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Theoretical consideration of optimal arm-stroke for competitive swimming of freestyle
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The mode of propelling force in swimming action can be divided into two optimal kinds: the maximal mode of propelling force
and the maximal mode of efficiency. Driving angles and tilt angles of hand were calculated in a balanced state of propelling forces
of hand and drag forces of the whole body by utilizing with published data of hand on a quasi-steady state.
As a result, the followings were obtained: The hand plane almost perpendicular to the direction of motion generates optimal pro-
pelling force in each mode. Concerning the maximal mode of propelling force, such as in a competitive swimming, the hand
should be driven along the body axis to the advancing direction for drag forces to be used entirely. However, for the minimal

energy consumption in swimming, sculling action of hand is important to utilize not only drag force but also lift force.

&F—DU— R BEF. Bh fh BEE—R, SFIILKE FAKE

1.8 S LA U Z&h 5 Vi 4E Sanders®101D 3, EERITE 5 L O
AUk &gt O MR E, HACEIIF 2 IRITEHI BIZK T, PUHAIDKED H AL D K X & ffidh )41}
MOTETWS, KAEHENIZH S LEOEKRE D SR, BJBERROSFRE BN TH 5 L L L TS,
NDOKEFFIEHTIHRENETHEEELILNS, Hollander and van Ingen Schenau ' | Adrian et al.1¥
VR DML A O IRIBIZHEE ) & HEEIEII DD & > FHEEOK E 20Tl & 2 #1310 0 1~
IRRETH B, ¥4 6L = FBHUBEE 0D T LidHE 6:1THH., BirsDHNHBRFE DD T MR
NP U 2205 5 DITIPIPER L 280D T ik 3, TW3, 72, MEFOUOLLLFRET AHEME JJIZL
HETTOB KL WS A TRIREDKRIOR ED AL 6T, TidBerger et al.'¥ 12 & - THiA & OHFPIHEHEIL T-0
VEBAR O F23E 2 50, HEEIPUZBE L TidRm#khL. VHDZhE KENENEDRELDH B,
R OB E 2 5h b, [ IXEAILKE SO FOULOREIIFRFEIERICL > TELT 5.
RBU 2B, %FELTRIEHOD AW T £ — A3 Abbik Shleihauf!s IZBRIDT-OO6 %~ T, HBHB LTI
HOBELNA LA BT E N D, Ptk & FZERAIZE T B, Shimizu et al.'® (2RO BH
ELHHE O vk 10 12 B U T 19694E 84 2 4 < — DKk 12k B TFOOSIROZEA &N, [BISFES) T O W0
W% % 1% L 7zJames Counsilman® i3, # 5 23hi % S7 AL THREN 2 HSBHERE OO THREL T 5.
RiZ@PFZen s, 5771 GRAVIEMAIZERT 2. —Ji. FEL $BE 29 RV OREEBEL. L0
R, RSFEEIZBR) bLUPH (ERRERO®% WEIZIZ 2 DOBMEE— F (@) IAHEEE—F (kT
AlTARZHEIE, WL AHICECARE X TERAT =F) . BXUTOBADE (H0dRDTRLE) €
51) OANEHENE LTS TwsE L, 2Ok —FnsdZleaRML, ThaERLL. Thriivw
EHEEL 72, BROBEBLRIOXRE HIZTFOV L TRE MREELS—HTHZLAMEL TS, Thong)
STTIIHTHIEOKETH > 72, ZHh LU IEBar- WBARBIZH DS EDTHY, I—-F V52T ETD
thels and Adrian® . Schleihauf et al+>6) | Reischle” . BENEAELIIREZEDTH S,
Toussaint® & % < Of%H LS 5 0. HEEOKEE KX TENMRICE LD BB TH L, HELLTOL
fiie UCid, sk o3 iiikE kv g, Hiht IiTHR ), BERERER AT Cididkd 5,

FIRAL ST A 77— A ba— o35 B KR L TWA,

12



Japanese Journal of Sciences in Swimming

2. FOUSICERT I ANEENS

whART A0, B (L) ¥ (D) GEBUH)
IZDOWTOHMEITS .

B 1SR & ISR sR ks 20 ik el L X |
(Zh2HRBEETEZ S LR EDDICHADBHEET
L. MKRICBOEDONMERT S, ZOHIRH
NICHALRT TH 5B WRET AR S 3V iduh
T B AR OM B ic R E NG, £-dEH B
WidPROmAIIH T S A GUf) AELTSETh
X VAN WA 5 - - | A i< I

T, FOULIMEHTIHAT N EEZE TS &
P2@ismd &5tk b, FOULIZRGEETHRO
HBENRS PAVEFOOLABEITS Z LTk - THIAK
IZEUBHARIE N P AUL 25 HE AR HEI»R T,
FOOLITKT M FEAEE XML WILEE L0 A a
EROZEIZE D, ZOWA a DEALHBLITIRNSHE
hebihokz s (BT 2805,

TFOVLAEREEZ D LX20)ITRT LT, WAM
JENs P AWK U TEMISBALY., ZRICEAIZHN
DOREET B, FOULIMEHT S IVEHD? 5547
ATFOFMNRAE L., BROMET HAcxtd 5 2Oy
PHEENTE %D, FOOL 22T 720037 —Pldk
IR ZEH DD FDO O 5 DX LT F I3t 5 45
DRI ERFERAEE N P AWEDRHE LS,

BIZTFOUL0E L HARAEEWIZ & - TEX
2T KN EBNOANT RTINS
BHedD S 5.

WEAGH I — 5 DIRFEIZ 5 W\ TIRHBE HTE B2 SIRkE
WHIDDPIZH LW EDIRENR D 2,

FOOLDOHBHEHNZEAL TR FO»EHIZL-T
ZOFRELE(LT B, £ % Shleihauf> 3RO F OV
5 &M ST, M3ITRTARTEREIA (sweepbackf) ¢ %
HLE LTFEOOS ZHAICKH L CET TR a Oy
R BN B KOPUIRHE A EBRWIZBE TS, KPR
CEOWTIBHEOHBEOREIZALNS, (REIIHL
FOULEAME, PAT. HIZ A2 EFICKR-TE
OEEICHEY 2 KRS ¢ =45° . 90° . 135" (2B
TAEWHDT — ZIZFHH L7z,

I E P& 212 EE U TRT L 7248, Shlid
MA P HRECo. a5 DR CUZED, Bfiak
I8T A =2 & UTHUIRT & 5 0L DOEiE (R
=T =H—=T) IS TN EIT - 72, KISIZ— 2%

13

and Water Exercise No.6,2003

Wh D

M1 FhiCBErNMBICERTSH
MARECEAICHBAL, FAICHADY
RET D, KADFOUSLLICHID
LOBENIRELTWVS,

M2(b) FAMBIGREW & W RE T 5
OV BIfEAT 3N

M2(c) EHTNTHHEIRD &4 21K LIEE
FOUOLOAE. BEHAAEREW ICL-
TRZIDESEZELHY D5,



R=F—H—=TTHY, ZORFIZONWTENS, 2§
ZER-F = h—TIIMEEO R A ILET SDICH
WHonb, BIAIEKEIZRT & 5 ITHREAHE T 2L X
X —T LA SAKERITS 254, EITHRIHT 577 .
PHDIZ/DE TN X VIEERL, Kifi. HILIEKE
FHIEKREWIZERY, Lo THEBRKIZEZDIEY
Pkt (WD) MROKT, ZhiddhbbREErLK—7
— T T B EBROMEIZF L B, /2 #D
FRA L 2 & cH e O KE SICBKRT S
o, ZOANT Gehebih»ofEohn sl A0
Fha) BEKICAEZHIIFERA»ORERTH 5 L DOTHE
BN Tbhb,

K2@). )7 565615 EEKOBGRE HREAIZEZ

# Z . Shleihaufl® DEEE T — & # R L 2% L Kol

mogorov et al.'®iZ &k 2B EHIREN IDoPETTIC, T
hoDHFBRAEB N,

X3 kFERE) (Sweepback) ADTEFE

. S ANEK

BAKEDEROBA .
T RIVERN v CLZ +CD2 MAX
(C/Coax 3

#

]

%

%

al [/

0 Cr nAORE Cp
X5 BIZHASND—MRONGBRTEIEERKHD
BLUBRNIZNXEEELEEBH

Japanese Journal of Sciences in Swimming
and Water Exercise No.6,2003

3. BERBIUER

M4 R$ AR A ¢ =135°,90°.45° 12617 5 K — 7
— =T ETTICHE R L IR (Ehokz ) %
AELE, ZThoDXKERHHTIZATHh, FTOVL &
S 5l (Catch) . HoE < (Straight pull) .
P4 & sb\ (Finish) @232 & AICHEY T 5. KPR
B ¢=90" BTS2 ZhbDORRETT Y bLIZEDOA
K7(@). (b)Th 3. ZhZhOMEMIIHAENE 5 . 1)
KT L2 DR cra & L, BV 3$h e Id
2Ry (FEE) WEAE . FOOLOME M &
IRFTA—RIZESTWE, WFTRDTTTHECEDDI
HAEROZ DL, mREN, RAHENE LD
ZEMbrd, ZOLEOFOVLDLEMIThER (K
BAE ., TFTOULOMEEMI) = (4237 8 ) . (007,
90°) HMESE N, TDEXDFOVLADMH (AT
a 3 FNEN26°90°TH - 7=, BRI EIZRY - T
FHHE A LIBE (¢=90) 2BV T, BRAWEDIKET

—
<
T

Lift Coefficient, C;
e
.3

o

Hand No.5  Shieihauf, 1979

0.0 0.5 1.0 15
Drag Coefficient, Cp,

4 ShleihaufD 1T - E=FO VS EROREHZF
Y & EEIE | /K FEREN A ¢ =45" |, 907
135° DFR—5—h—7

X6 MEHBICIERTIHERD. BT XRITICE
BHEERAPEE L,



Japanese Journal of Sciences in Swimming

BFOOD AT AN UTIRIEEA (0=857)12. &
DIZID B LD L8 E (6=423°) 2L, RAHEHOKE
TIRTOOL AETHENIH L TEA (0=90°) 12, »D,
RIS > TZOE F T4 (6=0)IZ@rT LTk
PF O N7z, MO AFEREN G ¢ =45°,135°12 %60 T & [Alhk
DERD 75 T7HEEh, WThE Ve 2D — 7 4§
ST, ZhOHBEHRIZLIRAIFNIZBET ST
DOLDEBHTERST L, (KFEEA ¢, WEAE o,
fHxf60) = (135°,38.4°,85°) . (90°,42.3°,85°) . (45°,39.5°,
85°) ko7, ThHDOLBEFOOSITHET HEIZHHL T
85° IZHHI T, KEEE A ¢ L KEAE o X TOV6 %
Scull¥ 3 K5I BEIEHTH D, STTLEHBL
TV, WICST T I REIZRANEDOKE | HEHKD 20
HEIZEWSI Z LIk B,

—HRARMENRTIE OKPREIA ¢, SE)fMAE o, fEx
f160) =(135°,0°,90°) . (90°,0°,90°) . (45°,20.5°,85°) &
Koz, FOOLADOME (AH) a dZhEh90°,
90°51°ThH -7, a=90" TFDULAKIBHATS L
WHIZLRTOULDIEETARERZ D Z L AEKT 3,
INs—HEOAKOENT 5 & DidCatch, Straight pull
ETRHTOO S BHET A IS L TEAIS, REZh -
TZDOE EVATICE» L. HiJ1k¥ %, FinishBi3zho
IZSculling 35 LW ZLEABHRL TS, SViRZ 5L
RAHES TR ST abBBED UK E 21T 5 12 kE
BELABMNAEEITS> LS 2L TH B,

Z % % & Counsilman!d 248 ik # D vk ¥ % Krh Mg 121
DT L7286 DTHY ., [HEE ] 6 B D 2ok
ESTINKEERE L, LA LahsBEokE=
BUKF DURE & DOFARD & BUEDFk D7k ¥ )5 0 £
ToThwaeEbh3,

and Water Exercise No.6,2003

08 (deg)

(==

0.75
=26°, 5~42.30, 6=85°

10.25

0 50 100 150

B7(a) KFEREN A ¢ =90" (ZH |2 EEERENS 0 &
BEEEO BN A—RE LIHEDE ,

%0
08 (deg)
a=90°, 5=0.0°, =900 1.5
=900 LG
0.5
0
0 S0 100 150
& (deg)

X7(b) KFEREN A ¢ =90" ICH I D EEBHA 0 &
BER O EINTA—RELIHDREC

1.0k Maximun: Effici a=51%" Lo+ Lok Maximum Eﬂic;?’cy
a=24 e a=
e = . . ~
© L Maximum Efficiency O
2 Maximuf Propulsi 2 = 26° o
Q -~ ) ]
3 0.5 5 0.5 5 0.5
g g g <
3 3 8
=1 e & & . .
s ] /L s} -l Maximum Propulsion
0.0 LI 0.0 == N asdimiiin Propulsion ] B R e T
Hand No.5 ¢ =45° Shleihauf, 1979 Hand No.5 ¥ =90° Shleihauf,1979 &= 90° Hand No.5 % =135° Shleihauf, 1970 @= 90"

0.0 0?5 1.0 1.5 0.0 0j5
Drag Coefficient, Cp,

[@8(a). ¢ =45"

Drag Coefficient, Cp,

X8(b). ¢=90°

1.0 1.5 0.0 0.5 lf() 1.5
Drag Coefficient, C,,

[8(c). ¢ =135

M8 BAFEBEBYICHEIEIR—F—H—TETORKVERRERAHENADESR



Japanese Journal of Sciences in Swimming

1.0 .

—— Ty  —O— M ]
. HEM 2 A1%DOHEO RN
0.6 (26°,39.5°, 85%)

| (24°,28.4°[85%)
- (26°,42.3°,85°

Thrust Efficiency,

0.4r ' . - .
L (51°,20.5% 85 (90, 0°,90%) b0° 0° 90% |
02 (80 [30.5% 1.9
| Hand No.5, Shidihauf, 1979
00350 %00 1350

Sweepback Angle, ¥

9(a) Bt 5 KFEBA ¢ (=513 5 HED LS
(BATIR & BAKHEOHE)

INoDHEo N RIER, RAHEARE I TH
DRV A pI2BiFE2R—-F—H—T LTy b L
728 DAX8@. (b). (OTHY. R THHMELY
WENh G ZNENE R 5 OBROBEN, Bogmi& -7,

T, MDD ERBRAMENT hbbEEDKE &
B ZEERLEN, HEEMTZORELRANELD
KELOBIZEDOREDENH B2 EFHNZEDHIX
) Th 5D, HEIKVERG g | K2 HEIRKCTT
B, EMHPRAMENEETT Y b LZBDTHD, 1
ISR KRBT 2 HENIBRBOKRESE Ty ML
THb, ZIZTEHENOEIENACEE M ¢ =90° (2
BWT, ZOMEIKL TADS EmARE 5 =41.9%& &
KHESIFDRYE 5 =39.5%L BT H24%DEL 1, X
9(b) I HESIRECric B L T O IRoAHE N & AR BF O
W AT - T0 5, FIBROAKTERE A ¢ =90° 12T
5 & ROHENRECT=1.39 & I RFIRKE D C1=1.2512
HLUTLIMEDHED AR 6 hTn 5,

FoTCZOREOMEDREAEL D L. BKO LI
N A2 EH T2 K5 sH IO TIPTHRDKD »
EHTHSNRETH D EHERE NS,

4. :-ngﬁ
ADEKBETIHKOZHAEREL T, 2 O0BEE— F
@ BAHEN (k) €—F. ORADE @hTrrF)
E-FREDLILEDIZEZD»ETOVLOHBIH
Mt A AR L 2,

16

and Water Exercise No.6,2003

T T

— @ Tpax O Mmax

—
=)
It

90°, 0°, 90°
L (51°,20.5° 882 ( ) 1

L1ITEO#HESN| o

O/KQ//Q%

(24°,28.4°,85%)

(90°,0°,90°)

K
2.3° 85%

Thrust Coefficient, Cy
o

(a, 6, 6) (26°,39.5°,85% |

<
)

Hand No.5, Shleilfiuf, 1979

450 90.0 135.0
Sweepback Angle, ¥

So(b) B4 5KATERENE ¢ (=517 B RN DL
(BAHN £ BADEE DS

ZORR, IT ORI E L,

1) FOUSBWTFhOE— FTHETHIAIZHL TEIE
BAIZT 5,

2) MAWNEE - FOWREEISTETILIKETDH 5.

3) HAHESIE — F O ¥k F I FinishASHE i1k & oo
12179,

4) BAHESE — FIEFOMEIIRADEROR R L 32 h
IFEEND N,

T 5
SETAFEIZEBIT B A b u— 2 &N 7 T~ F O
I Z 2 &, A - FEHETZHIZIE T X T
BABRLdo LRz, 2 bo—-sRKEEHEE 2~
FHOMET, LA U7 sBPIC B D » 2 5 H0010kik
BIDOD 2 OSETINGKEIIARTA ba— 2 Kb i<
x5, ROy 7242 —ThHSlan ThorpeE it
2R L 2P ik 217 > T % Z & 2 Kpm (g h 5 ¥
FHIMEA L T2 B, 2001410 R KD 33 T ik
XA L7-0Okuno et al.!® 12k B &2 Fo— 2
BBOBFEIE ICHARTEL . X b a— 2470 Dk
BEAEWEDORELNH B,

=111}

E I

MFRIC Y 72 5 Tid, PRI KT ARF S8 B 5 55t
oL O, AT XL 2 5% 07, L&D
- LT,



Japanese Journal of Sciences in Swimming

(25 k]

1) Toussaint, H. M., Truijens, M., Elzinga, M., van de Ven, A., de Best,
H., Snabel, B. and Gert de Groot., (2002) Effect of a Fast-SkinTM 1
Body2 Suit on Drag during Front Crawl Swimming, J. Sports Bio-
mechanics, Vol.1-1, Edinburgh University Press.

2) Counsilman, J.E. (1968). Science of Swimming. Prentice-Hall, Eng-
lewood Cliffs, N.J.

3) Barthels, K., & Adrian, M.J. (1974). Three-dimensional spatial
hand patterns of skilled butterfly swimmers. In J. Clarys and L.
Lewille (Eds.), Swimming II (pp. 154-160). Baltimore, Maryland:
University Park Press.

4) Schleihauf, RE. (1974). A biomechanical analysis of freestyle.
Swimming Technique, 11, 89-96.

5) Schleihauf, R.E.,Gray, L. and DeRose, J. (1983). Three-dimensional
analysis of swimming propulsion in the sprint front crawl stroke. In
AP. Hollander et al. (Eds). Biomechanics and Medicine in Swim-
ming (pp.173-184). Champaign, Illinois: Human Kinetics. Universi-
ty Park Press.

6) Schleihauf, R.E., Higgins, J.R, Hinrichs, R, Luedtke, D.,
Maglischo, C., Maglischo, E.W. and Thayer, A (1988). Propulsive
techniques: front crawl stroke, butterfly, backstroke, and breast-
stroke. In B.E. Ungerechts, K. Wilke, & K. Reischle (Eds.), Swim-
ming Science V (pp. 53-59). Human Kinetics Books, Champaign, I11.

7) Reischle, K. (1979). A kinematic investigation of movement pat-
terns in swimming with photo-optical methods. In J. Terauds and
E.W. Bedingfield (Eds). Swimming III (pp.127-136).
Maryland: University Park Press.

8) Toussaint, H. M., (2000). An Alternative Fluid Dynamic Explana-
tion for Propulsion in Front Crawl Swimming, Proc. International
Biomechanics in Sports 2000, Edinburgh University Press.

9) Sanders, RH. (1997a). Extending the "Schleihauf! model for esti-
mating forces produced by a swimmers hand. In B.O. Eriksson and
L. Gulistrand Proceedings of the XII FINA World Congress on
Sports Medicine. Goteborg, Sweden 12-15 April 1997, pp.421-428.

10) Sanders, R.H. (1997b). Hydrodynamic characteristics of a swim-
mers hand with adducted thumb: Implications for technique. In
B.O. Eriksson and L. Gullstrand Proceedings of the XII FINA
World Congress on Sports Medicine (pp.429-434). Goteborg, Swe-
den 12-15 April 1997.

11) Sanders, R-H. (1998). Lift or Drag? Let's Get Skeptical About Free-
style Propulsion, http://www.sportsci.org/news/biomech/skep-
tic.html, SPORTSCIENCE, Nov-Dec.

12) Hollander, A. P., de and van Ingen Schenau, G. J., (1987) Contribu-
tion of the legs to propulsion in front crawl swimming, Swimming
Science V, pp.17-29. Human Kinetics Publishers, Champaign, IL.

13) Adrian, M.J., Singh, M. and Karpovichi, P. V.,(1966). Energy cost
of leg kick, arm stroke, and the whole crawl stroke, J. appl. Physiol.
21, 1763-1766.

14) Berger, M.A M., Groot, G. de & Hollander, A.P. (1995). Hydrody-
namic drag and lift forces on human hand/arm models. Journal of
Biomechanics, 28, 125-133.

15) Schleihauf, RE., (1979). A hydrodynamic analysis of swimming
propulsion, Swimming I1I, pp70-109. University Park Press, Balti

Baltimore,

17

and Water Exercise No.6,2003

more.

16) Shimizu, Y., Takagi, H., Kurashima, H., A hydrodynamic study
of the human hand model (Measurment of the pressure distribu-
tions and flow visualization), Trans.JSME(B), 66(646), pp.1112-
1119,2000.

17) Ito, S and A. Azuma, (2001). Analysis of Thrust Performance for
Paddling Locomotion, Proceedings of the 50th Japan National Con-
gress on Theoretical and Applied Mechanics, Science Council of
Japan, 271-280.

18) Kolmogorov, S., Lyapin, S., Rumyantseva, O. and Vilas-Boas J. P.,
(2000).Technology for Decreasing Active Drag at Maximum Swim-
ming Velocity, Proc. International Biomechanics in Sports 2000,
Edinburgh University Press.

19) Okuno K., Ikuta Y., Wakayoshi K., Nomura T., Takagi H., Ito S,,
Ogita F., Ohgi Y., Tachi M., Miyashita M., Stroke characteristics of
world class male swimmers in free style events of the 9th Fina
world swimming championships 2001 Fukuoka, Biomechanics and
Medicine in Swimming IX, pp.157-162., Publications de

'Universite  de Saint-Eienne.



