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Abstract 

Retinal detachment is a serious condition that most commonly occurs in the elderly; 

if left untreated, it can lead to complete or partial blindness [1]. Rhegmatogenous 

retinal detachment is the most common type of detachment of the retina. It occurs 

due to a tear in the retina that allows the passage of the vitreous to the space 

between the retina and the choroid [2]. In order to make sure that the retinal 

detachment does not progress to the macula, reducing or stopping the growth of the 

retinal detachment is vital in the period between diagnosis and surgery [3]. However, 

it is not known what loads on the eye contribute the most to retinal detachment 

progression. This study aims to identify the role of head movements and saccadic 

movements on retinal detachment progression. This has been done by creating a 

finite element model that includes all the eye components with assigned material 

properties. A mesh convergence study was carried out to identify the optimum mesh 

for the study. Primary results showed that saccadic eye movements apply less stress 

on the retina than head movement. Moreover, the results show that the size of 

vitreous detachment is proportional to the extent of retinal detachment. 

A new experimental technique was developed to determine the vitreous properties. 

A custom-built computer-controlled test rig was designed to support, load and 

monitor eye globes' behaviour while being subjected to dynamic rotation cycles 

mimicking saccadic eye movement. A digital image correlation algorithm was 

developed to analyse the images obtained during the experiment to trace the 

movement of marked points on the vitreous surface with different radii from the 

posterior chamber's centre. The initial camera image was used to build a finite 
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element model of the test set up, which was used in an inverse analysis exercise to 

estimate the vitreous material properties. The inverse analysis exercise estimated 

the initial shear modulus, the long-term shear modulus and the viscoelastic decay 

constant of the porcine vitreous as 2.100.15 Pa, 0.500.04 Pa and 1.20 0.09 s-1, 

respectively. Consideration of the viscoelasticity of vitreous was essential to 

represent its experimental behaviour. Testing the vitreous in close to its normal 

physiologic conditions produced estimations of the initial shear modulus and long-

term shear modulus that were respectively smaller and larger than reported values 

[2, 4, 5]. 

The study produced useful results on the role of head and saccadic eye movements 

in the development of retinal detachment, indicating that head movements are more 

likely than saccadic movements to lead to retinal detachment progression. The study 

has also suggested that vitreous detachment size is directly proportional to the 

progression of retinal detachment. The study also has investigated experimentally 

the viscoelasticity of the vitreous humour in order to determine its initial and long-

term shear moduli. The emphasis has been on testing and loading the vitreous in 

close to the natural physiological conditions, and hence removing some of the 

possible sources of errors introduced in earlier research. 
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1. Introduction  

 

1.1 Background  

The eye is one of the essential components of the human body. It enables humans to 

observe objective information from the world. It allows people to perceive the world 

around us by characterising the colours and shapes of objects. The eyes are capable 

of adapting to changes in light conditions as well as to object position. By observing 

the depth and scale of the objects, they allow us to see in three dimensions.  

The eyes' importance has attracted many scientists, over thousands of years, to 

understand and investigate its function. The first theorists of the eye are the Greek 

philosophers such as Plato and Empedocles [6, 7]. These ancient thinkers firstly 

believed that the sense of sight is similar to touch. A divine illuminating fire was 

thought to be contained in the eye. It was assumed that this illuminating fire was 

emitted out of the eye to detect the subject's environment. This theory is recognised 

as the emission or extra-mission concept [8].  

The first to consider the eye's optics was Euclid of Alexandria; he believed in extra-

mission concept and developed it to establish the law of reflection [9]. He managed 

to calculate the angle of reflection and incidence by considering that light came from 

within the eye. Later, it was proved that extra-mission is not the process of vision. 

However, Euclid's calculations were independent of light direction; therefore, they 

provided a strong basis for all the studies that followed [10].  
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Another theory was that of intro-mission; this was held around the time of Euclid of 

Alexandria. Aristotle believed that the object itself was projected into the eye by 

transmitting its shape. It was believed at this time that the organ of sight is a 

crystalline lens. This theory was also assumed by Galen, a Greek surgeon [11].  

During the Islamic era, in the 8th to 12th century, the concept of intro-mission 

developed into a theory that the rays of light pass through the pupil into the eye. This 

process transmits the object's information, rather than a part of the object itself [12]. 

In 984 AD, Ibn Sahl was the first to describe the mathematics used to explain the path 

of light related to the refractive index and incidence angle [13]. Ibn Al-Haytham, 

another Islamic scientist, conducted many experiments to develop binocular vision 

theories. He explained the interaction of light and the cornea and the eye's anatomy 

in the Book of Optics [14]. 

In the early 17th century, a German scientist, Johannes Kepler, was the first to find 

out that the images are projected on the retina, and are reversed and inverted by the 

eye lens. Kepler is considered the father of modern refractive correction such as 

contact lenses, glasses and refractive surgeries [15].  

Between 1642 and 1726, Sir Issac Newton investigated the eye by inserting a needle 

behind the ocular globe. After Newton, scientists concentrated on sensory aspects 

to examine vision science. These aspects included the image captured on the retina 

and the perception of colour.  

Despite research and development of many treatments for different visual 

conditions for thousands of years, there are still huge numbers of patients suffering 

from visual diseases such as glaucoma, retinal detachment and myopia. For instance, 

retinal detachment occurs with rates of around 20 in 100,000 per year [16]. Retinal 

breaks exist in about 6% of eyes in both autopsy and clinical studies [17]. In the 

Netherlands, 18.2 in 100,000 are diagnosed with retinal detachment [18]. Moreover, 

in the 1980s, 12 in 100,000 were diagnosed in the United States [19]. Degenerative 

retinal cases such as age-related macular degeneration and retinitis pigmentosa 

affect nearly two million people in the United States [20]. On the other hand, a 
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condition such as myopia affects 84% of the East-Asian urban populations [21-23]. In 

the western world, glaucoma affects 105 million globally; 5.2 million of those are 

considered blind [24].  

1.1.1 Ocular biomechanics and simulation  

Until the mid-1960s, biomechanics did not properly appear as a separate field of 

study; only in recent decades that it has been used in vision science [25]. There has 

been a significant improvement in the representation of the human eye using 

biomechanics. Many numerical and mathematical models of the human eyes have 

been simulated to describe the response of the ocular globe to internal and external 

forces, and the mechanical response of the eye to injuries, diseases and surgeries 

[26-30].  

Researchers have investigated the human eye over the last decades using finite 

element modelling (FEM). The majority of these researches used finite element 

methods to study the damage caused in the eye due to impacts. Rossi et al. [5], Uchio 

et al. [31], Karimi et al. [32], Liu et al. [2] and Stitzel et al [33] investigated the impact 

of an external source or explosion on the eye. They mainly focused on scleral or 

corneal tearing; only Liu et al. [2] studied the effect of an impact on retinal 

detachment. 

Moreover, Hans et al. [34] studied retinal detachment due to the baby shake 

syndrome. Liu and Hans [2, 34] investigated the pressure exerted on the retina due 

to the vitreous. The vitreous was modelled as a viscoelastic or elastic solid. Only Liu 

et al. considered retinal adhesion. One of the main drawbacks of the above studies 

is lack of validation. Only Stitzel et al. [33] managed to validate their models against 

experimental data, and Liu et al. [2] validated their model against Stitzel’s. However, 

the rest of the studies mentioned above failed to validate their models [34-36].  

Scott [37] and Ooi et al. [38] used a finite element model to study the damage that 

occurred to the eye due to external heat transfer. Others used the finite element 
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method to study the mechanics of the cornea [39-41]. Few created a finite element 

model to mimic a specific situation such as a surgical incision [42] or a method for 

estimating the material properties [43]. Finite element modelling was also used to 

study the mechanics of the orbit [44].    

It is believed that mechanics plays a significant role in the mechanism leading to 

retinal detachment. Nevertheless, mechanical understanding of the retinal 

detachment process is still limited. Few studies have been carried out focusing on 

retinal detachment, and most of these studies focus on the external source impact 

that led to retinal detachment [5, 31]. Other studies investigate the vitreous body 

motion and how it leads to retinal detachment [45-47];  none of the mentioned 

research studied the interaction between the gel and the liquid phase of the vitreous. 

They all assumed either a completely liquid or gel-like vitreous. This interaction is 

possibly one of the causes of retinal detachments. 

1.1.2 Retinal detachment  

Retinal detachment is the separation of the sensory retina from the pigment 

epithelium. The development of retinal detachment occurs via numerous pathways, 

including vitreoretinal disorders, such as myopia, that affect the eye's overall shape 

and size.  Moreover, metabolic disease, like diabetic retinopathy, and trauma can 

lead to retinal detachment [48]. The detachment of the retina could be classified as 

non-rhegmatogenous or rhegmatogenous.  

i Non-rhegmatogenous retinal detachment 

Non-rhegmatogenous retinal detachment could take place in two cases. It can occur 

due to shear traction, without tearing the retina. It can also occur due to the 

accumulation of subretinal fluid in the subretinal region (the space between the 

sensory retina and the pigment epithelium). This happens because of damage of the 

retinal pigment epithelium (RPE), as a result of hypertension rather than a retinal 

break.  
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ii Rhegmatogenous retinal detachment 

Rhegmatogenous retinal detachment (RRD) is the most common type of retinal 

detachment, it results from a break in the sensory retina. This break is mostly 

produced by the vitreous traction on the retinal surface. The vitreous physically pulls 

a tiny part of the sensory retina away from the pigment epithelium; this is known as 

retinal tear [49-51]. Retinal detachment can be initiated at the tear flaps by traction 

at the surface of the adjacent retina. Due to the retinal tear, fluid from the vitreous 

cavity may also flow into the subretinal space, as it can be seen Figure 1.1. Therefore, 

vitreous traction and fluid flow into the subretinal space can lead to a retinal tear, 

leading to RRD.  

 

Figure 1.1: Development of retinal detachment. (A) 100% gel vitreous fills the vitreous cavity. (B) 

Vitreous starts to shrink due to ageing. (C) The vitreous traction leads to retinal break. (D) The 

liquified vitreous flows into the subretinal space [52] 

Retinal break takes place when there is a discontinuity of the neurosensory retina. 

When the break is due to focal loss of the tissue, it is referred to as a retinal hole. 
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Vitreous traction can cause horseshoe (flap) tear, which is the most common tear. 

The horseshoe tears result from the vitreous traction pulling a horseshoe-shaped thin 

curvilinear flap into the vitreous cavity. This flap contracts to become smaller than 

the break and this happens due to losing its blood supply. The other type of tear is 

the linear retinal tear. 

The subretinal fluid movement in the space between the retina and the choroid will 

pull the retina away from the choroid. Researchers have investigated the RRD 

problem clinically to understand its mechanism. Fatt et al. [53] reported that RRD 

takes place due to a pre-existing hole in the retina. Quintyn et al. [54] described the 

mechanism of the subretinal fluid in the pigment epithelium. Few mathematically 

modelled the retinal detachment by considering surface tension effect and 

neglecting shear stress [55].  

1.2 Scope of research  

To further improve the numerical simulation of ocular biomechanics, efforts are 

needed to help identify conditions that specifically promote extension of retinal 

detachment. Medical conditions such as glaucoma and myopia have been 

investigated using numerical analysis [28, 56]. Moreover, retinal detachment due to 

impacts has been studied by many researchers [2, 57]. However, none of these 

researchers studied the interaction between the gel and the liquid phase of the 

vitreous. They all assumed either a completely liquid or gel-like vitreous. 

Moreover, this interaction was never considered as one of the possibilities leading to 

RRD. The effect of the vitreous size or shape on retinal detachment has not been 

studied, even though vitreous detachment is the main cause leading to RRD. A 

numerical model is needed to provide some new insight into this gap in knowledge.   

Components such as the cornea and the sclera have been much researched over an 

extended period [58-60]. This has considerably helped our understanding of the 

mechanical properties related to the eye microstructure. On the other hand, the 
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vitreous, which accounts for 80% of the eye volume and has a considerable role in 

eye mechanics,  was investigated by many research groups, however, subjecting the 

eye to non-physiologic conditions led to a wide variation in these parameters. 

Moreover, some of the parameters determined cannot be employed in Finite 

Element Analysis (FEA) software. Therefore, a method to measure vitreous 

properties while keeping and testing the tissue in close to its natural physiologic 

conditions is needed.  

Therefore, this study's scope mainly includes the evaluation of the viscoelasticity of 

the vitreous gel and the effect of the vitreous shape and volume on retinal 

detachment.  

1.3 Aim and objectives 

The research aims to improve the understanding of effect of head and saccades 

movements on the progression of retinal detachment and to quantify effect of the 

interaction between the vitreous and its neighbouring structures. To achieve this 

aim, the following objectives needed to be fulfilled: 

• To develop methods to construct characteristic, specimen-specific, 

geometries of the ocular globe 

• To develop an algorithm that is capable of meshing the irregular components 

of the ocular globe 

• To develop a user-friendly tool to generate and mesh the eye models 

automatically 

• To determine the viscoelastic parameters of the vitreous using inverse 

analysis 

• To validate the numerical model against ultrasound scans 



 

 

Finite Element Modelling of Retinal Detachment 
Introduction 

                                      
Ali Aboulatta 

  

 

 
8 

 

1.4 Outline of the thesis 

In this thesis, a novel numerical model of the ocular globe that includes the outer 

layer, retina, choroid, vitreous and liquified vitreous is presented. The model was 

designed to simulate the interaction between the vitreous and its neighbouring 

structures. The effect of vitreous volume and vitreous detachment size on the 

progression of retinal detachment were investigated. A novel approach to determine 

the viscoelasticity of the vitreous was proposed. A summary of the remaining 

chapters in this thesis is given below: 

• Chapter 2 reviews the latest research into the geometry of the eye and 

numerical modelling of the ocular globe. The material parameters used in the 

simulations are introduced, as well as the parameters describing the dynamic 

loading of the eye. The theories of constitutive modelling and inverse 

analysis are also introduced.  

• Chapter 3 describes the methods used to build the numerical model. A novel 

meshing algorithm is introduced. Bespoke software to generate numerical 

models of the ocular globe is presented. The effect of the vitreous volume 

and detachment size on the progression of retinal detachment is 

investigated. An overall discussion and a conclusion of the present study are 

provided. 

• Chapter 4 describes the methods and procedures related to the estimation 

of the viscoelasticity of the vitreous. The experimental techniques and the 

design of the test rig are presented. The results and the validation in the 

optimisation algorithm used in the inverse analysis are shown. An overall 

discussion and a conclusion of the present study are provided.  

• Chapter 5 provides an overall discussion of the thesis and its key conclusions; 

it also includes several recommendations for future work. 
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1.5 Novel contributions of the thesis  

The elements of novelty in this thesis include: 

• A novel algorithm to mesh the irregular geometry of the eye globe has been 

proposed 

• A full eye model that includes all eye components, including the aqueous, 

lens, liquified vitreous and vitreous, is proposed for the first time 

• Bespoke software to automatically generate and mesh the ocular globe was 

built 

• A novel technique to measure the vitreous properties while keeping and 

testing the tissue in close to its natural physiologic conditions was developed  
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2. Literature Review  

 

2.1 Introduction  

The literature review starts with a description of the ocular globe anatomy and 

material properties. The geometry and dimensions of the ocular globe are covered.  

Moreover, explanation of conditions, such as posterior vitreous detachment (PVD) 

and retinal detachment, is also included. Mechanical properties of the ocular globe 

and their abnormality, which could lead to ocular diseases, are introduced. 

Additionally, constitutive modelling methods and mathematical principles that 

consider the eye tissue's microstructure are presented. The movements of the eye 

are shown, and their effects are covered. Finally, the particle swarm optimisation 

algorithm is introduced, and its implementation in the field of ocular biomechanics 

is covered.  

2.2 Ocular globe anatomy 

The eye consists of three layers or coats; the fibrous tunic layer, the vascular tunic 

and the inner layer. The fibrous tunic layer or the outer layer is made up of the cornea 

and the sclera. The vascular tunic or the middle layer is composed of the ciliary body, 

choroid, iris and pigmented epithelium. As shown in Figure 2.1, the lens’ posterior 

cavity is filled by the vitreous humour or the vitreous body. In addition to the three 

layers, there are three fluid chambers; these chambers are the posterior chamber 

which is between the lens and the iris, the anterior chamber which is between the 

iris and the cornea, and finally the vitreous chamber, between the retina and the lens 

[61]. A thick fluid, vitreous humour, is enclosed in the vitreous chamber. This fluid 

provides the eye with its shape, and it is the path the light passes through before 
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reaching the optic nerve, this is how signals, such as images and information are 

transmitted to the brain, making vision possible [62]. 

 

Figure 2.1: Anatomy of the ocular globe [63] 

2.2.1  Cornea 

The cornea is the clear front surface of the eye. It is located in front of the pupil and 

the iris, and it permits light to enter the eye. The cornea is a crucial element of the 

fibrous tunic layer. It offers the ocular contents with a rigid protective envelope. Two-

thirds of the eye’s optical power are accounted for in the anterior corneal surface. 

The cornea's contribution to the formation of the ocular image can be affected by 

the deviation in shape caused by injury, disease and surgery [40]. The cornea is one-

sixth the sclera's size with an approximated central radius of 7.87 mm and diameters 

in the superior-inferior and the nasal-temporal directions of 11.75 and 10.6 mm, 

respectively [64].  The anterior curvature of the cornea flattens towards the limbal 

junction with an asphericity of 0.82. The limbal junction or limbus is the intersection 

of the sclera and the cornea. The limbus is a transitional zone with widths of 2 and 

1.5 mm in the superior-inferior and nasal-temporal, respectively.  
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In adult eyes, the peripheral corneal thickness (PCT), near the limbus, is 670 µm [65] 

increasing to a central corneal thickness (CCT) of 550 µm [66-68]. A study by 

Galgauskas et al. [69] found that from age 20-29 to age 80-89, CCT thinned from 

563±44 to 540±35 mm. Therefore, a central spherical radius of 6.40 mm with 

asphericity of 0.62 can describe the change in thickness of the posterior cornea’s 

topography [64].  

2.2.2 Sclera  

The sclera borders with the cornea and covers the rest of the eyeball. It acts as a 

tough barrier that prevents intraocular structures from sustaining injuries. The sclera 

serves as an attachment for the extraocular muscles; moreover, it controls the eye's 

shape during significant events that promote globe deformation, such as 

accommodation, eye movements and intraocular pressure (IOP) fluctuations. The 

sclera ensures the stability of vision and that the globe does not break-up [70]. 

Therefore, the sclera has good strength and a degree of elasticity. These properties 

have to be maintained while remodelling to allow the eye's growth to be proportional 

to its refractive power and to replace damaged extracellular matrix components. This 

is vital to ensure that the globe remains free from major refractive error throughout 

life [71]. The sclera is the largest section of the ocular globe. It is spherical with a 

radius of 11.5 mm for an adult eye [72]. In early ages, the scleral thickness is relatively 

homogeneous. However, it thins in the equatorial and thickens in the posterior 

region from around 4-5 years old. For adults, thickness ranges from approximately 

1000 µm in the posterior region, thinning to 400–500 µm at the equator and then 

thickening to 500–600 µm at the limbus [73, 74].  

2.2.3 Lens 

The lens is located behind the iris, and its main job is to focus light onto the retina. 

The lens is separated anteriorly by the epithelium capsule and by the posterior 

capsule. Therefore, any damage to the capsule could lead to cataracts (cloudy area 
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in the lens that leads to a decrease in vision) [75].  The cortex is a softer material 

surrounding the nucleus, the innermost part of the lens. Zonules are tiny wires that 

suspend the capsular-like bag enclosing the lens. The lens contains 65% water; this 

percentage decreases with ageing [76].  The lens modifies its shape to adjust for 

distance or close vision, this process is called accommodation [77]. To increase its 

ability to focus on near objects, the lens thickens. However, due to ageing, the lens 

gets more flexible and gradually loses its accommodation ability. This leads to 

presbyopia [78].  

2.2.4 Aqueous 

The anterior segment of the ocular globe is filled with aqueous humour. The aqueous 

humour is a thin, watery fluid that occupies the space between the iris and the 

cornea. The ciliary body, the component of the eye that lies behind the iris, 

continually secretes the aqueous humour. This transparent fluid gives the ocular 

globe its shape and form, and nourishes the lens and the cornea. It regulates the IOP 

and provides a transparent medium for its optical function [79]. The essential factor 

in the formation of the aqueous humour is the transportation of certain solutes. The 

rate of active solute transport by the ciliary epithelium is the main factor affecting 

the aqueous secreted amount [80].  The exchange of solute between the cornea and 

the aqueous is vital for normal corneal metabolism.  

2.2.5 Vitreous humour  

Underneath the lens, a cavity is filled with a gel-like substance called the vitreous 

humour. The vitreous has several functions, including mediating the growth of the 

eye [81], supporting ocular tissues [82, 83] and maintaining a clear path of light rays 

to the retina [81]. The vitreous provides metabolic requirements to the ocular globe 

[84]. Moreover, the vitreous protects the eye during any mechanical damages [83].  

The vitreous is a delicate, transparent, gel-like structure composed of uniformly 

distributed collagen fibrils inside a protein, salt and hyaluronic acid solution; Figure 
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2.2 [85]. Apart from a few cells, the vitreous body is considered largely acellular [63]; 

by weight, the vitreous is 99% water, 0.1% macro-molecules and 0.9% salts [85]. The 

macro-molecules are glycosaminoglycans (GAGs) structural proteins, including the 

collagen and non-collagen fibrils [86]. These fibrils run parallel to each other and are 

attached, forming a branching meshwork (Figure 2.2). The GAGs are molecules that 

act like a sponge; water sticks to these molecules, which then helps to maintain the 

pressure-volume relationship. There are different types of GAGs; however, the most 

significant three are hyaluronic acid, chondroitin sulphate and heparin sulphate [87, 

88]. 

 

Figure 2.2: A schematic of the macromolecular structure of the vitreous [89] 

There are several different types of collagen fibrils; the vitreous body includes type 

II, V, IX and XI fibrils [90]. If the vitreous is in a gel-like state, type II collagen fibrils 

connect forming a network. On the other hand, if the vitreous is liquefied, the fibrils 

are aggregated with one another [91].  The combination of hyaluronic acid and 

collagen fibrils dictates the vitreous mechanical integrity [92-95]. Therefore, the 

properties of the vitreous change with the distribution of those components.  

The vitreous looks like a sphere with a segment removed anteriorly to provide a 

depression for the lens. It fills around 80% of the whole eye volume, and it consists 

of three partitions: the vitreous base, vitreous core, and the vitreous cortex [96]. The 
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latter is located against the retina and includes the vitreous outer layer, at which the 

collagen fibres are packed together more densely than the core; therefore, the 

vitreous body is thicker than at the core. On the anterior side, behind the lens lies 

the anterior hyaloid membrane, which is the anterior boundary of the vitreous. The 

vitreous base is located at the equator, where the vitreous is tightly attached to the 

eyeball. Forming the boundary between the retina and the vitreous body is the 

posterior hyaloid membrane. Most of the collagen fibrils are originated in the 

vitreous base. Due to the high concentration of protein fibrils in the vitreous base, 

the collagen fibrils fan out and fill the vitreous cavity (Figure 2.3) [84].  

iii Vitreous detachment  

The vitreous humour is attached to the retina throughout the entire cavity. The 

strength of this adhesion is different from one location to another. The major retinal 

vessels, the disk margin and the areas closest to the periphery are the typical areas 

of stronger adhesion [84, 97]. The separation of the vitreous humour usually starts 

from the posterior pole and advances towards the periphery; this happens due to 

ageing. The separation is not necessarily uniform; it can occur in one area but be 

absent in an adjacent area [98].  

 

Figure 2.3: Schematic of the ageing process. Images on the bottom represent real scans of the 

vitreous body. Images are provided for patients who are (a)33 weeks old, (b) 6 years old, (c) 59 

years old and (d) 88 years old [84, 99] 



 

 

Finite Element Modelling of Retinal Detachment 
Literature Review 

                                      
Ali Aboulatta 

  

 

 
16 

 

As age advances, vitreous liquefaction begins [100, 101]; the explanation behind this 

is the aggregation of collagen fibrils leading to a collapse of the network inside the 

vitreous [102]. A young person’s vitreous consists of 100% gel, with no free fluid; with 

ageing, 20% of the total vitreous volume liquefies. More than half of the vitreous 

body is liquefied by the age of 90 years old [97].  Sebag [84] carried out experiments 

to study the changes in vitreous structure that occur with ageing. It was found that 

the vitreous of a 33-week-old human showed a remarkably homogenous appearance 

(Figure 2.3a). A 6-year-old human vitreous exhibited the onset of irregularities, but 

no detachment nor distinct fibres (Figure 2.3b). Figure 2.3c shows the vitreous body 

of a 59-year-old human, where the presence of different fibres and classification of 

the vitreous body can be seen. Finally, Figure 2.3d shows the vitreous body of an 88-

year-old human; thick clear fibres can be observed as well as reduction in the vitreous 

size and the separation of the vitreous body. 

However, vitreous liquefaction with age is not fully understood due to the lack of 

reliable measurements of the vitreous mechanical properties in its natural state. 

Moreover, vitreous liquefaction can cause PVD [103, 104] and retinal detachment, 

which can cause blindness [105, 106]. For some cases of retinal detachment, vitreous 

replacement is needed. The vitreous is replaced with a substitute, during vitrectomy, 

that resembles the vitreous mechanical properties to maintain the IOP inside the eye 

globe [107-109].   

Furthermore, vitreous liquefaction can lead to other problems, such as vitreoretinal 

diseases that requires pharmacological treatment where drugs are injected in the 

eye. To decrease the side effects to the tissues of intravitreally injected drugs and 

increase the therapeutic advantages, the concentration and the distributions of 

drugs need to be predicted before injection [110]. In the liquefied region, the efficacy 

of drug delivery through the vitreous reduces because of the reduction of gradients 

in the drug concentration, which has lower mechanical properties [111]. Thus, 

accurate measurements of the mechanical properties of the vitreous can help to 

understand drug transport in vitreous with liquefied areas.  
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Deficiencies in the vitreous molecular structure and viscoelastic properties have been 

reported to increase the risk of developing glaucoma, RRD, retinal tear, retinal 

oedema, vitreous haemorrhage, and choroidal detachment [81, 112, 113].  

Moreover, the adhesion of the vitreous to the surrounding ocular structures may 

make the removal of the vitreous challenging during vitrectomy where the vitreous 

is to be replaced with a substance such as silicone oil [89, 114].  

iv Studies to measure the vitreous mechanical properties  

There have been several attempts to describe the composition, structure, and 

material properties of the vitreous. Significant studies have focused on developing 

approaches to measure the vitreous humour's mechanical properties (Table 2-1).  

Table 2-1: Measurement of viscoelastic properties of the vitreous humour. 

Authors Approach Parameter 

Zimberlin et al. [4] Cavitation rheology Elastic modulus 

Bovine: 120 - 660 Pa 

 

Nickerson et al. [115] Rheometer using 

cleated tools 

Dynamic shear modulus 

Porcine: 2.2 – 17 Pa 

Bovine: 7 – 32 Pa 

 

Bettelheim et al. [92] Dynamic 

compression 

Dynamic storage modulus 

Bovine: 3 – 4 Pa 

 

Zimmerman et al. [93] Relaxation of 

scattering 

Elastic shear modulus 

Human: 0.05 Pa 

 

Sharif-Kashani et al. [89] Shear rheometry Dynamic storage modulus 

Porcine: 1.08 Pa 
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Pokki et al. [112] Magnetic 

microprobes 

Elastic modulus and viscosity 

Porcine: 13.4 Pa, 96.4 Pa.s 

 

Yoon et al. [91] Acoustic radiation Elastic modulus and viscosity 

Porcine: 8.3 – 34 Pa,  

0.035 – 0.052 Pa.s 

Lee et al. [116] Magnetic micro-

rheometry 

Elastic shear modulus 

Porcine: 1 Pa 

Bovine: 3 Pa 

 

Liu et al. [2] Inverse analysis Short- and long-term modulus 

Porcine: 10 Pa and 0.3 Pa 

 

Rossi et al. [5] Multi-objective 

optimization 

Short- and long-term modulus 

Porcine: 10 Pa and 2 Pa 

 

 

The studies used several techniques, such as cavitation rheology [4]. For example, 

Zimberlin et al. [4] adopted a cavitation rheology technique in which a syringe needle 

was inserted into the posterior chamber to induce elastic instability via slow 

pressurization. The pressure at which the instability occurred was then related to the 

mechanical properties of the vitreous. Moreover, Zimberlin compared measuring the 

vitreous mechanical properties in vivo and ex vivo. It was reported that monotonic 

reduction in the mechanical properties of the vitreous after removal from the eye is 

due to the collapse of the internal network [4, 115].   

A study by Nickerson et al. [115] quantitively measured bulk vitreous mechanical 

properties using 25 mm diameter cleated tools . Others measured qualitatively the 

phenomena related to physiological changes in the eye [92, 93, 117].  For example, 

Bettelheim et al. [92] measured the vitreous dynamic viscoelastic properties by 

subjecting the vitreous to compression. On the other hand, Zimmerman et al. [93] 

measured human vitreous viscoelasticity in vivo by recording the relaxation of a 
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scattering pattern. Aguayo et al. [117] studied the vitreous liquefaction using nuclear 

magnetic resonance (NMR) spectroscopy and imaging.  

Pokki et al. [112] measured the vitreous body's viscoelasticity using intraocular 

magnetic microprobes. The probe was inserted into the vitreous and a camera was 

used to track the probe's location while wirelessly exerting a magnetic force applied 

by a magnetic field. A different approach was introduced by Yoon et al. [91] to 

measure the viscoelastic properties of the porcine vitreous. Yoon and colleagues 

used a microbubble-based acoustic radiation force to measure the spatial variations 

of Young’s modulus and the shear viscosity of the vitreous humour.  

Using a stressed-control shear rheometer, Sharif-Kashani et al. [89] studied the 

dynamic deformation of porcine vitreous. In another study by Lee et al. [116], the 

vitreous mechanical properties were obtained from a rheology test using a magnetic 

micro-rheometer to study small volumes of vitreous samples after extraction from 

the eye. Liu et al. [2] performed an inverse analysis of Lee’s experimental data to 

obtain the vitreous mechanical properties used in FEA.  

Delori et al. [118] conducted experiments to record and measure the deformation of 

the globe under the high-speed impact . Rossi et al. [5] determined the vitreous 

material parameters using multi-objective optimization performed on the test data 

of eye impact experiments carried out by Delori et al. [118].  

2.2.6 Choroid  

Between the retina and the sclera lies the choroid, consisting of blood vessels that 

feed parts of the retina. It receives its blood supply from the central retina artery that 

emerges from the back of the eye [119]. The choroid provides almost 90% of all eye 

layers' blood supply. It feeds the eye with the needed nourishment to conduct basic 

cellular functions and removes waste products from the eye. Choroid stiffness is 

around 374.5 ± 119.3 x 103 Pa at a strain of 0.471 ± 0.19 [120]. The thickness of the 

choroid is approximately 0.21 ± 0.03 mm [120].  
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2.2.7 Retina 

The retina is the light-sensitive layer that lines the inside of the eye. It includes around 

126 million sensory cells, which absorb the light entering the eye. These cells are 

divided into cones and rods; the latter cells are sensitive to light and dark changes, 

while the cones can detect colour differences. The macula is the central point of the 

retina where most of the cones are located, and enables vision during daylight. In 

contrast, the periphery of the central point enables vision in the dark due to the 

presence of more rods than cones [63]. The retina is divided into a few main regions: 

the equatorial retina, which lies around the equator, and the peripheral retina, which 

is anterior to the equator. The boundary, which is the border between the retina and 

the pars plana, part of the ciliary body, is called the ora serrata.  

The retina consists of two layers of neuronal connection and four layers of cells. In 

addition, the Muller cell is a structural cell that extends through all the retinal layers. 

The retinal layers are, from inner to the outer retina [121]:  

• Inner limiting membrane – acts as the boundary between the retina and the 

vitreous. It is laid down by the Muller cells with connections to the hyaloid 

membrane of the vitreous 

• Nerve fibre layer – the inner surface ganglion cells' fibres pass tangentially 

towards the optic nerve 

• Ganglion cell layer – is formed of the ganglion cells' axons and cell bodies 

[122]  

• Inner plexiform layer – includes the synapses between horizontal, bipolar, 

and amacrine cells 

• Inner nuclear layer – contains the cell bodies of the Muller cells, horizontal 

cells, bipolar cells, and amacrine cells 

• Outer plexiform layer – also comprises horizontal and bipolar cells, as well as 

the receptor synapses 
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• Outer limiting layer – comprises the junctional complexes from the 

photoreceptors and Muller cells 

• Photoreceptor layer – transduces light into neuronal signals 

• Retinal pigment epithelium – the last layer before the choroid, it protects the 

function of the receptors by providing a blood-retinal barrier 

 

Figure 2.4: Anatomy of the retina, including a cross-section of all retinal layers [99] 

i Retinal detachment  

Rhegmatogenous retinal detachment  

RRD is the most common retinal detachment type. When the vitreous body is wholly 

attached to the retina, retinal detachment is not likely to happen (Figure 2.5a). Due 

to ageing, substantial biochemical, structural, and rheological changes occur to the 

vitreous body [84]. Large liquid vitreous pockets start to form (Figure 2.5b) due to 

the hyaluronic acid-collagen changes; this process is called synchisys. As a result, 

shrinkage of the vitreous body occurs due to the condensation and the shortening of 

the collagen fibres (Figure 2.5c). 
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Moreover, due to the adhesion's physiological weakening between the retina's inner 

layer and the vitreous cortex, which occurs mainly in the posterior eye segment, the 

posterior vitreous cortex (PVC) separates due to the liquefied vitreous leaking into 

the retro-cortical space. This process is called PVD, during which, the PVC acts as an 

interface between the liquefied and the gel-like vitreous. Due to the coexistence of 

vitreous-gel and liquified vitreous in the vitreous cavity, and due to the movements 

of the head and the ocular globe the vitreous is forced to accelerate and decelerate 

rapidly. These movements play a role in the separation between the vitreous body 

and the retina. The creation of retinal tear is dependent on the magnitudes of the 

forces taking place in the vitreous cavity. The vitreous dynamic traction pulls on one 

side, and the inter-photoreceptor matrix glue, pigment epithelium pump and the 

tensile strength of the retina itself resist on the other side [97]. If the traction caused 

by the vitreous movement is too significant, a retinal tear is created (Figure 2.5d).  

This retinal tear situation has three possible consequences:  

• Due to the retina's initial tear and under the influence of the same tractional 

forces, the retina tears again. The retina section attached to the vitreous body 

(Figure 2.5e) becomes loose from the retina, while the rest of the retina stays 

attached. This could cause the patient to experience a floating shadow in their 

field of vision. 

• The opposing forces keep the retina attached, as seen in Figure 2.5d. 

However, the patient continues to experience flashes due to the tractional 

forces. 

• The retina completely detaches (Figure 2.5f) due to the dynamic traction 

overcoming the attachment forces. The retinal detachment spread depends 

on the strength of the traction and shear stresses on the retina and the 

attachment forces' strength.  
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RRD takes place when the liquified vitreous leaks through to the sub-retinal space, 

between the pigment epithelium and the photoreceptor layer, via the retinal tear 

[97]. Retinal tears occur in about 15% of patients with PVD. RRD is most likely to 

happen in the superior-temporal quadrant [123] and most likely around the equator 

[124].   

The fluid collected underneath the retina is called the sub-retinal fluid (Figure 2.5f). 

RRD takes place in about 12 out of 100,00 people (0.01% annual risk); it is a primary 

reason for blindness in western countries [125].  

 

Figure 2.5: Process leading to a retinal detachment. Schematic shows (a) a healthy vitreous, (b) a 

partially liquified vitreous, (c) a partially detached vitreous, (d) a recently created retinal tear, (e) a 

torn part of the retina, (f) a fully formed retinal detachment  [99] 

Further leakage of the sub-retinal fluid may lead to the macula's detachment; this 

can lead to substantial consequences, given that patients are most likely to lose their 

sight if the detachment progresses to the macula. This situation leads to permanent 

visual loss as the fovea (located at the macula's centre) loses its retinal blood supply 

and becomes entirely dependent on the choroid blood vessels [126].  



 

 

Finite Element Modelling of Retinal Detachment 
Literature Review 

                                      
Ali Aboulatta 

  

 

 
24 

 

Tears vary from one patient to another; the most common one is the flap tear (or 

horseshoe tear). Horseshoe tears are more common in middle age and appear more 

often near the equator of the eye [125]. Tears also vary in sizes and numbers 

between patients; the vast tear spans more than three clock hour positions. 

ii Retinal adhesion 

Retinal attachment is vital for its functioning. Two main factors ensure the 

attachment of the retina. Firstly, the inter-photoreceptor matrix (IPM) glue. 

Secondly, the retinal pigment epithelium (RPE) pumps out the virtual sub-retinal 

cavity fluid towards the choroid [97].  

The retinal IPM occupies the space between the retinal pigmented epithelium and 

the neural retina [127]. The IPM glue plays a significant role in retinal adhesion; 

indeed, it is known from previous studies that introducing any enzymes that degrade 

the proteoglycans in the IPM glue leads to a substantial loss of retinal adhesion [128, 

129].  

The RPE pumps out fluid towards the choroid from behind the retina. The significance 

of this pump is apparent by the fact that the retina detaches post mortem [130]. 

Moreover, in eyes diagnosed with myopia, reduced pumping by the RPE contributes 

to the development of a central retinal detachment [97]. Drugs that can interfere 

with this active transport reduce the adhesiveness of the retina [131]. The pumping 

rate of the whole RPE is 3.5 
𝑚𝐿

𝑑𝑎𝑦
, around 50% of the vitreous volume per day [54].  

Retinal adhesion forces  

There have been several attempts to measure the retinal adhesion forces. Most of 

these attempts’ measurements were given in units of force per unit length, as shown 

in Table 2-2.  

Kita et al. [132] carried out in vivo tests on rabbit eyes and proved that the adhesion 

force is equal to 1.8 ± 0.2 × 102 𝑑𝑦𝑛

𝑐𝑚
. In another study by Kita and Marmor [133], 
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the adhesion force was found to be 1.4 ± 0.03 × 102 𝑑𝑦𝑛

𝑐𝑚
 in monkeys, 1.8 ±

0.18 × 102 𝑑𝑦𝑛

𝑐𝑚
 in cats, and 1.0 ± 0.07 × 102 𝑑𝑦𝑛

𝑐𝑚
 in rabbits.  

Marmor et al. [134] conducted peeling experiments in vitro on rabbit eyes by 

injecting a small amount of fluid underneath the retina with a micropipette. They 

showed that the peeling force was in the range of 25 𝑚𝑔 for a 5-millimetre strip 

peeled at the rate of 24 𝑚𝑚/𝑚𝑖𝑛, within the first 20 minutes after removing the eye 

from the extraocular muscles.   

DeGuillebon et al. [135] also carried out peeling measurements in vitro on rabbits’ 

retinas. They showed that the peeling force was 50 𝑡𝑜 100 𝑚𝑔 for a 6.5 millimetres 

strip peeled at the rate of 2 –  42 𝑚𝑚/𝑚𝑖𝑛.  

Liu et al. [2] used the results of Kita and their own experiments to calculate the retinal 

adhesion in units of pressure. This was done by injecting a balanced salt solution 

using a micropipette into the sub-retinal space. The sub-retinal pressure was 

measured with another micropipette connected to a pressure transducer inserted in 

the sub-retinal space. Retinal adhesion was estimated to be 340 ± 78 𝑃𝑎. 

Table 2-2: Experimental values of retinal adhesion 

Study Species Number of 

specimens 

Adhesion 

Kita et al. [132] Rabbit 87 180 ± 20  𝑑𝑦𝑛/𝑐𝑚 

Kita and Marmor [133] Monkey 

Cat 

Rabbit 

6 

4 

25 

140 ± 3  𝑑𝑦𝑛/𝑐𝑚 

180 ± 18  𝑑𝑦𝑛/𝑐𝑚 

100 ± 7  𝑑𝑦𝑛/𝑐𝑚 

Marmor et al. [134] Rabbit 8 30 − 50 𝑑𝑦𝑛/𝑐𝑚 

DeGuillebon et al. 

[135] 

Rabbit 72 76 − 154 𝑑𝑦𝑛/𝑐𝑚 

Liu et al. [2] Rabbit 10 340 ± 78 𝑃𝑎 
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iii Retinal detachment treatment  

Numerous treatments are available for retinal detachment. The treatment options 

include sclera buckling surgery, pneumatic retinopexy, or vitrectomy. The right 

treatment is identified for each patient individually. 

Sclera buckling surgery is generally conducted in patients with less complicated 

retinal detachment [136-140]. It is performed by sewing an encircling band under the 

ocular muscles, around the sclera's circumference. An indention in the eyewall is 

created by placing a grooved buckle at the tear level under the band. This indentation 

causes the retinal tear to be pressed against and closed by the choroid and the sclera. 

To reduce the subretinal fluid volume, a transscleral puncture can be performed. 

Retinal adhesion can be achieved by applying cryocoagulation (the use of extreme 

cold in surgery to destroy a diseased tissue) around the tear. In order to achieve 

stronger adhesion, a bubble of expandable gas is injected into the eye. This technique 

is derived from the scleral resection that was introduced by Muller in 1903 [63].  

In pneumatic retinopexy, in cases of highly localised retinal detachment without any 

abnormalities, a gas bubble is injected into the eye, and cryocoagulation is conducted 

at the retinal tear location [86, 141-148]. 

Vitrectomy is conducted in the more complicated cases e.g., giant retinal tears [145, 

147], severe preoperative proliferative vitreoretinopathy [149], and vitreous 

haemorrhage. Vitrectomy is performed by removing the vitreous through three small 

openings in the pars plana. The openings are made 3-5 mm from the corneal limbus 

[150]. One of the openings is for the infusion of fluid to maintain pressure inside the 

eye. The second is to include a fibre optic light source to illuminate the eye [151]. The 

third opening is to allow the surgeon to work bimanually. The retina is re-attached 

after the procedures using cryocoagulation. Oil or a gas bubble can also be injected 

in order to maintain the pressure on the retina. Silicone oil is used to guarantee 

continuous support of the retina.  
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iv Material properties of the retina 

The retinal material properties are known to be anisotropic and inhomogeneous 

[120]. The properties are dependent on the existence of blood vessels and arteries 

[152]. Table 2-3 shows the values for retinal stiffness. Chen et al. measured transition 

strain, which is defined as the strain where the highest elastic modulus occurs. Vroon 

et al.[153] implemented this non-linearity into a finite element model by curve fitting 

the Ogden material model [154] over the measurements. In addition, Chen and 

Weiland measured the retina's elastic modulus in the presence of veins and arteries 

[152].  

Another study by Qian et al. [155] determined the retina's mechanical properties in 

vivo through an inverse analysis to minimise the error between experimental and 

numerical results. The experiment was carried out by causing acute high IOP and then 

scanning the retina images under different IOP. Finally, using inverse analysis, the 

parameters of a constitutive model of the retina and choroid were determined.  

Table 2-3: Literature values of retinal stiffness 

Study Species Number of 

specimens 

Parameters 

Chen et al. 

[120] 

Human 

 

10 

 

Transition strain 0.035 ± 0.003 

Lowest modulus 0.2 ± 0.2 × 103 𝑃𝑎 

Highest modulus 12.5 ± 10.1 × 103 𝑃𝑎 

Chen et al. 

[120] 

Porcine 10 Transition strain 0.034 ± 0.004 

Lowest modulus 0.3 ± 0.3 × 103 𝑃𝑎 

Highest modulus 19.5 ± 12.2 × 103 𝑃𝑎 

Chen et al. 

[152] 

Human 5 Transition strain (vein) 0.018 ± 0.002 

Transition strain (artery) 0.016 ± 0.001 

Transition strain (no vessels) 0.016 ± 0.001 

Modulus (vein) 50.90 ± 42.39 × 103 𝑃𝑎 

Modulus (artery) 38.48 ± 16.64 × 103 𝑃𝑎 
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Modulus (no vessels) 11.12 ± 6.10 ×

103 𝑃𝑎 

Vroon et 

al. [153] 

Human - Ogden 

𝑛 = 1 

∝1= 0.00239 

𝜇1 = 0.005 

Qian et al. 

[155] 

Cat 1 Ogden 

𝑛 = 2 

∝1= 0.00227 

𝜇1 = 0.0811 

∝2= 0.00421 

𝜇2 = 0.0.0652 

µ: shear modulus; α: strain hardening exponent 

v Retinal thickness  

The thickness of the retina is not homogeneous throughout the eye. At the foveal 

floor, the retina is thinnest (0.1,0.15-0.2 mm); at the foveal rim, the retina is the 

thickest (0.23,0.32 mm). On the other hand, beyond the fovea and until the equator, 

the retina rapidly thins. Finally, the retina is thinnest of all at the ora serrata (0.08 

mm) [156].  

2.3 Material behaviour of the ocular tissue 

Ocular numerical models have been used in various biomechanical applications, 

disease management and medical device development [39, 56, 58, 157-159]. Low 

cost and faster evaluation are the main advantages of computer-based simulations 

over laboratory experiments. Nevertheless, the efficiency of numerical simulations 

relies on many factors such as geometry, boundary conditions, loading and material 

properties; the latter is usually the vital feature characterising the behaviour of the 

material in numerical simulations [58, 157, 160, 161].  

There has been significant growth in interest in characterising the biological tissues 

based on nonlinear continuum mechanics theory. Biological tissues are 
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heterogeneous composite materials made of different media, including connective, 

epithelial, neuronal and muscular [162]. Constitutive theories aim to develop 

mathematical models in order to reproduce the real behaviour of biological tissues. 

This section will introduce the relevant constitutive models developed in the past, to 

provide context to the presented study.  

2.3.1  Hyperelastic behaviour 

Hyperelastic material is a type of constitutive model for ideally elastic material for 

which the relation between stress and strain is driven by a strain energy density 

function. There are many models of hyperelastic material which are available in many 

finite element (FE) packages and are easy to apply.  

The Ogden model is one of these models, and it is useful in the study of the material 

behaviour of ocular tissues [39]. The numerical model used to describe material 

behaviour for the ocular globe components such as the cornea, sclera and retina 

during loading was a hyperelastic Ogden model, used in many early studies on soft 

tissues [163-165]. 

The Ogden model is presented in the equation below in terms of strain energy per 

unit volume, 𝑊: 

In Equation 2.1,  𝑊  is the strain energy per unit volume; 𝑁 is the function order 

(taken as 1);  𝜇 and 𝛼  are the shear modulus and the strain hardening exponent, 

respectively, 𝜆𝑘
̅̅ ̅ the deviatoric principal stretches = J−1/3 × 𝜆𝑘 (k=1, 2, 3), λ1, λ2, λ3 

the principal stretches, J = λ1 λ2 λ3. D is a compressibility parameter =
3(1−2𝜈)

𝜇(1+𝜈)
 

calculated assuming the tissue was nearly incompressible [166],[167] with a 

Poisson's ratio, ν, of 0.48 [163, 168].  

 
𝑊 =  ∑

2𝜇𝑖

𝛼𝑖
2

(𝜆𝑥
̅̅ ̅𝛼𝑖 + 𝜆𝑦

̅̅ ̅𝛼𝑖 + 𝜆𝑧
̅̅̅𝛼𝑖 − 3) +  ∑

1

𝐷
(𝐽 − 1)2𝑖

𝑁

𝑖=1

𝑁

𝑖=1

 

 

 

2.1 
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In order to describe the nonlinear stress-strain curve, isotropic models such as Ogden 

are implemented. However, the heterogeneity and anisotropy induced by ocular 

microstructure cannot be addressed. Whitford [60] calibrated the Ogden material 

parameters based on an inflation test of a full ocular globe and determined nine 

groups of material properties for the cornea, limbus and sclera combined. These nine 

sections were used to create the profiles of the experimental deformation of human 

eyes.  

2.3.2 Viscoelasticity  

Viscoelasticity is an essential mechanical property of the ocular tissue. This is the 

property of materials that exhibit both elastic (spring-like) and viscous (dashpot-like) 

characteristics when undergoing deformation.  The relationship between stress and 

strain for viscoelastic materials depends on time. Viscoelastic materials include three 

vital behaviours: hysteresis, creep and stress relaxation [59]. The mechanical 

behaviour of a viscoelastic material depends on both temperature and time.  

To date, viscoelastic properties has been described for different species such as 

porcine [89, 115, 116, 169-171], ovine [170, 172], bovine [92, 115, 116, 170, 171, 173, 

174], rabbit [175] and human vitreous bodies [170, 176, 177].   

The three basic models that are used to model viscoelasticity are the Kelvin-Voigt 

model, Burgers model, and the Maxwell model. Each of these models differs in the 

arrangement of the dashpots and springs.  

i Kelvin-Voigt model 

The kelvin-Voigt model consists of a parallel connection of a spring and dashpot, as 

shown in Figure 2.6.  
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Figure 2.6: Rheological representation of the Kelvin-Voigt model [178] 

 

The strain experienced by the dashpot is similar to the that experienced by the spring 

[178]. The total stress of this arrangement can be obtained by adding up the stresses 

in the dashpot and spring:  

𝜎 =  𝜎1 + 𝜎2 

 

The stress-strain relation of the Kelvin-Voigt system is:   

2.2 

 

𝜎 =  𝐸휀 + 𝜂 휀̇ 

 

2.3 

 

In the generalized Kelvin model, there are multiple springs and dashpots connected 

in series, as shown in Figure 2.7 

 

Figure 2.7: Schematic of a generalised Kelvin-Voigt model consisting of n Kelvin elements 

connected in series [178] 

Based on equation 2.3, the strain and stress in each kelvin element are related by the 

below equation:  
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 𝜎𝑖 =  𝐸𝑖휀𝑖 + 𝜂𝑖
𝜕 𝑖

𝜕𝑡
             

 

2.4 

 

Due to arrangement of the elements in series, the total strain is the sum of the 

internal strains of all elements, while the stress at each element is the same. 

Therefore, the total stress and strain are described by:  

𝜎 =  𝜎∞ +  𝜎𝑖             

 

2.5 

 

휀 =  휀∞ + ∑ 휀𝑖
𝑛
𝑖=1              

 

2.6 

 

ii Burgers Model 

The burgers model consists of two springs and two dashpot and can be represented 

using kelvin representation, as shown in Figure 2.8. 

 

Figure 2.8: Schematic representation of Burgers model [179] 

 

Given that the kelvin material has a viscosity 𝜂1 and elasticity 𝐸1, the dashpot has a 

viscosity 𝜂2  and the spring has an elasticity 𝐸2 , the burgers model has the 

constitutive equation [180]: 

𝜎 + (
𝜂1

𝐸1
+

𝜂2

𝐸1
+

𝜂2

𝐸2
) �̇� +

𝜂1𝜂2

𝐸1𝐸2
 �̈� =  𝜂2휀̇ +

𝜂1𝜂2

𝐸1
휀̈  

 

2.7 

 

Where 𝜎 is the stress and 휀 is the strain.  
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iii Maxwell model 

The Maxwell model is a two-element model that consists of a linear viscous dashpot 

element and a linear spring connected in series, as can be seen in Figure 2.9 [181].  

 

Figure 2.9: the Maxwell model [182] 

The constitutive equation for a material which responds as a linear spring of stiffness 

E is:   

 𝜎 = 𝐸 𝜖2             

 

2.8 

 

where 𝜎 is the stress and 𝜖2 is the strain of the linear spring.  

This material’s response to a creep-recovery test is to undertake an instantaneous 

elastic strain with loading and to keep that strain as the load is applied. In addition, 

the material launches an instantaneous de-straining immediately after the removal 

of the load.  

The next element responds like a piston filled with a viscous fluid called a viscous 

dashpot. In order to achieve strain, the piston is dragged through the fluid. The 

constitutive equation for a material that responds as a dashpot is: 

 𝜎 =  𝜂 𝜖1̇     2.9 

 

where 𝜂 is the viscosity of the material and 𝜖1̇ is the strain-rate (
𝛿

𝛿𝑡
). 

In order to achieve equilibrium, stress in both elements must be the same. As both 

elements are connected in series, the total strain is equal to the summation of the 

two elements' strain.  
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 𝜖 =  𝜖1 +  𝜖2 

 

2.10 

 

In order to combine equations 2.8, 2.9 and 2.10, Laplace transformation is applied. 

Laplace transformation is mainly used to reduce differential equations, such as 𝜖1̇,  to 

algebraic [183]. The resulting expressions for equations 2.8 and 2.9 after applying 

Laplace are: 

 𝜎�̂� = 𝐸 𝜖2�̂� 

 

2.11 

 

 𝜎�̂� = 𝜂 𝑠 𝜖1�̂� 

 

2.12 

 

where 𝑠 is a complex number frequency parameter.  

By combining equations 2.10, 2.11 and 2.12: 

 
𝜖̂ =  

𝜎�̂�

𝐸
+  

𝜎�̂�

𝜂 𝑠
 

 

2.13 

 

Furthermore, by rearranging the above equation, the following frequency domain 

expression is obtained:  

 𝐸 𝜂 𝑠 𝜖̂ =  𝜎�̂� 𝑠 𝜂 + 𝐸 𝜎�̂� 2.14 

 

The model's response to various stress or strain conditions can be obtained after 

applying inverse Laplace transformation to equation 2.13.  

 𝜖̇ =  
�̇�

𝐸
+ 

𝜎

𝜂
   2.15 

 

In the stress relaxation test, the history of the strain is assumed as a step function: 

 𝜖(𝑡) =  𝜖𝑜 𝜇(𝑡) 2.16 

 

𝜇(𝑡) =  {
0,   𝑡 < 0
1,   𝑡 ≥ 0
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where 𝜖𝑜 is the strain at time zero and 𝜇(𝑡) is the step function.  

Using the strain step function below along with equation 2.16, the Laplace 

transformation of equations 2.9 and 2.10 gives: 

 
𝜖̂ 𝑠 =  

𝜎�̂� 𝑠

𝐸
+  

𝜎�̂�

𝜂 𝑠
 

2.17 

 

 𝜖̂ =  
𝜖𝑜

𝑠
 2.18 

 

since Laplace transformation of 𝜇(𝑡) is 
1

𝑠
.  

Combining equations 2.17 and 2.18, the strain response equation below is obtained:  

 
𝜖𝑜 =  

𝜎�̂� 𝑠

𝐸
+  

𝜎�̂�

𝜂 𝑠
 

2.19 

 

The above equation could be rearranged to get the following stress response: 

 

𝜎�̂� =  𝜖𝑜𝐸 (
1

𝑠 +  
𝐸
𝜂

) 

2.20 

 

It is known that 
𝜂

𝐸
 is equal to the relaxation time, 𝜏  [183]. using Laplace 

transformation, since 𝐿−1(
1

𝑠+ 𝑎
) =  𝑒−𝑎𝑡, the stress-extension relationship for a single 

mode Maxwell model can be expressed as:  

 
𝜎(𝑡) =  𝜖𝑜𝐸. 𝑒

−𝑡
𝜏 =  𝜎𝑜𝑒

−𝑡
𝜏  

2.21 

 

With the known stress, 𝜎𝑜, at 𝑡 = 0, the unknown parameter, 𝑡, is identified using 

the method of least squares.  

For multiple relaxation times, the stress-extension relation is described by the 

generalised Maxwell mode. For instance, in the generalised Maxwell model, there 

are multiple springs and dashpots connected in parallel, as shown in Figure 2.10. As 

all elements are connected in parallel, strain is constant, and the total stress is the 



 

 

Finite Element Modelling of Retinal Detachment 
Literature Review 

                                      
Ali Aboulatta 

  

 

 
36 

 

summation of all the element’s stresses. An extra isolated spring is added to 

represent arrheodictic behaviour [184].   

 

Figure 2.10:  Schematic of a generalised Maxwell model consisting of n Maxwell elements 

connected in parallel [185] 

 
𝜎(𝑡) =  𝐸∞𝜖𝑜 + ∑ 𝜖𝑜 𝐸𝑖 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

 
2.22 

 

Or, in another form: 

 
𝜎(𝑡) = 𝜖𝑜  (𝐸∞ + ∑  𝐸𝑖 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

)     
2.23 

 

The relaxation modulus 𝐸(𝑡), which is essentially the Prony series representation, is 

defined as: 

 
𝐸(𝑡) =  (𝐸∞ + ∑  𝐸𝑖 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

)   
2.24 

 

Here 𝐸∞ is the infinite modulus, and at 𝑡 = 0, the instantaneous modulus is defined 

as:  

 
𝐸𝑜 =  𝐸∞ +  ∑ 𝐸𝑖

𝑁

𝑖=1

 
2.25 

 

A pair of 𝐸𝑖 and 𝜏𝑖 is referred to as a Prony pair [184].  
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ABAQUS representation 

In many modern finite elements systems (Abaqus, ANSYS), viscoelasticity is 

implemented through the use of Prony series, which is a representation of the 

Maxwell model. Therefore, in the presented study Maxwell model was used to model 

the viscoelasticity of the vitreous.  

In this section, the Prony series parameters used ABAQUS to represent the Maxwell 

model are derived. ABAQUS assumes that the viscoelastic material is defined by a 

Prony series expansion of the dimensionless relaxation modulus.  

The ratio between 𝐸𝑖  and 𝐸𝑜 is referred to as 𝑚𝑖. By substituting 𝐸𝑖 in equation 2.24 

with 𝑚𝑖𝐸𝑜 , the following expression is obtained: 

 
𝐸(𝑡) =  (𝐸∞ + ∑  𝑚𝑖 𝐸𝑜 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

)     
2.26 

 

If the above equation is expressed in terms of shear and bulk modulus, the following 

equations are obtained: 

 
𝐺(𝑡) =  (𝐺∞ + ∑  𝑔𝑖 𝐺𝑜 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

)     
2.27 

 

 

 
𝐾(𝑡) =  (𝐾∞ + ∑  𝑘𝑖  𝐾𝑜 𝑒

−𝑡
𝜏𝑖

𝑁

𝑖=1

)     
2.28 

 

where 𝐺 is the shear modulus, 𝐾 is the bulk modulus, 𝑔𝑖  is the ratio between the 

shear modulus, 𝐺𝑖 and the instantaneous shear modulus, 𝐺𝑜 , and 𝑘𝑖  is the ratio 

between the bulk modulus, 𝐾𝑖  , and the instantaneous bulk modulus, 𝐾𝑜 . The 

instantaneous shear and bulk moduli are determined from the values of the user-

defined instantaneous elastic moduli 𝐸𝑜 and 𝜐𝑜, where: 

 
𝐺𝑜 =  

𝐸𝑜

2(1 + 𝜐𝑜)
 

2.29 
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𝐾𝑜 =  

𝐸𝑜

3(1 − 2𝜐𝑜)
 

2.30 

 

In order to obtain the long-term shear and bulk moduli, when 𝑡 = ∞, the equations 

below are used.  

 
𝐺∞ = 𝐺𝑜  (1 − ∑  𝑔𝑖

𝑁

𝑖=1

)     
2.31 

 

 
𝐾∞ = 𝐾𝑜  (1 − ∑  𝑘𝑖

𝑁

𝑖=1

)     
2.32 

 

Finally, the set of Prony series parameters used to define viscoelasticity on ABAQUS 

are 𝑘𝑖, 𝑔𝑖 and 𝜏.  

2.3.3 Modelling fluid-structure interaction  

In ABAQUS, there are several ways to model the fluid-structure interaction, eg using 

fluid-filled cavities, surface-based cavities, equation of state and coupled fluid-

structure interaction [186]. In the present study, the surface-based cavity option was 

used to model the liquified vitreous. Comparisons between fluid-filled cavities and 

surface-based cavities have been carried out in previous research [187]. The results 

of their analysis showed that both methods were exactly the same when using 

ABAQUS/Explicit.  

Surface-based cavity allows coupling between the structure and the fluid enclosed 

inside. To model the fluid-structure interaction using this method, the following 

points need to be fulfilled. Firstly, the presence of a finite element model of the 

structure. The surface covering the cavity boundary needs to be defined, for coupling 

between the pressure produced by the fluid and the deformation of the structure. 

Finally, the fluid behaviour needs to be defined.  



 

 

Finite Element Modelling of Retinal Detachment 
Literature Review 

                                      
Ali Aboulatta 

  

 

 
39 

 

2.4 Eye movements 

2.4.1 Head movement 

While there is considerable literature regarding the impact of accelerations on the 

head, there are almost no data on the effects of day-to-day head movement. Head 

movements differ between situations and patients; however, the studies mentioned 

below provide guideline for typical day to day accelerations of the human head. 

When the head moves, the eye experiences both components of rectilinear and 

angular acceleration. Bussone [188] carried out 700 experiments to determine the 

angular and linear acceleration of the head's movement during daily activities. The 

resultant maxima were 931.3 rad/s2 for angular acceleration, 93.6 m/s2 for linear 

acceleration, and 9.03 rad/s for angular velocity. Bussone reported that no day to 

day task would produce angular acceleration more than 1000 rad/s2.  

Kavanagh et al. [189] reported the head's acceleration is half the gravity when 

walking. This was confirmed by Woodman and Griffin [190], who also reported 

angular acceleration in pitch direction to be 40 rad/s2. 

Falling into a chair or hopping off a step results in acceleration of 10.1 and 8.1 g, 

respectively, as reported by Allen et al. [191]. The main drawback of this study is that 

the lateral acceleration was ignored. A helmet was used to conduct the 

measurements that might have affected the results by causing higher acceleration 

than usual.  

For the current study, the distance moved is defined to be 2 millimetres and using 

the same time span as that of saccadic movements. The accelerations caused by this 

movement is smaller than those created by jogging but more extensive than those 

produced by walking [189]. These accelerations are similar to those caused by sitting 

down in a chair or due to a cough motion [192]. 
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2.4.2 Saccadic movement  

In natural vision, the eyes shift from one location to another several times per 

second. This is called saccadic eye movements. A saccade’s primary function is to 

change the point of fixation in order to direct the fovea, the most sensitive region of 

the retina, to a specific element of the object of perception. The eye remains in a 

state of fixation for about 95% of the total time due to the saccadic movements' short 

duration and high velocity. Lamansky [193] studied saccades for the first time in 1869 

and these have since been studied in detail and quantified [194]. 

In normal conditions, the saccade’s amplitude does not usually exceed 20o. Very 

often, rotations of the eyes exceeding 15o may be a combination of two or three 

saccades, or accompanied by a related rotation of the head. Around 99% of eye 

movements are less than 15o saccades in amplitude [195].  

Under normal conditions, the eye's saccadic movement duration is only a function of 

the angle around which the eye rotates when changing the points of fixation. The 

following equation may be used to show the relationship between the angle around 

which the eye rotates and the duration [194]:  

𝑇 = 0.021 ∝𝑜
2 5⁄

  2.33 

  

where T is the duration of the saccades in seconds, and ∝o is the angle in degrees 

around which the eye rotates. 

For saccades less than 15o, the change in the angle of the eye rotations during the 

saccade’s time can be described using the following equation:  

 

∝ (𝑡)  =
∝𝑜 

2
((1 − cos (

𝜋

𝑇
𝑡)))           2.34 

Therefore, angular velocity ( 𝜔 ) of the saccades was determined using the 

relationship [196]:  
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𝜔 =  
∝𝑜 𝜋

2𝑇
sin(

𝜋

𝑇
𝑡)           2.35 

where t is the time at which ∝ and 𝜔 are calculated. This formula can only be applied 

to saccades less than 20o.  

The linear velocity, 𝑣, of the corneal centre during saccades can be obtained by 

assuming that the eye's diameter is 2.4 cm, and by using equation 2.30. 

𝑣 = 0.021 𝜔  2.36 

 

Velocity increases smoothly based on the angular velocity equation until it reaches 

the peak and then falls gradually to zero.  Moreover, the time for the decrease and 

the increase of the velocity during saccades is almost equal [194]. 

2.5 Retinal detachment modelling  

Researchers have investigated the human eye over the last decades using finite 

element modelling (FEM). The majority of these researches used finite element 

methods to study the damage caused in the eye due to impacts. For instance, Rossi 

et al. [5], Uchio et al. [31], Karimi et al. [32], Liu et al. [2] and Stitzel et al. [33] 

investigated the impact of an external source or explosion on the eye.  

Rossi et al. [5] tested the hypothesis that blunt trauma may cause peripheral retinal 

and macular tears. Rossi’s study focused on the observation of macular hole after 

inadvertent BB shot in a previously vitrectomized eye. Their computer model (see 

Figure 2.11) was generated from generic eye geometry and included components of 

the eye such as aqueous, cornea, sclera, vitreous, retina and lens.   
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Figure 2.11: The structure and the dimension of the eye model used in Rossi’s study [5] 

Karimi et al. [32] determined the stresses and deformations of the human eye 

components, including the cornea, sclera, aqueous, retina, vitreous and lens, 

attributed to PBW induced by trinitrotoluene (TNT) explosion using a finite element 

model. The model created by Karimi et al. (see Figure 2.12) didn’t take into 

consideration the liquefaction of the vitreous or the choroid.   

 

Figure 2.12: The FEM of the human eye used in Karimi’s study [32] 
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On the other hand, Hans et al. [34] studied retinal detachment due to the baby shake 

syndrome. Hans et al. included almost all the ocular globe components in their 

model, however, vitreous liquefaction was not modelled. Moreover, the retinal 

thickness was assumed to be uniform, neglecting the variation studied by Chen et al. 

[152]. Liu et al. [2] developed a finite element model to study the mechanism of 

traumatic retinal detachment in blunt impact (See Figure 2.13). The model included 

most of the eye components such as the cornea, sclera, lens, retina, vitreous and 

aqueous. However, components such as the choroid and liquified vitreous were not 

included.   

 

Figure 2.13: The structure and the dimension of the eye model used in Liu’s study [2] 

 Liu and Hans [2, 34] investigated the pressure exerted on the retina due to the 

vitreous. The vitreous was modelled as a viscoelastic or elastic solid. Only Liu et al. 

considered retinal adhesion. One of the main drawbacks of the above studies is lack 

of validation. Only Stitzel et al. [33] managed to validate their models against 

experimental data, and Liu et al. [2] validated their model against Stitzel’s. However, 

the rest of the studies mentioned above failed to validate their models [34-36].  

Vroon et al. [153] investigated the role of the saccadic eye movements and head 

movements on the progression of retinal detachment. The model used in Vroon’s 

study (Figure 2.14) was based on geometric and material properties found in the 

literature. The results showed that head movements are able to cause loads that can 

lead to retinal detachment. Vroon’s study was the first to use numerical analysis to 

study the progression of retinal detachment. The main drawback of this study is the 

simplicity adopted in the material properties used in eye model. Moreover, Vroon et 
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al. assumed that the retinal and the choroid as one component. Thus, when 

modelling retinal detachment, the retina and the choroid were separated from the 

sclera, rather than from the choroid.  

 

Figure 2.14: The structure and the dimension of the eye model used in Vroon’s study [153] 

Repetto et al. [1] studied how the traction exerted by the detached vitreous on the 

retina can arise from saccadic eye movements. Numerical simulations were 

conducted of a 2D model of the vitreous chamber within a rigid spherical sclera 

subjected to 10o rotations around the vertical axis. The vitreous chamber was split 

into two regions: one occupied by the liquified vitreous, and the other occupied by 

the vitreous gel. The results provided a justification for the hypothesis that saccades 
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could lead to high tractions on the retina, in the presence of PVD, which may lead to 

retinal tear.  

Angunawela et al. [197] evaluated the fluid dynamics and fluid shear stress on the 

retina due to saccadic eye movements and sudden head movements after 

vitrectomy. The eyeball in Angunawela’s model was modelled as a sphere which was 

filled with water and air. This study showed that head and saccades movements after 

vitrectomy generate shear traction that is below the published retinal adhesion 

strength. However, sudden head movements generate tractions similar to the retinal 

adhesion force.  

Di Michele et al. [198] studied the vitreoretinal tractions during PVD using a 

mechanical model. The evolution of the PVD was described by developing a 

continuum model of a shrinking soft body that represents the vitreous-gel. Di 

Michele et al. correlated the shape of the detached vitreous with the intensity of 

vitreoretinal tractions. One of Di Michele’s limitations is modelling the vitreous 

chamber as a rigid sphere, neglecting the deformability of the vitreous chamber.  

Bayat et al. [199] conducted numerical simulations to investigate how the oscillatory 

motions influence flow dynamics of partial vitreous liquefaction. Bayat et al. 

subjected harmonic motions to a developed 3D spherical model of the vitreous. Their 

numerical model was validated by comparing the obtained results with analytical 

solution and a good agreement was observed. The maximum stress produced in 

Bayat’s model was located on the equatorial plane at the cavity wall near the 

interface layer.  

Scott [37] and Ooi et al. [38] used a finite element model to study the damage that 

occurred to the eye due to external heat transfer. Others used the finite element 

method to study the mechanics of the cornea [39-41]. Few created a finite element 

model to mimic a specific situation such as a surgical incision [42] or a method for 

estimating the material properties [43]. Finite element modelling was also used to 

study the mechanics of the orbit [44].    
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2.6 Inverse analysis  

There are many situations in which data is acquired from some phenomenon which 

cannot be seen. The task of utilising gathered data to recreate a mathematical model 

for example is called inverse analysis.  Inverse analyses are performed to determine 

the set of input parameters to achieve desired outputs. An inverse analysis is 

effective for determining unknown parameters and for predicting future 

deformation based on the parameters. 

Many tissues exhibit highly nonlinear behaviour, and experimental techniques 

sometimes don’t give the stress-strain relations [60, 200-202]. Therefore, it is 

essential to use inverse analysis to optimise material parameters in order to 

determine the actual stiffness of soft tissues. To find the proper parameters that 

characterise material behaviour, inverse analysis is carried out by combining the 

optimisation algorithms with finite element software [60, 203, 204].  

2.6.1 Particle swarm optimisation  

The particle swarm optimisation (PSO) method was first introduced by Eberhart and 

Kennedy [205]. PSO is based on socio-psychological principles that are inspired by 

swarm intelligence, which is built on social behaviour understanding [205]. Recently, 

without involving FE, PSO method has been used in many engineering applications 

[206-209]. However, Mthembu et al. [210] combined PSO with FEM to achieve the 

most fitting numerically-predicted deformation behaviour using data attained for an 

experiment of a simple beam.  Later studies showed the reliability of PSO and its 

efficiency when combined with FE methods, especially in structural mechanics 

applications [211-213].  

Over the last decade, the PSO method was updated, and many of its drawbacks have 

been decreased. In the governing equations below, PSO utilises the particles position 

(Xid) to present the variables that need to be optimised. Then, by updating Xid, PSO 
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converges to a solution. In the PSO algorithm, each particle's position is described by 

vectors in the search space; see equation          2.37 [214]:  

𝑉𝑖𝑑 = 𝑤𝑉𝑖𝑑 +  𝑐1𝑟1(𝑝𝑖𝑑 − 𝑥𝑖𝑑) +  𝑐2𝑟2(𝑝𝑔𝑑 − 𝑥𝑔𝑑)          2.37 

 

𝑥𝑖𝑑 = 𝑥𝑖𝑑 +  𝑉𝑖𝑑            2.38 

 

where 𝑉𝑖𝑑  is the velocity of each particle represented by 𝑖  and has the same 

dimension, 𝑑, as the number of variables being optimised. 𝑤 is changeable based on 

the iteration history, and is the inertial weight used to control the movement velocity 

of the particle. Normally 𝑤 = 1.1, however, this value would be doubled or halved 

when the same value is achieved from less than two or more than five consecutive 

iterations. This occurs when achieving a local minimum or skipping the global 

optimum. 𝑐1 and 𝑐2 are constants equal to 1.49, and refer to cognitive and social 

factors. These two constants control the effects of the particle itself and a swarm on 

the velocity.  𝑟1 and 𝑟2 are random numbers drawn from a uniform distribution. 𝑝𝑖𝑑 

is the best achieved position of the particle up to the current iteration. 𝑝𝑔𝑑 is the 

global best position in the swarm. Once better positions are achieved, both best 

positions are updated by the calculation of the error.  

By avoiding using the same global term, neighbourhood search strategies will ensure 

the particles’ diversity if a premature convergence to local optimum takes place. 

Wang et al. [215] verified this method by implementing it in the algorithm. For 

equation 2.32, 𝑥𝑖𝑑  is the particles’ current positions that will then be used for the 

next evaluation. Based on the new velocity and the old position of the particle, the 

new position is calculated. Furthermore, the new velocity comprises three terms. The 

first term is the old velocity, the second term is the local information of the particle 

(fitness) and, finally, the third term is the neighbouring information, which can be 

dealt with as the individual and social behaviour in a swarm [215]. 
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In contrast to the classic version of the PSO, the advanced algorithm has improved 

immensely in the areas where it used to achieve the premature convergence or local 

optima [205, 216-219]. Compared to other algorithms, the PSO has advantages in the 

rate of convergence, accuracy and reliability. This is due to the changeable inertial 

weight and neighbourhood search strategy. To avoid local optimum, other strategies 

could be implemented within the algorithm. These strategies could be the 

introduction of constriction factors or constraint functions [220, 221].  

PSO has been compared with other optimisation algorithms such as Genetic 

Algorithm (GA), and it showed its advantages. Hassan et al. [222] have compared GA 

and PSO in an early study by applying them on optimisation problems. GA showed 

the same effectiveness on finding the best solution as PSO. However, PSO found the 

best solution with significantly better computational efficiency. Another study by 

Schutte et al. [223] investigated GA and PSO's performance on the determination of 

an ankle joint kinematic model to re-generate computer movement data. The results 

showed that PSO was less affected by variable scaling. This means higher stability, 

especially on optimisation problems with different scales.  

In ocular biomechanics research, PSO is rarely used, even though research mainly 

concentrates on the sclera's mechanical parameters and the cornea. In the only  

study to apply PSO to ocular biomechanics, Magalhaes et al. [224] implemented PSO 

to adjust the cornea's material properties and showed the potential of PSO in 

biomechanics by evaluating and comparing the results with HEEDS (commercial 

software). The study demonstrated the superior performance of PSO as compared to 

HEEDS.  

2.7 Summary  

RRD is one of the sight-threatening conditions that could lead to blindness if left 

untreated [105, 106]. PVD is one of the leading causes of retinal detachment. 

Condensation of the collagen fibrils in the vitreous body occurs as a result of ageing; 

this leads to the appearance of liquid pockets within the vitreous [225]. When they 
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merge, these liquid pockets, especially at the posterior pole of the ocular globe, cause 

the vitreous to detach from the retina. During eye movements (saccades or head), 

the detached vitreous applies traction on the retina [50], especially at the vitreous 

base region (the region above the equator of the eye, where adhesion between the 

retina and the vitreous is strongest). When the traction applied due to the vitreous 

movement exceeds the adhesion between the retina and the vitreous, a retinal tear 

or break can occur. 

In some cases, the retinal tear allows the liquified vitreous to enter the subretinal 

space and detaches the retina [97]. The patient’s visual ability is generally better if 

retinal detachment has not progressed to the macula; however, it is as yet unknown 

what kinds of load contribute the most to the progression of retinal detachment.  

The material properties of the human eye are relatively well known and reported in 

the literature. However, most of these materials are assumed to be linear and 

isotropic. For instance, the characteristics of the vitreous, which is one of the main 

factors involved in retinal detachment, has been investigated by many researchers. 

Numerous different techniques have been used to study its composition and 

parameters [226]. As some methods subjected the tissue to non-physiologic 

conditions led to a wide variation in the parameters reported in the literature.  

When the head moves, the eye has both components of rectilinear and angular 

acceleration [188].  The eyes, in natural vision, shift from a location to a new location 

several times per second. These are called saccadic eye movements [193]. Saccadic 

and head eye movements have been modelled in several studies, however, the effect 

of eye movement in the initiation and retinal detachment progression has not been 

thoroughly investigated. Furthermore, a natural dynamic effect, such as eye 

movement, has never been used to investigate the ocular tissues' material 

properties.  

FEA has been successfully used in several studies to determine the ocular tissues' 

material properties. In many modern FEAs (ABAQUS, ANSYS), viscoelasticity is 

implemented through the use of the Prony series, which is a representation of the 
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Maxwell model. Only two researchers used the Maxwell material model to simulate 

the vitreous in FEA [2, 5]. Both used different approaches to measure the properties 

of the vitreous, and the variation between the parameters used by these two 

researchers is significant.  

Inverse analysis is one of the potential methods used to calibrate material 

parameters. PSO is one such algorithm that can be used in optimisation. The 

advantages of PSO in the engineering fields demonstrate this algorithm's potential 

for ocular biomechanics [210].  
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3.  Vitreous Effect on the 

Progression of Retinal Detachment  

 

3.1 Introduction  

The vitreous chamber, enclosed anteriorly by the lens and posteriorly by the retina, 

is the eye's largest chamber. The chamber is filled with the vitreous – a gel-like 

material with viscoelastic properties [46, 85, 96]. With ageing, substantial 

biomechanical, rheological and structural changes take place in the vitreous [225], 

including condensation and shortening of the vitreous collagen fibres, leading to 

shrinkage of the vitreous body and the development of large liquid pockets. 

Moreover, the liquefied vitreous may enter the retro-crotical space due to the 

weakening of adhesion between the vitreous and the inner layer of the retina, which 

can result in the separation of the posterior vitreous cortex (PVC); this process is 

called PVD [1].  

Retinal detachment occurs when the neurosensory retina (NSR) separates from the 

retinal pigment epithelium (RPE), and fluid gathers within this potential space. The 

most common type of retinal detachment is RRD, which occurs when the liquefied 

vitreous enters the subretinal space through a retinal break produced by traction 

forces. PVD often leads to RRD by generating the traction forces necessary to 

produce the retinal tear. Therefore, patients diagnosed with PVD are also at risk of 

developing RRD [227]. 

One of the main causes of retinal detachment progression is eye rotation, which 

creates traction forces on the retina [1]. In order to reduce these traction forces, RRD 

patients are usually advised to rest in bed before surgery [228]. This advice is 

generally combined with head positioning on the detachment side to use gravity to 
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stop detachment progression. However, this technique is assumed to have limited 

value as the difference in density between the retina and the vitreous is small [229].   

Despite the significant role of retinal and vitreous biomechanics on retinal 

detachment, few studies have considered this topic, most of which focused on the 

impact of external sources [2, 5, 32-34, 36]. Other studies investigated the vitreous 

body motion and the process through which it led to retinal detachment [230, 231]. 

Only Vroon et al. [153] investigated the effect of head and eye movements on retinal 

detachment progression. None of the mentioned researches, except for Vroon et al., 

studied the interaction between the gel and the liquid phase of the vitreous; they all 

assumed either a completely liquid or gel-like vitreous. Only Repetto et al. [1] 

considered the two phases of the vitreous and the effect of saccadic eye movement, 

however using a 2D numerical model. This interaction is possibly one of the causes 

of retinal detachment. This study aims to address this gap due to the interaction 

between the vitreous gel and liquid through a numerical study investigating the 

effects of both head and eye movements in retinal detachment development.  

3.2 Methodology  

The methodology focused on building and testing a FEM of the ocular globe. The 

technique discussed in this chapter is expected to provide the plan undertaken to 

build a numerical model of the ocular globe to understand the traction forces applied 

on the retina and the initiation of retinal detachment. Therefore, this chapter starts 

with the process to build the eye model (Section 3.2.1) and the meshing algorithm 

built specifically for this study (Section 3.2.2). Then, the graphical user interface (GUI) 

was constructed to create, modify and mesh the ocular globe without understanding 

or operating the underlining code (Section 3.2.3). The parametric studies to 

investigate the eye model's tendency on parameters such the vitreous detachment 

size and the volume of the vitreous body are discussed in Section 3.3. Lastly, in 

Section 3.4, the algorithm developed to calculate the traction stress causing the 

retina to detach is described.  
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3.2.1 Ocular globe geometry  

i Outer layer  

 

Figure 3.1: The structure of the eye in cross-section 

This section describes the method used to create the ocular globe's geometry in the 

form of a FEM and the technique used to quantify errors.  

When modelling the human ocular globe, several different variables are considered. 

The model had to include the cornea, sclera, limbus, aqueous, lens, vitreous, retina, 

choroid and liquified vitreous (Figure 3.1). Using custom-built software, shown in 

Figure 3.2, created by the University of Liverpool Ocular Biomechanics group, an 

idealised geometry of the ocular globe that includes the cornea, limbus and sclera 

was generated.  

As seen in Figure 3.2, to produce the idealised model using the bespoke software, 

some factors need to be controlled. These factors include: 

• Central cornea thickness (CCT) 

• Peripheral cornea thickness (PCT) 

• Central corneal radius  

• Corneal shape factor (p) 

• Corneal diameter 



 

 

Finite Element Modelling of Retinal Detachment 
Vitreous Effect on the Progression of Retinal Detachment 

                                      
Ali Aboulatta 

  

 

 
54 

 

• Scleral radius  

• Scleral thickness  

  

Figure 3.2: Graphical user interface (GUI) designed by the Biomechanical Engineering Group, 

University of Liverpool, to create models of the human eye globe 

Along with controlling the geometry of the model, the software is able to control the 

mesh arrangement and refinement using the below variables: 

• Number of corneal and scleral rings 

• Number of element layers 

One corneal section and three scleral sections are used because a single material 

definition is commonly assigned to the cornea. In contrast, material properties for 

the sclera are provided with three regions (anterior, equatorial and posterior 

regions). Certain numbers of rings in both the sclera and the cornea are used to 

create the limbus. The number of these rings is calculated based on the selected 

numbers of the corneal and scleral rings.  

The element type used to create the geometry is C3D6H which has a triangular prism 

shape. The model is rotationally symmetric around the anterior-posterior axis and 
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assumed the cornea had an ellipsoidal shape defined by an anterior central radius 

(ACR = 7.8 mm), a central corneal thickness (CCT = 0.545 mm), a peripheral corneal 

thickness (PCT = 0.695 mm) and a shape factor (p = 0.82) – these values were 

reported earlier as being mean measurements of healthy eyes [39, 153, 232]. The 

sclera part of the models was built with a spherical external surface with radius (RS = 

11.5 mm) [232], and a thickness that varied linearly from the PCT at the limbus to the 

equatorial scleral thickness (EST = 0.8 PCT) at the equator and the posterior scleral 

thickness (PST = 1.2 PCT) at the posterior pole as reported in an earlier study [40]. 

The radius of the limbus was taken as 5.85 mm based on earlier reports [233, 234]. 

These dimensions led to the axial length of the eye model being 23.9 mm; Figure 3.1. 

The software generates geometry as a system of finite elements. These elements are 

defined by nodal cartesian coordinates and written to an input file (*.inp). This file 

can then be used directly by the finite element solver. The geometry is imported to 

the solver as an orphan mesh, which means that the mesh has no parent geometric 

information.  

An example of the idealised model generated by the GUI is shown in Figure 3.3.  

 

Figure 3.3: Example of finite element model of the ocular globe 
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ii Choroid and retina 

After producing the ocular globe outer layer using the mesh generator explained 

above, the study aimed to create the geometries and structures of the remaining eye 

components, such as the retina, choroid, lens, vitreous and aqueous, that are not 

provided by the mesh generator.  

Firstly, the choroid is the eye's vascular layer, containing connective tissues and lying 

between the retina and the sclera. The choroid was built as a layer attached to the 

sclera. The thickness of the choroid used to create the model is discussed in section 

2.2.6. 

The nodes produced by the mesh generator were imported into MATLAB, and the 

inner nodes of the sclera, starting from the ora serrata to the posterior pole of the 

eye, were used to form the outer layer of the choroid. These nodes were then 

converted into a spherical coordinates system, as shown in Figure 3.4. These new 

spherical nodes were duplicated and, by changing their radii, a new layer of nodes 

was formed. The new radius was a function of the thickness of the choroid. This new 

layer includes the choroid's inner layer, and it has two common factors with the outer 

layer, which are the two angles from the z-axis and the x-axis, as shown in Figure 3.4.  
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Figure 3.4: Cross-section of the ocular globe showing the eye (red) and choroid (blue) nodes 

The retina is a thin layer of tissue that lines the back, inner surface of the ocular globe. 

The retina's purpose is to receive light that has been focused by the lens and convert 

it into neural signals. In the model, the retina was built as a thin layer attached to the 

choroid. The thickness of the retina varies from one region to another (see Section 

2.2.7).  

Like the sclera, the inner nodes of the choroid were duplicated twice to form the 

retina's inner and outer boundary. The retina's outer layer has the same coordinates 

of the choroid; however, the retina's inner nodes were obtained after converting the 

nodes of the new duplicated choroid nodes into the spherical coordinate system and 

multiplying their radii by a function of the retinal thickness. The reason the retina and 

the choroid do not share the same nodes between them is to allow separation in 

order to model retinal detachment. Figure 3.5 shows the new retinal layer that lines 

the back of the ocular globe.  
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Figure 3.5: Cross-section of the ocular globe showing the initial nodes creating the choroid (blue) 

and the retina (green) 

iii Lens  

The lens is a transparent structure that, together with the cornea, allows light 

refraction to be focused on the retina. It can focus on objects at various distances, by 

changing its shape in order to change the focal length of the eye.  

The geometry of the lens was created to allow modifying it by changing the height 

and the curvature of 5 points, as shown in Figure 3.6. This was done to be able to 

model the accommodation process in the future if needed. The surface formed by 

these five points acts as the lower surface of the lens. Similarly, the top boundary of 

the lens was managed through the use of the same parameters. As the ocular globe's 

idealised model is symmetrical, these points were then duplicated around the z-axis 

to form a 360o shape. 
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Figure 3.6: 3D rendering of the ocular globe showing the surfaces and points controlling the shape 

of the vitreous (yellow) and the lens (red-cyan) 

iv Vitreous  

The vitreous body is the clear gel that fills the space between the lens and the retina. 

The vitreous liquefies due to ageing (see Section 2.2.5). In order to model the 

separation between the gel and the liquid phases of the vitreous, both the liquified 

and the gel vitreous were treated as two different parts.  

Firstly, the gel-vitreous was created using the same concept used for the lens; five 

adjustable points were created to form the lower surface of the vitreous. In order to 

allow the modelling of different vitreous detachment cases, the height and the radius 

of the five points are changeable. The surface created by these five nodes acts as a 

separator between the vitreous-gel and the liquified-vitreous. In other words, the 

surface (in yellow) shown in the figure above acts as an upper surface for the liquified 

vitreous and lower surface for the vitreous gel. On the other hand, the lens lower 

surface (in red) acts as the top surface of the vitreous body. The vitreous side 
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boundary was created by duplicating the choroid and the retina coordinates lying in 

the region between the lens lower boundary and the vitreous lower boundary.  

As with the lens, all the nodes forming the upper and lower surfaces were duplicated 

around the z-axis with reasonable angular spacing between them to create a 360o 

shape of the vitreous, as seen from Figure 3.6.  

Finally, the liquified vitreous was created using the lower surface of the vitreous as 

the upper boundary, and the nodes of the retina below this surface as the lower 

boundary (see Figure 3.6).  

v Aqueous  

The aqueous is a watery fluid located between the lens and the cornea. The corneal 

inner surface is used to form the upper boundary of the aqueous, and the upper 

surface of the lens acts as the lower boundary, as can be seen in Figure 3.6.  

3.2.2 Meshing algorithm 

Finite element analysis (FEA) software are used to build predictive computational 

models of real-world scenarios. The accuracy of the FEA model is directly dependant 

on the FE mesh that is used. The FE mesh is used to subdivide the computer-aided 

design (CAD) model into smaller domains called elements, over which the set of 

equations is solved.  The smaller these elements are, the finer the mesh and the more 

realistic the solution.  

Due to the ocular globe having a complicated geometry and, as using the solver's 

automatic mesh gives an inaccurate result, the creation of a meshing algorithm that 

can mesh all eye geometries was essential. This meshing algorithm was developed 

specifically for this study. The main aim of the presented technique is to allow an 

easy way to control the mesh density of all eye components and mesh any 

complicated geometry to simulate retinal detachment.  
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An in-house meshing algorithm was built to mesh the irregular structures of the eye 

components with regular mesh. This meshing technique was used to implement 

consistent elements to ensure consistent results. The section below explains the 

process undertaken to build the meshing algorithm. 

The mesh is based on Nooshin and Tomatsuri’s configuration of diamatic domes [39, 

235]. All parts were treated separately, and the inner and outer surfaces, explained 

in the previous section, act as the boundaries enclosing each component of the 

ocular globe. First of all, all cartesian coordinates of the outer and inner boundaries 

of the surfaces mentioned previously in section 3.2.1 were converted to spherical 

coordinates. After interpolating both surfaces to achieve a common factor, which 

was their angle measured from the positive axis, and by duplicating and changing the 

radii of the nodes forming the two surfaces, new nodes between the two surfaces 

were generated to form a new layer in between them. The number of layers is 

defined at the beginning to generate the number of duplicated nodes of the outer 

surface nodes. Then the distance between each node in the inner and outer surface 

is measured. This distance is divided by the number of layers defined to calculate the 

distance between each layer. Figure 3.7 shows the new layers formed between the 

inner and the outer surface of the liquified vitreous.  

 

Figure 3.7: Cross-section of the liquified vitreous showing the new layer (red) formed between the 

upper (blue) and lower (black) boundaries 
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Due to the vitreous-gel large geometry, the upper and lower surfaces and the sides 

were combined to form one surface that acts as the outer surface for the vitreous 

gel. The inner surface of the vitreous gel was created in the centre of the geometry 

in the shape of a sphere with the same number of nodes as the outer surface, as 

shown in Figure 3.8. The radius of the sphere could be modified based on the desired 

mesh. Using the same principles mentioned above, layers were created between the 

vitreous gel's inner and outer surface.  Finally, all the generated nodes are assigned 

a node number to be used for the element arrangement explained in the next 

section.  

 

Figure 3.8: Cross-section of the vitreous body showing the new layers (red) formed between the 

inner (black) and outer (blue) surfaces 

Once all the required nodes were created, the next step was to develop the elements 

forming the mesh. The algorithm could generate 6- or 8-noded elements which can 

be defined in the solver. The arrangement used by the algorithm for both the 6- and 

8-noded element is already defined by ABAQUS.  
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A 6-noded element, for example, consists of 6 nodes arranged as shown in the picture 

below. The solver reads the element based on a specific arrangement. The only 

exception was the innermost layer of the vitreous elements formed of tetrahedral 

elements (C3D4), taking three nodes of the middle sphere and a node at the centre 

of the mesh to form the element.  

 

Figure 3.9: 6-noded and 8-noded arrangements as described in ABAQUS documentation [186] 

In order to create the elements, three sets of elements were defined at the start: the 

blue, gold and grey, as can be seen from Figure 3.10. Each set of elements was 

created separately, then the three sets were combined. This was done to have a 

sequence of the node numbers that can be easily coded in MATLAB. 

The number of elements in the middle is pre-defined in the algorithm. As indicated 

in grey in Figure 3.10, for example, the number of elements or the base is pre-defined 

to be six elements. In addition to the base, the number of rings desired is also pre-

defined. In order to calculate the number of elements in each ring, the equation 

below is used. 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑅𝑖𝑛𝑔 = (0: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑖𝑛𝑔𝑠) ∗ 𝑏𝑎𝑠𝑒 
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Figure 3.10: 6-noded elements arrangements as defined in the meshing algorithm 

Then the first node in each ring was identified using the cumulative sum of the 

number of elements per ring: 

𝐹𝑖𝑟𝑠𝑡 𝑛𝑜𝑑𝑒 = [1  𝑐𝑢𝑚𝑠𝑢𝑚(𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑅𝑖𝑛𝑔) + 2] 

Starting with the blue set, the first element had to connect nodes 2, 8 and 9 from the 

top face, as shown in Figure 3.10. The second element connects 3, 9 and 10, and for 

the third element 3, 10, and 11, etc. 

The algorithm identifies each of the three nodes in each element separately, then 

combines them to form the element, as can be seen in the table 3-1. 

For node 1, an array of 0 and 1 was created.  This array (C1) has the same size as the 

number of elements per ring. The cumulative sum of this array was calculated to be 

used in the equation below. This equation determines node 1 in all elements. 
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𝑁𝑜𝑑𝑒 1 = 𝐹𝑖𝑟𝑠𝑡 𝑛𝑜𝑑𝑒 + 𝑐𝑢𝑚𝑠𝑢𝑚(𝐶1) 

Finally, the last node was replaced with the first node in the ring to form the array in 

Table 3-1 for node 1.   

Table 3-1: Nodes forming the elements in the first ring 

Node 1 Node 2 Node 3 

2 8 9 

3 9 10 

3 10 11 

4 11 12 

4 12 13 

5 13 14 

5 14 15 

6 15 16 

6 16 17 

7 17 18 

7 18 19 

2 19 8 

 

As shown in Table 3-1, the array for node 2 starts with the first number in the second 

ring and increases gradually by 1. It can be noted that node 3 array is equal to the 

node 2 array plus 1. The only exception is the last node which was replaced by the 

first node in the ring. The three arrays were then combined, forming the top 3 nodes 

of the first ring elements. The bottom three nodes were determined by adding the 

number of nodes per layer to the top 3 nodes.  

The gold and grey elements were then formed using similar equations, as mentioned 

before. Finally, this process was repeated for each layer to create the mesh shown in 

Figure 3.11.   
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A similar method was developed to generate 8-noded elements, as can be seen in 

Figure 3.12.  

 

Figure 3.12: Cross-section of the vitreous body generated with 6-noded (left) and 8-noded (right) 

elements 

To allow the meshing of asymmetrical objects, a feature that enables a change of the 

mesh's centre to any point was added. This was done by shifting the centre of the 

mesh while keeping the outside boundary's geometry, as it shown in Figure 3.13.  

 

Figure 3.13: A 3D rendering of the liquified vitreous showing change in the centre of the mesh. The 

red point shows the centre of the mesh 

Another important feature was added to the meshing algorithm, to allow for an 

increase in the number of nodes in specific areas in the mesh. Instead of having 

elements with the same size everywhere in mesh, this feature increases the mesh 
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size in some regions and decreases it in others. The reason this feature was added 

was to be able to only refine the mesh in particular areas of interest without the need 

to change the number of elements or nodes. This feature was created by generating 

a logarithmically spaced vector when duplicating the nodes around the z-axis, instead 

of the equally spaced distance between them. The spacing between the nodes is 

either increased or decreased based on the application.  

Figure 3.14 shows the mesh of the liquified vitreous using equally spaced elements 

and logarithmically spaced elements.  

 

Figure 3.14: Cross-section of the liquified vitreous showing the change in element size  

3.2.3 Retinal detachment generator  

Bespoke software was developed from scratch specifically for this study, using 

MATLAB, for the task of generating characteristic models. A GUI was built to let the 

program's use without the need to operate or understand the underlining code. 

With this software, the geometry of the eye is imported from the mesh generator 

software discussed previously. The Retina Detachment Generator (RDG) software 

allows the user to control the shape of the lens, vitreous gel, liquified vitreous and 

retina. The software provides the user with the interface shown in Figure 3.15. The 

user could load an idealised model of the ocular globe or a patient-specific model. 

Also, the user has the option to add the retina and the choroid. 

The software was made to be as user friendly as possible, by using different tabs to 

control the shape of the lens, vitreous and retina in order to reduce the size of the 
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interface as much as possible. Moreover, buttons are provided to modify the height 

and radius of each parameter controlling the shape of the vitreous or the lens. In 

addition to the buttons, the user can still input the values manually if needed.  

An instant visual display of how the model looks is also provided, as shown in Figure 

3.16. Once the user chooses the vitreous and the lens shape, the software will 

automatically calculate the volume of the vitreous. An option for the 100% vitreous 

model without liquified vitreous is also provided. 

Another feature provided by the software is the ability to generate an existing retinal 

detachment. Through the retina tab, the user can define the size and location of the 

retinal detachment, as shown in Figure 3.15. Currently, the software only allows the 

user to choose two locations. The user can specify the detachment's size by 

identifying the angle between both ends of the detachment vertically and around the 

z-axis.  

The orientation option located at the bottom allows the user to display the ocular 

globe from every angle before generating the final model. 

Along with controlling the model geometry and the exclusion/inclusion of the eye 

model, the software was built to control the arrangement and mesh refinement of 

the following variables: 

• Number of rings 

• Number of layers 

• Centre of the mesh 

• Types of elements (6- or 8-noded elements) 

• Element size 
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Figure 3.15: GUI designed to produce geometrically characteristic models of the human eye globe. 

This view of the GUI illustrates how to control vitreous, lens and retina shape 
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Figure 3.16:  GUI designed to produce geometrically characteristic models of the human eye globe. 

This view of the GUI illustrates how to control the mesh of the model 

The centre of the mesh is only applicable for the vitreous-gel and the liquified 

vitreous. The element size modification is only applicable to the liquified vitreous, as 

it can be seen in Figure 3.16.  

Finally, once the user is satisfied with the geometry and the mesh, the software 

generates an input file (*.inp) to be read by ABAQUS. This method directly provides 

the mesh geometry to the solver as an orphan mesh. In addition to the geometry and 

mesh refinement, the input file includes element sets defining all parts of the ocular 

globe. An example of the input file produced by the software can be seen in Appendix 

1. 

This software helped produce models for the parametric studies and the mesh 

convergence study mentioned in the next section. It was also helpful for future 

novice users of the software. It secures the source code against corruption, and 

provides the convenience of speed.   
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3.2.4 Meshing algorithm validation 

In order to validate the meshing algorithm, the ocular globe was created and meshed 

twice; first with the Bio Engineering Group mesh generator (See section 3.2.1), 

secondly with the meshing algorithm developed in this study. The ocular globe 

generated by the Bio Engineering Group has already been validated in earlier studies 

[39, 40, 58, 60, 153]. The two models were generated to have the same number of 

layers and rings. Using the same boundary conditions, the displacement of certain 

nodes was monitored when IOP was applied on the internal surface of the eye.  

3.2.5 Mesh convergence study 

The FEM divides the model into discrete points, each point adds degrees of freedom 

to the system, hence the more degrees of freedom in the model the better it will 

capture the structural behaviour. Mesh refinement is not always necessary in the 

entire model, it could be done in some areas only if needed. A higher level of accuracy 

can be achieved by increasing the number of elements and having a very fine mesh. 

However, increasing the number of cells can lead to more prolonged time 

consumption and the need for more computational resources. In order to 

concurrently satisfy both efficiency and accuracy of the analysis results, a mesh 

convergence study is required.  

The liquefied vitreous mesh and the rest of the eye mesh were built independently, 

and the mesh convergence study was carried out on the eye model to identify the 

best mesh. The mesh convergence of the sclera, cornea, retina, choroid, aqueous and 

vitreous had been conducted separately (Figure 3.17); the liquefied vitreous was 

then added to the chosen mesh, and another mesh convergence study was carried 

out. The mesh was modified several times by creating a mesh using the 

fewest/reasonable number of elements to allow a new mesh to be recreated with 

denser element distribution. A model of the eye, rotating 15 degrees to the right and 

then 0.25 sec staying still, was simulated and the displacements, velocities and 

stresses of several nodes and elements in the vitreous were identified in each mesh. 
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The data were then analysed and the results were compared against each other. The 

flowchart (Figure 3.18) shows the nine models simulated to carry out the mesh 

convergence study. It shows the number of elements in each eye component, such 

as the retina, outer eye, vitreous, choroid and lens.  

 

Figure 3.17: Geometry of the ocular globe showing difference between coarse (left) and fine (right) 

mesh 

3.2.6 Material properties 

The material properties of the eye model components assumed in the study are 

shown in 3-2. The most accurate and most recent material data have been used in 

this model. It was made sure that all the material parameters used in this study were 

validated in earlier studies. Based on the literature and available material properties, 

the cornea, sclera, limbus and retina were modelled as hyperelastic materials [161], 

represented by Ogden’s constitutive model (See section 2.3.1). The lens, choroid and 

aqueous were assumed to be linear elastic, represented by the Young’s modulus 

values listed in Table 3-2 [2, 236, 237]. On the other hand, the vitreous was modelled 

as a viscoelastic material [226].  
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Table 3-2: Material and physical properties of the different regions of the numerical models 

µ: shear modulus; α: strain hardening exponent; E: elastic modulus; 𝑮𝒐  initial shear modulus; 𝑮∞  

infinite shear modulus; β: viscoelastic decay constant 

 

Region Density 

(kg/m3) 

Material 

behaviour 

Constitutive models and stiffness 

parameters 

Cornea [161] 1061 Hyperelastic  Ogden: 𝑛 = 1  

𝜇 = 0.0541 𝑀𝑃𝑎 

𝛼 = 110.4 

Anterior Sclera 

[161] 

1076 Hyperelastic Ogden: 𝑛 = 1  

𝜇 = 0.2709105 𝑀𝑃𝑎 

𝛼 = 150 

Equatorial 

Sclera [161] 

1076 Hyperelastic Ogden: 𝑛 = 1  

𝜇 = 0.133279 𝑀𝑃𝑎 

𝛼 = 150 

Posterior 

Sclera [161] 

1076 Hyperelastic Ogden: 𝑛 = 1  

𝜇 = 0.133279 𝑀𝑃𝑎 

𝛼 = 150 

Limbus [161] 1076 Hyperelastic Ogden: 𝑛 = 1  

𝜇 = 0.2709105 𝑀𝑃𝑎 

𝛼 = 150 

Retina [120] 1033 Hyperelastic Ogden: 𝑛 = 1  

𝜇 = 0.012021 𝑀𝑃𝑎 

𝛼 = 145 

Lens [2] 1078 Elastic 𝐸 = 6.88 𝑀𝑃𝑎 

Choroid [236] 1000 Elastic 𝐸 = 0.159 𝑀𝑃𝑎 

Aqueous [237] 1000 Elastic 𝐸 = 0.037 𝑀𝑃𝑎 

Vitreous [226]  1000 Viscoelastic 𝐺𝑜 = 2.1 ∗ 10−6 𝑀𝑃𝑎 

𝐺∞ = 0.5 ∗ 10−6  𝑃𝑎 

𝛽 = 1.2 𝑠−1 
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3.3 Parametric studies 

The following two parametric studies were carried out to study the dependency of 

the model on certain parameters such as the volume of the vitreous and the size of 

the vitreous detachment. Moreover, another two parametric studies were carried 

out to investigate the effect of the parameters mentioned above on retinal 

detachment progression during head and eye movements. All the parametric studies 

were carried out twice using two methods to model the liquified vitreous.  

3.3.1 Parametric study 1 

Using the vitreous detachment software, multiple models were created. The 

common factor between these models is the attachment point of the vitreous to the 

retina. For this presented study, a vitreous detachment was assumed in all the 

models. However, the retina was firmly attached to the choroid, assuming no retinal 

detachment would occur. The size of the vitreous was varied in each model, creating 

eight models with different vitreous volume. This study investigates the effect of the 

vitreous volume on the retinal traction during head and saccadic eye movements.  

i Models creation  

The most crucial factor in this parametric study was maintaining the same shape of 

the vitreous while changing the volume. One variable had to be changed at a time; if 

the vitreous body's curvature varied from one model to another, this could cause 

inconsistencies in the results. Therefore, a way to change the vitreous volume while 

keeping the vitreous shape was developed to ensure consistency. 

Firstly, the shape desired for the vitreous was created, as shown in Figure 3.19. This 

shape was created to have precisely 50% vitreous body (indicated in red). The new 

shape acts as an upper surface, and the posterior pole of the eye acts as the lower 

surface. It is important to note that the lower surface represents the 100% vitreous 

body (Blue). The two surfaces were then divided into a set of equal points and, to 
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increase accuracy, the number of points was maximised as much as possible. 

Furthermore, all the nodes in the two surfaces were converted into spherical 

coordinates; this was actioned to have common factors between the opposite nodes, 

such as the azimuth and the elevation angles.  

In addition, the distance between each opposite two points was calculated by 

subtracting each node's radius, in the 50% layer, from the radius of its opposite node 

in the 100% layer. Each distance was then divided by the number of layers desired, 

N, in order to calculate the distance between the layers at each point. The new 

distance was then subtracted from the radius of points at the 100% vitreous layer, 

forming a new set of nodes between the two layers.  

The new set of nodes was then used as a new lower surface, and the above process 

repeated but with 𝑁𝑛𝑒𝑤 = 𝑁𝑜𝑙𝑑 − 1. This process iterates until 𝑁𝑛𝑒𝑤 = 0 and all the 

layers nodes are created, as can be seen in Figure 3.19. Finally, the new nodes were 

converted back into a cartesian coordinate system and imported into the custom-

built MATLAB code mentioned in Section 3.2.3 to mesh the new vitreous.  

 

Figure 3.19: Schematic drawing of ocular globe showing the process to create the models used in 

parametric study 
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After meshing the vitreous, the nodes forming the upper and lower layers were 

exported and used in a different custom-built code to create and mesh the liquified 

vitreous. The vitreous and the liquified vitreous were then combined with the other 

eye components forming the models shown in Figure 3.20. For the presented study, 

eight models were created, representing the vitreous volume of 72.5% to 90%. The 

common factor between these models is the detachment point of the vitreous from 

the retina, which reflected one of the common clinical cases after consultation with 

veteran vitreoretinal surgeons and selected at a location below the equator [198]. 

This location allowed simulation of the range of vitreous volumes. 
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ii Load cases 

Two load cases were used to investigate the difference between saccadic and head 

eye movements. It’s known that most saccades do not exceed 15 degrees [196]. 

Therefore, the load case defined to represent the eye movement was 10 degrees. 

This saccadic eye movement is a fast and large saccade, larger than 95% of all 

saccades [196]. In order to import this load to ABAQUS, the two equations below 

were used to define the rotation over time. This load case consisted of the defined 

saccade movement as well as the second movement of stationary simulation. The 

second movement was chosen to be 0.5 seconds, giving the vitreous time to rest. 

where 𝑇 is the time for one saccade, ∝ is the saccade angle in degrees and 𝑡 is the 

time. 

Using an equation similar to equation 3.2, the head movement was defined as a 

linear transition (see equation 3.3). The transition size was defined to be 2 

millimetres, as shown in Figure 3.21, and the period was kept the same as the 

saccade. The reason this movement was chosen is due its acceleration being close to 

the one produced by the defined saccades. The acceleration chosen for the head 

movement simulation is comparable to sitting down on a chair or a cough motion 

[192]. This motion is smaller than those created by jogging but more extensive than 

those created by walking [189].  

where 𝑠 is the translation over time in millimetres.  

𝑇 = 0.021 ∝𝑜
2 5⁄

 

 

 

3.1  

∝ (𝑡)  =
∝𝑜 

2
(1 − cos (

𝜋

𝑇
𝑡)) 

 

 

3.2 

𝑠(𝑡)  =
𝑠𝑜 

2
(1 − cos (

𝜋

𝑇
𝑡)) 

 

 

3.3 
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Figure 3.21: A schematic drawing of the ocular globe showing the difference between the saccadic 

(left) and head (right) eye movements 

iii Boundary conditions  

ABAQUS/Explicit was used for this study, as it can simulate transient dynamic events 

and it can effectively handle severe nonlinear behaviour such as contact. The 

movements were calculated using the previously mentioned equations. For the 10-

degree rotation, the time period was found to be 0.0527 seconds. The rotation angle 

was converted to radians and defined in ABAQUS as a displacement/rotation 

boundary condition. As ABAQUS requires the amplitude to be defined for this 

particular boundary condition, the rotation angle value over time was calculated 

using MATLAB, and tableized and imported to the solver. The outside nodes of the 

cornea, sclera and limbus were coupled to a reference node at the centre of the eye 

and the movement was applied to this reference node, as shown in Figure 3.22.  A 

general contact between all eye components was defined to avoid any penetration 

between the parts. In order for the model to be stable a frictionless contact couldn’t 

be set therefore the coefficient of friction for this contact was assumed to be a small 

value of 0.04. Any value smaller than this led to instability in the simulations.  
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Figure 3.22: A cross-section of the numerical model showing the boundary conditions applied to 

the outer layer to simulate the eye movement 

iv Liquified vitreous  

The fluid between the retina and the vitreous was modelled using two methods. 

Firstly, the parametric study was carried out using continuum elements to model the 

liquified vitreous, as shown in Figure 3.23. The shear modulus of the vitreous was 

reduced to represent vitreous liquefication. A shear modulus that is half the modulus 

used for the vitreous was used to define the liquified vitreous material parameters. 

Liu et al. [2] used continuum elements with half the vitreous material parameters to 

model vitreous liquefaction. Liu and colleagues’ study demonstrated a strong 

correlation when performing a Pearson correlation test. Correlation analysis 

indicated that their eye model could predict dynamic response when subjected to 

blunt impact.  

In the second method, the continuum elements representing the liquified vitreous 

were removed. The space between the retina and the vitreous was modelled using 

ABAQUS' FLUID CAVITY option (Section 2.3.3). The fluid cavity was considered by an 
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enclosing surface and a bulk modulus to describe the compressibility. In order to 

simulate near incompressibility, the bulk modulus was set at 1 kPa. The free fluid 

mass was added evenly to the elements surrounding a cavity using the non-structural 

mass option provided by ABAQUS. Vroon and Jong [145] used the fluid cavity to 

model the liquified vitreous, and demonstrated a strong behaviour between 

numerical and clinical data of the ocular globe.  

3.3.2 Parametric study 2 

Contrary to the first parametric study, the common factor between all models 

created for this study is the vitreous volume. In order to investigate the effect of 

vitreous detachment size on retinal traction during head and eye movements. The 

volume of the vitreous was kept the same at 82.5% of vitreous chamber while 

changing the vitreous-retina attachment point. This volume enabled simulation of 

the PVD progression for cases where vitreous volume remained unchanged. Similar 

to the first parametric study, the retina was firmly attached to the choroid. 

i Model creation  

Like the first parametric study, the most important factor was to maintain the 

vitreous shape in all models. Changing the vitreous attachment point while keeping 

the volume the same was challenging. However, this was done by maintaining the 

angle between the vitreous and the retina in all models. It was found that changing 

the angle between the retina and the vitreous, Figure 3.23, led to inconsistencies in 

the results. Therefore, after producing all the models using the Vitreous Detachment 

software, the models were imported to MATLAB. Using a custom-built code, the 

lower surfaces of the vitreous for all models were modified to achieve the same angle 

between the retina and the vitreous. This was done by identifying the nodes in the 

vitreous lower surface and the retina, and by calculating the angle in between. This 

angle was then modified to be the same in all models. Following this, the vitreous 
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volume was re-calculated. The coordinates of these nodes were modified to keep the 

volume constant in all models.  

 

Figure 3.23: A cross-section of the ocular globe showing the method used to fix inconsistencies in 

the results 

Six models were created for this study, with various vitreous-retina attachment 

points. The first point was chosen to be the node at 10 degrees above the equator, 

as shown in Figure 3.24. The last model was chosen to be at approximately 15 

degrees below the equator, with the remaining models at 5-degree intervals.  
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Figure 3.24: A schematic drawing of the ocular globe showing the process to create the models 

used in the second parametric study 

After fixing all the vitreous surface shapes, the new lower surface of the vitreous was 

taken into MATLAB to create the liquified vitreous. The vitreous and the liquified 

vitreous were then combined with all the eye components forming the models in 

Figure 3.25. 

Similar to the first parametric study, the eye model simulations were carried out 

twice to investigate the effect of head and eye movements on retinal tractions. 

Moreover, the liquified vitreous was modelled using the two methods mentioned in 

Section 3.3.1. 
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Figure 3.25: The numerical models with vitreous detachment starts at (a) 10o above the equator, 

(b) 5o above the equator, (c) the equator, (d) 5o below the equator, (e) 10o below the equator and 

(f) 15o below the equator. The red point indicates the points of interest at which the traction was 

measured 

3.3.3 Parametric study 3 

This study was carried out to investigate the progression of retinal detachment 

caused by the vitreous volume. Similar to parametric study 1, eight models were 

created. These models have one common factor: the size of the vitreous detachment. 

The only varying factor is the volume of the vitreous.  

i Model creation  

The same models used for parametric study 1 were used for this study; the only 

difference was the introduction of a new layer between the retina and the choroid. 

This layer was used to simulate and track retinal debonding from the choroid.  

In order to not change the geometry of the ocular globe, the choroid layer created 

previously was split into two layers; the choroid, which has almost 50% of the 
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choroidal thickness, and the debonding layer, which is a very thin layer as can be seen 

in Figure 3.26.  

 

Figure 3.26: Cross-section of the ocular globe showing the new layer (green) introduced between 

the retina (grey) and the choroid (orange) 

The intermediate layer was modelled to have the same number of elements as the 

choroid and the retina. The new layer shares the same nodes with the retina and the 

choroid, as shown in Figure 3.27.  

 

Figure 3.27: Cohesive elements sharing nodes with the retina and choroid elements 

The ‘cohesive elements’ option in ABAQUS was used to model this new layer. 

Cohesive elements are used to bond two different components. Often the cohesive 

elements completely degrade in tension and shear as a result of the deformation. By 
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default, these elements hold their resistance to compression even if their resistance 

to other deformation modes is entirely degraded.  

ii Damage criteria 

A damage criterion was defined to delete the cohesive elements once they are 

entirely damaged. Therefore, contact between the choroid and the retina is modelled 

throughout the analysis.  

The elements were modelled using a 6-noded three-dimensional cohesive element 

(COH3D6). The material properties of the cohesive elements were defined using the 

“damage for traction-separation laws” option in ABAQUS. This option allows the 

definition of maximum normal and shear stress that the elements can stand before 

they fail. The extent of retinal detachment was measured in the 3D models by 

allowing the thin cohesion layer between the choroid and retina to disappear at 

locations where the maximum traction exceeded a certain threshold. A threshold of 

3 Pa was selected, based on the value of the average traction obtained from the first 

two studies. However, that was the only known parameter in the process. Therefore, 

in order to determine the other parameters leading to element deletion, a multi-

objective optimisation was performed on a sample model of the eye.     

The optimisation was carried out while varying the following parameters:  

𝑡𝑛 Nominal stress for normal-only mode; 

𝑡𝑠,1 Nominal stress for first direction (shear); 

𝑡𝑠,2 Nominal stress for second direction (shear); 

𝛿 Displacement at failure; and 

𝐸 Elastic modulus 

Optimisation was carried out to determine the above values that cause the elements 

to disappear at specific stress levels. ABAQUS provides a STATUS field output; this 

offers each element's status as active (1) or inactive/disappeared (0). These data 

were extracted for each model, and the stress at each point of the inactive element 
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was calculated. This stress was then compared to the pre-defined stress, and the root 

mean square (RMS) error was calculated. 

iii Load cases 

In contrast with the first two parametric studies, this study didn’t have the second 

step where the eye stays still after the saccades. The effect of multiple saccades was 

investigated by rotating the eye multiple times with no rest in between. The saccade 

was repeated three times in a row for each test. The study was carried out three 

times in order to evaluate the effect of different saccade angles. The eye was 

subjected to tests with maximum rotations of 5o, 10o, and 15o.  

Moreover, the effect of head movement on the progression of retinal detachment 

was also studied and compared to the saccadic eye movements. Here, the eye was 

subjected to a transition, where the transition size was defined to be 2 millimetres, 

and the period was kept the same as the 10o saccade. Similar to the saccadic eye 

movement, the effect of head movement on the progression of retinal detachment 

was investigated by moving the eye multiple times with no rest between each step.  

Similar to the other parametric studies, the eye model simulations were carried out 

twice using the two methods to model the liquified vitreous, as mentioned in Section 

3.3.1. 

3.3.4 Parametric study 4 

This study was carried out to investigate the progression of retinal detachment 

caused by the vitreous detachment size. Similar to parametric study 2, 6 models were 

created; these models have one common factor: the size of the vitreous volume and 

only varying factor is the size of the vitreous detachment.  

The models used for parametric study 2 were imported to MATLAB and the layer 

discussed in Section 3.3.3 was added. The same boundary conditions were applied; 

the simulations were carried out three times to investigate retinal detachment 
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progression due to the three eye rotation speeds, as compared to the effect of head 

movement. Finally, the study was repeated using the FLUID CAVITY option to 

simulate the liquified vitreous.  

3.4 Traction calculation 

3.4.1 Stress rotation  

ABAQUS documentation was considered to accurately calculate the traction applied 

on the retina (which causes retinal detachment). ABAQUS provides several types of 

stresses such as von mises, contact stress, Tresca, and principal stresses. ABAQUS 

provides stresses acting on XYZ planes (Figure 3.28); however, due to the eye's 

rotation during saccadic eye movements, the stress perpendicular to the sclera is the 

stress causing the traction. ABAQUS's contact stress (CSTRESS) is the stress 

perpendicular to the surface, causing the traction. This option in ABAQUS is only 

available if contact is defined between the surfaces. However, in the parametric 

studies mentioned before, the MPC option was used to tie the retina to the choroid 

and vitreous. The MPC doesn’t allow the contact stress to be calculated by ABAQUS. 

Therefore, a custom code was created to analyse the stress applied on the retina, 

and automatically calculate the stress perpendicular to the sclera, where traction 

pulling the retina and choroid apart is defined as positive.  

The stress tensor is a contravariant second-order tensor, which means it transforms 

under the coordinate system's change. The component 𝜎𝑥𝑥, for example, in the initial 

coordinate system is transformed into 𝜎𝑥𝑥′′  in the new system according to the 

tensor rule shown below.  

𝜎𝑥𝑥
′′ = 𝐴𝜎𝐴𝑇 

[

𝜎𝑥𝑥′′ 𝜏𝑥𝑦′′ 𝜏𝑥𝑧′′

𝜏𝑦𝑥′′ 𝜎𝑦𝑦′′ 𝜏𝑦𝑧′′

𝜏𝑧𝑥′′ 𝜏𝑧𝑦′′ 𝜎𝑧𝑧′′

 ] =  [

𝑎𝑥𝑥 𝑎𝑥𝑦 𝑎𝑥𝑧

𝑎𝑦𝑥 𝑎𝑦𝑦 𝑎𝑦𝑧

𝑎𝑧𝑥 𝑎𝑥𝑦 𝑎𝑧𝑧

] [

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

 ] [

𝑎𝑥𝑥 𝑎𝑦𝑥 𝑎𝑧𝑥

𝑎𝑥𝑦 𝑎𝑦𝑦 𝑎𝑧𝑦

𝑎𝑥𝑧 𝑎𝑦𝑧 𝑎𝑧𝑧

] 

where a is a rotation matrix with components in XYZ planes.  
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Figure 3.28: Schematic of XYZ axes before and after applying rotation 

At t=0, the stress-causing traction is assumed to be the stress towards the eye's 

centre perpendicular to the sclera. However, once the eye starts to rotate, the stress 

in x or z directions are not normal on the surface. As such, a bespoke code was 

designed to extract the stresses tensor matrix, 

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

 , for all the retinal 

nodes from ABAQUS. This matrix represents the normal stresses on the diagonal and 

shear stresses off-diagonal. These stresses are based on ABAQUS’ default coordinate 

system. However, as mentioned before, the ocular globe rotates while the default 

coordinate system does not. In addition to the stress tensor matrix, the change in 

displacement in x, y and z planes of all the retinal nodes was extracted. The difference 

in displacement was then added up to the initial coordinates to get the exact 

coordinate at each time step.  

The bespoke code calculates the acute angle, µ, between the line extended from the 

node of interest and the centreline, as can be seen from Figure 3.29. Using µ, the 

angle, ɣ, between the z-axis and the line extended from the node of interest is then 

calculated.  
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Figure 3.29: Cross-section of ocular globe showing XYZ axes and the angles calculated to rotate the 

stress directions 

Using the angle ɣ and stress in the x and z directions, the stresses were rotated 

anticlockwise around the y-axis to calculate the stress perpendicular to the surface, 

as shown in Figure 3.29, using the transformation matrix below. The bespoke code 

automatically transforms the stress at each time step based on the new coordinate 

system.  

[

𝜎𝑥𝑥′′ 𝜏𝑥𝑦′′ 𝜏𝑥𝑧′′

𝜏𝑦𝑥′′ 𝜎𝑦𝑦′′ 𝜏𝑦𝑧′′

𝜏𝑧𝑥′′ 𝜏𝑧𝑦′′ 𝜎𝑧𝑧′′

 ] =  [
𝑐𝑜𝑠ɣ 0 𝑠𝑖𝑛ɣ

0 1 0
−𝑠𝑖𝑛ɣ 0 𝑐𝑜𝑠ɣ

] [

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

 ] [
𝑐𝑜𝑠ɣ 0 −𝑠𝑖𝑛ɣ

0 1 0
𝑠𝑖𝑛ɣ 0 𝑐𝑜𝑠ɣ

] 

In order to validate this algorithm, a comparison with the contact stress option 

provided by ABAQUS was carried out. Two finite element models of the eye were 

created, one using MPC and the other using contact between the retina and the 

choroid. The contact stress was extracted from ABAQUS as well as the stresses tensor 

matrix. These stresses matrices were analysed and transformed using the method 

explained above. The results were then compared against the contact stress.  
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3.5 Results  

3.5.1 Mesh convergence  

i Meshing algorithm validation  

For the purpose of validating the meshing algorithm developed in this study, two 

models of the ocular globe were generated using the new meshing algorithm and 

using the Ocular bio mechanics mesh generator, respectively. Figure 3.30 shows the 

displacement map of the ocular globe when IOP was applied on the inner surface of 

the eye. The displacement of the apex node was monitored and the RMS error 

between the two models was calculated and found to be 1.3%.  

 

Figure 3.30: Finite element model of the ocular globe with displacement distribution plotted at 60 

mmHg. (a) and (b) provide the displacement map of the models generated using the OcularBio 

mechanics group mesh generator and the new meshing algorithm, respectively. 
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ii Element type 

As mentioned in Section 3.2.2, the meshing algorithm can generate hexahedral (type 

C3D6) and 8-node brick (type C3D8) elements. In order to choose the most suitable 

element type for all studies, a comparison between the two types of elements was 

carried out. The displacement of 2 random nodes in the vitreous were monitored, as 

can be seen in Figure 3.31 

Figure 3.31a shows the displacement recorded at the monitoring point at a distance 

8 mm from the centre of rotation. For the hexahedral elements, the point reached a 

maximum displacement of 2 mm. On the other hand, in the model using 8-noded 

elements, the point reached its maximum displacement of 1.9 mm with less than five 

milliseconds delay.  

Figure 3.31b illustrates the displacement recorded for another point at 6 mm from 

the centre of rotation in the two models with hexahedral and 8-noded elements. The 

displacement was almost the same for the two models. The key difference recorded 

between the two models was the computational time, the model with the 

hexahedral elements has fewer nodes, therefore less computational time. Based on 

this result, the elements with the hexahedral shape was used in the study to 

represent the vitreous. 
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Figure 3.31: Vitreous displacement of points at (a) 8 mm and (b) 5 mm away from the centre in 

models with hexahedral and 8-noded elements 

iii Human eye 

Before the parametric studies were carried out, a mesh density study was conducted 

to ensure accuracy of the numerical solution as previously explained in Section 3.2.4. 

The mesh density study was carried out twice. First, for all the eye components 

except the liquified vitreous, and then, when the optimum mesh was chosen and the 

liquified vitreous was added, another mesh density study was conducted to 

determine the best mesh for the liquified vitreous.  

The two first models with a very coarse mesh crashed as the elements were too large; 

therefore, these two models were taken out of the analysis. As it can be seen in 

Figure 3.32, the mesh convergence study for the ocular globe showed a 5.1% change 

in the vitreous deformation when the number of elements increased from 11188 to 

24912. On the other hand, a much smaller difference in deformation, 1.2%, took 

place when the number of elements increased from 24912 to 129708. Therefore, the 

model containing 24912 elements was used in the study to represent the ocular 

globe.  
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Figure 3.32: Vitreous displacement outputs and CPU computation time of the numerical models 

For the liquified vitreous, Figure 3.33 shows that significant reductions in mesh 

density from 16200 elements to 4800 elements led to 70% reductions in analysis cost, 

causing only 1.9% in the liquified vitreous deformation. However, further reduction 

in the number of elements (from 4800 to 1200 elements) led to a change in the 

deformation by 34%. Therefore, a mesh density with 4800 liquified vitreous elements 

was selected for this study.  

 

Figure 3.33: Liquified vitreous displacement outputs and CPU computation time of the numerical 

models 
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3.5.2 Tractional stress 

As mentioned in Section 3.4, to calculate the stress causing the retina to detach, a 

stress rotation matrix was used to find the stress perpendicular to the sclera while 

the eye rotates. To validate this method, comparison between this stress and the 

CSTRESS output provided by ABAQUS was carried out. Figure 3.34 shows the stress 

on a point at 10.6 mm from the centre of the vitreous connecting the retina to the 

choroid. It can be seen that the peak stress calculated using stress rotation reached 

4.2 Pa, while the stress extracted from ABAQUS reached 3.2 Pa. The RMS error 

between the stress calculated and the CSTRESS is 0.38 Pa.  

 

Figure 3.34:  Stress perpendicular to the sclera using the CSTRESS option provided by ABAQUS and 

using stress rotation 

3.5.3 IOP effect  

The effect of (IOP) was neglected after conducting a comparison between cases with 

and without IOP and finding that the effect of ignoring IOP on traction forces was less 

than 1.2%. Figure 3.35 shows the stress on a retinal node with and without IOP. 
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Figure 3.35: Stress on a retinal node with and without IOP 

3.5.4 Parametric studies  

i Effect of vitreous volume on retinal traction 

This study aimed to investigate the effect of the vitreous volume on the retina. Eight 

models of the ocular globe were created, as mentioned in Section 3.3.1, and the 

traction stress at a point of interest was measured for each model. The point of 

interest was determined after analysing all the nodes of the retina to find where the 

maximum stress occurs. For the eight models, the same point of interest was used; 

this was the node where vitreous detachment starts, as illustrated in Figure 3.36. The 

same dynamic load was applied to all models to investigate the effect of saccadic and 

head movements on the retina.  

 

Figure 3.36: Eye model showing the point where stress was measured 
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Saccadic movements  

Figure 3.37 shows traction on the points of interest over time, for the saccadic eye 

movement when the fluid cavity option was used to simulate the liquified vitreous. 

The tractions are compared to the applied whole eye rotations. The results show that 

maximum stress for all models occurred between 200 and 300 milliseconds. It is clear 

that, during the first step, while the eye was rotating, there was no sign of tension in 

any model. Tension only occurred during the second step, when the eye remained in 

the same position. It can be noticed that the 72.5% vitreous model achieved its 

maximum traction first, followed by the 75% vitreous model. Maximum traction was 

then consecutively achieved by all models. The maximum stress for all the models 

lays between 3.4 and 4.4 Pa. All model traction levels returned to 0 Pa at 400 ms 

before consecutively increasing again at 470 ms for models 72.5-82.5% vitreous. In 

contrast, the 85-90% vitreous models did not rise during this time span.  

 

Figure 3.37: Traction on the point of interest over time for saccadic eye movements, using fluid 

cavity to simulate liquified vitreous 
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Meanwhile, Figure 3.38 compares the characteristics of the frequency domain of the 

models with different vitreous volumes. The power spectral density (PSD) diagram is 

used to normalise the amplitudes by the frequency resolution to give the amplitudes 

a similar appearance. PSD helps ensure that random data can be overlaid and 

compared independently of the frequency resolution used to measure the data [238, 

239]. 

It can be observed that in the frequency range of 0-20 Hz, the normalised PSD 

amplitude of the model with 90% vitreous was the greatest. The amplitudes of 87.5% 

and 85% vitreous were very close to the maximum amplitude. The amplitude for the 

models with between 72.5-82.5% vitreous were small. It is clear that the dominant 

frequency for all the models is 5 Hz, and the amplitude increases when the volume 

of the vitreous increases.  

 

Figure 3.38: Power spectrum diagram at the points of interest for saccadic eye movements, using 

the fluid cavity to simulate liquified vitreous 
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Figure 3.39 illustrates traction on the point of interest over time for saccadic eye 

movement when continuum elements were used to model the liquified vitreous. The 

graph shows that the eye rotated 10o clockwise for 52 ms then stayed still for 500 

ms. In contrast to the fluid cavity models, all models' maximum traction occurred at 

different time steps. For instance, 72.5% and 75% vitreous models achieved the 

maximum stress between 450 and 550 milliseconds; however, the other models 

reached their maximum traction between 200 and 300 milliseconds. It is clear that 

the maximum traction for all the models lay between 3 and 4.2 Pa. Tension occurred 

immediately after the first step (at 52 milliseconds) with no signs of tension during 

the first step. Moreover, the tension started to occur in the model with 90% vitreous 

first, followed consecutively by all other models. This led to a phase difference 

between all models. 

 

Figure 3.39: Traction on the point of interest over time, for the saccadic eye movements using 

continuum elements to simulate liquified vitreous 
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Power density analysis of the point of interest for all models is shown in Figure 3.40. 

It can be observed that the dominant frequencies are 4.9 and 44 Hz. The peak 

amplitude for all models occurred during the first dominant frequency. Even though 

a clear trend could not be observed in the amplitude, all the models' amplitudes were 

close, especially in the second dominant frequency. The 80% and 82.5% vitreous 

models achieved the maximum amplitude, while 72.5% and 90% achieved the lowest. 

 

Figure 3.40: Power spectrum diagram at the points of interest, for the saccadic eye movements 

using continuum elements to simulate liquified vitreous 
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Head movements 

The point of interest’s traction for all models when head movement was applied is 

shown in Figure 3.41. These models were simulated using the FLUID CAVITY option 

in ABAQUS to represent the liquified vitreous. Figure 3.41 also indicates eye 

displacement during the simulation. The eye models exhibited a displacement of 2 

mm to the right then stayed still for the rest of the simulation. The traction-time 

graph shows that the peak traction occurred during the first step between 0 and 50 

milliseconds. Tension occurred in all models at exactly the same time, then fell back 

to zero at the end of the displacement step. The maximum traction for all models 

was between 23 and 29 Pa. It can also be seen that the traction of the 90%, 87.5% 

and 85% vitreous increased significantly at the start of the second step, achieving 

amplitudes of 15, 16, and 14 Pa, respectively. In contrast, the amplitude of the other 

models increased in the middle of the second step.   

 

Figure 3.41: Traction on the point of interest over time for head movements, using the fluid cavity 

to simulate liquified vitreous 
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Meanwhile, Figure 3.42 shows the PSD of the points of interest for all models. It can 

be observed that, in the frequency range of 0-15 Hz, the normalised PSD amplitude 

of the 90% vitreous was the greatest, while the 72.5% and 75% vitreous models did 

not have a peak amplitude. In the second dominant frequency at 20 Hz, the 72.5%, 

75%, 77.5%, 80%, and 82.5% models achieved amplitudes of 0.44, 0.43, 0.61, 0.51, 

and 0.37 respectively.  

 

Figure 3.42: Power spectrum diagram at the points of interest for head movements, using the fluid 

cavity to simulate liquified vitreous 
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Figure 3.43 shows traction on the points of interest over time for head eye 

movements when continuum elements are used to simulate the liquified vitreous. 

Due to element distortion, all models crashed at the beginning of the second step, 

and only traction during the eye movement in the first step can be observed from 

the figure below. The traction-time graph shows that peak traction was between 15 

and 19 Pa, which is less than the traction achieved by the models simulated using 

fluid cavity.  

 

Figure 3.43: Traction on the point of interest over time for head movements, using continuum 

elements to simulate liquified vitreous 
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The frequency-domain graph showed that the maximum amplitude occurred in the 

82.5% vitreous model, followed by the 75%, 77.5%, and 90% models. The results are 

only for the first step, as all the models failed to complete due to elements distortion. 

 

Figure 3.44: Power spectrum diagram at the points of interest for head movements, using 

continuum elements to simulate liquified vitreous 

ii The effect of vitreous detachment size on the retina 

This study aimed to investigate the effect of the vitreous size of detachment on the 

retina. Six models were created, as mentioned in Section 3.3.2, and the traction at a 

point of interest was measured. The point of interest varied from one model to 

another and the location of the point was based on the location where the vitreous 

starts to detach. Two models have their vitreous detachment starts above the 

equator, one model exactly at the equator (0o), and three models at 5o, 10o and 15o 

below the equator. The same dynamic load was applied to all the models to 

investigate the effect of saccades and head movements on the retina.  
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Saccadic movements  

Figure 3.45 shows the traction on the points of interest over time, for the saccades 

eye movement when the fluid cavity option was used to simulate the liquified 

vitreous. The graph also shows the eye’s rotational displacement over time. The 

maximum traction for all models lay between 2.5 and 4.7 Pa. The maximum traction 

for all cases was achieved during the second timepoint when the eye remained still. 

For instance, when the detachment location was 5o and 10o below the equator, 

traction peaked between 170 and 300 milliseconds. On the other hand, at 0o and 15o 

below the equator, peak traction occurred between 300 and 400 milliseconds. There 

were no signs of tension during the first step; tension started to take place at the 

start of the second step for all the models.  

 

Figure 3.45: Traction on the point of interest over time for saccadic eye movements, using fluid 

cavity to simulate liquified vitreous 
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The power density diagram for all the points of interests is shown in Figure 3.46. It 

can be observed that the dominant frequency for all the cases was 5 Hz. The 

normalised PSD amplitude of the case was the greatest where the vitreous 

detachment initiated at 10o above the equator. The amplitudes of the models with 

vitreous detachment start at 10o and 15o below the equator were the lowest. It can 

also be observed that, in the frequency range of 20-80 Hz, all cases had another peak 

amplitude at a different frequency. However, this amplitude was a lot smaller than 

the one achieved during the first dominant frequency, especially for the models with 

vitreous detachment start at 10o and 5o above the equator.   

 

Figure 3.46: Power spectrum diagram at the points of interest for saccadic eye movements, using 

fluid cavity to simulate liquified vitreous 
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The point of interest’s traction for all models when saccadic movement was applied 

is shown in Figure 3.47. These models were simulated using continuum elements to 

represent the liquified vitreous. It is clear that during the first step when the eye 

rotated clockwise, there was no traction applied on the points of interest for all cases. 

The maximum traction for all models was between 2.5 and 4.3 Pa. The traction-time 

graph shows that the peak traction occurred at different periods for all models. It can 

also be seen that the traction of the models where the vitreous detachment starts at 

15o, 10o and 5o below the equator, increased significantly at the start of the second 

step achieving amplitudes of 2.7, 2.0, and 1.8 Pa, respectively. In contrast, the 

amplitude of the model with the vitreous detachment starting at the equator began 

to increase at around the middle of the second step. 

 

Figure 3.47: Traction on the point of interest over time, for the saccadic eye movements, using 

continuum elements to simulate liquified vitreous 
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The power density analysis of the points of interest is shown in Figure 3.48. It can be 

observed that the dominant frequency is 5 Hz for all the cases of the vitreous 

detachment. The peak amplitude for all the cases occurred during the first dominant 

frequency. The maximum PSD was reached by the case where the vitreous 

detachment starts at 5o below the equator. Then followed by the 10o and 0o above 

the equator models. Although a clear trend could not be detected from the diagram, 

all the cases' amplitudes were very close; except for the model with detachment at 

15o below the equator.  

 

Figure 3.48: Power spectrum diagram at the points of interest for saccadic eye movements, using 

continuum elements to simulate liquified vitreous 
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Head movements  

Figure 3.49 shows the traction on the points of interest over time, for the head eye 

movement when the FLUID CAVITY option was used in ABAQUS to simulate the 

liquified vitreous. The graph also shows the eye’s displacement over time (in red). 

The maximum traction for all models lay between 15 and 39 Pa. The maximum 

traction for models with detachment below the equator was achieved in the first step 

during the eye transition; however, the two models with detachment starting above 

the equator achieved their maximum traction during the second step. For instance, 

when the detachment location was 5o and 10o above the equator, traction peaked 

between 160 and 250 milliseconds. On the other hand, for the models below the 

equator, peak traction occurred between 0 and 80 mm. 

 

Figure 3.49: Traction on the point of interest over time for head movements, using fluid cavity to 

simulate liquified vitreous 
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The power density analysis of the points of interest is shown in Figure 3.50. It can be 

observed that the dominant frequency is 5 Hz for all the cases of the vitreous 

detachment. The peak amplitude for all the cases occurred during the first dominant 

frequency. The maximum PSD was reached by the case where the vitreous 

detachment starts at 10o above the equator. This was then followed by the 0o and 5o 

above the equator models. Although a clear trend could not be detected from the 

diagram, all cases' amplitudes were very close; except for the detachment at 10o and 

15o below the equator.  

 

Figure 3.50: Power spectrum diagram at the points of interest for head movements, using fluid 

cavity to simulate liquified vitreous 
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Figure 3.51 shows the traction on the points of interest over time, for the head eye 

movement when the continuum elements were used to simulate the liquified 

vitreous. Due to elements distortion, all the models crashed at the beginning of the 

second step. Only the traction during the head movement in the first step can be 

observed from the figure below. The traction-time graph shows that the peak 

traction was between 7 and 38 Pa, almost the same as the traction achieved by the 

models simulated using fluid cavity.  

 

Figure 3.51: Traction at the point of interest over time for head movements, using continuum 

elements to simulate liquified vitreous 
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The frequency-domain graph (see Figure 3.52) showed that the maximum amplitude 

occurred in models with vitreous detachment initiating at 5o and 10o above the 

equator, followed by the 0o model. The models with detachment starting below the 

equator achieved very low amplitude. The results are only for the first step, as all the 

models failed to complete due to elements distortion. 

 

Figure 3.52: Power spectrum diagram at the points of interest for head movements, using 

continuum elements to simulate liquified vitreous 
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iii The effect of vitreous volume on the progression of retinal detachment  

Saccades movements 

Figure 3.53 shows the percentage of retinal detachment during the saccadic eye 

movements. The bar charts show the three angular rotations' results for the models 

simulated using fluid cavity and continuum elements to represent liquified vitreous. 

Figure 3.53a shows the percentage of elements removed during the 5o rotation when 

the FLUID CAVITY option was used. The range of detachment for all the models is 

between 2-4%. The model with 72.5% vitreous achieved the least detachment, while 

the 80% vitreous model achieved the most/largest detachment. When continuum 

elements were used, the percentage of the retinal elements detached was between 

2.8-4.2% (see Figure 3.53d).  

In addition, during the 10o rotation, the percentage of elements removed was similar 

for all models, ranging from 6.2% to 6.4% with no significant difference between 

models (see Figure 3.53b). The models with continuum elements to represent 

liquified vitreous can be seen in Figure 3.53e. Likewise, no significant difference 

between the eight models. They all range between 8% and 7%.  

For the 15o saccades, the percentage of elements removed increased gradually from 

8% for the 72.5% vitreous model to 12% for the 90% vitreous, when the FLUID CAVITY 

option was used to simulate the liquified vitreous (see Figure 3.53c). Figure 3.53f 

shows the percentage of the elements removed when continuum elements were 

used to represent liquified vitreous. It can be observed that the minimum 

detachment occurred in the model with 72.5% vitreous, while maximum detachment 

occurred in the model with 90% vitreous. The rest of the models achieved very similar 

detachment, ranging between 13% and 15.7%.  
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Figure 3.53: Percentage of detached retina during saccadic movement in tests involving (a,d) 5o 

rotation, (b,e) 10o rotation, and (c,f) 15o rotation when (a-c) FLUID CAVITY and (d-f) continuum 

elements were used to model liquified vitreous 

Figure 3.54 shows the retinal detachment locations for the eight models with 

different vitreous volume when a 10o rotation was applied. Three different colours 

were used to indicate the timepoint at which the detachment occurred. The pink 

colour shows the elements detached during the first rotation (clockwise); the blue 

and green show the elements separated during the second and the third rotations, 

respectively. It is clear that the detachment initiated in the same location for all 

models and then started to propagate around the same axis. It can also be observed 

that the first rotation has the greatest detachment size in all models compared to the 

other two cycles. 
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Figure 3.54:  3D rendering of the retina showing location of retinal detachment at each rotation 

Head movements 

Figure 3.55 shows the percentage of retinal elements detached during head 

movement when the eye model transitioned 2 millimetres along the positive x-axis, 

then back to the initial position and another 2 millimetres along the negative x-axis. 

Figure 3.55a shows the detachment when the FLUID CAVITY option simulates the 

liquified vitreous, while Figure 3.55b shows the same when continuum elements 

were used to model the liquified vitreous. 

The range of detachment for all the models is between 43 and 49%. The models with 

72.5% and 75% vitreous achieved the least detachment; the 85% vitreous model 

achieved the biggest detachment. However, no great differences between all 

models. On the other hand, when continuum elements were used, the range of the 

retinal elements detached was between 28-30%, with no significant difference 

between the eight models. It is important to note that due to elements distortion, 

these models crashed in the second cycle.  
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Figure 3.55: Percentage of detached retina during head movement for models with vitreous 

volume ranges between 72.5%-90% incorporating FLUID CAVITY option in ABAQUS (a) and 

continuum elements (b) to model liquified vitreous 

Figure 3.56 shows the retinal detachment locations for the eight models with 

different vitreous volume when a 2 millimetres transition was applied. Three 

different colours were used to show the transition at which the detachment 

occurred. It is clear that for all the models, the detachment initiated in the same 

location on the positive x-axis. Then, when the eye moved back to its initial position, 

the detachment propagated along the axis. Meanwhile, when the eye model moved 

towards the negative x-axis, the detachment occurred in the eye's negative x-axis. 
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Figure 3.56: 3D rendering of the retina showing the location of retinal detachment at each step 

iv Effect of vitreous attachment point on progression of retinal detachment  

Saccades movements 

Figure 3.57 shows the percentage of the elements detached during the saccadic eye 

movements for the three angular rotations for the models simulated using fluid 

cavity and continuum elements to represent liquified vitreous. Figure 3.57a shows 

the percentage of elements removed during the 5o rotation when the FLUID CAVITY 

option was used. It is clear that during the 5o rotation, the detachment only occurred 

in the model where the vitreous detachment starts at 10o above the equator. When 

continuum elements were used, the model where the vitreous detachment starts at 

10o above the equator had the most detachment. The detachment then decreased 

gradually in the other models until it reached 0% in the model with vitreous 

detachment at 15o below the equator.  
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Figure 3.57: The percentage of the detached retina during saccades eye movement in tests 

involving (a,d) 5o rotation, (b,e) 10o rotation, and (c,f) 15o rotation 

Meanwhile, during the 10o rotation, the highest detachment occurred in model with 

vitreous detachment starts at 10o above the equator, then decreased gradually until 

it reached zero in model with the last vitreous detachment. Models with detachment 

starts at 5o above the equator and at the equator had a very similar percentage of 

elements removed. Likewise, when continuum elements were used, the maximum 

detachment occurred in the model with biggest vitreous detachment; and the 

minimum was in model with the smallest detachment. 

When the FLUID CAVITY option was used for the 15o saccades, the percentage of the 

elements detached was the highest compared to the other rotational angles. The 

same trend was achieved; the rate decreased gradually from 8.5% to 3.5%. Models 

with detachment 5o and 10o below the equator achieved almost the same percentage 

of elements removed. Figure 3.57f shows the percentage of the elements detached 

when continuum elements were used to simulate the liquified vitreous. There is a 

gradual decrease in the elements detached. The percentage of retinal detachment 

ranges from 10.5% to 5.5%.   
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Figure 3.58 shows the retinal detachment locations when the FLUID CAVITY option 

was used to model the liquified vitreous when the 10o rotation was applied. Three 

different colours are used to show the rotations at which the detachment occurred. 

It is clear that, for all models, the detachment initiated in the same location on the 

positive x-axis. Then, when the eye moved back to its initial position, the detachment 

propagated along the x-axis. It can also be observed that the size of the retinal 

detachment decreased gradually with the decrease in the vitreous detachment. 

Model with the least vitreous detachment did not exhibit any retinal detachment 

during the three rotations. 

  

 

 

 

Figure 3.58: 3D rendering of the retina showing the location of retinal detachment at each rotation 
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Head movements 

Figure 3.59 shows the percentage of retinal detachment when the vitreous 

attachment point was changed. It is clear that the number of detached elements was 

very close. The eye model with a vitreous detachment at the equator achieved the 

highest detachment, and the model with a vitreous detachment starting at 15o below 

the equator achieved the lowest.  

On the other hand, for the models using continuum elements to represent the 

liquified vitreous, a clear trend can be seen. The number of elements removed 

increased with the decrease of vitreous detachment angle. However, it is essential to 

note that the models with continuum elements crashed before the third rotation due 

to elements distortion. 

 

Figure 3.59: The detached retina percentage during the head movement for models with vitreous 

volume detachment ranges from 10o above the equator to 15o below the equator simulated using 

FLUID CAVITY (a) and continuum elements (b) to model liquified vitreous 
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Figure 3.60 shows the locations where the detachment initiated in the retina during 

the 2 mm transition when the FLUID CAVITY option simulates the liquified vitreous. 

It is clear that the detachment started on the right side of the retina, in the same 

direction of motion. Then, it propagated achieving the highest detachment during 

the second step (blue). As most of the retinal elements detached in the first and 

second step, only a few elements detached during the final transition.  

3.5.5 Ultrasound scans 

The eye model used in the present study was visually compared to ultrasound scans 

of human eyes. A numerical model was created to look as close as possible to the 

ultrasound scans. The boundary conditions applied on the eye model were chosen 

based on the ultrasound scans provided. The eye rotated clockwise twice before 

resting for a short period. Then the eye rotated anti-clockwise twice and rested again 

for a short time. The ultrasound images were obtained from the study by Vroon et 

al. [153] (Accutome B-scan Plus, Malvern, USA, and Quantel Medical cinescan B-scan, 

Cournon d’Auvergne, France). 

Figure 3.60: 3D rendering of the retina showing the location of retinal detachment at each step 
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Table 3-3 shows the ultrasound imaging of a patient with vitreous detachment. In 

addition, it shows the numerical model in similar states as the ultrasound images. A 

shows the start of eye rotation; B to E show the situation after each rotation. Finally, 

F shows the final state of the eye.  

The main difference observed when comparing the numerical model to the images 

is during the initial state; the effect of the gravity on the ultrasound images led to 

different shape of the vitreous. However, starting from the second rotation, the 

model slowly achieved very similar behaviour. 

Table 3-3: Comparison between ultrasound images and the numerical model 

 Ultrasound Model 

(A) 

Initial State  

 
 

 (B) After 

first 

rotation 

(clockwise)  
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 (C) After 

third 

rotation 

(clockwise) 

 

 

 (D) After 

fourth 

rotation 

(anti-

clockwise) 

 

 

 (E) After 

fifth 

rotation 

(anti-

clockwise) 
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 (F) Final 

state after 

resting 

 

 

Figure 3.61: Comparison between ultrasound images and the numerical model 

3.6 Discussion  

The rheology and structure of the vitreous change as a result of ageing, including 

condensation and shortening of the collagen fibres. This process leads to shrinkage 

of the vitreous body [4]. The separation of the vitreous usually starts from the 

posterior pole and advances towards the periphery, which can result in PVD, in which 

the vitreous body becomes divided into two sections: the vitreous gel and the 

liquified vitreous [40]. Once the detachment has developed, eye rotations or head 

movements create traction forces on the retina, which can cause a retinal break or 

tear [5]. The present study aimed to further understand the effect of saccadic and 

head eye movements on retinal detachment progression. The study relied on 

idealised numerical 3D models of the ocular globe comprising components such as 

the aqueous, lens, choroid, retina and vitreous (gel and liquid), and simulating the 

conditions leading to retinal detachment. Researchers have investigated the human 

eye over the last decades using finite element modelling (FEM). The majority of these 

researches used finite element methods to study the damage caused in the eye due 

to impacts [2, 5, 32, 57]. A gap remains in our understanding of the interaction 

between the liquid and gel phases of the vitreous and its effect on the retinal 

detachment process. The finite element model presented in this study is the first 3D 

model that includes the interaction between the liquid and gel phases of the vitreous.  
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Results provide a feasible idea of the vitreous dynamics. Vitreous oscillations are 

observed to take place at least one time after saccadic and head movements. This 

agrees with the in vivo observations of Walton et al. [240] who reported the 

existence of at least one vitreous oscillation after saccades, before the eye comes to 

rest.  Also, Repetto et al. [1] confirms that using a 2D model of the ocular globe to 

study the traction exerted by the detached vitreous on the retina.  

The peak traction stress on the retina caused by the saccadic eye movement range 

from 4 to 7 Pa. This is two order of magnitude lower than the retina's adhesion force 

estimated experimentally by Liu et al. [2], which was 340 Pa. In addition, the peak 

traction is also seven times lower than the values achieved numerically by Vroon et 

al. [153]. This could be due to the vitreous material properties adopted Vroon’s study 

being simplified and assumed to be elastic. The other reason that might have led to 

the difference in results between the current model and the model produced by 

Vroon is that Vroon et al. assumed the retina and the choroid as one component. 

Thus, when modelling retinal detachment, both retina and choroid were separated 

from the sclera, rather than from the choroid. Since the defined saccadic eye 

movement used in the current model (10o) was greater than 95% of all saccades 

[196], it is doubtful that the traction caused by the most saccades will be significant 

enough to exceed the retinal adhesion.  

In all the numerical simulations for both head and saccadic movements, it was 

observed that the traction stress is concentrated close to the vitreous attachment 

point. This agrees with the observations of Repetto et al. [1], who reported for their 

2D model that the concentration of the maximum traction on the retina varies with 

the vitreous attachment point. This also agrees with Bayat et al. [199], who reported 

that the maximum stress produced was located on the equatorial plane at the cavity 

wall near the interface layer. Bayat et al. developed a 3D spherical model of only the 

vitreous to investigate how the oscillatory motions influence flow dynamics of partial 

vitreous liquefaction.  
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The peak traction on the retina caused by the head movement is within the range of 

15 to 39 Pa. These values are ten times less than the retinal adhesion force achieved 

by Liu et al. [2], while the traction is very close to the value achieved by Vroon et al. 

Meanwhile, the head movement defined is small compared to those created by other 

everyday activities, only head movements can likely generate traction stress in equal 

magnitude to the adhesion of the retina.  These preliminary results suggest that head 

movements are the primary factor in the progression of retinal detachment. This is 

in agreement with the observations of Angunawela et al. [197] who used a spherical 

model of the vitreous to evaluate the shear stress on the retina due to sudden eye 

movements and reported that sudden head movements could cause traction up to 

16 Pa.  

Three different eye rotations (5o, 10o, 15o) were applied to study the dependence of 

the maximum traction on the amplitude of the saccadic rotation. It was observed 

that the retinal traction depends on the amplitude of the saccadic and head rotation. 

It appears that the traction increases with the amplitude of the rotation. This is in 

agreement with the observations of Repetto et al. [1]. 

The effect of changing the vitreous volume on the progression of retinal detachment 

showed that during saccadic eye movement caused by the eye rotation, the 

percentage of the retinal elements detached was very small and it did not vary a lot 

between models. This is because of the low traction achieved during saccades as it 

didn’t exceed the value set to break the contact between the retina and the choroid. 

This also proves that the vitreous volume doesn’t have a massive effect on the retinal 

traction as long as the vitreous detachment size is the same. This is in agreement 

with the observations of Repetto et al. [1], who reported that the maximum traction 

on the retina remained almost unchanged for all volumes of the vitreous.  

Meanwhile, when the vitreous volume remained constant, and only the vitreous 

detachment size changed, an inverse relation was observed. Big vitreous detachment 

size led to higher traction, thus more significant retinal detachment. Models with 

small vitreous detachment size, such as 15o below the equator, achieved almost no 
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separation in the retina for all the defined saccadic eye movements. These 

preliminary results suggest that the vitreous detachment size vehemently affects the 

progression of retinal detachment. These results agree with the results achieved by 

Repetto et al. [1], who suggest that the maximum traction experiences a slight 

increase at the vitreous attachment point when the size of the detachment increases. 

Moreover, these results agree with the findings of Di Michele et al. [198] who 

developed a spherical model of only the vitreous to study the retinal tractions during 

PVD. Di Michele et al. suggest that different shapes of PVD can be qualitatively 

associated with the intensity of the vitreoretinal tractions. 

On the other hand, during head movement, the effect of changing the vitreous 

volume on the progression of the retinal detachment showed a slight increase in 

retinal detachment for most of the models. Even with high traction achieved due to 

the head movement, the difference between the eight models was not great. On the 

other hand, when the volume remained the same and the vitreous detachment 

changed, greater detachment occurred compared to changing the vitreous volume; 

however, the difference between all models was not significant.   

Modelling the liquified vitreous using two methods, FLUID CAVITY and continuum 

elements, provided a preliminary investigation of the fluid-structure interaction 

between the vitreous and liquified vitreous. It was clear that, at low speed, the range 

of traction forces for the head and saccades movements was very close when the 

two methods were used. However, for larger rates, the FLUID CAVITY liquified 

vitreous showed more stability in the results. In contrast, many of the continuum 

elements liquified vitreous crashed due to elements distortion.  

The ultrasound images provided a rough comparison with the numerical model, even 

though they displayed a simplified 2D representation of the vitreous detachment. 

The behaviour of the vitreous in the numerical model was very similar to the 

ultrasound scans. The vitreous in the model oscillated for almost the same time as 

the real vitreous. Comparing the ocular globe FE model to ultrasound scans has been 

conducted before by Vroon et al. [153]. However, in Vroon’s model, the vitreous 



 

 

Finite Element Modelling of Retinal Detachment 
Vitreous Effect on the Progression of Retinal Detachment 

                                      
Ali Aboulatta 

  

 

 
130 

 

model oscillates for an extended period, while the real vitreous does not. Vroon et 

al. suggested that the lack of damping in their model is due to the material properties' 

simplifications, especially for the vitreous.  

This study aimed to focus on the tractional load caused by head and saccadic eye 

movements. Thus, gravity was not considered in the analysis. This was done to 

evaluate the tractions generated by eye movements purely. Future work should 

intend to consider the gravitational load to improve the simulation. The comparison 

between the ultrasound scans and the finite element model was beneficial; however, 

it would have been better for the comparison to be quantitative.  

A novel meshing algorithm was developed especially for this study to allow an easy 

way to control the mesh density of all eye components and mesh any complicated 

geometry to simulate retinal detachment. This algorithm could mesh any spherical 

components of the human eye; future work will be needed to extend the algorithm 

to be able to mesh non-spherical components of the eye such as the fatty tissues and 

the orbit.  

In conclusion, the study produces beneficial results on the role of eye movements in 

the initiation and progression of retinal detachment. The most recent and accurate 

material parameters have been utilised in these simulations. The preliminary results 

show that head movements are the main reason in the development of retinal 

detachment. This outcome could clarify the outcomes of an earlier study on the 

posturing advice's effectiveness [241]. This suggests that this modelling technique is 

beneficial in understanding the progression retinal detachment.  



 

 

Finite Element Modelling of Retinal Detachment 
Experimental Evaluation of Viscoelasticity of Porcine Vitreous 

                                      
Ali Aboulatta 

  

 

 
131 

 

4. Experimental Evaluation of 

Viscoelasticity of Porcine Vitreous 

4.1 Introduction  

The eye’s vitreous humour is a gel-like substance that fills the cavity behind the lens, 

it constitutes 80% of the eye’s volume [242]. The vitreous consists of three parts; the 

vitreous base, the vitreous core and the peripheral part. All three parts share the 

same composition with 99% water, 0.9% salts, and 0.1% collagen fibrils [85, 89]. By 

the time the eye reaches its adult size, approximately 20% of the total vitreous 

volume would have turned into liquified vitreous [81]. Due to ageing, the vitreous 

has been reported to experience shrinking and liquefaction [125, 243], the cause of 

which is still not fully understood [112].   

The vitreous has several functions, including mediating the growth of the eye [81], 

supporting ocular tissues [82, 83], and maintaining a clear path of light rays to the 

retina [81]. Deficiencies in the vitreous molecular structure and viscoelastic 

properties have been reported to increase the risk of developing glaucoma, RRD, 

retinal tear, retinal oedema, vitreous haemorrhage, and choroidal detachment [81, 

112, 113]. Moreover, adhesion of the vitreous to the surrounding ocular structures 

may make the removal of the vitreous challenging during vitrectomy where the 

vitreous is to be replaced with silicone oil [89, 114]. 

There have been several attempts to describe the composition, structural and 

material properties of the vitreous. Studies investigated the vitreous shear relaxation 

modulus to estimate its viscoelastic behaviour. The studies used techniques that 

involved subjecting the vitreous to compression [92], explored relaxation of the 

scattering pattern [93], and used nuclear magnetic resonance [244], cavitation 

rheology [4] and cleated tools [115] to monitor behaviour. Using FEM to determine 

the material parameters has already been successfully applied, in various forms, to 
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ocular tests [60, 200, 202, 203]. For instance, Rossi et al. [5, 57] performed inverse 

analysis on experimental data obtained from test data of eye impact experiments 

carried out by Delori et al. [118]. While these efforts shed much light on the vitreous 

behaviour, the fact that some methods subjected the tissue to non-physiologic 

conditions led to a wide variation in the shear relaxation modulus reported in the 

literature. Saccadic eye movement has been modelled in several studies [153, 245, 

246]; David et al. [46] investigated the vitreous behaviour due to eye movement by 

only comparing between a numerical and analytical model of the vitreous. However, 

no parameters were determined. 

This study aims to measure the vitreous properties while maintaining and testing the 

tissue and testing in close to natural physiologic conditions. Vitreous specimens were 

tested while remaining in the posterior chamber and subjected to the dynamic 

conditions experienced in saccadic eye movements. Numerical inverse analysis based 

on the nonlinear FEM was then used to estimate the vitreous viscoelastic material 

properties based on its experimental behaviour. 

Due to the scarcity of human tissues, the experiments were conducted using porcine 

eye. However, earlier studies have shown that porcine vitreous had similar behaviour 

to that of human tissue [177, 247]. This experimental set-up was designed and 

planned in collaboration with the Ocular Biomechanics Laboratory of Beihang 

University. The experiments took place in the Ocular Biomechanics Laboratory of 

Beihang and all the results analysis was carried out at university of Liverpool.  

4.2 Methodology  

4.2.1 Specimen preparation  

Eighteen fresh porcine eyes were obtained from a local abattoir and used within 48h 

post-mortem. The eyes were obtained directly after the animals were slaughtered 

and washed, and all excess connective tissue was removed to ensure freshness. The 
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eyes were then transported to the Ocular Biomechanics Laboratory of Beihang 

University and tested on arrival.   

 

Figure 4.1: Schematic view of the test rig highlighting key components;  A is the container, B is the 

metal platform, C is a motor, D is the decelerator, E is the computer, F is a reduction gear, and G is 

the data acquisition unit 

A computer-controlled test rig was designed to support, load, and monitor eye 

globes' behaviour subjected to dynamic rotations representing saccadic eye 

movements, Figure 4.1. A container to enclose the eye specimen, Figure 4.2 and 

Figure 4.3, was designed and manufactured specifically for this experiment.  

An eye specimen was placed in the container, glued to the base using water-based 

glue (Loctite, Henkel Corporation, Ohio, US), and surrounded by a gelatine material 

produced from Biowest Agarose (Gene Company Ltd, Chai Wan. Hong Kong). The 

gelatine was selected as its material properties are close to those of the orbital fat 
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that supports the eye in the ocular socket [29, 30]. This particular gelatine was chosen 

from trials for its clarity and low spring stiffness and because it had been reported 

not to alter collagen-based tissue chemically [248]. A comparison between two finite 

element models with no gelatine support and a model with gelatine support was 

conducted to determine the gelatine effect. After curing the gelatine, the specimen 

was placed in a freezer at -37oC for at least a day before being taken out to conduct 

the test. The eye specimen was cast into the gelatine support produced from Type-A 

gelatine flakes derived from porcine skin [249].  

 

Figure 4.2: The process carried out to design and manufacture the eye specimen container 

4.2.2 Experimental procedures 

The eye globe was then taken out of the freezer and cut in half using a sharp blade 

moved on the container's surface. The container was then connected firmly to the 

centre of a circular metal platform, as shown in Figure 4.1, that experienced rotation 

produced by an electric motor (C), which was able to apply the required loading 

accelerations. The platform was also connected to a decelerator (D) to reduce the 

speed as needed. High-resolution images of the specimen were taken during the test 

every 2 ms. The power reaching the motor and the decelerator was controlled by a 

personal computer (E), which also recorded measurements by the rotation sensor 

attached to the metal plate and the images taken by the camera. 
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Figure 4.3: Experimental setup showing the container attached to the base controlling its rotation 

After the tests, the camera images were analysed using digital image correlation 

software (ProAnalyst, Xcitex, Woburn, Massachusetts, USA) to trace the movement 

of several points of interest selected at different radii from the centre of the posterior 

chamber, Figure 4.4. Furthermore, the camera's initial image was used, along with 

eye dimension measurements taken before the test, in the construction of the finite 

element model of the test set up (utilised later in the inverse analysis exercise). Error 

in the measurement system was quantified by tracing multiple known locations 

within the container through Digital Image Correlation (DIC), and the RMS error 

between known locations and their associated measurement was calculated. The DIC 

technique has already been applied in earlier studies [250, 251], and showed 

successful results. During the quantification tests, all measurements were taken 

relative to a fixed point, the container's centre. 
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Figure 4.4 Picture taken of test rig showing eye specimen and gelatine 

As saccadic eye movements rarely exceed 15o in amplitude [195], the specimens 

were subjected to three sets of tests with max rotations of 5˚, 10˚, and 15˚, 

respectively. The angular velocity adopted in the tests was also selected to emulate 

the normal conditions where the saccadic movement duration of the eye is only a 

function of the angle of eye rotation. An earlier study [194] showed that the angle of 

rotation ( ∝𝑜  in degrees) and duration of rotation (T in seconds) were related 

according to the equation:  

𝑇 = 0.021 ∝𝑜
2 5⁄

 4.1 

 

Therefore, the angular displacement (∝) and angular velocity (𝜔) of the saccades 

adopted in the tests were determined using the relationships [196]:  

∝ (𝑡)  =
∝𝑜 

2
((1 − cos (

𝜋

𝑇
𝑡))) 4.2 

𝜔 =  
∝𝑜 𝜋

2𝑇
sin(

𝜋

𝑇
𝑡) 4.3 

where t is the time at which ∝ and 𝜔 are calculated. 
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4.2.3 Numerical modelling 

A numerical model was developed for use in the inverse analysis exercise intended 

to estimate the vitreous material behaviour. The model was built by the commercial 

finite element analysis (FEA) software ABAQUS (Release 6.14-2, Dassult Systemes, 

Johnston, Rhode Island, USA). The model included the semi eye globe tested along 

with the metal container and the gelatine material. The model representing the semi 

eye included the cornea, limbus, sclera, retina, and vitreous – it was created using a 

custom-built MATLAB code (The MathWorks, Inc., Natick, Massachusetts, USA).  

i Porcine eye geometry  

The model adopted the overall dimensions obtained for the porcine eye as captured 

by the initial camera image. The measurements were taken before the test of the 

corneal size and corneal and scleral thickness. 

 

The initial images of the eye specimen were imported to MATLAB to determine its 

geometry. Using a custom-built code, the eye globe coordinates, in pixels, were 

identified, as shown in Figure 4.5. Using the same code, three lines were drawn from 

the container's inner edge to the opposite edge, as shown in Figure 4.6, and the 

length of each one was determined in pixels. The average length was then calculated 

to get the approximate inner diameter of the container in pixels. 
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Figure 4.5: Pictures of the eye specimen showing the process taken to identify the porcine eye's 

geometry 

The inner diameter of the container was calculated to be 30 mm; see Figure 4.2. By 

knowing the diameter in pixels and millimetres, a conversion factor was calculated 

by dividing the diameter in millimetres by the diameter in pixels. This factor was then 

multiplied by all the coordinates in pixels to convert them to millimetres. This process 

was repeated on two different pictures to ensure accuracy.  

 

Figure 4.6: Image of the porcine eye specimen in the container, showing the lines drawn to 

determine the conversion factor from pixels to mm 

These coordinates were then taken to a custom-made MATLAB code along with the 

thickness of the cornea and sclera.  The outer geometry of the porcine eye was 

generated. The inner surface was then smoothed using another custom code to 
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achieve a flattened edge. The new cartesian coordinates of the cornea and sclera's 

outer and inner boundary were converted to spherical coordinates. All the nodes 

forming the eye's surface were duplicated around the z-axis with reasonable angular 

spacing between them to create a 180o shape of the eye.  

In order to create the retina, using the dimensions determined beforehand, the inner 

nodes of the sclera were duplicated and multiplied by its thickness function to create 

the inner layer of the retina.  

As the lens and the aqueous were removed during the dissection process, the 

vitreous was created to fill the porcine globe's whole inner cavity. This was done by 

duplicating all the cornea's inner nodes, retina, and the anterior scleral region.  

ii FE model creation 

Using the same algorithm mentioned in section 3.2.2, the eye and the retina's outer 

layer were meshed. The cornea and sclera mesh was based on Nooshin and 

Tomatsuri configuration of diamatic domes [39, 235], using 6-noded continuum C3D6 

elements. The sclera elements surrounded a layer of C3D6 elements representing the 

retina. Inside the retina elements, the vitreous filled the inner cavity, represented by 

C3D6 elements organised in multiple layers. The only exception was the innermost 

layer of vitreous elements that was formed of tetrahedral elements (type C3D4). 

The container geometry was modelled in ABAQUS using the dimensions used in the 

manufacturing process. The container model was meshed with the ABAQUS-CAE 

automatic meshing tool using quadratic tetrahedron elements (type C3D10). In order 

to create the gelatine, the gelatine geometry was split into two sections, section A 

and section B. Section A represents the area between the eye and the container, and 

section B represents the area underneath the eye, filling the bottom of the container. 

For section A, the nodes of the outer layer of the eye model and the inner layer of 

the container model were exported to MATLAB. The inside of the container acted as 

the outer boundary of the gelatine and the outer nodes of the eye acted as the inner 

boundary. The container and the eye nodes were interpolated to have the same 
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number of nodes in order to form the outer and inner surface needed later for the 

mesh. Once the two surfaces were identified, the nodes were duplicated to form new 

layers in-between and meshed using the same algorithm used for the eye model. The 

gelatine elements were linear continuum elements (type C3D8), as shown in Figure 

4.7. For section B, a geometry was created on ABAQUS using the container's inner 

and outer diameters and the height of the container base, where the eye sits. This 

was then meshed using ABAQUS automatic meshing tool using linear continuum 

elements (type C3D8). The two sections were then merged to act as one using the 

ABAQUS merging tool, as shown in Figure 4.7. 

 

Figure 4.7: 3D rendering of the gelatine showing the mesh of the top section (A) and the bottom 

section (B) before and after merging 
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iii Porcine materials properties 

The cornea, limbus, retina and sclera were assumed to follow the stress-strain 

behaviour reported in the literature for porcine eyes [60, 155]. Following earlier 

research, the eye model components were assumed to comply with Ogden’s 

hyperelastic strain energy function [252], with the material parameters listed in Table 

4-1 [154]. 

𝑊 =  
2𝜇

𝛼2
(𝜆1

̅̅̅𝛼
+ 𝜆2

̅̅ ̅𝛼
+ 𝜆3

̅̅ ̅𝛼
− 3) +

1

𝐷
(𝐽 − 1)2 

            4.4 

 

 

In equation 4.4,  𝑊  is the strain energy per unit volume;  𝜇 and 𝛼  are the shear 

modulus and the strain hardening exponent, respectively, 𝜆𝑘
̅̅ ̅ the deviatoric principal 

stretches = J−1/3 × 𝜆𝑘 (k=1, 2, 3), λ1, λ2, λ3 the principal stretches, J = λ1 λ2 λ3. D is a 

compressibility parameter =
3(1−2𝜈)

𝜇(1+𝜈)
 calculated assuming the tissue was nearly 

incompressible [166],[167] with a Poisson's ratio, ν, of 0.48 [163, 168]. The numerical 

model's material characteristics were validated in earlier studies [39, 40, 58, 60, 153]. 

The container was modelled as a rigid body to consider the much higher stiffness of 

its material (steel) than the tissue components. The gelatine model was given the 

mechanical properties obtained from the manufacturers and shown in Table 4-1. A 

comparison was conducted between two finite element models with no gelatine 

support and a model with gelatine support to investigate the effect of the gelatine.  

In consideration of the viscoelastic behaviour of the vitreous reported in the 

literature [46, 91-93, 175], the viscoelastic Prony constitutive model was adopted in 

the analysis [252]: 

𝐺(𝑡) = 𝐺0 (𝑡 = 0) =  𝐺∞ +  ∑ 𝐺𝑖 𝑒
−𝑡

𝜏𝑖
⁄

𝑁

𝑖=1
 

                 4.5 

 

where G is the shear relaxation modulus, 𝐺0 and 𝐺∞  are the short and long-term 

moduli, 𝜏  is the relaxation time and 𝑁 is the function order. Values of these 
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parameters that best represent the vitreous behaviour, as observed in the 

experimental tests, were estimated from the inverse analysis exercise described 

below. 

Table 4-1: Material properties of the different regions of the numerical model 

 Constitutive model Constitutive model 

parameters 

Cornea [60] Ogden 

𝑛 = 1 

∝ = 220.1 

𝜇 = 0.0181 

Limbal region [60] Ogden 

𝑛 = 1 

∝ = 127.2.1 

𝜇 = 0.545 

Anterior sclera [60] Ogden 

𝑛 = 1 

∝ = 162.3 

𝜇 = 0.565 

Equatorial region [60] Ogden 

𝑛 = 1 

∝ = 181.3 

𝜇 = 0.642 

Posterior sclera [60] Ogden 

𝑛 = 1 

∝ = 134.2 

𝜇 = 0.621 

Retina[155] Ogden 

𝑛 = 2 

∝1= 0.00227 

𝜇1 = 0.0811 

 ∝2= 0.00421 

𝜇2 = 0.0.0652 

Gelatine Ogden 

𝑛 = 1 

∝1= 0.00239 

𝜇1 = 0.005 

µ: shear modulus (MPa); α: strain hardening exponent;  
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iv Mesh convergence study  

 

Figure 4.9: Geometry and material sections of the porcine eye showing the difference between 

coarse (left) and fine (right) mesh 

The mesh density adopted in the model resulted from a mesh density study to 

balance accuracy of deformation prediction with computing time. The mesh was 

modified several times by firstly creating a mesh using the fewest/reasonable 

number of elements, and then a new mesh was recreated with denser element 

distribution, Figure 4.9. A model of the eye, rotating 15 degrees to the right and then 

staying still for 0.25 sec, was simulated and the displacements of several nodes and 

elements in the vitreous were identified in each mesh.  

The flowchart in Figure 4.10 shows the nine models simulated in order to carry out 

the mesh convergence study. It shows the number of elements in the outer eye layer, 

vitreous, and retina. 
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Figure 4.10: A flowchart showing the number of elements used for each model in the mesh 

convergence study 

4.2.4 Particle swarm optimisation  

This section presents the implementation of PSO with the finite element analysis 

solver. This technique was implemented in this study in order to identify the material 

parameters of the vitreous-gel. Interaction between ABAQUS and PSO was presented 

with the error calculation mechanism explained in the following section.  

i Interaction with FE Solver 

Interaction between ABAQUS and PSO was achieved using a custom-built MATLAB 

code. Optimisation of the vitreous parameters was carried out to determine the 

vitreous properties that would lead to the best possible match between the 

numerical predictions of the displacement of monitoring points and the 

corresponding experimental measurements. The technique used a group of particles 

whose positions represented the values of the parameters. A new ABAQUS job was 

created and performed to generate the output deformation curve through 

simulation. In order to assess fitness, which is how good the goal deformation curves 

match numerical curves for one particle, the error was calculated between numerical 

and target curves. In the next iteration, the algorithm updates the positions of these 

particles based on equation 2.37 after taking into consideration the best 
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neighbouring particle to minimise the error as much as possible. Then the algorithm 

evaluates these new particles and repeated the process in order to reach the 

threshold error.     

The threshold error varies with different applications and computational cost, and it 

acts as a stopping criterion for the algorithm. After every iteration, the alteration 

between the experimental and the numerical results was calculated in order to direct 

the algorithm in adjusting the particle positions.  

ii Error Calculation  

RMS error between the numerical and experimental results was calculated using 

PSO. The following objective function was used to assess the results [206, 211, 253]: 

 

𝑅𝑀𝑆 =  
1

𝑃
∑ √

1

𝑆
 ∑(𝜃𝑖,𝑗 𝐸𝑥𝑝 − 𝜃𝑖,𝑗 𝑁𝑢𝑚)2

𝑆

𝑖=1

𝑃

𝑗=1

 
        4.1 

 

 

where 𝑃 is the number of specimens, 𝑆 is the total number of displacement levels at 

which the RMS is calculated, and 𝜃𝐸𝑥𝑝 and 𝜃𝑁𝑢𝑚 , respectively represent 

experimental and numerical angular displacements at the monitoring points. 
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4.3 Results 

4.3.1 Mesh convergence  

i Porcine eye  

Before the inverse analysis, the mesh density adopted in the model resulted from a 

mesh density study to balance deformation prediction accuracy with the computing 

time, per the methods described in Section 4.2.3. The mesh convergence study 

showed a 9.5% change in vitreous deformation when the number of elements 

increased from 3840 to 24192. A much smaller difference in deformation, of 0.36%, 

took place when the number of elements increased from 24192 to 110592. Based on 

these results (see Figure 4.11), the model employing 24192 elements was used in the 

study to represent the vitreous. 

 

Figure 4.11: Porcine vitreous displacement outputs and CPU computation time of the numerical 

models 

4.3.2 Gelatine effect 

A comparison was conducted between two finite element models with and without 

gelatine support. The difference in angular displacement ranges between 0.04% and 
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0.28%. Figure 4.12 shows the angular displacement of two different points in the 

vitreous, with and without gelatine support. 

 

Figure 4.12: Angular displacement of two points at different radii with and without gelatine 

4.3.3 Experimental results  

Figure 4.13 shows the rotations recorded at three monitoring points at distances 5.4, 

5.9, and 6.1 mm from the centre of rotation in three typical specimens tested under 

5o maximum displacement. The rotations are compared to the applied whole eye 

rotations. In the first and second tests (5.4 and 5.9 mm from the centre of rotation), 

the monitoring point reached its maximum displacement in the first rotation cycle 

and reached a steady-state behaviour from the fifth cycle. On the other hand, in the 

other test (6.1 mm from the centre of rotation), the point reached its maximum 

displacement in the seventh cycle and reached a steady-state behaviour from the 

eighth cycle.  
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Figure 4.13: Experimental angular displacement at points with distances of (a) 5.4 mm (b) 5.9 mm 

and (c) 6.1 mm from the centre of rotation in typical tests involving 5o rotation 

During the settling period, the response is called the transient response, followed by 

a steady-state response consisting of a sinewave [254]. Figure 4.14 illustrates the 

transient and steady-state responses for one point at a distance of 5.4 mm from the 

centre of rotation in tests with 5o maximum displacement. The transient state 

displacements were clearly unstable. However, the behaviour changed suddenly in 

the fifth loading cycle, indicating the start of the steady-state. 

The experimental results show that, in tests with eye rotation up to 5o, the 

displacement monitored in the vitreous did not exceed 4.7o in the transient-state and 

4.2o in the steady-state in all tests. The mean ratios between the steady-state 

displacement and transient-state displacement for all tests with 5o rotation were 

3.30.7.  
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Figure 4.14: Dynamic behaviour at a point at a distance of 5.4 mm from the centre of rotation in a 

typical test under 5o maximum rotation. Part (a) depicts the transient-state behaviour, (b) depicts 

the steady-state behaviour, and (c) depicts the transient and steady states combined 

Figure 4.15 shows the angular rotations for three monitoring points at distances 3.1, 

3.8, and 8.9 mm from the centre of rotation in three different specimens tested 

under 10o maximum displacement. For the first point at 3.1 mm from the centre of 

rotation, it can be seen that it reached its maximum displacement in the third 

saccade and straight after that it reached a steady-state behaviour. For the second 

test, the point, not far from the first point, reached its maximum displacement in the 

seventh cycle and reached a steady-state behaviour from the ninth cycle. In contrast, 

a steady-state behaviour was evident in the third test from the first saccade with little 

difference noted in the second and later cycles.  
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Figure 4.15: Experimental angular displacement at points with distances of (a) 3.1 mm (b) 3.8 mm 

and (c) 8.9 mm from the centre of rotation in typical tests involving 10o rotation 

Figure 4.16 demonstrates the transient and steady-state responses for the point at 

3.8 mm from the centre of rotation with a maximum displacement of 10o. It can be 

noticed that during the transient state, the behaviour was volatile compared to the 

steady-state. The experimental results show that the displacement monitored in the 

vitreous did not exceed 6.5o in the transient state and 4.2o in the steady-state. On 

the other hand, some points such as the point at 8.9 mm from the centre had no 

transient-state, while the maximum displacement in the steady-state was 10o.  
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Figure 4.16: Dynamic behaviour at a point at a distance of 3.8 mm from the centre of rotation in a 

typical test under 10o maximum rotations. Part (a) depicts the transient-state behaviour, (b) 

depicts the steady-state behaviour, and (c) depicts the transient and steady states combined 

Figure 4.17 shows the rotations recorded at three monitoring points at distances 5.9, 

6.4, and 7.1 mm from the centre of rotation in three typical specimens tested under 

15o maximum displacement. The rotations are compared to the applied whole eye 

rotations (red graph in Figure 4.17). In the first test, the monitoring point reached its 

maximum displacement in the seventh rotation cycle and reached a steady-state 

behaviour from the eighth cycle. On the other hand, in the second test, the point 

reached its maximum displacement in the first cycle and reached a steady-state 

behaviour from the second cycle. Finally, at 7.1 mm from the centre of rotation, the 

maximum rotation was reached at the first cycle; the steady-state behaviour was 

achieved after the eighth cycle.  
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Figure 4.17: Experimental angular displacement at points with distances of (a) 5.9 mm (b) 6.4 mm 

and (c) 7.1 mm from the centre of rotation in typical tests involving 15o rotation 

Figure 4.18 shows the transient state for the point at 6.4 mm from the centre of 

rotation with a maximum displacement of 15o. It can be noticed that the transient 

state only lasted for two cycles, followed by the steady-state behaviour, Figure 4.18b.  

The steady-state behaviour was more stable compared to the transient state.  The 

experimental results show that the displacement monitored in the vitreous did not 

exceed 5.9o in the transient state and in the steady-state.  
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Figure 4.18: Dynamic behaviour at a point at a distance of 6.4 mm from the centre of rotation in a 

typical test under 15o maximum rotations. Part (a) depicts the transient-state behaviour, (b) 

depicts the steady-state behaviour, and (c) depicts the transient and steady states 

4.3.4 Material parameter estimations 

Inverse analysis was performed to derive a constitutive model for the vitreous in each 

eye tested that provided the best possible match (lowest RMS) with the results 

obtained experimentally. After using the inverse analysis to estimate values of the 

material parameters G∞, Go and τ, the exercise was repeated two more times for a 

randomly selected specimen to test the uniqueness of the material parameter 

estimations. The analysis was repeated twice while changing the initial values of the 

three parameters; once with double the initial values and once with half the initial 

values. The results showed that values of the three parameters changed within 2.8, 

1.9 and 2.9% with changes in the initial values. 

A typical subset of the results is presented in Figure 4.19, Figure 4.20, and Figure 4.21 

for the specimens with maximum rotations of 5o, 10o, and 15o, respectively. For all 

specimens, the corresponding material parameters are: 

𝐺𝑜 = 2.10 ± 0.15 𝑃𝑎, 𝐺∞ = 0.5 ± 0.04 𝑃𝑎, 𝛽 = 1.2 ± 0.09 𝑠−1 
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Figure 4.19 illustrates the experimental data versus the three points' numerical 

angular displacements at 5.4, 5.9, and 6.1 mm from the centre of rotation with 

maximum eye rotation of 5o. Comparing the mean curves for the three different 

specimens, the variation in displacement was small and has been accurately 

presented the most at the two points (5.4 and the 5.9 mm) closest to the centre of 

rotation. However, the variation in displacement was more considerable, and hence 

less accurately represented, at the 6.1 mm point, which led to the overall error in 

matching the displacement obtained experimentally.   

 

Figure 4.19: Experimental and numerical displacements at points at (a) 5.4, (b) 5.9, and (c) 6.1 mm 

in tests with maximum eye rotation of 5o 

On the other hand, for the tests with maximum eye rotation of 10o, a typical subset 

of results is presented in Figure 4.20 for three specimens. Comparing the 

displacements for the three points, the point at 3.8 mm from the centre of rotation 

led to the largest variation in the displacement and highest RMS error. However, the 

two remaining points (3.1 and 8.9 mm) achieved better RMS error, due to the small 

variation in the displacement between the numerical and the experimental results.  
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Figure 4.20: Experimental and numerical displacements at points at (a) 3.1, (b) 3.8, and (c) 8.9 mm 

in tests with maximum eye rotation of 10o 

In the maximum eye rotation of 15o (Figure 4.21), the numerical displacement for the 

two points at 5.9 and 7.1 mm from the centre of rotation achieved larger error than 

the 6.4 mm point. Comparing the variation in displacement between the numerical 

and the experimental results, the second eye specimen achieved smaller error and 

more accurate representation. The instability in the other two points was due to the 

high rotational speed, which led to the distortion of some elements.   

Inverse analysis was used to derive a constitutive model for the vitreous in each eye 

tested that provided the best possible match (lowest RMS) with the experimentally 

obtained displacement results. For all specimens, the corresponding material 

parameters are listed in Table 4-2.  
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Figure 4.21: Experimental and numerical displacements at points at (a) 5.9, (b) 6.4, and (c) 7.1 mm 

in tests with maximum eye rotation of 15o 

Table 4-2 Vitreous parameters as found numerically in the current study and in the literature 

 Material Parameters Vitreous 

remained 

in eye 

Current study           𝐺𝑜 = 2.10 ± 0.15 𝑃𝑎, 𝐺∞ = 0.5 ± 0.04 𝑃𝑎,

𝛽 = 1.2 ± 0.09 𝑠−1 

Yes 

Rossi et al., 2011 

[5] 

𝐺𝑜 = 10 𝑃𝑎,                   𝐺∞ = 2 𝑃𝑎,       

  𝛽 = 0.01 𝑠−1                  

Yes  

Liu et a.l, 2013 [2] 𝐺𝑜 = 10 𝑃𝑎,                    𝐺∞ = 0.3 𝑃𝑎,      

  𝛽 = 14.26 𝑠−1              

No 

Zimberlin et al., 

2010 [4] 

 𝐸 = 660  𝑃𝑎 Yes 

Zimberlin et al., 

2010 [4] 

𝐸 = 120  𝑃𝑎 No 

𝑬 is the Elastic modulus; 𝑮𝒐 Initial shear modulus;   𝑮∞ long-term shear modulus; 𝜷 viscoelastic 

decay constant 
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These values are compared with the results of earlier studies in Figure 4.22. While 

the values of G and  were intermediate between those reported by Rossi et al.  and 

Liu et al, the value of Go was below these of the two earlier studies [2, 5]. On the 

other hand, another earlier study by Zimberlin et al. [4] ignored the viscoelasticity of 

the vitreous and reported elastic modulus values. A further assessment of the 

material properties listed in Table 4-2 is presented in Figure 4.22 where a comparison 

is held between the numerically-predicted displacements at points at a distance of 

5.4, 3.8, and 6.4 mm from the centre of rotation, for the 5o, 10o, and 15o eye 

rotations, respectively. 

 

Figure 4.22 Experimental measurements and numerical predictions of displacements of points at 

(a) 5.4, (b) 3.8, and (c) 6.4 mm distance from the centre of rotation in tests with maximum eye 

rotation of (a) 5o, (b) 10o, and (c) 15o. Also presented are the numerical predictions of 

displacements based on the material properties reported in earlier studies 
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4.4 Discussion 

The vitreous body has immense importance regarding the embryogenesis of the eye, 

the maintenance of its homeostasis, and its manifold interactions with neighbouring 

structures [169]. Deterioration in the vitreous properties can cause various diseases 

such as the vitreoretinal interface disease, retinal detachment and posterior vitreous 

detachment [255]. In this study, the vitreous properties were measured 

experimentally while keeping and testing the vitreous in close to its natural 

physiological conditions. Eye specimens were subjected to dynamic conditions 

simulating saccadic movements, and a numerical inverse analysis was used to 

estimate the biomechanical properties of the vitreous. 

A significant advantage of the experimental method is that it allowed evaluation of 

the vitreous properties while keeping the tissue in its natural location, in the 

posterior chamber, thus avoiding the disturbance that could be caused by extraction. 

The specimens were also subjected to dynamic rotations simulating the vitreous 

main loading during eye movement.  

Earlier experimental studies have tended to remove the vitreous from the posterior 

chamber before testing it mechanically – a process that may lead to changes in the 

mechanical properties. To test this assumption, Zimberlin et al. measured the 

vitreous mechanical properties in its native state and upon removal from the eye [4]. 

The resulting estimations of the vitreous elasticity modulus were very different: 660 

Pa and 120 Pa in the former and latter cases. 

In the same study, Zimberlin et al. adopted a cavitation rheology technique, in which 

a syringe needle was inserted into the posterior chamber to induce elastic instability 

via slow pressurisation [4]. The pressure at which the instability occurred was then 

related to the mechanical properties of the vitreous. However, the study assumed 

linear elastic vitreous behaviour and ignored the tissue's viscoelastic characteristics 

and, a result, its outcome could not be directly compared to the present study. 

Nevertheless, an indirect comparison could be held while using Zimberlin’s elastic 
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modulus in our numerical modelling of the test conditions, which resulted in slightly 

softer behaviour than that measured experimentally. 

In another study by Liu et al. [2], the vitreous mechanical properties were obtained 

from an inverse analysis performed on experimental data. The experimental data 

were obtained from a rheology test, carried out by Lee et al. [176], using a magnetic 

microrheometer to study small volumes of vitreous samples after extraction from the 

eye. The viscoelastic model suggested by Liu led to larger predicted displacement – 

or smaller stiffness – than the experimental results of the present study, especially in 

the 5o and 10o rotational tests. While the long-term modulus, 𝐺∞, reported by Liu 

was close to the value predicted in the present study, the initial shear modulus, 𝐺𝑜, 

and the decay constant, 𝛽, were larger than the values estimated herein due to the 

vitreous extraction carried out in Liu’s study.  Moreover, the variation in results is 

may be due to Lee et al. conducting the experiments up to 36 hours following 

extraction after death. 

On the other hand, Rossi et al. [5] determined the vitreous material parameters using 

multi-objective optimisation performed on the test data of eye impact experiments 

carried out by Delori et al. [118]. The numerical simulation of Rossi et al. replicated 

the dynamic pressure subjected by a BB pellet on the eye. The parameters led to 

larger displacements than those measured in the current study. The initial shear 

modulus, the long-term modulus, and the decay constant reported by Rossi were 

more than four times larger than the values obtained in this study. The reason behind 

this large difference could be that the eye was simulated by Rossi et al. to freely move 

backwards, neglecting the effect of the ballistic gel used by Delori et al. Also, it is may 

be due to Delori conducting the test only 4 hours after the animal’s death without 

the need to freeze the eye.  

The use of porcine eyes is a limitation of the present study; however, earlier studies 

have shown that porcine vitreous had similar behaviour to that of human tissue [177, 

247], also earlier studies have shown that porcine corneal and scleral tissue had 

similar behaviour to that of human tissue [256]. The difficulty in getting human eyes 
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in sufficient numbers had made it necessary to rely instead on porcine models. Future 

work will be needed to verify the applicability of the findings of this research to 

human tissue.  

Furthermore, although the specimens were tested within 48 hours post-mortem, 

they may have experienced changes in their mechanical properties from their original 

state, which could have affected the vitreous deformation. A further limitation was 

the need to freeze the tissue before testing, which was necessary for specimen 

preparation. Bray [257] studied the effect of freezing on post-mortem vitreous and 

concluded that except for the potassium and magnesium, all other solutes were 

unaffected by freezing. Earlier studies indicated that the potassium level normally 

increases after death [258]. A recent study has also found that corneal and scleral 

tissue experienced negligible changes in mechanical behaviour upon freezing and 

thawing [259]. Still, there was no evidence that the same effect applied to the 

vitreous.  

Moreover, the vitreous parameters were estimated by tracing the displacement of 

points at different radii from the posterior chamber's centre. Lee et al. [176] 

indicated a significant difference in the vitreous regions' rheological properties 

(anterior, central, posterior). However, Zimberlin et al. [4], Liu et al. [2] and Rossi et 

al. [5] neglected the effect of vitreous heterogeneity when modelling the vitreous. 

Therefore, future work will be needed to specify whether the three regions differ 

from each other. 

In conclusion, the study has investigated the viscoelasticity of the vitreous humour 

experimentally to determine its initial and long-term shear moduli. The emphasis has 

been on testing and loading the vitreous in close to the natural physiologic 

conditions, and hence removing some of the possible sources of errors introduced in 

earlier research. The study produced estimations of the initial shear modulus and 

long-term shear modulus that were respectively smaller and larger than reported 

values.  
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5.  Discussion and conclusion  

5.1 Overview of study 

This study aimed to investigate the effect of the vitreous shape and volume on retinal 

detachment initiation. A finite element model of the ocular globe was built from 

scratch to include all eye components. The model consists of the outer layer, 

aqueous, lens, retina, choroid, vitreous and the liquified vitreous. The geometry of 

the outer layer adopted in the study was built to be an idealised model. A meshing 

algorithm was developed to easily modify and mesh any irregular geometry of the 

eye globe. Bespoke software was created from scratch for the task of producing 

characteristic models. The software was written using MATLAB. A GUI was built to 

allow the program's use without the necessity to understand or run the underlining 

code. The Retina Detachment Generator (RDG) software allows the user to control 

the shapes of the lens, vitreous-gel, liquified-vitreous, and retina. The user could load 

an idealised model of the ocular globe or a patient-specific model. The bespoke 

software allows the user to choose the element type and mesh density before 

generating the model.  

Four parametric studies were carried out to investigate the effect of the vitreous 

volume and detachment size on retinal detachment. The first parametric study 

investigated the traction produced due to the vitreous volume change while keeping 

the vitreous detachment size constant. On the other hand, the second parametric 

study, explored the traction applied by the vitreous on the retina, while keeping the 

vitreous volume consistent and changing the vitreous detachment size. The third and 

fourth parametric studies were a replicate of the first and second studies, 

respectively; however, they focused on the location where the RD occurs as well as 

retinal detachment progression. The traction produced by the vitreous and retinal 

detachment progression were investigated due to saccades and head movements. 

As most saccades don’t exceed 15o, the models were subjected to a saccadic 
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movement of 10o to study the vitreous tractional. An equivalent rectilinear 

movement of 2 mm transition was used to simulate head movement. Three different 

rotation angles (5o,10o,15o) were applied to the models in parametric studies three 

and four.  

The liquified vitreous was modelled using the FLUID CAVITY option provided by 

ABAQUS and using the continuum elements modelled to be softer than the vitreous 

gel. A comparison between the two methods was carried out.  

The results showed that the traction produced due to the vitreous motion doesn’t 

massively change with the change in vitreous volume. The head movement produced 

higher traction on the retina compared to saccades eye movement. The traction due 

to head movement was up to 39 Pa, which is almost 5 times the traction due to 

saccades eye movement. Despite difficulties in modelling the liquified vitreous using 

continuum elements, the models simulated by FLUID CAVITY and those with 

continuum elements showed similar values but different behaviour.  

The model used the most recent and most accurate material parameters. Its initial 

results show that the primary factor in the progression of retinal detachment is the 

head movement. This suggests that this modelling method is useful in understanding 

the retinal detachment progression. 

Another study was carried out to estimate the porcine vitreous material properties 

while testing it in close to its natural physiologic conditions. 

Eighteen porcine eyes were tested within 48h post-mortem. A custom-built 

computer-controlled test rig was designed to support, load, and monitor eye globe 

behaviour while being subjected to dynamic rotation cycles mimicking saccadic eye 

movement. Specimens were glued to the base of a container, surrounded by 

gelatine, frozen, and cut in half to expose the vitreous. After thawing, the container 

was subjected to concentric dynamic rotations of up to 5°, 10°, or 15°, while taking 

50-megapixel (MP) photos of the specimen every 2 ms. The images were analysed by 

a digital image correlation algorithm to trace the movement of marked points on the 
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vitreous surface with different radii from the centre of the posterior chamber. The 

initial camera image was used in building a finite element model of the test set up, 

which was used in an inverse analysis exercise to estimate the material properties of 

the vitreous. 

Angular displacements of the monitored points were up to 3.3°, 4.1°, and 3.9° in 

response to eye rotations of 5°, 10°, and 15°, respectively. With the experimental 

relationships between eye rotation and angular displacements used as target 

behaviour, the inverse analysis exercise estimated the initial shear modulus, the long-

term shear modulus and the viscoelastic decay constant of the porcine vitreous as 

2.100.15 Pa, 0.500.04 Pa and 1.20 0.09 s-1, respectively. 

Consideration of the viscoelasticity of the vitreous was essential to represent its 

experimental behaviour. Testing the vitreous in close to its normal physiologic 

conditions produced estimations of the initial shear modulus and long-term shear 

modulus that were respectively smaller and larger than reported values [2, 4, 5].  

5.2 Overall discussion 

In the most basic anatomical terms, the ocular globe is divided into three sections: 

the posterior and interior chambers, and the vitreous chamber. The vitreous 

chamber is located at the back of the ocular globe and is the largest of all three 

chambers, taking up to 80% of the eye volume. The vitreous gel fills the space 

between the retina and the lens; it consists of 99% water, and the rest is a mixture 

of collagen, salts, proteins, and sugars. The vitreous plays a vital role in protecting 

the eye [82, 83]. It helps in holding its spherical shape, and the vitreous pressure 

helps to keep the retina in its place.  

Due to ageing, the rheology and structure of the vitreous changes include 

condensation and shortening of the collagen fibres. This process leads to shrinkage 

of the vitreous body. This can result in PVD, in which the vitreous body is divided into 

two sections: vitreous gel and liquified vitreous. Eye rotation creates traction forces 
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on the retina, which could cause a retinal break or tear. When the liquified vitreous 

enters the area between the retina and the choroid, the retina starts to detach 

through the tear. This is called retinal detachment.   

Several attempts have been made to describe the composition, structure, and 

material properties of the vitreous [4, 89, 92, 93, 115, 176, 244]. While these efforts 

shed much light on vitreous behaviour, some methods subjected the tissue to non-

physiologic conditions and, thus, led to a wide variation in the parameters reported 

in the literature. Moreover, contradictions between the studies mentioned above 

propose that there are still gaps in the knowledge. 

Saccadic eye movement has been modelled in several studies [153, 245, 246]. A 

saccade is a quick, simultaneous movement of the eyes between two phases of 

fixation. Only David et al. [46] studied the vitreous behaviour due to eye movement. 

They compared between a numerical and analytical model of the vitreous, however, 

no parameters were determined. 

In this study, the vitreous properties were measured experimentally while keeping 

and testing the vitreous in close to its natural physiological conditions. This study 

used porcine eyes to build the methodology to determine the viscoelasticity of the 

vitreous. Eye specimens were subjected to dynamic conditions simulating saccade 

movements, and a numerical inverse analysis was carried out to estimate the 

biomechanical parameters of the vitreous. 

The current technique overcomes the deficiencies in the data resulting from the 

limitation of extracting the vitreous from its original location. The inverse analysis 

results were compared to values reported in the literature [2, 4, 5]. When the 

vitreous was modelled to have elastic behaviour as assumed by Zimberlin et al. [4], it 

led to softer response compared to the present study. In another study by Liu et al. 

[2], the vitreous properties were determined after conducting an inverse analysis on 

experimental data obtained from a rheology test carried out by Lee et al. [176]. The 

results of Liu et al. led to larger predicted displacement compared to the 

experimental results of this study. The variation in the results may be due to the 
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vitreous extraction carried out by Lee et al., or/and conducting their experiment up 

to 36 hours after death. 

Meanwhile, when the current study was compared to a model using the vitreous 

parameters obtained by Rossi et al. [5], they led to larger displacements than those 

measured in the current study. Rossi et al. determined their vitreous parameters 

using a multi-objective optimisation on an eye impact experiment conducted by 

Delori et al. [118]. Two reasons may be contributing to the variation in the results 

between Rossi’s parameters and this study's experimental results. The first one may 

be due to Rossi ignoring the effect of the ballistic gel used by Delori to hold the eye. 

The second reason may be due to that Delori et al. didn’t need to freeze the eye, and 

their tests were conducted within 4 hours after death.   

The inverse analysis results are expected to form part of a wider data set if, and when, 

human ocular globes become accessible for testing. The limitation of human eyes 

accessibility limited this area of study. Future work will be needed to verify the 

applicability of the findings on human tissues and to study the changes that occur in 

the vitreous due to ageing. Several studies reported a significant difference in the 

properties of the vitreous regions [116, 176]. For simplicity, the present study 

neglected the effect of vitreous heterogeneity by taking an average value to describe 

the vitreous parameters. Also, the fact that the tests were carried out after 48 hours 

post-mortem could have affected the vitreous gel's mechanical properties, which led 

to different deformation. Finally, for specimen preparation, the porcine eyes were 

placed in the freezer prior to the experiment, which could have led to changes in the 

vitreous mechanical behaviour. However, Bray [257] studied the effect of freezing on 

post-mortem vitreous and concluded that except for the potassium and magnesium, 

all other solutes were unaffected by freezing. Earlier studies also indicated that the 

potassium level normally increases after death [258]. 

In addition to the experimental evaluation of vitreous behaviour, this present study 

aimed to further understand the effect of saccadic and head eye movements on 

retinal detachment progression. This was addressed by developing an idealized 
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numerical model of the ocular globe. These 3D models included components such as 

the aqueous, lens, choroid, retina, and vitreous (gel and liquid). The effect of the 

vitreous detachment size and the volume of the vitreous due to the eye movement 

was investigated.  

Results provide a feasible idea of the vitreous dynamics. Vitreous oscillations are 

observed to take place at least one time after saccadic and head movements. This 

agrees with the in vivo observations of Walton et al. [240] who reported the 

existence of at least one vitreous oscillation after saccades, before the eye comes to 

rest.  Also, Repetto et al. [1] confirms that using a 2D model of the ocular globe to 

study the traction exerted by the detached vitreous on the retina.  Moreover, in all 

the numerical simulations for both head and saccadic movements, it was observed 

that the traction stress is concentrated close to the vitreous attachment point. This 

agrees with the observations of Repetto et al., who reported for their 2D model that 

the concentration of the maximum traction on the retina varies with the vitreous 

attachment point. Three different eye rotations (5o, 10o, 15o) were applied to study 

the dependence of the maximum traction on the amplitude of the saccadic rotation. 

It was also observed that the retinal traction depends on the amplitude of the 

saccadic and head rotation. It appears that the traction increases with the amplitude 

of the rotation. This is in agreement with the observations of Repetto et al. [1]. 

In a study carried out by Vroon et al. [153], they group measured the peak traction 

produced on the retina by the vitreous to be within the range of 30-35 Pa due to head 

and saccadic movements.  These values are ten times lower than the values 

measured experimentally, which was 340 Pa [2]. However, the simplifications 

adopted in Vroon et al.’s model led to a lack of damping in the vitreous when 

comparing to the ultrasound scans. In this present study, the retina's peak traction 

loads due to saccadic eye movements range between 4-7 Pa, which is a factor of 

hundred times lower than the adhesion force of the retina. Since the eye movements 

rarely exceed 15o [195], and the 10o rotation used in this study is larger than 95% of 
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all saccades [196], it is unlikely that the traction caused by most of the saccadic eye 

movements will overcome retinal adhesion.  

The head movement defined in the present study is set at 2 mm, covered over the 

same time span as the saccadic movements. This movement is smaller than those 

created by jogging, yet more extensive than those experienced by walking [189]. It is 

similar to the movement caused by sitting down [192].  In this present study, the 

retina's peak traction loads due to head movements range between 23-29 Pa, which 

is a factor of ten times lower than the adhesion force of the retina. Moreover, these 

values are seven times larger than those created by saccadic eye movements.   

The dependency of the model on specific parameters such as the vitreous volume 

was investigated by allowing the retina to separate from the choroid. Eight models 

with a vitreous volume ranging from 72.5% to 90% were created to determine the 

size of the retinal detachment produced by each. An average retinal adhesion 

traction of 3 Pa was defined in all models to allow the retina to detach from the 

choroid. In this study, the percentage of retinal detachment ranges between 2-4% 

for the 5o rotation, 6.5-8% for the 10o rotation and 8.5-16% for the 15o rotation, when 

both continuum elements and FLUID CAVITY option were used to simulate the 

liquified vitreous. On the other hand, when head movement was applied, the 

detachment ranges between 43-48%. This study explains the consequences of the 

traction load produced due to the head and saccadic movement mentioned earlier. 

Moreover, especially during saccadic movement, the difference in results between 

the eight models was small, suggesting that the vitreous volume is not the main 

factor leading to retinal detachment. This is in agreement with the observations of 

Repetto et al. [1], who reported that the maximum traction on the retina remained 

almost unchanged for all volumes of the vitreous.  

On the other hand, the model's dependency on the size of vitreous detachment was 

investigated. Six models with constant volume and different vitreous detachment 

size were created. The detachment size of the vitreous ranges from straight below 

the vitreous base to 15o below the equator of the eye. The same retinal adhesion 
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load of 3 Pa was defined. For saccadic eye movements, the retina's detachment 

ranges between 0 and 2.2% for the 5o rotation, 0 and 9.9% for the 10o rotation, and 

4 and 11% for the 15o rotation, when both continuum elements and FLUID CAVITY 

option were used to simulate the liquified vitreous. On the other hand, when the 

head movement was applied, the detachment ranges between 41 and 51%. This 

study suggests a directly proportional relationship between the detachment of the 

vitreous and the detachment of the retina. These results suggest that the vitreous 

detachment size vehemently affects the progression of retinal detachment. These 

results agree with the results achieved by Repetto et al. [1], who suggest that the 

maximum traction experiences a slight increase at the vitreous attachment point 

when the size of the detachment increases. 

Comparing the numerical model to ultrasound scans was very beneficial. This 

provided an excellent qualitative comparison between the real vitreous and the 

modelled vitreous. The results showed that, after the vitreous gained momentum, 

especially in the fourth and fifth rotation, the two vitreous bodies (real and model) 

behaved correspondingly. The lack of damping achieved by Vroon et al. [153] when 

comparing their model to ultrasound scans was overcome in this study due to the 

use of the correct material properties of the vitreous and the eye components as the 

lens.  

Modelling the liquified vitreous using two methods, FLUID CAVITY and continuum 

elements, provided a preliminary investigation of the fluid-structure interaction 

between the vitreous and liquified vitreous. It was clear that, at low speed, the range 

of traction forces for the head and saccades movements was very close when the 

two methods were used. However, for larger rates, the FLUID CAVITY liquified 

vitreous showed more stability in the results. In contrast, many of the continuum 

elements liquified vitreous crashed due to element distortion.  

This study's results are likely to form a better understanding of retinal detachment 

if, and when, clear ultrasound scans become accessible for validation. The limitation 

of clear ultrasound scans availability restricted this area of study. Moreover, the 
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effect of gravity was not considered in the analysis; it would be beneficial to 

investigate the impact of the gravitational load on the calculated traction. For the 

purpose of simplicity, boundary conditions were used to simulate the head and 

saccadic eye movements. Future work will be needed to consider the effect of the 

extraocular muscles and the orbit in causing the movement of the eyeball. The results 

of this study are expected to form part of a wider data set if, and when, the rheology 

and structure of the vitreous due to ageing become available. The limitation of 

changes of the vitreous parameters with ageing limited this area of study. 

5.3 Conclusions 

The project aimed to improve the understanding of effect of head and saccades 

movements on the progression of retinal detachment and to quantify effect of the 

interaction between the vitreous and its neighbouring structures. Based on the 

findings of this research, the following conclusions could be drawn: 

• The study presented an algorithm to create and mesh a complete FEM of the 

ocular globe to investigate retinal detachment pathology. The models and 

tools developed in this study are suitable for modification. The ability to easily 

model such features will be beneficial when modelling real-life retinal 

detachment scenarios and investigating eye behaviour; 

• The study produced useful results on the role of head and saccadic eye 

movements in the development of retinal detachment; it indicated that head 

movements are more likely to lead to retinal detachment progression; 

• The study investigated the effect of the vitreous volume and detachment size 

on the progression of retinal detachment; it shows that vitreous detachment 

size is directly proportional to the progression of retinal detachment; 

• Numerical simulations for different amplitudes of the saccadic motion were 

carried while fixing all other parameters; results showed that the traction on 

the retina increases with the rotation amplitude; 
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• The study has also investigated the viscoelasticity of the vitreous humour 

experimentally in order to determine its shear moduli. The study's goal has 

been in testing and loading the vitreous in close to its natural physiologic 

conditions, hence removing some of the possible sources of errors introduced 

in previous research. The research produced estimations of the initial and 

long-term shear moduli that were respectively smaller and larger than 

reported values 
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6. Appendices  

6.1 Input File 
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