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Abstract:  10 

The interface between silicone oil and saline layers in a 3D model of the eye chamber was studied under different eye-11 

like saccadic motions in order to determine the stability of the interface and propensity for emulsification in the bulk. 12 

The effect of level of fill; saccade amplitude, angular velocity, latency time; and orientation were investigated 13 

experimentally in spherical flasks with internal diameters 10, 28 and 40 mm, as well as a 28 mm diameter flask with an 14 

indent replicating the lens or the presence of a buckle. The deformation of the interface was quantified in terms of the 15 

change in its length in 2-D images. The deformation increased with Weber number, We, and was roughly proportional 16 

to We for We > 1. The presence of the lens gave rise to higher deformation near this feature. In all cases emulsification 17 

was not observed in either bulk fluid. The velocity profile in the spherical configuration was mapped using particle 18 

imaging velocimetry and is compared with an analytical solution and a short computational fluid dynamics simulation 19 

study. These confirm that the saccadic motion induces flow near the wall in the saline layer and significantly further 20 

into the chamber in the silicone oil. Surfactants soluble in the aqueous and oil phases reduced the interfacial tension, 21 

increasing deformation but did not lead to emulsification in the bulk. 22 
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1. Introduction 26 

Untreated, detachment of the retina as a result of retinal tears leads to loss of vision. Surgical repair commonly involves 27 

a vitrectomy procedure in which the viscoelastic vitreous humour is removed, the retina re-attached and either a 28 

temporary (gaseous) or longer term (liquid) tamponade used (sometimes both) to occlude and seal the retinal tears 29 

whilst the tissues heal. Sometimes the surgical procedure involves the addition of a scleral buckle on the outside of the 30 
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eyeball as an adjunct to the internal tamponade for more effective tear closure, particularly if the tears lie inferiorly (in 31 

the lower half) of the eye [1]. Both gaseous and liquid tamponades are used in retinal surgery: this study relates to the 32 

latter. Silicone oils with dynamic viscosities in the range 1-5 Pa s at room temperature are often used owing to their 33 

good biocompatibility and stability. Figure 1 shows a schematic of an eye chamber with a low density silicone oil 34 

tamponade. The aqueous layer builds up over time due to the natural elution of water into the cavity. The tamponade is 35 

eventually withdrawn and replaced by a saline solution. Over the tamponade period, silicone oil can be dispersed into 36 

the aqueous phase. Clinical studies have reported the presence of silicone oil droplets in both anterior and posterior 37 

chambers of the eye [2–4], with detected oil droplets had diameters ranging from 1 to 30 µm [5]. These oil droplets can 38 

impair vision and block the trabecular meshwork [6], causing glaucoma.  39 

Previous studies [7–9] have postulated that emulsification is caused by the shear generated at the bulk oil-aqueous 40 

interface by the saccadic motion of the eye, leading to instability of the interface and oil droplet formation as a result 41 

of its breakup. If this is the cause, understanding the dynamics of two immiscible fluids inside the eye chamber subjected 42 

to saccadic motion will allow the factors influencing emulsification to be identified. This knowledge would enable, for 43 

example, guidelines for selecting tamponade fluids to be established. Current selection guidelines are mostly based on 44 

density and viscosity, related to the pressure drop required to deliver and extract the oil through a catheter. 45 

Figure 1 46 

The motion of a single fluid phase in the eye cavity has been studied at some length, both for the case of the viscoelastic 47 

vitreous humour [10] and postoperative tamponade fluids (which are in general Newtonian). Previous studies have 48 

employed spherical containers with or without indentation (mimicking the lens, Fig. 1) to model the eye chamber [11–49 

13], and simulated its motion either as a periodic sinusoidal oscillation or an eye-like saccadic motion as reported by 50 

Becker et al.[14]. The motion involves wall-driven drag, which is distributed through the chamber by viscous forces 51 

[15]. It is an example of non-regular spin-over, which has not received as much attention in the fluid mechanics literature 52 

as spin-up and spin-down[16]. The velocity distribution depends on the viscosity of the fluid and the geometry of the 53 

chamber. The balance between transient inertial forces and viscous drag is expressed in terms of the Womersley number: 54 

 𝑊𝑜 ≡ $𝑅
!𝜔"#$
𝜈  ( 1 ) 
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where 𝜔"#$ is the maximum angular velocity, 𝑅 the radius of the spherical chamber and 𝜈 the kinematic viscosity of 55 

the fluid. Stocchino et al. studied single-phase flow in a spherical cavity subject to sinusoidal rotation with 2 ≤ Wo ≤ 56 

50, the Wo values lying in the range associated with eye movements of vitreous humour and retinal tamponades [17]. 57 

They showed that the flow field was more complex near the lens indent. Repetto et al. showed that at larger Wo (e.g. 58 

aqueous solutions), the boundary layer of moving fluid near the wall is shallow [15]. For smaller Wo (e.g. silicone oil 59 

tamponades), the velocity profile extends into the whole cavity. Bonfiglio et al. showed that a viscoelastic fluid could 60 

shift the location of maximum velocity away from the wall towards the centre of the sphere at certain oscillation 61 

frequencies, changing the flow characteristics strongly [10].  62 

Repetto and co-workers presented analytical solutions for the flow of a single viscous fluid subject to sinusoidal 63 

oscillation in a spherical chamber, for small amplitude rotations [18,19]. Their calculated velocity profiles agreed with 64 

the particle imaging velocimetry measurements performed by Bonfiglio et al. [13]. These studies showed that the 65 

primary flow, driven by the rotating wall, gives rise to a secondary, weaker, convection flow which contributes to 66 

mixing of soluble drugs within the chamber.  67 

Computational fluid dynamics (CFD) simulations of single phase Newtonian fluids under sinusoidal and saccadic 68 

movements have also been reported [20,21]. Modareszadeh et al. considered water (32.4  ≤ Wo ≤ 53.7) and silicone oil 69 

(1.0 ≤  Wo  ≤ 53) in a 3-D eye geometry (e.g. Figure 1), and showed that the secondary flow was stronger in the aqueous 70 

case than the oil [21]. They also showed that the largest wall shear stresses were generated on the eye lens, and was 71 

approximately twice that on the retina wall. 72 

Relatively few studies have considered the two-liquid case associated with emulsification. The flow behaviour in such 73 

systems is often characterized by the Weber number, which compares inertia to the interfacial tension, 𝛾, which for 74 

these studies is given by [22] 75 

where 𝜌% is the density of the oil and A is the amplitude of rotation over time T: RA/T is a velocity. Brady et al. [22] 76 

studied the interface between silicone oil and water in a cylinder with a rotating end wall. They considered We values 77 

in the range 40 – 500 and reported that the interface deformation increased with We. The deformation of the fluid-fluid 78 

interface in these systems is an example of a Kelvin-Helmholtz instability, caused by velocity or density difference 79 

between the two immiscible fluids [23]. Chan and co-workers employed a cylindrical chamber to study the angular 80 

 𝑊𝑒 =
𝜌&(𝑅𝐴)'

𝛾𝑇!  ( 2 ) 
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displacement and velocity of different oils, in essentially a 2-D model of the eye [24,25]. The cylinder was mounted 81 

with its axis horizontal and the flow pattern imaged through an acrylic end wall, for the case of 80:20 vol/vol oil/saline. 82 

The movement of the oil relative to the wall depended on factors such as the presence of an indent, oil viscosity and 83 

level of oil fill. The latter factor was the least important. Isakova et al. and Yousefi et al. reported two-phase CFD 84 

simulations where the upper phase was a gas tamponade, for different gas volume fractions under different saccadic 85 

(eyeball rotation) and head (translation) motions [9,26]. Their results showed that sudden head motion can generate 86 

larger shear stresses at the wall than saccadic motions.  87 

This study investigates whether the motion generated by the saccadic motion of the eye is likely to cause the formation 88 

of droplets via a bulk emulsification process, i.e. breakup of the silicone oil-aqueous interface. A spherical chamber is 89 

used to model the eye and tests are conducted over a range of conditions, including diameter, saccade parameters and 90 

fluid properties (oil, aqueous and surfactant). The findings are confirmed by a shorter set of tests with indented spheres 91 

mimicking the lens or a scleral buckle. The velocity distributions in the spherical, single fluid case were determined by 92 

particle image velocimetry (PIV) and these are compared with CFD simulations for the single-phase case. A simulation 93 

of the oil-aqueous case is also presented. The focus of the work is on the stability of the oil-aqueous interface and the 94 

likelihood of droplet formation via interface breakup. 95 

2. Methodology 96 

2.1 Experimental model  97 

The eye chamber was approximated as a spherical cavity and modelled using laboratory round-bottom flasks (RBFs, 98 

Fisher Scientific, UK) with internal diameters 10, 28 and 40 mm. These span the range of human eyeball diameters 99 

(average 24.2 mm, [27]) and allow the dynamics to be studied across a wider range of the dimensionless quantities 100 

involved. The flask was mounted with its throat vertical (see Fig. 2(a)), or inclined to the vertical, connected by a spindle 101 

to a stepper motor driven by a microcontroller (Fig. 2(b)). The latter allows the influence of gravity as well as rotation 102 

to be assessed. Photographs of an inclined RBF, an indented RBF and an inclined RBF with a scleral buckle are given 103 

in Supplementary Section S1. The microcontroller could vary the amplitude, the maximum angular velocity, and the 104 

latency (waiting) time of the motion. Bahill et al. reported saccade amplitudes ranging from 3 minutes of arc to 50°, 105 

and peak angular velocities of 10 to 900°/s [28]. The saccadic motion was modelled as series of rectangular velocity 106 

pulses of duration D and cycle period T as shown in Fig. 2(d). The velocity profile reported for human eye motion is 107 

closer to a Gaussian shape, so the pulses employed here represent a more abrupt onset of motion which imparts more 108 

momentum into the system and is more likely to promote an instability. Also, the motor cannot impose an infinite torque 109 
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so the velocity profile imposed on the RBF is not perfectly rectangular. The values of the parameters tested are 110 

summarised in Table 1: the parameters chosen cover the main range of human saccadic eye movements. 111 

Table 1 112 

The RBFs were washed in a dishwasher with acid wash, followed by sonication in deionised water at 50°C for 30 113 

minutes, then dried overnight. In some tests the RBF was pre-wetted with an aqueous solution of surfactant or protein 114 

for at least 30 minutes to generate a layer of surface-active species on the inner wall, imitating the hydrophilic nature 115 

of the retina [29]. The solution was then discarded and the desired volume of aqueous solution delivered to the base of 116 

the RBF, followed by the silicone oil (dyed with Red Oil O, Sigma Aldrich), taking care to avoid any mixing or 117 

entrapment of air bubbles. The level of oil fill in the flask was always > 90 vol.%. The shape of the tamponade interface 118 

and the contact angle were compared with a mathematical model (see Section 4.2) to check that the preparation protocol 119 

had been followed correctly. 120 

After filling, the flask was located in a cubic bath of mineral oil to eliminate parallax and filmed by digital cameras 121 

(Basler, acA640 – 750 um) fitted with long focal length lenses which allowed the interface shape and motion to be 122 

captured. The length of the interface perimeter at rest, 𝑙( (see Fig. 2(c&e)), was extracted from images using ImageJ 123 

(NIH, Bethesda, Maryland) as well as the interface length during motion, 𝑙"  (see Fig. 2(f)). For each saccadic motion 124 

the interfacial strain was estimated using the dimensionless increase in length on the observation plane, ∆𝑙∗, calculated 125 

thus: 126 

as the change in interfacial area was not readily calculable. The values are reported as percentages. 127 

2.2 Materials 128 

The aqueous humour of the eye was modelled with a pH 7.4 saline solution prepared with deionised water and laboratory 129 

grade salts: 30 mM NaCH3CO2×3H2O (Alfa Aesar), 3 mM CaCl2, 1 mM MgCl, 111 mM NaCl (all Fisher Scientific), 130 

15 mM HOC(COONa)(CH2COONa)2×2H2O and 10 mM KCl (both Sigma Aldrich).  131 

 ∆𝑙∗ =
|𝑙" − 𝑙(|

𝑙(
 ( 3 ) 
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A non-ionic chemical surfactant, Triton X-100 (TX-100, Fisher BioReagents) was added to the saline to reduce its 132 

surface tension and mimic the presence of surface-active proteins in the eye. TX-100 is transparent and highly soluble 133 

in saline solutions, rendering it more suitable for interface imaging and PIV studies. Albumin protein from egg white 134 

was also used to decrease the surface tension of the saline, but the instability of the proteins and the yellow colour of 135 

the solution made imaging more difficult. In the experiments reported here, only TX-100 solution was used to wet the 136 

glass surface. Tests conducted with albumin solutions gave similar qualitative results. 137 

Three chemical grade silicone oils were considered, with dynamic viscosities of 0.5, 1 and 5 Pa s at 20°C reflecting 138 

those used as retinal tamponades. Fourier transform infrared spectroscopy and gel permeation chromatography analysis 139 

indicated similar functionality to medical grade silicone oils. Table 2 summarises the properties of the working fluids 140 

used in the interfacial stability tests and in the CFD simulations. The effect of impurities in the silicone oil was also 141 

considered by adding a 50:50 w/w surfactant blend of decamethylcyclopentasiloxane and 142 

tetrakis(trimethylsilyloxy)silane (both 97%, Aldrich), labelled DTS, to the oil at loadings of 0.01, 0.1 and 1.0 wt%.  143 

Table 2 144 

The rheological behaviour of the fluids was studied on an ARES controlled strain rheometer with 50 mm smooth parallel 145 

plates or a Couette bath (cup diameter 34 mm, bob diameter 32 mm), at room temperature (Table 2) and at 37°C 146 

(Supplementary section S2). The fluids were tested for steady shear values and dynamic response.  147 

2.3 Particle imaging velocimetry (PIV) 148 

Glass spheres of diameter 9–13 µm (Sigma Aldrich) were added to the test fluid at a seeding density of 0.04 g/L (18 149 

ppmv). The seeded fluid was introduced in a 25 mL RBF and attached to the stepper motor with the rotation axis vertical 150 

then placed in a mineral oil bath to minimise parallax (similar to Fig. 2(b)). The seeded fluid was either B1 oil or saline 151 

with 1 wt.% TX-100, and was subject to saccadic motion with 𝜔*+, = 600 °/s, 𝐴 = 18° and 𝐿 = 𝐷. 152 

The motion of the RBF was synchronised with a two-dimensional PIV system (LaVision). A laser light sheet of 153 

thickness 0.5 mm illuminated the vertical meridional plane of the RBF through its axis of rotation. A camera orthogonal 154 

to the vertical plane recorded the displacement of the seeding particles. Images were captured at the maximum sampling 155 

rate (4 Hz) allowed by the laser and camera. Particle velocity fields were computed using the DaVis software. 156 

Synchronising the illumination with the saccadic motion (featuring periods of order 10-60 ms) proved to be problematic, 157 
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so the velocities measured represent an average over the timescale of the saccade and the results provide qualitative 158 

insight rather than precise quantitative data. 159 

2.4 Interfacial properties 160 

Interfacial tensions were measured at room temperature using the pendant drop method with a goniometer (DSA 100, 161 

Krüss). Before testing, syringes and needles (diameter 0.505 mm for saline, 1.81 mm for oil) were washed with an 162 

aqueous solution of Decon90, followed by several rinses with ultrapure water, then dried in an oven in air at 60°C.  163 

Surface tension (interfacial tension between a liquid and air) was measured using the pendant drop method. A drop of 164 

the liquid solution was formed at the end of the needle and the surface tension was measured over a period of 400 s. 165 

For measurements of interfacial tension (between two liquids, labelled IFT), an optical glass cuvette with dimensions 166 

40×40×40 mm3 (Hellma Analytics) was used to hold the oil and a drop of aqueous phase (40 µL) was formed in the oil 167 

phase. The IFT between the two liquids was calculated from the (almost spherical) shape of the droplet. The Bond 168 

number for the 40 µL droplet was 0.008, which is consistent with the observed sphericity. The value stabilised after 169 

150 s and this steady state value was recorded. The slope of the decrease was found be the same (at about -0.02 mN/m/s) 170 

for all curves. This decrease did not depend on the presence of surfactant or salts, and was attributed to the momentum 171 

of the drop being dissipated following its introduction to the oil. 172 

Contact angles were determined using the sessile drop method. A 10 µL drop of aqueous solution was deposited on the 173 

substrate surface (either optical glass or a glass microscope slide) and the contact angle in air measured. For the three-174 

phase contact angle measurement, the substrate was placed in a bath of the oil phase, and a drop of the aqueous phase 175 

was then deposited on the substrate. The static contact angle was obtained by averaging the values of three different 176 

drops. The drops were truncated spheres, with Bond numbers of order 10-5 to 10-4.  177 

3. Fluid flow calculations 178 

3.1 Analytical solutions 179 

The azimuthal velocity profile of a single liquid phase in a spherical chamber under saccadic motion was calculated by 180 

adapting the approach reported by Repetto et al. (see their equation 2.4) [18]. They presented solutions to the Navier-181 

Stokes and continuity equations for a viscous fluid in a sphere subject to sinusoidal variation of the azimuthal velocity 182 

at the wall. The response to the saccadic velocity profile in Fig. 2(d) as the boundary condition was calculated by 183 

replacing the sinusoidal function by a Fourier series representation of the saccadic motion (with 𝑛 an interger):  184 
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 𝜔(𝑡) = 8−
8𝜔*+,
𝑛𝜔𝑇 :sin 𝑛𝜔

𝑇
4 	sin 𝑛𝜔

𝐷
2A 	sin(𝑛𝜔𝑡)

-

./0

 ( 4 ) 

The azimuthal velocity profile in the equatorial plane was then computed by combining the response to each component 185 

of the Fourier series. The calculations were performed using MatLab® and a detailed description is given in 186 

Supplementary Section S3. Other velocities were not calculated. 187 

3.2 CFD Simulations 188 

Numerical simulations of the fluid motion within the RBF were conducted using the volume of fluid approach [30] in 189 

OpenFOAM version 4.0 running on a SuperServer 1027R-WRF4+ server with 12 cores (Intel® Xeon® E5-2630V2 190 

Processor 2.60 GHz) . In the volume of fluid method, the calculated domain is depicted by a momentum equation with 191 

averaged density and viscosity, viz. 192 

where v is the velocity vector and p is the pressure: 𝜌 and 𝜇 are the average density and dynamic viscosity, respectively. 193 

The fluid properties used in the simulations are listed in Table 2, the aqueous phase being saline with 1 wt.% TX-100 194 

and the oil phase the B1 oil, as used in the PIV studies. In each computed cell, the volume fraction of the aqueous phase 195 

is 𝛼 and the volume fraction of oil is (1 − 𝛼), with 0 ≤ 𝛼 ≤ 1. Both the average density and average viscosity in each 196 

grid cell are calculated by linear laws of mixtures:  197 

 𝜌 = 𝜌#1𝛼 + 𝜌%23(1	 − 	𝛼) ( 6 ) 

 198 

 𝜇 = 𝜇#1𝛼 + 𝜇%23(1	 − 	𝛼) ( 7 ) 

The mass continuity equation can then be written in terms of 𝛼: 199 

 
𝜕𝛼
𝜕𝑡 + ∇ ∙ (𝐯𝛼) = 0 ( 8 ) 

A cross section of the model geometry is given in Supplementary Section S4. OpenFOAM employs Cartesian co-200 

ordinates so the origin was set at the centre of the spherical cavity and the gravity vector g was specified as -9.81 m s-2 201 

(acting in the negative z-direction). Surfaces AB, BC and CD are the glass wall, and AD was specified as an open 202 

 𝜌 :
𝜕𝐯
𝜕𝑡 + 𝐯 ∙ ∇𝐯A = −∇𝑝 + 𝜇∇!𝐯 + 𝜌𝐠 ( 5 ) 
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boundary with p = 0. All walls were set to be impermeable with no slip, and the rotational wall velocity given by 𝑣 =203 

𝑟𝜔, where 𝑟 is the radial distance from the rotation axis.  204 

For cases with two liquids, the interaction between the liquid and the wall is given by the wall adhesion model proposed 205 

by Brackbill et al.[31] in which the surface normal of fluid in cell close to the wall was adjusted based on the given 206 

contact angle, 𝜃4. The surface normal, 𝑛P, in this dynamic boundary condition is given by 207 

 𝑛P = 𝑛P4𝑐𝑜𝑠𝜃4 + �̂�5𝑠𝑖𝑛𝜃4 ( 9 ) 

Here 𝑛P4 is the unit vector normal to the wall and �̂�4 is the unit vector tangential to the wall. A contact angle of 17° 208 

(defined within the denser fluid, here the aqueous phase) was specified for all wall boundary conditions (see Section 209 

4.2).  210 

The model was run as a transient case, with the secondary flow approaching a pseudo-steady state after several cycles. 211 

All cases were computed for at least 20 cycles. Supplementary material S5 gives an example of the evolution of the 212 

maximum velocity in the vertical direction, |𝑉6|*+,, for pure oil or pure saline on the vertical plane. The computational 213 

time depended on the cases. Simulations with saline alone were the most time-consuming, taking approximately 12 h 214 

for one cycle.  215 

4. Results and Discussion 216 

4.1 Interfacial properties 217 

The surface tensions of the liquids considered are reported in Table 2. The presence of surfactant in the saline solution 218 

decreases its surface tension (i.e. for the liquid-air interface) from 73 to 31 mN/m (A more detailed figure can be found 219 

in Supplementary section S6). There is good agreement with values reported in the literature [32], and similarly for the 220 

surface tensions of the silicon oils and pure water [33].  221 

Figure 3(a) shows the effect of adding salts and surfactant to the aqueous phase on the interfacial tension.  The presence 222 

of salts reduces the IFT of water by about 5 mN/m. The IFT decreases from 27 mN m-1 in surfactant-free saline and 223 

exhibits a plateau at 4.4 ± 0.5 mN m-1 associated with micelle formation above a critical micelle concentration (CMC) 224 

of approximately 0.39 mM. Below the CMC, the data fit the Szyszkowski equation well 225 
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  	𝛾 = 𝛾( − 𝑅V𝑇𝛤-𝑙𝑛	(1 + 𝐾𝐶) 
 

( 10 ) 
 

Equation ( 10 ) is the result for a non-ionic surfactant, with 𝛾( the interfacial tension in the absence of surfactant, 𝑅V the 226 

gas constant, 𝑇  the absolute temperature, 𝛤- the surface excess of the surfactant, 𝐾  the equilibrium constant for 227 

adsorption of the surfactant at the liquid/liquid interface, and 𝐶 the bulk concentration of the surfactant [34]. Fitting 228 

Eqn. (10) to the data yielded 𝛤-for TX-100 in saline of  2.2×10-6 mol m-2. The values of CMC and 𝛤- compare 229 

favourably with the values reported by Janczuk et al. [32] for TX-100 in water at 25°C, of 0.263 mol/L and a surface 230 

excess of 2.6×10-6 mol m-2. The difference is attributed to the presence of salts in the saline.  231 

Figure 3(a) demonstrates that surfactants such as TX-100 can reduce the interfacial tension by a factor of 6 and thus 232 

increase the effect of inertia, quantified in We, 6-fold.  The silicone oil-water interface will therefore be less stable in 233 

the presence of surfactants, so the majority of tests were conducted with a TX-100 concentration of 1 wt.%, above its 234 

CMC, to ensure that the low stability scenario was being investigated. Operating above the CMC also meant that there 235 

was a supply of surfactant available to adsorb at any freshly created interface. Tests were also conducted with no 236 

surfactant present in the saline phase to gauge its impact. 237 

The influence of oil-soluble surfactant was also investigated. Adding DTS to the oil at the 0.01, 0.1 and 1 wt.% levels 238 

modified the IFT between saline and oil from 27 to 26.6, 27.1 and 27.5 (± 0.5) mN m-1, respectively, which is considered 239 

small. Figure 3(b) shows that these DTS concentrations did not modify the effect of TX-100 on the saline-oil IFT. This 240 

finding is consistent with the measurements by Lu et al. [35] made with DTS concentrations in the range 0 – 0.5 wt.%. 241 

These results indicated that the IFT is mainly influenced by the presence of surfactants (including proteins) in the 242 

aqueous phase. Small amount of impurities in the oil phase are not expected to affect the bulk interfacial properties and 243 

behaviour.  244 

4.2 Contact angles and static interface shape 245 

The presence of surfactant affects the contact angle between saline and oil at the wall and thus the shape of the interface. 246 

Adding 1 wt.% TX-100 changed the contact angle for oil B1 and saline from 48° to 17°. The latter value is close to the 247 

value of 18.2° reported by Fawcett et al. for silicone oil in phosphate-buffered saline on a retinal surface [29]. The 248 

values measured for oil B5 were 50° and 15°, respectively. By convention, the contact angle is defined within the denser 249 

of the two fluids: these values indicate that the TX-100 renders the wall more attractive to the aqueous solution.  250 
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Measuring the contact angle of the interior of an RBF is challenging so the sessile drop results were verified by 251 

comparing the shape of the static oil-saline interface with the profile predicted by geometric model reported by Eames 252 

et al. [36]. The model solves the static force and volume balances for a given fill ratio, interfacial tension, contact angle 253 

and density difference and is available in their Appendix [36]. Using the same model, good agreement was obtained 254 

between the experimental interfacial shape and the predicted shape for different levels of fill, oil and RBF radius. Some 255 

comparison photographs are available in the supplementary section S7. These results confirmed that the measured 256 

contact angles were representative of the test system. 257 

The experiments with the stepper motor set-up studied the variation in the interfacial shape, and how the different 258 

parameters influence the stability of this interface, and whether this could lead to breakup. 259 

4.3 Saccadic motion and single-phase fluid dynamics 260 

This section compares the PIV measurements of local velocity in the y-z meridional plane and the analytical solutions 261 

for azimuthal velocity on the equatorial plane with the values obtained from CFD simulations for a single liquid phase. 262 

Figure 4(a) shows the experimental flow patterns obtained for the B1 oil. The PIV flow measurements give the averaged 263 

steady streaming flow, 𝑉Z , the radial outward component Vy. and the vertical velocity component Vz. The velocity vectors 264 

in Fig. 4(a,iii) show two counter-rotating vortex-like structures in both hemispheres. Repetto and co-workers also 265 

reported these counter-rotating vortexes for their sinusoidal [18] and saccadic [19] motions. Fluid travels from the centre 266 

towards the poles along the axis of rotation. It should be noted that these velocities are all small compared to the 267 

maximum forcing velocity at the wall, which on the equator reaches 0.209 m/s. The contour plots in Fig. 4(i) show the 268 

magnitude of the normalized velocity and the maximum values are located at the rotation axis. There is generally good 269 

qualitative agreement between the PIV measurements and the CFD simulations. The experimental values are in general 270 

smaller (by a factor of 2 to 3), which is due to limitations in the configuration and equipment used. The time separation 271 

of the recorded frames was not an integer multiple of the oscillation period, so the velocities were not captured at 272 

precisely the same point in the cycle: this results in an averaging over the cycle and lower reported velocities. Moreover, 273 

the alignment of the laser sheet with the vertical plane may not be perfect. 274 

Figure 5 compares the azimuthal velocity profiles on the equatorial plane for the B1 oil at the times indicated in Fig. 275 

2(d). These velocities could not be measured with the PIV system. There is reasonably good agreement between the 276 

analytical solution and the simulation results. One difference is that the analytical motion in Fig. 5(a) shows the motion 277 

comes to rest by the end of the latency period, whereas the motion in the simulation does not. This arises from the 278 
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difference in geometries: the analytical solution assumes spherical symmetry, while the simulation geometry has 279 

cylindrical symmetry with a neck at the top of the flask. The analytical model nevertheless captures the key features of 280 

the motion and allows the characteristic velocities to be calculated at a fraction of the time and computational effort 281 

associated with the simulations.  282 

The profiles show that the maximum azimuthal velocity in the oil is located at the wall during the forcing stage. The 283 

spin-up time from rest of a silicone oil is very short and the Ekman boundary layer thickness [37] is in the order of a 284 

centimetre, so the motion quickly approaches its quasi-steady state. The motion of the wall accelerates the fluid near it 285 

and this boundary layer penetrates further into the spherical cavity with time (Fig. 5(b)). The profiles at times I to IV 286 

show the evolution of this viscous drag: at the end of the forcing stage, of duration D, the velocity in the central region 287 

is still small. After the forcing stage, between times 2 and 3 and between 4 and 1, the motion in the layer decays (data 288 

not reported) and has almost reached rest by the end of the latency period. These profiles are similar to those reported 289 

by Repetto and co-workers for sinusoidal [18] and saccadic [19] motions.  290 

A key feature of the analytical model is that it allows the impact of fluid properties to be gauged with little effort 291 

compared to the simulations. Both the size of the boundary layer and the rate of its decay are dependent on Wo, as is 292 

the secondary flow. Figures 6 and 7 show the results obtained with TX-100 in saline for the same saccadic motion, 293 

where the lower kinematic viscosity gave a higher Wo [𝜈 = 2.2 mm2/s and Wo = 44]. There is reasonable qualitative 294 

and quantitative agreement between the two data sets in Fig. 6(ii), but the patterns in Figure 6(i) are not so evident. The 295 

observed plane on the PIV images features a circle of smaller radius than the RBF radius owing to a misalignment of 296 

the laser sheet in the PIV experiments. Given the issues with synchronization mentioned above, the general features in 297 

the PIV results are, however, reproduced, indicating that the simulation code is able to predict the single phase behaviour 298 

well and can be used to estimate the flow pattern in the two-fluid case.  299 

While Fig. 6 shows that the saccadic motion gives rise to a stronger secondary flow in the saline, Fig. 7 shows that the 300 

azimuthal boundary layer is noticeably narrower, with there being little impact of the moving wall at r < 18 mm. The 301 

sets of acceleration profiles in Fig.7(ii) differ between the calculated and the simulated data. In the simulation, the 302 

profiles at times I to IV are very similar to time 4. The boundary layer of the saline is set into motion as a whole, whereas 303 

the calculated profiles shows a delay within the boundary layer before reaching the envelope profile of time 4. This 304 

delay may come from the residual motion at the end of each pulse, since the profiles at times 1 and 3 have not reached 305 

zero. 306 
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In summary, the CFD simulations allow the more complex geometry of the experimental system (and the eye) to be 307 

captured and provides quantitative estimates of quantities such as local shear stresses on planes that are not readily 308 

accessed experimentally. There is no limit on the amplitude of the displacement, but the computational effort can be 309 

large (several days). The analytical calculation for the single liquid phase motion gave a reasonably good description 310 

of the flow induced by the saccadic motion, and gives insight into the dynamics in the two-phase system, ignoring any 311 

coupling: (i) above the oil-aqueous interface, the wall driven motion of the oil will extend further into the spherical 312 

cavity in the oil phase than the aqueous phase; (ii) the two azimuthal velocity boundary layers are characterized by 313 

different timescales; (iii) the secondary (vertical) flow circulation will be stronger in the aqueous phase. The interface 314 

is therefore expected to undergo significant deformation. 315 

Figure 8 shows some simulation and experimental results for the 91:9 vol:vol oil/aqueous two-fluid system considered 316 

in many of the experimental tests. Good agreement is evident in terms of the interfacial shape, with the low A case 317 

showing no deformation and the high A case showing wave formation. The vertical velocity profiles (Fig. 8a(i)) show 318 

little recirculation at low A, consistent with little deformation of the interface, and stronger recirculation at high A, with 319 

the highest velocities arising in the oil phase near the wall. The shear stresses (Fig. 8(ii)) generated in the vicinity of the 320 

interface at low A are negligible, whereas in the high A case these approach 10 Pa. If droplet formation was observed, 321 

the simulations could be used to calculate the capillary number associated with droplet formation for linking the 322 

observations to existing emulsification theory. Overall, the flow patterns are consistent with simple extrapolation of the 323 

behaviours given by the analytical model. The interface deformation arises from the large difference in dynamic 324 

viscosity between the tamponade and the aqueous phases, leading to a difference in velocities and wave formation.  325 

Figure 8 demonstrates that the VOF approach can be used to simulate the flow behaviour in the two-fluid case, and 326 

could be extended to more complex geometries. Further simulations were not conducted as droplet formation due to 327 

break-up of the oil-aqueous interface was not observed in the experimental strand. 328 

4.4 Interface stretching 329 

The motion of the wall is transferred to the fluid by viscous drag. The results in 4.3 show that the difference in dynamic 330 

viscosity between the silicone oil and saline solution result in differences in local velocity profiles near the interface, 331 

causing the interface shape to change. In the case of a low viscosity fluid, inertial damping restricts the motion to a 332 

region near the wall, while a high viscosity fluid will approximate to a rigid body and the wall motion will penetrate to 333 
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the core. Far from the wall the silicone oil is expected to be moving and its momentum results in deformation of the 334 

interface and, if large enough, will cause the interface to become unstable.  335 

The interface shape was recorded at rest and throughout the saccadic cycle. Figures 8(iii)(a,b) and 2(f) show 336 

photographs for the oil-saline combination with Wo = 2.2, We = 1.3, 8.4 and 15. Extension of the interface increases 337 

with We, which is consistent with the increase in inertial contributions. ∆𝑙∗	was also calculated in the CFD simulation 338 

for these two cases and the values were very sensitive to the observation plane chosen (see supplementary section S8). 339 

Experimental values could not be easily compared with the simulation since the observation plane angle is unknown 340 

and the field of view of the recording camera was limited to a section of the interface. Figure 9(a) summarizes the 341 

observations for all cases considered using saline with 1 wt% TX-100 as the aqueous phase in spherical RBFs, including 342 

different flask diameters, levels of fill, and silicone oil viscosity (0.5, 1.0 and 5.0 Pa s). A clear trend is evident, of low 343 

∆𝑙∗for We < 1 and ∆𝑙∗	increasing linearly with We for We > 1.  344 

Droplet formation caused by interfacial break-up was not observed in any of these experiments, which span the expected 345 

intensity of saccadic motion, ratio of liquid viscosities, and weakest interfacial tensions expected to arise in normal 346 

physiological conditions. The absence of bulk emulsification in these experiments led to the suspension of the CFD 347 

simulation activity. 348 

Droplet formation was observed in certain cases at the three-phase contact line, indicating that emulsification is caused 349 

by wetting/dewetting phenomena [38]. This is consistent with the work of Chan and co-workers, who have employed 350 

a lab-on-a-chip system to study emulsification in these systems [39]: these results indicate that extension of such studies 351 

to bulk behaviour needs care.  352 

The influence of the different experimental parameters is now considered. Figure 9(b) shows that reducing the 353 

interfacial tension 5-fold by adding 1 wt% TX-100 to the saline increased ∆𝑙∗ by a factor of 2-3: it did not lead to droplet 354 

formation. More results for the pure saline case can be found in Supplementary sections S9 & S10. Shorter latency 355 

times mean that the fluid motion does not decay completely before the next forcing stage starts, and this is expected to 356 

cause stronger convection currents and interfacial deformation. This is evident in the 3-D plot in Fig. 9(c): larger D/T 357 

ratios lead to larger ∆𝑙∗. Figure 10(b) shows that the flask size has little effect on ∆𝑙∗, while Fig. 10(a) shows that there 358 

is little deformation when little water is present, as expected if the water layer is effectively a thin film at the base of 359 

the flask. By contrast, Fig. 10(c) shows that the oil viscosity has a significant effect on ∆𝑙∗ , when the motion is 360 

characterized in terms of We. Figure 10(d,e) show the effect of indentation and inclining the axis of rotation so that 361 
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gravity reduces the symmetry of the system. The overall trend and deformation values for the inclined RBF are similar 362 

to those without inclination. The lens indent gives rise to three times higher deformation than non-indented flask and 363 

the scleral buckle doubles the values. Experiments were also carried with inclined indented flasks (not-reported here); 364 

the presence of indentation created more complex local velocity distributions. 365 

Discussion: 366 

The stepper motor experimental results indicate that the relative motion and shear stresses induced in the two phases 367 

by the wall saccadic motion – considered to represent worst case scenarios - does not generate sufficient inertia to cause 368 

interfacial break-up. Deformation of the interface was expected from the calculation of the critical velocity difference 369 

between two fluids which will give rise to Kelvin-Helmholtz instability, ∆𝑢7, defined by Atmakidis et al. [40]:  370 

 ∆𝑢7! = 2
𝜌%23 + 𝜌#1
𝜌%23 	𝜌#1

\𝛾𝑔(𝜌%23 − 𝜌#1) ( 11 ) 
 

The value of ∆𝑢7	for 1 wt.% TX-100 in saline and B1 oil was calculated as 0.07 m/s. The velocity profiles for the single-371 

phase fluids (Fig. (4)-(7)) indicated that the difference in velocities between saline and oil within the interior could 372 

differ by more than this, leading to wave formation under higher inertia conditions. 373 

Values of the maximum shear stress generated at the wall reported in the literature for the single fluid case and for a 374 

gas tamponade are all less than 3 Pa [9,41]. Modareszadeh et al. showed that in an indented eye system, the maximum 375 

wall shear stress was generated on the eye lens, and was approximately twice that on the retina wall [21].The maximum 376 

shear stress in the oil-saline system can reach 10 Pa (Fig. 8), which is around the same order of magnitude as the 377 

maximum shear stress achieved by an eye with gas tamponade under saccadic motions and head motion (see Fig. 3 of 378 

Angunawela et al. [41]). Head motion was not considered explicitly in this study, and could give rise to larger shear 379 

stresses. It should be noted that some tests were conducted with very large amplitudes and with the RBF inclined in 380 

order to reproduce some large eye and head motions. The latency time was also varied to leave more or less time for 381 

the fluid to recover to rest position before the next saccade pulse. None of these tests resulted in droplet formation. 382 

The addition of TX-100 to the aqueous phase modelled the effect of surface-active molecules on the interfacial 383 

properties. The high concentration of the surfactant allowed the study of a less stable interface as well as the effect of 384 

temperature on the system. While the experimental equipment was not able to measure the interfacial tension at 37°C 385 

(human body temperature), the decrease in surface tension with temperature is generally known in the literature. Since 386 
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the surfactant decreases the IFT significantly, we can include the small reduction from temperature within the surfactant 387 

effect. The effect of the higher temperature is similar to the presence of surfactant: it increases We, and the influence of 388 

inertial forces. The increase in temperature also reduces the viscosity of the oil. A silicone oil of lower viscosity than 389 

that normally used for tamponades (0.5 Pa s) was used to evaluate this effect and the experimental results showed that 390 

the oil-aqueous bulk interface was more stable with a lower viscosity oil.  391 

The addition of DTS to the silicone oil simulated the effect of oil-soluble additives on the interfacial tension of the 392 

aqueous-oil system. Although medical grade silicone oils have a high grade of purity, the presence of low molecular 393 

weight impurities may still be present, detectable at ppm level with gas chromatography analysis. Lu et al. used the 394 

same additives mixtures in a 100 cSt silicone oil and showed that the additives did not change the oil viscosity nor the 395 

interfacial tension in the concentration range studied (0.1-0.5%) [35]. This is in agreement with our results even though 396 

the aqueous solutions differed, and higher concentrations were used. Although the additives did not influence the 397 

interfacial properties of the fluid much, their presence could still present a toxicity risk to the eye. 398 

One major limitation in the study is the time-dependence of the experiments. The standard test duration for our stepper 399 

motor experiments was 3 minutes. Longer experimental times (up to 3 days) were conducted with a limited set of 400 

conditions and did not result in droplet formation. The standard test time of 3 minutes involves many cycles so any 401 

fluid induced instability is expected to be manifested over this timescale.  402 

A feature that took longer to develop would be associated with a longer timescale, such as diffusion or change in the 403 

solid-liquid interface. The impact of diffusion of, say, a surfactant molecule is not expected to be significant as our tests 404 

featured concentrations above the CMC with low IFT values: these did not exhibit promote bulk emulsification. Lu et 405 

al. reported an increase in droplet formation over time (extending to several days) in their eye-in-a-chip system 406 

subjected to saccadic motion [35]. Their study employed a 0.1 Pa s oil and a 2D eye model. The hydrodynamics of the 407 

eye-in-a-chip feature noticeable differences to the spherical system employed here and extension of their 2D results to 408 

bulk behaviour in the eye is not straightforward as the spin-up characteristics are very different. 409 

In summary, the experimental results, covering the range of conditions relevant to eyeball saccadic motion, indicate 410 

that emulsification is not caused by breakup of the fluid-fluid interface 411 

  412 
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Conclusions 413 

A 3-D experimental configuration has been used to study the stability of the tamponade-aqueous interface in the eye 414 

under different, representative, saccadic motions. Numerical simulations indicate that the difference in kinematic 415 

viscosities of the oil and aqueous phases result in different extents of viscous damping of the eye wall motion, generating 416 

inertial currents which give rise to the observed interface deformation. The influence of length scales, saccadic motion 417 

parameters, liquid and interfacial properties were investigated, and the amount of interface deformation found to 418 

increase noticeably in the inertial dominated regime. The presence of the eye lens increased the extent of interface 419 

buckling, as did the addition of surfactant which lowered the interfacial tension.  420 

No bulk emulsification was observed over the range of conditions studied, which included some extreme scenarios with 421 

rapid and large amplitude rotation, low interfacial tension, lower viscosity oil, presence of indentation and gravity. This 422 

result indicates that the observation of emulsification in post-operative tamponades is not caused by saccade-driven 423 

instability of the silicone oil-aqueous interface: another mechanism, such as instability of the contact line as it moves 424 

across the retina, is responsible. 425 

The short computational fluid dynamics study provided qualitative predictions of the flow patterns in the two fluids and 426 

the deformation of the interface and could provide estimates of the shear stress generated at the interface. This was not 427 

pursued in detail here owing to the absence of bulk emulsification. 428 
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Nomenclature 433 

Latin  434 

𝐴 Saccade amplitude, rad 

𝐶 concentration of the surfactant, mol L-1 

𝐷 Saccade duration, s 

𝐾 equilibrium constant for adsorption of the surfactant at the liquid/liquid interface 

𝐿 Latency time, s 

𝑙( Interfacial length at rest, m 

𝑙* Interfacial length during saccadic motion, m 

𝑛P surface normal 

𝑛P4 unit vector normal to the wall 

𝑟 Radial direction in the spherical polar coordinate 

𝑅 Radius, m 

𝑅V universal gas constant 

𝑇 Saccade period, s 

�̂�4 unit vector tangential to the wall 

𝑉Z  Average velocity profile, m s-1 

𝑉8 Velocity in the azimuthal direction on the equatorial plane, m s-1 

𝑉$ Velocity in the 𝑥-direction, m s-1 

𝑉9 Velocity in the 𝑦-direction, equivalent of 𝑉8in the Cartesian coordinates, m s-1 

𝑉6 Velocity in the 𝑧-direction, m s-1 

𝑊𝑒 Weber number 

𝑊𝑜 Womersley number 

𝑥 𝑥-axis in the Cartesian coordinate system 

𝑦 𝑦-axis in the Cartesian coordinate system 

𝑧 𝑧-axis in the Cartesian coordinate system 

Greek  435 

𝛼 Volume fraction of the saline phase 

𝛾 Interfacial tension between oil and aqueous phase, N m-1 
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𝛾( Interfacial tension without surfactant, N m-1 

Γ- surface excess of the surfactant mol m-2 

∆𝑙 Length ratio 

𝜃5 Contact angle at the wall, rad 

𝜇 Dynamic viscosity, Pa s 

𝜌2 Density of the fluid 𝑖, kg m-3 

𝜎 Surface tension, N m-1 

𝜈 Kinematic viscosity, mm2 s-1 

𝜔*+, Maximum angular velocity, rad s-1 

 436 

Abbreviations 437 

CA Contact angle 

CFD Computational fluid dynamics 

CMC critical micelle concentration 

DTS decamethylcyclopentasiloxane/tetrakis(trimethylsilyloxy)silane  

IFT Interfacial tension 

PIV Particle imaging velocimetry 

RBF Round-bottom flask 

SiOil Silicone oil 

  438 
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Tables 545 
Table 1. Saccade parameters. 546 
 547 

Saccade amplitude 𝐴 [°] 5.4, 10.8, 14.4, 18, 36, 54 

Maximum angular velocity 𝜔"#$ [°/s] 200, 400, 600, 800 

Saccade duration 𝐷 [s] 𝐴/𝜔"#$  

Latency time 𝐿 [s] 0.5𝐷, 𝐷, 3𝐷, 0.2  

Saccade period 𝑇 [s] 2(𝐿 + 𝐷)  
 548 
Table 2. Physical properties of working fluids at room temperature (20°C). 549 
 550 

  
 
Liquid 

Density 
𝜌 

Dynamic 
viscosity 𝜇 

Kinematic 
viscosity 𝜈 

Surface 
tension 𝜎 

𝑊𝑜	  𝑊𝑒  

(± 1 kg/m3) (± 0.02 Pa s) (mm2/s) (± 2 mN/m)   

Saline 1007 0.0017 

(± 0.0002) 

1.7 73 20 - 120 0 - 40 

1 wt.% TX-100 in saline 1007 0.0022 

(± 0.0002) 

2.2 31 20 - 120 0 - 40 

A0.5 oil 974 0.51 524 18 1.5 - 4 0 - 40 

B1 oil 973 0.92 946 19 1 - 6 0 - 40 

B5 oil 976 4.66 4770 19 0 - 2 0 - 40 

 551 
  552 
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Figures: 553 

 554 
Fig. 1. Representation of the cross-section of a vitrectomised eye with less-dense-than-water silicone oil tamponade (L 555 

- lens; T- trabecular meshwork; ON - optic nerve). 556 
 557 

 558 
Fig. 2. Photographs of (a) 25 mL RBF with 3 mL TX-100 and dyed B1 oil (91% v/v oil). (b) RBF attached to the stepper 559 

motor (S) and immersed in a mineral oil bath (M), illuminated by the light (F) and recorded by the camera (G). 560 
(c) Schematic of the RBF geometry: L1 and L2 represent the fluids. The fluid-fluid interface length on the 561 
observation plane at rest is denoted 𝑙(. (d) Angular velocity profile over one cycle of saccade duration T: two 562 
alternate rectangular pulses of duration 𝐷, each followed by a rest period of length (𝑇/2 − 𝐷). Circled numbers 563 
1, 2, 3, 4, I, II, III, IV are times discussed in Figures 5 & 7. Interface (solid white line) between B1 oil and 564 
saline with 1 wt.% TX-100 in a 25-mL RBF (e) at rest, length 𝑙(, and during saccadic motion with (f) 𝐴 = 36°, 565 
𝜔*+, = 600	°/𝑠 and 𝐿 = 0.5𝐷, length 𝑙* marked, 𝑊𝑜 = 2.2, 𝑊𝑒 = 15 566 

 567 
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 568 
Fig. 3. Effect of TX-100 on (a) B1 oil-saline interfacial tension at 20°C. Black locus shows the fit to the Szyszkowski 569 

equation [Eqn. 10]. Dotted and dashed horizontal lines indicate the IFT values for surfactant-free saline and 570 
water, respectively. C is the concentration of TX-100 in saline. (b) surfactant blend in silicon oil. 571 

 572 
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 573 
Fig. 4. Comparison of (a) PIV and (b) simulation results for (i) flow pattern in y–z meridional plane, with contour 574 

colours showing velocity magnitude and arrows direction, (ii) y-velocity, (iii) z-velocity. Test conditions: B1 575 
oil, 𝜔*+, = 600 °/s, 𝐴 = 18°, 𝐿 = 𝐷, latency time 30 ms, Wo = 2.1. Differences in quantitative agreement 576 
between (i) and (ii) arise from limitations with the equipment (see text). 577 

 578 
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 579 
Fig. 5 Comparison of azimuthal velocity profiles on the equatorial plane predicted by (a) analytical approach, 𝑉8, and 580 

(b) CFD simulation, 𝑉9, at key times during the saccadic cycle marked on Figure 2(d): (i) start (1,3) and end 581 
(2,4) of rotation stages: (ii) evolution of velocity profile during one forcing stage (3, I-IV, 4). Test conditions 582 
same as Figure 4: B1 oil, 𝜔*+, = 600 °/s, 𝐴 = 18°, 𝐿 = 𝐷. Arrow indicates the sequence in time. 583 

 584 
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 585 
Fig. 6.  Comparison of (a) PIV and (b) simulation results for (i) flow pattern and (ii) average z- velocity for saline. Test 586 

conditions same as Figure 4: 𝜔*+, = 600 °/s, 𝐴 = 18°, 𝐿 = 𝐷, latency time 30 ms, Wo = 44. 587 
  588 
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 589 

 590 
Fig. 7. Comparison of azimuthal velocity profiles on the equatorial plane predicted by (a) analytical approach, Vq, and 591 

(b) CFD simulation, Vx, at key times during the saccadic cycle marked on Figure 2(d): (i) start (1,3) and end 592 
(2,4) of rotation stages: (ii) evolution of velocity profile during one forcing stage (3, I-IV, 4). Test conditions 593 
same as Figure 6: saline, 𝜔*+, = 600 °/s, 𝐴 = 18°, 𝐿 = 𝐷. Arrow indicates the sequence in time. 594 

	595 
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	596 
Fig. 8. Simulation and experimental results for two-fluid case, 91:9 vol/vol B1 oil:saline with surfactant, 𝜔*+, = 600 °/s, 597 

𝐿	 = 𝐷 , at time 4 on Figure 2(d) for (a) A = 5.4°,	𝑊𝑜=2.2,𝑊𝑒=1.3 and (b) A = 36°,	𝑊𝑜 = 2.2, 𝑊𝑒 = 8.4, 598 
showing (i) z-axis velocity and (ii) shear stress (iii) experimental images of the interface. Black dashed locus 599 
indicates the interface between oil and saline. Scale bar = 1 mm.	600 

 601 
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 602 
Fig. 9: Effect of inertia on increase in interfacial length ratio for (a) different oils and volume ratios, the aqueous phase 603 

in each case being saline with 1 wt% TX-100. Dashed black loci show lines gradient of unity. (b) Influence of 604 
IFT. Pre-coated 10-mL RBF, 91:9 vol:vol B1 oil :aqueous, A = 36°. (c) Influence of saccade characteristics. 605 
Pre-coated 10-mL RBF with 96:4 B1 oil: saline with 1 wt% TX-100. 606 

 607 

 608 
Fig. 10. Impact on interface extension of (a) level of oil fill in 10mL flask size, (b) flask size, (c) silicone oil viscosity 609 

(d) effect of indentation and (e) effect of inclination. Conditions for (a)-(c): A = 14.4°, 91:9 vol:vol oil B1: 610 
aqueous phase saline with 1 wt% TX-100 unless stated. Condition for (d,e): Pre-coated 10-mL RBF with 611 
91:9 B1 oil: saline. 612 
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Supplemental Material  614 

S1. Photographs of 10-mL (a) flask with indentation mimicking the eye lens, filled with 91:9 v/v mixture of B1 oil and 615 
1 wt.% TX-100 in saline, (b) flask inclined at 30° to the vertical, and (c) flask with buckle indentation inclined at 30° 616 
to the vertical. 617 

 618 

S2. Physical properties of working fluids at room temperature (37°C). 619 

  
 
 
Liquid 

Density 
 
r 

Dynamic 
viscosity 
µ 

Kinematic 
viscosity 
n 

(± 1 kg/m3) (± 0.02 Pa s) (mm2/s) 

Saline 1002 0.0014 

(± 0.0002) 

1.7 

1 wt.% TX-100 in 
saline 

1002 0.0019 

(± 0.0002) 

2.2 

A0.5 962 0.41 426 

B1 oil 962 0.73 760 

B5 oil 961 3.64 3780 

 620 
  621 
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S3. Analytical solution to the governing equation of fluid flow in a sphere subject to saccadic wall motion 622 

Repetto et al. considered the flow of a Newtonian fluid in a spherical chamber undergoing periodic torsional oscillation. 623 
They solved the governing Navier-Stokes and continuity equations to calculate the velocity profile within the fluid. On 624 
the equatorial plane of the sphere the radial and zenithal components were both zero and the azimuthal component, 𝑤0, 625 
satisfied the following equations, where (𝑟, 𝜗, 𝜑) are spherical polar coordinates:  626 

 𝜕𝑤0
𝜕𝑡 =

1
𝛼! l

1
𝑟!

𝜕
𝜕𝑟 :𝑟

! 𝜕𝑤0
𝜕𝑟 A +

1
𝑟! sin(𝜗)

𝜕
𝜕𝜗 :sin

(𝜗)
𝜕𝑤0
𝜕𝜗 A −

𝑤0
𝑟! sin! 𝜗m 

( 12 ) 

 

 𝑤0 =	sin(𝜗) T(𝑡)		(𝑟 = 1) ( 13 ) 

In our case the same governing equations apply with different boundary conditions. Instead of a periodic sinusoidal 627 
oscillation, the wall is now undergoing periodic saccadic motion (Figure 2(a)). This is modelled as a series of periodic 628 
alternating rectangular pulses for which the Fourier series is: 629 

 
𝛺(𝑡) = 8−

8
𝑛𝜔𝑇 :sin 𝑛𝜔

𝑇
4 	sin 𝑛𝜔

𝐷
2A 	sin	(𝑛𝑡)

-

./0

=8𝐵.	sin	(𝑛𝑡)
-

./0

 ( 14 ) 

with 𝑛 being an integer and 𝜔 = !:
;

 the angular frequency. 630 
The azimuthal components now satisfy ( 12 ) and ( 14 ). From the principle of superposition of linear partial differential 631 
equations, the solution to equation ( 12 ) is the sum of the responses to each term in the Fourier series, giving: 632 

 
𝑤0 = sin(𝜃)8𝐵. q−

𝑖
2𝑟! :

sin 𝑘𝑟 − 𝑘r cos 𝑘𝑟
sin 𝑘 − 𝑘	cos 𝑘 A e2.< +

𝑖
2𝑟! :

sin 𝑝𝑟 − 𝑝𝑟 cos 𝑝𝑟
sin 𝑝 − 𝑝	cos 𝑝 A e=2.>w

-

./0

 
(15) 

with 𝑖 = √−1, 𝑘 = 𝑊%√𝑛𝑒
=!"# , 𝑝 = 𝑊%√𝑛𝑒

!"
#  and 𝜗 = :

!
 for the equatorial plane.  633 

Equation (15) was evaluated using MatLab to generate the azimuthal velocity profile 𝑉8 on the equatorial plane. 634 

S4. CFD simulation Geometry. Colors: pink– oil; blue – TX-100 in saline. O denotes the origin of the Cartesian co-635 
ordinates (0, 0, 0). All dimensions are in mm. 636 

 637 
  638 
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S5. Evolution of |𝑉𝑧|	*+,on the vertical plane through the axis of rotation. Test conditions: w = 600 °/s, A = 18°, 639 
liquids: 91/9 vol/vol oil (circle)/saline (square).  640 

 641 
 642 
S6. Effect of TX-100 on saline’s surface tension at 20°C. Dashed horizontal line indicates the IFT value for 643 
surfactant-free saline. C is the concentration of TX-100 in saline.  644 
 645 

 646 
 647 
  648 
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S7. Comparison of (1) calculated interfacial shape and (2) experimental interfacial shape between (a) B1 oil (L1) and 649 
saline (L2), and (b) B1 oil (L1) and 1 wt.% TX-100 (L2), for a volume ratio of 91:9 oil:aqueous in a sphere of radius 650 
0.02 m.  651 
 652 

 653 
 654 
S8. (a) Variation of the deformation ratio with 𝛽 (Note that ∆𝑙* hasn’t been multiplied by 100) (b) the observation plane 655 
angle 𝛽 is defined against the vertical plane. (c) Side-view of the oil-aqueous interface deformation. Red squares define 656 
the interface boundary for a saccadic motion of amplitude 36° and 𝜔*+, = 600 °/s and 𝐿	 = 𝐷. 657 
 658 

 659 
 660 
  661 
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S9. Effect of IFT on the length ratio against 𝑊𝑜 for a system of 10-mL RBF filled with 91 vol. % B1 oil and 9 vol. % 662 
of saline (cross symbol) or 1 wt.% TX-100 (square symbol), under different saccadic motions. 663 
 664 

 665 
 666 
S10. Effect of IFT on the length ratio against 𝑊𝑜 for a system of 25-mL RBF filled with 91 vol. % B5 oil and 9 vol. % 667 
of saline (cross symbol) or 1 wt.% TX-100 (square symbol), under different saccadic motions. 668 
 669 

 670 


