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The motivation for the work
The potential i mpact of high heel shoes (HH.
50 years in medical circles. Despite widespr

i nternati onal[ 1nhetdhiecrael issocsiteithhcespopat géi pnowe

HHS in their daily |life. Regarding why wome)
574 femal es, bet ween the age of 24 to 45, w
the key drivers[2] Howmerust bekapieamty al so
the risk of i1injury. According to the | atest
among the women i ff oAmer2i0c,a iftr owm s2 Orlebcor ded
emergency cases in 2020arirsajvd] Mong Bgeer €s bmi
number of cases in 2020 was signific-antly I

201®Bhi s decl iremé at @d HH®Sj ur vy cases began af i
Coronavirus dis&f@ye sB0Of8osrCaOnvthibde gqr egul at i ¢
caused a restriction on mobility and soci a

women wearing HHS | ess, amdklavendt ualjluy yd acrt

From the bi omec hhaansi absergpnenrss p ead teeds g Llhia® v ¢liHS a
seddl ected wal king speed, shorter step | engt
i ncrdaamkbke plantar flexion, knee plantar f1l e
[4Q] Redi stthre bultamtgar pressur e, hi gher grou
|l oading rate, higher peak knee external add!
joint stress have been [beltlddct edi duwbnghwathb
Ssubsalanbodily adj ust menitrmsiH $gaaM U ctheadatse b bd er \

neuromuscul ar activation pattern, sbdorteni |
Achill es tendiomc rsenaisdefdnee sact iawmidt y of the sol
mediatrgapéBdTuhsese alterations have been ide
the muscul oskel et al system, nilceé adlimg thet at a:

hall ux valgus, Aclkinlelee oG ttemaddrir i i gasndf{ €©A9 ,
| ower baskwphlilsn@adil it yofanbdo diymipadlSat maeeh i ¢ h
may | egarde @atoera ri sk of 3fla8]bing and sl ipping



As mentioned abowd,artalcafeltilsenelch aieh H&Xg a ietmi t |
have been extmaishlovgedsi g uan eldi,nematic and d

| ower extremiti esj o annaknlde ,muksnce ee, abto @ evvagtm,o n

several | imitatiioonus sltiFtldrsaetkursea g .hsee gt nheent tpaals v ¢
structure plays a cruci al rol e i-sne ghnuemmatna Il o
movemefntt he f oot i n | HS agtdhisé¢ widg r pomhhenc hadi c al
variati aal i mx tchoewglndke npr ovi de valuable detail

potenti al mechani sm of hallux v@égasdlde,yvetld
research on the morphol ogi caHHS haaomdcitteirdrms tiis
bl ankvhich could provide an i mportant clue
pat hol ogMS @fl att e fTddltyy dit rhjeu rbii eosmec hani c al res
fascia in HHS gait is eds$l|l hawvwaecliemrtatndnsr
in vivo structure of thet hoheet cfdasndagmetddeH S memn
( FEM) and muscul MSiye |l &n all y smosd ed o inlgd (pr ovi de

fidelity way to simulate the internal vari a

Research Objectives

The first Tobrewtiavethe mechanism of hall ux
wearing during kgemidccolrhpglsi sahiend ibsy tionvesti ga
characteristics of the hall ux, forefoot, ar

usi ng -sae gmuel ntti model (Oxford foot model ) .

The second Twb jdedteirvie ne how t hde by oHHSnowearoil
as a function of different heel heights. Th
angul ar vari#é®toinensof uch e@r eu lofditnheen sfi coonta,l wrhoe
reconstruction method whflildeble tada3pDh efdo otto ntol

di fferent heel5chm,i grhctns) (rOecsnp e c3tcinv,el y.

The thir:d Toobjreecvteiavle t he pahlkheaspondasicnaHHS ome
aim is to be accomplished by investigating

HHS gait, where a methodol oy Miveari kvfeldo w oa fc eF
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be used to predict thetheatglrarmt astfras ai a@i sttn

di fferent heel height (3cm, 5cm, 7cm) respe

Met hodol ogy of the dissertation

Il n this doctor al wor k, t he compl ex met hod
experi ment al me arsaiad emetnrt y ¢ t3iDo mo deend numer i c.
thesis begins with the experimental measur e
of the -$egmemu$stin HHS gait. A Vicon motion

Metrics Ltd. ,usCxdf orod,calpk)urwaski nemati c dat a,
was utilized in this mefacrugfeanmtdt ht nodfeodoit mmb

in HHS gait.

Secondly, r edarust ruisetdi d m -teesd éabbil tiys h3 B fha ogth m
HHS conditions with different heel heights.
omomput ed t(@Mmomwmargadpshgh can scan the foot sha
t he HHIShDheearref or e, f oot model s wiilthkr Eha tgehd ,r el
and foot mompucihesgr wniglfeerdeenstcr i pti ons at di f

(0cm, 3cm,Al5dgmot 7 enm)d el is provided for fini

Thi rtdhMsManal ysis is used to estimate the ma
di fferent,t heebna&iymgihesd o utofitrwalOpeentsoi nest abl i

model to provide opti mal l oading conditions

Fourthly, the FEM is used to evalwuate the bi
HHS condition witshntdhd freapgponhte hfeed c ¢éMsSiMgthtt ai ne
analysis as |l oading condition is chSiWi ned.

analysis is established.



1 Literature review

1.1 Musculoskeletal system of the human foot
1.1.1 Strwet ofe blowigl cdinndd noafj] otrhe f oot

The f oot has been considered one of t he mos

in coordination with the rest of Thé evibwiddg

interplay of internal forces imslsed yi negmelct
antdhat It I's often seen as a statiFer oamd hsec |
anatomical and clinical viewpoints, the foo"
The f oot comprises 26 indiscil@sal amanecso,nt ma
numerous | igaments to proVil@déThaeappholte fHadt

transversely divided inthindfhoone ds @e@mentasnidwlh
(metatarsus and phal anx) i(sthieg onoisgditerxu, cTthier ea n
whicdhmpr i ses ntahmdelieyw ij oti anltasr, j oi nt , g wmlbrtsall ar

j oiadtl, t haseembi gt sbhlaep ekdi nt eme et thae W krag@@ui r e mer

daily movement. Despite sutsthraneaipmge s ghe co
on the ankl ebejacdiimtg,i n hvee isghetci al bony struct
facilitate iat ht @ghf degtrieen owifR®ex 2]l ity and

| o~
o~

10 11 12

P
§

9

14

19

-

23

Metatarsal Phalanges

Hindfoot Midfoot Forefoot

Fig 1. 1. Regions of foot

The tibiotalar joint (talocrwural joint)
The tibiotalar joint (TJ) is made up of the
of thEeFital Ls23t.al Tilse | @miejrdila cpalrigsa roifngl,oatdhe f o



transferred from theumnitlhiea|t2afl hTdteh et rt orcohclhd ae ac
of the talus fits wel/l into maée | modtii ¢ aothe
and fibula are positioned to constrain the

pl amehi ch plantarfl exion an[d2.3]Jorsi fl exi on mo

There are three major groups ToJ, Itihgea neinktiso ft
syndesmosis acts to restrict -pnhaoatnitoanr , b e thvwee edn

|l i gament conjuncts movement of the tibial,

coll ater al | i gament i bhmof[ 2tOh e .2j40 v B2t5s]i on an
Interosseous : Tibia
Ligament Fibula
Fibula Medial
- Malleolus

Lateral \
Malleolus |\ /A Talus

‘ Articular surface of talus

Hinge-shape of TJ (posterior view)

Fig 1.2. The tibiotalar joint.

The subtalar joint

The subtalar joint consists of two independ
Tlkei nferior convex facet of the talus matche
as the anterior talocalcaneal joint (TCJ),
the inferior concave aspect df 3t {eA)gal dDairee u

subtal ar j oi nt being enclosed by articular

structurally and pl an[e2.6s]ylthd wi ajloijndi nits fsuunpcy
talocal caneal | i gament wieiddhal di satnrdi bl uatteesr ail n
[ 27Tlhgubtal ar joint I's |l ocated on an obliqu



eversion and inversion movement i n tthoe f oot
t he mechanical cha®]gleh eo fs ufbat catl afru ncotiinatn axi s

(B/ C) .

Axis of
subtalar joint

Talus Interosseous
Talocalcaneal Ligament

Horizontal
~ plane

Subtalar Joint

Axis of
subtalar joint

Horizontal
plane

Calcaneus

Fig 1.3. A is the subtalar thepatwt eBios vhe)

demonstrating deviation; C is the subtalar
i nclination.
The transverse tarsal joint (TTJ)

The TTJ also known as the midtarsal ojtgint o

combining the two segment[s2,9f at ceo mpiosd t @ o t

consisting of two synovial joints: talonavi
j oint, whi ch | st hewoe mebialhe aoti tabatainadn the!
navicul ar, the calcaneocuboid joint iI's formn

|l igamentous reinforcements TTJ exhibited wun

[ 3.0] The movement of-plTaddt ars, bT Tak himarvgagt dadtiarianl:

and oblique axis iIin three planes, which i nv
det ai | of supination and pronation movement
mechani cal | yb talkcato hspuabntiaeldar j oi nt , especi all
inversion and eversion movement, which req

subtal[a3rl]j oi nt



1.1.2 Struwept ofeflbwitl é@dar ch

There are three archetshtarmntsierl@emamchootmedi

arch, and | ater al |l ongi tudinal arch (Fig 1.
tarsal bones, supported by tendiohmedamd | i
| ongitudinal arch is the highest. The arch ¢

the entire body.

The medi al l ongi tudi nal arch i s shaped by
navicul ar, three dwmeiefusr nosf, tthaed ufsgootandl tc a
calcaneonavicul ar l i gament , del toi d |l i gal
talotal ocal caneal i nterosseous l i gament , p

Parti,cutlthhe lyal caneonawithel heatli gamehe sapps,
fascia plays a supporting function between
the medi al | ong®tudimpalrtamd¢h faotcs i on i n sh

wei-gkparing, anm dooitnpI.dpeal gaiot

The | ateral | ongitudinal arch is formed by 1
The hetilhjdat eofrl ar ¢ hmreadsi dloweangihtaundi nal ar ch
with the suptpheeei -gbtarfagefoot. It al so pl ay
suppotrhbeodgdés wei ght [duI,.0 nHh ocoamws v emse ar c
t hnee di & hleattoe r atl hes i tdeer sdmet at ar s al portion of
cunei forms, cuboid proxi maI5¢liandaflyeg mbke
arch comprises the complex capsuloligamentoc

mi df oo tf oa[m8f64 ot

The hetigbtdi af | ongitwdiemaldedn e itheofto®im mo
asnor mal foot , pes pl anus -a(cfhlealt ffoooatt)),. aTnhde
l ongi tudi nal arch is direxzndlyecdasfsoact at BEldo we
arch sscoutdudesplay the disturbed biomechan

the movement, and predispose [@Ba7]i ndi vidual



Transverse arch

Lateral longitudinal arch

~“/‘ Medial longitudinal arch

Medial longitudinal arch

FigThr de arches of tthhee gho o &iwiod W pterfeasnesnvt e rbsye
aracm t he di st al row of at artr semédbheineewmaft at ai

l ongi tudi mmédiaalohymeddeiiasl | ongi tudinal a

1. Ma3 or muscle and plantar fascia structure

Maj or muscl e anat omy

During the movement, the integrated dunctio
t feoott weatprabi | ity tobeappongt &absowbighe i mpe
body [mMd&JeThe majority of foot movement i s do
which originate in the | eg and extend to th

compartments bas[ed9 oFni rESMA@ ye,vitdhee antfeoruiror co

musgleuptshe anterior tibialis (AT), the exte
hall ucis | ongus (EHL), and the peroneus te
dorsiflexioomoaibdniheerf ®i0t , and the AT has b

actanad so stuhpep omav ¢ mMfearte foofotd o mlrtehteP3dor si f | ex
and evneorvseinoefintt he f oot , the EDL only manage:

Secondl gt etiher poompart ment compesesi oépg hse

which involve the gastrocnemius, t htghes ol eu:
plantar flexing of the foot. Whitwol mustchesl
t heompeus | onguwhiand durceé si st,he f oot motion o
eversion. Lastl vy, the deep posterior compa

8



tibialis, the flexor digitorum | ongus, and

pantarfl exion andF Fimgvdr$i)on movement

Plantaris

Flexor

Selous Digitorum Longus

Flexor

Achilles Hallucis Longus

1 Tendon

Peroneus
Tibialis Longus
Posterior . Extensor
Digitorum Longus§
! Extensor

Hallucis Longus

Peroneus
Tertius

Fi g Th.e5 . .maj or gsionupt hoef Inouwsecrl eextremi t i
Pl antar fascia structure
The plantar fascia (plantar aponeurosi s) or |
and insepktaniat ofitntget ompl exeatt work of conn
tissue. |t acts mainly stati mghaen dsddreectacfh iome |
or coingghreaimmti on ofsemgubaylsadk ¢ lheti &#lstaniat bimoc
[ 402] The complete structure of ,plsaiccehatarshhsci
| at,andl me dinatlwdead cthr al portion [(43}t h&4]maj or <c

The centr al component bodynigstdidvindédtirmacos
to the,efnidvenptedeas ng i nto the overlying subcu
At thethprvexi ndl met atarsophal angeal joint
t r aactest er c amalreic ¢tmtthends ver sely forming the sup
At the distal l evel of the MPJ joints, t he

centr al superficial | ongi tudi hédab7]Jtracts to



Superficial transverse

metatarsal igaments ~

Cutaneous branches of lateral
plantar artery and nerve

Lateral band of plantar fascia

Medial calcaneal

branches of tibial nerve
and posterior tibial artery

Tuberosity of calcaneus

with overlying fat

ey o
i/

\

W £

, ,

’ ¥ . '

Proper plantar digital
arteries and nerves

3 Cutaneous branches of medial
plantar artery and nerve

Plantar fascia

FigThe6.figure depicting the anatomy of t
The biomechanical function of plantar fasci :
According to Hicks6 detailed description t|

Awi ndl ass [MeOciBaniosmbd | vy,

the plantar

|l ie anterior
the attachment
and
prodedsesf i ned as
pl antar fascia
st abntghiez

pr opull 524 nAl so,

and cushioni

ng

p gpchsa | ;afn gtehad

twoh itlhee

tthhee adt at af asoadaof s |

meoti enttasr, s @ he pl ant ar

troeet  aat mathraesinatel e aimgt e dl pul | i

up

procaesdiicf atnlte [pled wteam ft &awecin

t he beaxlaoten skt enéual ¢lye catuissormcdo,ft htehhies
Awi hdPERs g
caused

 ongi tudi nal

t he

agai ngpb3t heB4 GRF

10

w h
he @ h atnhAed ohldd & dbinrad | ¢

by the windl astso actin

arches, transf or mi

ng |
p laann teanre rfgayc isat oprraogvei df eusn c

occurring in



Plantarflexion
. of first ray

Extrinsic
muscles
Intrinsic muscles

Intrinsic muscles Plantar Plantar
fascia fascia

Toe extended

Toe neutral

Fi g Therndl ass mechani semxbpfathedpfaaomal 55

1.1.4 Biomechansodal owlkar d¢ tmdrsi dtuira ng gait

Basic characteristic of foot movement

Foot movement i s airmspmpldexgraetsi of ifmweldom i
sagittal pl ane presents dorsiflexion and pl
and abanocéeé memind the transverse plpb@Fieaghi bi
1. 8hembi nat ieo moafi othhse spr oduces the interdepe

the foot known as [s2ai(p]i nati on and pronati on

Supination | splderdtiamredmawe méret tirncl udi ng the
and addbhewe&omechani sms ageepitmhauighnt Mhedwe me st
firstbky,intrigued by extrinsic-omtisclheaasdur iTn
el ectromyography (EMG) studies reported tha
sol eus, posterior nd bddmtldarsce FPDHas ea nadf FgHai ta,t
muscles to function more effithbeondtyl ymoavn dn gp |
forwarid 98F secondtdhseuopntnraitbiwotnoroft @« he f oot i ¢

of the | ower[ 39]mb ankl e joint

Pronation is a nor mal tfimeodl neotvreinkeentt @ htad e hsaty
running or wal kiofbhree pbaalao meimploeasidory ea

abduction, which occur simultaneously. Nor m

11



postural for attenutaltheered mulrti ikged rés aofricree ef o twar u

t yyof gener al force occueasg emprdagdingn,hg atidr, g uwd
ant eproisarer i or s hleaatrer ad nds hmeadi.alUnl i ke the m
occur s, pronattihteeel ssinikeapbdsat and domi

supi Tatot hree muscles that show high activi

anterior tidbigaltiog umextoenmgauser, and extensor ha

Pronation Supination

Leaning inward Leaning outward

Neutral

Fig Thgp8onati on and supination positi

Foot movement during gait cycle

Gait analysis is an effective objective too
f oot nmhtei gra.it cycle was swggeéstedr ewhibgh als e
invosvedogwi ng phase. Sprercaaa@ccoaulnltys, #&sotra n@la %
compl et eagdi taoyoble sutbhdpdver slesl: i inX ot hdheheel

stance phassd;f.i iTih)e tslwe n¥db8Ph aosfe o rogodniesttt,e ct yuct | ee

whiicél assified into three phases: p2OEl er at
Dur i nsgt atnhcees tpahratsieng wi t h hwaeheoll ec opn taanctta,rg rcoounn da
the subtal arbgoaustlteeiogfi evoer theed ,webeenisnlgeet ecdand
|l aterally fcreonmAtaardtkh ee g aombng e gmeaai nternally r
and foot is pronated. Thphpaéasdadwerisrugpttalh earh g eoli
combi ndd bwiat ext ensi on rotmdadvenpernotamndee oheef

wi t h enouwghh icehe q utda epdr o p enho vtihreg W aiDg

12



I n tetrbmeenge of moft itome (ROM)e joint, previou:

t he RQOM Ao fd utrhi en ga rt lee-2yBHotrgs5i rf d regkii rogn

HBM]in t

sagittal

4B% | antarfl exi on, and overall h

jtohien t a npkal se; t edshke
di stributi on -boenartihneg,t a7l 7u st.o DOulr% nl go atdr

an

|l ndeed, surrounding | igamen:

l oading

fradmenkl e t o tthheal detpheev® € hcar ri ed dhe medi

by

f acle@.2hetnhe poknbwes from the plantarfl exi on
contact area shift ganftreorm otrh ea ngo srteearcihoers tiot ¢
dorsi fl e[x6.d"Whadeenplk ¢ e moves inversion to ever

talar facet moves | ater atlheepk|l Eheoknnhenchati aog
shown 1n9) Fi g
Heel Contact Mid Stance Toe-off i'"""l M'd Terminal
wing bvun Swing

o> 20 -

gﬂ 15 - |

.-g 10 - Dorsiflexion '

< 5- 1 E—

Eg 0 V//I\II T ] L L

E 5 10 20 30 40 50 6 70 20 100

5, 10 1 |

i -15 4 Plantarflexion f

= -20

T 55 Gait cycle (%)
Fig 1.9. The ankle joint angle in tf8]sagi:t
1.2 High heel shoe gait biomechanics
1.2.1 I ntroduction of high heel shoes
HHS desi gned naswthéifedess hi gher than t hkeywforef o
narrow toe box, a rigid heel cap, and a cul
di sturb the natur al footi samsitdemed Omnd hef
i mportant feshiaod aocaésgsarchieve a slender a
wearers. Many women waarn | HHS$ arf & gnacpraer dtsye itnh et

13



attractiveness. The Ameri canh &sedpioarttreidc tMeadti
of women wore HHS in Amer idcag |layred rFxB% ndfi ntgh &
proportthfeemab p[olp8ull at i on

|t has been revealed that HHS imsthhdeesmap es e
popul ation. Al sounr vtehye c300n0dOu cHHS wear erss, rep.
had to receive medical treatmemrandrnewenhhe
of hseubj et tesx phear i ence of ankl e tspjarmngegsamwertehce
and knee joint twisted, i nf p 6.4 pHlo vibd vi esrt,e rdse s |
the numerous medicad cautrieomas nasg psomPIMh alHBE Mo
mor e, previous studies dalemomlsamnmtagaredprenasur e

muscul araragtatiitv iktiineesma tciacns baen dc hkaiprgegtpi cdbsy HHS

He el eiavabioahacedé asé& of falling. Studies
HHS |l ed to a badpesvlavidc roanchheddofseasnee betw
ankl e and keen joint thdaditeadaurbg &aheuhsmahbl éa
[ 66]I n addition, recentl vy, relative researc|
change causagdbypg HpSdbtalrmemceontgraolt-h eiansgd gene
not only Il ocalized on the footingutt heshewedr

extremities at [&@&ast as far as the spine

1.2.2 Biomechanical chaH&cgartstic of | ower
Center of pressure (COP) trajectory and pl a
Wal king stability and tilting foot movement
COP trajectopysiterit loel atmdadreadiead iarlect i on, whi c
summi ng the prodwhcitcimefasuhedpbegs eiatceh isrencloa
coordinates system. Earlier studies compar e
various heel hei ghts of HHS by nighatesboghtga
and standing balance were silginfitfedameéedtdialiwly
anteriorly as h6RIJFhgi dhtlOi)nc Whasddouwmor e, W
the effect of heelandeilgletm) ( Dbamstaom, ncmt al

14



finding consistent r etshuel tnsa i nt heefyf eaclts oo fi nhdei ec
oscillation wa4 afteuradi ndeirrecdic@€ @ dobitloy atlc mQcm t he
and only increased -lbat ebr6a.l9 %M er eendthiidebnpat natre r i c
pressure di stsriinbiutairon rsehnodweand tian iHMHCSr egaasi itn d 7h

The distribution characteristics of plantar
i nsol e measu[rd3mé nitt shgsssmelmest m att ed!| ant ar pres
ant é¢pihorf t edhirfdfoomo ttthhee f or elf pbdd t amdt medl| at e
forefoot to the medial forefoot undefr HHS ¢
40% i n thaefexreaft @tthof@entdat ar sal-sht eghebpedssu
by 12 %himeofroangei on, 48% on the center forefoot
met atarsal), and 20% onl nt haed dhiatlil ounx, préehgei omma g r
pressure andnpegsalréentimenaenerdliyal cdromrelf atoa d
heel [hRFédtanteriorly andrmedudakl yHBBiI tordi |
has been acsonadnv deascetdor | eading to forefoot d

val [gu®s]

220

200

180}=

160 =
|

Smooth 140
COP curve
120 =

Foot length

100

80

60

1 1 1
-20 0 20(mm)

Fig 1.10. COhRhetsalechmeayy@d@drmhent system
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The GRF

The ti me hirsetfdireyd tomfmma®uben magni t ude, directi
pl anes, and point of application of the i mp
that the time history variation of GRF 1 s
speed, subject 6d obaodd yn gmasast,e,g adiotots tcylne,act a
HHS a@ai gni fi chaanst hcenean® @oiutnhohaigtnsitnucdree ased i n

vertical, anteroposterior, and [nm8e0di ol ater al
PN Mediolateral (Fx) Anteroposterior (Fy) Vertical (Fz)
0 F (N) F(N)
10
20 200 1 1000 1 ’
0 G 1 & J 100 800 -
20 b 50 100 ) 1/, . 600 . 1
-40 0 50 100 400 4
-100
" 200
5 2200 0 . ‘
-80 0 50 100
Normalized time (t) Normalized time (t) Normalized time (t)

Filg. 11grdbed reaction force during the s

I n terms of danhdeheal Wdige hetty pd . i nvestigat
during nor mal gai t iy ygeoef mpsahroi ensg (trhurnenei ndgi fsfh
|l eat her shoes, 1. 3 &ikwi; s tHHeSr, f7olrBoeem yrpal pastr fnafrimm. d i
indidthate the greater 1 mpact-pdotreri om dihree cvte
found i-nf ft hpeh @ 0ee cloenplarcantt abt HElba aen du h et h e
shoe c®ndihtei cerx pslnaanhaléei rioinc alf GR P hiaasmed eled r gdrr i
vertical @RfFF apth atsheedfctaone he T el HH® causes an
l eading to ategwhbRrsvéatevphaeteB)stTThe&kel arger
f orcceusessi gni ficant decel eration of center
counteracted by increasing the peaftkf pplopud si

thus proypyemove gf drowward during gait [ 76].
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Kinematics, kinetic and muscle activity of

The ankTkre joooat : can automatically adapt t o
adjusting the function of muscl e, |l i gament ,
during HHS gait, the foot mechani cal funct |

i nsttameegnkl e joint axis displaces anterior]l

relative to the ankle joint [77]. More sign
l ength [78]. This deformati owewrq HHIt i thlua!
heel heights of no more than 2.1cm resultin
heel height range fr otma 60..24ccnm thoi grh. elrc ma rccohn thre
There is a consistent resunatl |tematpeak!| pd qerrt

mo meinnt t he &wekkeefpandt dpb6ing, M8y igd@U] .evi der
suggested that the smal lwasnmomewvt tafbl ankleac
shorter |l ength of trlise etpesn dsounr aneo nfeanst c iacrlne caan

wi t feoatt more pl ant &r, fllsex&8d]angl e

I n the frontal plane, ankl e ever gi gm adamnd Aty
el ev[adt,e d8TLHi s may be due t d hdehlel enejdoiant dd esmptl &
by supinated foot post urhanHHS ttanldd cmavtea si oh

biased direction, and thissineedmomenthbet @ op
stlagpai t . Il n addition, the ROM of subitalar |
restricted at the heel stri ke phhaessee dkuien etto c

l i mitations mayahaidlvietrysedfy taHd efcaott htteo absor |
contpahats8e? ]

Addi tjionhalkl ynus cplaet oata thi ovvaetri oenx tcrheanmigtei déeHdH Sc a n
wearing, previous studitenseoff eus d angéder omusic
gastrocnemi us, and perfot, u&, Aiddh]gt uhse d unrcirnega sk
force around the ankle joint promotssso highe
HHS gait|[ BSt.a®ddBdwawer , considering ntcheeaadder

muscle activity |l eads to higher atppemagadrt e
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hi gher activated mi8dle than | ower activate

Csapo et al hlesrhgptwe doft h@ast rocnemi us muscl e

Achilles tension size and $erinf wesag hogséeHBe

c
i

S

hangerst di butae reduction in the sagittal RO
ncréavadvalofRG nkvhe choiwats, t houghtf otro abnek |l a& r

prfa8h The <consistent results wer eahdifeo fou

gastrocnemius muscle fascicles in experienc

barefoodn 6Nodmal |l y, -ttemael o musali & ( MTU) under

c
h
f

hanges during movement. When the muscle te
igher tensi on, the MTU is forced away fro
ascicl es. mahyi s ndalreafger e with the neur al act

MTU efficiency and i fqdBr5eas8e6d energy expendi

The Kknela jfbentsiagitt al pbhagége Dhehlapk anetjeanr fnlt

significamiltye eln cdrledagietiH®&EN § 42t 1 5Ac Boarrjdi ngl
knee extensor moment increased which is th
decreased ankle plantarfl éoidyn pjpGmhaite, t @ 8 n
Al t hough, a few inconsistent results showe ¢
extensor moment angostg lt,iwBi2dhr mag beebtabsed
wal kingasgpgeadkari ngAsexpenmt emred above, t he
characteristics of HHS gait tend to manifes

h

n strike |l ength with incr edhsei nsg nhielealr hgeaiigth

aasl s o b eiennn efxopudgHte ar er sc oonMipaHrHeSd t o exper i en
89, @0ropdewgous research, the influence f:¢
XxXperience on HHS gait are easily neglected

n the frontal epflfaefcet,heteh et h&eie @ hit fmioamnae m tt has
onfir med. Kerrigan et al. found24%el pre@a&kr e
n 6cm heodalreftolod B.WhI ikminlgar | v, aEema@®@h%edr eat ai

eak external kmeécmawrvilecadmememrts scpoomp asr esdh ovei
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[ 8] Al so, Barkema et al. reported the fronta
height elevatedThEkcm, wasmno9asem)gnfi4jcant dif

pl ane moee ojnoionft kmmnder di fferent heel height

On the other hand, the increased knee momen
guadricepst inigitcy &dddi ng t o amati elclr@easendan tit
patell of emor al j oHfretmompales cwmgp,r eanidv et i o rac ¢
compartment, which eventually causepF9Rnee d:
93] Thhabkse en confir med dly988kse Ipruchgwshin acenyy ealt i giah e O
the potenti al rel ationshindobaedwéeé@dnat OAhanadoH
t or gu bkenastea e x a g g dn2a3dt% dd t hsethgn c eaphemi oee | heig
when compéahlkear ewfiotoht [ b nTdh & idovmacrruesa steor que I m
greater | i gament stretching forcel amdli nngusc

degenerative devel opmenwhiimnh theaso medlamt @ @&m iy

ani mal expPdili ments
The hiphgoimereased internal hip abducti on
gait, Stefahyshegported a 25% i ncrceoarspeariend hi

t o bafrld]osteny el enllad .i nclhhrzaarsweed waht bbb Wwap a
t hought as aometbBeanhsgheéen hip var8]sAanowelnlt

asheegter gluteus medius activity was obser\
to be a response to reducé¢d®@5S5har bs omechari G

di ffertdheice jiomint under HHS condition recei Ve

knee and ankle joint, it seems the changes
previous findings, and most pathologies dev
foot,amcdkkeee joint. The comparisons of the

kneet hheinpd j oint between the flat shoes (1cm)
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Ankle joint

10 PR éﬂ
— 0 - \ g 10
o ,/ 1Y PRaliaii é
ESTIY g \ / = 05
=1 \ 7 L
= - £
< 20 Ecﬂ
-30 _0.5 | Dorsiflexion
Knee joint
60 ?nl.O
=
@ 40 E 0.5 1 Extension
L S L Pt
= 20 s |/ ‘N N
< £ -0s -
0 Flexion
E-1.0
Hip joint
~ 20 ==~ ‘-é ’ \Extension /
< ER ,/\
2 0 %-05
<ﬁ_m £ Flexion
S0
=20 =
Fig 1.12. The angle and moment variation of
t red solid |Iine represents HHS with 6cm, at
lcm. TwesxXtanacted from Esenyel et al
1.2.3 HHS biomechanics in experience and in
According to previous |wéeanistgarmne,t htelhe asypreaert
attracted the attention of researchers, whi

i mpor tOpn-@Gear r ei.a ndi catted t hat t hei dnsosmeahann
bet ween the experience wearers (EW) and ine
demonsdrhitglder knee extension dmeEWrgradwep u
than [ B87EW ere morwercei fffoaurnedn ciens t saichr ewi ou
increased abductor and detchhe s ¢g@®cinkinsereda l r

joint ROM in both sagittal and front al pl an
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moment of i &@Wkvhe nj ciompEWedluniong HHSelhacteadit

speledl, FQlrther mor e, Gefen et al. repnort ed
t woesweruembaldamdode t he muscl es of peroneus | o
| ateral sasvielry mpoomre to fatigue i ninrdgddWtgr our
stablida]tilyn contrast, Si monseadi feftiemadmnt en oktiende tt

features muscle activity][ b&}f mieleanr trhees WEEIW sa nkd

ben previously reported by Ebbelindgi @étnat . s
af fleocwer | i mb mechani sms, or ev[fgn heart rate
I n tercesnttrioiver sy, there are several factors

of participants can behwarp otuesn taisaple cd o notfr i rbe
function and balance control can beodirect]|
chronical adaptation for footi adtsroudtidrf a&lr eanr
agle6, . Fuftilt her mor e, the height of heels also
wearer o f | ower {Beenl mhiagir gnloe n s @ah dcaEtoadtii on

neuromuscul ar functi on.

1.2.4 Pathologies associated with increased

Clinical presentation of t hewemaotienmmgealf r ®mo
commonly discomf orstuctho afso ofto opta tdheofl corgmietsy , h
fasciitis, plantar <call uses, ankle inversio
and knee osteoarthritis hdivees b(efethy ph.esB&)hit teido
the foot painidcodrenalelsy dompdarodd t he foref odc
di f f arheorocce pat hol ogy hapgmehBeoakeftecti end lyuirs
foot strucsur esdehnrda ss hloese | height, t he basec

materi al s.
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Morton’s neuroma Hallux valgus Plantar facilities

l.

Achilles tendon pain Knee osteoarthritis Ankle sprain

Fig. 1.13. The common foot disease i nc
Il n conclusion. Gait biomechanics is a compr
el evating heel height i n HHS gWe tceaefenodn fi es

this britédfatr éhieewnovement apsusoumasget ethal a
contarcedmpr omi sed during HHS gaioth.s elirmhved dmeo st
akl e and kimeer gfoemearsces show that the biomec
wear are i n Igmoofduratghr eere mgaedrena rncehy r ot nhues cl uol nagr &
i n HHS wearing shoul d be investigated, as
responsible for such neuromuscul ar adaptat
determinant rod eofi nadapmt atcicounr,r esnicch as t he
frequency of HHS ameereidinoge. i Thhveesset idgaactdengrrse h e n s
and temm way. Omcdfoifrbet magnhi gh Hhdelngg anitt hat
muscul oasdepeattl onsmomweiggantigow®e t o counter :

effects of high heel s.
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1.3 Musculoskeletal modeling of human movement
1.3.1 Introduapiponmncati Opensi m

The neuromuscul oskel et al system is made up
interactedf fuocéenohwal éyabkefsaciolbirdatniang@ da mot
of human mdwee mer tdode.it vwreemiapma s ¢ loe st moti ons d
movement sekdaeachared yt aanb nadoathgfed.8 |]However , i
remains a major challenge to integrate a de
system el ements with movement measurements

of extensive movement and to kcfeganhg abmracrnm
movenemndt]A dynamic simulation of mocémemninginn
el emefntt he anatomy, -pbysatolmmoagy ,omaicrb ifned d |

coordinately taad agruocwimble cah oishkeégbraék,-s§s meaBsic
driven dynamic s$emtimbsomlne i an dc ejeaierdt f orce

to record by experimental measurement .

OpenSim asouwmc e pemnd savdmescul oskel et al model |
t hdatl oavs users to cromdt eadymami cn®veimamlt st ibars
captureOpenSomMTwapleughaadr chi tectuteseestahbli eha
i ndi vi dual 6ssacmws dlinnegenetatissl d olz eign panal ysi s mo
devel oped bycamnef fue n 8 hpeu éusi dory s

The muscul oskel etiad dgsdreimbedcd Openeatisn of di
enabt mentadoyhsuissc| e contraction dynamics, musc.l
segment [dYdN]aNeiucsomuscul ar excitat-depmpempdeoempter t
behavi or arfef aredntnieadl beygudaiti ons. Once a dyn

necessary to find a pattern of muscle excit

muscul oskel et al system. Simulation is usual
ki nematite¢ c,kiand EMG activities in experimen
is performed and validated, it can be analy

movement and the outcome of the nagi chyhamed t
simation to generate a coordinated movement
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of muscle excitthdeeveho®s pmBaoaw, oWwi tlomputer scie
muscle control technology can quickly deter
Operate steps in OpenSim software

There are four steps to establMSM ciang yina mi c
uséeéod match t he saretdhimfaiippoiméEea a ly ailoth d yacad cerddi ng

t d hleocati on od¢apthier emarak e3 D mot i olhh ec ampa susr e

c ha

ma s

I n

t he

pos
exp
mo t

kin

as
t ho
t he

and

dr i
opt

con

ract eraibdotdiycapsaufdl ed t o irregpirdidditca]l tmeasur e
sdhned | ength emfdomuaclteat ors i s al so scal ec
Step 2, i nvessas kidy etofad degeemndnd KI)i zed coor
model to regener aThesd i mrra ge sad d almg |aa olf
mul ation that mini mizes the marker array
i ti onseladms uihret umalda Imanm k ewist tp ojsdi®@®t hc d rhset r
eri ment al metalgeori exmhe mhbapildyc ledfedgensab it hgee ner a
i on capture system, can also be involve
ematisc used to reduce the weighted squar
i abl es obtained frjomOEXperi ment al measur
stepceesx etf Wweerent he model ing assumptions
val ues ofntt hmo mégRR ared sjuaied idni ftfheer ienxgp efrric

se iMil nn hteh iMs8 srteesp dual reduction algorith
general i amaddelootr da mh amadre odfocwsirttdygpnt@eemosReF

joint movement obtained from experi ment

St dgqgo dput ed muscle contr ol (CMC) algorit|
ven simul atisbaorc&€MCagliisstsisci bpihec!| es by us
ami on criterion to prod@2Elhaea dgyhawmati o
traction dynamic of muscles arebeaepres:

orporated into the dynamic simulation.
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1. MSMest abl i shmedti versmmecbaei on &fm human g

Raj agopal et al . prfoodrdeeata n g o rmapsl geet nee e p rGolxoep
muscul oskel et al dynamies canorbeell i a bhloekpmaiaftShiomdga n
t he medredgf er en[cle0 3vRHaiepur pose of taheighl gt ud:
vali dated muscul oskeletal dynamics model of

for gait simul atiedr jecacuglcompubbatuoeadl flygr cc

driven simulation i nt hehenaubsgohlneBiemt ulre thei O ws
created by combasedgevhkbuatundaneof muscl e | e
resonance i magi ndg)l0nmulshced eg evnoel ruinte nduastcau | os k e |
created by foll owing seeovneertarly iscgoenpsst:e u@b)d el ©

skeleton structure was cegcactnetdadby ch@gdr ee s i o
freedom (DOF) in the | ower extTrheamoct diersa taend
system was al isgmeud twirted at hesnsiggmned as anter
Y-di reassiogned as s udpierrei@osrslioygn eadn.dallstohieh e r ag dt
the segments were madel &®DOFwi (R) monuisach er amg e
establ,8®Ohusetnéde@don wunits and 17 torque act ue
extremities to dri ve atsheef inmadddell iy p €€ amihs anlues crh e
(Fig 1.14), based on [tihO&h]dletshodu s p emadm no f oMicle

| enfgurmcti ons amd cjadiermdt bayn gelxepse rw ment al |l 'y mea
to previous research. I n their study, t he
producedrmuwend esi mul ations in a single gait ¢
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< IMT »l

C—IT—-"G— IM CcOoS (14" FT

— Active
_ﬁ:‘l"‘
-1

0 0.049 0.25 1 19 ; ]

; 0 1
Tendon strain Normalized fiver length Normalized fiber shortening velocity

(b) (c) (d)

0
| :
=

0

0

Normalized Muscle Force (F¥/F )

Normalized Tendon Force (FT/F* )
Normalized Muscle Force (F*/F" )

Filg. Adocmput ati onal -tnmeonddeoln .o f( ayyuesncdoenal emgs 01
presented by the geometUreprpesaeatbsumaosicbe o
angl é€b): function of tendon eonaracti(ktg: ema

(d): muscle 3 iber velocity [10

The four simauhds$soobeshetphsee ds c &Fli ertcshtgekairesii@an o
model was <created ustiongmaSccahl es uTojod cSie rrao®mhd rrydGp
joint kifndmavteircsexdremities durmotgi @gmai ¢ a pvtatsr
data I nu®paangrBy enr se ki h&@matuibt al ao-plaalda med alt a
joints in | ower Itihwabisst amnedw el llicnoars t D@iveefd du
accuracy. Thirdly, the RRA was wutilsithed t o
inconsi stency between the measured kinemat.
kinematics obtained in step 3 wete maopale.

excitations, activations, as wel | as muscl e

For simuadaeal eddliiddedtiitgn,andt g el edirtevisit €eer i a ) ot
muscul oskel etal geometry in the simulation

muscle activities in simul ataiomt amodmeEnMG idm tr
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driven simulation and i nver setidmen afnmdrc ss icmad lce
a single gait cycle was computsedpr eTsheegt feidn a |
1.15. The musciwBhineh alieftse bneussrcé engt h amd musc
well consistent ,widt it heex psd rmurheartti @oln datma ng of

a single gaimatacyhelde wvd sh ViEMG measur ement

17 Rectus Femoris 7 Vastus Lateralis 17 Rectus Femoris 7 Vastus Lateralis
0.5 1 & 0.5 1 1
> >
= &=
3 \ﬂ\_/\ >
5 0 — . — g 0 S : —
< <
) ()
° 1 Biceps Femoris T Gastrocnemius ° 1 Biceps Femoris 7 Gastrocnemius
2 Long Head Lateralis 2 Long Head Lateralis
= =
0.5 1 b 0.5 1
0 T E3 1 T * 1 0 L 1 EI
17 Tibialis Anterior h Soleus 1 Tibialis Anterior b Soleus
0.5 - /L 0.5
0 T E3 1 T E3 1 0 x T 1 *x T 1
0 50 TO 100 0O 50 TO 100 0 TO50 100 0 TO50 100
Percent Gait Cycle Percent Gait Cycle
(a) Walking, free speed (b) Running 4.0 m/s

Fig. Misdébe act ieviettiwessencarhparsi mul ati on and
wal king and running, (dhrRed Wwah&i mgpaadel(t
simul ati onhgeresyu Isth,a dotwlEeM&p mesasnt €(m@d3t r esul

Per sonal i zewr eadbtiyiafy tilse i mportant trends i n
The biological characteristics rcfgungodievi dua
accurate and effective methods steaG@rsragmtos e
MSM devel opment involves personalized 3D booc
activation pat tecampr eohfe n,swdveceli apsl,iocédemad a | ki ne.i

dynamd4@9.7]
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The combination of medi cal i neaxgpi | nogr aahniedb n3  f

t

g

el ati onsdtperbrealweleinne mian i g rofpa@dhpaevritoAes haumg h

D motion capture systems ar evawi doefli ggcdhyused |
egmen3dD capture technology has certain |in
ysteurss to the complex anatoReceandt Inyat umrew oi

echniques such as dynamic MRIcumatve Beaen euwns

i nemat i c. Agdari & meotmearl Sf Yy uor oscopi c applicatio
i nematics also provides a useful and effici
po[r1&80These new i magiangemodpelrspepgenve for

esearch and provi de accurat e ki nematic p
onstruction. Compared with other calcul ati
he calcul ati omigifdi dioa@nsc yheafhema!| t il n addit

eneric MSM in Opensim <can provide an eff

applications where decisions need to be ma

c

omput at i[olnlall, €elfif2gr t
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1.4.Finite element model application of human foot
1.4.1. I ntroduction of finite element model
The complexity of fabongnatbmythbdy fohcmabkhn

measurements to expl-eteesbeiphyesphbogecalo ¢
prompted resmputater stnah lomankd Ih oidiss t lheh a&wirdry 1
with the devel opment of computer technol og

anal ysis of h umana musInhse.l d suknedlaeneanlt ame cald v a n't

el ement analysis in fboetamembbatealrsequl at
compl matperoipelr andscreate a variety of |1 oad
pl ay amti mpdret ain bi omechanical evaluation
Furthermore, the biomechanical investigatio

FEM analysis has been used t o cionnvdeusctti gaa twiodr
which include foot pathologies analysis, pr
and insole design, andt smddn,t iskiure, elviad aamdn

fascia).

Cr eataicnompr ehensifwet f imbaleilt yt o expl ore t he
characteristic of the foot in its specific
scientific invbet i gasthiombldie Nebt templ ex t hat

cannot be preidicsedsi mpre shlboat dresults devi

model that balances these aspects needs kno
meet the optimal condition.
Naturally, judgment based omrpcesiolmdi ng@sea

needepdr.oviiode fostghREMianhal ysis, three simple

be concluded, which wil/ be applied in our

1. The nsohdoeuldétlee mi ned by the pDepesedi o bDhet
stsdyaspreci fi c cfaonotb e engaadhalsesdman nead § a& h s
f oothkcpamr educe computational costs.

2. Given the complex nature of the foot mo d ¢
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process, the finale ipmteegrat ®eoth sestuéms amsd
accuracy of the model

3. The FEM analysis of MSiMeppooacltawhicombpmnev it
and boundary conditions for foot mo d e | p

environment .

Even though there is no integrated foot mo
therecoasederable progress stildl needed, b e
comprehensive tool box of foot FEMIlcirceaattiionng
has been demonstraties. tdhedmmb@mdogeadmndti reynge
construction, the material properties assigtl

and c¢ ompu t-eaftfieocntail v ecroessts .

1. Aahz pr octeldai mes oefl e ment erbord lehéu npaenr ffooront

Geometry reconstruction

A complete 3D foot model is generally recon:
MRI by i mage[ sk3melnhteatsivornf ace scanning of a
cadavers al sol] hag]l beeheusotendoasués gamestc]|

fascia) are included in the model, the inser
by i magtiagor anatjolmiclRtrevebesenesearch has
detailed foot model which involved multiple

|l i gament s, and even[ pPl&MWhialre fakbics ad¢araigl ad

more realistic structure of t he f oot and as
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Muscle/Tendon
* Uniaxial connector
« Connector farce

Bone
* Physical geometry
* Linear elasticity

Encapsulated Soft Tissue
¢ Physical geometry
¢ Linear- or hyper-elasticity

Ligament ; B :
* Viscoelasticity in dynamics

¢ Truss or 3D surface

* Tension-only element Joint

* Friction/Slip interaction

" ER
Plantar Fascia SN, * Cartilage/Soft contact
=7 (5N

* Physical geometry
or truss
* Linear- or hyper-elasticity

Toe
* Individual or fused

Fig Thfdsbot componentllr8c.onstructi on

Nor mal | vy, in terms of constructing a compl e
f or dbeovten opment and solution is needed. Ther
part of the foot is also used in an attempt
and i mprove the ef[flilQi]lem cay DY s ttedhda tsdcli urtecva he
application, Behforootan et al . reported t|
detailed 3D model of the entire foot, and wh
part of the foot, then 14%-dofmernev ioemvad d (r2eDg
mo d el basadhyd CTANMRIX2Mddigeilomtalts ya,l . perform
simplified simulation on a 2D foot -madel th

i mages to evaluate the effects of removing

that even a small par tl iogfi bplhea |iannfgleu ecnocuel do nl et
[ 121]
Assignment of materi al properties

Regardingtthetnudetti pl e ciombgonreesnt sc airntdllwadyes,

t endaonmsko,ft ti ssues are haviPmg tdicfufl eearrd ryt, rmatee
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of the foot hasl ibneeecanr avsissi cgpndeda safisP @s,amkel dsyti uodri

al so siagnplitfiisedesas a |linearly elastic mech
solutijph24]Ameorpdicwg st sepodir ¢ €d, bones and ¢
usually modeled as homogenous | inearly el as:

[ 1422 ,Anldi gaments and tendons were defined as

ranging from,11.h5 efionlpledrOcOeMsP,a vi scohyperel ast

on | i gamen[tl 2WHmu Imat ieomn al properties are cru
for realistic simulation of the|[ he®thahas al
beesmggested that considering the increased
simul ations, the opti mal materi al model s e

vali dated according to the speci fl29bdQecti

|l nteracti omsn,d b owrddargy condi ti on

Depending on the model characteristic, Pt
di fferent ti ssues, interfaces, and connect
simulation of the foot i1interacthiavg owi thlet whke
t feoot and insole is defined by friction coe
et al. reported that 43% of the 96 reviewed
percentage of body weighingBWpndi bhiwhichk m0

on the static standing simulation, dmed the |
tenf2r] Besides, the magnitude of tWNevompose
measurement, the GRE @paramet mpochanbel dadic
force pl at es, or Tmeolaamopmné s soufr e GRRFenappbi

measurements appears to be more relevant fo
foot regions to pRaoei dd ame¢lairalpFeersa v @ @a@isd i
Budhabhatti et al. | mpofsfedplasne asurads GREiI fail
f oot [modlel

l ndeed, al | FEM analyses comput e ctcloag dfi magt tio

t hessumemeasured | oadi ng ffoaatedr eHBMs s if mulda i
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i ndi c aftEeMs niebtahhondot di medt kb wlhoeu égdatiett adapt ati o
internal tissue Iloamiitnade.E BTnof oocovicear sip olneeelr ahtehid osn
in combintahMSOM Motdéd specifically, Scarton
estimating the effect of gait modi fbiycati on

i ntegM@Mainndg FEM, MSVmwtielc hwas wused to eval ue

muscles, |ligaments, and joint contact durin
establish the foot model of a specific indi
were assigned as |l oading and boundaveg tcloe di
prediction of internal32Pesgdint eantdhe thriegls oam

this approach enabl esnYtasipen fesmamati @od dfhe

and stress charact eagptsitmal olno adiarbgetd antfromwlt.

Mes hing

Indi vi dualneeodyndmedinite o di scwleioednren eecrteend sby no
According to the complexity and geometry of
used for di screte ngoleisd marmds, | suehalass, ttre
el emen{( &) geTlhcel 7VV/Aehaus or options of these b
be assigned to mesuclmodgbrrdqeil eemmentss can
component to reduce the solution time at th
hybrid elementethaeaxaledrmwalnedqudadr ati c, anc

incompressi bl e nalt3ex]ials of soft tissue

Additionall vy, mesh density is another i mpor
resaebns aenelalla conducted a mesh convergence
that more than 10, 000 hexahedral el ements a
for si mul apliangt arh ep rpeesasku r ep heat4 p¥hhiel ep uGhho k hand
all 13us]80, 576 hexahedr al el ements for their |
a convergence test of mesh, according to Li
redducent i | the -dasplaacemertf ifoorlkcess than 349

meshds 6]
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Triangle element Hexahedron element

.........
||||||

N3 N3

Quadrangle element Pyramid element
1 .

N2

Fig 1.17. Diagram of mesh el ement

FEM validati on

The validation of FEM analysis is paramount
one of the most challenging aspects of bion
reported by Behforootan et al . tiindliesatwdl itha
the computational foot mo d e | by coevmptarra ng
experiment al data or Widd]hn preevmso uosfl ye xppuebrliins
compari son, the plantar pressure distributi

compared between predictiph3andhd&8peri mempa
data to I|iterature, theensmees cabstysmeebdact

behvri ocof specific tissues was b[leli2n7gl 41839 t 0

1. Sul3nmary

The application of FEM analysise@am hmwamt end
i nsight i nto evaluating the intesmeglimebt ome
However, creating a geometrically and kinem
conducting a fundament al i nvteisaan gand omr e doirc t
clinical application. Besi des, the sever al
carefully concerned in further investigatio
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. The first challenge is that -irrewaosisvue uway) ni
timensgmand | aborious step, due to the foc
i mages of CT scanning and MRI

. The second challenge is that the materi al

of simulation because of behavcompbéxspbdnl t

. The third challenge is to assign boundary
can apply clinically relevant |l oading witHh
. The fourth <challenge is tongiettyer mone eabhb
component , -ovdhnsthmiirsg tprmegr ess needed to do
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2 The foot multi-segment biomechanics in HHS gait

2.1Introduction
Kinematic detail sHH® gamoo e gaenhdh es terfufcetcutrse oafr e

Yu etvemliggdated t hat itrhet Heorfcaeo tdhiysd iFaHhSdel t d loanr
contributes [tl® hTaH d airxe tviad aglulsy , afad o tg npnesntt u roef
the foot skeleton, and any abnor mal l andi n¢
di readtiflext the fUheteboref ®whmofeoteliabl e a

met hodedstoestdudy the details of foot kinem

The OFM is®ganemul tmodel and provides compr ehe
can beedantaol yrkeivneeama ttihce ethatrlaet leajaltx odf ooéef o
duri nfgldg2a,. tITh&] repeatability and rvedeami |l it
outl,inegd wadebgbthsieodnechakliedali n a ranfge of pc
obsebrovteh nor mal and pathol ogi qall44f odt4dbi n t |
Levingemvetstalgated the kinematic difference
flaatched feet bduruisngn gwatlfkMnsg r at ceidf fae rseingerei fii
forefoot and hi ndf oot movement in the sag
compari s,orvegmndbfelpatc heldaalf egerteat er pronation t
during, wahtk pmiagsg ¢ ifaltids al t er ed b i ocnoeucl hda npiocseel
a high injargheidskKkedtl 4deivEagaeawvaal . assesse
kinematic characteristic of forefoot varus

from 7 t,o dleSmoynesatrrsat ed the specific kinemat

| ower extremities in subjects with forefoot
|l herms of foot movement in HHS gait, the fo
hi ndf oot passively el evated by heel along w
becomes t he Deajpont esumpaer special foot struct

attention with biomechani calHHrgeasieta rwhhi cche nntaen
investigated the kinematical and kinetic of

t heotf anonvte nset i | | uncl eari n norigddedrv gtaloet it heh @he f
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bi omechani cal ardalcnqgcutihpemers skifon déeroaotti ¢ evi dence t
pat hol ogy of foot related toh&aHBuwgaftdngfos
hi ndrhooweament i n alBKHRBEsEEHEGI. wa s

2.Met hod
Fifteen healthy women (23 N 2.5 years, 1.65

motion system with 8 cameras (Oxfoapt uMed r i ¢
ki nematic dat a gpafndt hhe nhdaf lolou x ,u sfionrgefao<ftrt & q wad n
was conducted under two dbdrfefreant( Banglkeirn gne 1
HHSvi hbkel h®e i gihte zeef of e x p erra nngeendt &fBr8osnh @Babs a
was coflil et ei@otval uditnee ntshieo ntah rlefed v efnoeontt, otfl
refl ective markers were placednacGaotdiasg ded
in previouBhe tQRN mardkbd he at ghtchédg were bas
definiti.on (Fig 2.1)

Foll owing warm up, the subjects with marker:
position in front o f the camera for stati
perfor mehd eet mar kers ( RMMA, RHCAM,2 JARaDr1tM) c iwpear ne
were asked to walk through the data capture

five times to ensure gait stability and to
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Fig 2.1. Oxford markers position on | ower |
maker desc rAnptteiroinor RAUSpler i-Positkeri ac Spperej o
Spine;-PB8ACRrior Super idDtrandaradc I[SeptiBiregd RKKNeEe
mar ker ;:LaRHFB head oTi bfiia utluabe-/RoTUBr y pr R&BE Ne ct
the ski-Ank RANKWMMAal Mal-IPeocltier i REP®nd of th

RHE-Heel ; -RALtAer i or cal ca+lLeause rparl o xciarhacla;n eRiLlsC.
Suanicul um-iaet at KIP4aM , pr olkihentadt alrog m&la,l ; diRd
medi al 55sRPIMdt at arsal, -psoxmmahbht hasalal gdi BRI

RTOHOE:; RHU A u x .

Data anal ysi s

The timing and magnitude owi tam gmdf sopreedrio voteagne |
forefoot whitihmdé&medtpreioni d fhoote hteielcita tcduri ng a c
gait cycle were comphddiSed ah aat wagnthal epbdbaneart

and a transverse plane respectively. Stati
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software SPSS 19.0 (ShXS%* plema,e nT b sstaagpd ger &L u s
to assess any differences in ki MHHBatgiaGapar an

all endlhyes significance | evel was set at 0.0

2.3 Reshilstcsu sasnido n

Kinematic variations of hallux, forefoot, a
shown in thle Ffi gmediem@s 2.ated significantly g
in HHS gai tdurhiamg btalree flomgtN s1P\a@R6 N6 pH,asBe (22
= O0.0Béysemaleladrd ux plantarflexion in HHS th¢
stancd Tpth\BB28VS52 18\ 618 13; P < 0.001) (Table 2

I n t efromsenfodoetmeen tat ihvien difbld & theni fi cantly incre
abduction compared to bar°Bf 2°v87 dG\ 0B g7 Bt he |
< 0.BOWweverwastchteateids fif ealent in forefoot add
and barehootdifAesehbbdewaagfotuatl amodemeabhsve

of foot betweef(ThbSeaBdlparefoot

Il n term of hi ndf oot movement resvme awrtei voef w
dorsi Ahelkueroinng the teimi HMIS soapad a@INEHe bar e
1.%6WS 12N 08. 9P <, OO 1di fwafsence in plantar:
Addi tional |l y, siunbjtehcet $vniotwg cdtdFP ¢ @ niena reg lnea | r c
bar efwroitng the i nit3Kal0°w&88amhNc%ed; pshBa s<e 0(. 1060.17) 2

HHS ndi cait gdi faiecca matalsyetdhteensi on r ot 8arefh oobmp
duri ng -stthaencrai do B Als €.VESD 51. 40. 703 42 buwashiber e

significamhs a@innNdtkhree ntcreansverse plane (Tabl e
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Table 2. 1.

rel ati ve,atnad Wi mdff owlittei bélaat nve hehhbalef sbodoesa

(0cm wv.s 5cm)

The

peak

val ue

o t hfaonrgeufl caort , mofta roe

Vari abl e

BF (deg)

( Mean

HHS

(deg) P Val
N SI (Mean N

Hal | ux n dflearte fva
Dorsi fl exion

Pl a4ftlaerxi on
Forefoothiretdfbobit
Dorsifl exion

Pl a4ftlaerxi on
Adducti on
Abducti on

l nver si on
Eversion

Hi ndf oot t hteil baita
Dorsifl exion

Pl a+ftlaerxi on

|l nver si on
Eversion
Il nt ernal rotat.

External rotat.i

22 .NBL5 62
8. BlB. 13

12.\9 45
4. 801B. 04
13.808 79
8. H2. 81
4. NB. 67
4. HO. 64

12.\D8 9
-16 .16 93
6. B®B. 9
-14N%. 69
7.80.55
-10.N03 42

26 NB. 33
4. BB. 32

11.\26 49
1. . 79
16.N15 37
7. N®. 41
4. BB. 06
5. Ne. 7

16.8619. 69
-18N2A. 29
8. Nb. 16
15 .\ND2 41
16.N02 48
5. H®. 69

0. 00:
<0.0¢C
0.7

0.05
<0.0¢C
0.15
0.11
0. 86
<0.0C
0.16
0. 07
0.19
<0.0C
0. 00!

Not e:

t heas<0B.nOS.i can
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Hallux dorsi/plantar flexion Hindfoot adduction/abduction

20
—- BF
< £
= [y
: E
< < =
=
-10 =3
-20 ‘ . . =4
0 20 40 60 80 100 0 20 40 o0 80 100
Gait cycle (%) Gait cycle (%)
e
Forefoot adduction/abduction Hindfoot internal/external rotation =
[}
20 — =5
g
[ 101
o - -
2 ~
&n L
= = 0
< g
<
=10
0 ‘ ‘ ‘ . -20 .
0 20 40 60 80 100 0 20 40 60 80 100
Gait cycle (%) Gait cyele (%)
Fig 2.2. The comparison of foot kinematics

and TBhhle.dr regi on indicated the significant

Di scussion

The kinematic characteristics of the hall ux
by using OFMnmagmweaasuhuese. shbwed that the hal/l
signi fiincdMtSI y han barefoot

l't is widely accépeéd trthat | wadr it mg aldiveh se
negatafvelcyt t he s{dd@dalrey ofiid0he¢mwmiobt ed out

hall ux dorsiflexion is significantly increa
will dklardt i ng of the metatarsal fascia and
To maintain a stable gait, | arger sagittal

duration and amplitude of ankle ex,pp®s®0r mo
greatsbmok!| e limjaddi.ti on, high heels were a

whiwds defined as a c¢ommo[nl 5lNdjet molvreawrema |l iotfy

hall ux dorsiflexion causes thedsasamagind fti @ ¢
increase in hallux dorsiflexion maVyheesul't
sesamoid has the function of | imiting hallu
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| oad bearing force [illb2tlhe first metatarsal

Regardi ng mov ernee natt i dvfienfd ol @ fthbeeh etvedt an i ncr e
val vaed doufct i on duri ngf ft) hwakdtousdathddesh gtabeg h e
compared tHhbHSh@uled dowuwset o sl ide towa,rschsoet he
contri stuiereget et weehotbkoshotelPansigaed&ar hyg,
be more i rnthenshee awlheonf t hes bt gbwérrfedfrbemm ot b e v
|l nevitahkiysh)qpqgudazxedbtdowar dyasd mame enh g em ditei on

f orefnocortedd e@tigduer i ng atHddSmai nt ai n .Hdwe f @ro,t st
the increased forefowsuaaddyuiczimyommopraors @& pniemat i
mot iampmlpt enitnicarlelays e t heer i §kKlWafl d u bneoi voerneernut s

of the first metastatic is considdadnb8&8dOnt o be
the other hand, the stress of talse ffoa cetf owo
adduction a@6glVaenagbretnsad. [ 149] pointed ou
HHS can transfer | arger GRF to the first me

stress and force concentration can be signi

Inaddi,a i ®ingni fi ctame hincdfeamtadd ar sii fglne Xiicrmant

hi ndgloaont awé il e xoldheorsveead hanges 1 nducetdheby HHS
ankRGMdur i ng Qracintdemenhstalated tAahi HHSs i nema
forrceesulting in a stiffer Achilles tendon c
range offlomihemef ore, wear imag ethHlS tfoorAclhond d e
and increaselehepriash. gFeatber moternal rot
was f oundcoHitpS rogeadi tt o tAhnea tBOFmiccoan diyt,i arhe hi nd
connected to the tibia by the talus, and w
hi ndf oalt sanalyead t o i ncr eMesaendw hrihdeteaet iiosn a fc auh
rel ationship bmsmbwe saennds ul boted rad5t] i jimdbien tmo v e me n t

hi ndifaobontor anlatt ¢ yed, this may affect the movem

amdversmehygyt on the function of t[hed§7f oxi mal
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Sever al l i mi tations nleredprtev ibceu st askteund iceosn,s i tdl
used to evaluate different populations whic
hal | ux, the foref olt42qave dierhg maitf ioot meseagime nad f
and classificatioaryegheds!| pffpomtaeataedy to
di fficult to compare|[tLb8[Thesumlitdd owitt hhast lae v
rolleoadirmaqasfer fromhtit hef tbhaitt e fi groatvidinee ngh ai chy t |
mi df oawtnawd®e t o i nvesdObgamt th@ditend ot it $ e g @& Mt
invoAnmetdher | imitation in this study is thai
the experienced particip&t omrgs praday esmowharc ha

di fferent resul ts.

2.Concl usi on

Basedt hdrs ex ptehhé menat alr findisniggsni f ndaoat gd |
dorsiflexed movement occurred on the hall ux
the forefoot segment dur i ngThHHSc ognabiitn ecdo nepfafr
cyclic bending and the higeh hradtlaaxofwi ¢t harbge

out wardl vy, while the forefoot wi || be twis
propagating, long term trauma tha3Meaawdnt eal |
the hindfoot internal hioghdri odiurbiercegp meKS sg ainti

phase (between 0% and 50% of the complete g
in the transverse plane |l eads to an unstahbl

the risk of the ankle sprain.
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3Foot mo d e | reconstruction and the f o

under HHS condi ti on

3. Introducti on

Foot webaeeerhai mpli cated as being responsible f
deformities. The adverse effect of f-ootwear
fitting shoes pose deforming effectchomst he

hammertoes, hall 1l u%JFvaygaes, atornaedicated tha
extrinsic factor | eadi ng t heee f eolod p ndeenfto ranfi t fi a
pathol ogi es i n wotmeg® % aonfd tthhee yh esahldtheyd swdmerc
hesort of foot deformity.inHoWwever stuldgr éhias
investigated women who did not suffer foot

those who wear HHS. Thers¢e hmeésit sthhef camedemnor
HHSvearing

From a biomechanical poi ndegafenvi esww,rucher é
dramati cal | yf icthta nngge ds hboye si,| Isuch as HHS with
base areas, naMrowsf onoefewot heoiHE mheiad chan
foot morphol ogy, with arch passively raised
becomes a major supplieent eseaglmemal pagst sveddn as

modi fi ed. alnhiec adi ocrmeacrhact er i sti c of Isower e Xt

increasingly being investigatedhesetherdc ommp!
ot her researchers | ed to a tremendoushei ncr e;
fomt HHS gait i s being more and more appreci

shape under sHgh® tc dbreckint ipcmposed yet.

Traditi omaalyl yi,matghee iXx f r e @ theen tslkye | lestead tnoor @rh
obtainidbgawenghtr adi ographs of the specific
intrinsicalltyhdiinmgilteedp | dwme tpa ojection vVview.

resteofcttimadi ti onal radi der apdhdirce smesas wrye neceurr |
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CT technology, which provide the 3D vol ume
resolution. As such, the image of CT and MF
and diagnoses of variiduesehiicctul neckeph e@lt@adgy pias
of tantamount i mportance to uamprocs@mdchaei ng
reference for further work to address the

mor phol ogy.

3.Met hods
CT examinatiybemabeeshbpketh wafTrecrauwniot di Do

the measurement, ttheeebfeot bkasdbeeaoancbecked
deformity or foot pathologies. Then subject
3cmhcmicm) conductefhde&hbg scanwaBegsupi nbeedo,n t he
and the ankle joint was kept in a neutral pc
ti biofibular and t he wileaclses ifgonoetd. aSsc:a ntnhien gv op
kV, the current intensity waes24WamA0. 800
tot al of 8232d'itnaaneorgvrad p htyh iicnkangeesss was 2 mm
qual ity was 5121512. Theni RITCGM a(nbii gigt 4 Imalgra

and Communications in Medicine) format.

Data i mportDITOHMM ODbtaeinedi mported into the
20. 0 (Materialise, Bel gi um) . The i mage ori e
complete the CT data i mport. Regarding the

threshol di ngedpfioonvwaying grayscale values

213 and a maxi mum of 3 071; Secondly, the r
the bony structure from each other; thirdly,
bony oee(lygo®.1); fourthly, all 3D model s :
format , l nput Geomagic Wrap 2017(Raindrop,

of optimizing bone, curved surface reconstr

boe, then each part of the pr oMATeGQ ss afot wahree

for angle measurement. The fimn&l gr dc@nstruc
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Fig 3.1. Tiheen ftohorte @ npalgancerst; a lA ptideen enn s Ber se i |

pl ane;t Geagsti alarpelcaomes;t rucitsed bony involyv

Ocm 3cm S5cm 7 em

Fig 3.2. The final reconstruction 3D foot n
heel shei ght
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3.RBesults and Discussion
Foot mor pdiofl fogryentn heel height conditions (O

by using angl e meagBiOrhelnmernt &n gihatcke aftmaylllaeisd

met at ar s al ( TEM)-1 atngrmet attdares £lal c@hM)alangl e,
angl enettattear s al break (MB) angl e, the first
First intermetatarsal (FI M) iabnaghlee 3T.hle. angl

Table 3.1. The desdrli¢dtei7oln. of measured angl

Angle Description Image

Bdiler angle The agle between the tangents of t
anteriordorsal aspect and the posteri

dorsal aspect of the calcaneus

upward slopes of the calcaneal anteri

superior surface

TFM angle/  The angle between the long axis of talus &

Me a r y 0 s thelong axis ofthefirst metatarsal /
C1M angle The angle between the axis ahe first
metatarsal and the long axis of calcaneus /}“\

1MD angle The angle between the long axis of thiest \

metatarsal bone and the supporting surfa

Gissane angle The agle between the downward al t i
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HV angle The angle between the long axis of the fii
metatarsal andhe long axis of the hallux

proximal phalanx

FIM angle The angle between the long axis of the fii
metatarsal and thieng axis of the secon

metatarsal

MB angle The agle between two lines segme

through the most anterior aspect of the h m

of the £ 2" and %" metatarsal bones

As sninmowi g B¥X.h3h,egtlhee i s an angle bet veoamsatlhe t
aspect anddohealpoasspecthldfb3t|fMorealspamceds cal
angle on a | ateral foot view between a | ine
t oethi ghest point of the posterior calcaneu
posterior calcaneus articular to[fLl6é]JThieghes
nor mal rantghd° Walewe aofgPeo 1. 40Aftbmu b at hava rdee

di fference between the indremddaales)| edltsana |
of a singlAecontdd magg daragl. e measur ement , t he B
di ftfeo@in conditions showed a si ghthBCihlaenrt di
angl e nas $®Skeew ,heaingdhtgr adual ly decreased fron
height i ncreasedr ¢ g @rdedacl M etsadt Sbovnfo € t dd Wi n g

slightly increased from 29.36A to 30.34A as

the heel height posed an i mportant s nal benc
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t hose angbkar enawintitiumdet he nor malomafge, teveénor
The calcaneus segment has a relatively highe
segments of the foot, t auree It datei vaeclcye plt arbd ee. F
angl e i s ctohcead Icatned | wiftuhtd¢ t iooniviadud°® al eedan
can be considered am hdenldd acmae alr iorfj urhys., slenvdee ri
with heel height elevated from Octnieaogésm, t
value of 36.62Avahué@cof t®9tB@AloweSetm. This
angle under dramatically increased heel hei
the sagittal plane is not changed with heel

t hseubt anltarandoiankl|l e joint.
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6 40t
~ 36.62
£ —\3328 \
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< -\2936 30.34
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25+
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Fig 3.3. The B°hler angle varsation amon
As shown in Fig 3.4, ttheoGi svpadetamaulseiisndif i
angle is measured by 2 Ilines in | ateral vie

calcaneusasnantteyoinne along the posterosuper
used to estimate t he [sle6vde[lr iayn oufd Ihieeelks odne al

angle is betweeawildel Av aarnida tli4brA,i mantdrhea val ue
exi sted between the iIindividaetawesen atsheveld il g lats
fopblt64 Accobtiiengngl e ameoansgu rtehmee nfti ve sdifhier eni

whol e angle varies by 7.94A from Oabicmo 7cm,
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and the small est angle (142.4A) was obser v
together with tlhe eB° hhdbehrd i aanggalees iitsy uotfi t he c a
and stability, and t hedreefaemrglnecse daomr pruawii dce
cal caneaflld5Blcke uGiessane angle and the B°hl er
t he sviariilatri on range from Ocm to 7cm could
relati veltyhseasdiatbtl®el iml ane since calcaneal S ¢

di sturbed by heel height.

160

155+
150.34
150 147.98

L
145 14%42/ 2.4

140 -

Angle (°)

135

]30 1 1 1 1
Ocm 3cm S5cm Tem

Heel Height (cm) Gissane Angle

Fig 3.4. The Gissane anglkReelashaitglin amo

As shown at Fig 3.5, t he TFtMhtead qulse aixs sf arnm
l ongi tudi nal ' ine of the fiamgtl emeétast dreseanl ,u
determine the apex deformity in inhklefvM dual s
angle indicated the angle apesga igr dat etrhet ad
declinati on; whil e thea mpda@aattiave dualeswd i 0 @&
greater first me@aB7aTbalnonmali naniolei vl ue
means the ext bmisdloinnel ianxeiss obfet ween the firs
parallel. And the severity of pes cavus <can
TFM angl e enhiilcdh5 Ugn cnhoueBedrUg t esXOfi@s@a &0 ] Accor di ng
to measihreenmdrMt ,antgl e i ncreased as heel hei gl
there i s a dramatic increase of 8Uha&QPeas h

increased by 22.1% fromt 3feono tt oi nftcan. a Thes HH
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moderamatdehor and t thjeees seawvwus twowlfd devel op
height increasing. Under HHS condition, the
a $ hhee e | increasing, which tighten t haewAchi I
toes due to the windlaspumebbambosm, i hhkeudénmag

|l acks shock absorption ahascisi prenel hohéaee)]

we measured is lahenelt eldeit gh cahfr mdHE mdoes etnh an
could force the foot into a more sevYe®re con
the muscul oskel etal system.
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Fig 3.5. The TFM angle variasion among

As shawmg 3.6, the C1lMhekengbse ahgbeknobsndatin

bet ween the Iline from the inferior surface
l ongi tudi nal axis of the first metataesal

sagittal ahihdhaettt fofeft @t , there is a stro
arch height, the nor mal angle of it is 150A

and high Il ongitudinal arch. aCaxwhus hoboefko rarhistoy
function in gait hdiunedtftoooohitelae ian afil lgiutsy ad fi gtnm
the Cavus deformity al so-bleeaardsngt sstamcurnugteab
whi chescnakulse i nstabilistypfot[hleadh pAdcatxtad 8 ug

measurement, the magnitude of C1M angle dec

7cm, a sharp decrease of 17.2% occurred on
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significantly exceeds the nor mal deafnogremiftryo m

induced by HHS. The results are consi stent
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145 '
&
2 1401 ) 4
S \
< 135f

130T 130.48 .

125+ ]27.N§

124.6
A 3¢ sc Te
cm cm cm cm CIM Angle

Heel Height (cm)

Fig 3.6. The C1M angle variasion among |

The hallux valgus @(tH&9t aogheéi i inoms vies dprf éee
i shaengl e defined bet wetehhe t Bé& met ldeéomwd & huadd maax
axis of the firkdad@9rW%i mall f rhmdtainkn i s cons
the most commors,f atrtdicuudrarl y among women w
previous studies have shown that the preval
are habitustlhahHS hwesaer ewisthio e n1d8cildh eo ri fdeaxt o f
angl e iesvadsuead et aqthhdee s evenrt yy whhnthr ¢és gl aspgs
mi | -2(005 modérddt;e s(e2A@r e Aceording to the anc
t hkV angle increased as heel height el evate
increase of 65.27% found aasl3icgrhtwhiemc rceoarspea rf
to 5cmhheaamdest HV°waansg Ifeo uonfd 3a5t. 17cm. Phbeeef or e

a high risk of HV development on the foot.

mild HV resulted in an increased pressure
healt hy c¢cdqrt8rlddlddgrtawmsal 'y, the COP oscill at
head metatar sal was found in the mild HV gr
and | ead to a greater[ 82kceptibility to HV
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Fig 3.7. The HWoaggtbeéevaouatsdohferent h
As shdawmg,tiB3e 8f i rst i ntermetatarsal ( FIhd) ang!

l ongi tudt Wa lr sax inset dféi ares olf drme [slecOh@&IBdlet at a
The identification and measurement of the F
degf &é6, 1781t 18Barse pdodditjendeo t mak angl e of FI M

more than 9A, the increased FI M [ah&WFhle | mpl i
correlates withngvmisiledvAeirdiA mo deariEiabe vielr2eA ( O

18A). According to t hee innecandedarieeenide nhte,i gthhte eHA leM
and the tendency of increased angle is cons|
described above. Addintcirocinas2eB y 9 %t heuedi 6§r ams |
and from 5cm to 7cmThoen|Fl M nacrwgelbes eprucswieddel @ &n
that there is at | east a moderate risk of H
of HV in HHS popul atient onatyhe onevemuiotuysllyev el

i s raised more than 7cm.
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Fig. 3.8. The FIM angle variation among

g 3.9 presents the metatarsal break ( MB)

rmed by thhee moisnte afnrtoemm itor point of the fi
terior point of second metatarsal head an
cond metatarsal head to the mo[si83&antke86.,0r
7] The MB angle is used to evaluate the | e
d the r esanhbafs nbeeteant acrlsaaslssi,fi ed i nto three
at the first metatars-ml nodi aatebhettast ahe
the first metatarsal contact with the ar
ad approaches the arc. Additionally, a mir
tatarsal pai n nduteh et os e cnocrr de aasnedd|[ Ul BFdiggdoome t at
e magnitude of the MB angle increases wit

d decreases with relative[ ¢ 8M&thcoartdeinn gf itracs
asurement ,attimen eorfgdieB fveameidnigt i ons i s consi s
anogfesf ootusdemnciid® e theaitg hits ,f aihsed daoacnmd e g me
o r taedneeeadl hei gAitheektonanejomhe MB angle is |

crdéasen Ocnbutotfieme was only a 4.5% differ
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Fig 3.9. The MB angle variation among t
Fig 3.10 shows the first metatarsal declina
formed by the Il ongitudinal axis of the firs

[163, 177, Th@&3 1MD&8]Jj s nor mal | yaruyt inleitzaetda rtsoa |
hall ux rigidus associ at ed][ W8v@hHh cthh & smectoantsa rdse
be induced by wear and tear 14f@ 3t]H e ftibreans mdt
patient with hallux rigidus, t he hseowdr ictoynmec
hall ux rigidus is reducing the eldwat.i dm®5q9f
The normal 1MD angl1tas nbé¢ dmer g BliSivn © di Dabs, e 2 @A
Regarding the infl uehmagnofutdbeohethehé&MBPhan

i ndiacnamner eased tendency of 1MD angl e as hee

Additionally, there a shuanrdp Ifyr oinmm cOrcena steod 3vcam L
12. 3% increase is found from 3cm to 5cm hee
5cmandc m. The increase rate of 1MDA i s decr ec

from Ocm to 7cm, t hitsatmaoyn boef cnaeutsaetda rbsyo pthhael a
rantbe. rigid metatarsophal angeas$ jtmi mptr oivi dree

stlasbupport on the | ower extremity, its stren
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Fig 3.10. Tvhae ilaMD oanngalmneong t he four diff

3.CGonclusion
Based on the 3D model r€cadesityct3iDon ormdt oo

di fferents(beeal Bemghtscm, and 7cm) has been
perspective to provide the foot morphologic
t he measured angl e, t he morphol ogy of t he
experiencel lay dmoadmdtiiecda by HHS as heel heigh
(average difference of 89.71% in the TFM an:¢
angle; average difference of 71.5% in the F
FI'M angl @j faeeeage of 63.13% in the | MD anc
arch shock absorption ability and increase t
it stehegdsner al foot defor neist yl ii midtuacteido nb yl eHvHeS
height of 5cmsétigbée dhéferenkg in the measu
5cm to 7cm when compared to other heel heig
angle; average difference of 3.2%ninhé h€@l MB

angl e; average difference of 9.3% in the TF

56



4 MSM and FEM analysis on plantar fascia strain under HHS condition

4 IIntroducti on

Thel amt ar fascia 1s a rather compl ex and i
bi omechani cal functions in gait, such as s
facilitating force transmi ssion -beaweeaeng f
di stiroinbwtn foot, cushioning ground r[eda’ct i on
198301] However,tg@hgntiaarj urgsci a iIinevitably afi
function of the foot. In the United States
sy mpt oms of heel and plantar (dali9m JKdnuoewnt oa sp |
plantar fasciitis, which is caused by exces:
to microtears and inflamma@Q2 pna®i]isha «almma
compl aint among women, espefc2@4]y those wea
|t i's evidence that wearing HHS adversely
ankfloecot complex function, c hangmusgc Itenet efnodr c

interfering | oad [d/i2st r2.M5ulth & O bt pbideg 1 tichaen €fucso tt o

met atarsals is shortened in accoympamdedgby o
change in arch morphol ogy, tbreaarmgs fter rtihreg fa r gl
redutchpgi ant ar contact area of midfoot, l eadi
force on pR&O&TIKarodfadsgciaammd Younes investigate

pl ahtariaitthiod ogy and HHS ewepaartiinegn tisn whOt hf erne s
t hey rtelp2o0r tpeadt i ent s had fasci al edema at ca

thickened; signal intensity in plantar f asc]
signals of [p20a8nt ar fasciitis

On the contrary, there are different opinior
Some investigators have suggested that the

treatment of plantar f asica ittarmsioonn accocwlud tb eo
reduced by[ hCe%®,] ZXBdwasmngbeli eved that the an

hi ndf oot and met at ar sus decreased under HH
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forefoot -fhekhenpbasthaoaoi ala2nGENRedarcteldy, Yu
i nvest igfaftoddt hteled hegtgrheassonormsttrtee npl ant ar f a

tot al tension force was reduced by 77. 3% as
bal anced 1s8t]#ddloavengr, the plantar fascia in t
bywonei mensional (1D) Ilinear truss el ement, w
resulting in an i ngclc9wBr,at2el 1gl antar fascia s
Accordingly, twvemrdidaleshwkeeeaweoafohdoroe in plan
main cruci al bi omechani cal conceton forfhohet
understand the influence of heel height on

model ingi sbhedaxmder it rhd rhteale f fwa cdthsr ecef dHHS er ent
heights (3cm, 5cwmtrésm) vani athieomtofai BD pl a
combinati onrMSavan&8EMsaead Comparison of 3D and
fasciitah WD of plantar fascia created by | in

heel and five proxi mal phal anxes was <carrie

4 Met hods
I n this study, a healthy female (age: 26 yeec

of muscul oskel et al pat hol ogy and | ower | i mb
gait capturing 3D motions of teheel shuebijgehctts we3
5¢cm, 7cm), and eatbeygavaantomusespendiomges and

pl antar fascia MbeMhadcbBBMuUutedspechgvely.

4. MSManalysis during HHS gait with differen

Gaiamnal ysi s

The gait anal yiSM wha sViuwsoend nmoa idorni wveapt ure sy
Ltd., Oxford, UK) consisting of 8 cameras art
Uni ted &dtaitleis2edv t o capture t heextkriemda nmateisc daur
HHS gait. The Kkinematic and kinetic data we
100 Hz and 1000 Hz respectively (Fig 4.1).
various | owepoertsemctoerdidkdigelt 023PExn eirn cO pGean S
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static standing tlkimag tmidalés swercee scd ut urwed
condition. For walking trail data acqui siti:
area i n a stsedidd hescpgabidrtenc tbhioamm dteet stepping
platforms. The captured representative dat a

muscul oskel et al model ing anal ysi s.

= = = Movement direction

i Vicon Camera
- 0.6m < 0.8m
Force plate -

“? Foot landing position

Start Finish

Fig 4.1. Exwperi mental set

EMG measur ement

I n this experimental, the muscl ewesapitureyg w:
by Delsys system (Del sys, Bost on, MA , Uni t
tibial anterior (THhAR)se dmd exolmass | EeSLpPIl ay an
joint control undemwaBbBS8doaoheidt abna TheqEMGC)
pass filtered between-plat st d iad 8HeH A .welgra eandcdyi tw
utilizedEMG simgowahs (Fig 4. 2). The amplifi
experi ment al meaduremeompane WwWeth simul ated

OpenSim, which serve#SMsodkdIf.ici ent validat:i
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Fig 4. 2. slihé abel eyectromyography dev

MSMsi mul ation in OpenSim

To calculate the relevant muscl e f a#ScMes i n t
was selected in OpENXZihms ThC nGaiin Moidgeild body
of freedom, and 92 muscul otendon actuators
tofKd1l1Three major extrinsic fLCsclSd,granudp sT Ao
foot movememndd we@®@@ andgi$L play i mportant ro

TA produces major dorsiflexi2d®2] moment to t h

The kinematic dat aamthcdn GRR li med grh,t Tom,di t i
into Opensim fromot hceal Ciudl vaale 3IThheE oABIB)avliter gf O
process was performed in Opensi m: the sel ec
accommodate the height and mass of the test

l ength. The scailmmed ®s otekbkkows: pthé model a

bwscale tool to match a particular subject.
the position between the experi ment al maker
resi dual rietdhunt twacsn agplpgaoared to match t&e coor
the generali za&dhdkeyxmaomidi namtsoml|l mdkel et al mo d e

kinematic traject MBWestTahbel iwvsorrhegntow so fs it chven i
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Scaling

Residual reduction
algorithm

Ankle moment Computer muscle

control algorithm

Ankle angle

Generating the
muscle force
Data Collection Inverse kinematics Musculoskeletal model Dynamic simulation
Gait kinematics, GRF, EMG signals Calculating Joint moment Gait 2392 generic model Processing
from 3 muscles of right leg of lower limbs

Fig 4.3. ThiSMuest &bl oswhmént using OpenS

4. DeZ el opment of the FEM

Geometry model construction

CT scan was perfor med &n EAMEEN Ss MRjtdhogts t lasmigres ¢
of the sagand attr,arcswermsd cpl hreted (repetiti
thickness: 1mm; @&nred Gniaetsrciaxn:nd hi@yx 2tdighgar t Dot phaa
has been carefully checked by athhpeaxpercii gonacne c
i sefe from any o d asxcen dahcen efwfotaly . posi ti on dt
a cumade fam&td eort hogibs xwash eutfioloitzgd-i g 4. 4) .

Fi g CGIT. scanning was performed-mamdet menklt egHto

orthosis fixed in an HHS shoe.
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The geometrical shapes of the right foot mo
pictures of the participant using Mimics 18.
of each boney and sMifmi ad¢s saSoloels weanda c et aio d e dl

bony and soft tissue was created including

The distal phalanx is merged with the middl
the first met at ar samodwse ibmmor taendd isnotfot tthie

Geomagic Studio (Geomagic Studi o) fwthwarhe, s

t h@mart oeve ds ermipast @an modi fy and smooth model, th
The solid model of bone and soft tissue was
Corporation, Massachusetts) 1t oesaon&bs tpl aat ac a
fascmwhjch cartilage was generated based on

encapsul ated soft tissue was generated by s
fascia was generated ad®&@n ds tmagr otno tthhee caar ataa

tubercle, separating into five branches ext

I n addition, the major muscl e, tendon, i g
i nsertion posi tsweorheas & dtrbtaesreahcsttitwec tRuacet and /
Picture Ltd., London, UK, 1999) , and three
and Achilles tendon together with the plant
were modeled as 1D 4ibparAltlruskeel i egneameénst ¢ o

and bony structures were embedded in the bu

- Achilles tendon
— Ligament

— Muscle

FigTheS5.solid components include bone, soft

while therda®sl ehements include the Achill ec
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Then the HHS was al so created in SolidWorks
The shoe size was 37 EUTproipmepleiyfstf mut adi pat

t he ssohloee was i ncl udeodt, wovhd ccrhp d rse rctoamp rh eseeld an

3cm

Scm Tcm

Fig 4.6. HHS model i.n three differe

Geometry mesh and el ement assignment
The foot mo d e | predominately meshed with h
tetrahedr al el ement s i n Hy per mesh (14.0).

equivalently accurate and efficient solutio

diff cult to automatically generate the hexalt
encapsul ated soft ti ssue. Thus, the irregu
sectionmdslaed manually to i mprove thea oqual.

of 3D el ementalJakcobe taldeTmad ddetShbeoniez ea naf

encapsul ated structurewhrisgther asdi ghetpgbphei 8 mm

The mesh siaaefa$cB® whasndlredietriamnidbesd ztbegs to,f t h
el ememwter e gradually redueddd pdmtcielmetntie iwarliea

bet ween the | W86F heeosrateesrh desl e me ntto hwea sp | aasnstiag
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fascuat isrte si nce pl antearosrf s §@&btdh es-ofmdresntl y t
el ement wa st hees shhogmee,d cartil age, and encaps.!
comput at iThoen ad | ecmesrtt. of | i gament e rdeeufsilcryeed anod
bar using a 186 solid elemewtdwhtWwadi aeai gnm

2mm in the Hyper mesh.

Mat eri al properties assignments

To simplify the compbeegompoonéntbBei motlaldi ng L
musalnédchi |l |l esd tendon was idealized as homo
materi al (Table 4.1). Additionally, the enc
elastic hbhasadiabreah@eessrve measuredilmy Lemnm

Fig[21%]

0.25
0.20 /
= /
o 0.15
= /
/]
[7)]
@ o0.10
& /
0.05
0-00 1 1 | 1
0.0 0.1 0.2 0.3 0.4 0.5
Strain
Fig 4.8tr&8tnessrve [Rad] bul k soft tic
To quantitively describe the nonlinear mat et
Ansys (ANSYS, Il nc. , Canonshuhnegpe USAdASt acmdma
model of -otrhdee rs epcockmymebd mii anlepdivef wioonuas blse udys hadws
the materi al property of shoes, bone, mu s c |
tendon, and encapsul ated|[ 88 ]ti ssue, as pr
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Table 4.1. Material properties of the components in the finite element model.

Elastic modules Poisson ratio Crosssection  Mass density
(Mpa) (mn?) y (Bg/
Bulk soft secondorder polynomial -
tissue
strain hyperelastic model {&0.8556,
C01=0.05841, @=0.03900, ¢1=0.02319,
Co2=0.00851, @=3.65273)
Bone 7300 0.0 - 1500
Sole 200000 0.42 - 7800
Ligaments 260 - 18.4 -
Cartilage 1 0.40 - 1050
3D plantar 350 0.45 - -
fascia
1D plantar 350 - 58.6 -
fascia
Boundary and | oading condition
The |l oading condition during walkibhbein FI
experimental data of the participant. Three

GRF valley, (45% stance phase), andt darmee GRF

phase were used to drive the foot model

Befohe simulation runs, with the sole of sht
as heel strike position with a% whgktb Wwastwe
angl e acqmue nrteadl edkgptea ibet ween t he sole of the
set as the axis of rotation defined by the
the tibia relattwase ¢dieniatei aglr ofuinrds to fp &ddhle st a
ti bia was furthaxis It adn@dl0Oatbiowd ttchet Xe vert.i
(Figure 3(a))stteonddienfg nset ggh@&k nBndd ncec ecma di t i
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rotation moment ftulheeaki en mdeegt i b end tfhiea nsea

analysis, the foot FEM model transl ation an:
not considered. For the surface between the
0.6 was[ Zdle&jameedd heect i ve GCCsaS¢ui maadMSIMAO Mot b e
at three stances were applied, with Achille
appl[i2d@8The Transient Solver was selected in

Theadi ng amyg kaeoemdt henf oot simulation was s

- ;‘/;
ullll
I mm“:‘\'
s
||_,‘ SRS

“ ' MY
TS

CEATL IR
SR s “|‘ Nl

//////////////////////////////////////////////

FiglLda8ing and boundary condition of the fo
heel height).

FEM validati on

The validation was conducted byxpempamehnhagl
measurements and FEM predictions in three d
height conditions. Firstly, tshte eplsayrsttaerm @ rNeo
Pedar System, Novel Gmb H, Mu niinc he,a cGe rhreaenly ) h

condition wi t h each corresponding peak cCo
experi ment al and predicted maxi mum contact
toes, 3 equally divided relgiofmsmiilhif rddpfteo citod e
were collected. Then byt a@pleyeimeqtP dar svere nc @t
and experimental measurements of 18 data pa

| r] O 0.67, and O0k68 modlerjat@,1.aldr spgm ®@ngn tc 0\
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[219The predicted tension of 1D plantar f as

we l | as muscle force i n GC, SL, and TA.

4 RBesul tDesaundgsi on
Muscl e activation vali M&tMi on bet ween the EM

The muscle force measured by MSNWMyrawad muatl e
activations to validat-ewshbhéesimocatdani mgd &
with di fhfeeisgelht m,he3dxdm, apmesedectmid, wand t he con
are shown in Fig 4.9. The simulated muscl e

ng a gait cycl e.

recording dur

(a) 1.0 1.0 1.0
s B evc g N eve S 08 N eve
2 0.8 — Estimate = 0.8 — Estimate % : — Estimate
> >
Z 06 £ os £ 06
< z <
3 04 G 04 204
@ ® @
= =] 3
= o2 = 92 =02
m = (4]
- ® o
0.0
0.0 0 20 40 60 80 100 0.0 0 20 40 60 80 0 40 60 80 100
Gait cycle (%) Gait cycle (%) Gait cycle (%)
(b) 1.0 1.0 1.0
e c c EMG
S osf [ ews S osr i = S o8} - Estimate
® — Estimate ® s Estimate T
2 0.6 2 2
£ o b 7]
< < <
2 04 ] S
w ] (7]
= = =
= g2 = 5
= @ o
0.0
0 20 40 60 80 100 20 40 80 80 40 60 80 100
Gait cycle (%) Gait cycle (%) Gait cycle (%)
(c) 1.0 1.0 1.0
.5 osh [ eve S oaf O EY E 0.8 N eve
E — Estimate '—1 - Estimate ® — Estimate
2 2
g 06 -é 0.6 S 06
< & <
2 @ o2
o 04 204t G 0.4
7] (%]
S g 35
=92 S o2t =92
o 2 I
= ) ©
0.0 0.0 0.0
[) 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Fig 4. 9. Mu s c | e mascttiinvaattei oann dby eBMg® ddrii § n@d ist dit
di fferents h(eae)l shheoiwgsht3cm heel height gait; (
(c) shows the 7cm heel height ga
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FEM Validati on
Fi ®(Hd. and c¢c) showed t he picantherel prhed glhrtes i

obtained from the FEM prediction and the exf
Correlation analysis showed a high ndnear 1
measur ement (r=0.83; c®dnfi0denk<e0 . 029 r. vall h e9
bet ween experimentally measured gredkgom@Bu t8ak
in -sni dndi ng, andpeadk.6% iign 4.elclonsdhowéddttelde mi
by Opensim compared with previous dt2udi, es,

220]Lastly, the wvariation range of predicte
mi-slt andi g 7i%s 3%i ch was consi st ¢R209 Biatskedpr e

on these validations resul ts, our simul ati o

a
Second-Peak Mid-Standing First-Peak

:::;: e A 0.39128 Max
' 34781
0433
20006
1

0538
042299
035248
028195
021148

0141

0070458
2515¢-15 Min

1738

7

013043

00852
0043476
1.9286e-16 Min

eoooo

0.63Mpa

f :
,? 0.45 Mpa
‘ 0.31Mpa 0.43Mpa

Fig 4.10. (a) the different stance phase of

pressure in experimental measur enm
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Theusncl e activati on padtitfefrenr einnt HHS I g ahieti gwitt |
The major activity ofstGChdermxhea ag,p etalree dp @ ank t
of GC orcctureg eglost tnseelcgraeateestanldevel of GC a
in the terminal swing phase. Thsee d evaikt ha mpée e
height elevation, t he ahicgnh elsd e IGCh eaingph ti .t uFRler
comparison with barefoot, GC force i1s incr
compared with the heel height of 3cm and 5c¢c

by 35. 7% and 17. 3%, respectively.

The SL @rsisminltasr trend with GC aomgl ipthade .f ITd

maj or SL activation occutrhreadxiaomumt veal mee d satt a

mi dstance in al/|l gai t c o nd totf if 0o npsh,a stehre nD ug ri an«
SWwWi ng SpLh arseea, t hseedc othod gr eat est l evel . And al l
same activation pattern in SL muscl e. I n ad
as heel hei ght 1t miemrceracssaesde i8M8. 7&m owhen ¢ omg

Fol hgWwli, decreased by 77.5% and 48.5% in 7
respectively. t Gma xihneuno tarep!| ihfainedd oft Bani s si
t hat of GC muscle force, it seems that t he

pr opglhbted hy move forward then GC muscl e.

The major muscle activity of-ofTfA, otcltarr madi ma
magnitude of TA force in all/l gait conditi on

rapi dl-ywiang pplease, thgnatnébO&asédstagbe bet)

and terminal swing phase. Il n contrast to G
gradually increased as heel height el evated
force Iis occurredinong feml heeht aet ghhddswi ng
no significant difference was found in peak
The findings in present study are consi sten
the biomechani cal response of kinematics, ki

height (1.4cm, 3.[7kén, t5 whcm, egurad t8y.d5 @nT)s eats e
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t he GRF, ankle joint flexion, and knee joint

a graded response as heel height el evated.

During HHS walking, the Boadw@&sd, COtMhi s mdyevia
plantarflexors to produce greater torques t
the destabilizing influence inducedthley the
consequence of the GC tamdp Sd-kaooats c ppheafs@r dal r
HHS gait. Further more, both the GC and SL i

HHS condition, and it plays-obah fompoehpnopeb

bodymove forward. oAl stohe apsl asntragddletxi on i ncr
wearing, theomemtgtehr mfof t he AT i s decrease:f
tends to increase stabilizing the ankle joi
The muscle force is consi der ed dtdoo nbad aafrfeeac tt

refsitencet amount of sarcomer e,estame Hasgtelt!| e

relationshil[p22f, tBZ2musetld eal . i nvestigated
on the anatomical functionabof moatcfemiastecM
shoetbegn HHS wearing in a | ong term, and acco

(AT) si ze [a&ndT hsetyi fdlnsecs blebsgr hredathatbet ween
fasdidcdl% greater ciompldH&dgnouplh group. The |
wi dely used to measure fascicle&3ghorstheorwisn g
compliance extent of the MT[U24Gowseedquarst Ity,
shoedemgth ratio of tendon to fascicles ref
conds tilenadditional, the | ength of the calf
under HHSswhomdiiut dome further edleecwaetdtgomd i @sish
studies have shown that the reduction in sa
reprstsheentmuscl eds chr@milcnadeleydif ®dd ptfiteerd by |
wearing nigne posantarfl exor MTUwdt cdh radlsat icwoe
increase the tension around the GC and SL m

MTU is needed for force transmission and pr
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Changing of strain value on plantar fasci a
Aspredicted strain distributions of plantar
patterns for three different h gae | s hhoenegdh ttsh ei
typical strain distri bwtm dire edathieceammtd ceomidaa
end portions of 3D plantar fascia tied to t
excluded to avoid excessive deformation, an
divided equally into prsoxF nhkldp cme dinalr,e san d s
heel height had a signifi cahmhtehreedd esctta mme st hpefl

For the st hpalianntlaerv eflasocfi a, irrespective of

mi-sit andi ng phasesx,i nmanhe rnmigd dolnes aemnxd epricence a
peak strain on fascia t hanreaikn pthhae edi s theael prle
strain presents the highest value in proxi |

| owest stirddlne irnegihoen.m

For di fferent heel hei ght s, t he simul ati o
di stributions at different relgi echowiedr éis gd e
pl antar f asci & hseetcroanidn poecacku rsrteadntien p hasance |
proxi mal region, the peak strain increased I
height raised from 3cm to 5cm, the fascia s

increase of 60. 3% Heiogrhts.cm to 7cm of heel

However, for the model with fascia model ed :
regions as defined for 3D fascia. The peak
all three different heedsheights in all dif
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FiglLd4The peak 3D fascia strain for-three h

peak phasé an@dcngmiph-paseak pHdarsseecond
Di scussi on

Due to the complex interaction between foo
di fficult t o i nvestigat e t he bi omechani cal
measurements. Therefore, establishing a rea
premise to understand the biomechanical res

I n this study, a combMSnvwasomsmdt t @d evfal BEBEM

characteristics of plantar fascia.during HH

The opinions on heel el evation as a treat me
based on the results of this study. The pl a
3D and 1D modeling when heel hieglgast esevai e
found at the 7cm heel height, the | owest wa:c
i ncrease of 60. 3% from 5cm to 7cm of heel

previ ou[sl.8levmporetts al . i ndtiemsiean tfhoartc & han da vsetrt
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