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Abstract
Primary blast injuries are generally limited to air-filled organs of the respiratory, gastrointestinal and auditory systems. The most common organ damaged during an explosion is the ear.  Injury to the auditory system is well known, for example, victims of blast injury often have tinnitus and prolonged sensorineural hearing loss immediately after the explosion.  In addition, vestibular damage is conceivable due to the close anatomical relationship between the utricle, saccule and the crista ampullaris (being a closed system) to the foot plate of the stapes in the middle ear.  Transient vestibular balance dysfunction after primary blast injuries without tympanum rupture has been reported; and the mechanism is unknown.  With current escalation of IED in the military and civilian environments, it is estimated that 25-30% of the patients subjected to blast injury were diagnosed as suffering from balance disorders.  It is possible that the disorder is due to a direct disruption of the membranous labyrinth, or indirect effects of the blast wave on the vestibular cortex and/or cerebellum (e.g. Contre-coup injury).  It could also be due to cortical impact (e.g. secondary or tertiary blast injuries) affecting the central vestibulo-motor pathways.  In this study, we employed Computational Fluid Dynamics (CFD) to simulate the response of the cupula of the semicircular canals and to postulate the mechanism of balance disorder due to primary blast wave.  Volume of Fluid method was used to track the interface between the cupula and the endolymph.  It was assumed that there is no rupture of the oval window, round window, and the Reissner’s membrane and consequently no leakage of fluid (perilymph or endolymph) from the vestibular system.  Our results suggest that at a blast wave of 17 psi, the perilymph within the vestibular system deforms the membrane of the membranous labyrinth.  This causes an irregular endolymph flow and changes in endolymphatic pressure which deform the cupula of the crista ampullaris.  Deformation of the cupula in turn disrupts the integrity or breakage of the cilia of the sensory hair cells.  Our model suggests that changes in endolymphatic pressure and distortion of the cupula will disrupt the primary vestibular afferent discharges and alters the responsiveness and sensitivity of the vestibular system leading to balance disorders.

1.0
INTRODUCTION

In general, blast injuries are divided into 5 classes: primary, secondary, tertiary, quaternary and quinary based on the nature of the stimulus.  Primary blast injury caused by direct blast energy or pressure is a form of barotrauma.  Secondary blast injury is caused by projectiles created and/or propelled by the blast (shrapnel, rubble, building fragment).  Tertiary blast injury is due to blast wind resulting in physical translocation and impact with rigid and stationary objects.  Quaternary blast injury is a result of burns, asphyxia (from heat) and exposure to toxic inhalants.  The clinical consequences of post detonation environmental contamination including bacteria, radiation and tissue reactions are referred to as quinary blast injury.

The ear is the most frequent organ affected during an explosion, for example, blast wave might rupture the tympanic membrane (ear drum).  Injury to the conductive and perceptual auditory system is well known. On the other hand, vestibular damage although conceivable due to the close anatomical relation of the vestibular apparatus structures (utricle, saccule and crista ampullaris) to the footplate of the stapes is rarely investigated.  It has been reported that about 25-30% of the patients subjected to blast injury were diagnosed as suffering from balance disorders [1].  Exposure to a high powered explosion especially in a confined space may result in severe vestibular damage [2, 3].  Moreover, transient vestibular balance dysfunction after primary blast injury was reported by Sylvia et al. [4].  There are other reports on the disorder of the balance control system as a result of blast impact with signs and symptoms such as abnormal eye movement, dizziness and Benign Paroxysmal Positional Vertigo (BPPV) [5-10].  BPPV manifests as a result of canalithiasis where particles from the utricle are relocated to the semicircular canals.  While short term (few minutes) or long term (few days) symptoms of dizziness and loss of balance have been reported after exposure to blast wave [11-14], the cause for balance disorders after blast exposure are not well understood.  Some investigators suggested that vertigo is a result of central nervous system damage caused by traumatic brain injury (TBI) [15, 16].  However, it has been suggested that blast wave can affect the functionality of the semicircular canals directly rather than through the nervous system [17].  It is possible that balance disorder is due to a direct disruption of the membranous labyrinth, or indirect effects of the blast wave on the vestibular cortex and/or cerebellum (e.g. Contre-coup injury).  It could also be due to a direct cortical impact (e.g. secondary or tertiary blast injuries) affecting the central vestibulo-motor pathways.  The objective of this study is to investigate the effect of a primary blast wave on the functionality of the vestibular system using the computational fluid dynamics (CFD) model.

2.0
DESCRIPTION OF the Vestibular Appatus

The three interconnected semicircular canals orthogonal to each other are responsible for angular acceleration in 3-dimensional space.  They are connected to the utricular and saccular macula (responsible for linear acceleration) and the organ of Corti (responsible for hearing).  The above structures form the membranous labyrinth which is a closed system and is protected within a bony labyrinth.  The bony labyrinth is a part of the temporal bone of the skull.  The membranous labyrinth is filled with endolymph (high in K+ and low in Na+) while the gap between membranous and bony labyrinth is filled with perilymph (low in Na+ and high in K+).  Hence, each canal is filled with endolymph, which by virtue of its inertia flows through the canal whenever a component of the angular acceleration of the head is in the plane of the canal [18].  Flow of the endolymph deflects the cupula, a gelatinous mass of mucopolysaccharides that forms a moveable diaphragm across the canal at a swelling near the junction of the utricle called the ampulla.  The ampulla contains the sensory epithelium called the crista ampullaris.  The cupula extends from the top of the crista ampullaris to the opposite wall of the membranous canal (refers to as the apex of the cupula) to block the flow of endolymph around it.  Therefore, the cupula functions as a fixed, weakly elastic diaphragm rather than a hinged door [19].  The neural transduction function is carried out by the cupula and the crista ampullaris.  The crista ampullaris contains many multi-ciliated hair cells each with a single kinocilium and some 60 to 100 stiff stereocilia arranged in a regular pattern that protrude into the cupula.  Endings of the vestibular afferent fibres are in close contact with the hair cells.  Endolymph motion causes the cupula to deflect.  Cupula deflection causes hair cells to bend.  Bending of the stereocilia towards the kinocilium during deflection of the cupula causes excitation (depolarization); thereby increase the discharge of the vestibular afferents.  Bending of the stereocilia away from the kinocilium causes inhibition (hyperpolarization), decreasing the resting discharge of the vestibular nerve.  The elastic properties of the cupula can be altered by changing the respective density of the cupula and the endolymph, for example, absorption of alcohol (being less dense than the endolymph) in the cupula can cause exaggerated sensation of motion. 
A schematic of the inner ear showing the semicircular canals, the utricular and saccular maculae and the oval and round windows is illustrated in  Figure 1.  As mentioned above, the endolymph fills the membranous labyrinth which has the same shape as the bony labyrinth.  The gap between the membranous labyrinth and the bony labyrinth is filled with perilymph that is in direct contact with the oval and round windows.  The Organ of Corti responsible for hearing is located in the helical part.  The connection between the inner ear and the middle ear is through the round and oval windows each of which has a membrane across preventing fluid leakage.  
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Figure 1: Schematic of the inner ear showing the perilymph 
and endolymph and the membrane between them.
3.0
Effects of Blast Pressure on the Ear

In cadaver temporal bone without the pinnae, a minimum peak pressure of 50 to 56 kPa (0.5 to 0.56 atm) with duration of ≥ 2ms at the tympanum is needed to cause rupture and a minimum impulse of about 8 Pa.s for blast wave duration of < 0.2ms [20].  When there is a rupture in the tympanum, there are a number of possibilities: 1). The pressure wave bypasses the ossicles (malleus, incus and stapes) of the middle ear and directly impacts the oval window and round window membranes of the inner ear without rupturing the membranes; 2). The blast wave could rupture the oval and round window membranes.  In this study, we studied the first scenario.  As discussed previously, the oval and round windows provide direct access to the perilymph that is cushioning the membranous labyrinths.  Blast wave induced pressure changes in the perilymph through the oval and round window membranes, can alter the endolymphatic flow and the deflection of the cupula.  The anatomical proximity between the endolymph, cupula and the flexibility of the membranous labyrinth provide the condition by which blast wave can directly affect the functionality of the semicircular canal fluid dynamics.  We employed Computational Fluid Dynamics (CFD) to investigate the response of the cupula and endolymph to blast wave.  A two fluid Volume of Fluid (VOF) model is used to numerically solve the complete sets of governing equations for both the cupula and the endolymph in a semicircular canal and to capture the interface between these two as the cupula deflects [21].  By using CFD, a realistic geometry for the canal can be used without any restrictions associated with the torsion pendulum models [22-24] used to model cupula response to head motion.  In addition, since complete governing equations are solved numerically, no restriction for fluid pattern inside the canal and cupula deformation is required as suggested in models by [25-28]. 
4.0
Physical Model

As the pressure wave impacts on the oval and round window membrane, perilymph pressure increases.  If the walls of the membranous labyrinth and the round and oval window membranes were non-deformable, perilymph would not be able to flow.  Since these membranous tissues are deformable, and since the thickness and width of the membranous labyrinth is not uniform, pressure increase in the perilymph results in perilymph motion.  This fluid motion is transferred to the endolymph via the membrane of the membranous labyrinth.  Similarly, endolymphatic motion at one point causes the endolymph to flow inside the membranous labyrinth due to the deformability of membranous labyrinth.  As the endolymph flows, cupula deflects in response to the endolymphatic motion.  If the volume of the membranous labyrinth is constricted in one part due to the inward motion of the perilymph, incompressibility of the endolymph would require a volume increases in other parts of the membranous labyrinth.  As a result, the volume of the labyrinth and the endolymph remain constant while there is an endolymphatic flow due to the pressure variation and the perilymph motion outside the membranous labyrinth.  If pressure variation impacting the inner ear is oscillatory, as encountered in blast waves, the resulting pressure distribution along the labyrinth and the resulting flow of perilymph, endolymph, and cupula deflection will also oscillate in time.

It should be noted that the exact pressure distribution and perilymph-endolymph motion requires that the entire membranous labyrinth be modelled.  Pressure distribution and perilymph-endolymph motion prediction also requires that the thickness of the membranous labyrinth to be known.  This is beyond the scope of the current study; we concentrate on the endolymphatic flow and cupula deflection in response to perilymph pressure change in one semicircular canal.  As we indicated earlier, we also assumed that the oval and round membranes remain intact (hence no leakage of perilymph) and that the perilymph pressure is transferred completely to the endolymph across the membrane and uniformly along the canal.  We recognise that such an assumption might over predict the applied pressure on the endolymph resulting in larger cupula deflections.  However, our model will provide a basic understanding of the potential effects of blast wave on the vestibular apparatus. 

The geometry used in this model is shown schematically in Figure 2.  It illustrates a cross section of one semicircular canal at the ampulla.  As stated earlier, it is assumed that pressure distribution is uniform in the perilymph and that it varies with time.  The same pressure is transferred to the endolymph via the membranous tissue in between.  The right boundary of the canal is assumed to be open for the endolymph to flow in or out of the canal as this is the boundary from which endolymph can flow to other parts of membranous labyrinth.  If the perilymph pressure is positive, the membrane moves outward and endolymph is pushed out of this canal.  When perilymph pressure is negative the membrane moves inward allowing endolymph to flow into the canal from the open boundary.  When exposed to blast waves where pressure oscillates between positive and negative values, combinations of the above motion can occur. 
















Figure 2: Problem configuration; double arrows indicate that the 
membrane can move in and out based on the applied pressure.
5.0
NUMERICAL Model

The numerical scheme employed to model the effects of blast waves on a semicircular canal are described as follows.  The governing equations for the endolymph and cupula are solved and the moving interface between them is captured.  Perilymph effect is implemented as a pressure boundary condition at the membrane between perilymph and endolymph but perilymph flow is not considered.  Both endolymph and cupula are treated here as incompressible fluids [29]. It is assumed that the temperature remains constant in the canal and is not affected by the pressure wave.  Equations governing the flow field are mass and momentum conservation equations:
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 τ the shear stress, and  the density,is the velocity vector, p the pressure, ρ
 includes any body force as well as surface tension per unit volume.  These equations were used to calculate the fluid motion within the canal based on a balance of momentum.  The equations are solved on a fixed Cartesian grid where the entire domain is divided into smaller elements to discretize the governing equation.  As mentioned above, since there are two materials in the canal, the interface between these two fluids should be captured at each time interval.  Volume of Fluid (VOF) method was employed to capture the interface between the two fluids.  This method assumes that there is a scalar field, f, called volume fraction; that is defined at each computational cell as: f = 1 cells with interface between the cupula and the endolymph.  As the interface between the two fluids moves, volume fraction field should be reconstructed at each time step.  The method developed by [30] is used to reconstruct the interface at each time step and relocate the volume fractions by the following equation:
 within the cupula, f = 0 within the endolymph, and 0 < f < 1




(3)

Equations (1), (2), and (3) are discretized using a staggered mesh in which velocities are specified at cell surfaces and pressure and volume fraction at each cell centre.  While the scheme is three-dimensional, this work presents two-dimensional results, assuming only one computational cell in one of the three coordinate directions.  This model has been extensively used and tested in previous studies [31, 32].  The geometry of the human semicircular canal is taken from data provided by Curthoys and Oman [33].  In order to introduce the geometry to the flow solver of our model, the canal was divided into 10 sections and for each section the best polynomial curve fit is derived.  Figure 3 illustrates different sections which were provided by Curthoys and Oman [33].  Ten sections for which a polynomial equation from a curve fit was derived are shown in different colours and each colour is identified by a number in the Figure.  All the dimensions are in millimetres and the origin is as indicated in Figure 3. 
[image: image16.emf]
Figure 3: Geometric detail for the canal, all dimensions are in millimeter.  Each colour line is identified 
by a number and indicates a section for which a polynomial equation is derived from curve fitting.  
Equations are provided in the text.  Thickness of different sections are as follow, (a)-(b): 0.61, 
(c)-(d): 1.28, (e)-(f): 2.69, (g)-(h): 1.47, (i)-(j): 0.65, (k)-(l): 0.27.
The polynomial equations and the range of variables for each section are provided in Table 1.
Table 1: Geometrical description of the semicircular canal used in the present model.
	#
	Description of the boundary
	Range

	1
	[image: image17.png]y = —4.718 x 10°x® + 9.9950 x 107x* — 7.8391 x 10°x® + 2995x* — 5.848x + 0.005




	[image: image18.png]03 <x <75





	2
	[image: image19.png]y = —6.875 x 10°x* + 4.4603 x 10°x* — 1.0646 x 10*x* + 11.727x +0.0008




	[image: image20.png]0.3 <x <24





	3
	[image: image21.png]y =1.1517 X 107x* — 8.9487 X 10%x* + 230.59x — 0.191




	[image: image22.png]24 <x <27





	4
	[image: image23.png]y =4.089 x 107x* — 8123 x 10°x* + 5.542 x 10°x? — 15.39x +0.0216




	[image: image24.png]27 <x <175





	5
	[image: image25.png]y =3.1242 X 107x* — 4.5433 X 10°x® + 2.505 x 10°x* — 6.188x + 0.007




	[image: image26.png]0.66 < x < 6.5





	6
	[image: image27.png]y =—1.343 x 10%x* + 6.2904 X 107x* — 1.099 x 10°x* + 85.78x — 0.02




	[image: image28.png]0.66 < x < 1.57





	7
	[image: image29.png]y =8.1971 x 10"°x° — 1.0549 x 10°x* + 5.4659 x 10°x* — 1.38 X 10%x* + 16.36x — 0.002




	[image: image30.png]1.57 < x < 34





	8
	[image: image31.png]y =4.7274 x 107x* — 1.3165 x 10°x° + 1.276 x 10*x* — 52.36x + 0.08




	[image: image32.png]4<x<59





	9
	[image: image33.png]y = —1.5641 X 10"%x* +3.7575 x 10°x% — 3.3841 x 10°x® + 1.3541 x 10%x — 20.3




	[image: image34.png]59 <x <6.5





	10
	[image: image35.png]y = 1.3145 X 10%°x* — 1.9506 x 10°x* + 1.0806 x 10°x* — 2649x + 2.43




	[image: image36.png]34<x <4






The density for both endolymph and cupula are assumed to be 1000 kg/m3.  Their respective viscosities are assumed to be 0.001 and 0.1 Pa.s [26].  The elastic properties of the cupula are responsible for restoring the cupula to its equilibrium resting position after any forced deformation [34, 35].  Since the deformation of cupula was modelled in a fluid mechanical sense; the restoring force is prescribed as a surface tension force between the cupula and the endolymph.  The surface tension coefficient needs to be determined such that it would provide the same result as the elastic properties of the cupula would. We originally selected a surface tension coefficient close to that of water, σ = 0.1 N/m (surface tension coefficient of water is 0.072 N/m).  However, as it will be shown later, this surface tension coefficient was too small and the cupula could rupture with very small blast wave pressures. Since our model is two dimensional, it has a smaller interface (perimeter) than a three dimensional interface (area), a larger surface tension coefficient should be selected to compensate for the smaller area.  A larger surface tension coefficient may provide the same results as a three dimensional physical model would. Therefore, the surface tension coefficient was increased to σ =1 N/m, for this study. 

6.0
RESULTS

6.1
Cupula Response to Blast Wave

Our simulation results suggested that there is endolymph flow and cupula deflection in response to pressure variation from a blast wave.  A typical blast wave has frequencies in the range of 0.1-10 KHz close to the location of the blast.  Such blast wave can be represented by a Friedlander curve [36-38].  A positive peak pressure is followed by a small amplitude long term negative pressure wave.  The pressure variation inside a closed space or an armoured vehicle may be different from the profile defined by the Friedlander curve due to several reflections of the blast wave and the effect of the environment [39] and that the blast pressure will last for hundreds of cycles.  In this study 1-2 cycle are assumed resembling the pressure wave in an open environment close to the location of the blast. 

In our model, a pressure boundary condition is applied on the membrane between the perilymph and endolymph and the response of the cupula to this pressure is studied.  Figure 4(a) shows the blast wave that is used in our model. Blast pressure reaches the maximum of 1.2 atm in 0.1 ms.  After this abrupt rise, pressure drops rapidly to less than 0.2 atm but it is still positive, and then goes through oscillations between positive and negative (suction) values.  Pressure approaches zero after 2 ms.  This time varying pressure is applied through the entire interior boundary of the endolymph as shown in Fig. 2.  As a pressure is imposed on the inner boundaries of the endolymph, endolymph is forced to radiate outward, assuming that endolymph can flow freely between the membranous labyrinth.  If all boundaries are considered rigid, there would be no endolymph motion, and pressure everywhere inside endolymph will increase.  This will not have any effect on the cupula. Therefore as described previously, we assumed that the endolymph is free to flow within the membrane labyrinth.

	[image: image37.png]



	[image: image38.png]Il NS FEEE WEEEE N SR S
0 ) 0 o~ 0
o o -~

(sa169p) uonos|yep eindno






	(a)
	(b)


Figure 4: (a) The imposed blast wave pressure; and (b) motion of 
the center of mass of cupula in response to the blast wave.
Flow of endolymph with time is presented in Figure 5, showing streamlines and velocity vectors coloured by velocity magnitude inside the cupula.  Figure 5(a) shows the endolymph flow at t = 0.06 ms, at which time the applied pressure is maximum (point 1 in Fig. 4-a).  The shape of the canal is such that the inward movement of the of endolymph results in a clockwise (cw) flow in the wider parts of the canal and a counter-clockwise (ccw) flow in the narrower and the lower part of the canal.  These two opposing flows reach each other at the exit region of the canal.  Figure 5(b) shows the streamlines and velocity magnitudes at t = 0.2ms (point 2 in Fig. 4-a).  At this time, the initial blast wave pressure is subsided; however, the pressure magnitude is still positive.  Therefore, the flow inside the canal continues to flow clockwise.  The velocities inside the canal at this time are higher.  The flow momentum generated inside the canal continues for a relatively long time after the initial blast.  At t = 1ms, and after experiencing several small pressure waves after the first blast, the cupula has reached its maximum deflection, and it starts to retract as shown in Figure 5(c).  A vortical flow pattern is observed inside the canal and cupula.  Such vortical patterns can distort the cilia of the hair cells.  Larger flow circulations are also observed in the wider sections of the canal.  This is partly due to the impingement of the two cw and ccw flows from the top and bottom sections of the canal.  At t = 2ms (point 4 in Fig. 4-b) endolymph flow direction in the ampulla is from right to left, pushing the cupula to the left.  At t = 3.5 ms after the blast, cupula deflects passing its initial location.  The vortical flows in the canal are increased.  At t = 10 ms after the blast, cupula comes to rest.  At this point, there are still vortical flows within the ampulla, but it will be dampened in time with no significant effect on the cupula.  After the last wave dissipates, it takes some time for the flow field to decay.  The cupula continues to deflect back and forth until it reaches the equilibrium position after about 10 ms. 
Based on the above mechanism, the deflection of cupula in response to the blast wave of Fig. 4(a) is shown in Fig. 4(b).  Positive numbers represent cupula deflection to the right (+x), while negative numbers show deflection to the left (-x).  The blast wave forces the cupula to the right.  The maximum cupula deflection occurs at 1ms after the blast impact (point 3 on Fig. 4-b), after which, it turns back moving to the left.  The cupula does not follow the same oscillation pattern as the blast wave pressure and behaves as an over-damped oscillator.  It returns to its original position after one oscillation as shown in Fig. 4(b) at t = 10ms.

In order to investigate the effect of cupula motion on the cilia of the hair cells, a point inside the cupula and close to the crista ampullaris is selected.  This point, P, is indicated by ‘•’ in Figure 6(a).  Variations of the horizontal and vertical velocities at this point after the impact of the blast are plotted in figures 6(b) and 6(c).  The maximum velocity in the horizontal direction at this point reaches 0.4 m/s at 0.3 ms after the blast.  A negative horizontal velocity indicates that the cupula moves towards the left.  The velocity in the vertical direction (+y direction) is smaller (a maximum of about 0.06 m/s).  This indicates that the gelatinous mass of mucopolysaccharides inside the cupula may move about 18 micrometre within this time (0.3 ms).  This is larger than the length of the cilia (< 5-10 microns), which suggests that the blast may distort the cilia.  The velocity at point P approaches zero after 5ms.  Figure 6(d) illustrates the pressure variation at point P in the cupula, as well as the applied pressure.  The cupula pressure follows the same pattern as the applied pressure with a peak pressure of 0.6 atm, which is about half of the input peak pressure.  This observation indicates that a large portion of the blast wave pressure is transformed into flow motion (i.e., momentum). 
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	(a) t = 0.06 ms
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	(b) t = 0.2 ms


Figure 5: Streamlines on the left and velocity vectors colored by velocity magnitude on 
the right for cupula response to a blast wave and at different times after the blast.

	[image: image43.png]



	[image: image44.png]Velocity (m/s)






	(c) t = 1 ms
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	(d) t = 2 ms


Figure 5 (continued): Streamlines on the left and velocity vectors colored by velocity magnitude 
on the right for cupula response to a blast wave and at different times after the blast.
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Figure 6: Variation of velocity with time for a point close to Crista, (a) point 
is indicated by *, (b) horizontal velocity, (c) vertical velocity, (d) pressure.
6.2
Effect of Elastic Properties of Cupula
The results presented earlier were based on a surface tension coefficient of σ = 1N/m, which is about one order of magnitude larger than that of water-air interface.  In this section, we consider the sensitivity of the cupula dynamics to the changes in the surface tension coefficient.  For this purpose, the surface tension coefficient is reduced by one order of magnitude to σ = 0.1 N/m.  Figure 7 illustrates the location of the centre of mass of cupula in the horizontal direction.  Decreasing surface tension to 0.1 N/m, increases the maximum deflection by about 3.3° and increases the possibility of cupula detachment.  
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Figure 7: Cupula deflection with time exposed to a blast wave for two surface tension coefficients.
Figure 8 compares the cupula shape and the flow fields for surface tensions of 1 N/m and 0.1 N/m at t = 1 ms and 1.2 ms after the blast.  For σ = 1 N/m, cupula deflects to the left while for σ = 0.1 N/m vortical flows tend to push the portion of the cupula attaching to the membranous canal (opposite to the crista ampullaris), to the right (Figure 8b).  This results in the narrowing of the cupula in this section.  Therefore, after t = 1.2 ms, there is a detachment of the cupula for σ = 0.1 N/m (Figure 8d) while there is no detachment for σ = 1 N/m as shown in Fig. 8 (c). 

While the increase in cupula deflection causes the cupula to be detached, it is not the only cause for detachment.  The decrease of surface tension coefficient induces a greater deformation of the cupula.  At higher surface tension coefficients the cupula tends to maintain its shape and deflect more uniformly. As σ decreases, the cupula deforms more in response to the external pressure changes.  Since the cupula configuration is not symmetrical and uniform, their deformations will not be uniform.  The portion of the cupula attached to the membranous canal is thinner and narrows down as the applied pressure increases.  Because the cupula is incompressible, narrowing in one portion results in thickening of the region closer to the crista ampullaris where the hair cells are located.  Cupula detachment occurs at the apex as it cannot maintain the pressure gradient across it.  The study shows that, the elastic properties of the cupula have a significant effect on the potential damage that may result from the impact of a blast wave on the vestibular system.  
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	(a) σ = 1 N/m, t = 1 ms
	(b) σ = 0.1 N/m, t = 1 ms
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	(c) σ = 1 N/m, t = 1.2 ms
	(d) σ = 0.1 N/m, t = 1.2 ms


Figure 8: Cupula shape and flow field for a blast wave input at t = 1 and 
1.2 ms, and two surface tension coefficient of σ = 1 and 0.1 N/m.
6.3
Cupula Response to a Harmonic Cosine Pressure Wave

Pressure variation of a blast wave can be decomposed into series of Sine and Cosine harmonics with different amplitudes and frequencies. In order to investigate effect of each parameter, such as pressure amplitude and frequency on the cupula deflection a harmonic pressure wave, once consists of a Cosine wave and another time consists of a Sine wave, is considered. In a Cosine harmonic, the function changes sign twice (from positive to negative pressure) during the period.  If the function is positive during the first quarter, it is negative in second quarter, remains negative during the third quarter and changes sign to positive during the last quarter of that period. Figure 9(a) shows a Cosine pressure wave with amplitude of 1 atm and period of 1 ms.  For such a wave, each of the accelerations is followed by a deceleration, whereas, a Sine function changes sign once during each period.  A sine function which is positive during the first quarter remains positive during the second quarter and changes sign in the last two quarters. Figure 9(b) shows a Sine pressure wave with the same amplitude and frequency. In such a case, acceleration occurs during the first and second quarters, and deceleration occurs during the third and fourth quarters.  Since the blast pressure can be decomposed into these harmonic functions, we studied the effect of amplitude and frequency of harmonic functions on the cupula and endolymph response in order to elucidate the effects of the amplitude and frequency of the applied blast on cupula deflection. 
We consider a blast wave represented by a Cosine function as p=p0cos(2πft)  and f = 1000 Hz (1 ms period) is selected as the base case for our study. and f are pressure amplitude and frequency, respectively.  A typical blast wave may have pressure amplitude of 1 atm and a period of 1 ms. Therefore, a cosine function with p0 = 1 atm, where p0
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Figure 9: Cosine and Sine functions variation in time, (a) Cosine, (b) Sine.
Figure 10 presents the simulation results for the baseline, showing the flow field and the pressure contours inside the canal at quarter of period intervals.  During the first quarter of oscillation, Fig. 10(a), the applied pressure pushes the endolymph out of semicircular canal. During this period, a clockwise (cw) flow develops in the ampulla region of the canal where the cupula is located.  As a result, cupula deflects to the right.  Pressure contours inside the canal clearly show a pressure gradient across the cupula, with lower pressures to the right of the cupula.  During the second quarter, Fig. 10(b), pressure force acting on cupula changes direction.  At the end of this quarter vortical flow is formed in the cupula and its adjacent regions due to a flow reversal. In the third quarter, as illustrated in Fig. 10(c), pressure force accelerates the cupula to the left and induces a counter-clockwise (ccw) endolymph flow in the crista ampullaris region of the cupula.  This motion decelerates during the last period of oscillation where pressure force across cupula is from left to right to bring the cupula to rest.
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Figure 10: Flow streamlines (left column) and pressure contour (right column) 
inside canal for p0 = 1 atm and f = 1000 Hz at quarter of period intervals. 
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Figure 11: Cupula deflection with time for a wave with p0 = 1 atm 
and f = 1000 Hz, input pressure is shown in dotted line.
The above figure illustrates the motion of the cupula in the horizontal direction, as well as the applied pressure during one oscillation.  Because of the flow inertia, there is a time lag between the applied pressure force and the cupula response and consequently cupula motion reverses at t/T = 0.6.  The centre of mass of the cupula does not return to its initial location and has passed this point at t = T. 

6.3.1
Pressure Amplitude Effect

Pressure amplitude, p0, variation on cupula and endolymph movement is studied in this section.  Four pressure amplitudes are considered p0 = 1, 0.75, 0.5, and 0.1 atm while keeping the pressure frequency constant at f = 1000 Hz. Figure 12 illustrates the variation of location of the centre of mass of the cupula in the horizontal direction for different amplitudes.  It suggests that higher pressure force results in greater cupula deflection. 
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Figure 12: Cupula deflection with time for different pressure amplitudes for a frequency of 1000 Hz.
The velocity magnitude contours for the two amplitudes, p0 = 1 and 0.75atm, are shown in Figures 13 and 14 and at times when cw and ccw velocities are maximum.  Within the cupula, maximum velocity in both directions occurs close to the crista ampullaris where the hair cells are located.  It demonstrates that an increase in pressure amplitude can increase cilia bending.  The presence of the crista ampullaris presented a barrier to the endolymphatic flow and cupula motion and in turn created high velocities in this region.  
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Figure 13: Velocity magnitude contours (m/s) and flow streamlines at the time 
when cw motion has the maximum velocity, (a) p0 = 1 atm, (a) p0 = 0.75 atm.
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Figure 14: Velocity magnitude contours (m/s) and flow streamlines at the time 
when ccw motion has the maximum velocity, (a) p0 = 1 atm, (a) p0 = 0.75 atm.
6.3.2
Blast Frequency Effect

Effect of frequency of the applied pressure on the cupula and the endolymph motion is illustrated in Fig. 15 for frequencies of f = 500, 800, and 1000 Hz, while the pressure amplitude is kept constant at p0 = 0.1 atm. Increasing frequency from 500 Hz to 1000 Hz decreases the cupula deflection from 1.1° to 0.4° degree.  With constant amplitude, higher frequency implies a slower rise time.  For example, it takes 0.25 ms and 0.5 ms to reach the maximum amplitude for the 1000 Hz and 500 Hz waves  respectively.  In addition, when frequency decreases, the amount of applied force during the oscillation also increases. 
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Figure 15: Cupula deflection with time for different pressure frequencies for p0 = 0.1 atm.
The velocity magnitude contour within and adjacent to the cupula as well as the streamlines are illustrated in Figures16 for three frequencies at t = T/4 and t = 3T/4.  The oscillation period, T, is equal to 2 ms, 1.25 ms, and 1 ms for frequencies 500 Hz, 800 Hz, and 1000 Hz, respectively.  During the second quarter, T/4 < t < T/2 a flow reversal occurs and vortical patterns appear.  If the ccw flow, which is formed during the third quarter, T/2 < t < 3T/4, is strong enough, vortical flows disappear at t = 3T/4.  This occurs when f = 500 Hz where a ccw flow without vorticity is obtained (Fig. 16-b).  For f = 800, the ccw flow is not strong enough so a vortical pattern is obtained at the back of ampulla.  For f = 1000 Hz, ccw velocities are even smaller so two vortical patterns are formed within and close to the cupula. 
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	(a) t = T/4, f = 500 Hz
	(b) t = 3T/4, f = 500 Hz
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	(c) t = T/4, f = 800 Hz
	(d) t = 3T/4, f = 800 Hz
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	(e) t = T/4, f = 1000 Hz
	(f) t = 3T/4, f = 1000 Hz


Figure 16: Velocity magnitude contours (m/s) and flow streamlines for 
three different pressure frequencies and at two different periods.
6.3.3
Cupula Detachment
As discussed previously, the cupula is a diaphragm. If the force of deflection increases, the apex of the cupula might be detached.  Deflection increases by increasing pressure amplitude and/or decreasing pressure wave frequency as described in the previous section.  To examine the condition for the possibility of detachment, pressure amplitude for a cosine wave is increased to p0 = 2 atm with a frequency of f = 1000 Hz. Surface tension is assumed to be σ = 1 N/m.  Pressure was applied for one period, t = T = 1 ms, and then 1 ms was given without any applied pressure to allow the cupula to return to its initial position.  Simulations were stopped after 2 ms.  Figure 17 illustrates the cupula centre of mass motion in the horizontal direction for this case as well as the case with p0 = 1 atm (which shows deflection increase with amplitude increase). 
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Figure 17: Cupula deflection with time for p0 = 1 and 2 atm. Cupula ruptured for p0 = 2 atm.
Cupula location and flow field inside the canal after t = 1ms is shown in Fig. 18.  At this point the pressure on the endolymph is removed.  Flow field inside the cupula tends to push it to the left while cupula surface tension tends to restore the initial position of cupula.  Since cupula deflection is larger in the case of p0 = 2 atm, surface tension force is higher.  Narrowing of the cupula at the region away from the crista ampullaris with time was observed for p0 = 2 atm.
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Figure 18: Cupula deflection and flow field inside the canal at t = 1 ms. (a) p0 = 2 atm, (b) p0 = 1 atm.
Figure 19(a) and (b) illustrates cupula and the flow field close to it for both cases at t = 1.5 ms. For p0 = 2 atm, cupula is detached.  Cupula detachment results in the connection of endolymph surrounding the cupula.  In this case, detachment is small and after 0.25 ms.  This section concludes that in the case of pressure wave with large amplitudes, cupula detachment occurs.  Our results also showed that two parts of cupula can be re-attached (Figure 19(c) and (d)).  Experimentally, it has been shown that partially detached cupulae may be re-attached and normal afferent discharge patterns were recovered 5-7 h following detachment [40].
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	(a)  p0 = 2 atm,   t = 1.5 ms
	(b) p0 = 1 atm, t = 1.5 ms
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	(c)  p0 = 2 atm,   t = 1.75 ms
	(d) p0 = 1 atm, t = 1.75 ms


Figure 19: Cupula deformation and endolymph flow 
field showing rupture and reattachment of cupula.
6.4
Cupula Response to a Sine Pressure Wave 

In this section, the applied pressure equation,  p=p0cos(2πft)  is replaced by  p=p0sin(2πft) .  The applied sine pressure implies that during the first two quarters of a single period of oscillation, the pressure is positive, and the cupula will move to right reaching maximum velocity at the end of the second quarter.  Figures 20 (a) and (b) show the flow field inside the canal at t = T/4 and t = T/2, respectively for p0 = 1 atm and f = 1000 Hz.  During the third and fourth quarters, cw flow of endolymph inside the ampulla region of the canal and cupula motion continues to the right while the pressure force decelerates these motions.  Figure 20(c) illustrates the flow field configuration inside the canal at t = 3T/4 where deceleration has caused the flow field in cw direction to decrease.  A ccw flow field is developed close to the open boundary of the canal.  Flow reversal and formation of vortical patterns is shown to be close to the crista ampullaris.  During the last quarter, the dominant flow in the ampulla is a ccw flow which brings the cupula to rest and pushes it to left.  Flow field at t = T is shown in Fig. 20 (d). 
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Figure 20: Flow streamlines inside the canal when applied to a sinusoidal pressure 
wave with p0 = 1 atm and f = 1000 Hz, (a) t = T/4, (b) t = T/2, (c) t = 3T/4, and (d) t = T.
6.4.1
Pressure Amplitude Effect
Pressure wave frequency is held constant at f = 1000 Hz and its amplitude varied as p0 = 1, 0.75, 0.5 atm.  Detailed flow field close to the cupula and contours of velocity magnitude for these amplitudes at times t = T/4, T/2, 3T/4, and T are illustrated in Figures 21 and 22.  Higher pressure amplitude results in higher velocities at all times.  Vortical flows occur at t = 3T/4 and at the end of last the quarter a ccw flow is formed which pushes the cupula to the left for all cases.  Deflection of the cupula increases with increasing pressure amplitude.  While an amplitude of 0.5 atm results in 2.8° of cupula deflection, increasing the amplitude to 1 atm, results in 4.2° of cupula deflection. Figure 23 illustrates the time variation of cupula deflection for all three cases.
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	(a) t = T/4, p0 = 1atm
	(b) t = T/2, p0 = 1atm
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	(c) t = T/4, p0 = 0.75atm
	(d) t = T/2, p0 = 0.75atm
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	(e) t = T/4, p0 = 0.5atm
	(f) t = T/2, p0 = 0.5atm


Figure 21: Velocity magnitude contours (m/s) and flow streamlines at t = T/4  
and T/2 for a wave with f = 1000 Hz and, p0 = 1 atm, 0.75 atm, and 0.5 atm.
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	(a) t = 3T/4, p0 = 1atm
	(b) t = T, p0 = 1atm
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	(c) t = 3T/4, p0 = 0.75atm
	(d) t = T, p0 = 0.75atm
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	(e) t = 3T/4, p0 = 0.5atm
	(f) t = T, p0 = 0.5atm


Figure 22: Velocity magnitude contours (m/s) and flow streamlines at t = 3T/4  
and T for a wave with f = 1000 Hz and, p0 = 1 atm, 0.75 atm, and 0.5 atm.
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Figure 23: Cupula deflection with time for different pressure amplitudes for a frequency of 1000 Hz.
6.4.2
Cupula Detachment
In this section, we studied the effects when the pressure amplitude and frequency are kept constant, p0 = 1 atm and f = 1000 Hz, and the cupula surface tension is altered.  Two additional values for σ are examined, σ = 0.1 and 0.01 N/m, which are ten and hundred times smaller, respectively than the value used in this work, σ = 1.  A sinusoidal pressure wave was applied for 1 ms (one period for frequency of 1000 Hz) and simulations were continued for 5 ms.  Figure 24 illustrates that the cupula and the flow field adjacent to the cupula after 3 ms for the three cases with σ = 1, 0.1 and 0.01 N/m.  For σ = 1 N/m, surface tension force is strong enough to restore the cupula from left to right toward its equilibrium position (Figure 24(a)).  For σ = 0.1 N/m, flow field inside the cupula continues from right to left and surface tension restoring force is not strong enough to restore the cupula to its equilibrium position.  However, there is no cupula detachment as shown in (b).  For σ = 0.01 N/m surface tension force is weak and cupula deformation is large and narrowing of the cupula at the membranous canal end occurs (Figure 24(c)).
0As time passes, the flow field for σ = 0.1 and 0.01 N/m deflects the cupula to left.  This results in more narrowing of cupula at the apex and finally the cupula detaches from the wall of the canal.  This is not the case for σ = 1 N/m where surface tension restores the cupula and deflects to the right.  The shape of the cupula shape after 5 ms is shown in Figure 25 for all three σ cases.  For σ = 0.1 and 0.01 N/m cupula detaches and the flow field close to the cupula is completely different from the case when σ = 1 N/m.  Further simulation showed that in all cases there is no re-attachment of the cupula to the canal wall.
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Figure 24: Cupula shape for a sinusoidal pressure input at t = 3 ms for (a) σ = 1 N/m, (b) σ = 0.1 N/m , and (c) σ = 0.01 N/m, bottom part of cupula narrows as surface tension coefficient decreases.
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Figure 25: Cupula shape for a sinusoidal pressure input at t = 5 ms for (a) σ = 1 N/m, 
(b) σ = 0.1 N/m , and (c) σ = 0.01 N/m, cupula ruptures in cases (b) and (c).
7.0 
Conclusions
Similar to other modelling efforts, a number of assumptions have to be made.  In this study the perilymph pressure is assumed to be uniform in the semicircular canal and does not change with canal geometry but changes with time only.  We also assumed that the blast pressure is directly transferred to perilymph and then to endolymph via the deformable membranous labyrinth.  A more realistic model will be one that considers the perilymph-endolymph pressure distribution along the membranous labyrinth including all the three canals, utricle, saccule and the cochlear duct.  Such a model requires the entire labyrinth to be considered and requires measurement of the thickness of the flexible membranous labyrinth.

In summary, a two-dimensional CFD model was employed to study the cupula dynamics and endolymph motion inside the semicircular canal in response to a blast pressure wave. Both the cupula and the endolymph were modelled as Newtonian fluids with surface tension acting as the restoring force.  A blast pressure wave, lasting for 2 ms, obtained from previous experiments was applied and the cupula dynamics was studied.  The cupula deflects for 3.5° after 1 ms.  The negative pressure following the initial blast wave pressure and the restoring force of the cupula, result in an oscillation of the cupula about its equilibrium position.  For the blast wave used in this study, the cupula comes to rest at about 6 ms after the blast.  Investigation of the fluid velocities close to the crista ampullaris, where the hair cells are located, revealed that velocities as large as 0.4 m/s for a short duration.  Such large velocities may result in significant damage or deformation of the cilia of the hair cells.  Since a blast pressure can be decomposed into cosine and sine harmonics, the effect of amplitude and frequency of cosine and sine harmonic functions on the cupula response was investigated and the detailed flow field inside the canal was described and discussed.  Increasing pressure amplitude and decreasing its frequency result in an increase of cupula deflection.  Increasing pressure amplitude and/or decreasing frequency of the pressure wave resulted in larger deflection of cupula.  Since the cupula, like a diaphragm is connected to the membranous wall of the canal and the crista ampullaris, larger deflections resulted in narrowing the apex and detachment of cupula from the membranous wall of the canal.  This was investigated by applying cosine and sine waves as well as a real blast wave.  Detached cupula exhibits sharply reduced adaptation time constants (the time that it takes for the cupula to return to its equilibrium position, when sensation of motion subsided).  It can be explained by endolymph flowing over the apex of the cupula resulting in excessive trans-cupula endolymph pressure [39].  The clinical consequence of damaged cilia of the hair cells includes loss of sensitivity to angular motion, underestimation of velocity of motion, exaggerated motion sensation after physical motion stops and changes in the gain of the vestibulo-ocular reflex, loss of visual acuity and oscillopsia.  Consistent with previous experimental study, partially detached cupula may be re-attached.  This regeneration process may have relevance to the recovery of semicircular canal function following head trauma.
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