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Computational modeling of vibration-induced systemic riayn
of vocal folds over a range of phonation conditions
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1 School of Mechanical Engineering, Purdue University, West Lafayette, USA.

SUMMARY

Predicting phonation conditions that are benign to voiatheemains a biomechanically relevant problem.
Our objective is to provide insight into vocal fold (VF) hydion based on continuum-based VF models
which are able to compute VF stresses during phonation acttkaree for the extraction and generalization of
such computational data based on the principle of lineagmpasition. Since VF tissue is poroelastic, spatial
gradients of VF hydrostatic stresses computed for a givengtion condition determine VF interstitial fluid
flow. The present approach transforms, based on linear gogigon principles, the computed interstitial
fluid velocities at the particular phonation to those at dviteary phonation condition. Intersititial fluid
flow characteristics for a range of phonation conditionsa@mmpared. For phonation conditions with no
or moderate collision no dehydration per vibration cyclgiisdicted throughout the VF. For more severe
collision conditions, tissue dehydration is restrictectegion close to the glottal surface. Interstitial fluid
displacement in the VF is found to be heterogeneous andgiyralependent on the phonation condition.
A phonation condition is found to exist for which dehydratipeaks. The proposed method significantly
expands the scope and relevance of conducting isolatedrimaingimulations of VF vibration. Copyright
© 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

High-fidelity computational models are becoming availahl¢he literature 1, 2, 3, 4, 5, 6, 7, 8,

9, 10] that are capable of simulating flow—structure interactig8l) between glottal airflow and
three-dimensional vocal folds (VFs). In these models itasgible to determine stresses inside
the VF tissue as it vibrates during FSI. Such a determinaifoviF stresses is not possible from
experimental studies alone. A biomechanically relevatgrpretation of stresses can be made by
relating the stresses to the movement of interstitial fluithiw the VF, also known as VF systemic
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2 P. BHATTACHARYA AND T. SIEGMUND

hydration [L1]. For instance, in a recent article the interstitial fluidtre VF tissue was considered

to be driven by the gradients of hydrostatic stres&gsa] notion based on the knowledge that VF
tissue is biphasic i.e. it comprises a porous elastic sdiasp which is fully saturated by a fluid
phase (interstitial’ fluid). It has been shown that a bipbasaterial with a porous elastic solid
skeleton can exhibit a time-dependent response. Timendigméresponses such as creep and stress
relaxation are equivalent to macroscale viscoelastic\ieh§l?2, 13]. Biphasic material analysis
has been carried out for VF tissuld] 15, 16, 17, 18, 19 as well as for other biological tissues (e.g.
bone R0]). Computations performed ir2] indicated that VF vibration-induced systemic hydration
could be significant. Therefore, analysis of systemic hiyolnais a potentially clinically relevant
end-point of computational modeling of VF FSI.

The purpose of this paper is to present a methodology to ecrigaight into the hydration
conditions in vibrating and colliding vocal folds. Couplidw structure interaction computations
can in principle provide such information, are limited inathsuch computations have to be
performed case by case. The approach described in the papendtrates how to extract pertinent
information from flow structure computations and how to uss information, i.e. to construct a
map delineating hydration conditions relative to vibratand collision of the vocal fold system.

A pertinent extension of this analysis is to determine \tibrainduced systemic hydration in
a subject-specific VF over a range of phonation conditiormvéver, a typical FSI computation
involves significant computational overhead, even whefopaed for a subject-specific VF (fixed
geometry and tissue properties) and a single phonatifiol@icondition. Thus insights regarding
systemic hydration appear to be restricted to the specifimation condition under which the
computation was performed. This paper investigates thsilpiisy of extending such insights
obtained from a single computation to a range of phonationlitimns.

The approach used in this study (detailed in sect®)ncomprises three steps, namely,
decomposition, scaling and superposition. In the decoitippsstep VF displacement and
hydrostatic stress are decomposed into average, fluatuatid collision-induced contributions.
These contributions correspond respectively to the wedledbed notions of ‘dc-offset’, ‘ac-part’
and ‘baseline truncation’ in voice literaturgl, 22]. The decomposition strategy is motivated by the
current understanding of phonation conditions. In the abs@f phonation-induced self-sustained
vibrations only the ‘dc-offset’ is present. In contrasty fthonation conditions characterized by
low-amplitude vibrations (e.g. falsetto regist@3]) only a small amount of ‘baseline truncation’
is found. Finally, the most common phonation conditiong).(én modal voice 23]) exhibit a
significant degree of all three contributions.

The scaling step follows the continuuum mechanical desoripf the VF domain. Continuum
mechanics implies that VF stress depends on VF geometry,sébe properties and phonation
condition dependent fluid (airflow) loading applied at the b&undary. Hence the dependence
on phonation conditions is removed by scaling with respec¢actors representing glottal airflow
loading. The scaling factors are derived from average ¢flattsl pressure difference (TP and
superior-surface displacement. This approach is suppbstestate-of-the-art capabilities in vivo
measurement of TP, 25, 26] and of superior-surface motior(f, 28, 29 among others). The
scaling step is applied separately to the average, fluotuatid collision-induced contributions to
the hydrostatic stress and to the interstitial fluid velp@itased on the spatial gradient of hydrostatic
stress), in that order.

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 3

In the final superposition step the total interstitial fluelacity for an arbitrary (new) phonation
condition is determined as the weighted sum of the scaleatsititial fluid velocity fields. The
weights in the sum are the same scaling factors as in thequegtep but their values correspond
to the new phonation condition.

An underlying assumption in the method outlined above is thatstrains in the VFs during
phonation-induced vibration are small enough such thatgehat are non-linear in strain can be
neglected. Strains in VFs during self-sustained osailfetihave been recorded experimentally in
recent works 30, 31, 32, 33]. These studies show that during self-sustained osdittatand for a
wide range of voiced speech strains on the superior surfabe &F tissue are smalk( 15%). Past
work on characterizing the VF tissue has found that in thialkstrain regime the VF tissue response
is predominantly lineard4, 35, 36]. Including this assumption not only simplifies the anatysiut
also allows ready comparison of present results with a lamgy of literature on computational
studies of VF dynamics where also the small-strain assamptas employedy7, 38, 39, 4, 40, 6].

In addition to the small vibration-induced strains thersgibly exist large strains in the VFs due
to pre-phonatory posturing. However, the effect of thesgelatrains are already accounted for in a
VF computational model e.g. by specifying a minimum pre+mdtory glottal width and a tangent
modulus of elasticity of the VF tissue. Consequently, thalsstrain assumption is valid under the
limitation that the pre-phonatory conditions are held fixed

In section3 the computational model presented 2jif reviewed. For the rest of the manuscript,
this model serves as a working example of an FSI computaiiaich the above three-step method
is applied. Yet, the method remains applicable to any FSipdation of VF self-sustained vibration
including collision, as long as the VFs are deformable aeditonation-induced strains are small.
Hence a wide variety of tissue constitutive behaviors aeeionatory geometries can be analyzed
by minor adaptations.

As mentioned earlier the main goal of this study is to comgystemic hydration across a
range of phonation conditions. Towards this goal in sestibri and 4.2 results are presented
from the application of decomposition and scaling for thamgle FSI computation above]]
Thus spatial and temporal characteristics of the scaletribations to interstitial fluid velocity
are quantified in the VF interior. In sectioh3 interstitial fluid velocities are computed over a
range of phonation conditions using the superposition otetRor interstitial fluid particles starting
at different locations on the mid-coronal plane, inteiatifiuid trajectories over vibration cycles
are analyzed as a function of phonation condition parammefenovel hydration map analysis is
introduced by which the per-cycle displacement of intéedtfluid is quantified as a function of
phonation condition parameters. Demonstration of thevdgoin of the continuum mechanics-based
hydration map for an example VF achieves the main goal ofsthidy.

The biomechanical relevance of the hydration map is digzlgs sectiorb by shifting focus
to a schematic of the hydration map that highlights its sélfeatures qualitatively. Evidence
in literature suggests that the phonation condition pataregnamely TPD and superior-surface
displacement component are not independent of each dHerThe implication of this condition
on the interpretation of a typical hydration map is presgnteandmark phonation conditions
corresponding to maximum collision without dehydratiol amaximum dehydration are depicted
on the hydration map.

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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4 P. BHATTACHARYA AND T. SIEGMUND
2. METHOD

2.1. Decomposition of Superior-Surface Displacement and Hydrostatic Stress

In the following, any location on the undeformed VF configioa is referred to by the position
vector X which has componentXis, X, and X,, in the mutually-perpendicular inferior—
superior, medial-lateral and anterior—posterior dimttirespectively. Consider the medial-lateral
component of displacement,,; as a function ofX and timet. In the foIIowing,uml()?,t) is
considered to be negative when the particular VF correspgrim X is moving away from the
opposing VF and considered to be positive when approachiAginaximum open instant is defined
as an instant when,,,; at pre-specified VF superior-surface locatifigs attains its most negative
value. Successive maximum open instaptandt,, . ; identify then-th VF vibration cycle (figurél).

For a collision-free vibration cycle, the average quariitgetermined

4 1 [+ 4
umi(Xss) = —/ umi(Xgs, t) dt, 1)
t

wheret, = t,1 — t,, is the cycle time period. Within a cycle, consider the firstémt: such that
the conditionum (Xss, f) = @mi(Xss) is met. For VF location& # Xgg, the average displacement
is approximated as

T (X) = i (X, 1). )

Over the vibration cycle, at all locations, the displacenilittuates about the average,
Auml()z’a t) - uml()zv t) - ﬂml()?% (3)
and is approximated as a product of an ‘amplituﬁa’ml,o()?) and a time-variatiorf (¢), where

. . . Aty (Xss, t
At o(X) = umi (X, ) — i (X)  and f(t)zw.
At o(Xss)

4)
Note thatf(¢) is based only o ss, and the approximation reduces to an identityat.

When then-th vibration cycle involves VF collision (figur@), the collision effects atXss
exist only inside a collision-interval, .., t,.»] C [tn, tn+1] (SUbSCripts: ¢, closing and o, opening).
Instantst. , andt, ,, must initially be estimated. Consider the motionof, which is a medial-
surface location in the same coronal plan&Xas and is undergoing substantial collision. Typically,
the motion of X¢ is determined accurately in a computation and it can be usestimatel. ,,
andt, ,. Next, by using an interpolation method, the time-depend@fuml()?ss,t) outside the
collision-interval is used to determine a ‘virtual’ coltim-free displacement throughout the cycle
and is referred to azsmlyv()fss, t) (details in appendix A). For the vibration cycle with caitig, the
average and the fluctuation Xt are defined as

- . 1 tn+1 N
Uml(XSS> = t_ Uml,v (XSS; t) dtv (5)
P Jin
AUIIII(XSS7 f') = uml,’u()ZSS; t) - aml()zss)a (6)
Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 5

respectively. These expressions are similar to the casrelipg ones in the collision-free cycle case,

except thatu,,; is now substituted with,,,; ,, on the right. Similar to before, is defined from the

conditionu,, » (Xss, t) = @m(Xss) and the definition for\u,,0(Xss) is identical to that in 4).

However,f(t) is defined as

Auml,v (Xss, t)
At 0(Xss)

0 )
although it is still based ofXsg only. For locations other thaiss, iy (X) and Ay o(X)
are obtained from2) and @) respectively. The ‘virtual’ collision-free displacemeat location
X + Xqg is defined

o (X 1) = (X)) + A o(X) £ (D). ®

For all locations the collision-induced contribution teplacement is defined as

— — —

uml,C(X7 ﬁ) = uml(X7 ﬁ) - uml,U(X7 ﬁ)a (9)

or,
.o (X, 8) = wm (X, 1) — [aml()?) + At o(X) f(t)} . (10)

The ‘corrected’ collision-intervalt. ., t, ] is then set equal to the largest continuous interval in
which umm()?ss,t) is negative (up to a specified tolerance). Henceforth allistoh induced
contributions are set to zero outside this interval. A \dfoverclosure is defined

—

tmt.co(Xss) = — min [umlyc()zss,t)} where t € [t ton], (11)

and the conditionu,,;co(Xss) = —tumi.c(Xss, tmax.n) is used to define the instamf.y., €
[ten,ton]. A non-dimensional timé within the collision interval and a functiog(f) dependent
on it are defined as

g ﬁ - ﬁ n T m )Z ) t
f= tolon g g(h) = —tmeXsst) (12)
to,n - ffc,n Uml,CO(XSS)
These are used later to model the time-variation of colisimluced contributions.
The hydrostatic stress invariant is defined as
1
oy = gtr(a), (13)

where tr is the trace operator amdis the Cauchy stress tensor. Following the decomposition
of the displacemennml()?ss,t), the quantities,,, t,.1, t and f(t) are known. For a collision

cycle, additionallyt. ., ¢, » andtmax » are known. The average, fluctuation amplitude, fluctuation,
collision-induced contribution, and collision-inducedg@litude of hydrostatic stress are defined as,

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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6 P. BHATTACHARYA AND T. SIEGMUND

respectively
cu(X) = ou(X,9), (14)
Aopo(X) = op(X,ty) —au(X), (15)
Aop(X,t) = AowoX)f(t), (16)
onc(X,t) = op(X,t) - aH(JZ)jLAaH()?,t)}, (17)
and opco(X) = ome(X, tmaxn)- (18)

In case of a collision-free vibration cyclﬁﬂc()f,t) andaHpo()?) are defined to be identically
Zero.

2.2. Scaling Hydrostatic Stress and Interstitial Fluid Velocity Contributions

Following the continuum definition of VF tissue the hydrastatress at any VF location and the
separate contributions to hydrostatic stress depend erexternal fluid loading and the geometry
and constitutive properties of the VF domain. Of these eslftuid loading is the only factor that
depends on the phonation condition. Hence phonation donditlated effects can be removed by
scaling the above contributions as follows

N T 10,4 . Aoy (X
&H(X)EUH(_ ), A&H(X,t)EM,
p A'11/1(1(11,0()(85)
and &H,C(X‘,t)z‘”w—m, (19)
Uml,co(Xss)

where s denotes scaled hydrostatic stress anid the TPD averaged over the cycle. For the
average contribution linear scaling with respecipts motivated by assumption of linear elastic
behavior valid for small strains. The fluctuation contribatis due to a fluctuation fluid loading that
is significant only near the glottis. Instead of scaling vilk fluctuation part of the fluid loading
which is difficult to measure, the fluctuation displacenwﬁlatnl,o(fss) is used. This approach too
follows from linear elastic tissue behavior. The squamt-rdependence of the collision-induced
stress on the virtual overclosure is motivated by Hertz hebelastic contact between two three-
dimensional bodiesi[l]. According to this theory the compressive stress on thiaser(referred to
as impact stress or contact pressure in voice literaRifedR, 43, 44, 45, 46, 47, 48, 49]) depends
on the square-root of the relative approach of the two boidientact. At maximum collision

t = tmax,n, the impact pressure and the relative approach of the VFasatened to be proportional
respectively tary co(Xss) andum, co(Xss).

In[2, 14, 15] stress gradients were considered to drive the interdtitid within the VF, under the
assumption that it behaves as a poroelastic structureyBdasv gives the instantaneous velocity
of the interstitial fluidg relative to the VF structure as

k

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 7

where the interstitial fluid volume fractiaf' and the permeability of the poroelastic VF structure
fluid are assumed to be homogeneous and time-invariant. Enagability & is additionally
considered to be isotropic. Using() scaled interstitial fluid velocity contributions are defih
corresponding to the scaled hydrostatic stress contobsiths

HR) = fvé,{()?), AGX 1) = %vm,{()?,t)
and  Go(X,t) = %V&Hp()?,t). (21)

2.3. Total Interstitial Fluid Vel ocity Using Superposition

Consider an experiment conducted at a particular phonetindition e.g. at a TPD given by The

VF superior-surface displacement,(Xss, t) can be measured during the experiment. By applying
the decomposition step the quantitids,,; o(Xss) and um;,co(Xss) can be obtained. The total
interstitial velocityg'in that experiment is determined by the weighted sum

7= Pq(X) + Atim10(Xss)AGX 1) + 1/ tmi,c0(Xss)ge (X, t). (22)

3. AWORKING EXAMPLE

The computational model presented #his capable of simulating three-dimensional VF FSI for a
realistic set of VF tissue properties and airflow conditidritee model comprises separate definitions
for the continuum regions corresponding to the glottal @ivfland the pair of VFs, a contact-
interaction model for the VFs, and a coupled interaction ehdubtween the fluid and structural
domains.

The coordinate system origin for both fluid and structurahdms is located at the intersection
of the mid-coronal plane, the mid-saggital plane and the Mfesor surface. Figurda shows the
geometry of the glottal airflow domain. The inlet and outletfaces on the domain boundary are
identified. The subglottal airflow pressure is identifiedhatite pressure at the inlef,. Pressure
at the outlet is fixed a0 Pa (with respect to a reference presspfg). The inlet pressure;,
is ramped smoothly from timé= 0 to ¢ = t,amp = 0.15 S. In this duratiorp;, increases from
zero topmax = 400 Pa. The inlet pressure is held fixed for> ¢,amp, iIMplying thatp = pyax for
all computed vibration cycles. No-slip and no-penetrationditions are defined on all bounding
surfaces of the fluid domain except the inlet and outlet. lremiincompressible flow conditions are
assumed, and properties of air at standard temperatureresslipe are imposed (tald)e Note that
the difference between the inlet and outlet pressuresheel PD, is identical to the inlet pressure
itself.

Figure3b shows the left VF; the right VF has identical geometry. Médateral displacements on
the left VF are negative when it is moving away from the riglit, ¥nd positive when approaching
it. Specific dimensions of the VF volumes appear in tahldhe geometry of both VFs follows the
M5 specification as considered i6(. The two-dimensional (2D) VF shape pertaining to the M5
definition is extruded uniformly through the lengthof the VF in the anterior—posterior direction.
The initial (pre-phonatory) separation between the VFkg is- 0.600 mm. The lateral, anterior and

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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8 P. BHATTACHARYA AND T. SIEGMUND

posterior surfaces are fixed. Linear viscoelastic tissupgties are assumed, motivated by the
biphasic description of VF tissue il%]. The viscoelastic properties imposed tableorrespond

to a fluid volume fractionp’ = 0.7 and hydraulic permeability = 4.05 x 10~8 m?/Pas; these
biphasic tissue conditions were shovzhto be representative of a well-hydrated VF tissue.

A pair of rigid planes P, and Pg) is situated symmetrically between the VFs (figd)e The
planes are oriented parallel to each other, with a separaftial, = 0.200 mm between them.
The rigid planes remain static throughout the computat@omtact interaction is defined between
corresponding contact-prone regions of the VF surface la@dtatic rigid planes, i.e. betweéh,
on the left VF andP;, and betweeld'; on the right VF and”. Hard, frictionless contact conditions
are enforced using penalty methods. The constitutive nfodebntact ensures that locations on the
VF surface are stress-free unless they are in contact, inhadompressive normal tractions exist
at those locations. This contact model allows the fluid vauyatween the VFs to have a constant
topology throughout the computation, a requirement of th@erical solver used herein.

The time-integration of the fluid and solid domains proceads staggerred manner. At the end
of each computed time incremedt{ = 10 uS), the flow solver communicates the pressures on the
VF surfaces to the solid domain solver. The solid domainesahterprets the pressures as tractions,
computes the VF deformation under the loading imposed tsettractions over an equal increment
of time At, and communicates back the displaced VF surface coorditatihe flow solver. The
flow solver interprets the modified VF surface coordinates@®ving boundary problem, remeshes
the flow domain, and the cycle repeats itself. Details of theegning equations, discretization and
solution algorithms are provided ig][

4. RESULTS

In applying the decomposition and scaling steps, a choicsupgrior-surface locatioiss is
necessary. In the example computation, the locai@gs = (0.00, —1.86,0.00) mm was selected
(figureb). This location lies on the mid-coronal plane. This choi@swnotivated by the observation
that collision was significant at the mid-coronal plaig [Thereby collision-induced effects on
interstitial flow are expected to be significant at the mideoal plane. Based on the graph of
Uml()zs&t) the maximum open instants are obtained, which in turn leatth@éadentification of
individual vibration cycles (cycle numbers indicated ibl&lll). The average cycle periag was
found to be0.00597 s with a standard deviation (SD) 6f70 x 10~5 s (less than 1% of average).
A total of 16 cycles were identified. Note that cycle 1 is the first well-€leped periodic vibration
cycle. In the ramp phase i.e. frofm= 0 s to¢ = 0.15 S (= tyamp) the motion ofXgg is guasi-static
and fromt = 0.15 s tot = 0.19 s the vibration pattern is transient in nature. Since qatadie and
transient motion regimes are not the focus of this studyetiaes omitted in the rest of the paper.

Substantial contact at the mid-coronal section is found tocup at X¢ =
(—0.740,—-0.294,0.00) mm. This point lies at the medial extremity of the left VF atdmi
coronal section (figuré). Figure6 shows the contact opening &t (i.e. its distance from plane
Pp) for all 16 vibration cycles. After the collision-free cycles 1-9, e VF was predicted to
vibrate with an amplitude large enough to induce contaatléc0 onward). In cycles 10-16, time
intervals are given in tablél during whichX sustains compressive normal tractions.

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
Prepared using cnmauth.cls DOI: 10.1002/cnm



VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 9

4.1. Decomposition of Superior-Surface Displacement and Hydrostatic Stress

For cycle9, it was determined thatml()?ss) = —0.108 mm, andAumLO()?ss) = —0.260 mm.
Further, the time-variatiorf(t) and¢ = 0.23936 s were also determined. For cycles-16, the
initial guesses for collision intervals are indicated imlélll. In order that collision-induced
effects are reliably determined, it is necessary that @bntas ‘well-established’. In the following,
contact was considered to be well-establisheqlhfco()?SS) was more than 3 % Qﬁumm()?ssﬂ.
Hence cycled0-12 are ignored. Following the determination mtl,v()?ss,t), final estimates of
collision intervals are obtained by locating the largeshtowious interval within each cycle in
which um, ¢ (Xss, t) < —0.005 mm. These estimates ge26468, 0.26488] s, [0.27082, 0.27098] s,
[0.27640, 0.27682] s and[0.28230, 0.28314] s respectively for cycles3—16. Following the3 % rule
above, only cycles5 and16 are analyzed. In figur@ the displacement,, (X, ¢) is compared with
uml,v()?c, t) in cycles15 and16. The temporal variation(t) for cycles15 and16 are compared in
Appendix A.

Following the decomposition of displacement in the callisfree vibration cycle contours of
instantaneous hydrostatic stress(X, ¢y) i.e. at the maximum open instant of cycle 9 are plotted
(figure 7a) on the left VF mid-coronal plane. Figur@s and7c show contours o (X) and
AaH,o()? ) respectively for cycle 9. Results are presented only fomtit:coronal plane because
the components of the hydrostatic stress gradient (andtladsmterstitial flow driven by it) were
found to be much larger along the mid-coronal plane thanerotlt-of-plane direction?].

The collision intervals estimated above are used in detengicollision-induced stresses. In
cycle 15, the collision-induced hydrostatic stresg,c()?,t) is determined. At three indicative
instants within the collision intervaly; (X, ¢) contours on the mid-coronal plane are shown in
figure9a—c, simultaneously with the respectivg - contours in figur@d—f. At¢ = 0.27640S,0p ¢
in the neighbourhood af . is only weakly compressive. At= tmax,15 = 0.27662 s (figure9e) the
compressive hydrostatic stress increases by a factoregrdain2.5, reaching a maximum over the
collision interval. This is followed by a decay until= 0.27680 s (figure9f).

4.2. Scaling Hydrostatic Stress and Interstitial Fluid Vel ocity Contributions

By using (L9) the scaled contributions to hydrostatic stress are obthin both cycle 9 and 15.
Next by using 21) scaled contributions to the interstitial fluid velocitydbtained as a function of
spatial location and time in cycles 9 and 15. As mentioned/@ltbe anterior—posterior gradient
of hydrostatic stress is a small fraction of the total magst of the gradient. Hence for the
remainder of the analysis the anterior—posterior compbisemeglected for all hydrostatic stress
gradient contributions. Next, the computed fi@8fd\é o in cycle 9 is averaged over the area of
the mid-coronal plane in the regioti,,, > —6.67 mm (bounded on the left by the dashed line in
figureb). Unit vectorse; ande, are defined as respectively perpendicular and paralleid@atterage
gradient. A locationX is selected in the VF interior such that the vectar — X is parallel toé; .

In the results to followd = | X¢ — Xi|| = 4.63 mm is the depth of VF tissue along for which
interstitial flow is analysed. The origin of a 2D coordinaystem is defined aX; the coordinate
system is obtained by a Euclidean transformation of theirmalgX,s, X, coordinates. The new
coordinate systergy, &; has axes parallel t8, ande, respectively. The locatiofd, 0) in the new
coordinates correspondsi= Xc. LocationsX;, andXp,, are identified at the intersection of the
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10 P. BHATTACHARYA AND T. SIEGMUND

éx-axis with, respectively, the superior and inferior VF suds (figure). All the reference-points
are given in tabléV in the original coordinate system. Based on the new cooreliggstem the
following quantities are assumed to be z&¥6y; /0, O51.c0/0¢2, OAG 10 /0E1, 026 1 0E10E2,
0?6 1,00/0610¢ and 92 Ay 0/ 0€10€,. The above simplifications allow determining in closed-
form the spatio-temporal variation of the scaled contidng toq as follows.

Figure10a shows the variation @fy with respect tc;. A linear approximation to the derivative
065 /0¢, is found to be correct to = 0.997. The coefficients;; andas in

ko
- of 04

€1 ~ (a1 + az)én, (23)

ESTR

appear in table/. Figure 10b shows the variation ooy ( with respect taS,. Approximating
0AG 1,0/ 0 With a constant yields = 0.999, and the coefficient; in

k 90Guo
T 06

A~ F(t)@ ~ by f(t)E, (24)

©-

is given in tablev.

Figurellplotso ¢ alongé; at6 equally spaced instants in cydlg. At the instant of maximum
collisiont = tmax,15, the value at the surface of the collision-induced hydtassiress is related to
the coefficients

kY -
cr = (E) om,co(Xc), (25)
and the gradient of the stress at the surface irgthdirection is related to the coefficient
k 06w, co
1= — d 26
o P (26)

The values of; andc, are given in tablé/. Motivated by Hertz theory as earlier, it is assumed that
aHyc(X'c, t) oc /g(t), VtE€E [ten,ton]- Amodified Heaviside operator is defined

H 6D = H [& it (/) g(t”)] , 27)

such that it is zero below a time-varying ‘collision-influendepth’(c, /¢;)+/g(f) measured from
X¢ (in the & -direction). At each of the above 6 time instants a conssépe approximation to
Jm,c in dependence af; is found correct to- > 0.936 in the region whergZ* = 1. Outside this
region, the gradients of collision-induced hydrostatiess are small: on average, these are less than
8% of the constant gradient at the medial surface. Thesetsasnottivate the approximation

k d6m.c .

qo = (b—a—é_lel ~ ClH (51,t>€1. (28)

4.3. Phonation Condition Dependent Systemic Hydration

In the following, total interstitial fluid velocityq is computed using 22) for a range of
phonation conditions. Each phonation condition is paraned by the factorg, Auml,()(XSS)
andumlyco()?ss) each of which can be measured during an experiment at thditmn However,
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 11

in the absence of available experiments representativeesalf phonation condition parameters
are considered (table'l). Note thatp = 1000 Pa is characteristic of the experimental airflow
conditions in b1, 52, 46]. Assuming thati,., (Xss) andp scale linearly (see Appendix B), and using
imi(Xss) = —0.116 mm from cycle 15 in the example computatigh=£ 400 Pa), one predicts
T (Xss) = —0.290 mm atj = 1000 Pa. The choice 0f\uy o(Xss) andumco(Xss) values is
motivated as follows. In the computation the initial contaeparation af¢ is its distance from
the planeP., whereas in the experimental model the distance betw&enn the left VF and the
corresponding point on the right VF must be considered a@ihial contact separation. In either
case, the initial contact separation limits the displaggnmethe medial direction. For e.g. in the
computation,

uml(Xva < (dg — dp)/2. (29)

For small strains this relationship extendsXgs, which when rearranged implies
— Uml,C0 ()ZSS) = (dg - dl))/2 - [aIIll(XSS) + A'U/ml,O ()ZSS)f(tmax)} . (30)

Using functionsf andg, as obtained from the computed cytleabove, in 80) it is predicted that
marginal contact occurs aluml,o()?ss) = —0.490 mm. Thus in tablevl cases 1-3 correspond
to, respectively, no contact, marginal contact and siggmficcontact. In the marginal contact
case 2, no collision-induced stresses are developed. b Zas is assumed that the maximum
overclosurelmwo()?ss) is identical to the difference oiunmo()fss) between cases 2 and 3, and
te = t, +0.00209 s andt, = t,, + 0.00370 s.

Below the trajectories of fluid particles over a vibratiorcleyare analyzed in dependence of
their initial location on the VF mid-coronal plane for eachtloe three phonation conditions. In
particular, five interstitial fluid particles are considétecated initially (i.e. at a particular maximum
open instant,,) at equal intervals along thg axis (starting at; = 2.50 mm and ending at
&1 = 4.50 mm).

Figure 12 shows the interstitial fluid particle trajectories for thases considered. In case
(figure 12a), net movement of fluid particles towards the medial serf@e = d) is higher for
particles initially closer to the surface. In comparisdrg tange of displacement in thg-direction
is constant £ 0.010 mm) for all five particles. In case (figure 12b) the range of motion in the
és-direction increases uniformly for each particle when carep to that in case 1, but the motion
in the & direction is unchanged. Figufe€c shows that in casg the range o¥,-motion further
increases compared to cases 1 and 2. Howevet timeotion is modified in a non-trivial manner.
For fluid particles released & = 4.00 and4.50 mm, the movement towards the medial surface is
set back during the collision interval, resulting in a dese=in net displacement compared to cases
1 and 2. This collision-induced decrease is larger for théghareleased af; = 4.50 mm.

The above results indicate that the effects on hydrationott the average and the collision-
induced hydrostatic stress gradient are highest at the ahediface locatiort; = d, & =0,
although these effects counteract each other. Since, tttidlion contribution sums to zero over
a cycle and cannot lead to net displacement, the influenceydration due to hydrostatic stress
gradients is best analyzed at the medial surface. Spebjftbalinfluence on hydration is measured
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12 P. BHATTACHARYA AND T. SIEGMUND

by the displacement quantity
. tn+1
Uf = / 7-édt, (31)
t

which is the per-cycle advance alofigof an interstitial fluid particle located initially (i.e. at= ¢,,)
at(¢1,6) = (d,0).

The variation of /i is analyzed in dependence of phonation condition, andgheférred to as the
hydration map. In the previous analysis comparing threeption conditions, it was shown that the
parametenmlﬁco()?ss) was dependent omandAumw(X“ss) for the given VF geometry. Thus the
dependence dfi'f on umLco()?ss) is already included in the hydration map. In figdi&contours
of U'f in dependence of and AUml,O(XSS) are plotted. For a given combination of parameters,
a negative value Oﬂml,CO(XSS> determined from 30) indicates an absence of collision. Such
parameter combinations lie above the dashed curve in figBitbat represents marginal contact
uml,co()zss) =0, and is in fact a straight line. The solid curve in figure represents marginal
per-cycle advance of interstitial fluid i.&1f = 0. Along this curve, the setback in the flow due to
collision matches the forward motion due to the averagesstggadient. For airflow conditions
below this curve, collision causes fluid to be removed frorarrgirface regions in each cycle
(i.e. U <0).

5. DISCUSSION

To determine the total interstitial fluid velocity during Whbration and collision using21) an
important prerequisite is that the medial—lateral disptaent of a superior surface locatiofyg

be accessible to high-speed imagirgpriori selection ofXss is governed by two conditions:
accessibility to imaging during vibration without and wibllision, as well as sufficient proximity
to the medial surface. Using established imaging procadtfz 54, 46] the medial-lateral motion
of the superior-surface point is easily tracked in a clihggting. On the other hand, proximity to
the medial surface ensures that the collision-induced ahddieral displacement &g will be
sufficiently larger than the uncertainty in displacemenaswement at that point. This is important
because, as was shown in this paper, the influence of callisinot negligible only in the vicinity
of the medial surface.

A significant advantage in using) to determine interstitial fluid velocity is that the problerin
quantifying systemic hydration is much simplified. The diprarequires the input of hydration
coefficients (tablev) that approximate the spatial distribution of the deconedoéand scaled)
contributions to interstitial fluid velocity within the VREhese parameters depend only on VF tissue
properties, VF geometry and initial VF configuration, bug avariant with respect to phonation-
condition parameters e.g. flow pressure and vibration dug@i Hence a single FSI computation
as performed ing] suffices to determine systemic hydration over a range ohption conditions.
Indeed the main goal of this study, i.e. determining the atidn map, hinges on finding the set of
hydration coefficients.

The sense of the scaled average interstitial fluid veloday@e;, as determined fron2@) and
tableV, dictates that interstitial fluid is driven from the interi@ the medial surface of the VFs.
With regard to scaling, the assumption of linear scalingveen the average hydrostatic stress and
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 13

the TPD is validated in appendix B. Increasing the average ffferefore increases the strength
of average interstitial flow. Moreover the velocity increasas the medial surface approaches. In
particular, one finds that the average interstitial fluidoeél in theeé; direction at§; = 0 is 18.3
times smaller compared to that &t = d. This finding of negligible interstitial fluid velocity at
&1 = 0 is taken asa posteriori justification for the choice of deptti = 4.63 mm considered for
interstitial flow analysis in the case of the model 2 [

The distribution of the fluctuation contribution to hydratst stress on the reference mid-coronal
plane was found to have an average gradient at an angle26f to the vertical (directiors). The
nearly linear variation of fluctuation hydrostatic stresthwg, follows the flexural stress distribution
in a beam with respect to distance from the neutral axis t&&ion contribution to hydrostatic stress
alters in sense with the fluctuation in VF displacement alitsuaverage value. During the open
phase, the fluctuation stress distribution is such thatlis #ie flow towards the inferior regions.
Correspondingly, in the closed phase, the stresses direaterstitial fluid to the superior surface.
In the &, direction the range of per-cycle interstitial fluid motioasvfound to b&(0.060 mm) for
the range ofAumLo()?ss) considered in figurd3. The mean thickness of the lamina propria, the
region of VF tissue which actively vibrates during phonatis~ 1.25 mm [55]. Thus the per-cycle
interstitial fluid displacement is typically two orders oagnitude smaller than the total thickness of
the lamina propria. However, the individual layers of thailaa propria aré(0.500 mm) thick [55].
Thus, within these individual layers the fluctuation-inddénterstitial fluid velocity is expected to
play a significant and beneficial role in circulating intéiatfluid. However, the fluctuation-induced
interstitial fluid velocity does not contribute in net inase or decrease of hydration in a region of
VF tissue. The fluctuation contributions to stresses anplaliement are assumed to be related
linearly; this assumption is verified in Appendix B. The diaition of average and fluctuation
stresses strongly indicate that in the absence of colligibanation plays a conducive role towards
increasing hydration in the VF tissue.

The collision-induced contribution to hydrostatic strisactive only during the collision interval
in a vibration cycle. Throughout the collision intervaletdominant direction of collision-induced
interstitial flow was found to be opposed to that of the averatgrstitial flow. Further, the collision-
induced interstitial velocity remains constant within dlisomn influence depth below the medial
surface. The collision-induced interstitial fluid velgcfurther below the collision influence depth
was found to be negligible. The time-dependence of the inflaelepth follows that of the collision-
induced hydrostatic stress at the surface. The peak auitisiduced hydrostatic stress is assumed to
be proportional to square-root of the virtual overclosarg] the time-dependence of the collision-
induced hydrostatic stress is assumed to be self-simil@anvelcaled by the length of the collision
interval. These assumptions are validated in Appendix B.

With advancement of computational power, several recenies have focused on the prediction
of VF stresses in the interior arising due to self-sustaiogdllations [8, 11, 12]. However, these
studies did not make a detailed description of spatial amgégal variations of the hydrostatic stress
as carried out in the present study. In [8] a plane stress wiag assumed with the anterior—posterior
direction being stress free, and the components of the glaess tensor were determined at several
locations along a path similar & in this paper. The gradient alorg of the peak-to-peak part of
in-plane normal stresses is similarNg2Ao o — om,co0) - €1 in the present paper. It was found in
[8] that this gradient is significantly larger near the saefdhan in the interior, thus agree with the
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14 P. BHATTACHARYA AND T. SIEGMUND

present finding thaV’ (2Ao o) - €1 is negligible andVoy ¢ - €1 o ¢; during collision provides a
very large stress gradient. The study in [8] also find thafpdak-to-peak part of in-plane normal
stresses aK increases with increase in lung pressure (similar to sutaglpressurep;, in this
paper). Sincé\o o is negligible atX¢, the rise in peak-to-peak amplitude is dictated by the rise i
magnitude o, co. This finding agrees with the present understanding of 'Bitzerve: a higher
subglottal pressure leads to a higher collision-inducessstcontribution.

An assumption in the analysis presented in this paper igtibdime-variation at all locations and
for all the following quantities, namely displacementggsses, stress-gradients and interstitial flow
velocities can be approximated Byt), or the time variation derived from,, (Xss, t). Although
this assumption is difficult to validate for quantities athkban displacements, some support is
obtained from the good match between ., andum, at Xc outside collision interval (figurs).

In figure 13, for the range of phonation condition parameters consitite magnitude of/f
was found to be>(0.500 mm) and corresponded mainly to the sense of dehydrating flows Thi
level of per-cycle near-surface dehydration is expectesignificantly influence the health of the
lamina propria. Figurd4 shows the schematic of a typical hydration map. Salientfeatof the
computed hydration map that were observed in figirare indicated in the schematic. In particular,
the contours of constarif', the line of marginal collision and the curve of marginaleistitial
fluid advance are shown. General directions of positive aghtive trends i/ are indicated.
The hatched region between the isolings co = 0 andU'f = 0 comprises flow conditions where
contact occurs, yet over a vibration cycle interstitialdlunoves from the interior to the medial
surface.

However a further consideration reveals that the two phonatondition related parameteps
andAuml_yo(X'SS) can not be set independently of each other2ly,[Titze suggested an empirical
relationshipAQ.i; = k;(p — prn)/prn Where AQ.;, is the fluctuation component of the glottal
airflow rate, k; > 0 is a subject-specific constant (units of flow-rate) and is the phonation
threshold pressure (PTP), i.e. the lowest TPD at whichasdillation is sustained. Since a larger VF
opening (or more negati\lﬁuml,o()?ss)) will lead to a larger glottal airflow (more positivR(Q).i,),
one may postulate thaﬁumm()?ss) o —AQ.i. This is indeed supported by the experiments
of [56] as well as the present computatidi.[Thus Titze's empirical relationshi®p] leads to
the conclusion that the fluctuation amplitude becomes megative ag increases

At 0(Xss) = —ki(p — pn)/pra- (32)

In the spirit of P2] the negatively-sloped line ahu., o(Xss)—p is referred to as Titze's line. It
represents a locus of physically realizable airflow copndgi and is shown in figuré4. In the
absence of experimental measurements on the example VF mausgtered in this paper, only
a qualitative determination of Titze's line is possible.Métheless, some biomechanically relevant
landmarks on Titze’s line are evident in figuré.

Titze’s line starts at a positive value pfy,. As mentioned above, the slope of Titze's lirg2)
is always negative. It is expected that Titze’s line intetsehe marginal collision line at a higher
TPD given byp = pc (referred to as collision threshold pressure CTP in voiterdiure $7)).
A variety of subjects comprising professional singers and-singers were considered i&g.
From their data it can be inferred that the slope of Titze's lis proportional td:; in [58] and
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VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 15

for tenors the slope i§6.7 times compared to female non-singers. The marginal cofligine

is also expected to vary across subjects. Thereby it is ¢éegebatp- also varies significantly
across subjects. Figufiel suggests that there exist®@. such that for alp € (pc, psas.) the VFs
undergo collision but without net removal of interstitialitl from the surface. Thus for this range
of pressures (above CTP through,;.) the hydration at near-surface locations is not adverse eve
in the presence of collision. It is emphasized that the datetion of ps.¢. is possible only if the
hydration coefficients in tablé are known. The segment of Titze's line that lies abovelffie= 0
isoline represents conditions that are detrimental todtyain in the near-surface region. Since vocal
intensity is a function of the variablgsand Au., 0(Xss) [58], figure 13 overlaid by Titze's line
can provide subject-specific insight into systemic hydrats a function of vocal intensity. It is
interesting to note that figurkt suggests that there existpa..x € (psate, o) for which interstitial
fluid removal per cycle from the VF surface reaches a pealevalu

5.1. Limitations

The present approach is underpinned by the principle odfisaperposition. While this assumption
enables us to construct the hydration map, the assumptiimeaf superposition will provide only
first order results. Future, higher order results are neddetk accounts for the fact that laryngeal
tissues possess a nonlinear deformation response.

The two conditions for the selection 6fss mentioned above are somewhat counteractive. This
is because it becomes increasingly difficult to acquire iesagp one approaches the medial surface.
In this paper, the choice ofss respects typical limitations of image acquisition in anermental
setting f6]. As contact is best judged from displacement of the medidlase, the use ofi,,
at Xgs is expected to introduced some errors in quantifying thecefof collision. Indeed, the
collision intervals in cycles 13-16 estimated froml()?ss,t) were always found to be smaller
than the computed collision intervals &t: given in tablelll . The resulting underestimation of the
collision-interval is because the influence of collisiotfédt’ at Xssg only when the actual collision-
influence depth grows sufficiently large to inclufigs. Both these errors are expected to diminish
relatively as the severity of collision increases. Note fhatease in the severity of collision is
accompanied by the decrease in the open-quotintwhich in terms of the present variables is
0Q =1— (to,n — ten)/tp. The minimum computed@ consideringuml()fc,t) in cycles 13-16
is 0.876, and that estimated fromml()?ss, t) is 0.859. These indicate much milder collision when
compared to the experiments conducted5f] jwith human subjects wher@(Q as low as0.400
were recorded in singing.

Another potential cause of underestimating the collisioterival is that the limits of the
collision interval are defined Whenml_yc()?ss,t) crosses—0.005 mm. This definition ensures
that the collision interval limits are determined robustlihe determination of the theoretical
conditionumw()?ss,t) = 0 is error prone because small differences betwegnand ., ., due
to interpolation functiory can be confused for collision-induced effects.

In obtaining the collision-induced contribution in figure8 and 13, the virtual overclosure was
approximated using3(), where it was assumed that the displacement of the malecition X g5
remains constant throughout the collision-interval. lalitg, as borne out in both experiments]
and computationg] Xsg displaces further in the medial-direction during the sifih-interval.
Thus @0) overestimates the virtual overclosurgl,co()fss) and the resulting collision influence
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16 P. BHATTACHARYA AND T. SIEGMUND

depth and dehydration effects are also overestimated elnjghasized that this overestimation is
removable by measuring the true displacemenXgf in a physical experiment corresponding to
each phonation condition considered. Moreover, it is etqEbthat the amount of overestimation
error in 30) is larger for larger actual values of virtual overclosureparticular, there is no error
in determining whemml,co()?ss) = 0. It follows that the overestimation will not lead to qualitat
changes in figure$2 and13.

An artifact of the rigid planes in the computation is thatregponding locations on the opposing
VFs can have different actual collision intervals. For ergfigure 6 the locationX does not
undergo collision (zero contact interval) in cycle 8, whes@n a corresponding location on the
right VF the actual collision interval is obviously non-gefThis left-right asymmetry does not
occur in the absence of the rigid planes and will not influgheedetermination of interstitial flow
in an experimental model.

The underlying basis for2(l) is small strain behavior. However during collision, stsaican
be locally large in magnitude, especially in the collisiafluence zone. In cycle 15, af,.. the
principal strains ranged from6.50% to 6.50% on the mid-coronal plane and strongly support the
linearity assumption. Note that the magnitude of totalistiéctates the applicability of(1), and not
that of the separate contributions. Along Titze's line, il&reasing severity of collision increases
the collision-induced strain. However, this is accompdriig an increase in the average strain,
which being counteractive to the collision-induced strarexpected to lower the magnitude of the
total strain. Therefore errors introduced due to applicatf (21) are expected to be maximum at
Preak, and decrease away from it.

The integration of interstitial fluid velocity over sufficiently large time periods should be
interpreted with caution. Significant displacement of iistitial fluid can violate the assumption
of homogeneous, isotropic, time-invariant distributidrpbandk.

VF tissue is known to possess a layered structG@gdnd a non-linear stress—strain response at
high strain levels 34, 35, 36]. Thus heterogeneity of response through different VF risyand
non-linearity of response in each layer are expected tebetiaracterize the full mechanical
behavior of the VF tissue when compared to the linear elastitropic response used in the
current analysis. However, if the assumption of small sdiolds, then resolving the full stress—
strain response is not necessary, as deviations due tamearity at sufficiently small strains are
not significant. The use of a layered model would be intargshiut was not considered in this
paper. Yet, the method detailed here is applicable in the o&s layered heterogeneous model
as well, specifically (i) decomposition of superior surfaigplacement and hydrostatic stress, and
(i) scaling of contributions to hydrostatic stress anceistitial fluid velocities. Use of a layered
model would result in a quantitatively different hydratimap than the particular one presented here
(figure13). Although such a modified map might arguably be closer thtyethe main contribution
of the present approach is that such a map can be obtainelatrddmechanically relevant insights
can henceforth be inferred. It is to emphasize this aspatatfualitative hydration map is presented
(figure 14) and the main inferences of this study derive mainly fromdgtalitative picture.

Anisotropy of apparent stiffness of VF tissue is well knowtowever, considering VF tissue
as a porous material it is not clear whether the anisotropintiinsic (the solid phase is an
anisotropic material) or structural (porosity of the sqgditiase is anisotropic). A study of the pore
architecture of bovine acellular VF tissue showed thatcstmal anisotropy is not significant and
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moreover the medial-lateral permeability (as considenethé present study) is high enough to
allow interstitial fluid flow [L9]. In an approach similar to ours, interstitial fluid flow irethnterior—
posterior direction was assumed negligible by other warkes, 18 based on the following two
observations: (i) the stress gradients in that directianlaw even when the VF is intrinsically
transversely isotropic and (ii) water flow is dominated bgatésely charged non-fibrillar matrix
molecules, which are usually distributed isotropicallythie VF tissue. From the above arguments
isotropic permeability as considered here appears to baesamable assumption. On the other hand,
while incorporating intrinsic transverse anisotropy ipested to lead to a better prediction of VF
hydrostatic stress, the approach detailed in the pres@et gan without any modification use such
a predicted stress state in order to derive VF tissue hyxirafihe results presented in this paper are
expected to only undergo quantitative changes and the figiglhts drawn are expected to be valid.

It is emphasized that the current study presents a novebapprthat derives characteristics of
VF hydration as a function of phonation conditions for giwén tissue mechanical properties and
VF geometry. This approach is demonstrated using the eefsath an FSI computation in literature
which assumes a particular VF tissue description and VF gégnbut the approach is not limited
to these. The actual quantitative description of dehydnatharacteristics for all possible VF tissue
mechanical properties (and VF geometries) is outside thgesof the present study.

6. CONCLUSION

The dominant features of temporal and spatial variatiomefinterstitial fluid velocityy within the

VF were investigated in this paper under conditions of VRaidion without and with collision. This
result was further extended by introducing the hydratiomp raaalysis, wherein a measure of VF
hydrationi.e U™, is used to compare the state of VF hydration over a rangeafation conditions.
Throughout the paper, it was considered thistsolely dependent on the gradient of the hydrostatic
stress. Consequently, systemic hydration as consideredsentirely driven by VF vibration. At an
arbitrary phonation conditiofiwas determined using the hydrostatic stress gradientr@atdrom

a single computation conducted at a specific and distincb@tan condition. This determination
was made possible by employing decomposition and scalirgeofiydrostatic stress distribution.
Additionally, the definition of a virtual functioif to extract the collision-induced contribution, and
the scaling of the collision-induced stress with the squiaot of the displacement are new concepts
presented in this paper. The spatiotemporal variatiap) ahd in particular the variation of its scaled
and decomposed contributiogs A¢ and (}”C is captured by a set of hydration coefficients given
in tableV. These coefficients are in turn related to the imposed VREeisonstitutive properties
and VF geometry but are independent of phonation condititiis emphasized that at present,
the only method available to determine these coefficients gemputation of VF vibration with
collision, an example of which is given ig][ As a consequence, similar computations that exist in
literature, as well as those that will be performed in fufwen be analyzed in the method described
in this paper. The outcome of such an analysis would be thefdstdration coefficients, and the
determination of a hydration map. It is expected that in thtere it will be possible to include
subject-specific VF tissue constitutive properties in nioaésimulations of VF vibration. This will
lead to subject-specific hydration coefficients and deteation of the hydration map will provide a
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18 P. BHATTACHARYA AND T. SIEGMUND

higher degree of subject-specific insight into the systépdration of the VF tissues. A quantitative
subject-specific assessment of systemic hydration overgeraf phonation conditions is then quite
straightforward, provided routin@ vivo measurements of airflow pressure and VF displacements
are obtained. Obtaining these measurements is expectednoth less expensive than conducting
a full-scale computational FSI at that particular phormationdition.
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APPENDIX A. APPROXIMATION OFUml,v(XSS; t) IN THE COLLISION INTERVAL

In determining the collision-induced contribution the tual function uml,u()?ss, t) must be
obtained within the initially guessed collision intervad.this paper, this approximation was based
on the modified Prony metho@1, 62, 63]. In this method.., (Xss, ¢) is sampled at four equispaced
instants; each such set of four instants lies either in thsing phase immediately preceding the
guessed collision interval, or in the opening phase immelidollowing it (figure 15a). From the
sampled data, two separate approximations are determimezsponding tmml,v()?ss, t) on each
side of the collision interval. The minimum envelope of thwe extrapolated functions is considered
to be the desired approximationdg, ., (Xss, t) within the collision interval (figurd 5b).

APPENDIX B. ERROR ANALYSIS

This section details the various errors in the decompasiéind scaling methods employed in
the paper. Other than these, errors in employing Darcy’s dad numerical errors in example
computation also contribute to the total error in estin@fif- systemic hydration. However, a
discussion of the latter two sources of error is provided®]n [

Decomposition of the medial-lateral displacement netassi an integral over time as given
in (2). The error in approximating the integral from discreteadabints is a function of interval
of data output; in the example computation, thisAg =20 us. For a cycle time period of
t, = 0.00597 s, the relative error in the present calculations due toguiie trapezoidal-rule for
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integration isO((At/t,)?) = O(1.12 x 10~°). This is also the estimate of error in determining
the fluctuation component. Although only cycles 9 and 15 aeduin the text, the average
displacement does not differ much across cycles. In cylel@sl 5, 16, it was found that on average
ﬂml()?ss) = —0.0995 mm (SD0.0111 mm). The fluctuation amplitude increased with time, but
very slowly. For cycles—9, the standard deviation @,ﬁnw()?ss) was0.0146 mm, which is less
than5.66 % of the average value. For each of the cydlesand13—-16, the functionf(¢) was found

to be strongly correlated with that in cycde(r > 0.993) and had a maximum absolute difference
less thar®).145 compared withyf (¢) in cycle 9. Compared to the pure cosine function, the cdicela
of f(¢) was high ¢ > 0.994) and the maximum absolute difference between the functi@ssless
than0.177. These findings are in line with previous studiég,[22].

The error in approximating the time-dependence of the fatain component by the function
f(t), which is obtained solely fromml()?ss, t), is considered next. Firstly, two ordered sB{sand
E, are defined, which contain respectively the finite elemantessected by the line joining; and
X¢ and the finite elements intersected by the line joinlﬁg7 and Xp,.. It was found that at each
computed instant in cycle 9, the correlation between costpat; and estimatedy + Ao o f
was always more than940 for the region corresponding to element{&et Discarding the instants
close tot andt + ¢,,/2 in cycle 9, where the contribution from the fluctuation is esed to be
negligible, it was found that the correlation between theapoted and estimated hydrostatic stress
was0.850 or higher for the region corresponding to elementigetThe discarded instants where
the correlation was lower thang50 were in totall0.7% of the cycle time period.

In determining the collision-induced contribution, it issamed that the function(?) is self-
similar. Figurel5a,b compares,,,; with uy, ., both taken atlsg in cycles 15 and 16. The figure
also indicates the instants outside the respective amflisitervals at whicly is sampled to apply
the modified Prony method. Figut&c compares the functiog(t) between cycles 15 and 16.

In the scaling model, the self-similarity of the average fogtiatic stress normalized by the
averaged TPD p,.x in the computation) is verified by considering results fromseparate
computation. In this new computation, the same example ctetipnal model is used as described
herein, except that,.x = 800 Paand,.m, = 0.300 s. This new computation is stopped &t ¢,,ax.
Considering instants corresponding to when the inlet pressqual200 Pa,300 Pa,400 Pa,500 Pa
and600 Pa, it is found that VF vibrations are negligible (instamans kinetic energy was at most
3.01 % of the instantaneous strain energy). At each of thesentsstdwas found that the correlation
betweenry anday (cycle 9) was higher tha®995, when regions comprising element-sétsand
E, were considered. Further, at each instant, the differeet@den the values afy /p andéy
(cycle 9) taken a5 was less thaB.95 %.

For the scaling of the fluctuation contribution, the vareas, is compared between cycle
9 and the 8 vibration cycles preceding it, considering el@mén the sefl,. It is found that
the corresponding correlation is alway999 or greater. For the scaling of the collision-induced
contributions, it is noted that between cycles 15 and:l@iffered by 13.4 %. In figurel1l, the
correlationr is at leas0.936 between the variation of; ¢ with & (in the regionH* = 1) and a
line with slopec; ,/um1,co. Between cycles 15 and 16 the value-gfwhich is the scaled collision-
induced stress aX . at the instant of maximum overclosure was found to be diffgby 16.0 %.

In determininng interstitial flow velocities for hypothedl phonation conditions, a linear
relationship betweenml()?ss) andp was assumed. Howeve2]] suggests that a more accurate
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expression st (Xss) o (ki/prn) (@ — prn) cos(m - OQ) where the open-quotient is given by
0Q = ka+ (1 — k2)(pn/p) With 1 > k> > 0 a non-dimensional subject-specific constant. From
the above expressions it can be shown thatpfenarginally larger tharpry, 8ﬁm1()?ss)/8ﬁ is
negative ancBQﬁml(Xss)/apQ is positive. This non-linear relationship betwe@lgl()fss) andp
implies that the marginal collision line in figurd$ and 14 bends downward for finite values of
P — prn and quantitative differences in the hydration map willdall Note that these differences
can be removed by direct experimental measuremengqufss). Moreover, the non-linearity in
theaml()fss)—ﬁ relationship does not alter the qualitative inferenceseriadhe text regarding the
hydration map.
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Table I. Geometric dimensions and constitutive propedfagottal airflow model.

Copyright© 2013 John Wiley & Sons, Ltd.
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Air-tract Dimensions| Air Properties

Tentry 10.0 mm | pres 101 kPa
Texit 20.0 mm | ps 1.23 kg/m?®
T 10.7mm | p 1.79 x 10~* kg/mss
w 17.4 mm
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Table II. Geometric dimensions and constitutive propsrtithe vocal fold model.

Vocal Fold Dimensions| Tissue Properties

L 200 mm | E 6.00 kPa
D 8.40 mm | v 0.450
T 10.7 mm | ps 1070 kg/m?
dg 0.600 mm | 71 0.500 s
dp 0.200 mm | ki1, g1 0.670
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Table IIl. Start instantg¢,,) for cyclesn =1...16 computed in 2]. For the collision cycles0-16, the
interval is also indicated in which the deformed locationXef has compressive normal traction.

Cyclen[-] | tn[s] || Cyclen[-] | tn[S] | [ten,ton]I[S]

1 0.19030 9 0.23792

2 0.19624 10 0.24386 | [0.24682, 0.24682]
3 0.20212 11 0.24994 -

4 0.20812 12 0.25590 -

5 0.21410 13 0.26188 | [0.26456, 0.26504]
6 0.22014 14 0.26782 | [0.27048, 0.27110]
7 0.22608 15 0.27390 | [0.27642, 0.27704]
8 0.23198 16 0.27986 | |0.28224, 0.28298|
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Table IV. Reference points on the mid-coronal plafe = 0) of the left VF.

Reference Poin{ Xis [mm] X, [mm]

Xss 0.00 -1.86
Xo -0.740 -0.294
X 2.71 -4.48
Xup 0.00 -5.82
Xpn -5.58 -2.94
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Table V. Numerical values of approximation coefficients.

Coefficient Value  Units

a 6.91 x 107%  [s7'Pa]
as —1.66 x 107% [ms'Pa!]
b 36.7 [s7!]

e ~14.2 [m2s Y]

ca —9.11x 107%  [m2s ']
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Table VI. Scaling parameters used to analyze three casateodtitial flow development.

Case| p[Pa] | Atmio(Xss) [MM] | tmi,co(Xss) [mm]

1 1000 —0.245 0.00
2 1000 —0.490 0.00
3 1000 —0.735 0.245
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Collision-free cycle
(A)
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O |
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Figure 1. Decomposition of displacements during a vibratigcle without collision. (A) Cycle start and end

times ¢, andt, ., respectively) are determined from,; (Xss, t); the average displacemeny,;(Xss) is
determined such that the area under the curve is zero (shausentt corresponds to the first occurence of

im1(Xss). (B) The normalized fluctuation about the me#n) is used to decompose the hydrostatic stress
everywhere. (C) Time instants, ¢, and¢ are used to decompose the displacement at other vocal fold
locations.
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Collision cycle
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Figure 2. Decomposition of displacements during a vibratigcle with collision. (A) Similar to figurel
instantst,, andt,,,, are determined from,,;(Xss, t) (solid curve); the overclosed cycdf;n17,“()?ss,t) is
estimated (dashed curve). (B) The average displacemgiifXss), the instant and the functionf(t) are
based onu,y, , (Xss, t); the area betweem,, (Xss) andu,y, ., (Xss, t) is zero (shaded); difference between
um(Xss, t) (dashed curve) and,, ., (Xss,t) equals the collision-induced contributian,,; ¢ (Xss,t)
which is zero outside the collision intervél. ,t..»n]. Decomposition of displacement and hydrostatic

stressesat other vocal fold locations (not shown) is basemhsiantst,, ¢,41 and along with (C) the
normalized functiory (¢) and (D) the normalized collision-induced contributig().
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(a) (b)

Figure 3. () Geometry of the glottal airflow domain. The iptitlet and glottal surfaces are shaded. The

coordinate origin is denoted ly. (b) Geometry of the left half of the VF model. The regioh is part of

the glottal surface that is expected to participate in slii. Coordinate axes are offset from the origin for
clarity.
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Figure 4. Mid-coronal cross-section showing initial coofation: rigid planesP;, and Pr separated by

distanced,; the left and right VFs separated initially by at least the da and located symmetrically on

either side of the respective rigid planes; and contactsadC;, andCr on respective VFs. Coordinate
axes are shown offset from the origin for clarity.
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XUP Xss
| \/é1
i X ,

Figure 5. Location of reference points and reference urgtors on the mid-coronal plane. Dashed line
indicates the lateral boundary of the area over wiNtho ;; o was averaged.
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Figure 6. Contact opening distance at mid-coronal planepeddence of time: solid line, on left vocal fold
(VF) defined ag(dy — dp)/2 — umi] at X¢; dashed line, on the right VF defined @8, — dy)/2 + umi] at
a location similar taX .

Copyright© 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
Prepared using cnmauth.cls DOI: 10.1002/cnm



VIBRATION-INDUCED SYSTEMIC HYDRATION OF THE VOCAL FOLDS 37

(@) oy (X, 1,) (b) 54 (X) (¢) 4oy (X)
€

[Pa]

+4.00e+02
+3.04e+02
+2.08¢+02
L 13e+02
+1.67e+01
7.92e+01
175602
271602
367602
463602
558602
654602
750602

Figure 7. For the vibration cycle, contours of (a) instantaneous hydrostatic steggsat maximum open
instantty, (b) mean hydrostatic stresg;, and (c) fluctuation hydrostatic streds ; ( on the mid-coronal
plane. Solid lines in figures (b) and (c) are parallel to ueitterse; andées respectively.
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Figure 8. Time development of contact opening distance élliston cycles15 and 16, where negative
values indicate overclosure. Solid line, computed quantly — dp)/2 — un (X, t); dashed line, virtual
quantity(dg - dp)/2 - uml,v(X07 t)'
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Figure 9. Contours of (a—@)y and (d—f)oy ¢ at three representative time instants of collision cyicle
Time instants correspond: (a0} 0.27640 s; (b,e)t = 0.27662 s; (c,f)t = 0.27680 s.
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Figure 10. For the vibration cycle, variation of (a)ay and (b) Aoy in dependence of; and &
respectively.
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Figure 11. Spatial variation alorg of contact contribution of hydrostatic stresséatqually spaced time
instants during active contact in cyds.
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Figure 12. Interstitial fluid particle trajectories on thedrcoronal plane for representative cases: (a) no
contact, (b) marginal contact, and (c) significant cont@atcles indicate the initial positions of the fluid
particles.
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Figure 13. Contours df'f in dependence qf andAuml’O(XSS). HereU' is the per-cycle interstitial fluid
displacement in the;-direction of a fluid particle located initially at the medwurface locationX¢,
is the average TPD andu,, o(Xsg) is the fluctuation amplitude of medial-lateral displacetranthe

superior-surface locatioi’sg. The dashed and solid lines indicate respectively phomatinditions for
which marginal collision and marginal interstitial fluid piate displacement occur.
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Figure 14. Schematic of hydration map, i.e. contourg/8fin dependence of and Auml,()(XSS)- Here
U'f is the percycle interstitial fluid displacement ig -direction of a fluid particle located initially at the
medial-surface locatioiX ¢, p is the TPD andAwu,, o(Xsg) is the fluctuation amplitude of medial-lateral

displacement at the superior-surface locatitgs. Dash-dotted lines indicate level curves of; thick
dashed line indicates marginal collision; thick dottedveuindicates zero interstitial fluid displacement;
solid straight line indicates physically realizable loafi§ PD and fluctuation amplitude (or Titze’s line).
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Figure 15. (a) Comparison af,,; (solid line) andu,,; ,, (dashed line) aKgg in cycles 15 and 16. Circles and
crosses respectively denote instants in the closing andirggpehases whergis sampled. (b) In a close-up
of cycle 15, approximations of closing and opening phasesshown in dotted lines. (c) Comparison of
time-dependence of collision-induced functigyig) from cycle 15 (solid line) and cycle 16 (dashed line).

Int. J. Numer. Meth. Biomed. Engng. (2013)

Copyright© 2013 John Wiley & Sons, Ltd.
DOI: 10.1002/cnm

Prepared using cnmauth.cls



	1 Introduction
	2 Method
	2.1 Decomposition of Superior-Surface Displacement and Hydrostatic Stress
	2.2 Scaling Hydrostatic Stress and Interstitial Fluid Velocity Contributions
	2.3 Total Interstitial Fluid Velocity Using Superposition

	3 A Working Example
	4 Results
	4.1 Decomposition of Superior-Surface Displacement and Hydrostatic Stress
	4.2 Scaling Hydrostatic Stress and Interstitial Fluid Velocity Contributions
	4.3 Phonation Condition Dependent Systemic Hydration

	5 Discussion
	5.1 Limitations

	6 Conclusion

