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PURPOSE Previous research has rarely examined foot segment motion and muscle
activity simultaneously in relation to foot type. Therefore, this study aimed to
investigate how foot type influences segmental foot kinematics and lower limb
biomechanics during walking. METHODS Fifty-eight healthy adults were sorted
into normal group (NG), pes planus group (PPG), or pes cavus group (PCG) using the
Foot Posture Index, navicular drop, normalized navicular height, and normalized
instep height. Furthermore, three-dimensional foot kinematics and lower limb
muscle activity were recorded during 12-meter, self-paced walking using an optical
motion capture system and surface electromyography. Kinematic analysis during the
stance phase included measurement of joint angles and ranges of motion (ROM) for
the following segments: foot relative to the shank, forefoot relative to the midfoot,
lateral forefoot relative to the midfoot, medial forefoot relative to the midfoot, and
hallux relative to the medial forefoot. Moreover, muscle activity analysis included the
tibialis anterior, peroneus longus, and medial and lateral heads of the gastrocnemius.
RESULTS Compared with the NG and PPG, the PCG exhibited greater ROMs in the
frontal plane for the forefoot relative to the midfoot and medial forefoot relative to
the midfoot. Additionally, the PPG exhibited a greater ROM in the frontal plane for
the hallux relative to the medial forefoot compared with the NG. The intersegmental
angles according to foot type demonstrated distinct kinematic differences between
the PPG and NG in the transverse plane, specifically in the forefoot relative to the
midfoot and medial forefoot relative to the midfoot relationships. However, no
significant differences were observed in lower limb muscle activity during the stance
phase. CONCLUSIONS This study provides insights into kinematic changes according
to foot type during walking. Moreover, the findings of this study may deepen our
understanding of the intrinsic risk factors for lower extremity injuries and tissue stress
associated with variations in foot type.

ME Ao] digt 22 2-8/d& 7Hr(to et al,, 2017). YT ¥

A= o}X](FZA 28 medial longitudinal arch, MLA)%= goj 3}
QZE o] 2 o] shgo] ZHEAE B FH(LHEA) vt Fol Ao B $AS Fpotal, B2 AFohal Westel 7144
2uo] Y= o]% @ h= 3|4 S3} Zo] 993 B 2S =4 thokst oUAE & oA FH=E AFL SA°l FEdh= 7154 o
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S 7K (Stearne et al., 2016). E3F, F7F Y4704 EE o
£ AR Aok 9 A7) B9t W ke H58 B S
g §AolA L5 T A2 o]EstaL ojf, Wupet LukS 285
£ 94 HAYE(Winch Mechanism)& /g%t QJzH7] 4t
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A F5E WEL ATt T g Thes 93] dAYSe
A8 TIAQl 108 g3 TR oA ARGl oS 7HA
EAes dEA Yk

e o] MLAC] v 0 & 2 Q& (pes cavus)
ofi}, o]e} ¥kt & MLAC] W2 E4Z 71 HEU(pes planus)}>
MLA7]' AR oA Blold E FHIR 57 F5t ovA A

2] Ao}, B3Pty 7sH o2 EQHHT AHE AgHrt
(Franco 1987). AA|, 054 7H Al A 54 T4 5
o] HoFotar X e} ofEo] thE o Hlsj ¥ o} 5tA] &
£ olut, e AP ARl Ao 7Fs4do] B 2 ACE HuHch
(Kaufman et al., 1999; Neal et al., 2014; Williams [ii et al.,
2001). ¥hHol, Ho] 32 ofx] 9] &3 F&o e/Mdd 2 4
ARl 5.8 557 2 ARxZ FA4 7Hso] #2 AR Ky
FH i Williams i et al., 2001). o]Z2%, & §-3o] HAL 514 &
FE 20T 5 e A AEYAE RIS YWY Y 84
2 4= HFranco, 1987).

SHA] ARG FA4] ARle] H 4 e ARl HAYEE ol
5t7] 9Jsh Buldt et al.(2015) A48, &5, Hgd A 71A]) &
A8 7 A9 B Al I 535 Aol & v Wkl =5
@] TEE = AT JAdy} Jgd Jeol] Hs) X Rk o
o] ¢ a1, &FX7} 27] AZ(initial contact)A|AT} £7F Y717

oA o L5 +EH A AA vEhgen, HEy
Hko] oA Isie] Y 7hs R 917t Aol Blef 5 22 A
El5tAtH(Buldt et al., 2015). Saraswat et al.(2014)9] AtollA]
= HygdZ 713l ofglo] Hdto] HAES 714l offlo] Hehof H]s]
TR oty EEle S35 EYC R SH9laL, B 715t T
22 23 7Fs RS UElRlth(Saraswat et al., 2014). o A+
ol A= MLAC] 9] 5524 FR(Z5)] 93 AR =2 Z(Okamura
et al., 2020), MLAS] Aol b2 T8I 3HE RALsl7] 9l A
I wgl o] B3 A] Fote] TEAHEE v A3 HEd
o] B ol vls) 2718E A4 FHAE, 40% Aol
A 7V, 80% A4 S AL} 7o) S8
AE7F =4I, 5% AIFOA 1E ot L2t A-2F ok, 10% AR
oA W& % && FEA|LT} 7HAfu]Eo] ¥ W IEAHEE UE
ks B18FcHHunt & Smith, 2004). 13y, & 33 54
o gt A2 oJHs] BEEHYSIH, oFA S5 FAdo] FAH e
2o 24 ZA0] 71Q1gt=s HE 1T off o] £of9] 2 o]
= HAE I PR gt BT H A S AW B8

o &= AAk(Neal et al., 2014). & f-3ol o2 YA F5H HA | of
gt AAR 17 AFolA= T ZALE B4 119 “1]74‘4 &< olsfist
7] Aol &S ket FH A 5P gt 255 2AY
U RA4L 7FZ59 T (Buldt et al., 2013), o}x] 8 ot BT 2
ALY FAHRl BAGEH JE7F A = o, T /T
o] H9rAQl BA| gl v A= FFE ] H"?-_} At gtk
(Buldt et al., 2015).

b B Aol 542 By Al A Jh(normal group,
NG), B Hk(pes planus group, PPG), 1211 Q&4 Yt
(pes cavus group, PCG)2] ¥ f-of wet ¥ 255kt Z&A4d w0
2ol Hlw EA k=t it ol23 A+ HAo| wat B3 A] &
FHol w2 I 2554 547 o1 24T siglol Ao|7t U
Aolgh= 7HdE Astgint. & A9 A I {3l e B
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A 2FA B3 2RHE Wehe FHFORA, 54 F4e] A
Qlo] B 4 gl FEAY HAUZE olslehs o] 2R B8
2 % 92 Aol

i

A4

£ AT AR 204004 304 Aol 73] A7 A2 Wit
Agel Fofelgon], BE WAt By SFo] 3 1A 5 9
£ WA EE AL 5 Bago] Qigich A7) SA1S o]

B ARl oJsf BrtElon, & EFRE 918 Foot Posture
Index(FPI), navicular drop test(ND), normalised navicular
height(NNH), normalised instep height(NIH)7} AF&-%] I tH(Table
1). FPL, ND, NNHE ¥ 732 & Eo}—fﬂ 718 dE ezl g e
2 AEEglT, NIHe =019 & 3& 7P & BE7oke 208
B go] wet A= jung, 2020) Yl 7k 87 5 = R
I ER7 7180 $50t= A9 132 3% ER0Ih
G*Power(v3.1.9.2, Heinrich-Heine-Universitat, DEU) A
EgolE Ag3to], One-Way ANOVA 0] tigt fo¢2S
0.052 A7k $7H0.25)9 A#371E 7H 1 0.449) H3E

Table 1. Foot posture group classification based on FPI, ND, NIH, and

NNH

measuroment PG NG PPG
FPI (score) <+l >+1 to +7< >+7
ND (mm) <+0.5 >+0.5 to +0.9< >+0.9
NIH (cm) <+0.213 >+0.213 to +0.315< >+0.315

NNH (mm) <0.11 >0.11 to 0.25< >0.25

Table 2. Characteristics and foot classification by foot type

PCG NG PPG F(p) ! X(p)*
ABC 55301051 249682.64 2340£2.66  2.504(.091)
(years)
Weight "
(kg 0211342 685051205 690041685 0.179(914)
Height
(omy 72112645 171712697 167472966 1.893(160)
FPI B
2364528 2.7043.02 673321 11.247(.004)*
(score)
ND N
0384028  0.60+0.16 0.86+0.32 21.608(.001)**
(mm)
NNH 105036 0134036 -0.10:036  3.093(.053)
(mm)
NIH \
037+0.01  036+021 0.34£021 19.922(.001)*§
(mm)

* : Nonparametric test. " Difference between NG and PPG.
*: Difference between NG and PCG. * : Difference between PPG
and PCG.
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(power) 0 & SfAT 4= Q& FRIskelet. kAT 11989 %
7k dlole A2 g4 7144 EA|(maker drop out® A
QE|loH, 479 VA= H Kol ojb HIo|k FiteiA] &
o} B0 Astelrt. HEH R 5870] NG 245, PCG 199,
PPG 15822 EFEHUT. 2 A& 2 7|28 91dgd
%521(1041386-202301-HR-9-02)= ®tol Fxjo] upa} =359
w, AP ol oaks Biel VA= A SYAE 2R F AE
of] Zrodstirt.

I {0l wE AEATH 41 I AN ERel tigt A=
1A Z7gol gt A2t NNHE Al et I ZA| S04 |ngt
2tol7} vebstet, At Aok Wy Hoko] s FPL F7F
oJatA Wal, NIH #=°l& F9JotAl =9ttt E3h HEd Ju2 2
i etof] vlsf| FPI <=, ND &°17F R9otA &1, NIH &°l+=
FolotA wortt. A Ak . 5H Ftho] H|g] ND o[04
FOI5HAl A UrErs
PECEE]

FPI B7h= 07l @52 AMESHRl L, BE 7= A viete
FEZ HeboHA A thg ZF 5o B HUIE . FE5E = s
w W] £, o1& YEw fofefo] A ¥ E HWEAHO] Y
H/AH g 5o Briotelet. AS5Hol gk T2 dEw-HZ
TE HRl9] 225, WS ST ol dAg 9 TZRA A=
9] JH/Wd H=g Briste AR P9 ErRedmond et al.,
2006). & F30 gt FEo| THo] oJFAY E7Fst AH-EHS
)% B TXE 7St o, ofuigt B B4H<l H<4=(0
7k A4)E A&l ND B7HE fle ey Eolg F&ol
AT} 2 Zko] & 4= QUEF o2 Ao A AejolA 71 &5k oH,
Q2 Aol A =3 ey o]t A Aol A £ E el =
0]9] A& ool I FFS EFSFUTHCote et al., 2005). NNH}
NIHE A Sl AHielA 715=glon, dafe e} daju el ofxie
Ato]9] FHA ol Faket WiAlutA 9] 422 zo| o} W w FE A
1555 569 UMY AAAYY 3= ot o] gro g W
w = v el Jukw Alo]o] FHAH 4] Eo|E HHiro] A
of wet & fgS BRI HBuldt et al., 2015; Jung, 2020).
At A7 AR

32 B2 EAS 9ol 849 Aol 7HHl2HMiqus M5; Qualisys
AB, SWE; sampling rate 100Hz), 1t9] XHxIE=47](Kistler
9260AAG6; Kistler, CHI; sampling rate 2000Hz)7} AF&-% 12
o, 2T AL 9o 2HE 4319 (Ultinum; Noraxon; USA;
sampling rate 2000Hz)°] AFE-H Atk ZE Ho]E=Qualisys
Track Manager(v2022.2 build 5880: Qualisys AB, SWE) &X
EolE AHgste &713E AHE dolElE ottt ¢ &
554 E4L A8 multi segment foot modelS 73 2 R s}
ol 9mm=719] BHAFEA 12705 F&6 Atk (Fig. 1). 2848% 5
He Y8l EAH7F(tibialis anterior), F®AZ(gastrocnemius
lateral and medial), 71&°l8]<(peroneus longus) &0
Surface Electromyo graphy for the Non-Invasive Assessment
of Muscles(SENIAM)o|| 7}o]=alelS &z3lo] = 7|2 A= (single
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Fig. 1. Foot marker placement

electrode T246)& H259100, Fee HAasto s 517] 98] &

=013k

BE QA= 12m B3 FARE 357100 oA AHRke7
oA Al FF o] WEAMe} £ WA WUt FAE ol
PoleF g A2 FA ZA| HlolElE 5kt FZ Hlo]
ZF B4 0%kl sigohs AgstE Y, 2245 71E
(reference voluntary contraction; RVC), NNH ¥ NIHE &
I AArok=d AFEEIGITE AR A A HEEE T[] 941 Eo]
2 5 UEE HPE F70] dFotlon] AAR HHgE Hekgh
E2 12m9] Sl AXgt AdgtE 7] o] ol fJA|ot= 3% FF4
ol Hejo g 7FEsIAtHBuldt et al., 2015). 32191 335]9] A&7}

S 49 4B SR,

Y
m]njgfmi—
b2 b e rf o fo

o
2

A A2

Qualisys Track Manager(version 2022.2 build 5880; Qualisys
ABYE Bl =3E HlolE& AHAAL H9 127 HolH AMEE
%3, RVCE 1&7F B+t tvlolE7F AFE It Visual3D(v5.01,
C-Motion Inc., USA) AZE o] vFo] 2=5kx B9 Q3] Ab
|E At} v dlolEs 6HzE 43 A9 HE YA B3 DEE A
&oto] & AAtL, 24 £4& F45H7] Sl 724 viAE 7]
+£02 ATulAE AFAotct. B 7] B BHEo 25351 A
AhZ 915] Buldt et al.(2015)2] Aol] whet A =1 A A5ttt
(Buldt et al., 2015). B4 7= 24 7 A4S AL 3
A 4= International Sports Biomechanics(ISB) #3 AFglo]
o} Cardan®] XYZ <A7F AHGE QI ¥ 32 U5 w8, HE
9 uZEd o R Footq, o g2 e 1, Bg 9 EE
goz FoJatyrt. Matlab R2023b(The Mathworks, USA) 4X
EQJojg AMgoto] &4k dlo]E+= 50Hz8t 450Hz Ate] S
7M1= MEMA(band-pass) BEE AA Fa2 AAT &, A58
A EFZ(root mean square; RMS) window size 100msE A&
5to] smoothing H3Ith B3 Al =HE 2ZHEE 34 SHE 7]
£ 50| gt WEE(URVO)ZE A4St H4tslstitt. ZE Hlo]
i 2 AdRtgo] 10NE 205tAY vt R Adhs 39 2
718&53 ke w718 RSk 0-100%% Zishetatt. & &
Sh2 HA] HE Al A%} Hd 3t Ate] 9] #E7HsH fl(range of
motion; ROM)E At

SARA
3 9ol mE P 5% 54N TRHE Aol g ML) 9
2

SPSS Statistics(v 23.0 SPSS, IBM, USA) £2ZE¢o]Q} Matlab
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R2023b & A4 F=(www.spmld.org, accessed on 16 May
2025) SPMID7} AFREth 544 A4 ZA3to] mWel One-Way

ANOVA E¥= Kruskal-Wallis test”} AF&=|913, Bonferroni 273 O]t Aol & et A] eSkth(Fig. 3).
EL Pairwise comparisonsg &-83t9 post-hocs 35ttt
RE FAA FoeE2 ¢=.052 5T
=9
% <l 2 AT A, iy, 083 QB8 A 7K ¥ §30] wet B
Y A I 5T FEAH T ZfolE Bl A4Sk 1 di B
258 Wl 24 Al 5@ e I 258 B4 High 7ML REFHCE QS
H o, sHA] 2L "ol Atol7t 9l& Aol 7ML AA|
B Rl oE i £E 7heR e 29 BN S tiH] A% HA] Tt & AFtolA QETE WHA " B AT
B, F55 g ASE0 S, AR WS diu] driolA] Jd of vlsf o & F5H vl AZE 7S, 55t A5R9
Zr Fou)gt Jolg UEtRlth S5 iy ASRT S5 ojH] A s 7HFe 9 E Both B3 WAAECNA AEHEY WS i) 4rt
FRY US 7eHfle .5 @q’oﬂﬁ AT A A Jd = 7hsRfle gl B4l vis B & 7FeHeE Elvh T
ofl vls F-ojulstAl A Vrebth. AEE9] WS die] W] 7t 3ol 2 B4 1 4% Fole P HOA FIH ] ASH, F
THYE HEd JdolA Aadd @‘Z}Oﬂ v §-2Ju|stA ZA] et S5 oje] AZHEY fSolA] HEd AT Alo] £33 2535t
S THTable 3). E/49] Zpol& HERlet HHHO|, 1A 2= HE 5ol Al
O fg0] wE BE 7 Axo| tigk AE 1T A +HH At 2t Aol & Holz] gt
oA FFF tjH] AFFEY 0-100% 7L, %i-‘vj- o] AR 9

Z 13-15% 738, AVgHEolM S5 vl A

HZHo

87% T3k, P HoA FZ5 diH]

=T
AT 2 foulg ol ekt AFAY 23t ©
oM FE3 o] WE20] 0-58%, 86-100% TUNA HAL Wk
of Hls) § 2 wRERS
94-100% Ato] 724 ¢

299 &3t 920 i

Ho:]:l—l 17\1:1 EHH]
ZHO. ofRE O

AR I =]

zH
;S_'ﬂ_r‘

F59] 9% 0-9%, 71-
lﬂé 1-50% -7kl Al
Wako A

o2+ T ou

= 0-60%,
Beich 352 o A
& P gAY A5E7 Ao £

=
z
>

[e]

ZsokS BATT

£ AAE 2o &

1o

¥ "ast ek B A7olA Q=S Aol
o Mol B o] S, SE2 ol 4520 2 AHEYS)

15 UERA 23teHFig. 2).
ol e 2= 2 28T e B 25004 AR &+

379 ARl AFE AT 4HE 71E0E FH 219
o

= e 1 ), & A+

i)
:%i
~N
AN

A 247k ok e ol

e 2 Ao BIHgt. oBEe MLAZH I 3AH R e W

FHloIH, & Aol 7IEAA R AgEs FAAA 1A el o]

wug Yt o o f9o] Hs) Ao Atk s, ol

Table 3. Result of Mean(M), Standard deviation(SD), Median, and Quartile deviation(Q) of ROM according to foot type and segment relationships
during the stance phase

o PCG NG PPG ,

Segment relationship Plane - - - Fp)/ X (p)*
M+SD Median(Q) M+SD Median(Q) M£SD  Median(Q)

. Sagittal  17.5743.76 16.66(2.70) 16.46+3.30 17.44(2.77) 16.75£3.79 17.53(3.13)  0.531(.591)
f;)(t)}iézl}?:nvf Frontal  11.20£3.37 10.40(1.94) 10.58+2.69 11.13(1.70) 10.36+3.08 11.17(2.36)  0.369(.693)
Transverse  6.69+2.15  6.59(1.08) 6.29+1.83 531(0.80) 5.20+1.49 6.65(1.49)  2.807(.069)
Sagittal  8.55+1.91 7.45(1.01) 7.84+2.04 8.32(1.66) 9.09+2.32 8.12(1.58)  1.735(.186)
Forefoot relative i§
oot Frontal ~ 3.48+1.11 2.79(0.69) 2.84+0.93 2.39(0.61) 2.44+0.81 3.56(0.78)  5.091(.009)
Transverse 1.63+1.94 1.17(0.82) 1.80+1.95 0.96(1.55) 2.18+2.44 1.00(0.73)  0.528(.768)*
Lateral forefoot Sagittal  9.13+1.63 837(0.76) 8.6142.03 9.27(1.39) 9.46+2.23 9,09(1.42)  2.143(.343)*
relative Frontal  6.22+1.46 543(1.12) 5.62+131 5.13(0.87) 5.3241.39 5.99(1.01)  1.927(.155)
to the midfoot  prangverse  1.9942.15  1.81(0.93) 2.24+1.97 2.24(1.65) 2.8242.36 0.97(1.08)  1.388(.499)*
Medial forefoot Sagittal | 8595219 7.18(1.04) 8.00s219  832(1.59) 9.1242.18 B8A13Y)  3410(182)*
relative Frontal  2.66+1.18 1.96(0.68) 2.05+0.87 1.57(0.39) 1.53+0.67 2.57(0.90)  6.160(.004)%
to the midfoot  Trapgverse  0.86£0.85  0.64(0.88) 1.08£1.34  0.31(0.34) 0.85:1.39 0.49(0.47)  0.751(.687)*
. Sagittal ~ 24.59+8.29 26.80(6.53) 26.70+9.05 29.55(1.68) 28.40+5.45 25.65(4.47)  2.797(.247)*
Hallux relative to o
e e g0 Frontal 5754337 424(1435) 4734345 6.78(2.00) 7.98+3.66 4.58(277)  7.117(.028)
Transverse 4.23+3.49  2.50(1.25) 2.49+1.71 1.54(0.94) 1.94+126 3.15(1.84)  5.504(.064)*

* : Nonparametric test. ': Difference between NG and PPG. *: Difference between NG and PCG. * : Difference between PPG and PCG.
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Fig. 2. Ensemble graphs of segmental foot angles by foot type during stance phase
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Fig. 3. Muscle activation patterns by foot type during stance phase
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7] Z57] i HE 7MeHYE S7HIA B Al
22917} 3] #islo] gt BAFAZS ekt Azt

3 Al A2 5o oF 1.2-1.58) Alo] 2 ¥HYsl=

tH(Chiu & Wang, 2007). &3, 23 A] & 8] u}

E FEES ZARE APATe] 2, o5 Yok Wi

i B A oo Ble) A 15ETolA o 2 o dEe B

U AR E7ROAE AT HoE 22 Y3t e EAoR B

THBuldt et al., 2018). & AFoA & Johe AFH W

] B7the] s oA trE et 3-9)3t 20| & Holx] ¢

oo, w9 AR Yoty tixF oz wAE o 2 7HsHd

= 4Z7] SRk Wrketo] A 76 d dEg ey, of

d Xcto] B3 A] WrietEh A 15E5F0f o&ste] AFS A5t
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