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CBTFEPOUIFUIFBT nPXODPOMHVSBUJPO 8IJMFUIFSF BSF OP N
UIBUBSF XPSUIFYBNJOJOH

F7BO"MMFO 1SPCFTIBWFCFFOPQFSBUJPOBMGPSPWFSBZFBSB
IBWF CFFO TVCKFDUFE UP NBOZ NBOFVWFST BOE IBWF nPXO UIS|
TQBDFDSB DBSSZBTFUPGTVOTFOTPSTBOEBNBHOFUPNFUFS |
BTQJOQFSJPE BOEBTVOBTQFDUBOHMF XIFOOPUJOFDMJQTF
PG UIFFBSUIhT NBHOFUJD mFME JT QBQFS FYBNJOFT UIF BWBJI
WBMIJEBUF UIFEZOBNJDT QSFEJDUJPOT

,FZXPSEINOOJIJOH TQBDFDSB nFYJCMFCPPNT EZOBNJDT NPEFM!

*OUSPEVDUJPO

7 " 1# $BSFB QBIJS PG JEFOUJDBM TQBDFDSB JO /"4"
QSPHSBNKNJTTIJPOhTNBJOPCKFDUJWFJTUIFTDJFOUJmMD F
SFHIPOPGTQBDFUIBUTUSFUDIFTGSPNUIF&BSUITVQQFSB
UIF &BSUIhT NBHOFUJD mMmFME FJOTUSVNFOUTPOUIFTQBDFDSE
FMFDUSPOTBOEJPOTJOUIFSBEJBUJPOCFMUT%UIFJS GPSNBUJI
NJTTJPO UBSHFUTUIF GVOEBNFOUBM QSPDFTTFT UIBU FOFSHJ[F
WBSZJOH DIBSHFE QBSUJDMF QPQVMBUJPOT JO UIF &BSUI T JOO
UIF &BSUI TSBEJBUJPO CFMUT UIBUBSF IB[BSEPVTUP TQBDFDS
XFSF MBVODIFE JO "VHVTU 4JODFUIFJS DPNNFODFNFOU PG~

UIFZIBWFSFUVSOWBTUBNPVOUTPGJOGPSNBUJPOBCPVUU
TDJFOUJIJmD DPOUSJCVUJPOT UIBU UIF QSPCFT IBWF NBEF JT UIF
7BO "MMFO CFMU SFHJPO PG UGSBPUNNPIFVIBFG FMMHO 3IBPCFT QSPK
TIPXTBOBSUJTU TSFOEFSJOHPGUIF7BO"MMFO 1SPCFT XJUI UII

FTFXFSFDBMMFE 3BEJBUJPO #FMU 4UPSN 1SPCFT 3#41 XIJMF CFJOH CVJI
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IBTBMBSHFJNQBDUPOUIFEZOBNJDTPGUIFTQBDFEDSB &'8DPC
EFTJHOFE UP NFBTVSF UIF MPDBM % FMFDUSJD mFME BSPVOE U
EJQPMF MFOHUI UJQ UP UJQ JTDP BMJHOFE XJUIUIFTQJO BYJT
CPPNT 41# MPOH XJSF CPPNT FYUFOEJOH SBEJBMMZ P\
&BDI41#JT NBEFVQ PGB MPOH UIJO XJSF B QSF

BNQMJmEFS BUIJOOFS PVUFS XJSF BOE BO FMFDUSJD
TEFOTPSBUUIFUJQ &BDIQBJSPGUTE41#T GPSNT B

EJQPMF NJOMFOHUI UJQ UPWJIQ FCHPNI
XIJMF QSPWJEJOH POMZ PG MIF.URUB
PG UIFTQBDFDSB BDDPVOU GPS B

(k) EFW Spin Plane Boom
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BUUBDIFE UP POF QBJS PG Ef QMPZER AL MBS QROFMT
FBYJBMBOENBHOFUPNFUFSCPPNTBOEUIFTP

MBS QBOFMT BMTP DPNQMJDBUF UIF EZOBNJDT PG UIF

TZTUFN
4QBDFDSBGU %FTDSJQUJPO

$PQIJPVTJOGPSNBUJPO PO UIF 7BO "MMFO 1SPCFTIBT CFFO DPM|
4QSJOHMFSISF TFDUJPO EFTDSJCFT TFOTPST BDUVBUPST TQBDEFI
SBNFUFSTNPTUSFMFWBOUUPUIJTEJTDVTTJPO

AFOTPST

FNBJO BUUJUVEF TFOTPST PO UIF 7BO "MMFO 1SPCFT JT B QBJ!
NPVOUFE PO PQQPTIJUF TIJEFTPGUIFTQBDFDSB IVC &BDITFOTF
BOEBTVO BTQFDUBOHMF PODFQFSSFWPMVUJPO FTVOQVMTF
UIFEJ FSFODF CFUXFFO TVDDFTTIJWF TVO QVMTFT GSPN UIF TBN
BOHMFIBT B MPX SFTPM\WBORP OTPGIBTPPU QBSUIJDVMBSMZ VTFGYV
OBNJDTPGUIFTQBDFDSB /PUFUIBUUIFTVOTFOTPSEP OPU QSI

/[PUFUIBUUIFBDUVBM BUUBDINFOU QPJOUJT OPU BU UIIFNTYGGEB D FFPEPB3H T (



FTQBDFDSB BMTP DBSSZUIF&MFDUSJD BOE .BHOFUJD 'JFME *C
&.'*4*4 B TDJFODFJOTUSVNFOU XIJDINFBTVSF UIF FMFDUSJD |
F&.'*4* 4 nVYHBUF NBHOFUPNFUFS QSPWJEFT JINBHOFUJD mF
UBUJOH UIFY BOEZ DPNQPOFOUTBSFBMTP SPUBUJOH #Z mUU.
TVSFNFOUBMPOHPOFBYJT QJFDF XJTF UIFTQJO SBUFPGUIFT
XIMMCFTIPXOCFMPX UIFFTUINBUFTBSFOPUSFMJBCMFOFBS Q
SBQJEMZ BT UIFTQBDFDSB nZUISPVHI QFSJHFF /FBS BQPHFF |
UJNBUFT BSF OPJTZ *OFTTFODF UIF NBHOFUJD mFME EBUB JT C
NBHOFUJD mFMEEBUBJT QVCMJDMZBWBJMBCMFBU /"4" (PEEBSE
"OBMZTJT8FC <

"DUVBUPST

F7BO"MMFO 1SPCFTDBSSZBTFUPG FJHIU [ UISVTUFST %J F
QVSFGPSDF @WSS- UPSRVFBMPOHUIFTQJOBYJT GPSTQJO BEKYV
USBOTWFSTFBYFT GPSQSFDFTTJPOPGUIFTQJOBYJT FTQBD
TZTUFN 4FMFDUFEUISVTUFSTDBOCFmMSFECZHSPVOEDPNNBOL
MSFEB FSBmMYFEEFMBZGPMMPXJOHBTVO QVMTFGBDJMJUBUJC

FQSPCFTDBSSZUXPnVJE mMmMMFE SJOHOVUBUJPO EBNQFST BMF
EBNQPVUIVCUSBOTWFSTFCPEZBOHVMBS SBUFT FTF XFSF EFT
J)PQLJOT"QQMJIFE11ZTJDT-BC '"MVJE mMMFEEBNQFSTSFMZPOU
JNQPSUBOU DPOTFRVFODF PG UIJTJTUIBUUIFZBSFPOMZF FDU
PTDIJMMBUJPO UIFZBSFOPUF FDUJWFPOIVCUSBOTMBUJPOBM |
XJSFCPPNT SVTUFSTBOEOVUBUJPO EBNQFST>BSFEJTDVTTFE ¢

*OBEEJUJPO JOIFSFOUEBNQJOHJOUIFXJSFCPPNTFNBOBUFTG
JOUIF XxxJSHXxB MJOFBS BOBMZTJT UIF EBNQJOHJT NPEFMFE BT V
CFIBWJPSJTIZTUFSFUJDJOOBUVSF UIFFRVIJWBMFOUWJTDPVT
FTFF FDUTBSFEJTDVTTPECIXZZIBIOABBPFYBMPSFEGVSUIFSJOB

> 7JTDPVTEBNQJOHJT SFQSFTFOUFEJOUIFCPPNFRVBUJPOT
DPF DEHOWUIT PCTFSWFE UIBU UIF XJSFCPPNEBNQJOHJT POMZ
FZBSFNVDIMFTTF FDUIJWF CFMPX

‘JOBMMZ QSPQFMMFOU TMPTIJOHJO UIFUBOLT QSPWJEF TPNF E
QSPQFMMFOU UBOLTEJTUSJCVUFE FWFOMZ BSPVOE UIF TQJO BY
TNBMMBOEJTJHOPSFE

7BO"MMFO 1SPCFT4QBDFDSBGU $POMHVSBUJPO

FIVCPGUIF7BO "MMFO 1SPCFTTQBDFDSB DPOTJTUBRGB DPSF
UXP NBHOFUPNFUFS CPPNT XIJDIBSFBUUBDIFEUP BOE FYUFOE
UIF NJOJNVN NPNFOU PG JOFSUJB UIF TQJO NPNFOU PG JOFSUJ
CPPNTBSFNPVOUFEJOUIFQMBOFDPOUBJOJOHUIF TGB8BRNDSB I
UIFTQBDFDSB BOEIVC QSJDIPXQBMFBQBDFDEBBSPPOMHVSBUJP
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"T '"MPXO 1BSBNFUFSTGPS %FQMPZFE4QBDFDSBGU

"TPSIJHIJOBMMZEFTJHOFE UIF7/TBO"MMFO 1SPCFT UXPQBJSTPG
POFEJOQPMFBUFJHIUZNFUFSTBOEUIFPUIFSBUBIVOESFENFUF
NFOUNBOVGBDUVSFSEJTDPWFSFEUIBUBU SQNBOEBCPPNBUC
UIFDFOUSJGVHBM GPSDF PO UIFTFOTPSBUUIFFOEPGCPPN XBT
GVSM 5PBWPJEUIJT JUXBTEFDJEFEUPFYUFOECPUIEJQPMFT L
TQJOSBUFPGUIFTQBDFDSB UP SQN "RVIJDLTUVEZSFWFBMF
UPUIFEZOBNJDT TUBCJMJUZ FUD JTQBQFSVQEBUFTUIFQSF
UIFBT nPXONBTT QSPQFSUJFTPGUIFTQBDFDSB BOE XJSFT 8I.
BSF TVCUMF DIBOHFT UIBU BSF XUl B MBAROBWIB OVBEBIFBNF U F S
"MMFO 1SPCFT BT nPXO

/BO"MMFO 1SPCFTO0SCJU

F7BO"MMFO 1SPCFTBSFJOBIJHIMZ FMMJQUJDBMPSCJUBSPVOI
OJOF IPVST FPSCJUIODBWIBGBGRMPBPO FUXPTQBDFDSB IBWF TM.
1SPCF "JT FODMPTFE XJUIJO UIF PSCJU PG 1SPCF # 1SPCF " IBT
BQPHFFPGBCPVU LN 1SPCF #IBTBQFSJHFFPGBCPVU LN
LN FEJ FSFOUPSCJUTBMMPXGPSTINVMUBOFPVT TDJFODF NFE
BSBUJPOTTFWFSBM UJNFTPWFSUIFDPVSTFPGUIFNJTTIJPO F
UIF PUIFS FWFSZ EBZT FPSCJUJT OPUOPNJOBMMZ NBJOUBJC
UIFOBUVSFPGUIJTPSCJU UIF7BO "MMFO 1SPCFTBSFJOFDMJQT
QSFDFTTJOH FDMJQTFTDBOPDDVSBUBOZQPJOUJOUIFPSCJU
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J)VC IBSBNFUFST
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"UUBDINFOU IFJHTU m SFDFTTFE DNGSPN
GSPND N 0 PVUFS QBOFM
#PPN QBJS MFOHUI m
#PPN QBJS UJQMWNBTT kg "MM CPPNT TBNF MFOHL
#PPN QBJS MFOHKUI m BT MBVODIFE
#PPN QBJS UJQMNBTT kg

/VUBUJPO EBNQFS FRVIJWBMFOU XIFFM QBSBNFUF

*OFSUJB J kg m?
%BNOJOH c N Nejrag] /PNJOBMEFTJIHO

*OIFSFOU XJSF CPPNEBNQFS QBSBNFUFS
8JSFEBNQJOH ¢ | N Ns/rad | /PNJOBM WBMVF

Y/PUF UIFTFWBMVFTBSFGPS1SPCF " TIODFBMMUIFDBTFTFYBNJOF

4Q0BDFDSBGU %YZOBNJDTBOE .PEF4IBQFT

"TOPUFEFBSMJFS UIFUXPQBJSTPG XJSFCPPNTEPNJOBUFUIFT
EFHSFFT PG GSFFEPNBTJUJT GSFFUPPTDIJMMBUF BCPVU UIF BL
PGGSFFEPNGPS UIFIVCBOEUISFFGPSUIFEBNQFST UIFTZTUFN

SFGFSFODFPEITDVTTUIFTQBDFDSB EZOBNJDTBOE UIF SFTVMUJ
FODFPEFWFMPQT GSPNMSTUQSJODJQMFT UIFOPOMJOFBS FRVIE
OJOHTQBDFDSB XJUI MPOHUFUIFSFE CPPNT FOPOMJOFBS FR
BOBMZTJTBOE UP HFUB RVBMJUBUJWF VOEFSTUBOEJOH PG UIF |
FBSJ[FE F MJOFBSJ[FEFRVBUJPOT OBUVSBMMZ TFQBSBUF UIF E
EZOBNJDTBGE TQJO QMBOF EFCENINDHS SODMVEFT SF PSJFOUBUJ
UIFMBUUFS CPPNEFQMPZNFOWNBIOFMMWGEPXO BOE

FTQBDFDSB EZOBNJDT DBO CF EFTDSJCFE XJUI UIF DPODFQU P
GSPN B MJOFBSJ[FE NPEFM PG UIF EZOBNJDT &BDINPEF TIBQF J
EFHSFFT PG GSFFEPN XIJMF PUIFS EFHSFFT EP OPU QBSUJDJQBU
FBDIEFHSFFPGGSFFEPNJTmMYFEJOFBDINPEF "TBOFYBNQMF |
LOPXO BT UIFIDMPUIFT XBTIFSw NPEF POF PG UIF EPNJOBOU TQ



DFOUSBMIVC TTQJO SBUFPTDIJMMBUFT XIIJMF UIF XJSFCPPNT M
POMZ TQJO QMBOF NPEF XJUI BDUJWF SPUBUJPO GSPN UIF IVC

CPPNTBOEQPTTJCMZUSBOTMBUJPO PG UIFIVC 4JODF UIF POM.:
UIFPOMZTQJO QMBOF NPEFUIBUJTPCTFSWBCMF GSPNUFMFENFI

*OUIFPVU PG QMBOFEZOBNJDT UISFFNPEFTJOWPMWF NPUJPO
OVUBUJPO wBOE ilVC OVUBUJPO w FTFNPEFTTIPVME CF FWJEF(
TVSFNFOU 4JODF UIF SFTPMVUJPO PG UIF B OHREFBNSHFBV M\EE-MN M @ |
PCTFSWBCMF XJUIUIF FYDFQUJPO PG QSFDFTTJPO NBOFVWEFST
NPEF XIFSF UIFIVC BOE UIF XJSF CPPNT UIFJS UJQT BDUJOH BT
FBDIPUIFS JTNPEFJTMJIJHIUMZEBNQFEBOETFFNTUPCFFBTJM

'JHVSFKOSPN BOEGSPN <TIPX QJDUPSJBMMZ UIFTQJO QMBOF BOE
TQFDUJWFMZ

Spin-Ripple Mode Pure-Wires Mode

Y-Translation Mode X-Translation Mode

'"JHV S#! 1 0% # W

JPXFWFS UIFEJTUJODUJPOCFUXFFOTQJO QMBOFNPEFTBOEPVI
BOBMZTJTBOEJOBOPOMJOFBSTFUUJOH PVU PG QMBOF NPEFT



3 — Mutual Precession 4 — Boom Nutation 5 — Hub Nutation
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TFOTPSJT NPVOUFEPOUIFIVCBOEJTNFBTVSIJIOHTQJO SBUFTCZ

BCPWFPSCFMPXUIFTQJOQMBOF FDPOTFRVFODFPGUIJTJIT
DBODBUDISPUBUJPOTPGUIFPVU PG QMBOFCPEZSBUFT )FODF
TQJOQFSJPE JTJTBMTP FWJEFOUJO NJHIU EBUB BT XJMM CF T
TIPXTVQJOUIFTQJOQFSIJPENFBTVSFNFOU UIJTNPEFJT XFMM I

/IPUF UIBU UIF NPEFT GSFRVFODZ JT QSPQPSUJPOBMBEO®RBRI«F TQBL
EJTDVTTUIFTQJO QMBOFBOEPVU PG QMBOFNPEFTJO NPSF EFL

'MJHIU1FSGPSNBODF $BTFT

5P WBMJEBUF UIF MJOFBS BOE OPOMJOFBS NPEFMT VTFE UP QSFE
UIJTQBQFS FYBNJOFTTFWFSBM NBOFVWFST PO 1SPCF "BOEDPN
CZUIFNPEFMT OOFFYBNQMFFBDIPGTFWFSBM UZKQFTWIGWN BOF V
DBTFT

8IJSF#PPN %FQMPZNFOU

3FGFSFOEBEFX¥DSJCFTBDUJWJUJFT EVSJOHUIFDPNNJTTJPOJOHB
1SPCFT OOFPGUIFNBKPSBDUJWJUJFTEVSJOHUIFDPNNJTTJPO.
EFQMPZNFOUT FTFCPPNTXFSFEFQMPZFEPWFSBQFSJPE PG O.
JOHUIFTQJO SBUFUPBDDPVOUGPSUIFTQJO EPXODBVTFECZUI
CPPNTEFQMPZFE EFQMPZJOH FBDIQBJS PG CPPNT NBUBUJNF
EVSIJIOHEFQMPZNFOU POFDBTF XBT FYBNJOFE UIFEFQMPZNFO
UIFTUBSUPG UIF NBOFVWFS PO 1SPCF " CPUIQBJST PG CPPNT II
QBIJS XBT TMPXMZ EFQMPZFEUP N FCPPNTEFQMPZBT UIF XJS
FTOQOPPMUVSOTBUBDPOTUBOU SBUF TPUIFBDUVBM MJOFBS EF
UIFEFQMPZNFOU SBUF XBT BAPRXT UIF NQIBBBO®ME QBSBNFUFST ¢
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&DMJQTF ) FDMJQTF
4QBDFDSB EZOBNJDT EVSJ
1FSJHFF 1BTT ! B QFSJHFF QBTT| CVU OPU
FDMJQTF
OOFJOTUBODFPGBQSPCFEI
%FMUB 7 .BOFVYW'FS B DPMMJTIJPO BWPPJEBODF N
WFS

" OOF JOTUBODF PG B TQJO B

1SFDFTTJPO QSFDETTJPO

DBTF
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| IBSBNFUFS | 4ZNCIPMBMVIF60OJUSPNNFOUT |
'JSTUCPPN QBJS MFOHLI m
'JSTUCPPNQBJSUJQNMBTT kg | 7TBMVFTBUEFQMPZNFO
4FDPOECPPNQBJS MFaHUI m | JOJUJBUJPO
4FDPOE CPPNQBJS UJQnNBTT kg
'JSTUCPPNQBJS EFQMRZNFOU SBU® sec| |

%FQMPZFE JO|IQBJST

ZFDPOE CPPN QBJS EFAMPZNFOU SBGEs| Q

'"JHVSHPXT UIF EZOBNJDT PG UIFTQBDFDSB EVSJOH EFQMPZNF(
TQJO QFSJPE PCUBJOFE GSPN TVO TFOTPS EBUB FMJHIUBOE t
B MIOFBS NPEFMFKGBPORBS BOBMZTJT BDDVSBUFMZ QSFEJDUT U]
EVSIOHEFQMPZNFOU FCPUUPN MF mHVSFTIPXTUIFPTDIJMMBIL
MJOFBS USFOE GSPNUIF QSFWJPVT mHVSF "HBJO JUDMFBSMZ
EFQMPZNFOUEZOBNJDTWFSZ XFMM

FQJDUVSFTPOUIFSJHIUTIPXUIFSFTJEVBMPTDIJMMBUJPOTB F!
QBJSTPGCPPNTDPNQMFUFMZEFQMPZFE "GBTU 'PVSJFS USBO
GSFRVFODJFT SFTVMUJOHJOUIFCFBUQIFOPNFOPO UIBUEBNQ
UPUIFEBUBDPOMSNTUIFEZOBNJDT

FFRVBUIJPODPIPEIDUB TIOHMFITQJO SJIQQMFwW NPEFBUUIJT GS
XJUICPUIUIFQBTTJWF BOE XJSFEBNQJOHJT BCPVU IPVST F
BSPVOEUIJTGSFRVFODZ XJUIUIFEBNQJOHBTUIFTBNFPSEFS PG
XIZUIFUIFPSZQSFEJDUTBTJOHMFGSFRVFODZ XIJMFUIFEBUB T
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4QJO0 %PXO .BOFVWFS

%VSJOH OPSNBM PQFSBUJPOT UIF 7BO "MMFO 1SPCFT SBSFMZ C
1SPCF "SFRVIJSFTBTQJO EPXONBOFVWFSBCPVUPODFBZFBS UI

SOQN JTITEVFTPNFTMJHIUNJTBMJHONFOUJO UIFUISVTI
TMIJHIUMZ EVSJOHQSFDFTTJPONBOFVWFST 1SPCF #EPFT OPUF
UPCFCFUUFSBMJHOFE

JT B PSETBO FYDFMMFOU PQQPSUVOJUZ UP FYBNJOF UIF EZOB
TIPXTUIFEZOBNJDT EVSJOHUIFTQJO EPXO NBOFVWFS FUPQ N
XJUIUIFBDUVBMUISVTUJOH QFSJPE IJHIMJHIUFE F mHVSF PO U
JOEFUBIJM DPNQBSFE XJUIQSFEJDUJPOT *UJTTFFO UIBU UIF M.
TQJO EPXOWFSZ XFMM FmMHVSFJOUIFCPUUPN MF DPSOFS TII
UIFPTDIJMMBUJPOT XJUIUIFMJOFBS USFOE SFNPWFE PG UIFTQE
USBOTGPSNPGUIFEF USFOEFEEBUBTIPXTUISFFEPNJOBOU NP
mU FTQJO SIQQMF NPEFJT TFFOIFSF BT XFMM BOE BU BCPVU |



OOFPGUIFNPEFT BUBCPVU SBE TFD JTUIFINVUVBMIOSFDF
BWFSZ MIJIHIUMZEBNQFENPEFUIBUQFSTIJTUTPWFSTFWFSBM IP
MHVSF UIJT XBT QSFTFOU CFGPSF UIF NBOFVWFS TUBSUFE BOE
NBOFVWFS F TFDPOE NPEFBQQFBSTUPCF UIFiIVC OVUBUJPOV
PVU PG QMBOF NPEFTICMFFEwWJOUPUIFTQJO QFSJPE NFBTVSFEN
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