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An analysis for horizontal velocity of the centre of gravity of race walkers using an inverted pendulum
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Abstract

This study used the inverted pendulum model to analyse the kinematic factors of the body segments
required for high walking speed in male race walkers in official races, including elite walkers. Male
race walkers participating in official 20 km-races were videotaped using a VTR camera (60 Hz) set
perpendicular to the course. Thirty-five elite race walkers (race records 1:19°50” — 1:34°58”) were
selected as subjects. A two-dimensional 14-segment linked model and an inverse pendulum model of
the centre of gravity (CG) to the support foot were used to calculate biomechanical parameters in the
early phase of the race. Large vertical acceleration of the torso occurred at the mid stance phase and
influenced to the acceleration of the pendulum length which resulted in large extensional velocity of the

pendulum.
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Table 1 Characteristics of the subjects for official
races(V = 35).

Mean SD Max - Min
Age (yrs) 23.1 4.3 34 - 18
Height (m) 1.71 0.05 1.83 - 1.63
Body M k 57.8 4.4
ody Mass (kg) 68 - 50

Race time 1.27°55"1 4'33"5 1.19'50" - 1.34’59”

Personal best time 1.26'07"5 510" 1:18°27" - 1:34’59”

Performance Ratio (%) 97.0 3.6 100.0 - 88.0
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Table 2 Charactristics of the subjects for

experiment W = 12)

Unpaird

Mean SD Max - Min t-value to

official races
Age (yrs) 20.9 3.0 29 - 18 1.94
Height (m) 1.72 0.04 1.78 - 1.64 0.77
Body mass 56.0 3.3 62 - 50 1.46

(kg)
Personal 43'43793 2’14758 40'52"70 - 48'50"76 0.94
best time
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Figure 1 Definition of segment angles
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Figure 2 An inverted pendulum model
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Figure3 Normalized pattern of the center of
pressure position (CP) for all subject in the
experiment. Position of CP for each subject
was normalized by the horizontal length from
heel to toe of the support foot as 100 %, and
normalized by the time of the support phase,
which was defined as the time from the instant
ofright heel strike to the instant of right
toe off as 100 %.
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Table 3 Mean average walking speed for official races

(V = 35) and experiment (V = 12).

Mean SD Unpaird t-value
Official races (m/s) 3.80 0.20
1.77
experiments (m) 3.91 0.17

XIFEAR
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4
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b) Mean normalized CP
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Figure 4 Horizontal velocity of the centre of gravity
(V.), the flexion—extension component (V..
.), the rotational component (V,,), and
the moving foot of the pendulum component
(Vipoe) of V. for all subjects (N = 12)
during the support phase on experiment. The
upper figure (a) shows data calculated with
thecenter of pressure for each subject. The
lower figure (b) shows data calculated with

the average center of pressure
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Figure 5 Horizontal velocity of the centre of

gravity (V,), the flexion-extension
component (Vg,...), the rotational component
(V.,.), and the moving foot of the pendulum
component (V) of V_ for all subjects WV
= 35)during the support phase on official

races. Data was calculated with the average

center of pressure of experiment
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JEEEHBFICBIT SV, (r = 0.70, p < 0.001), V,
DE/ME (r = 0.94, p < 0.001), £ /EEEHIREZ 35
7% @ = 0.81, p < 0.001) &HiTV,, LHER
SERNFEBA S A2 & 4, B/ MED R b IRVVFEBE 2R LTz

i5i



Table 4 The horizontal velocity of the centre of

gravity at right heel strike, at right toe-—
off and the minimum value for all subjects
in official races (V = 35). Coefficients of
correlation (r) and standardized coefficients
of multiple regressions ( £ ) to the average

walking speed during one cycle (V,,.) were

calculated.
to th
r to the average szlki: a;/eer:ge
Mean SD walking speed Y gavZ)
V- x
(Vx-ave) (r? = 0.999)
Vx at right
heel strike 3.95 0.28 0.70 *** 0.20
(m/s)
Vicat minimum g o0 g o4 0.94 0.24
(m/s)
Vx atright toe o, 0.25 0.81 0.56
off (m/s)
***p < 0.001

Table 5 The flexion—extension component (Vi . o) s

the rotational component (V,,,,), and the
foot of the pendulum component (V,.,,) of the
horizontal velocity of the centre of gravity
at the instant of the minimum average walking

speed (V,,,,) for all subjects in official
races (N = 35).

B to Vx-min

Mean SD r to Vx-min
(r? = 0.999)
Vx-flex-ext
0.04 0.08 0.14 0.16
(m/s)
Vx-rot (m/s) 2.43 0.25 0.76 *** 0.84 ***
Vx-foot (m/s) 1.16 0.22 0.04 0.02
***p < 0.001

Table 5% Table 4 & FARICARXBEHE S TD Y,
WE/IMEZ R LTERERIZ T D Vieare > Vot Vioor
ERLIESGDTHD. V, OF/ME (V) & DR
BB DTDIT, Ve (X 2R ) BEIO
EAREEIFR S (F) ZRLTZ. Vo X, Ve, &EO
MICHEZ2FMER AL (r = 0.76, p < 0.05),
F7o, HEURSPTOMR, Ve STV, bR
WERZ R L7 (4 =0.84, p < 0.05). 72k, #

IR E Mo 72, VI LTH 1V, b il
WERZ R LT (r = 0.54, p < 0.05, £ = 0.84,
p < 0.05).

AN RICBT DA RS V. DN i/ME %
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Table 6a The difference in Vg ., and V,

rot

from the
right heel strike to the instant of minimum

V. for all subject in official races (VW = 35).

Mean SD rto Vave
Vy-rot (m/s) 0.42 0.30 0.19
V-flex-ext
-0.25 0.11 -0.03
(m/s)

Table 6b The difference in Vg, ., and V

rot

from the
instant of minimum ¥V, to right toe-off for

all subject in official races (N = 35).

Mean SD rto Vave
Vy-rot (m/s) 0.56 0.29 -0.28
Vy-flex-ext
0.73 0.16 0.53 **
(m/s)
**p < 0.01

Table 6a(Z/xL7z. & 5IZ, Table 6b (ZiFlA U<
AR TOV, BE/MEZ R LIZREEN O A2
Mt E CcOV,, ., BXOV, OB{EEZRLIEZ.
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R EEnEn s L7,

Vierere VXV, DYEAMEZ 7R UTZ IR R0 B A 2 Bl Hb
FETEIML, Ve OEINEZ YV, EOMICHEE
RN (0 = 0.53, p < 0.01). V., I¥H
NGV, DA R LR E THEML T
W2, V. & ORICE B RFBEIEA L2057 (r
=0.19).
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Table 71XV, DWE/MEZ R LTCREEOIRF DK
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OEEHANEHE A, ) ZRLTZBDTHD. &
IR E 2o 7228, A, (13.78 £ 2.85 m/s’)
&nw®ﬁ FHEERHEEAALNRE (¢ = 0.40,
p < 0.05). Ay,cg(r =0.88, p < 0.05)FBLVA, 4, (r
= 0.84, p < 0.05) (X4, &OEICHAERFMEEN
BT,
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pen’ ?

Table 7 The acceleration of pendulum (4
vertical acceleration of the center of gravity
“

arms, and torso (4,,,) at the instant of the

y,eg) and the vertical acceleration of head,

minimum walking speed for all subjects in

official races (NV = 35).

Mean SD rto Apen
Apen (m/s?) 13.78 2.85
Ay.cq (M/s?) -0.21 0.60 0.88 *
Ay-mar (m/s?) 0.41 1.07 0.84 *
*p < 0.05

Table 8 The time and length of downward and upward
vertical displacement of CG during the support

phase for all subjects in official races (V =

35).
Mean SD r to Vave
Down 0.11 0.02 -0.21
Time (s)
Up 0.17 0.02 -0.36 *
Down -0.03 0.01 0.05
Length (m)
Up -0.05 0.01 0.14
*p <0.05

Wim. ETm, A, B Ay EEERI35% 05 50 %
ECV,. ELREERMEEEZ R L. £, V, DD
AR UToRERIC I T 2 3R oo 258, ThE, KR
DOAEER I OHINEE L v, ORBERIZOWTHRTE
EARBRMEBEITA LN T

Table 8 ITAFFH S DT OWRE OF & 3FF
BT D HERELN LB X OTFH~BE) L-ik
Bz R L7oboTHD. HRELOEMITES, T
FEbiTv,, EITHERRMEBIEA N2 L
NL, EHF~OBEEIZOWTILY, B
BRAH ST (r = -0.36, p < 0.05).
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EHEE L CHENRE £ T VO A & OB L Lz
Mraefto7-.

Figure 4a & 4b 2R L7-18V, FEERIZBIT A4
B Z & D RIEH L EEINR T VO & O
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Figure 6 The vertical acceleration of the center

) and HAT (A, for all
subjects (N = 35)during the support phase.

of gravity

y-eg

Circles indicate the phases in which 4,
and A, ,,, was significantly related to
the mean upward vertical average of each

segment.
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