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=6 AT, FIRE AT FHANCES [ 2 B\ B FICB\WC, HIOEE) & MUl
T2 ENTE D, BARE MBI 5 FEEBHOZTIX, TR, RRRICHE < &
TOEREZBEL TWDTeHOTHDH EEZXBIND, ZIVE T, SRE MO FEGEENZ IV T,
EAOERIZT 4 — R 74U — Rl 7 22 RHARAENTND Z EDWRBINTE 2, K
FAGRSUTIE, A 74 07 40— Ry ZHll 7 v 2SS EIERPEAAEN TN DD
BENI REIZ DWW THRGEET 5 2 L 2RO BN E Uiz, F2 T4 07 4 — K3y il
70 ASOEILDF NI Y & S0 BIERER) IV VT, hE B & T M oiE
BOFR~T 4 7 Az, Wit Uiz, TORR, THMA~OEELE~T, B~
BT, KRERHEDDRORES CRARKICHN TV Z LGRS N, Fo, SRS
HEZ THITERVEIBEI SN DR, MIEOERIZS U TBEEEIOX X~ 7 1 7 AT
FRRVENTRO HND I E D DEFIE, Biit Uiz, BRERER O T H S 9RO BELER O
KT ETOXRRYT 4 7 AEMHT LTCRER, WIROR: ) LB BB £ TORHIL, EEA
THITE A oTe 2 & OFBEEZ T TER LTV ey, ZD%OMIROBERER)Z BT,
PERAMEDFETFTE D | BOIA L Y b B IR THREREBOIIERHN R 78 b 2 & 2R
L7z, ZOORERIE. THRAERD, AR OER L PRICERWGE, v I 07
4 — RNy ZHf7 me ALY, EEIIE CTEB ORI ZTT> T\ D Z & AR LT
%o U EOMIFEAERZ BN E 2 5 & | S 7N EEGEEN Tl HBE, HFARARRRIZ L - T,

Fr T4 T 4 — Ry ZHIET 2 2SS EERITHASA TN CND Z D RIB S
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1.1 WFEOE =
1.1.1 #FgeodEhik

AMNZF 2T L T, FELFRITLST 5, A HBAMIZ, 2O FAFIZBNT
BT 21758 % ., Fil2 N2 KT 52 & 2<ETLTWD, ZOTAIIAENTHD
W, FIRBEREDIEEIZ L > TEDOFITHINEEIT /2 570 EORBNAE CRNRY | K73l
ICEBENDZ LT TH D, Lo LR b, — R Z 01780 8 I BRE F C2T
SNTWOLEELERD L. ZOITRH~ORLIIRENICEE D, 2806, hE LT
FIRITITOND ZOIT781%, M2 TENICIHME N HRA~OEG 22 R2n 66,
TNZER SN TWD D TH D, FATeHN, ZOIT48 % B ERE FIZBW TEIIIET
TEHEMIL, FARMIRRD, HIRICEH < ENOEREBE L CEEZITo TN 5729
ThdLEZLND, TNTIE, EIRE FIZRBWT, PRARRIT, HEITERNT 2
HNEEDOLIICEBE L GEBZGHE L THWDDTHA ), AR EZITTHICES
B, AR R S E S OER 258 L CEBIZ HIf T2 A =X A EH ST
HZEThoT,

1.1.2 BEHERDO T 4 — K7+ U— Kl 7 o 2 ~DOE

PRIE LR HMA~DRA T 4 ZEEZ X RIZ LT 2 E TOMER R D, $hiE

T~ EE D FHIENZ FU T PIARER S EBAERT 2 E N2 ZE L T D 2 &N

LRA LT L TR T, Fdo BV IR ARSI BE S 5 Th 5,
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RSN TWD, SREF RO RA T 4 2 ZEENTIN T, 2 OEEFHRHE (3
~T 47 A) AF, BT HT51E GRE LTS 5 VIE IR I L TTRRIYT
bHDHZ LN o TS (Crevecoeur et al. 2009; Gaveau and Papaxanthis 2011;
Gentili et al. 2007; Le Seach and Mclntyre 2007; Papaxanthis et al. 2005;
Papaxanthis et al. 1998a; Papaxanthis et al. 2003b; Papaxanthis et al. 1998b; Pozzo
et al. 1998), #A1E EJ71A & WX T IR OERR AU L TR A 27 4 v ZEE DT b
L, £ DM K> TEBICERT 2 EH O8I R0 5, EITHEIC Bz imE T
BHWNCEBIT D72, EHMA~DHRA 7 ¢ o ZEBTIE, A7 BIFENTHL TR
ZBE LRI TR 50, AN, FHRA~DRA T 4 > 7 @B TIE, HAOHMIS
Mo TEMEBBISE L Z L1205, SNETTRA~DORA T 4 7#EINZ BT 5 5eATh
DL <IE, EHHTFICL > TEDOFR~YT A 7V ANRRL LR LTEY, LW
SOFEEN AT, FHMA~OEENZ BT EREOIEFE AR 22 2 2@ LT
V5 (Crevecoeur et al. 2009; Gaveau and Papaxanthis 2011; Gentili et al. 2007; Le
Seac'h and Mclntyre 2007; Papaxanthis et al. 2005; Papaxanthis et al. 2003b;
Papaxanthis et al. 1998b), —J. KFEH EORA VT 4 > JHEETIE, SR~ T 47
ZDIERPFMEIT R 5417 (Gentili et al. 2007), 7, HUNEDERE T TIE, S E TS
FMISDRA T 4 ZHEENCEB T DX R ~T 4 7 ADOIERFRENHRT 5 2 &3l
SN TV % (Papaxanthis et al. 2005),

ZIBEETRANDORA T 4 THEEINZBIT D F 2~ T 4 7 ZAOIERFRIEIL, HEH)
DRMERICEL D Z b, 74— F7 5V — Nl 7 v AAER$ 5 2 L AVR
% X1 THE Y (Gaveau and Papaxanthis 2011), Z D Z &5 MR RIZE HIE#R

ZYEFNEE T 0 A HAIAATNDE D EEZ BN TWD, SNEF~DRA T 4

2 74— 74U — RH#E7 vt &, EHBGRTIC T OAER STV HEEEITEDNT, EEHR
ZITENDHE T mEATH D, EEHICA U SEBRRZETEHR I, (cf. Wolpert et al. 2012)
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E:DS

> 7R ERIBRIC, BENLROEE L WD o TEBNZ BV T . B RN EE R E T e X

ICHAGAE TV D Z L3RR X 3TV % (Papaxanthis et al. 2003a),

1.1.3  gniEJ5m OEENHITENIZ 1 5 B ORI

AT TR~ 72 &9 7e | FARAPRE RIS 31T 2 i EBHIH 7 2 & A~ D &I JE RO IRIATx
V%, EERERE A ZE L YN ER T 52 BRO 7D I IT AT TV 5 DI TldZen e
EZbND, RO X ST, SREHMA~DRA 7 4 7 BEaNTBNT, EE~DFET)
DOVERITIER) 71 L - TEAe 53, Gaveau and Papaxanthis (2011 1%, B 7112
JRCToX R~ T 4 7 ZAOREMED S | PR RIE, HIRIC@H< ) (TbbED))
ERIHT 2 EEBGHE A2/ LTV D AREEARRE LT,

BEAE N o THIRESIE FHEICES T 28 HFICR V55, L7zii> T,
EENHIENC F5 0T 2 HAFNH ORI AT, FHHINI Y S ABE XL F—HE LR S8
BHZLich b, SHic, BHEHMTSZ L OMMIE, EBOTEMHEZKTSE55H
L0155, HANCEE (G BIREKRTT / 4 X(Harris and Wolpert 1998; Jones et
al. 2002) Z i) S ¥ % A2 & %, Papaxanthis et al. (2003b)i%, $HE F I ~D KA
T4 NN T, FRARER S, I ORDVIZEAZFIH L TV D ATREE 2R
LTz, RA T 4 > 75EE) & FERIC, Furuya et al. (2009)1%, fT#EEENCI T 5 LK
DEREVE NIEBNZIL, HIORDVICENPFIHEN TWDLZ EEFE LT, ZhHD
HRZESEZ D & FRARRIE, ShE T M ~OEE)Z IS\ T, HEE)D HAIZS U TE
NEFNMFHAL D EEX NS,
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1.1.4 EHEBRD T 4 — Ry Z I 7 Z~OfEE O RN

BT BN B O B A ER T 57 012E, 74— R 7 4+ U — Nl 7 2 & 22
MZT, AT 74— KRNy I7HE7T v 2R32RATLLENH D, A~ Hi Tl
R, REFASDORA T ¢ BN NTEL, BRI — K7+ U
— Nl 7 v ZZHAIAFENTND Z EDRBIINLTWDH A, £DO—F T, HIJIFH
. AT 7 40— Ry 77 v 2T HAA TN T D ATREMEDY, LLF oM
RinbHEREIND,

FJNHE L, BEEEICN 2 B2 EARS K OREREAIEEOE o —ThHLINHED
AT RESS 12 K » TR & T 5 (Cullen 2012; Goldberg et al. 2012; Wilson and
Melvill-Jones 1979), Z DRIEER~D SR (galvanic vestibular stimulation :
GVS) IZ X » T, =R ODPERTEFRE OTFE) 2 N BRI S D FERML TN D,
B E L (Bresciani et al. 2002a)X° L O R HiRF - 2 7 (Pu et al. 2012) D%

ITHIZGVS AT H &, TNOHDXFRYT 4 7 RZEMNETL D Z ENHEINT
Wh, TOZ LI, GVS AU TA 74— Ry 7HlEl 7 vt 28 AE RITT 2
EERELTVD, ZRNHDHANS, 74— F7xU— N7 ot 2087057,
T TA T 4= Ry ZHIEHT v 2280 THEDEFRPMEAA LTV D ATHE
PERHERIN D, BAOERDA T4 07 4 — Ry 7 o & ZHAIAETH
2 AR A KV FERCRGES S 72 DI, B OAER S EE)N IR L TRV fglc 8%
5.2 %, $niE EJ71R & SR T 1A~ O MBI & ek MGET 2 MR B o 72

FTA T 4— RNy ZHIE T 0 22 AN < KR 51784 & LT, BEO
APNCFZ2MITL, FELFRITEDTDITANBZOND, ZOTRIE. FeMmiIL
TEEZET 2 EE (BEEED) &, 1 LFERL Tl D0 2EE) (B

3 74— Ay ZHT vt X &%, EEHOTRUZEEESIC Lo THEA LR, EEFELEIE
THHE T oA TH D,



EH) (2K o TR XL T 5, Carnahan et al. (1993)1%, FIEE{RIERR L OVKRA
T4 TEBOREEATHIC, =7y hOMEEZE LS ZHUSKT 2 EB OB
EBEICOWTHAE LTz, ZORE, BEEREEHICBWTOR, EBRGEE H 2 <
EEBERECD Z LE2WE Lz, ZOMRIY ., SHEEERIL. AT 1 V&
AR T A TA T 4 — RNy ZHE T o 2R SKHILL TV D 2 &R S
LT % (Carnahan et al. 1993),

f1)7. Brouwer et al. (2006)i%, ¥AEED THMESBEEBHOF 1 ~T 4 7 AIZK
FTREEZRE L, TORE, PHICK LEEEOWERER ESE5HE, PHICKL
TNV Z ENRIRZ R L2 2 BIbhT 5 £ CORFM 2RI S & 503, Wik % g
FOLDITHELE 52N L AR LT, 2O &N, MIEOHEF B2 LB
SNDETORMIZ, WEREEIISC T, WRICEHShD N A T4 o THffisi
TWeZ & 2RI LTS,

ERENS, MEICF 2RI L THET 2178, £ L TZOMEELBE S 517813,
WA TA T 4 — PRy ZHIE Tt TR L TWD b D EEZ RS, =
AVO OITZMERE T I TN D Z LIk 0 \ BEHERNA T A7 40— Ry 7l
7t AHAAEN TS AREM A . L0 BRI CX 2 LB x bz, K%L
ASCIE, 2 OOWFZEIC K DR ST 5, T CHIC, BHEEEEBIZ OV THHE
L. & 5IT, 1 L - IKOBENEINC DWW THE LT o772, 2D 2 DODOBFZEHE
Mo, FROEEBZBNT, T4 07 40— Ry ZHIH T 0t 2 ZE )G RISHEA

AEN, FIASHTW D AREMEAZ L BRI T 2 BRI T, Gl & BT 21T - 72,

1.1.5 Rl IREEN B3 5 S TF%E

FEMREEDICE T AL, FOEHOFEMLIR~T 47 A WE L
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Jeannerod (1981, 1984) D H#kIZ LV #EJE L. T OWF5EIZ % 5 (Castiello 2005;
Castiello and Ansuini 2009), ZIEERES)L, BIEEES) & RES &\ H B b 2o

DOEBLST D DHERR SN D WREE Th 5 & B % 5 TE Y (Jeannerod 1981, 1984;
van de Kamp and Zaal 2007), i, miffids & OF2 T 52 < OF O i 227
Lo TN L TV D, BlEEEE)T, b2 L X 9 LT 28Kicmnrd Fo
BT 2EBOK D TH D, IREEBIL, WIKOHEE ATEEIC T 5 FOESIE IR
THEBOMY TH D, ZNDHEIK Y OXFF~T 4 7 A%, EBRBREICG U TEL
THZEBRMBENTWD, Bl IE EBOBHIEMEN D ¥ —5 v b OWIRE TOERIT
FOEBEEICE G L, BB X > CTFOERHE 2303 5 (e.g. Bootsma et
al. 1994; Jakobson and Goodale 1991; Kudoh et al. 1997), F£7-. R+ 2WikH A X
I, FERAS REIEEEL TEY , MIRY A ZOHINZHE-> TFEH < RE 23
F % (e.g. Brenner and Smeets 1996; Connolly and Goodale 1999; Zaal and Bootsma
1993), DI, EEFHIARFO T O RN F OB & 7125227 % (Hesse and Deubel
2009; Saling et al. 1996; Timmann et al. 1996)72 £, Z L% TICH % ORFZEIZIR VT,
FIEHRES P OX R~ T 4 7 ATHET 2 HEEARE SN TE T,

LU BN EEERER O X X~ T 4 7 AR DI OV THA L
gL, ZTOHEPR O 5, Bock (1996)i%, /X7 RV v 7 ITUC L 2 EIBRE O

(WUNENB L OMEES) 2R L. ZOBEBMAEMIE~OREIRET O X~ 7

{7 A2 DB AP LTz, ZORE. EHRREOED, (AEMIEE R 5B
DF B < BEaR K& EIZ RIET 2 ERRE T2, — 5, Verheij et al. (2013)
(T, HIER BIZIWV T, ERBINE 25 O ERLE 2R 4 =Bl L BT TES) 1A
ZEET S22 Ik EANEEEREEICEH X R ELTE Lo, O, Bl

4 RTRY v 7T EE, BUNEAB L O\ ENBRE 2 ASRIIERTORITOZ L TH D,



FBI1E i

HRIER O F FITRAFE LT, EANAIE LIEORB SIS EL RFT 2 LRI,

EFL 2 SORATIIEIZ. EANEEEREEGH OFITICKIETHEL, TR~ T 47 A
DZERMIME 2R TN T A=F 2O THE LTV D, Lo, BIELEEE) o723
HNICLSTEDEHITEEINTWD D% L0 GfEICEMET 5 72 DI121X, Z2Hr9PE
BRI 5T REFRMHE 2R3 /37 2 =220 T HiHli, BRETT 208 RH5 L5
AT RFNLRLEMERRLT D 2 DOWZED 5 B 1 21k, AN BERREECE 2 5%

Bh, XXX T 47 AORRIMEEZ R T A =2 2V THRA LT,

1.1.6 Wik ENES)IZ R 5 AT

ZHET, WL ODDEITHRICBNT, i LW h 2z B8 S 2 EEHOF R~ T
€ 7 AWK ST 72 (Brouwer et al. 2006; Eastough and Edwards 2007), f2£f L
TR a2 b3 5EHOXF R~ T 4 7 AT WIEOBERITZEIND Z LA RESHT
WD, ME~OBEIJOIEMORE S (TRbbERE) (X, MEOEE L EJINEE (9.8
m/s?) DA INIMETH D720, U LIoMiEE 2 LS5 RHIC, WIRICE < ' o
TERNZ., ZTOEEIETT 5, MIKOEENHEINT DK, £ OIS U CTiRicE H
EN D HIEKE L 72V (Gordon et al. 1991; Johansson and Westling 1984, 1988), ¥
REEFEEL CBZE EEBMBT D E TOREM A LEM 3 5 (Brouwer et al. 2006;
Eastough and Edwards 2007; Weir et al. 1991), & 512, Wik%E 2% LT HiEB O K
WEET, EVIIRICHAS TRV TR E RELZ R Z & B3 HE I T2 (Brouwer
et al. 2006; Eastough and Edwards 2007), Z#L5H OBFFERERE L0 5 & ik
RiT. MEOEEZZR L T, WEKOBENEH ZHE L TW\WD 2 LARBRIND,

EiRkod X5z, SRE ST A~ OEB OHIEIZ IV T, PHRAHRRITE D2 AZNTFIH L
TWN5LEBEZDLNTN D, BFF LR 2 e )7 [~ H) S & 5B T, Hss
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PRPEDERZZET L2 TR MM L TH D AREMEIZ W THRETT 57201
X, SRIE T R~OMEOBERET B W TR S L5 LN B o 72, HFF LIk %
FRIE T A M A~BE S E 556, MiROEREIL, EEASRE N ARICES T 5 I EE
KiELEDEBZ6ND, Thbb, BOWIKEZERE T MICBE) S HRHIH T,
FHRFHIIC VIR 2 B8 S D RFIZ W T, il RN Bz #5145 )idk&E< 2
V. MEOEELZANHFT LEBEBEBOXX~T 0 7 ARALND EHREINLD,
T T ARFENGRILEER T D 2 OO L 5 —HIZE W T, MIROEENHE N
[~ DOYEDEENEE DX 1~ T 4 7 X RIT TR RHE S iz,

Flo LWL 2 ESE 5 ETOX R~ T 4 7 AT, WIKROBRIFHIZIHE-S<
BE&THORSIHELZIT DI ENDHoTWD, MIEOEED T & EFEOE &R
RIp o256 IR R U T2 LB SV D £ TORRN T DOREEZZ T H Z LR
Wit STV 2 (Brouwer et al. 2006), FHIL7ZEEL D b EVIIKREZZE ESE 555
WHAZ R L T2 L2 Biiad 5 £ CORRIL, THRILZEEOMRE 2 ESE 256 &
Do MD, LnLRns, MIKE% LT 5 EEBOKRKKEEIT, THIORGIZEEE
2T, WREREORE S DHRITEEEZ T Tz (Brouwer et al. 2006), Z D Z L i»
5. WIROHR ) D 26 ERAA £ CORFEINIZ, R & 26 BIC B b 70 2 ) 3 AR L S Y
SNTWDZ LR END, TOZ &k, TR, FEQMIRITEEAR L 2B 4
C 5 MR HRICE SO THEROEEZRH L WIEREBE S EiRD 5 TOR#Z
T 52 LICR Y Z0%ROMKOBEEE 2 HEIS U THIE L T\ D 2 &3 HEE
SND, AFFETIE, MEKOEHBEOHRZBRKNEETH Y . WK LR L OERRIC L > THID
THEORIN L SNDRUEZRE L TERREIT o7, ZHUT XY TR A
TA LT 40— Ry ZHIEHT vt ZZEDWT, HEIDS 72 @BfilE 217> T2

EDTHOWNWTOREEEZ T T,



1.2 MO ER

Bz N3, EHRETICEBWTEDORELZ T RN b, FIERETGHITHIE
HZ LT, EHOBRNEZZERT A ENTED, 2O b, FRMERIT, EHM
B REENC RIFTERAEZ RS L T D 2 L OURIE SN D, $ATE D7 [~ EB B O
FEA BT D 2 Eid, PR N E S OER & B RER) & & & &5 I BE-S1)
TWH D0, Tbb, RFFEOETIL, BB Mk i) 2 EBHH O AR BRI
BIbDOTHDEEZLND,

Bk X 5iz mEAE, B o THERZE T HIAICEL T 28 EIC R0 5
%, BBV 30T D EAORMMA ORI RIE, FHEINSHE S AR 0L — A i
EEHL M, BIOESHOTEHMEZ KT SE2ERNE 20 ES, BHHINEE D ES5hE
K17/ A4 X(Harris and Wolpert 1998; Jones et al. 2002) % B0 S 8455 S dh 5,
NPT, TR TEAZFEMBANICFIAT 2 Z L3, =% F—DRhRIIT XD,
DIRNEBIF) T RV —HE T, IEMREEROZITE FREIZT 200 LItV 20
BURICSL TR, AR OEFIEDO L2263, AR —Y OEE LIFEOBISISH S,
R p—< A EICHGET L REE LA T 5,

LLEX 0 | AREFFEIL. EADERE ST R~ OFEENC RIAE T B A NI B 2Ne T 5
ERIFFIZ, EARE T CHEELZ BRI O AMD, EHEZ L0 RBIENLTEZ DD

CISH SN G ERMET 20D THD L F XD,

1.3 WFFED B & RSO
AR D HEL, A T A 27 4 — B3 77 0 2B £
NTOD AR A BFET 5 2 & Th 5,

REENLEH ST 4 DOFEP DR SN D, H 1 FETIE, HHRICE- 7o R L ZDERID
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SNTRRAT, B 2 TR, ST 1~ BB RESIC T 25 SV Tl =T
B, 53 T, WIRAIRE L. SAE OB S 5 @I BT B HFTRIC U Tl

TV, %4 FTIHE, AL EFIE L, a2 50T 5,
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Direction-dependent differences in temporal kinematics for
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Experimental Brain Research (FIIf|#)
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5 2% gniE )7 OB EEYNC I HRER T R~ T 4 7 A DT AR

21 M=

AHATEIZRBNT, AR DOHRITENTHR SN TV DD, FITHE Ml
BlEN TV, TO X RENRE FICBWT, BELRENT 217452 @EYNIITZ 5
BT HRIHEHT2ENEZZBR LD/ EZEFITLTWNLTOTHA I, FlxIX
o DTy FIZFE I L THIET 51, HDWIERITLOR— L E W BiF 5k,
AR T, SEE T IS U C R D T~OE N OEMA %2 B L E 8GR L O
HIE 21T 5 LERD B,

JATHFZEL D | SRl EHMEB LT HEA~DORA T 4 v VT EENZIB T, PR
RN, BB R EHFE T 0 RTHAIAALTVWD ZERRBRIATND
(Crevecoeur et al. 2009; Gaveau and Papaxanthis 2011; Gentili et al. 2007
Papaxanthis et al. 2005; Papaxanthis et al. 2003b; Papaxanthis et al. 1998b; Pozzo
et al. 1998), HIEK ECENE T M~DRA T 4 v TEEHT O DEE, T ~D#ES)
(ZHAT, EAHA~OEEBIZ ISV TIMERFFE 2 E < 7220 | BB T IKFE LT F R~ T
o4 7 ADIERFREDNRE U D Z & D3R &4 TV 5 (Crevecoeur et al. 2009; Gaveau and
Papaxanthis 2011; Gentili et al. 2007; Le Seac'h and McIntyre 2007; Papaxanthis et
al. 2005; Papaxanthis et al. 2003b; Papaxanthis et al. 1998b), & 5|2, Papaxanthis
et al. (2005)1Z. TRV v 7 FATIC K DWUNENBRE FICBWTHRA 7 1 v 7 iEH)
REZATV, BUNEREICRBESIND Z LIZEY  E'BHMIKFET 2F1v~T 47
AZADIEHEN R ONRL D L ZR LT, TNHOHAREZZE 2GS &, HIN
HWITEBGHE 7 2 ZAHAIAENTWD Z ERRBIND,

PREL LB X ONTHEA~DRA T 7@ S 70 5 ') G IR L7 %
AT 4 7 ZADIERFEIL, FRICE < EHOIFRNER O FRNICE S 7 4 — R 7
U — FHIE 7 o' 22K D &EE 2 BTV 5 (Gaveau and Papaxanthis 2011),

Gaveau and Papaxanthis (2011)i%. $8EF DO RA T 4 > TEENZIB VT, EHHD

12



5 2% gniE )7 OB EEYNC I HRER T R~ T 4 7 A DT AR

BRAREZ N DX R~ T 4 7 ZADIERHER R O N2 Z L6 BB LT H R~
AT 4 v THEZBWT, ¥RXv7 47 ZAOIEMFMERECHHERE LT, 74—
R7 40— 7 m e AREE LTS 2 RB L, 70— K74+ 7 — Riil{l~
12 A% T, Bresciani et al. (2002a) DWFFEFERIT, A T4 7 4 — K8 7 il
7w 25, $hE O B FRRALEENIC BT 2% 1~ T 4 7 ZAOIFRIEICE S L
TV 5 A[HEME & HEZR & 5, Bresciani et al. (20022)1%, ZIEEEEFRE O Z4THIC
Jrer—& UTHRET D RTESR A R ALBAURII L. 2 OfEF. FRIZIS U CHIEES)
OHENMRBTHZ L 2H LM Lz, ZOmMRIE, FiERERNEEEH O T A
YT 4= Ry ZHIE T ot RS L TWA Z EERET S, MlEnb, EFHE, A
YIA T 4 — RNy 7T v AL SriE T A~ H RS A REEN 7L S D T5 1)
KIFH 2 xR~ T 4 7 ZADOIERPEE AR T D 1 DOBEKFNTH L EHERIT S
BERRE BT, RA 7 ¢ O 7EITIEE L HERALEZ O 1 >TH Y | A
VT4 BB AT A T v TR < RHL D A TR D T L NEAT
WFFEIZ & » TR &3 Ty 5 (Carnahan et al. 1993), RIEEfUIRER) X, BEER) &
PREE) & D Fe D 2 ODIEEI R 0 DK S LD & EZ BTV % (Jeannerod 1981,
1984; van de Kamp and Zaal 2007), ZEETA L. N BIEEL L5 &3 5W1K
(22D FOBIMET 2EHMS TH O | EFRET R X, WIROFR 2 " EEICT 5
72D DF-OEBRICE T 20 CTh 5, BIEEBR Y OF 1~ T 1 7 AL, TOZEH
AL ORRRFZE L DR S5 EEEhRR ., 36 K OV BE R 12 S TR S 4 5 (cf.
Jeannerod 2009; van Vliet et al. 2013), fti )7, #HUEEEK S OF R ~T 1 7 A1X, Bl
fi & NZE LR OB ORFFZIZ RS W TR S 5,

Bock (1996)1%, /X7 AR U » 7 FATHPIC B30I EBRRE 217\ EBRE O ()
INEFBXOMRES)) A, BIEREESOX R~ T 4 7 AT RIETEELRHEL, £

D Ko, BABRBEOZAITIE U THEREB Ky DZERRIF R~ T 7 ANET D &

13



5 2% gniE )7 OB EEYNC I HRER T R~ T 4 7 A DT AR

BN LT, ZOMFERRIZ. TR v 7 AITHOBENRE T OHL 6T, HiEk
FiZBWTH, BEEREEH TSRS T 0 o VB TBE SN LD RFR~T 17
A D FFAUEAFII 72 IERIFED B B 5 O TIE 720y, L) iz S5, &ir.
Verheij et al. (2013)i%, Hi EiZiW\ T, EBRBINH % 5 T 3BiEE 2R 4 5 s kT L
THT 5 Z & THIRICKIETT EOERT M EZL S D 8EE1TV, Bl ES) I
it D E O RA T RTz, £ ORGSR, BRI EE) T o AL LD ZE M X~ T 1
7 AL, BAOFBNEAF L TEILT D Z LR EnT-, Verheij et al. (2013)1%, 2
EIREH O F 2~ T 7 ZAOZEMBYAIEIC KT 5 B O R A2 M L7z, B E
B~DOEOHRIZONWT I VIRVERAGL7-0ITE, 612, FX7T 17 ADKF
MR IR DI AN L 72 D, LIEA > T, AFRICBWT, EF DI, SHES
) OEEEEE T D E ) ORE, EEORHFr~T 1 7 ZTEAEZ Y T,
TR R BR 2155 2 LB DT,

RE TR DRA T 4 NI T, FHEERER I I > TEDEZR M7
%2 & DR KT S (Papaxanthis et al. 2003b), [AARIC., FT#EINC BT Fk A
B R SHDEE. EARHINIREENDS Z VRSN TS (Furuya et al. 2009), =
B ORERIT, PR RIE, SR BT M~ OTEE 2 HIE 9 2 B, BT ISR U CE )

ZRALTCHDAEEMAZRL TS, ZOBLENDL, EEDIX, RNA T 4 v 7 1EE) &
[FIRRIC ., $RTE T [~ D BRETREB IR TH, PRMRRIIENZAAL SO T
T2V e B R T, BlEREE OBZEE IR T 4 T EB DX R~ T 4 T

(ZHEBIL TW D72, B mA~OERS T 7 Wm~OEE e~ THIERF 238 < 72
5 ETRILTz, BEERN S ICBW T, B, EHm~OEE TIEZFEH< 2 &4’
WL, THRA~OEH TIEIFEH LD Z 2 RET L e ESND, £ LT, WitE~D
HIERORERET D720, EHE~OEE TIEF2 EFICmT, Thm~0iE
HTIIFL2THZMTLZERNTRISNT, 20X RBAEIZESS L BRI~
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BT, EHABRREOCRR TR TFOMESEZRES ST F, THR~OES T,
EIPHG R B VR R TFOME Z2H&RICT 5 Z LTRSS, #RE LT, SMETTM
~OBFEPSEIIC R 5N D TR~ T 4 7 AORERIFMATEIZ 350 T E B T ISk L

TeIRFRERN B D Z LTRSS iz,

2.2  J5k

2.2.1 FEBRBINE

FERBINE L, 14 4 OREF 72N (B84, Kt 64 ., 20~245%) Tholo, —
VU NG HEFT Z M (Oldfield 197DIT L » TERBAE OF| & T2 304f L 7=/ 5=, 2
TOFERBZIENLAFE ThoTz, EBIZEN S, ERFIAOFMAZITV, FEITTIHE
RS MOER 21570, RFEFIL. FERFRFEEAR - BREEFHFIER ARG - By E

R ZERICL > TRREINTEY | ~VU R EF (1975) 285 L TThiL,

222 FEROEY T v TBIUOFH

EERBINF 1L, RO RESE NN O X512, ERAMIRICIER L TRFIZE - 72
(X 2.1A), ERBIMNEOER LGB IO HICREATF r—1 0o 2 SORE (B
356 mm) 723, HEMGOMKLE L TREINTZ, LT 2 DOEREOHLEN, KRS
I OEFRTE BT, Bz eI R LR 0BG O X IRE £ TORMEICSE L
BB 722 K 5. 2 DORKONENRE SN, S5I2, MR O L SEO &SI,
FERBINE ORI & S I — S, ERKIEHOSRE Y 520 mm Th -7z,
BMRDERZINEMOREIT/N S 2P SN TE Y | 2 A BB B E & L
Tz FEBRSIMNE L, BUE & N2 LIRO SN2 BV S8 5 L FRFIC, 2 Ho3K
T BT 2 Lo~ WitEE R BICEE L7z (K 2.1B), EBRSME L, WIKICF

EZMIELT, BIEL NELIE TR L ok bh (K2.1C0), ZDOEE, TESRY
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EMEOR AT O K o Bur Sz, ERSBINEIL. —T7 DMK AT oWz

TFeBHSEL T LICLY, fmE ESGm (EACH D T, H25VIEEE T 5k (E
TN > T2 T518) ~OEEERIER) 2 24T L7z, AFEBRIZ 3 >DOT7 1 v Z7hbi-> T
Too 7wy 7%, EHMETHANT X LRNEF T 5 AR DRSNS, 710 [F]
DFITN D> T\ e, FERBINE OIS OB 20 BR< BT, AR1THRICK
30 P DIRIE & &7 vy 7 HITHK 3 43 DIRIE 2R E L 7o, AFBROBIIRIZIENL D,

ERBINEIL 1 7wy 7 (K770 5347, 510 5817) OMERITZ1To 7,

2.1 Frty b7y TOMKK (A) BIOESEAE (B) L& TR (C) OMMAYRFOLRS
FEipds KO TRl BRI, BT AE KO IR~ OEBBAAR O L O LB AR L T D,

AT OB 2 O B — 7 (BEDHLWITEEO B —7F) BERSH,
NinBAT S BB O (EHMHHWVIEFHR) SRS, BROE—7 5T L)
MA~OEFEREB M2 R L, ERSINE T, B AZELEEZ T HOMRICEW
KRBT, BRAAE 5 & Rk L7o, ICxHT, R O B — 781 T 7 [~ B E ) & 1

Zas Ly BBRSINA L, EJ7OMER LICHTHE 2 &V TR 7 2 755 L7z, S8 J51A

<l
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EHORT DHIED D WITHREO B — T ENER S 5 BRI, EB B MAE R 5 H
BOE—TENERIN, TNeaXIERSINE TES 2 5n LT,
ERBIMEDLATHEM E, AELENRE BLOFE BEHXERER o ki,
FTORKN~—T— (B 3mm) BT INTEY, E—varFy 7 Fr— AT 4
(OptiTrack, Natural Point 1) 12XV, k50 3 s ORRKFN 22 22 I & B A3 3 >

7'V v 7AW E 100 Hz ThRidk S iz,

2.2.3 T — 2Rt

UG SR RN D 3 RTTNLE T — Z 1%, 2IRONE —T — 20— 7 4 L HIT L
ST, MEWE RS 10 Hz CHERAENE Sz, FE O~ —F —i%, ZEEEE
D H b, BIEEBRS OX R ~T 4 7 AEMRAT, FHET S0 v biis, Blfse
ANZELIBORS~——0b Wi~ —h—Mo 3 RocZEM Lol E L TERIS LD
WIEEEEAN R S, HREB Sy O X1~ T ¢ 7 ZAOFHIMIC AW b, B LR
IREHE DL, 5 4% DALET — 2 & 3 R 7V T Y XL & - TR 5 2 &
IC R VRSN, RIS, FEOIEEIL, FEORET —& ZRHMIT5 2 &1
Lo TR, BEEEESOAIT. FEOREN 256 mm/s & 5 7 L — L
THBATREORNO 7 L— b L EFR I, BEREEBOK TIX, EBHORK»HF
HOMEN 256 mm/s & 5 7 L — L#fE T FEl S ERFORYIDO 7 L—h EERI N,
BEEEB) LS DOF R~ T 4 7 AEFHIT 2 BT, IRONF A =2 &2 EL, B L
72 BN (movement time : MT) . & O K#HE (peak wrist velocity : PWV) |
THORKIMNEE (peak wrist acceleration : PWA) , T D& KL & TORER (time
to peak wrist velocity : TPWV), MT 3, EELEEB) OBIA) ST £ TORRH %
RL, ZNEpEEE T 5 TPWV, F6 X ORI O e KFE I BERAE £ TORR] (time to peak

grip aperture : TPGA) ZHH 32 HTRD Hivlz, PWV B LN PWA (X, HiEEE
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RSy DEB ST ENARTE LT R~ T 4 7 A2 5045 H TR SN,
TPWV X, FEOMBICE LM 23 MT HIC 50 25A TR S, $EH Mo R
AT 4 TEITR LN & D A BAFEAERGHE 7 0 RTHABIAENL TV D
MENEFHET 5 AR TR S,

PRIELTT [~ DB R EE) T O IR EE O ISRV T IR ICER TS F v
RAERL, FEHS, DOV AIERZ BT LEZHND, THMPRRR, 1
EEE A OB W TE N ZFHT 20 ThHIUX, WEI/EHT 28 v o 25
M3 572Dz, ERFRA~OEE)CIIF42 ElZmd, FHMA~OERTIEFZ2 FicmiT s
ETHESTe, EOREER, EHRMA~OEHICENT, T2 Z &2 RETHE ML
7 OERIZ, FEACIZONTREL RDEBZZBND, TNWRIT, FTHA~DEE
P EBNC LT, B MASOEENC W T, EEIB AR O RVER T, BRLO FL
THURT DMK E TORBEN R VHLTIZB W TR E2RKICH 2 A THIS iz, fthF,
THE~OBECEER TIx, TR LS 2 & 2RET D MLy BFORE 28645
ThHIEBZLNDTD, BEBRED DIV LT, £ L TIIED D DIV B
WTFERRIZHALS TH A I L TPl STz, WHRICIEH T 5 B 2 PR R 2 F
HEND IO TRIERGET 27200 HEEBR S OF R~ T 4 7 AERTRON
T A—EPRE S, B & - R RIRHEERE (peak grip aperture : PGA) . K
R EERE £ TOREM (time to peak grip aperture : TPGA) . F KBHHEHEE (peak
aperture opening velocity : POV) ., i KPAFEHE (peak aperture closing velocity :
PCV). BHfsHiff (aperture opening distance : OD), FFEHiff (aperture closing
distance : CD)., TPGA (%, BAfRICE 3~ 2 Kef 3 BB Al 5y O MT 1250 2 E16 % 0%
¥, POV %, TPGA OHIRIZAE U D KRBRfEEEZ R L, PCV L, TPGARIZA LN
% B RPATR I DRt xHE % 23, OD 13, FIEEHRES) OBLA) S PGA MBS 5 £

(CFENEMAZBE Lzt 2~ L, CD (X, PGA DOIEHLD & B EERET O/ T
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CFENZEMZBE Loz £,

BN M7 OFERER, H50IEHECLERIE, FORBIEKGETLEBEZHN
DI, AW THOWIE R~ — =DM ET — 2 2 VT, Bl FEH. BLOAE
LIFE FEOEMMEREZRET 2L T BBRZOFORBEHET HZ LN T
EHEEBER, £ T, B NELE, BLUOFaohE# EOMELZJEL., ~
A—=BANLewBEIRAZiwZHBH LT, AZew BERAZ w13, ENEN, Bl & T,
BLOAELIEELE FEOME (Z) HMOEEEOE S ZRBT 5, A ewB L RAZiw
DE D, TR LM Z AN TN D2y, HDWIE T HHZFEN TV D NIZHONTERER
LxoftEncE, ik, BNV BEE. HDWIEERICER L ThiEng
MDHZENHRRTHD LB R,

HRT A= HITBNT FERSINE OXFMITBIT 22 TORITH TOFEENPE
e, BRI A—ZDIEHMEZRET 2HT, aLEan7-ZA IV TREX
Fh LGSR, TPWV BE O CD ZR< BTONRI A—=FF, EHSHL VWL &
DHER ST, TPWV BE O CD ZBR< BATO/RT A —ZITHBWT, EEIG A OEND

MIETHREFTNDHBT, EDH L tHEEFh Lz, —J7, IERMERFED 5
227> T2 TPWVIB X OCDIC L TR, U 1 v a7 Y OFF SRR E D -V BTz,

IR E DA BEKMEIE, 0.05 IZRRE STz,

2.3 HER

4 14 L OERBINE L D BEIEER O % < ORITH L, WUNZT — & BNEE S
N, T OTh0RIT (141420 347, 3.33%) IZBWT, v —H—EL < HH
ST, ZNODOT 2T OERIN STz, 406 BATOT — X b, BlEEE) RS
BLOWREER D OF 1~ T 1 7 A 237 A =2 BN SNz, RERSNE

O fE TR E 2R K 2.1 1ZREH LT,

19
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# 2.1 FFEREHOX R~ T 1 7 AT A—F DY, FHERES L ORGEHERA B

Upward Downward Significance
Reaching component
MT (ms) 945 (31) 938 (34) n.s.
PWV (mm/s) 1227 (50) 1232 (61) n.s.
PWA (mm/s?) 7064 (629) 6434 (698) n.s.
TPWV (%) 32 (1) 36 (1) *x
Grasping component
PGA (mm) 74 (2) 73 (2) n.s.
TPGA (%) 65 (2) 67 (2) *
POV (mm/s) 277 (25) 250 (26) *
PCV (mm/s) 136 (13) 131 (11) n.s.
OD (mm) 440 (8) 426 (5) n.s.
CD (mm) 44 (5) 32 (6) *

I OBAENS FHETH D . FFINNOEIEEERZE TH D,

MT : EBRFR, PWV @ FEORKIEE, PWA : FEHOEIIEL, TPWV @ F5 DR NHEE F TORFH
PGA : it KIEMIIHEE. TPGA : e KFERIFEEE £ TORER, POV : St KBIFEHEEE, PCV : fc KEATEHEE
OD : BHf&ERHEE. CD : F+EraAE

2.3.1 FEE#BKSOF AT 47 A

BIEEE LT DF R~ T 4 7 A RT FEHORERFE(ZX 2.2 (2R, W iR
X, BEEAWE R LTz, FEORKEE LB EEDIRR O 50 %N TRE L,
KRR AR T o7, EHMA~OBEREIEENC IS 1T 2 F i\ OMEEIX, T 7m0
L0 b, HEBIBRAR RO CRAMICHEL CRY (K22 12BF5V), Lh/ha
72 TPWV %Z7x L7z, TPWVICBIL T, EHm~O#ES) & FHm~OEBOMICHE 72
ENRR OGN (2=-3.05, p<0.005), —JF5. MT, PWV BLUNPWA 2B\ TiX, &
B OEWVIC L DARBRETR Nl (FNEH ty =0.56, p=0.587; tuy =

-0.20, p=10.848 ; tu3 =1.39, p=10.188),
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1500 1

Upward

Downward

1000 -

500 T

Wrist velocity (mm/s)

0 25 50 75 100
Movement time (%)

X 2.2 EFHEBILOTHA~OENL D FEOHEEL(
FHRE L O TRV BB AR T, W b ERBINE T TPk Sz iR T
b5, VX EFRA~OEICEIT D PWV OREZR L, VIX T HRA~OERICET
% PWV Ol REZRL TN D,

2.3.2 REEBKIOF R~ T 7 A

ESRIEBN Ay 2 s TR HIERE, B L ORMEE L 2N 23AB IR LT, B
3 KOV T T M ~OMEE IR &0 L FE M EEE L, EEB AR, RREICEIET S %
TR THINL (BfERmE) . £ D% %2R Lz, EHm~OEBOfRHERE. ¥ X
ORI ORI bIL, T RASOEENZ &> TURSNTERRFZE L & B> T,
EHm~oER (X 2.3A 1280 5V) X, FhHR~OES (X 2.3A 12825 A) |
| SEENBRAAH FORERTIZ PGA IZEE L Tz, TPGA 1X, EJ7m~DEH) T 65
+2%., FHH~DOEHTE7TE2%TH Y, TILITHAEIZELR > TV () =-2.2,
p<0.05), —J. EHA~OEEHTHONZ PGA X, FTHRA~OEZH LD &)
ICREDSTER, ZNEDOETHEHICHETIE R >72 (e = 1.55, p=0.144),
I 6T, ThHm~0OEH) (4 2.3BICBITLHA) ITHT, EHm~0EE) (X 2.3B
IBRITHV) THEICKE R POV 2R L7z (fup=2.7. p<0.05), LO2L72N b,

PCV L. HEE B CABEREZRERo7- (K 2.3BICBITAABLIOVY ; tuy =
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-0.76. p=0.462).

75 - \V4

= Upward

_____

====Downward

60 -

45 1

Aperture (mm)

30 1

15

0 25 50 75 100
Movement time (%)

200

100

o

Aperture velocity (mm/s)

-100

Movement time (%)

2.3 EHMBIOTHA~OEC L SEMEBRE (A) BIORH#EE (B) 0%k
BT D FEfd K OB CHE DNl E #AR L, W b ERSINE R ks
oMM CTH D, FRREEMERR (A) 12BWT, VIZ EHFM~OEENCE T 5 PGA OR %
L. AITHAA~OEENBIT S PGA O SERL TV 5, fBREBEMHR B) 280
T, Vit EFR~OMEEICITH POV OREEAZR L, AL THE~OMEEIZET 5 POV
DRRAERLTND, o, EEBEZ BT 2 AIX EFRA~OEB)NZIIT 5 PCV Ok R %
# L, VIZTHA~OEBICHIT % PCV OB A ZE L TN 5,

AWFZETlL, BB G OBENC L AR R~T 4 7 AOEREZFET S5 TR
<, ZBEFR~T 4 7 ADZEROBSN bITo 72, EFHA~DOEEZ L > THEL 5404
EEI Sy O CD 1%, F M A~DO@EEN LR T, KREREER L (2=-2.73, p<0.05),

ZoZ LiE, FERBINEN LG OWKRICFE2BE ST LR, PGA 2 X IALE) b IE
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B TOMEE T, FERLVEVWEMAZBT L T\ o2 La2rd, K2, OD 12
LTI, EEFMOENZ L LAEREIL LN -T2 (tuy =177, p=0.101),
H) MV OERDERE. &5 WIEAREO EL L 2 RET 202 HET 2 BT, L
F B KO FH~OEB FOFE & T, AZELIE S T oshiEs oML HE L
7= (K 2.4A-D), EHE~OES | HIEE L OASE LIEOSER Eofr@EiL, —&L
TFEOMBELY bE< (K24A B). Wi L FEOMEROESDME (AZewB LD
AZiw) V&, BB ORI > THRA SN 2@ M8 R oz, FTHR~OE#IZE
WT, AZewBROAZiw OfEIT, EBIOBIAHZEAD L, AOM (FFOSMEAE LV
HFHEORENMENEN &) 2R 2 ENTRI N, TR, THR~DE
BBHIG2IC A Z o B R OVAZ e OEIT R X A2dl) A% L7e Y, SEENRATHIT—H L CE

DOEEHMERF L7= (X 2.4C, D),

A B
150 - 150 -
€100 E 100
E E
i i
N 50 N 50
0 . . ; . 0 . ; ;
0 25 50 75 100 0 25 50 75 100
Movementtime (%) Movementtime (%)
C D
10017 E 100 po=m=m e )
S \\\ é S
E E
N 501 . J 80 «
0 T T T , 0 T T T \
0 25 50 75 100 0 25 50 75 100

Movementtime (%)

Movementtime (%)

24 EHMBIOTLHA~OEINCLDAZ cw & AZiw DEA{L
ETORNZET DML, EREBMEM TP LSRR TH D, A L Bk, EIR~DiE
BCkITOBEL FE. BIOAE LR L FEOMELTROEHEZEX L T\D, CE DI, F
FHa~OEBBT o8I L T, BLOAMEUIRL FEORELROEREZR L THD, KA
DL, FFAEREEZ R L TV D,
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AWFRIZBNT, EE O, HE T m~OREEEEI BV T, EH TS T

BORFR~T 4 7 ZADORRIFMIEIZ B 2 KT TG0 Ziia Lz, £ ORER, BliE
Ry d KL OMEIRIEBI A ORFFI R~ T o 7 A EE GRS CTRRD Z &
DR ST, BlEEBAICE L TE, THRASOEEII LT, M~ T
B E TORE (TPWV) BN -T2, HEEEERDICE L TiE, THmR~0ES)
ZHART, B A~OEBICIWN T, EB A% RO REH TR ORI M ERM A BN
(TPGA), »OKEZRHEETHIEL Tz (POV), £/, FHI~OEBIZ LT,
EFRA~OEEICIBN T, RRFEHBERE BN 7% ICFE 3 B8 L72iERE (CD) 2 &
WZ EBHALNIRY | BEEET Y ORI R~ T 4 7 ZTBN TS, EE# RIS
RAF L= B @B O X x~ T 1 7 ADBEBO DB ST,

BIFEEBE IR N T, FHEA~OE;ILT, EHm~OEEICBIT 5 TPWV
WL ANEWFERER LTz, ZHUX, SREFA~DORA V7 ¢ 7B TROND | JEH)
TFNCHRAT LT=F 2~ T 4 7 ADIERFE DT (Crevecoeur et al. 2009; Gaveau and
Papaxanthis 2011; Gentili et al. 2007; Le Seac’h and McIntyre 2007; Papaxanthis et
al. 2005; Papaxanthis et al. 2003b; Papaxanthis et al. 1998b) L Ll L T\ 5, #iZ
B EHHRER O BIEET L OB A B = X LE, A T 4 v TEBHOFIEA B =X
LETSHNCHEB L TWD ZERNRBIND, 2O b, AT 4 7 EH) &
BRI, $RIE T A~ DO BETER BV T, EE T IICKE L X R~ T 4 7 ADFER
NHENAHGERD1SE LT, 74— K74V — Fiilil~7 a2 X085 L T\W5 Z L2VR
BIibd, LrL, PWV BELWPWA X, EFHA~OEE) & NG H~OEBOM TH
BRERRE o To, AFIROREF LT IRINC, KA VT ¢ > ZTEEBNCET 5 01T
FFEClX, FHMA~OEB AT, EHmA~OEENL, K& e Kl & 5 KN

O G EL, TRV —FZ2 T 2 ERHEI N TV S (Gaveau and
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Papaxanthis 2011; Gentili et al. 2007; Papaxanthis et al. 1998b), Z 15 OFEEN 5
PGEHRIEE) O REEB L OFIEH A T = XL RA VT 4 v T IEB ORI A =X
L&A L TWDHM, IR LTIV EZRB LTS, RA T+
v TEBICEWT, B BiE, BOEB A HIH T 57200 TRV, BEEER) T
T LOBFROHE N MLEL SN, S I, BIEREEENL, RA 7 ¢ > JEE)C
HTL MRS ME 2R 1 AL PR S R £ 4U(Rand et al. 2007), A7 A 74— K
Ny Z T e 22 L RLSARSFT S 2 &R STV A (Carnahan et al. 1993),
Lo T, BA T 4 ZEBOFIENC T, BETEEB ORI, LB Sh
DIEMILIDOELREG VR REWVWZ ENRBEND, TD K ) REROKE 70EE) 2 %
T DBE, PHAPRSRIT, ZHEREER ORI LE L SNHERE M2 D7dic, &
JEEIEEDORE I 2 LIz RetEn Bz oinvd, £z, EHmA~OER) TIX, B
(RS D T2 DI BIC R E R AR L TV & B R b D, EENEE DN
o TRERHNINERIND Z & TR HHREKRTE /A AN D EEZ 2 5ND08,
J A ROEEINTER) O F et 2 (K F S 815 25 (Fitts 1954; Harris and Wolpert 1998;
Jones et al. 2002), L7=23-> T, ABFRIZI T, BIEEB)EK ) O i KGHE & B KH
FEDSTET 5 IR LI W E R SR o T2 2 & D Rk RIX, (5 BB kF /
A RO Z [FIRET D 72D, LR A~OEE) O & AL 2 If L7 & & 2 6,
FIEEB ALy & RIERIC R RIFERESS X ORI E ORFHI AL TR Sz (M 2.3A, B)
HREEB R ORI F R~ T 4 7 ZATB W T H BBV AR L7 IER B L 5
Nice THMASOBENI AT, B MA~OEB) 21T o 72K, HKIERIEERES BN D F
ToORKHE (TPGA) 13H <, & ABEFHE (POV) OEIZKRE o7, S HIT, Z4HBY
MXRYT 4 I AERT NG A—2D 1 >THLHREN (CD) v/, FHE~O
EENZ AT, EHMA~OEENBIT DEIIRE 2o 7o, AR TIE, HEEEE R
FART 47 A (BIZIE, EBHICHRE L ANZELIBOERE O ICERT 28 b)) 1%
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EEIZHH S 720 oT-, LxL, TPGA, POV, 3 XU CD OfE A EE) 7 0] (24K 17
LTV R BB I K - THIF & NELIE~ORZR 2B\ NEMICHRL T
ZEN AZewBROAZiw OBIEN HHERI SN D, BT DLEDOH 5 LI7H~
DIEF AT 5 B, MR OFAE# EONM BT EOME LY b —8 L TH < IEOMH AR
L. &HIZ, MR & FEOMENMNBEOZEN, EHOHERBIC > TR —BOEMEZRL
Tz ZOBEEEEZ DL, BIRBIOAZUIBIEA L-E L. FE2E < FE T,
KXV —EBFOMEAREET L MY A&k L, i TFLALLR/IETE, FEALS
ZEICHERIICERT S M2 AR LEEBE X DND, ZOB XL, FH~OER
[T, EHAA~OEENC BT 2 TPGA, K& 72 POV, BIOKE 72
CD % AF7-fERIFEET . BEHOEMIL, BEERE L2 & W5 B2 23 FT 5,
7. BTN - 7= F T E~O@EE T, WS T Hmzm< 2 &, EEHH
R CHEZMEET D MLy AR T 2 2 & B X OB/ CIEBEICHT 2 h vy
EAEMTHZEETHIL T, LMALANS, PAICK LT, WfFOMES EoAE
X, FEOMELY BB L TR TR b2ehotz (K 24C, D). ZOERIZ. TH
I ~OIEENIBN T, T M7 IR EZRET 29 ROG LN IR FIZhofc &5
R DAV, FHARRRIL, BT o~o@ER) & [FRRIZ, B2 R L TF 25 < &) o Rk
ZIERL, FATL WA 2 IR ET 2 2 LT TE Ry, Ll Wise: Ty
OEREHN EDONEDZES (AZ vw B X OAZ i) 1T, EBHBZICKE KT LTEY,
FOEB ORI > TFROREZ KL MITEST % K OIS TWzRiR (M
2.4C, D) &2 Gb¥ 5L, FHM~OETIE, & M2 L 0 BREERIET S
NRE, EHTEA~OES) & RREFM LTV L 3B 2T\, ZORENE U -ER
D1 2ELT, RFROERE Y b7 v 7 EORFNIEKD bORETFND, BT 2
SOYEMOEERED . EFFN D FHEICEABEIT 2B, WffOmE N End T

EHZEI 0 D D T DI IR WEERE TR0 o T2 aTREME DN B 5, & L T 5 OWIENLE S
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TR B ICTFE L T s /e HIE, MR O & (X T ma 48 L, PR PHE
et 5 H S bV 7 OER ZBEMRAICHIH L Tz s LIv7euy,

FATIE D O SRE MO KA 7 1 7 iEH)(Papaxanthis et al. 2003b)J5 L OV T4
EH)(Furuya et al. 200128\ C, HHARCRIZ, A CEAZFATLHZ &
IRE ST D, ARFFE OB EB R 351 2 & A/ (BT L C b [RIERIC
ARSI RS, WHRICIER 92 B R A FOM B L TR %R, LhAm~0
EE)TIEBRR. T mA~OEE) TR 2 RET S & PR L7z, #RE LT, FHm~
DOEBICBNT, B VI NFEALD 2 & 2Rl 2 HEARGHLE55 2 LIX T
o Te i Dl &b BT RA~OEENIEE LTk, B v BETE 2R 50 R
ZAEDPM LU TWEZ EDRBIND, EHFA~OEHE) TR S 72 I E W TPGA,
FAXFHIIZ KR & 72 CD B8 XL OVPOV X, EHMA~OEEBIZIIT 2 FOMHIEBORA . B &
UHEZRET2EZENOMRERNFIHIN TWDHZ EE2KMLTWD D &bz, L
723> T, SRE T ~O R FEHREE) BV T, £ ORI KOS 2~7 o
7 ADNEEN GRS L CIERMEZ R LT AR R ORESIE, BE 5 < FRARER DY,
FOBINHZTEANEHMHALTND ZEE2RLTWD,

— A, IEMEZRIEEB OZRITHOEE LW FIZR N T, B BITERN D 5 WVITER
AT, EENE TE DT EMICZATT DO ORI EBREE 28I T 5, HICH
T2 Ehm~0E#L, K RERBEOHIEB 25 S Z L, F5RERE ) A XD
INZHE > CIEMEZ2E B O ZRIT 2 [N #EIZ 3 5 FIREME 2 & 5 (Harris and Wolpert 1998;
Jones et al. 2002), AHFZE TIE _EH A ~DEIIB T, PGA 2N ES)BIIAE I,
DOWR E TOMRRENEVLE TR L TUWV7o, TS OFERIT, TEHE 7 B E 6
ZEERKT 57201, REEEYIe K OZEREIC PR R & & < PR, 224 ChESE @B kg
DFETERMLTWVDDMNE LR, ZOEZ2XFFT 5 X HIC, B EESh%e T

I BT 21T\ IEfEZR T O T2 8 L < L7c56 . P2 EBIBH AR R4
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5 2% gniE )7 OB EEYNC I HRER T R~ T 4 7 A DT AR

20, WIKE CTORBNERVLE CIHE 200 7, EloidnTinh— g sn
% (Churchill et al. 2000; Connolly and Goodale 1999; Jakobson and Goodale 1991;
Rand et al. 2007), Z O Z Linb, ABIFEICET 2, E# G ITEKF L TBSE S iy
I K OZEMIIF 2~ T 4 7 A0 EEIT EHM~OEEOHIEI T 2 HAZRD
T2 8 D24 TR FE T2 BRI D3R 2 Sk L TUWNZDvh LAL7Ruy,

B e mAGEEN B\ T IEB T IRTE L2 R~ T « 7 ADFIERIFRE A 5] S =
THI1IODAB=ALLE LT AV TA T 4 — Ry 7HE 7 0w ANEE Sz,
ARWFFE I, BEEBR S L OHEIREER R ICB W T EE S IR L2 F 2~ T
A 7 ADIEFREDRBIEE ST, ZOHAHEN T 4 — 7 4+ U — Nl 7 m & 2 &
T T4 T 4= KNy 7HIH7T o A0mT7, b LW —J7ICER L Tz
Z L HEBENICHE LR T M ARRILIG S Z L IXTE R o, L L, RIFFEORE R
I ARA T 4 o TEENE D AT A T 7w TR <RAFT D BT R EE)
B T(Carnahan et al. 1993), JE& 5 [AITKLT L 72 IERBMENIFAET D 2 & 2 BREIC
RLTee ZORRIZ. 74— RF7 V=Nl 7mv X2z, #7407 4 — KA
> 7 A 7 A3 $RTEL TG A1~ 0> B ROFR A RLE B L & 4L 2 @B TR AE L 7o
VT 4 7 ZAOERHIECE G L TV D AREEEZ R LT\ D, ZOMAICEET 5 E AR 72
HFARET 272012, 5%, FilcRMANMZ oD Z RIS D,

ABFFRIT LN FIZEK) S5, A DERE T A~ OB R EB) ORI ¥ R~ 7 ¢ 7

(BT DI TR AER EBFIKE LI R~ T 4 7 ADERE R L
Tzo ZORERIE, FATZH ANHIAS, ERE TSRV TETERITIT > T 2 5 BERY 70 @ B)
HIBN ORI Z KL T D & B2 Bd, ShEF R~ OEEREER) IC B T 5% Rk~ T
A 7 ADIERFREIL, THAPRERN BN EBE L, B NEFMAT L L O ICEB A5

L, ZITLTWDZ & aRieT D,
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%3

MR DRBENEENC R T 5 E ) DFIA

Yamamoto S, Shiraki Y, Kushiro K. (% F& % 47)
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3.1 M=

a—b =By FICFEMIL, FhE NonilES, HEAETHIT 2 20741
LD KT, R B NI, FAMITL T L ek s BB ICBE S § 2175
ZWUNZEFITTH 2 ENTE D, R HLMAZIF L C B E £ CHyICBE =&
52 EDTELEAIL. MEOBEICEWT, ZOMEOEELZE L TWVHINLTH
HEZEZDBND,

HER BICHIE L CEEEZ RO TOMRIL, EHOERIC LY $E Fhmic#E | Sh
L0, BB NEOHIKE S Z ORI Tlx/ewn, £z, BEHRE T CEBZX(TT 5

By AT BITEDPEICRIETEELFICERE T OLEND D,

TATRRTE L 0 | SRE T ~DRA T 4 2 7 TEINTIB T, PR RN E N H %
ZELTWD ZEMNRME I TUY DS (Crevecoeur et al. 2009; Gaveau and
Papaxanthis 2011; Gentili et al. 2007; Le Seach and McIntyre 2007; Papaxanthis
et al. 2005; Papaxanthis et al. 1998a; Papaxanthis et al. 2003b; Papaxanthis et al.
1998b; Pozzo et al. 1998), EJJIISHE N M~ kA #5570, B EmE T
T~ bk aBE8 S & 556, BN BRI KT TREITER T I L0 B L, AT
IS, SRE T A~DRA T 4 V TEBO X1~ T 1 7 A%, B ~OE#IC L
RXT, FHA~OEHICENT EROMEREIES 2D 2 R EINTND
(Crevecoeur et al. 2009; Gaveau and Papaxanthis 2011; Gentili et al. 2007; Le
Seac’h and McIntyre 2007; Papaxanthis et al. 2005; Papaxanthis et al. 2003b;
Papaxanthis et al. 1998b),

FRTE T A ~OIEEBNZ BT, TR N E G EZ BE T 2 H i, B ES RS
YN ER T 5 HEOZD R Tidenwe &2 515, Gaveau and Papaxanthis
011X, $AE L F B IO FHINE CImRA T 4 v TEBO X R~ T 4 7 ADKE

FMEZEEE 2 PIARGRAS FRICE <A (TebbES) 2R % @Bl
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REAZH L TWDAREHEEARE LT, RA T 4 7 EEFTENER) 2 & $hE )
~O FEOEEFIFENC ISV T, PRI, S TEAOZFHT 5 2 &R
EN TV 5 (Furuya et al. 2009; Papaxanthis et al. 2003b), $AE 5 [1~D i o> 1EH)
2R D EIORMIL, BTN D EHER T VT —HE 2B S L21T TR
<, HEOERELZIERTIEL2ERNERVEIHE IS EFREKSF A X
(Harris and Wolpert 1998; Jones et al. 2002) Z 8/ SEELFEEZH L TW5D

ERETT I A~D FROIEEN IS 2 B OFIHIE, FHARRRA ERICHER T 28 ) %
BRELTVWDHZETERINTND EEZZOND, T, 85 LIcWERZ 8 E S~
B S E 5 HO X 52, FRIC I DWIKROEAEL o TognE T ~OEE D56, X
FRRERIEL B2 T MIKICERT 2 E W2 BB L, AR 2 2 & CEdh 2 il
THDTHA DD,

ZHET, WL ODDFEITHIRIZIBN T, #HIFF L 72K & SniE )5 n ~ Bl S & 2 HEH)
DXR~T 4 7 ANRHTHESIINTE7 (Brouwer et al. 2006; Eastough and Edwards
2007), UFF LR E % LT 2EEO X R~T 1 7 AL, WIKOERICEEINLDL Z
EWHRE SN TND, MIE~DENOIEHNORE S (ThbbER) (I, BWEOEEL
FEAMEE (9.8 m/s?) BHEAEINIMETH D720, HHFF LIk E 2% LS 5 EFIC
WIRIZB K EA ORI, €T OERIIKFT 5, WIEROEES T D8, £ OHIN
S U CTiRICEH S b 711k & < 72 0 (Gordon et al. 1991; Johansson and Westling
1984, 1988), WA ZFF L Tin b 28 L& BHAAT 2 £ TORFMA LM % (Brouwer et al.
2006; Eastough and Edwards 2007; Weir et al. 1991), & 512, ¥Wik% % b4 % &)
DERRELEIT, EOEICHESTROYETRERELZ T I LARESNATND
(Brouwer et al. 2006; Eastough and Edwards 2007), Z# 5 O#FFEREREZ £ L0 5 &,
R LR 2 snE T M~ B S 556, TRMRERIL, WROEEZZREL T, ¥
ROBENEB) ZHIE L T\ D Z ERRBINLD,
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R LR 2 $nE T A~ 8 S 5 EENIZ BV T, FIHIRARR S, MiKkOEELE
BT 57200 T FIHL T D AEEMEIZOWTIRETT 5 72DI2, $hE T A m~0Wik
OB EhES) 2 RO & Uiz, U LR 2 e T m~BE S8 556, ik
OEEE, EREME N AMICESTOINEELRETTEEAOND, Thbb, #
WA Z SR IE T T M~ E) S DR AT, I EVW IR 2 BB S 556, 6
BRI EEAEGI SND NP REL 0D LR SN D, FHMRERDS, $RE T M)
BB SELOMADOEELBET 57217 T2 FIHT 2O THIUT, BOIRZShE
THRA~BE) ST DRI T, BEVMIKREZBE) S L5ROMERFMIIR R THA
o MR I N,

F7o. AHZETIE, BRiE T M A~OMIEOBENEIFREIZERE L T, MR EEOHR
PEDRR DB ENEIZ LT T BRI OV T BB E Sz, THVET, R LWk a2
ESELEHOXXYT 7 AN MIKROBRRERICES EETHIORGIZ 4%
TN o TS, THISNTZWADE R L FEROBEN R ST256, Wik%x
EFFL TE ERRBIND ETORMPZDORELZ T LI EAMESINLTVD
(Brouwer et al. 2006), FHIL7ZE& LV b EVWIEELZE L SE 25512132 ORFH#R
BL<20, PHILIZEE LD bBVWIERLZ 2 LS55 810132 ORMAELS 225, L
MU MR EZ BT 5 EEBORKEE T, THORGICEELZ TS, WIEOE
BEORE SO ELEZ T T =(Brouwer et al. 2006), Z D Z &b, PROHIER
6% ERMAE TORFMNIC, URF & 26 BT & 72 2 DRRE IR S TnD Z &
WREISND, T Lid, THARGRIE, 80K E A U 72 B4R U 2 PR
HICESWTYROERZBI L MR EZBEI S TR0 5 £ TORMZRE+5 Z LI
F0 . 2O%ROMEAOBERER) 2 EEIZSCTHIBEIL T\ Z ERHRIND, A5
IZBWT, EEHELIT, WEROHEEOHBNREETH Y | WK LIE L OEAIC X > TR
THEOFRANZ INLHRREZHE L, LRGN, $RIE T 7~ RO B B EE) R
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(RO BEEPFIH SN D Z LITREE KIETHEPZRME Lz, ZORBUITB T
R L T oMk oBE 2 ihT 2 E TORMPHEI SN D Z L T Z2D0ROMIEDR
EEEIHEESCTHE SN2 b0 L EFITTHIL -,

3.2 Hik
3.2.1 FEBRBNE

FEBRSIF L, 11 L OREFE RN (BHET4. K44, 20~26%) Tholo, =
T UNTHETFT A b (Oldfield 1971) (& & - TEBRSINH OF & T2 310 L 72555,
ETOEBRSIMENHFE Th o7, EEBRIZHEV D, ERTFIAOTHZITV, E@EICT
ERBIMA~ORIE Z 157, RFEBRIIFHECKFZRFEFEAR - BB R ARG - 819

FERGHREZERIC LV ARINTEY , ~LY X EE (1975) 2 HsSF L CT{Thbill-,

3.2.2 ZFEEOEY T v TEBIUNFREE

FRBINEIL, ~y R 75 285 L, RO R E IR © £ 012, FrWiE
([CIEX L TR FICEE o 72 (K3.1), FEBRBINEOER EHIC, B 40 mm OFRIK 4 #
¥ (RO EEK 257 g, &RMOIKERE X ORI ATF 1 — L B-IOIKEK : 221 257
gl 2g, WEATu—LBOHEK: 2g) OWTNHN, BEXROYIKE LT
B ST, BRI, BERD O ACEENTIN > TEBRSINE MR E MBIk
W ENT, FERIEO TSI, ERBINE OIE P _ EICE L, EBRBMENER L
To R P2, EEIBH AR SN S AL AR DALV AT H v Tz, BRIR DO Ful mld, JEH)
BtA AL BRI 300 mm 2> D8R E EJ7 400 mm (ZALE L, 2 OALED HERE 7 400
mm ONLEIZERIE & A B RE S & DRIV LS BB STz,

FEEBRBINE L, BlE L NZE LIEZ AVICEM S KRR Lo EH)B RO RICEE
L7z, FEBRBINEIL, WIRICF2MIE L TR & AZE LIETERIEZ 2R L, $niE T 5 m
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% 3F  WIROBENEENC ST D E S OFIH]

DOIEERHRE TIRELZBH S 2 X oRO b, TOER, ERSINE L, BETRE
B OERIEOBENER £ T2 —EOITHE L TET L, EMEICETTE 2#PANT, T
LRV FERATO L5 Hor S iz, BNEREER O T 2> b ERIEBENZ 20T ToF =%
VT 4 7 AR THROI, BREZER T OBROBIR & NZE LIEOMAEZRET
52 LT (BRICET 2BIROME - EENIAT L CTHREHE D 225 B, AZELIFOFA
JE 245 ) ERIROBEBAAREZIS 1T 5 FOWIMIEEA A HH LT,

3.1 EBtvy b7 v 7 OMEEX
FRBINE 1T IS SNHLED S BTN E T % BRIEA~Z 0 e )
ATV, T D%, ERIEZSE T M OAR LA TBEI S,

KEBRIZ 3 H>DT vy 7 PHl> Tz, 718 v 73, 4 EHOKEN T & L
NIEFF T 5 B 2R S5 G 20 AT B> Tz, FEBRBINFE Ok 5 D82 Y
Br< BRT, BRATHICK 16 BPRIOIRIE L | &7 1 v 7 BICK 1 2B ORIE 2R E L
Too AREBROBIIGRIZINL DG, ERBME L, RRL5EEOWIKIEN D ORI E B
RKEFICH-T. TN b &2 1 oM BHRICEBIELZ, 0%, ERBNMET1 70 v 7 (%

ERIR 33T, Bh12317) oERITE1T o7,
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HRIT ORI . FRBMEF X, BlHE & ANZ2 LB A B VISl S & CEBBR LA A L
IZHLE Lz, Z0%, EBRBMEO~Y 740 ZB L THBEOE—TERE RIS,
FERBMFILZ O =7 E 52 AKICHIRA AR L7z, BEO v —7F 0 RRERIC
TA b A XN b BHERII, £OMIC, EBRMABIE DS 4 FEOT O BRIK A B2
DERBHEICHRE Lz, RUA /A XL, REEARET DRICAE LG L&RHOBE L O
P I Lo L BRIROFEENSTHB S D Z L 2T 572 0IC RS Niz, AV A b

A RDERETEHRZIZHEEO E—TENRFHRERIN, ERSNE T o —T 5%
BRUCHIRZ PR U, RE SN2k IE 2 2 BB L7, ZOR S SICHBEO B —7F
INEURS I, FERSINEILEE 2B Lz, ERSINE L, KR ERT DB, BRIk
M OB ROAE 2 FRRAY IS L 22 K D ICBuR S iz, £7o, FERBINE N IKER & 1%
LTV LRI, HERNRMERRIEEND Z L 2Bk T 57201

v/
g%&

RT3 D
IRV THERE AR L,

EBRSIMFEOLATE (BEEERER) R, PO ~—— (ER3mm) 234
ffan<Tsn, £—varxvy 7Fv— 27 L (OptiTrack. Natural Point ) (2

£V HFEORK R 2R EEAEES Y > 7 ) > 7 #4100 Hz TRigk S i,

3.2.3 T — XM

Bt SR D 3 IRTTNLE T —H1d, 2IRDNANHF —T — 210 —/RA 7 4 )L H|T L
T, MRS 10 Hz THEBAENE S fvlc, WET — 213, BT — % % 3 5K
TN YRR K o TR 92 Z Sl L B & iz, RERIC I E T — & 1%
W T — 2 Ry L CRE & vz, BLERIREB OBMGIL. ~— 7 —O=EN 70
mm/s % 3 7 L — AHfGE Tl A TZRFORMO 7 L— A L BRI N, BETRER DK
TR, BEREB OB D~ — I —O@EA 70 mm/s & 3 7 L— L T FElo

TZRFDIRMID 7 L— L ETEFR ST, ERIKOBEEE OB AL, BIELEET O T )
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H~—H—OEENT0 mm/s & 3 7 L —LEFE THZZHORIDO 7 L— L L EHES
iz, BRIEOBEEBOK TIX, BEREB OGN D~ — 7 —OHEN 70 mm/s % 3
7 L —AEFE T RS 72EORYD 7 L—Ah L EZEEINT-, 7B, FhERERIOK T
P 5 BRI OBENEE) OBHAGIZ 2T T, ~— A —73 70 mm/s & 3 7 L — L T—iE M
T2 2 Z &N, WL HORIT TR S NIz, ZOHEITIE, iR & R0
BL, EREOBENEF OBRIGHT & B s 7 L— LA RIS L, D7 L—LAhD5
70 mm/s % 3 7 L — L THE R TZRF O/ A)D 7 L — L & BENES) OB R & LT,

HIKDEENSBENCNT TOFR AT 4 7 R T 272D RONT A =S %
B U7 BEREE) O IR (transport delay : TD) , B #hiEB) R (transport time :
TT) . BERER) O IGHE (peak velocity : PV) | B EEE) O i KGEE £ TOREH (time
to peak velocity : TPV) . BEhEE O KNEE (peak acceleration : PA), TD (%,
FFERET O T 2 B BRI OB EYER) O B 4a £ TORE A7~ L, BRIKOBBYICEE L C
EKIRKIZIA 5N NB LB TOFEEZRKBL TNDHEHDEEZ 5115 (L
Brouwer et al. 2006), TT %, ERIKOBEBREN O T £ TORHZ R L, 2 E ok
LMY 5 TPV 2545 HITRD bz, PV, TPV, BLUPA I, HKikD
BENEE)C KT DA OER, BLOZEOHRBHEOYRZFMS 2 B TR ST,
LY pif, TPV X, TT O#EIA TRIE SN D IER M %8 L, BRIRO BB
HNOORRZFNT 572D /T7 A—2 L L THEBR ISR,

HRT A= HITBNT FERSINE DX FIMITBIT 22 TORITH TOFEENPE
Sz, 237 2A—2 1%, ERIROERE (2/k%#E : 257 gvs. 2g) BLOZOHERME (2
KHE - BIBLOHEEK vs. JKEK) Z BB NER &3 25 BAZRIE 2 BT IZ K - THtat
FHNHE S lc, AFRIE DT O R, ABRZEEM S L IIHERTERN
MR INTHAEITIE, R 7 =0 —=DOHEC X DL HEERIE N TONT, HatfET
IR HAEKEZL, 0.06 ITRESN,
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3.3 R

211 ZOEBRSMED S H 1408, 2 DOREKRORTMEEZREBLZEE R LT
72, ZFOEBRBINE OT — ZIIHEHEIT N BRI, 7eds. Ml 10 44 D FEBR
&L, 2 DOKROBRTEAFELZ B Loz Loy L7z, 10 4 O FERSINFE
IZRDIFERTORITIOEUNICT — 2 BRGIn=n, <o Th2idT (2 /1 600
AT, 0.3 %) DT —FN, E—vardy I Fy— AT LAOEIRIRIED 72 DITHE
FHIENT D BERAN ST, 598 FITOT — & b IR EENE T2 b ERIR O R hiEH)
BTIENTTOXR~YT 4 7 AD/RT A= RNRE S, RERSINE [ OFfE+

IRMERR A A K 31 ITREHE LT,

£ 31 YWEOBEEDICETLFX~T 4 7 AT A —Z OYE L IERERE

Heavy Light

Identified Unidentified Identified Unidentified

TD (ms) 301(38) 402 (54)  221(31) 256 (37)

TT (ms) 878 (31)  914(38) 818(35) 857 (38)
PV(mm/s)  702(26) 682(30)  734(35)  742(32)

TPV (%) 48 (1) 49 (1) 45 (1) 47 (1)

PA (mm/sz) 3217 (331) 3143 (300) 3441 (359) 3500 (358)

TR OEENEHETH Y . FEINNORENSIEERETH D,
TD : BEhEE) OREREF, TT : BELEBIRRE, PV : BERESh O HAOHEE,
TPV : BERES) O R FOHE £ CORRE. PA : BERES) O K AN

FERIRICI TS TD 21K 3.2 128 Lz, RAERIES T ORR, BIEDOHEER LT
Z OHFEMED BRI R AAEA MR S L7z (Fu,9 = 14.48, p<0.005), ZHEILERRE

OFEFR . TDIZxT D EEICBIT D EREOHZRM D T ERIEDNE) - A1,
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B CTEBERTO TD IR T HRBTERDSLIKEKTO TD BKE2EEZRL (p
< 0.01). FERIZ, ERIKD R - 7258101, R TE/AERTO TD Ik~ T, HFR
TERDPSTIKERTO TD BN REREZ R LT (p<0.05), 7o, FHEABMEICEB T HE
BEORBIIEL T, HATE AT, BOAKRTO TD (ICTHA_RTEWEKTO TD
MREREZRL (p<0.01), FERIZ, HARTE R o712 5E, BWKERTO TD ([ZH
NTHWKERTO TD ZREREZ R LT (p<0.01), 2D ORRIE, BEWERIKIZI
NTHEHWEKEKT, S HITIEFEWVEREOSEE THHRA TE DRI THEE TER0ER
KT, BRIROHER O GBI E CORFRIDEN -T2 Z 2R LTV D,

450 A

w

(9)

o
1

Transport delay (mm)
o
(@)

150 . .
Heavy Light

3.2 HEEREE O T 5 EREOBENER) OB IA £ TORH (TD)
Heavy IZEWERIR (257 g) . Light (38 ERkIK (2g) 2R L TW5S, BITERKKOER
ERRTE 4N (BEBLOAK), SIEKKOEREZHB T2 o5 (K
H) #RLTWD,

(CBIL T, BRI O EEL L O OMRBIEICH R ERPHRB I NZ (ThT
I Fu,9 =30.23, p<0.001, Fi,9=8.00, p<0.05), ZOFFIL, BVEKIKIZHRTE

WERIRICBW T, £/, BRAOEEZ R CTE I N THR TE 2o 2RI B
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T, MKOBENEEIZE L 72BN RN 2 L 2R L TN D,

BERIRICBIT D TPV 2K 3.3 (TR Liz, SERIES BT OREE, Wiko =&
BENENRD LT (Fu,9 = 12.36, p< 0.01), WIEREEOHERIEICE L CI3MEm
BHON (A9 =345, p=0.10), ERBOL AR LAE TIXAD -7 (B9 =291,
p>0.1), THDLORRIE, EEOBENEICIS T D NEHEFHE A, BEWVERIRIZ LT,

HVERKTENo-Z 2 RLTWS,

SN

50 A

Time to peak velocity (%)

40 . .
Heavy Light

X 3.3 EREOBEEBNI T D RKHEE E TORF (TPV)
Heavy XV ER{A (257 ). Light I3HVERIE (2g) 2K LT\ 5, FERKIKOTER
ERRCEIEME (BERBLUAK) . SITEHREOERZHBTE R o5 (K
) #RLTWD,

VICE L TiE, WIEOBREREIZOZLERB R ST (Fi,9=11.28, p<0.01), Z
D RIE, BOERKICEE R TEWERIK 2 B8 S 2R, BENES) O iR R E A K E )
Sl Z EERLTND, [FERIC, PAICEL T, MKROEEICOATNRDBHER I N
(Fu,9 = 6.20, p<0.05), ZOFEFRIE, EOERIKIZH AR TROVERKZ B8 S8 5 R
BENER) O R IMEHE N RE P72 L AR LTV D,
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34 EBE

AT BN T, EE BT, R SR EE T 7B E) S L 51, Hsmie
RNZEOMKRDOEREEZBRE L, TNEFH LB ZT D NENIT O TR L
oo DT, FBHEDIT, R LTEWEROEEZHRENICTHITE 205G, FBITHIK
RS ETNOZOMEREBE ST 5 TORMZHRET 5 2 & T, BiEhEE)IC
BT 2 EEIZIS T EB) O HIE A FRD B35 PEIT OV TG L7,

FBROFER, BOIIREBE) S TR ST BV Z BB S 7o RE IR R
MEWZLDBHLNE o, E6IZ WEROEBEZHFICTHTL &N TS
STt MIKROE 6 Z OWIK OB BRI £ TORFMIIER LIzy, £ D% Ok
DOBENEENZ IV TIHRRMEDOR BT E U ( BRI LR TRV TR R 23
R po T, T ORERIT, TRARRERA, WIROEEZFIH L TERETT A~
EEZHIE L TWDZ 2R T 5L &b, ARIICWEKDEREZ THITERWEGE

A TA T 4= FRNy ZHiEI T m e A 2RSS 2 & T, Wb HEEZHM
L7 BB 21T > T D 2 E DR S Lz,

INET, R LR E 2 LS 5EINIZRB DT, PRARRGRIZZ OEEIZS T
MRS 2 FF 136 L O B &2FRETT 2 2 L3 52 & T & 72(Gordon et al.
1991), VK% 26 B S 2RO 136 KO EJICH AT, FRRICEV R %
Z b S DR R KO EJ)ITKE <72V (Gordon et al. 1991; Johansson and
Westling 1984, 1988), M{KDIEFN 526 ERtGE E CORNEL 70D Z LG S
TV % (Brouwer et al. 2006; Eastough and Edwards 2007; Weir et al. 1991), & 52
Wik 7 26 E9 2 EB O RGEE L, BOIIRICH AT, UM TRE Mz~ 2 L
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Abstract In our daily lives, we can appropriately per-
form movements on the earth, suggesting that the central
nervous system takes into account gravitational forces that
act on our bodies during the movements. Recently, gravi-
tational forces have been observed to generate the direc-
tion-dependent differences in the spatial properties of the
kinematics of prehension movements. However, little is
known about how gravitational forces affect the temporal
properties of the kinematics of these movements. In this
study, we tried to elucidate the gravitational effects on the
temporal properties of the kinematics of movements by
comparing upward (against gravity) and downward (with
gravity) movements. As a result, we found the direction-
dependent differences in temporal kinematics in both the
reaching and grasping components of movements. For
the reaching component, a shorter acceleration time was
observed for the upward movements compared to the down-
ward movements. For the grasping component, participants
opened their hands earlier and faster for the upward move-
ments than for the downward movements. These direction-
dependent differences in the temporal kinematics suggested
that the central nervous system takes into account and takes
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advantage of gravitational effects in the motor plans and
controls of vertical prehension movements.

Keywords Gravity - Vertical prehension movements -
Temporal kinematics - Reaching component -
Grasping component

Introduction

In our daily lives, we are always exposed to gravity, which
pulls our bodies downward. The reason we can appropri-
ately behave under such a gravitational environment is
probably that we take into account the gravitational forces
that act on our bodies during the behavior. When we try to
reach for and grasp a cup on a shelf or pick up a ball on
the ground, the central nervous system (CNS) needs to con-
sider different actions of gravitational forces on our arms
and hands depending on the movement directions in the
planning and controlling of the movements.

For vertical (upward and downward) pointing move-
ments, it has been suggested that the CNS integrates gravi-
tational forces into motor planning processes (Crevecoeur
et al. 2009; Gaveau and Papaxanthis 2011; Gentili et al.
2007; Papaxanthis et al. 1998, 2003, 2005; Pozzo et al.
1998). When participants perform vertical pointing move-
ments on the earth, direction-dependent kinematic asym-
metries appear between the upward and downward
movements, with the acceleration time for the upward
movements being shorter than that for the downward move-
ments (Crevecoeur et al. 2009; Gaveau and Papaxanthis
2011; Gentili et al. 2007; Le Seac’h and Mclntyre 2007,
Papaxanthis et al. 1998, 2003, 2005). In addition, a para-
bolic-flight experiment has shown that exposure to a novel
gravitational environment (i.e., microgravity) modifies the
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direction-dependent asymmetry (Papaxanthis et al. 2005),
suggesting the integration of gravitational forces into motor
planning processes.

Direction-dependent asymmetry in the kinematics for
vertical pointing movements has been considered to be due
to a feed-forward control process based on the prediction of
the mechanical effects of gravitational forces on the moving
upper limbs (Gaveau and Papaxanthis 2011). In the study,
they observed direction-dependent asymmetry immediately
after the initiation of vertical pointing movements and sug-
gested that a feed-forward control process contributed to
the generation of direction-dependent asymmetry. In addi-
tion to the contribution of a feed-forward control process,
the results from another study (Bresciani et al. 2002) made
us to consider the possibility that an online feedback con-
trol process might also contribute to the generation of the
direction-dependent asymmetry in the kinematics for ver-
tical goal-directed movements. In the study by Bresciani
et al. (2002), the vestibular system, the source for sens-
ing gravitational forces, was electrically stimulated during
reaching movements. This stimulation produced deviations
in the trajectories of reaching movements, probably reflect-
ing the contribution of the vestibular system to an online
feedback control process. Thus, we propose that an online
feedback control process could be another mechanism for
inducing direction-dependent asymmetry in vertical goal-
directed movements.

Prehension, which is similar to, but not the same as,
pointing movements, is another goal-directed movement
and has been suggested to rely more on an online control
process than pointing movements (Carnahan et al. 1993).
Prehension is considered to consist of two components:
a reaching (transportation) component and a grasping
(manipulation) component (Jeannerod 1981, 1984; van de
Kamp and Zaal 2007). The reaching component refers to
the bringing of the hand toward the object to be grasped,
and the grasping component refers to the shaping of the
hand that allows to the grasping of the object. The kinemat-
ics of the reaching component has been examined based on
the velocity and acceleration profiles calculated from tem-
poral changes in the position of the hand (see Jeannerod
2009; van Vliet et al. 2013). On the other hand, the kin-
ematics of the grasping component is described based on
temporal changes in the distance between the thumb and
index finger (i.e., grip aperture).

A parabolic-flight experiment has investigated the
effects of gravity changes (i.e., microgravity and hyper-
gravity) on the kinematics of prehension movements and
indicated that changes in gravity alter the spatial properties
of the grasping component (Bock 1996). The results of this
study raise the question of whether the direction-dependent
asymmetry, as shown in pointing movements, is induced
in terrestrial prehension movements. Recently, a terrestrial

@ Springer

study has investigated whether gravitational forces affect
path heights of the index finger during grasping movements
by rotating the whole experimental setup, including the
participants, and observed that the gravitational forces gen-
erated direction-dependent differences in the spatial kin-
ematics of the index finger (Verheij et al. 2013). Although
the study by Verheij and colleagues partially elucidated the
direction-dependent differences due to gravitational forces
on the spatial aspects of prehension movements, another
study focusing on the temporal properties is required in
order to gain a better understanding of the gravitational
effects on vertical prehension movements. Therefore, in
this study, we engaged to elucidate the gravitational effects
on vertical prehension movements by focusing on temporal
kinematics.

It has been suggested that the CNS exploits gravita-
tional forces for replacing muscle forces in vertical point-
ing movements (Papaxanthis et al. 2003). In addition, it
was also observed in keystrokes that gravitational forces
complemented muscle forces in descending limbs (Furuya
et al. 2009). These studies show that the CNS potentially
takes advantage of gravitational forces when controlling
vertical movements depending on the movement direction.
Therefore, we expected that the CNS might also utilize
gravitational forces in vertical prehension movements. For
the reaching component of prehension movements, we pre-
dicted that similar kinematic characteristics to those of ver-
tical pointing movements, i.e., shorter acceleration time for
the upward movements compared to the downward move-
ments, would be observed. For the grasping component,
we expected that participants would direct the hand (the
thumb and index finger) upward during the upward move-
ments and downward during the downward movements
to take advantage of the gravitational forces acting on the
digits, promoting hand opening for the upward movements
and hand closing for the downward movements in order to
replace hand muscle forces. Therefore, we predicted that
the hand would open earlier, faster, and farther away from
the target for the upward movements, while the hand would
open slower to the peak aperture and closer to the target
for the downward movements. As a result, we expected to
observe the direction-dependent asymmetries in the tempo-
ral kinematics of vertical prehension movements.

Materials and methods

Participants

Fourteen healthy adults (8 men and 6 women; age,
20-24 years) participated in this study. All participants were

right-handed, as assessed by the Edinburgh Handedness
Inventory (Oldfield 1971). Prior to their participation in the
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experiment, the experimental procedure was explained to
all participants, and they gave their written informed con-
sent. This study was approved by the Ethics Committee of
the Graduate School of Human and Environmental Studies,
Kyoto University, and was conducted in accordance with
the Declaration of Helsinki.

Experimental setup and procedure

Participants were comfortably seated on a chair in front of
the target objects with their trunk aligned to the earth verti-
cal (Fig. 1a). Two spherical objects made of styrene foam
(35 mm in diameter) served as the targets to be grasped,
and they were centered on the participants’ median plane
and positioned at a distance equal to the length between
the participants’ right acromion and styloid process of the
radius with the arm fully extended. These two objects were
vertically separated by 520 mm, and the height of the mid-
dle point between them was aligned to the participants’
acromion.

The surface of each object facing the participants was
marked with a small dot, and the participants placed the
tips of their thumb and index finger on the dot with them
touching each other and aligning close to the horizon
(Fig. 1b). The participants were instructed to reach for and
grasp the sides of one of these two objects by using a pre-
cision grip (i.e., with the right thumb and index finger) as
correctly and quickly as possible (Fig. 1c). They performed
the upward (against gravity) or downward (with gravity)
prehension movements by moving the hand from an object
to the other object. An experiment for each participant was

(9]

Fig. 1 Overview of the experimental setup (a) and the representative
hand postures at the initiation (b) and termination (c¢) of prehension
movements. Upper limbs depicted by a solid line, and dashed line
represents the limb postures at the initiation of the upward movement
and of the downward movement, respectively (a)

composed of three blocks, and each block consisted of
10 trials, in which each movement direction (the upward or
downward direction) was tested five times in a randomized
order. A short rest period (about 30 s) separated each trial,
and the three blocks were separated by a 3-min interval in
order to prevent participants’ muscle fatigue. Prior to start-
ing the experimental blocks, participants engaged in one
block (i.e., 10 trials) in order to practice these movements.

The required directions of the movements, upward or
downward, were presented by two types of beep signals (a
single-shot beep or a double-shot beep) prior to the start
signal. The single-shot beep was an instruction for par-
ticipants to place their hands at the lower object with the
thumb and index finger touching and then to move the
hand upward to the upper object after the start signal. The
double-shot beep was the opposite. Five seconds after these
two types of beep signals, another beep signal (a single-
shot beep) was provided as the start signal, and participants
started their movements.

The trajectories of the movements were recorded with a
motion capture system (OptiTrack, NaturalPoint, Inc., Cor-
vallis, OR, USA) at a sampling rate of 100 Hz. Three infra-
red reflective markers (3 mm in diameter) were placed on
the thumbnail, index fingernail, and wrist (styloid process
of the radius) of the participants’ right hands.

Data analysis

The three-dimensional position data that were recorded
from the markers were filtered with a second-order Butter-
worth low-pass filter with a cut-off frequency of 10 Hz. The
wrist marker was used to analyze the reaching component,
and the grasping component was assessed by the aperture
that was defined as the 3-dimensional distance between
the thumb and index finger. The velocities of the wrist and
aperture were computed by differentiating the wrist posi-
tion and aperture data, respectively, with a 3-point differen-
tial algorithm. Similarly, wrist acceleration was calculated
through the differentiation of the wrist velocity. The initia-
tion of the prehension movements was defined as the first
of five consecutive frames during which the wrist veloc-
ity exceeded 25 mm/s. Termination of the movements was
defined as the first of five consecutive frames during which
the wrist velocity fell below 25 mm/s from the initiation of
the movements.

For the reaching component, we calculated the follow-
ing kinematic parameters: movement time (MT), which
was the duration from the initiation to the termination of
the movements, was calculated in order to examine the total
duration required to perform the movements and to com-
pute some other parameters in which the MT was used as
the denominator; peak wrist velocity (PWV) and peak wrist
acceleration (PWA), which were calculated to evaluate the
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direction-dependent asymmetry of the reaching compo-
nent; time-to-peak wrist velocity (TPWV), i.e., acceleration
time, expressed as a percentage of the MT, which was cal-
culated to discern whether gravitational forces were taken
into account in motor planning processes, as suggested in
vertical pointing movements.

For the grasping component, gravitational forces would
produce torques on the digits, which would in turn poten-
tially influence hand opening or closing during the upward
and downward movements. We expected that the partici-
pants would direct the hand (the thumb and index finger)
upward during the upward movements and downward
during the downward movements to take advantage of the
gravitational torques acting on the digits. Therefore, we
predicted that the hand would open earlier, faster, and far-
ther away from the target object for the upward movements
than for the downward movements. This is because the
effects of the gravitational torques promoting hand open-
ing would become larger as hand opening evolved during
the upward movements. On the other hand, it was predicted
that the hand would open slower to the peak aperture and
its peak would appear closer to the target for the downward
movements, because the torques promoting hand closing
would suppress hand opening during the downward move-
ments. In order to examine these expectations, the follow-
ing kinematic parameters of the grasping component were
calculated: peak grip aperture (PGA); time-to-peak grip
aperture (TPGA), i.e., aperture opening time, expressed
as a percentage of the MT; peak aperture opening veloc-
ity (POV), which was the peak aperture velocity within the
TPGA,; peak aperture closing velocity (PCV), which was
the absolute peak aperture velocity after the TPGA; aper-
ture opening distance (OD), which was the distance that
the wrist traveled from the initiation of the movements
to the appearance of the PGA; and aperture closing dis-
tance (CD), which was the distance that the wrist traveled
from the appearance of the PGA to the termination of the
movements.

In this study, the effects of gravitational torques, hand
opening, or closing were considered to depend on hand
posture, i.e., the spatial relationships between the thumb
and wrist, and between the index finger and wrist. We
measured the vertical (z-direction) positions of the thumb,
index finger, and wrist in space, and calculated the param-
eters AZ,_,, and AZ,_,. These two parameters represented
the spatial differences in the vertical positions between the
thumb and wrist, and between the index finger and wrist,
respectively. These parameters would approximately esti-
mate whether the thumb and index finger were directed
upward or downward, which in turn would indicate the
effects of gravitational torques on hand opening or closing.

For each kinematic parameter, a mean value across all
trials in each condition for each participant was calculated.
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We tested normality for all variables using Kolmogorov—
Smirnov tests and observed that all variables, except for the
TPWYV and CD, were normally distributed. The differences
in the kinematic parameters, except for the TPWV and CD,
between the upward and downward movements were sta-
tistically tested by paired ¢ tests. We performed Wilcoxon
signed-ranks tests both for the TPWV and CD. The signifi-
cance level for all comparisons was set to 0.05.

Results

We obtained mostly successful data from all 14 of the par-
ticipants, but 14 of the 420 trials (3.33 %) were excluded
from the statistical analysis because the motion capture
system failed to detect any of the hidden markers during
the movements. Therefore, the data from the remaining
406 trials were used for the analysis. The mean =+ standard
error values across all of the participants for all of the kine-
matic parameters of the reaching and grasping components
are listed in Table 1.

Kinematics of the reaching component

The velocity profiles of the wrist were typically bell-shaped
and asymmetric, with the PWV being within 50 % of the
MT (Fig. 2). As shown in Fig. 2, the wrist velocity for the
upward movements reached the peak (inverted open trian-
gle) earlier and had a shorter TPWYV than the downward

Table 1 Mean values [standard error (SE)] and statistical signifi-
cances for the kinematic parameters of the prehension movements

Upward Downward Significance
Reaching component
MT (ms) 945 (31) 938 (34) n.s.
PWYV (mm/s) 1,227 (50) 1,232 (61) n.s.
PWA (mm/s?) 7,064 (629) 6,434 (698) n.s.
TPWV (%) 32(1) 36 (1) ok
Grasping component
PGA (mm) 74 (2) 73 (2) n.s.
TPGA (%) 65 (2) 67 (2) *
POV (mny/s) 277 (25) 250 (26) *
PCV (mm/s) 136 (13) 131 (11) n.s.
OD (mm) 440 (8) 426 (5) n.s.
CD (mm) 44 (5) 32 (6) *

Mean values and SE (in parenthesis) across participants

MT movement time, PWV peak wrist velocity, PWA peak wrist accel-
eration, TPWV time-to-peak wrist velocity, PGA peak grip aperture,
TPGA time-to-peak grip aperture, POV peak aperture opening veloc-
ity, PCV absolute peak aperture closing velocity, OD aperture open-
ing distance, CD aperture closing distance

** p <0.005; * p <0.05; n.s. no significance
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Fig. 2 Wrist velocity profiles for each movement direction averaged
over all participants. Inverted open and filled triangles represent the
moment of the appearance of the peak wrist velocity (PWYV) for the
upward and downward movements, respectively

movements (inverted filled triangle). We found significant
differences between the upward and downward movements
for the TPWV [z = —3.05, p < 0.005]. However, the MT,
PWYV, and PWA did not differ between the movement direc-
tions [743) = 0.56, p = 0.587; 1,3y = —0.20, p = 0.848;
fazy = 1.39, p = 0.188, respectively].

Kinematics of the grasping component

The aperture profiles for both the upward and downward
movements showed that the aperture gradually increased
until their peak values (the PGA) corresponded to the aper-
ture-opening phase and then decreased with the aperture
velocity being negative (Fig. 3a, b). The profiles of the aper-
ture and the aperture velocity for the upward movements
differed from those for the downward movements across
participants (Fig. 3a, b). The upward movements induced
an earlier peak aperture (inverted open triangle in Fig. 3a)
than the downward movements (filled triangle in Fig. 3a).
The TPGA in the MT was 65 + 2 % for the upward move-
ments and 67 = 2 % for the downward movements, and
these were significantly different (7,3 = —2.2, p < 0.05].
The PGA for the upward movements was slightly larger
than that for the downward movements, although the differ-
ence was not significant [7;3) = 1.55, p = 0.144]. In addi-
tion, we found a significantly greater POV for the upward
movements (inverted open triangle in the first half of the
movement in Fig. 3b) compared to that for the downward
movements (filled triangle in the first half of the movement
in Fig. 3b) [t(13) = 2.7, p <0.05], but the PCV did not show
a significant difference between the movement directions
(open triangle and inverted filled triangle in the second half
of the movement in Fig. 3b) [#,3, = —0.76, p = 0.462].

We found temporal kinematic differences between the
movement directions and spatial kinematic differences. The
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Fig. 3 Profiles of the aperture (a) and its velocity (b) for each move-
ment direction averaged over all participants. In the upper panel (a),
an inverted open triangle and a filled triangle represent the moment
of the appearance of the peak grip aperture (PGA) for the upward
and downward movements, respectively. In the lower panel (b),
an inverted open triangle and a filled triangle in the first half of the
movements indicate the moment of the appearance of the peak aper-
ture opening velocity, and an open triangle and an inverted filled tri-
angle in the second half of the movements indicate the moment of the
peak aperture closing velocity for the upward and downward move-
ments, respectively

upward movements induced a longer CD compared to that
of the downward movements [z = —2.73, p < 0.05], indi-
cating that the hand traveled a longer trajectory from the
location at the PGA appearance to the termination of the
movements when the participants attempted to move their
hands toward the upper object. In contrast, the OD was not
significantly different between the movement directions
[t43)=1.77,p = 0.101].

We measured the differences in the vertical positions
between the thumb and wrist and between the index finger
and wrist during the upward and downward movements
in order to know the directions of the digits, which in turn
would indicate the effects of the gravitational torques on
the digits promoting hand opening or closing. We found
that the vertical positions of the thumb and index finger
were constantly higher than that of the wrist during the
upward movements (Fig. 4a, b) and that the vertical posi-
tion differences (AZ_, and AZ,_,) gradually increased
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as the movements evolved. For the downward movements,
although we expected that AZ,_, and AZ;_,, would have
negative values (i.e., the higher vertical position of the
wrist relative to the positions of the thumb and index fin-
ger) after the initiation of the movements, we observed that
these parameters had positive values throughout the move-
ments in most cases (Fig. 4c, d). Nevertheless, we observed
gradual and considerable decreases (about 80 to 90 mm) in
AZ_,, and AZ;_, values from the initiation to termination
of the movements.

Discussion

In the present study, we investigated how gravitational
forces affected temporal kinematic parameters for vertical
prehension movements according to movement directions.
We found the direction-dependent differences in the tempo-
ral kinematics for both the reaching and grasping compo-
nents. For the reaching component, we observed a shorter
TPWYV for the upward movements than for the downward
movements. In addition, for the grasping component, we
found that participants opened their hands earlier and faster
during the upward movements compared to during the
downward movements. Direction-dependent differences
were also observed in the spatial kinematics for the grasp-
ing component, as shown by the fact that the hand traveled
longer trajectories after the PGA appearance for the upward
movements compared to the downward movements.

For the kinematic differences in the reaching compo-
nent between the upward and downward movements,
the observations of a shorter TPWV for the upward
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movements and vice versa for the downward movements
appeared to be similar to the results obtained for vertical
pointing movements (Crevecoeur et al. 2009; Gaveau and
Papaxanthis 2011; Gentili et al. 2007; Le Seac’h and McI-
ntyre 2007; Papaxanthis et al. 1998, 2003, 2005). There-
fore, the control mechanisms for the reaching component
of the prehension movements could be partially common
to those for the pointing movements, suggesting that a
feed-forward control process contributed to generating the
kinematic differences between the upward and downward
movements. However, the PWV and PWA did not show
significant differences between the upward and downward
movements in this study. In contrast to our results, previ-
ous studies of pointing movements have shown a higher
PWYV and/or PWA for the upward movements compared
to downward movements (Gaveau and Papaxanthis 2011;
Gentili et al. 2007; Papaxanthis et al. 1998). These differ-
ences suggest that the control mechanisms for the reach-
ing component of the prehension movements and the
pointing movements are partially common, but not com-
pletely. In pointing movements, the participants only have
to control the movement of the arm, while prehension
movements require coordinated control of both the hand
and the arm. In addition, it has been suggested that pre-
hension movements might rely more on online feedback
control processes compared to pointing movements (Car-
nahan et al. 1993) due to the requirement of more com-
plex information processing (Rand et al. 2007). Thus, it is
suggested that the control of prehension movements might
be more demanding than that of pointing movements.
When executing such demanding movements, it is possi-
ble that the CNS suppressed the velocity and acceleration
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in order to meet the increased demands required for con-
trolling the prehension movements. Furthermore, for the
upward movements, the participants could exert larger
muscle forces in order to counteract gravitational forces.
It has been suggested that the increase in the signal-
dependent noise (SDN) associated with the increased
muscle forces that are related to an increase in movement
velocities would decrease the movement accuracies (Fitts
1954; Harris and Wolpert 1998; Jones et al. 2002). In this
study, in order to avoid the increase in the SDN, the CNS
may have suppressed the velocity and acceleration of the
upward movements.

We also found direction-dependent asymmetries in the
temporal kinematics for the grasping component, as was
shown in the profiles of the aperture and aperture velocity
(Fig. 3a, b). When the participants performed the upward
movements, a shorter TPGA and larger POV were observed
compared to those of the downward movements. In addi-
tion, we found a larger CD, which was one of the spatial
kinematic parameters, for the upward movements com-
pared to the downward movements. Although we did not
investigate the kinetics of the grasping component (e.g.,
gravitational torques working on the thumb and index fin-
ger around the bases of the digits during the movements)
directly in this study, we assumed that these kinematic
differences might come from the direction-dependent dif-
ferences in the gravitational effects working on both the
thumb and index finger through the analysis of AZ,_,, and
AZ,_. For the upward movements (i.e., the movement
against gravity), the vertical positions of the digits were
consistently higher than that of the wrist, and these position
differences increased as the hand moved. This suggests that
the gravitational forces acting on both the thumb and index
finger could produce the torques that promoted hand open-
ing as the hand opening evolved, while during hand clos-
ing, the gravitational forces could produce the torques that
counteracted hand closing. These suggestions were con-
sistent with a shorter TPGA, larger CD, and higher POV,
which could be attributed to the gravitational effects pro-
moting hand opening.

On the other hand, for the downward movements (i.e.,
the movements with gravity), we expected that the digits
would be directed downward and that gravitational forces
would produce the torques that promoted hand closing
cooperatively during the hand closure phase, while dur-
ing hand opening, the gravitational forces would produce
the torques that counteracted hand opening. However, we
unexpectedly observed that the vertical positions of the
digits were not lower relative to the position of the wrist
in most cases (Fig. 4c, d); therefore, our assumptions were
not confirmed. This fact led us to consider that the CNS
might select a strategy for utilizing gravitational torques
that promoted hand opening even during the downward

movements. Nevertheless, the values of the vertical posi-
tion differences between the digits and wrist considerably
decreased after the initiation of the movements. Although
the participants initiated the downward movements with
the vertical positions of the digits being higher than the
position of the wrist, i.e., the digits were directed upward,
they seemed to change their hand direction toward the
horizon during the movements, as indicated by AZ_, and
AZ,_. Therefore, the mechanical efficiency of the gravi-
tational torques promoting hand opening was lowered dur-
ing the downward movements, and it was conceivable that
the CNS might not sufficiently utilize gravitational torques
promoting hand opening as much for the downward move-
ments as for the upward movements. It is possible that
these results were due to the limitations of our experimen-
tal setup, which had an insufficient distance between the
upper and lower objects for switching the directions of the
digits from upward to downward. If the lower object had
been sufficiently lower, the directions of the digits might
have been clearly directed downward during the downward
movements. Therefore, we might have observed the effects
of the gravitational torques promoting hand closing for the
downward movements, suggesting that the vertical position
of the lower object affected whether the CNS could utilize
the gravitational torques promoting hand closing during the
downward movements.

Previous studies have suggested that the CNS uti-
lized gravitational forces by replacing the muscle forces
for the vertical pointing movements (Papaxanthis et al.
2003) and keystrokes (Furuya et al. 2009). For the grasp-
ing component of prehension movements in this study,
we also expected that the CNS would take advantage of
gravitational forces acting on the digits and promote hand
opening for the upward movements and hand closing for
the downward movements in order to replace the hand
muscle forces. Although we could not conclusively deter-
mine whether the gravitational torques promoted hand
closing for the downward movements, the kinematics for
the upward movements at least suggest that gravitational
forces might produce the torques promoting hand open-
ing. The shorter TPGA, larger CD, and higher POV for the
upward movements observed in this study would represent
these gravitational effects promoting hand opening for the
upward movements with the hand muscles less activated.
Thus, the direction-dependent asymmetries in the tempo-
ral and spatial kinematics that were observed in this study
probably represent the CNS taking advantage of gravita-
tional forces by replacing the hand muscle forces during
the vertical prehension movements.

Generally, under more difficult conditions for per-
forming precise movements, we select the safety strate-
gies for the control of movements either consciously or
unconsciously. When participants perform the upward
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movements, more arm muscle activities are induced due to
the movement direction against gravity, which might make
the movements less accurate and more difficult because of
the increase in the SDN (Harris and Wolpert 1998; Jones
et al. 2002). In this study, the peak aperture appeared ear-
lier in time and farther away from the object in space for
the upward movements, which seemed to represent the
execution of the safety strategy by obtaining a larger phase
of aperture closing in time and space in order to achieve
precise and successful grasping. In support of this idea,
when participants performed the prehension movements
under more difficult conditions, such as in the absence of
visual information, an earlier and/or farther away initia-
tion of the aperture closing was observed (Churchill et al.
2000; Connolly and Goodale 1999; Jakobson and Goodale
1991; Rand et al. 2007). Thus, the direction-dependent
differences in temporal and spatial kinematics might also
stem from the safety strategy for the control of upward
movements.

We proposed that an online feedback control process
could be another mechanism for inducing the direction-
dependent asymmetry in goal-directed movements. In the
results of this study, we observed the direction-dependent
asymmetries in both the reaching and grasping compo-
nents. Unfortunately, our experimental design did not
allow us to determine whether the direction-dependent
asymmetries were attributed to either the feed-forward
and/or online feedback control processes. However, it
is true that the direction-dependent asymmetries were
observed in the prehension movements, relying more on
an online control process than the pointing movements
(Carnahan et al. 1993). This fact promotes the possibility
that an online feedback control process, in addition to a
feed-forward control process, could contribute to generat-
ing the direction-dependent asymmetry in vertical goal-
directed movements. Future studies showing direct evi-
dence and a more comprehensive understanding of this
topic are encouraged.

In summary, we investigated how gravitational forces
affected the temporal kinematics for vertical prehension
movements and found the direction-dependent differences
in the kinematics. The results seem to represent reasonable
behavior under a gravitational environment. The kinematic
asymmetries for the vertical prehension movements sug-
gest that the CNS plans and controls the movements by tak-
ing into account and by taking advantage of gravitational
forces.
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