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Abstract

Bipedal Running has been a major method of transportation and exercise since
humanity evolved from apes [1]. In recent years, distance running has become
increasingly popular among the choices of exercise as exercise becomes a trend.
However, with increasing popularity comes increasing rates of injuries, and the risk of
injury increases as the runner becomes fatigued [2, 3]. The detection of fatigue is thus

a major step towards preventing injuries and the promotion of training efficiency.

Foot shape is another factor concerning fatigue and risk of injury in sporting, as
the low arch height is considered a less advantageous foot shape in distance running,
and is often connected to a higher risk of injury [4, 5]. There was also research
investigating the performance in sports or daily activities of low arch runners
compared to normal arch runners; however, their conclusion was conflicting and
needs further clarification [4-8]. Nevertheless, in another review paper, the
accumulated research about this relationship was collected systematically and
concluded statistically, and the conclusion drawn from the research collected was that

lower and higher arch height did cause a higher risk of injury in distance running [9].

Past studies about the effects of fatigue on flat-foot patients were mostly
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concerning walking biomechanics and attaining fatigue status through running or

loading. These studies aimed at researching the effects of flat-foot walking

biomechanics during muscular fatigue, and few researchers studied the effects of flat-

foot running biomechanics during cardiovascular fatigue.

This research aims to investigate the differences in biomechanics of flat-foot

long-distance runners and healthy long-distance runners through a comparison of

lower limbs kinematics, kinetics, and balance of flat-foot runners before and after

cardiovascular fatigue, and a comparison of lower limbs kinematics, kinetics, and

balance of healthy runners before and after cardiovascular fatigue. Statistical results

show that lower limb joints of flat-foot runners suffer more stress than normal runners

during cardiovascular fatigue, and this may indicate that flat-foot runners will reach

musculoskeletal failure faster than normal runners, thus resulting in higher overuse

injury rate.

Keywords: running biomechanics; cardiovascular fatigue
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3D Foot Shape Parameters
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Segments Bony Landmark Anatomical Position
Right / Left Anterior Superior
RASI LASI , _
‘ Iliac Spine
Pelvis - - i
Right / Left Posterior Superior
RPSI LPSI , ,
Iliac Spine
RTRO LTRO Right / Left Greater Trochanter
RTHI LTHI Right / Left Thigh
) Right / Left Lateral Femoral
Thigh RLFC LLFC )
Epicondyle Center
Right / Left Medial Femoral
RMFC LMFC )
Epicondyle Center
RFIB LFIB Right / Left Head of Fibula
Shank RTT LTT Right / Left Tibia Tuberosity
an
RLMA LLMA Right / Left Lateral Malleolus
RMMA LMMA Right / Left Medial Malleolus
RHEE LHEE Right / Left Heel
Right / Left Navicular
RFOO LFOO ,
Tuberosity
Foot Right / Left Tuberosity of 5
RTOE LTOE
Metatarsal Bone
Right / Left Foot
RMTH LMTH
Metatarsophalangeal
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Mo argg@d o it ZXY 2 A2+ F 4 KA T o Bt A B R
ek ¥ 286 HEApHE P2 HARZEL {3 FRE IR LZT R
PERERE Y Z AR RN S 2w B 2w [36] M E
3 L ANSUSARIE sl N RN o I VS B AR ANl R R T

¥ ob Rl oRE RIS Bh2 ¢ B [37] -

g BT AT KR, ¥z fhik Ty RO 2 g e

cosy -—siny 0
R, =|siny cosy O (2.1)
0 0 1
Ry 5 ¥ X hit (7R i 2 g el ¢
1 0 0
R, =10 cosa -—sina (2.2)
0 sina cosa
Ry & ¥y #hit 7 AR g 2 e Erd ¢
cosp 0 sinf
R, = 0 1 0 ] (2.3)
—sinff 0 cosf
B kw0 i Z-X-Y 2 g g BV @ g e R e
R = RZ . Rx . Ry (2-4)
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-1 "_‘7)
y = tan™* (3 2.6)

o= tan‘l(g) 2.7)

_1 %Z-sina
B = tan™1( 53 ) (2.8)
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Q= e, (29)
€3
2
trace(R)+1
el = + (2.10)
_ T332 123
e = —4e0 (2.11)
_ T137T31
e, = —4e0 (2.12)
_T217T21
ez = —460 (2.13)
—€, €y —€e3 €
E = —62 63 80 —61 (214)
—€e3 —e€, €1 ¢€
—€1 €y €3 —6&
G=|"€ —€ € € (2.15)

L
B ©

# 9 trace(R) i ¥ 4B R A% > 1y % & ch R EL K i) 5 7

257 d TH AN KRB AGREZ £ B
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a, = 2GQ
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pod fBz 4 T e fg N g ikdp 2 4 22 (Newton’s Laws) ® 3[4 iEH =+ 42

YE =maq; (2.21)

AONREMB P2 2 84 0 A r HRTEY w2 e
8

FdmiaE AP Ez £38% 2 5N > FF COMAPE YR E B IVAE k 32 4 4
ol Sl

YM; = F;H; (2.22)
B Y M5 %p L Apst COM 2 ¢ 4 482 £ 4 48 0 @ Fidy e s g e 48
i o

G AR B4 BT o ke B L B B E Tl hT
WE 4 AR BN B H DR P R R SRR g d iz g

FERE o VLR LT o2 0N F g

Fdi + Fpi + mig = miai (2.23)

Mai + My; + gy X Fai + Ty X Fpy = F;H, (2.24)

f’: 5 ﬁdi;:‘:" H)t-ﬁ;;@:‘%L sk 4, E l"" ] _ﬁ;\xﬁ’,#,-’]7 s 4, rdl rpl ;‘% R _E)‘!Fﬁ‘ﬂ ¢ oo
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Fpi = mia; —m;g — Fy; (2.25)

Mpi = FiHi - Mdi — Tqi X Fdi - rpi X Fpi (2.26)
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COM ===— (2.27)
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L L2t
(-) Pz i

B k2 R S 3 i (Stride Length) ~ 4 {7 ¥ (Stride Time)
# i# (Gait Velocity) 4v# % (Stride Width) o # t§ 2 # {7 pF & & %] £_02 e ] %r =X
Ry PR EORELE PER > A AR BT EFR ez A g FEEE

Ao 3 B ES BrRrgR o i e pE2 B EBERT R H LB W TR w2 A E o

() EFFE4 5 Sdc:
PRI MEN BN DA e B8 o A LR AR
g e F CFECFEY R FER LMY Dempster it B E

[38] -

B pEer ER g S B il 0 ¢ ZAEM S BM S oM & LM &
AR CHMEPN AP EFEN-IHLIHP) 0 T gL BT
GaARET 2 BEG AN ARG IR G ERT G A TR R

HEEER R EABEFL TR REFEE

GREER RN EIS S §FEE ERE AR ER § LR 0 5
BT T s EE D TR S e R A B

ERIEE SR (B BRI IRE P RIBRZ pER) R o

() #HFEY < (COM) & EARES ¢« (COP) 4ic:

SATRY el S 2 LR BT 0 B o S Iogn

11\1«

SRAE b 2 SR BAF S A oo [39, 40]; TARA ¢ kRl

v
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(Fe By Fy) v % 0 %2231 4 5o 6 048 % 5 o Bhend SBM = (M, My, M)+~ & @

oo wd Taaga AT

M= pxF (2.28)
He
F,—M
Py = ”“I‘:_Zy (2.29)
M, +p,F
p, = % (2.30)
M pZ ;‘;‘ /EII 4 ‘&aﬂ; ﬁkt&i‘j}%f gt}t%\ -r—,J »/L»7 }%' «—‘!'—-Pb A{iﬁ =3 %\ ;] f‘k |E‘ -BNR

R pEdEd G op il c f COPMH IR S 2 P a ik i apk o d WA B R A

j R gAr COP % e 6 v » COPchz AR £ %% 0 TP = (py, 1y, 0) ©

COM 1412 COP fAp it (T8 m 2P /¢ RIepiz g A A& - % i@

gul

A$RI%E G % [41] 0 1% COM fr

1“

COM fp /e plehf b chpeffl » B L {6

frt,

A i § w2 2 G YrRIfR s pE G

=

COP chib {3 (= I T (7% (7322 w &l » # 1 |
0 & COM ehad = § LA 5 > COM ehnig B frieid & ¢ 2T 1t 2 jies
COM nfui % i3 3+ 8 [42] « k@ 2 3k & ¢ » COM-COP % £ 1]

& > T L §8 48 & (Inclination Angle » TA) ¥ 12T 78 & 7 [43] ¢

- p -Z
t = (M) (2.31)
|Pcom_cop|
Sagittal IA = sin"'t, (2.32)
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Double Double
L&
40 "'{’ Float 30% Float
Stance 15% Swing 15%
—} - | g -
Absorption Propulsion Initial Swing Terminal Swing
]\[I]IL.I' ..\hd Toe OFf .."\-11d Initial
Contact Stance Swing
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Normalized Joint Moments
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Inclination Angle and Rate of Change of 1A

Inclination Angle in Sagittal Plane Inclination Angle in Frontal Plane
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Fz-1 AT Rk E L Py Sl R
%3k R RE P-VALUE
# 9F 82. 68+6. 91(SPM) 81. 25+6. 01(SPM) 0.297
# 5 £ 182. 36+27. 85(cm) 185. 25+26. 52(cm) 0.297
# & 92.21£13. 78(cm) 93.72+13. 64(cm) 0.156
#» B 20. 8949. 10(cm) 30.56+12. 36(cm) 0.219
% & 3E | 43.46+14. 41(rad/sec) 40. 81+7. 34(rad/sec) 0.813
Ad Bk
%1 ]
B & -k | 68.54+17. 61(rad/sec) 81. 73£19. 83(rad/sec) 0.0313
Igd a4
%1 ]
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%1 ]
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# £ 193. 69+18. 20(cm) 201.61£18. 96(cm) 0.813
# £ 98. 26+9. 47(cm) 102. 80+10. 71(cm) 0.625
# F 22.3649. 01(cm) 23.88+17. 20(cm) 0.813
% & 3E | 48.451+20. 19(rad/sec) 54. 00+17. 76(rad/sec) 0.313
FX R
%1 ]
B & -k | 88.96+41. 99(rad/sec) 93. 92435. 66(rad/sec) 0.625
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%1 ]
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