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SCIENCE 

Creation of a Three-dimensional M odel of the 
Mandible and the TMJ In Vivo by means af the 
Finite Element Method 

M.C. Cas t ano 
U. Zapat a
A. Pedroza 
J.D. Jaramillo 
S. Roldan 

Abs t ract 

The aim or this study was to develop a 
three-dimensional finite elerw-:nlmodelo( 
the mandIble, including its TMJ. The 
model consisted of 7942 nodes and 
41,010 elements, which were obtained 
(rom 0 convergence test, clone to mini­
mize the result error. It included cancel­
lOlls and cortical bone, !)eriodonto! liga­
ment, masticatory museles (masseters, 
tempora!is, totcro! (me! in!./" rnal ptery­
gOlds). teeth ond the ortim lQf disk. All 
characteristics such cs delHol, mandibu­
lar. and muscle geometry were obtained 
(rom a computerized to(IJ0!5l'Gphy (CT) 
of a living person. CT sec. tions were 
scanned and digitil.. f'; cl Wi th a CAD sort 
wore program. Arter Images were ode­
quately assembled, 0 vetuco! tracing was 
done which allowed the de(il1ltJon or 0 

three-dimensiorJ o! mesh. Modeling or 
teeth was carried (JU( mdependemly and 
the periodontal iigornent was later includ 

Creaci6n de un Modela 
Matematico Tridimensional de 
la Mandibula y de la ATM de 
un sujeto vivo par media del 
Metoda de Elementos Finitas 

Resumen 

EI proposito de ~s/e {'studio fue desarro 
Jiar un mode.!o frI(Jlemdtico wdimensio 
tia! de elementos (irrit.os de 10 mandlbula 
y ia !\ IM. £1 mode!a const6 de 7912 
nudos y 41 010 e!pmentos, los wales se 
obtuvieron ts Ixu /ir de tlnG pruebo de (on­
vergcncio que $~ feal/zo para minimizar 
c/ errol: EI rnorJelo incluyo hueso eston­
ioso Y cor liwl , ligamento periodontal, 
dientes, disco Ofl/wlar y rt1llsculos mas 
ricatorios (nlfJse/em, temporal y pteri 
goidcos inferr10 y exr.erno). Los coraetc­

risticas geornp.tncas de los diemes. fa 
lJIondiblJ lo Y los Int/sw los. se obtuvleron 
o partir de uno Tomowafla Axiol (0171­

pUlcJri7(j(}rl (TAe) deunsujeto vivo de22 
arios. Los imogenes planas enocetoto del 
TAe /JJefOn escoreacos ysedigiralizoron 
con un sortware tipo CAD, Posterior­
ff1Pole (tll~ron ensambiados, utilizando 
un sistema de reierenao globalque per­
mitio 10 de(lnici6n de 10 imagen tridi­

mensional. Lo mode/o( icin de ios dientes. 
se /levo Q cabo de ffI(Jfl ero independieme 
y dcspues pi ligorrwnto periodontal se 
incluyo limitclfl cl rJ d oreo alveolar. Los 
nlllsculos fiJeron mode/ados canbase en 
(otogrofiQS p!Uf!fi.'; (I escoio y 10 fuerza 
museulor tol (II SI; c)istribuyo en multiples 
vca otes. POlO ~I I !I,<; CQ ciucuio: se con 
sidero un eSrJPsor de 2 mi/[metros y rue 
modeludu (on lacombiMeion simultonea 
de elementos de ngidez cxio! y de con 
tocto. E! mm/e!o se analiza con un soft 
wore de elemen/os nnitos (FEM). en el 
cuoi se gP.rwuj una mal!a y Sf: Ie osigna 
ron los ( orr eslJOndienres propiedodes 
mcauvcos(Relo(lon de Poisson. modulos 
de elasticidnd y corwnre). Estes [uero« 
ortolrri/Ji(()$ para e! hueso cortical y 
p.sporj oso e isotr6p/cas para 10 dentino, 
ei ligmnento periodontal. el disco articu· 
I(lr y el h lJl~so temporal. Los condiciones 
c/e (romera, se de(inieron restringiendo 
los fJudos de fa peri{erio del hueso tem­
poro!. De esto monera, iue posible gene· 
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cd, limiting the alveolar area. Mu sd~s 

were modeled based on flat-scale pho­
tographs and total muscle force wos dis­
tributed in multiple vectors. The ortiCIJlor 
disk was generated having2 tntn o(thick­
ness with the combination o[spring-type 
(axial stiffness) ond gap-type (contoct) 
dem ents. The model wos I.herl o(loly/ee) 
with fi'rlite elemp rlt l11~ t hod (FFM) so[t­
ware where (1 mesh wos gen~((j!fd OIlC) 

values (or Poisson's ro lio, elO ~'liClly, and 
shear modulus Wf~r e ClSSlgnecJ. These 
were orthotropic [or (olled loli s ond cor­
tical bone, and isotro!)ic: ~)r (!enlin, IJO' II­

odonto/ liga(T1 Pf1t, wlIwJm chsk, Qnd tem­
poral bone. The bounc)(Jr y condlllOn, 
were defined rpstr icr.ing the n ode ~ on (h e 
periphery orthe l~mIJ ()ral bone It wos 
therp.(ore floss/vie to generate a three­
dirneflslf)rJ(J1[inue element model based 
on in[ormfll.inrl ohtornecJ in VIVO. 

Key words: Fin ite element method 

(FEM), Three dimension al model. 

M.1ndible, Temporomandi bular joint 

(TMJ), Bioengineering, Bone Mode­

lation, 

Introduction 

Di fferent st udieshave been carri ed out 

In order to determin e t he biornec han­

Ical behavior ofthe storn atognat hic sys­

tem. Indirect studi es can be div ided 

into several types: comparat ive ones 

which attempt t o relat e anat omi cal 

rrucro- and rnacroscopic changes w it h 

mandlbu lar functi on. ',2 mandibu lar pho­

toelastic models,3,4 numeri cal models, 

Including the finite element ones.' ',1 and 

theoret ical con t r ibut ions.I? 14 Di rect 

stud i e ~"I J , 1 6 With the use of strain gouges 

placed direct ly on t he temporomandi­

bular JOint (T MJ) have o nly been con 

ducted o n an imals due to et hical 

(on~idfo'r · (l 1 ions. D ifferences between 

species and the invasion o f ar t icular 

spaces distor I normal funct io n and 

thus limi t t he conclusions of st udies 

done w i Ih 1his meth od . The finit e ele­

men! method (FFM) began to be used 

w ith tilt' object ive o f over corrungthese 

IiIII ita tio ns in analyz ing mandibular 
stress pattern s. T he results ofthe fir st 

studies: however, were not complete­

ly re liable given that they were two­

dimensional. 11 Lat er, due to tech nologi­

cal advances, It was poss.ble to develop 

three-dimensional modelsbased on th e 
f init e element met hod.s,u. 0-10 

The objective o f t he finite ele ment 

method is to f ind a soh.: on to a com­

plex problem by t urn ing It int o multi ­

ple simple ones.17 It isbased on t he div i­

sion of st ructures Into a f inite number 

of eleme ntst hat are Interconnected by 
meansofnode s.T he mechanical behav­

tor of each element can be descr ibed 

asa function of displacement (st iffness­

displacement analysis) of nodes sub­

Jeeted to cer t ain loading conditions. 

The degree s of freedom of each node 

are defined as t he possibility of one 

node being displaced in six different 

d irect ions. T he method does not treat 

the body as a unit , but as a structu re 

composed of multiple part s (f init e ele­

ments), w here st resses and strams can 

be Identified. T hus, t he sum o f t he 

behavior of different element s gener· 

ates a model Similar to the st r ucture It 

represent s.17 

T he fini te elemen t meth od has a rel a­

tive margin of error based on t he 

premises th at are w orked w it h. T he 

error dependson the number"and type 

of elements , georret ry. mat er ial prop­

er t ies, bo undary cond it ions, and loads 

app lied. W hen det ailed geom et r-y is 

neeessill-y, th e type and size of c lc­

rnents used can be changed as in t he 

refin ement of the mesh, so st ress pat ­

terns can be more re liable. To defin e
 

the geomet ry of the FEM models, var­


ious three-dimensional reconstruct ion
 

t echniques by means o f t w o-dirnen­


sro nal Images have been used, such as
 

in photographic reconstruct ion,10com­


puter tomography (CT) scans of dry
 
skulls.5,6,B.9 and a techn iqu e th at
 

Involved embedding t he mandible In
 

plastic resin and cutting serial secnons.'
 
Hart et al5 com pared the latte r two
 

methods, proving that only minor pOSI­


nonal errors (on th e order of 1 mm)
 

were found In the CT technique, indi­

eat ing th is one as the most reliab le
 

method .
 

Mechanical properties of th e anatomic
 

st ructures have been defined based on
 

t he lit erature.6 . 
8 IOThis is due to ethical
 

considerat ions, scaroty of fresh materi­


al for laboratory test ing, and the diffi ­


culty of constr ucting probe systems,
 

Based on anatomic evidence, mast ica­


to ry muscles have been modeled with
 

mult iple force vectorsli .8.9 or a resul­


t ant muscle force fOI' each one.H) The
 

fi rst method is more rel iable. because
 

usmg on ly one force vector can distort
 

st ress pat t er ns. T herefore . re sult s
 

obt ained Wit h t hese types of studies
 

should be analyzed with caut ion, keep·
 

ing Individual variati ons and t he differ ­


ent object ives in mind .
 

Given the above, the aim of this stu dy
 

w as to create a three-dimensional finite
 

element model ofthe mandible and the
 

temporomandibular jo int from a liVing
 

subject .
 

Mat e rials and Met hods 

The mandible and the TMJ w er-e mod­

eled based on two-dimensional images 

from a computer ized helicoidal ax ial 

tomography (Picker PQ SOOO: Picker 

International Journal of Cornputenzed Dentistry 200 2: 5. 87 -99 88 



rat un modclo tridimensio(lrI/ de elemen­
tos fin itos con bose en 10 jn{rHrrJQ( lon de 
un sujcto vivo. 

Palabras claves: Metodo de Elemen ­

lOS Finitos (FEM), modelo tridimen­

sio nal. m andfbula, ar ticulaci6n 

temporomandibular (ATM ), Bio inge­

nierfa , Modelaci6n osca. 

Introducci6n 

Se han reahzado estudios directos e 
indirectc s can el fin de deterrrunar el 
cornpor tarru ento biornecanico del sis­
tema estornatognatico. Los i Il Jin:: lt ()~ 

sepueden dividir ell V Mi () .~ liIlO" com­
parativos que inlentan relacio ar los 
cambios anatr'mi: [J, micro y macros­
u 'Jpico" (on 13 funci6n mandibular '1,7 , 

modelos rnandibulares fotoelasticos '<,4 , 

modelos nurner icos, que mcluyen los 
rnodelosde elementosfinitos s11 yean­
tnbuci ones teorrc()s 12 H. Los cstudios 
directos1 1,1~ , puedcn usar tr d ! 1:,d \1( Io­
res colocados dircctamcnre en la ATM. 
Drchos cstudios hall sklo rea lizados 

unicarnente ell animales, debrdo a con­
sider',t( iones etlC(l S que Implden su eJe, 
( w i{')fl p.n humanos, La vat" iabilidad 

entre las especlesy la Invasion del espl1­
CIO ar t icular. distorsloniln It! funci6n 
nOI-mal y limitan 1.15 cOllClusiollcs de 
estosestud los. F'J-I"ll super-ar estas limi­
taciones, secomcllzo aurili7.1.r ['>1meto­
da de elementos i ini los (FEM) para 
dcterTnin" r las distnbllci on e ~. de 
csfu ~ r · /os . Sill ernbarg'J, los pl"l mel'os 
<'stuc! ios no fueron completa.mente 
conflables ya que eran !'e;:l lizndos cn 
modelos bldlmensionil les11. Mils ade­
lante. graeius () los aVilllCCStCcri ologi. 
cos, fueposiblcdesarTollal"lllmleim tn­
dimensionalcs basauo::, ell ~l rrH~todo 

de los el emc n to ~ fill ilm 5,6,8-1O. 

EI objetivo del metodo de elementos 
finuos, es encontrar una solucion a un 
problemacomplejo. convirt iendolo en 
vanes problemas scncillos1/ Esro SP. 

logra dividiendo la estructur a P. Il 1111 

nUmere fin ito de elemenI 0 ''>, CjUP se 

co ncct an en tre <,f pOI' medic de nude s. 

FI cornpor tarniento rnecanico de cada 
elernent o. se puede descnbir en fun 
cion del desplazamiento (analisis de 
ngldez por desplazurruenro) de los 
nudessometrdos a ciertas condiciones 
de cal-ga. I..os g l ' ado~, de libcr tad de 
cada nodo Sf: detinen COl nu la posillili· 
dad de rn ovirn iento f' fl :-,~ i .:-' direcciones 

dilcren tcs. El met odo no to rna el cuer­

po r orno una llnidad, sino COIll O una 
t-'sl ructura compuesta pOI- rnultiples 
parte s (elementos finrtos) donde se 
pueden identificar las deforrnacioncs y 
los esfuerzcs . Asi , I() surna del com­
porta rni ento de los difcrenies (~IP.llle ll­

tos, gellcr'a un modele Clue essimilar a. 
la estructura global que represent ;;! I? 

rl rnctodo de elementos finites tiene 
un Imwgen deerror relat ivequedepen­
dedelt ipo l' nurnero deelemento s. que 
'; p' omplement an can la geometrii.i, 
propi edades de los materiales, condi­
clones de frontera y cilrgas aplicadas, 
CUilndo se l-cquicr'c Ull d gcom ~lr 'iii 

detil lltlda, el tipo >' talll(JflC) cit: los e1 e­
mcntos finiros lJ-'i aclCls pue-den ser cam· 
biClclos jJijr'a Inejo raI' el refinamiento de 
!a 111<-1 11,1 IJe e-sta ma n ra. las dlstr ibu­
( iorlp.s de esfuel-zm pueden ser mas 
confiables. Paradefinir lageometriu de 
losFEM , se han utlllzado dlferenteste c~ 

nicas de reconstruccion tridimensionill 
a part ll' de imagencs planas, entr-e eliAS 
lil I't:'collstruccian por Inedio de roto­
gratlas 10. TAC,im;igellPsescan p.adas 
cr;lIleo \ ;-,ecos5.G,8,9 y tecilicas que invo­

lueTCI II selciQne~, consecutivas de man· 
dibulas embebldas en I-esIIl<1S' , Hal't y 
col,Scompal'aron losdosultimos meto, 
dos y encontraron errores de recolls-

SCIENCE 

truccion rrunirn os(Del ordendt> 1 min) 
a parti r' de las imagen,.,,, I'liintls en ace­
tato del TAe 10 (li lt' hat e ambos meto­
do" confiabl es. 
Debido a corisideraciones eticas a 13 
diticultad de conseguir mater ial fresco 
para las pruebas de laborator io Y o In 
dificultad de construir rnecanisrnos de 
prueba, las propicdadcs mecanicas de 
las estructuras anatornicas ~e han defi­
nido n par til' elF 1<1 Ii le r;il l.l r~G . -10. 

B ;j :-;;-j d () ~ en lil evidencia anatomica. los 
ITll'lSUllos masticatonos se han mode­
lado como mult iples vectores de fuer­
z ab,l;'?, 0 como un vector resultante 

para cada uno de 10 5 musculos masti 
catonos10. EI pr imer metoda es mas 
confiabledebIda aqueUS;)I ' solounvee, 
tOI- de tucrza puede distorsiona: los 
pat rones de esfuer1 0 . 

EI proposiio de este estudio fue crear 
1,1 11 modele maternat ko tridimensional 
de elementos fmrtos de 13 rnand ibulay 
de la articulacion temporomandibular 
a parti r de un sujet o VIVO. 

Materiales y metodos 

I_a mandlbl.r1a y la an icu laci6n tempo­
romandibular, se modelaronapanw de 
Imagenes planas obt enldas de un TAC 
(Picker PC) 5000: Picker Interniltional, 
Inc: OhiO) del cr<'meo de un jOl/erl de 
22 ari asque firma pr'evinmentc uncan· 
sentimiento intorillado. Los critel'ios 
de inclusion fllcron: PaciF'nl t'" adull(),PI J 

buenas condici(JTle:-, geller'i\les y der1ta­
le.\ ~ i l1 ",'>t ilr tornando nlng(1Il tlPO de 
medicamento . dent iclon permanente 
completacon almenostodoslossegun 
dos molares permanentes, sin ningun 
tlPOde reStiluI'ilCioll<os metillicas en la 
eZlvidad or'al, duscncia de SiE,I1CJ ' )' sin· 
to mas de: dcs6rdcnes cr a J1 eoia ~ ia.b, 
pcr fil ortognatico, rpl;1cic) ll mnl<1 r ( 1;ls(-' 
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Fig 1 (a) CAT image. (b) hard tissue-CAT image. (c) scanned image and manual digitalization. 

Fig. 1 (a) Imagen tornograflca, (b) Imagen tomograflca de tejidos duros, 
(c) Imagen escaneada y dlglta llzada rnanualrnente. 

International, Ohio) of the cranium of 
a livIng n·year-old male, from whom 
an Informed consent was obta ined. 
lndusicn criteria were as follows: adult 
patient, overall good general and oral 
health condition s, luck of Jny type of 
metal restoration in the mal cavity,not 

taking any rnedication at the tune of 
the study, complete permanenl den I:i ­
tion with ell least all second permanent 

molars, absence of any signs or symp­
toms of craru ofau al disorder, Class I 
molar relationship, or thognathic pro­
file, and no previou s history of ortho 

dorruc tr eatment . 
A series of parailci and hor izonta l 
tomogr'aphIC sectiens WE: re 0 btained 
which extended frOIll the lower bor­
der of the mandible up to '1 em above 

the glenord fossa and Incorporated all 
the Information cor responding to the 
anatomy of themandible.the TMJs.and 
masseter, anterior t emporalIS, and lat­

eral and Internal pterygoid muscles. 
Tomographic sect ions were taken 
every three rnilhrneters in the body and 
rJlnu.\ of the mandible and f'very milli­
meter in th e condylar area, 

Subsequently, tracings wfre scanned 
and t ransferre d in a digital Iorma I 10 

AutoCA D 14(A utodesk, LosAngeles, 
CA , USA), This made it possible to 

estabhsh 0. global coordi nate system 
and revievv the scale used Insuch a man, 
ncr' that allowed the consecutive 
assembly of images, The contour's of 
the rnandibular har-d ti ssue werc t hen 
manually digil i7ed (Fig 1). 
Once a system of uniforml y separated 
horizontal curves was const ructed 
(Fig 2) , a ver t ical tracing was done 
attempt ing to create average sizes of 
rectangles.Afterwards, a threedi men.. 
sio nal surface w ith 3D FACE elements 
was def ined, traced, and interconnect­
foci in ~p<i c e With the object ive of co n­

vet-ting the mandible into (J single li ody. 
The 3D FACE elements served ,1.'; a 

base for the construct ion or the rir\il p. 
element mesh. Once t he geomet ry 
was determined, the model was 
exported to a COSMOS 2.5 program 
(St ructural Research and Analysis, Los 
A ngeles, CA , USA), where the finrte­
element mesh wasgener'ated,The can­
cellous bo ne of the fT vlIldible W (J.'; mod­
eled Wit h solid tetrahed raI elements 
and the corti cal bone With shell-type 
elements 2 mm thick, The mandible 
was divided Into four areas' 

1) symphyseal,
 
2) canine and premolar',
 
3) first. second and third molars. and
 

4) ramus,
 

Th is was done to different iate the
 
propert ies of each mandibular areaS,?
 

(Fig 3).
 
Twelve t eet h - incisor s. canines, pre­

molars and first molars - were mod
 
eled as independent th ree-dimensional
 
elements, This was carried ou t in a
 
manner that wouldallow Iht" modeling
 
of t he alveolus, t eet h, and mandible
 

separatel y. By 11mrti ng th e alveolar­

zone, it waspossible to consolidate the
 
per iodontal ligament w it h shell-type
 
clements having a.thickness of 1.5 rnrn,
 
while teeth were modeled With solid
 
tetrahedral clements, The anatomy of 
the condyle was used to model th e 
temporal bone. For this, an offset of 
the condyle was made and Ihe fOS Sil 

was recontoured In order to obtain a 
convex sur face, which was modeled 
With shell type elements 5 mrn thick. 
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Fig 2 Superimposi­
tion of consecutive 
CAT-scan sections. 

Fig. 2 Super posid o n 
de seccio nes 

consccutivas de 
co r tes tornograflcos. 

Fig 3 Division of 
hard and soft tissue 
geometry modeled 
with FEM. Four 
diffe rent zones of 
cor tical and 
cancellous bone. 

Fig 3 D ivision geo­
rnetr lca de tojidos 

duros y blandos 
rnodelados con Ele­

mentos flnitos (r EM). 
Se identifican cuatro 
diferentcs zo nas de 

hueso cortical y 
espotlJo so. 

I Y sin tratamien to ortodoncico previa. 

Con cI iin de obtener toda la Informa­

cion corres poncliente a laanatornla de 13 
mandibula, de lii s .A,TM y de los m(ISCU­

los rnaselero , ten poral antenor y pten­
goidco inIe rTi O Yexterno, se realize una 
seric de cortes 1Or11ogrfi ficos hori zont a­

Ics y paralelos (Iuese extendierondesde 
cI borde inferior' de 1<:1 mandibula hasta 
un cc ntsnetro po r encirna de la fosagle­
noidea.Lo- '. ortes tornograficos se lucie­
ro n cada Irt'~ mihrnetros en el w erpo y 
en la Inrll a de lil mandfbul3 ! cada milf­
melro en el area cond ilat~ 

Los( or tesfuero n escaneadosy loscan 

IOn1 OS QP. los t.ejldos duros mandibu l<1 

r'p.s Sf:' digita liz.3r-on manualmente en 

""\UlO' ii d 14 (Autodesk. Los Angeles, 

Tomnors l 
none 

CA, USA). En las lrnagcncs, sc CSt il­

blecio un sisterno globed de coord cna­

das con base en la escala ut il izada. de 

t al manera que fue posible cnsarn blar­
las de rnanera consecutive (Fig 1). 
Una vez se const ru y6 un sist ema de 
curvas horizontales separadas unito r­

memente (rig. 2), se hicieront razados 
verticales can el fin de crcar rcctangu­

los de tarnano prom edio. Luego , sc 

defi ni6 una super fk ie tridi rnensional 

can elementos tip o 3D FACE, que se 

trazilI'o n y se ill tcrconeltaro n ell Po l 

espacio , con el objcto de (orlwrtir' 13 
mnndibula ell un solo cuer·po. I ~m ele­

melltos 3D FACE sir v iCl'O ri (0 1110 b;;se­

pal'n Iii. const r'uccion de 1,,1 I11 dll" de Po lfo" 
mentos finitos. Posterior'a la defini( i ( '1I1 

SCIENCE 

de la geometri a, el modele se exporto 

31prog rama COSMOS 2. (Structural 
Research y Analysis COI"p), donde se 
ge ner'6 la rnalla de elemento sfini tos. EI 

hueso esponJoso de la rnandibul a sc 

model6 can elementos solido s tct rae­

drrcos y el hueso cort ical con elemen­

tos t ipo mernbrana. los cuales tuvieron 

2 rnillrnetros de espesor. La rnandibula 
se dividio en cuatr o areas: 

1) Sinfisis,
 
2) Canina y premolar,
 

3) Primero, segundo ! terce r molar
 

4) Rerna 

ES10 se hizo para dilcrcnziar las propie­
dades de cada area ma.nd ibular-B.? (Fig. 
3). Los dace dientes: incisivos, (,minos. 

prcmolarcs 'I prlrne ros m () liir p ~, 5e 

rnodelaron como elementos tridirnen­
siona.les indcpendient- s, clemar-era que 
Iucra posible simular "I alveolo, los dier­
tcs y la mandibula de rnanera sej)iirada. 

AI dclirnitar la zona alveolar; file [l()sible 
consolidar' (, l ligaITl erll () periodonta l con 
elementos tipo membrana de un espe­
sor dcl .S milimetros, rnientrax que 10. 

dientcs se I nodelaron ro rno elementos 

solidos [pi raedriros. La anatorn la del 
u'lildilo se 1I1 ili; 6 [w'a modeler el hueso 

temporal.al ( Ol)iii dd ! co nto rnear la co n 

el fin dt: obtener una superficie corwexa 

que fue modelada con elementos upo 
rnernbr"iiTld dp. 5 rn iIime-tros de espesor. 
Lacavid ad del clisUl arri rular fue mode­
lada c.orI ) milfmetros de espesor, basa­
dos en medidas prornedio repor tadas 
por Hansson 'I i'Jcx dstr-orrr en '1977 10 

EI rnodelo de elemento s flnitcs. se hizo 
( O rl una combinaclon simuitaneade ele­

m ento s dt' r igidez axiai ! de contacto, 

los cuales fuero n colocados de forma 

paralela sobre nudas comunes, de 

Ill" ner a que fue posible combinar 

am bos t;>fectos y I'epresentar el com­

portarniento del disco ar t icular en un 
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T he cavi Ly o f t he: art icular d 15k wa s 

modeled wit h 2 mill t hickness, based 

Oil aver'aec measurements rep o rt ed by 
Hansson and Nordst rom in 1977.1R 

Finite element modeling wa s done by 

a sim ultaneou s co mbinat ion o f sprl ng­

type (axi al sti ffness) and gap-type (con­
t act ) el e lT1e nl.~ . These elements w ere 

placed irl parallel form on commo n 

no des, so thi'l l both effects would be 

co mbined arid the behavior oh he disk 

could be aC Cl Jri1 t ~ly represented in a 
syst em termed Rest r ict ed Rigidity by 
Dl spl"cerTieril' (RRD) (Fig 4), Ihe gap 

defines the maximum capacity of t he 

art icular disk to hp co mpressed. Milx 

irnurn flattening ci1 f!iJci Iy is give n by th e 

unit ar y elasti c deforrnation (f:) in th e 

compression test The spr ine gives the 

linear mechanical prop~ rty of the artie­
ular di sk defi ned frOIT1 a for'cc-d isplilce­

rnent curve from which the elastic mod­

ulus (E) w as obt ained ,1:> 

W hen t he sto rnatognathicsystem is at 

r est. th e gap is op en arlel the spring is 

re laxed. Vv'hen a load is applied , t he 

gap starts clOSing, follow illg the linear' 

behavio r of t he spr ing by w hich the 

load is transmitted . W hen maxim um 

f lat t ening IS obtained, the g<1 p c1() s p.~ 

and st arts t r ansmit t ing the load, whil e 

th e spnn g also continue s to do so. In 

t his G1Se, the fo r ce o bt ained ill th e 

ar r rval node ISt he co mb.nanon o f t h ~ 

force tra nsmit t ed by the 5pr ing ,1Il <! the 
gap_ 

In order t o define t he mech anical pro p­
er t iesof the mand ible, t he values of the 
elasnc or Young modulus (E), the Pois­

son ratio (v), and shear strength mod­

ulus (G) w ere t aken from the literatu re 

(Tab le 1). Th ese were o rt hot rop ic 
(var-yillg characteristrcs In t he X, Y and 

Z ax is) for co r t ical and cancellous bone 

i-J.I1d isot ropic (identical characterist ics 
in said ax is) for denti n. per io dont al lig­
ament, ar ticular d isk , and t emporal 

Fig 4 Modeli ng of ar ucuIar disk WI th gap-type (contact) and spring-type (ax ial
 
suffn ess) elements : Restricted Rigidity by D isplacernent system (RRD).
 
<:I) Distribution of the RRD elements over the condyle.
 
b) M<1 thernatical model of th e RRD system.
 

Flg_ 4 Mode l<1ci6n del diSCO articu lar con elementos de r igidez axial y elementos 
de contac to inrcgrados en el sistema de Rigidez Restringida por Desplazamiento 

(IUZD). a) Dlstribucion del sistema RRD sobre la superfl d e del c6ndilo, 
b) Modelo rnatematko que representa el sistema RRD. 

RRD 

Contact 

clement I 
Elemento de 
conracto 

b 

Node 

~ Axial 
_ ~ ~ . element / 
....... Elemento y$",­

:; ;1)( 1", 1 

(Spring) 

Node 

bon e,The mechanical character istics of 

th e ar ncular disk were assigned to Ihe 
elements of RRD, based on studies of 

mechan ical properti es of such t. i s s up .1~ 

Masti catory muscl es participating in 

mand ibu IJr closing movements ­

including th e antenor temporal is, mas­
seter s and Internal and latera l pter y­
goid s - w ere also modeled . It w as 

decided to model each one as a fiber 

bundle (mult ip le fo rce vecto rs) th at 

had an anato mical dir ect ion. Inserted 
JO And distributed In t he tendon area

(Fig 5). lhe model 's bound ar y condi­

tion s were defi ned In th e nodes on th e 

per iphery o f the te mp oral bone , with 

each node possessing SIX degrees of 

fr eedom. 

A conver-gence t est w as done t o rniru­

mil e the margin o f erro r of th e FEM 

mesh.Ten d iffer-ent fin ite eleme nt mod­

els w ith ill er-casing number of elements 

WFr~ const ruct ed, st ar ting With 5000 
ele m ent s. 

Results 

A f inite element mo del of a mandible 

with a complete dentit ion and th e TMJ 

from a live subject w as cre ated . The 

model consisted of 7942 nodes and 

41,010 elements, w hich were so lid , 

tetrahedra l of 4 nodes fo r cancellous 

bone, dentin, and shell-type. and t ri an­

gular o f three node s for periodont al lig­

ament and cor ti cal and temporal bone 

More over, it consisted o f six degrees 

of fr eedom per node, w hich impli ed 

that displacements and rota t ions were 
evalu at ed. The con ve rgenc e test 

de monst rated t hat t he margin oferror 
WiJ,S minim al after 41 ,010 elements 

(Fig 6). 
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Table 1 Orthotropic and isotro pic mat"erial proper ties assigned to fini te elemen t mo del. For each sect ion , X is assumed in 
the long axis of the mandible. Y Is perpendicular to X and tangent to the cortical cross-section, and Z is perpendicular to 
the XY plane. 

T~b l a 1 Propledades mecanlcas ortotr6picas e isotr6picas definidas en el modelo de elementos fin itos .
 
Para cada secclon, €I eje X sc asume a 10 largo de la mandlbula, el eje Y sera perpendicular al cjc X y Langente a la seccion
 

transversal del hueso cortical. Z sera perpendicular al plano XY, cumpllendo la regia de la rnano derecha.
 

-
Materia! / Material Elast ic Modules (E) [GPa] Poisson's Rat io (v} [11] Shear Modules (G) [GPal 

Module Elasticidad Relaci6 n de poisson Modulo Cortante 
, - ­

Direction / D lrecci6n X Y Z XY YZ XZ XY YZ XZ 
'. ­

Cortical Bone I H ues o Cor tical 
- Symphyseal 1.2 " / Sinfis is 1,2 " 22.9 14.2 10,5 0 .19 0.31 0,29 6.0 3.7 4.8 
_ Canine-premolar 1,2 • • / 25.5 14.5 10.2 0.15 0.30 0.25 6 .2 3.4 5.0 

Canine-premolar 1.2 .. 

- First, second and third molar 1,2" I 19.6 13.8 10.6 0.38 0.23 0.47 6.2 4.1 5.4 
Primer, Seg. y tercer molar 1.2 .. 

_ Ramus 3.4 / Rama 3.4 '17.0 6,9 8 .2 0 .31 0. 33 0. 31 4.6 2.9 2.8 
.. 

Cancellous Bone 5/ Hu eso Canceler 
- Symphyseal / Sinfisis 0.96 0.39 0.32 0.30 0.30 0.30 0.17 0 .13 0.09 
- Canine-premolar / 0.96 0.39 0.32 0.30 0 .30 0.30 0.17 0.13 0.09 

Canino-prernolar 
- Fir st. second and third molar / 0.96 0.39 0.32 0.30 0.30 0.30 0 .17 0.13 0 .09 

Pr ime r, Seg. y tercer molar 
- Ramus / Rarna 0.96 0.39 0.32 0.30 0.30 0.30 0.17 0 .13 0 .09 

A r ticular Disk 6,7 / Disco articular 6,7 0 .001800.001800.00180 0040 0.40 0 .10 
Dentin 8 / Dcnlina 0 17.6 17.6 17.6 0.25 0.25 0. 25 
Periodontal Ligament 9,10,11/ 0.0028 0.0028 0.0028 0.45 0.45 0. 45 
l.igarnento Periodontal Y. io. 11 

Temporal Bone l ' / l-lueso Temporal P 13 ,7 13.7 13.7 0.30 0.30 0.30 

" Assumed as cortical bone / Sc asurne como huesocort ical; "" Averilge value I Valor prorncdro 
j Dechow et al. (1993). 2 Dcchow et al, (1992), j Arendts and Slgolorto (1989), 4 Arendtsand Sigolulto ( 1990). J Turner et al (1990), 
6 Chen and Xu (1994). 7 Me Minn and Hutchings (1977). 8 Craig and PeYlon (1958), 9 Mandel et ill ( 1986), 10 W ider et 31(1976). 
11 Ralph(1982) 

sistema llarnado Rieiue / Restring ida 

por Desplazamicnto (RR D ) (FigA) , EI 
elemento de cont aeto define Iil. ( iJ pa,i ­
dad maxima quc ticne el disc () artiru­

lar para detorrnarsc por c.o m pres io n. 

La capacidad maxima de dp lfiSI arnien­
to esta dada POI - la deformarion elast i­
ca unit ar ia (f.) obienida en una prueba 

de carga ax ial. EI elerne nto de r igldez 

axial da las propiedadesmeca nicaslme­
ales del disco art icular definidas desde 
la curva ru ~,u ii-elespldzam le nto a par­
t ir de la cual se obtuvo el modulo de 

elast icidad (E)19. 

Cuando el sistem a estomatcgnat ico 
est a en reposo. el elernento de co n­

ta ct o esta abierto y el de rigidez axial 
est a relajado. Cuando III carga es apli­
cada, el elernento de contacto cornier­
za a cerrarse proporcion alrncntc al 

cornpor t arru err t o del elernent o de r igi­

dez axial. a traves del cual sc trans mi­
te 103 carga. Cuando oc ur rc cl aplasta­
miento max imo del disco, cl elemenio 

de co nt acto sc cicrra y corn i (,;11I ii a 
transmitir la carga de rn anera sirnlJltil ­

nea can el elemento de r igidez axial. 
En este caso, In fuerza qu e sc ob t iene 
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en elnodo elf' llegada es la cornbrnacr on 
de las fueUii rransrnitida o r ambos 
elem en to s. 

Las pr'op it-' dilde, mecanicas de los 
rnate riales que cornponen la rnandlbu­
la como e] modulo elast ica 0 de Young 

(E),Iii relacion de Poisson (v) yel Modu­
lo d" cortante (G), se tomaron de la 
li terarura (Tabla '1). Estos fueron or to­

tro picos (las caractertsucas varlan con 
respecto a los ejes X, Y Y Z) para el 
hueso cort ical y esporuoso e isotr opi­
cos (caracterisncas identicas para los 
ejes rnenoonad os) para la denuna: el 
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b" 
Fig 5 a) Anatomic distribution of the temporal muscle. b) Fiber bundle with anatomi cal direction (directors cosrocs), 
c) Multiple parallel vectors simulating muscle loads. 

Discussion 

Ma ndibular b rornecharucs has been 

stu d ied broa dly through clirrf' r p- nt 

ex perim ent al app roaches, AIthou gh 

most methods have revealed Interest­

ing results, t hey present significant lim­

itations, Direct methods16 ,25.31 , such dS 

th ose w hich use t he Insertion o r piezo­

elect r ic foil s on the TMJ onl y provid e 

measurem ents of specific points and 

are difficult to msert and stab ilize, The 
invasive nature doe s not make th em 

completely reli ab le, since t he pl ace­

rnerrt of roils In the art icular space can 

alte r st resses generated dun ng normal 

physio log ical fun cti on. Stra in gauges 

have been placed III r amus, corpus, and 

subcondylar areas, giving only an ap­

prox imation o f the mech anical behav­

ior, Am ong the Indirect methods , 

de scriptive o r co mparat ive studies 1,2 

are useful in obtamrng macro scopic 

inforrn ation. but do not assess specific 

ar t icular loads, On the o ther hand, 

photo cl astic studies" 4 also pre sent lim ­

ltat.cns, since t hey require a mode l of 

Fig. 5 3) Distr ibuci6n anatornica del musculo temporal. 
b) Haz de flbras ca n direcciones anatornkas (cosenos directores). 
c) Grupo de vectores que slrnulan las cargas rnusculares apllcadas. 

each st ruct ure t o be stud ied and do
 
not reproduce its mechanical pro per·
 

ties.
 

Last ly, the numeri cal models, which
 

inclu de fi nite elem ent analysis, have'
 

been used satisfactonly In t he f ield of
 

b iom echanics du e to certain advan­

tagcs: th ey allow simulati on of geo me­


tr y " r'.d mechanics of a real object , the
 
mec.harucal beh avior" of the mo del IS
 

similar to that of the rea l object , inter­


nal st resses can be quantif ied In t he
 

model and t he point of exertion. mag­


ni tude, and direct ion of any given fo rce
 

C1 11 be l ead ily changed In order- to sirn­


ulate diffe r-e nt situations.!" In general,
 

FFM is an imp or t ant com plemen t to
 

oilier experimentalmethods that seek
 

to deter m ine t he st re ss d ist r ibut ion
 

and de forrn at ion pattern s of complex
 

bio logical stru ctu res,
 

T he mo(lP.! gener ated consiste d of
 

7942 nod~s , 41,010 elements and
 

47,652 degreps (if fr eedom , Compar ­


rson sw it h models o f sum lar studies mdi­


r at e that th.. valueso fthe elements and
 

nodes werp'/i l'eater th an th ose rep o rt ­

f'd by Tanaka et allO (2088 nodes and 
1105 elemen ts) , Kor ioth et alA (5580 
n (J clf' ~ and 4572 elements) and Kor iot h 

,HIdHannamlj} (7375 nodes and 5926 
elem ents), III o rder to determine th e 

adequate number of divisions, a con­

vergtollcP tes t was per formed demon ­

strating that t he margin of erro r w as 

m inim al after 41.010 elements , This 

t est give''; the opt imum me sh with 

whic h thf' r eliabilit y of results can be 

Improved. 

Some studies based on FEM are two­

dimensioned, simplifying aspect ssuch as 
geometry/·ll how ever, several papers 

based on three-dimensional FEM have 

been published. Some w ere based on 

co rn puterized axial tomogramsS.~ . 8 .s 

and other-s on photographs of sectio ns 

of dr y skulls.10,11 The met hod that sec­

tions t he mandible presents significant 

limit ations due to the loss of bone, t he 

technical diffi cult y in obt aining sections 

with a uniform th ickness, destrucnon 

o f the specimen . and the ti me and 

effort required in its pr-epar ll-tlo n.s 

I<oolstra and Van Eijden'U and Chen 
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Fig 6 Finile element model loaded with 
a chin cup type forc e. 

Fig, 6 Modelo de elementos flnltos 
cargado con la fucrzade unamcntonera 

de tra ccion occlpltal. 

ligamcnto periodontal, el disco articu­

lar y el hue-so tf'rnpor-a l. Las ca racte­
ristkas flIeuJni<as del disco ar t rc uler 
tucron asignadasal sistema RRD, basa­

dos en estudios de Id S prop iedad s 
mecaniras tit-' (-'ste te jid<) ') 
Tarnbien se rnodelaro n los prinopales 

ITIl 'JSClJlos rnaslit rJ tor ios que mtervie­
Ilt;11 ell los movirnientos de rierre man­

dibular como son: temporal anterior. 
ITl ilseh:r'o , y pte rigoide os II terno Y 
ex terno. Cada uno de los musculos se 
lTlodel6 como un haz de f1bras (mLdtl­

pit's v(;'( toresde fuerza) que coinciden 
('on If) direccion anatomica, insertados 

'/ c1 istr ibLlldos en el area del tend6n30 

(Fig,S), Lascondicionesde fm nteradel 

Inodelo 51:' definleron en los nudos de 
lil perifer ia del hueso t empora l. res­

tr ingiendo los sels gl'ados de libertad , 

Se l'eallzCl un prueba de convel",l::enCia 
del modelo para minlmizar el el-ror en 

la malla de elementos frnltos. para diez 
modelos a los w ales se les camblo el 
numero de elementos. comenzando il 
part ir de 5000, 

Resultados 

Secrco cI mode le rnaternatit.o de ele­

me ntes linitos de una mrJ rHl ibul'l ron 

dcntidon completey laATM rl~ un suje­
to vivo, EI modele cOr1 sl ci el p. 79"1 2 
nudes 'I 11 1010 elelTlell lus , los cuales 
flJRIOn ~6lido s tetraedricos de CI.13t ro 
lIudos PiU 'i.J el hueso col-t ical y la en­
111M, 'j t ipo ITl ernbrarl,1 triangulares de 
tn:,s nudes pal-a el ligamenta per- io­

dontal, el hueso corneal y el temporal. 
Adefll ih , luvo seis grades de libert ad 

pm nudo, 10 que perrrutro evaluar los 
desplazamientos y las rotacrones, La 

prueba de corwergencia rnostro que el 
error resultants fue rnlru mo para el 

modele de 4'10"10 elementos (Fig, 6), 

Discusion 

La biornecanica mandibular ha sido 
estudiada ampliamente y can diferen­

tes enfoques experimentales. Aunque 
la rnayorfa de los rnetodos han tenido 

result ados interesarrtes. tlenen hrnrta­
ciones significativas. Los rnetodos 
dll-eeto sl~)'i,~ I , que son aquellos que 

msert an laminas piezoelectricas en In 
ATM , solo proveen medidasen puntos 

espedf lcos y las laminas son dificilesde 
insert ar ! estabi lizar, Su nilturil leZil 
Invaslva los hace poco conflables. yil 
que la ubicaci6n de las laminas en el 
espacio articular alteran los esfuerzos 

generados durante la funclon nor-mill 
en el animal. Tambien se han ubicado 
deformlmet ros en lil rilma, el CUCI'PO 
lIlundibulal' y en lils al-eas subcondila­

I'es; los cuales dall una apmximacion 
del compo!'tamiellto mcca.nico, Ent re 
los metodos indirccto s cstall los des­
cr ipt ivos 0 cstudi os compdrativn:,1,;2 

que SOil ut iles par,) obtcilcr infor ma­

cion milcroscopica, pcr o no para csta-
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blecer c(lrga" art iculares espectflcas. 
Por otro lado, los estudios fotoe lasti­
cns3 , ~ tarnbien ti enen limitaciones ya 

que requieren un modele de cada 

est ructura estudiada que no represen­
t a sus propiedades rnecanicas. 
Por ultimo, los mode-los nurnericos en 

los que se incluyen los analisis de ele­
mentos finrtos, se han unhzado sans­
factoriarnerrte en el campo de la bio­

mecanica. debido a sus multiples 
ventajas: Permiten simularlageornetria 
y las caracteristicas rnecanicas de un 

obreto real, de tal rnanera que el com­
por tarruento mecaruco del modele 
rnaternat ico essimilar al del objeto real. 

Losesfuerzos internos sepueden cuan­
tificar en el modele. la magnitud, direc­

cion ! punto de aphcacion de la carga, 
sepuede cambiar facilrnentepar-a sr rnu­
lar situaciones diferentes 1Ci , En general. 

el r EM es un complemento tmportan 
t e para los metodos exper irnentales 
que buscan deterrmnar la distribution 

de esfuerzos y deforrnaciones de 

estructuras biologkas cornplejas, 
EI modelo generado consto de 7942 
nudes, 41010 elementos y 47652 gl-a 
d 0 5 de libertad. Las comparaciones con 

ot rosrnodelosdeestudiossirnilares, indi­

canqueel nurnerodeelementos y nudos 
ut ilizadosfueron rnayoresque los repor­
tados par ranaka y col. (2088 nudos y 
1105 elemelltos). Korioth y col.6 (5580 
Iludos y 4~ 1L elementos) y Korioth 'I' 
Hannam8,'1 (737S nudas 'I 5926 ele­

mentos), Con cI fin de determinar' un 

numcro millimo de elementos en el 
modelo, se hizo una pruebil de conver­

gCllCia 'I se dcmostr6 quc cI CITor tuc 
minilllo despues de 11 0'10 e1ernentos, 

Esta pl'uebapropor'elollauna malld opti­
Illa COil la cual los resultadospueden sel' 

mas conflable'>. 
,A.lgullo<, I"stucl iosb" sados en el FFM SO il 

bidimensionales, 10 (jue simpli fleo aspec­
to s COIllO la eeo lllc t rfa7,11: mientras que 
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and X u7 discussed th e Importance of 

generat ing models based on th e 1'1:31 
anatomy of live subjects and were the 

fir st t o uti lize imaging t echniques. such 

as magnet ic resonance. In orde r to 

obtain mandibular mod els. 

G iven t he way in wh ich t he articular 
disk w as generated. th e model has the 

possibilit y of evaluati ng only compres­

sion and can dissipate st resses based 

on th e strain and flattening caoacrty 
Till' advant age of modeling with t he 

RRD syste m is that t he zon es where 

perforatio ns can appear can be Identi­

fied and the lim it o f max imum fl at t en­

ing can be established. In t his manner, 

Lhe behavior o f t he disk is represented 

au,uril te ly, O n th e ot he r hand, a 

mand ib le with a complete dentmon 
and the TMJs were generated, and t he 

or thotrop ic proper ties of cortical and 

cance llo us bo ne were taken into 

account . Thi s w as imp ortant because 

in cases w here bone is modeled w it h 

Isotrop ic elas lie properties, a m axi, 

mu m er ror of up to 45° in th e predic­

t ion of th e or ient ation of th e pr incipal 

axes o f stresses is possible.oj T his, fo r 

example, w as also taken into account 

by some st udie s, such a" those repon ­
ed by KOrlot h et aI.G,G,? bU1 was not by 

ot hers, such as Tanaka eL <J l. l0 

In thi s study, muscles w er e modeled as 

fibe r bundles and mult iple force vec­
to r s were oriented In th e direct ion of 

muscle fibers and di st r ibuted in th e 

insertion area. Thrs modelillg permit­
te d th e distr ibution of the re sultant 

muscle fo rce in the vectors, prpsenting 

an advant age Wit h re spe ct to ot her 

st ud ies t hat used a singie vector,5,10,32 

Since muscle fo r ce IS di st ri buted ove r­

a greater area. It r esembles real condi­

ti ons mo re accurately and avoid s dis­

to r t ion in t he stress and strain analy­

sis, 

Thi s study con tr ibuted to th e advarce­

rnent ofmodeling method ssince It w as 

based on informat ion from a living sub­

ject , w hich made it possible to gener ­

ate a model that can be used in future 

studi es wiLh variations and mo d if ica­

tions, allowing th e description and pre­

diction of differ'ent biornechanical 
mandibular sit uations. 

o 
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han side publicados rnu:hos otros estu­
dios basadosell and li~ i') Iridirnensionales: 

algunosde los r uales <;e basan en tome­
grafas axiales 5,6,8,9 y otras en fotograf 
as de> (mtes de craneos secos J" 11, EI 
metodo de los cor tes presenta limite­
ciones debido a 13 perdida de hueso de 

lamandlbula10 que no garantiza un psr~­

SOl' uniforme,destrucci6ndelespecirnen 

'j el nernpo y cI esfucrzo q lJ~ s<-> requie­
re para su prcparacion'', Koolstra ! Van 

Eijden31 en 1997 'i Chen YXLI? en 1994 
discut icron I" impor t ancia de gener-ar 
modelos bRSiJdos en la anatomia realde 

sujel.os vivos 'I fueron los primeros en 
',IS,Jr tecn kasde imagenes, como la reso­

nancia magnenca. para obtener mode­
los mandibulares. 

Deb ldo a la rnanc r a como Sf: g<-> rlel () 1;'1 

disco ar t icular, cI modele maternat ico 

tiene 1<1 posibilidad de evaluar uruca­
rnentc la cornpresion 'I puede drsipar 
los csfuer /Os con base en ta deforrna­
cion ! la ( j pilf idad de aplastarr uento. 
La venta]a de modelar con el sistema 
RRD es que se pueden ident if icar las 
LOnas donde podrlan aparecer pcrto­
rationes.yestablecer elhrnite del aplas­
tamiento max imo. Asi, qucda (-epre­

sentad el corn port arnierno del disco 
articular, de rn ancra advcuada. 
Par otro lado. se gener() una rnandibula 
CO il dcnti cion . crnplet a ! SLI ATM, 
dond e las propiedades ortot rc picas 
del hueso cor tical y espon ioso setorna­

ron ~ 11 Ulf"nta. Esto es Importante, '1il 

qute' I-"f) casm donde el hueso se mode· 

la con propiedades elast icils isotr6pi­
cas. e s posible encontrar Ull CrTOt 

mayor del 450 en IJ prediccion de Id 
orientaclon de los cjcs pri ncipal... ,> de 
esfuerzos~ : , Esta cunsidf'raci6 n, fue 

tenida en euenla pelf' ocs l udiosc:omo los 

reportado') po r' KOrlot h 'I colaborado· 
['(0:;6,8,9, '! no fue considerada en otros 

CQ InO el cit' Tanaka y colabol-adol'eslli . 

I:n t'ste estudio . los musculos semode ­

laron como haces de tibras donde los 
multip les vectorcs de lucr za Sf> orien­

taron en la direccion de ltis flbras mus­
cularcsYsc disrr ibuyero n en col area de 
inscrcion. Este sistema de nodelaci6n 

pcr mitio In distri burton de la fuerza 

muscular resultante en mult iples vee 

teres. 10 eual representa unaventaja en 

relacion can otros estudiosque utilizan 
solo un vector ';,10.32 , Debido a que la 

fuer za muscu lar' sc aplica en un ~ rea 

grande, se ascrne]a mas ri ias condicio­
nesrealcs'I cvit adist o rsion es en el ana­
lisis de csfuerzos ! deforrnariones. 
hstc estudio contribuyo a los avances 
en los l1lelodos de modelado ya que se 

h"S<l eri la inform acion de un sujeto vivo 
10 ellal hizo posible general' un mode­

10 que se puede usar ell estudios tutu­
ros can variaciones y rn odif icaciones 

que perrn rten la descripcion y predk­
cion de situacioncs difcn"'lll f"s, 

CI 
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