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Abstract

Human-like robots combine the optimized biologicarphology and functionality of the real human wiitle mechani-
cal constraints and limitations in the creatiom&$l as possible. This will be a trade-off at aihés. The best biological
solution of a detail is often simple in the functibut too complex for the technical analogue. Hudnical materials are
often missing what make a one-to-one copy impossibhe combination of biology and robots leadsnomather and
compliant movement, which is more pleasant forsipeople. Biologically inspired robots embody rgidimovement,
which are made possible by special joints, or @aotsawhich give way, and can both actively andspedy, adapt stiff-
ness in different situations.

This paper present the humanoid muscle robot toatled “Zwei-Arm-Roboter” ZARS5 in human-like progams and
functionality, which is fully actuated by artifidiair muscles. The first section gives a shortadtrction as to how Bi-
onik engineers think in terms of compliant machiaed whose technical realisation. The second sefdiks briefly at
mechanical aspects, limitations and constraintsfarttiermore describes the human-like anthropomorfite-finger
hand. This section also comprises a short vievhefused fluidic muscle actuators of the companyTRESSection 3
describes the electronic components and the dedieett control architecture, which fulfils the réeuments on an ev-

olvable control. The last section concludes thespap

1 I ntroduction

Bionik is a powerful field of engineering sciencene
cerned with decoding ‘inventions’ made by livinggan-
isms and utilising them in innovative engineerimgh-
nigues. Bionik is a made-up word that links biolcayd
technology. However, nature does not simply sujie-
prints, which can merely be copied. Findings fraimd-
tional biology have to be translated into matereatsl di-
mensions applicable in practical engineering.

In order to build humanoids we have to look atvdlials

hand. We are thus looking for animals which aresdbl
hold and/or carry several kilograms and which haue
man-like proportions with respect to weight andeirént
compliance. When looking at the problem more clgsel
the intrinsic problem is how we can produce a rplétiof
force, which is able to hold objects that are heatfan
their own weight. This is a so-called power-weigtio;
this ratio is about one to one for electric motai&e have
found other solutions for actuators in nature, ipaldrly
linear actuators that produce tractive force. Tloevegr-
weight ratio of these actuators is multiplicativedigher
than those known for technical actuators. Thuse#ms

in nature with the same proportions and environaienthat nature has a better solution for our techrpcablem

conditions and try not to scale the joints of atleedor ex-

under the given terms and conditions.

amp|e, which were not designed to carry heavy V\telghwe will focus on human-like robots and their intdi@an

Nature always develops optimally, based on theerssge
surroundings conditions. A parakeet in the junglesub-
jected to different conditions than an eagle livinghigh
mountainous regions. The law of survival of théefit de-
termines natural selection and consequently howiritlie
vidual adapts to its living space. The parakeat,efkam-
ple, is not optimised to cover long distances, ratiter to
be beautiful and to appeal the females.

with humans and the environment. This contact gsizial
touching between robot and human is subject toiapec
requirements as regards softness and complianeeoef
tions. The goal of humanoids is not to assemblatexi
circuit boards that are also hard for humans, tsd &
master soft and energy-optimised movement in differ
situations of life.

The difference between a machine and a humanai is

What can we learn from nature about morphology afPrphology. A human is living and can fulfil seviedi-

physiology for the design of humanoid robots? If vom-
cur with the law of survival of the fittest, therevbelieve
that only optimised individuals can exist in natureheir
respective surrounding conditions. Bionik initiakk is to
search for individuals in nature, which have thesahar-

ferent tasks, which have special requirements irstrac-
tion, freedom of movement and arrangement of weiljht
we assume that the human body is an optimisedtstajc
we have to study the load-bearing skeleton andidhd
transmission via the muscle-tendon system. Botteréai

acteristics as the object to be developed. In asecwe together form a unit, which cannot be treated sepby.
are searching for a model of a humanoid robot anch a
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The study of the physiology of the muscle-tendostesy
[1-4] and its activation by the central nervoustsysgives
us insight into the functions and activities of theman
body. Current walking robots are heavyweight, uppre
tional and unable to accomplish human-like perforcea
The motor actuators located in the joints incretse
masses moved and accordingly the torque as web.
human muscle has a high power-weight ratio andsivéts
tractive power via a tendon across special partsookes.
There are located on the top or proximal to thetreeof
rotation. This leads to less torque and the abibtarry
out fast movement with respect to energy need.

A closed humanoid robot project in Germany is theed

opment and construction of a two-arm robot call2d/éi-

Arm-Roboter” (ZARS5) in German. The fifth prototypas
been constructed where two arms each with a fivgefi
hand has been attached to a rigid spinal column.

The robot is 190 cm tall and the proportions amailar to

humans of this size. Attention has been concemtrareits
human size, anthropomorphic proportions and funetio
ity of the actuators. The radius of action as aslithe ve-

locity of movement is anthropoid. The company FEST

has provided the linear actuators of the fluidicsoies.
Tendons of Dynema filaments are used to conveyrdwe
tive force to the joints as regards tensile strientjght-
weight and little bending radius.

The next section will describe the mechanical buodith
reference to skeleton, joints and tendons.

2 M echanical Aspects

The whole body has been designed by AUTOCAD and 1

date translated to the special Computer Numericaiti©l
(CNC) code and transferred to a 3 axes CNC milfiray
chine. All parts, about 950 not including the pursid

operation whereas we utilise standard 10 litres (200
compressed air bottles encased in a smart aluminasa
for ‘mobile’ use. Current small sized and noiselasgen-

erators cannot produce the required amount of velum

flow to fill up the bigger muscles.

To increase the reliability, the power supply ig/gibally
Biplit into one for the electronic devices with Savid one
for the valves with 24 V. We use the switching powaep-

ply (SPS) SPS 100PX with an output of 5V/10 A. The

24 V output of the SPS does not supply the requitgd

rent start-up peak of the electronic driven valveslisad-

vantage of SPS is the break-down of the voltageusy-

load a special power supply has been assemblethifor
task and facilitates the delivery of up to 20 AZayV.

mun

parts, have been manufactured from aluminium. Afimi
ium is lightweight, strong enough and easy to maehi
ZARS5 consist of a base, which can roll, a rigidnspicol-

umn, two upper arms, two forearms and two five-ding . . )
hands, see in Figure 1. The fifth version of the ZAR comprises two hand® &s-

The mobile base houses the control PC, the eldcgonSociated arms and the shoulders. Each hand anavihm
valves for the body actuators and the power sufiplyhe Shoulder constitutes independent units and is estesgpa-
whole robot. rately. This basic concept of decentralization bgngn
A 5/3-port directional control valve is needed tivel each Small ‘intelligent’ units is found in nature andsalhas ad-
muscle. Fast relay valves of the company FESTO wittyantages in technical reallzfa\tlon. The deqentrdlmmtrol

discharge of 100 I/min and a maximum switching tmhe 2architecture and the associated electronic compsrene
ms of the type MHE2 are used. Only the valves Far texplained in more detailed in section three.

body muscles are located in the base, thus therel@r ) .

valves for 8 body muscles. 21  Fivefinger Hand

The air supply is directly connected to the vallester The hand is the human beings’ door to the outsidddw
and is partitioned into two separate air tubes, fomeghe The loop of interaction with the environment is tthiae

body and one for the hand. This becomes necesaaryprain manipulates the information provided by tesse
there are body muscles, which can be driven witigher organs, which then are executed by actuators toethe

Figurel Photogralph of the final version 5 of the human-
oid muscle robot torso in actiofFesto AG & CO. KG

pressure than the small finger muscles. The outgainis
routed to a common tube and is actually not workbéte
presently use two different air supply alternativBsth
alternatives are not really suitable for mobile.uSer in-
house compressed air line with 6 bar is used &tiostary

tremities. The hand has to accomplish a varietypasi-
tions, operations and activities in the life of anan, to
survive the rat race. The hand has been optimsédlfil

these manifolds task in the hundred million yedrsuman
life. The hand is able to sign, to grasp, to haid earry, to



interact with itself, to dig, to write, to play amdlot more. tendons to power transmission. This design andgbhy

It is still however lightweight enough to run withcom- of a humanoid hand goes in the same direction @setbf
plete runner the 100 m in less than 10 sec. Adidlan ZARS.

human hand weighs approximately 500 g and has a Tae hand is the most complicated component of thie%
greater degree of freedom than 16. Not only the small limbs and joints of the fingelsit also
The first artificial hand developed and construckeded the guidance of the tendons in human size propwtien-

on the archetype of the human hand was the Wasedd Hler the hand the most elaborated part of the projéw
(WH-1) in 1964. Since this there have been a nudétof hand was assembled separately, tested on a vicavand
artificial hands, which are more or less anthropghiz, finally attached to the arm.

anthropoid, human-like or humanoid. The academesguThe hand has 12 DOF without the wrist. Taking iat
tion regarding humanoid hands, which are not agtuatount the diameter size of the smallest muscle from
humanoid in construction and function, will not bs- FESTO, we decided to only attach the flexor mugole
cussed here. The following small survey of artifidiand each finger limb and lay on the extensor as théback
constructions is not exhaustive. spring. This construction does not constrict thek taf
Many three and four finger hands with more-or-less grasping, but only active releasing. However, te®ults in
manoid proportions have been designed. The Utah/Mbe forearm revolver being reduced in size and raasls
dextrous hand [5, 6] has a four-finger system W8hDOF due to this, to a smaller inertia of masses andrebef-

and is powered by 32 pneumatic actuators. The ®etudort. A disadvantage of this concurrence is theaaessary
pack is placed remote from the robot hand and aade additional expenses of providing tractive force viee

by antagonistic polymeric tendons. The Karlsruhermes small muscles to over-come the resilience of thiangp.

hand Il [7,8] can be considered to be a nodl joints of a human hand have been implementeth&
anthropomorphic approach. Tendons drive the fowgei greatest possible extent. Each of the four longeiia has
autonomous gripper. Other artificial hands are $ten- three hinge joints. The outer first and middle jaih each
ford-JPL hand [9, 10], the Omni hand [11], the Nfighd finger is coupled because only very few humansroaue
[12], the DLR hand [13, 14] with a semi-anthropoptdc these joints separately. Consequently, eight musciea-
design, the cybernetic hand prosthesis by IST-FHE] [ tors are required. All four long fingers are coup# their
and the DIST hand by Genoa Robotics [16-18]. Thesmts by a spreading mechanism actuated by oneleusc
hand projects do not fulfil the requirements fae tumber The fingers fan each other at the same angle arthund
of fingers, joints in the fingers and human-likewvements. middle finger, which constitute the fixed base.<sTaitifice
However, the professional design, control architecand simplifies the matter and retains the relation. @Héerent
functionality of a couple of them is convincing. spreading of the fingers is also a challenge foméuos.
Several artificial anthropomorphic five-fingered nda One can observe that the middle finger is fixedooe’s
have been designed with servomotors, which are imtid own hand. The thumb has two hinge joints and alsadd
the fingers, for example, the “Gifu hand” I-1ll [481] has joint at the root; therefore only three muscle atdts are

20 joints with 16 DOF and is equipped with a siesxrequired. Altogether, 12 muscle actuators fulfil func-
force sensor at each fingertip. The Gifu hand terided to tionality of a real human hand. Figure 2 showsttherd of

be a prosthetic application for handicapped indigld. ZARS5.

The “Robonaut” [22], designed by NASA'’s Johnson &pa

Center and DARPA, is a dexterous five-fingered haitd |
14 DOF and a human-scale arm. The forearm housesjiit
fourteen brushless motors and all of the wiring floe
hand. The prosthetic hand described in [23, 24] has
DOF and is controlled by EMG signals detected fiitwen
forearm of a human handicapped individual. A tendd

guide. The “Blackfingers” hand prosthesis [25, 26]a
five-fingered hand by FZK (lAl) [27, 28] has 13 D@ird l -
of the human, but which do not have the human-like
botic five-fingered hand has 24 DOF and is complete

torque functions by use of a spring type wire aslastic
five-fingered hand with traditional pneumatic cylers,
which function as linear actuators. The so-calléohic
utilises flexible fluid actuators [29]. This fluidctuators Fiqure 2 Photoaranh of the final version 5 of the five-
approach is the attempt to design muscles simoldhase fingger hand in ac?iong F Bannasch. |. Boblan
power-weight ratio. The “Smart Award Hand” froml_ . . . L

. : ) : . he size, weight, morphology and functionality aimilar
SHADOW [30] has improved this ratio. This artifiCkn- 0 the humanghand anrij as \g/}v}(/ell the radii of ac’?’ll'dm arti-
driven by air muscles from the company SHADOW. ThgIal hand can grasp things and hold several poses
muscle pack of the hand is located on the forearthuse



2.2 Fluidic Muscle Actuator

The idea of an inflatable rubber tube to facilitat®rten-
ing is not new.

affected force by a constant air pressure, the lsmtie
shortening referred to as base lenigjlof the muscle rub-
ber tube. Moreover, the higher the air pressura lmpn-

The McKibben muscle actuator [31-34] was develojred stant force, the greater the shortening.

the 1950s and 1960s. The deflated rubber tube otastiff
enough to hold the shape itself, which means wittaou
amount of air inside, the muscles kink off and hov/érm
up additionally.

3 Electronics and Control Archi-

tecture

The company SHADOW attempted another approach. Tiiise electronic components, the communication tcctive

muscle actuator is also flexible, but is wrappea itough
plastic weave to hold the cylindrical form. Howevan

trolled PC together with the architecture to managd
control tasks which is what defines when a maclsna

exact deformation across the whole length and diameobot and is the counterpart to the human brain taed

and according to this a geometric measurementtipos

sible.

A large company called FESTO have constructedididlu
muscle actuator over the last few years using tevex

mentioned characteristics [35-38]. This muscleisigffitly

meets the requirements of dimensional stabilityardjity

of shortening and lightweight construction.

A muscle actuator works as a linear actuator arlduh
vantages compared to a hydraulic cylinder and aotrit

motor with leverage in terms of mass. In additite hy-

draulic cylinder has the problem with a disagreedbak-
ages and the electric motor, if placed directlyhat joint

central nervous system. Engineers till date haviebeen
able to reproduce this data flow and communicatietx
work in vitro. The task will be to assemble, plazed
manage electronic parts in the same way as to\azhe
sults similar to that of the human. Many small \dtiés
and reactions are not controlled by the brain ratiter ini-
tiated by the spinal cord or local reflexes. Theaadage of
this is faster reaction time; specialized distréslitinits can
be used as a paradigm to design decentralizedotaartr
chitecture. This approach applied to a technicatesy is
tolerant of failure, enables short distances in shasor-
control-actuator loop and provides for commandcétme

without leverage, with an increase of mass and e&onand control hierarchy.

qguently, with a greater control effort.

The robot ZARS5 is divided into two times two unésm-

The company FESTO officially provides three differe pletely separately assembled and controlled onettfer
sizes of muscle actuators, namely MAS/DMSP-10/20/4fe-finger hand and one for the arm and shouldeh ffior

A smaller version, MAS/DMSP-5, is currently beintep
pared for realise. All types of muscles are usewlinrobot
ZARS5. The number indicates the inside diameter ithi-m
metres. All muscles have the same characteristig;hwis
the shortening contraction to the acting force depat on
the level of compressed air inside the muscle. Téla-
tionship is shown in the following Figure 3.
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each side. Both units have identical circuit devieend
functional range. Each functional unit consists tab
communication directions and can be addressed dayh-
rately and independent of each other. The diffezsiie in
the amount of driven outputs, the physical subaivisof
input-output channels and the user-defined softwértbe
controller. A diagram of the structural componeatsd
communication channels are shown below in Figure 4.

Angle
Sensors

Angle  Pressure

Valves Sensors  Sensors

Valves

36 SPI 36 PWM

5 Driver

PIC- PIC-
18F458 18F458

4SPlI [8SPI 16 PWM|

2 Driver

PIC-
18F458

PIC-
18F458

|

‘ CAN-T/R ‘

PIC-
18F458

‘ CAN-T/IR ‘ ‘ CAN-T/R ‘ ‘ CAN-T/R ‘ ‘ CAN-T/R ‘

Hand I Am Body
CAN-Bus I I I I

Figure 4 Schematic plan of the connections of the hand

(“Hand”/"Arm”) and arm (“Body") electronic devices

The body electronics for reading sensors and dyivire
valve-muscle actuators are located in the baseisiad-

Figure 3 Relationship of the tractive force to contractioranged on one printed circuit board.

rate by a given working air pressure of the MAS/OPAZD

This non-linear interrelationship is commonly degit as

force F in Newton over contractionl in percent with sup-

plied air pair in bars as constant parameter. Thatgr the

The hand electronics are separated into a sengwot in
board and an actuator output board to drive thechaus
valves. The hand electronics, located on the upjoler of
the palm, process the data signals from each meshg$iunr



ger joint. The associated output board is placed tethe fort, which is compounded by being able to findqgpica-
upper arm valve block on the shoulder. ble analogies and solutions for geometrical andtional
The angle sensor uses a magnet, placed on thé plista interrelationships in human morphology and physjglo

of the joint, which rotates closely below a semsitarray. This has to lead to a completely new process ofight
This array is implemented as integrated circuitdé&tects The science of Bionik aims at analysing the methoels
the changing magnetic field and works as a magnehind the processes and to translate them into ctipahle
resistive sensor. This non-linear relation compesséor technical solution; this helps to construct mackjnghich
temperature and is linearized at the sensor spm.cbm- are similar to the model in nature, particular egards ex-
munication protocol Serial Peripheral Interface [fSFm cellence in shape and function.

each angle transmitter is used to transmit thetadiged This manuscript introduces the humanoid robot ZARS5.
angle sensor data directly to the PIC microcorgrollThe mechanical design and development process-is ex
18F458 from the company MICROSHIP. The SPI inteplained and constraints and limitations pointed #uprac-
face is used as it requires less effort to wires hahigh ticable artificial fluidic muscle is briefly proped and the
data rate and as it provides the possibility ofremting to fundamental correlation of length, force and presdo-

the controller. The three-wire-bus consist of tvadadand troduced. Descriptions to the electronics and obatrchi-
one clock signal and works in the master-slave-mode tecture close the demonstration.

The two PIC 18F458 controllers, each concerned wih The humanoid muscle robot torso is fully functioaaid
signal path, communicate via the Controller Areawdek able to perform.

(CAN) bus and shares the effort of data processmng;
cuting of control loop and generating of Pulse Wid
Modulation (PWM) signals. The CAN transceiver/reegi t5 ACknOWIedgement

allocates the signal level to the physical busv@ride- The company FESTO AG & Co. KG which supports the

vices, each of which have eight outputs, realizze28 V. work on the various versions of the muscle roboRZA
output level for the electronic driven valves andstnpro-

vide up to 1 A inrush current per valve. To drivacle

valve, electronics are needed on the one hand gplsu 6 Literature
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