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Introduction combined contractions of the transversus and the longitudinalis
rguscles. This theory converges well with the depiction of the

critical to such physiological tasks as mastication, swallowing an ngue as a muscular hydros{al, an organ tha; funct_lons by
speech. In this paper, we model a primitive movement of t forn_wmg in a plane orthogonal to the co_ntractlon_ axis by con-
tongue, sagittal tongue bending. This deformation can be consf'vation of volume. One of the goals of this modeling effort was
ered a foundation of lingual deformations seen in oral phase swil-evaluate the extent to which combined contractions of the trans-
lowing, wherein the tongue undergoes sagittal bending to pla¥g"Sus and Iongnudmahs muscle account for sagittal tongue bgnd-
the tip posterior to the top row of teeth, forming an accommod4?9- In order to validate our model, we compared the theoretical
tion pouch in which a bolus of food is held. results to previously published empirical measurements obtained
The musculature of the anterior tong(Rig. 1) is composed of by Tagging MRI[3].
intrinsic muscles, myofiber populations wholly contained in the The theoretical model of tongue bending was based on classical
body of the tongue and unconnected to any external bony attaéfimetal strip theory{4,5], which is typically applied in electrical
ments[1]. In contrast, extrinsic muscles have a bony attachmetitermostat switch design. Bimetal strip theory applies to the case
outside the tongue proper. One of the intrinsic muscles, the supgwhich two metals of different thermal expansion coefficient are
rior longitudinalis muscle, runs parallel to the dorsal surface of tH®nded together at an interface and are subjected to a temperature
tongue, below the thick epithelium. Below this myofiber populachange[6]. Under these conditions, the thermal expansion re-
tion, lies the intrinsic core of the tongue which contains sequentighonse of each layer differs, yet the bond between the layers re-
sheets(in the coronal planeof superior-inferiorly and medial- mains fixed. Thus, the only way for the strip to accommodate the
laterally directed fibers; the verticalis and transversus musclefiffering expansions is to bend. In the case of sagittal tongue
respectively. Below this layer is the inferior longitudinalis muscl@ending, a beam curvature is produced when one muscle layer
followed by connective tissue, the lingual gland, epithelium, and(gpecifically the longitudinalis musdleontracts more so than the
thin strip of tissue called the frenulum, which connects the antgther layers. Hence, if muscular contractile strain can be consid-
rior tongue to the floor of the mouth. The transversus, verticaligred analogous to thermal contractile strain, the layered muscular
and longitudinalis muscles also extend to the posterior tongugndwich within the tongue can be adequately modeled by a clas-
The posterior tongue contains a central region of fibers originatiRgea| pimetal strip. One strip layer was composed of the superior
at the mental spine of the mandible and projecting in a fan-lifgngitudinalis muscle and was bonded to the other layer, com-
manner in the superior, lateral, and posterior directi@@Te- ,qe of the transversus and verticalis muscles. Once the strip was
sponding to the extrinsic genioglossus musclEhere are tWo g piacted to a temperature change, contraction of the longitudina-
major laterally inserted fiber populations, the first directed postgs 5 transversus muscles was accomplished by specifying the
rior and |nfer|or_(the extrinsic hyoglos§us_ musgland the second directionally dependent thermal expansion coefficients for the dif-
directed posterior and superi@ihe extrinsic styloglossus musgle ferent layers.

Sagittal bending is one .Of several primitive dgformatlons a5 previous models of lingual muscular activity have emphasized
sumed by the tongue during swallowing. Classically, SUPETIOf: 1 atively simple geometry and few elements, incorporating real-
directed tongue bending is considered to result from contracti y b€ 9 Y ' P 9

: Sn Hlic activation and dynamics properti¢g], as well as multi-
of the superior longitudinalis muscle alofi2]. In contrast, we ’

hypothesized that sagittal bending may be better depicted b gmen_t finite element mgdels, in_corpora_ting correct three-
yp g g y P y fc:ﬁ{lmensmnal geometry and viscoelastic constitutive propeligs
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The human tongue is a versatile, lithe muscular organ, which
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longitudinalis m. transversus m.

Fig. 1 The intrinsic musculature of the human tongue, as depicted by histo-
logical axial cross-section. The medial and lateral locations are shown. The
longitudinalis m. runs along the tongue’s long axis; while the transversus m.
(extending medial-laterally ) and verticalis m. (extending inferior-superiorly ) are
seen in-plane in this figure. Approximate location through anterior tongue is
visualized in the inset MRI sagittal image  (upper right ). [Image adapted from
Gray’s Anatomy by Henry Gray. Crown Publishers, Inc., 1976. ]

tongue by subdividing the muscular organ into gross directional In order to address this mechanistic distinction, we modeled the
myofiber element§9,10]. While not wholly parcellating the organ tongue as a composite beam, which has an initial curvature in its
as a finite element model, these models attempted to retain somst configuration, and then undergoes a change in curvature due
of the flexibility of a generalized description, while still somewhato dissimilar contraction patterns of the beam elements. The top
limiting the scope of investigation. For instance, both of thesseam elementbeam 1 represents the longitudinalis muscle layer,
models utilized linear elastic isotropic constitutive descriptiongvhile the bottom beam eleme(iteam 2 represents the intrinsic
Model comparisons to empirical results were lacking. Howevegore of the tongue which is composed of the transversus and ver-
the Hashimoto and Suga model, which involved tongue deformgcalis muscles. Muscular contraction has been simulated in the
tions in the production of vowel sounds, was validated by conimetal strip model by assigning different thermal expansion co-
parison to cine x-ray images. efficients (@(x)) to the different beam layers. Using this ap-
Our model differed from past investigations in that it was aproach, we assessed the relative contribution of the transversus
analog model comparing the tongue to a common mechanical g longitudinalis muscles on sagittal bending.
gineering device, a bi-layered beam with differing thermal expan- The bimetal strip bent beam analog solution is derived from the
sion properties. Secondly, we validated our model with not jugfassical mechanics theof§,12] with several modifications. The
gross geometryi.e., global curvature through cine x-fiaybut following assumptions were made in order to produce a set of
with internal deformation metrics(i.e. strain measurements yoyerning equations which could be readily solved by analytical
through the cross-section with Tagging MRThis model was methods(1) cross-sections originally planar and perpendicular to
created to answer a spguﬂc question: what muscular elementsif heam’s curved long axis, remain planar and perpendicular to
the human tongue are involved in the common tongue deformgg neyw curved long axis after deformatia) contraction does
tion, sagittal bending toward the hard palate. not produce shear deformation, i.e. only pure bending is modeled
(Bernoulli-Euler beams (3) the two beams are connected by rigid
plates at the ends, hence concentrated force at the ends is trans-

Development and Validation of Analog Model. A mechani- formed into a linear stress variation through the cross-section
herwise shear deformation occurs at the ends, conflicting with

cal analog model was developed and compared to strain measiPd? > ; .
ment data derived from a prior tagging MRI stufl§]. In this assumption }, (4) the solutions for concurrent contractions of the

study, we explored two different mechanisms by which the tongd@ngltudlnahs and transversus muscles can be sgperlmposed, gnd
might achieve sagittal bending in vivo. One mechanism requiré@gtly (5) both beams were assumed to be comprised of isotropic,
the superior longitudinalis muscle to contract without concurrefifear elastic materials with orthotropic thermal expansion coeffi-
contraction of the inferior longitudinalis muscletherwise the cients. ) ) ) )

tongue would simply shorténthereby producing a longitudinal N classical bimetal strip theory, a composite beam is formed by
strain gradient through the cross-section as well as a curved glop¥p beams of different material composition bonded at an inter-
deformation, consistent with sagittal bending. By an alternatiféce. The two beams can have different thicknebs,y),
mechanism, superior longitudinalis muscle contraction was aid¥gung’s modulus E,,E;), Poisson’s ratio £,v,), and thermal

by contraction of the transversus muscle, which produced an dxpansion coefficient«, ,a,). Table 1 contains definitions of the
ticlastic curvature about the medial-lateral axis, thereby augmerglevant parameters used in the modela{f>a, and there is a

ing sagittal bending. The existence of independent contractionstemperature dropT, beam 1, if unencumbered, would contract to
the muscular components of the intrinsic mammalian tongue wagreater degree than beam 2. However, since the two beams are
acknowledged in a study of motor unit innervatidi]. The au- bonded together, beam 2 restricts beam 1's contraction by apply-
thors concluded that the orthogonally oriented muscle sheetsing shearing forces at the bonding interface. If each beam is then
the core intrinsic muscle@ransversus and verticalis musglep- taken as a separate free-body diagram, the shearing forces, since
peared to be individually innervated by separate branches of they are not applied centrally, produce bending moments on each
trigeminal (sensory and hypoglossalmotor) nerves. beam. These two moments may be different since the beams can

Methods
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Table 1 Model parameter definitions found by integrating the differential moment produced by the
bending stress distribution across the indicated cross-section.

Parameter Definition
hy: Height of beam 1(superior longitudinalis n). _
h,: Height of beam Qtransversus and verticalis m. M= | yodA ©)
h: Total height of bimetal stript{=h,+h,)
Ef \If\ggtr;hog#)gggnn{measured along convex edge Since the curvature changes that are anticipated in the tongue
El-: You%g,S Modulus of beam 1 9 9 model are very large, linear strain definitions could not be used.
E,: Young's Modulus of beam 2 Instead, we chose to use Green’s straif,1/2(L2— 1), to define
vy Poisson'’s ratio for beam 1 non-linear bending strain in a curved be#&see Appendix 1 for
2% Poisson’s ratio for beam 2 derivation:
ay: Thermal expansion coefficient for beam 1 '
ay: Thermal expansion coefficient for beam 2 P
AT: Temperature change experienced by the bimetal strip 1 1 yR, [ 1 1 n
Ry : Initial radius of curvature to bimetal strip neutral axis £€=5 + y+R R.)] 4
Ko : Initial curvature k,=1/R) _ 0\ b
e e 1 beam L e o Where y is the distance from the neutral & is the origina
Ry Radius of curvature induced by the bending momentradius of curvature to the neutral axis of the curved beaee
Ry: Final radius of curvature of bimetal strip neutral axis Appendix 2 for derivation oR,), andR, is the radius of curvature
Py Axial load applied to beam 1 caused by the bending moment, M. Using equatibrand assum-
P,: Axial load applied to beam 2 - - - -
M Moment applied to beam 1 ing that tongue musculature behaves as a linear elastic material,
M;: Moment applied to beam 2 equation(3) can be evaluated analytically:
M==——— | (R +Ry)hR,— 4hR2+ 2R3 | Rl 2
= — n —_— R—
2(1_1/) ( 1 2) RO 0 Rl Rb

have different thickness; however, equilibrium dictates that the ) 3 4
sum of the moments must equal the moment-couple created by the MPTEE) (Ri+Rp)hR;—6hR;+6R, In ==
shearing forces acting centrally on each bd&ig. 2):

1 1 1
P,=P,=P 1 +2R5(———) =
1h 2 h i (1) o\ R, Ry || R2 (5)
1 2
Mi+My=Py 7) + Pz(f) = P(E) (2)  where b is the width of the beam, aRd andR, are the inner and

outer radii, respectively, of a beam initially bent concave down.

Constitutive relations describe the relationship of material détote that M is defined to be positive clockwise. Hence, the non-
formation to loading. For the case of a curved beam bimetal stiiipear strain definition produces a moment-curvature relation that
problem, the relationship between moment and curvature can ibétself quadratic.

In order to solve for the curvature produced by a given contrac-
tion, a compatibility relation must be imposed at the interface of
the two beams. That is, for the two beams to remain bonded at the
interface, the longitudinal strain experienced by the lower plane of
the upper beam and that experienced by the upper plane of the
lower beam must be equal. The longitudinal strain is the sum of
the thermal, axial, and bending strain. At the interfacg;=R,
+h2—Rol andy,=R,+ hZ—ROZ; which can be substituted into

equation(4) to derive the bending strain. Thus, strain matching

can be expressed mathematically as:
P
Sxxl(R2+hz):8xx2(R2+h2)alAT+ E,h,b
1 (Ro+hy— Ry )R, 1) 2 L
"2  Ryth, R,/
~eATTEnb
1 (Rptha—Ry )R, [ 11)? .
"3  Ryth, R,/

(6)
WhereRol and R,, are the radius of curvature to the neutral axis

of beam 1 and beam 2, respectively. Finally, the change in curva-
ture produced in the bimetal strip can be found by combining
equation(6) with equation(2) (in elasticity theory, this is a com-
bination of equilibrium, constitutive relations, and compatibjlity
The radius of curvature produced by the bending moments acting

Fig. 2 Analog model defined by two materials bonded to-
gether at an interface. The bimetal strip is initially concave-
downward; each material is constitutively defined by its mate- ; . ) o
rial properties and spatial dimensions (see Table 1). Upon ©ON the strip can be found by solving the quadratic equation:
contraction of the top material, the “bimetal strip” is subjected

to the forces and moments defined on the schematic. The axial strain is defined by=o/E=P/Ehb
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(Rp+hp—Ry )?RE —(Ry+hy— R, )RS 4(Bl+Bz)( 1 G

(Ryt+hy)? h Eih,
1 ) 1 2[(R2+h2)(Rol+R02)+R§2—R§1]
’ Ezh, R_§+ R,+h, ,
4A+Ay) [ 1 1 1 s A0 (0 \/’—
h E:hy ' Exhy/ Ry (1= @)AT=0.() %M/r
where \
A S (Ri=(Ry+hy)?)R, —4h;R2
1 2(1_1)%) 1 2T N 0, 1R,
3 R, neutral surface
+2R; I R+ 1,

E
Ap=———r {((RzJr h2)?~RE)R,,~ 4h,+ 2RZ.

T2(1-17)
3
+2R;, In( R,
_ E1 2 2\p2 3
Bl—m (RT—(Ry+hy) )R°1_6h1R01
R, 1 1
+6RS +2R3 | ——
ORo, In Ro+h; 2R01(R1 Ro+h; }
B,—— 2 _ ((Ry+hy)2—R2)R% —6h,R3
2 4(17]}%) 2 2 2/ %0, 20, 01
1ER | R,+h; 1 oRS _ i 8 Fig. 3 The phenomenon of anticlastic curvature arises from
0, N R, °%2|R,+h, R, (®) Poisson effects. When a beam is bent, the concave edge is

under longitudinal compression, while the convex edge is un-
A, and A, are derived from the constant in front of the linear ternder longitudinal tension. Poisson’s effect dictates that the con-
in equation(5) for beam 1 and beam 2, respectively.&hd B, are tracted edge must expand orthogonally, while the edge under
derived from the constant in front of the quadratic term in equégnsion must contract orthogonally. This requirement creates a
tion (5) for beam 1 and beam 2, respectively. A sensitivity analysfd!rvature (the anticlastic curvature ) which is itself in a plane
of these equations was completed wherein the effect of varyin@§h°gonal to the plane of primary bending.
given parameter was evaluated by the variability induced on the
computed curvature.
The final radiusR;, of the bimetal strip can now be found. A
beam with initial curvaturdR,, undergoing bending described by
a change in curvature of radiy,, assumes a final radius definedof the individual beamsh, andh,. The Young’s Modulus, E, of
by: contracted E=0.01 MPa) and relaxed muscl&{0.006 MPa)
was found from other tongue models in the literat{it®] and
1 1 1 material test resultisl4]. Finally, muscle contraction was modeled
ﬁf = R_b + R_o ©) by assigning specific values to the thermal expansion coefficients
of each beam. Due to the lack of adequate data on human tongue
Model parameters were derived principally from MRI images an@uscle, results from the frogRana pipiengsartorius muscle were
the Visible Human: Male databa$&3] (Fig. 4, Table 2. MRI used[15]. The strain of muscular contraction was found to be
images of the same human subject from whom the empirical strait®-3 using the length changes$,d,/l,=0.7) reported by this
data were derived, were used to measure total height of beamyeference for isotonic contractions under low load. Thus, if the
width of beam,b; length of beamlL; initial curvature,R,; and temperature changdT, is set to—1°C, contracted muscle was
final curvature,R; (which was used to help corroborate modetiefined by a thermal expansion coefficieat,equal to 0.3°Ct,
outpud. The initial and final curvatures were measured by fitting while uncontracted muscle was defined byaequal to 0°C™.
circle to a set of points digitized along a contdBig. 5). This was Contraction of the superior longitudinalis muscle produces
accomplished by minimizing the rms error while varying théending in the x-y plane. However, due to the existence of Pois-
circle radius and center location. A mid-sagittal slice from theon’s effects, an anticlastic curvature in the beam is formed in the
Visible Human Male database was used to find the percentage plane(Fig. 3). This curvaturgwhich can be seen when bend-
composition of dorsal epithelium, superior longitudinalis muscléng a common rectangular rubber erassrequal to—»/p, where
transversus/verticalis muscles, inferior longitudinalis muscle, lip-is the radius of curvature for bending in the x-y plane and
gual gland and frenulum in a transverse x-section through tRisson’s ratio, which was set to 1/2, corresponding to an incom-
anterior tongugapproximate location from which the empiricalpressible material. Tissue incompressibility is commonly assumed
strain data was deriveédThese data were used to find the heights tongue model$7,8] as the tissue is highly aqueous, giving the
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h=78mm L=236.4mm

Fig. 4 The spatial parameters used in the model were derived from either MRI images of the
tongue, or from the Visible Human: Male database. (A) Coronal view MRI image (with tag lines
superimposed ) of the tongue depicting the width, b, of the tissue in the mid-anterior position,

32.6 mm. (B) Sagittal view MRI image of the tongue depicting the functional length (along its
curvature ) of the anterior tongue, 36.4 mm, and the composite height, h, 7.8 mm. (C) Sagittal
view, cross-section of the muscular structure of the anterior tongue, derived from the Visible
Human database, showing the relative composition percentage of the longitudinalis (25.8%)
and transversus (74.2%) muscle layers.

Table 2 Model parameter values our model, superposition was used to combine the effects of su-
perior longitudinalis and transversus muscle contraction.
Parameter Value Source The results of both of the tested contraction scendsaperior
. — longitudinalis muscle alone and both superior longitudinalis and
E; é:gig:i mm XEIEIS Eﬂmgﬂ 323; ms: transversus musclesvas visualized with MATLAB(The Math-
E: Sg.gf 8.2 mm ms: works, Inc., Massachusetts, UBBy a bent beam graphic show-
. .0£0.0 mm i ini i I i
Ey(run 1): 901 MPa Duck. 1990 hnglghciié?]oagsirgssgj IE |ts_f|nall_, gontrsctgdﬂconflguraftlon. Bt_eam
Ey(run 1) 0.006 MPa Duck, 1990 le y visualizing the deflection of 75 points
E;(run 2): 0.01 MPa Duck, 1990 defining the convex, concave, and interfacial contours.
E,(run 2): 0.01 Mpa Duck, 1990
2% 0.5 Duck, 1990 Correlation of Analog Model With Empirical Data (Tagging
Vol 05 | Duck, 1990 MRI). Corroboration of theoretical results with empirical results
aq_(run 1): 0.3°C” Matsumoto, 1967 - : " p
ay {run 1): 0°C1 Matsumoto. 1967 was accomplished by both comparing the final curvature achieved
a;_(run 1): o°c?t Matsumoto, 1967 in modeled and real deflectidMRI); as well as by comparing the
ay_,(run 1): o°ct . Matsumoto, 1967 longitudinal strains calculated across the tongue cross-section in
a;_(run g)f 8;%’,(': matsumom' igg; the model with the longitudinal strains derived from the Tagging
gZ*XEmﬂ 2;; 0°C1 Mg{gﬂmgg’ 1967 MRI data for sagittal bendin¢averaged data from=5 subjects
ay_(run 2): 0.3°Ct Matsumoto, 1967 The MRI data were taken from the anterior tongue within the
AT: —-1°C Matsumoto, 1967 portion corresponding anatomically to the superior longitudinalis
Kot 285m* MRI and transversus muscles. This portion was deduced by cross-
sectional percentage measurements from the Visible Human: Male
data.

Tagging MRI has been previously used to derive qualitative and
guantitative measures of internal tissue deformaf#®t8,19. In

tongue its capability to behave as a muscular hydréstatu-  brief, Tagging MRI is a non-invasive NMR tagging technique that
itively, the anticlastic curvature can be explained by the fact thatiowed for the selective saturation of bands of magnetic spins in
the concave edge of a bent beam is in compression along testing tongue tissug20-27. These bands were localized along
x-direction, while the convex edge is in tension along ththe antero-posterior and superior-inferior directions of the mid-
x-direction. Thus, by Poisson’s effect, the concave edge must $zgittal plane, resulting in a square rectilinear grid. As the tongue
in tension along the z-direction while the convex edge must be ligsue deformed, the previously rectilinear grid also deformed, and
compression along the z-direction. The consequence is that a s&gal and shear strains relative to the rest condition were deter-
ondary curvature is formed in the beam in the y-z plane; thigined by imaging the tongue in its deformed state, thereby track-
curvature is called the anticlastic curvature. In fact, it is this cuiag the relative displacement of triangular element nodes defined
vature that explains how contraction of the transversus muscle d3nMR tag line intersections.
augment the contraction of the superior longitudinalis muscle in
producing sagittal bending-y plang of the tongue. Contraction Regylts
of the transversus muscle produces a curvature in the y-z plane

and can be modeled in a similar manner by a bimetal strip analog.The results of this analysis demonstrated that sagittal tongue

In addition, this contraction produces an anticlastic curvature, tf§nding could be adequately represented by an analog beam

time in the x-y plane, which augments sagittal tongue bending. fadel, and could, in fact, be depicted in terms of the contractions
of the tongue’s constituting myofiber populations.

Experimental techniques such as x-ray diffraction have been used to confirmFrom its initial curved state, the tongue was found to reverse its

skeletal muscle incompressibilifiL6], while studies on frog sartorius muscle haveCUrvature under both the “superior longitudinalis muscle only”
demonstrated volume decreases of less than 0[a1s contraction scenario, as well as the scenario wherein both the

Journal of Biomechanical Engineering OCTOBER 2002, Vol. 124 / 551



.-
it
-
—

Fig. 5 The initial (A) and final (B) tongue curvatures were measured by fitting a circle to a set
of points digitized along the approximate contour of the longitudinalis /transversus interface.
The best-fit circle was derived by minimizing the rms error while varying circle location and
radius. MRI images used were from the same subject.

superior longitudinalis and transversus muscles contiiatile 3, (most negativeto 0.10 at the inferior edge of the transversus/
Fig. 6). Positive curvature is defined as concave down, whilerticalis muscle layer. Medial-lateré&br through-plang strains
negative curvature is defined as concave(iup. sagittal tongue (E,,) ranged from 0.13 at the superior edge of the longitudinalis
bending. Under the condition of longitudinalis muscle contracmuscle layer to—0.05 at the inferior edge of the transversus/
tion alone, the moment produced by the contraction inducedvarticalis muscle layer. For the longitudinalis and transversus
curvature change of46.9 mi 'Y, which resulted in a final curva- muscle contraction scenario, theoretical longitudinal straiig)(
ture of —18.4 m L. When compared to the final curvature mearanged from—0.19 at the superior edge of the longitudinalis
sured from the emplrlcal tagging MRI data-30.9 m'Y), this muscle layer to 0.27 at the inferior edge of the transversus/
scenario was found to have a percent error of 40%. Howeveerticalis muscle layer. Medial-laterébr through-plang strains
under the condition of combined longitudinalis and transversyg,, ranged from 0.04 at the superior edge of the longitudinalis
muscle contraction, the moment produced by the synergistic canuscle layer to—0.41 at the inferior edge of the transversus/
tractions induced a curvature change -068.8 n !, which re- verticalis muscle layer. Residual errors (Stfory &mead 2))
sulted in a final curvature of30.4 m 1. When compared to the were calculated for longitudinal and medial-lateral strain profiles
empirical final curvature, this scenario had better corresponderfoe both contraction scenarios. For longitudinal strain, the average
(percent error of less than 2% error was 0.20 for the longitudinalis-only contraction and 0.13 for
Cross-sectional longitudinal strainEg,) and medial-lateral the transversus/longitudinalis contraction. For medial lateral strain
strain (€, distributions calculated from the model were alsehere was not a significant differen¢@.18 for the former to 0.17
compared with empirical data taken from the tagging MRI studipr the lattey in average residual error. Again, the agreement with
(Fig. 7). The experiments showed that longitudinal strain was coempirical results(both quantitative and qualitativevas closer
tractile (—0.17) at a location close to the interface of the longituwhen both muscles were activatéig. 6).
dinalis muscle layer and transversus/verticalis muscle layer. NeaA sensitivity analysis of the equations involved in the model
the inferior edge of the transversus/verticalis muscle layer, theas completed wherein the effect of varying a given model pa-
longitudinal strain was 0.44. For the longitudinalis muscle onlyameter+50% was evaluated by the variability induced on the
contraction scenario, theoretical longitudinal straiks,J ranged computed curvaturéthe curvature produced by the contraclion
from —0.26 at the superior edge of the longitudinalis muscle laygFig. 8. As this analysis is of the governing equations of the
model (which were similar for both scenaripsthe sensitivity
analysis was performed on the “longitudinalis muscle only” con-
Table 3 Simulation results tracti_o_n scenario. This analysis sh_owed thet_ curvature was most
sensitive toa,, the thermal expansion coefficient of bean(tie
Longitudinalis and beam containing the superior longitudinalis mugcéndh,, the
Longitudinalis m. only ~ Transversus m.  height of beam 2the beam containing the transversus and verti-

Contraction Contraction calis muscles The curvature was less sensitive B, the
Initial curvature 28.5+1.7 n 28.5+1.7 nt Young’s modulus of beam E,, the Young’'s modulus of beam 2,
(ko=1/R;) and h, the height of beam 1. Finally, the curvature produced by
Curvature induced —46.9m* -58.8m* superior longitudinalis muscle contraction was very minimally
%’ngfghfﬁgltﬂ?e(@ 184t 304 it sensitive toR,, the initial curvature of the strip.
(simulated K . .
Final curvature —30.9-1.7m?t —-30.9+1.7m? Discussion
(empirical k) .
% Error 40% 206 The human tongue is a structurally heterogeneous and ex-
(simulation to empirical tremely flexible organ with a seemingly infinite number of degrees

of freedom. In this modeling effort, our purpose was to gain in-
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Fig. 6 Shown are the graphic representations of the 3D model

of the tongue in the (A) initial configuration, (B) final configu-
ration for longitudinalis only contraction, and (©) final configu-
ration for synergistic longitudinalis and transversus muscle
contraction. The initially concave-down bent beam was effec-
tively straightened by longitudinalis muscle contraction, and
achieved maximal bending with synergistic longitudinalis /
transverses muscle contraction.

proximates actual tongue bendin@s determined by tagging
MRI). Both the “superior longitudinalis muscle only” contraction
scenario, and the synergistic “longitudinalis and transversus
muscle” contraction scenario produced a change in curvature
wherein the tongue switched conformation from concave down to
concave up. However, in order for the tongue tip to achieve the
strain pattern and curvature associated with a fully bent configu-
ration, approximating the hard palas shown by tagging MR
co-contraction of the superior longitudinalis and transversus
muscles was necessafable 3.

Longitudinalis muscle contraction alone was sufficient to cause
tongue straightening, an action important for anterior protrusion.
However, our results demonstrated that in order for the tongue to
achieve the more extreme sagittal curvature associated with hard
palate contact, maximal efforts from both the longitudinalis and
transversus myofiber populations were necessary. Examination of
the cross-sectional strain field revealed that the anterior tongue
experiences large longitudinal tensile straiBg,, in the range of
44% at the inferior border of the transversus muscle layer. These
strains were not well approximated by contraction of the longitu-
dinalis muscle alone. In contrast, the strain values predicted by
synergistic contraction of the muscle layers more closely approxi-
mated the experimental values for strain and curvature. It was
notable, however, that even the synergistic strain values shown by
the model underestimated actual longitudinal strain. We speculate
that the larger longitudinal strain values seen in the empirical data
may very well have been exaggerated by secondary effects, such
as verticalis muscle co-contraction, which, while not augmenting
global curvature, would produce greater tensile longitudinal
strain. Such secondary effects were not accounted for in the cur-
rent model.

Our data demonstrate that the large contractile medial-lateral
(through-plangstrains,E,,, measured from the tagging MRI data
were not adequately modeled by the contraction of the longitudi-
nalis muscle alone. Medial-lateral contraction occurred only
through Poisson’s effects for this scenario, and produced the anti-
clastic curvature. However, under the synergistic contraction sce-
nario, medial-lateral contractiofespecially in the transversus/
verticalis muscle laygr occurred primarily due to active
contraction of the transversus musculature. The model produced
contractile strains which overestimated slightly the actual contrac-
tile deformation. This may have resulted from the model assump-
tion that the entire transversus muscle layer contracts uniformly.
In reality, contraction is most likely modulated such that the su-
perior portion of this layer contracts less than the inferior portion.
This would maximize the curvature producing effects of muscle
contraction. Since the height of this layer is significantly greater
than the longitudinalis muscle lay€6.8 mm compared to 2.0
mm), not accounting for gradations in transversus muscle contrac-
tion could have produced this overestimate in medial-lateral con-
traction strain, as well as the underestimation in tensile strain in
the longitudinalis muscle layer.

In order to gain a better understanding of which parameters
have greatest influence on tissue deformation, the analog model
was dissected along its governing equations. This was important
as the various parameters employed by the model had different
degrees of measurement error. Our sensitivity study was accom-
plished by varying several key parameters$§0% and measur-
ing the percentage effect propagated to the ultimate calculation of
curvature(Fig. 8). Due to the nonlinear nature of the equations
involved in the model, the sensitivity study was done graphically,
since the calculation of partial derivatives with respect to various
parameters would offer only infinitesimal sensitivity about the

sight into the mechanisms of a single, fundamental deformatiomean values. This study demonstrated that the model was most
sagittal tongue bending. A better understanding of this basic neensitive toe,, the thermal expansion coefficient, andhtp, the
neuver could lead to a better understanding of some of the mdweight of the transversus/verticalis muscle layertB0% change
complex deformations associated with human speech and swal-a; resulted in a+51.8% change in curvaturédy, ; while a

lowing.

—50% change iny; resulting in a—50.6% change irk,. Con-

We explored two contraction scenarios to see which best agersely, a+50% change i, resulted in a-39.6% change in/k
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Fig. 7 Modeled strain data (longitudinal strain,
E,,) for both contraction scenarios were computed and graphed versus loca-
tion along the tongue cross-section. Empirical data points were plotted as

E,, ; and through-plane strain,

circles on the same graph. The synergistic contraction scenario corresponded

better to the empirical

longitudinalis muscle alone.

Parameter Sensitivity Analysis for Beam Curvature Model
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Fig. 8 Sensitivity analysis of the equations involved in the model was com-
pleted by finding the effect induced on the computed curvature by varying a
given model parameter. Model parameters were varied by
age effect on curvature was computed throughout. This analysis showed that

a, (the thermal expansion coefficient of the

), and h, (the height of

curvature was most sensitive to
beam containing the superior longitudinalis muscle

Percentage Change in Parameter

beam the beam containing the transversus muscle ).
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while a —50% change irh, resulting in a+85.2% change ink  This assumption was considered appropriate for our scenarios due
Hence,«; proved to have a direct linear relationship to the curto the fact that the deformation studied was a relatively extreme
vature (see governing equationswhile the variation due to h2 motion, and maximal muscular effort would have been ap-
was inverse and slightly more nonlinear in nature. Howevegroached.
within a more physiological range af 10% (a more reasonable  One of the most significant insights derived from the current
range considering parameter measurement errors a$ Wedle modeling study was the paramount role muscular synergy played
was not a single parameter to which the curvature showed hypgrcreating tissue deformation. For example, during anterior pro-
sensitivity (ke|cX"; n=2), underscoring the stability of the trusion (a highly functional, if sometimes culturally offensive,
model. The model proved to be less sensitive to the Youngigy, the transversus, verticalis, and even the extrinsic genioglos-
modulus(E; or E), and toh,, the height of the longitudinalis sys muscle play active contractile rolg310]. In light of our
muscle layer. The height of layer 1 was less influential than thgodeling results, we hypothesize that the superior longitudinalis
height of layer 2 because percentage changes of a significanflyiscie also acts in concert with the above muscle groups to
smaller value ;=2 mm; h,=5.8 mm) translate to a smaller gy qighten the tongue from its resting bent configuration. Though
\p/)g?tgzltlltf{)lrnucitci)mg?es%%rk\)/%?meh?:Ir?g‘r)'g()g:?r?glquet?]epar:]aon(]glte\;v;ansq- subtle, this action is nevertheless functionally important, and il-
almost completely insensitive to the initial curvature of the restinI strates the physmlpglcal r_ellance of synergistic muscular syn-
tongue(variability of k, was less than 2.5% for a 50% change i rony in the regulation of tissue deformation. This phenomenon
R,). This variable had a greater effect on the calculdieal cur- urther supports the concept of .the tongue as a muscular h’ydrostat.
vature through equatiof®). Another examp[e of the synergistic |nterplay of the tongue’s mus-
While the analog model adequately approximated sagit l|1|§ll‘ elements is the ret_rograde thrusting of the posterior tongue
tongue bending, offering insight into the contractions involveufing the bolus propulsion stage of the swallow. This maneuver
|§f_|mp0rtant in clearing the bolus from the oral cavity into the

there were several assumptions adopted during the modeling : : S .
fort which need discussion. In regard to model development tﬂéopharynx. Previous investigations found that bc_>|us propulsion
! Its from synergistic contraction of the posterior transversus

assumption that planar sections remain planar, i.e. that there wWeH | I b ¢ | traction f the stvlogl
no shear deformation, reflected our idealization of sagittal benguscie, as well as by external traction irom the styloglossus

ing. In fact, the MRI datd3] showed that postero-inferior mus_muscle[lS]. Conceivably, such redundancies are important to as-

cular attachments of the anterior tongue constrain the bendriléére physiological success, even if one of the contract_ile e'emef‘ts
deformation, leading to the development of finite shear strai “COMes dysfunctional due to disease or frauma. As in other bio-

Because this shear strain was external in nature, and did not afkecnanical manipulator systems in nature, synergistic muscular
directly from intrinsic muscular contraction, it was neglected iﬁo_ndt!'actlonﬁ augment phyS|olog||caI|mc_)t|o|n and add support ellnd
the model. Future iterations of our model will incorporate varioudd'dity fo the system. From a teleological perspective, muscular

boundary conditiongsuch as the postero-inferior attachment o ynergy may represent a necessary adaptation for life-sustaining

the genioglossus musgland shear accommodating Timoshenk%%r;ﬁf%ounﬁi’cst?gs as feeding, control of the respiratory tract, and

beams, rather than Bernoulli-Euler beams. Another assumptio - . . .
made in the development of the model was that the synergi .rbesplte the large impact of lingual disorders on the health and

effects of longitudinalis and transversus muscle contraction co I-being of patients with neurological diseds#6,27, there is

: " arkably little known of the underlying mechanical mechanism
be combl_n_ed by the theory of superp_osltlkm:’:]. The th_eory of for these disorders. Our approach conceptualizes global lingual
superposition states that strains arising from various mul

di ional st b bined b i | eformation in terms of the aggregate effect of the multiple local
Imensional Sresses can be combined by summation as IoNgasi, events occurring throughout the tissue during physiological
the constitutive relations are in a linearly elastic range. Hence,

der t | istic effects in thi deli fort it vement. This approach should allow us to characterize the in-
order 1o expioreé Synergistic enects in this modeling etiort It Waga ;a1 mechanical defect associated with impaired lingual force

important to model the constitutive properties of the bimetal Str‘tgroduction in patients. This will, in turn, guide therapy specific to
h

with isotropic linear elastic definitions. Since our model was stat ; : ; ;
. ; . . e mechanical defect and provide a more rational basis for sur-
(bimodal—either deformed or undeformednd did not include gical planning. P

dynamic behavior(viscoelasticity, calcium homeostasis, depen-
dence of stretch reflex on shortening speed, or reflex delays
felt that this assumption was adequate. This assumption was ; i ; st

made in several previous lingual modeling effof8510,24,25. a&ﬁpendlx. 1..Non linear Stralr.l Def.In.IFIOI’] ] o
Furthermore, while exact constitutive data does not exist for the The derivation of Green’s strain definition for bending strain in
various heterogeneous regions of the human tongue, the musc@i&urved beam undergoing bending was based on several geomet-
ture is most definitely skeletal muscle, for which there did exiéic manipulations. Non-linear bending strain for a curved beam
limited constitutive property data in the case of isotropy. AnothéFid- A1) was defined on the basis of the fact that the andlg,
option would have been to assume orthotropy for the beam e]léhlch relates the rotation of a cross-sectional plane induced by the
ments (due to the symmetry planes of the longitudinalis ang€nding moment, can be expressed by

transversus/verticalis muscjesiowever, we chose not to do this 1

due to a lack of adequate experimental constitutive data, and due bp= LO(R—> (AL.2)

to the fact that our sensitivity study demonstrated that the model b

was not particularly sensitive to Young's modulus. , %/)vcfrereLo is the arc length at the neutral axis aRglis the radius

Regarding the definition of model parameters, data derivef ¢ ryature caused by the bending moment. The axial deflection,
from MRI (such ash, L, h, k,) were deemed sufficiently robust ass f the arc length. at a distance y from the neutral axis can then
all were derived from the same subject. On the other hand, thg expressed as

longitudinalis and transversus cross-sectional composition per-

centage values were taken from the online Visible Human data- 1

base, and thus were likely to have a higher degree of measurement o= y¢b=yL°(R_b)

and applicability error as they came from an unrelated cadaver.

Nonetheless, it is a fair assumption that the relative myofiber comfhus, the stretch at a distance, y, from the neutral axis can be

position is stable within a species, especially for gender matchexjpressed:

individuals. Finally, it should be noted that the contraction sce- Lis L ( 1 )
o

(A1.2)

narios studied involved maximal muscular contractions. In reality, U=s——=1+y—
L

R (A1.3)

maximal tetanic tension is rarely reached in a physiologic system. L
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