lengthening of the shock chord cénno
robot. Furthermore, results of a first implementation with §e determined. Generally it is also problematic and error
simplified test rig featuring a reduced number of DoF, anflrone to measure the joint angles directly, because most
a benchmark for more DoF are presented in Section I\fpints in the human body are no simple hinge joints with a
Conclusions and Future work are covered in Section V.  single DoF, but so called ball-and-socket joints with 3 DoF.

We believe that good proprioception for this highly bio-

Il THE ECCEROBOT inspired multi DoF robot cannot be achieved by traditional
The first anthropomimetic robot CRONOS [2] (see Fig. 1)methods, and therefore the the sensory system, as well,
whose technology is being used in this work, is a robot whicheeds to be bio-inspired. A human muscle has two types
tries to mimic the human skeleton, as well as the actuatiasf embedded sensors (see Fig. 3). One is the so called
methods. While the robot bones were made by hand fromuscle spindle, which is a sensory receptor encapsulated

a thermoplastic which can be hand molded at a temperature the fleshy part of the muscle. The other is the golgi
of already60°C, the artificial muscles (AM) consist of a tendon organ which is located at the attachment point of
DC motor, kite line, and shock chord. In this type of electriche tendon to the muscle fibers. While muscle spindles are
actuator the motor winds the kite line on the attached spindmost sensitive to changes in the muscle length, the tendon
and hence either innervates or relaxes the AM, depending ongans mainly measure the muscle tension [9]. In the human
the direction of motor rotation. Therefore, force can ondy bbody there are also joint angle sensors, but due to their
exerted on the attachment points in one direction — a musdieaccuracy they can only deliver very rough estimates of
can only pull, not push. The shock chord adds the flexibilityhe angles. The cutaneous receptors give a feedback of the
that is also present in a biological muscle (see Fig. 2).  muscle tension by measuring the stretch in the skin covering

neuron



the muscle. This sensor is redundant to measuring the musoédlexes [9], which shows that latencies in the human body
tension, and can as well achieve only low resolution sensingre actually much higher than in today’s robots where céntro
To mimic this behavior in the robot, each of the actuatoralgorithms run at frequencies up 2&kHz or higher. Still a
will be equipped with a set of sensors, measuring the mottwuman is capable of achieving high-speed motions through
position, the tendon strain, and the motor current. Whike thfeed-forward control, by exploiting the intrinsic dynamiof
current sensor is used for direct control of the DC motothe body and nervous system.
and is necessary due to the nature of DC motors, the motorA robust control architecture is to be designed, which can
position and the force sensor can be used to obtain the dagaluce the complexity of the control task. One way to do
that in a biological muscle would be obtained by the musclthis is to stay close to the human archetype and distribute
spindles and the tendon organs. the muscle length from theocessing units (motor nuclei) around the robot’s body to
motor position and the force (see Fig. 2). As all joints arde as close to the sensors and actuators as possible. Each of
spanned by multiple muscles, knowing the lengths of all AMhe boards is connected to a central controller (fore brain)
is sufficient to calculate joint positions and thereforeiagd via a communication bus and therefore only a single bus
proprioception. For this reason and due to the inaccuracy ffik plus electric power needs to be routed to the boards.
both the cutaneous sensors and the joint angle sensors, bokis reduces the cabling, since power and information can
are not strictly necessary. be distributed in a tree-like manner. In [4], Mizuuchi et.
al. propose a control architecture, where sensor data and
motor commands are transferred via the Universal Serial Bus
In an anthropomimetic robot, all body loads are transferreUSB) to distributed nodes. In this setup, however, there is
throughout the structure due to the elasticity in the AMno processing in the distributed nodes. The control aligorit
which without additional control is highly under-dampeditself is still centralized.
This leads to the fact that, unlike traditional roboticstpla  As was previously done in [8] for a monopod with only
forms, all limb movements and robot-environment interac2 poF, we propose to implement fast local control loops,
tions are whole-body movements. The flexibility that is Igein jike force, position, and impedance control, as well aslloca
added to the robot poses huge problems on the design reflexes, like the stretch reflexon the distributed nodes (see
control algorithms. For this reason it is highly unwantedsig. 4). Additionally sensor preprocessing and fusione lik
for conventional robots On the other hand, without it, ithe calculation of the muscle length from the force and motor
might never be possible to achieve human-like motion in aposition sensors, will also be executed on the distributed
artificial robot. The other problem is the immense numbefiodes. Each of the AM can be seen as a unit, including
of DoF in the skeleton together with the highly redundanghe electronics, the motor, the tendon, and the associated
setup of the AM. proprioceptive sensors. The distributed control nodes are
Typically, robot control is done using a centralized cohtrojinked to the central controller via a bus system. Although,
scheme, where all sensors and actuators are connectedy#® decided against the fast USB bus used in [4], in favor
a single controller. The control algorithm that is beingof the much slower Controller Area Network (CAN). The
executed on this central controller fetches the sensorsalureason for this is that CAN is only a two wire serial bus and
and calculates the actuation for all joints in a single stegnlike USB no hubs are required. As the hubs would need
This is possible when the number of DoF is limited. Foko be fitted on the robot body, their weight and size would
an anthropomimetic robot with approximately 80 AM andwurn into an additional challenge. Furthermore CAN feaure
3 sensors per AM this approach becomes infeasible. Omige possibility for any bus participant to broadcast messag
reason is the cabling, which would be enormous in then the bus, which will turn out to be a useful property for
complexity and also the pure weight. The other is théhe implementation of fast low-level reflexes.
complexity of reading 240 sensors on a single centralized There have been several hypotheses on how human motor
controller. control works, e.g. the so called equilibrium-point hypoth
In the human body on the other hand, motor control igsjs (EPH) [10] or the internal dynamics model hypothesis
organized in a hierarchy. While most of the low level contro{|ppMH) [11] and it is widely disputed which one yields the
takes place in the spinal cord and brain stem, voluntary motgetter explanation of human motor control. However, both
control commands are issued by the fore brain. Typicallghare the insight that it is not necessary for the generafion
a muscle is controlled directly by a set of motor neurongigh-level motor commands to receive high-frequency senso
in the spinal cord that form a motor nucleus [9]. The forgjata. We are confident that the communication bandwidth
brain can issue commands to the motor nuclei througkan be reduced by distributing the control task in a bio-
descending pathways (see Fig. 3). The existence of the molggpired way. The required bandwidth can be estimated,
nuclei shows that in the human body the control is highlyyhen assuming the transfer of three sensor valuek2(ait)
distributed, where fast low level control is conducted @sel and one motor control command (&2 bit) per AM, at a
to the muscles as possible and the higher levels of (volyntarcontrol frequency o0 Hz. Additionally an extra2 bit for
movement control communicate with the muscles through
the distributed units (motor nuclei). Voluntary reactiamés 1The stretch reflex leads to counter muscle activation in cisidden
range from60 ms to 120 ms and can get as low af) ms for  muscle lengthening [9].

Ill. THE DISTRIBUTED CONTROL ARCHITECTURE



A B

Central Controller Central Controller

[o8 [= [=3 o o o [=8

8l. 8. 8l 8l 8 gl 8

[} [} [} L [} O [} .

el EE EE R EE | = CAN - Bus | TcaN interface

v v v w 172} w 172}

5 212 212 22 el2 ¢ 5 212 2

S £|5 |5 E|5 £l £ = g2 2 H H H

(e} o o o o o o

o] o] o] o] © ol _© = S T =Y

USB . B H o 3o & o 3o 8 o 3o &

- ous =l = 22032 Ef= =
5 Ol = © 5 Ol =5 © 5 Ol 3 ©

| USB Hub ] USB Hub | s 2|5 £ s Z|= £ = £|Z £
(o} (o} (=} (=} (o} (o}

it it ot ol o ol o SL_o
2af L 2f o 2l 2f o 2| o 2f =

I EEINEEINEE = 5|25 HIEHEEEEEE S E e

s z2ll= 2 2zlls 2 zzlls 2 515l 5|5 5|5l 5| 5 5151 5l 5

j=) S5 =t R = s 8 AlR131A AlAl3A1A AlRIAR

S AllE & =A< A = AllZa
ECU 1 ECU 2 ECU n

Fig. 4. In a centralized control architecture (Fig. A) likas used for Kotaro [4] all control is run on a single conteollThe control architecture proposed
here (Fig. B) distributes fast local control loops into tldat’s limbs, while communication with the central conleolis accomplished via a CAN bus

system.

the control type is reserved. As mentioned above, humanFig. 5 depicts a distributed control unit, as it was devetbpe
reaction time is even lower than that. Therefore assumirfgr this specific project. It features an STMicroelectr@nic
50 Hz is sufficient from our standpoint. STM32F microcontroller, incorporating a 72 MHz ARM
BDW = 80 - ((2bit + 12bit) + 3 - 12bit) - 5 Hz Cortex-M3 processor, several Analog-to-Digital converte

i and an integrated CAN interface, as well as power electsonic

~ 195kbit/s (1) for two motors. The motors are controlled by PWM, using

Even when taking the necessary overhead into account ttio full H-Bridges. Direct feedback is given by an integrate
shows that using CAN for communication is sufficierifo  hall-effect-based current measurement unit in the motmp.lo
further reduce the bus load and latencies it is also possible ] ) ) o
to use several buses and therefore split the communicationN€ firmware is developed to implement a finite state
load. In our case of using 80 AM we chose to have twénachine (FSM) which can be easily controlled from the cen-
buses, which also reduces the participants and therefere 2! Processing unit, using a custom communication prdtoco
collisions on the bus to a tolerable number. developed especially for this purpose. This protocol ietas

For this purpose we developed electronic control unit@n raw CAN and defines messages needed to initiate state

(ECUs) for sensor-actuator control. Each of those ECUs h#&nsitions. While most of the messages are unacknowledged
enough processing power to run the control algorithms arPMe require a reply from the distributed node to be able to
sensor preprocessing for two AM. Preliminary simulation§l€termine communication or controller failure. At the same
of a single muscle have shown that the local control loopdMe, & heartbeat is broadcasted to all nodes, so that each
should run at a frequency d§00Hz — 1kHz to ensure of them can determine central controller or communication
stability. That is slightly slower than the frequency prmgly ~ failure on its own. In case a node detects an error it will
mentioned for the control of standard robots. This can b0 into a failure state and stop replying to messages (fail-
attributed to the longer time constants of the system. THalent behavior [12]). As each processing unit handles the
flexibility that is being added to the actuators also makes trfontrol of two AM, the FSM will be instantiated twice on
whole system slower. To effectively reduce cabling anddwoi€ach ECU. In theOn state the local control algorithm will
running vulnerable analog sensor signals along the robdi§ €xecuted at a fixed frequency, while a number possible
limbs, the ECUs have to be placed in strategic locatiore@ntrol _schemes, like force,_lmpedance or position control
around the robot torso. Therefore size and weight are atiticcan be implemented. At a higher level preprocessed sensor
factors. Ideally, each actuator would have a dedicated ECY@lues can be used to achieve proprioception.

that fits right behind the motor. In this case, however, the . L
board size would be only slightly smaller than in the case To be able to handle the complexity of a distributed

where each ECU incorporates two AM and the number Oystem with~ 40 nodes, the nodes can be parameterized
ynamically at run-time, while the firmware image is the

boards that would have to be fit on the robot body woul
double. The approach of using an ECU for three or moraame for all nodes. Parameters that can be changed dynam-
actuato.rs on the other hand. is also not feasible as thceally include the control parameters of the different coht

. . . Il as general control parameters. Only a unique
robability of power wires that will need to be routed as{OOps. _as we .

br Iy ot p P Identifier and bootloader needs to be stored in flash, once,
joints will increase.

while the software image can be exchanged easily via the
2CAN has a maximum bandwidth dfMbit/s. CAN bus during system startup.



TABLE |
THE TIMES ARE ROUND-TRIP LATENCIES ON THECAN BUS, MEASURED
BY SYSTEM TIMERS(o IS THE STANDARD DEVIATION).

Exp. | Max. Min. Av. o
Single Message| 10000| 0.25ms | 0.24ms | 0.247ms| 0.0046 ms
Control Cycle 100 5.94ms | 4.90ms | 5.28ms | 0.46ms

Fig. 5. The electronic control unit (ECU) running the distiied con-
trollers, which was specifically developed for this project . . .
scheduling, the preemptive kernel patch by Ingo Mdiriar

used. The possibility of controlling 80 AM with a frequency
IV. EXPERIMENTS of 50 Hz with on_Iy t\_/vo buses can be verified as follows:
. . The communication on the two buses can be fully paral-
Several experiments were performed to verify that thielized, so in this experiment only communication with half
proposed_ infrastructure can be used to_ control_ multi Dobf the AM is examined. One sensor request message (pay-
robots. First, the bus latency was examined, using a set Wgad: 0 Byte) is broadcasted to the controllers, subsequently
with two processing units. Second, experiments were maggiting for 40 sensor data messages (payloabyte).
to show that it is possible to scale the architecture to a fuktinally 40 motor control messages (paylo@iByte) are
robot with 80 AM, and last, it was shown that the developedent. The necessary communication time is measured using
control architecture, can be used to control a robot arm (séie internal clock of the PC and amounts to an average
Fig. 6), featuring the same mechanisms as the full robot biftency of5.28 ms (see table I). This shows that it will be

only eleven AM. possible to easily run whole-body control with a frequency
o of 50 Hz with the given set up. The resulting period2ifms,
A. Examining Bus Latency leaves at leasii4ms for the computation of the control

The theoretical bus latency for a full CAN frame with @lgorithm itself.
a payload of 8 Byte and. therefore the !ower bound of the~ Controlling an Anthropomimetic Robot Arm
latency that can be achieved when using CAN to transport

8 Byte can be calculated as: An anthropomimetic robot arm (see Fig. 6) with 11 AM

was used to verify the architectural design. This robot arm
_ _108bit 0.103 ms (2) uses the same mechanisms as the full robot, and therefore
1 Mbit/s ' results are expected to apply to the full robot as well.

hi b ified b . h .. However, due to the reduced number of DoF, the challenges
This can be verified by measuring the commumcauop] implementation are reduced.

round-trip time between two of the ECUs with an internal ;" AM were simultaneously controlled with the dis-

hard_ware timer on one of _thﬁ-Controll_ers. In the conﬂg-_ tributed control approach, while control was performeahgsi
uration used for this experlment, t_he timer had a resolutlotrP]e motor position sensors only. New motor positions, map-
of 10ps. The average round-trip time of the message Wagi,q 15 4 hody pose, were handed to the local control loops.
de.termmed to b®.247ms (see Table ). This time mc_ludes Under this scheme, simple movements like shoulder and
thce_ the bus Iatgnpy plus twice the processing time foélbow abduction and adduction, and shoulder anteversion an
sending anq receing. As the CAN interface on t_h'e rotation were performed. Even though all AM were directed
Controllers is rgallzed in hardware, the processing t'me 0é]multaneously to the goal position and no specific trajgcto
the processor itself can pe neglected in this expermenty ol was performed, the movements that were achieved by
'I_'herefore the pus latency (mp!udmg the hardware Prongssiynis control scheme were strikingly smooth and seemed to
time for sending and receiving) can be calculated~as the subjective observer highly human-like. Already simple
0.124ms. control schemes lead to a behavior that seems a lot more
human-like than in traditional humanoid robots, because a
lot of the control effort was off-loaded into the robot’s lyod

A control cycle consists of three phases, first fetchingVhile on the one hand the control task is performed by
sensor values, second calculating new control variabtes, athe distributed control units, the flexible bio-inspiredsuole
third setting the control signals. In the case of the architee  setup further reduces the need for exact time synchroaoizati
presented in this paper, the fetching of the sensor values lagcause communication between the muscles is off-loaded
well as the setting of control variables needs to be perfdrmento the morphology. By copying the human motor and
via the bus system. For this experiment a laptop with aensor system as well as the distributed control architectu
current (2009) Intel dual-core processor, running Linux is

; iarity i ; 4This patch makes kernel preemption possible for almostralisin the
used. To ensure hlgh priority interrupt handllng and prsce?(ernel, and therefore reducing the latency for high-pijotasks. At the
same time it deals with priority inversion by exchanging karnel spin-

3A CAN message can carry up ®Byte of data [13] locks with an implementation using priority inheritance.

B. Scaling the Control Architecture to 80 AM
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Fig. 6. The anthropomimetic robot arm with 11 AM that was ssstully
controlled by the proposed control infrastructure.

alone will not be accurate enough to do fine grained dex-
terous tasks with a compliant robot. In the human body
the extraordinary vision system accounts for the fact that
the model used for controlling the limbs is very inaccurate
and underlies frequent changes. Therefore vision can be
incorporated for feedback control (visual servoeing) of. e.
the hand when reaching for objects, etc.

Furthermore, research will be conducted on verifying that
the trajectories observed in the anthropomimetic robot, arm
which seemed to the subjective observer highly human-
like, truly resemble the motions observed in the human
body. By doing this we hope to find further evidence on
the exploitation of morphological computation in an an-
thropomimetic robot. Hopefully this project will give us
additional insights about human motor generation, while

morphological computation, as mentioned by Pfeifer eTexploiting the anthropomimetic nature of the robot to achie

al. [14], is automatically exploited in a way similar to the

some human-like cognitive characteristics.

human body.

V. CONCLUSIONS ANDFUTURE WORKS
A. Conclusions

In this paper a novel, distributed control architecture for
compliant robots with many DoF was presented. The anthro[1
pomimetic design and the presence of compliance presents
unigue challenges in the design of the control system. The
solution proposed is compatible with the highly bio-ingpir 2
principles with which the robot body was designed and
constructed. State of the art control infrastructures do nol3l
feature the necessary performance in a set up of this type.
The human-like skeleton and flexible muscles, require a
control infrastructure that is inspired by the human neural4l
system, featuring distributed motor nuclei and a centdliz
controller (fore brain) to issue voluntary movement cohtro
While the exact control scheme is left open, the architectur
is kept as flexible as possible to allow for the implementatio
of different possibilities.

The approach greatly reduces the complexity of the control
task, by off-loading tasks into the robot’s body. We were[ﬁ]
able to show with several experiments determining system
latencies that it will be possible to control a robot like the [7]
anthropomimetic robot described in section Il and that the
proposed infrastructure will also scale well to a robot with
80 AM. Furthermore an implementation of the proposed(®
control architecture was used to control an anthropomaneti
robot arm, copying a human shoulder and elbow joint. It is
noteworthy that even a simple control scheme produced veril
smooth trajectories and strikingly human-like movements. [10]

(5]

B. Future Work

In the near future we plan to implement and refine differer%l]
robot control schemes within the proposed infrastructurgi2)
The goal is to be able to control the robot during dedicated
movements like interaction with the environment and object
manipulation. It will be necessary to add further sensorgi3]
namely vision, inertial and touch sensors and utilize thﬁ4]
additional information along with the existing propriotiep
sensors. Vision is particularly important as propriocapti

VI. ACKNOWLEDGMENTS

This research was supported by the European Commission
through the ECCEROBOT project (FP7-231864-STREP).

REFERENCES

] S. Haddadin, A. Albu-Schaffer, A. De Luca, and G. Hirzimg“Col-

lision detection and reaction: A contribution to safe pbgsihuman-
robot interaction,” inProc. IEEE/RSJ International Conference on
Intelligent Robots and Systems IROS 208@08, pp. 3356-3363.

] O. Holland and R. Knight, “The anthropomimetic prin@yl in

Adaptation in Artificial and Biological System2006.

0. Holland, H. G. Marques, and R. Newcomb€pntrolling an
Anthropomimetic Robot: A Preliminary Investigatjoser. Lecture
Notes in Computer Science.  Springer Berlin / Heidelberg)720
vol. Volume 4648/2007, pp. 736-745.

I. Mizuuchi, T. Yoshikai, Y. Sodeyama, Y. Nakanishi, A.ijédera,
T. Yamamoto, T. Niemela, M. Hayashi, J. Urata, Y. Namiki, TsiNno,
and M. Inaba, “Development of musculoskeletal humanoidaknt
in Proc. IEEE International Conference on Robotics and Autiboma
ICRA 2006 2006, pp. 82-87.

I. Mizuuchi, Y. Nakanishi, Y. Sodeyama, Y. Namiki, T. Niigo,
N. Muramatsu, J. Urata, K. Hongo, T. Yoshikai, and M. Inaban “
advanced musculoskeletal humanoid kojiro,”Rmoc. 7th IEEE-RAS
International Conference on Humanoid Rohd2907, pp. 294-299.
V. De Sapio, J. Warren, and O. KhatiBredicting reaching postures
using a kinematically constrained shoulder modebpringer Nether-
lands, 2006, ch. 3, pp. 209-218.

H. Kino, S. Kikuchi, T. Yahiro, and K. Tahara, “Basic studf
biarticular muscle’s effect on muscular internal force tcohbased
on physiological hypotheses,” iAroc. IEEE International Conference
on Robotics and Automation ICRA 02009, pp. 4195-4200.

S. Blank, T. Wahl, T. Luksch, and K. Berns, “Biologicalipspired
compliant control of a monopod designed for highly dynamppla
cations,” inProc. IEEE/RSJ Int. Conf. Intelligent Robots and Systems
IROS 20092009, pp. 148-153.

E. R. Kandel, J. H. Schwartz, and T. M. Jesd@dinciples of Neural
Science4th ed., J. Butler and H. Lebowitz, Eds. McGraw-Hill, 2000.
A. G. Feld’'man, “On the functional tuning of the nervosgstem in
movement control or preservation of stationary pose. Iljusthble
parameters in musclesBiofizika vol. 11, no. 3, pp. 498-508, 1966.
M. Kawato, “Internal models for motor control and tretery plan-
ning.” Curr Opin Neurobio] vol. 9, no. 6, pp. 718-727, Dec 1999.
J. Reisinger and A. Steininger, “The design of a fdisi processing
node for the predictable hard real-time system maBigtributed
Systems Engineeringvol. 1, no. 2, pp. 104-111, 1993. [Online].
Available: http://stacks.iop.org/0967-1846/1/104

Road vehicles — Interchange of digital information — Coltoarea
network (CAN) for high speed informatiol8O 11898 Std., 1993.
R. Pfeifer, F. lidaa, and G. Gmeza, “Morphological cartgiion for
adaptive behavior and cognition,” imternational Congress Serigs
vol. 1291, 2006, pp. 22-29.



