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L A&

1. 974 Hl73

Ge7l= AdHEA 9 FEFAA gl EREs
™ (Horvais & Samozino, 2013), &%3}9} 584 glod
& o Ao G F Ak glol T d4A dsE
AoIA M UFAHA Ax=F FIo. ey FAd
de7= BE AEYAE WA oE FAA ek
wEolth. & AAZE Beld "WolFurl tA] FEshe
gl Fa= W FERH AT 2-3 ¥ FAYS
W=7} (Cavanagh & Lafortune, 1980). ojwje =74
Hjst ZoluAt sk 7]Ado] i obA] EFollA LA sk,
sz A 548 7R Ed ddxdEe] 7144

AdAE A B wrsketa, el o] Agehs v
A5 UAg A3

AW gAY 2
k)

& Lafortune, 1980).

Ak olgl ol FIES XFSE oy FolA TIAstE
FTAS St AAE BHISPEAMAE &% Al HQE
7NERE HE W FXAACE vt HAAR Est #d
A7 AFE 27]elE 1979 HExE At Ay
9t (invisible full length air)S AE£3JW Yo|7| S 5=
Z2749 (impact force) 2 HE AAES HITs o Lo
3y (pronation) & HLEF S FH= Fx A

AF7} o] Fo] Hth(Nigg & Segesser, 1978). o= ¢ o}x
A2, & Ao FstE f% Ay 2F B fAplo]

: SE= ke



FrE e A% TP A, 3L,
5& o 24 sl Falel AEHel gth(oe

5}741 ot %v‘i'— sk T 0] 23] 3F#] 9 AR RS
Z7WA)17]1 21 (Kulmala et al., 2018), AldF 0] HEz} AL
fES el esly F4 #wH s =Y

= F4o] A7]¥+= 5 (Lieberman et al.,, 2010) A9
I Agke] el A= AR o] st AAR

=
kel @3t 7= mdoﬂ‘: IR l-?_/bl EIREH
: e

XNk oox Lo
2
T
z
2
o

= oo ¥ N

o] ol vsiA BT FA]dely & =3 VSRS
Qs s 4 3 ks dErlelA Ex =
Uetye wjid F2=9] 79% ool ¥AbEC R QId A
Zr2 HALS Ql= Ao 7 YERY (Ferber et al., 2009; Tom
F. Novacheck, 1998). T3 dnlQlo] opd 1o FH-& %
o AAs RS APk LYE AFE4 AFolx 75%
7hgol kAo #HEHE A S TEe AL jlow olF
A ojAlo] FE ol AHFlol ofddA A, & T4
Z AAE A} (Teixeira et al., 2016).
= A7Ee FSdsE fst TlsA Aol =7
oA Ao 22 53 HEAAeke] HAe st
dtetA Ry E ek Ag Fx2el oyA] An| e
et AF7F tHEARD 7 Fx AAY] HHow
=4 a7 AAEHAHNigg et al., 2000). 574
LTH = s Ak AHAZFS 44
| (running economy) @} Fost=d|, g o]lzmZx=wH|7}
oA Qe dyA AREo] Stopx T
1 HJA 22 F Adss dulskr] wEel #d
=AY FAEY HEIWAE YEde gxd
#+31th (Barnes & Kilding, 2019). H|<=3F Htj
AZF(VO2max) & Ad AHE FAE ApoloME 8Y
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olZ:m7t 30%7+A Zfol7b & Sl o]
Efold <, T¥ske AW, the] dojet
Q¢ Qo Ao osirx 7]Qldto] HEH T (Barnes &
Kilding, 2019).

o] ~x= 7|YdEo] AFEe] HEWMAE Ho=g7] 93
theket Wow  golHdsE AHAsta 8Y olmwvE
SAste A7E AEFoY, ARs 9 HRe| AvolaE

v o 724 54 Wt g olmwv|el wX= FFS
)31 (Nigg et al.,, 2020), 2017do] SojAfoF th& HA
go]d kel vlastoe] 4% o] Y olikmlE &% Hol7]
AL dbmk Zefol” Al Alg=rt O BRE Fost FEoR
dAd e 4= 9l (Bermon, 2021; Hoogkamer et al., 2018).
ot Fepole FXYE s Tl 7HE A EdolEg
okof ofojw &S SF+= zoom air pods7t & EFH o
AT (NIKE, 2020). = FA== dde=z 543
HEEg WHdEe AYUE HEOCRE ZEE ESYS Ald

A AEES FIE B vHE s e AvEy

7N 711 €]

A =75t

o 1

1

67 7SS EEE & v Y A9
Z 5 9t (Hoogkamer et al., 2018). o] E|Z o] 7|A7}
k5! nlg} &= SR A 9= A Zx=7AE ‘breaking

ZRAE FAAA w]FAAoIXNt AFow miEtE
EIZRNA 2412 o] 7SS U AYE Bt AEE
do]d stz FAIE AL vRAl 2 9SS B FA] Aol n]r
S AEFeA iR AL AgEel sd ARs
A3 Y (Hunter, 2017).

out Eetole FHoE ol wETF v HA Ts

4

T =35 d9AIT AAISSAY (World Athletics, WA) ©]
ST A]lete R EZEolE 4 Alsh W HAa 47 Lol
A

AA Aol ] ) o F-TE 2xstE AYE Ago] Al

T4 S 2020d 2€9 1Yo wEdHEA dY =dS
Aty 9t (WA, 2020a, 2020b; o5z, 2020). ¥
TRAEE Eg fdE NMEE TFR 1AF dHolANIFE
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AR A9 Aol AAAw 9y FxA SAL s

AA Fel A = gl FTl el AT
o] -

7 Ae An FA A Asg 5 e 39

dg ggqow BAde AA 7

3. 97 714

1

2)

T sgo] FdstE AwE A F3 A T3 g o]
9 (Forefoot strike, Midfoot strike) &% 5% Zlolt}
T Fgo] FdistE AES A £ A 54 QA
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A A2k, g X A gHko] EA) A
B AdEE AAsHE 1 i, 7 oo =
or= G7F(flight phase or swing phase, 2~<%7]) %} 3ghito]
7‘]“&% A A &k= TZF(stance phase, TIE7])o] E£EAfstT}
71l de7i2 dojzd W& ZA| (touch—down, TD) 2}
5}‘31 g 7]elA oAl 272 dold & o] A (take—off,
O)gt stoh. 7] AdbRes o7t wAEA F4E
5 dt}7F  (absorption phase, &57]) FHPHol o]ojH
2971 fs FA FAol AW gtew yrtof

oL

{

%

3t} (propulsion  phase, F%17]). F217]9

ZA A} (anterior pelvic tilt) & AAES UFROFE  T]Eo|E=
ZA (lean  forward) & 3tH  Fx17]e] A Huk

AAsk dAuk ¢ wsko g dkElA Hr) AV|E=E g7z AA
B3P 50% ol dolAnt, dejr]& olnt A4 Forw wE
Az T A4S ST T7E oAl HEgkste] QFo 2 folrtof
gttt o] & flal & #ES F7lel oF 45 & b W=
" o7E,  FA7) el o+ 25 T2 HAY(T. F.
Novacheck, 1998). 3 £%7} F7FstdAl d@717F A%
FrotAW F71= FrotAdA FE& @ wel A Ha o]e] wet
4 EUJE A= IA Srken Bl 7z wsks)
HubE o] A7 & EEHE HHE B8 Ao o AAbsto]
ol FEeA HE7b FTEEel wel te7]
F7 SAdA BTV BE B STFekA Rk
#Hdo A5, s FE St ¥ Ed SUMHEE

=/ A

6 JA! g ‘:,3' L



] AX H3} 33 F I Aol o AX= S B,
o= F A] &Ato] WA= H 9 T & Wd B 7B
o 2ol = Itz A 4 Qv (Arampatzis et al., 1999;

Melaro et al., 2021).
ho] e &S wo] "ojX|= "2 (Strike Pattern) <=
ool ymx AAZ A= FAEH dRlo] Hw o]
A71¢} A3t (loading rate, LR)> 3 A] ¥ = gl
2 Z4(stress fracture) ¥} #F#Ho] Zlt}(Futrell et al.,
2019).) T3 A] o] A= WAE 27| Aol ¥
A webA e dERT WA ge gk
A~ Eglo]F (rearfoot strike, RFS), x|} whHEo] FA o
g= n=3E AEfo] I (midfoot strike, MFS), 2&E-o] HA
Y= Y o|3E AEZLo]d (forefoot strike, FFS) 3o 2 =
UTH SFA9] QItl, A F5E HH7E] Aol wHA
NUAE At FHHA = o] UAE ‘{%5}1 =4 9]
o]

()
N o
ofN
jubad
mlo
_>i
o
j&
HU
=)
w
¥0
Fr
J
(oL
_31

Az
sbdel s A, ok TxE So| Aud ﬂ%ﬂ !

>2_
T
rﬂ
ox

o
o =] A7FeFo] Er] uwiFel] Zb Al oﬂLﬂZH 35%
olAFS WHEdF 4= 9t} (Perl et al., 2012). FFS+ oFZoj

Awntyo]l shs] FHogM ofduEAs W wihEE Y=
kg w3 BEHEES fEete] FXOoE ANEE £ itk
o]Fol Qo] HE FAECA Q7IE Fa oy o] WA
A9 (plantar fascia)©l #FetE = & AL, dute 94
Z% 2] (plantar connective tissue)®] A&Z# Q1 H3E Fo] A

,\
0
o

Q
c
)
=
g
o)
o)
=

o 2
=222+ (plantar fasciitis) & EEH??-_} T ATk
al., 2013). Adeo=z ¢ tis4<l
dkA el F A3} (conventional cushioning shoes)E 4l
= FAE T 75% 7FEO] RFS dglo® des Zlow
et (Addison & Lieberman, 2015). ©] #jgle] Fo)&
AL Y7 2716 52 A wbdeo] F3Ex|e 7hasl A WA

ooz
I

=
=3
=
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o}x] 9] W3} (deformation) 9} &S F48 &4 7|H1& A&E
T 7] wZell impact peaks WA A ZItH(de Almeida et al.,
2015). Ao ZE FL& Fro EY3E  impact peak:
loading rate (LR) #t& ol=t ol thekst =44 HAHE:
T4 AdEo] lsol dEA AHH(A. R, Altman & 1. S.
Davis, 2012). o|xd AEztola geo] oz Qs Z}7]

T T A8l EAE o+ glor Y Ao AVY
SR S5, A Fol g3 s W

—Z
T, E!—1—»')_!__ %:]%’ - - o ©° -

At} (Perl et al., 2012).

PN
T

ftlo

Failure toleranced 342l Aol A&x= FF9
AEHAE HWET ol uAFHE kol ofyzh, Alzte]l ot
A9 JrLErt S7HESE Yopd 5 qlth &4
Z1del mep 246 sxtdow AgH F Favp S22
WA 7= 34 &4 (acute  injury, traumatic injury) ¥
Ao WEAow  TleAE Febrb @A 7= T
&4t (overuse injury, chronic injury) &2 FEECh w2
STNA BAA dAStE TG, =1HEQl & FokE Q13|
ACL 3¥E& Z%‘% A5 v el sdEA, dEvle
Exlo]_ﬂ],]_ x%o % o g_g]_;q 0}01,]. leoﬂ H]-Ex%o]
FHE Vtete o R = HAA717] 4t (Tom F.
Novacheck, 1998). #3l7} Zdsk HlE= QAo 7}sixH
I ~EHAE 2Eete w9 FHAE 7 e Aty
Hk-g-o]  fukxlo]  failure tolerance’} F7FE 4 douy
21719 A8 2ol Fahrtb el A= RET AUAA w=&
Ae Ao uFof o8& 238 failure tolerance’} 7431

AEY A7) failure toleranceE WOlA = £37ko] wAYSHA

8 JA! g ‘:,3' L



A}

2.2 AA 7te|A = Fa)

A= W, A, collagenous tissue(Ad], 7, IF), soft
tissue, <HOo® FAE Qv wFs HARJIG o 574

5Y, FY 53 02 g my Tzt §49 5 oA
$49 5 ES DaFE #a9 AF Y FAHE
FHHoz ;o Arke Holth A T 2he] L
A #EH s $EA J15oR uHth WA FEA

=

£
linke} 59 F2 7S AFs] 79, <52 #8374 7o
$49e  SUANL AF(cartilage) & MO articular
surfaces® Y1 =6 # A}o]9 functional connections

Agetel wpEES Hispslhe €S stal FeE W
[e)

=5
=
AgE s, HE

1, 239 (tensile
load) & ALEA7l= 9SS stoy. AxZA (soft tissue)
e 9% sttt 584 7les st

24921 ZS(muscle) > FAYS W7, dF
locomotor system= <FH43A 71t} (Nigg & Segesser, 1978).

npe QA Y 22Ut EdEE 49E Eshed

T = i
2EAAZ E0A RRE AU Eshe A9, 37170
AH A% 2450 vpuyAY s F9s B ol
SgEch ek 3 s gE 9L A% dud oo
F9 A WS ARaE e Ag Faspl uwdl

©
e
sy
e
L



3t} (Flanagan, 2016; Nigg & Segesser, 1978). ©]7]A]
B33 body (A AA EE A Z+ @4 A=
AR oz Aot} BodyE oJ9A Fst=Alo uwket

Fote] FR7F deAl=H, dE S0 bodysE A AAR
gelg 4§ A A AEAE ¥t A, 27 Agom
A W, Awd gEe B wel wgs:
Hhdbe (AR e) A7z ZE ¢ Q= ¥E, bodyE
oA A o] #d#HE AF FA A TtEAl= Foke

Z (calcaneus)®l 9= ofd# A 719 7AAoA] HAsH=

213 soft tissue FFE whEr= ISk 3 oAy
<59 FaRAOA EAstE F, A AAY FAR

o of mot oy
;z
o

oJ& 4 gt}

3 A] human bodydl IF}E = FY= UF
Qoo g7 E X BHO Aol o] T FA AA YA
A, SR Aol (EAE), FA Fol Ao 9F
QQlog:= wFH, o] urol Q= ¥ AR #EH
AldE So] Qlt}(Jang, 2005).

2.3 2e7let ¥dE ¥

il

GEl7|2 Qs &4o] WAskeE Fole A Aol ot
oF7ke]l zfol7F QAIRE, 70-80%7F & olstolH, olF F&
%@01 25-30%% 7% e H&S A I Lo w

=420%), Aol FH(shin splint) (15%),
%ﬁ (stress fracture) (15%), SAL29(10%)

*o‘ol %5} A A E o ® HaE vl gtk (Walter et al.,

22l 5 #4d &4 5 Ay Al 42 S7idE
Til(patellofemoral pain syndrome), 85 ¥ &4

a2 JJ]r £ £ 9lA Y (popliteal tendinitis), W3 J&E’:‘

%
Ao o#wt A (pes anserinus bursitis), W= ‘E'}%JL
10 p 2-T] [S1 ey
| =



&4, W B S E9ddol vk (Fredericson &
Bergman, 1999). &£7/l1UE FT%7°] dsoddE 7 &3
&0 g F29 HEE=(runner’ s knee)oldty EHIEW, T E
wdol == vte] & A (Jang, 2005). 7<)
> FE HEH g5 4 T P £ Sl FE B4
& F FHAR Esith. AAEddE Fd(tensor fascia
latae) ¥ e O ZHE A &E o] FAfolm o] mpgE Al

gerdy’ s tubercleo] 9Z4x+=4dH), o] Q= FEL F g
g2 944 9%ow o%an $Ee TRIYW HKow

o] F3tHA 7ol (tibia, shin bone, shank bone)? 2=

wAds HHgsTt. dEl= AAFolA AAEQJdE diE=
91573} (epicondyle of femur) $& vI18{A| % wpEsh=
Hgo] HEstA RiEEW dFo] dAsT 75 HHY =5
A7t g Ages AAQdds o5 diE=9%e vpEo] ¢
Zo] H“ﬂﬁﬂﬁ FAJNES 47l ok Tk AEs 9

4 ¢ S (adduction) ol = F9)slo} 3t} (Baker et al.,

2011). Oé‘%’ #del AN YHlERtg HS gForE L

Ay ZAxsd gdozw Urpr] g8 we oz 3ojof

st olme] =S SW FH o] WASA ZHA A

BAAY7E &4 4 QU
3

A7yo]l %< (shin splint, A¥&H)S AG7 Lo At
7o)l 2+ SHEHE 55 43S EA = fojoltr. AA9]

oo s wHol el AFstdAM FEel heiA=
O =

2012). T3St 7o) wol HAd w¥Po] AW HA WAL &
WL F2 T AW e AW P Fd(foot
flexors) & AAZ HFEdHA AFEE A dASG g2 34>
kAol g EE, W (pelvis), A7Folw,  Follm (W],
fibula)soll Ast AW wbdbe o] whEAQl HUglow
el vebtb= tiEAQl BARE FAelth ool T4 9
A71E Fold = A2V L5k o]Fo)Aq ). (Miller 1978,
Cavanagh and Lafortune 1980, Zapdoor and Nikooyan 2011,

! 2 0 8

A= shzo] ol u fGA HAE A ¥k (Loudon & Reiman,



Horvais & Samozino, 2013)

ol A~ A4 (achilles tendinitis) & H =X 7F S04 uj
&%) AstE FAolnt opdY A AT oF 10 Hj g
SIZMA = Ak = Q1o A (talus) ¥ = (calcaneus)
Atole] FAqlel &l 3ol of Ay A ol AYA 2 A5
ezt e 5 Qv

A ek (plantar  fascitis) < FHw X9k vige] F59]
HAste] B3l Al oJHEE Shske Aotk SA TR
olAE AT wutge] vjeEd FRER FAAA] A
soluA Hed, Enbee] yAlSEe] F5Este] olg st
Ao Aok, e AR A IRV RS
WA 7lso]l "olAH HAZLue] AEHATVE JhefA| 1

nA g, 4S5 Tol @Add. w4 A Askel ®H3A
9,

O

st e = glon, s B, BN 1w, west

A, FHEAe @& ol THeliAE A, #AIW SOl
Helo] #}(Jang, 2005).

vkl g7 Al EFol WAske A5 Bed, T

A AR7F QA o= FEolA Fst AEHAE Wi

v s gugt. g4 oz F50] 2= Foole A

A 2591 Bl FE(peroneals)©] EH], HFZL F1E 9

= wet e SF=eA BAstn vk ®HI 4

Al AR=ZI A HASdEe B Ee 2E 259

< sto] FolA s AAHHA FASES sy 2HA] A

3|l (pronation) b ol BastA DA H=d], o]

Hl & 29o] $£=3to] W (inversion) EZto] wE dHE

A7t BAA] GEE HEgth webs o e, de

ot MH N N gt o 2 O ok o% N oxt T o\

T L ool uf o 2 opE 12 N 0 2 X0 o

T35 o] Z5%o] ¥ @ d& @lof 7] uwEel mietE
o} & AAY F F vl= FHFo] TakA wAgEt
of EAste AF=Zod FA=IY Ae 959
TR gl Aekdole), 2W (eversion) A E
d& z=th (Joe Ellis, 2002).

12 Ak



3. A 22 AlEFolA

3.1 &9

%
[olf

149

Computer—aided engineering (CAE) ool 7tz
o= QA R VEE #E FrolA #Eske uF el
sk AAE 95 & U EFEA g Ve 28
AA 9 ooe] oA A HAe ERE T A4 TVles
ZEA AL Qo] &EetAl wdstal gtk A= FoloAk
ADAMS, SIMM, Dynamic Pipeline, SD/FAST, AnyBody &
et 2ZEdolE AMgste] A EE st w9
A AE g stk Jeong, 2012).

AA FF FERE HYGsts AAYGEd ndS FAEH]

JNEZC] 93] ddd w((PFa)E JAFe=w

e
rO
2

= 7H stell 2RJAE-"A do] AbgHTh
OFZ QA= 206 el wek =HAe] A 24, BYE

A=Hl ols BT AgeA wbgske JAREE

ol
il
s
S

A= AelA AAd AFLEE 2t BHE
127} gtk o]9 3§t trade—offE welste] Fald <l
AAGuAF ZF oA oy Ayabge] W

ol RIS AP ow, HAA+=  Information

OV T2 A AN A e

o mot o

o

4 o My du ko g oox RO ozl

lo o fob e o

OfN

technology—Computer graphics and 1image processing—
Humanoid animation (H—Anim)g}l= o]&9 I F3d

o g weElds Xafsta (A E7] et al., 2007).

13 Ao '_. 1_]|



neck (3 DOF)

skull

shoulder (3 DOF)

’F/ elbow (1 DOF)

thoracic

upper-arm

sacroiliac (3 DOF)

wrist (3 DOF)
1

hand

hip (3 DOF)

kniee (1 DOF)

upper-leg (thigh)

lower-leg (shank)

ankle (3 DOF)

foot

2007)

, ZQE (HE7] etal,

QA w4 ]

a3 1.

o

—

e}
I
.Z_O

Ho
o

—

0
X

~

of

N

ﬂo
N

).

=
=

A% (Degree of Freedom, DOF)

af

—
T

jointo] T}, o7

revolute

o

afj

1 3 A+E2 spherical

9

_('34

Arte] gold=

;O.._
ao

nl

|

p—

N

p—

<4

joint (&—

T Ala¥loz 7}

o]

5k v (Forward

I3

k.
[
=

W (Inverse  Dynamics) ©]
A <

=&
S =

oJ
==

Dynamics) #}

TU

5}

o '|::
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degst sla B Take QA AlEdelde IS =
A g A, o] dER A8 dAY T

3
AlaEold sh= WRol

il

S o= &l AREAE A s
At T2E 7heA FES 259 TS vE gotop
AA e} o] FH4eH A|Ago] Hgsh A Azte] wE A&
FgolA B Aol oA olmHow FEelst Wy
ol-gg AL AT 5T sAS FHIGEEF Fe IH
HAE g WsA7IEA 54 AYed AxR AT 54

gdrE HAsE A7l #HE Aol Al (optimum  control
problem) 2 FAAX=d ol FHZF Aol FA9 HFLEE
wAS Al wel FA4sHA Frbstth. mebA A E5E e
Aol A A mEe] IS =7 2d il o

B VSRS AR ST,

A AL AA B4 dold W SgFE A
wEo] dlAe 9§ Y Awsl = olF Fa wa
N

(joint reaction force) % WH T HE (reaction
moment) WE ksl 807 Aildn. dntgo
A B2

S = =) o P~ F
ZotelA Eels gaE S

ol

of

3 oy Fdd s 7

8] (muscle force) S AAFa] o}

e f w
ol 3% od

%ELLE E‘{l:/a}\u“l— - —H =
2 7 2E ASE 2% deld 2% 9 ddst gow
HEET AT oAwst BAeE A= HHoE
$58 Fadtn AgeE 1 BAFSel oe 2§ Q9
zgol vEA AEdvs AMEE vEer oy sl
G BARSE Aol 74 Aeel 28 Pgks s

15 &



3.2 AnyBody Modeling System (AMS)

AnyBody modeling system (AMS) A3 E o] (AnyBody
Technology, Aalborg, Denmark)+ <44 AlEdolA
ERA dF5Yst BAS 7HIO R Sl 424 dA e

s At zEIaFelth o] ZRIH AAEY

g

T2 ARl AW whgy e oy HYRE st
SLEAS XS A 2d d{MS B 7 4, Add9
=2y AA wkdty ) 28 3 5 A UEY Uy s
F7438 4 9th(Chen et al.,, 2014) (18 2). AnyBody+ 314
welg ol AL TLEMsafe EU projectE £3)] 4-& 7}dnlo)
AA w25, el 59 "eolg AE TLEM 2.1 (TLEMsafe,
2018) 5 7|Wto g2 dl= T AA A dHoly AH 7|Whe
A sk AR d-S A F3)

AMS 9] A dolg g w2 a7 39 YEeEYSith &
AFNM= B AH AIAHS B3] F3F< AdA9 A<
HolEE di1, AMS AXEolE &83le] #Ho EFe
2o 7zt BEo) oA WS AASEETE o]ojA AMS U
AArd gojrggel 9Fdd A4S T T EHo
FA Al EH5E 259 392 =AY

16 &
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* Motion
* Loadingon model
boundary conditions
— Measured forces

L

Muscles : foroes,

activity, power
Joints : reactionforoes,

angles

“Body Model
Library

Bones, Joints, Muscles, Ligaments

19 2. AnyBody Modeling System (AMS)¢] %<8} 3jj4]
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Markers' 3D Anthropometric
coordinates GRF data parameters

1

Markers’ Labeling

l

o Joint
Fultenng.and gap moment/power
filling computation
Reconstruction of
additional Cig:r Sfam)anss
anatomical points P

Spatio-temporal
Angle computation parameters
computation

18 3. AMS HlolE Az WAl £An

3.3  AF Ak
AMS oA A3 7153 AnyBody model repositoryell
A Ee mde] st HIol FAEHUL HET: WHS
AA in—vivoZE AA el & F4 FHE Ads ¢ A4
Hhre S SAsle] A glo]g el AlE#HoA AFRE
= A 7 A H}eH v} <4 % (electromyography,
EMG) AAE &3 48455 A3 Hg3d Woe=w
vtk (Jeong, 2012).

T

1) In—vivo: Intradiscal pressure
ceret oA HE L4LS Aol Haa dHe AR
755]?_?_} 7€ A7 Ay (Wilke et al, 1999)

MSo| A 2 F&2S AdafiA L4/L5 #4829 whdE (joint

18 ;ﬁ . t” 431- i



reaction force) & A4t AT HwE T3 B A5

Al =3} (Rasmussen et al., 2009)

2) In—vivo : 949 ¥4 vy wlw

Cadaveric dataset TLEM 2.0& 7|RFS. 2 sfi= 3F# EHE ]
Ass A8l Ads 228 & dsix & 54 FA7
T QY oY #EE e AHA 549 d9 #-
Wbk AMSOlA oS5g g9 #dE vy s
H] W 3} tF (Manders et al., 2008).

3) EMG : &t 259 <84 %

AMSE o] &3 st# Zdlol Alg#eold A3 ASE 4@
EE "y Fo 8/ IS5 EMGE FFeta duk
BaAl o] rdlo] o =3 &A= 9} vl th(de Zee et al.,
2007; Wibawa et al., 2013).

4, Ao ﬂ%ﬁ'(Anatomy)

A AW Aole] A Auel BF FF AF 5

Awe] s pzE AR Y5 B4 FAES, X
AAEHe ggetn Atk FAEFY AATHe ARl
AR w-e] Au, % xd Ve AL sF Tz

el Ao ddo] lth (2 s ahdista, 2004).

4.1 A (outsole)
koA A s FEE 2% (outsole) ol #F shH,

= ©
ul-+/de] %2 Poly vinyl chloride (PVC), 7FH il &8 o]
Ethylene Vinyl Acetate (EVA), W7ol =1 +F

Fo GAATIL FARE 2olm P FEi Aol

19 ___:rx | _k:i_ -I_-]i



FAE AZAE F247F It (Luximon, 2013).

4.2  =ZF(midsole)

9} WA Alolef] A3 F A (midsole) >  AlEke
7 A9l Ao (motion control) 75 ©Wdl=H)
o7 AAHET. T3 Al FAA|wit} AF] oF

ol

_1

2=-3 e & werw, o FAS Fstil gl ol
gell & A5T F UEH IFHS AFaes Zol 7
gelvt. 4 FFE dAd THS w2 dF4S
ZbAokst=Hl bFAdel S5 Alofs] oldw wAdS
o1d & uh. W $FY 4540l FAEeTs A
gk Fug A9 AE IhesAl et
o] B gk E=
T =

=3 EVA, Polyurethane (PU)
T 7EA e wEel A5

EVALE 7PHI ghglo] glof iA%OJ Hd3 e A
ARgEOl gith PUE ZE A 33 Zio] e"dect
AbEEo] gta, Hdstel® AR HEd EVARUY st
Yol sley &4 55 7leS 23ttt (Mills, 2007). PU=
%2 $o EVART v whe] o] Hefor Fofer, i
5719 QTS AA o} EVA Xuh F3vksE whdo] 9tk
a#H 4R A= EVA %S PUR WA EVAZL
FJHHE S B3| E dta, FFoe duda WA S
A&l PUE Argsta, dAFoe wd4d3 AZF3sE 98
EVAE AMEsH % st & Add X AdeA 2AE
wgtato] oFf-& Hghsity,

it

1_

3 o
Lol 7] Alel 4] 7H‘:‘a‘§l o’ 7F Aot b= ¥71E PU
a9 FHE  &ds] F9AA A Fsirh TheiAE
AAXHA =5 ste] 19709t @A 7 FAl#el &4
T 2R SEIAR, G0l HolqM = F2H o]

ol lar, FAldl 7] FAse] BE)

S
rr

20 H ‘~ 1]|



i o] =1 7} e A 4237t
H R O (Frederick et al.,, 1983; Frederick, 1984)
2 FTF A Hy 71eAd ®Bue i 23S
AAEIL ATk ofA A ALY A Al kR FEE
ol AgEs VlEo=wE d A IAHES
¥ Aol ¥4 F4 a¥E Folv I EVA:
'JU} Hol7leM e H2 T8 w3 s =l

Eelol=E ABH A% AUz A%HoE

ofN
oM b

d

1o

=

Al
}

i
- o‘l_

rh: OH 5,
N
N
o,
[o

N

E]'(ClgOJa et al., 2019; Subramanium et al., 2021).

g9 HEWAE RSl wAn:

7}4 234 (Hoogkamer et al., 2018) &<+ oA A, Fvl =

Al = FALSE Agrb gdekAl W E AL gl

4.3 <& (Innersole)

N AR WYl weAlE dal TR PR

N
=

o my 30
[0 ro 2 &

o3
o MM & e oL g

sbet wak Qg AlolelA wEsA A

B g
0

tR

ot
TE AL 571719 98k oo 2
] /f%‘é@fli 271 witel] deo ukep 2o
oAl F-iEs AHESA AAFAY, 7
2 AT A Tle=s & A
= =qEde S5+ AFE dEe

2

LA

o
;
r
4

%

ot oft w2 N
_>|i

In

10 o

[40

2

oX,

il

_1

2013). =] wet kel F9H ALsk HE, 7
A=, e 2R obX F&

wAsta, 4 Fvh ded Fad
PE (Polyethylene) &4 5= A8t A& 5 F4

55T opE w8 FHF A=E ol

21 J’—-! k

of @ Asizt WAl W ool BAN pe

Xl
& 2=
ULZ o]

EVA

] 18l
uf] 3} 17
o] &=
a3=
tpe

Fe Ao P4 ek 3w 4 WP W53

27 2}

4 A AT7h @l e|Tojdth weAlt EA

o]
5] %

o} A 9}
A o]
HhE] 2,
2ot
179l

Q1< (orthopaedic footwear insole) S A3t} (Luximon,

= O

o =



ofd# 2~ 9 wFo] Qs wf WEEA Y FYZEES thA
B 73t} (Asplund & Brown, 2005). o]#3t HAAGS Fx
AAZY T Tles IAH/AAREA H7EsH] e FodE
£4 4ol n=A FAHUAEAE A (Lullini et al.,

2020).

o’}

4.4 %}+9] (upper)

LS5H9E Wi e AAY RERE 3 nIse
A Frh Adol= JF yEz " A Yo

=
Sold ARY AAN e FAW O FH1 4E% A9
shol wzrelo] WAL A7)k ok gAA Zepa
o] AAEH Aol FolA 917)7h Bt 1l

S 7
A 3D s hEEY AAHS v AARE 7P
717 2w G wskel Aw AdEel & A8s
Akl M 5715 WiEste] Axd AHE FAAA Fa
s Tt ws MEsH sk Wl Ees Trh B4

FHE flal thFde] Alte] vydE T WA AAE

%]
Ag 7SS et ARgEd. A Hae F2 A4
d= dHel wE s #dHol F4 F4E S sk
2 (negative  work)S  HlmwsleE  AF7t o] Fo|X 1
o

2 tH(Subramanium et al., 2021).

4.5 A= (Last)

AZold A Az WHe ouelis FAle] Awe] ks
JuigE @l Auel 2y PR 233 PRy we
WA FAALE, dEdow Uz ge Aaw

]

oln® Eolil IAE TR ZAF wole = & A

=
Wjolel sttt ThE Az W &8 AFE P e Agd
glo] 3 zzZtow W e 7Hu S AEste] AA Wi

22 ] 8- r]



A

Mr
o

X
M
=<
=
ol

M
i.

K

ol
~~

olm

N\
Njo
ol
o

st

oF7]

%
A

o

He
ol
!
oF
o)

-

ol
—~

s
N]

ol

F=d 2 3719

=

A
1oh 8140l weba o

=

o d o

)

o] (E) wheh EFH7b thep

s
Sl

&

01/\

SRS

wheh

A7 o

#ak5o] o

=& Al# (neutral, straight) =

T

(e]

j
a1

Z}

WA 29174

o]

s

tﬂ’

=°l 7]

l

& 5EolN TER Tt Wol Fojx

—FO
= A

T
ZARER S

i
SRRE!

)

vkow

SRR
A=

o2]
=

Al LEQ 75
Shodl =

A A

©
=

%y

PN
T

At} (Luximon, 2013).
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5. Aldke] B4

T Al Hd olFZxmE HA s flal Al T RpRlofA
I1HE= LAaRE AW BA(shoe  weight), <T%
2~ A (midsole material), #w 7 (heel thickness), T &
7443 (longitudinal bending stiffness) 5©¢] T+ (Nigg et al.,
2020).

oot

o
—

A 57

o] BAlE Al S EA AR #ANA A AFE
Q4 o]t} Frederick A1to] 100ge] 7PHHA o vl

AHAE 1% 7FE CddA #ER a3k vt
tt(Franz et al., 2012; Frederick, 1984). Franz= 100 g
1% 7v=e] olyA oAb A3 a3s W F39 A
T O7HA Aol A BF A Fstste], W e Ag
100 g= & AA] FAteiA F7HA12 winttt 0.92% 2]
Ak Fgol Ae- 100g B 1.19%7 e A3 avrt
U FrHHer 2 d¥E ol WdEG
Alell 3=4%9] A d3F axnrt s EAth
7 &rs AN, WdRTteE FASE 24
Ao o]Eo] 9SS Bt (Franz et al., 2012).
ko] v 24 AR 2 ozl @&
. b Avkol At Sl AFEEY 90 g7t
gZefolo A 2 o]lFZxw] BH A o]5S Bt
Barnes & Kilding, 2019) A% & 4 SQlxo] Ao
5740l F3F TIFe mA= TdEe oYt

FA g getA of Famel Bk (Nigg et al., 2020).

O I )

o,

S

re o oY b

Ly e

a
X
rlr

u

H
—‘rg—l
Eope o M

S
sy

ik

S 412 T o2 0 2 N > 30 o g N ot WE e ok
2 5 Mo e

KON o x|

N
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5.2 % &A

T8 Al Az 2-389 ¥t sbE| A wo| AW ol
= Alke] W3 (deformation)©] HAstY HsH7F Alebx]A
oAl gl EFoer  Foferh o] W TS Fahrt
Ay = w2 ®1E dUAE AFste] $4& S8t o]
BA oA oJAx e <£24(energy loss ¥ hysterisis) 9]
WA E=d, Ay A EAE AlQlstal vl RESekE ®HA

A e} 7] WAL vlES oA wFE(energy
return)elgl stm o] glo] E4F ¢ olFwm] #HF A
-2 3t} (Nigg et al., 2000; Nigg et al., 2020).

Ao AFEEHE =3 249 compliance, resilience
EAS A%sstr] A8 Sx9 ¥ AdstA Ao Thest
ME-F SAHRE 7715 A 3 ASH
FEHo stFS Theke B T dolo WEo] dojiuh=
4% (compliance) &+ dts& AAFSE wW ©A YA}
3ty = A X (resilience) & Bluste] ofyx] w3k s
ARkt 7hH - Aupola FEFstE Y 90 g 7 T 4ot
ool o] AbA A F el ] Wkth= Barnes et al9] Aol A
outZetol o] YA dxk ane] olfE WeetA urdl A
ol oy, 39 compliance?l resilience A2 o] o]z
oA kA QT EE HWE 7 e Ae 79 dde
T} (Barnes & Kilding, 2019).

Hds ZAdom Fdzb ARgsied EVA  AAEG
oflvx] wrsk Zro]l =i, 1.1% 7}k AbA ARFo] driu
o % (Frederick et al.,, 1983; Worobets et al., 2014)

TPE (thermoplastic elastomer), TPU (thermoplastic
polyurethane) & 97}2A =3¢~ E (thermoplastic) A< 2]
2AEel  FHT AR FFe] A= AR Qi

oftjtirol =  3}g  FAF BASFS #Ha|A  ETPU
(Expanded TPU)E #2 F&sglste] EZ FAE A9
=2 A ol7]%= 3  ‘BOOST foam’ & B3 17 (Anders,

25 MqE ek



2015), Hol7lelAd= AR ZWsEEo 7P oyA
Hkgto] =t}al 4 e X thermoplastic elastomer (TPE) A4 9]
Pebax elastomer (Arkema, 2021) = Vaporfly Alure] F3
2Ael71% 8 “Zoom X foam' & st 5 ZF FAMErTH

o] £ 2SS A%t oA HkEkS Eolux} shglt).

5.3 w T8 22

#+ Nike Vaporfly 4% 9} =1
7 (heel thickness)7} w-%- F7% E&Fs il e,
ol F/E Al FE Fd A AHwg g3 HF
A ZF(ground contact time) = E#A XA - A7 A
=271 ety £x7F Zebgte]l wel F3 Al o
A g FrolA Al Hed, dRbdo®E HE A
dojx| oA wEgko] TJhegh gigbo]  Wolx|= o] F o]
NS AA Ay AT (Nigg et al, 2020)7F o]=dt
gaple] st FAE AAET 28y 5 FAE QLG
T/ 4 e AF AR 6-13 ms FE1d o] ARt
W7 oA Higke] oW VjHo®w JIFS vHAE
g gatx] ¢th(Barnes & Kilding, 2019). FE3F o= wFghe
x7] T4 GAldA AZE= G5 AR b 9Ag A7)
Hups Farsl kg A7) AAAdel frolafof sttt oA
b2 T3 F7] U AAEsk =xbe)] o]Fojxof stk AW
ol fOwr] FY 15% o= oF7F  FXlo]
o] FolX| A ¢ki= AIZIE WEEES] ¥ wlw|gk xlolm, g
28o] 300 ms oWl d& e wW AAsk ouyA wEgk
Fo4E 2-4 Hz Jolv 12 Hz 7199 ol=e) sdats
T dUyA = HigkEo]E F3)9 z
o] ¥t} (Nigg et al., 2000). o]& o]+
kS 9sh T W AATE wA=
27| % sttt (Barnes & Kilding, 2019).

Aol B35 (heel height) ¥} ¢ =9] (forefoot height) 2
’ et e

o (T
i dpe ot

O‘J.Ou Hu 1%
rO

S
f
Flo
=2
Ars
D



z2folE @ Z Al (heel—to—toe drop, offset)o]z} &=t
exAlel g7l HHy A" F Qe A¥ AFE0]
9tk (Horvais & Samozino, 2013). ¥ S48 2T Ao]
Hastd gk S 7 AE vyd A (minimalist
shoe, minimal shoe)°]2} H3stth(Hamill et al., 2011).
Paquette] oA @id Q3 Alo] wjg o myy Al
FAS} A7HA 2dox FAe] AR QD A7 53 (habitual
over—ground running)< AAEe]  YEyE 574
H 3} (acute change) S wvlwe] ¥ Az vy Atz widd
T3 A FFS #jglo] @o] wAsth(Paquette et al.,
2013). ol Wk Fgo|v} T4 FF 7ol AL HyE
Adbol FakE slolw RESE AFetal o] ofx Wy &
impact attenuation®] =& o7 AFg38 4= 91+ FFS €S
AestA Rk ZeA vEd AdE 4T F

9l tH(Chen et al., 2019).

5.4 A2 w3 Z+A (Longitudinal bending stiffness, LBS)

¥} 72 =g o] E (Carbon plate)

kel B4 T T AR w¥ A (longitudinal
bending stiffness, LBS) & #H4 ol37xr|2 #AHAJE F
Qo7 o], 23 3} 7)ol A = Q38H
AFH Ao (Willwacher et al., 2014). <dutZglolo] =%
Atolell f1Agh = FEje] 7HE FHolE= LBSE %9 24
olZwrE FHAIIE THE T2 AAE FE, WAV dxst
kel A AME M FHIEE & I ol ARESHE
= A8k QITH(WA, 2020Db).

72 ZdolEx 2000 ol Aupo]lAsiel 2 @&
Ak A (flat sole) ol HFo= AL AASHA
T2 LBS #e A=z X4 FA] QS HlILs
A3 LBS #Hwol F7igkel weteld 0-3% 7FEF A<l
N ATk (Stefanyshyn & Fusco, 2004). 7] 7k &d|o]

97 ,»{-.! _u::l_ 1



Abgstel LBS #HEE 2¥e Mg & 532 MT
74 (metatarsal—phalangeal joint) 2] #3lo] Zo]Eo0]Ax] F3
=2 FAxol L FAAe #AoA EAEE oUA S
Zo]7] 9JgoldtH(Roy & Stefanyshyn, 2006). Tl 7]efA
MTP ##dLe 25 3 (dorsiflexion) Z&YS  hwA
oUXAE F38ta, ©o|X|(Take—off) @A7HA] A& s
was FASH] wWitel St AUAE HEEe ool =9
Aok, W Zof] F3 Al BASE oux] &4S wA ] 93
LBS d¥e 27 o= Z=d 248 @39t (Ortega et al.,
2021).

St Ve =8 =do] NS wel 7HE EYo]E= AF9
Hd  olxZem] el ARl AAHH AAF oY, FHZ
ATFoME 7hE EZFolES #& LBS #H wto=w ¥y
olZxulo Y& F+ Aol ofyetar Lstrh(L. A. Healey &
W. Hoogkamer, 2021). Healey 29 <& w=2w wo]y
Egtole] 7ML ZHOlEVE v FRE VIEE 69 Adsto
LBS #d¥s& w53 vjust 43, 2E Aol MTP 34 9
w9 24 S5 59 397 SRR oy oAl ZxdollA
Hd olFZxwl= fFYF Aolzk gllw ol ES o

2 LBS®E <l&] "AFFoA e MTP #4 9]

AH = AyuAds Eol= 71zl AA 44

oz J

o

o2
ofk
S
2
2

5 o= g A F5E
At Day® d7elde v LBSE Y oliwmE
Hlwsl2 A3 Fx27A 52 LBS/F £2 #AE orYsla,

s, 78 FEvth 4283 LBSw vE
ATkl el (Day & Hahn, 2020), Nigg et al®] oA+
Hd  olzxm e fsiAE Aol shube] SARE
WA = Qb L, AL JHE EEOE, FAR W T2
odg] EAo] Toyx WA= ‘teeter—totter’ &IV} Y
dTFS FASAolgy F=TH (L. A. Healey & W.
Hoogkamer, 2021; Nigg et al., 2020). ©o] a¥+= X4

W] Aol W ARZeo|EZ wel #7179

. ek

T



Al o] A (take—off) Al 7kA] Ao R o]FdE A
datsd, o Ao AW by o FHEXe] 7R
ZHo]ESt FAl whtE S s "vh dAE =49
54% FAY ste AgHo] kelM  "HejA= &3t
A Ay RbgEgo]  Fxol  Hgd A A A,
HuAlebs A A6, FHolzhe Add UFe

2kg-sk 4= Qlt}. Sissler?] Aol A 7}
ZEAAe  adE oY T4

HA~EgtH(Sissler & Giandolini, 2019). I A3} 9]
Rl = Adst FE9] 7k EHolES AS AyHow
ZARbE o] duk o]lgd ol WE 6% 7FFe HEHA

A ee A5

Do
W9

e

B Zyo|EQ]
[e)
o

& ex
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1L a7 o3
%5 99 AT FolAr 2aFRA AWe 7S Aol
Qom wafol= 260, 270, 280 mm Abele] AFH A<l

[e] }\O
GAolth, 2 AT diE dbklojARE, Aldte] wE
THH &% ost4 WHstE FAetnat kR = 7 R st
olai =7t Sl FAVE FQsle, £dEFEYd FA
Ao 2 1% 9™ (Stearne et al.,, 2014) o|& AAst=
7 #H 370E oldlel wis FHA 13, 5 km oY I
Jojob abr, 10 km wheHE 46 & o|Ul 9] &2 7]5F9]
E% shautebEo|vy EwpetE b Ao oF =
(¥ 1]. 2] FE7F A48 Ao s == gole
7] £ }01 AT FoIAE2 HH=F(low—arched foot)
Q=F(high—arched foot)o] ofd “g7FZQl e I
=z FE AHARS Z8ste] MG T, ool FA H T
}O] HWold wAde HEYg o & ZARE e ¥e 59
P2 Wl zpol7h HAE A J_Eﬂﬁ}ﬂ AEE g =®
FoAch dolel st oA hAbEE *71‘—-3 ApA1 9] Aol
5= wAlsH7] 98] W 20-35 A9 HAFOoR JdHTS
Agtetdey. FAxE, 7IE k= %%Xﬁh Aol bl A
A 2] 3F A T

—_

3

;O

RGO

Eﬁrloéi"éjlud‘ﬁl}i

.

o

Mo fo mk XNt = ooX ¥ o)
J

o ot ol
ol

I 1. dFFAze] EAT 10km, stZ A, EF 4049 PB
ol e A= IOkm-PB 3} -PB s .
N o4 7] [em] k] [min] [min] +-PB [min]
A 44.54+3.56  102.00£8.2 228.75+24.8
gA 5 22~33 17746 7347 (1=5) 7 (1=3) 1 (n=2)

nean+ standard devi ati on
B = personal best :
0 8-t



RE S ALYy Axx= ok AYA yo A=
Ed =4 (force—plate instrumented treadmill, Bertec
Corporation, Columbus, OH)olA XLt} E =
s F71e] A §HE 7] (force plate) R+ 1000 Hz
(1000 frame/sec)Z o] ¥-& we] 35 AW $g v} RdE
e A4 SAsko Ad T3 A Forie] Ed ol
tinlste] Fojxt= shdlA EAZAXE ZE-sH
AT, BE %84 (kinematic) HlolE & 12919 A elA
FietE AFg3e] 200 Hz (200 frame/sec)® 3319 F&
2 Al 2~" (Optitrack Primel3, NaturalPoint Inc., Oregon,
United States)= &3l FHHAT. AAl 784 HTnt=
Al F 50 7He) FE mpATE FREHGOW, o] F o]
HtAE AlgJeta AMS EE o] AFE-H = plug—in gait P}
TrEES w2l 36 He vV ARSEHAT(IE 4, E 2).
BE AlAEE Optitrack unified software platform (Motive
2.3.0, NaturalPoint Inc., Oregon, United States) 2 ©]& 3}
=74 Ao %7]3}(synchronization) ¥ 31t}

L
o
{rt

n &) 8t i



TAKE FIvE
@ ]

2. 017 RA QIR

°lFs | & 91 A
C7 7 A (70 | 7A A o] 7}A]E7](Spinous Process
Cervical Vertebrae) | of the 7" cervical vertebrae)
T10 104 S 10" | 101 A 5w 2] 7FA]E7](Spinous Process
Thoracic Vertebrae) | of the 10" thoracic vertebrae)
CLAV | 2} (Clavicle) ol ThEmel vhis o] Hgl
(Notch where the clavicle meets the sternum)
STRN | 7}<5 1 (Sternum) b5 E9] ZHs7](Xiphoid process of
the Sternum)
=RE 59 LASI A% ok | 1% 9]k W 7FA] (Placed directly over
7FAl(Left Anterior | the left anterior superior iliac spine)
Superior Iliac
Spine)
RASI | e85 U9 | 2%

F <k J i 7FA] (Placed  directly




i 7FAl (Right
Anterior  Superior
Iliac Spine)

over the right anterior superior iliac spine)

LPSI A% g | g 15 F I 7FA] (Placed directly over
7FAl(Left Posterior | the left posterior superior iliac spine)
Superior Iliac
Spine)

RPSI SEZE HAIY | L2& AHASI M7 (Placed directly
HH 7FAl(Right | over the right anterior superior iliac spine)
Posterior  Superior
Iliac Spine)

4 w9l |LKNE | 9% Y ELen | AF woam®e 4= gaag/]
knee) (Lateral epicondyle of the left femur)

LTHI | 9% &)W A (Left | £ 8% AR 23 9+ 929 3
thigh) W] 7} H (Lower lateral surface of left

thigh lower than right side)

LTIB | g% Adm(Left | L5 BHRY =5 W2 91219 7}
tibia) % Fola] 73w (Lower lateral shank of

left tibia lower than right side)

LANK | 91%  9E(Left | 2AW 23 23 wis 9% /)%
ankle) A} (Left lateral malleolus in line with the

transmalleolar axis)

LTOE | ¢1% ASHP(Left | T5% 24790 sigse d% 2
toe) o 2wl ke Ew  wI](Left 2

metatarsal head, mid-foot side of equinus
break)

LMTS | 1% sy 8] | 4% o] sulx) ez o (Left
o] ] (Left 5t | 5th metatarsal head, mid-foot side of equinus
metatarsal) break)

LHEE | 9% g X|(Left | 27be vir]el 2 polo] €% whin
heel) | i (Left calcaneous at the same height as

the toe marker)

RKNE | © 2% FS(Right | £ 2% Huiawo] o= A3dg7]
knee) (Lateral epicondyle of the right knee)

RTH | o2& o594 | 9% Bant 22 %o AAe o9
(Right thigh) ] 7} H (Lower lateral surface of right

thigh higher than left side)

RTB | 0 £%  A4W | 9% Paut 24 we 9449 1%
(Right tibia) ZFolg] A 73w (Lower lateral shank of left

tibia higher than left side)

RANK | 225 W Right | 34 53} %o} whife 085 /1%
ankle) = A} (Right lateral malleolus in line with

the transmalleolar axis)

RIOE | 925 A%y | #5% 2479 d359c oex
(Right toe) aho] owlA s el ™ e|(Right 2

metatarsal head, mid-foot side of equinus
break)

RMTS | @ &% sux )| e &8% o] six Isjgjw v

512w v 2] (Right

(Right 5th metatarsal head, mid-foot side of

33




5" metatarsal)

equinus break)

RUEE | o£%  Wix | Wi vAst 22 ¥ol9 ook o
(Right heel) 75 %] ¥ (Right calcaneous at the same height
as the toe marker)
LSHO | 1% AZN(Left | 1%  Aedl=  FHE(Left  Acromio-
shoulder) clavicular joint)
LELB | 915 Z=A|(Left | 92 ZwA FolA 715 AadE7]
elbow) (Placed on left lateral epicondyle
approximating elbow joint axis)
LUPA | 915 e(Left | 92 Zwmx] vwi7le} o7 w7 A}o]
upper arm) T OEE A BERTE =4 5
(Placed between left elbow and shoulder
markers, higher than right side)
LFRA | 915 He(Left | 92 &5 vpr|el FwA] vp7| Ao
forearm) T SEE A BE Hus A F
Z1“*(Placed between left wrist and elbow
markers, lower than right side)
LWRA | €12 &8 A(Left | 9% &5 A WaH(Thumb side of
Wrist A) left wrist)
LWRB | 9% &4 B(left | 9% &&59 4% Wk Pinkie side of left
Wrist B) wrist)
LFIN | 1% E7bef(Left | 9% &5oA FHA &38] 79
fingers) HF2 o}z F-9J(Dorsum on left hand, just
below head of second metacarpa)
RSHO | 2 2% oj7j(Right | £ 2% &= F4d(Right Acromio-
shoulder) clavicular joint)
RELB | @ 8%  #wA | L8%F ZuA FoA 715 fads
(Right elbow) 7](Placed on right lateral epicondyle
approximating elbow joint axis)
RUPA | @ 8% AF¢kRight | L EF T35 A WA el o7 WA Alo]
upper arm) T 9% A EHEve @A BF
(Placed between right elbow and shoulder
markers, lower than left side)
RFRA | 0 €% A9Right | 285 &5 w1719 2HA w17 Afo]
forearm) T YF A +4 BHue =4 53
(Placed between right wrist and elbow
markers, higher than left side)
RWRA | o=z £E | L8 =59 4% WEK(Thumb side of
A(Right Wrist A) right wrist)
RWRB | o=z £E | L8 &5 4] HE(Pinkie side of
B(Right Wrist B) right wrist)
RFIN | 285 &/l | oe% 2edA THuA &sg vg
(Right fingers) o] vlZ o}g] -9 (Dorsum on right hand,

just below head of second metacarpal)

AT FAAES vEEY WAES FP3H7] 94
HetEe  AJARN(KS5, COSMED inc.,, USA)©]

34
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AbgEIGlom, w A 2 54 Afole A oAt
tALA 3 AEE ZYEE st7] 9@ B (Garmin inc.,
USA)E  AFg3talth. ® Z8midh Ak ARS(V02),
ojAbstetA AAAZF(VCO2), =4 7] (ventilation, VE),
3% w3E[RER) A& 3t 35 7 (expired gas)
ARl Aukrrt 7IF5EAT. S AFEE Ee e
232 oo =it 29 5].

(a) Optitrack Prime13
NaturalPointInc., USA

1.3 MP
: 240 FPS

Resolution
Frame Rate

b Instrumented treadmill
( ) Bertec inc., USA

Total walking surface 1.75 x 1 (m)

Acceleration : 0~ 25 m/s?

Speed range : 0~ 24 km/hr.

Inclination range  : + 15 degree ( = 27%)

Max load range :Fx, Fy- 2,500 N/ Fz- 5,000 N

Heart Rate monitor
Garmin inc., USA

(©)

Diameter :29.85 (mm)
Height :9.5 (mm)
Mass : 5g (sensor) + 15.5g (strap)

connectivity : Bluetooth or ANT*
Sampling rate 60 Hz

9 5. Aol ALE

d %4

K5 Wearable metabolic

(d) system
COSMED inc., USA

Size 174 x 111 x 64 (mm?®)

Mass :800g(including battery)

connectivity  :Bluetooth or ANT*

Sampling mode: BxB or MIX (selected)

=}

=
o

ulef 3

9/]

s

5 9

ol

O3 =1 =1 —
= ‘--H “1[ T



. (a) optical 3D motion capture system, (b) treadmill, (c¢) heartrate sensor,

and (d) indirect calorimetry system

2.2  AnyBody Modeling System (AMS)

o dTeAE SEAAE EddE] 9%k AMS
A X E Qo] (AMS software ver. 7.3.x; AnyBody Technology,
Aalborg, Denmark) & AFE3FETH AMSo A AFER7F &l A o]
228 o wirh AR A 2RdEs vEs 42 w9

A 1A
g4 FA & O 4o wek &8 JhssteE QA
A3} A*o] E3E AnyBody Managed Model Repository
(AMMR) #olBelg]S Attt AMMR o] B2 2] (ver.
2.3.2)e Wdd HAA &
FullBody model) 3 uj
ZEA ARE /\;q]o,—%
Efed AH ]JY, F
AOYHE WA XP(ﬁO
913 c3d #A HelHE AMS

Feta Algrel z9HE AolEE AXx

=2 X9 (Plug—in—gait, Simple,
Q1A RAS A Fojzlel 7],

_{}4 OJ:‘ _O|L

HolE+= T2 73 g g 24 ujy) WHEE AEHEE
aAGE Bl Seluslell UFE A0 oud nde

7
Hestd o (2d 7). B 63 /He sty RAy 834
Mol +55 7HA A 1o, 5% EP&2 contractile element
(CE), parallel elastic element (PE), serial elastic element
(SE)E E¢st= 3—-84 9 B9 Hill-type) <5 Eda
AHE3EA T (Zajac, 1989). AMSOA 7 50| 83t 32
olef 9] t}d &A= (polynomial objective function) G7}
HANE wHetes AALEAT. 74 H4 g CNS9
<% F9(muscle recruitment) S KM HAETE]
AL (muscle activity) 2 9& F3ds= & ZFow

Cids g
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M) (M)
™

(re)= ).

1714 pE 3¢ 4 (power number), fM = 7} =8 3

n®™ = AA L5 JfFE K

$] A9 Aok %A (constraint condition) < o}z 9} #Zt}.

Cf =d, where f = [f®, fM]

0<f™ <N, ief,., nt}

C + <5 39 A4 Y4 (coefficient matrix), d =
Algdold w wAstE 2y WE, M) = 2% 3 B =
4 v (joint reaction force), % AL 8o oA
G A Jhsetthe AE vlsta N = 25 Ho
=49 3 (strength)& 53t}

37 e
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v 7l = (parameter) & o 7|8, S & w7 W4 2 (parameter
identification) A& 93] AH&H = w79 A4 FRE gt 7}
ARG = B A AAES YER = shabivr EAsed], 7t

wako 2 A3} on/off(weight factor = 10/weight factor = 1)l w&} z2+z+
S A s e AT 95 olE A E o olf R o=yl & #4
Holl 1AE v i) 54, wiol] 1A g v F9] d=wia

HEEL Ao}, oA slatgs o5 ods ¥4 AFEEE AW
Whe S Seatm b Al Z(Center of pressure, COP)Z

A FYs 247 AaHe Aw

e E
- e I:H
[ oy rir
4o >
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e
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2.3 Ao AFEE Alukyp A EA]

"{JO] FHetal, Bl =717F gle #old st
5t FFE5 A A3 Th NikeAle] Air zoom
alpha—fly next% (AF, 210 g Ale]= 270 7)) &+ A= ol
FAAS = s dold3t AsicsAFe] SORTIEMAGIC RP5
(MIN, 160 g Ate]l= 270 719 H T4 5T o= dxd
=2 #4d3 AdidasAle UltraBoost20 (CON, 310 g
Atol= 270 71 & vlasklr [ 710 Aol AEE
Alako]l A= xlo]= 270 7]Fo|w, AF$} MINo] 50 g,
CON¥ MIN©] 150 g =Fol7}F Woh T3k @ AL AFE}
MINS 7% 247} 4 mm, 5 mm= ®w% Z9ka, CON9 7
10 mmz A8 o=z =94t}

Nike Asics Adidas
Air zoom a-fly next% SORTIEMAGIC RP5 UltraBoost 20

- . \
Y, =
- —
—
Weight : 210g Weight : 160g Weight : 310g
Offset : 4mm (heel: 39 mm/ Offset : 5Smm (heel: 10mm/ Offset : 10mm (heel: 22 mm/
forefoot: 35 mm) ) forefoot: 10 mm) forefoot: 12 mm)
Midsole : Zoom x foam (TPE), M]d5°|e : Solyte (custom Boost midsole : Boost foam
Carbon plate material, half the weight of EVA) (ETPU, encapsulation)
Minimal shoes Conventional Running
Alphafly Shoes (AF) (MIN) shoes (CON)

Aol AREHE Aol =43
A



System, Bucheon, Korea) & A}g3slod Htoj sF% 1000 N,
50 mm/minZ 1%l HAZH(Toe) 2} T4 (Heel ol

ek ol= g AEES ZHZF 33 gt 1Y g, .

Es

=
PN
T

=
i E
Z]
=

l % 2 &)



Toe Heel

—
—

Load [kKN]

08 08
//
06 06
04 04
.'/,-'I
02 A/ 02
»J-’/
P
0 by 0
0 5 10 15 00 5 10 15 20
Displacement [mm] Displacement [mm]
AF FICON JIMIN
a4 9. 4 & 2 v HAEE ASFEDSY SR Age A

FHol A 71719 actuator7} &2 ol= 9F 2t
A9 (upper) 7} ol 3 B4 JFHo] AEHA YEF
#y FEg AAs L HAESSIT ZF Al el 3

W3 A (force—deformation curve)S ©o]&3to] X3
7}hsk 71l A Yol ddEte oAuA, F 4=
x| e} FatsE AATFASE Wl Hhs= HHE o9

=
stz olux], = &4 olyA 9 gk FElA A 9L grst
o84 oA (mechanical energy)& AAbste] 1 H| &=
wx qkgk ks FEPd[ad 9, 3% 3 st AdyFo=
HHE g A5 71¥ AF7F CON, MINef| #]3jA]
1.08 Hi, 1.15 wi & £Skth LBSE A% Ao =4
?l MTP ¥4 (metatarsal—phalangeal joint) H%=

JAl AT microcomputer control scaffold fastener

ol
ofl
> I

B N2l
% 4o N T

testing machine (ETM series D—type, Ji' nan Euro Test
Equipment, Shandong, China)< AFg3ste] Hof HAH 100

mm, 5% 50 mm/minCE FTZHE FHoldA FHu 734 o

41 ; ;|
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T3k o 71% 33" w3 HAEE AA|ste] ST 1H
8, 1. A¥x o7 LBSt AF7F CON, MINe| njsf z+z}
2.20 W, 3.07 WA =7 vtk ESE Asker durometer
Type C(KOBUNSHI KEIKI CO, Kyoto, Japan) & A}g3}¢]
Ak Fe] AEE 4%t 43 CONol Asker C—430%
7H F=eglal, MINo] Asker C—54= 7Fg wesitt
Ao AEEE A 54 24 HAEES JAys 435
S&stH ool [ 3] #rt.

F 3 A Aol B4 HAE A3

Al (Weight) = R | =% 7d == (Hardness) =8
Ig] T (Heel (Offset) A A (midsole 7274 (LBS)
thickness)  [mm] material) [N/mm]
[mm]
AF 210 39 4 TPE C45 34.4
CON 310 22 10 ETPU C43 15.6
MIN 160 10 5 Solyte C54 11.2
Azr A=y AR FER FER ¥R
4= ] 9= 4= ] 9=
NI (Toe A (Toe RHEB(Toe  oNHA|(Toe A (Toe HEEH(Heel
compression elastic energy compression elastic energy
energy) [J] energy) [J] return)[%] energy)[J] energy) [J] return)[%]
AF 7.57 6.71 88.65 7.68 6.75 87.95
CON 3.52 2.88 81.84 5.71 4.70 82.21
MIN 2.48 1.90 76.92 3.56 2.62 73.72

LBS, Longitudinal bending stiffness
AF, Nike Zoom Alphafly next%
CON, Adidas UltraBoost 20

MIN, Asics SOLTIEMAGIC RP5

42 q L- | 8l 3y
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1. Attachment of reflective markers, HR
sensor

!

2. Warmup & Familiarization
(3-4 min)

1

3. Attachment of K5

!

4. Measurement

N ———
Recovery criteria
Rest |+ RQ=0708
B (20 min) + VO, <10miminkg

«  HR<50% HR

I i

_ Running velocity
Runpmg 1min:25m/s
experiment | 1min : 2.9 m/
(10 min) ml.n. 9m/s
8min:33m/s

x 3 trials at 3 shoe conditions

(randomized order)

v

5. Equipmentrelease
& Short interview
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ATFoAxEL Aale] Fg npAE F2st $ Tksel 35
TUHHS 93 A4 (Garmin inc.,, USA)E {23 A=
EY=d Yo 3-4 EEFS 25 m/s9 FEE E9Y W
Efedy mA A" A3 Aks 7R 99 F
ATFoARE=L dogE dEEy AA"ET HAE 2719
S #Zgsk & A AZE FF 7hNks] A Q& “Hﬂ(static)

T

FoAg A7

it
_{
s
38
R

WO gl Wl wEA 21 A
22, 7 A e &85
3 8 4 At} (Ferris et al., 1999). 3.3
AT FAx7E 10 B4 38 &<k Ak A
FA7F &4 JHl(steady state) o] ZEEEIEE,
Haverty et al®] A7 olA S4¥ 200 d74sty #Hd<
=715 A ARk HAe ] A o]t £LE V|FoR
71 olst =02 AE3 Flojm (Haverty et al., 1988) =74
A A A & Zho x} & o] 3} 4 AHe] o Tg3ks
FRASHATH(4.3 olq=] tja} Wl F=x). 7+ Al 27 Apo] 9
F= AR 20 oo, #g-sk HubA st dojHE HErEY

A" YehbeE A7 3 7]5 (recovery
criteria) & RFESeto] FE3 3| HAAH O ettt weE
o5 Al 23 stelA TS FHstES stiv [ 10,

recovery criterial.

Oft
il
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4 AR B Wy

4.1 A3 dolg AHg

<)

-

49 vl #A14 ©lolEl+= Motive 2.3.0 AZES S
s AAS § srIstE et volE e c3d F

FEo Y. 24 A" W= dEkEEy W
el AFES 7] 2 ke A A s Y
AREEE =T, AMSOlA 2 2 Aol dlolE AAE &
A7 e AZESC] Ao vRyE FHehal AlEd
Aol FEEAl dolAe e sl HolHE A
ddo] v, A Nk deolErE gutEAl 53X

SRR =)
e 1S pE
ol Hu

s

§2 1% O rE ob (O o?i off
fo KU rx 2 X oo 24

e Tv‘:_'——ioﬂfﬂ AlLlsl= A T

C3d #4-& coordinates of 3D points#ts =02 o 3344
#¥ Ft(raw coordinates of 3D points), AW {3}
SAEe 22 ¢ obdE 1 F(raw analog data), MEH
SE4 ekl ARl FE dd 54 AR T Ee
s713tE 54 ARES FFHeE dJu e vy
&2l (binary format)©]t}. OptitrackAFe] Motive2} &2 AA|

o8k Hop AR F£A Al AHEl(acquisition system)-&
Motiveolld &= tak FAAE 2= 7 Ay ZF AT E 9]
|Abater v e GRS ARESHAIRE, 3 A AEle] AFaglo]
A= HEAHer F4E F EE AMSY #e 14
AT EYoE %9 39U (input data)® c3d HALS g

Haerh webA ‘Fﬁ A agoA A 54 FHE c3d
FAE FET F EBA ALY FYlsiA Hed, o
oA c3d HolHE Flsta ZZtsk= WA
7FehE o (Michaud & Begon, 2021). o9& 9

aEEGOlAAE vhA A dolge] a1y W AHY S
AP 4+ gou, E/3H0 c3d FU ol R e
obdz 1 dolEE #4, elo] Brlete], @¥ FEE c3d
goe o wead gz 598 4 . gedn 44

46 J'A! =T



Al A E 3= HI = kel & g+ol (visualizing) 3} 1L
A2l (processing) & F U= ML FH7IA7E FQdd],
e = AZES Y #7]A = c3d FAE A AFESH]
Al ZHsE Motion Lab Systems Al Whe 2Z4A C3D
Servert} C3D Server SDK (software development kit) &
ZIHdko. 2 k= E®lA~ MTK(biomechanical Tool Kit),
GaitExtract Toolbox s©¢] St 184 o= EF c3d I
el mbA AF dHolHele Aol TJhseht ofdEI
tlo]Bl =2 VICON AR =3 A AHA F7]3tE o] F&49
ARTE AT Jbsslth. EZC3Dy 20199 Al U2
QFEAARE Optitrack. VICON, Qualisys & T3 AlAH"
£59 python, MATLAB, C++ 5 Algsl:= Tz ¢y
Aojoll  Aaglol  c¢3d HFHA FAO AHFFEFA Aol
7Feslt=E stk (https://github.com/pyomeca/ezc3d).
kA 2 AGoA = pythonel EZC3DE FH3ke] c3d
e dast dAg Ad=Es T3 T A}t (Michaud &
Begon, 2021).

Hlo]El= WA cut—off frequency 12 Hz2 low—pass 4—
order Butterworth TEHE AT 78 ~¥9 tdr] 3
Aol ZA| (touch—down, TD), ©]A (take—off, TO)
AAE 28] §18ll 2 A |RkE (vertical ground reaction
force, VGRF) golgHE ARSI Y. 40 N ¢
$HA A (threshold) & 72 o ® 2|9} o]x] AlHS 2 gt
F, 25 50 ms (200 Hz2 A v dHoly 7|1F 10
frames) 8] H2A& Fi st Ao dHolg AEE AT
(Shih et al, 2013). A4ERky Ef=ES 5+ 749
AHREE 7|2 Uy o] gledl, A 9 7HE o] F
271 el 7 AHEdErIE FAC duAY %
AWREE 7S HY= & 738 AdA ™ bk doleE X
TFHet= A57F WHskA @S wpebA] ool A
TS mpA o] Q1] oY E wluste] AA ZF XHRkE 7]t
Wake] gt HolHE FHsta eA gRlsta, 7 AW

47 A & 8! 18T
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W 7)o threshold ©14] HlolElZF FAol Hal: A2
PRHE GmAFE FAGA BAEA 29 AR4E 2
oAk deld Au@ wel FAsglor, dsur we
2957t BRE 9EE we dolHE B gyoE
9 sh9 .

AAZ7E Ed 72+ 2959 A== st AMS
Algdlolder FAt=Heol= & Algke] &QH7] del,
AnyPyToolso]2}+= toolkit & pythonel 2 ol5lo]
AnyScripte]l Macros, Batch processings A& 3sle] A}
HolHE FHsA Y (Morten Enemark Lund, 2019).
Algdeld Az FEd Wdsd 19 Ee HEES

> &

MATLARB software (R2020b Update 5.; The MathWorks Inc.,

Natick, MA, USA) oA E£3tdlo] EA5kt}

4.2 XEdolA dd 54

4

~Egtol 3 ElS ey 93 AyAFol A= oA
e WHes ol&¥Th. I T FolelAl 1 FHH
st QJIERE st WH Y vige F9YES Hi dExt
Jes st W (Hoogkamer et al., 2018)2 334
Asf7E o4+ o HAAZE FZ o] E7bssirh. AAIZE
o] 7}sd e wUHEaE= b 22 Ao ¢tER Y X E
H+= ¥ (Cavanagh & Lafortune, 1980), H#& x| ¢} W <oF
HA e FES VISR 93y 3 AHoeE Be
W (Giandolini et al., 2014), A]%¥ (sagittal plane) ol A 9]
A3} dko]l 7t 5 HWiE= WY (Allison R. Altman & Irene S.
Davis, 2012) &°] Qlth. &8 #3298 25 AdHe] deshA
BALY © AW REE77F obd A wig EEdea s 2
rojz=7F wAsto] 2| Al by TR A Alnbe] tha
BAse Z49-7F A (Allison R. Altman & Irene S. Davis,
2012), 7V5x A9 A5 dEst =4 E! tHE7 o= mH
tlo]g o] T ol METL EAleh TSR F ':ZO] 7}05}

O{N |
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Fot w7 HolH e AMEW HE7F A wobx (200 Hz)
Agks ATl FErE Al whEbA
nA ARE PR3 22 Al wal Xy Aol 9]
Tt WH (Allison R. Altman & Irene S. Davis,
= Attt o Fol 8 AW FxIF el T+

%‘EO Hoigk wjAlst A d B wed RS W)

©

_\T‘_,

1
o
rulm i

\}
-
—
)
~—

al
}01 ko] AEgto]H ZFH(Foot Strike Angle, FSA) <

HAEH (RTOE), &% (RHEE) v} #4 HolHER
of  AAZF 31] Al AEE e FelA Wi Al
vt} =3 A 543 static Hlo|EH A9 standing 2%
= W Zlow AxbstAn1d 11].




4.3 oldA wiAF w<l

G AbA AR oy A] tiiF ARFE dEstE T2
Haolth, COSMED K59 BxB EE(breath by breath
mode) & AFE3lo] VO2, VCO2, RER, oA A% (energy
expenditure) WolS FE38¢la, 10 & 7Fe] F A 7oA
npx ek 2 ®3el dlolE7t A Hl (steady  state)
S =A AEst T ZE7FA dolHe  BAaHs
AHEESlTE o] w FANEH = B Ak AB|Ee] wpA]uk 13
] Hrgkol 1 o] 1% F<bY Hr#k® 100 ml/min
olate] ztolE Hol= AHE G2t (Kipp et al., 2018).
B dEEE Wl oy ARl Wtk fAsHHA
rol=E AHskA AAsE] #18ke] Robergs et al, 9
=R & gEAS oA ¥ 15 window size? moving

average HEH S AAsl] 4o A3}t (Robergs et al.,

P e

5. A 4

Zb A el g Tk A AEAQl HelEl SAHE
gL7] fsko] AW e 2AA A b Ao A d
Al 7t diiky] 2wlE 280 Y g3 HEsEe
HolS B w3l A} one—way repeated ANOVAE 2 A|8F 11,
AFS-E-A (post—hoc) 2 Bonferroni W& A3 B =
A A diE FY e e = 0.062 AAsIeH,
FEAof&= SPSS Statistics 26.0.0 software(SPSS Inc.,

Chicago, IL, USA) & o] &3t}
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V. ATZ2 7

WS ol BASA A 34 wde] AsAs gt W
b oEdEe] e 72 su kAo Foig
Saghe BEe AP Fold Wz mwstgch 250l
of HEAE 2¥ gAY Fug =

& A% PR Ww wasslt olel o

L oE & o (= oo
o orr o n
oot

1. YA tjA} HQI

Oxygen consumption

VO2kg [ml/min/kg]
&8 & 8 &

AF CON MIN



23 kA A3 F(oxygen 9= TE A¥E
consumption) A X % (energy (respiratory
[mLO2/min/kg] expenditure) exchange ratio)
[kcal/min]
AF 49.64+4.07 18.11x1.17 0.891+0.04
CON 51.95+3.31 18.95+0.66 0.91%0.04
MIN 50.88+3.91 18.81+1.12 0.91*0.03

Mean £ SE

AF, Nike Zoom Alphafly next%

CON, Adidas UltraBoost 20

MIN, Asics SOLTIEMAGIC RP5

Al A A FAAA R AbA AFHE, oy A
HFAoZ AF7F CON, MINe| Hs] w2 FH=

o %71 Alole Aol EAZROR §9dtA
2

ZAA A AEate] AR (FSA)E F545 2 HJEx=z
Zk78= RFS #HHE 8td, &S5

FFS w¥& S2stedl, w4 23 zh Al
e Fo3t 2ozt A O (p<O.
53] CON zHoA e 2

g A
M 2 A4RE Kole Ze & g AT 13, 14].
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angle [degree]

foot strike angle(FSA)

20- * %
|
© 154 T
o
o
10- —_
g 7 T
O 57
> | 1N
c O
-5 1 1 1
AF CON MIN
**:p<0.01

19 13, o] ~Egto]l3 ZHFSA)S] AA| s

o,
sy
H
=3
M
to
&

foot strike angle (FSA)

*% *% *%k k%

20- = = — :‘ |—
| B |
T
10-
l —_
o-lzf TR =70
-10 =

SUB1 SUB11 SUB12 SUB13 SUB14
B AF CON [ MIN **:p<0.01

TO% 14, A9 Feizr E FSAS B (EET 23
53 =

1
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Abe] wE A Al sHA] BHE] e a9 168 A2tk
Al o BEF A e wet SAACE [old xpo|7f
HA, AR A3} CON  ZHeox wE #49
=& (ankle dorsi/plantar flexion) 2} a4 9
91" (subtalar eversion) Zt=7F B5F tE Zol Hls] 2|3t
zfol 2 HeleHl ols AEZo|A ddo] CON xxeA
oA & AxEE B A dyd Aoltt. MIN
ZHANME Ee A #EY ARrE bgE el HlE)
EAACE Fog 2ol E H

joint angles - Touch Down (sub1) W AF
307 = = - CON
B
a ] MIN
20- *:p<0.01
§ Lxd
a 10_ ‘ *x H ke
(]}
S,
: il
o 0-
c
(]
-10
-20 T T T T T T
Q & & & & &
_po &O é"’o 4}0 “.\O ‘é\o
Q\Q » o ((\e' Q\e ©
oL \Y \Q' < \&
> \'e o N &
' <& & & N
& S g X4
& S
)

2% 15, 374 A A B 7

54 A I



Abe] wE o)A Al &FA| HAL] s
At e wEl SAH R Fo% Aolrt B
A3 MIN oA FAAcz FoeA 7H
w3 (knee  flexion) ¥ 7p¢ &2 w5
flexion) ZF'=7F YElyth. AF Ao EAIFA o=
2 o9 B4 93] 4 (hip external roation) ZE= 9} =
2] (subtalar eversion) Zt%=7F ##% Stk CON F719
FAHCRE FostA F dPo] A (hip abduction) Zt
HAt}

joint angles - Take Off (sub1) Bl AF
CON

401 ﬁ [ MIN

*:p<0.01,* :p<0.05

N

-

r‘j
[wsll | i I%ﬂ

angle [degree]

I 16, oA A &HA ¥E 7=
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o]
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%

flexion)

= & (hip

S|
=

o

s

52l

EAHOR

A 2

52l

EAHOR

-
T

H AF

joint angles - Range (sub1)

pd -—
o £ 2
o = v
M D H.. H
 — %
LA
%,
%/
TS %,
- o O
L s, O
%
— %
El &w
; 7 i QO
N
%
S
— %,
Y ¢,
. %,
- Ye,
A
LS %, %,
L . % o
%% %
%,
; %,
N\ - 4 %
T
. . . %,
=) S > Ow?

<
[e2469p] ajbue

a9 17, U9y AA 77 Skl
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3.1 A|AH (sagittal plane)

Al oA k- (anterior —posterio, AP)W3Fo 2 34 o
bl A= Wb 3 RAE ghs vwEfE o, 3E oA 9
e vt Ay ¥ 18% A vy wd EuEZS)
% (profile) & HHE7] 27]e= w9 @<= 7HAd7E, dd7]
F71 olx] Hele %9 s THAER T RreAM e Az
=4, Fd#s B eke] vlaskith 2 Sk Al Al
A FARCE Fog xolE HQom ALS A Ay
CON oA TAACRE FostA 7HE & vbEg 3 td7]
719 EdE dogts 7HRo E=3 gdr] $718 %9
FHEE MIN oA FAAcR FostA 7HE 2 @2

AT,

57 A =Tl &3
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Ankle Joint Reaction Force_AP

154 * %
_ ||
S 104
=
o,
[«}] o
o
o 57
L.
0' T T
AF CON MIN

Ankle flexion moment (pos)

* %

0.15- * % I
) I
=
T
@ 0.10-
=
Q
: ——
g 0.05+
S
o
=

AF CON MIN

Ankle flexion moment (neg)

)

= -0.02- ==

m

= -0.04-

Q

= -0.06

E 1

€ .0.08- I

E * %

-0.10 . . .
AF CON MIN
. p <0.01
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5 WEolAe] WhIEs NbIRHIE gs Az
wheh Hlwe Ave 2% 19 9 ok Al A 2ol A
FAXCE frog zol7k HWglom Ag EA A AF
A FAHOR FodtA b by ddighd
RHE Adgte]l YeEsn MIN ZeA 743 28 whig
gkt ZalE doigho] ek
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Knee Joint Reaction Force AP

CON MIN

AF

0.00-

-0.054
-0.104
-0.154

[%mg] 82104

-0.20

Knee flexion moment

*%*

I
S
o

T I T
b N “ <
o ) ) [

:.x,z__._m.>>m__: Ewr_os_

*%*
1

CON

MIN

AF

- p <0.01

**

il

s

52l

EAHORE

o A
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N
L
o
i)
rlo
)
o

Force [BW%]
R ¢

-—
1

o
1

0.20+

Moment /(BW-BH)[%]
(=) (=)
o -
g 2

o

=)

=)
L

45T

Hip Joint Reaction Force_AP

* %

-
/

AF CON MIN

Hip Flexion moment

] / I
AF CON MIN
**:p<0.01
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A oA 9F 9 (medial—lateral, ML)%3so g W&
AAo 7R = vhite y R EE AlYk A ule} v st
Av= 9 21 ¥ g Ad 24 wel BAACE 5935
zo) 7} Blom ALS FA Ayl MIN oA A S =
o 5tHA 7H & Wb g3 RWlEVE LERSET

Ankle Joint Reaction Force_ML
2.0 *x
—1.5- I
o\ — —
=
— 1.0-
[«}]
o
o
L 0.5- -
0.0' |/] T
AF CON MIN
Subtalar Eversion moment
0.08-

* %

* % *

Moment /(BW-BH)[%]
5
+




!

foet Aol 7}
E]

o EAAHO=R

SHA|

o
T

Eal

4 43 MIN %=

ko3
T

H3lom A

Knee Joint Reaction Force ML

* %

] I ]
™ N -

[%omg] 82104

CON MIN

AF

Knee lateral moment

MIN
' p <0.01

* %

CON

—1

AF

T T T
o 0 o
N - -

0.00-

T
n
<
o

0.25+

=) (=)

o
[%](Hg-mg)/ Juswop

**
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N TR

lmﬂﬂwﬂ

_Xmﬂ

P T
G _uﬂ
éﬂﬁﬂ =
ﬂ,_o_uﬂmﬂ | I_ — 1=
Ewwg .8 =t —F} -
T oo M = W o 2
gy X o o B g : m
RO S - E |

E#EOJ_/J._%&I = I_ *uw c
Foaoodus 08 e 8 4F /
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E@Nwﬁzu o [T}
TR .nmv G
TunEr 3 < o [l

= o= 2 T
T W X R R L

ﬂAlNLHTaﬂU_IW I T T T T

T ook O S &4 ¥ © o 9 _ _ . . _
L S € @ ° ° + . ® N = O
g i [%mg] 82404 [%](HG-mq)/ 3uswon
%ﬂ%%%

L E R

N N N

CON MIN
:p<0.01, *:p<0.05
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3.3 <3 (horizontal plane)

)

bl A= Wb

(compressive force)<

Ao 7h ke Al AR

10 O o He o )y

fo 48 ob gt 2 =2 1M 2 of
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e’}
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A A

A R == R A=)

N
S
o 3
DT = P N
= rlo N rlo
o
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>

32 B
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5 1N
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PD) o

2= Z]

of| A 9 -9 (proximal —distal,

2]
Ao &g Blwd Ay 1" 24
AN FAHOR
wolow Ag F4 Ay MIN Fz3efA
7V 2 orE Y Adas 7T b8
ZAANA FAHoE F9
b 24 A3 MIN 2holA FAASE f2o8HA
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Ankle Joint Reaction Force_PD

0.00-
=5 -0.051 [
2
=~ -0.10-
[<}]
o
o
L -0.15- |
-0.20 ' T T
AF CON MIN
Knee Joint Reaction Force_PD
0.0+
__-0.2-
X
E -0.4-
— 1
S -0.6-
o
O 1
-0.8-
1.0 . — .
AF CON MIN
Hip Joint Reaction Force_PD
144 _l_
—_I
X 124
=
o,
o 10-
o
L sl
AF CON MIN

** - 5 < 0.01
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3.4 3AZF (rotation axis)

Z #de F W Y RWEEZS vudZ o, @E
HAM e R EZS vlwst A3 O9 25 3 Zrh s
3| BHES] o (profile) S Y7 27]de =9 s

: = 49 e HAERR T

ARG, 7] F7] o)A A7AE
Faveln A7 Sagh, FUge BE pekel s
of uhel I FANOE fel@ AolE non

A x23

AR B4 A3t CON xRelM FAA ez FojstA 7HE 2
He7l 2719 ZHE Augte], MIN 3004 7bd 22
ERlE Adigke] vetwth Ee tRy] $7]9] ko] RHlEL:
AF  zelA FAdom fostA 7 2 g, MIN
oA 7 A2 we Btk
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Ankle axial moment (pos)
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Ankle axial moment (neg)
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Achilles tendon subtalar eversion force

* %

L

10+

T T T T
-] © < N

[%](mg)/e0404

1
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MIN
**.p<0.01

CON
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o E zk

el SAHoR
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Knee axial moment

T | =

=

4

- O

(&)

L

<

© ® © < « o
- © © o o @&
o o o o o o
[%](HG-Mmg)/ Juswo

-1 <0.01
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A= I8 28
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52l

EAHORE

el SAHoR
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Hip External Rotation moment

* %
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o 7o)
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o o
[%](HG-Mmg)/ 3uswop
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. p<0.01
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4. 2%o] Ut 3

AMS?] Q1A REHS g At 259 =9 3

= = s T
T 29 9 A3}t Fol sHEHE AL Fobg] A, FH
oH5E #e A"sr AlFor uvol REIE fghe
IRTAC S

Follol 47 Fo mg@ARE, AN, aEe
) el Adghe wwd A a9 293 2k 7
2% 29 ol AW o] met foS AoT mglom,

en

PN
AAT A Fobel  ART(RAT
$ CON zAelA BARCR §o5H 713
o oAuge BYa, Fold FUIMHE, AAu e A
=
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MIN 274 SAA=z Fost 7 & ddgs 23l
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Muscle force (shank, anterior)

. m/

9
= -
@ .24
S
(3]
S
2 -4-
\_\—L
-6 T T

Tibialis anterior  Peroneus longus

Muscle force (shank, posterior)

o-—-

S 1

=}

@ -4-

o

e T 1
-6 % -

Gastrocnemius Soleus

Bl AF CON [ MIN **:p<0.01

i}

a9 29, AW Foty] 259 =9 () T Foby 259 =¥ F(okH)

(Tibialis anterior : A7 &, Peroneus longus : &4 &, Gastrocnemius :

H] & Soleus : 7FAb] )
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4.2 YA TS

WA A7) 5 CFE, dEA 2, due FEY L, ded
ol Hugts wvnd A= 13 307 Zu g@og
TR ZAAAE AL e wWE Fegt Zo]rp HolA
Eokort uwA Al F5e 3 Az ot f{fofsh
ztol & KT AR EAS AAISE A3 WA AW,
=23 Adigke] A9 MIN N EAHoRE F235H
7h 2L kol yEbstth siH X 92 (Gluteus maximus)
Adigte] B¢+ AF oM SAZe®E FostA 7 &
Fol, MIN zAoM EAZHoZ HFosA 71 22 ol
LHEFRETE

EN
)
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a9 30.

(Vastus :

Muscle force (Thigh, anterior)

1T K
Z [
/

*

Force/(BW)[%]
5

Vastus Rectus femoris

Muscle force (Thigh, posterior)
0
-1 -—- L T
L

N T

*%

Force/(BW)[%]
)

*%

I
Biceps femoris  Gluteus maximus

BE AF 22 CON I MIN ..0100s

i}

A HEA 5o F (eI T A 2ge) FY (o)

o}

3 Rectus femoris : W E 2, Biceps femoris : gtta] Fz2d <,

Gluteus maximus : H¥)
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V. =9

T 129 % 4ol & S 9%, & Aol Al THA A
zzdo] oy|A Ak Wdle] {25t zo]E ofrld & e

o
SAANCRE SRIEA oottt HF Uxd, A & whet
AF ko]l oA tAtel mA&= gFFo] HEr= AT
A (L. Healey & W. Hoogkamer, 2021)E 19& u X
Aol AY A= AFZF FEEHA Y9 olZxmE
FANNA XS TFeEE AT & itk == 18% Y
oz AZEA e A 2HOA Thsst BRE SAE
13t 6HA A4S AAe A AT (Hoogkamer et al.,
2018)°l w=w AF ko] o =] thal Wl el 4 %
o1 %Elé}ﬂl AEP E AFME AF (49.64+4.07;
b zxo] CON¥ MIN (## 51.95+3.31 3
of vl Ft AW Z47; 4.45%, 2.44%
AT Aol AREE AT FoRe] Ut
A o FA4 FAdS st AT
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A37F e glony, A
S T8 HH] Aolo] dhsfi= 2 Aqtuiek 2ol
o (Hamill et al.,, 2011). ¥ A9 A3 ZHoA
st A A 271 F CON Z2ANME BE A3 Foixr)
& &9 FSA @, & ¥s w9 74, &>
Holn HAYPAHQ RFS dHEoz FY3
A= 7HE &> FSA %} & ke
73 25 JYepH FFS €2 MFS #H9 F342 HAt
CON =3 MIN x9 A Aol= 7k #Ae 7HalA =
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Abstract

Effects of shoe conditions on
biomechanics of recreational
runners

Kim Hyunji
Department of Physical Education

The Graduate School

Seoul National University

Eliud Kipchoge, became the first athlete to run a marathon under two
hours in 2019. Although the team of rotating pacemakers contributed
to this achievement, the vast majority of people paid attention to
Kipchoge’s shoes, the prototype of Alphafly (NIKE). These shoes
were designed to enhance the performance of runners; they were
equipped with air springs, midsole that maximizes energy return, and
carbon plates with high bending stiffness. The Alphafly shoes have
also become extremely popular among the recreational runners who
are interested in the enhancement of their performance. However,
there is a dearth of biomechanical studies exploring any possible
effect of such performance boosting shoes on the risk of injury during

running.

This study aims to quantify the effect of distinct shoe structures on

biomechanics of runners, and address the probable effect of the
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resulting biomechanics on the incidence of representative
musculoskeletal damage due to running. Five adult males in 20—30s
participated in the study; they ran at 3.3m/s for 10 minutes on an
instrumented treadmill, wearing three different pairs of shoes: 1)
Alphyfly (AF); 2) conventional running shoes, UltraBoost20 by
Adidas (CON); and 3) SORTIEMAGIC RP5 by Asics, which features
minimal cushioning and lightweight (MIN). The mechanical properties
of each shoe structure was quantified using standard methods. During
the running experiment, metabolic variables (oxygen consumption,
energy expenditure, and respiratory exchange ratio), and kinematic
data (foot strike angle; angle of the ankle, knee, hip at touch—down
(TD) and take—off (TO); and angle range during stance phase) were
collected. The recorded kinematics and the ground reaction force
obtained from the instrumented treadmill were used to perform
inverse analysis and estimate biomechanical variables (reaction force
and moment at the ankle, knee, and hip; and muscle force output at

the calf and thigh).

Metabolic variables did not show statistically significant differences
depending on shoe conditions. In contrast, the significant effect of
shoe conditions on the kinematic patterns was clear. Under CON
condition, the runners showed the largest footstrike angle (p<0.01).
The angle at TD and TO, and angle range of the ankle, knee and hip
were all significantly affected by shoe conditions (p<0.05). These
results indicate that a runner may almost immediately adopt different
running patterns depending on the properties of the shoes regardless

of his/her own running pattern.

B & R
91 -":lx_i —— T H ¢



The inverse analysis suggested that the shoe—induced change in the
running kinematics, in turn, has significant effects on the mechanical
load to various joints and muscles. Under MIN condition, runners
adopted forefoot strike patterns, which required significantly higher
reaction force at the ankle (p<0.01), significantly larger force output
from the calf posterior muscles (Gastrocnemius, Soleus) (p<0.01),
and significantly larger stress to achilles tendon (p<0.01). These
results indicate that MIN condition tends to increase the risk of ankle
sprain, achilles tendinitis, or shin splint. Under CON condition,
runners adopted rearfoot strike patterns, which required significantly
larger force at the knee and hip in the frontal plane (p<0.01) and
significantly larger muscle force from the peroneus longus and tibialis
anterior (p<0.01). These results indicate that CON condition tends to
jeopardize lateral stability, and increase the risk of illiotibial band
syndrome or pain of peroneals. The AF condition induced
significantly higher shear force and compressive force in the knee
joint on the sagittal plane (p<0.01), putting runners at higher risk of

knee femur syndrome, shin splint or stress fractures.

In conclusion, shoes with distinct properties can alter runner’s
running kinematics regardless of their habitual running pattern, and
each of the induced running kinematics has its own vulnerability.
Therefore, recreational runners need to consider weak parts of their
body and the different biomechanical effects of shoes to select proper

shoes for running.
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