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Analysis of propulsive forces acting on a hand using pressure
measurement and underwater motion capture during the front-crawl

Takaaki Tsunokawa', Hirotoshi Mankyu", Futoshi Ogita”

Abstract

The aim of this study was to clarify the relationship between swimming velocity and propulsive forces during
the front crawl through pressure distribution measurement and underwater motion capture. Eight male swimmers
performed ten trials of front crawl swimming with various velocities, and last trial was with maximal effort. During
trials, pressure sensors and underwater motion capture cameras were used together to analyze hand kinematics and
pressure forces acting on the hand. Six pressure sensors were attached to the right hand, and pressure forces acting
on the right hand were estimated by multiplying the areas and the pressure differences between the palm side and
dorsal side of the hand. And five reflective markers were attached to landmark points on the right hand. The markers
reflected the light of the LEDs, so it could be captured by the CCD sensors of cameras. Acting directions of pressure
forces were analyzed using a normal vector perpendicular to the hand, calculated from coordinates of the right hand.
In this study, pressure forces acting on the propulsive axis direction were defined as propulsive forces. As a result,
mean resultant pressure forces showed 56.7 + 10.6 N, and mean propulsive forces showed 44.6 + 9.0 N at maximal
trial. These values of forces were higher than those reported in previous studies on robotic arm, hand model, and
imitation stroke motions. As reported in previous studies, propulsive forces increased with increasing swimming
velocity. In some swimmers the propulsive forces increased in proportional to the cube of swimming velocity.
Since underwater motion capture and pressure measurement were used in combination, it was possible to evaluate
swimming motions not only from the force magnitude but also from the acting direction of forces. It was confirmed
that by combining underwater motion capture and pressure measurement, it is possible to analyze propulsive forces

without problems and obtain useful information for swimmers and coaches.
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Kk T, LR FTROBEIZX o> TKIZHZ

il

2009; Takagi et al., 2014). #EEFMFEN L TIE, F
D OIEER R, S ORI L

RACHEEN 2R 25— T, HIK»P LI %
ZT R OHEAT 720, TRHEEEITHEAE D) & BB
DL o THRET B, D72, XD Tk
ZIERT HI2IE, KIZH) LN 2R THEEICH
WD L, BRAKD B 2T B KPUTT & AR
TAFWOmMEVNLELEINE Thbnl L
25, KKICHET 2METIIE LS A SRk4 2T
B & o THRE O HFIZH < KD TH % ik
NEEHIL, HEEDREY) 2 E®&IbT %A
W37 N T & 72 (Schleihauf et al., 1983; Hollander
et al., 1986; Toussaint et al., 1988; Kolmogorov and
Duplishcheva, 1992; Takagi et al., 1999; Xin-Feng
et al., 2007; Kudo et al., 2008; Formosa et al., 2011;
Tsunokawa et al., 2015).

R, 70— VTR EICE o THES D
HHEDOFHENE V2D, KL EB)H»ITIT
EHIRETH L Z L Zniit & L8 g w M
1% (Schleihauf et al., 1983) % H W T T HIH) <
TWARTINCE T 2 WIFEAMTH LT & 72 (Berger and
Hollander, 1995). L L7255, kEEROTE
IR U2 5 S BB T IAZALT 28) & &2 5
72, FEBI D IIZ TR X B B TAH
HNCEB)§ 2 I H R ENBE L L2 A5, %
TR B W THE S TWw b (Matsuuchi et al.,

THWE S 2 KkOEE (FNEE) 28T 52
LIZTELRWD, INETOERERNITEEH
WISIFFE T, M S NIRRT E L S
ZEPME SN TS (Berger et al., 1999; Pai and
Hay, 1988).
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FE) 040 %2 5§ 2 T 2 H v Tk B e I @)
CHAETZDWTHN T B 5E0ED S Tw
% (Kudo et al., 2008; Kudo et al., 2013; Lauder and
Dabnichki, 2005; Matsuuchi et al., 2009; Takagi and
Wilson, 1999; Takagi et al., 2014; Tsunokawa et al.,
2015). KEARPTHREE L &, WK
J1E UTHMAERII LM NAER 3 % 8
BHRPL L, ERTTIICAER S 2 B ER 3
L7, KEWER O % ILEICE Rt 212
BT & DI GRS TR W E &2
B. L Ladds, EEIIZEEEYUIE A
& ER LT/ & w7z (Marinho et al., 2009), &
NS OFATIFZE TR BRI b $I12 17
EHICERZ AT, Bh5fizatlls 2 HEI
Lo THENEHOERILZ HAT V5.
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5 LIETE R WD ToERKIRIC
Lo THEAENWHBR T 2T L 2 2 h, HEHEEY
TP & R RE B720, WAEIRED
KNS 200500023 5 2 &1, ikEhfEdh
DA % 5T H ETEEERL. ZhET
&, WA OTER T EZBH L 2T 572012, K
HIZF Y2 VEFF A AT % %E L CkEIEZ Ik
WL, 3RICDLT 2 HWTTFHTFTY ¥ 4 X
D) GROEERELZFENT 2 HEN—HTH -
72, CORETREHIMCEREeREES %
Y2720, 2L ORBEEIMTHILITHL
Mol TRICHL, E=—YaryrFx 7Fx T
AER XD b IR TN E D =R IT AT AT
& (Ceccon et al., 2013; Dubois et al., 2013; Monnet
etal, 2014), M5t CTHEwE L 7256 o
R ZEHS 2T AN TE L. AIE
A (2017) 1%, KhE—YavF vy FF v EEN
AR v, KB CTREEE Lz X126
AN DGH # AT -T2 ZOMR, FEROBEH
HERLRE N, FHPFHEOMEE L FHIH < 5K
KL OBBREBETLZENTELEHELT
Wh. LALAaDS, EhamitiilcAHasorEl
R 70, EAHICHEAE T @
DOWXBETHRIEZATH S ENTEY, TS T
O — )L FREEN A A L B i g & LT AT
FEBLTHS. Z072d, KhE—TvarFy
7T x LIRS EH & O L CEBROIKENIE %
MR LAHIETETE ST, kEDHEET S
JH OVKEIVEIZ BT 2 AR TIRHEAE T 2 B & A2
IFTETWAR.

Z TR TIE, EJI oA & K E —
Yar¥Fx I F xR, 70— )VOFERPICK
BOFHINME MBI HEE 2R L, TRHEE
EOBRED LT LI LR HE L.
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21 WRE

ARFZEICIE, REFKKEICHTR $ % I F kiR
F8% (4Eiy:204 =13, HE 175 = 0.06m,
R 1 69.2 = 79kg, FEFHIA : 0.0161m°) 7%
MUz WRHDEKREETOHEEZTBIT 5100
m F T H O iteki352.98 % 555,08 (536 =+
0.7%) TH VY, FINA KA ¥ Mi3620F 4 > b H»
5697HK A » b (6723 = 251K ~ ) Tho1.
HREVNIEROB S & Z D fahit % 3 ailc i
L, FHCTEMOFEE LRz, AWFZEILREEAK
BREMEEMGILRE XOARRZGFTER I N

22 EmE#
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CHRFEZ 10 D R L7z, MRHFITIE, 10 R
e R b ETHKRE, 10MEORFEZET
WS LI IWHRR L. B, £l CikRENE
IEL T WD DHERT B2, Ay To 4y F%
FIT5.0m 2 515.0m ©10.0m XE D 4 2 %5
WL, HERBEORTHICNREIUMER . T,
AEHIE Y 7EER TR WX D IHRRL, T
VT A & KR CHA CikBi & Jéhi L 72.
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B4 5 3TEARM T, A% 2 P HR T B E
M, %5 P FIa 5 M B i, A R s
i, ftEEIRER, EAORETFORH7THEL
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Qualisys) Z#%iE L, E—varyFyx7FyHY
7 b7 = 7 (Track Manager, Qualisys) % fl\» T
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8.0 — 15.0m My AS AT #IPH & 22 5 X 9 WTKEL
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¥ VIR HPENTOK P E—-Y 3 Y ¥y
TF X DREEDIRAE05% K TH D 2 & &R
L 7.
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i, 55 WP IEMIMMEAEE Lz, KEt~v—h—¢L
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sl &2 175 72720, @ik oBEIZGhE
THELBH S ETEHIIZITo 72, EBRICH W
FEhtrHdoxrx)7L—varoin, Fhe
NOEN £ ¥ H%KE0In 5 51.3m £ T02m §
DOKANZIRD, FOKEZEHI Lz FHl S A E
KE Ol & BG b o FKE O R 7 132.5% A T
bbDH I EPRERI NIz ERGEE O % X 2
IZ/RT.
E—YarIFx T F XY VATLAERETE Y
X% 7=y kL, FRICAD LcBEE LN E
POFTELTHBEINS L) IWREELRIL 7.
72, RKPE—varFy 7Fy itz
RO T — 5 BLXOE TRt s hiz
J£737 — % 13 Butterworth % @ Low-pass 73 ¥ )V
T ANE &, GERTENEE20 Hz THELL 7.
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FEIWY T 72T > R g~ — 7 — 29K
FEHLME OGN 255 LIITERVD,
ETOREN LG~ = =K PIZH 2
% 5 L7z,

AFINM < wAARIIE, JeATSE (Takagi and
Wilson, 1999; Tsunokawa et al., 2015) @ J5 ¥ 12 B¢
v, FEHOPERICTEMN E FEMORET) £ % 5
CCHEM LA FHMoPmEE, Fricii s
FEHOGEMD S HE{RSH Y 7 T (Image J, NIH)
FHWTHIB L2, FEMEFEUNOLET AL,
ZRHIIARA ¥ MZBOWCTTREEM TRl SN ZZEN
fitize & FEUWCHAN S N E i & 2 Lo w8
WML 512, KPE—YarFxy 75+ T
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MLz io9 5, #EEHINTH S
Y $il 5 ) AR RS & L. AR
1) < G OBERS X % 4] 3127 Y.
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=T EDEEEE
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HEEAR

RIRNDZERTS RS

ARSI DXER T [E 5

HEARICE<KRENECHENLES
©3 HEMWCRAENLHEEN OB

/2 KhE—YarFx7Fr 2 HOCHEN
L7 OREET DEREN S, A O KR O
HMOBEREZS L, KigToh ot (Y
il 1) ~ORBHEE A PR CRT 22T
1A bMa—7ho Pk EL RN L. &8,

SPIGUR R LA G 3 5 A A B A 72 g
X—=A—=AKL TR LAPTOR ba—2 &
RAKRETO) A3 —EfEZATV, HOTAKT 2
I TOA M — 7B EENCBT 2 EE O
e L7
ARIFFETIE, AL &2 2L ST b h 7210
DRBN BT 2 Pkl B & P HEE T 2 J
L, /P EEHWTENENORNEEIZBT
% PIUKREE & PIGHEE N OBIREZ T D X9 12
Kbz, b, BATHIRIC B W CHREMER O
DETREED B XL 2FIHBIT D L)
(Van der Vaart et al., 1987; Toussaint et al., 1988) =,
3D A FIZILHIT S L) S (Narita et al.,
2017) B3 7% STV L7290, REFZEIZBWTDH [H
BRICTR BB B 2 F v 7.
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THY, WEEDR %22 L AMICHEEN K S
(BB X)) BEEE n FEEZRL, HEED
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SR L CTHEML 7.

R1 BHRRBICBTHHENRULHENEYR, £hik
HEICBDkEEEE S, HEN

ey A n 2 Jika
HEEE N R% HENEH  EE ms  AhWN) HEES (N)
A 15.0 21 L67 56.9 S8
B 147 26 156 55.0 458
c 146 29 153 73 478
D 83 29 160 56 30.0
E 94 36 1.56 68.5 531
F 140 25 1.60 621 523
G 140 22 149 5.0 22
H 140 22 159 525 57
Mean 1.0 26 158 56.7 446
SD 26 05 0.06 10.6 9.0
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0.5 1.0 1.5 2.0
F1KGERE (m/s)

X4 £RBRICBT5 Tk EESFHHENDOBER
MO T—5 A 55 HIZHREIZ Lo TR ITED,
B GeF DD K LI L 72 10588 BV B P35k d i & P
BHENOBRERL TN,

4. EE

AT, KPE—YaryrFx7F v Lt
T AiEtll AL, & F2SEBICIKVWTW S
B FEBICE S MAE N RHEE Z T L. 2
NET, FHEMOEREELZ S E L%
%> (Kauder and Dabnichki, 2005; Kudo et al., 2008),
KEEZHBTE20 Ry b7 —2 %W
7% (Takagi et al., 2014) 1Z#Hit5 SN TW7225, Ik
R ZEIEHHRTE TR P72 2, Al
I (2017) 1%, ABFFE & FERRICKBE—Y g &~
F v 7 F v LIRS A ERI & OFH U 72504 & S b
L7=A, AMOENL 42 Hniz7-0, G
B \CHEEE, VA CTITo 2B EZR M & L
72 ZOXHZ, WEWEICEVENEE NS E L7

eIl SN TV A D, EBROKEIEFIZED
£ 9 BRI BFIHIEH TV L 2003 S 9
ENTWhhol, FRITHL, RKIFETIEE
TEER— RN B S5 -0 0RFEE R
L, BiHICHEEST 2ikE0B X ICa8bE TRE S
#, EBIZHKWTW BRI Z TR E Lz,
DOFER, FEBIE WA OE T OFIGAEIX56.7
£ 106 N, FHIMH < HEAET) O TFH5fHI1344.6 =
9ON %R L7, By b7 —2 %% E LW
7% (Takagi et al., 2014) Ti, FEBANME < Rk
DEwRARMET2ONBEELHRHESINRTBY, k&
AV T o 2B E R 05 & L720FgE (F)11
A, 2017) T, FEHCHE S RAET OGO
132132 N A 52826 N E i S hTwab Z &
5, AWF7E TR 5 M 72 FZES O JREE M) < Jk
NOENRCHEATI DEE N L) DR 5.
K CTHRZEP Lz E ZIELLHBORE
S, BEEDICETZKOBIISHEEINTS
D, FRICHEEDIIERE ZBVWRNAET S L
KEBBEIIVVERT AL RS, uXy b
T — A ENG L LAATIISE (Takagi et al., 2014)
Ti&, =% —oWMNHIRIC L ) BfEREDE
MofoZ ilmz, BEEioBRESEROL b X
Db47%<, b MOREEEZEAIIIHHRTET
WMol TOL)REEO#E WA TRy b
T =LA L L KROMIIEL, RifEL
HRTHRENOMEINS S olzEZz N5,
T/, WEDAN T T - 7B EE R & L7
g2 (F)INEA, 2017) Tl&, KEDHIITICHEME L
TWARWVIRI TOBETH o722 &R, KEER
BB REECTH -2 LB L CHIRE
DIZHE C72AKRDMNAEEOREIEL X HER D,
W OMEDPNEL oz EZ2 505, 2Dk
I, WKEIER OFERRE 024 U 2 e R
RZNC L > THEL ZHMAEIIE, BfEODLT 2R
EWICHEEZZIT 5720, EEIZIKW TV LD
FHNAT 2 H PN, BRI A SRS L THHA
ThdEEZOLNL. BATHRICBNT, FHD
BB I OZALRMREEDS, FERE) ki<
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FHEVICECZIFEFREHGT 52 &3 MmE
ENTWAEZ NS Y (Kudo et al., 2013; Takagi et
al., 2014), EBEROKBIEICEVEIEEZ IR E L7
MR EMST H 2 L3, KEITEOHEER = X 4
MBS L L TEEEEZOND.

F 7z, A (n) 1326 £ 05%/RL, &C
DIKBENZ BV TIHHEEED T < % HIONTHEAET
AT @A RSNz, TNET, KEIEFR
DRI  EPUNEIRAFE D 2 FlZHBl5 5 &
ZAONTELY, KATEIERDOEZEZ LD D
ViR R L, EETIEZ a—vho SR
) < P IR EED 3 FIZILBIT 2 &) BFSE
WD ENTH Y (Narita et al,, 2017), AHfFET
FINESHFT DGR L o da. BPU AN
D2FNZILBIT B L) HERDE 21, WA O
WARDTIRAZALE T, WE LD DI E il
N L2 WKL TOBGIZEDO VT WE A, HE
BE OB ETIZEIEIC X > THEO T H Y IR
W, KLEREE Vo I EET RIMNAE L Tk
EIOLENRE L 2720, HEETTIREA2FE
IDIELL o/t EZOLND.

F 7z, HEEDFEE () K FEICL->TESDE
BRON, KOENKED2.], KD EVIKEIZ3.6
Rl ZOXIITHKECL>TELDEDK
S o HWHE LT, AETOWETETIE
KEOBESPHR SN, EEEOKEEIE IR
WCHMEITONDLZEDEZONL. KEER
DN N ZMETELHEL LTREIAHSR
C & 7= Measuring Active Drag system (MAD ¥ A 7
2y, Van der Vaart et al., 1987; Toussaint et al., 1988)

(&, KHICEERIFEIC R E S N2 E R Z T
LanoikE, BEREHITHZENT2. 20
7o, KHEEEZASETH A b -7 RRREE
W2 5k S 132§, kP OEFERE) X I1TK
ECEL v EHERE SIS, TIIH L, A#F
THWAKPE—Y 3 v Fx 7FFx LIENG
Rl 2 F W72 58T, A0 F IS~ —
71— T 2 2 M 2 M Tk ED R A3 IR S
N9, FEEOREIEISE WIRI THE 2T b

b. TD720, HEHEIFRE (n) DE L o kE
1, BRI BV TIRENERL BE AL L T
SARDZT P AL, e bwo7:
WCLBERHEENPREL o/ LHLEIND.
DFD, WEIPKREL oL LTH, R
ZF B I SRE I3 AR 1 E S
T, ARSI IR (n) PR LA EZD
ns.
FLUIRLAXHIC, WREFE RHEETFHE
(n) B8 ZDHT TR D EHV36%RL, EHikilE
BT B IGREIZ1.56 m/s & 8 DI RH D
XY DIEEZ R L. HRE E O ikk
g L SEIHEAE T O BIFR % X 4 TRERR T 2 &, Tkl
BEASL50 m/s &M 2 % & HEAETIATRIEIZHE M L T
B0, 1.50 m/s YL EOE#E TP O KR X %
KEMEICEfEL TR kg shs. 72, o5
B AT (n) 28 HOH TR DE W21
wml, EGEB TORMIELL 8 HOMELHD
HFCTHRHEWVI6T ms /R L7z ®ERE A DT
UKL L FHEE T OBIR A K 4 THERR S % &,
WREE L FERIZ150 m/s 282 THHHE#E D
KIFIZHEIMLTW5 S, FERFICHKEEL ST - T
W5, NEHEAELHREEZILEKETHE, RIIC
R LI ICENKRFRIC BT 2 HHET IR T A
A518 N, XRHA E 23531 N & [FLEDOHEAT) %
L TWDLD, KEEIINRE A D167 m/s,
SRHE E D156 m/s EENELON, NEHEA D
AL E DT TEVIKEEZ ER L T3
Tz, MAWRLZEHIC, HNEHEE DTN
AT O L, MO RE O FELE D
WU B 2 P L ) bR, WRE
E®OHKRIH AR E W LAHER SR
5. ZOXIHIT, AW TITKHEE & T OB
%%ﬁﬁ?é;t#fgttb,%ﬁﬁmkéé
RN PRFEL TOWBEZT TR L, T Lk
HREDORRD S ZNENOIKE DR E WS A1
TAHIENTE FEBEOHBERLMIIBWTIX
PEZIK CHBEC X - TikEEZRHELTBD,
ZNENORKEETRELRLEEEZLT0D. S5
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12, TNZNOXE DR X o THEEBED# &
ETRREHESHELET, 70— VARESR
BFEREFLBFEVMFAMEL, ETOWRED IR
) < JEPTIT R T S B HEAETT DS TR E D 2 el
WHlszLidZ2zohiwn. ZOXHI R ehs
b, AWGETH 53 TR % HBRE371C
WET D EDNTED20, TNENOWKE DL
PEASHERRICEN T EEZEZ N L.

E 51T, AWFZETIE 8 L DIKE H10M Ok %
fivy, BRISOREIC B 2EE% xR & L
7. AR ORI & e U CHEAET) & AT 5
BI2IE, FECEE O~ —H — T L CE MR
R T 2 UUD D B0, EROFEH TV H A X
2 & B RGBT CTIEOITICE KR 2 S 572
DEL DR E G THZLIETEhro7z. £
oL, REFgECidkPE—Yarsy 75 v
ZRH L7720, EREDDBELORABITBIT S
TEZ T 5 2 LA TE, Mgz KD TFY
UK PE & PIHEAE T OBIRE B S 2T % Z LA
T&L KPFE—=T 3 ryFx7F % TldAHIZI5
ADE—YaryIXx7FXx W AT RHRET L2
W, WEOEMIIH 1 HEEST 5205, T—7 1L
MY B2 KIRICHIR S 7z 2 & TllE S
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