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Using the Finite Element Method, four implant diameters were evaluated for their effect on the
stress distribution at the implant wall. A two-dimensional model of the implant and mandibular

bone used triangular and quadrilateral plane strain elements to compute the von Mises stress in the
bone with varied masticatory forces and abutment screw preloads. The masticatory force is found to
be more ineuential than abutment screw preload, and implant wall thickness signiecantly ineuences
the stress magnitude within the implant.

INTRODUCTION

Develop ent!o"lanlideal!'substitute!"or! issing!teeth! Bel!distribution!and! agnitude!o"!stresses!Oithin!the!
has!been!a! ajorlai lo"!dentallpractitioners!"or! il# i plant!are!intuenced!b/!the!i plant! di ensions4!
lennial$%rish!&"()*!Dentalli plants!are!bioco pat# as!docu ented!b/!$Huang!et!al*!&"<4!Capodi“erro!
ible! threaded!titaniu ! +!-tures.! surgicall/! insstt et'al*!&"34!Winklere!et!al*!&"=4!Naert!et!al*! 122&4!
into'the! andiblelor! a-illalto!replace! issing!teeth*!  Tol an!and!Lane/! 122&)*! Catastrophic! echanical!
Thelestablish ent!o"lalgood!bio echanical!link! "ailure!o"!the!i plant! a/!occur!b/!i plant!"atigue!
betOeenli plant!and!jaObonelis!called!osseointegra# $Huang'et!al*!&"<4!Capodi“erroletlal*!&"3)4li plant!
tion!$Brane ark!et!al*!12324!11259)8Buccess!0"!  "ractures4!veneering! resin>cera ic! "ractures! or! other!
osseointegration!depends!on! an/!"actors!including7! echanical! retention!"ailures!$Winklere! et! al*! &"=4!
edicall status! 0"!the! patient4!s oking! habits4!bone! Naert! et! al*! 122&4! Tol an!and!Lane/! 122&)*!:ro !
8ualit/A!bone! gra"ting4! disturbance4! sensatteh! or!i anlengineering!perspective4!an!i portant!criterion!in!
disruption4'hae ato a4'hae orrhage4ltooth!nectosis4 designing!an!i plant!is!to!have!al!geo etr/!that!can!
irradiation'therap/4!para"unctions4!operatoréped ini ize! echanical! "ailure! caused!b/!an! e-tensive!
degree! 0"l surgicall trau a4!bacterial! conta indtion4 range!o"!loading*!As!part!o"!the!i plantation!process4!
lack! 0"l preoperative! antibiotics4!i ediate!loading4! the!tor8ue!is!applied!to!the!abut ent!scre0!causing!
nonsub erged!procedure!and!i plant!sur"ace!char# an!e8uivalent!preload!or!cla ping!"orce!betOeen!the!
acteristics! $Esposito! et! al*! 1229)*! E-cessiealsurgi abut ent!and!i plant*! 6! is!is! to! ensure! that! the!
trau aland!i paired'healinglabilit/4!pre aturelloauh! variousli plant!co ponents!are!perectl/!attached!to!
andlin"ection'arellikel/'to!belthe! ostlco on!caes! each!other*! HoOever4!to! date! no! published! research!
“or'earl/!i plant!losses4!Ohereas! progressive! chronichppears!to'havelinvestigated!thelinfuence!o"! astica#
arginallin“ection!$peri#i plantitis)!and!overload!in!  tor/""orces!and!abut ent!scre0!preloading'on!stresses!
conjunction! Oith! host! characteristics! are! the! lajor inli plants!o"!various!dia eters*!@re"ored!the!ai !
reasons! "or! dela/ed! "ailures! $Esposito! et! al*! 1229p"Ithis!stud/lis!to!evaluate!the!stress!Oithinlan!i e#
.or!both!earl/!and!late!i plant! "ailures4!loadisy!i  diatel/!loaded!i plant'under!alrange!o"! asticator/!
considered!an!i portant! "actor! $Geng!et!al*! &"1)*! "orces4!abut ent! preloads! and!i plant! dia eters*!
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Masticatory forceF,,= 200, 500, 1000N
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X

Implant(DiameterD = 3.5, 4.0, 4.5, 5.5)
(Length,L = 11mm)

Cancellous bongYoung's modulus = 1GPa)

Cortical bone(Young’s modulus = 13.7GPa)
(Thickness = 1.2mm)

Fixed constraints

W,

Figure 1. Finite element model of implant, components,
implant/bone interface and bone

MATERIALS AND METHODS

Modelling!and!si ulation!Oere!peror ed!using!the!  6ele@ectlon!stresslin!theli plant!Oalllunderédleal!
Strand5!$&"()inite!Ele ent!Anal/sis!$:EA)!S/ste*! astication! "orces! $:M)!and! abut ent! preload! $:?)!
irst!'the!i plant!and!bone!geo etr/!Oere!de!ned4!  Oas!evaluated*!:or!all'the!possible!para etric!@ b
then! aterial'properties!"or!the!i plant'and!various! nations4!the!lvon!Mises!stress!along!the!linetldatin!
bone!co ponents!Oere!assigned!in!ter s!o"!'Young.s! i plant!Oall! Oas!investigated! and!is! believed! &1 pl
odulus4!?oisson.s!ratioland!densit/oading!and!  a!crucial'role!in! the! probabilit/! 0"!i plant! “racd!
restraint! conditions! Oere! applied! and! the! e@lect! on
the! stress! prolle! Oithin! the!i plant! Oas! evaludted  Aslindicated!in!:igure!1!the!von!Mises!stresseg! alo
the!lines! JJ1#&4!JJ&#="and!JJ=#(!are!reported!"or!
Modelling all' possible! co binations! 0"!loading! and! dia eters*
AltOo#di ensional!$&D)lrepresentationlo”ltheli plan ~ 6e!relative! locations! 0"l these! lines! are! alsdédéta
and! andibular'bone!0as!anal/sed!because!this!0aslin! the! lgure*! Each!line!is! identiled! b/! its! dtamti!
considered!tolbele8uall/laccurateland! oreleBiien  end!points4!so4!!"or!e-a pled!line! JJ1#&! begins! at!
co putation'ti e4laslthree#di ensional'$=D)! odel#  JJ1!and!ends!at!JJ&*! These!locations! Oere! sug#
ling*!Data!Oerelac8uired!"or!the!bone!di ensions!b/! gested!b/! clinicians! to! be! prone!to! icro! "racttres
CT!scanning*!TOo!di@erent!t/pes!o”!bone4!cancellous!
and! cortical4! Oere! distinguished! and!the! boundariedierangelo"i plantldia etersi$=*<4\(*4\(*<larfet)is!
Oere!identiled!in! order! to! assign! di@erent! aterial! shoOnintigure&*Note'thatthelcorticalboreisicained!
properties! Oithin! the! Inite! ele ent! odel*! :igure! distall/'tolrepresent!nor al!"unction!o"!the! andj
1!shoOs!an!i plant! and! andible! section! Oith! the! Figure 2 . Finite element model showing different implant
loading!and!restraint! conditions*! Also! shoOn!in!the! diameters
lgurelare! the! para eters!investigated!in! thisPstud

6eli plantlis'based!on!that!lused!b/!Neoss!$&"3)4!it!
islconical!Oith!&!degrees!o"!taperland!alhelicallthread*!
:or'the! Inite! ele ent! odel! Oith! D!I! (*< 4!L!

111 4!Tcor!'l'1*& 4!==1(!plate!ele ents!and!
=33<!nodal!points!Oerelused!"or!the!i plant4!=9'(!

ele ents!and! ('52! nodes! "or! cancellous! bone4!and!
1&13!ele ents!and! 1(<=!nodes!"or! cortical! bone*
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Mandible

-X Z
2D Slice
Figure 3. Location of 2D slice in a mandible
a) Top view b) Isometric view
Plane strain elements Loading conditions

6e! odellrepresents!alcross#sectional!slice!"ro !the! Loading! conditions!included!the! asticator/!"orce4!
andible!$:igure!=)*16 elKarcllengthOlo"lthe! andible! :,,4!applied!to!the!occlusal!sur"ace!o"!the!croOn!
is! co parable!to!the! Oidth! and! depth! 0"! the!slice*! set!at!&"4!<"land! 1" N4!as!shoOn!in!:igure! 14!
When!the!slice!is!subjected!to!in#plane! $-#/)! asti# and!applied! at! &inclination!in!the!-!/! plane! $re#
cator/!"orces! $)4!itlis! restrained! "ro !de"or ing! "er!to!:igure! 1)*! Al preload41:0as! applied! to! the!
out#o"#plane! $in!the! z#a-is)!and!it! Oas!assu ed!thatibut ent! scre0! 0"! agnitude! &'1*2=411<95*((!or!
all' strains! are! con!ned!in! the! z#a-is*! To! acturate 1"2*35!N!through!theluse!o"!te perature! sensi#
represent!the! echanical!behaviour!o"!the!bone!andltive!ele ents*! The!techni8ue!"or!appl/ing!the!
i plant4!=#nodeltriangular!$Tri=)!and!(#node!8uadri# asticator/!"orces!to!the!croOn4!and!the!preload!
lateral'$Puad()!plane!strain!ele ents!Oere!there"ore! applied!to!the!abut ent!scre04!are! discussed!belo0*
used!"orlthelconstruction!o"lthe!!'nitelele ent! eld*!
Note!that!"or! plane!strain!ele ents!each!node!has!aMasticatory forge, F
co plete! set! 0"l spatial! degrees! 0"!"reedo !includ# During!nor al! "unction!the! croOn!is! subjected! to!
ingluland!v*liGe!constraints! eant!that!nodes!could! obli8ue!loads! applied!to!the! occlusal! sur'ace! 0"!the!
onl/!translate!in! the! -#! $u)! and! /#! $v)! directions*!croOn*! 8 ese! loads! are! a! result! 0" nor al! astica#
tor/!"unction*! & e! theoretical! stud/! b/! Choi! et! al*!
Material properties $&"<)!suggests! that! this! loading! condition! can! be!
The! aterial! properties! adopted! Oere! speci'ied! considered!to!representlalllapplied!lodcddi|i@ant!
in'ter s!o0"!'Young.s! odulus4!?oisson.s!ratio!and! Oas!restrained!in!the!-4!/!and!z!directions!Oithin!
densit/!"or!the!i plant!and!all' associated!co # theljaObone4!assu ing!co plete! osseointegration!
ponents! $Table! 1)*! All! aterials! Oere!assu ed!to! at!the!bone!and!i plant!inter"ace*!:igure!1!sho0s!
e-hibit! linear4!'ho ogeneous!elastic! behaviour*! the! positions! 0"!the! applied! loading! and! restraints

Table 1. Material properties

Component Description Young!s Modulus, E (GPa) Poissons ratio, v Density, (g/cm3)
Implant, abutment, washer  Titanium (grade 4) 105.00 0.37 4.51
Abutment screw Gold (precision alloy) 93.00 0.30 16.30
Crown Zirconia (Y-TZP) 172.00 0.33 6.05
Cancellous bone 1.00 0.30 0.74
Cortical bone Cortical thickness = 1.2mm 13.70 0.30 2.19
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Implant Abutment  Abutment screw Manual screwdriver

ﬂ&(\k@) (:‘ g %:_S_.:@
/‘—y Torque applied to top of

abutment screw
X

The!relationship! betOeen!the! tor8ue! ap#
plied!to!the!abut ent!scre0!and!the!preload!
achieved!Oas!e-pressed!b/! Dekker!$122<)!as7!

Fig. 4. Implant system

Preload, F

6e!tor8ue! applied! to! the! abut ent!screO!causes! T, F,
the!preload! or! cla ping!"orces! betOeen!the!i #
plant!and! abut ent*! 6e! procedure! "or! calculating!  Equation 1.
:?land!appl/ing!alte perature! sensitive! ele ent4! _ o _ _
"unctioning! throughout! the! abut ent!scre0! devel# Using!the! conditions!listed!in! Table! &Q!
oping!the! preload! $or! tor8ue)4!is! described! belo0*! _ _ _ _
Note! that! "or! the! purpose! 0"l this! article! onl/! the! Note!that!thele@ective! radiysi®i! p)!is! the! dis#
Neoss! s/ste ! calculations!"or!:?!and!te pera# tance! betOeen!the!geo etric!l centre! 0"!the! part!
ture! sensitive! ele ents! are! shoOn!as!an!e-a plex $i plant4labut ent!orlabut ent! scre0)!and!the!
circle! 0"!' points! through!Ohich!the! resultant! con#
Aldentalli plant!s/ste !t/picall/l consists!o"lal  tact!"orces!betOeen! ating!parts!$i plant4!abut#
croon4! abut ent! and! abut ent! scre0*! @! abut# ent! or!abut ent! scre0)! pass! $re"er!to! iigure! ()*!

ent!scre0!is!screOed! Oith!a! anual! screOdriver! _ _ )
$:igure! ()into! the! internall thread! 0"l the!i plant*t ~ Calculations! o™l the! preload! are! shoOn!in! e8uation!

inall/41the! croon!is! placed!on!to!thelabut entlus# &!belo04!using!in”or ation! derived!in! e8uation! 1*

ing! ce entlat!the! croOn!and!abut ent!inter"ace*!
320 FP(%" (026#08723 . (020#1.1125)
2/ cos@8.72)

The!nature! 0"!'the!"orces!cla ping!i plant!co #
ponents!togetherd!and! hoO!the/! are! generated! andElquation 5
sustained4!are! not! co prehensivel/! covered!in!the!

literature*! ?reload! Oas! considered!in! Inite! elg en Rearranging!"oriQ

odelling!b/!Haack!etlal*!122<4!Lang!et!al*!&"=!and! 320

B/rne! et! al*! &"3*! 6 ese! studies! Oere! either! based! F;

on!co plicated! =D! odelling! or! did! not! speci"/! (04 (026#0.8723 , (020#1_1125)
the!techni8ues!used!"or!replicating!:?*!:or!the! pur# 2/ cosR8.72) -

pose!o"!this!stud/!the!calculation!used!to!deter ine!
the!preload!is!based!on!!ndings!b/! Dekker! $122<)*

1 HI<95%((N
Table 2. Conditions applied in equation 1

Abbreviation Description Magnitude Reference

T, = torque applied to the abutment screw (Nmm) =320 Neoss (2006)

F, = preload created in the abutment screw (N) = Unknown factor

B = the pitch of the abutment screw threads (mm) =0.40 Neoss (2006)
=the coefficie_nt of fric_tion between abutment screw thread Lang et al.

U surfaces and internal implant screw thread surfaces =0.26 2003)
(dimensionless) (

I, = the effective contact radius between the inner implant =(ry+r,)/2=(0.99 + 0.755)/2 Neoss (2006)
thread and the abutment screw threads. (mm) =1.745/2=0.87
= the half-angle of the threads (degree) =28.72# Neoss (2006)

| = the coefficient of friction between the face of tl_1e abqtment -0.20 Lang et al.

n screw and the upper surface of the abutment (dimensionless) (2003)

= the effective radi f contact between th tment an =(r + =(1. + 0.

M implzr?t :Srfaie?%lrjrf)o conactbetueen he sbumentand = (2r.1225:23/§ = glﬁ;g 0992 Neoss (2006)
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Figure 5. Effective radius of abutment and abutment screw

a) Abutment

6e!preload!cla ping!the!abut ent!to!the!i plant!
isltrans"erred!through!tOolinter"acés!i!Bst! inter#
"ace! $SAis! betOeen! the! abut ent!and! abut ent!
scre0!and!the! second! §8FoetOeen! the! abut ent!
scre0!threads!and!thelinner! threads! o"! the!i plant!
$:igure! <)*!be! calculated! preload4!is! assu ed!
tolact! e8uall/4!as!a! pressure4! 84! across!amel!!rst!
second!inter"aces*! Due!to! e8uilibriu 4!onl/!the!
pressure!84!acting!on!&fconsidered!in!this!stud/!

SANISUIVIAHSUNYIISUIVIT*E5<&) #ISUIVI*2<&)

SANE*&5 &l Abutment

SAT

X

The! pressure! acting! on! IAOhen! .
I <95*55N4! Oas! calculated! as! "ollo0s7

F. 5874
SA 22748984

Equation 3.

8I&<9*&&IN> 4 r2

Belcla ping!pressure4!84lisialresult'o"theldftpiigue! b) Abutment screw
andlisla! eanslo"lreplicatinglthe!=Dor8uelin'ef®
ner*l.orlthelpresent!stud/4!84lis!calculated!as!above!" -
thelapplieditor8ues!o"11'4=&"land'<<'N '$Tablg*

%n!thelanal/sis!alnegativelte perature!$#1'' X¢€Vin4
islapplied!tolall'the!'nodal!points!Oithin!the! atautt!
scre04! causing! each!ele ent!to! shrink*! Altrial'and! g
error! process!is!applied!to! deter ine!the!te pera#
ture! coeFcient4! C4!that! can!/ield!an! e8uivatént! 8
6e!lcorresponding! Clis!also! presented!in! Table! =*

Abutment screw

Table 3. Abutment screw torque (T), preload F,,, and surface
pressure q

T (Nmm) F. (N) q(N/mm?) Cyomy (x10%2) Coomn (X107 C,. (x10%) Coo (x10%2)
110.00 201.93 88.76 -2.62 -2.54 -3.52 -4.14
320.00 587.44 258.22 -7.61 -7.39 -10.20 1271

550.00 1009.67 443.83 -13.08 -12.67 -17.64 -20.78
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ure!o"IthelcroOn!is! ore!likel/!to!be! caused! bt

RESULTS DISCUSSION

Beldistribution!o"!lvon!Mises!stresseslin!the!i plant! :EA!has!been!used!e-tensivel/!to! predict! the! bio#
isldiscussed!"or!all'co binations!o"! asticator/!and! echanicalland! echanical!per"or ance!o"!i plant!

preload!"orces*!Each!para eterlis!discussed!in!alsepa#signs! as! Oell! as! the! e@ect! 0"! clinical! "adtors! o

rate!section!"or!all!"our!i plant!dia eterst!'& von! the!success!o0"!i plantation! $DeTolla! et! al*! &"4!
Mises! stresses!are! reported! betOeen!locatiors! JJ  Geng!et!al*!&"1)*!6e! principal! diFcult/!in! si u#
$'1#11*<1 linllength)4!JJ  1$1*<1!#1 &*&( )! lating! the! echanical! behaviour! 0"!i plants!is!the!

and!NN_, | $&*&(!#!=*55 )4las!shoOnlintigure!1*  odelling! 0"! the!living! hu an!bone!tissue! and!its!
response!to!applied! echanical! "orces! $van! Staden!
Masticatory Force, F etlal*!&"3)*!1Al"eQ!studies!have!considered!the!inlu#
The!distributions!0"!von! Mises! stresses!alongkence!o"!'such!"actors!as!the!tor8ue!$Lang!et!al*&"=)!
the!lines!JJ 4!3J, 'and!JJ_ !"orlalllvalues!  Qith!Ohich!the!abut ent!is! connected4!and!the!
o"l: lare!shoOn!in!:igure! 3*! Note'that'thelpre# e""ect!0"! asticator/!"orces!on!the! probabilit/! 0"!

Ioad4I Alislset!at!its! ediu !value4!i*e*! <95*((N* i plant!"ailure!or!loosening! $B/rne!et! al*! &"3)*

%n!general4!0hen'thelapplied! asticator/!"qydag!: bis!paper!considers!various!co binations!o"!loading!
increased4!thelvon!Mises!stresses!alsolincrease!proparé eters!land!theirlinluencelon!the!stress!produced!
tionall/4!because!the!s/ste !'being!anal/sed!is!linear!Qithinli plants!o”!dia eters!=*<4l(*'4!(*<land!<*<!
elastic*!Asle-pected!the!=*< !i plantlshoOs!higher! Asle-pected4lincreased! asticator/!"orces!leadits!g
stresses!than!alllother!dia eters!$re"er!to!:igures!3!agristresses!Oithin!the!i plant*!6!preload!applied!to!
and!b)*!6e!=*< lalsol!indicates!stress!peaks!along! thelabut entlhasl!lesslinluencelonl'the!stresgetiisla
thellines!JJ1 land!JJ, !Ohere!alllother!para eters!  asticator/!"orces*!6e!=*< li plant!shoOs!higher!
onl/'have!elevated!stress! peaks!along!the!ljne!JJ stresses!than!all!other!dia eters!and!indicates!stress!
$:igures!3lad!c4leland!giglB!because!theli plant!  peakslalong!the!lines!JJand!JJ, !Ohere!lalllother!

Oall'thickness!"orlthe!=*< li plantlis!signi!cantl/! para eters!onl/!have!elevated!stress!peaks!along!the!
reduced!in!the!region!corresponding!tg!dJhence! lineldJ  x1a el(*land!(*< !dia eterli plants!have!
causing! stress! concentrationg! ¢'!'and! (*< ! si ilarlstress!distribution!characteristics!langtitke!

dia eter!i plants! have!si ilar! stress! distribution! i plant!displa/s! greatl/! reduced! stresses! at! all' loca#

characteristics!but!the!stresseslare!loOerlin! agnitudetions4!Oith!peak!stresses!occurring!close!to!pgtht!JJ
at!lJJ 4133, land!JJ_, than!Oith!the!=*< li #
plant'because'o"!the!greater!Oall!thickness!$:igures!@;oNCLUS|ON
dland!")*lbel<*< i plant!displa/s!greatl/!reduced!
stresses!atlall!locations!$:igures!3!gland!h)4!0ith!peaj, e al141 it 0as! "ound! that! the! asticator/! "orce!is!
stresses!occurring! close!to!pointiseel:igure! 1)*!  greliniyentiall on!i plant! stresses! than! the! abut#
ent! screQ! preload*! As! e-pected! the!i plant! Oall!
thicknessl!signilcantl/linjuenceslthe!stress! agnitude!
Preload Force, F Oithin!the!i plant*! Note! also! that! Ohen! the! Oall!
Tolinvestigate!thele@ect!o"di@erent! pralqad! thickness!is! decreased! $especiall/! "or! the! =*< )!
kept!as!alconstant!and!its! ediu !value4!i*e*!<"N!  stressiconcentrationloccurs!at'thelinternallamdsg!t
isconsidered!herein*&distributions!o"!lvon!Mises!  threadslas!Oelllas!at!sharp!corners!oltheli plant!Oall*!

stresses!along!the!lines| JJJ, !and!JJ_,!"or!

alllvalues!o”itare!shoOnlint:igure! 5*!Si laristress! Characteristicall/lthe!stress!shoOed!anlincrease!at!the!

distribution!characteristics!Oere!"ound!Ohen!var/ing! toplo"itheli plant!thread!and!the!top!o"itheli plant!

. las!Oith!: *'Note!that!Ohenllincreases4!the!von! $lineldJ ,)*%t!should!be!noted!that!this!research!Oas!

Mlses'stresses'also' increase*!HoOever4!the! mcreasglpﬂbtustud/ua, edlatlo@ering'anlinitiallundeitag!

not'proportlonal'to'the'mcrease'g“'ﬂ islislbecause!  o"Ithe!co plicated! stress! distribution! characteristics!
4'as|an'|nternal'"orce4'ls'a"'unctlon'0"'the'abut entHueltolthelvanouslpara eters*!Ztherlpara etersifhi

screO'and'l plant!dia eters*!bis!suggests!that!"ail# a/'belevaluated!"or'theirlintuencelon!i plant!stress!
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Figure 6. Stress characteristics when varying F,,.
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a) Stress profile

c) Stress profile

e) Stress profile
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Figure 7. Stress characteristics when varying F
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b) Stress contour
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