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Abstract
During the last few years, the numberof research and development
projectsaimedat building bipedal and humanoidrobotshas beenin-
creasingat a rapid rate. In this paper, we provide a brief review of
current activitiesin the field of bipedalandhumanoidrobotics. We de-
scribebothcommercial humanoidprojectsandprojectsfromacademia.
Themain motivationsfor usingbipedal robotsare introduced,and we
thenproceedto considerbipedallocomotionaswell asotherbehaviors.
We particularly emphasizethe useof biologically inspired computation
methodsin thefield of humanoidrobotics.Finally, weprovidea list of a
few projectsin this field.

1 Introduction

Attemptsatbuilding walkingmachinescanbetracedbackatleastto the1960s.In addi-
tion to researchconcerningbipedalrobots,effortswerealsomadeto developmonope-
dal (Raibert,1986)andquadrupedalrobots(Furushoetal. 1995).Oneof thefirst func-
tioning bipedalrobotswasdevelopedin the 1970sby Kato (Kato andTsuiki, 1972).
Today, therearemany bipedalrobot projectsin the world, andthe numberof active
projectsis growing rapidly. Here,we will briefly review someof thework in bipedal
roboticsto date. We will mainly focuson motor skills for walking robots. However,
we will alsodiscussbehaviors thatarenot relatedto locomotion.

Thereexistsbothcommercialhumanoidprojectsandhumanoidprojectsfrom aca-
demia.Thelatter, of course,usuallyoperateonamuchsmallerbudgetthantheformer.

Clearly, in thisshortreview, it is impossibleto cover therapidlyexpandingfield of
humanoidroboticsresearchin its entirety. Thus,we have chosento focusmainly on a
few topicsdeemedparticularlyinteresting,suchase.g.theuseof biologically inspired
computationmethodsin humanoidrobotics.

In thispaper, thetermsbipedalrobotandhumanoidrobotwill bothbeused.As the
nameimplies,thetermbipedalrobotrefersto a robot thatwalkson two legs,whereas
thedefinitionof thetermhumanoidrobotis moreloose.In general,a humanoidrobot
is definedasarobotwith somehuman-likefeatures(notnecessarilytheability to walk



on two legs). For example,somehumanoidrobotsconsistonly of anupperbodyor a
head(seee.g.Miwaet al. 2001).

Furthermore,it is of coursepossibleto devisebipedalrobotswith a non-humanoid
shape.In fact,aprototypeof sucharobotwasrecentlyintroducedby Sharp(Yamataka
et al. 2001).

2 Motivation

Thereareseveralgoodreasonsfor developingbipedalwalking robots,despitethefact
that it is technicallymoredifficult to implementalgorithmsfor reliablelocomotionin
suchrobotsthanin e.g.wheeledrobots.First,bipedalrobotsareableto move in areas
thatarenormally inaccessibleto wheeledrobots,suchasstairsandareaslitteredwith
obstaclesthat make wheeledlocomotionimpossible. Second,walking robotscause
lessdamageon the groundthanwheeledrobots. Third, it may be easierfor people
to interactwith walking robotswith a humanoidshaperatherthanrobotswith a non-
humanshape(Brooks, 1996). It is also easierfor a (full-scale) humanoidrobot to
functionin areasdesignedfor people(e.g.houses,factories),sinceits humanlikeshape
wouldallow it to reachshelvesetc.

3 Bipedal Locomotion

Theproblemof providing a bipedalrobotwith a reliablegait is far from trivial. Thus,
most work on bipedal robots to datehasbeenfocusedon locomotion. In general,
themotion is divided into a single-supportphase(with onefoot on theground)anda
double-supportphase.In ordinaryhumangait, the lengthof thedouble-supportphase
lastsfor approximately20 % of thestepcycle (Huanget al. 2001b).Simulationsare
commonlyusedin bipedalroboticsin orderto testdifferentwalkingalgorithms,andto
reducetherisk of makingcostlymistakesin thehardwareimplementationof a robot.

Oneof the simplestmodelsof a walking robot is the 5-link bipedintroducedby
Furushoand Masubuchi (1986), and subsequentlyusedby several authors,seee.g.
ChengandLin (1995)andPetterssonet al. (2001). This simulatedrobot, which is
shown in Fig. 1, is constrainedto move in the sagittalplane,andhasfive degreesof
freedom(DOF).

Thereexistsmany differentformulationsof theequationsof motion for a bipedal
robot, e.g. the Lagrangianformulationandthe Newton-Eulerformulation. The La-
grangianequationsof motionfor thesimplefive-link robotshown in Fig. 1 are
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where
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is the inertia matrix,
�

is the matrix of Coriolis andcentrifugalforces,
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containsgravity terms,
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is the constraintmatrix,
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containsthe correspondingLa-
grangemultipliers,and
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arethegeneralizedforces.
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generalizedcoordinates,where
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and
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indicatethe coordinatesfor one foot of the
robot.

TheLagrangianequationsof motionhave theadvantagethat theinternalforcesof
constraintneednot be explicitly representedin order to determinethe motion of the
robot.However, in general,theNewton-Eulerformulationis computationallythemost
efficient, with the computationtime growing linearly with the numberof degreesof
freedom.For a discussionof this formulationseee.g.Walker andOrin (1982).
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Figure1: Configurationof afive-link bipedalwalking robot.

In moreadvancedsimulationmodels,themotion is not constrainedto thesagittal
plane,andthemodelsmostoften includefeet,arms,aswell asadditionalDOF in the
hip (Hirai et al. 1998, ArakawaandFukuda1996, FujimotoandKawamura1998).

In general,therearetwo typesof bipedalgaits:staticwalking,wheretheprojection
of the centre-of-massof the robot is kept within the areaof the supportingfoot, and
dynamicwalking wherethis is not thecase.Staticwalking is easierto implement,but
is usuallyunacceptablyslow, with individual stepstakingseveralseconds(Chengand
Lin, 1995). In dynamicwalking, posturecontrol basedon dynamicgeneralizations
of the conceptof centre-of-mass,suchas the zero-momentpoint (ZMP) (Arakawa
andFukuda,1996)andthefoot-rotation-indicator(FRI) (Goswami,1999)areusedfor
generatingstablebipedalgaits.

The ZMP, originally introducedby Vukobratovic andJuricic (1969) is the point
on the groundwherethe torquesaroundthe (horizontal)x andy axes,generatedby
reactionforcesand torques,are equal to zero. If the ZMP is containedwithin the
convex hull of thesupportregiondefinedby thefeet(or foot, in thecaseof thesingle-
supportphase),thegait is dynamicallybalanced,i.e. therobotdoesnot fall.

Thereareseveral differentapproachesto gait generation.Assumingthat an ad-
equatemodelof the environmentcanbe generated,it is possibleto generatebipedal
gaitsoff-line, andthenimplementthemin the robot (Hirai et al. 1998,Huanget al.
2001a).Anotherapproachis to useanon-line controller, which generatesthe appro-
priatetorquesaccordingto somecontrol law. Fujimotoet al. (1998)usedthis method
to generatea bipedalwalking patternfor a 20-link simulatedbiped. The resulting
controller was implementedin an actualbiped with 14 degreesof freedom. Using
on-linemotionplanning,ratherthanoff-line trajectorygeneration,higherwalking ro-
bustnessmaybeachievedbut at theexpenseof anincreaseddemandfor computational
resources.



3.1 Biologically inspired computation methods in humanoid robotics

Sincehumanoidrobotsareinspiredby thepropertiesof a biologicalsystem– humans
– it is not far-fetchedto considerbiologically inspiredcomputationmethodswhengen-
eratinggaitsandotherbehaviors for humanoidrobots.

Suchmethods,particularlygeneticalgorithms(GAs),havebeenemployedby sev-
eralauthors.Arakawa andFukuda(1996)useda GA to generatenatural,human-like
bipedalmotionbasedon energy optimization,Wolff andNordin (2001)implemented
anevolutionarystrategy to improvea hand-codedbipedalgait in a smallexperimental
humanoid(ELVINA), shown in theleft panelof Fig. 2. Petterssonet al. (2001)useda
GA to developenergy-optimizedbipedalgaitsaswell asrobustbalancingin thepres-
enceof externalperturbations.GAs havealsobeenusedfor generatingrobustgaitson
theAibo quadrupedalrobot(Hornbyet al. 2000).

Inspiredby neurobiologicalconsiderations,Shanet al. (2000)usedcentralpattern
generators(CPGs),which arebelievedto controloscillatoryprocessesin animals.A
recurrentneuralnetwork CPGwasoptimizedusinga GA, andwasshown to generate
a stablebipedalwalking pattern.

In general,theuseof genetic(andrelated)algorithmsin humanoidroboticsseems
well motivatedsincethesemethodscanbeimplementedevenin caseswhereacomplete
dynamicalmodelof thesystemunderstudyis eithernotavailableor toocomplex to be
useful(Wolff andNordin,2001).Furthermore,GAs allow a largedegreeof flexibility
in the optimizationprocess. This propertywas usedby Paul and Bongard(2001),
who employeda GA in orderto optimizeboththecontrollerandthemorphologyof a
simulatedbipedalrobot.

3.2 Advanced locomotion

While the generationof stablebipedalgaitson flat groundhasbeenat the focusof
muchof theresearchin bipedalroboticsto date,someresearchershave alsobegunto
investigatemoreadvancedtypesof locomotion,suchase.g. stair climbing. Honda’s
latesthumanoid,ASIMO, is ableto negotiatestairs,asshown in theright panelof Fig.
2. Furutaet al. (2001)developeda small bipedalrobot, ’morph’, capableof a large
rangeof joint movements,allowing for morecomplex motions. Among othermotor
behaviors,asomersaultmotionwasimplementedin this robot.

4 Other behaviors

As bipedalrobotsbecomemoreadvanced,the focusof researchin the field is likely
to shift to behaviors that arenot limited simply to physicallymoving the robotsfor-
ward.Examplesof suchbehaviorsarelocalizationof sounds,visualtrackingof objects,
graspingandcarryingof objects,aswell asmoreelaboratecognitiveabilities,suchas
thetaskof selectinganappropriateactivity, seee.g.Brooks(1996)andKanehiroet al.
(1999).

The problemof stair detection,and indeedimageprocessingin general,is com-
plicatedon humanoidrobotsbecauseof theneedto compensatefor themotionof the
robot.Albert etal. (2001)investigateddetectionof stairsusingtwo camerasanda line
laserimplementedin thebipedalrobotBARt-UH.

At theMIT AI lab,severalstudiesof interactionsbetweenhumansandrobotshave
beencarriedout. An importantaim with this kind of researchis to supplyrobotswith



Figure 2: Left panel: The experimentalautonomoushumanoidElvina developedat
ChalmersUniversityof Technologyin Göteborg, Sweden.Right panel:TheASIMO
robot,developedby Honda.Reproducedwith permissionof Honda.

theability to interactsociallywith humans,for instanceby interpretingthevisualcues
providedduringe.g. a discussion(Adamset al. 2000). At WasedaUniversity, a 28-
DOF robot in the form of a human-like head,andwith the capabilityof expressing
severaldifferentemotions,hasbeendevelopedin orderto studyinteractionsbetween
humansandrobots(Miwaet al. 2001).

Auditory processing,usedfor examplewhentrackinga speaker, hasbeenimple-
mentedin severalrobotse.g.SIG (Nakadaiet al. 2001),Kismet(Breazeal,1998),and
Robita(Matsusakaet al. 1999). Nakadaiet al. (2001)useda combinationof visual
andauditorycuesin orderto trackahumanspeaker.

5 Humanoid robotics projects

As mentionedabove, the numberof active humanoidrobotics projectsis growing
rapidly with time. Thus, given the limited spaceavailable here, it is impossibleto
list all projects,let alonedescribethem.However, a listing of someselectedhumanoid
projectsis shown in Table1. The table includesboth industryprojectsandprojects
carriedout in academia.

6 The future: applications of humanoid robots

Oncefully developed,humanoidrobotsandotherwalking machineswill beusefulin
many differentapplications.Clearly, it is tooearlyto try to list all possibleapplications.
However, alreadynow, severalpossibilitieshavebeenpresented,someof which are:



Lab Robotname WWW Reference
Honda ASIMO www.honda.co.jp/ASIMO/ –
Sony SDR-3X – Kuroki et al. (2001)
Fujitsu HOAP-1 pr.fujitsu.com/en/news/ –

2001/09/10.html
MIT Cog www.ai.mit.edu/projects/ Brookset al.

humanoid-robotics-group/ (1998)
cog/cog.html

Kitano Symbiotic PINO www.symbio.jst.go.jp/ Yamasakiet al.
SystemsProject ˜ yamasaki (2000)
WasedaUniv. iSHA www.phys.waseda.ac.jp/shalab/Suzukiand

˜ kenji/iSHA/index.html Hashimoto(2001)
Bundeswehr HERMES www.unibw-muenchen.de/ Bischoff (1997)
Univ. Münich hermes/index.htm
ChalmersUniv. Elvis humanoid.fy.chalmers.se/ Nordinand
of Technology Nordahl(1999)
INRIA, France BIP2000 www.inrialpes.fr/bip/ Espiauand

Bip-2000/index-en.html Sardain(2000)

Table1: A list of selectedhumanoidprojects.

Prosthetics Walking machinescanbe usedaswalking aidsfor paraplegicsor limb
amputees.(Acosta-ḾarquezandBradley, 2000),

Inspection of dangerous environments A robot controlledby remoteoperation,
suchas e.g. the HondaASIMO robot, could find usesin, for instance,inspections
of dangerousenvironments.

Agricultural work As mentionedabove, a walking robot doeslessdamageto the
groundthana wheeledrobot,andis alsoableto stepoverobstaclesandmove in com-
plicated,non-smoothterrain.

Entertainment Theentertainmentvalueof walking robots,whetherhumanoid(e.g.
Honda’s ASIMO, Sony’s SDR3X)or quadrupedal(e.g. SONY’s AIBO) is apparently
veryhigh,andwill certainlybeexploitedfurtherin thenearfuture(Kuroki etal. 2001).
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