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ABSTRACT
TheSarcosTreadportis alocomotioninterfacecomprisedof

alargetilting treadmill,anactivemechanicaltether, andaCAVE-
like visualdisplay. This paperpresentsthedesignspeci�cations
for thesecond-generationSarcosTreadport.

INTRODUCTION
Therehave beenvariousapproachestowardsthe designof

locomotioninterfaces,includingpoweredpedalingdevices(Bro-
gan et al., 1998), programmablefoot platforms(Iwata, 2000),
walking-in-placearrangments(Templemanet al., 1999), and
treadmill-styledevices.Of thesealternatives,treadmillsarepar-
ticularly attractive becauseof the relatively natural,unencum-
beredwalkingandrunningthatthey allow.

Sometreadmill-styledevicesemploy lineartreadmillswhich
have beenaugmentedin variousways,while otherdevicesem-
ploy two-dimensionaltreadmillbeltmotion.TheATLAS system
(Nomaet al., 2000)comprisesa linear treadmill on a spherical
joint, whichcanactasa turntablebut alsotilt upwardsandside-
ways. Turning is achievedby swiveling the treadmill in thedi-
rectionof walking,baseduponvisualmeasurementsof foot po-
sition. The GroundSurfaceSimulator(GSS)employs an array
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of 6 verticalmotionstagesunderneatha �e xible belt thatdeform
thebelt to createuneventerrain(Nomaetal.,2000).

Turningis mostnaturallyaccomodatedby two-dimensional
treadmill designs.The OmnidirectionalTreadmill employs or-
thogonaloverlappingbeltsto createa two-dimensionalsurface
(Darkenet al., 1997). The top belt is comprisedof rollerswith
rotationaxesorientedparallelto thebeltdirection,andanorthog-
onalbelt underneathmovesthe rollers to createmotionat right
anglesto the top belt. Body positionis measuredby a mechan-
ical tether. The TorusTreadmill employs an arrayof 12 small
treadmillsconnectedside-by-sideto form onebig belt,which is
thenrotated(IwataandYoshida,1999). Magnetictrackersare
employedto measurefoot positionandtheintendeddirectionof
motion.

TheSarcosTreadportcomprisesa largetilting treadmill,an
activemechanicaltetherattachedto theuserthroughabodyhar-
ness,anda CAVE-like visual display. The six-axismechanical
tethermeasuresbody positionandorientation,for the purpose
of activecontrolof treadmillbeltspeedandturningin thevirtual
world. Turningisachievedby ratecontrol,indicatedeitherby the
amountof useryaw motionor the amountof sidestep,depend-
ing on userspeed.Henceit is necessaryfor theuserto reindex
to centerbeforeturningtheotherway. Themostuniqueaspect
of the Treadportis that the tether's linear axis is motorizedto
pushorpull ontheuser, therebysimulatingunilateralconstraints,



Figure 1. THE ORIGINAL SARCOS TREADPORT.

slope(Tristanoet al., 2000),andinertial forces(Christensenet
al.,2000).

The original Treadport(Figure1) employed a commercial
treadmillwith a 4-by-8 foot belt area. Experiencebasedon its
useindicatedthatalargerbeltareawouldbedesirablefor greater
maneuverability, andthat the tilt mechanismwastoo slow. The
sensingof belt speedandtilt neededto be improved,aswell as
theforcecapabilityandresponsivenessof themechanicaltether.
Finally, we wisheda largerandhigherresolutionCAVE display
andthepossibilityof �oor projection.

The new SarcosTreadportis shown in Figure2. The fol-
lowing sectionsdiscussthe designspeci�cationsfor the tread-
mill belt, platformtilt, andtheactive mechanicaltether. Safety
mechanismsarealsodiscussed,andthe CAVE layout is brie�y
presented.

TREADMILL BELT
The belt areawas increasedto 6-by-10 feet, to provide

greaterforwardandlateralmaneuverability. To preventbelt jitter
whena userstandsstill, a deadzoneis createdaroundtheuser's
positionin thecenterof thebelt. Thereis alsoasafetyzonenear
sidesof thebelt in which a usermaynot walk. Thenetresultis
thatthereis notmuchactivespacefor sidewaysexcursionsof the
user. In theforwarddirection,a greaterbelt distancewould help
avoid asituationof a fastuserreachingthefront edgeof thebelt.
As discussedbelow, a largerrunningsurfacecanalsohelpto de-
creasethe amountof tetherforce requiredin inertiadisplay. A
largerbelt alsowill facilitatepronepositionsor crawling. To al-
low for thepossibilityof �oor projection,it wasdecidedto make
thebeltwhite.

The original Treadportemployed a commercialtreadmill

Figure 2. THE NEW SARCOS TREADPORT.

usedfor training runners. To bestachieve the desiredperfor-
manceandsensinggoals,it wasdecidedthatSarcosshouldbuild
its own treadmillfor thesecond-generationTreadport.

The commercialtreadmill of the original Treadporthad a
maximumvelocity of 12 mph and a peakaccelerationof 1 g.
A literaturesurvey showed that thesevelocity andacceleration
capabilitieswereadequatefor ordinaryhumanrunners,but not
for competitivesprinters.Sincethenew treadmillis intendedfor
ordinaryusers,we adoptedthesamespeci�cations.To sizethe
motorfor thenew Treadport,asimplemodelof theold Treadport
systemwascreated.

Theloadfor thebeltdriveprimarily arisesfrom thebeltfric-
tion againstits backingandfrom theweightandimpactof auser.

Ia � t belt
�

t f oot
�

t motor (1)

where

I is theinertiaof therollers,sprockets,belt,etc,
a is theangularaccelerationof therollers,
t belt is thetorquedueto friction whenthetreadmillbelt

runswithoutauser,
t f oot includesthefriction from thenormalforcedueto

impactof thefoot, aswell asthebrakingforcewhen
thefoot �rst strikesthebelt,and

t motor is theappliedtorqueof themotor.

Theloadon thebelt motorcomprisestheloaddueto themech-
anismplus the load due to the user. For the belt mechanism,
thereis an inertial load Ia dueto the inertiaof the rollers,belt,
anddrive mechanism.Thereis a frictional load t belt dueto the
belt sliding over its supportsurfaceor backing.For theoriginal
Treadport,the treadmillbelt sliding on a waxedmasoniteback-
ing wasmeasuredto have a coef�cient of staticfriction of 0.23



Table 1. BELT DRIVE PARAMETERS EMPLOYED IN SIMULATION.

I (kg m2) inertiaof rollers,etc. 0.07

r (m) radiusof motor 0.05

µ coef�cient of sliding friction 0.15

mb (kg) massof belt 2.5

mh (kg) massof human 90

anda coef�cient of sliding friction of 0.15. Thenew Treadport
employsthesamebacking.

During running,theusergeneratesa load dueto a braking
forceplusa friction forcedueto thenormalimpactforce. Bob-
bert et al. (1991)usedforce platesto measurevertical ground
reactionforces.A subjectrunningat5.3m/swasfoundto havea
peakreactionforceof threetimesbodyweightwhich lastedfor
0.2 seconds.Mero (1988) looked at the �rst foot contactafter
leaving thestartingblocksin a sprintstart.He measureda max-
imum horizontalbrakingforce of 316 N, which lastedfor 0.02
seconds.Thefriction forcedueto thenormalforcewasaddedto
thebrakingforce. This numberwasthenincreasedto six times
theuser'sbodyweighttoaddsomedesignmargin to theestimate.

The impulsive loadduringrunningwill causesomelossof
belt speed,andonemustdecidehow muchslowdown is accept-
able.We speci�eda maximumslowdown of 5% duringrunning
by a 90 kg user. Table1 shows parametersthatwereemployed
in a simulationto determinemotorsizingfor thebelt drive. The
motor load is highly dominatedby the impact forcesfrom the
runninghuman. Figure3 shows the simulationof runningat 5
m/s with a 5 hp belt motor. The belt slowdown during impact
was 4.6%, which satis�es the designspeci�cations. For extra
performancemargin, a largermotorof 8 hp and44.4ft-lb peak
torquewasselected.

Thediagramof thetreadmillbelt controlleris shown in Fig-
ure 4. The user's positionxc relative to the treadmill centeris
measuredby the tether. A PI controlleryields a desiredveloc-
ity of thebelt vbd. Theproportionaltermdrivesthebelt velocity
while the integral term serves to recenterusersandkeepthem
from thefront edgefor safetypurposes.Thedesiredbelt accel-
erationabd is determinedfrom thevelocityerrorfrom theactual
belt velocity vb, determinedfrom belt positionreadingsxb. A
feedforward controller that takes into accountbelt friction and
inertiathendrivesthebeltmotor.

For the �nal system,a frequency responsetest showed a
�rst-order modelbetweendesiredandactualsystem.Thismodel
wasincorporatedintoaKalman�lter for accelerationestimation,
andthe�nal controllershowsgoodresponse.

Figure 3. SIMULATION OF BELT VELOCITY VERSUS MOTOR

TORQUE FOR A 5 HP MOTOR AND A 90 KG USER RUNNING AT 5

M/S.
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Figure 4. TREADMILL BELT CONTROLLER.

TREADMILL TILT
The original Treadportusedthe commercialTrackmaster

TM-48 treadmill(www.trackmastertreadmills.com),whichhasa
tilt capabilityof +14to -5.7degrees.Thetilt mechanismwastoo
slow to beuseful,whichwasaprimaryreasonto substitutetether
forceto displayslope(Tristanoetal.,2000).Thetilt mechanism
employeda leadscrew drive at the front of theplatform,which
intrudedinto the �eld of view (Figure1). Thereweredifferent
centersof rotationfor theplatformfor upwardsrotationfrom the
horizontalversusdownwardsrotationfrom the horizontal. For
downwardsrotation,thecenterof rotationwasat themiddleof
the belt, which is the desirablelocation. For upwardsrotation,
the platform rotatesabouta centerat the backedge. This has
theundesirableeffect of lifting theuseraswell aselevatingthe
slope. Finally, the platform did not comeequippedwith a tilt
sensor.

It wasdecidedthat the � 20 degreesof the original tread-
mill was adequate;Figure 5 shows this maximumtilt for the
new Treadport.Somewhatarbitrarily, we chosethata 20 degree
movementshouldbe achieved in 1 second. This representsa
kind of tradeoff betweena reasonablyfasttilt, safety, andexces-
siveactuationdemands.For fastslopetransients,wecaninstead



Figure 5. THE TILT CAPABILITY OF THE NEW SARCOS TREAD-

PORT.

Figure 6. THE ACTIVE TETHER BASE JOINT.

rely on the active mechanicaltetherwhich arethenblendedin
with theslower actingplatformtilt. At thepresenttime, thetilt
mechanismon thenew Treadportis notoperational.

ACTIVE MECHANICAL TETHER
The active mechanicaltethercomprisesa hook joint at the

base,a sliding joint that connectsthe baseto the user, and a
sphericaljoint at the attachmentpoint to the harnessworn by
theuser. A rotarymotordrivesthesliding joint througha timing
belt. Thetethermeasuresthefull positionandorientationof the
user, andalsoexertsa forcealongthelinearaxis.Thebasejoint
of thenew Treadportis shown in Figure6.

Of thevariouspurposesfor anactive mechanicaltether, the
displayof inertialforceis themostdemanding.It hasbeenfound
thatusersactuallyprefera fractionalamountof theinertiaforce,

Figure 7. SIMULATION DURING SPRINTING FROM REST OF THE

USER'S POSITION ON THE TREADMILL WITH RESPECT TO

GROUND, THE BELT VELOCITY, AND THE REQUIRED TETHER

FORCE FOR INERTIAL DISPLAY.

f � 0 � 8mha, wheremh is theuser'smassanda is theuser'saccel-
eration,perhapsdueto the localizedapplicationof force to the
body(Christensenetal.,2000).For a90kg useracceleratingat1
g, therewouldbearequirementfor f � 0 � 8mhg � 720N of tether
force. Sucha requirementraisesserioussafetyissuesandso is
consideredto be impractical. A mitigating factor is that some
forwardmotionon the platform is allowabledueto the 10-foot
length.Thereforetheusercanexperiencesomerealacceleration,
andsoa lesserinertial forcedisplaywill berequired.

For the �rst generationTreadport,the tetherforcewaslim-
ited to 190N = 43 lb. Thebelt velocitywaslimited by thesoft-
ware to 5 m/s = 11 mph. For the purposesof designspeci�-
cation,thesaturationof Treadportactuatorswasnot considered
in a simulation,createdfor the caseof startingfrom rest and
sprintingforwardat maximumacceleration.Therunningmodel
is basedon an exponentialequationdescribedin (Christensen
et al., 2000). The control algorithmfor the tetherandthe belt
wereoptimizedto minimize the appliedtetherforce. This was
achievedby allowing theuserto almostreachtheendof thesafe
operatingareaat the front of the treadmill. Figure7 shows the
desiredbeltvelocityandtheresultingforcerequiredof thetether.
Thepeaktetherforce is roughly350N = 78 lb. The �gure also
showshow theuserhasmovedforwardon thebeltabout0.8m.

For theold Treadport,it wasfoundthatevenwith thelimits



on the tetherforceandbelt velocity, thetreadmillcasematched
closelywith runningon the ground(Christensenet al., 2000).
Sincethenew Treadportis 10feetlonginsteadof 8 feetlong,the
usercanbeallowedto go furtherforward,sotherequiredtether
forcecanbe reduced.It wasdecidedto sizethe tetherforce at
315N = 70 lb.

A powerspectrumanalysisof humansprintstartsshowsthat
thebandwidthis roughly0.5Hz, basedontheuseof Hill' sequa-
tion (Christensenet al., 2000).This bandwidthis representative
of the large amplitudesignalsfrom sprint starts,but for other
motionsthetethermustbeableto trackthemotionof eachfoot
fall. Consequentlywespeci�eda3 Hz bandwidthfor suchsmall
amplitudesignals.

In thecaseof simulatingrunninginto awall, onecouldcon-
ceivably arguethat the bandwidthshouldbe muchhigher, asit
would be requiredfor a haptic interfacesimulatinga hardsur-
face. However, it appearsthat running into a hardwall is not
somethingto besimulatedwith complete�delity for reasonsof
comfortandsafety.

Evenwith thistetherforce,thereis apotentialconcernabout
a possibledamagingload to the back. A survey of the biome-
chanicsliteratureof the spineshowed that a 70-lb load is well
within normalload rangesandthereforedoesnot posea safety
risk.

In theoriginal Treadport,thekinematicarrangementof the
tetheris asphericalmanipulatordesign,whereinthereis a2-axis
Hookeanjoint at thebase,anactuatedsliding joint, anda spher-
ical joint of pitch-yaw-roll design.Along theroll axis,which is
the lastaxis, thereis a linearoffsetbetweentheharnessattach-
mentandthesphericaljoint center. Thisoffsetmeansthatwhena
useris facingsidewaysa twisting torqueis createdby thetether.
To reducethis lever effect, thesphericaljoint centeron thenew
tetherwasplaced�ush againstthe user's back. This joint is a
conventionalroll-pitch-yaw design,in whichtheroll axisis now
housedin theboom.Therestill existsa twistingtorquewhenthe
userfacessideways,becausethetetherforcecannotbedirected
throughthecenterof theuser's body. Designswereconsidered
involving 4-bar linkagesor circular tracksthat would placethe
tetherforcethroughbodycenter, but theaddedencumbranceand
limitations on movementwerenot consideredworth the bene-
�t. Theworkspaceof thebasejointswasalsoimprovedto allow
greatermaneuverabiltyin thevicinity of thebase.

Theharnesshasleg loops,shoulderstraps,andbeltsfor the
waistandchest.Thesestrapsareall adjustablefor theindividual
user.

Thereis a forcesensorat theattachmentpoint of the tether
end. Becauseof backlashin the attachmentof the harnessto
theuser, it wasdif�cult to make closed-loopforcecontrolof the
tetherstable.Instead,we useopen-loopforcecontrol. A much
lower gearratio is usedon the new tetheras comparedto the
old tether, so that themotor is morebackdrivableandfrictional
lossesareless.Testsdeterminedalinearresponsebetweenmotor
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Figure 8. FORCE VERSUS VOLTAGE MOTOR COMMAND FOR THE

TETHER.

commandsandtetherforce(Figure8).

SAFETY MECHANISMS
Becausethehumanweightandtheforcesof runningareto

beaccomodated,locomotioninterfaceshave to belargeandca-
pableof producingsubstantialforces.Safetycanbeamuchmore
pressingconcernthanfor hapticinterfaces.Severalmechanisms
havebeenimplementedto ensureusersafety.

Therearekill switchesheldbothby theuserandtheopera-
tor. Theusermustdepressandholda switchin a hand-heldunit
for the treadmill to operate.Thereis a ceiling restraintattached
to the harnessworn by the user, which operateslike a car seat
belt. A lock is triggeredwhenthereis a suddenjerking of the
ceilingtether, whichcatchesauserwho is falling. Thereareme-
chanicallimit stopson thelinearaxisof thetether. Thereis also
awatchdogtimer for thecomputer.

Kinestheticcuesarealsoprovidedasanaid to stayingcen-
teredon thetreadmillbelt. Thetetherforceis madespring-like,
which pulls the userbackto the belt center. On the yaw joints
at the baseand at the harnessattachments,thereare torsional
springswhich resista userturn to theleft or right. Thesespring
resistancesprovide kinestheticinformationaboutthecenterpo-
sitionon thebelt. An integral controltermin theTreadportcon-
troller alsorecenterstheuseron thebelt at any steadystateve-
locity (Christensenetal.,2000).

Variousposition,motion, andforce limits areenforcedby
software. Thereis a boundingbox for safeoperationthat pre-
ventsexcursionstoo closeto thesides,front, andback,aswell
as apparentmotionstoo high or too low to the belt. Gradual
rampup during startupis enforcedfor belt velocity and tether



force.Limits areplacedon thespeedof backwardmotion.

CAVE DISPLAY
Figure2 shows theCAVE (Cruz-Neiraet al., 1993)display

for the new Treadport.Threescreensareplacedin a �ared ar-
rangement,with the side screensrotated60 degreesfrom the
front screen. The �aring gives a rough approximationto a
cylindrical display. Thescreensarehighly diffuseacrylic back-
projectionscreens.ThreeHughes-JVCG1000SXGA projectors
createthegraphicalimages.Mylar mirrorsfold theopticalpath
to preservespace.

COMPUTER ARCHITECTURE
TheTreadportis controlledby a VME-basedmicroproces-

sor system. The real-timeoperatingsystemVxWorks (Wind
RiversInc.) is employed on a Motorola PowerPC604eboard,
and the ControlShellcomponent-basedprogramminglanguage
(RealTime Innovations,Inc.) is employed to encodethe con-
troller. An SGI 4-processor, 2 graphics-headOnyx is employed
to createthegraphicalimages.

DISCUSSION
This paperhaspresentedthe second-generationTreadport

and the designspeci�cationsin its creation. Currentresearch
focuseson mechanicalissuesof turningcontrolmethodsandir-
regularslopedisplay, andvisualissuesof displaycuesfor depth
perception(Hollerbachetal.,1999).
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