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ABSTRACT

TheSarcosTreadporis alocomotioninterfacecomprisedf
alargetilting treadmill,anactve mechanicaletheranda CAVE-
like visualdisplay This paperpresentshe designspeci cations
for thesecond-generatid®arcoslreadport.

INTRODUCTION

Therehave beenvariousapproachesowardsthe designof
locomotioninterfacesjncludingpoweredpedalingdevices(Bro-
ganet al., 1998), programmabldoot platforms(lwata, 2000),
walking-in-placearrangmentg Templemanet al., 1999), and
treadmill-styledevices. Of thesealternatves,treadmillsare par
ticularly attractve becauseof the relatively natural, unencum-
beredwalking andrunningthatthey allow.

Sometreadmill-styledevicesemploy lineartreadmillswhich
have beenaugmentedn variousways, while otherdevicesem-
ploy two-dimensionatreadmillbeltmotion. The ATLAS system
(Nomaetal., 2000) comprisesa linear treadmillon a spherical
joint, which canactasaturntablebut alsotilt upwardsandside-
ways. Turningis achiezed by swiveling the treadmillin the di-
rectionof walking, baseduponvisual measurementsf foot po-
sition. The GroundSurfaceSimulator(GSS)emplgys an array

Addressall correspondenc® this author

Yangming Xu
Sarcos Research Corp.
360 Wakara Way
Salt Lake City, UT 84108
Yangming_Xu@ced.utah.edu

Stephen C. Jacobsen
Sarcos Research Corp.
360 Wakara Way
Salt Lake City, UT 84108
Steve_Jacobsen@ced.utah.edu

of 6 verticalmotionstagesinderneatla e xible beltthatdeform
thebeltto createuneventerrain(Nomaetal., 2000).

Turningis mostnaturallyaccomodatedly two-dimensional
treadmill designs. The OmnidirectionalTreadmill employs or-
thogonaloverlappingbeltsto createa two-dimensionabkurface
(Darkenetal., 1997). Thetop beltis comprisedof rollerswith
rotationaxesorientedparallelto thebeltdirection,andanorthog-
onalbelt underneatimovestherollersto createmotion at right
anglesto thetop belt. Body positionis measuredy a mechan-
ical tether The Torus Treadmillemploys an array of 12 small
treadmillsconnecteaide-by-sideo form onebig belt, whichis
thenrotated(lwataand Yoshida,1999). Magnetictrackersare
employedto measurdoot positionandtheintendeddirectionof
motion.

The SarcosTreadportcomprisesa largetilting treadmill,an
active mechanicatetherattachedo theuserthroughabodyhar
ness,anda CAVE-like visual display The six-axismechanical
tethermeasuredody position and orientation,for the purpose
of active controlof treadmillbelt speedandturningin thevirtual
world. Turningis achiezedby ratecontrol,indicatedeitherby the
amountof useryaw motion or the amountof sidestepdepend-
ing on userspeed.Henceit is necessaryor the userto reinde
to centerbeforeturning the otherway. The mostuniqueaspect
of the Treadportis that the tethers linear axis is motorizedto
pushor pull ontheuser therebysimulatingunilateralconstraints,



Figure 1. THE ORIGINAL SARCOS TREADPORT.

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

The original Treadport(Figure 1) employed a commercial
treadmillwith a 4-by-8 foot belt area. Experiencebasedon its
useindicatedthatalargerbeltareawould bedesirabldor greater
maneuerability, andthatthetilt mechanisnwastoo slow. The
sensingof belt speedandtilt neededo beimproved,aswell as
theforce capabilityandresponsienes®f the mechanicatether
Finally, we wisheda largerandhigherresolutionCAVE display
andthepossibilityof oor projection.

The new SarcosTreadportis shavn in Figure2. The fol-
lowing sectionsdiscussthe designspeci cationsfor the tread-
mill belt, platformtilt, andthe active mechanicatether Safety
mechanismsarealsodiscussedandthe CAVE layoutis brie y
presented.

TREADMILL BELT

The belt areawas increasedto 6-by-10 feet, to provide
greaterforwardandlateralmaneuerability. To preventbeltjitter
whena userstandsstill, adeadzoneis createdaroundthe users
positionin thecenterof thebelt. Thereis alsoa safetyzonenear
sidesof the beltin which a usermay notwalk. The netresultis
thatthereis notmuchactive spaceor sidavaysexcursionsof the
user In theforwarddirection,a greatemelt distancewould help
avoid a situationof afastuserreachinghefront edgeof thebelt.
As discussedbelow, alargerrunningsurfacecanalsohelpto de-
creasehe amountof tetherforce requiredin inertiadisplay A
largerbeltalsowill facilitatepronepositionsor crawling. To al-
low for the possibilityof oor projection,it wasdecidedo make
thebeltwhite.

The original Treadportemployed a commercialtreadmill

Figure 2. THE NEW SARCOS TREADPORT.

usedfor training runners. To bestachieve the desiredperfor
manceandsensinggoals,it wasdecidedhatSarcosshouldbuild
its own treadmillfor the second-generatiofreadport.

The commercialtreadmill of the original Treadporthad a
maximumyvelocity of 12 mph and a peakacceleratiorof 1 g.
A literaturesurwey shaved that thesevelocity andacceleration
capabilitieswere adequatdor ordinary humanrunners but not
for competitve sprinters.Sincethe new treadmillis intendedor
ordinaryuserswe adoptedthe samespeci cations. To sizethe
motorfor thenew Treadportasimplemodelof theold Treadport
systemwascreated.

Theloadfor thebeltdrive primarily arisesrom the beltfric-
tion againsits backingandfrom theweightandimpactof auser

la tphet tfoa Umaor (1)
where
I is theinertiaof therollers,sproclets,belt, etc,
a is theangularacceleratiorof therollers,
thelt is thetorquedueto friction whenthe treadmillbelt

runswithoutauser

t foat includesthefriction from the normalforcedueto
impactof thefoot, aswell asthebrakingforcewhen
thefoot rst strikesthebelt,and

tmaor istheappliedtorqueof the motor.

Theload on the belt motor compriseghe load dueto the mech-
anismplus the load dueto the user For the belt mechanism,
thereis aninertial load la dueto theinertia of therollers, bel,
anddrive mechanism.Thereis africtional loadt e dueto the
belt sliding over its supportsurfaceor backing. For the original
Treadportthe treadmill belt sliding on a waxed masoniteback-
ing wasmeasuredo have a coefcient of staticfriction of 0.23



Table 1. BELT DRIVE PARAMETERS EMPLOYED IN SIMULATION.

| (kgm?) | inertiaof rollers, etc. 0.07
r (m) radiusof motor 0.05
V] coefcient of slidingfriction | 0.15
my (kg) massof belt 25
my (kg) massof human 90

anda coefcient of sliding friction of 0.15. The new Treadport
employsthesamebacking.

During running,the usergenerates load dueto a braking
force plus afriction force dueto the normalimpactforce. Bob-
bertetal. (1991)usedforce platesto measurevertical ground
reactionforces.A subjectrunningat5.3m/swasfoundto have a
peakreactionforce of threetimesbody weightwhich lastedfor
0.2 seconds.Mero (1988)looked at the rst foot contactafter
leaving the startingblocksin a sprintstart. He measureé max-
imum horizontalbrakingforce of 316 N, which lastedfor 0.02
secondsThefriction forcedueto thenormalforcewasaddedo
the brakingforce. This numberwasthenincreasedo six times
theusersbodyweightto addsomedesignmaiginto theestimate.

The impulsive load during runningwill causesomelossof
belt speedandonemustdecidehow muchslonvdown is accept-
able. We speci eda maximumslonvdown of 5% duringrunning
by a90 kg user Table 1 shavs parametershatwereemployed
in a simulationto determinemotorsizingfor the beltdrive. The
motor load is highly dominatedby the impactforcesfrom the
runninghuman. Figure 3 shavs the simulationof runningat 5
m/s with a 5 hp belt motor The belt slovdown during impact
was 4.6%, which satis es the designspeci cations. For extra
performancenaigin, a larger motor of 8 hp and44.4ft-lb peak
torquewasselected.

Thediagramof thetreadmillbelt controlleris shovnin Fig-
ure 4. The users positionx. relative to the treadmill centeris
measuredy the tether A PI controlleryields a desiredveloc-
ity of thebeltvyq. Theproportionattermdrivesthebeltvelocity
while the integral term senesto recenterusersand keepthem
from the front edgefor safetypurposes.The desiredbelt accel-
erationayq is determinedrom the velocity errorfrom the actual
belt velocity v, determinedrom belt positionreadingsx,. A
feedforward controllerthat takes into accountbelt friction and
inertiathendrivesthe belt motor.

For the nal system,a frequeny responsdest shoved a
rst-order modelbetweerdesiredandactualsystem.Thismodel
wasincorporatednto aKalman Iter for acceleratiorestimation,
andthe nal controllershavs goodresponse.
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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.conwhich hasa
tilt capabilityof +14to0 -5.7 degrees.Thetilt mechanismvastoo
slow to beuseful,whichwasaprimaryreasorto substitutegether
forceto displayslope(Tristanoetal., 2000). Thetilt mechanism
employeda leadscrev drive at the front of the platform,which
intrudedinto the eld of view (Figurel). Thereweredifferent
centerof rotationfor the platformfor upwardsrotationfrom the
horizontalversusdownwardsrotationfrom the horizontal. For
downwardsrotation,the centerof rotationwasat the middle of
the belt, which is the desirablelocation. For upwardsrotation,
the platform rotatesabouta centerat the back edge. This has
the undesirableffect of lifting the useraswell aselevatingthe
slope. Finally, the platform did not comeequippedwith a tilt
sensar

It wasdecidedthatthe 20 degreesof the original tread-
mill was adequateFigure 5 shavs this maximumtilt for the
new Treadport.Someavhatarbitrarily, we chosethata 20 degree
movementshouldbe achieved in 1 second. This representa
kind of tradeof betweerareasonablyasttilt, safety andexces-
sive actuatiordemandsFor fastslopetransientsye caninstead



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

Figure 6. THE ACTIVE TETHER BASE JOINT.

rely on the actve mechanicatetherwhich arethenblendedin
with the slower actingplatformtilt. At the presentime, thetilt
mechanisnonthe new Treadporis not operational.

ACTIVE MECHANICAL TETHER

The active mechanicatethercomprisesa hookjoint at the
base,a sliding joint that connectsthe baseto the user and a
sphericaljoint at the attachmenfpoint to the harnessworn by
theuser A rotarymotordrivesthesliding joint throughatiming
belt. Thetethermeasureshe full positionandorientationof the
user andalsoexertsa forcealongthelinearaxis. The basgoint
of thenew Treadporis shavn in Figure6.

Of thevariouspurposegor anactive mechanicatether the
displayof inertialforceis themostdemandinglt 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 08mna, wheremy istheusersmassandais theusersaccel-
eration,perhapsueto the localizedapplicationof forceto the
body(Christenseietal.,2000).Fora90kg useracceleratingt 1
g,therewouldbearequirementor f 08m,g 720N of tether
force. Sucha requirementaisesserioussafetyissuesandsois
consideredo be impractical. A mitigating factoris that some
forward motion on the platformis allowabledueto the 10-foot
length. Thereforgheusercanexperiencesomerealacceleration,
andsoalesseiinertial forcedisplaywill berequired.

For the rst generationTreadportthe tetherforce waslim-
itedto 190N = 431b. Thebeltvelocity waslimited by the soft-
wareto 5 m/s = 11 mph. For the purposesof designspeci -
cation,the saturatiorof Treadportactuatorsvasnot considered
in a simulation, createdfor the caseof startingfrom restand
sprintingforward at maximumaccelerationThe runningmodel
is basedon an exponentialequationdescribedn (Christensen
et al., 2000). The control algorithmfor the tetherandthe belt
were optimizedto minimize the appliedtetherforce. This was
achievedby allowing theuserto almostreachthe endof thesafe
operatingareaat the front of the treadmill. Figure7 shavs the
desiredbeltvelocityandtheresultingforcerequiredof thetether
The peaktetherforceis roughly350N = 781b. The gure also
shavs how the userhasmovedforwardon the beltabout0.8 m.

For the old Treadportjt wasfoundthatevenwith thelimits



onthetetherforce andbelt velocity, the treadmill casematched
closelywith runningon the ground(Christenseret al., 2000).
Sincethenew Treadporis 10feetlonginsteadf 8 feetlong, the
usercanbeallowedto go furtherforward,sotherequiredtether
force canbe reduced.It wasdecidedto sizethe tetherforce at
315N =70lb.

A powerspectrumanalysiof humansprintstartsshavsthat
thebandwidthis roughly0.5Hz, basedntheuseof Hill' sequa-
tion (Christenseret al., 2000). This bandwidthis representatie
of the large amplitudesignalsfrom sprint starts,but for other
motionsthe tethermustbe ableto trackthe motion of eachfoot
fall. Consequentlyve speci eda 3 Hz bandwidthfor suchsmall
amplitudesignals.

In the caseof simulatingrunninginto awall, onecouldcon-
ceivably arguethat the bandwidthshouldbe muchhigher, asit
would be requiredfor a hapticinterfacesimulatinga hard sur
face. However, it appearghat runninginto a hardwall is not
somethingo be simulatedwith complete delity for reasonf
comfortandsafety

Evenwith thistetherforce,thereis apotentialconcerrabout
a possibledamagindoad to the back. A suney of the biome-
chanicsliteratureof the spineshaved that a 70-lb load is well
within normalload rangesandthereforedoesnot posea safety
risk.

In the original Treadportthe kinematicarrangementf the
tetheris asphericamanipulatodesignwhereinthereis a 2-axis
Hookeanjoint atthebase anactuatedsliding joint, anda spher
ical joint of pitch-yaw-roll design.Along theroll axis,whichis
the lastaxis, thereis a linear offsetbetweerthe harnessttach-
mentandthesphericajoint center Thisoffsetmeanghatwhena
useris facingsidavaysa twisting torqueis createdby thetether
To reducethis lever effect, the sphericajoint centeron the new
tetherwas placed ush againstthe users back. This joint is a
conventionalroll-pitch-yaw designjn whichtheroll axisis now
housedn theboom. Therestill existsatwistingtorquewhenthe
userfacessidevays,becausehe tetherforce cannotbe directed
throughthe centerof the users body Designswereconsidered
involving 4-barlinkagesor circulartracksthatwould placethe
tetherforcethroughbodycenterbut theaddedencumbrancand
limitations on movementwere not consideredwvorth the bene-

t. Theworkspacef the basgoints wasalsoimprovedto allow
greatemaneuerabiltyin thevicinity of thebase.

The harnessasleg loops,shoulderstraps andbeltsfor the
waistandchest.Thesestrapsareall adjustabldor theindividual
user

Thereis a force sensomat the attachmenpoint of the tether
end. Becauseof backlashin the attachmenbf the harnesgo
theuser it wasdif cult to make closed-loodorce controlof the
tetherstable. Instead we useopen-loopforce control. A much
lower gearratio is usedon the new tetheras comparedo the
old tether sothatthe motoris morebackdrivableandfrictional
lossesareless.Testsdeterminedlinearresponsdetweemmotor

80

60 - q

40 -

20 7

ok 4

TETHER FORCE

20 B

40 - E

60 - q

80 - 7

100 I I I I I I I I I
0.6 0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4

CONTROL VOLTAGE

Figure 8. FORCE VERSUS VOLTAGE MOTOR COMMAND FOR THE
TETHER.

commandsndtetherforce (Figure8).

SAFETY MECHANISMS

Becausdhe humanweightandthe forcesof runningareto
be accomodatedpcomotioninterfaceshave to belarge andca-
pableof producingsubstantialorces.Safetycanbeamuchmore
pressingconcernthanfor hapticinterfaces.Severalmechanisms
have beenimplementedo ensureusersafety

Therearekill switchesheldbothby theuserandthe opera-
tor. Theusermustdepresandhold a switchin ahand-heldunit
for the treadmillto operate.Thereis a ceiling restraintattached
to the harnesswvorn by the user which operatedike a car seat
belt. A lock is triggeredwhenthereis a suddenjerking of the
ceilingtether which catchesauserwhois falling. Thereareme-
chanicalimit stopsonthelinearaxisof thetether Thereis also
awatchdogimerfor 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 harnessattachmentsthere are torsional
springswhich resista userturn to the left or right. Thesespring
resistanceprovide kinestheticinformationaboutthe centerpo-
sition onthebelt. An integral controltermin the Treadporicon-
troller alsorecenterghe useron the belt at ary steadystateve-
locity (Christensertal., 2000).

Variousposition, motion, and force limits are enforcedby
software. Thereis a boundingbox for safeoperationthat pre-
ventsexcursionstoo closeto the sides,front, andback,aswell
as apparentmotionstoo high or too low to the belt. Gradual
ramp up during startupis enforcedfor belt velocity and tether



force. Limits areplacedon the speedf backwardmotion.

CAVE DISPLAY

Figure2 shavs the CAVE (Cruz-Neiraetal., 1993)display
for the new Treadport. Threescreensare placedin a ared ar
rangementwith the side screengotated60 degreesfrom the
front screen. The aring gives a rough approximationto a
cylindrical display The screensarehighly diffuseacrylic back-
projectionscreensThreeHughes-JVG51000SXGA projectors
createthe graphicalimages.Mylar mirrorsfold the optical path
to presere space.

COMPUTER ARCHITECTURE

The Treadportis controlledby a VME-basedmicroproces-
sor system. The real-time operatingsystemVxWorks (Wind
Riversinc.) is employed on a Motorola PaverPC604eboard,
andthe ControlShellcomponent-basegrogramminglanguage
(Real Time Innovations,Inc.) is employedto encodethe con-
troller. An SGI 4-processqr2 graphics-hea®nyx is employed
to createthegraphicaimages.

DISCUSSION

This paperhas presentedhe second-generatiofireadport
and the designspeci cationsin its creation. Currentresearch
focuseson mechanicalssuesf turning controlmethodsandir-
regularslopedisplay andvisualissuesof displaycuesfor depth
perceptior(Hollerbachetal., 1999).
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