Izrada trodimenzionalnoga modela
zuba za eksperimentalna
biomehanicka istrazivanja
metodom konacnih elemenata

Sazetak

Problemi s proucavanjem odgovora zuba na djelovanje sustava si-
la mnogo su sloZeniji i teZe ih rjeSavamo od jednostavnog mjerenja same
sile.

Svrha je ovoga istraZivanja razraditi vlastitu metodu trodimenzio-
nalne digitalizacije zuba kako bi se $to vjernije mogao izraditi njegov
matematicki model. Izraditi vlastiti trodimenzionalni matematicki mo-
del zuba s pripadajucim potpornim strukturama u svrhu biomehanic-
kih istraZivanja metodom konacnih elemenata. Kao predlozak za izra-
du matematickog modela posluZzio je gornji ocnjak izvaden zbog paro-
dontoloskih razloga. Dobiven je trodimenzionalni matematicki model
gornjeg ocnjaka koji se sastoji od 4000 elemenata oblika heksaedra i
2367 cvorova, Sto ¢ini ukupno 7101 stupanj slobode cijelog modela.
Periodontni ligament izmodeliran je cijelom duZinom korijena u Sirini
od 0,25 mm. Sloj kompakte izmodeliran je u debljini od 2 mm. Zbog
mogucnosti simulacije raznih poloZaja zubi, razlicite visine alveolarne
kosti i terapijske situacije u kojima je izvrSena ekstrakcija zubi, oce-
kivati je da ce se ova metoda u buducnosti jo$ §ire primjenjivati.
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Ortodontska terapija temelji se na primjeni raznih
naprava kojima je zadaca stvoriti silu koja ée pro-
uzroCiti pomake i zubi i Celjusti.

Problemi povezani s proucavanjem odgovora zu-
ba na djelovanje sustava sila mnogo su slozeniji i
teze ih rjeSavamo od jednostavnoga mjerenja same
sile. Razine proucavanja reakcije zuba na aplicira-
nu silu mogu biti: klinicka, stani¢na, biokemijska,
deformacija i naprezanje. Na klini¢koj razini mogu
se proucavati veli¢ina pomaka zuba, bol, pomic¢no-
st zuba, gubitak alveolarne kosti i resorpcija korije-

na. Stani¢na i biokemijska razina daju pregled di-
namike promjena unutar potpornog aparata zuba, ko-
sti i periodontnoga ligamenta. Ipak vrlo je vazno ra-
zumjeti i prijenos sile i naprezanja unutar periodon-
tnoga ligamenta. Veli¢ina naprezanja moZe se pre-
cizno odrediti u raznim podrucjima ovoga tkiva te
moze pruziti dobru prigodu za odredivanje poveza-
nosti aplicirane sile na zub i njegove reakcije (1).
Kako nije moguce unutar periodontnoga ligamenta
ugraditi mjerne instrumente koji bi mjerili distribu-
ciju sile i naprezanja, nasa znanja o tome dobiva-
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mo iz drugih izvora. Tako, primjerice, mozemo izra-
diti matematic¢ki model zuba i okolnoga tkiva, na ko-
jem smo u mogucnosti s relativno velikom to¢no-
§¢u i precizno$cu simulirati aplikacije ortodontskih
sila te proucavati odgovor zuba i potpornih struktu-
ra na njih. Svakako valja napomenuti da je takve
izra¢une §to je viSe moguce potrebno provjeriti u kli-
ni¢kim ispitivanjima.

Buduci da jo$ uvijek ne poznajemo dovoljno ve-
licine, smjer i distribuciju sila koje se primjenjuju
u ortodonciji, te ne znamo dovoljno o njihovu ucin-
ku na zub i okolne strukture, svrha ovog istraZiva-
nja je:

e razraditi vlastitu metodu trodimenzionalne digita-
lizacije zuba kako bi se §to vjernije mogao izra-
diti matematic¢ki model zuba,

e izraditi vlastiti trodimenzionalni matematicki mo-
del zuba s pripadajué¢im potpornim strukturama u
svrhu biomehanickih istraZivanja metodom konac-
nih elemenata.

Uzorak i postupci

Kao predlozak za izradu matematickog modela
posluZio je gornji o¢njak izvaden zbog parodonto-
loskih razloga. Dobro ociscen zub uloZen je u pro-
zirni akrilat. Paralelometar-frezom (Combilabor
CL- MF, Hereaus- Hanau) bruSeni su slojevi deb-
ljine 0,5 mm okomito na uzduznu osovinu zuba.
Svaki dobiveni presjek snimljen je videokamerom
Sony CCD TRV 825 E Hi 8 mm. Snimke su digita-
lizirane u programu ISSA koji je izradila tvrtka
VAMS u suradnji sa Stomatoloskim fakultetom Sve-
uciliSta u Zagrebu. Kamera je povezana s rauna-
lom (PC Pentium II 64 Mb RAM, 350 MHz, 8,4 Gb
HDD) preko S-VHS kabela, a za digitalizaciju sli-
ke upotrebljen je frame grabber - videoadapter (Ima
Scan, rezolucije 1024x768 u PAL formatu sa 625
vodoravnih linija i 16Mb videomemorije). Defini-
rano je ukupno $ezdeset poprecnih presjeka zuba ko-
ji su zapisani u slikovhom BMP formatu. Tako de-
finirane konture popre¢noga presjeka zuba ucitane
suu CAD program AutoCAD Mechanical Deskop
2,0, gdje je iz krivulja popre¢noga presjeka zuba de-
finirana trodimenzionalna geometrija postupkom
“loftinga”. Crtezi su prevedeni u standardni IGES
format ¢ime je osigurana njihova ¢itljivost u raznim
CAD aplikacijama, uklju¢ujuci i program NISA ko-

jim je proveden prora¢un metodom konac¢nih eleme-
nata. U programu NISA, iz crteZza u IGES formatu
definirana je geometrija zuba. Nastavljeno je s de-
finiranjem mreZe kona¢nih elemenata. Ovdje se vo-
dilo racuna o kompatibilnosti mreZe pojedinih seg-
menata, jer svako nepoStivanje te kompatibilnosti
moZe prouzroc¢iti numericke pogrjeske. Zbog tako-
vih pogreSaka ne bi bilo moguce provesti proracun.
Svakom od segmenata dodijeljen je odgovarajuci
izotropni materijalni model, §to je prikazano u Ta-
blici 1.

Tablica 1. Vrijednosti Youngova modula i Poissonova koefici-
Jjenta upotrijebljene pri izradi modela

Table 1. Values of Young’s modulus and Poisson’s coeffici-
ent used during the construction of the model

Poissonov
Youngov modul koeficijent
Young's modulus Poisson's
coefficient
Spongiozna kost —_
Spongiosa/Spongy bone Lot L
Kortikalna kost o
Cortical bone 13.7 x 10°Nm 0.3
PDL 5 x 10°Nm? 0.45
Zub P
Tooth 19.6 x 10° Nm 0.3

Za modeliranje su rabljeni trodimenzionalni ele-
menti oblika heksaedra sa Sest ¢vorova i tri stupnja
slobode po ¢voru (pomaci u pravcu tri medusobno
okomite osi). Na taj nacin dobiven je trodimenzio-
nalni matematic¢ki model gornjeg o¢njaka. Modelu
gornjeg o¢njaka dodan je periodontni ligament ci-
jelom duZinom korijena u §irini od 0,25 mm. Zatim
je izmodelirana potporna kost. Sloj kompakte izmo-
deliran je u debljini od 2 mm, a ispod njega spon-
gioza. Sav model ¢ini 4000 elemenata oblika hek-
saedra i 2367 ¢vorova, §to ¢ini ukupno 7101 stupanj
slobode cijeloga modela.

Rezultati i rasprava

Rezultat istrazivanja trodimenzionalni je model
zuba prikazan na Slikama 1-4.
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Slika 1. Projekcija matematickog modela gornjeg ocnjaka

Figure 1. Projection of the mathematical model of the upper ca-
nine.

Slika 1 prikazuje matematicki model gornjeg o¢-
njaka za ¢ije su modeliranje uporabljeni elementi
oblika heksaedra s po Sest ¢vorova i tri stupnja slo-
bode po ¢voru. Tako izradenome modelu dodan je pe-
riodontni ligament cijelom duZinom korijena u §irini
od 0,25 mm, $to je prikazano na Slici 2. Sloj kom-
pakte izmodeliran je u debljini od 2 mm (Slika 3).
Ispod sloja kompaktne kosti izmodelirana je spongi-
ozna (Slika 4). Na taj nacin dobiven je model koji se
sastoji od 4000 elemenata oblika heksaedra i 2367
¢vorova, s ukupno 7101 stupnjem slobode.

Slika 2.  Projekcija matematickog modela gornjeg ocnjaka s
periodontnim ligamentom.

Figure 2. Projection of the mathematical model of the upper ca-
nine with periodontal ligament.

Slika 3.  Projekcija matematickog modela gornjeg ocnjaka s
periodontnim ligamentom i slojem kompaktne kosti

Figure 3. Projection of the mathematical model of the upper ca-
nine with periodontal ligament and a layer of com-
pact bone

Slika 4. Projekcija matematickog modela gornjeg ocnjaka s
periodontnim ligamentom i pripadajucom kompak-
tnom i spongioznom kosti.

Figure 4. Projection of the mathematical model of the upper
canine with periodontal ligament and accompanying
compact and spongiosa/spongy bone

Racunalni programski paket NISA posluZio je na
tako dobivenom trodimenzionalnom modelu gornjeg
o¢njaka bez pripadajucih potpornih struktura zapo-
kusne ras¢lambe pomaka zuba, deformacija, inten-
ziteta naprezanja, te su izracunana ekvivalentna na-
prezanja po energetskoj teoriji ¢vrstoce (Huber- Mi-
ses- Hencky teorija).

Bududi da se je model zuba u pokusnim ekspe-
rimentima pokazao dobrim i odgovarajucim, dodat-
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no su izmodelirane potporne strukture (periodontni
ligament, kortikalna i spongiozna kost). Model je
uévricen po rubovima spongioze ¢ime je osigurana
nemogucnost pomaka modela kao krutoga tijela koja
bi izazvala numericke singularitete (pogrjeske).

U poduzetom se istraZivanju osobito vodilo ra-
¢una o ¢injenici da rezultati istraZivanja, koje Ce biti
poslije provedeno metodom konacnih elemenata, u
prvome redu ovise prije svega o nacinu kako se je
dobio model. Zbog toga je izrada modela klju¢ni tre-
nutak svakoga kasnijeg istraZivanja. Navlastito je
vazno napomenuti na koji se je nac¢in doslo do izvora
podataka na temelju kojih je model izraden. Izvor
podataka bile su vec prije znane dimenzije iz litera-
ture, a razmisljalo se i o rezovima preparata (u kon-
kretnom slucaju zuba), ili pak o serijskim racunal-
nim tomografskim snimkama, za $to postoji dosta
podataka i u recentnoj literaturi (2-16). Problem koji
se javlja kada se model izraduje na temelju kompi-
lata podataka iz literature jest mogucnost nastanka
pogrjeSaka koje se kumuliraju. Zbog velike varija-
cije pojedinih parametara, tako izraden model mo-
Ze na kraju ispasti nesuvislo i nelogi¢no. Zato je oda-
bran sigurniji i precizniji, kompliciraniji i dugotraj-
niji, svakako i znanstveniji pristup, pa je model izra-
den prema odredenom preparatu, zubu. Kod mode-
la koji je izraden na temelju rezova napravljenih krio-
mikrotomom javljaju se neto¢nosti koje nastaju zbog
neostrih rezova i kidanja na njihovim rubovima.
Najcesce se ti rezovi zatim fotografiraju te i u to-
me nastaju pogrjeske zbog neostrih kontura i pove-
canja. Racunalno - tomografske snimke, na temelju
kojih se takoder moZe izraditi matematicki model,
ne daju ispravne dimenzije zbog pogreSaka u rub-
nim uvjetima. Kakvoca ra¢unalno- tomografskih sni-
maka ovisi i o fotografskom aparatu i njegovoj re-
zoluciji. Nastale razlike mogu biti bitne za odredi-
vanje tako malih debljina kosti i tako maloga pro-
stora kao §to je periodontna pukotina. Ni jedan na-
¢in izrade modela nije apsolutno precizan i tocan,
no cilj je §to vise se pribliziti izvorniku (digitalizi-
rati ga). U poduzetom je istraZivanju trebalo naci
nacin kako jedan izvadeni o¢njak vjerno prenijeti u
racunalo. Snimanjem videokamerom i digitalizaci-
jom te slike moguce je unijeti jednu ili vise slika to-
ga zuba ili nekoga sli¢nog objekta u nekom od po-
znatih formata za pohranu slike (TIF, GIF, JPEG,
PCX, BMP). No to ne rjesava problem unosa treée
dimenzije. Kao §to je ve¢ spomenuto, kamera ko-

jom smo se sluZili visoke je rezolucije. Kao i kod
svih analognih kamera ovdje CCD chip (charge co-
upled device) sluZzi za registraciju svjetla, ali je sig-
nal koje se upucuje prema racunalu analogan (obi¢-
no VHS ili jo§ bolje sVHS signal). Da bi se takav
analogni signal pretvorio u jedan od digitalnih for-
mata potrebno je izmedu kamere i racunala dodati
uredaj koji ce analogni signal digitalizirati.

U konkretnom slu¢aju primijenjen je frame grab-
ber (videoadapter, digitalizator) vrlo visoke rezolu-
cije, jer prijaSnji pokusi s jeftinijim, komercijalno
Siroko dostupnim karticama nisu dali dovoljno o$-
tru sliku. Uporabom digitalnih kamera izbjegla bi se
primjena frame grabbera i kompliciranog softwarea
za konverziju analognog u digitalni signal, ali zbog
losijeg kontrasta koji takve kamere mogu postici de-
talji nisu bili dovoljno vidljivi da bi se u njih mo-
glo pouzdati.Trodimenzionalno skeniranje dalo bi
dobre rezultate, sigurno se moZze ustvrditi i najbo-
lje. No nama raspoloziv skener nije imao dovoljno
dobru rezoluciju. Kako posljednjih godinu dana i
trodimenzionalni skeneri vrlo visoke rezolucije po-
staju mnogo dostupniji, vjerojatno ce u sljedecim is-
traZivanjima to biti metoda izbora.

Treba ipak spomenuti kako vlastita primijenje-
na metoda ima i drugih prednosti. Rezanjem zuba
ili neke sli¢ne strukture u tanke slojeve i njihovom
digitalizacijom moguce je, osim vanjskog oblika,
trodimenzionalno prikazati i unutarnju strukturu, pri-
mjerice: pulpnu komoru, korijenske kanale, rubove
ili stijenke ispuna, kaviteta ili sli¢no.

Izrada matematickog modela uz primjenu meto-
de konacnih elemenata, moguca je uz pomoc raznih
rac¢unalnih programa koji se izmedu sebe vise ili ma-
nje razlikuju. Razlikuju se u matematickom pristu-
pu obradbi podataka, prema oblicima konacnih ele-
menata, koji mogu biti jednodimenzionalni (tocka),
dvodimenzionalni (crta) ili trodimenzionalni. Takvi
elementi mogu imati ravne ili zakrivljene stranice,
a broj ¢vorova varira ovisno o obliku geometrijskog
tijela. Cvorovi se mogu nalaziti u kutovima i polo-
vicama stranica prostornog elementa, ali i u njego-
vu volumenu. Rezultat istraZivanja ovisi o navede-
noj varijabilnosti oblika kona¢nih elemenata i bro-
ja ¢vorova. Simulacija sila odredenih smjerova, ve-
li¢ina i mjesto ‘aplikacije na takav matematski mo-
del rezultirat ¢e deformacijom modela, odnosno po-
makom ¢vorova. Taj pomak moZe nastati na razne
nacine i imati razli¢ite smjerove, §to ovisi o broju
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stupnjeva slobode koji takav model dopusta. U tro-
dimenzionalnome modelu linearni pomaci ¢vorova
mogu biti definirani ortogonalnim kartezijskim ko-
ordinatnim sustavom (X,y,z osi), kao i rotacijom oko
svih triju koordinatnih osi. Vec ta ¢injenica potvrdu-
je kako se kod na taj nacin sloZenih struktura i kon-
strukcija, kao §to je to stomatognati sustav, najbo-
lje moZe primijeniti metoda konacnih elemenata s
trodimenzionalnim sustavom elemenata, pri ¢emu
elementi medusobno nisu pravilnog i jednakog obli-
ka, niti imaju jednaki broj ¢vorova. Pri tome, od
strukture do strukture, odnosno od elementa do ele-
menta, variraju i moduli elasti¢nosti i Poissonovi ko-
eficijenti. Naime, druge metode, izmedu kojih je i
fotoelasticimetrija (17-21), ne mogu biti adekvatno
primijenjene u ortodonciji, jer ne razlikuju pojedi-
ne bioloske strukture i medusobne razlike u njiho-
vim mehanic¢kim svojstvima (caklina, dentin, pulpa,
periodontni ligament, kompaktna i spongiozna ko-
st). Takoder je tesko izraditi fotoelasti¢ni model koji
oblikom odgovara anatomiji stomatognatog sustava.
Isto tako i metoda kojom se mjere deformacije s po-
mocu otporskih mjernih traka (tenzimetrija) (22)
provodi se na modelu koji ¢ini anatomski preparat
(najcesce lubanja), pri ¢emu se mjere plosne defor-
macije u onim tockama na kojima su trake zalijep-
ljene. Ovdje se naj¢es$ce upotrebljavaju suhe mace-
rirane lubanje, jer se na njih najlakSe mogu zalije-
piti otporske trake. Ta metoda dobra je za mjerenje
sila koje nastaju aplikacijom odredenih ortodontskih
naprava na samim napravama. Jasno je kako ni ta
metoda ne moZe analizirati kompleksnost istovreme-
nog djelovanja svih struktura. Takvim postupkom ne
bi bilo moguce registrirati pomake zuba okruZenog
periodontnim ligamentom niti naprezanja i deforma-
cije na udaljenijim strukturama.

Metoda holografske interferometrije (23-36) s
dvostrukom ekspozicijom, ili u realnom vremenu,
moZe se primijeniti na model bilo koje strukture, uk-
ljucujudi i kosti i zube, a moZe se primijeniti i na
Zivu ¢ovjeku kako bi se pri zagrizu registrirao po-
mak vidljivih zuba. Moguce je registrirati samo ono
prostim okom vidljivo, pa se dobiju podatci samo o
povr§ini a ne i dubini analizirane strukture.

Pomak zuba pri zagrizu, u sve tri dimenzije, mo-
Ze se izmjeriti i primjenom stereofotogrametrije (37)
koja, kao i holografska interferometrija, ima svoje
dobre strane u primjeni u stomatoloskim istraZiva-
njima, ali sa sli¢énim ograni¢enjima.

Za razliku od svih drugih spomenutih i komen-
tiranih metoda, jednom napravljen matematic¢ki mo-
del konac¢nih elemenata omogucuje u racunalu be-
skonacan broj promjena oblika pojedinih elemena-
ta i struktura, ali takoder i bezbroj simulacija apli-
kacije sila. Rezultat toga su razne mogucnosti de-
formacija sustava i rasporeda naprezanja unutar ta-
kvih struktura. To je i konacni cilj ovakvih istrazi-
vanja. Konacna je Zelja svakog ortodonta klini¢ara,
zbog kojih se ovakva istrazivanja i provode, u ta-
kav model u prakti¢noj primjeni unijeti individual-
ne podatke odredenog pacijenta. Na tome bi se on-
da simulirale razne mogucnosti ortodontskih terapij-
skih postupaka. Na taj bi se nacin tim postupkom
moglo predvidjeti tijek i rezultate ortodontske tera-
pije, te odabrati najprikladniji terapijski postupak.
Pravi cilj toga dijela istraZivanja jest metodom ko-
nacnih elemenata naciniti takav matematski model
koji moze biti pogodan za primjenu u ortodonciji,
ali ne samo za jedno istraZivanje s jasno definira-

‘nom svrhom i ciljem nego i poslije primjenjiv na

druga istrazivanja. I to ne samo u ortodonciji. Na
njemu je moguce simulirati razne poloZaje zubi, ra-
zli¢ite visine alveolarne kosti i terapijske situacije
u kojima je izvrSena ekstrakcija zubi. Takoder je
moguce simulirati distribuciju sila i naprezanja ko-
ja nastaju tom prigodom, djelovanjem same ortodon-
tske naprave i izmijenjenog poloZaja zuba. Zbog to-
ga je za ocekivati da ¢e se ova metoda u buducno-
sti jo§ §ire primjenjivati.
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Construction of a |
Three-Dimensional Model of
Teeth for Experimental
Biomechanical Investigation by
the Method of Finite Elements

Summary

Problems connected with the study of the response of the tooth to
the effect of system forces are much more complex and difficult to sol-
ve than simple measurement of the forces themselves. The aim of this
investigation was to develop a method for three-dimensional digitali-
zation of teeth in order to produce a reliable mathematical model of a
tooth. The construction of a three-dimensional mathematical model of
a tooth with accompanying supporting structures for biomechanical
investigations by the method of finite elements. An upper canine, ex-
tracted for parodontal reasons, served as the sample for construction
of the mathematical model. A three-dimensional mathematical model
of the upper canine was obtained, comprising 4000 elements of hexa-
dic form and 2367 nodes, with a total of 7101 degrees of freedom for
the whole model. The periodontal ligament was modelled for the who-
le length of the root, 0.25 mm in width. The layer of compact was mo-
delled at a depth of 2 mm. It is anticipated that this method will be wi-
dely applied in the future, because of the possibility of simulating dif-
ferent positions of the tooth, and different heights of the alveolar bone
and therapeutic situations in which teeth extractions are performed.
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Orthodontic therapy is based on the application
of different appliances, which are used to create for-
ce in order to induce movement, both of the teeth
and jaws.

Problems connected with studying the responses
of teeth to the effect of a system of forces are much
more complex and difficult to solve than simple me-
asuring of the force itself. The levels of studying the
reaction of teeth to the applied force can be clini-
cal, cellular, biochemical, deformation and stress.

At the clinical level it is possible to study the ex-
tent of tooth movement, pain, tooth mobility, loss
of alveolar bone and root resorption. The cellular
and biochemical levels give information on the
dynamics of change within the supporting appara-
tus of the teeth, bone and periodontal ligament. Ho-
wever, it is very important to understand the tran-
sfer of force and stress within the periodontal liga-
ment. The extent of stress can be precisely determi-
ned in different areas of this tissue, and can offer a
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good opportunity to determine the correlation bet-
ween the applied force to the tooth and its reaction
(1). As it is impossible to incorporate measuring in-
struments within the periodontal ligament which wo-
uld measure the distribution of force and stress, our
knowledge is therefore obtained from other sources.
For example, we can construct a mathematical mo-
del of the tooth and surrounding tissue, on which it
is possible, relatively accurately, to simulate appli-
cation of orthodontic forces and to study the respon-
se of the tooth and supporting structures. It should
also be stressed that such calculations, whenever po-
ssible, should be checked in clinical investigations.

As the extent, direction and distribution of for-
ces applied in orthodontics are still unknown and
there is still insufficient knowledge of their effect
on the tooth and surrounding structure, the object of
this investigation was to:

e develop a method of three-dimensional digitaliza-
tion of teeth in order to construct a reliable mat-
hematical model of teeth.

e construct a three-dimensional mathematical model
of teeth with relevant supporting structures for bi-
omechanical investigations by the method of fi-
nite elements.

Material and methods

An upper canine, extracted for parodontal rea-
sons, served as the sample for construction of a mat-
hematical model. The tooth was cleaned and placed
in clear acrylic. A paralelometar - freezer (Combi-
labor CL- MF, Hereaus- Hanau) was used to grind
layers, 0.5 mm thick, vertically on the longitudinal
axis of the tooth. Each section obtained was recor-
ded by a video camera Sony CCD TRV 825 E Hi 8
mm. The pictures were digitalized in a ISSA pro-
gramme which was developed by the firm VAMS
in cooperation with the School of Dental Medicine
University of Zagreb. The camera was connected to
a computer (PC Pentium II 64 Mb RAM, 350 MHz,
8.4 Gb HDD) via S-VHS cable, and a frame grab-
ber - video adapter used for digitalization of the pic-
ture (Ima Scan, resolution 1024x768 in PAL format
with 625 horizontal lines and 16Mb video memory).
Sixty cross-sections of the tooth were defined and
recorded in pictorial BMP format. These defined
contours of a cross-section of the tooth were ente-

red into the CAD programme AutoCAD Mechani-
cal Desktop 2.0, where three-dimensional geometry
was defined from the curve of the cross-section to-
oth cut by “lofting” procedure. The drawings were
translated into standard IGES format which ensured
their readability in different CAD applications, in-
cluding the NISA programme, with which calcula-
tion was performed by the method of finite elements.
Tooth geometry was defined from the drawings in
IGES in the NIS programme and definition of a net-
work of finite elements was continued. Care was ta-
ken with regard to the compatibility of the network
for individual segments, because any disregard for
this compatibility can lead to numerical errors, and
such errors would make it impossible to complete
the estimate. Each of the segments was provided
with a relevant isotropic material model as shown
in Table 1.

Three-dimensional elements of hexadic form we-
re used for the modelling, with six nodes and three
degrees of freedom for each node (movements in the
direction of three mutually vertical axes). In this
manner a three-dimensional mathematical model of
an upper canine was obtained. A periodontal liga-
ment was added to the model of the upper canine
for the whole length of the root, 0.25 mm in width,
and supporting bone was then modelled. The layer
of compact was modelled 2 mm thick and beneath
it spongiosa. The whole model consists of 4000 ele-
ments of hexadic form and 2367 nodes, making a
total of 7101 degrees of freedom for the whole mo-
del.

Results and discussion

The result of the investigation is a three-dimen-
sional model of a tooth, presented in Figs. 1-4. Fig.
1 shows a mathematical model of an upper canine,
for which elements in hexadic form, with six nodes
and three degrees of freedom for each node were
used. Periodontal ligament was added to this cons-
tructed model for the whole length of the root, 0.25
mm wide, as shown in Fig. 2. The compact layer
was modelled 2 mm thick (Fig. 3) and beneath the
compact layer spongiosa was modelled (Fig. 4). In
this way a model was obtained with 4000 elements
in hexadic form and 2367 nodes, with a total of 7101
degrees of freedom.
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The computer programme packet NISA was used
on this three-dimensional model of an upper cani-
ne, without relevant supporting structures, for test
analyses of tooth movement, deformation, stress in-
tensity and equivalent stresses were calculated ac-
cording to the energy theory of hardness (Huber-Mi-
ses-Hencky theory).

After the tooth model had proved satisfactory in
test experiments, supporting structures were model-
led (periodontal ligament, cortical and spongiosa).
The model was secured at the edges of the spongi-
osa, which ensured that there was no movement of
the model as a solid body which could cause nume-
rical singularity (errors).

During the investigation particular consideration
was taken of the fact that the results of the investi-
gation which would later be performed by the met-
hod of finite elements, depend primarily on the man-
ner in which the model was obtained. Thus, the con-
struction of the model is the key for all further inve-
stigations. The sources of data, based on which the
model was constructed, were previously known di-
mensions from literature, and consideration was al-
so taken of sections of specimens (in this case the
tooth), or even serial computer tomographic recor-
dings, for which there is sufficient data in recent li-
terature (2-16). A problem which occurs when the
model is constructed on the basis of a compilation
of data from literature is the possibility of cumula-
ting errors. Due to the great variety of certain para-
meters such a constructed model may finally look
incoherent and illogical. We, therefore, chose a sa-
fer and more precise approach, which is more com-
plicated and lengthy and certainly more scientific,
i.e. the model was constructed according to a deter-
mined specimen, the tooth. In the case of a model
which is constructed on the basis of sections made
by criomicrotomy, inaccuracy occurs because of the
unsharp sections and breaking on their edges. Usu-
ally the sections are photographed, and here also er-
rors occur because of the unsharp contours and
enlargement. Computer-tomographic recordings, on
the basis of which a mathematical model can also
be constructed, do not give correct dimensions be-
cause of errors in the edge conditions. The quality
of computer-tomographic recordings also depends
on the camera and its resolution. The resulting dif-
ferences can be essential for determining such small
thickness of bone and such a small area such as the
periodontal gap. As there is no method for construc-

ting a model which is completely precise and cor-
rect, the aim is to be as close as possible to the ori-
ginal (digitalize it). In the present investigation the
aim was to find a method to authentically transfer
an extracted canine into the computer. By recording
with a video camera and digitalization of the pictu-
res it is possible to transfer one or more pictures of
a tooth or similar object into one of the known for-
mats for storing pictures (TIF, GIF, JPEG, PCX,
BMP). However, this does not solve the problem of
third dimension. As earlier mentioned, a video ca-
mera of high resolution was used and, as in the ca-
se of all analogous cameras, a charge coupled devi-
ce (CCD) chip was used for light registration, altho-
ugh the signal directed to the computer was analo-
gous (usually VHS or still better sVHS signal). In
order to change this analogous signal into one of the
digital formats additional apparatus is necessary bet-
ween the camera and computer, to digitalize the ana-
logous signal.

In this case a frame grabber was used (video
adapter, digitalizer) of very high resolution, becau-
se previous tests with cheap, commercially widely
available cards, had not given a sufficiently sharp
picture. By using a digital camera the application of
a frame grabber and complicated software for co-
nversion of the analogue signal into a digital signal
is avoided. However, because of the poorer contra-
st achieved with this camera the details are not suf-
ficiently visible to be reliable. Thus it can be said
that three-dimensional scanning gives good, or po-
ssibly even the best, results. However, the scanner
used in this investigation did not have sufficiently
good resolution. As over the last year three-dimen-
sional scanners of very high resolution have beco-
me available, they will probably be the method of
choice in future investigations.

However, the method used here has other advan-
tages. Namely, by cutting a tooth or similar struc-
tures into thin layers and their digitalization it is po-
ssible to show, apart from the external form, the in-
ternal structure three-dimensionally: for example the
pulp chamber, root canals, edges or fillings walls,
cavities etc.

The construction of a mathematical model by
means of the method of finite elements is possible
through various computer programmes. These pro-
grammes differ in their mathematical approach to
the analysis of data, according to the forms of fini-
te elements which can be one-dimensional (point),
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two-dimensional (line) or three-dimensional. Such
elements can have straight or curved sides, and the
number of nodes varies, depending on the form of
the geometric body. Nodes can be present in angles
and halves of sides of the spatial element, and also
in its volume. The result of the investigation depends
on the mentioned variability of the form of finite ele-
ments and the number of nodes. Simulation of for-
ces of determined directions, the magnitude and si-
te of the application on such a mathematical model
results in deformation of the model, i.e. movement
of nodes. This movement can occur in different
ways and have different directions, depending on the
number of degrees of freedom which such a model
allows. In the three-dimensional model linear mo-
vements of nodes can be defined by orthogonal Car-
tesian coordinate system (X,y,z axes), and rotation
around all three coordinate axes. This fact confirms
that in the case of complex structures and construc-
tions such as the stomatognathic system the method
of finite elements with three-dimensional system ele-
ments can best be applied, during which the elemen-
ts are not mutually uniform, and neither do they have
an identical number of nodes. In this connection
the moduli of elasticity and Poisson’s coefficients
vary from structure to structure, i.e. from element
to element. Namely, other methods, such as photo-
elasticitimetry (17-21) cannot be adequately appli-
ed in orthodontics, as they do not differentiate indi-
vidual biological structures and mutual differences
in their mechanical characteristics (enamel, dentine,
pulp, periodontal ligament, compact and spongy bo-
ne). It is also difficult to construct a photoelastic mo-
del, whose form corresponds to the anatomy of the
stomatognathic system. In the same way the method
used to measure deformation by means of resistant
measuring tapes (tensimetry) (22) is carried out on
a model which comprises an anatomic specimen,
most often the skull, during which flat deformati-
ons are measured at those points on which the ta-
pes are stuck. Here dry macerated skulls are most
frequently used, because it is easiest to stick the re-
sistant tapes onto them. This method is good for me-
asuring forces which occur during the application of
some orthodontic appliances on the appliances them-
selves. Clearly, neither can this method analyse the
complexity of the simultaneous effect of all struc-
tures, and by using this procedure it would be im-
possible to register movements of a tooth surroun-

ded by periodontal ligament, or the stress and de-
formation on distant structures.

The method of holographic interferometry (23-
36) with double exposure or in real time, can be ap-
plied on a model of any structure, including bones
and teeth, and can be applied “in vivo” in man, in
order to register the movement of visible teeth du-
ring mastication. As it is only possible to register
that which can be seen with the naked eye, only in-
formation about the surface is obtained and not the
depth of the analysed structures.

Movement of the tooth during mastication can be
measured by the application of stereophotograme-
try in all three dimensions (37), which like holograp-
hic interferometry has its good points for applicati-
on in dental investigations, although it has similar
limitations.

In contrast to all the other methods mentioned a
mathematical model of finite elements enables an
endless number of changes in the form of certain
elements and structures in the computer, including
countless simulations of force application. This re-
sults in different possibilities for the formation of
systems and distribution of stress within such struc-
tures. This is the main aim of investigations such as
this. The goal of every orthodontist-clinician, for
whom such investigations are performed, is the tran-
sfer of individual data of a particular patient into
such a model, on which different possibilities of or-
thodontic therapeutic procedures could be simula-
ted. In this way it would be possible to envisage the
course and result of orthodontic therapy, and to cho-
se the most suitable therapeutic procedure. The
object of this part of the investigation was to pro-
duce such a mathematical model, by using a met-
hod of finite elements, which would be suitable for
application in orthodontics and not restricted to one
investigation with a clearly defined aim but for la-
ter application in other investigations, not only in or-
thodontics. Simulation of different positions of the
teeth is possible on such a model, including diffe-
rent heights of the alveolar bones and therapeutic si-
tuations in which tooth extraction is performed. It
is also possible to simulate distribution of forces and
stress which occur at that time, by the orthodontic
appliances and changed position of the tooth. It is
therefore anticipated that this method will be appli-
ed even more widely in the future.
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