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ABSTRACT

I n this wor k(F npEt eamedtdea lcl iR has been de
study the deformation of soft materials

and more complex conditions. The defor ma
| ayer under cylri nwarsi cianlv efsltatgaitede rnthe oug!l

approach in modelling embedded system i s
correlated with an analytical solution
mat hemati cal appryedemsf om eambheddedpace.

the indentati on sftoirfnfantd sosn roat itoh ea nednbtehded e

conditions (indenter si ze, thickness anc
establ i s hedanansdnsk eoyf Gelceht Poi €fsdmrct are h
show that the auxeticity of the matrix h
the system with an embedded | ayer. The
embedmeme¢ ad as, as tsher amaitor i ixs Pdd csrseoans e d
values. The indentation stiffness coul d
shell on top o mamiegamatei Poi Els®ndefsor m:
found to be signithecanleyicntlhuenhcaedebyna
s hotwh at the modelling approach developed
sensaonrds ,f orce sensitive regiestoomataonwalnlo
auxetic meshes.

A full scale parametric FE foot mohhelmains
foot under dng fiemehadicomgdsaoal es with &mbeo

ati o. The moadmred ss tursweadt uvar ef ualnld bef f ecti ve

-

ncrease the modelling efficiency. A hexe

he surface of the foot bones and skin.

~+

si mutl md et 1 amgiiengt pr ocess. vMoeve nc ug errf odrr noep
di spl acement of the NawBOuli amagbomaa@al §s me
experiment al results show a good agr eemetl

The de¢faod mat idon of the Navicular bone a
di spl acement and measurement is discusse
the Metatarsals andet Wecrnnenff wmaoty gtirsikkReSn( E ¢

s evaluated andf dlilscpssEadiectoi aneotdaeill eids

vali dated. The deformation and i nternal ¢

(@]

omparatively investigated. Theamrm eswd 1t &l |



average stress | evel in the metatarsals

stri ke. drhet @ ncfr etalsee met at ar s al stress fr
|l oad point is 30.76% for ftemefoot strike
of stress increase among the five metatar
modes. The results indicate that high str
potenti al aufr i mest. a tTehres aFIE iwajs used dtealhel kil
and auxetic mastheorei aslosl eon nttheer afcaaoaton i nfl u
the pressure. The work suggests that app
cannfrerice the indentation resistance with
whi ch cianehepweari ng experience as well as
Potenti al approaches of using auxeaetcil as st
embedded in a soft matrix for footwear a
of foot prosthetic, which resembles the F

in soft matrixdiscalssedpresented and
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CHAPTER ONE

| NTRODUCTI ON



1.1 I ntroducti on

El astic soft material s, such as rwubber,
pl ane di mensarogreri st hmmch he thickness) (as
i ncreasingly being used i n many product
engineering fields, such as embedded se
applications2Q0b8ar m€gpenaen at, al 2016). T

relevant to devel opment in smart or mult
stretchabl e SkilapdShah2018)i clsn mdamrcy dases, the
structure haplanmudhmeasgen itmhan its thic

may consi st of embedment of di fferent t

embedment in diff er érbtermatsroifx mdtaesrtiialss
relative materi al properties between the
termed rigid/inextensible inserts with ¢t

the matri x. Typicatd ehsestr i anall piseezdosed medcd ¢

sensor of a thin copper sheet wi tSihitammer a mi

Shah,2013) , where the stiffness of these met
the matri x (tylperc/ageély) .si Anactomer rtuyppe, w
def ormabl e inserts, have a relatively so
examples include plastic inserts in sili i:

A detailed fundanmema ame cumadreircsa la nbde magv iod

syst ems, under different | oading conditi
system, functional performance of t he er
products. For exnmanprliex, ias rruebgbueirr ebda steod pr o
flexibility under di fferent l oading cor
i ndentati on, which could cause damage t
mal function (as {(b)ustibeedfoneFigures1li
effects of the matrix properties and t h
embedment from the sample surface, on t
def ormation of the system.



aMat/eri al system wi( bA

( typical t hi
| aye/r i n a hoehoagen sensor embeddeq
space). Typical apprubber matri x
heating el ements. | oad.

FSR or Piezo Sensor

(cS9 chematic to show the shoe sol e
resistor (FSR)or piezoelectrical s
Figur®chemMati c to show the materi al Syst e
or finite size sampl es.

Thdevel opment of foot wear is strongly
materi al s. Materi & sr atiitch mewe tbh e¢en Ptoh e s
devel opment for sevdlagredecad®s85(LaAVo¢eci é

Jopek ®&6Mialt,on20 1992; Eli pe and Lant ada,

expand in tension rather than shrinmking.
ratio influences the material deformati or
( Chaamd Evan, 1998; Lim 2014; Photiou et a
focused on foam structures, while recent
materials have increased with the devel
dfif erenLi scatesal , 2009; Narojczyk et al,
2012; Aw et al, 2015). A recent study pe
i ndentation and i mpact compliance of i s O

mechanics viewpoi 6t ,r atth e@ efnfde @atu xceft i Raditsys c

(o]



on the shape of the inde&ntaetijioafetranfka
an that for a spherical i ndent r20i1s6 )prid
a theory and numerical @®@odaltliiond,ast matc

—
>

<

fluence on the normali sed hatidpnpesd3heha

ows that evolution of ,dK)fasemt fumtce i io

(7]
QQ T S

t i osaf @dliifdwr ent trend over the positive
group on thin membranes with fixed bound
situation also relevant,ittoitsheigmbeddecdectd
Poiogss rati os have direct inpdespkaoceme¢hte

the deflection proyle and the <contact é

me mbr ane/ shell i's embedded in a matri x,

embedmerdte)r | ocali sed/ pointed deformati on
due to the combined interaction from the
shell under the indenter. Hence, a syste
d ofr mati on of t he materi al system and
resistance/ stiffness, which are critical
syst ems as wel | as devel oping new mat e
systematstabhyei hhe efd ectatiod itmep@®ntisc
(Wojciechowski, 2003; Gasper et al, 2005;
al, 2016; Bilski et al, 2016) on systems
numernad aéxmer i mentGalvemettthed many vadioabl e
conventional h o,naomgoerneo ua d vnaantceerdi ap ssr amet r i

python program is required, i n which the
t hr oaugsher f amded.er The work is particularly

mechanics and foot wear rel ated products

measur ement , energy harvesting, etc, sho
rigid struetture assembedd| i cone rubber m:

Pyt hon program i s i ncreasingly used [
bi omechanics. |t can offer a much more e
size, materials propeeemewssedeisthh wWemlidwyg
fatigue. l't is suitable for systems with

Pyt hon basnedaplowgl for the study of embed
high efficiency gitveamrs timewomwletdi pPrehbp h e a |
programming i s atl hbe oonfe cdntahbiatd i ecafte r heasst ri esl

n



fixed shapes and structures, buads ahdi hga

angl es, poaghiamdge mad ewe Eileevretlyop ment of a
FE modelling system wil |l provide a usefu
such as forefoot and rearfoot |l andi ng, C

i nversion | amdi nagn (hii.geh. alnagn dei nbget ween t he

sensors i n s posrutc iph weso e h e t b fonr cceeh eseeenmssi a ri sv, e
Il nsert used in insoles and midsol es. Wo
assess how such a system may affect the

e X

c
Vv
n
S

approach tpor entdoidcetl tahned per f or mance of suct
s
ample, i f wire sensors alter the foot
0

progrmnbe aased| alswatee t he ptohteesnet isayls teefnm ea
mat erials with special p& omp&lrite ewi,| Is ulcenl [E

the materi al in sport related ar ealsi ngh.r o1



1.2 Aims and Objectives

This work aiBns$ hboo desveldompuaner i cal approa
system with an embedded stiffer | ayer in
foot biomechanics widgmnmi alid$feystnmemd.oading

Main objectives are:

ATo deRyedlhopmn based FE models of thin embe
|l oad in elastic half space and finite si:
ATo investigat edt heamtdfof emmtd Afu xRdié snb @ yd ® ah
system under indentation.

ATo apply parametric modelling of foot
orientation and materials and assess the
auxeticit-yoloa theefa@aoti on

ATo mbdand analyse typical sensors used i

and force sensitive resistor) covering b



1.3 Outline of the thesi s

Il n Chaphteerma2zi,n background and | iteratur
research ar eaeisd grne wiegqwad d .etnflene rse coef n ts htoeecst
devel opment of footwear and biomechanics
presentuendc.t iTohnes fand structure of the hume
movements in different orientationaared a
explonedi omechanics and Pl antar pressur ¢
sensitiaaedséegpocsl di stributions wunder d
and numeri cal model |l ing highlighting the
devel opment (uWwgehonhteofamedwi tthevel opmer
model |l ihg apg@glications in spaorpet emanheedab:
on recent works (foot and footwear model
energy for nonl i neanrreema teavreida | asn db eshuanvm aor ui
i mportantevfedropmieat-i mff awrsemo pdlulgi ng mat er
and shoe mechanics with or without embe
viscosity is also presented. Auxeticity
behavi ourata @dpesaepspd ntced. The theoretical f
usiPgghon in engineerinpgawmaer!| ¢i ingi @aaldl yna
petnt i al i mpr ovemelnhte icshadil ®agesed el at ed
researathevwychrlk ghted with some background

I n Chapter 3-upthadrdsearth sét some key
mat erials are presented. The facilities
for difs$oefr esnamplyepse are presented. The f ac

and samples with a thin &srlaelslo pmeseddeddi

materials samples, including piezoelectri
i n ®end ircubber made i n | aboratory are al so
Chapter 4 focused on the modelling and

an embedded stiffer I ampoede lfloichug i anpgp roma cdhe
the effect o ft hteh emap rr 0 xe ratnide st hoef e mb e d men
i sotropic soft matrix with a buried stif
investigated through finite el ement ( FE)
t he i ndent atfi osnucrhe sai sstyasnceem (soft matri X
evaluated. The numeri cal result is correl

for both homogenous materials and el asti c
T



i nf leueonfc @®oirsastoino and auxeticity of t he
i ndentation stiffness of the material sys
thickness and embedment depth) were®esta
reotion the material deforRaseanchndoskrans

of two case studies related to embedded

first case shows some typical resuhts on
force sensireemveddediisn oa silicone rubber
both mechanical model |l ing and el ectrical
the testing data and numerical rrsuddcornrd
caséupdryesented some typical results in m
i nf |l uencaeu xogheisuts iansgy an embedment on the in

Chapter 5 focused on PyhehowmsiMdbagiesiamhew
i nytei gating t htehhedenfaor matoiton nofdi fferent |
first asfec tfiomnt, model i's devel opéedhedumani m
foot under a standing position to slilmul a
bone structure and effective embedded s
efficiency. The detailed deformation of
Navicular bone displacement and measurem
on hceompar ataotvlee ssturdeegs ses and energy in th
and reanrfikk&t. A hexahedr al domi nat ed mes

surface of the foot bones and skin. An
simulate the transient | anding process.
and st r ensesteast airns atlhse ar e comparatively inv

of some key parameters of a shoe sole suc
negati vé Poatsisooni s evaluated uskP mtge ntth ea |
approawchiesg oduxet ircansdtormdcyt udriesst ranbdut ed 2D
i n a s dfotr rhatortiwxe a rdei aspcpildigioeadtiigoon and model |

prosthetic, which resemblesrulcéuhemambied

n

ohdtrix is also presented.

I n Chapoeer @l largebpme huandnibsu truerceo.nnoernkdse d
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2.1 I ntroducti on

In this chapter, the malvackground and literaturelated tasome key technologs
andthe research arearereviewed. Thedesign requirements of shoes ahd recent
technological development of footweand biomechanicsnvolving the use ofan
embedded systerare presentedThe functions and structure of the human foot and
different deformation and movements in different orientation and aveipresented.
Research methods ifoot biomechanics and Plantar pressure measurements with
embelded fore sensitive sensors and typigadessuredistributions under different
loading conditions from experimental and numerical modellarg introduced. The
challenges and importance of future program developrrenitidinguser nterface with
Python for modelhg and data analysisrrehighlighted Fnite elemenmodelling and its
applications in sport materials and foot mechanics is presented based on recent works
Deformation of materials arstrain energy for nonlinear materials behaviours is reviewed
and simmarised, which is important for the developmerd ager plugin for modelling
material testingfoot and shoe mechanics with or without embedded sgsinxeticity
of materials and its influence on the material behaviour and applicatiepsesented.

One main focus ofhis thesis is to study the effect négative Poisordb s r at i o or
indentation resistance of a material system with/without embedment under simple point
loading condition (ie. indentationwith a flat and sphericaindentej and complex
conditions in foofground interactions The theoretical frame and currer@searchon
usingPython in engineering modelling and materiaés/ebeen critically reviewed and
potential improvement is discussed. The challenges related to théodey of the

research worlarehighlighted with some background and future applications.



2.TZhe design r &l oaensde mmeenctesn todidrev el vipmg né mb ¢

systems.

Fiug2dlshows the structure of the shoe. ¢
areupsper shoesolieaseand,tmé dout sol e. The u
to hold the sports shoe together, it al s
of the +maiomecdm@ani cal factors i s to make
pl easing. The sole sgotem aadsit besoatf sohi
the inserts are to help arch supmotrhe afnao
Traction, wear resistance and shock absor
mi-ssol es functi on, which i1 s the most i mp

excessive foot motion (mainlgkpabsasatpbhniry

prevent injury and fatigue and help | i mi
running. Material properties no doubt <cor
outsole is to provide ndeti@eottr sapipomt I W

of r ubmleastoirc such as nyl on
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(b) Schematic to show the | ayout of

A

Figur8chlRemati cs to show the | ayered str.u

bet ween the sole and the foot.

The -galde of a sports shoe aims to help s
reaction force is not placed directly to
occAlirgood omieddesign is one that owklfioptIlo
body when compredDuedb(iShdryt ers, a2a00port ar
design. Verdejo and Mi-$bdblse (@00dbhi hiavveg iss$ ¢
relates directly to nmei noptaschtiuaattiihrygh .eanned Wi |
Acetate (&M&)uafldaymsus-edl eocusheomidg. EVA
of tiny gas bubbl es; the mol ecul ar stru
mat & i sgltrhrenand har dnedsiss.t abficoei meuxnamp loem ga n
Verdejo and Mills (2004) ffwlulnd rtehcaav eBVA
cushioning and the energy returned to the

of injury.

Comfort and functi osnanlgiltyy deernmea nfdeat urye st
Foot wear comfort is the result of a comp
foot function during human activity. Th
bi omechanics and the hutnoa nunbdoedrys tiam d md thie
construction of good shoes would be diffi
or above them. So shoe design requires t

bi omechani cs, material.s devel opment, mo d «

M H
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Rigid ground

(a) Midsole Plug design with differ e

(bSilicone insole with different ins
Figur(eaMkd ol e Pl ug denmitemiwiltsh taoi fimMfascmragret
et alb(DOIiIferent types of insoles with di
One approach to improve diifef eaeeabweds f
di fferent anatomi alampdmers pnmiaghieht@mf et en
mat esafueslée® control the pressure under t he

(Gu, et Meli, e20B8;, s2OdAD i nflBiagmsr ef2d2ffaye

aruesed t het oni dowplreeosls utrhee ov erFitghua ek e Ms r( ec

anot heirn cwhhdiaf flea ypdrt maitseru sagaf t nicrasnotithee It o

M O



def or mant inbanrsy tclaessei nsert/ embedment Th® muc
i nsert i s tnmuep hadharegcetrheinnt hhakness theset.
desswinhty bord mul ti pl enatempahsent nx weoet wWear
enhancifnogogda he fsuyn stuicgmoasecti on, perfor man
appeaeacgcelingreawi hgodavneoll opgmemtts havegr a

t hfeoot sygatr(eFmsgun s uBshB3g hgy vesensors fqr po!

pressure and)f oif @@ uwieow $r teicsmetiaor gfho ot s hoe ir
testing oh mate giyvechargersin@at ye s pieedz ob yp laa t
which 1 sacdopmerwiBzhe®er ahe@ad zi ceonaamiletstii g

nor mambgdded in the Thesobendirndg hged nnd rhlastoeat s
el ect hiemi thyei wg(J afeff @r mB€1283hown in Figure
mul tiple piezo sensors are usedisal @t é¢det
the frequency and tAgomagundedset @afiditmg cf
of the piezo in differsmpomaaerti abstbheub
ef fi cliheemrcey .&r @& usathh emrhi s npioes0o are used in
such as(Ecsamghi 10 ©Efu eayl2,@ ) 7
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PZT
unimorph

L74) \b’—ﬁ
bimorph —

e Insole

Metal _— Sole

PZT unimorph Polyvinylidine flouride stave S mr,

@Energy Harvest sy (b) A t yppicezoe
(Paradiso and St a sensor .

(c)A l-oavs't |l nsol e wus dA typical f
Analysis (Howel |l resistor (FS

one

electric sensor

(Bamkeer @q2008) .
Figurdseé. df di fferent thin structures
technol ogi es

Forscensi t i (vIe SiRse sa fisat telinens eensor s based on
change. When pressure is applied the sen:
bet ween t wo el ectrodes. The current t hr

condiuece | ayer chadgesr@treder Rprpasskeha ag
Howel |l ot RS$Rs 280rlé8 made of a conductive p

M p
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foredlying force causes conductiveughlart.
the s&heot sddf bfeceetintirmagniotfoFriegdur e 2F@&r ( d)
exampdede abeti es ( 2MOMNl)eyYyevedbaped sysitmrIolt ®
the conditions inside the shoe, to predic
in diabetic patients witeh (R&Or0i2pheuwsadd nee
recognition ianlegotrhiet htrr aanos idteifons during t|

consisting of threskofatrtred Senanti veolRes( G

two at the first and fourth metatarsal h
two subibBcitacompl ete spinal i njury and w
stimulati on, with demonsBambedg bR aOFR08r) t f
cycling tshao ¢ § f ckoBn@si tes are now being

and/ el eutof both road and mountain bike
shoes made from composite materials are
from the |l egs and feet to the pedals, alt
devel opment of breashabimposkdesf nar mpalrlow
with micropores which are smaller than we
water can be breathable but waterpraoof.

feet sNeaw cdornycepts need to be depetopedal
for e€debleelctronic systems.

Recentl vy, there has been <lhonesd danadblive a
technology shoes fsandboebkbhnesegichl pdepe
thin electronic device ortkihs pposee mdbemne.
i n materi al anhdred &@ADILANT lodr es hlheess been cons
work in both r esdeasrpchhe raeensd fcoocnunseerdcioan t he
mobil e manho gsiiog The advantage of dire
di s tiroinb ubte n e amhh cthhrecadabrodaged t he design an
di ffeysmne ms, as s3epwiOHBaeb 0 Bde 2xampl e,
shoes solembedodo&€é rivakprofitably be used
moni toring, and activity tracki2d@l,Aa)n.d Twh
system consistte with Sdeprkebseresements
el ectronic boamgderdoy dhatgdf i a¢ qui :igt i oan d
transmission to a remote data computing.
attached t o anorexatreer nlailmiatpepda rbayt utsh,ei r b at

ot her device specific factors. A new to

MC



ntroduced a system to contsipnautoiuasll yg ameta sp
ndependent | y ovherrouwgm tBr aenw2@ils)Thi s i ns

wei ghs | ess tihsammi80e ggurtaaswvgo ramsdblye r unner s.

S

o ®© 9 o O
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equi wped 13 capacitive pressure sensors

ensor. |t measures peak pressures, press:s
ait patterngfrorooc Treampefrat ureport ).

The new t ec hndoelsoiggine sboitnh sfhoore mechani cal
ontr ol or monitoring function require
i fferent systems. This could be applied
nd cycling. Thhustamndywmodweéelhitmgge esmbedded
ssentialti daltl yamr goibccqpt dewaoen@mdayer i al resp
t her hand, properly embedding the measu

he el ectmakniineg tehaergku i ptr odpueeralbyh meednda bt e i n
erformance motion trackinghge aplpd @ cHdHien nsu
uman f oot .
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.T3he strumowement, deformation and plant
Thenderstanding of t hef sftdneetc tiusr ei napnadr tna
tudy and effective modelling of ddéfeor ma
esign, servi cnee cchoamd ictail o n aannddofftuhrtechtei sreanls c
t eembedment system in footwear (Kong et
t al , 2016; &rdl @pisoet adakd2®WLl7h the f oot
oadcogditlinond aet , f ot itself has a r
ncapsudeddeadd eiitmm soft tissue. In addition
rostheti be feseéemslta ucsutrecwutd ambsdd deac
ubbers

. Fobt structure

The humanurfego2i 4¢( Fa gvery i mportant part
rovides the direct source of contact wi:
ol e in all wei ght bearing tasks. During
dapts to cesegumldarconarfidutes to gener s
ropul sion (Scott et al, 2007) . The feet
nergy efficient to be able to support t|
ontact widthprlopegr dbhe body forward, anec
arious types of footwear (Briggs, 2005)
tructure and materials system. The whol
endons asnd Thiegraemeanrte t hirty three joints
uscles, tendons and | igaments. I n addi t
kin, and soft ti ssue (Rohen and Yokochi
aviemg tmAann part s: t he ffooorte f@Foi4g, Tme df eat
hindfoot) articulates with the midfoot
mi dt ar sal ) joints, and t he forefoot [
arsometpbansa. These parts work toget he
alance, and mobility. The supportive fun
oints and |igaments of the midfoot, the
ot . Subtalar, talonavicular, and medi al
oot to adjust to uneven ground and for

|l evation and propul sion. The plansal ap

My
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gament s support the foot and al so ha

vements (Kitaoka, et al., 1997).
Arteries Sole/plantar
of the

and digital arteries EMMG 2003
@Bone structure of the human foot

]\ Achilles

Lateral plantar nerve || tendon

Medial plantar nerve

«M ‘.\ . = — ——— /o
1

Plantar Heel spur/‘(’»'f

fascia

(b)Mai n soft tissues of the foot.

gur&t r2ucst ure of the human foot.

The under |l yitmipost ractaowe obf to undergo

vement for different functions. I n or d:
st be able to change between being a s
e . The ¢ anbei nsattai bolne-aoafnlde ds ttuarmey sS3t r uct ur
bile and elastic soft tissues means th
e foll owihegp tfsti &t @as mopie) sofadapit esues ex|
e arlcohweesr .t oThi s actic@enme ch a&rhies nb,0 ddyé ssi gdn
mage and | arlreanrgi ntgo jtohien twse itghhht@aith hiosu t a lt
ri gi-rtdhd ey@efrt ti ssues conttreaicgh twehn .c hT hcias
ovtitdet s engt h and power that propels wus
ot motion as it switches between a mob
cle ,AWi7T®) er

M ¢



2. Mo ement and deformation of the foot

Joinhe H6bot are controlled by extrinsi
and provide for major motion function, a
1997). Motion occurs by rotation about at

foot may wundergo different types of mo v
classified into thrwadhniadiemr etnyt pegpd (aFirejsa raenod:
The three planes of motion in theplf®ame a
(FP) and transverse plane ( TP) .asaldhdeu cfta ootn
when its distal aspect is angulated towar

and deviated from the sagitaapeptl amfe phes

ot her specified anatomical reference poi
angul ated away from the midline. The foo
di st al aspect is angul atwaly dforwonmvatrhdes tiinb il
flexed when the distal aspect is angul at
is described as being inverted when it i
surface faces towardd tama miwalyi fa oonf tthlee t
everted when its plantar surface faces a\
the transverse plane (Wright, et al ., 20«

é\ Bottom of the Right Foot ﬂ KB“"’"‘ of the Right Foot A

\

@Ab ction (b)

(c) Plantarfl exion (d) Dorsiflextion




{ = & ~———This s the same right foot

( ) Eversion (f) I nversion
FigurTey p2i.ccal movements of theMaonontRIi)A H98

The deformation of the foot during dif

objects is a complex problem and excessi
the soft tissues (Burns et al ., 20&5)y. Ac
i mportant in gait and sports. I't has beel
as inversion angles) in sports are one o

frequently hypothesized that coindrmacposigt
could result in an ankle sprain and met a
2007). The tilting platforms used by s o0me
all owed participants to dgepteprBhhadetyyeer
al2.000; eSeZal®n) , repli-sclhanegmohieomronhaal c
| at er alsplridgmnnse.chdi t i on, & assleg g essteead cthh amo rtk
positdamni mporrahtatedctor the fifth metata
Br own, 2004) .

2. PaBdtar pressurandieatsusuenmadeenrd sdi f f er ent ¢

Gait analysis 1is thEkosgpsBbebnahdaol Isetcutdiyn g
and ki ndeatiincg owhahlek ipnagt t ern of wal king is us
by force ppleatsuoemsmeaandesm®neée. mhaoe me t h

materi al s and bi omechanics for fopott hpse

technol ogi es, a fine gr ai nhhfepatcrei xwharnr atyh
contacts the sensor. Systems of this tyrg
consumer outside of a | aboratomy asetptriense
measurement insole with 99 force sensors

from O t20 BlDe Ngysnt em uses capacitive pres
el astic |l ayer. Once a priecs sluaryee ri sb eanpdpsl,i ew
the distance between the two plates r1 es.t
applied pressure. Sensors were arranged |
as shdown in (
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(b) Main regions of the sol e.

Figur®ai2n 6f uncti onal regions of the sol e
principle of plantar peet,sadlidle3)measur emen!:

Gai t anmdiyaslp ! itehdlei edfdscl i ni cal environn
anal ysug$@hsessment of gait pathol ogies, at
di abet eest ,Zd&BNO X hor t he assessment ofinhe ¢

the clinic®8Blesenmwygisridanmemmtl ysi s carried out
hel ping athletes to géQneanatgbd7)evehi be
the risk of painful injuries to shins an:

gai t analysis to study mechani smer @l r ahlu

apparatus. Each of these application f i
pur sue asipmsc ifdi,a0ll However, due to the ex
specialized equi pment required, rges earscthu

cemdg and smal [nos alsgorlagtkee si zaswndomi zed contr.
perf or meat ,h (a8BZ0alubn) e72 K)iaghoame x ampl-ehoé& phant
di stribution undeet,i ak@E®)it.ove ak ampitmngni Gt
consider compl ex abnbohlrimgaal s tl lnchpdli anmytmarcraorngdri et
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di stributiiobnmotnl andeng (a)ll sagmd| ameadubgd
Novel (ibffsgluebg Bi ghl i ghtds stihe bpt e eafuadatr i r
touchi nfgh edeoiieh experi ment al measurements s
i n the plantar pressure distribution anc
during inversion | andiogbepealkrsthesprpni

fifth metatauvusand,c)as seen in Fig

(a) Landing at
an inversion
angle.

150

(b) Novel emed -

measured
B0

10

": (c) Finite element -

4 predicated
pressure

Figur e P2l.afn(taar pressure distributiomtduri

al2,010) .

(d) Typical clipless pedal and shoe

Standard mounting shown.

Links

(e) Plantar pressure distributions
Figur e Roo/t(,d shoe and pedal i nteraction.

(http:// www. speedplay. com/index.cfm?fusea
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Si mitlexhehagdueen used for studiyoimng ctyhcd i mr
The mechanics of bstbgpclteapsetielrl ohgfonecel f
l eg thrfoagld tome o t he pedal surface.n A ty
arsehown i n7 (Fd)igemreei2d 2101 0) studied 39 sut
stationary bicycle with a cadence of 80
i ndicated that the plantar pressure dist
wal ki ng. The firsthareltiax awesra¢ iheamt iafnide dt
contributing structures of the foot. Th
pressures under the toetshs smwae@fdodth,atamd | L

contribute subst aetpghaigbye rt op etahke pproewsesru riens

under the medi al forefoot werreeliaderndt iffoire
compl aints and accompany increased foot

stiff cycling she®eevdemoy sdir aatt reidb at endd | 0 ac
showed a significantly increased ciomdreoxn

0

probdmong cQulainegtt alllsgported higher | oc a
cycling was spediafrigdammadl yi $ i aksdot b&enley oo
probIMems. peak pressure recorded(tiywpeée hidl ®32
was 10&an@ kP& mean for the c arkbPoBne ssiaodlees, (
Andreed daD11) stated that <clipless Pprerdad &
across the f oot -crharpep eldr gpaeddlayl st. halrhitsoe ndi

prevention of overuse injuries in the kni


http://journals.humankinetics.com/journal-authors/journal-authors/EwaldMHenning

24FE model | i ng itaonnds panst ampaptisdhra &t | dse saingdn

FE model ling S anyiefgf eca mwylee xwag p oo ft
bi omecRhRani esgsSahnapriieae maair 0 xa FEs end dell ook t he
temperature dependence @madpéerhteiingshed ff @ee licz
transmitted to thF& MmMaddeev eéeinopged twoirke anral

| arge def or matiifoono tpweodbrl eimm toefr & cotoiton. The
the heel pad and the a&ahoed.f of hesaec hd artoad ¢
devel oping design guidelines for orthotd.
The finite el ement method is also used i

soles such as ortbopaefiopotopl!l hentg bar2lO@eBH s s
another ety ®y,12Ki Mevel oped an FE model 1
ground materials on | andingsho@eaaondf dr a
el ement model . eRe(@h3) ydevelsesped an exp
dynanrh cfi3nite el emeshomodekembl| yhertedott.i
i nteractions between the @rooturamdg tah ewas hk
Asrastulhey found bbeweempahesemperi mental
t est results showed good agreement for

hysteresis F&E morderl gy alno . used i nt oc olmpnukt
bi omechani cs Aahgpeem li 58 ywh.ce®.h e en §iag@ 00 9)

The desi gn pdrtohcreeses sitnavgoelsv.e The firwas tas
acqgungge ometrical data of foot and footwear
wer e fugedD reconstructionTboRecibhostt rauacfttedt
in STL fiwestuhéacendeconstruction and s mc
CAD model s. The pexxtcessepwapc ginegdipeei al |,
|l oadi and boundary properties for establi:
sole of the current model were defined a

and ground support were assumed as | ineal
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2.5 Foot mechanics of different | anding

Foot biomechanics is relevant to the wur
des Aglomdvwtor k has been done to characterize
conditions (suehbhrn s olvemnafecobt @andd g, st at i
running,onpnebgoped By et al , 2010, 2011, Che
al 2012, Fontangl llan et neel | abalsdd2y e weOan6€ her e
as tg aihnagrh hdeaenlcs lnbge & sajl ;t n.i®heeparticul ar
i nteresterienncehdedwefnf ofed rr aFlocddt psatnrdi krea a n ¢
maj or i ssue influencing the | olwemrefexatr egsnt
and rearfoot strike are twbi ebenmman)| a2dil:
al 013

I n forefoot ®hfeociokte siwnipghdes ugnall If i ofs t dur i
foot inswiitah |ly plaanmt arfl exi on posture fo
Compared to rearfoot stri ke, rfeadntehfees osth osctk
passing to the brain talse tdempirnepsascito ni sofa
eccentric contraction of the triceps su

(Li eber man.Tehte aplr e3G3L0) excursion during
backward was once consideted @omoeerr dy
cushioni ng( Cfiovre rrtu nentdrreegd e n2t0 Or5esear ches s ho
| oading rate of a habitual barefoot runn
l anding pattern foremrfloc@ffioadi ehei &mrdt Gal
I n the wor k( 20,1 Anioe meérvmaru s wiemm@aucntd ti rna rnt shiee
f otdeme data of foref oottisnter ickuer.v eCoonfv ealsa
stri ke al ways shavesf oare itrhpacoterttri amfisemto u
its peak. During the i mpact period of a

Force (GRF) can be 3 times higher than t|
(Lieberman 2010)

I n rearfbetrsnning, I mpact absorption i
|l eading to a higerear gteiarkg ithipeasd lt@amkddwd va
stress and strain diredtDlayudorihibBuRi®©ng ht
the reasons that running i n minimalist

reducing or el iminating running Honrjeufroioets
HT



l andismgtpaputar sals at the fimetaphasal dbon.
bear more | oad compared to the stress 1in
has been proved to be the caséKéynonabkl e
2014)In addition, it was al so rempdernt edhe
met atarsals were gr eadwrnaammpe atrh efrofotee { et r
et al ZF®X¥4)Yf oot | anding pattern mayia&lsso |
such rast uReecent case studimisnirmaleiadbtg df a dh
novices, which may encahuirgahgeer roecacru roroetn cset

stress (fGrn adti ames et al 2011)

I n order to understand the biomechani csze
stress s hda uveldd bFeE sntoudel | i ng provides th
di stribution of the foot under different
many bi omechanical i nvestiitgsathibomnise twictolmpdr
materi al apdoperegabar geometry, as well
bones and tissue. Many studies have focu:
(Gu et al 2011, Cheung et. abt ROV, i Chele
Sstructsuirneu lweatsed during balance standing b
soft tissue stiffening and uGlkeewmgdet falk

Cheung and ,iZmalngd 2@ 6t)he model |l i ng of f oc
asi albeti( Guifiobto .etEdadaxri@BAHQ@Qs uccessfully
probabilistic model with the FE method t
training scheme in which subjects. ran at
I n both cases, forefoot or rearfoot st
|l anding is a major factor f or Apoctoenmptairaalt i
study of the foot deformations int thatsa
and i mpact characteristics wi t higm ot he
i nteraction. The i mproved understanding
al so provide the information for enrhsanci
embedded in shoe sole for smart shoes or
been popular in the field of publitcalyeal

space aside for embedding a sensemeind 1 @c

gait. The impact during | anding 1Isthbae m

HY



whol e gait cycle. Consideration of differ
i n design of embedded or i mepel atnhtee df usnecntsioc
sensors such as shoe sole stiffness, senc

weag eaf different strike patterns.

H ¢



26Def or mati on o$ rmatnereinelrgyardfdr nonlinear

Arangfe materials hdaswd&en siumwnolawse dc oipm e
si |l irudpeprar ablcére amd&k tEUAMAe § oams . The arrel at

reviewed in the following section.

Eq. 2.1 ddscerairbeelasti c r aleatsiiores hoirp tbeentsw e

strwhere the constant E is the Young's mo
s, = Ee (2.1)
n=-

Ex (2.2)
Wher e,

The P& gxadn ohe erf &triso tof (-t)he® It hteed @aingst ua
(-)as in Eq. 2. 2. Most matserriaaliso hdauvee ta psdh
| at er al direction when being pull ed. For
have a&GPaoiastsomon -beB8Bwe€rer @ mRc §r ahtaivee +@adkgoei s(
whil e t bBe rRgo kg sheorrs varies from 0.3 (for
rubber (repomepreassinlgl ei,n i . e. no Vv®hame

Poi €ssomag i ol ose to zero when tFhen mag e@tri ap

mat eri al , t htec asrh ebaer oreoldoud luast ed usi ng:

t S— (2. 3)

2.@®1| apptliacst i ¢ behaviour of material s

At ypi caslt rsatirnescsuipvasof cemasercal s i(ssuch
shown in9(Bjhberengineeri ngdesntortedsdsa raalsn d st
respectively, are determined from the mes

original sspecti imemaadnrdordecan gt h

£ — R (2.5)

WhePej s the appild etdhd odefeoramat i on.
I n the elastic portion of&thawcustveegsmansgyg
to strain with the constant of @mrop@®@umng o

on



modul us, ,idse ndoetfeidneed as wihehe a$sioaiof t he s

K %R (2.6)
The three pahraarndeetneirngp ormuelre i s commonl y us
A K +R (2.7)

whi chdescri be btehheaywlak ¢ériecpr esents tfhe yi
represents theeplasenttcs stheai strength coe
strain hardening exponent. The Ludwig po

to describeplastropbehatabvsthapwenwoangk ( Swi f
A + R R (2. 8)

2. @®yperelastic material behaviour

As shown DBDfab)F,i guulebe&r-lisear hvhg tebhiiit #slo n
di fferemtehmasd®mudialf erent strain | evels/|c
fully represént mddudydyg premuelgast mo denhast ea T
devel oped/ defined as a relation between
determined by derivatives of theKistchhonff
stresses ( WeMasnsy estt raai.n e2m@dordg)yh afvien doteieaan drs
characterise various materi al systldnys w
Mo o nkRiyv Il i nNemmda@®ek ean f or m a(nQg d@gnd e nl 9M,02d; e | P ¢
20Q7)They are generally umaddstid@ sduesc raisb a u
gel structures). Theseatmgtr asteiwarlr iamo cceolmp uh
sof tpnmmckagebudi ng ABAQUS, which are brief
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fracture

@Typical el astisdt ran dVamlga ¥tRi0¢l 3st r es s
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Planar Shear
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0.5
/ Engineering Strain
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() Ty pioara&i mensi onal stress st M&hint e ugapeesr o

Nonlinear finite elemMB€B6t SahawgsdsCorfpet

Figurli f2f.e9r ent stress-psttasaioc matees afasr (e
and hytpiecr ehaatser i al s behaviour s.

2. ®MMoonkRiyvli in model

Mooney derived an expression fas d$hewrsti
Equation 2. 9.

The | inear form of strain energy functi ol
W o6 0o 06 0Ogoc (2.9)
whe€CeandGiare coams@#idare the first and sec
invari bBhtes the most gener al ttweenn agdtn d g ¢
strain in simple sheamas &ihe-Rilazs n@aiwheel el e «
particular par ametserguate omsgdves a marg
experi ment al data of rAitbkhierd Fbxn paB8E6 el

OH



The strain energy W (Equation 2.9) can
volumetric ter ms. Th-&nvihe $orai ofenmndrg
(ABAQUS MAaddual 6.

Y6 ® o 6 ® o —0 p (2.10)

whetUé s the strain energy [©erCoiunabtdrocef r
tempedapendent mat @ibaatee panadeaerBEquati ol

® [ F [ osgqd _T 0 T
(2.11)

Lo

where the devl atofn viorédtbeBONNE i s the
el astic voismeheaprioncipiali ak r &dpe daemsdnolidunlk
moduKdysate given by

cd 6 (2.12)

0 — (2. 13)
2. .@leblookean form model

The f or m-Hofo kteleen mda ai n energy potenti al
Y6 ® o —0 p

(2.14)

wheobean® ar e t e rpeeprean duer net mat e®i ol t par &m

deviatoric sotirai hhenebasantsyolume rati o

2. 6®gden form model s

Anot her commonly used Ogddceal). Uihd rtRlree t dged evio
Ri vl i nUinso dneolta sd ed i fnuerdontdibann othhse enaodd e | is &
an assumpits oam ftthradt i on dfbybslod. principal v

Y B 0 O ® o (2.15)



whetreanid are constanits, namn drmant ¢ne sesgaerri laynd n
positive Bars nedebri®©aanc sy abh,bsat enpornci pal
oB. The general form of the Ogden strain

YB — §F © F ¢ B —0 P (2.16)

wherlare the deviator_iare@rtimei plieNcitp &k ftd
order of tHhHe, aoligne mi a hbeep eant duer net materi a
(ABAQUS Md#Mual 6.

t B t h 0 — (2.17)

Foll owing this-RfermgahbobmmMoomey obtained

Ogden strain energy pgt.ential for speci al

2.®odels for compressible materi al

| practiade rubbers aaeet aompersemed| rebwe
suchvudsani zedgo ubbley weder s malhdn vod lujmec tc

very high hydrosoathat pfesswprastical pul
i ncompressi bl e. For foams this is no | o
considerations, studies have been made o

rubber |l i KeOgrdaetner i1BI7T2)

Equati on 2.slt8 aiisn a nteyrpgiycsadun ¢ toirom odngem £istsy

U:Eﬂﬁ‘le\]l-l- l+l-2/7\]3-,2n/(1—2n)a+}”(1_ f)\ler_l_ E_,.QJS?H/(L%)H (2)18
2 n n y 2 i n n y
whegfe3ae constant s, and
L=l =/l 3= (2)19

Whesx 0.5 and the materi al=1i & hien sdmpri ens seinke

reduces t eRitvhlei nMofoonreny

-1 ] 1,a- ]
U—Enﬁ{ll 3}+2n(1 f1,-3}



U :C1(|1'3)+C2(|2'3) (2)20
I n the case of 47% foamed polyul(éith20é® 9)

i ndi c aft=a, thrf;%,in which case

U=%/I{J2+2J3-5} (2)21
anadl early U is. independent of |
By generalising t he Ogden model for I n

compressible mat(t®©gidains wWw&®F 2proposed

U =8 (m/a,)bf +b5" +b5" - 3)+ F((obyb) (2)22
i n which the compressibility i s bab.colunt e
finite el ement modelling, an i mproved eq

foam mat eABAQUBOTER & 02(0yL 7Ma nu a l

N A < <
U:a@gﬁ;+,E;i+/%'-3+bi((J9')'aib'-1)g (2)23
= e [ u

where N is a magtanri anapar asénpeemdemt mat

~

Soiﬁl2ﬁ3

andare the principal stretches.JTamed el as't

I, =33 =" (2)24

respectivel y.

The coefmbreieatated to tme ibryitial shear

N
m=a m (2)25
i=1
while the iniKjalf obdlokvsma el d0,r m
N 1
Ko =8 2m(S+b) (2)26
i=1
For each term in the enendgyefmnoeson het
compressibility, which ni,s bryeltdtee c xtpo etstse

op



f —_ (2)27

Thugyj sithe same for all termgcaa dienglee i
This effective Poisson's ratio is valid 1
(¢ & & ) i n uni axdeadn ¢t)e n sTihoenns (trhebiansitwee s s a
defined in terms of the nominal stress (t
and the nominal, @gr TEhegimrienmnd/ingaar es treeel ract
the princitpalensdmi nal s
/i =1+¢ (2)28

The choice of materi al model s often depe
model |l ing efficiency and accuracy requir

Figure 2.10 shows some typkaral meteaslt i mgt
prediction of the key properties such a
coefficients is relatively straightforwa
i n some crasresttdamdargh testslferF. mvdiekEuby
stress strain curvMeascamabhe omsavthease fhaci:t
as machining), some fracFobhypepal amei €r ®r ¢
par amed e@misi,nat i on noafy rtesgsutiionegdodiatl a t he mat
compl ex | oadi hg uofoEbdhbgt bamssueste so § hpracrha nge tvee

agooaverall fiitnpuo abt enihel dcautrav ed efriitvte
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27Appl i cation aonfl ®Pgvébopmenti pt s

Python is a modeonjenhseupoeedcdngobjgec
kinds of softvwaroemgendgisnesearliinegn.t f eatur es,
natur al syntax f-arr dps h @makiayg @mag mams
easy to read; as the saying goes, "Pytho
| anguage i s ipmteeartprn et enh,e heee\nesdi mreon dn eeexdt rta
mani pul ating a compi Pgt ham deoodr de@ kreorb.u sltn aa
brittle madgpontedt bty botbrjuwwctiteme e damat ure of
Pyt honsSeeopeniisgraeemaj or advantagkeoomrngt
i ncrelpwipul ani ded byg a | arge user and dev
as the. stThenopen meansdeavhealdcamerte ake advant

tens of thousands of Python packages t ha

l' i braries, i nterconnection with compil ed
services, mobile and deskhmopggraphe c@ahame
some di sadPyahoagebsaorurex aPyptlheo,n momcse owuns
t han compmintdbde oaoashéieenboif fiiscellaith rvaerioiyepsai midt
tbortradanedeemaconceéedoe s meana atnhde support f
users is rel dwutvelhye spdrusagd i oncbhbecthiamm
scientific |ibraries is growing, and sci
through. Toleawrei nagr e t ool spemmenoavietrycoime p &rme!
engineering appli.cations (Norbury, 2016)

oy



I Generating a Spur Gear Assembly il | Generating a Spur Gear Assembly Ll

Model Data | History Data | todel Deta Hisory Baia |
~ Pinion Parameters Job Data
Select Parameter File... ||spur01.par
Tooth Profile pinion.py P o Job Name spur0l
Shaft Radius (rs) ,—2 Read Parameters from File [ Steppata
Recess Radius (rr) |7 Write Parameters to File Step Time 0.66
Tip Radius (ra 10 -

P (ra) . Minimum Time Increment [1E-006 Torque
Facewidth (0) |8 O] floadData
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Mesh Seed ;s

© Medial Axis

€ Advancing Frant
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Figur ABAQWS CAIEn Pl gl ki t, used by Wi nker,
model s.

For engi neer Pytgh ocanp pil s cuwad ewb ntism eatghmeire e ¢ 1 n
softwar eaGtraphri eattle Userré¢atienffaaesGelil) a
all ow the wuser to input all analysis inf
simul ation sofThwearienfemrvrartd wime din.omi ltlhebaes
by the pdwtgomat iwdadllly configure both the
t hat an anal ysiWsicnagn ab es ipnegrifeorpmealcedur e,
required data to be i npun awhamgesa tsa mpH e
This automation removes many of the sour
of the method, whilst at the same time pr
El ement package ABAQUS/ CAHBH BHs d&Aoolalpiptl i c
tool kit has been widely used in parametr
plugs troatgensepur and worm gear model s as
repomtedacoal of paramet r iwoalnm ygemade IWiitrhg sst
tootwhngh took into accoundtderatsrse mbil yt alreo
shaft angle error, and def i ni nuga tsetda nudsairndg
finitepatkmget ABAQUS.r Kl Me sa §rdede,rath H& dG,p a n
Pyt hon ba$é&dgplvwgi 228 d mloalteilgue basmheéen|
designedi msf aar ptlthueg Abaqus commerci al FE ¢

o



based on the resulltts @alfs AbagutsaiFits aaml iyst
bet ween Abaqus and Pr agplriocc, e sas osrtaamTdhael ngpnaed
a simpteiandei graphical i nterface, which
much m®mbrai ghAIlftolrevsaeegdrheaat | y enhanced the
bet wdesi gn, materi al and applic®tyitdon r e
programming is also used in mafejroandwstr
Karl sson 2010,. Blamo ek RBobreg eét al 201838 €dn8n)Figure

2.13 Python is used to develop a procedaeen si et hgegggner at i on of a
vV 0 xbea s e d mi crostructure of cuboi dal s ha
representation environment for the analy
cutting of the model i nt o a afqiumsa ls ashidavae
aft ergweanredrsat i ng volume FE mesh for the sh
custaml t.Ttheolgeemter ati on of randomly distr
Mat | aBytahnodh f olVioo winmtgh etnh ei megpiomat Athaegqguwoo r

control the embedment/inclusion such as
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Create .SAT
- 3 S

rﬁ::;ﬁ:%’;m% Split grains in Matlab geometry fmm_ STL

for each grain
Repair surface mesh P‘mmll?e:;"t Import cutting profile
in Matlab and Patran entire grain (:SAT)

Combine grains to

Clean surface mesh o

one model and write
input file for Abaqus

(b)

Figure 2.13An automated procedure for geometry creation and finite element mesh
generation based on python (a) and typical microstructure generated (b) (Barrett et al
2018).

Python is also increasiMagdrye bed) nglPyshat

is wydesed in further development of bio
i maging segmentation, parametrpost bpomee$ds
of ki nematic and kinetic dat a. A widel
(https:// www. vicon- acnim/rd pwglap#d idhmo d eslss a
typical exampl e, i ni nwhiisx husae d otwe rp rBoades P |

data (hspomeasnseevemenank| e mamtosd al h itopt aplo we
knee ,poavadr an,kdlev ipo Weepr gd, lengd ee sa n g@amlellse angl e
Anot her example of biomechast @tail stdiad al pp
mappES®Pdanal yses on a set S&PMBDPgt sakygried 11
whikRhWt hon ipacksg@g@éconducting sRM odn aleygsi esst
cur ves.aplplpii cattillairdsee mat i ¢ s, ground react |


https://www.vicon.com/downloads/models-and-scripts/python-gait-kinematics

pressumne i dinst mi lpr ob abmoldiesltlticnagf. sap ih é&gthell e m
interface to a variet f#iétceefstcsagmmergrsetsati iomnt |

| maging analysis and model buil ding i ¢
engi nearcihngbui | ding models from 2D scan
modePlyss.hon is also widely wused in imaging
et al, 2016, BoppanaFeg2ak5 2ba®w)a Fypguc.i

combiid’lyt hon based |Fnka grea dperl oucseesr$ ni nngt heitr ¢ ewcoer . |
ri sk of bone fr afcltiughet -fodf m dphspt or setan 2 Payrd ahlpynse e

based opemagiomgceegmentatnon htec-sbpaidygy

compabhati bone strength model for aceept al
flight fdndghpoatstronaut bone strendghle st
|l mage Segmentation i s pwvehrifcamproed sbyY Ta sPw
vi sualtiozmdtkiignt(hveT K)i brary all ows for i mpor
for mat s; then Script transl ates pixel %
original CT scans and Script isolates bo

on Hoeunds fvial udamagalhieadriynarrepresentation o
Mo d el Construction operatFogRfedédmcPAdDi namla
Pyt®oWTK tool kit includedéCrae datag < hda nhyD Culbr
fromary segmefdt ed semgbbhs3mesh and remov
ABl ender4 used to repair mdabh sundf ace| meé s
recreated into a 3D)Abboméeymbsesh witct hptGn
properotieens FEBi o XML fFilgeaurfeoi2s das yWpigmp o rf
il lustmhatingut ydhomnt plor imdny human mot
sof tpwaakdgtelson i nterface is always seen |
exampleeoft ware used (sODhghBom)pabgoampt ewb
human modedt wabilcd it @ achitewrmrperionc eistss tGlel .d
with points and connectivity i#3uo fchevsts vy
cm use it as i nput. Secondly, to print ¢ttt
and joints. Thestionicdamnstiesdt odfj egnt o meeretdy ¢
objects as position, orientatsegataeamd I af s
it i s practical to have more than two | e
numodr bodies especially i n the spine whe
prper ocessing of the osim yheMlbedi es aewdg

enssiar eeree structurePytWidrh dihdtsi amareyntwas

nH



storing the structure ofFitdier @o2l.i 5 ,sls@®ws
structure of the ustheinmagfageandint thtekfl

system a GUI combines process of I mage ¢
centralized tool. Then user can select s
stack in three di menss$ egme ratnalt icoann upseirnfgo
threshold value. Finally, the image can

I n ot herSuscahf tawas yes Pyetmh obna saermdd oedt @b i trhireog r ¢
i maging armcdubFBE mddelct iowmesli yatnedmpep 0 @ @alt shde v ic |
malsiet pdsosri bpheoapriecerpgtsf i nite el ement mode
system ewiftehc trievdaicyealc icaotsed wi th training.

Image 3D Model Material Finite

Element
Analysis

®) blender P ' FF*“‘

pLJthOﬂ l msh ::R‘ﬂ

@Over structure showing the icogbi

Properties

Segmentation Creation Assignment

-

Performing image segmentation through

. Python
ge showing t (c) Typi c(aBopipmag
h python. 2015)
OpenSim_body.vtp OpenSimModel.osim

\/

part_connectivit.dat /
part_point.dat

(dYy nput andFytwbhompudcO®Omen Si m
Figuré&s2. b4i Pyi hdeh model s .

joint-class.aml part-web-surface.aml | | sub-geometry-class.aml body-class.aml

no



] NASA Glenn DICOMesher ? %

Load DICOM Stack  Image Segmentation 20 Mesh Creation

Select Directory of DICOM Images

Browse Cllsers\Ahishekoz| Google Drive MASAZ01 SUmagingl0S

Import Images -
# of Images

Impart 361

View Images

View Image

Quit

Figuréimduks®e interface combining I mage pr
2015)

2.8 Mechanics of embedded Gsysatimoand t he

Based on the reviewwythbe pEogmwoaml| i s ng
processing materialwarwianmdepemgtadhd cctmhd eeg
out | i @Gleapotnddri s fwoec bnes wo aspeichdendateiloe
materi al e b te @lrdeeydewri it thd eoetr a g nplot eat i atct s o
Poi ¢sssahi os. Thi st hpef ¢ @ tplityhrei nppfrbocvees pot ent i a
be ussetedudy the dedbdbt mmmatonxofwi th an embec
mat epr apégrstuickhsiagss ah.i 0S)

Most of relevant early work on indent a
single stiffer |l ayer has been focused o
mechanics related to geomechanics aand ef o
il ane di mension and thickness (Seativadafr at
2009; Rahman et al 2011, Fabri kant 2011;
Kal antari . el valda®@Lp i ed the probtem of
BoussiSnediggandi ng indentation problem for
reinforced with an inextensible membrane
The wookMende i nfluence of t he embedafefde cdte p
of thePoiasson on i naénttatei osny srt esn{. 8 OEhsBKLaen
studied the | ateral transl ation of an i
transversel-ypace®trblpe csthady dembdbnesssabéd
embedded inextensiilsl éhigihrl oyuldeaerp emamnrm a e
and thes Poatisonof the matrn20.laReceémntglay e

i ndentation process eosfpaac et,r amhsivcehr siesl yr eii snc

nn



i nextensible me mbr ane. The i nvestigatio
embedment depth of the membr amet h atnhde mad
stress and the nor mal stiffness factor.
the Piniassoneffect and depth of the shell
system with embedded thoadisng.ffer | ayer
Poi &s&samti o i s an important material prc
value of the ratio between the | ateral S
stretched. Most mat edi alast i lbanvtel @ag t pponssihthiiev
direction whfen brampgl eul metdal s (e. g. ste
Poi sssomti o -0e3 we€@ar @mo2icsss ehimivee @da2ge whi 1l e
Poi g€ssornatpo loy memrmrs varies imgmp0a3tf{tcses) e¢wo0g
(representing incompressible, i .GB.raoi ol
one of t he most i mpowhiamhf | nnbketnecreimaelc hpar a
materials and many oQGrh e20al)BAu recteind n ale verl op
materials wit® madgati vealukeaitd o @madne ads aelts
2014 Auxeti c ( Gse graattiivosa rPeva tsesmieavl gr oup of
structures that allow | ater al expansi on
conventi oxnfa@a snpaatre reiSa lnanhi.a tPed Oablt 24 Bl awel | (
that, negétiwvat iPoiisrsfotrauteenrcieasl tdhef or mati o
def ormati on s uwclhakaes ,il®@&dnt aAtl imgm en,.1985;
recent study performed by Argatov et al
compliance of isotropic auxetic maaedi al
the effedt roaft iPboiasnsdlonauxeti city wad6i,ntvde

Poi sssonati o has a direct effect on the ir
i ndentation with a fl at indenter. Il n ano
Photiou et al (2016) i Il ustr,attehdatv itah et hne
Poi sssamtamwchastronger influence on the nc

Poi €ssormati o. A typical r Bhseu Iwto riks sshNmomsn tihr
Mies decred®oedssmitt o caonndt atahtreepriesssi ncreased

Poi ¢sssamnino.a study on thin membraassswehhi

Figur éAw2el1 8 al , 2017) , which is a situat:
membr,ames s highl i ght d&sdattihoast hnaevgea td ivree cPto i
def or mat i odn,s ptl haec efnoerncte curve, the defl ect
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(c) Comparison between FE and experimental data
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It should be noted that when a thin me
deformation of the system (matrix and em
(indentation) is much more complex due 1t

s Hd properties and the depth of t he she

i nvestigation is required to investigate
affecting the indentation resistdascghs@aini
application of such systems as well as di
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3.1 I ntroduction

This chapter-upraesendest 4ihles se@ftf ascoimei tkieeys
materi al s. The facilities include testir
tension and indent astoifors atmpdtes .f dhedipfrfoere
used to make silicone swubhera gsdamml esshedn .
silicone rubber tahper oxledar pr exgprntagdheand T
i ncluded piezoelectrical senserp dmd fsoorn
associated works such as dt ssipipogtomgf csat
f oams is also described. The F&£usneodd eil i

devel oping the parametric usarnperiersteart feac e

3.2 Testing facilities

Figure 3.1(a) shows the wuniaxial tensi/l
tensil e, compression tests and planar te
Tinius Ol sen, H50KS) . Di fferent | oatdo cel |

be selected when performing different tes
t h reaction forces were recorded. aAel as
al so availabl e. Specific rigs a,pleamarai | a

entation tests. The machine has been 1

—+

ts of rubwaal ssppecsankenfsor Ithe indentat

n

cswinetnh embedded pisemnsealre c(tsalinccha Ifacss e B s Gres

-}
w ®© »uw o u o

-~

i stors). In relaxati eunp f(oFangutrees t3i.nlg(,b)e

~+

record the change of | oad wianhandiadpl

0
o
—

aulic compression machi nceompsesdsiionn
entation testing of silicone r-mbber s
ta | ogging system for resistance measu
sor . ltassesas sbhesedsi stance change ol
her project (Kai d, 2018 phorkFi ghuared n3e.sl
hine (Hampden Test Equi pment Ltd.) an

O 5 ® »¥ 3 < O ® T o
o o
—

i ndentemessnt ebeshaedch sample of the

® O 3 » © a

~t

east si x times, the final resul t was

nd



@Main test machi (b)A doub-tell oagste
pl anar tests. compresxatoinomet @
i ndentation test

(A manual hydr at (dShore hardness t
testing machi ne and Shore OO ind
checking the pro

f oams.
FigurTeen3s.ill e, compressnacrmi ared . hardness

t

e



3.3 Materials and samples for embedded s

Figure 3.2 shows the equipment wused t
vacuum casting machine (a) and an oven
vacuum casti ng3.nalcah)i)n ew a(ph isugsuerdg ftoa rdemo
from the mixture of the silicone resin
was for the curing process at a temper e
manufactured by MG@GP wGoadupmpmolt d. i 6UKI)s.ed
rubber samples of different thicknesse:

embedded sensors. The sample shown in
Sensitive Resisteoril (ES8REgciemrebnb e dneaddpee nb ya
casting process to control twaasl ®catsec

to mould some structures with auxetic |

foaming agent s.

4

(a) Vacuum casting (b) Heatiinmgg/oow en.

(c) Wooden moul d
rubber sampl es wit

Fi gurkeqBi.@ment and tools wused in silicone
p ™M



Figure 3.3(a) shows the different piezo
el ectrical charge of a piezoelectric sen
pressur e, acceleration, temperatueetrbsta
charge. The sampl e hasapt Rizom edéppgpenr i gladt €
Figure 3.3 (b)) shows the different tsypes

and si zes. The sensor has tthiurct pl &@s toifc prhe
conductive particles. The electrical resi
due to the change in the contacting path
the surface wor ks aseltecet reilceaclt rroadsei sttoa nrce
shown Figunrmel 8s8d (bi)r dbaist, t he | %an g | sotsreidy
circuit, i.e. the resistance can be meas:|

Figure 3.4 shows swioimle $gpscras$s e plielee e d
These sxampglde produce a sample for wvali da
simulating materi al with emlidaedeafdomtdign s
used i n,isrhowhismH etshe silicone ruvskemasrwiflrlo
the external | oad (compression, bending,
external subjects such as cur $wsi,t hs ttohnee sp,i
sensor embedded at difdreeestlUpobenesampgl e

embe dadrede sensitive sensorsvsdebdPnf madenti ns

flat ended and sphere shaped, whs chipgatre
3.5 shows the samples withnmorsi(p)le pPphese
to assess the pressure and electrical S i

system can be used tdpeprdbndg oOhet begnaims
used.



@Typipcazoel ectri calsiszeenss.o r(sS aonip |de
one)

) Typical force (c)Fl exi bl e dat a
Fi gurTey pdissk3ad orPise { @ag | ect r Focracle sseennssoirt(iFvBelR)r, €
(c) Flexible data |l ogging system.



@ Samplettwi hhpazeosensor embedde
di fferent dept hs.

(b) Typic'I samples with a force ¢
silicone rubber samples of dif

Fi gurDe f3f.edr ent tryplkeserofsampliesonwi th embed
wor k.

@Samplegensor h (b)Setup for test
For ce SReenssi{sk bRk
Figur®amplbes with multiple sensors.



3. 4-upetf or different tests

Figr@ showpe tlhiedséf erent tests perforn
works for developing effective FE model | i
are performed to evaluate the propeeties
thin sheet has been manufactured and tes
compression test is used to test silicon:¢
sample with a piezo sensor embeddedal nt s
force sensitive resistor -heombseed ddeeds iigm ead ss
|l ogging system can be used to record the
which can be flexibly modi fa.edFidgewpreen d3 .n6g
t heecupetbtf an indentation test of silicone
sensor. In the test, the indenter is att
I ndenters of different phirapeal (¢cindewnltanr)
available to test samples under differen

al so performed on some rubber as a routi |

anar tes

@ Typical setup for t (b) Typi

i
rubber speci men. rubber

speci men with an emberesistor
seddsi gne
change in e

- | o

(e) Il ndentation tests w(f Shore hardness tes
silicone rubber saemplo

Fi gurlei f3f.e6rent types of tests.
PP



Figure 3.7 shows some foam samples test

part of an industri al project in develop
Typical tests conducted incl uded acxoarpiroens ¢
test s, a simple double | oad celll arrange

change with ti meemr®&smeplker moreddt esat §o00t
exampl es are shown i3n( DF)i giusrfea b3c. a/r(poo&acs)t. h eFt
Figdr(&) is a silicone rubber based foot
structure made of wood and steel. Some t
some tests have been perfojtmedssas &VAhkeo:
when the pr ost hasthioces. alrhes sien & eersttesd airmre U s €
mod el devel opment of the prosthett hiek, wh
model |l ing interface for iasnseuwndenrg ddiiffffeerr

conditions and | anding angl es.

Foaim 53“( ‘ge(, Fewe] S,\’TII\ ot

@Typical Foam Materi al ¢

(bOompression tes (Compression tes
foot prosthetic crubber based foot

materi al . embedded internal
Fi gurTey p3i.c7a l foam materials (a) and testi
(b&c) .



3.5 FE modelling and other progr ams

FE modelling and associate programming
usedtudying embedded systems, human f oot
system), sensors embedded in silicone rul
is performed using ABAQUS (version 6.14).
t hsmell embedded in an elastic matrix to
mechani cal behaviour and the influence

resistance of the materi aln swasst edmne.v eR yotpheaodr
threul ti ple variables in an embedded syst e
of the embedment, the properties of the
embeddeldn shleé | FE f oot modelliisngevahopleadq
to change the osoleamt@aantoamctofarndeextorodact
energy of internal components concerned

devel oped wer e alpiseoz aussan sionr smoedneb e d dnegd i |

foot prosthetics. For deyeksepmemal ot heomg
Abagqus such as Unit cell approach, remest
Hyperwork (Altair) is used to incrreatshee tfl
mesh of a human f oot mo d e | to enhance t
model | i n@qrgelasck aegseast haa € dDIwGBIi MAT i s a soft w
i n | inkistgo sltarugccetrurecal e FE modé&ltilhonng.i T

generating coordinates for -Dr ssndainé#t usra@ s s

evaluated.
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4.1 I ntroducti on

This work presented in this chapter f

i ndentation of soft materials with aan en

model |l ing approach and analysing the eff
embedment . This is of fundament al i mpor
systems. Table 4.1 |lists the main work re
at hin sheet embedded in a matrix. The fi
aemmbedded structure. This is a challengirt
to mesh. The modaenln ailsytdocnapl a rseod uvaittehn i b r a
an FE moadembewdehd sheet with the=&ameTlhseti
second part is to develnomnan i Alveeggud gwad er

depth of the embedment on theatiandentcaotmpar
the data from anaamealxyteincsalblaepdraogeah ifnora
effect ofsthat i Poi $omnt he matrix over p o
systematically established.ndEmd appbbdbenitriee
associated with an embeddedr @gthiim il a yeua mt
trend ampger édimected. The parametric FE mod
mat erials properties, s lod | It hteh iecnkbnetdbdee da e

matri x withé&noramalo PRamidsésnoengaattiiov.e Poi sson

Tabl éMa4d nl1 Research Wor k.

FE modelling of system with embedde
solution

1T Devel opment of prlagyeduwrrde nad egii mu
embedded shel]l i n ABAQUS
f validation of the FE model by co
solution for a flat indenter ind
same property as the matri x
Devel opdheBvabhunati on of a Pytnhon bas
T Devel op an-lApagusP ltieggest udy t he e
depth, etc. (function design, co
T Comparison of the numeri cal pred

embeddesdherlilgiidn a soft matri x ano
embedment

T Modelling the e
matri x i ncludin

ct of shell de
he auxeticity

p



Typi cal results and discussion

T Compari sonmbetwéemgFBata with em
anal ytical solution

1 Effect of t lse rnaattiro xo nP otihses ddaenft @art n
T stiffness of embedded systems wi
T Effect of the propertid@s!|layerdi m
9 Deformed model and | i mitation of

Selected case study related to embe
f Parametric FE modelling of piezo
embedded in silicone rubber

Experiamedtmdmeri c-cBl agsxetdiessbfuelt
system

Di s

i ndentation resistance and

cuSbdeoevffect of material&GBprapeot
the def o




4. 2 FEamodedbmpari sons with analytical sol

Figure gthdws &bhe typical gpFbBcreddele wift It

shell embedded within a hénpouwreen @i.91hb Ino sk
buil t, and then embedded in a square blo
mm. The sample is at |l east 10 times the

procedure usinfiEmbendsterdd iRetgthtogepealctat been c
to model the thihonl sbobtddeliwnddmnmer hies model
as it is much sThéfembétddaedtheyesmrampt aimod
shel |l el ement S4R .wiTthhei Smaiitrst ex@®3dB=sl ilecmt npb o5i .
The procedur e us édmbecandstdo aengnoodnglpet loé i 1
bet ween the thiwhol ayeaABAQUWSBIi 6. 1heTheory I
approach all ows the udteedregiiomserftt aes imou
the whole model. The matrix is the host
embedmemdr et ed as theAesmbeddefdaetiWeimgmda sn
tol era@6pr .4 ETunsee dt hi ckneslse ormodtihfei esh eblyl
di fferent thicknesses i n the section m
devel opment stage, a thickness of 0. 1mm i
this procedure, the positiadinfiaemd wihti lcikm et
wi t hout f ochheanngeiendy t he meshing of the mat|
mo d e | can be modi fied flexibly t o S
conditions/ situations, such d&sr osrhelhle tshuir

The orientation or angle to the sampl e s

(a) Thin shell




(c) Typical FE model/mesh. (d) Deformation field.
Fi gurfFeE 4moldel of a soft material system w

The boundary conditi onslhaneanldhebda da ynlgi ncd

i ndenter is modelled as a rigid materi al
sample is fisakedf ieeddin @POFekr. A fixed di
i ndenter to move it onto the sample. As s
and the shell I's partitioned i heeloe nieonutr arn
ensur daethatstno | attreenalenmevy erhemtm dfhe cerl

sensitive tests have been performed by cl

i's no significant change of the model |l i ng
model presented, the matrix is modell ed v
the embedded shell is modelled with 1845

I n this work two numerical conditions |
the model . Tdasi §mnadreagrersoceus model ) i s a
shel |l embedded, this allows a direct cor
known analytical solution for indentatio
i ndenter. Thdessgoan@dmadel nextensi bl e sh
with an embedded shell, which islf@Ech st

Figure 4.2 shows a typical data compar.i

against tdhet antmadydd can t he equateigb)n. f@me ¢
FE data is forarn imee dndaeantdHve It dhtohuetr FE dat
sample with an embedded shell, in which t
matri x.calsreshotthhe two FE data (one is wi.l
shell) are in good agreenmnmgnt 4wipjehnfdeide f

CH



cylindrical indentati 8meddoma, hbmé6geneous

CA

(4.1)

WhePés the | oad on the indenter, b i s th

You®g Modul us ofVidhehetmPoniagxson ofDistthee ma

di spl acement of the indenter. F®Gr Mohael da
used Ii's 3MPa,Bandttbhei PoDs8onA similar |e
i n other materi al properties or shell de
the homogenous model and the FE model W |

poperty, shows that t h e fEnmbdeedldleidd gReagp poeo

i nteraction module is sufficiently accur
model has been developed i n whiaotdhe¢ hree sinle
are similar (within 5%) butthhear geryafi pneo

pl ane -apdaoe@tdi mensi on of t hesae mbuecdhd ehdi glh
demand on the computat i denmd e d kesdayrmrdgd.acam d
I n all cases, the force and displ acemel

di spl ac e mB) will be used to repregeRt the indentation stiffness.

N=t
5

5 S Analytical Data (v=0.3)
45 4 -
—= FE_data (No Embedment)
A -
== == FE_Data (embedment has same property
3" as the matrix)
— P
2 35 =
© y
) 5 9 /4:5
V' i
) o
P -
v
,}-V
5 - >
15 -
= v &
1 g
f"’f
O > A_,,é””
\‘fé..’
-
P o T T T T 1
0 0.1 0.2 0.3 04 05

Indentation Depth (mm)

FigureCompari son bet ween -diBEpliademd att | @dma
homogeneous mabedmen(ti). eandnoan FE model W
having the same properties as the matr.i
homogenous sampldei wal hi adewnter.

co



4. 3 DevelRypmemt based-i Abagpusypltegnati cally
of shell depth agand PRdi stshoen matri x on the

Figursehodws3 t he main factors corsifadaered o
model |l ing indentation of an embedded shel
functi onsi mafreelt hveRipg mrge Ohed f eature of the
sl ection of thind ewdrek isd afpeecnudseghdhRgotnh of N act o de
for selecting the indenter shape is il u
statement (i f ed/esipocpubp | panrga meittehr st hoef ¢ ho
wi ndow. I f the specificdiherdentser o%h atphekew
correspoodgiragn wi | | be running to build
partition of the dmhbadcmrantt handaitmti xr antdi ¢
i's emédadthin embedment modelling so that

to achieve a more efficient mo d e |

Tabl &y4hdn code for selcting the indnete

Eile Edit Format Run QOptions Window Help

height=118. 375923156738) ~
session. viewports[ Viewport: 17 ].makeCurrent ()
session. viewports [ Viewport: 1" ].maximize ()
caeModules *
driverUtils executeOnCaeStartup
executednCaeStartup ()
session, viewports[ Viewport: 1°].partDisplay.geometryOptions. setValues(

referenceRepresentation=0N)

f CreatSphericalIndentationEME (vesnoSph, MatrixzL, MatrixH, MatrixzD, R, IndenterH, Sp

yesnoSph=="Spherical Indenter’:
Mdb ()
s = mdb, models[ Model-1"].ConstrainedSketch(name="__profile_ 7,

sheetSize=200.0)

g. v, d, c = s.geometry, s.veftices, s.dimensions, s.constraints

s. setPrimaryObject (option=STANDALONE)

s.rectangle(pointi={(NatrixL, MatrixzH), point2=(0.0, 0.0))

p = mdb.models[ Model-1"].Part (name="Part-1", dimensionality=THREE_D,
type=DEFORMABLE_BODY)

Mdb ()

#: A new model database has been created.

#: The model “Model-1" has been created.

session. viewports[ Viewport: 17]. setValues(displayedObject=Hone)

s = mdb.models[ Model-1"]. ConstrainedSketch(name=" _ profile_~
sheetSize=200.0)

g, v, d, c = s.geometry, s.vertices, s.dimensions, s.constraints

s. setPrimaryObject (opt1on=STANDALONE)

s.rectangle (pointl= (MatrixL, MatrixH)., point2=(0.0, 0.0))

p = mdb,models[ Nodel-1"], Part (name="Fart-1", dimensionality=THREE_D,
tvpe=DEFORMABELE_BODY)

p = mdb.models[ Model-1"].parts[ Part-1"]
p.BaseSolidExtrude (sketch=s, depth=MatrixD ) v
Ln: 20 Colk 37
One key technical factor is thePypbdoint icomn
for this operation i s dghheo wenmb end dfeadb | :£h etl. I3 .
first, then t harsdleaetndad .t yWhe rerddhesnitziezhea !
the program will automatically change t h:i

and accuracy.



Tabl aysiPgahon code devel oped to par

a = mdb.models[ Model-1"]. roothAssembly HiERRHARREREEEBooleanCut

a. InstanceFromBooleanCut (name="Part-Matrix_Cut’,
instanceToBeCut=mdb. models[" Model-1"]. roothssenbly. instances[ Part-Matriz-1"],
cuttingInstances=(a. instances[ Part-CopperPlate-1"1, a. instances [ Part-PiezoPlate-1"]
originalInstances=SUPPRESS)

#horizontal partition

p = mdb.models[ Model-1"].parts[ Part-Matrix_Cut’]

f = p.faces

faces = f[4:5]

p = mdb.models[ Model-1"]), parts[ Part-Matrix_ Cut’]

c = p.cells

pickedCells = c[0:1]

fl = p.faces

p.PartitionCellByExtendFace (extendFace=f1[6], cells=pickedCells)

p = mdb.models [ Model-1"].parts[ Part-Matrix_Cut’]

c = p.cells

pickedCells = c[0:2]

f = p.faces

p.PartitionCellByExtendFace (extendFace=f [156], cells=pickedCells)
p = mdb.models[ Model-1"].parts[ Part-Matriz Cut’]

c = p.cells

pickedCells = c[1:2]

fl = p.faces

p. PartitionCellByExtendFace (extendFace=f1[19], cells=pickedCells)
#vertical partition

¢ = p.cells
pickedCells = c[0:4]
f = p.faces

P

p = mdb.models[ Model-1" ). parts[ Part-Matrix_Cut’]

c = p.cells

pickedCells = c[0: 6]

fl = p.faces

p.PartitionCellByExtendFace (extendFace=f1[28], cells=pickedCells)

p. generatelesh ()

p = mdb.models[ Model-1"]. parts[ Part-Matrixz Cut’]

c = p.cells

fipickedCells = c[0:2]+c[4:5]+c[6: 7]+c[8: 9]

pickedCells = c[7:8] #c[0:2]+c[4: 5]

vl, el, dl = p.wvertices, p.edges, p.datums

p.PartitionCellByPlaneThreePoints (cells=pickedCells, pointl=p. InterestingPoint (
edze=el[41], rule=NIDDLE), pointZ=p.InterestingPoint (edgze=el[4],
rule=CENTER), point3=p.InterestingPoint(edge=el[22], rule=MIDDLE))
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4. 4 Typical results and discussion

4. 4.1 Comparison between FE modelling dat
anal ytical solution

Figure 4.5 is a typicalcakt appradadcha 4
modelling (thickness of nthMPaghbBdWé&d, | ay
0. 3he indentation stiffness ratio iIis rep
force for a mateyiavewi wihimeimbdte dédemedment 1

(i —e: )Whersei,s the displacd@dmenshef@m medi

I's rel ated& tMmo dtulH es smofuerkgl owi ng

As shown i4n,tbthlee vie-ggare es wi th the deptt

as represented by the ratiobobhthbedaptah:
results and t hweheerE tdlag ae mtheodvmd rhtati,s cl| os e
h/ b), the i ndenitati o nhisigs dtfhrgelsdsns tlance be
of sthheel | and top SWhrefnadeheofs hteHd mat rdiexe.pe
indentation stiffness ratio is closer to
t hhendentati on resi st an,chet. hAsFBE hdavtna iins tihre

with the mat hemat(iSeallvlayd udidatee, rdnifOng89d)clodea t a

to full i n e md)dbut evith & micch bettet cpmp(tational efficierich e s e

validation dat a, together with results f

model |l ing approach is sufficiently accur ;
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4 . 4. 2 Ef fect of st hmheat mat minx tP@i sdseofnor mat i

stiffness of embedded systems with diff e

Figures 4.6&4.7 illustrate the predict:
widhfferent | ayer embedmemtr alteipdah. (hbhe ada
4 .i6s for an indenter radius of 1mimer whadie
oPmm. The change of the indenter size nat

The thickness of the shell for the data |

Indentation Stiffness Ratio
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Figure 4.6 Numerical data showing the indentation stiffness ratio over differentdszh
(represented by h/ b) for di fferent
Es=300MPa, m=3MPa.

As shown bFi ghepetdéhe@change of indentat:.i
embedment depth foll ows m®matiomi blrOtaeddO
conditions where the materi al i s compr es:

surface (h=t0i)agn tshtei fifnndeesnst ar at i o s hows th
more significant effects of the stiffer

reasonabl e. By increasing the shell dept
cy



eventuall ysbeoniomesahessl| n t&her actaisoe sb ewiintgh
(representing conditions wher e t he ma t
i ncompressible), the relationship bet wee
exhibits a. dFé6fePenssonendti o of 0.4, th
a value close to 1, at the surface (h/b ¢
shell i s immediately underneath twwe0.s5ur,f s
t hendent ati on stsicl osess$ or ddwi ¢ Inle @ cheemd mg&s e
rea@a®h peak value when h/ b is aboQt3 Gamd.
=0.49, the indentation stiffness & atabi o
of 0. As shown by the dotte&xd rlatnied iisn reg
i ndentation stiffness rat®oralharbg ensu efsr dm
progressively more negative value. The ir
30% when the | ayer is very close to the
the auxeticitwndiofedthei imfat re rxd ehmsat i on r e
associated with an embedded | ayer.
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contribution of the embedded | ayer to t
embedded | anedhe smagreimitude of the effects
depth of the buried | ayer.

4. 4.3 Effect of the pgrhepernbieadsd eadn d ad/ieme n

To investigate the effect of changing the properties of the embedment on the
i ndentation stiffness, the Poissonds rat.i
were varied systematically. It is essential to assess the effecttoh e Poi ssonos
layer, as potentially the effect of the auxeticity may be associated with the mismatch of
the Poissonds ratio, which has Dbanetic obs
laminates or composites using a combination of natewith positive and negative
Poissonds ratio (Jopek and SinhFigar&4.8whed 1 6 ;
the Poissond6s ratio of the embedment c h
materials show very limited change for a sampléaithin shell (0.1mm thickness). A
similar trend is observed with other settings of different layer deptiis suggests that
the enhanced indentation stiffness ratio
unlikely to be due to mismatch ofthe® ssondés rati o between th

matrix.
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Figure4.8Ef f ect of t he ©Enbedmenpm).0s rati o

Figure 4.9illustrates typical data regarding the effect of the stiffness of the
embedment on the indentation stiffness ratio when the layer (0.1mm in thick) is
positioned at a depth of 0.5mm. The stiffness of the embedment is varied from 3MPa to
3000MPa, representyra normalised stiffness against the matrix (E=3MPa) of 1 to 1000.
As shown in the figure, when the layer has the same stiffness as the matrix, the indentation

stiffness ratio for positive and negati v

TN



resemiing a situation for indenting the matrix only. When the stiffness of the layer

i ncreases, the data for the negative Poli
region where EEn is below 100. Beyond this point, the increase of indentatidiness

roughly follows a linear trend but with a much lower rate in both the positive and negative
matri x Poissonb6és ratio domains. Similar v
Poi ssonbds r at i os/Edower 1000panchstdisshellsf(B/En eds hanl s (|
10). The results show no significant difference in the trend of the effect of layer stiffness

on the indentation stiffness ratio.
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Figure 4.9Indentation stiffness data showing the effect of the shell stiffness.

Figure4.10is a typical set of data (h/b=0.5) showing the effect of the thickness of
the embedment on the indentation stiffness ratio. This is another important factor. In real
applications, the thickness of the shell could be as thin as 0.01lmm to 1mm fandiffer
embedded systems (Harmeyer et al 2007; Cannata, M. Maggiali, 20it&nd Shah,

2013. This was investigated by systematically varying the thickness of the embedment
in the model . For both positive amd neg
stiffness of the system increased with the shell thickness. It was noted that there is no
major difference in the trend of the indentation stiffness against the layer thickness

bet ween situations when the matsratiox i s wi |
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4. 4. 4 Drmedoatmkd i mitation of the analytica

Soft elastic materials with embedded stiffer layers are becoming increasingly popular
in medical and sports engineering fields. The validation and investigated results show that
the modelling technique, with thembedded regiofunction, is reliable in ingstigating
the effect ofthe embedded system with the freedom of changing key dimensional
parametes (such as thickness) withaaltering the meshing elements, etc. The validated
results for the homogenous sample and sample with an embedriergarhe poperties,
show a good agreement with data from the analytical solution. The comparison between
the indentation stiffness ratios (enhancement parameters) alse algoped agreement
with the results based on an analytical approach for situations withediffembedment
depths. Figure 4.11 shows the indentation stiffness ratio from the analytical solution
(Selvadurai, 2009and the FE data of this work when the stiffer layer is on top of the
sample. In general, these two sets of data show a similar trersh Wématerial is close
to incompressible (v=0.5), the embedment has limited influence on the indentation
resistance. Over the positive Poissonbs r
solution very closely, which further confirms that th& Fnodelling approach is
reasonably accurate. However, over the n

slightly lower than the analytical solution. The exact reason is subject to further studies.

TH



One particular reason might be due to the interadigiween the shell and the matrix.

The analytical solution assumes full inextensible behaviour for the embedment, this
assumption may become not fully valid any more for some conditions. The data presented,
from this work, clearly confirm that the matrixneeticity has a profound effect on the
mechanical behaviour of the material system, especially when the shell is on the surface

or close to the surface.

ndentation Stiffness Ratio when the thinshell isatthe
top of the matrix
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Figure 4.11 Comparison between the indentation stiffness ratio predicted by FI

mathematical approach.
For an embedded shell system, both the embedment and the auxeticity of the matrix

influence the indentation resistance. For adladed indenter over small glacement,

the effect of negative or positive Poi ss
significant. As shown irEquation 41 a mat er i al with a Pois
absolute value but opposite sign (negative or positive) would haweilar indentation

stiffness. The results in this work clearly suggest that, with the embedment of a thin layer
close to the surface, the influence of theetiaky in the matrix becomes significant as

shown in Figures 4.7, 4.8nd4.9. The reason fohis enhanced effect of auxeticity with
embedded layer is subject to further study. One potential reason might be the mismatch
of the Poissonb6és ratio, which has been fc
Saxena, 2016). For a composite materiadpading to Saxena (2016), when positive and
negative Poissono6s r a tauxetic lamairtate, bothathhegrianar e u
and the out of plane stiffness can be increased. However, for the case of indentation on
sample witanembedmentlayer t he Poi ssondés ratio of th

influence as illustrated in Figure 4.8. Similar trends have been observed in a range of
T O



differentcombinatiors of embedment depth and layer propertisis limited effect of

the Poisson6s ratio of the embedment on |
the fact that under indentation, the lateral deformation of the embedded layer is rather
limited due to its high stiffness and possible nasts from the matrix. This suggest that

the Poisson6s ratio mismatch is not the
indentation stiffness increase.

As shownin Figure 4.9the effect of the stiffness of the embedment on the indentation
stiffness ratio follows a different trend over different stiffness ranges. When the
embedded layer has a relatively low stiffness value, the indentation resistance increases
with layer stiffness more significantly. With higher stiffness values for the embedment
layer, a linear relationship is observed between the stiffness of the layer and the
indentation stiffness ratio. Similarly, a linear relationship is found between the thickness
of embedded layer and the indentation stiffness (Rigure 4.10, which issimilar to the
case for a free standing membrane with fixed boundary conditions (Aw et al, 2015).

Apar't from the influence of auxeticit
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t he embedmenmnt s(iani | ar but there is a diff
ipl ane pringi pdli gs tpd eogtidselt@aficl)ed profil e
di spl acement along the raditahl adinreegcafdiiovne.
ratio for the matrix, the maxi mum displ ac
a positifver aPtoiios,sobnut t he -irnedgeinotne ro uctosnitdaec tt
a higher displacemenltuméelhofs matggrisals @otl
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Poi sssonati e0.04f9,0-04 B,Aandhown i npotshiet icvuer vneas
Poi éssamti o, the stress in the section un
which signifies thiass aulhtewaprrdi nfcri gbanl t thdeer ieat

hand, the -prhaasiiemaeisns iinn the | ayer undernea:
Poi ¢ssamti o matrix is negative, implying .
dragged i n. This resul't I S consi stent Wi

auxeti ¢ smanarirai ndeaudxadtiion. md&toer iaaln,ont he



pushed away, this causes tension radial/
tends to draw in towards the indenter <ca
e mbkeedd MThgeernvol vement of the embedment I

the effective Indemthlern ont ucdisestameer equi



S, Max. In-Plane Principal

SMEG, ifraction = -1.0)

(Avg: 75%)
+1.748e+01
+1.601e+01
+1.455e+01
+1.308e+01
+1.162e+01
+1.015e+01
+8.684e+00
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+1.353e+00
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SMEG, (fraction = -1.0)
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4 el ected case study related to embedded

The wor ks pr eapdretre ch aisn ftolcius e@h on t he d
with different embedded systems under i n
i ndentation stiffness ratio and the defo
conditions Hiokdeeageramsdzembedment depth
successfully established&bamdtkey ehd @ta n iaj

This section further presents and di scuc

related to embedded shell and foot mecha
silicone rubber sample with embeddiegdt @i e:
(as typical examples for embedded system)

Abagqus parametric program is developed w

el ectrical behaviours of piedecpemnpa@and iie
The numer i cal dat a i s compared t o publ
compression and indentation tests on sal
silicone rubber matri x. (2) Another ar eec

devel opment of 2D meshes (auxetic and non
typical auxetic and nonauxetic structur

i nfluence of embedded 2D meshes on the i1

4 . 1%%arametric FE modelling of piezoelectri
embedded in silicone rubber.

Figdr@8) shows a typical FE model of a
accuracy of t he piezoel ecganeradt erde syprmdes
uni directional pressur e. The materi al pr
conditions of ahrt t posnl/ Vv wew. g @wtrucbes coml wet c |
Dielectric (El ectri cdbr P,er i »=t0B0D8t)e wa
Piezoel eciidyd2cBE10B hseettw adags setEas0 mehael us

Poi $€s am=0.R.o0AsshownintheFiguré . 1&8) , t he speci men i ¢
and a wuniform pressure is applied at t !
piezoelectric solid el ement C3DS8E. The

determined by calcul atindet oeppwslitaegeudif
results of electrical wvoltage distributi

Figar®8). As shown in the figure, the neg

TT



end is in Bl ue. olnheanpdatttheer nv aolfu ed i (ssterei btuhtei
publ i shFeidg udréec 34..(1TBhe predicted maxi mum Vo
published data is 1.429E3V. These value |
cal cul ation badethenpt rostltkiadg unri @ah}) DT i
shows that the FE model devel oped for t
accur at e. This validation makes it easi
response of al ayerl e ntsop dJdfPZa copper ba
such as the indentation of an embedded s

Figur(ee)d . sliBows an FE model with a piezo
rubber matri x, details of the mraangpd et eadn (
Chapter 3. The piezosensor has a PZT (i . ¢
copper basé.model ¥eumogr the coppé&asr ragead i
0. 2. Table 6.1 shows a typigealc hRytglesn &Ea
constrainfFi ¢ ars(ees)ehid3si used to add the vol
top and bottom side of the PZT | ayer and

node.

Tabl &ywnlcode for depgotne migi dlhe( EP@T

EPTO()

EquationfvgEPOT ()

al = mdb. models[ Model-1"]. rootAssembly

vl = al.instances[ Part-FiezoCopper—1"].vertices
vertsl = v1[3:4]

al. Set (vertices=vertsl, name="Set-m_EFOT )

#: The set "Set-m_EPOT’ has been created {1 vertex).
al = mdb.models[ Model-1"]. rootAssembly

f1 = al.instances[ Part-PiezoCopper—1"]. faces
facesl = £1[7:8]+£1[11:12]

xvl = al., instances[ Part-PiezoCopper—1"].vertices

xVertsl = xv1[3:4]

al. Set (faces=facesl, xVertices=xVertsl, name="Set-z EPOT")

#: The set 'Set-s_EPOT" has been created (2 faces).

mdb, models[ Model-1" ], Equation (name="Constraint-3", terms={{-1.0, ~Set-s_EFOT",
9), (1.0, *Set-m_EPOT", 9)))

# History output of EPOT

mdb. models [ Model-1"]. FieldOutputRequest (name="F-Output-2°,
createStepName=" Step-1", wvariables={ EPOT’, "EPG’, 'RCHG', ’CECHG , 'EFLY’),
region=MODEL, exteriorOnly=O0FF, sectionPoints=DEFAULT, rebar=EXCLUDE)

regionDef=mdb. models[ Model-1"]. rootAssembly. sets[ Set-m_EPOT" ] #history Set— load RF2 U2

mdb. models [  Model-1"]. HistoryOutputRequest (name=" H-Output-EFOT ,
createStepName="Step-1", wvariables={ EFOT,), region=regionDef,

sectionPoints=DEFAULT, rebar=ENCLUDE)

Equat ionkvgEPOT ()
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+0.000e+00
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T e rerar]
+1.065e-03 +5.307e-01
+9.588e-04
+8.523e-04
+7.458e-04
+6.392e-04
+5.327e-04
- +4.262e-04
- +3.196e-04
+2.131e-04
+1.065e-04
+0.000e+00 ]

(gDef ormati on
generated
Figur @EE4mbdbdel

mat eri al

Tab |l e 1.
further

nonl i near

det ai |l s

embedded [

of
PZT

sensor

on pl at e

o fi nbdeemdianng oannd ests of pi ez
properties (copper and PZT) and
shows part of the Python code d

maoodl | 07 Abaugdr

piezoelectric t

campbe

response of a

T



designated as the Mastenm+5taljd abet t(avint B ur
designated as the SlhaveddBar facrev € wii ¢ mc a,
surface of the piezo sensor is set to be
a function to output the voltage predefi
voltage gener at eadr rhatoimomeclhmnotclaer dwedr ds
on the master node represents the whol e
wire to al/l the nodes. The conditions fo
to the proceduri@dapedsemt eChapnaervdl, whi c
preservkei guraefi)4 ysdltBows t he voltage vs. n (
voltage of the embedHiegumRegT4)s k diTshoers ei s esshu
that the pyphogr pmrhaet made it feasi e
el ectricity genediasploac e meyndtii gausr € & @ nlBPa
potenti al use of this approach is for moc
as insol eooprmddsdl éhe sensor sensit t
be addressed in future developments.
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Figur eSe4.ulp4 of the tests and typical da
experi ment al numeri cal dat a.



Combined experimental and numerical wor

def or matmbend defd pi ezosensors using silico
Typical resuRitguraaned.. 4O ovn coampr essi on an
respedtigwelkehdwd 4t he experi mental setup of

rubbesample with an embedded circul ar pie
one side while the sensor is | ocated at
schematic(d)agsam.he unl o&dgdrEmddidows ,
samprideru compr essi on bFitguerdet )4 .glddoswtse @ |h ep |
three tests under similar conditions. It
Figur(ed)4 .sldows comparison bet sspeacéementFEd
t heex per i melhtea lt wbats®t of data showed a rea

(dAnhdentati on test (bPE model simul at
sensaor wi t h a-encdyt ests with a pie:
indenter (R=2.5mm) silicone rubber.

—A—Test Data —o—FE Data

= NN
o1 O O

o ol

Indentation Force (N)
=
o

0 0.2 0.4 0.6 0.8
Indenter Displacement (mm)

(cQompari son between FE and testing
rubber matri x

Figurdypital test and FE modelling dat a
sensors with a fl at ended indenter.

Figurehdwd5the comparison between the i
FigurEa)d.sbhows the setup otethestepssdhedi
sample. AfilgE r@o)delli54 devel oped to si mul a

y ™



model |l ing approach aBi gduerteaci)4 edd mprar €W a pttl
di spl acement dat a; the data showedt laatr e
model |l ing detailed in Chapter 4 on model |l
a practical approach.

@Typical
Sensitiv
in silic

sampl es ) Typi cal l oadi |
e Resi st compr d esitoro f
one rubb embedded i n s
== FE_FSR-SQ-COMPRESS
900 e Test 3
800 ||==e=Test 2
700 ||==de=Test 1
2600
©500
o
l5400
L300
200
100
0
0 1 2 3 4
Deformation (mm)

c)Typi cal FE Model
FSR embedded i n
(with mesh)

Figur €ofmpteéssion

t est

and

of

(dCompari son

of

numeri ¢
di spl acement
PR .embedded i

n

Similar tests andiomoedesémnanigtiofeembeidsed
as shéwguread&b)l6 I n the tests, a conveni
monitor the signals of the FSR (force se
is used to assess the FE modelling data.
procedausr the one detailed in Chapter 4. £
sum of the force based on t hFei gduerfled ndmalt6he
FE model and the test data showed a rea
di fehere i B%wiThle | inear relationship sugge
used for monitoring the force/pressure. T

Y H



data for compression and indentation tes

reasonably accurate to model embedded se
the sensor from mechanical or chemical/ el
4 2Experi ment al and nDmaewvketl csstuduesupée

system

From t he nweerdk i mr eChea p tse rr a4 ,i ot lod R dhies sman

nfl uence on the indentation resistance

study are the materi al behaviour when t he
shell . tlinont,hissonseect ypi cal mesh struétures
ratio i s studied. Firstly, parametric FE
of some typical meshes (as shown in Figu
prewsi owor ks by Gaspér Tahneds eR eanrdee ntsyap iyc( a0 Ol &c
Al l the structures have regular repetiti
program was devel oped to generate mddel s

python ipsogbhe to automatically produce
(Il ength of the unit beam, number of cell s
materi al properties and | oadi ng aclolnodwst i a

systematic assessment of different strucHt
t hrough casting for some selected struct
predict &d rPactiisos.onNumer i cal panredid me nd a tea

anal ytical work are briefly presented in
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(e) Comparisols ofattiloe bBOowesONn exper

model |l ing

Figur &xpéet?7 ment al
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(desi gnat eld
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silicomeesrinbbweirt i4SbbhABTIRGd SILASTIC cur
Bros Ltd., Newcastl e). Il n the process, t|
mass ratio of 1:10 and degassed in vacul
moul d. Ishded ocmracls sshape of the beam is sqt
mod el of the Auxetic mesHi guunrdedbnd..tlé7/ms it e |
mesh was stretched from one end while t he
was captuoe@dandnt hedei mensi ons were cal.i
di s

d

an

pl acement appli®@driasi 2mm. cdheuPatesdo
strain data in the | ateral &Giract ool

cal cul angd efqalalt o win 6. 1.

l7=-:E (6. 1)
u

where: v is the mesultangvPobesesenhtrainatihn
(stretching), posi tei seakonl astahi noompoes
negative for axi al compression).

Figuréechr.dfHows the FE modé&f gof(eda)d)e.1 AT
mo d e | mi mics the exact di mension and sha
a tensile test. The modeI31li)s whnd shh ad swiutah
One plate is fixed (|l abelled as the fixed
di spl acement . The pl at e I s mu c h stiffer

(deformabl 2L@p@0 @H)0.ceETBheason for wusing a d
t hafini @i @l besyin the fact thait be RABARIE,
idef oromalslhe Figure 3.6(d) showsl.t hlet diesf ocrl
shown that theofdeflope mad mmine mosddedomparabl e
I n the FE model, the | ateral el ongati on
continuous recording of the displacement
direction, soattbanPbiessah cul ateduu@me )dg 1@
pl ots td&derRAoi ®slommcfal scaumhpalteed from exper i me
and publishedGaspaodr a)0.08&Th edmR ;miad(s @n based
model |l ing her s(b5%httd lyamitghe experi ment d:
are slightly (9% higher t-0an3}) hewhihelbriet
the deformation of a perfect uni t cel |

reasonalbley accur a

yp
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(a) FE mode(lurmlaongpd (b)) FE mode( desfaomp

Comparison between FE model and Analytical Solution of Sample 2

FE Model Analytical Solution
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O FE Model
-0.3

Analytical Sol

Poisson's ratio

-0.4

-0.5
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(c) CompariGonabf oPbeswern numer i c2a.

Figur eFE4 .sli8mul ati on -@f afandexckit ¢ tc &sdS afPagilieos ofnr
numerical data and analytical approach.

Figurgeap.4a8d (b)) shows the FE model an

struct ur2e) .( STahnep Iteot al number of el ements
t he beiaend aipp | E=2. 4HiIMPwr, (ecVY4&.CClBhPa.1 s orhahtei o
from FE model and anal ytical solution (b
the P®»iIisabno from the FE model i s slight

yc



anal wniatglsi s. The difference is within 1
B R
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(a) FE meaduexletoifc n(b) Deformeduskrape

(sandp,l eUnl oaded s structurde .( Sampl e

Comparasion oPossion's ratidbetween Analytical Solution and FE
model of nonauxetic stcuture (Sampi®)
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§ 0.4 —OFE modelling
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0 |
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(c) P®irsatoino compari soanbhétyweenl FEOI
Comparison of Poisson's ratio betweeinalytical and Numerical Data at
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[72)
e 0.6 == FE Model of sample 3
Q 05
-g 04 ==l==analyticat-solution of
a 03 sample 3
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(d) P®isatino changing with the angl ¢
Figur ¢ E4 mb3Y el sAuxfetacnenr-8rtand pBadpteec
ratio from numerical data and anal ytical



Figuréad. dad (b) show FE model and def ol
struct ur3de .( STahnép IPoatsisoonbased on the FE moc

close toGthatPoi $som anal ytical solution
Thei #omr ati o from FE modelling shows no
strain, in this case represented by the

The P®i ssadn o from the analyticakenanwl|l yhbi
i ncreased axialFisguré¢dh, 1A srhatiwsnc oims | ncC

about 10% when the angle of canter unit

stretched in |l ongitudinal di rée dtiaoo rb aisre dF
the analytical solution eventually becom
1%) . The data shown in Figures 6.5, 6. 6
reasonably accurate in preditchimgthdedidep
range appliégd.rafithieo RFPagiosmssarhe FE model s hc
experi ment al data and in al/l the cd@ses i
ratio from analytical analysis.

@Deformed FE mode (bDeformed FE mode
embeddd&d xemamc meembedded Auxeti & (
rati o) mesh.

Comparsion between Auxetic and Nekuxetic Meshs
2 Embedded in the Matrix

¥,

1 ' ¢ Auxetic Mesh

B Non-Auxetic Mesh

0.5

o wi®

0 0.05

Reaction Force (N)

8.1 0.15 2
Isplacement (mm

0.25 0.3

(dF)orce di splacement data with

Figur EE4 mpdel of e mimeaedulxeedt i2cD wse.s hafuoxred @ c )
indent ati omesdle®@s h xRlodstsas a(td o of matri x = 0

yy



Figures 6.8 (a) and (b)) show the FE 1in
regul ar struct®r e atp @s)i tHawdp |Auoxi estsibch . me snh
t he &s e, tcthemodxowihgs of materials i n Auxet.
ti mes of the matrix (E=3MPa, v=0.3). Both
of the samplFée guA(®c ,h @W@Wme i dhef or mati on of s
Axetic mesh is slightly | ower than nor ma
FE model and the Python program would all

with abnommarlatRooiss,sowmmhi ch can be potenti a

y ®



4. 6 Summary
I n this work, the deformation of a soft

acylindrical flat i ndenter was investigat
modelaleimmbge dded system i s evaluwlat ® darmaedc @n
with an analytical solution for homogeno
approach for embedded systems in a haltf
soft materiakembgdtdedst wafbhllethegedri ndharetrer f
of both positives amat inbregwdli vees Pwaerses osy st

i nfl uence of auxeticity on the indentat
embedded system under di ftfheirceknnte scso nadnidt i eo
depth of the embedded | ayer) was @®stabl b:
effect are highlighted. The results show
i nfluence on the indentaniembedideidnéayeo
embedment is close towornt hom thh g hsoygoifcattie o
(e.g. 0.5), the shell has |[|.i nTihtee de nehfaf neccetr
i ndentation resistaoceases®, tas®Gmbadmani is
creased to zero and to negative values.
over 30% with a thin inextensibadti chmatr
def ormation ofrthe embedfiedahtale infl uen
matri x. -8ukxbtacnmatri x, the embedded | ay:
pull ed, while for auxetic matrix, the emt

influence ofont md d & feoTahextentoidce | ma tnrgi xa.ppr o &
which piezoelectrical sensors, force sen
embedment showed that the modelling appr
andgdl ectemesaefl eemmbeedded sensors under differ
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i nc
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dev
def
Tes
i nc
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str
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ntroducti on

chapter presRynth®na bmas wldynA dianguedssotpiéglagt
mathhreomawowf f oot in different l anding
ating the effect of structure and p
ding soles with embe@éded Tdi suctowd @s
ve the =efficiency of foot bi omecha
opment . |l nanEbBef dotr stmnodelcti en,devel o
mathheomawf f oot under a st@amMaAaivhngupasi
The models wused a full bone struct
ase the modelling efficiency. The d
rs affecting the Navicular dbscessded
d part i s focused on comparing the
e (FS)t réRBe) reAartioowdahedral dominated
e surface of the fodtAblrgmued Exmpd i £kt
mul ate the transient | anding proces:
tresses in the metatarsals are comp:

me key parames$ estsi of nasshotehsokeessg¢

negati v Patss®ons evaluated using the FE



5.2 Main material s, design and model |l i ng

Model | i-ng Pl ug

Figure 5.1 shows ntsheaekey fwhtehuesréss viedn olear
for foot mechanics studies. As deafaiided i
number of components even though the di me
This offerd hmhdasbdbawkbdr-dmagans Ipéugsed to

efficiency of FE modelling with a user i
basoemdedi cal I mMady®$ ) ( CThandat er iaankds ssoe ko
al so i .mplopumkalrdatrskhsedbovt h | i near el astic or
depemgthbe | oading conditions and accur af
eval ntghte effect of the properties, di mens

pl4g or emheddaersstnterflaymakeanhhef peoties
easier witlhoatyrekpengenoed FE operator.
ont o Abaqus. One main focus of -thmitowoh&n
the podithenominentation of | anding iTnhepat
FE also incorporateddaoa pmepvioves ®Emodel
with increased use of hexagonal el ement

FE ctkkmage Al tair and Abaqus.
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% General Foot FE model X

Geomerey
Foot Length: | 265
Foot Width: 100

Distance between Big and 2nd Toe: Hallux Valgus

Arch Height:  High Arch v

(b) Nor mal
Property

Bone Property @) Liner () Polynomial () Ogden
Soft Tissue () Linear (® Non-linear
Encapsulated Foot ®) Linear () Non-Linear

rotary motion

Boundary Condition
Loading 3 x BodyWeight
Heel Forefoot heel strike
9
— (c) sHeieke
Heel v.s. Forefoot Strike
inversion eversion
-4
I
inversion v.s. eversion landing
Element Type
ligment ,Tenden and Fascia ® Trus Element () beam Element
Bone (O Reduced integration @ Qua forefoot strike
oK Aoohy == (dF)oref oot
@Pli#g showing the main fur
and interactions
Fi gurRl 46 20f the foot mdoelling and il 1l us
Figure 5.2 shows a typical ihoerpasieti awhi
as well dimensional and material propert.
mat eri al model s directly for the sole or
control the positionuofd)bhiendlowdi mg $1 & wec

foref oot strike (c) and rearfoot st i.ke.
Anot her kreeynitslevaekomsi ze contr ol based on
anatomical contactung ar&asthAsppaptvami auo
the sole intsandi thertatceegven each regic
i mportant feature Smrtbhiemeahan20@0; s iHeodn

dn



study cont acetr efndr cae eiars oiff t he f oot , t he

According to common topology in biomedic
partiti on&de 2i,ntMe tNiotealt, e o d 2 avhi dd lodi,tdif ,oot 2,
and heel in order to study plantar press

bet ween foot plantar and ground can be r ¢
Python. The program was writitreqq ttm tphae ttic
met hod in biomedical pedography. The foo
programmed parametrically to ensure the
model . As shown in Figure 5.n3,d diofofteprram
di spl ayed whawde f heremputeot Wi dth I ndexe
eaclacanebe preciselprpkcessedgt hrough posH

%\ T;;’% ﬁ;l_—‘ Toe2

| [
A
[ )
|

|

FL = float (getInput ("Foot Length')) #foot Length /
F¥ = 0.33* FL #float (getInput ("Foot Length')) #foot width

F¥Z = 0. Ga*F¥

o
a

y

F¥3 = 0. 266%FW RGBS 2660

Metatarsall
Metatarsal2
Metatarsall
Metatarsal
Metatarsal3
Metatarsall
Midfootl
Metatarsal2
Midfoor2 Metatarsal3
\\——/ >

F¥4 = 0. 143%F¥ 38/ 265

[
o
—
.
—

vl = (16, 0)

w2 = (39.64, 14.64)
v3 = (25, 50)

vi = (27, 100)

vE = (29, 150)

vé = (0, 190)

vl = (12,27, 267.5)
v8 = (47.64, 300.0)
v = (122.27, 267.5)] /

Midfootl
Midfoot2
Midfoot2

i

vl = (150, 190)
vil = (136,03, 130)
wvlZ = (132,72, 100.0)

——\‘,\_/
Midfootl

vl3 = (124,500 3 E 2
vid = (110. 35, 14. 64) & | =) f =
: / \
X=0.7 #Wadth Index A \
1= ( wi[0)*X*FL/300, vi[1]#FL/300}
1 GEOTL A
vl = wyw . vi[l]= - .
v = (v4[0]%X*FL/300, vw&(1]*FL/300) (FY gure showing the p.
v = (VB[0]*X+FL/300, v5[1]+FL/3200) . .
v6 = (v6[0]X+FL/300, v6[1]*FL/300) chamwgeh the foot size
vl = (uT[0]*X*FL/300, v7[1]+FL/200) . S
v = (vB[0]*XFL/300, v8[1]*FL/300) [ii] Toe2, [P 0] Met at
v = (va[0]*XeFL/300. v&[1]*FL/300) . .
vl = (vI0[0]*X*FL/300, wI0[1]%FL/300) Met at ar sal 3, [ Vi ] Mi df

vl = (wl] [0]*X*FL/300, w11[1]*FL/300)
vl2Z = (wlZ[0]*X+FL/300. w12[1])+FL/300)
vl3 = (wl3[0]sX+FL/300. w13[1]+FL/300)
wid = (w14 [0]*X+FL/300. v1401]+FL/300)

vtotal = 14
Spline = []
i range (1, vtotal+l)

Spline = Splime +[eval ("' #str{i))]

Spline = Spline + [v1]
print Spline

2. 5pline (points=5Spline)

(aypical Pyhton code(d)lustrtaion of the

i siamportant parameter
Fi gurFee abt.wBr e -oh tbepatugti on the con
di fferent regions.

The details of tH&imgaghkt ibg 4devéel apohebbDT

in standing, forefoot and r earrfpopoetr tsitersi ko

Gbp



sol e materi al and new structuner d apxes em
i n secWVAodissbdusion on the ketyatriecml dafs tvis
and future devel opment i s presented in s

[\ | CAD geometry
2\ | processing
3D object fmm\\\f Control 2000
image 1 triangles for
segmentation / [ surfaces of each
bone

Generate mesh covered by ‘ Partition of bones and foot in order
bricks to assign hex-tet combined elements

L0
Apply material property,

boundary condition, interaction

and processed by Abaqus Explicit

Figurléoat‘mﬁvddfelsmeéhijng met hod to bpti miosndi n
mes hes.

A range of materi al properties and mod e
parAns.anal yti cal rigid plate was useied to
ground interaction during |l anding. This i

i's also representative of a more dmaenagir
defined as arbpheamaekastic (i¥Yeseohg's Modu
ratio@Nakamura et Aal i nl1 98@Gu oaits aviodr k&tOH 4
i terna&wuures,alt,he2®L3)f fness of thega@antii s
set at 1 MPa50ramspezdiOvely; the Poisson's
assumed to have the samgAbnad ek hGl ldemnep ¢yt
the bonkgfAmth®00ensity lodghm Ae Raybesugh ict

damping coefficient (alpha) 6.7 was defir
dc


https://www.sciencedirect.com/science/article/pii/S0010482517303165?via%3Dihub#bib16

ti ssue | (AbABAQU SHT.hle4 r emai ning soft tissu
bony structures was describedriyraphypyarmn
srtain energy potiemtwuiatoadad i o € idhe dnano me nee n t
1997)

Y 6 0 o O o %L’) p

where U is the strain emeardgyDepenatemiitalr @f
J is the vandamlee rtahtei of;i rlst and second de:
coefficients of t he hyperelastic mat er i

Cir0. 08556 0. 068:410. 0232®.,00853, 6D2ZA(,GW

et alLenn®dhl;al., TLh9e9 7dat a was imb teabimpe de stsh ro
measurement with several cohorts and i nve
i n serval publ i shéeGeatbi amegcBaAhilcalChewhels e
D=0, it represents full i ncompressibil it
volume | ocking. For | inear elastic model
Poisson's ratio cllestei ct omod.e9., HFarl | hwpdr
i ncompressible materi al can be avoided L
Hi gh quality meshes are also i mportant

i ncompressi b(Adadwd).aliit Adt andi ngt hneodebet

perpendi bel ol at e. In forefoot | anding, t
hsown in Figure 5.2 (d) while rearfoot s
as shon in Figure bnt2a(cct) .waSsu rufsaec ewittoh sau rf

0.6 between the foot and pl at e.


https://www.sciencedirect.com/science/article/pii/S0010482517303165?via%3Dihub#bib16

5.3 Simulation of the deformation of t he

Figure 5.5 shows the FE model simul atin
on foot model over rigid plate ite(aNDeTd t o
was used to verify the deformatian dafhrfec
refl ecti we smawokkéneasvi cul ar bone, heel , and
joint (Figure 5.5 (a)). The subject tran:t
to the front foot while standedgthe &o00b:
unl oaded to full | oad at 500tHfhAeavT bel dr sp
was read. The mearvuiec udliasrt adnrcoep owas cal cul at
Si mul ated NDT result was coOmputcatl aedstuhe
the same subject Famd rteh & . pulllbi)s leehd wka tt ah.e
of the foot under body wei gthliaer c Wh @toh é¢nhh e o
navicular bone reaches 71.s8mm,uatt hd ogrtdend

~—+

he sAdjslkdwn in Figures 2(a&b), the gene

~—+

he vertical deformation is slightly dif"
| at er al deformati eshowbsi ghee veré6i ¢a) @db&p

structure and the navicular Dbone. Tahe cc
certain degree of rotation, but t he mai i
vertical displ RBdemenhtaoidee8n2mmedAt o extr
data of the navicular bone, then the avel

(@) Undef or med (b) Def or med
Figurlel I5usst rati on of the Navicular drop n
As shown in Figure 5.6, the physical NDT on slaene subjediy high speed camera

shows a reasonable agreement between the experimental and numerical result. This
suggests that the modelling withe simplified approach of treating the bone structure as
an embedded system in the foot model is accurader static standing loading condition.
This will make it easier to use the model in biomechal@dshoe sole development for
optimizing material selection and pressure distribution. Further comparison between FE
data and published data (Nielsen et28l09; Picciano AM, 1993yloul, 1998) of NDT

by



result as shown in Figure 5.6 also shows a good agreement.

U, Magnitude
+0,8072+00

u, Uz
+0.000e+00

u, vz
+0.000+00

-7.872e+00

+8.900e+00 -B.115e-01 -8.0468-01 -7.931e+00
+8.172e+00 -1.6238+00 -1.600e+00 -7.890e+00
+7.355e+00 -2.4358+00 5 414e+00 -8.049e+00
+6.538e+00 -3.248s+00 “321ge+00 -8.108e+00
+5.7212+00 -4.058e+00 -4.0232+00 Sateron
+4.903e+00 -4,860e+00 -4.827e+00 Spetereh
i e -5.68le+00 -5.632e+00 83438100
JEE -6.492e+00 -6.436e+00 -8.402e+00

+2.452e+00
+1.6342+00
+8.172e-01

-7.241e+00
-8.045e+00
-2.850e+00
-9.654e+00

-7.304e+00
-B8.115e+00
-B8.927e+00
-9.738e+00

-8.461e+00
-8.520e+00

+0.000e+00 -8.570e+00

Fi gurlef5orémati on of the foot and Navicul a

Research works have shown thatnlgicular drop D) can be influenced by many
factors (such as age, gender, medical conditions, and external structure in contact with
the foot). In the statisted model by Nielsen et 42009, it is found that the ND is loosely
correlated to the length of the foot, and tielationship is different between the data for
female and male subjects. This is an interesting factor but difficult to research purely
basel on experimental works. The validated model offers a potential means to establish
the effect of foot length andiginal angle on the ND of the subjects. Another issue to be
studied is on the potential effects of the skin on the variation or distribution of the NDT

based on the markers.

12

10

Navicular Displacement (mm)
o

%

0
Published (Standing) & Ex (Static Standing) (1.0BW)
m FE Model (1.0BW) N Ex (Dynamic Landing) (2.1 BW)
WFE Model (2.1 BW)
Fi gur@ompari son of NDT between publoifshed
the same subject



5.4 Simulation of the Plantar pressure

Pl antar pressure measurement i s anothel
running styl es. Di st hpelbauntti aorn ionfd itchaet epsr etst
and pgsaowvrnemaenaccess the validitwrZend akcews

the distribution oplantar pressure from FEA amptatformpressure measuremefinfed
pedography platformiNovel GmbH, Munich, Germanynder static standing load. As
shown in the figure, two frames of standing were selected whendbed reaction force

GRF is equal to 0.5 body weight (BW), and 1BW. Pressure distributiortifreiic result
showed a good agreement with the experimertllt measured oBmed pedography
platform The value of peak pressure between FE and test data match at both the point of
0.5 BW and full BW loading. For the pressure measurentéguye 5.7, it should be

noted that the system used discrete electrieabars,and the distribution/contour is
formulated through the homogenisation of the reading of each pressure semsahd-
pressure distribution, it is clear that the global distribution of maxima and minima is
similar and maximal stresses are alsoilsimThis suggests that the model is valid in
terms of the key aspects of the foot model such as geometry, position of the bones and
materials, etcThe pressure values for the heel and forefoot region are also in general
agreement with published datgigure 5.8) which will be discussed in detail in the

discussion.

S, Pressure
(AvQ: 75%)

0.5 BW

+2.5000-02
+0.000e+00
-2.387e-02

) Bl
o A
FE data
S, Préssure
(Avg: 75%)
+3.251e-01
+3.000¢-01
+2.750e-01 |8
+2.500e-01 B
+2.250e-01 B
+2.000e-01
+1.750e-01
+1.500e-01
+1.250e-01
+1.000e-01
+7.500e-02
+5.000e-02
. +2.500e-02
+0.000e+00
5.9490.-02

1 BW

Figure 5.8 Foot validation method Il. Planta@ressure distribution comparison between
FE and experimental work under standing load.
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Theavicul ar bone iIs thdhpitvoaioygad@sbdbmeano

validation ( Moul 1998) for works focusi ng
| oad jfsorlBIWnsami cetleead i s around 2. 1BW.
static standing test, the subject slowly

the subject was asked to hold the parall
from 100gmm hedi stance from foot plantar |
by full foot contact (i.e. forefoot and
t BEemed pressure measurement pl at ¢ hBsmaesd pl a
pl ahteewesd maxi mum reaction force around a
standing test is much more reliable, whi
di fferent dynamic | anding tests as repre
val weveslh a reasonabl e agreement between t
agreement of di sfprildaeteme st ameassataddi ng a
l anding shows that the model is geometric
ofS'nlet at ar sal has also been evaluated, t

agreement with the tests, butmehat aepelht:i

very reliable, the data was not shown to
confidence in using the computational mo (
such as the metatarsals, which cannot be

di scussion section to compare thanpgreedi
comparabl e conditions sas mweil ¢ alsaltlhendiin

approach.

(a) (b)

U, Magnitude
+4.616e+00

+3.077e+00
+2.693e+00
+2.308e+00

(c)

+1.7242+00
+0.000e+00

Fi gurTey p5 .c9 | FE dat a or Forefoot strike.

f
touchdown (0.5BW), ( b) sattr eisnsi tddaslw mntjobu(cth)
deformation in sagittal pl ane at full co
at full contact



5.F0ref oot and Rearf oot Landing and Landi

Foot strike pattern is &aowajrorxdeteni miynd
during running. Forefoot stri ke and real
runnlingbdgr man, 2012; I Bhibrefoat 20d8ke,

wi t hger ound first, durlilnygswuwahnitdc la, ptllaetfaoc d t e
foll owed by a dorsiflexion movement. Com
down the i mpabé shdckepgaseing to the brai
the compressi on afc tchoentfroacctt i aornc ho,f e chcee nttr
and AchilleslLitebedomars,t.refthcdal pr2e0slsOu)r e e xc

forefoot strike that moves backward was

proven to provi ceBcyehitahi 8205pr Reoant

the vertical |l oading rate of a habitual

changing their |l anding paar é odigfusmddm iolnea ref
20009; CrowelOll19ghaea Dhei evo r(X Ol i eber man
transeefeotusndw i n t htei nhey pd actad dforfcer ef oot ¢
f otdeme curve of <classic rearfoot strike
the vertical greand pea&kti O®urapgr ¢ deh i mp
| aindg, the vertical Ground Reaction Force
l anding of habitual barefoot runners (Li
I mpact absorption is | imited to tihneparcetar
and generating the shock wave, This <cou
contributing to certain injuries (Daoud e

i n mini mal iaskto nfsa cdtewecadr aws a meang oftinned
i njuries by returning to a more natural
The average di stphteope maifrtftalceesmmodg!l a{i ncl u
and soft tissue) was used to control t he
t han movatneg (tFheentpdnel |l a et al 2015:ni @il Wl e
touchdown angle in forefoot and rearfoot
was defined as 5A by gait measurement wi i
infldielmyet he mesh quality, ' i near dMempi n
have evaluated the effwsitngofa tthrei adlamgpn d g
mi ni mise the ground reaction force oscil/
teén foot structure, the continuity (Il ocal

analysed as the system consists of regior
M H



Sensitivity studies show that t ihrau | caot miboi n
parameter olffyebsstaa medaltli vep peghof mzmaoe
drifting with a smal.| range .of perturbat.

5.5.1 Stress distribution on the metatar :

Dur i nignitthieal tobhahdovriW) ( Uprt d oref oot a
averaged metatarsal stress is similar ar
forefoot str, kiéeibg Awhiitigdee st 2 .s & 2aM Paar ts la é
rearfoot stri ke ha,s aiSgmniethu ll lo wezr®\Wad tu
re is a more significant increase in
t f or t hEher epaerrfedeonténscgter aikmei ttfardadniwn t o f u
tdaiacti ng r e &rlf. BPt%) stirsi kkeower than the r
di ng Hidgde. 7160%)s.thhe® wst r ess data in the me
2 BW in forefoot | amei smagriesaldedbloait@® ¥ a g
m t he i nfiutlilalc ocnotnatcatc td utréihreg dfaa tadfesdiootw ss

—
> 9 O T o S oS
O o S5 S 95 o

-

met a teax psearl it hrec eldo weaditni ¢ ti raé s, st duidnhcdroenans e s
signi fwiid deitdlyest stresd.@HCc4 € ab.l nTghoen tdaactta
t he 5t h rneeptraetsaérmstvas § tibrecsr easi ng rroant ¢ hel 8%
touchdown ¢t o ¢fiSglll2 csomawvasctt he str eslst dcaam
be seetnhef rdodattlesst met at ar s al had the highe
wei ght and twice BW Thewahd ghess$ erntsdk sas
met atdaurrg aml@r f oot stri ke. I n. A€ dli at emalt os it
rear f odthdesh rakd H$h arhestoatsahrosweeld r el ati vel
rate (10.4%handtrlds 8 )inlte efeided aasmang sho
eviewpread along the coronal axis during 1
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Half body weight B Twice body weight
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Metatarsal stress during heel strike
[MPa]

o = N w b (a1 ()} ~ [o0] Vo]
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Figur&tb5e%$28 on metatarsals at half and t

Figur€ompa8i son of the internal energy | ¢
and rearfoot strike. The stré&nergyenadyp oo f
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