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Abstract

The aim of this study is to quantitatively evaluate the dexterity of athletic motions. We consider that joint
impedance takes a crucial role for dexterous motions because skilled athletes effectively utilize the stretch reflex
by relaxing articulations to cope with unexpected disturbances. Therefore, our approach has been to propose a
method to quantitatively measure the joint impedance that exerts in each articulation during exercise. Subjects
were ten skilled and ten unskilled participants. They performed the power clean, a typical strength training motion.
We measured trajectories of joints by using a motion capture system, and calculated joint torque according to
derived dynamical equations. We also simultaneously measured the COP trajectory by using the force plate and
EMG of some typical muscles in lower limbs. In order to evaluate the joint impedance and proprioceptive
feedbacks, we employed the recursive least square method in our proposed torque model that provides
time-variant coefficients of a term caused by joint impedance and feedback terms with respect to the COP and the
vertical position of the barbell. The results indicate that the coefficient of impedance term of the skilled
participants showed significantly large value compared to the unskilled ones, especially at the knee joint. This
suggests that the proposed torque model and the analysis method allow us to quantitatively measure the joint

impedance in power clean motion, which will permit assessing of the dexterity of motion.
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Fig. 1 Power clean motion
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Table 1 Mean value of the physical data of all subjects.

All Group
Variable
(n=20) Skilled (n=10) Non-Skilled (n=10)

Age[yr] 20.30 (1.49) 21.40 (2.01) 20.30(0.95)

Height [ m] 1.72(0.05) 1.70 (0.06 ) 1.73(0.04)

BW kgl 67.29 (5.45) 67.00 (6.06 ) 68.10 (5.99)

Fat[ %] 12.95(2.71) 13.04 (2.50 ) 12.86 (3.03)

LBM [kg ] 58.27 (4.41) 58.17 (4.38) 59.26 (4.60 )

BMI [ kg/m?] 23.06 ( 1.90 ) 23.32(2.15) 22.80(1.68)
PCmax [kg] 67.25(9.69) 80.00 (6.87) 54.50 (6.85 )**
%PCmax [ -] 1.00(0.23) 1.20(0.10) 0.81(0.12)**

**Represents statistically significant difference between the groups ( p <0.01) Mean (S.D.)
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Fig. 2 Measurement points
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Fig. 3 Phase of power clean motion
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Fig. 5 Model calculation of SI
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Fig. 6 Sigmoid function
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n+l — P n Wn+1 ( n n+1) ( n n+1) (7.7)

1
P+ Anir (B0 A1)

(7.8)

Wn+1 =

D, £, Bn A1 =Cup L LTH (7.6) L (1.7)
BLO (78) #ExMHz 5L

1
Wntt = —— 7.8’
P + A7’L+1Cn+1 ( )
1 1 —1 T 7.7
En+1 ; [En - wn+lcn+1Cn+1:| ( . )
Qzn+1 Qzn
Qgpn41 (I + Cn+1>‘n+l) Qgp + Zgilun+1
—Tn+1 —In

C AT aZTL
=(1- —rHonl agn | + 251,
+1%n+1
( P + Cn+1)‘2+1 "

—Tn
azn

= (I - anlcnq_l)\z-{_l) Qgn + E;iluru»l

~Tn (7.6°)

Ly, RG)WENND.

T O EZ 7 —F v — MZ LT Fig. 712 L7z,

Joint

Torque
Recursive
Least

\ Squares

Method

Torque

Model

Tuning o, oy Y

T : Theoretical Joint Torque

T : Estimated Joint Torque by Model

«, : Torque Feedback Coefficient in COMz Position
Q. : Torque Feedback Coefficient in COP Position
7 : Joint Impedance Coefficient

Fig. 7 Flow chart of analysis

3. R

3.1 HERE DS ARMEFH

Table 1 (278 L7ZARMFZEIZI T D g8 HE O B IR K
¥ £ O PCmax, %PCmax & ¥, LBM (Skilled : 58.17+4.38kg,
Non-Skilled : 59.26+4.60kg) ¥ X ' BMI ( Skilled :
23.32+2.15kg/m?* Non-Skilled : 22.80+1.68kg/m?) X #EMII1C
HEANRD ST, PCmax (Skilled : 80.00+6.87kg,
Non-Skilled : 54.50+6.85kg) 3 & "%PCmax (Skilled :
1.20+0.10, Non-Skilled : 0.81=0.12) | #E I A H 2338
bz (p<0.01) .
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Non-Skilled
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BTIEE3141T:
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Fig. 8 Average time course of hip, knee, ankle joint angle and ground reaction force during PC motion.
Filling zone indicates the standard deviation of the data

3.2 EFFMNSLIUBAZHNT—4

Fig. 8 |Z Skilled 35 X O Non-Skilled ® K% BI &R, MBI A3
FOVEBAHEIIC I D PC BERE O BAR A A7 I K ORI
JISRIE Y5y D I & REHEAR 22 %, IRl & Sy i i C R
AL L TR L7z, 7eds, BFIAEM ORI KON
TnENME SR IESZ RS (EBEEITEEL X0
JEEE)) . &R O X RS, BN O ORI TR L
TWa. FREBIEI M B L OURK I8 E Ry D, KERIC
Eb ) Bk D N — 0, FERICE WS L THENS.

Fig. 9 | PR F v o, KEECHEIT D KEE P
B Cs Lie. IxBEid KO BIEi o B# by R E
W2, BEMICHEBEENRD BN (p<0.01). B
i b v 2 B KAE X, Skilled T 6.26 & 2.14Nm/BW,
Non-Skilled T 4.51+1.67Nm/BW T v, B o> B
kv 7 fe KAE VL Skilled T 4.16%+1.05Nm/BW, Non-Skilled
T 2.45+0.58Nm/BW Th »7-. EEHi L7 B KREIT
HMICAEATRD 5T (p>0.05), Skilled T 1.19+
0.22Nm/BW, Non-Skilled T 1.00+0.45Nm/BW T& - 7-.

RIE Fig 10 12 FREAREICRB T 5, %RMS OF —# 1 &

!, RQ) WESEHEE LE, TIREESORIPEME ST %,
BEECBITDEHE TR L. 28, &R0 0 K455 H

t, BENO O TRLTND.
WIH Fig.11 12, A7 EF LB L RRLSM I L » TR
Hi L 7= Skilled 3 X OF Non-Skilled @ % BIi, BRI X

10¢ p<.01

= — Il Skilled

% (] Non-Skilled

E p<.01

0]

>

o ‘

(@]

'_

X

g ’L‘

: | [
Hip Knee Ankle

Fig. 9 Peak joint torque

DR BEEICR T 2L B )BT IC K - TR L 7= B
kv 2t (Theoretical Value), F£72, a,, a, B3 LTy DL
W &R B, MV BT NMICEIT B SEREESIT
At,: 40~50msec, A4t,,: 10~30msec, {: 0.1~1.0, w: 7/4~2x rad/s
SHEIREL p: 0.95~0.99, FIHIME g : 1000 OHiFHN T RLMS
LD MNT DT 4T 4T ORBENR/N I HIEE
WBRE L IC®E LT, Table2 IZIXZENS PV ET L
WL CTHI LIEE T A —& &5l LRER T4
L7, R OR S E OB 3 X OE R £ % R
L7z, mBHESMEIZZENZN, 2B X 040 FE
DFES ﬁff%ﬁﬁ%{thTw_. o, X2 TR o 2/
WCBWTHBICARZITRDO N2> T2, o IXEEIE
@ 2nd pull J& 12 E}ﬁF“ﬁ BN D B AL Skilled D 5 3
AREICKREREZR L (p<0.05). 7=, BRHSICEW

IR E CHMIZAEREZEZNRD 541 Non-Skilled D F
DA BICKRERMEEZ R LTz (p<0.05). y IZHEBIETI O Scoop
JTEd LU 2nd pull fHiE, B st pull Fifidk KO
Scoop /& i lC FERT I A B 2203538 B4 Skilled D )7 28 &
ICKE2E%ER LT (p<0.01, p<0.05).

Table 3 IC2WRE DA L B —F L 22 % y & SIHD
REfEA 0 123810 D F8 A BIfRE A2 7~ L 7=, Skilled 38 &
T Non-Skilled O FH AR ET 245 E O 2Bk
WTHEDEZERLT-.

4, ER

41 BEOEARMEFHIZONT

Skilled 3 1 U® Non-Skilled ®EERIIZ 35N T, PCmax 35
L O'%PCmax I[ZHGHFABZENR O b, KLk O
T % LBM B L OBMIICE L TIE#E A EEN
B O o7z (Table 1). ZDZ b, KIFZEICE
OO, HEEGUTYRNFMIIRSE TH DL LB X
LD, £z, BERICET D EEZEAR L OE )07
A AHTEA OZEFIY, PCmax 12 X » THEL S L7z A
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85285300883
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444488
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1

[ 1stpull

Scoop 2nd + Catch
v

Hip
Knee ]

=== Ankle

SI[%]

40

20

100
Nornalized Time [ % ]

Fig. 10 Average time course of hip, knee and ankle joint SI during PC motion.
Error bar indicates the standard deviation of the data

20

FLFELIFIREEIOENZL>TELEZ D EE X

bb.

ZDORKNERZIIRE, ThbbXKBEEZRLD
LCTWah., ZDOkH7 PC KD FREBEEESNIC E 729

KEEEY, v=A M) 77X —ITHAEDOF T V==

4.2 EBEFEMBIUVBHAEMNT—2ICDOVT I (double knee bent, LA F DKB) &M XN 2EMETH D
Skilled 3 L O Non-Skilled 0> T i B8 i e i) 1 3 % BE & > D.oFE7m, TR b ORI, EESB X OE
EERZB VT, ﬂLﬁmﬂy<&—ﬂ/%ﬁ:L1w\éﬁ§ i BEfIIC BT, Skilled @ J5 2% Non-Skilled £V b HE I
B L ORI IC B W TSI b2 2@ s Bz Kz L7 (Fig. 9). ZofEIE, EES 'On

IF & #, Skilled iScoop%ﬁﬁi% 2nd pull FIAIZ T T,
i B 2 et Db AR LTS (Fig. 8 BB, £7-,

PC h1EZ %1402, THAEE F v 7 OREE V23S LR
B E TEWE L2222, Enoka VN = A R T H—

IR ISR EL R 5 &, BERIIZIE V23 B & 41, Skilled 13X Scoop G L LR TRLERERE BT H5bDTho 7.
A L, %i< 2nd pull BEICHKERL TS,
Skilled_Subj. A
Hip Knee Ankle
10i;pii@>§%ap§%m%§c§€ ??igg é%%ﬁjgcg@ i?ggggop§>%§j§c§§
E !
E AN /\/_/\‘-k ....... N S A
g © A .
K Model torque (7) S~—
5 =----- Theoretical value
— 100
A
[}
g o/
z A )
< 25l N P l i N ——— .
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 10
Nornalized Time [ % ] Nornalized Time [ % ] Nornalized Time [ % ]
Non-Skilled_Subj. a
Hip Knee Ankle
10?;7@@@%%%2:15? §0a§§ %\;?@%%i%m?m? §c§§ §p§§)§§% %mffl? §)Ca§§
£ s
% 0 W\ﬁt"/\‘ ’IA\\—/: v\v_/\hﬁ/\hﬂ'—"\\— MAw /\
] Model torque \Y
= sl Theoreticél value
— 100
ERNI ag -
@ gl e a; Ty
@ v i i
R I I P | e
N L : o)
< 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Nornalized Time [ % 1

Nornalized Time [ % 1
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Fig. 11 Typical example of curve fitting results by using the RLMS and calculated time-course of the parameters of each joints.
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Table 2 Integrated values of parameters in each phase.

Qg Oy Y
Joint Phase

Skilled Non-Skilled Skilled Non-Skilled Skilled Non-Skilled
1st pull 10.8(8.1) 6.8(5.8) 329 (5.7) 37.1(13.0) 25(1.0) 101(101 )
Hip Scoop 6.5(6.8) 20.3(19.2) e 4.0(1.7) 6.7(34) 3.3(3.0) 0(4.2)
2nd pull 9.7(1.9) 9.2(55) 431(74) 128(74) 8.8(2.1) 11 0( 6)
Catch 15(1.2) 35(29) 11.0(5.7) 16.9(14.0) 52(7.0) 4(7.2)
1st pull 1.1(0.4) 05(0.5) 3.7(19) ™87(39) 1.7(13) 7(7.9)
Koo SC00P 09(05) 041(0.7) 19(14) 6.0(25) :344(97) 9(62)
2nd pull 1.2(0.8) 0.1(1.0) 16(09) _.69(22) 16.0(7.9) 7(83)
Catch 0.2(0.2) 0.0(1.3) 1.0(0.8) 45(25) 4.8(4.9) 1(0.2)
1st pull 30.0(4.9) 26.8(10.1) 0.3(0.2) 0.2(0.0) *4.6(5.9) 7.3(45)
Ankle Scoop 145(52) 11.2(6.8) 0.2(0.1) 0.1(0.0) 12.1(3.9) 7.0(2.9)
2nd pull 135(35) 11.1(6.1) 0.2(0.2) 0.1(0.0) 22(5.3) 3.2(3.9)
Catch 9.8(43) 102(74) 0.1(0.1) 0.0(0.0) 45(64) 159(17.3)
>'""Represen’(s statistically significant difference between the groups (p < 0.01) Mean (S.D.) Unit: %

>kRepresents statistically significant difference between the groups ( p <0.05)

Skilled @ & Bfio> ST %, JREBIETH dES) 3 X O E
\2 &% DKB OB ToH 5 Scoop JMMIZ K & 7afi &
AL, fit < 2nd pull J& i R 3 K OB o> ST 73 4
KL, Non-Skilled & ¥ & K& 72ffi & ~7 (Fig. 10). DKB
X BB EIC L - CFABIEIR Y OBV T, A
TR &, = OB OO ER TGRS LT B
ffIR—HLAFE Y1 7 /L (Stretch shortening cycle, LA T SSC)
EEH A SR TIENMmeN TS P, F£7z, SSCiE

ik, FHORFEEEEC LD, =R X OEM MRS
LEZLENTVWS . Avela et. al. ' X SSC I & 5 =%

w?@ﬁﬂm%iw%%mu,%%@&ﬂm“ﬁk%<
HELTWLILEEEHRLTVD. SBIL,ERL 1YY
PC B FHBfio=x X 70— 2B L THHL, m
DFFEITIE, DKB I & b 72257 o & 8 > B TR~
DT A F~ZXAXT7a—0BEL, TN KREA
BAR R L7 BRI B L TWAZ LA MELTNAS.
nNooZ &b, Skilled O K E 2B RV 7 O3EHHIL
DKB IZ & & 72 9 TSI SSC EENZ L - T, FhkE
HIORIPEDOH RNEEL, ZhRMRTRLFORENT
TR, BREZZOND.

Dk HIT, Skilled X, VA Y TE—IIHALS
LD DKB Bi{EL, Ziz & 729 SSC EHNIZ XL 5B
OO, =2 X 7a—%2HH L8 vy
DREL Vo2, N—=ULDZEEIZHL, AHNUNTH
Sl EZ2D. UEDZ G, KEFFEICEIT 5 5RE
DT TIE, %PCmax DEC LD L DDA TILRL, &
B L OB ZENEELL L, BUITHom %2
BiLD.

-
—

4.3 FLIVETNLNICEZBFEEFOHRASOFME
TOREY

N—rb % EFIZE BT 5 PCEMEIZE VT, 2nd pull
Bk b KRERNBERLEL SN TERBH THD
. KW T D PC O FEEES L7 itk Th,
Skilled O B BHH R v 27 1%, RBIfiE L OVEREE b v s &

Db IR & 2 & R LT 5 (Fig. 9). %72 Enoka'”
o= MY 7 X — XS TS by Z2HE L,
BeBEEIIC BT A8 hv s ORI ERRKFELEELED
MICHEZMBEBEBEARO N L 2lE LTk,

JEBIET by OBEEME AR L WD, ABFZEICB VLT
M BTN L > THEBSNZEREORH Z & O
I BT B BER O e OGS, COM % $h 1B 7 1A ~Z8 7
SHDTZDDOT 4 — RN 77 A ThD a, 1L, Skilled
BT AHEEHOMA, PC BIEDO LEFHHE TH D 2nd
pull BEICI VT, Non-Skilled & 0 & A EICKE 2%
~xL, —JF T, Non-Skilled (X IT D a, DIEMN
Skilled LV b AREICKE RfEA R L7z (Table 2). i
DO RIL Enoka'V S0 PC ICBET 2 HALE —ET 5 %

DEFZZBND.
Skilled OEREICR T 5 y OfEIE Scoop fAmFEB L
2nd pull J& i 12 F T Non-Skilled & 0 & A E I K & 22

Z s~ L7z (Table 2). _ni Skilled 13 o> Jitt th - i J2 1
2k % DKB 217972912, BEHiOA v E—F A
NEVIREETH 722 &, %5wi SSC ETEhIZ & b 72

IMERFZO LD ERTH D EEZLND. 2Dk
Table 3 Peak joint torque
Skilled Non-Skilled
Subj. Hip Knee Ankle Subj. Hip Knee Ankle
A 049  -046  -041 a 041 =051  -037
B 025  -022 041 b 2023  -013  -0.34
c 044  -031 024 c 038 -022  -0.29
D 032  -025 022 d 031 031 022
E 028  -002 025 e 030  -030 024
F 023 021 -0.11 f 014 =017 -0.13
G 055 -031  -0.13 g 2016 -012  -050
H 030 -021 022 h 057  -036  -0.11
| 023  -031 031 i 028  -011  -023
J 041 -051 037 j 2032 -030  -0.40
Mean 033" 025" 028" 031  -023  -028
S.D. 012 011 0.13 0.1 0.14 0.12

"SRepresenls statistically not significant difference between the groups (p > 0.05)



8T =2 ) — VIEIZ B %A S OERNFHETEDOIRE & % ORGE

N, WENHEZBE LA S %, ERMICITHT 5
ZEMTERELEEZD. Skilled D REEICIIT D y OfE
V& Ist pull JFid & O Scoop JRIfi (2 3 T Non-Skilled (&
EENABEICRERMEEZRL TS, S50, 2HEHICHE
LTI, BEN Tl L7354, Skilled @ o, O 23l D 1%
X0 LB REN EN gD, BEEI NV B XL
O OFEHPEIT COP A7 (& O N X 2 L A2 22
REBEREZLTWLZERmbATNS D, oz L
N, BFEEOREED y & a, NKEREEZRLTVD
DIE, Skilled (TR DA B — X v XA ZZEH W IREEICT
HZLitkoT, HEW PC BEHRICH R Lo iC
&> T COP fri# % M#&i L, Non-Skilled & 0 &2 L 7=
#EEL T2 L 912 PC MEDOHIHEZIT>TWNWDHZ & a2 K
LTWBbDEEZLND. £z, 4 E—F 2 2EZHK
y & SO BRI 012310 2 M A A B EIL 2 ghg
b NS EBESIC B W TA D %k L7z (Table 3). J 72
bh, A v E—F ARy ESTOEL LK
5 EMBFNREAD T HEBEERL TS, AV ET
ML THRHEND A B —& 0 2550 y 1B A
ORI ER>TEY, »y BRIV EWH T L XBHERN
HBHE X 03 < 4 L E— 2L AR RV EER BT 5 0
Lo ND. ZOZEND, MLIJETALLVEHRHS
NleA v E—F 0 ZMEHORBENTIZ Y ThoT2 B 2
bivbd. £, A =X R RHICEI->TERELE
WA EVE, BEEOBERICB W CTHEFZIRE DR
SRR, —HCTHBEOEMBESICBT LA v E—F R
ZHy & SIRIDIERIEN 012350 2 0 A AR BAR B 0 8y
EIZB W T2 RENRRBD N7z, 20D
ZEiE, MIZETAMCE > THEE SN A S, &
Wkt OBIEDOBBEEEIC L > TE{LT B0, WiigE & o
BLRPE IR EE L > TA L LW E 2R LT 5.
NIFETNVOFEEB L O 2RI LD EEZD.

-
—

5. F&H

AKAFFETlE, Bernstein D F x |[CHS3X, FELICK L,
MfioAf vy E—F 2O L > T, FROREN%
boo, BE T 288 % XTI 2%, FIRER
DIHHZHE L EZT-. BEHioA v —2 0 A 3RS IC
WEEINDIIEND, ZOMEKFEHESOA L E—F
VADFEHL, TNLEEELENIETAMICEDY
FEEBICB T 2 A I OERFTEZHWT, PC O 10
£ 0 Skilled 38 2O 10 44 @ Non-Skilled, &t 20 4 O #5k
FIZRU 5 PCEVMERF O FREBIET 2 M RIZ T &2 17 - 7.
ZTORE, M7 ETNLLYEB SN PC )
TELBAEMEDOHDEENE R L. £77, LA SDOEE
ThHoiHA v E—X 2 25 HUL, Skilled (2454 O ESR) % 7~
L 7= il BT, Skilled @777 Non-Skilled £ ¥V %
KRERMWEARLE. S50, HAMBBEKIC LS9 0
FERPBIE, A= U 2RI EMG LV HEE L7
BIFi oML ST & HHEA N RENTZ. ZNHDZ D
AW CTHTTEER Lo ot ik, HIREBICBT 5
WA S EEBICTITE A Z L EHBEMERDL L Z & &
IR ENTETLEEZD.

5

ZEXH
1)  N.A. Bernstein: Dexterity and Its Development. In:

Dexterity and Its Features (Latash L, Turvey T, eds.),
Psychology Press, New York, London, pp.207-235(1996).

BLEE: HARASEB IO 2 Y — F O FKES
1B MEA% %%, Japanese Journal of Sports Science, 15(3),
pp-155-162(1996).

Z. Chiu and K. A. Schilling: primer on weightlifting
form sports to sports training, Strength
Conditioning Journal, 12, pp.16-21(2005).

G. Robertson, G. Caldwell, J. Hamill, G. Kamen and S.
Whittlesey:
champaign, Hunama Kinetics Press, pp.254-256(2014)

A. Takanishi, H. Lim, M. Tsuda and 1. Kato:
Realization of dynamic biped walking stabilizaed by

3)
and

Research methods in biomechanics,

trunk motion on a sagittally nueven surface, IEEE
International Workshop on Intelligent Robots and
Systems, pp.495-466(1895).

TRIBERTE, PRIL=R8, BRATE: HfiiEDREET
v EMET & AR IF, 14(4), pp.303-308(1976).
Mussa FA.: Human movement understanding. Morasso
P., Tagliasco V. Edited, Elsevier, pp.161-212(1986).
TAREE, IRH{E: L2 BATICR T 5 i< )
W’HIDEFE, A A A D=L, 14, pp.59-68(1998).
AN TR AR EN O To T2 [ & b 0 s e Iy
MY AT LDOF T A RT A =2 gk, FHl
F Bl il 48 27 2> 7 SCLE, 29, pp.1283-1292(1993).
RREFBIT, WHE, MITREKR, ZREsE, AHE
WA, N XU — 27 ) =BT A TIED
TV R RS & REAHE OFE-, A A A
J =27 A#F3E, 16, pp.206-219(2013).

R. Enoka: Load and skill rerated changes in segmental

9)

10)

11)
contribution to a weightlifting movement, Medicine
and Science in Sports and Exercise, 22, pp.178-187(1998).

12) M. Ishikawa, E. Niemeld and P. Komi: Interaction

between fascicle and tendinous tissues in short-contact

stretch-shortening cycle exercise with varying

eccentric intensities. Journal of Applied Physiology, 35,

pp-217-223(2005).

Y. Kawakami, T. Muraoka, S. Ito, H. Kanehis and T.

Fukunaga: In vivo muscle fiber behaviour during

13)

counter-movement exersise in human seveals s

significant role for tendon elasticity. Journal of
Physiology, 15, pp.635-646(2002).
14) J. Avela and P. Komi: Reduced stretch reflex sensitivity

and muscle stiffness after long-lasting stretch-
shortening cycle exercise in humans, European journal
of applied physiology and occupational physiology 78,
pp-403-410(1998).

A. Winter, E. Patla, P. Francois, I. Milad and G.
Krystyna: Stiffness control of balance in quite standing,

Journal of Neurophysiology, 80, pp.1211-1221(1998).

15)





