
t’s�very�dif�fi�cult�or�im�pos�sib�le�to�ma�ke�stress�analy�sis�in�li�ving�tis�su�es.
For�this�re�a�son,�stress�analy�sis�stu�di�es�are�ma�de�in�a�mo�del�of�li�ving�tis-
su�es.�Mo�re�o�ver,�in�all�analy�sis�mo�dels,�the�ra�ti�o�of�the�ap�pro�xi�ma�ti�on�of

the�mo�del�to�the�li�ving�tis�su�e�is�im�por�tant�so�the�re�sults�are�re�li�ab�le.1 Cur-
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Comparison�of�Finite�Element�and�
Photoelastic�Stress�Analysis�Methods

ABS�TRACT�Objective:�This�study�was�intended�to�compare�two�different�stress�analysis�methods.
For�this�purpose�stress�distribution�in�supporting�bone�around�an�implant�was�evaluated�by�pho-
toelastic�method�(PM)�and�finite�element�method�(FEM).�Material�and�Methods:�A�mandibular�sec-
tion�of�bone�with�a�missing�second�premolar�and�an�implant�to�receive�a�crown�was�developed.�A
solid�4.1�×�10-mm�screw-type�dental�implant�system�and�a�metal-ceramic�crown�using�Ni-Cr�and
feldsphatic�porcelain�and�IPS�Empress�2�crown�designs�were�modeled.�A�load�of�300�N�was�applied
in�a�vertical�direction�to�the�buccal�cusp�of�the�crowns.�The�resultant�stresses�that�developed�in�the
supporting�bone�were�evaluated�using�FEM�and�PM.�Results:�When�the�stress�values�and�distribu-
tions�on�implant�and�cortical�bone�evaluated�using�FEM,�maximum�stress�concentrated�in�the�neck
of�implant�and�abutment�(22�MPa�and�35�MPa).�Maximum�stress�on�supporting�bone�concentrated
at�the�level�of�cortical�bone�around�the�neck�and�apical�region�of�the�implant�for�each�crown�de-
sign�(20.8�MPa�and�35�MPa).�In�PM,�stress�located�around�the�grooves�and�apex�of�the�implant�for
each�crown�design.�Conclusion:�Both�methods�were�gave�information�about�stress�distribution�in
supporting�bone�however�more�detailed�information�obtained�about�the�location,�type�and�math-
ematical�value�of�stresses�using�FEM.

Key�Words:�Dental�implantation,�dental�stress�analysis,�finite�element�analysis

ÖZET�Amaç:�Bu�çalışma�iki�farklı�stres�analiz�metodunu�karşılaştırmak�amacıyla�yapıldı.�Bu�amaçla
implant�etrafındaki�destek�kemikte�stres�dağılımı�fotoelastik�metot�(PM)�ve�sonlu�elemanlar�stres
analiz�metodu�(FEM)�ile�değerlendirildi.�Gereç�ve�Yöntemler:�Kayıp�bir�ikinci�premolar�dişi�içeren
mandibular�kemik�kesitinde�implant�ve�kron�üst�yapısı�oluşturuldu.�4.1�mm�çapında�ve�10�mm
uzunluğunda�vida�tipi�dental�implant�sistemi�ve�üzerine�Ni-Cr�ve�feldspatik�porselen�kullanılarak
metal�destekli�bir�kron�ve�IPS�Empress�2�kron�dizaynları�modellendi.�300�N’luk�bir�kuvvet�kronların
bukkal�kaspına�vertikal�yönde�uygulandı.�Destek�kemikte�oluşan�stresler�FEM�ve�PM�kullanılarak
değerlendirildi.�Bulgular:�FEM�kullanılarak�implant�ve�kortikal�kemikteki�stres�değerleri�ve�dağılımı
incelendiğinde,�maksimum�stresin�implant�ve�abutment’ın�boyun�bölgesinde�yoğun�olduğu�tespit
edildi�(22�MPa�ve�35�MPa).�Destek�kemikteki�maksimum�stres�her�iki�model�de�boyun�bölgesi
etrafındaki�kortikal�kemikte�ve�apikal�bölgede�konsantre�olmuştur�(20.8�MPa�ve�35�MPa).�PM’de,
stres�her�iki�model�için�de�implantın�yivleri�etrafında�ve�apikalde�lokalize�olmuştur.�Sonuç:�Her�iki
metot�da�destek�kemikteki�stres�dağılımı�hakkında�bilgi�vermektedir�fakat�lokalizasyon,�stres�tipi
ve�matematiksel�değer�olarak�FEM�kullanıldığında�daha�detaylı�bilgi�elde�edilebilmektedir.

Anah�tar�Ke�li�me�ler: Dental�implantasyon,�dental�stres�analizi,�sonlu�eleman�analizi
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rently,�in�den�tistry�the�fol�lo�wing�met�hods�which
are�analy�sis�func�ti�o�nal�stra�ins�in�bi�o�lo�gi�cal�ma�te�ri�-
als�and�tre�at�ment�ma�te�ri�als�are�drawn:�(a)�Britt�le
lac�qu�er�co�a�ting,�(b)�Pho�to�e�las�tic�stress�analy�sis,�(c)
Ther�mog�rap�hic�stress�analy�sis,�(d)�Stress�analy�sis
by�using�stra�in�ga�u�ges,�(e)�Ho�log�rap�hic�in�ter�fe�ro�-
me�ter,�(f)�Fi�ni�te�ele�ment�stress�analy�sis.1

With�the�re�cent�ad�van�ces�in�prost�he�tic�den-
tistry,�it�is�im�pe�ra�ti�ve�to�un�ders�tand�the�na�tu�re�of
stres�ses�and�stra�ins�ac�ting�on�den�tal�struc�tu�res�and
ma�te�ri�als.�Such�stu�di�es�can�pro�vi�de�bet�ter�prog�no�-
sis�in�cli�ni�cal�prac�ti�ce.�Den�tal�bi�o�mec�ha�nics�is�an
in�ter�dis�cip�li�nary�ap�pro�ach�in�which�en�gi�ne�e�ring
prin�cip�les�are�app�li�ed�to�den�tistry.�Stu�di�es�of�stress
and�stra�in�are�ro�u�ti�nely�do�ne�in�vi�vo�using�stress
analy�sis�met�hods.2 FEM�and�PM�are�the�most�wi�-
dely�used�stress�analy�sis�met�hods�to�eva�lu�a�te�stres�-
ses�in�den�tal�struc�tu�res�and�ma�te�ri�als.

The�im�por�tan�ce�of�ex�pe�ri�men�tal�bi�o�mec�ha�ni�-
cal�mo�dels�is�to�add�in�for�ma�ti�on�re�la�ted�to�cli�ni�cal
si�tu�a�ti�ons.�PM�and�FEM�mo�dels�ha�ve�be�en�used�to
de�ter�mi�ne�bo�ne�res�pon�se�to�ex�ter�nal�lo�ad�on�imp�-
lants.2-4 PM� is� ba�sed� on� the� pro�perty� that� so�me
trans�pa�rent� ma�te�ri�als� ex�hi�bit� co�lor�ful� pat�terns
when�sub�mit�ted�to�lo�ads�and�vi�e�wed�with�po�la�ri�-
zed�light.�This�ar�ray�of�co�lo�red�pat�terns�is�cal�led
isoc�hro�ma�tic� frin�ges.1� Stu�di�es� with� pho�to�e�las�tic
analy�sis�ha�ve�be�en�tho�ro�ughly�con�duc�ted�to�de�ter�-
mi�ne�the�stress�dis�tri�bu�ti�on�aro�und�na�tu�ral�te�eth,
abut�ments�of�re�mo�vab�le�par�ti�al�prost�he�sis�and�fi�-
xed�par�ti�al�prost�he�sis�aro�und�en�do�os�se�o�us�imp�lants
un�der�comp�le�te�den�tu�res�or�to�de�ter�mi�ne�stres�ses
aro�und�en�do�os�se�o�us�imp�lants�sup�por�ting�fi�xed�par-
ti�al�den�tu�res�(FPDs).3,5-10

With�FEM�mo�dels,�the�system�ge�o�metry�and
mec�ha�ni�cal�pro�per�ti�es�of�bi�o�lo�gic�tis�su�es�can�be�de-
fi�ned.�The�analy�sis�pro�vi�des�type�of�stres�ses�as�well
as�stra�ins.6 The�ba�sic�con�cept�of�this�tech�ni�qu�e�is
the�vi�su�a�li�za�ti�on�of�the�ac�tu�al�struc�tu�re,�which�is�a
con�ti�nu�um,�as�an�as�semb�la�ge�of�a�fi�ni�te�num�ber�of
dis�cre�te�struc�tu�ral�ele�ments�con�nec�ted�at�a�fi�ni�te
num�ber�of�po�ints.�The�FEs�are�for�med�by�fi�gu�ra�ti�-
vely�cut�ting�the�ori�gi�nal�struc�tu�re in�to�seg�ments. 1

Bi�o�mec�ha�ni�cal�con�si�de�ra�ti�ons�are�re�cog�ni�zed
as�amongst�the�most�im�por�tant�fac�tors�for�the�long

term�suc�cess�of�the�os�se�o�in�teg�ra�ted�imp�lant,�be�ca�-
u�se�mec�ha�ni�cal�stres�ses�and�stra�ins�by�func�ti�o�nal
lo�a�ding� ine�vi�tably� by� inf�lu�en�ce� long-term� pe�ri-
imp�lant�bo�ne�re�mo�de�ling.11-15 Among�the�met�hods
for�eva�lu�a�ti�on�of� imp�lant�bi�o�mec�ha�nics,� two-di�-
men�si�o�nal� (2D)�FEM�and�PM�ha�ve�be�en�wi�dely
used�for�the�qu�an�ti�ta�ti�ve�eva�lu�a�ti�on�of�such�stres�ses
and�stra�ins�in�the�bo�ne�du�e�to�tech�ni�cal�li�mi�ta�ti�ons
of�stress�as�sess�ment�in�bo�ne�in�vi�vo.13-16 The�pur�po�-
se�of�this�study�was�to�com�pa�re�two�dif�fe�rent�stress
analy�sis�met�hods.�For�this�pur�po�se�stress�dis�tri�bu�-
ti�on�in�sup�por�ting�bo�ne�aro�und�imp�lant�sup�por�ted
sing�le�unit�crown�was�eva�lu�a�ted�by�PM�and�FEM.

MA TE RI AL AND MET HODS

2-D�FEM�and�2-D�PM�si�mu�la�ting�imp�lant-sup�por�-
ted� sing�le�unit�man�di�bu�lar�pre�mo�lar� crown�was
used�in�this�study.�A�one-pi�e�ce�(ITI�imp�lant�with
an�a�so�lid�abut�ment�tigh�te�ned�on�the�imp�lant)�4.1
x�10�mm�screw�sha�pe�den�tal�imp�lant�system�(so�lid
imp�lant)�(ITI,�Ins�tut�Stra�u�mann�AG,�Wal�den�burg,
Swit�zer�land)�was�se�lec�ted.�Two�dif�fe�rent�occ�lu�sal
ma�te�ri�als�used�in�imp�lant�sup�por�ted�FPDs�we�re;
IPS�Em�press�2�crown�de�sign,�por�ce�la�in�fu�sed�ba�se
me�tal�(Ni-Cr)�crown�de�sign�(PFBM)�(Tab�le�1).

Me�tal�subs�truc�tu�re�thick�ness�was 0.8 mm�and
su�pers�truc�tu�re�thick�ness�was�2�mm for�both�crown
de�signs.�Ce�ment�thick�ness�was�ig�no�red.5 Ba�sed�on
a�pre�vi�o�us�re�port per�ta�i�ning�to�FPDs�sup�por�ted�by
imp�lants,�the�ava�ra�ge�of�ma�xi�mum�occ�lu�sal�for�ce
was�ap�pro�xi�ma�tely�200�N� for� first�pre�mo�lar�and
mo�lars,�and�300�N�for�se�cond�pre�mo�lars.17,18 The�re�-
fo�re,�an�ave�ra�ge�bi�ting�for�ce�of�300�N�was�se�lec�ted
con�si�de�ring�the�se�va�lu�es.�A�to�tal�ver�ti�cal�for�ce�of
300�N�was�app�li�ed�on�buc�cal�cusp.17 The�ge�o�metry
of�the�crown�mo�del�has�be�en�sketc�hed�ac�cor�ding
to�me�si�o�dis�tal�cross�sec�ti�on�of�crown�used�at�PM.
The�app�li�ed�for�ces�we�re�sta�tic.�In�FEM,�a�man�di�-
bu�lar�bo�ne�mo�del�was�se�lec�ted;�si�mu�la�ting�type�II
bo�ne,�ac�cor�ding�to�the�clas�si�fi�ca�ti�on�system�by�lek�-
holm�and�Zarb.19 The�imp�lant�ge�o�metry�was�sketc�-
hed�ac�cor�ding�to�di�men�si�on�va�lu�es�ac�qu�i�red�from
ma�nu�fac�tu�rer�at�com�pu�ter�en�vi�ron�ment.�

All�ma�te�ri�als�we�re�pre�su�med�to�be�li�ne�ar�elas-
tic,�ho�mo�ge�no�us�and�isot�ro�pic.20,21 The�cor�res�pon�-
ding�elas�tic�pro�per�ti�es�such�as�Yo�ung’s�mo�du�lus�and
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Po�is�son�ra�ti�o�we�re�de�ter�mi�ned� from�a� li�te�ra�tu�re
sur�vey, and�are�sum�ma�ri�zed�in�Tab�le�2.22-25 In�to�-
tal,�the�mo�del�con�sis�ted�of�2168�no�des�and�2312�el-
e�ments.The�fi�nal�ele�ment�on�x-axis�for�each�de�sign
was�as�su�med�to�be�fi�xed�which�de�fi�ned�bo�un�dary
con�di�ti�on.26,27 Elas�tic�mo�du�lus�and�Po�is�son’s�ra�ti�o
of�the�ma�te�ri�als,�along�with�the�co�or�di�na�te�and�ge�-
o�metry�of�each�no�de�and�ele�ment,�we�re�en�te�red�to
a�com�pu�ter.�The�mesh�vi�ew�of�the�mo�del�was�ob-
ta�i�ned (Fi�gu�re�1B).�By�using�SAP�2000�struc�tu�ral
analy�sis�prog�ram�Non�li�ne�ar�Ver�si�on�7,12�(Com�pu�-
ter�and�Struc�tu�res�Inc,Berk�ley,�CA,�USA) was�used
to�sol�ve�the�stress�analy�sis�prob�lems.�

Cal�cu�la�ted�nu�me�ric�da�ta�we�re�trans�for�med�in�-
to� co�lor� grap�hics� to� bet�ter� vi�su�a�li�ze�mec�ha�ni�cal
phe�no�me�na�in�the�mo�dels.28,29 Stress�va�lu�es�we�re
eva�lu�a�ted�for�each�de�sign�(IPS�Em�press�2,�PFBM
crown�de�signs).

In�PM,�af�ter�the�lo�ca�ti�on�for�imp�lant�was�se-
lec�ted,�a�ho�le�which�was�su�i�tab�le�for�ITI�so�lid�screw
imp�lant (4.1�mm�in�di�a�me�ter,�10�mm�in�length)�was
pre�pa�red�with�the�aid�of�a�pe�ris�co�pe�(Be�go,�Bre�mer
Goldschläge�re�i�Wihl,�Herbst�GmbH�and�Com�pany,
Bre�men,�Ger�many).�A� screw� sha�pe� imp�lant�was
pla�ced�on�this�ho�le�and�fi�xed�with�wax�(Poly�wax,

Bil�kim� Che�mi�cal� Com�pany,� İz�mir,� Tur�key).� A
poly�si�lo�xa�ne� si�li�co�n–�ba�sed� im�pres�si�on� ma�te�ri�al
(Ze�tap�lus,�Zher�mack,�Italy)�was�used�to�ma�ke�an
im�pres�si�on�of�the�man�di�bu�lar�mo�del.�Pl-2�(Me�a�-
sur�ments�Gro�up,�Inc.Ra�le�igh,�NC)�epoxy�re�sin�and
PlH-2�ac�ti�va�tor�we�re�used�to�si�mu�la�te�body�of�the
man�dib�le.�Per�pro�duct�di�rec�ti�ons,�the�re�sins�we�re
we�ig�hed�in�dif�fe�rent�glas�ses�and�pla�ced�in�the�dry-
ing�oven�with�the�cast,�which�was�ma�de�of�elas�to�-
me�ric�im�pres�si�on�ma�te�ri�al�and�he�a�ted�to�46°C�to
52°C.�This�pro�cess�re�du�ced�the�vis�co�sity�of�the�re�-
sin�and�with�the�help�of�the�ac�ti�va�tor�re�sul�ted�in�a
mo�re�ho�mo�ge�ne�o�us�mix�tu�re.

Du�ring�mi�xing,�the�he�at�ex�pel�led�as�a�re�sult�of
the� exot�her�mic� che�mi�cal� re�ac�ti�on�was� ob�ser�ved
with� use� of� a� ther�mo�me�ter� pla�ced� in� the� re�sin.
When�the�he�at�of�the�re�sin�re�ac�hed�55°C,�the�re�sin
was�po�u�red�slowly�in�to�the�cast,�which�had�be�en
pre�pa�red�and�he�a�ted�to�46°C�to�52°C.�To�comp�le�te
poly�me�ri�za�ti�on,�the�re�sin�was�kept�at�ro�om�tem�pe�-
ra�tu�re�for�18�ho�urs.�Af�ter�poly�me�ri�za�ti�on,�the�mo�-
del� was� re�mo�ved� from� the� cast,� fi�nis�hed,� and
po�lis�hed.�Abut�ments�we�re�pla�ced�and�tigh�te�ned�35
Ncm�with�ratc�het�with�tor�qu�e�con�trol�de�vi�ce�(ITI,
Ins�tut�Stra�u�mann�AG,�Wal�den�burg,�Swit�zer�land)
and�SCS�screw�dri�ver�(ITI,�Ins�tut�Stra�u�mann�AG,
Wal�den�burg,�Swit�zer�land).�Con�ven�ti�o�nal�res�to�ra�-
ti�ve�tech�ni�qu�es�we�re�used�fab�ri�ca�te�the�FPDs at�av-
e�ra�ge�si�ze�ac�cor�ding�to�the�Whe�e�ler�Spe�ci�fi�ca�ti�ons
and� re�ma�i�ned�un�ce�men�ted (PFBM�and� IPS�Em-
press�2�crown�de�sign).22

The�mo�del�ma�de�of�pho�to�e�las�tic�re�sin�had�an
10�mm�buc�co�lin�gu�al�width,�35�mm�occ�lu�sal�cer�vi�-
cal�he�ight,�20�mm�me�si�o�dis�tal�length�(Fi�gu�re�1A).
The�res�to�ra�ti�ons�we�re�eva�lu�a�ted�for�pas�si�vity�of�fit
on�the�mo�del�by�pla�cing�the�res�to�ra�ti�ons�on�the
pho�to�e�las�tic�mo�del�and�exa�mi�ning�for�stress�in�fi�eld
of�a�po�la�ris�co�pe�(Me�a�sur�ments�Gro�up,�Ins�tru�ments
Di�vi�si�on Ra�le�igh,�NC).1 The�po�la�ris�co�pe�re�ve�a�led
the�pre�sen�ce�of�any�stress�wit�hin�the�mo�del.�No
stress�was�ob�ser�ved,�con�fir�ming�pas�si�vity.�300�N
for�ce�was�app�li�ed�on�buc�cal�cusp. The�mo�del�was
im�mer�sed in�a�tank�of�mi�ne�ral�oil�to�mi�ni�mi�ze�sur-
fa�ce�ref�rac�ti�on�and�the�reby�fa�ci�li�ta�te�pho�to�e�las�tic
ob�ser�va�ti�on.�As�a�re�sult�of�the�se,�the�frin�ge�or�der
(stress�li�nes)�cre�a�ted�on�the�mo�del�was�watc�hed�in
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Occlusal surface material Framework material Manufacturer

PFBM Co-Cr Wiron 99, Bego, 

Bremen, Germany

IPS Empress 2 Lithium disilicate Ivoclar Vivadent, 

glass ceramic core Schaan, Lichtenstein

TABLE 1: Occlusal surface materials used in implant
supported fixed prosthesis.

Crown Design Material E (MPa) V Reference

Titanium 110000 0.35 17, 24

Compact bone 13800 0.30 17,24, 26

Trabeculer bone 1380 0.30 17,24,26

PFBM Porcelain 82800 0.35 24, 25

Framework 206000 0.33 24, 25

IPS Empress 2 Porcelain 60000 0.23 25

Framework 96000 0.25 25

TABLE 2: Material properties.

E= Young’s modulus, v= Poisson ratio
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co�lor�by�using�whi�te�light�in�a�po�la�ris�co�pe�mac�hi�-
ne.�Co�lor�pho�tog�raphs�we�re�ta�ken�with�a�mo�un�ted
ca�me�ra�(Ni�kon�Co�ol�pix�E995,�Ja�pan) on�to�the�po-
la�ris�co�pe with�30�cm�stan�dard�dis�tan�ce�and�90�de-
g�re�es�ang�le�from�the�mo�del.

Each�frin�ge�rep�re�sen�ted�a�stress�le�vel�and�for
analy�sis,�two�fac�tors�we�re�con�si�de�red,�Ac�cor�ding
to�French�et�al.2,8,30: (1)�The�lar�ger�the�num�ber�of
frin�ges,�the�hig�her�the�stress�mag�ni�tu�de,�(2)�the�clo�-
ser�the�frin�ges�we�re�to�each�ot�her,�the�hig�her�the
stress�con�cen�tra�ti�on.

RE SULTS

Re�sults�of�feM

Stress�va�lu�es�we�re�eva�lu�a�ted�on�the�ma�in�mo�del
and�on�the�bo�ne�for�each�de�sign:

A1)�Stress�dis�tri�bu�ti�on�on�the�ma�in�mo�del�of
IPS�Em�press�2�FPD�de�sign:�

a)� In� IPS�Em�press� 2� FPD�de�sign,�when� the
stress�va�lu�es�and�dis�tri�bu�ti�ons�on�por�ce�la�in�struc�tu�-
re�we�re�eva�lu�a�ted,�ma�xi�mum�com�pres�si�ve� stress
was�ac�cu�mu�la�ted�in�buc�cal�cusp.�Ma�xi�mum�stress
va�lu�e�was�22�MPa�in�this�are�a.�When�the�stress�va�l-
u�es�and�dis�tri�bu�ti�ons�on�fra�me�work�we�re�eva�lu�a�-
ted,�ma�xi�mum�ten�si�le�stress�was�lo�ca�li�zed�in�buc�cal
tu�ber�cu�le.�Ma�xi�mum�stress�va�lu�e�was�35�MPa�in
this�are�a.�When�the�stress�va�lu�es�and�dis�tri�bu�ti�ons
in�imp�lant�we�re�eva�lu�a�ted,�ten�si�le�stres�ses�at�tract
at�ten�ti�on�to�dec�re�a�se to�wards�the�2/3�of�the�abut-
ment’s�body�and�ma�xi�mum�ten�si�le�stress�va�lu�e�was
ob�ser�ved�in�the�co�ro�nal�1/3�of�the�abut�ment�and

ma�xi�mum�stress�va�lu�e�was�35�MPa�in�this�are�a.�Ma�-
xi�mum�com�pres�si�ve�stress�was�ac�cu�mu�la�ted�in�the
neck�of�the�imp�lant�and�ma�xi�mum�stress�va�lu�e�was
22�MPa�in�this�are�a�(Fi�gu�re�2A).�When�the�stress
va�lu�es�and�dis�tri�bu�ti�ons�on�bo�ne�we�re�eva�lu�a�ted,
ma�xi�mum�ten�si�le� stress�on�sup�por�ting�bo�ne�was
con�cen�tra�ted�aro�und�the�gro�o�ves of� the� imp�lant
and�ma�xi�mum�stress�va�lu�es�we�re�20,8�MPa,�and�35
MPa�(Figure�3A).

b)�Fi�gu�re�4A�shows�the�va�lu�es�and�dis�tri�bu�ti�-
ons�of�von�Mi�ses� stres�ses.Von�Mi�ses� stres�ses�are
most�com�monly�re�por�ted�in�FE�analy�sis�stu�di�es�to
sum�ma�ri�ze�the�ove�rall�stress�sta�te�at�a�po�int.�Ma�xi�-
mum�von�Mis�ses� stress�was� ac�cu�mu�la�ted� in� the
buc�cal�cusp�of�the�por�ce�la�in�and�fra�me�work.�Al�so,
in�the�neck�of�the�imp�lant�von�Mis�ses�stress�va�lu�es
we�re�in�cre�a�sed.�The�re�we�re�a�ho�mo�ge�ne�o�us�stress
dis�tri�bu�ti�on�in�the�sup�por�ting�bo�ne.

c)�Fi�gu�re�5A�shows�disp�la�ce�ment�in�IPS�Em-
press�2�FPD�de�sign.�Ghost� ima�ge� is�un�de�for�med
sha�pe�and�co�lo�red�ima�ge�is�de�for�med�sha�pe.

A2)�Stress�dis�tri�bu�ti�on�on�the�bo�ne�of IPS�Em-
press�2�crown�de�sign:�When�the�stress�dis�tri�bu�ti�on
on�the�bo�ne�we�re�eva�lu�a�ted,�ma�xi�mum�com�pres�si�-
ve�stres�ses�we�re�ac�cu�mu�la�ted�in�the�co�ro�nal�part�of
the�imp�lant’s�soc�ket�and�in�the�api�cal�re�gi�on�of�the
imp�lant. Ma�xi�mum�ten�si�le�stres�ses�we�re�no�ted�on
the�la�te�ral�walls�of�the�imp�lant�soc�ket�(Figure�3B).

B)�Stress�dis�tri�bu�ti�on�of�PFBM�crown�de�sign:
The� lo�ca�li�za�ti�on� and�mat�he�ma�ti�cal� va�lu�es� of� all
stress�types�(com�pres�si�ve,�ten�si�le,�she�ar)�we�re�si�m-

FIGURE 2: Distribution of tensile and compressive stresses. A, Witin the main
model of IPS Empress 2. B, Within the main model of PFBM.

FIGURE 1: A, Photoelastic model. B, Mesh view of the FE model.



i�lar�to�IPS�Em�press�crown�de�sign�on�imp�lant�and
sup�por�ting�bo�ne� (Fi�gu�re�2B,� 3B,� 4B). When� the
stress�lo�ca�li�za�ti�ons�and�va�lu�es�in�abut�ment�and�por�-
ce�la�in�crown�struc�tu�re�we�re�com�pa�red�with�IPS
Em�press�2�crown�de�sign,�stres�ses�we�re�mo�re�spre�-
ad�in�the�abut�ment�and�the�stress�va�lu�es�we�re�hig�-
her�than�IPS�Em�press�2�crown�de�sign�(Figure�2,�3,
and�4B).�Fi�gu�re�5B�shows�disp�la�ce�ment�in�PFBM
crown�de�sign.

Re�sults�of�the�PM

Ob�ser�ving�the�pho�tog�rap�hic�re�cords�of�the�mo�dels
wit�ho�ut�lo�ad�app�li�ca�ti�on,�frin�ges�we�re�not�ob�ser�-
ved�in�the�pho�to�e�las�tic�re�sin�mo�del,�which�in�di�ca�-
tes�the�ab�sen�ce�of�ten�si�on.8,30

In�the�pre�sen�ta�ti�on�of�the�stress�da�ta�be�low,
the�fol�lo�wing�ter�mi�no�logy�has�be�en�adop�ted:�(a)

low�stress-�1�frin�ge�or�less;�(b)�mo�de�ra�te�stress-�be-
t�we�en�1�and�3�frin�ges;�and�(c)�high�stress-�mo�re
than�3�frin�ges�(Figure�6).31

Du�e�to�the�li�mi�ta�ti�ons�of�the�tech�ni�qu�e,�only
the�pho�to�e�las�tic�ma�te�ri�al�which�si�mu�la�tes�the�sup-
por�ting�bo�ne�can�be�eva�lu�a�ted.�The�sa�me�ver�ti�cal
lo�ad�was�app�li�ed�on�the�two�dif�fe�rent�ma�te�ri�als,
and�dif�fe�ren�ces�bet�we�en�ob�ser�ved�stres�ses�we�re�no�-
ted.�Mo�de�ra�te�stres�ses (3�frin�ges) we�re�ob�ser�ved
aro�und�the�gro�o�ves�and�api�cal�re�gi�on�of�the�imp�-
lant.�Both�PFBM�and�IPS�Em�press�2�crown�de�signs,
as�a�re�sult�of�ver�ti�cal�lo�ads,�an�equ�i�va�lent�amo�unt�of
stress�was�ob�ser�ved�in�the�bo�ne�(Figure�7A, B).

DIS CUS SI ON

FEM�and�PM�mo�dels�ha�ve�be�en�used�ex�ten�si�vely
to�study�the�bi�o�mec�ha�nics�of�stress�trans�fer�in�den-
tistry;�ho�we�ver,�both�met�hods�ha�ve�so�me�li�mi�ta�ti�-
ons�in�he�rently.�In�PM,�the�re�sin�which�is�used�to
si�mu�la�te�bo�ne�has�dif�fe�rent�ho�mo�ge�ne�ity�and�isot�-
ro�pic�cha�rac�te�ris�tics� than�do�es�ac�tu�al�bo�ner�The
FEM�prog�ram�used�in�this�in�ves�ti�ga�ti�on�al�so�has�se�-
ve�ral�li�mi�ta�ti�ons�with�res�pect�to�un�re�a�lis�tic�si�mu�-
la�ti�on�of�ma�te�ri�al�pro�per�ti�es�of�the�struc�tu�re.�The
prog�ram�as�su�mes�that�the�bo�ne�is�ho�mo�ge�ne�o�us,�li�-
ne�ar-elas�tic�and�isot�ro�pic.�Furt�her�mo�re,�both�met�-
hods�as�su�me�that�the�bon�ding�of�the�bo�ne�and�the
imp�lant�is�per�fect�and�all�sta�tic�mas�ti�ca�ti�on�for�ces
app�li�ed�to�imp�lant�sup�por�ted�fi�xed�par�ti�al�den�tu�re
was�lo�a�ded�axi�ally in�this�study.�Ho�we�ver,�the�mas-
ti�ca�ti�on�for�ces�are�dyna�mic�and�ob�li�qu�e�re�la�ti�ve�to
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FIGURE 3: (A) Distribution of shear stresses within the main model of IPS
Empress 2, (B) Distribution of shear stresses within the main model of PFBM.

FIGURE 4: Distribution of tensile and compressive stresses: (A) Within the
bone model of IPS Empress 2, (B) Within the bone model of PFBM.

FIGURE 5: (A) Deplasmans within the main model of IPS Empress 2 (B) De-
plasmans within the main model of PFBM. 
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the�occ�lu�sal�sur�fa�ce�of�the�imp�lant�sup�por�ted�FPDs,
and�the�in�ter�fa�ce�bet�we�en�the�imp�lant�and�the�bo�-
ne�is�dyna�mic�in�re�a�lity.�Con�se�qu�ently,�it�is�usu�ally
im�pos�sib�le�to�rep�ro�du�ce�all�the�de�ta�ils�of�na�tu�ral
be�ha�vi�or.�Du�e�to�the�se�li�mi�ta�ti�ons,�the�va�lu�es�ob�ta�-
i�ned�in�this�study�may�not�re�semb�le�ac�tu�al�va�lu�es
but,�at�most,�the�se�may�show�the�stress�dif�fe�ren�-
ces.32

In�the�2D�systems,�it�is�as�su�med�that�out-of-pla�-
ne�de�for�ma�ti�ons,�stra�ins,�and�stres�ses�are�neg�li�gib�le.
This�may�re�du�ce�the�cost�of�analy�sis,�but�it�al�so�in-
tro�du�ces�mo�re�er�ror�du�e�to�the�as�su�med�ar�ti�fi�ci�al�bo�-
un�dary�con�di�ti�ons.33 Re�cently,�3D�mo�dels�ha�ve�be�en
pre�fer�red�be�ca�u�se�mo�re�re�a�lis�tic�re�sults�can�be�ob�ta�-
i�ned.33,34-39 To�da�te,�the�2D�met�hod�has�be�en�used
when�nu�me�ro�us,�va�ri�ed�mo�dels�and�de�signs�are�eva�-
lu�a�ted�in�the�li�te�ra�tu�re.40-48 As�one�mo�del�and�two
crown�de�signs�we�re�analy�zed�in�this�study,�2D�mo�-
dels�we�re�de�ci�ded�to�use�for�both�met�hods.

In�PM,�it�is�not�pos�sib�le�to�mo�del�all�the�mec�-
ha�ni�cal�pro�per�ti�es�of�a�struc�tu�ral�ele�ment.�Pho�to�e�-
las�tic�imi�ta�tors�we�re�used�in�PM.�Con�se�qu�ently�a
de�ci�si�on�must�be�ma�de�as�to�which�pro�per�ti�es�are
most�per�ti�nent�to�the�cli�ni�cal�prob�lem�at�hand.�In
ge�ne�ral,�se�lec�ting�of�pho�to�e�las�tic�ma�te�ri�als�for�pros-
t�he�ses�and�tis�su�e�mo�de�ling�is�ba�sed�on�re�la�ti�ve�mo�-
du�lus�va�lu�es.1 The�ra�ti�o�of�mo�du�li�of�bo�ne�imi�ta�tor
se�lec�ted�from�ava�i�lab�le�pho�to�e�las�tic�ma�te�ri�als,�are
not�iden�ti�cal�to�the�re�por�ted�na�tu�ral�tis�su�e�ra�ti�o.
Furt�her�mo�re,�use�of�the�se�ma�te�ri�als�with�cor�res�-
pon�ding�mo�du�li�has�be�en�shown�to�be�pre�dic�ti�ve
of�cli�ni�cal�be�ha�vi�or.1 In�FEM�each�ele�ment�re�ta�ins
the�mec�ha�ni�cal�cha�rac�te�ris�tics�of�the�ori�gi�nal�struc-
tu�re.1 This�is�an�ad�van�ta�ge�of�the�FEM�over�PM.

FIGURE 6: Relation between stress level and fringe order used to describe
results.

FIGURE 7: Distribution of stresses in photoelastic model (A) IPS Empress 2 crown design, (B) PFBM.
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FEM�pro�vi�des�type�of�stres�ses�as�well�as�stra�ins.
When�FE�mo�dels�of�screw�type�imp�lants�we�re�stu�-
di�ed,�ten�si�le,�com�pres�si�ve�stres�ses�we�re�shown�to
de�ve�lop�at�dif�fe�rent�lo�ca�ti�ons�in�the�bo�ne�aro�und
the�imp�lant.6 In�PM,�isoc�hro�ma�tic�frin�ges�we�re�ga�-
ve�in�for�ma�ti�on�abo�ut�the�stres�ses�de�ve�lop�at�dif�fe�-
rent�lo�ca�ti�ons�in�the�bo�ne�aro�und�the�imp�lant.�In
the�light�of�the�se�know�led�ge,�FEM�can�be�conc�lu�-
ded�a�mo�re�de�ta�i�led�stress�analy�sis�met�hod�than�PM.

Ho�we�ver�2D�PM�has�many�ad�van�ta�ges.�The�se;
(1)�it�is�easy�to�fab�ri�ca�te�the�mo�dels,�(2)�a�wi�de�va-
ri�ety�of�lo�a�ding�con�di�ti�ons�can�be�app�li�ed�to�the
mo�del�and�(3)�dif�fe�rent�app�li�an�ces�may�be�tes�ted
on�the�sa�me�mo�del.�The�tech�ni�qu�e�suf�fers�the�ma�-
jor�di�sad�van�ta�ge� of� im�per�fectly� rep�ro�du�cing� the
thre�e-di�men�si�o�nal�ge�o�metry�of�the�oral�si�tu�a�ti�on.
Con�se�qu�ently,�the�full�3D�stress�dis�tri�bu�ti�on�can-
not�be�de�ter�mi�ned.

Qu�a�li�ta�ti�vely,�a�si�mi�lar�stress�dis�tri�bu�ti�on�was
de�ter�mi�ned�on� the�bo�ne-imp�lant� in�ter�fa�ce� from
both�tech�ni�qu�es.�In�FEM,�PFBM�por�ce�la�in�crown
de�sign�sho�wed�the�hig�her�stress�lo�ca�li�za�ti�on.�The
high�stress�va�lu�e�in�por�ce�la�in�was�the�re�sult�of�the
for�ce�app�lying�struc�tu�re.�When�the�fra�me�work�was
in�ves�ti�ga�ted,�stress�lo�ca�li�za�ti�ons�we�re�dif�fe�rent�for
each�mo�del.�The�re�a�son�of�the�se�dif�fe�ren�ces�may
re�sult�from�the�dif�fe�rent�elas�ti�city�mo�du�lus�of�the
occ�lu�sal�ma�te�ri�als.�Struc�tu�ral�dif�fe�ren�ces�in�por�ce�-
la�in�and�fra�me�works�af�fec�ted�the�stress�dis�tri�bu�ti�-
on�in�imp�lant�and�bo�ne�struc�tu�re.�When�the�stress
dis�tri�bu�ti�on�in�sup�por�ting�bo�ne�was�in�ves�ti�ga�ted,
no�dif�fe�ren�ces�we�re�fo�und�among�two�dif�fe�rent�de-
signs.� It�was� conc�lu�ded� in� se�ve�ral� FEM� stu�di�es,
using�mo�re�ri�gid�or�re�si�li�ent�ma�te�ri�al�for�the�su�per-
s�truc�tu�re�of�an�imp�lant�sup�por�ted�par�ti�al�den�tu�res
did�not�ha�ve�any�ef�fect�on�stress�dis�tri�bu�ti�on�and
stress�va�lu�es at�the�bo�ne�tis�su�e�sur�ro�un�ding�imp�-
lant.4,16,21 Ho�we�ver,� in� the� abut�ment� and� crown
struc�tu�re,�stress�dis�tri�bu�ti�ons�and�lo�ca�li�za�ti�ons�we�-
re�af�fec�ted�by�the�ma�te�ri�al�ri�gi�dity.21 In�this�study,
the�re�a�son�of�using�two�dif�fe�rent�occ�lu�sal�ma�te�ri�als
was�to�streng�the�ned�our�ba�sis�and�dec�re�a�se�mis�ta�-
ke�ra�ti�o�to�mi�ni�mum�when�com�pa�ring�two�dif�fe�-
rent�stress�analy�sis�met�hods.

In� the� pre�sent� study,� in� IPS� Em�press� 2� and
PFBM,�as�a�re�sult�of�ver�ti�cal�lo�ads,�an�equ�i�va�lent

amo�unt�of�stress�was�ob�ser�ved�in�the�bo�ne�for�each
stress�analy�sis�met�hods.�When�the�stress�dis�tri�bu�ti�-
on�on�the�bo�ne�and�imp�lant�we�re�eva�lu�a�ted�for�both
tech�ni�qu�es,�ma�xi�mum�stress�lo�ca�li�za�ti�ons�we�re�ac-
cu�mu�la�ted�in�the�neck�and�api�cal�re�gi�on�of�the�im-
p�lant,�and�in�the�co�ro�nal�and�api�cal�part�of�imp�lant’s
soc�ket.�Al�so�stress�lo�ca�li�za�ti�ons�we�re�no�ted�in�the
bo�ne�aro�und�the�imp�lants’�gro�o�ves.�Be�ca�u�se�the�ro�-
und-end�na�tu�re�of�ITI�imp�lant�apex�dec�re�a�sed�mag-
ni�tu�de�and�con�cen�tra�ti�on�of�stres�ses�in�the�api�cal
re�gi�on,�hig�her�stress�gra�di�ents�we�re�ob�ser�ved�in�the
vi�ci�nity�of�the�thre�ads.18 Ne�vert�he�less,�this�si�tu�a�ti�on
has�not�be�en�re�por�ted�to�le�ad�to�bo�ne�loss�at�the�tips
of�its�thre�ads.�On�the�con�trary,�this�pro�perty�may
dec�re�a�se�the�amo�unt�of�for�ce�trans�fer�red�to�the�api-
cal�part�of�the�imp�lant�un�der�axi�al�lo�a�ding.16

In�both�stress�analy�sis�met�hods,�the�high�stress
con�cen�tra�ti�on�fo�und�aro�und�the�neck�of�imp�lant�in
sup�por�ting�bo�ne�sho�uld�be�con�si�de�red.�Cli�ni�cal�stu�-
di�es�show�that�bo�ne�re�sorp�ti�on�oc�curs�aro�und�the
co�ro�nal�zo�ne�of�the�imp�lant.21-24 The�re�fo�re;�it�can
be�as�su�med�that�this�phe�no�me�non�is�re�la�ted�to�ap-
p�li�ed�mo�ments,�inf�lu�en�cing�the�bo�ne�crest.�To�avo�-
id�high�stres�ses�at�that�lo�ca�ti�on,�the�imp�lant�sho�uld
be�pla�ned�to�be�sub�jec�ted�to�ver�ti�cal�for�ces�du�ring
func�ti�on.27 Mo�re�o�ver,�sin�ce�in�cli�ni�cal�si�tu�a�ti�ons�no
op�ti�mal�con�trol�of�lo�a�ding�type�can�be�ac�hi�e�ved�as
in�an�in�vit�ro�study,�the�ben�ding�mo�ments�co�uld�be
even�hig�her.26 This�si�tu�a�ti�on�is�mo�re�pro�no�un�ced
when�the�com�pact�bo�ne�at�the�neck�of�the�imp�lant
is�con�si�de�red�com�pa�red�with�much�less�ri�gid�bo�ne
in�ot�her�are�as.�When�mo�re�ac�cu�ra�te�mec�ha�ni�cal
pro�per�ti�es,�de�fi�ning�the�se�dif�fe�ren�ces�in�bo�ne�type
we�re�in�tro�du�ced�to�FE�mo�dels,�hig�her�stres�ses�we�-
re�de�ve�lo�ped�at�the�co�ro�nal�zo�ne.

Stress�trans�fer�at�the�bo�ne�–�imp�lant�in�ter�fa�ce
de�pends�on�the;�occ�lu�sal�re�la�ti�ons�hip.�type�of�lo�a�-
ding;�ma�te�ri�al�pro�per�ti�es�of�the�imp�lant�and�prost�-
he�sis;�na�tu�re�of�the�bo�ne�–�imp�lant�in�ter�fa�ce;�qu�a�lity
and�qu�an�tity�of�the�sur�ro�un�ding�bo�ne;�imp�lant�ge�-
o�metry,�length�and�di�a�me�ter�as�well�as�sha�pe;�im-
p�lant� sur�fa�ce� struc�tu�re.49,50 One� can� only
un�ders�tand�the�inf�lu�en�ce�of�the�se�cli�ni�cally�re�le�-
vant�pa�ra�me�ters�when�ti�me-de�pen�dent�bo�ne�re�ac�-
ti�ons� aro�und� oral� imp�lants� are� exa�mi�ned� un�der
well-con�trol�led�in�vi�vo�lo�ad�ex�pe�ri�ments.
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Cur�rent�study�sho�wed�that�mo�re�ac�cu�ra�te�and
re�a�lis�tic�mo�dels�can�be�pro�vi�ded�with�FEM�when
com�pa�ring�to�PM.�Be�ca�u�se�com�pu�ter�prog�rams�are
de�ve�lo�ping�day�by�day�and�it�is�pos�sib�le�to�form�ac-
cu�ra�te�mo�dels�of�li�ving�tis�su�es.�And�cur�rently�FEM
analy�sis�tech�ni�qu�es�ha�ve�be�en�used�ex�ten�si�vely�in
den�tistry.�FE�mo�dels�are�sa�id�to�be�an�ac�tu�al�rep�re�-
sen�ta�ti�on�of�stress�be�ha�vi�or�in�sup�por�ting�bo�ne.23

Al�so�PM�ga�ve�the�lo�ca�ti�on�and�in�ten�sity�of�stress
con�cen�tra�ti�ons.�This�in�for�ma�ti�on�can�in�di�ca�te�are�-
as�of�struc�tu�ral�we�ak�ness�and�po�ten�ti�al�fa�i�lu�re�du�e
to�eit�her�frac�tu�re�or�ex�ce�e�ding�the�yi�eld�strength
of�the�ma�te�ri�al.

For� long� term� suc�cess� of� the� res�to�ra�ti�ons,
know�led�ge�abo�ut�stress�dis�tri�bu�ti�on�aro�und�den�tal
ma�te�ri�als�or�tis�su�es�un�der�lo�a�ding�for�ces�is�ne�ces�-
sary.�FEM�and�PM�we�re�ga�ve�si�mi�lar�stress�lo�ca�li�-
za�ti�ons�in�sup�por�ting�bo�ne.�The�re�fo�re,�the�re�sults�of
FEM�and�PM�we�re�sup�por�ted�each�ot�her.

Ho�we�ver�the�li�mi�ta�ti�ons�of�the�FEM�and�PM
must�be�con�si�de�red�for�this�re�a�son�cli�ni�cal�tri�als�and
la�bo�ra�tory�stu�di�es�are�still�re�qu�i�red�to�de�ter�mi�ne�the
stress�dis�tri�bu�ti�on�and�lo�ca�li�za�ti�on�in�mo�dels.

CONC LU SI ON

Wit�hin�the�li�mi�ta�ti�ons�of�this�study,�the�fol�lo�wing
conc�lu�si�ons�we�re�drawn;

1.�Both�met�hods�ga�ve�in�for�ma�ti�on abo�ut�stress
dis�tri�bu�ti�on�in�sup�por�ting�bo�ne�ho�we�ver�mo�re�de-
ta�i�led�in�for�ma�ti�on�was�ob�ta�i�ned�abo�ut�the�lo�ca�ti�-
on,�type�and�mat�he�ma�ti�cal�va�lu�e�of�stres�ses�using
FE�met�hod.�

2.�In�both�of�the�tech�ni�qu�es�(FEM�and�PM)�the
stress�dis�tri�bu�ti�ons�on�cor�ti�cal�bo�ne�we�re�con�cen�-
tra�ted�at�the�le�vel�of�cor�ti�cal�bo�ne�aro�und�the�neck
of�the�imp�lant,�and�in�the�api�cal�re�gi�on�of�the�im-
p�lant�for�each�de�signs�(IPS�Em�press�and�PFBM).
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