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Exploring strategy to improve the control of

golf putting performance

-Motion analyses of ball and putter head -
6232160017-0 Yuto Miyake

Abstract

Keywords: Golf putting, Initial velocity, Skidding, Rolling, Deterministic model, Putter
head motion
Introduction

Putting is important because it accounts for 43% of the score in golf competition.
In this dissertation, the longitudinal ball velocity (hereinafter called V_hole//) and the
distance between the center of hole and the center of ball in the lateral direction
(hereinafter called L L), at which the ball reaches the hole, are defined as putting
performance. These variables are determined by the initial ball velocity and the
external force on the ball. Moreover, the ball motion is composed of two phases, 1.e.,
skidding and rolling phases. The magnitude and the duration of force differ between
skidding and rolling phases. However, it has not been identified which factors
determine V_hole// and L L. Furthermore, the initial velocity is determined by the
force transferred from the putter head at the impact, whereas the relationship
between putter head motion and the initial velocity has not been tested. If the
relationship is identified, the control strategy to improve golf putting performance will
be clarified, as well as it contributes to teaching for the golf putting technique.
Purpose

The purpose of this study is to reveal the control strategy to improve golf putting
performance. To accomplish this, three purposes were constructed as follows:

1. To reveal the strategy to control V_hole//. 2. To clarify the strategy to improve

the accuracy of L_L 3. To make clear the strategy of putter head motion to control the



magnitude and the direction of initial ball velocity.
Methods

Sixteen collegiate golf players participated in the experiment. Subjects conducted
putting 20 times from 1m, 2m and 3m to the hole on the artificial turf. Ball and putter
head motions were measured by the motion capture system. The factors associated
with V_hole// and L L were identified by constructing the deterministic model.
Moreover, the relationship between the putter head motion and the initial ball velocity
in each condition was examined.

To test the relationship between these variables in the deterministic model as
well as the relationship between the putter head motion and the initial velocity, the
Pearson’s product moment correlation coefficients were computed. The significance
level was set at p < 0.01.

Results

The longitudinal initial velocity and the velocity change in the rolling phase
positively correlated with V_hole//. Furthermore, the lateral initial velocity positively
correlated with the lateral displacement of the skidding phase, which was equivalent
in the rolling phase.

The head speed positively correlated with the magnitude of initial velocity. The
horizontal face angle, the horizontal head movement direction and the horizontal
impact point positively correlated with the direction of the initial velocity.

Conclusion

The magnitude of initial velocity and the velocity change in rolling phase
determined V_hole//, and the direction of initial velocity determined L L. Moreover,
the head speed determined the magnitude of initial velocity, and then, the horizontal
face angle, the horizontal head movement direction, and horizontal impact point
determined the direction of initial velocity.

Therefore, golf players could improve the ball control by manipulating the
magnitude and the direction of the initial velocity, and by predicting the ball velocity
change by observing the green. Furthermore, golf players could improve to control the

initial velocity by manipulating these variable related to putter head motion.
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1-6. AFHE o~ RiESH) 5

1-7. FKFIF1RI DFT A
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H—r~y ROEBHORRL, A= OITHH LFROIE S DT 537 —~y RO
BOIXSSEDFEREMF L TWDH2, EREMICHEREDORE &, LA 37 M
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MEHOMNITHZEE2ANE Lz, ZOHBNEZERT D=0, ARIFFETIE 3 DDOfFET]
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1. A= VEZER ORI M O R — )V E 2 flil 3 5 720 DTG E 60T 2 2 &,

2. B —/VEIEERF ORI 7 7 O AR — L HUL & AR — LV HUL I O BEBEIC B0 5 EfEEE mD 5
TeODHMEERENTT D L,

3. MIEEDORKE &, Fzhid 27200/ % —~y ROEB HFIEEZHLMNZTH &,
1-5 AFICDORERL

KA SLOMRUILL T OEY Th D,

1 BT, RO ER L, 5 2 BTk, Vo — LBk % I 2 g
DWTHRET L7z, 2 3 BTl LLOIEMMEZHIET 2 HFIIZ OV THRET LTz, 5 4 =T
E. A= AEEORE X, HFzafiiEld 2720038 —~y ROEE IGO0 TRigT
L7z, H5ETIHE, BE2ENLHEAETE TCONFEIE X TRAEFTMEITo72, F6ET
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b EHIE Sy NAEERXEIZI 1T 2 R — /L OREZ ORI TIZ L > TRESND, £
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IVOREIAVITAR — D2 T - A AR — VOB B TR LB E S LV, Ik =
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AL ERILKRE (EA 10.8cm) O &R &> TABAR—/L & LR LT, #BRE 12T

B D/ T 4 7 TAR—/V 20 ) RE L RIERIC, (AR — A OFbEH S | K 9 IHER
AT o7, EBRORBITH O TIL, (AR —/L £ T 1m. 2m, 3m O 54 20 B o
Bt TRy T 4 VT E{To 72, Im, 2m, 3m THENOHEEN Sy T 1 v 7 %47 ) IEE
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2-3-3 TR
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2-2. FHRMERSIM 2 AR LI I 7R —r
2-3-4 T —F AT

V_A— VBRI B LIS D B & L CLA T OE AR Uiz, 51X MATLAB
R2016a (Mathworks, USA) % H\\Cf7o7z,
- FIHEE (O%5) OR@ksy (LR, V_RIRE) & FKied D)
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X 2-1. JEBh&E & RO R
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Vi : ZORINCIT BRI OHE
ve @ ORI T DI OEE
F 1 ZOXBICBO TR =B Z T 72 ) O E

t o ZDXHOREH]
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BWICEASNWTAF® v FXH & NERERXH 2 XES T Lc, BLFOK 2-5 DX 512, A—
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T, AV_IEFE#R/NFATOSEMEIZIB T TEEES & 5 A OFEBERIRFED b,
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25 EBE
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1) 2T OHEESIEIZ I T, VU, AV_IEREER/ & V_a— VBRI 258 IE ORI
BIRFRD B AL, AV_R ¥ R/ & V_i— )VEIEER/ A OFEIBIR D Z8 O H Tz,

2) £ TOMBERMIZINT, AV_RF v RINFF_A%F v R LRV IEOMBERIR AR 5
AU AV_EEEZ/NT T A% R EROADOMBIRLRFE O BTz,
3) V_WIEE/NZ, V_HIEE & IEFITIROIEDOMBERR GRS b7,

2%y RNV TR—/UEIE Y B A T, NAEERX I3 TR —/VITHEAS D) JBE
BAEZT D, BV EBITEEN D BRI GEENPRENTZD, R—/L OEE~DE)
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RPEONTZ, ZHUTBE LT, FATHIECA Y v ROBRREIAR—/L D50 > 7o 2RO FhFfE
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AV_A %y RIZE LT, F_AF Y RIDBREWVIZE AV_AF v RIIAREVEW ) R
DFOITZ, JATHIFRIZI W T, SRET RN D /3% —~y ROBELLEIZS T D FT A
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3-3 FHik

3-3-1 HEE
WL, F2ELFAKRTH D,
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NI =~ AL, B2ELFERTH D,

3-3-3 T—HIE
T—AWEDHET, FH2ELFAKRTHD,
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3-8-4 T —HIEMT
LLICBfRLALERE LTUFOEKERM Lz, L FOFHEIZ4 T MATLAB
R2016a (Mathworks, USA) % AW TIT 5 72,
- 2%y FXHNZIRT 2/ moZr (LR, LLAFy FLERTLT D)
- 2%y FXRNZIST 28 MO FEEE (LIT, VA% y R LERLT D)
« A%y FIXH O (LT, T_A%F v FEEKFLT D)
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- NEEERCRH OB (LR, TIARES & R T %)
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3-1. R—VREEREO R — /Ll & R — LU R O Rl 18 0O BEEE L BEER LTS 2 EEK
L1 ZRETHEKXZH O T 5720, LT O deterministic model % FR% L 72,

OLLIFL AFxy RLELJARES LoFfnl LTERINHT2D, X 3-2 DK HIT/ER LT,

QOLAX Yy FLIZ, VAFXy RLET XXy NiZXoTRESNDTD, K32D LD
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@V_IEEER L3, V_OREEE L& AV_ 2%y K LIZX > TRESND 2D, ZibDEHK
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Btk LIS E R Z /R LT-ET L
Z %y N EMEREEXFE O X T O ER, H2ELFRTH D,
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ET L LT BEE OBIRIEDIR S M5t 27290, B 7 Y o OMBMR & F i L7z,
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LR L & VRS LIZ58R N EOFEBIRIRR A FRD b7,
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L7eid> T, LLAF¥y FLEOL AR L%, V_#EE L KOV JIAEES LIC k> Tide
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WY H & BOLZBELEHE D OF—A L MBAEL, ~y FBERET 52 & T = —
ARDFAPE L, R—NAALEEDH AR T 5 Z LR IND,

INHDOR—=AAHEDORE S, HFENZEES 237 —~y FOEBERK & R—/L4)
HWEDOKE S, HROBFRERLNCT 22 & T, AIEEOKRE S, JFaZHlEd 5 s
EHONCTHZENTEDLEEZZ LD,

4-2 AEOBRH

ARETIE, PIEEORE S, FREGET 5720 0/3%2 —~ - RoOMER) #2552

THZEEERE L,

32



4-3 FHik
4-3-1 HRERE
WL, 2R LA TH D,
4-3-2 NT7Fx—< AR
NI =~ AT, B2ELFERTH D,
433 T—XIE
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DO — Ml 2% 7 FDO~y RO 3 A HWTER LT 7 = — A JEIER A~ DR &
TATREB OB THN 2 AERR LTz, EEEORBICB O, 7 = — Al Lo~ — 7 —Tikfk
DU FIZ/e 5720, ZOEBITHEFIAL T = —RAEERO~—H—FVI L TH,
ENO DO~ —— (B A EMICEHT 2 2 N TEDL L DI Lz, FELWEHEFIRIZ
fHekizie LTz,

33



X 4-1. /3% —|ZBEff LTz~ — B —D)rE

4-3-4 T—FIENT
RN OVHEDRE SITBHR LGS/ 5 —~ FOmB & LT, SUFOLEKETHL
72
A28y NERIO~y FRE— R
A MEBT BT (H42)
Sy FHUD BT E TR

34



4-2. TR
Flo. R—=NAAWNEEDOH AN AR LIFD /S F—~y ROEE L LT, DLFOEHE R
L7z,
« A 27 NERTOK R EICHBT D 7 2 — A (X 4-3)
=7KFHE BT 28 E 7 = — A OMOAE FFRENIE, R EHEA)

35



4-3. AV BICEIT D7 = — A
c A LT NERIOKERE BB B~y ROEB T (X 4-4)
=K FIZBIT AR & A X NERTO/SY —~y ROMERT MLVOBOME (K
i~ ODEENANIE, 45 5[]~ EE A )

4-4. K BICRIT B~y RiE#)5h)
c A XY NMTBITDAKELROFT A (X 4-5)
=~y RHNIRT B AEF RO A (K oA E, b —/Ll2E)

36



4-5. KNEH A DFT A
4-3-5 HEEHENT
R—=NHREDRKE & « Jila L, ¥ —~y FOEE ORI Z 00T 57-Dlc, BT
VOB AR L, AEAKHEIXp<0.01 & L7z,

37



44 FER

BRI D/ —~y ROEEOFEE LIFERAETLLTORDOEY Tho7, AFmE
FZB T 57 = —2AREIE, EEMICEEERE D SO Z RN TA 237 FLTWDHHK
BRE DL o T, KV RIZEBT D~y REE G IR L TiE, Ko 22 7 b ARkt
LTy RNEE) L CODHERE N5 7, B4 5 A2 JN#ES) LT 5 ik
FHH\e, AKEFMOFTAIZE L TE, 13E A EOWBRE R~y FHLEY b B —/LlIT
A X7 F LTV,

K41 NE—~y FOEHOE L

38



441 NE—~y FOER) L PIEEDORE S OBEF
~y RAE—=RIZEL T, BTOFRMHFIZEN T~y RAE— FORE I LFIEEDOKRE
SIZHVIEOMBIBIR S R b7z (1m S : r=0.889, p < 0.01 ; 2m 5 : r=0.873, p
<0.01; 83m 5:f4 : r=0.806, p < 0.01),

4-6. ~v RAE— R LWL DK E X DR
FIAICEI L T, & TOMBESRMICIH W T ANLE & W DK & SITIZRIRMENTED 5
7otz (Im &4F : r=0.099, p=0.078 ; 2m 54 : r=0.132, p = 0.018 ; 3m 54 :

r = 0.040, p = 0.472) .

4-7. FTIRALIE & FNEEE DR E & D BfR
4-4-2 NE—r~y FOEB) L FIEE D J7H O RER
72— ZAEIZE L T, ATORBERIFIZIB W TR EO 7 = — A B L IR D J5
A ERIEOFHBBUR R R b7 (1m &4 - r=0.229, p <0.01. 2m 5:fF : r =0.408,

p<0.01, 3m &M : r=0.367,p<0.01),

39



4.0

g
(=]

N
=]

?JJEE{G)?‘:‘IT:’J (deg)

-4.0

~v REE G AICEI LT, 2m &L 3m &R

r=0.453
p<0.01

-8.0 -4.0 0.0 4.0 8.0

KEBLEDTT—RAE (deg)

4.0

PEEDF (deg)

-4.0

p<0.01

-8.0 -4.0 0.0 4.0 8.0

KEBLEDIT—RAE (deg)

@ﬁﬁ@ﬁﬂ (deg)

o
=}

e
=]

|l
=]

o
=

N
=]

»
=

d
o

3Im&EH
°
o @«
o
o
o
of
L o r=0.648
p<0.01
-8.0 -4.0 0.0 4.0 8.0

KEBLEDTT—RAAE (deg)

%] 4-8. AN _EOD 7 = — A FE L FHEEE D 56 O B

BWTKFR LD~y REE) W\ & )

HE DT ANCAH B RIEOMBRGEN R 5N (2m & : r=0.229,p<0.01, 3m & r

=0.404, p<0.01),

0.091, p=0.106).,

—J7 . 1m &{EI

4.0

HEEDF A (deg)

o r=0.229
p<0.01

-120 -80 -40 00 40 80 120

KFEEEDAYFEE) A (deg)

PR DF A (deg)

BWTIXED L 5 72BNk

5
o

il
(<)

o
=)

g
o

o
o

o
=}

»
=}

RN 0T (=

. r=0.404
p<0.01

-8.0 -4.0 0.0 4.0 8.0 12.0

KFEEEDAYFEE) A (deg)

X 4-9. K b o~ REE) TR & FEE O 516 O Btk

Im&EH
4.0
)
g 20
=
R o0
S
iid
# 20
R
40
-120 -80 -40 0.0 4.0 8.0 120
KEBLEDAYREE) M (deg)
FT AU

OFEERMEN R S5 7z (r=0.147,p<0.01;r=0.229, p<0.01),

TIEZD X 5 7Bk

=4 [ o
o o =}

N
=]

HIRE D77 (deg)

-4.0

1m&EH

-16.0 -120 -80 -40 00 4.0 80 120

KFEHRDHT = (mm)

4.0

o N
=) o

N
=)

PHEE DA (deg)

-4.0

-16.0 -12.0 -80 -40 0.0 40 80 120

KFEARDFT R (mm)

*Bii:lﬁ@?irﬁ](deg)

N
(=)

ZBL T, 2m &fFE 3m FFTBNTHAFET MO EHHE DT 1A A B2 IE

5T, 1m & H

RO N -o7- (r=0.012, p=0.835),
2mEH

3Im&EH

-16.0 -120 -80 -40 00 4.0 80 120

KFEHEDHT 5 (mm)

Xl 4-10. KI5 [0 OFT s & WIEFE D J7 18 O B

40



45 BE
451 HIEEOKRE I &% —~y FOEBOBERK

R—VATEE DK E S LX3F —~y ROEBOBRICONT, oI RIZLL T O
D Thol,

1) 2 TOHBEMFIZBNT, ~y RAE— FER—APHEDO K E SITIEF IR IEDOHH
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DADREDFH AN LTz, 2 b OER ORI R EEMEICE LT, SBATIEIZRW T
Pelz (2000) (3KNHE DT = —ZAEERITHH LARKED 83% & RE L, AKFMH LD~
v FIEEG AT HHE LAED 1T%2RETHZE2W BN L TWD, £72, Karlsen
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b2, FHZEOMNZFERZ L7z —uiE, [BEEEAME TV 2 D51 &G o 7RI 7]
BT, NEZFTEHFNEMNTLHEBEZ NS, DFEV | [RGBV AT A R
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A%y RIXENZI T 2 5 16 003 B 28 b oo Bt

X 5-4. JKEITFMDFTIR & A% v XN IS T 2 w7 m o 21K o BifR

A X7 MIZBWT, KR LD~y RIEET AT 5 K LD 7 = — XA EDT;
Y . 2O~ A AR 0hb B bD, LT, R—MIZDHA K
AR LR DN S = TG AR EE T D B oD, L LERNG,
AIFROFERIZBNTIE, AF v FREICHBW KR LD 7 = — A HE AEHE Eo~
v NEB) M OZSy &R M OMEZICRERIER R oo o, Lieh-> T K
MDD 7 = — AL AR LD~y FEEFHOZENTE > TUIHA FRAEURNEE A
EDSF, BT OR—/VORBAITITRE LW AT HEERR S D, KT OFT
JUTBIL T, 4237 MZBW TR LY S IEOFH IR — RN Y725 E X THRICE - T
7 ZEEERY . B BADFENIR— NG5 L AT A ARERNND, T L
T, R—EIZ DY A RAE L LI O S TANS ) & 5% T THRBOTRICENM T 5 LB 2 b
Do AFROFERICEBNTH, ZDOX IR A D= AL THKEFROF A & XD T A A
X v FXBIZIBWTEET M OEMNE L THWOTIERWNEZ X bild,

INHDOZENDL, VTRFIIA N7 MBI DAES RO R AT 5 Z &
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T, AV_ A%y FLZHIE L, LLIZBT A EMEEEZ SO TWDAEERE 2 65D, F
72 THUCIEAR— L OY A RAEVBEHR L TV D iR S D,
5-2 BBJ~DRRR

AR TIE, IATNNT 4 U TNRT =< LV R @D 57D EH LT 52
EHRBME L, ZORMEERT D0, A— VB O Rl 16 0 R — Ll %
W92 I7Ms, AR LB O R — /L & R — LU 0O Sl 7 1 O BREE 2 d U B TERENE
ZHE 2 M, FRREOKRE S, HiEGIET 232 —~ R oO@EE TS & it Lz,
ZOFEREREE 2T, BUGHREA~ORBIZOWTRETT 2,

V_AR—/VEEERNZBI LT, AWFZE Tl V_FIHEE & AV_IEEER/ & OBMRMED TR &
IFERDEONIZ, Lo T, IATERFTHR—NA VT HRETTELNEDRIA
— NV EFTHHT 2 & CIARMRX I3 T 2B O A F N T 2 R E TH D &
iz, 7V —rmOREE LBIEEL, A—ARNT Y —VENLZTDHINICL->TEN
FEEWHT 20 ETRL TR AEITHHT I ENEBETHL B2 LND, iz, Kiil
F DR —/LOiEE) & BFRMEDTRN V_AIHEEIZE LT, ~y RAE— ROLBHNEE D
RESICEMBRTHEVIREENMFONT, LIRS T, IATRFITER LIZPEEEDOKX
SIS C Ty RAE = RZfli#lT 281 2mb 5 ZLNEETH L LERZDND,

LICEIT 5 IEMMEIZES LT, ARFIE T 0_WIEE & OBIRMIED TRV & W ) FERBE D
iz, 7z, ZIZEDR—NOA L ¥ 2 T — 7R EE G 7 O 2N 88 % e
PEDRIE S LTz, S HIT, AF w FRREIZEBWT V_HLEE L Lo Gl E A b S
%2 & TV IJEES L2/~ &< LI LLIZKIT 5 EfEtkE % @ Hivd rTREMED V RIE Sz,
Fo, ZTOAV_RAFy R LITEAKRELFROFTEBERT 5 L WO fERNB GO, L
ST, FANTRFITEM LIS 5 0_REORREL /NS < T T70, b L <3k
SR OFT Rzl L C V_PhERE L LD HaIHEE b E SEL L9 RA 3 b
0—)VETLHHRERD Z ENATHD LT, 7Y — A KBS L CERE M
BIAR—NVOEMZTT 228 ZENEETHLEEZOND, £z, i
[ DR —/L DIEB) & BROTRNIRE DT AN B LT, ARFdE LD 7 =— A A K
b~y REB TR, AKEE EOF AL RO EICHERENE L S & W FERME LR
T2 Fo. ZTRHOHEROHTHAFHE LD T =—2MAEE KER O~y RESH,
A _EOFT A DN R D F5 1R & DBRIEN TR > T, LIeA> T, S 7 RFEA
XY MZBWTOKFHE ETER L2 H ISR 2 7 = —AMEE ~y Nil#) 5 oOiE
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/S L, A=~y FORTR—ILVEZRA DI ENEETHL EEZ DD,
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H6E M

KBTI N TN T 4 T RT p— v A 5 1= ORI 2 S M2 %
ZEEHME L, ZOHMEERT D720, ABFFETIE 3 SOEBIRFFEIC S LTLAT
DA ERE LT,

1. A= /VEER O R 10 O R — VIR E 2 HIf T 2 72D O HME AP ST 5 2 L,

2. R —/VEIER QBT M O AR — VL & AR — VRGO FRREIC IS 1 D EfMEE & O D
TeODHME I LN DH 2 L,

3. MIHEDOKRE S, FaAZHIET B0/ % —~y ROEHHMKEZF SNNCTDH L,

AIFGEOFER, LT D Z EMH LMo,

« R VEBIERF O R O R —/ VR, AIEEOKRE S LIAERRXHEIC T 5 R —v
HEDOIAIZ L > TRIES LD,

- AR VEIERF O AR — /L0 &R — LU O R 1 O BRBEC 31T 2 IEREMEIE. AIdEE
DIFANT F o TRIE S, FIREE ORIy & BOS T TIHER b2 S D 2 & THR—b
FFEREO AR — /LU0 & AR — L HUL I OS5 T O FEEE S 351 T D IEMEME A @D B S TRENE
D%,

c WHEDORE S~y RAE— RO L > TIRES NS,

- WDEE O ANE, AR EOT = — AR AR O~y REE R, KSR O
RIC K> TIRES D,

INHDOZENDL, INTEPIIR—NA T HHFANTTE HRY R—L &0 HTH
MU, BRILZZHmMER—V 2 THHT AmoiiEz/ <75, LAY a2 b
B — /U £ o THRRE ORIy & FO IR EZE A SEDH 2 & Ty T 4 IR
F v AEM ESELND LIRS, o, FIEEORE S ZHIHT D720
[T~y RAE— R&EFEAICHIE L, YRR A T 57200, AFR B0~ =
— A AKVE O~y FEEG M, K A OFT s ORI BRI D G0
NTHDHZ EPREINT,
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k1. NE—~y FOBBIOHBEFEICEALT

AR T, 74— ARBEE T 2N L 512 LT 7 =— A HEOES 2 HET 5 7-
OIZ, [EEFTHI % O CIRAR~ — 7 — 2 /R 5 3R 21T 572, LA FIZ MATLAB 0 =1 —
REHAR & Uin 2 ORI TR 2T 5,

L AZT 4 v VRO U Y 7 MEEREIERT 5,

1-1. Shaft_B 75 Headtoe ~?D-x7 kL (X #h) Z{ERT 5,
Xs_p = [Head_Txs; Head_Tys; Head_Tzs] - [Shaft Bxs; Shaft_Bys; Shaft_Bzs];
Xs = Xs_p/morm(Xs_p);

1-2. Shaft_B 75 Shaft F ~D~2 bb (ko Z#h, T#iE$ %) Z1EKT 5,
Ts_p = [Shaft_Fxs; Shaft_Fys; Shaft_Fzs] - [Shaft_Bxs; Shaft_Bys; Shaft_Bzs];
Ts = Ts_p/mnorm(Ts_p);

1-3. X & TS LY . Yz Ekd 5.
Ys = cross(Xs, Ts);

1-4. X#hE YEONEZ LY, BEO ZEEERT 5,
Zs = cross(Ys, Xs);

1-5. AZT 4 v 7D Y v 7 MEERIZLLTO®EY Th %,
SCSs = [Xs, Ys, Zsl;

2. AXT 4 v JREDT = — AERER E AR T D,
2-1-1. ¥ % 7 MNEEROF R D FaceT ~DR7 bLVEAERT 5,

Tgs = [Face_Txs; Face_Tys; Face_Tzs] - [Shaft_Bxs; Shaft_Bys; Shaft_Bzs];
2-1-2. 7 = — AJEFRITIIT % FaceT ~D~7 MVEIERT %,

Tfs = SCSs¥(Tgs-0s);
2-2-1. ¥ 7 MNEFSROFURN D FaceH ~D_7 MV EERT 5,

Hgs = [Face_Hxs; Face_Hys; Face_Hzs| - [Shaft_Bxs; Shaft_Bys; Shaft_Bzs];
2-2-2. 7 = —AJEERIZET 5 FaceH ~D~7 ML EERRT %,

Hfs = SCSs¥(Hgs-0s);
2-3-1. ¥ % 7 NEFERDJH D ShaftFace ~DX7 ML EAERKT 5,

SFgs = [Shaft_Facexs; Shaft Faceys; Shaft Facezs] - [Shaft_Bxs; Shaft_Bys;
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Shaft_Bzsl;
2-3-2. 7 = — APEIERIZ RIS A ShaftFace ~DX7 MLV a{ERKT 5,
SFfs = SCSs¥(SFgs-0s);

8. AT Iy /DT 7 MNEEREAERT D,
3-1. ShaftB 75 Headtoe ~®O~7 ~L (X i) Z1ERT 5.
Xd_u = [Head_Txd; Head_Tyd; Head_Tzdl-[Shaft_Bxd; Shaft Byd; Shaft_Bzdl;
Xd = Xd_u/norm(Xd_w);
3-2. ShaftB 7> & ShaftF ~D~X7 v (KD Zgih, TohE+2) ZAFkT 2,
Td_u = [Shaft_Fxd; Shaft_Fyd; Shaft_Fzd]-[Shaft_Bxd; Shaft_Byd; Shaft_Bzd];
Td = Td_u/norm(Td_u);
3-3. X W& THADOSBHIC LV | Y W& 1ERT 2,
Yd = cross(Xd, Td);
3-4. X & YHIDOIMHEIZ LY . BHD Z iz Erld 5,
Zd = cross(Yd, Xd);
35. ZAT Iy IROY v 7 MNEERIZLITO@EY Th D,
SCSd = [Xd, Yd, Zdl;

4, FAFI v IO T = — R O~ —H —EELZ BT 5,

4-1. 7o — VR DR IS > v 7 MEEERDFR DT MVEERT D,
Od = [Shaft_Bxd; Shaft_Byd; Shaft Bzdl;

4-2. XA F 3 v 7 WD FaceT DA FHT %,

Tdn = (SCSd*Tfs)+0d;

4-3. ¥4 F 3 v 7D FaceH OEEFEZF T 5,

Hdn = (An*Hfs)+0d;

4-4, XA F 3 v 7 KD ShaftFace DIEEZH T 5,

SFdn = (An*SFfs)+0d;
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185 2. N7 —<V RASHTOIECBE LT
HmlZB W TR T =< U AP EAIT T2, 2 2 TIEZFOFEMCOWTEIRT 5, F)
WIZ, FENRT 3 —~ A ORERZ2 DL ISR,

P B$%%7uﬁ»7v?—_|zx?ﬁ%¥7uj»7v7—
IREREFRE P
FoAEY T4 ARV -0.147 -0.319
=V E -0.509 -0.655
Y HsY —2 -0.424 -0.361
Tty b 0.427 0.549
BERERKR GEREA) 0.941 0.673

FROT =M, RIA L TT 4 AZ L ATE LTI, RIS KE WIZ SR
ATWNENEIIRTE D, AN RIZEH LT, N=F R PEONE YR TR
INEWERIRTE 5, U AN —RIZEHLTE, VBN —BEWNEEFE R a7 H3)
SWERRTE 5, FH 8y MIUTB LTI, S8y bAVDIRNE LR a7 HVh &
WEREIRCE 5, Eiz, BEMREREFFEICEET 2L, BRBFTraryyr—L7
AV AFFTaIanT7y 7 =l L TR—F U, PRy M, YUY —F T
AL TT 4 AR ADNEIEE A 2T & OBIRIERIRO ERIRT X 5,

INHDOMNERDOF T, RIA LT T4 AZ LRI RTAN—=2 gy hOI, 73—
FUIITAT v ay N Ry NI ANy T 4 T DI E 1 OOERTET T
WETLHZDIK LT, UINRNY—RIT Fa—FTay heXovT 07D 250ER
TIRESND LWV MO & 1T R >TnD, ZHICEALT, 72XV BH+T
RIANTYT—=DFT —ENBIEY AN —RICERT D, N—F BRI AT
HDWE Ry N OT =2 w50, £ T, ZOT—FXEHNTY A3 —3 LPEER
v MEOEBEOH ORER L, S—F L LI — BT 5y M T A8y
—REAH LT ARFHRE 0T D5 R A bes Uiz, ZOfE5, BMBORER CIT ) #3Y) —=
EOEH Sy NI B R FBIREA A S Y (r=-0.229, p=0.022) . fRIEBIDERT
XN D DOEFICEMREIZ R SN2 o7 (r=-0.024,p=0.812), L7=MR->T, UbA
U—RIT7 7u—F gy bOEMRTIIRLS, BNy T 4 T OEINC L > TRIET D
EEZ LD,

TREE B ERERBICER T2, BARB 7 m a7y 7 —3 EFLo 4 DOMNIZE
BTV RA 2T %28 94% it CE L DIZK LT, T AV AHBF T v a7y 7 —3 Eid
D 4 DOMNIEE TITFIA T %25 67% Lt CERWEMIRTE 5, 2L
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TiE, BENTL—T 2RBEOEWVCE D2 O TIERWh e HEIND, BARBF7ra
7T =X, EEG AARENOTZOREOE/ NS, FHU LT, T AU AH
FANTYT—E 7 m Y LN EOFEHIE) 6T Y R INp & O, A7l
DIEMUILE TIF ISR TREPM TN D, BREDEWC L > TEAOFH LA
LU, ZO& 5 REROLEITKHIGET DR E G AaTICBMRT 272D, TA VD
BF7aadn 7y 7 —CEAARBF-7a a1 7Y 7 — Ll LT 4 SOMSI R & #A

L7272 TGRSR ME N > T2 DT RV b E X B,
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KMELFRLOPEIZHTZY . HENOELRIEEL WZEE, Wob RUVVFEREE & 12
LT3R E B O OB RBIRI I RS L TRV 7,

RIEZG EZ T TWeEE, BHERTERZ K S o BRERIdR. RECERITK
HELET,

RELFHLOPEIZHT- > T, RO DN T F 2 W22 W EARERBI 2, /1
FH R T — RN DN THRE LT e 7R W T AR 2 RHTBI . SEaT T i oV T
LW lZWZIEREHIEBITITREB AR/ . HV AL 5 TSWE L, EEkss
DHEAZBIT 5 FBIRZ I TIHEFRIT A2 o 7 BRI+ S AL U B3, 28R
D L LT, AR— YRRV A URHE LR IR 1 BIAEORANES S A, LR
AR 2 IO < Ay TEEAS A, 2EHSACTHAWEEEH VR E S D
SNE LT,

FEROWERE 25| & 52T T S o e L R AR B S L 7Ok, WECEHL T
PRAEN T2 B NN BRI B L 9,

BRI, AWICT 4 Ay va U aB0IRL TEDE 2T FoMmE L, 75, Bl
6 FEHRFEITBEDOE TWEE, BHRICHIRT DEBREEZ M L T 728 » e RIRITRGH B
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