
 

 
 

 

 

 

 

 

Wang, Z., Wang, C., Zhao, F., Qi, N., Lockington, D., Ramaesh, 

K., Stewart, P. S., Luo, X.  and Tang, H. (2022) Simulation of fluid-

structure interaction during the phaco-emulsification stage of cataract 

surgery. International Journal of Mechanical Sciences, 214, 106931.  

(doi: 10.1016/j.ijmecsci.2021.106931) 

 

There may be differences between this version and the published version. 

You are advised to consult the published version if you wish to cite from it. 

 
 
 
 
 
 
 
 

http://eprints.gla.ac.uk/258944/ 
 
      
 

 
 
Deposited on 16 November 2021 

 

 

 

Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk 

 
 

 

https://doi.org/10.1016/j.ijmecsci.2021.106931
http://eprints.gla.ac.uk/258944/
http://eprints.gla.ac.uk/


1 

 

Simulation of fluid-structure interaction during the phaco-emulsification 1 

stage of cataract surgery 2 

Zhaokun Wang1, Chenglei Wang1, Fuwang Zhao1, Nan Qi2, David Lockington3,  3 

Kanna Ramaesh3, Peter S. Stewart4, Xiaoyu Luo4, Hui Tang1,* 4 

1Research Center for Fluid Structure Interactions, Department of Mechanical Engineering, Hong Kong 5 

Polytechnic University, Kowloon, Hong Kong 6 

2 Institute of Marine Science and Technology, Shandong University, Shandong 266237, PR China 7 

3Tennent Institute of Ophthalmology, Gartnavel General Hospital, Glasgow G12 0YN, UK 8 

4School of Mathematics and Statistics, University of Glasgow, Glasgow G12 8QQ, UK 9 

*Corresponding author: h.tang@polyu.edu.hk 10 

 11 

Abstract: During cataract surgery the clouded lens is broken up by phacoemulsification. The iris can become 12 

highly mobile and could be entrained by the phacoemulsification probe, under a condition known as 13 

intraoperative floppy iris syndrome (IFIS). In this study we explore the mechanism of IFIS during 14 

phacoemulsification-based cataract surgery using fluid-structure interaction (FSI) simulations. As the first study 15 

of its kind, we developed a simplified two-dimensional simulation framework and utilized it to elucidate the 16 

dynamics of the iris and surrounding aqueous humor during phaco-emulsification. Three types of iris dynamics 17 

were observed when the phaco probe was operated in the torsional vibration mode and placed at various locations 18 

in the anterior chamber, which we termed as the repulsion (where the iris is repelled by the probe), attraction 19 

(where the iris is drawn toward the probe) and adhesion mode (where the iris is adhered to the probe at some 20 

point along its length), respectively. The anterior chamber is partitioned into different zones which exhibit each 21 

of these three modes. Furthermore, the effects of iris stiffness and length as well as the power and frequency of 22 

the probe operation were investigated. It was found that IFIS could be mitigated by increasing the iris stiffness, 23 

shortening the iris length (i.e., pupil dilation), decreasing the power of the emulsification probe, and maintaining 24 

the probe operation frequency in a range around the frequency of the iris’ fundamental bending mode. This study 25 

provides new physical insights into the dynamics of fluid-iris interaction during phaco-emulsification, which 26 

may guide clinicians to optimise their surgical protocol. 27 

 28 
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Nomenclature 
p* nondimensional fluid pressure 

P kinetic energy of probe-induced fluid 

cα lattice speed P* non-dimensional probe power 

cs sound speed Re Reynolds number 

EA iris stretching stiffness s Lagrangian coordinate along the iris 

EA* non-dimensional stretching stiffness of iris s* 
non-dimensional Lagrangian coordinate 

along the iris 

EI iris bending stiffness S Relaxation matrix 

EI* non-dimensional bending stiffness of iris t* non-dimensional time 

f* non-dimensional frequency u fluid velocity 

fe body force acting on fluid u* non-dimensional fluid velocity 

fe
* non-dimensional body force on fluid V probe-induced velocity 

fα particle density distribution function Vmax amplitude of probe-induced velocity 

fα
eq equilibrium distribution function wα LBM lattice weighting  

Ff external fluid force acting on iris x particle position 

Ff
* non-dimensional fluid loading xp

* probe horizontal location 

gα discrete force distribution function xtip
* horizontal position of iris tip 

Hf height of the anterior chamber X iris position 

Hf
* non-dimensional height of anterior chamber X* non-dimensional iris position 

Hp height of the probe yp
* probe vertical location 

Hp
* non-dimensional height of probe ȳtip mean vertical position of iris tip 

I identity matrix ytip
* vertical position of iris tip 

L iris length 
Greek symbols 

Lf length of the anterior chamber 

Lf
* non-dimensional length of anterior chamber σtip oscillation amplitude of iris tip 

Lp length of the probe ρ
f0

 mean mass density 

Lp
* non-dimensional length of the probe ρs line density of the iris 

m* non-dimensional mass ratio ρf fluid density  

M transformation matrix ν fluid kinematic viscosity 

p fluid pressure   

 32 

I. INTRODUCTION 33 

Cataract is clouding of the natural crystalline lens of the eye, leading to visual deterioration. It is the leading 34 

cause of blindness worldwide, accounting for more than 33% of the global visual impairment [1-3]. Surgery is 35 

the only effective treatment for cataracts, during which the cloudy lens is extracted and replaced with a clear 36 

artificial lens [4]. Most cataract surgeries are performed using the modern phacoemulsification technique that 37 

uses an ultrasound probe equipped with an irrigation and aspiration fluidics system to fragment (emulsify) and 38 

remove the lens via small access incisions [5]. Phacoemulsification cataract surgeries have a very high success 39 

rate, but intra-operative complications may still occur. In recent years, there has been an increasing awareness 40 

of intraoperative floppy iris syndrome (IFIS), where abnormal iris behavior occurs during the emulsification 41 

process, including iris billowing and prolapse toward the probe as well as progressive intraoperative pupil 42 

constriction [6-8]. These abnormal iris behaviors can compromise surgical outcome by limiting the pupil size, 43 
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obstructing the surgeon’s view, and causing direct iris tissue damage through contact with surgical instruments 44 

[9-11].  45 

Recent clinical studies have attributed the cause of IFIS to systemic alpha-blocker medications [8, 12, 13]. The 46 

original description implicated the prostate medication Tamsulosin.  From a mechanical point of view, relaxation 47 

of the iris dilator muscle significantly changes the mechanical properties of the iris, such as the Young’s modulus, 48 

bending stiffness and tissue compressibility. Lockington et al. were the first to elucidate the mechanism of IFIS 49 

by relating the billowing behavior to iris buckling [14]. They theoretically and numerically studied the iris 50 

deformation under intracameral air-bubble induced pressure during endothelial graft surgery and identified the 51 

critical intra-ocular pressure to onset iris buckling. Qi et al. further developed a more accurate model to study 52 

iris movements in intraocular surgery [15]. They investigated the effect of intracameral phenylephrine on the iris 53 

and demonstrated its positive impact on the management of IFIS through increasing iris stiffness and pupillary 54 

dilatation. Based on this model, Lockington et al. recently developed a numerical iris model to simulate IFIS 55 

with and without a dedicated pupil expansion device (i.e., the Malyugin ring) in cataract surgery [16]. They 56 

evaluated the impact of pupil dilation and the device on normal and floppy iris, and demonstrated that the 57 

mechanical device can inhibit iris billowing even in the IFIS. 58 

Although very insightful, the above studies only focus on the dynamics of “dry” iris structure and may over-59 

simplify the complex interaction between the iris and the phaco-probe-induced flow. The strong probe-induced 60 

flow can cause the iris to deform and vibrate, and in return the deformation and motion of the iris can also 61 

significantly affect the dynamics of its surrounding flow. This strong fluid-structure interaction (FSI) may result 62 

in rather more complex dynamics than iris buckling alone. To the best of our knowledge, to date there has been 63 

no study addressing this complex FSI issue. This motivates the present study, in which we aim to explore the 64 

physical mechanism of IFIS from a mechanical viewpoint through detailed FSI simulations. We start with a 65 

simplified two-dimensional setting to mimic the phaco-probe-based cataract surgery. Although in general the 66 

phaco-probe can be operated in two different modes, namely the longitudinal and torsional modes, only the 67 

torsional mode is considered in the present study, where the probe tip partially rotates about its axis at a frequency 68 

of approximately 100 Hz [17]. In addition, the irrigation/aspiration used for lens fragments removal is not 69 

considered.  Using this model, we examine the effects of several key parameters on the surgical performance, 70 

such as the location of the probe in the anterior chamber, its power and frequency, as well as the size and stiffness 71 

of the iris. The organization of this paper is as follows: Section II introduces the problem description and 72 

simulation methods, Section Ⅲ presents the detailed results, and Section Ⅳ discusses the clinical implications. 73 

II. PROBLEM DESCRIPTION AND METHODOLOGY 74 

A. Problem description 75 
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As the first step in the study of iris dynamics during phacoemulsification-based cataract surgery, we adopt a 76 

simplified two-dimensional model to mimic surgical protocols. As depicted in Fig. 1, the anterior chamber of 77 

the eye is reduced to a rectangle of length Lf and height Hf. This rectangle is parametrized by Cartesian 78 

coordinates x and y (parallel to the edges of length Lf and Hf, respectively), centred about the centre of the 79 

rectangle. The aqueous humor is assumed to be an incompressible fluid with water-like properties [18]. The 80 

phacoemulsification probe is modelled as a small rectangular block of length Lp and height Hp, without any 81 

actual pipe connection. The torsional vibration of the probe is realized using a pair of oscillatory jets that are 82 

issued in the x direction. These two jets are operated in anti-phase with time-varying velocity V = Vmaxsin(2πt/T), 83 

where t is time,  Vmax and T are the amplitude and period, respectively [19]. 84 
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Fig. 1 Schematic of a simplified two-dimensional eye model for the study of probe-iris interaction during 86 

phacoemulsification stage of cataract surgery (not in scale).  The aperture diameter (gap between the two beams) is 87 

assumed to be L and the coordinate origin O (0,0) is chosen at the centre of the model.  88 

The iris is modelled as two oppositely placed cantilever beams of length L, bending stiffness EI, stretching 89 

stiffness EA, and line density ρs. The undisturbed iris lies along y = 0, with one end pinned to the side walls x = 90 

±Lf/2.  Letting X (x, y)  denote the iris’ deformed position, its dynamics is governed by a nonlinear structure 91 

equation [20, 21] 92 

𝜌s
∂2𝑿

∂𝑡2
=

∂

∂𝑠
[𝐸𝐴(1 − (

∂𝑿

∂𝒔
⋅
∂𝑿

∂𝒔
)−1/2)

∂𝑿

∂𝒔
−

∂

∂𝒔
(𝐸𝐼

∂2𝑿

∂𝒔2
)] + 𝑭𝑓,                               (1) 93 

where s is the Lagrangian coordinate along the iris and Ff is the external fluid force, defined by equation (A11) 94 

in Appendix A. The boundary conditions are  95 

  𝑋 = (−
1

2
𝐿𝑓, 0) ,

∂𝑿

∂𝒔
= (1,0), imposed at the root of the left cantilever, 96 
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  𝑋 = (
1

2
𝐿𝑓, 0) ,

∂𝑿

∂𝒔
= (−1,0), imposed at the root of the right cantilever; 97 

 
∂2𝑿

∂𝒔2
=

∂3𝑿

∂𝒔3
= (0,0), imposed at the free ends: 𝑋 = (±

1

2
𝐿𝑓, 0) 98 

 The flow dynamics is described by the incompressible Navier-Stokes equations 99 

∇ ⋅ 𝒖 = 0 ,                                                                              (2) 100 

∂𝒖

∂𝑡
+ 𝒖 ⋅ ∇𝒖 = −

1

𝜌𝑓
∇𝑝 + 𝜈∇2𝒖 + 𝒇𝑒  ,                                               (3) 101 

where ρ
f
 and ν are the fluid density and kinematic viscosity, respectively. p is the fluid pressure, u is the fluid 102 

velocity, and fe is the body force acting on the fluid by the iris that is defined by equation (A12) in Appendix A. 103 

Non-reflecting boundary conditions are applied on the surrounding walls [22], whereas no-slip and no-104 

penetration boundary conditions are imposed on the iris. 105 

If the iris length L, the probe-induced jet velocity amplitude Vmax and the inertial pressure ρ
f
 Vmax

2 are chosen as 106 

repeating variables, equations (1)-(3) can be nondimensionalized as  107 

𝑚∗ 𝜕
2𝑿∗

𝜕𝑡∗2
=

𝜕

𝜕𝒔∗
[𝐸𝐴∗ (1 − (

𝜕𝑿∗

𝜕𝒔∗
⋅
𝜕𝑿∗

𝜕𝒔∗
)
−1 2⁄

)
𝜕𝑿∗

𝜕𝒔∗
−

𝜕

𝜕𝒔∗
(𝐸𝐼∗

𝜕2𝑿∗

𝜕𝒔∗2
)] + 𝑭𝑓

∗ ,                    (4) 108 

∇∗ ⋅ 𝒖∗ = 0,                                                                  (5) 109 

𝜕𝒖∗

𝜕𝑡∗
+ 𝒖∗ ⋅ ∇∗𝒖∗ = −∇∗𝑝∗ +

1

𝑅𝑒
∇∗2𝒖∗ + 𝒇𝑒

∗  ,                                 (6) 110 

where all the dimensionless parameters (with an asterisk) are defined in Table 1.  111 

Table 1 also lists other important dimensionless parameters and their values. In this study, the eye model has a 112 

length Lf
* = 3 and a height Hf

* = 1 while the phaco probe (a standard 19-gauge phaco needle) has a length Lp
* = 113 

0.3 and a height Hp
* = 0.1 [23]. The baseline mechanical properties of the iris are assumed to be EI* = 0.017, EA* 114 

= 24.869, and m* = 0.091, determined according to Ref [24] and by assuming the iris has a uniform thickness of 115 

0.34 mm [15]. The probe operation power is represented by the kinetic energy of the vibration-induced flow 116 

which takes a baseline value P* = 0.085. The baseline probe frequency is chosen as f* = 4.9, which corresponds 117 

to 100 Hz usually used in surgery [23, 25, 26]. 118 

Table 1  Definition and chosen values of key dimensionless parameters used in this study. 119 

Dimensionless parameter Definitions Baseline values or ranges 

Probe horizontal location 𝑥𝑝
∗ = 𝑥𝑝/𝐿 -0.9~0 

Probe vertical location 𝑦𝑝
∗ = 𝑦𝑝/𝐿 -0.3~0.3 

Length of fluid domain 𝐿𝑓
∗ = 𝐿𝑓/𝐿 3 [15] 

Height of fluid domain 𝐻𝑓
∗ = 𝐻𝑓/𝐿 1 

Probe length 𝐿𝑝
∗ = 𝐿𝑝/𝐿 0.3 [23] 
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Probe height 𝐻𝑝
∗ = 𝐻𝑝/𝐿 0.1 

Horizontal position of iris tip 𝑥𝑡𝑖𝑝
∗ = 𝑥𝑡𝑖𝑝/𝐿 --a 

Vertical position of iris tip 𝑦𝑡𝑖𝑝
∗ = 𝑦𝑡𝑖𝑝/𝐿 -- 

Oscillation amplitudeb 𝜎𝑡𝑖𝑝 = 𝑎𝑚𝑝/𝐿  -- 

Iris-tip vertical mean positionc 𝑦 
𝑡𝑖𝑝

= 𝑦 /𝐿  -- 

Fluid loading 𝑭𝑓
∗ = 𝑭𝑓/𝜌𝑓𝑉𝑚𝑎𝑥

2  -- 

External force per unit volume 𝒇𝑒
∗ = 𝒇𝑒𝐿/𝑉𝑚𝑎𝑥

2  -- 

Bending stiffness 𝐸𝐼∗ = 𝐸𝐼/𝜌𝑓𝑉𝑚𝑎𝑥
2 𝐿3  0.00425~0.085,  

baseline value 0.017 [15], [24] 

 

Stretching stiffness 𝐸𝐴∗ = 𝐸𝐴/𝜌𝑓𝑉𝑚𝑎𝑥
2 𝐿  6.217~124.345,  

baseline value 24.869 [15], [24] 

Mass ratio 𝑚∗ = 𝜌𝑠/𝜌𝑓𝐿  0.091 

Iris’ position 𝑿∗ = 𝑿/𝐿  -- 

Lagrangian coordinate 𝒔∗ = 𝒔/𝐿  -- 

Reynolds number 𝑅𝑒 = 𝑉𝑚𝑎𝑥𝐿/𝑣  200 

Velocity 𝒖∗ = 𝒖/𝑉𝑚𝑎𝑥  -- 

Pressure 𝑝∗ = 2𝑝/𝜌𝑓𝑉𝑚𝑎𝑥
2   -- 

Time  𝑡∗ = 𝑉𝑚𝑎𝑥𝑡/𝐿  -- 

Probe powerd 𝑃∗ = 2𝑃/𝜌𝑓𝐿𝑉𝑚𝑎𝑥
3   0.021~0.170,  

baseline value 0.085 

Frequencye 𝑓∗ = 𝑓/𝑓𝑁 = 2𝜋𝑓𝐿2/(𝑘1
2√𝐸𝐼/𝜌𝑠) 1.96~9.8,  

baseline value 4.9 [25, 26] 

Gradient operator ∇∗= 𝐿∇ -- 

a The symbol "--" indicates that the corresponding parameter is updated during the simulation. 120 
b amp means the vertical vibration amplitude of the iris tip after the iris achieves the stable vibration state. 121 
c ȳ defined as the mean value of iris-tip maximum and minimum vertical positions ytip. 122 

d P is the kinetic energy of the probe induced fluid, defined as 𝑃 = 4𝜌𝑓𝐻𝑝𝑉
3 3𝜋⁄ , where V is the velocity amplitude 123 

used during the simulation of power effect. 124 

e fN is the first natural frequency of the flexible iris in vacuum, defined as 𝑓𝑁 = 𝑘1
2√𝐸𝐼 𝜌𝑠⁄ 2𝜋𝐿2⁄  , and k1 = 1.8751 125 

[27]. 126 

The Reynolds number in actual surgery is estimated to be approximately Re = 1560 [23-25]. However, the present 127 

study was conducted around a lower Reynolds number Re = 200, mainly due to the numerical instability 128 

encountered at higher Reynolds numbers by our computational framework. This may affect the model results 129 

for patient specific applications, but the general insights obtained from this study should still be valid [28, 29].  130 

B. Methodology  131 

In this study, the incompressible two-dimensional nine-speed multiple-relaxation-time lattice Boltzmann 132 

equation (D2Q9 MRT LBE) model [30] is used to simulate the fluid flow. The co-rotational finite element 133 

method (FEM) is adopted to model the dynamics of iris structure, which can handle geometric nonlinearity 134 

properly [31-33]. The interaction between the fluid flow and the iris structure is dealt with by the immersed 135 
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boundary method (IBM) [34]. The second-order half-way bounce back scheme is utilized to impose time-varying 136 

velocities of the oscillatory jet pair that represents the torsional vibration of the probe [35]. A brief introduction 137 

and verification to the current numerical framework are presented in Appendix A, and more details can be found 138 

in our previous works [36-41]. To ensure the grid and time convergence, a convergence study has been conducted 139 

and is presented in Appendix B. 140 

III. RESULTS  141 

1. Three modes of iris dynamics 142 

Through the simulations, three distinct modes of iris dynamics are identified, namely the repulsion (RP) mode, 143 

the attraction (AT) mode and the adhesion (AH) mode, classified according to the mean position of the iris. In 144 

the RP mode, the probe-induced flow repels the iris away from the probe, as depicted in Fig. 2(a), which ensures 145 

the safety of the iris during the surgery. In the AT mode, however, the iris is forced to bend towards the probe, 146 

as shown in Fig. 2(b), which could be dangerous. If the attraction is sufficiently strong and the probe is close 147 

enough, the iris can adhere to the probe either at its tip (Fig. 2c) or midsection (Fig. 2d), which can cause serious 148 

damage. This defines the third mode, i.e., the AH mode.  149 

(a)  (b)  (c)  (d)  150 

Fig. 2 Three modes of iris dynamics: (a) repulsion (RP), (b) attraction (AT), (c) and (d) adhesion (AH). The black line 151 

represents the undisturbed iris shape, whereas the blue, green and red lines represent the mean position of disturbed 152 

iris in different modes. 153 

The occurrence of these three dynamic modes depends mainly on the probe location. A map showing the 154 

distribution of the probe location resulting in these modes is presented in Fig. 3 for a baseline case with 155 

parameters Re = 200, m* = 0.091, EI* = 0.017, EA* = 24.869, P*= 0.085, and f* = 4.9. Considering the symmetry 156 

of the problem, here only the left half domain is presented. The iris is in the RP mode (represented by blue dots) 157 

when the probe is placed out of reach of the iris, i.e., outside (to the right of) the red dashed arc that represents 158 

the boundary of iris-probe contactable zone (defined as a region within which the probe can geometrically touch 159 

the flexible iris). When the probe is placed inside this contactable zone, on the other hand, the iris is generally 160 

drawn toward the probe. More specifically, the iris will mainly be adhered to the probe (represented by red 161 

squares), with the exception of the upper- and lower-right regions near the boundary of the contactable zone and 162 

well away from the undisturbed iris, where the iris is in the AT mode (represented by green triangles). It is also 163 

observed that the RP mode slightly extends into the iris-probe contactable zone, right outside the AT mode zones. 164 

This does not occur at the AH-RP boundary though, which is located to the right of the undisturbed iris tip. 165 
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   166 

Fig. 3 Spatial distribution of the three dynamics modes superimposed by the contour of oscillation amplitude of the 167 

iris tip (σtip). Symbols ●, ▲ and ■ denote the repulsion (RP), attraction (AT) and adhesion (AH) modes, respectively. 168 

The horizontal black solid line represents the undisturbed iris shape. The black dashed lines sketch the boundaries 169 

among different mode zones, whereas the red dashed line defines the boundary of the iris-probe contactable zone. The 170 

two small black circles mark the probe location of two representative cases.   171 

In addition to the change in its mean position, the iris is also forced to oscillate under the excitation of the probe. 172 

The superimposed contour in Fig. 3 shows the oscillation amplitude of the iris tip as a function of the probe 173 

location. Within the RP mode zone the tip oscillation gradually increases in amplitude as the probe moves 174 

towards the iris. The oscillation is significantly intensified when the probe moves across the boundary of the iris-175 

probe contactable zone and enters the AT mode zones where the iris shifts from being repelled to being attracted. 176 

However, if the probe moves across the boundary from the right along the undisturbed iris, the iris tip 177 

immediately adheres to the probe, resulting in zero tip oscillation. The tip oscillation remains zero in the AH 178 

mode zone and the iris deforms in the pattern shown in Fig. 2(c). If the probe further moves towards the root of 179 

the iris, however, the adhesion occurs at the iris midsection and the iris tip oscillates violently. This corresponds 180 

to the AH mode with the iris deforming in the pattern as shown in Fig. 2(d). 181 

2. Two representative cases 182 

To gain further insights into the iris dynamics in these modes, two representative cases are chosen for detailed 183 

study. The probe locations in these two cases are very close but separated by the RP-AT boundary, i.e., one at 184 

xp
* = -0.4 and yp

* = -0.2 (denoted as location 1) is in the RP mode regime, and the other at xp
* = -0.45 and yp

* = -185 

0.2 (denoted as location 2) is in the AT mode regime, as shown in Fig. 3. The time histories of the vertical 186 

position of iris tip, y*
tip, in these two cases are compared in Fig. 4(a). Although the probe is placed at nearly the 187 

same location, the iris’ response is significantly different: it is repelled (y*
tip > 0) with smaller tip oscillations by 188 

the probe operated at location 1, while it is attracted (y*
tip < 0) with larger tip oscillations by the probe operated 189 
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at location 2. The latter also takes a much longer time (t* = 25 vs. 10) to reach the steady state due to its larger 190 

mean tip displacement (ȳ*
tip = -0.123 vs. 0.045). Note that in both cases the iris exhibits similar initial dynamics 191 

(t* < 2), i.e., slightly attracted by the probe, before diverging.  192 

To check how sensitive the iris dynamics is to the probe’s initial operation condition, Fig. 4(b) compares the iris 193 

y*
tip-v

*
tip phase diagrams when the probe starts operation with four different initial phase angles, i.e., 0, π/2, π, 194 

3π/2, at the two selected locations. It reveals that although significantly affecting the initial dynamics, the initial 195 

phase angle does not affect the dynamics when fully developed. As such, all the cases discussed hereafter are 196 

simulated with the same initial phase angle 0.  197 

 (a)     (b)  198 

Fig. 4 Evolution of (a) vertical displacement y*
tip and (b) phase diagrams of the iris tip when the probe is operated at 199 

locations 1 and 2. In (b) four different initial phase angles are considered. 200 

The velocity and pressure fields, the fluid force exerted on the iris, and the instantaneous velocity of the iris at 201 

the steady state in the two cases are further examined at selected instances in a probe operation cycle, as shown 202 

in Fig. 5 and 6, respectively. For the RP mode case, the entire iris is alternatively pulled and pushed by the 203 

operating probe, vibrating in its first bending mode. The induced flow on the left side of the probe seems to play 204 

a dominant role: when the probe starts to suck, the nearby pressure reduces significantly, and hence the iris feels 205 

a strong pull near its tip (see Fig. 5(a1) and (b1)), whereas when it starts to blow, the nearby pressure surges, 206 

pushing the entire iris away (see Fig. 5(a3) and (b3)).  207 
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 208 

Fig. 5 Pressure (p*) contour and velocity (u*) field around the iris (1st column), distribution of fluid loading (F*
f, 2nd 209 

column), and velocity distribution (3rd column) along the iris at t/T = 0 (1st row), 1/4 (2nd row), 2/4 (3rd row), and 210 

3/4 (4th row), for the RP-mode representative case at location 1 (defined in Fig. 3). The black lines represent the mean 211 

position of disturbed iris. 212 
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  213 

  214 

Fig. 6 Pressure (p*) contour and velocity (u*) field around the iris (1st column), distribution of fluid loading (F*
f, 2nd 215 

column), and velocity distribution (3rd column) along the iris at t/T = 0 (1st row), 1/4 (2nd row), 2/4 (3rd row), and 216 

3/4 (4th row), for the AT-mode representative case at location 2 (defined in Fig. 3). The black lines represent the mean 217 

position of disturbed iris. 218 

The situation becomes quite different when the probe is operated at location 2. In this case, the iris is gradually 219 

attracted towards the probe by the induced flow (see Fig. 4) and exhibits the AT mode. As shown in Fig. 6, at 220 

the steady state the iris tip is very close to the upper surface of the probe block with a small gap. It is observed 221 

that, when the probe-induced flow starts to suck on the left side of the probe, the forepart of the iris moves 222 

towards the probe. As a result, the pressure in the small gap increases rapidly due to lubrication forces, generating 223 

a strong push at the iris tip (see Fig. 6(a1) to (c1)). On the other hand, when the probe-induced flow starts to 224 

blow, the forepart of the iris moves away from the probe. Hence the fluid pressure reduces, generating a strong 225 

pull at the iris tip (see Fig. 6 (a3) to (c3)). These observations indicate that the formation of the small gap 226 

significantly confines the motion of the iris tip. As such, the iris appears in a mild ‘S’ shape and vibrates in a 227 

higher-order bending mode. 228 
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 229 

3. Effect of iris stiffness 230 

Starting from this section, we examine the influence of several key factors on the iris dynamics, including the 231 

iris stiffness, iris length, probe power, and probe vibration frequency. To study the effect of iris stiffness, we 232 

conducted simulations with both softened and stiffened iris by vary its Young’s modulus from rE = E/Ebaseline = 233 

0.25 to 5.0, where rE is the stiff ratio and Ebaseline is the baseline Young’s modulus. The changed distributions of 234 

the three dynamics modes for the rE = 0.5 and 4.0 cases are presented in Fig. 7. By comparing with the baseline 235 

case shown in Fig. 3, one can see that increasing the iris stiffness results in a reduction of the AH mode zone 236 

from its top- and bottom-right corners, which is mainly replaced by the expanding AT mode zone, and only a 237 

very slight expansion in the RP mode zone.  238 

 (a)     (b)  239 
Fig. 7 Spatial distribution of the three dynamics modes when (a) rE = 0.5 and (b) rE = 4. Symbols ●, ▲ and ■ denote 240 

the RP, AT and AH modes, respectively. The horizontal black solid line represents the undisturbed iris shape. The 241 

black dashed lines sketch the boundaries among different mode zones, whereas the red dashed line defines the iris-242 

probe contactable zone.    243 

Fig. 8 presents the variation of the iris tip’s mean vertical position (ȳtip) and oscillation amplitude (σtip) against 244 

the stiffness ratio when the probe is placed at locations 1 and 2. As the iris becomes stiffer, the iris tip gradually 245 

approaches its undisturbed location (i.e., ytip = 0) in both cases (see Fig. 8(a)). In particular, a transition from the 246 

AH mode to the AT mode is observed when the probe is operated at location 2. As for the oscillation amplitude, 247 

it first increases and then decreases in both cases, leaving a peak at an intermediate stiffness (see Fig. 8(b)). In 248 

the RP mode case at location 1, the increase in σtip is caused by the reduced iris-probe distance, whereas the 249 

subsequent decrease is a direct consequence of iris stiffening. In the AH/AT mode case at location 2, the abrupt 250 

increase in σtip is due to the AH-AT mode transition, whereas the following steeper decrease is a combined result 251 

of the increased iris-probe distance and the iris stiffening.  252 
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 (a)    (b)  253 

Fig. 8 Variation of (a) mean vertical displacement ȳtip and (b) oscillation amplitude σtip of the iris tip against the 254 

stiffness ratio rE. The black line denotes the RP-mode representative case at location 1 (defined in Fig. 3), while the 255 

red line denotes the AT-mode representative case at location 2.  256 

The trajectories of the iris tip under different stiffness are shown in Fig. 9. It confirms that, as the iris becomes 257 

stiffer, its tip moves towards the undisturbed position (i.e., x* = -0.5 and y* = 0). In addition, the oscillation 258 

magnitude of the tip reduces more significantly in percentage in the horizontal direction than in the vertical 259 

direction. It is also observed that when the iris vibrates very close to the upper surface of the probe in the AT 260 

mode, the trajectory of the tip becomes quite different from those with the tip away from the probe, i.e., r
E
 = 1.0 261 

and 1.5, due to the strong interaction between the iris tip and the probe upper surface.  262 

   263 

Fig. 9 Trajectories of the iris tip for different stiffness ratios in the RP-mode representative case at location 1 and in 264 

the AT-mode representative case at location 2 (b). 265 

 266 



14 

 

4. Effect of iris length 267 

Cataract surgery requires pupil dilation to create a clear view for surgeons. The iris length not only determines 268 

the pupil size, but also affects its own dynamics during the surgery. Hence here we study its effect by reducing 269 

a quarter of the baseline length while maintaining the iris’ volume by considering the material incompressibility 270 

[15]. Fig. 10 shows the distribution patterns of the three dynamics modes for the dilated iris. By comparing with 271 

the baseline case shown in Fig. 3, it is seen that with the pupil dilation, the safe RP mode zone expands 272 

significantly from about x* = -0.35 to -0.6, along with the movement of the boundary of iris-probe contactable 273 

zone (i.e., the red dashed line). This provides the probe operation with a much larger (71% more) safe area in 274 

the middle portion of the eye. Accordingly, the damaging AH mode zone shrinks to the left considerably. The 275 

dangerous AT mode zone also moves to the left, and its size increases slightly, which is a result of stiffened iris 276 

due to the volume conservation of iris during pupil dilation process. 277 

  278 
Fig. 10 Spatial distribution of the three typical dynamics modes of iris in the x*-y* plane with a shortened iris (or 279 

dilated pupil) with a dilation ratio of 0.25. The symbols ●, ▲ and ■ denote RP, AT and AH modes, respectively. The 280 

horizontal black solid line represents the undisturbed iris shape. The black dashed lines sketch the boundaries among 281 

different mode zones, whereas the red dashed line defines the iris-probe contactable zone. 282 

The trajectories of the iris tip, with or without pupil dilation, are shown in Fig. 11. It is seen that, with the pupil 283 

dilated, the iris dynamics transits from the AT mode to the RP mode when the probe is operated at location 2, 284 

and it maintains in the RP mode zone when the probe is operated at location 1.  For both cases, the oscillation of 285 

the iris tip reduces considerately, especially for the AT mode case at location 2, and reaches a very similar 286 

trajectory pattern. This is resulted from the significantly increased distance between the probe and the iris tip 287 

due to the shortened iris length. All these results confirm that pupil dilation is indeed an effective way to relieve 288 

the risk of IFIS through expanding the safe RP mode zone for probe operation and reducing the iris’ oscillation 289 

intensity. 290 
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  291 
Fig. 11 Trajectories of the iris tip for the cases at location 1 (xp

* = -0.4 and yp
* = -0.2) and location 2 (xp

* = -0.45 and 292 

yp
* = 0.2). The solid lines represent the baseline case, and the dashed lines in the same color represent dilated cases. 293 

5. Effect of probe power 294 

The probe’s operation strength also affects the iris dynamics. Fig. 12 shows the distribution of the three dynamics 295 

modes when the probe is operated with reduced power (rP = P/Pbaseline = 0.25, where Pbaseline is the baseline power) 296 

and increased power (rP = 2). Note that, since the probe power is positively correlated with the Reynolds number 297 

as defined in Table 1, this study is equivalent to studying the effect of Reynolds number in a limited range from 298 

Re = 126 to 252. By comparing with the baseline case shown in Fig. 3, it is seen that the increased operation 299 

power enlarges the AH mode zone and simultaneously shrinks the AT mode zone, while the RP mode zone only 300 

experiences very slight contraction. If comparing Figs. 7 and 10, it appears that the influence of probe operation 301 

power is opposite to that of the iris stiffness. 302 

 (a)   (b)  303 
Fig. 12 Spatial distribution of the three dynamics modes with the (a) weakened and (b) strengthened operation power. 304 

Symbols ●, ▲ and ■ denote the RP, AT and AH modes, respectively. The horizontal black solid line represents the 305 
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undisturbed iris shape. The black dashed lines sketch the boundaries among different mode zones, whereas the red 306 

dashed line defines the iris-probe contactable zone. 307 

(a)     (b)  308 

Fig. 13 Variation of (a) mean vertical displacement ȳtip and (b) oscillation amplitude σtip of the iris tip against the 309 

power ratio r
P
. The black line denotes the RP-mode representative case at location 1, as defined in Fig. 3, while the 310 

red line denotes the AT-mode representative case at location 2.  311 

 312 
Fig. 14 Trajectories of the iris tip at different power ratios in the RP-mode representative case at location 1 and the 313 

AT-mode representative case at location 2 as defined in Fig. 3(a).  314 

Fig. 13 presents the variation of the iris tip’s mean vertical position ȳtip and oscillation amplitude σtip against the 315 

probe operation power ratio rP when the probe is operated at locations 1 and 2. It is seen that, in the RP mode 316 

case where the probe is placed at location 1, the iris is pushed further away with increased power, and its 317 

oscillation amplitude gradually increases despite the increased iris-probe distance. This is also evident in the iris 318 

tip trajectories as shown in Fig. 14. In the AT mode case when the probe is placed at location 2, the iris tip is 319 

firstly greatly attracted by the probe with increased power, and then remains almost unchanged when it is very 320 
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close to the probe and hence subject to the effect of confinement  [42]. Accordingly, the tip oscillation amplitude 321 

firstly increases significantly by the strengthened attraction, and then mildly increases. The effect of confinement 322 

is also clearly illustrated by iris tip trajectories in Fig. 14, where the trajectory of the iris tip becomes highly 323 

distorted when the iris tip-probe distance becomes very small with the increase of probe power. Note that the 324 

AT-AH mode transition is not observed in the current rP range, which is believed to occur if the probe power is 325 

further increased. 326 

6. Effect of probe frequency 327 

The probe operation frequency also affects the iris dynamics. To explore its influence, we conducted simulations 328 

by varying its value from f* = 1.96 to 9.8, covering the baseline frequency 4.9. Note that the frequency is imposed 329 

through applying time-varying velocities of the oscillatory jet pair. Fig. 15 shows the changes of the distribution 330 

of the three dynamics modes as the probe is operated slower (f* = 1.96) or faster (f* = 9.8). By comparing with 331 

the baseline case in Fig. 3, one can see that the AH mode zone expands for both slower and faster operations, 332 

while the AT mode zone shrinks significantly. This indicates an optimum frequency range for the probe operation 333 

in which the iris excitation can be minimised. This is further evidenced in Fig. 16, which shows the variation of 334 

iris tip’s vertical mean position (ȳtip) and oscillation amplitude (σtip) against the probe operation frequency when 335 

the probe is placed at locations 1 and 2. When the probe is operated at location 2 the iris is mainly in the AH 336 

mode, except at frequencies f*
 = 4.9 (i.e., the baseline case) and 5.88 where it is in the AT mode. This 337 

phenomenon is believed to be associated with resonance between the oscillatory flow and the natural frequency 338 

of the iris structure. A modal analysis in vacuum reveals that the eigenfrequency for the second bending mode 339 

of the iris f*
 = 6.27, which, if considering the added mass effect, probably falls between f*

 = 4.9 and 5.9. Hence, 340 

in this frequency range, the system resonates with the probe-induced flow, causing the iris to vibrate with large 341 

amplitudes. As for the RP mode case at location 1, it is found that both ȳtip and σtip reduce with the frequency. 342 

The reduction is especially dramatic when the frequency is below f*
 = 2.94, close to the frequency of the first 343 

bending mode of the iris. Hence it is deduced that the significantly large ȳtip and σtip at low frequencies are caused 344 

by resonance of the oscillatory flow with the first bending mode. 345 

 (a)    (b)  346 
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Fig. 15 Spatial distribution of the three dynamics modes with the (a) slower (f* = 1.96) and (b) faster (f* = 9.8) probe 347 

vibrations. Symbols ●, ▲ and ■ denote the RP, AT and AH modes, respectively. The horizontal black solid line 348 

represents the undisturbed iris shape. The black dashed lines sketch the boundaries among different mode zones, 349 

whereas the red dashed line defines the iris-probe contactable zone. 350 

 (a)    (b)  351 

Fig. 16 Variation of (a) mean vertical displacement ȳtip and (b) oscillation amplitude σtip of the iris tip against the probe 352 

operation frequency. The black line denotes the RP-mode representative case at location 1, as defined in Fig. 3, while 353 

the red line denotes the AT-mode representative case at location 2. 354 

7. A schematic of boundary movement 355 

The above studies have shown that the distribution of the iris’ three dynamics modes can be changed by adjusting 356 

the iris stiffness, length, or the power and frequency of the probe operation, which is summarized by a sketch in 357 

Fig. 17. For the effects of iris stiffness and probe power and frequency, the boundary of the RP mode region is 358 

relatively stable, moving only slightly within the red dashed arc that defines the iris-probe contactable zone. On 359 

the contrary, the boundaries between the AT and AH mode zones vary significantly with the parameters. As the 360 

iris becomes softer, the AH mode zone expands, and the AT mode zone shrinks accordingly. The same also 361 

happens as the probe is operated with larger power. If the probe is operated at a frequency deviating from the 362 

baseline case frequency, i.e., around the iris’ second bending mode frequency, the damaging AH mode zone 363 

expands. As for the effect of iris length or pupil dilation, it significantly affects all boundaries, mainly due to the 364 

moving of the boundary of iris-probe contactable zone. If the pupil is dilated, all boundaries move towards the 365 

iris root, resulting in a significant expansion of the safe RP mode zone, which is desirable for the surgery.  366 
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   367 

Fig. 17 Sketch showing the effects of iris stiffness and length, and the power and frequency of the probe operation on 368 

the spatial distribution of the three dynamic modes. The black dashed lines sketch the boundaries among different 369 

mode zones, whereas the red dashed line defines the iris-probe contactable zone. The arrows applied on zone 370 

boundaries indicate the boundary moving direction, and their length reflects the changing magnitude.  371 

V. CONCLUSION 372 

In this study we developed and utilized an FSI model to simulate the dynamics of the iris when subject to the 373 

operation of a nearby phaco-emulsification probe during cataract surgery, in an attempt to elucidate the 374 

mechanism of IFIS. Three distinct dynamics modes of the iris were observed: the RP mode where the iris is 375 

repelled by the probe, the AT mode where the iris is attracted toward but does not touch the probe, and the AH 376 

mode where the iris is adhered to the probe. In general, the AT or AH mode occurs when the probe is operated 377 

within the iris-probe contactable zone, whereas the RP mode occurs when the probe is outside. Furthermore, the 378 

AT mode usually occurs when the probe is operated within but near the boundary of the contactable zone and 379 

well away from the undisturbed iris.  380 

From a clinical point of view, the identification and understanding of the three modes suggest that it is safe to 381 

refrain the probe from the reach of iris, i.e., within the RP mode zone, which is in the middle portion of the 382 

anterior chamber. In this zone, the iris is repelled by the probe and slightly vibrates in its fundamental bending 383 

mode. If the probe is operated in the AT mode zone, the iris is attracted by the probe and experiences large-384 

amplitude vibrations in a high-order bending mode, i.e., it appears floppy. If the probe is moved further closer 385 

to the iris so that it has a significant overlap (at least one third of the probe width) with the iris tip, the iris is 386 

adhered to the probe and hence is in high risk of tissue engagement, adherence and damage, i.e., it enters the AH 387 

mode.  388 

The effects of several key parameters, including the iris’ stiffness and length as well as the probe’s power and 389 

frequency, on the distribution of the three dynamics modes and the iris vibration intensity were also studied. It 390 

was revealed that having a stiffer iris makes the AH mode zone shrank and the AT mode zone expanded, as 391 
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depicted in Fig. 7. It also reduces the vibration amplitude of the iris. It was also found that shortening the iris 392 

length, or dilating the pupil, can effectively shrink the damaging AH mode zone and expand the safe RP mode 393 

zone, significantly reducing the iris vibration amplitude, which is attributed to the movement of the boundary of 394 

iris-probe contactable zone. These findings suggest that increasing iris stiffness and shortening iris length are 395 

very effective and beneficial for relieving IFIS. This confirms, from the mechanics viewpoint, the validity of 396 

taking pupil dilation drugs for cataract surgery, such as phenylephrine that can effectively dilate the pupil and 397 

stiffen the iris. 398 

The study on the effect of probe operation power suggests that reducing the power can shrink the AH mode zone 399 

and reduce the iris vibration amplitude (Figs. 12 and 13), meaning that it is another useful way to relieve IFIS. 400 

However, a trade-off should be considered since the probe power must be sufficiently large to ensure effective 401 

lens emulsification. As for the effect of probe operation frequency, the simulation results reveal an optimal 402 

frequency range from f*
 = 4.9 to 5.9, corresponding to 100 to 120 Hz, where the iris resonates with the probe-403 

induced flow in its second bending mode. Due to this resonance, a small portion of the damaging AH mode zone 404 

transitions into the AT mode zone, which will help relieve IFIS to some extent. 405 

Although the currently adopted numerical model is only two-dimensional and unstable at high Reynolds numbers, 406 

the anterior chamber geometry is very simplified, and only the probe’s torsional operation mode is considered, 407 

the results obtained from this model provide new insights into the probe-iris interaction and, most importantly, 408 

the physical mechanism of IFIS. In our future work, on one hand we will continue study the influence of the 409 

aspiration and irrigation flow and the iris dynamics when the phaco probe is operated in longitudinal, ultrasonic 410 

vibration mode, and on the other hand we will improve the numerical stability of the current numerical model 411 

by applying turbulence models and extend it from two-dimensional to three-dimensional, so that a more realistic 412 

eye model can be simulated. 413 
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APPENDIX A. Numerical methods and verification 420 

A.1. Numerical methods 421 

The LBM, as an alternative numerical method, has been widely used to solve the Navier–Stokes equations [21, 422 

43]. Here, the incompressible two-dimensional nine-speed multiple-relaxation-time lattice Boltzmann equation 423 
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(D2Q9 MRT LBE) model with the split-forcing algorithm is used, which is more stable compared to the 424 

conventional D2Q9 LBE model [30, 34, 36, 44]. Its scheme can be expressed as  425 

𝑓𝛼(𝒙 + 𝒄𝛼Δ𝑡, 𝑡 + Δ𝑡) − 𝑓𝛼(𝒙, 𝑡) = −𝑴−1𝑺𝑴(𝑓𝛼(𝒙, 𝑡) − 𝑓𝛼
𝑒𝑞
(𝒙, 𝑡)) −𝑴−1(𝑰 − 𝑺/2)𝑴𝑔𝛼(𝒙, 𝑡)Δ𝑡,      (A1) 426 

where fα(x, t) is distribution function for particles with lattice velocity cα at the position x and time t, Δt is the 427 

time step. S, M and I are the diagonal relaxation matrix, transformation matrix and identity matrix, respectively. 428 

The equilibrium distribution function for incompressible LBM fα
eq [30, 45] and the discrete force distribution 429 

function gα [34] are defined as 430 

𝑓𝛼
𝑒𝑞
= 𝑤𝛼[𝜌𝑓 + 𝜌𝑓0(

𝒄𝛼⋅𝒖

𝑐𝑠
2 +

(𝒄𝛼⋅𝒖)
2

2𝑐𝑠
4 −

𝒖2

2𝑐𝑠
2)],                                                (A2) 431 

𝑔𝛼 = 𝑤𝛼(
𝐜𝛼−𝒖

𝑐𝑠
2 +

𝒄𝛼⋅𝒖

𝑐𝑠
4 𝒄𝛼) ⋅ 𝒇𝑒,                                                          (A3) 432 

where wα is the weighting factor, and cs is the speed of sound. ρ
f0

 is the mean mass density, which is usually set 433 

as 1. fe is the external force. Velocity u and density ρ
f
 can be obtained from the following distribution functions  434 

𝜌𝑓0𝒖 = ∑ 𝒄𝛼𝑓𝛼𝛼    ,                                                                      (A4) 435 

𝜌𝑓 = ∑ 𝑓𝛼𝛼      ,                                                                      (A5) 436 

The iris dynamics, governed by Equation (1), is solved using the co-rotational finite element method (FEM) [31]. 437 

The iris structure is discretized into two-node frame elements, based on the Bernoulli-Euler beam theory. Each 438 

node of an element has three degrees of freedom, including two translational displacements and one rotational 439 

angle. The large-displacement and small-strain deformation in the structure solver are handled using the co-440 

rotational scheme, which has been widely used to solve geometrical nonlinear problems [31, 46-49]. In this 441 

scheme, a local coordinate system moves with each discrete beam element, in which the element behaves linearly 442 

as described by the Bernoulli-Euler beam theory. By this means, geometrical nonlinearities are transferred into 443 

the coordinate transformation between the local and global coordinate systems. As for the time discretization, 444 

the Newmark method [50] is adopted. The Newton-Raphson iteration [50] is applied in each time step to reach 445 

the structure’s dynamic equilibrium. The discrete matrix scheme for the structure at the ith iteration of time step 446 

n is evaluated as follows 447 

𝑲𝑛,𝑖
𝐺𝑇Δ𝑿𝑛,𝑖 = 𝑹𝑛

𝑖    ,                                                                     (A6) 448 

𝑲𝑛,𝑖
𝐺𝑇 = 𝑎0𝑴𝑛,𝑖 + 𝑎1𝑪𝑛,𝑖 +𝑲𝑛,𝑖

𝑇  ,                                                       (A7) 449 

𝑹𝑛
𝑖 = 𝑭𝑛

𝑎 − 𝑭𝑛,𝑖
𝑟    ,                                                                   (A8) 450 

𝑭𝑛,𝑖
𝑟 = 𝑭𝑛

𝑖 +𝑴𝑛,𝑖�̈�𝑛,𝑖 + 𝑪𝑛,𝑖�̇�𝑛,𝑖  ,                                                 (A9) 451 
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where 𝑲𝑛,𝑖
𝐺𝑇 is the global effective tangent stiffness matrix at the ith iteration of time step n, which includes the 452 

effect of mass matrix Mn,i, damping matrix Cn,i and the elastic tangent stiffness matrix 𝑲𝑛,𝑖
𝑇 , as revealed in 453 

equation (A7). a0 and a1 are constants in the Newmark-β method. Mn,i, Cn,i and 𝑲𝑛,𝑖
𝑇  , including elastic stiffness 454 

matrix and geometric stiffness matrix, are updated in each iteration. 𝑹𝑛
𝑖  is the unbalance force applied on the 455 

structure, which is the difference between the applied external force 𝑭𝑛
𝑎  and the internal resorting force 𝑭𝑛,𝑖

𝑟 . 456 

Three components, i.e., elastic force 𝑭𝑛
𝑖 , inertial force 𝑴𝑛,𝑖�̈�𝑛,𝑖 and damping force 𝑪𝑛,𝑖�̇�𝑛,𝑖 are included in the 457 

internal resorting force 𝑭𝑛,𝑖
𝑟 , as indicated in equation (A9). Δ𝑿𝑛,𝑖 is the displacement increment. 458 

The interaction between the iris and the fluid is handled using the direct-forcing immersed boundary method 459 

(IBM) with diffuse interface scheme [34, 51-55]. By enforcing the no-slip and no-penetration boundary 460 

conditions on the iris, the IBM can be described as 461 

𝒖(𝒔, 𝑡) = ∫ 𝒖(𝒙, 𝑡)𝛿(𝒙 − 𝑿(𝒔, 𝑡))𝑑𝑥
Ω

     ,                                                   (A10) 462 

𝑭𝑓(𝒔, 𝑡) = −2𝜌𝑓
𝑼(𝒔,𝑡)−𝒖(𝒔,𝑡)

Δ𝑡
       ,                                                   (A11) 463 

𝒇𝑒(𝒙, 𝑡) = −∫ 𝑭𝑓(𝒔, 𝑡)𝛿(𝒙 − 𝑿(𝒔, 𝑡))𝑑𝒔
Γ

     ,                                              (A12) 464 

where s, x and X are the Lagrangian coordinate, the Eulerian coordinate and iris’ position, respectively. U(s, t) 465 

is the iris velocity and u(s, t) is the fluid velocity on the iris, which is interpolated using Dirac delta function δ 466 

with its four-point second-order discrete approximation adopted [34]. Ff(s, t) is the Lagrangian force acting on 467 

the iris that is proportional to the difference between U(s, t) and u(s, t). fe(x, t) is the Eulerian body force, which 468 

can be evaluated by Ff(s, t) through the delta function δ. 469 

More details about the numerical methods can be found in our previous works [36-40]. The verifications are 470 

given in Sections A.2 to A.4. For the verification of the structure solver, two cases are included. In the first case, 471 

a cantilever subject to a static moment is simulated to illustrate the suitability of the solver in handling severe 472 

geometry nonlinearity. In the second case, a cantilever subject to a time-dependent pressure distribution is 473 

simulated to check the suitability of the solver in handling dynamic, non-uniform loading. To validate the FSI, 474 

a Lamb dipole interacting with a cantilever is simulated. 475 

A.2. Verification 1: Cantilever subject to a pure bending moment 476 

The ability of the current numerical framework in handling severe geometry nonlinearity is demonstrated 477 

through simulating the bending of a cantilever beam subject to a pure moment at its free end, which has been 478 

widely adopted as a benchmark problem [56-61]. In this case, the properties of the beam are shown in Fig. A1. 479 

The beam is discretized into 10 elements and 11 nodes. According to Euler–Bernoulli beam theory, the curvature 480 

under a pure moment is uniform. Therefore, when subject to a moment M = 2π(EI/L), the beam is rolled up into 481 

a circle with the radius L/2π. The final deformed shapes under different bending moments agree well with the 482 
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theoretical results [61], as shown in Fig. A2(a). Good agreements are also achieved when comparing the 483 

simulated load versus vertical tip displacement results with the analytical solution [59, 62] in Fig. A2(b). These 484 

comparison results validate the accuracy of the structure solver in handling severe geometric nonlinear 485 

nonlinearity. 486 

  487 
Fig. A1 Schematic of a cantilever subject to a pure bending moment 488 

 (a)    (b)  489 

Fig. A2 Comparison between the present results and the theoretical solution: (a) deformed cantilever shape, and (b) 490 

load-displacement curve. 491 

A.3. Verification 2: Cantilever subject to a dynamic, distributed pressure loading 492 

To validate the structure solver in dealing with dynamic, non-uniform loading, a cantilever subject to time-493 

varying triangularly distributed pressure is simulated. The properties of the cantilever are shown in Fig. A3(a). 494 

Distributed pressure F = 100000sin(πt/50)x/L is applied along the cantilever. For FSI simulations using IBM, 495 

generally denser Lagrangian nodes are required for structures than Eulerian nodes for fluids, which makes the 496 

solving of structure dynamics very time-consuming [63]. Hence additional non-nodal points are applied along 497 

structure elements to interact with the fluid grids so as to reduce the number of nodes while maintaining enough 498 

Lagrangian points for information exchange, thereby reducing the computational cost. Specifically, the dynamics 499 

of the cantilever is simulated using three different node sets, as listed in Table A1. Note that in Case 3 50 non-500 

nodal points among nodes are applied in addition to the 51 nodes, which help exchange information, including 501 

force, displacement and velocity while significantly reducing the computational cost (Consider O(n3) floating-502 

point operations of the LU-factorization-based direct method used for solving equation (A6), where n is the size 503 

of the linear system [64]). Fig. A3(b) compares the evolution of the cantilever tip displacement, and excellent 504 
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agreements among the three cases and the ANSYS simulation results are achieved. Hence, in the present study, 505 

we will apply interpolation points among nodes to reduce computational costs and maintain accuracy while 506 

providing enough Lagrangian points for interaction, as evidenced by the results of Case 3 in Table A1 and Fig. 507 

A3(b). 508 

Table A1 Settings of verification cases  509 

 Nodes Non-nodal points 

among nodes 

Total Lagrangian points Time /10000 steps 

Case 1 51 0 51 124.09s 

Case 2 101 0 101 930.65s 

Case 3 51 50 101 126.17s 

ANSYS 101 0 101 -- 

 510 
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   (b)  511 

Fig. A3 (a) Schematic of a cantilever subject to time-varying triangularly distributed loading F = 100000sin(πt/50)x/L; 512 

(b) Comparison of the evolution of the vertical displacement of the cantilever tip evaluated using different node 513 

settings and ANSYS, as listed in Table A1. 514 

A.4. Verification 3: Cantilever subject to a fluid loading 515 

We further validate the FSI solver through simulating the strong interaction between a Lamb dipole and a 516 

cantilever. As shown in Fig. A4(a), a Lamb dipole moves towards a right-end-clamped cantilever. In the 517 

simulation, the Reynolds number, mass ratio and dimensionless bending stiffness are chosen as Re = 200, m* = 518 

0.25 and EI* = 1, respectively. The stretching stiffness is set very large to enforce the inextensibility condition. 519 

Fig. A4(b) shows the evolution of the lift experienced by the cantilever. The prediction agrees very well with 520 

the data obtained from our previous work [40]. More details about the numerical strategy can be found in our 521 

previous studies[36-41]. 522 
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(a)     (b)  523 
Fig. A4 (a) Schematic of a cantilever interacting with a translating Lamb dipole; (b) Evolution of lift experienced by 524 

the cantilever. 525 

APPENDIX B. A convergence study 526 

To ensure the sufficiency of chosen grid and time step in the present study, we perform a convergence study 527 

using a selected case where the probe is located at xp
* = -0.3 and yp

* = -0.1, underneath and close to the left iris, 528 

and the fluid and iris properties in the baseline case are adopted. The information for three sets of mesh and time 529 

steps is listed in Table B1. The indistinguishable differences among the three sets of data in the evolution of ytip
*, 530 

the vertical displacement of the left iris tip, as shown in Fig. B1(a), as well as in the vorticity contour at t* = 25 531 

as shown in Fig. B1(b) clearly indicate the convergence. Hence the mesh and time step used in Set 1, i.e., ∆x = 532 

L/200 and ∆t = L/10000u, are adopted in this study to balance the computational accuracy and efficiency. 533 

Table B1 Three sets of mesh and time step for the convergence study 534 

 Set 1 Set 2 Set 3 

Mesh spacing (Δx) L/200 L/200 L/400 

Time step (Δt) L/10000u L/20000u L/20000u 

(a)  

 

 

 

    
 

 

(b) 
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Fig. B1 Comparison of (a) evolution of the vertical displacement y*
tip of the iris tip, and (b) vorticity contour [-0.75, 536 

0.75] superimposed by velocity vectors around the iris at t* = 25. 537 

 538 
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