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ME
sto]d(high-heeled shoes)2
oA ¥IH3] ZHEE= Al

— d=

Al oj/gdollA LF8E 2 A
BHlolth stold gL WES A
9l A== (plantar flexion) A2 FA|A|7]H, o]o] wtat 6]—
1} B gsto] HSLE st Ebbeling et al.(1994)2

PURPOSE This study aimed to examine how heel height affects patellofemoral and
ankle joint reaction forces during stair ascent, using a musculoskeletal modeling
approach in young adult women. METHODS Twenty healthy young women
performed stair ascent under three heel height conditions (1, 5, and 7 cm). Three-
dimensional kinematic data (200 Hz) and ground reaction force data (1,000 Hz) were
collected. Musculoskeletal modeling was used to estimate patellofemoral and ankle
joint reaction forces. Peak values during early and late stance for compressive and
anterior—posterior components were analyzed. A one-way repeated measures ANOVA
with Bonferroni-adjusted post hoc tests (p<.017) examined differences among
conditions (a=.05). RESULTS Vertical ground reaction forces showed no significant
differences across heel conditions (p>.05). However, patellofemoral joint reaction
forces rose notably with increased heel height. During early stance, compressive
force was approximately 19% higher in the 7 cm condition and 37% higher in the
7 cm condition compared to the 1 cm condition (p<.017). In late stance, anterior—
posterior components increased by 169% in the 7 cm condition (p<.001). Conversely,
ankle compressive forces decreased as heel height increased (p<.001). In contrast,
the anterior-posterior components increased significantly (p<.017). CONCLUSIONS
Increasing heel height when climbing stairs results in higher reaction forces in the
patellofemoral joint and alters ankle joint loading patterns. Although vertical ground
reaction forces stay consistent across various conditions, the anterior-posterior
propulsion component increases with taller heels. This suggests that wearing higher
heels affects joint loading during stair ascent in young women.
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=+ 7% £ZA xHutg
9 A52o] Z7Istal B sith =3 Nguyen et al.(2021)9]
AAH Ed1% 9 HeHEA A= oto]d 2Rgo] 271 YzH7]ofA
55 23 HHES} iyt HHES F7HA7]= A aFo] vkl A5t

5 875 77,
ole & Z 7o} Ao AEsto] &7 E]#E (patellofemoral
joint) Y= Hol5 Z7HA71= F9 7|H oz A= ck(Brechter &
Powers, 2002; Reilly & Martens, 1972). £3] AYt 22 7|(stair
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ascent= BA ol v o F BE F3 AL} AH HHES
855, olof it EAETE Fop T35t ook SUlokE A
02 X% o] QItkBrechter & Powers, 2002). G344 &
&3 AFollA= A LE27] Al 5 23 7% 710l weh S
e J=H A3} = (contact pressure)] HMoloh= 2w B
IEAHWang et al., 2023). =3 Kerrigan et al.(2001)2 o]
= A ZHE Al B8 23 HUEZL S71ett . B askeit)

eI 4] sto]d 2h8-9] A¥AQl P v FHEolrt. A
S22 AS= FHe EERE] L ofF AY A= E WsHA
19, ol #d WY 7148 &40l 9T & 5 AUrh Ad 2=
7] S HEE2 23071004 588 9T £, AT HIF
(anterior—posterior, AP) 3l5 A9 W3} 4 w1 E4o o
FZ WA 7FsAgo] ek T stold 2AoA At 2 27] 3
Al BEFE O] Zgok=s Wi BHES o BAT e Al
Ao AgtH o R HiElo] gty o]t & 1T uf, sjo]d &}
& Al oA T F B s BEL2 994 HEpt JEdes
Aol= F8 IEE W, 25 A= 5] S/ HEIRE]
T3 ofg A FH=E A8otER, £ oAM= S/idEwE Tt
UERES FAHOE Wi o5 548 4614 ohqieh

sto]d 2h8-0] 517 kg A APATE 5 A= Awst
2(ground reaction force)o|t} <=4 W E(net joint moment)
OF 2 QA skF ARE FHOE B o] gk (Ebbeling et al.,
1994; Nguyen et al., 2021). o]&st A= TE 59 7|44 &
TE olsfol= Hl F-&5kATE, AA| IEHA LYot W we
(joint reaction force)2 AH& 0 & HIGsIR| = gi=t} E3] W
o5 L5 s 3A A= AoE BuE o (Herzog
et al., 2003), o]2Ig oA L5FS 1T E4o] Qo) X
& +ZZ4 29 (musculoskeletal modeling)S Sl <+
S F75tal o] & 7|Hte g I RS AET 4 Sl ol A4
H 9o (Delp et al., 2007; Sinclair et al., 2019), °o]& &l &4
W oks2 Hok A 02 Brke 4= Qloh

ESE AT B8 o)A SAEIRE ole-E 2% A+t £
Sl (Brechter & Powers, 2002; Fok et al., 2013), 3}o|& & X
oA A2 o2 & wolof W I vHEE 344 A S §
of ]I BA3 At Al og BiEo] gt} £ A= A
FAFoNA AHEE 7 0] HAE Falste] W2 wHE =2 w7t
219 24 HuT 4 JE=E 1 cm, 5 cm, 7 cm®] 3 0|5 4%
5199t} (Ho et al., 2012; Hsue & Su, 2009).

wEba] 2 Ao HAHE AT A2 oS Yo R AR e
7 =01 cm, 5 cm, 7 cm)9] 5t0] P2 2HE-5t AejollA] Atk 22
7] &<l £ EEE 9 eI B S dEE A REYE B9l
A= d Qloh ES AHeEy) 3 GHEE 3 AAe 2N
a7 =olo] W2 oFA] T 9 9 Y H o5 EA4S TYHLE A
Aotz gtk 2 Aol AE 7 =07t Sl vl SN =T
A B2 371 2108 o gE, UEdd vh ESh  Eolo o
2t Wssk Ao 715t

N

kjss.sports.re.kr

£ Aols AT SHLE 7120 R T 3704 oW stA] & AA
&4 olgo] g, Ak RE27] $=8§0]| o]Fo] gl= A7T Y o4
3] St AR 279 BAIE fote] Al Afo] =7}t
230 mm E= 235 mmSl AR A5kt

AFoAdAte] Wit APL 24.0+1.3 yrs., AFL 160.0+4.4
cm, AF2 53.1+£5.7 kgol Aot BE A= A9 EX3 4t
of tiet FES A 52 F ALFHoE A oo Fo5ile
w, A8 A A 5YAE AEoHAt £ A= P gy g
Y3 (Institutional Review Board, IRB)9] 591 wol ~3=|9]
THIRB No. 1041386202202-HR-15-02).

A g 9 AR

2 AZE P Yoty AZNSAZANA P A o2
7] B2 B4E fiote] 3 BEEY AlA"(Qualisys Oqus 7+,

Sweden)¥} AHEHE =4 7|(FP4060-08; Bertec, OH, USA)E &
7|8Fsto] ARE-oLT). 55t AR o2l A4 7HH|2hE )89
] 200 Hz2 3stalon, Aldee A= 1,000 Hz& $A $3
Shdct.

AL A5HA 2P 671CFE 60 cmx AR 40 cmx&°] 18
cm)E AZoto] AlZtE 39 2R FGsHlon, S doll AHyt
g 24715 WH3AchFig. 1A). AY A SZEA A A A
2 # A (global coordinate system)E AA35I3L L-framed} Wand
£ ol8oto] It A B0l S AAI5HT

A= AAo E&EE= AP 5S 283 & Helen Hayes
marker set& 7|80 & F£8 di55-H 2ol F 34702 WAl ulA

(A)

1cem 5 cm 7 cm

Fig. 1. (A) Three-step staircase with an embedded force plate. (B)
High—heeled shoes used in the experiment (Park et al., 2024)
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Ao AHEH A2 Y ARA] TY HARICRE # =0] 1
cm, 5 cm, 7 cm A2 FASFHHFig. 1B). A 28 A=
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FHE 53 A7 E Qualisys Track Manager (v2020.2,
Qualisys, Sweden)ollAl ¥tAF BFAE QIAl6HaL A5 HlolEHE B
A3t ¥ C3D TR HBsott o] HE A& A2l= MATLAB
(R2021a, MathWorks, USA) 240l 4] OpenSim API(version 4.3,
Stanford University, USA)E 7|HtC.2 =845}t

AHerE 9 255 dlojEl= A ARAE 7|02 Aot
HIAL Q24 WA (right-hand rule)o] Wt AFojstgiod, 4=3]
Ae, e wgro 2 Esfjoiqitt. 4 A8 S e HFe
2, 315 JEL2 IY IFE 7202 AE ¥ wFeE, |
9 JE &S F(HY WFo = Hostqirt.

255 folE &= 44 Butterworth A 953 E (cut-off
frequency: 15 Hz2)E Z-&oto] B&3stgom, AW dlolg
= 44} Butterworth A5 HE(cut-off frequency: 20 Hzo)E
Z-gsto] e Donnelly et al., 2012; Weinhandl et al.,
2013).

AHGE 9] 7] AJEo] 20 N& ZIoh= A8 27| HE(initial
contact) 2.2 FJst¥ o, 20 N o|st= ftaohe= AHE & olg
(toe-of )= AolotArt. B4 72 27] HEHH & olg A|H7}
A& A5kt

TEEA ey

Rajagopal et al.(2016)9] A4l ZZAA ZEE 7|vto2 o4zt
¥ 2ALH-S HAASIYTE Rajagopal RS AZSH AQlo H
Y AEG oA Ao AE BPE, 51X & 7]sts(lower-
extremity muscle geometry)¥ <& %5 AlEH 0] (muscle-
driven simulation)oll F+@0o] 7}Fss 22 AAH Zdolt}, E
gt £ 2d2 25 Z%7ZHknee flexion angle)oll wet FZHE
TH4(tibiofemoral joint) ® &/ ETEY] &538to] 2 HE
Z(parameterized) FAE 0] 9loH, &MTE 53 9 AL 7]

ZH(patellar force transmission mechanism)o| ¥tg=o] qlct
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(Rajagopal et al., 2016).

d&55HInverse Kinematics)2 £33 Id =& AESH &
598 (Inverse Dynamics)< ©]-&dto] #E HHIEE AAbot
t}. o]& Uhlrich et al.(2022)9] custom MATLAB-OpenSim
static optimization pipeline& 7|¥r02 A2 22 3K(Static
Optimization)g& $F5t] 5 2453t 4 HH3}ol A
= 7 AN &5 2= AFE HAslohs &8 AME-
stolom, ol th&t Zo] EAHEHEq. 1).

n
: 2
min -
1 E ;az ...... Eq. 1.

i=1

¥R 18

Oz AR 259 BAHEE Uittt A5 A= IdF
g5lo B HE A&2E W4 RUEES UIESIEE 288 RIS
7|(reserve actuaton)®] & SA° #4354 (Uhlrich et al.,
2022). £ AFolAe B RHE BAXNE Haskelr] Y8 Ha
gto] Hx FE7|E 3l8slyon, O A7 258 23L& Bx
Ste 2o R ASAT. B G pipeline?] Aol wat A
A BEE 8l WS SFA 9] 282 AASt, Y HAE=
coordinate actuators -85t

44 A5} 272 ¥ O 2 OpenSim9) Joint Reaction 241
F3sto] &7l E T 9 dEwE o] #d Wk ArEsigi BE
W e B FAoA A4 doz 28 o8 BT 29l
W 5502 AHoE) Joint Reaction 404 wES child
body®l &-&ot= FO& At child frame 7|22 EHSHY
o}, olo] wtet & itEE Wae iEe] AEote vH 48

W okE o2 A sAsh= dlolli= Algto] Sith & Atol|A] Ak
H SAHETE uhEL olst & g 7veg =EH Aoz
FEHA 9] A FEGES A UEE 2 oflth 4EH ¥
2 AFoE Hststelon, 27] AA7](early stance)?t 7
A A 71(late stance)°ll A 2] H gk =4l AH&SHAAT

54 24
2 AF9 RE AgE FF(mean)T FEFHA(standard
deviation)& AA5IITE 2 AtoA] EA% SERG= A HY
(& 4E9 A1 E A2 Hdigh, A5 &) Als(braking) € F3
(propulsion) Ztgh), E/HETE ¥=(27] XA7] Al 4 4 A
T BE FdgT 37 AR Al A R Jdigh), T v
(&7 AA7] Al =2 E AT = gk 7] A7) Al 23 9
AT &2 HUzho s AFsant A= o2 o £o] 24(1 cm, 5
cm, 7 cm)oll WE W1 ZpolE HFT] floto] RS dUE
A (one-way repeated measures ANOVA)S AAJSH5i Tt

EAREA oA {93t Aol 7 Ut -, AFHS-S Bonferroni
B g A8otglon, BPH FY5eE2 p 01672 Aot
th BAH §YLEL 0=.058 AUt EE B4 £42 SPSS
(version 26, IBM Corp., USA)E Ar&5}o] =343t
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o7 ZAx

A et

F olo] 2 Auutele] Aot i1t | Al] G2 ek o
82 QeHTable 1, Fig. 2). 4 Ame AAch A2

ol F Eolol W o3 Aol7h trehtA] gkeleh(p=.646,

p=.803). A% W3 Xﬂi HNZNA = -2l Zpol= LAl 4%
Hp=.796). ¥HH, AF WgF 271 HdigholA= o =olof W2 |9
gk 2bo] 7k YERHTHp(.001). 5 cm 242 1 cm AR} 9F 15%
=90 7 em RAL 1 cm RARTE OF 27% =2 FHS e

7 cm 2AL 5 cm RARG BFH o0& oF 10% Eo, o] Ao
BAH 02 fol5HA] F%rHp=.051).

o

L

f

<7l EEE b

F ol Wsl] M LGB N g3t B vhe 2
EHTable 2, Fig. 3). 271 A417] Q4% ¥H=jel 4 & olof B 4]
7 2jol7} UERAtHpC.001). 5 cm Z8:E 1 cm 241} oF 19%

23S Yo, 7 em 2L 1 cm RAERY 9F 37% =2 3
—i UeEbdch £33 7 cm AL 5 cm 2AETE 9F 14% £ 3

3

0

27 AA7] A%
(p=.005). 7 cm AL
H(p=.015), 5 cm 272

Az E 893 2po]7} Lrebtth
cm AR 9F 11% £ 32 UEde
2 A3 8-9]5F x}o|E Ho|z] kolt}

B
Ly
1

371 AA7] AT A8 HAFNAE {3t Zpo|7F ettt
(p<.001). 5 cm 2712 1 cm AR 9F 81% =2 3 UEHC
M, 7 cm 202 1 ecm AR oF 169% =2 2 UEHch E3t

F2E 5 cm 27ETE 9F 48% =& 12 HEMHTHp=.000).

7 cm

¥ o] ¥gl wE YEHHo H@Oﬂ st A3t ok
(Table 2, Fig. 4). 7] AA]7] 4= wrelolA] & =olol| W& §
Z}o] 7k YEFFTtHp<.001). A4S 734—]-, 5cm Y
cm RABT Fol5HA F 3HE B9 oM (p=.003), 7 cm
cm RAEGE -oJ5H] Wok

371 AA7] &5 AT 93 2po]7t Ve THp.001;
Table 2). AFEAZ A1}, 7 cm 2AL 1 cm AR SoJ5HA 2o
S Y o™ (p=.002), 5 cm 242 1 cm 243} §-0J3t AJo]S
Holz] okotrt.

27] AA7] AF A2 HAgolXE F Eolo] T2 f-25t Afo]
7} YeRtHp<.001; Table 2). AAEHS 23k 7 cm iﬁ% 1 cm

S

Uebith(p=.005). 25 em 2ART {FofoH 2 #E HERH2H(p=.001), 5 cm®}
Table 1. Peak ground reaction forces (GRF) during stair ascent under different heel height conditions (Mean+SD)
Variable Heel 1 cm Heel 5 cm Heel 7 cm p partial 7
1* peak vertical GRF (BW) 1.09+0.04 1.09+0.06 1.09+0.05 .646 .023
2" peak vertical GRF(BW) 1.13+0.08 1.13£0.13 1.14+0.16 .803 011
Peak braking GRF (BW) -0.11+0.02 -0.11+0.03 -0.11+0.02 796 .012
Peak propulsion GRF (BW) 0.08+0.02 0.09+0.02 0.10+0.02 <.001 532
p values represent main effects from one-way repeated-measures ANOVA.
(A) (B)
Early stance phase | Late stance phase 1
Heel 1cm
12 1 015 1 Heel 5cm
| | Heel 7cm
il I ~ 01 I
I 3 I
Sl ] L 005 1
% 08 - % X
& osl ! E or
T | 2 |
= 0al 1 % 005 1
> " 1 2 1
| S o1 |
0.2 1 Heel 1cm < 1
1 Heel 5cm 015 1
0 | Heel 7cm ’ Braking phase ,  Propuisive phase

40 60 80 100
Time (% stance)

20

40 60 80 100
Time (% stance)

20

Fig. 2. Mean ground reaction force (GRF) during stair ascent under three heel height conditions (1 cm, 5 cm, and 7 cm). (A) Vertical GRF and (B)
anterior—posterior GRF across the stance phase; shaded areas represent standard deviation
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Table 2. Peak internal joint reaction forces during stair ascent under different heel height conditions (Mean+SD)
Joint Variable Heel 1 cm Heel 5 cm Heel 7 cm P partial 7
Early compressive (BW) 1.67+0.53 1.99+0.50 2.28+0.57 <.001 577
Pateugfznoml Early AP (BW) 6.98+1.39 7.23+0.96 7.74+0.92 005 242
! Late AP (BW) 0.58+0.31 1.06+0.82 1.56+0.87 <.001 .537
Early compressive (BW) 3.48+0.71 2.50+0.43 2.17+0.28 <.001 726
o Late compressive (BW) 6.57+0.71 6.08+0.96 5.72+0.99 <.001 887
Ankle joint
Early AP (BW) 0.41+0.31 0.50+0.24 0.69+0.21 <.001 449
Late AP (BW) -0.93+0.48 -0.03+0.38 0.39+0.25 .001 319

Early and late refer to peak values during the acceptance and propulsion phases, respectively. Compressive indicates joint compressive
force; AP indicates anterior-posterior component. p values represent main effects from one-way repeated-measures ANOVA.

(A) Early stance phase (Compressive)
35| [—F— Heel 1cm
== Heel 5cm
3l —&§— Heel 7cm

251

Compressive PF joint loading (BW)
N

*
05}
Heel 1cm Heel 5cm Heel 7cm
(B) Early stance phase (AP) © Late stance phase (AP)

~§— Heel 1cm a5k —&— Heel 1cm
_ 10 F | —g— Heel 5cm 7| | === Heel 5cm
% —&— Heel 7cm g 3| |=—@—Heel 7cm
5 5 257
g g
= 8r = 2r
= =
8, 9
w w 15
a 7t [
8 5 1t
> g
8 6f 8 05f i
g g L L
< L | A‘c;) oFf l l
% st g * *
c
< * é 05F | I |

4 - A+ *
Heel 1cm Heel 5cm Heel 7cm Heel 1cm Heel 5cm Heel 7cm

Fig. 3. Patellofemoral joint reaction forces under heel height conditions (1 cm, 5 cm, and 7 cm). (A) Early stance compressive component, (B)
early stance anterior-posterior (AP) component, and (C) late stance AP component. Data are presented as mean and standard deviation. *
indicates significant differences in post hoc comparisons with Bonferroni correction (p{.017)
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Early stance phase (Compressive)

51 [—F—Heel 1em

—f— Heel 5cm

45 | | == Heel Tcm
*

ES

|

]
(5]
T

nN
—a—

Compressive ankle joint loading (BW)
w

o
T

-
T

Heel 1cm Heel 5cm Heel 7cm

Late stance phase (Compressive)

85f =—@— Heel 1cm

Heel 5cm

| |—@— Heel 7cm

45

Compressive ankle joint loading (BW)
[=2]

35

Early stance phase (AP)

+ Heel 1cm
S 127 ~—— Heel 5cm
o —§— Heel 7cm
(=
£
=]
@
2 08
=
2
o 06
X
c
S o4t
e
g
2 T
o
S of *
2 1 |
< I
< .02F +

Heel 1cm Heel Scm Heel 7cm

Late stance phase (AP)

| |—8— Heel 1cm
—&— Heel 5cm
1| | =@—Heel 7cm

|

B |

*

(+) anterior

o

*

2 *
(-) posterior

Anterior-Posterior ankle joint loading (BW)

Fig. 4. Ankle joint reaction forces under heel height conditions (1 cm, 5 cm, and 7 cm). (A) Early stance compressive component, (B) early stance
anterior-posterior (AP) component, (C) late stance compressive component, and (D) late stance AP component. Data are presented as
mean and standard deviation. * indicates significant differences in post hoc comparisons with Bonferroni correction (p{.017)

1 cm 274 7ol {3t Ao 7h vrehbA] ekottt.

F71 AA7] A% A& JAGNAE 593 o) 7k Hetetth(p=
.001; Table 2). AF&AZS A3, 5ecm ¥ 7 cm 242 1 cm 27E
ot 898H &2 7S JEFRoH(p<.001), 7 cm 2AE 5 cm £
ABTE |§Ol5HA =9t tHFig. 4).

= o
—_

B Q7L AR THE F ol 20N AT 027] 54 A 27
g % Uy o vsk: 2247 ZdRe 5o BA5d
ok F Eol7t 7Kgl ket A EwE wEo] F7K Zolei
hde pudos AXsglon, Wakd v B3 2719 4
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A

HollA 271 7k Aol BTt
= =017k S7Iekel whet #7ﬂtﬂﬂ‘*ﬂ 4= B2 folsHA $71
}cﬂ‘:}- 27 AAZ1A4 5 ecm @ 7 cm 242 1 cm 24 oY) Z+
ok 19% 9 37% =2 @< Uetile, 7 Z27AL5cm 24
EWE oA &SIt AT 2 =27] FA "ézl HaJof vlsf o &
B85 23 459 Ad HHEES g4oks IAE HiEo] 9lom
(Brechter & Powers, 2002), °]&{3t 7|44 8 7= &/itiEl3Hd ot
g S7ket WXotA HAH). 3 ofo|d 2E Al 7] JZ7]olA
BE 23 #HEV} 5718 = Eil(Nguyen et al., 2021)E o =
o] F7I7F HEAET 5 875 WS 7Hs3E AlARRITH &0
HETE vHE2 28 F3 L9 qEAFED o] oAt o
AA =D 2(Reilly & Martens, 1972), ¥ A7o4 T2H 4= &
S7te ol=gt 9akH 7143 d3tE= AR ofj4E 4 ok

>

o

[¢]
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AAZINA B& & "It BEE
81%, 7 cm 272 °F 169% =2 3t

1
™, 7 cm Z:Zi% 5 cm 2AEGE {9 OVﬂ =3 A
/\

Z715H= A7 2 E_LEloi O (Brechter & Powers, 2002), =
Folo] wat SIHHETE §H o] Ae e 47 #s BEE
o} ot 2 Aol A AXE A B JE2 S0 18" =4
AN A e WS ZF YFo R Hofgt o R, o]E ofF
A AL W3 ots Y $71= AH st Hloll= Algto] Sitk. &
gt ol a2 52 9=lo] A%HE WA W9 JROE, 55| o
EARRE 9 S7l7del Qs dA¥sks do] w4 HEA A M5
FOoE BPEHA HHHoR FA Yephd 5= Qlrt 7|E AFtolA
= B3(Ho et al,, 2012)°4 Ak He]71(Xue et al., 2025) Aol
Al & =0] S7toll T2 e/ S of5 7P Hare | 9loH,
£ AFNME FARE 55 571 Aol BREEUH. 2 s A
L287] AgolA AR #7he FHEske] EA5%lon, 5] 3
TFEoA A e AR F7HE Felskirhs dollA T A
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