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Abstract:Apositionandorientationcompensationmechanismfortheautomaticdockingdeviceofalaunchrocket-
wasestablished.Thedockingprocesswassimulated,andthemaximumdockingdeviationwasusedfortheproto-
typetestingofthecompensationmechanism.Thecompensationmechanismmainlycomprisesfourcolumnpairmo-
tionbranchchainswiththesamestructure.Whenthepositionofthegroundconnectorpanelchangesrelativetothe
movingplatform,theslidingrodsinthefourmotionbranchchainsmoveandrotatetoeithercompressorstretch
theconnectedspring,therebycompensatingthepositionandorientation.First,thedynamicsimulationmodelof
thecompensationmechanismwasestablished.Thedockingprocesswasthensimulatedunderthemaximumdoc-
kingdeviation.Benchtestingoftheautomaticdockingdeviceprototypewascarriedout.Afterwards,thedevicewas
manufactured,andamaximumloadtestandmaximumdeviationtestwerecarriedout.Theresultsdemonstrate
thatthecompensationmechanismmeetsthedesignrequirements,andthespringstiffnesswasfoundasthemost
importantfactorindeterminingthemechanicalpropertiesofthesystem.Theproposedcompensationmechanism
hasanumberofadvantages,includingasimplestructure,largeloadbearingcapacity,smallsize,simpleinstalla-
tion,andadjustment.
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0 Introduction
Toshortenpropellantfillingtime,improvee-

missionefficiency,andeliminatethepersonal
safetyrisksassociated with manualdockingof
launchrockets,automaticdockingtechnologyhas
gainedagreatdealofattentionin manycoun-
tries[1-3].Intheearly1960s,theintegratedconnec-
torpanelusedbytheearlySaturnVcarrierrock-
etintheUnitedStatesalreadyofferedacertain
degreeofautomaticdockingcapabilities[4-5].Fur-
ther studies in the United States, Russia,

France,andothercountriesresultedinthedevel-
opmentof “Arrow”dockingtechnology and
“Shelter”dockingtechnologyledbytheUnited
StatesandRussia,respectively[6-7].The“Arrow”

dockingtechnologyavoidsproblemsassociated

withalignmentandadditionalproblemscausedby
shakingofthearrowbodyduringthedockingand
fillingprocess.However,repeateddockingcannot
beachieved.The“Shelter”dockingtechnology
providesasimpleandreliableprocessfordocking
anddisengagementwithshortoperationtimeand
areconnectingfunctionafterdocking.However,

itisclassifiedasrigidassemblytechnology,there-
fore,itsadaptabilitytotheenvironmentispoor
andthefillingportcanonlybelocatedatthetail
endofthearrow.Whileeachdockingtechnology
hascertainadvantagesanddisadvantages,the
technologieshaveyettobefullyintegratedto-
gether.

Otherdockingtechnologies,includingthe
“amphibiousintegrated”and“flexibleshelf”doc-
kingtechnologies,arebasedon “Arrow”and



“Shelter”.The“amphibiousintegrated”system
iscurrentlyunderdevelopmentinChina.Theam-
phibiousrobotsystemprototypedevelopedinour
laboratorycanbedividedintoanumberofdiffer-
entdockingstages,correspondingtothedifferent
dockingmodes[8-11].The“flexibleshelf”docking
technologyisbasedsolelyonthe“Shelter”tech-
nology,replacingtherigidassemblywithamore
flexible assembly[12].The docking technology
thereforehastheadvantagesof“Shelter”,andin
additionavoidsanydamagethatmaybecausedby
thehugetearforcesoftherigidbottomjoint.Fur-
thermore,restrictionsonthefillingportlocation
associated withtherigid “Shelter”technology
haveyettoovercome.

Inthisstudy,thepositionandorientation
compensationmechanismisclassifiedas“flexible
shelf”dockingtechnology.Theflexibleconnec-
tionisachievedbythecompensationmechanism.
Itcompensatesthepositionandorientationdiffer-
enceproducedfromthedockingmotionbypas-
sivedeformation.Itconvertstherigidconnection
betweenthedockingdeviceandarrowbodyintoa
flexibleconnection,reducingdamagetothear-
rowsbyprovidingaprotectiveeffectandisalso
beneficialtosuccessfuldocking.Thus,aposition
andorientationcompensationmechanismispres-
entedinthisstudybasedonspecificdesignre-
quirements.Inaddition,theproposedmechanism
wassimulatedandexperimentallyvalidated.

1 DesignofPositionandOrientation
CompensationMechanism

1.1 Dockingdeviceoflaunchrocket

Thestructureoftheautomaticdockingde-
viceisshowninFig.1,andthedeviceconsistsof
theactuatingmechanism (3-PSSparallelmecha-
nism)[13-16],movingplatform,positionandorien-
tationcompensationmechanism,groundconnec-
torpanel,rocketconnectorpanel,centeringguide
structure,andretainingmechanism.Therocket
connectorpanelinFig.1isapartofthelaunch
rocket,whichisnotshown.Thecompensation
mechanismisinstalledbetweenthemovingplat-

formandgroundconnectorpanel,andthemoving
platformisfixedattheendoftheactuatingmech-
anism.Whiledocked,therocketisfilled with
propellantandtheactuatingmechanismdrivesthe
movingplatform,therebydrivingthegroundcon-
nectorpanelclosetotherocketconnectorpanel.
Afterthecompletionofthedockingprocess,the
groundconnectorpanelandrocketconnectorpan-
elarelockedwiththeretainingmechanism.Dur-
ingthepropellantfillingprocess,therocketcan
beaffectedbyloadsduetowindandcanrandomly
shake,causingtherocketconnectorpaneltomove
insixdirections[17].Whenthisoccurs,thecom-
pensationmechanismcancompensatefortheoff-
setbetweenthepaneloftherocketconnectorand
themovingplatform,andthusprotectstherock-
et.

Fig.1 Structuraldiagramofdockingdevice

1.2 Designrequirementsforpositionandorienta-
tioncompensationmechanism

Basedonthedockingconditions,theposition
andorientationcompensation mechanism must
meetthefollowingrequirements:

(1)Toachieveaflexibleconnectionbetween
theautomaticdockingdeviceandrocket,the
compensationmechanism musthavesixdegrees
offreedom.Accordingtotheerroranalysis,the
compensationmechanismhasamaximumcom-
pensationvalueof±8mminthreetranslational
directions,andamaximumanglecompensationof
±0.5°inthreerotationaldirections.

(2)Thepositionandorientationcompensa-
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tionmechanism musthaveacertainamountof
loadbearingcapacity.Beforedocking,thecom-
binedmassofthegroundconnectorpanel,retai-
ning mechanism,andpipelineisapproximately
35kg,andthefuelinthepipelineisapproximate-
ly15kg.Therefore,thecompensationmecha-
nismmustbeabletosupportatotalmassofap-
proximately50kg.

(3)Themaximumcontactforcebetweenthe
groundconnectorpanelandrocketconnectorpan-
elmustbenogreaterthan3000Nduringthe
dockingandservomechanismprocess.

Inadditiontotheabovefactors,thedesign
ofthecompensation mechanismshould meeta
numberofotherconditionssuchassimplestruc-
ture,largeloadbearingcapacity,smallsizeoccu-
pyingminimalspace,simpleinstallationandad-
justmentasmuchaspossible.

1.3 Structuraldesignofpositionandorientation
compensationmechanism

Thepositionandorientationcompensation
mechanismencompasseselementsofthreetypes
ofmechanisms:compliant,series,andparallel.
Acompliantmechanismtransmitsmotionanden-
ergyviatheelasticdeformationofsomeorallof
itsflexiblecomponents[18].Therefore,compliant
mechanismencountersdifficultiesinwithstanding
thetotalqualityofthegroundconnectorpanel
andmeetingthesizerequirementsforthecom-
pensationspace.Theseriesdesignhasasimple
structure,largerangeofmotion,lowcost,and
morematuretechnology.However,usingase-
riesmechanismwithsixdegreesoffreedomtore-
alizecompensationinallthedirectionsrequires
morespaceandthestructurewillbeoverstaffed.
Comparedwiththeseriesmechanism,theparallel
mechanism hastheadvantagesofalargeload
bearingcapacity,highstructuralstiffness,supe-
rior precision motion control,and compact-
ness[16-19].Theparallelmechanismhasimportant
applicationsinmotionsimulators,industrialro-
bots,parallelmachinetools,medicalrobots,and
microrobots[18].Thepositionandorientation
compensationmechanismdesignpresentedinthis

studyisbasedonparallelmechanismandhasthe
followingadvantages:(1)Thisinstrumentbased
onthetechnologyhashighrigidityandstrength,

resultinginahigherloadbearingcapacity;(2)

Thesizeofthefrontandrearspaceissmall,and
thestructureiscompact;(3)Theoverallmassis
significantlyreducedcomparedtothatinthese-
riesmechanism.

Thestructureoftheproposedpositionando-
rientationcompensationmechanismisshownin
Fig.2,anditmainlyconsistsoffourCCC(Cre-
ferstothecolumnpair)motionbranchchains
withidenticalstructures.Each motion branch
chainincludesafrontand rearsliding rod,

sleeve,endcap,frontandrearsprings,C-type
component,upanddownslidingrods,upand
downsprings,upanddownadjustingnuts,left
andrightslidingrods,leftandrightspring,and
leftandrightadjustingnuts.Alltheconnections
betweenthefrontandrearslidingrodsand
sleeve,upanddownslidingrodsandfrontand
rearslidingrods,andleftandrightslidingrods
andupanddownslidingrodsarecolumnpairs.In
eachmotionbranchchain,thespringissetonthe
slidingrod.Whenthepositionofthegroundcon-
nectorpanelchangesrelativetothemovingplat-
form,theslidingrodsinthefourmotionbranch
chainswillmoveandrotatetoeithercompressor
stretchtheconnectedspringinordertocompen-
sateforthepositionandorientation.

Asectionalviewofthemotionbranchchain
alongthefrontandrearslidingrodaxialdirec-
tionsisshowninFig.3.Thesleeveisfixedon
themovingplatform,andthefrontandrearslid-
ingrodsconnecttothesleevebythecolumnpair.
Thefrontandrearslidingrodscanmoveforward
andbackwardrelativetothesleeveandcanalso
rotatetoasmallanglearoundtheirownaxes.
Thefrontandrearslidingrodsarefixedtogether
usingaC-typecomponent,andtheconnections
betweentheC-typecomponentandupanddown
slidingrods,andfrontandrearslidingrodsare
allcolumnpairs.Therefore,eachmotionbranch
chainworksontheprincipleofparallelmecha-
nismoftheCCCtype.Consideringtheassembly
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factors,theupanddownslidingrodsaremadeof
threecomponents,andtheleftandrightsliding
rodspassthroughaholeinthemiddlesection.

Fig.2 Illustrationofpositionandorientationcompensation
mechanism

Fig.3 Sectionalviewofamovingbranchalongaxialdirec-
tionofthefrontandrearslidingrods

Thelocalviewoftheleftandrightsliding
rodsisshowninFig.4.Theleftandrightsliding
rodsaresecuredtothegroundconnectorpanelus-
ingastudbolt.Oneendoftheleftandright
springsactsontheupanddownslidingrods,and
theirotherendactsontheleftandrightadjusting
nuts.Thegroundconnectorpanelshiftsleftand
rightandcanbecontrolledbycompressingand
stretchingtheleftandrightsprings.Theupand
downspringsfullysupporttheweightonthe
groundconnectorpanel,andtheweightistrans-
ferreddirectlytotheupanddownslidingrods
throughtheleftandrightslidingrods.Whenthe
frontandrearpositionsofthegroundconnector

Fig.4 Illustrationoftheleftandrightslidingrods

panelchangerelativetothemovingplatform,on-
lythefrontandrearspringsaredeformedwhile
theothersarenot.

Accordingtotheinstallationpositionofa
spring,thespringswithinthefourmotionbranch
chainscanbedividedintothreegroups:(1)front
andrear,(2)upanddown,and (3)leftand
right.Thefirst,second,andthirdgroupscontain
eight,four,andfourchains,respectively.There
aremorespringsinthefrontandrearspring
groups,andtheglobalstiffnessisgreatertopro-
videasufficientdockingforce.Theupanddown
springgroupcarriesmostoftheweightofthe
groundconnectorpanel,withpossiblemassec-
centricity,andthepositionandorientationaread-
justedaccordingtotheamountofcompressionpr-
esentintheupanddownsprings.Duetothespe-
cificityoftherelativepositionofthefourmotion
branchchainstructures,thedegreesoffreedom
ofthegroundconnectorpanelrelativetothemov-
ingplatformaredecoupledinthethreetransla-
tionaldirections.Therefore,morespaceisre-
quiredforthecompensationmechanism,andad-
justmentsaremoreconvenient.Thestructurehas
acertainamountofstabilityandanti-interference
ability.Moreover,thecompensation mechanism
canberestoredtotheinitialpositionwithre-doc-
kingcapabilitiesafterdockingandfillinghave
beencompleted,andthegroundconnectorpanel
androcketconnectorpanelaredisengaged.

1.4 Designofspringstiffness

Thedockingprocesscanbedividedintotwo
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stages:Thereachingservostagebeforedocking
andtheservostageafterdocking,whichhaveop-
positestiffnessrequirementsforthepositionand
orientationcompensationmechanism.Thereac-
hingservostagerequiresthestiffnesstobeas
highaspossiblesincetheeffectofinertialforces
willbesmallerinthiscase.Excessiveshakingof
thegroundconnectorpanelrelativetothemoving
platformwillnotoccur,improvingthedockingac-
curacy.Theservostagerequiresthestiffnessof
thepositionandorientationmechanismtobeas
lowaspossibleresultinginsmallerforcesacting
ontherocketpanel.Thespringstiffnessisthe
mainfactoraffectingtheoverallstiffnessofthe
compensationmechanism.Therefore,thespring
stiffnessshouldbereducedasmuchaspossibleto
minimizeshakingbelowthresholdlevel.Tovali-
datetherelevanttechnicalindexesrequiredbythe
mechanismto meetthedockingrequirements,

threesetsofdesignparametervariablesforthe
springstiffnessweredetermined,andanobjective
functionoftheXYZdeviationwasestablished.
Theeffectofeachdesignparameterontheobjec-
tivefunctionwasanalyzedbytheoptimalcalcula-
tionmethodinADAMS,andthespringstiffness
wasoptimizedundertheactualworkingcondi-
tions.Accordingtotheoptimizationresults,the
stiffnessoftheupanddownsprings,leftand
rightsprings,andfrontandrearspringswasde-
terminedtobe11,26,and20N/mm,respective-
ly.

2 SimulationofDockingProcessUn-
dertheMaximumDeviation

Duringthereachingservostage,greaterdoc-
kingdeviationresultsingreatercontactforceson
therocket.Therefore,analyzingthemaximum
contactimpactforceontherocketunderthemax-
imumdockingdeviationisofimportance.

2.1 Establishmentofthedynamicmodel

Adynamicmodelofthepositionandorienta-
tioncompensationmechanism wasestablishedin
ADAMS.Theoriginofthekinematicmodelwas
setastheoriginofthecoordinatesystemshown

inFig.2.Afterassigningthecomponentquality
attributes,thecoordinatesystemofeachcompo-
nentinthemodelwasautomaticallygenerated,

withtheorigincorrespondingtothecentroidof
thecomponent.Thequalityattributeoftheim-
portedmodelwasthen matched,andconstraint
processingwascarriedoutaccordingtothecon-
nectionrelationshipbetweenthecomponents.A
fixedsecondaryconnectionwasusedbetweenthe
movingplatformandsleeveandbetweentheleft
andrightslidingrodsandgroundconnectorpan-
el.Acolumnpairconnectionwasusedbetween
thefrontandrearslidingrodsandsleeve,theup
anddownslidingrodsandfrontandrearsliding
rods,andtheleftandrightslidingrodsandup
anddownslidingrods.Ineach motionbranch
chain,thespringwassetontheslidingrod.The
dynamicmodelofthecompensationmechanismis
showninFig.5.

Fig.5 Topologicalstructureofthedynamicmodel

2.2 Simulationofdockingprocessunderthemax-
imumdeviation

Tosimulatethedockingprocessundermaxi-
mum deviation,aconstantdeviationofΔLx =
8mmandΔLy=8mmofthecenterpositionof
themovingplatformrelativetothecenterposi-
tionoftherocketconnectorpanelwassetinad-
vanceintheX-andY-directions,respectively,
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andnodeviationintheZ-direction.Inthetime
range0—6.2s,thegroundconnectorpanelap-
proachestherocketconnectorpanel.At6.2s,

thecenteringguiderodonthegroundconnector
panelcomesintocontactwiththetaperholeon
thepaneloftherocketconnector,beginningthe
dockingprocess.IntheX-direction,thevariation
inthecollisionforceexertedbythecentering
guiderodandresultingforceFovertimeisshown
inFig.6.IntheY-andZ-directions,thevariation
intheforceexertedontherocketandresultingforce
overtimeisshowninFigs.7,8,respectively.

Fig.6 Variationinthecollisionforceexertedbycentering
guiderodandresultingforceintheX-directionover
time

Fig.7 Variationinthecollisionforceexertedbycentering
guiderodandresultingforceintheY-directionover
time

Fig.8 Variationinthecollisionforceexertedbycentering
guiderodandresultingforceintheZ-directionover
time

Figs.6,7showthatthecontactforcesinboth
theX-andY-directionsincreaseasthecentering
guiderodpenetratesdeeperintothetaperedhole.
Theforceontherocketreachesavalueof823N

intheX-directionand426NintheY-directionfor
adeviationof8 mm.Thepeakforcesreached
1235Nand496N,intheX-andY-directions,

respectively,duetothecontactcollision.As
showninFig.8,asthecontactpenetratesdeeper,the
contactforceinZ-directionchangesfromsmallto
largeandthensmallagain.Afterdocking,the
contactforceintheZ-directionis50N,andthe
maximumcontactforceduringtheprocessis665N.
Insummary,underthemaximum docking

deviation,thecontactforceoftherocketinthe
X,Y,andZ-directionssatisfiestherequirement
ofacontactcollisionforcenogreaterthan3000N.

3 TestofPositionand Orientation
Compensation Mechanism Proto-
type

3.1 Testsummary

Theperformanceoftheautomaticdocking
device wasverified bythebenchtesting,as
showninFig.9.Accordingtothestructuralchar-
acteristicsofthepositionandorientationcompen-
sation mechanism,the maximumforceofthe
rocketinasingletranslationaldirectionismainly
derivedfromtheforcewhenthecompensation
mechanismreachesthemaximumcompensation
value.Thetestwascarriedouttoverifywhether
thecompensationspaceineachdirectionofthe
compensationmechanismmeetstherequirements
andensuretheexternalforceactingontherocket
remainswithinanappropriaterange.

Thetheoreticalstiffnessvaluesoftheupand

Fig.9 Illustrationofbenchtestingequipmentforautomat-
icdockingdevice
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downsprings,leftandrightsprings,andfront
andrearspringsare11,26,and20N/mm,re-
spectively.Theactualstiffnessvaluesare10.51,

25.53,and19.92,respectively.Therefore,theer-
roriswithin±1N/mm.

Thegroundconnectorpanelwassettothe
verticalstateandtheupanddownadjustingnuts,

leftandrightadjustingnuts,andendcapwere
adjustedtocreateasymmetricalstructure.At
thistime,thepositionandorientationcompensa-
tionmechanismwasintheinitialworkingstate,

andthetranslationalandrotationaleffectswere
examinedbyapplyingtheloadinthreetransla-
tionalandthreerotationaldirections.Afterverif-
yingthatthecompensationmechanismmeetsthe
spacerequirementsforsixdegreesoffreedom,

themaximumloadtestandmaximumdeviation
testwerecarriedout.Beforetakingthemeasure-
ments,thehydrauliccylinderwasretractedtoits
limittoensureconstantpositionofthemoving
platform.

3.2 Maximumloadtest

Whenthepositionandorientationcompensa-
tionmechanismwasintheinitialworkingcondi-
tion,amassof50kgwasappliedtotheground-
connectorpanelsothattheupanddownsprings
werecompressedwithan8mm workload.The
weightwasthenremovedafteracertainperiodof
time,andthecompensationmechanism wasre-
storedtoits originalcondition.During this
process,theworkingstatesofallpartsofthe
compensationmechanism werenormal,andno
partsweredamaged.

3.3 Maximumdeviationtest

AnStension-compressionsensorwithasen-
sitivityof2.0 mV/Vand maximumrangeof
300kgwasusedtomeasuretheforceduringthe
maximumdeviationtest.AsshowninFig.10,a
sensorisplacedbetweenthegroundconnector
panelandrocketconnectorpanel.Therocketsim-
ulatorwasusedto movetherocketconnector
panelby8mmtothefrontandrear(Z-direc-
tion),upanddown(Y-direction),andleftand
right(X-direction),respectively,andthemoving

valueswerereadfromascaleontherocketsimula-
tor,asshowninFig.11.Aftertheoutputvalueof
theStension-compressionsensorwasmeasured,

theforcewascalculatedusingtheformulaF=k×
L,wherekisthestiffnessoftheStypepullpres-
suresensor,andListhedisplacementvalue.

Sincethesameforceactsonthesamelength
duringtensionandcompression,measurements
wereonlytakenundercompression.

Fig.10 Positionofsensorontherocketsimulator

Fig.11 Positionofdisplacementscaleontherocketsimu-
lator

Foreachofthethreespringgroups,the
groundconnectorpanelwasmoved8mm,and
thetheoreticalvaluesoftheresultantforceswere
calculated.

Foradeviationof8mmbetweentheground
connectorpanelandrocketconnectorpanelinthe
frontandrear,leftandright,andupanddown
directions,themeasuredvaluesarelistedinTa-
ble1.Theactualforcevalueswereobtainedby
substitutingthemeasuredvaluesintotheformu-
la.ThevoltagevaluesmeasuredusingtheSten-
sion-compressionsensor,calculatedforcevalues,
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theoreticalspringforcevalues,andsimulation
contactforcevaluesunderthemaximumdocking
deviationarelistedinTable1.

Table1 Voltagevalues,testedforcevalues,theoreticalvalues
ofspringforceandsimulationcontactforcevalues

Project
Leftand
right(X)

Upand
down(Y)

Frontand
rear(Z)

Voltagevalue/mV 11.0 4.4 17.4
Testedforcevalue/N 808.5 323.4 1278.9
Theoreticalvalueof
thespringforce/N

816.9 336.3 1274.9

Simulationcontact
forcevalue/N

823.2 353.8

Foradeviationof8mm,thethreeforceval-
ueswererelativelyconstantintheX-andY-direc-
tions,includingthetestedforcevalue,theoretical
springforcevalue,andcontactforcevalue,aslis-
tedinTable1.IntheZ-direction,onlythetested
forcevaluewasconsistentwiththetheoretical
springforcevalueofspring.

Fig.12isasketchmapofthefourverticesat
thebottomoftherocketsimulator.Byadding
gasketsatpoints2and3,therocketsimulator
producesarotationof0.5°.Duringthisprocess,

theworkingstatesofallthepartsbasedonthe
compensation mechanism werenormalandno
partsweredamaged.

Fig.12 Sketchmapoffourverticesatthebottomofrocket
simulator

4 Conclusions

Inthisstudy,therigidconnectionbetween
theconnectordockingdeviceandarrowbodywas
transformedintoaflexibleconnectionbyaposi-
tionandorientationcompensation mechanism.
Thepositionandorientationcompensationmech-
anism wasdesignedtohaveasimplestructure
andlargeloadbearingcapacity,occupyasmall

volume,andoffersimpleinstallationandadjust-
ment.Iteffectivelyreducedtherippingforceof
thearrowsandimprovedtheadaptabilityofthe
automaticdockingprocesstotheenvironment.
Basedonthebenchtestingoftheautomaticdoc-
kingdeviceandthesimulationofthedocking
processunderthemaximumdockingdeviation,

thefollowingconclusionsweremade:
(1)Thepositionandorientationcompensa-

tionmechanismmeetstherequirementsincluding
amaximumcompensationof±8mminthethree
translationaldirectionsand±0.5°inthethreero-
tationaldirections.

(2)Accordingtothe maximum deviation
test,therequirementforthecompensationmech-
anismtosupportamassof50kgwasmet.

(3)A simulationofthedockingprocess
provedthatforamaximumsingledirectiondis-
placement,thepressurevalueofthearrowis
withintheallowablerangeofno morethan
3000N.Thesimulationresultswereverifiedby
themaximumdeviationtest.IntheX-andY-di-
rections,theexperimentalforcevalueandsimula-
tioncontactforcewereconsistentwiththetheo-
reticalspringforcevalue.Thetestforcevaluein
theZ-direction wasalso consistent with the
springforcetheory.Theseresultsdemonstrate
thatthespringstiffnessisthemostimportant
factorindeterminingtheoverallstiffnessofthe
position and orientation compensation mecha-
nism.
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