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Abstract 

 

The vitreous humour is the biggest part of the eye situated behind the crystalline lens. 

Various pathogenic changes influence its biomechanics, which is why a clinical tool that would 

measure and monitor biomechanical properties of the vitreous humour would aid in detecting 

the early stages of different eye diseases. Finding such a tool is challenging since this part of 

the eye is near-transparent, highly viscous and shape variable. 

The stiffness is a biomarker often used to assess a sample biomechanical condition. 

Several modalities, such as ultrasound elastography, Magnetic Resonance Elastography or 

Optical Coherence Elastography, were developed to provide direct quantitative visualisation 

of the tissue stiffness. These imaging techniques often use mechanical piezoelectric transducer 

or focused ultrasound to induce mechanical waves and monitor their propagation to assess the 

biomechanics of a sample. Optical Coherence Elastography (OCE) is relatively new in 

comparison to other modalities. It combines high-resolution, non-contact quantitative 

measurements with clinical applicability not achievable by other methods. 

The aim of this thesis is to implement OCE for biomechanical analysis of vitreous humour. 

Due to the specific properties of the vitreous humour, three different approaches, each based 

on the generation and detection of a particular mechanical wave, were tested to quantify the 

viscoelastic properties of the vitreous humour. In the first approach, the detection of 

mechanically induced surface waves was implemented in the extracted vitreous humour. The 

second approach tested the possibility of visualising shear waves generated in the same manner 

in the intact vitreous humour. Lastly, the feasibility of employing laser-induced longitudinally 

polarised shear waves for an all-optical assessment of the intact vitreous humour was studied 

in the third approach. 

The first two approaches provided an interesting insight into OCE studies of the vitreous 

humour and helped develop new analytical tools: a model-independent analysis of viscoelastic 

parameters and a Singular-Value-Decomposition-based analysis of scattering. The feasibility 

study showed that the third approach is capable of probing the viscoelastic parameters of a 

vitreous humour phantom and, unlike the other tested approaches, can be advanced into the 

OCE-based method for viscoelastic analysis of the intact vitreous humour. 
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Introduction 

 

Every year, millions of people become partially or completely blind due to eye-related 

diseases1. Consequently, many scientists worldwide have focused on identifying ways to retard 

or halt the progression of eye diseases before eyesight is irreversibly damaged. Early detection 

of eye diseases is necessary to know when to implement adequate treatment strategies to retard 

or halt eyesight degeneration. Analysis of the biomechanics of the vitreous humour can 

potentially be used for the early detection of eye diseases. The vitreous humour is a gelatinous 

substance inside the eye, and like many tissue and organs of the human body, the biomechanics 

of the vitreous humour is affected by different diseases, for example, glaucoma or a tractional 

retinal detachment2,3. Hence, a method that enables the measurement of viscoelastic properties 

of the vitreous humour would allow for early detection of these diseases.  

Developing such a method is challenging as the vitreous humour is optically 

near-transparent and out of direct reach for most instruments (e.g. topographers, pachymeters); 

making it the least studied part of the eye4. Currently, vitreous humour viscoelastic 

properties are primarily measured in vitro, on vitreous humour extracted from the eye, using a 

rheometer2,5–7. Apart from using the traditional rheometer, other methods have also been 

trialled. J. A. Zimberlin et al.8 used cavitation rheology to obtain information about the stiffness 

of the vitreous humour. This method allows for ex vivo measurements (the vitreous humour is 

not extracted from the eye) that are less invasive than using a rheometer as only a syringe tip 

is placed within the vitreous humour as opposed to placing the extracted vitreous humour into 

a traditional rheometer. In cavitation rheology, the cavitation modulus is measured based on 

the critical pressure of cavitation, surface tension and radius of the needle. The cavitation 

modulus value is not equal to the shear modulus measured in the rheometry, but a 

proportionality constant between these two moduli can be calculated9. Since such a constant 

has not yet been proposed for the vitreous humour and the cavitation rheology does not allow 

to obtain the frequency-dependent value of the stiffness, this method cannot be used as a direct 

replacement of traditional rheology. 

J. Pokki et al.10 proposed the use of magnetic microprobes to assess vitreous humour 

biomechanics. These microprobes were injected into the vitreous humour and the movement 

of these microprobes caused by the application of magnetic force was observed with a 

microscope equipped with a camera. The displacement of the microprobes was converted to 
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compliance (inverse of stiffness). This method assessed the viscoelastic parameters of the 

vitreous humour: in vitro, ex vivo, and in vivo on rabbit eyes. J. Pokki et al.10 claimed that 

through accurate characterisation of the interaction of the intraocular surgical tools with the 

vitreous humour, this method could improve the design of these tools and optimise their 

control. However, it seems unlikely that this method could be used as a diagnostic tool as 

injecting the microprobes into the vitreous humour would most likely damage the eyesight. 

Additionally, for a robust analysis of the viscoelastic properties of the vitreous humour, the 

impact of the injected metal spheres on the vitreous humour structure would have to be 

investigated.  

In addition to rheological studies, elastography is often used to characterise the 

biomechanics of different samples as it is used to measure stiffness and monitor its 

disease-associated changes. A. Sarvazyan et al.11 was the first to identify the shear modulus as 

a tissue stiffness biomarker. In their measurements, the stiffness information contained in the 

stiffness-dependent velocity of shear waves (a type of mechanical waves) was assessed. Shear 

wave elastographic measurements of this type were first conducted using ultrasound and then 

Magnetic Resonance Imaging (MRI)12. The ultrasound technique requires contact with the 

sample using coupling gels, thus, it is most appropriate for measurements on tissue such as the 

liver. However, some relative changes of vitreous humour stiffness were observed with 

ultrasound by measuring the sample reaction to manually applied compression instead of 

observation of the shear waves. In these measurements13,14, the coupling gel was placed on the 

eyelid and the eye was pressed with the ultrasound probe. The axial displacement of the tissue, 

i.e. the strain, resulting from the applied stress provided indirect information about the vitreous 

humour stiffness. These types of measurements are almost impossible to reproduce because the 

compression is applied manually15, therefore, they are not the most optimal to assess the 

stiffness of the vitreous humour. 

MRI was used to measure shear wave velocity as an indicator of the vitreous humour 

stiffness16. In this in vivo study of mouse eyes, shear waves were excited in the vitreous humour 

by a piezoelectric transducer placed in contact with the eye. Displacements within the vitreous 

humour caused by these shear waves were observed. However, to excite the shear waves, the 

authors used a hundred times greater movement of a piezoelectric transducer (1.2kHz 

sinusoidal stimulus with the PZT maximum displacement of 220µm) than normally used in 

elastographic measurements. Most probably, such high compression has influenced the 

obtained shear modulus values since they were much higher than expected. Additionally, since 

MRI is a bulky machine that requires long imaging times and has low spatial resolution12, it is 
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unsuitable for clinical application. Using microbubbles and acoustic radiation force17, 

ultrasound velocimetry18, or dynamic rotation cycles mimicking saccade eye movement and a 

high speed camera19 were also proposed to study the mechanics of the vitreous humour. 

However, in these studies, the researchers did not extract the frequency-dependent values of 

the viscoelastic parameters. 

A technique that has shown a great deal of potential in surpassing the limitations of 

ultrasound imaging or MRI is Optical Coherence Tomography (OCT). OCT is a fast-imaging 

method with a high axial resolution allowing the detection of nanometre wave-induced 

movements. Hence, OCT has been used to measure elastographic parameters of the eye. This 

type of elastographic measurements is named Optical Coherence Elastography (OCE). Over 

the last 30 years, OCT has revolutionised ophthalmology as OCT enabled precise imaging of 

posterior and anterior segments of the human eye12,20, and opened up new possibilities in 

detecting different eye diseases and monitoring their treatment. Just as OCT revolutionised 

ophthalmology, now, OCE allows uncharted territories of elastographic measurements to be 

explored. In contrast to other methods, OCE allows for high-resolution, non-contact and 

non-invasive measurement in clinical setting12,19.  

In ophthalmological OCE studies, the cornea22,23 is the most studied part of the eye as it is 

easily accessible. OCE has been employed to differentiate stages of collagen degradation of 

the cornea24,25, determine the shear modulus of different layers of the cornea26 or recognise 

differences between edematous, normal and cross-linked cornea27. Due to the incredible 

sensitivity of OCT systems, the OCE-based corneal research has seen spectacular progress 

leading to very advanced methods, including one for extracting information about shear waves 

self-induced by a synthetic heartbeat, called passive OCE28,29. OCE was also employed for 

measurements on the retina, such as recognition of the retina layers30–32. OCE was further 

explored for application to other samples such as liver33,34 or skin35. However, until now, the 

OCE application to measure vitreous humour viscoelastic properties has not been tested.  

In their review on elastography published in 2020, J. Ormachea et al.36 described 

viscoelastic parameters measurements as one of the promising directions in elastography 

imaging for the next decade. In OCE, the viscoelastic parameters are measured by detecting 

and analysing the propagation of various mechanical waves in the investigated sample, 

including shear waves, surface waves (Rayleigh37 or Scholte38 waves) or guided Lamb waves 

propagating in this layers39. In my research, three approaches employing different 

mechanical waves are tested to find the most optimal method to implement OCE for the 

assessment of viscoelastic properties of the vitreous humour. First, the model-independent 
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method based on the Rayleigh waves will be explored. Second, the direct extraction of 

information about the shear waves will be tested. Finally, an all-optical method for remote 

excitation and detection of the longitudinal shear waves will be trialled. 

The stiffness of the sample is influenced by its elasticity and viscosity. In most OCE 

research, the viscosity is often neglected when estimating the stiffness of the sample or 

model-based methods are used to extract information about the viscosity. Hence, estimated 

viscoelastic parameters might be misleading or highly dependent on the chosen model. 

Rayleigh waves that cause displacement of the sample surface in OCE were used previously 

in a model-dependent manner to assess the viscoelastic parameters of samples such as cornea22, 

liver33,40 or skin41. The model‑dependent approach may not be entirely optimal in the case of 

vitreous humour samples. This is due to the fact that in order to apply a model, one needs to be 

sure about the sample viscoelastic character: for example, whether the sample is a viscoelastic 

liquid or a viscoelastic solid, because different models characterise different behaviours. The 

vitreous humour cannot be classified unambiguously in terms of viscoelasticity. Depending on 

the condition of the collagen network, it can behave as a gel or as a viscoelastic liquid6. Hence, 

the first approach presented in this thesis will explore using mechanically-induced Rayleigh 

waves in a model-independent manner to extract the viscoelastic properties of the in vitro 

vitreous humour. This experiment will determine if the OCE analysis equivalent to the 

rheological one enables the investigation of the vitreous humour biomechanics. Due to the 

absence of another standardised method to study the viscoelastic properties of the vitreous 

humour, the rheological oscillatory test is used as a reference for comparison to the OCE data.  

Recording shear waves propagating inside the vitreous humour can allow for the 

measurements on the intact vitreous humour. In this form of OCE measurement, the light 

backscattered not from the surface, but the inside of the sample must be recorded to observe 

the wave-induced displacement. Shear-waves-based OCE has been applied to samples such 

as porcine kidney tissue42, retina43 or choroid43. In the second OCE approach presented in this 

thesis, the direct observation of the shear waves in the ex vivo vitreous humour is tested. In this 

approach, the weak scattering of the vitreous humour has to be collected. As this scattering, 

detected with the OCE system, has a specific spatial representation, an algorithm that can 

separate spatial components of the acquired signal is explored and the vitreous humour 

scattering is analysed.  

Mechanically-induced longitudinal shear waves have been used in OCE measurements 

on agar phantoms44 and ex vivo mouse brain32. A laser pulse used to excite this type of shear 

waves would allow for measurements to be conducted remotely in an all-optical setting. The 



 

5 

 

first attempts to measure vitreous humour viscoelastic parameters with an all-optical method 

were recorded as early as 198045. In these measurements, a person observed the scattering 

patterns during the rotation of the head around an optic axis. Based on the observed angular 

displacement of these patterns, the elastic shear modulus was calculated. These measurements 

appear to be extremely subjective, yet, since then, there has been little advancement for 

all-optical measurements of the viscoelastic properties of the vitreous humour. Hence, the third 

approach presented in this thesis employs an all-optical non-contact method to detect 

laser-induced longitudinal shear waves to assess the vitreous humour biomechanics.  

 

Thesis outline 

 

In this thesis, five chapters are presented. Chapter 1 introduces basic concepts used in the 

elastographic and rheological analysis and lays the foundations for the three proposed 

approaches for vitreous humour biomechanics characterisation. The following three chapters 

report the results obtained while investigating these approaches. Each of them starts with an 

introduction relevant to the particular approach. In chapter 2, the surface wave approach and 

model‑independent analysis are described. Appendix 1 goes into greater detail about the 

limitations of extraction of mechanical wave attenuation in the model-independent analysis for 

a broadband stimulus. In chapter 3, the shear-wave-based method and the scattering analysis 

are described. Appendix 2 includes a more in-depth explanation of the wave-induced phase 

artefacts identified in chapter 3. In chapter 4, the approach based on the longitudinal shear 

waves and laser stimulus is presented. Appendix 3 provides a detailed description of the 

derivation of the equation for a three-lens system presented in chapter 4. Chapter 5 concludes 

the thesis, puts the results in a broader context within the field of elastography imaging and 

outlines the possible future improvements to the methods that would maximise their potential 

for applicability in biomedical studies.   
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CHAPTER 1:  

 

BACKGROUND 

 

This chapter provides an overview of the theoretical aspects of rheological and 

elastographic measurements. First, the fundamental parameters associated with viscoelastic 

behaviour, such as elasticity and viscosity, are defined. These terms help to characterise 

different viscoelastic behaviours using the viscoelastic mathematical models that follow. Two 

standard models are presented in detail: the Kelvin-Voigt model, describing viscoelastic solid 

behaviour, and the Maxwell model, describing viscoelastic fluid behaviour. Next, different 

standard rheological methods that allow to measure viscoelastic properties of a sample are 

discussed. The oscillatory test, as one of these methods, is described in the greatest detail. Later, 

an alternative to that method, transient elastography, is presented. This section is followed by 

a description of the advantages and disadvantages of the different excitation and detection 

methods used in transient elastography. Then, Optical Coherence Elastography, as a 

non-invasive method that uses Optical Coherence Tomography as detection, is introduced. 

Subsequently, the principles of operation and limitations of Optical Coherence Tomography 

systems are presented. Finally, the viscoelastic and optical parameters of the material that is 

the focus of this research, the vitreous humour, are described.  

 

1.1 Viscoelastic behaviour expressed with mathematical models 

 

Hooke first defined elastic deformation to describe the behaviour of a purely elastic solid, 

and Newton defined viscous flow to describe the behaviour of a purely viscous liquid. For 

many years these two concepts satisfied the scientific community. However, at some point, it 

was discovered that most materials have a more complex representation as they express some 

characteristics of both elastic deformation and viscous flow46. These types of materials were 

named viscoelastic.  

For viscoelastic samples, the elasticity is described by Hooke's law and viscosity by 

Newton's law. Whether the sample is more viscous or elastic will depend on its molecular 

structure, chemical bonds, or physical/chemical interactions.  
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Hooke (1678): "as the extension, so the force"47 

 

In describing elastic behaviour, Hooke's law states that, assuming infinitesimal strains and 

stresses48, applied stress to the material causes instant deformation. After removing the stress, 

the material instantly returns to its original state. This behaviour, represented by a single spring, 

is called a complete elastic recovery and can be expressed by: 

 

 𝜇(𝑡) =
𝜏(𝑡)

𝛾(𝑡)
 , (1)  

 

where 𝜇 is the elasticity, 𝜏 is shear stress applied to a sample, 𝛾 is the resulting strain, and t is 

time. For a sample, this means that when the molecules within the sample are set in motion, 

the energy required for this motion is conserved in the form of elastic deformation.  

 

Newton 1687, Book 2, Sect. IX: "The resistance arising from the want of lubricity in the parts 

of a fluid is, other factors being equal, proportional to the velocity with which the parts of the 

fluid are separated from each other"47 

 

The viscous behaviour of a fluid expressed by Newton's law states that after stress is 

applied, the fluid is set in motion and the different layers of that fluid will move with different 

velocities. The resulting velocity gradient is proportional to the applied stress by the viscosity 

of this fluid. That behaviour is represented by a single viscous damper, such as a dashpot which 

uses viscous friction to slow down the movement. With this concept, the viscosity is expressed 

by: 

 

 𝜂(𝑡) = 
𝜏(𝑡)

�̇�(𝑡)
, (2) 

 

where 𝜂 is viscosity of the material and �̇� is the change of the shearing deformation with time 

(
𝛿𝛾

𝛿𝑡
), also called the shear rate. Generally, the bigger the molecules and particles in the 

substance, the higher its viscosity49. This is caused by the internal friction that acts between the 

molecules of a viscous liquid when set in motion. The faster the movement of the fluid, the 
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more resistance and attenuation to that motion there is. Thus, during the rearrangement of the 

molecules within the sample, some of the energy will dissipate 46.  

Different models were created to describe the behaviours of viscoelastic materials. These 

models represent viscous behaviour with a dashpot and elastic behaviour with a spring, as 

defined in Eq. (1) and Eq. (2). To express complex behaviour, these two elements are modelled 

to be set in series or parallel, as in electric circuits. One of the standard viscoelastic models is 

the Kelvin-Voigt model consisting of a viscous damper and elastic spring in a parallel 

arrangement (Figure 1.1-1a). In this configuration, each time there is stress applied to the 

sample, the elasticity of the spring will determine the initial deformation of the sample and its 

return to its original state, while the damper will slow down these processes. This model 

represents viscoelastic deformation behaviour50 that is typical of a viscoelastic solid. The 

Kelvin-Voigt model considers the time that molecules take to rearrange, so in this model the 

reaction of the material is not immediate, but it takes some time for it to recover to mechanical 

equilibrium. This behaviour can be visualised with a constant stress recovery curve which 

shows how strain changes with time after an applied constant stress (Figure 1.1-1c). In this 

model, the total shear stress of the sample (𝜏) will be the sum of the shear stress of the spring 

(𝜏𝐸) and the shear stress of the dashpot (𝜏𝑉)46:  

 

 𝜏 = 𝜏𝐸 + 𝜏𝑉 , (3) 

 

which, based on Eq. (1) and Eq. (2), can be presented as46:  

 

 𝜏 = 𝜇𝛾 + 𝜂�̇� . (4) 

 

To obtain the information about the time-dependent behaviour under applied stress presented 

in Figure 1.1-1c, Eq. (4) is expressed as51: 

 

 𝛾(𝑡) =
𝜏0

μ
[1 − exp (−

𝑡

𝑇
)] , (5) 

 

where 𝜏0 is the initial stress amplitude and T is the relaxation time equal to 
𝜂

𝜇
, in which the 

sample returns to its equilibrium state.  
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Figure 1.1-1. A schematic representing basic mechanical models (a, b) and the change of the strain in 

these models with applied stress (constant stress recovery curves) (c, d): the Kelvin-Voigt model 

expressed with a spring and a dashpot in parallel (a, c), the Maxwell model expressed with a spring 

and a dashpot in series (b, d), where μ corresponds to the elasticity, η corresponds to the viscosity, x is 

the time when the applied stress was removed, 𝛾 is the shear strain and t is time. 

Another standard model is the Maxwell model, where the viscous damper and elastic 

spring are set in series (Figure 1.1-1 b). This model represents viscoelastic flow behaviour50 

which is typical of a viscoelastic fluid. In this model, the sample does not come back to its 

previous state as it has just partial elastic recovery because the viscous damper is not 

compensated by an elastic spring. This behaviour can be visualised with a constant stress 

recovery curve presented in Figure 1.1-1d. In contrast to the previous model, in this model, 

shear strains are summed; the total shear strain (𝛾) is a sum of the shear strain of the spring 

(𝛾𝐸) and the dashpot (𝛾𝑉) 46: 

 

 𝛾 = 𝛾𝐸 + 𝛾𝑉 , (6) 

 

which also can be presented using the shear rate46: 

 

 �̇� = �̇�𝐸 + �̇�𝑉 , (7) 

 

where �̇�𝐸 is the shear rate of the spring and �̇�𝑉 is the shear rate of the dashpot. Based on Eq. (1) 

and Eq. (2), this can be written as46:  

 

 

c. 

d. 
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 �̇� =
𝛿𝜏

𝛿𝑡

𝜇
+

𝜏

𝜂
 , (8) 

 

which after rearrangement gives46,50: 

 

 𝜏 = 𝜂�̇� −
𝜂

𝜇

𝛿𝜏

𝛿𝑡
 . (9) 

 

To obtain the information about the time-dependent behaviour under applied stress presented 

in Figure 1.1-1d, Eq. (9) is expressed as50: 

 

 𝛾(𝑡) = 𝛾0 exp (−
𝑡

𝑇
) , (10) 

 

where 𝛾0 is the initial strain amplitude. 

More complicated samples for which the standard models cannot reflect their behaviour 

can often be described as combinations of Maxwell or Kelvin-Voigt models with different 

relaxation times, so different times in which different parts of the sample return to their 

equilibrium state when stress is removed. These models are named generalised models46,50 or 

multiple relaxation models52. In these models, there is a distribution of the relaxation times, 

often called the relaxation time spectrum46.  

Additionally, some liquid-like viscoelastic samples can express a non-linear relationship 

between the shear stress and shear rate that increases or decreases with the rate of the applied 

stress or its frequency. These types of samples are called non-Newtonian. The two, main 

non-Newtonian behaviours are shear thickening, where the viscosity of the sample grows with 

the frequency of the strain, and shear thinning, where the viscosity decreases with the frequency 

of the strain. The Power Law model is the simplest representation of shear-thinning behaviour, 

but often it can be fitted only in a limited frequency range53. The Carreau model is often used 

when there are high deviations between the Power Law model and the experimental values for 

high and low frequencies53. This model has two additional plateau values at frequencies of 0 

and infinity.  
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1.2 Rheology 

 

The area of science that studies soft matter deformation behaviour under applied stress is 

called rheology. There are many types of measurements that are performed in rheology, 

including creep-and-recovery testing, stress relaxation testing and oscillatory testing. 

Viscoelastic behaviour is most often studied by exposing the sample to sinusoidal deformation 

achieved in oscillatory testing with a rotational rheometer. Therefore, this method will be 

described in the greatest detail and the remaining two will be only briefly outlined.  

The creep-and-recovery tests are done by applying constant stress to the sample and 

measuring the strain response. After removing the load, the strain is observed during the 

recovery of the sample. Obtained creep and recovery profiles can be matched with existing 

viscoelastic models as in Figure 1.1-1 c, d or help to create other models for the sample. These 

profiles can also provide more information about the point of failure of the structure of the 

tested material. This method is mainly used for solid-like materials. When the applied stress 

overcomes the molecular forces in a solid, then that solid starts to flow and can be sometimes 

described as a purely viscous liquid. The point at which the properties of the sample change 

completely and the sample starts to flow is called the yield point. At this point, the network 

created by the forces between the particles is broken and the sample becomes fluid. After that, 

structural regeneration may occur, and the sample can regain its previous solid-state properties. 

The creep and recovery test can also be performed by putting small metal particles into a sample 

and acting on them with a magnetic force. In these measurements, the movement of the 

particles due to the magnetic force is observed54.  

The stress relaxation test may be understood as complementary to the creep-and-relaxation 

test. In the stress relaxation test, constant strain is applied to a sample and the decay of the 

stress generated in the structure by forcing it to strain is measured.  

The oscillatory test allows to observe the sample behaviour under the oscillatory stress. 

This method, called also small amplitude oscillatory shear test, allows to measure linear 

viscoelastic behaviours using a rheometer. In this test, the sample is placed between two 

parallel plates where the upper plate oscillates around the equilibrium position of the sample 

in a continuous cycle. There are two types of oscillatory test with amplitude or frequency 

sweep. In these tests, the maximum applied amplitude of the oscillations corresponds to strain, 

for the amplitude sweep, and to stress, for the frequency sweep55. In the amplitude sweep, the 

amplitude is varied, and the frequency is constant. In the frequency sweep, the frequencies of 

these oscillations vary, and the amplitude is constant. The frequencies used in these tests are 
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usually very low, under 100Hz. In these measurements, two sinusoidal signals with a phase 

shift between them are obtained, representing strain and stress caused by the oscillatory motion.  

For linear viscoelastic behaviour, the relationship between stress and strain is linear, and 

the oscillatory shear strain can be expressed as: 

 

 𝛾 = 𝛾0 exp(𝑖𝜔𝑡) , (11) 

 

where 𝜔 is the angular frequency of the sinusoidal motion. The oscillatory shear stress will be 

expressed as: 

 

 𝜏(𝑡) = 𝜏0 exp(𝑖(𝜔𝑡 + δ)) , (12) 

 

where δ is a phase shift of the oscillatory stress. Using Euler's equation, Eq. (12) can be 

transformed to: 

 

 𝜏(𝑡) = 𝜏0 exp(𝑖𝜔𝑡) (cos(δ) + i sin(δ)) . (13) 

  

One of the parameters measured and used to monitor viscoelastic changes in a sample is 

the complex shear modulus. Higher shear modulus means higher intermolecular cohesive 

forces in the material50, which is why the shear modulus of a sample is often used to measure 

its stiffness11/rigidity50. For a viscoelastic sample, the shear modulus will consist of both 

viscous and elastic components. The complex shear modulus can be expressed as: 

 

 𝐺∗ =
𝜏(𝑡)

𝛾(𝑡)
 , (14) 

 

where, for viscoelastic samples, both stress and strain in this equation have elastic and viscous 

components, as in previously described models.  

The complex shear modulus for the oscillatory shear stress can be written as: 

 

 𝐺∗ =
𝜏0 exp(𝑖𝜔𝑡) (cos(δ)+i sin(δ))

𝛾0 exp(𝑖𝜔𝑡)
=

𝜏0

𝛾0
cos(δ) + i

𝜏0

𝛾0
sin(δ) . (15) 
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Consequently, the viscoelastic behaviour of the sample is represented by the complex shear 

modulus50: 

 

 𝐺∗ = 𝐺′ + 𝑖𝐺′′, (16) 

 

where: 

 

 𝐺′ =
𝜏0

𝛾0
cos(δ) , (17) 

 𝐺′′ =
𝜏0

𝛾0
sin(δ) , (18) 

 

with 𝐺′ being the storage modulus and represents the stored energy, and 𝐺′′ being the shear 

loss modulus and represents the lost energy of the sample in motion. The complex shear 

modulus (𝐺∗) can be drawn as a vector in the complex plane (Figure 1.2-1). 

 

Figure 1.2-1. A diagram that illustrates the relationship between the complex shear modulus (G*), 

storage shear modulus (G') and loss shear modulus (G"), and phase angle δ being the phase shift 

between the stress and strain. 

The phase shift, also called the phase angle, is another good indicator of the viscoelastic 

properties of a material. For instance, in the oscillatory test, for an ideal viscous flow, a phase 

shift will be 90ᐤ, which means that the storage modulus will be equal to 0. For an ideal solid 

(purely elastic deformation), a 0ᐤ phase shift will be obtained, meaning that the loss modulus 

will be equal to 050. 

Using Eq. (16), the complex shear modulus can be expressed with the shear storage and 

loss moduli for both the Kelvin-Voigt model and the Maxwell model (see section 1.1). The 

complex shear modulus in the Kelvin-Voigt model is expressed as46,56,57: 

 

 𝐺∗(𝜔) = 𝜇 + 𝑖𝜔𝜂 . (19) 
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The Kelvin-Voigt model is used when the loss modulus is much smaller than the storage 

modulus and the growth of attenuation with frequency is quadratic12. These assumptions are 

predominantly correct for low frequencies 58.  

For high frequencies, the Maxwell model is often a better approximation58: 

 

 𝐺∗(𝜔) =
𝑖𝜔𝜂𝜇

𝜇+𝑖𝜔𝜂
=

𝜔2𝜂2𝜇

𝜇2+𝜔2𝜂2
+ 𝑖

𝜔𝜂𝜇2

𝜇2+𝜔2𝜂2
 , (20) 

 

where, unlike the Kelvin-Voigt model, the real and imaginary parts are both 

frequency-dependent. 

The Kelvin-Voigt and Maxwell models are approximations of the standard linear model, 

also known as the Zener model. The Kelvin-Voigt model is a low-frequency approximation 

and the Maxwell model is a high-frequency approximation of this model52,58. The complex 

shear modulus in the Zener model is expressed as58: 

 

 𝐺∗(𝜔) = 𝜇1 +
𝑖𝜔𝜂𝜇2

𝜇2+𝑖𝜔𝜂
= 𝜇1 +

𝜔2𝜂2𝜇2

𝜇22+𝜔2𝜂2
+ 𝑖

𝜔𝜂𝜇2
2

𝜇22+𝜔2𝜂2
 , (21) 

 

where 𝜇1 is the elasticity of the first spring and 𝜇2 is the elasticity of the second spring in the 

circuit representing the Zener model (Figure 1.2-2).  

 
Figure 1.2-2. A schematic representing the Zener model combining the Kelvin-Voigt and the Maxwell 

models (a) and the change of the strain in this model with applied stress (constant stress recovery 

curve) (b), where μ1 and μ2 correspond to the elasticity, η corresponds to the viscosity, x is the time 

when the applied stress was removed, 𝛾 is the shear strain and t is time. 

Although it is recommended to use more complicated models for soft samples, especially 

if they express non-Newtonian behaviour, it is often possible to obtain valuable information 

from the sample using standard models. Alternatively, it is possible to use fractional models 

which have more variables and may fit the data more precisely. For the fractional Kelvin-Voigt 

and Maxwell models, Eq. (19) and Eq. (20) need to be rewritten to account for multiple 
 

 

a. 
b. 
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relaxation processes as in the generalised models. It is achieved by changing the damper into a 

fractional derivative damper52 that represents non-linear damping. The equations for the 

complex shear modulus in the fractional Kelvin-Voigt model, fractional Maxwell model and 

fractional Zener model are expressed as52,59: 

 

 𝐺∗(𝜔, 𝛼) = 𝜇 + (𝑖𝜔𝜂)𝑎, (22) 

 

 𝐺∗(𝜔, 𝛼) =
𝜇(𝑖𝜔𝜂)𝑎

𝜇+(𝑖𝜔𝜂)𝑎
=

𝜇(𝜔𝜂)2𝑎

𝜇2+(𝜔𝜂)2𝑎
+

𝜇2(𝑖𝜔𝜂)𝑎

𝜇2+(𝜔𝜂)2𝑎
 , (23) 

 

 𝐺∗(𝜔, 𝛼) = 𝜇1 +
(𝑖𝜔𝜂)𝑎𝜇2

𝜇2𝑎+(𝑖𝜔𝜂)𝑎
= 𝜇1 +

(𝜔𝜂)2𝑎𝜇2

𝜇22𝑎+(𝜔𝜂)2𝑎
+

(𝑖𝜔𝜂)𝑎𝜇2
2

𝜇22𝛼+(𝜔𝜂)2𝑎
 , (24)  

 

respectively, where 𝑎 is a value between 0 and 1 incorporating the fractional damping to the 

models. 

Instead of the shear modulus, which represents the dependency of shear stress and shear 

strain, sometimes Young's modulus is used to express the stiffness of the sample. Young's 

modulus represents the relationship between the tensile stress and axial strain. The relationship 

between shear and Young's moduli depends on one important factor: how isotropic the sample 

is. For an isotropic material, Poisson's ratio determines the relationship between the shear 

modulus and Young's modulus. Poisson's ratio is the ratio of lateral extension (휀22) to axial 

contraction (휀11) of a sample in the region of elastic deformation (linear stress-strain relation) 

caused by a homogeneously applied stress in the axial direction50,60:  

 

 𝜈 = − 22

11
 . (25) 

Using Poisson's ratio, the relationship between the shear modulus (G) and Young's modulus 

(𝐸𝑌) can be written as61: 

 

 𝐺 =
𝐸𝑌

2(1+𝜈)
 , (26) 

 

where for incompressible solids like polymer materials and soft tissue, Poisson's ratio is close 

to 0.5 62. An anisotropic sample will require a more sophisticated analysis for describing the 

relationship between the moduli. 
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The oscillatory stress can also be applied by mechanical waves propagating in a sample. 

A method that was developed to study the viscoelastic behaviour of a material based on 

mechanical waves is called transient elastography and is described in the next section. 

 

1.3 Transient elastography  

 

In transient elastography, a stimulus is used to excite the mechanical waves in the sample, 

then the propagation of these waves is monitored to obtain information about the viscoelastic 

parameters of the sample. This stimulus is the source of shear waves, that cause a shear 

displacement without a change in volume, often perpendicular to the direction of the 

propagation, and compressional waves where displacement mostly arises in the direction of the 

propagation creating regions of compression and rarefaction, thus, generating local changes in 

volume. In contrast to compressional waves, shear waves can indirectly provide information 

about a sample shear modulus for deformable soft tissue. Hence, shear waves are typically the 

focus of elasticity measurements of soft tissue. Since the parameters of these mechanical 

waves, such as velocity and attenuation, depend on the biomechanical properties of the sample, 

these waves can be used to probe these properties. As opposed to viscoelastic materials, shear 

waves do not propagate in purely viscous liquids.  

At the surface of the sample, surface waves can also be observed. Surface waves can be 

differentiated as Rayleigh waves and Scholte waves. The former forms on the free boundary 

with air and the latter on the boundary with water12. X. Zhang62 first showed that the Rayleigh 

waves can also be used to estimate the stiffness of soft samples. 

In the following subchapters, the formulae for calculating the shear modulus of elastic and 

viscoelastic samples based on shear wave propagation will be presented (1.3.1), followed by a 

description of different types of stimuli that can be used to excite shear waves (1.3.2). Next, 

the detecting methods will be listed and discussed (1.3.3).  

1.3.1 Shear wave propagation velocity 

The Navier-Stokes and wave equations for the lossless case are used to obtain the equation 

describing the shear wave velocity in a purely elastic sample. The Navier-Stokes equation for 

the shear motion in the lossless case is written as follows12,63: 

 

 𝜌0
𝑑2𝑢𝑠

𝑑𝑡2
= 𝜇∇2𝑢𝑠, (27) 
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where 𝑢𝑠 is the displacement caused by the shear wave, 𝜌0 is the density of the sample and 𝜇 

is the Lamé constant often described as rigidity61, and can be identified in this case with the 

shear modulus of the purely elastic sample, G. 

Now, after rearrangement63: 

 

 
1

∇2𝑢𝑠

𝑑2𝑢𝑠

𝑑𝑡2
=

𝐺

𝜌0
 . (28) 

 

Using the wave equation63: 

 

 
𝑑2𝑢𝑠

𝑑𝑡2
= 𝑐𝑠

2∇2𝑢𝑠 , (29) 

 

in Eq. (28) allows us to obtain the formula for shear wave velocity63: 

 

 𝑐𝑠
2 =

𝐺

𝜌0
 . (30) 

 

Eq. (30) gives a very simple relationship between shear modulus and shear velocity with no 

energy dissipation during motion, i.e. for purely elastic samples. Here, there is no attenuation 

and dispersion due to lossless propagation, so the group velocity of a wave packet and the phase 

velocity are equal. After the rearrangement of Eq. (30), the shear modulus can be expressed as: 

 

 𝐺 = 𝑐𝑠
2𝜌0 , (31) 

 

with the shear wave velocity written as: 

 

 𝑐𝑠 =
𝜔

𝑘
 , (32) 

 

where k is the wavenumber.  

Using Eq. (31) allows us to measure the shear modulus of a sample with just a single value 

of the group velocity of the mechanical waves, mostly shear or surface waves, propagating in 

the sample. However, it is assumed that there is no loss caused by viscous dissipation. For very 

soft samples, such approximation cannot be made. Using just the group velocity to obtain the 
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shear modulus may provide some differentiation between different samples, but the obtained 

values will depend greatly on the frequency of the induced shear waves as most of the 

biological samples will express some degree of viscosity. 

Many scientists44,64–66 choose to use this simplified equation (Eq. (31)) to calculate the 

shear modulus of their samples as it simplifies the data analysis. Others52 argue that this 

simplification is inaccurate. Viscoelastic materials are lossy, which means that viscous 

damping causes the wave in the sample to disperse and attenuate. In the presence of dispersion, 

the deformation that appears after the polychromatic excitation is a wave packet with multiple 

frequencies and corresponding velocity values67. Hence, the group velocity is no longer equal 

to the phase velocity. Additionally, the wave is attenuated.  

A viscoelastic equation for the phase velocity corresponding to Eq. (32) must incorporate 

the velocity dispersion and attenuation by using the complex wavenumber, hence: 

 

 𝑐𝑠
∗(𝜔) =

𝜔

𝑘∗(𝜔)
 , (33) 

 

with 63: 

 

 𝑘∗(𝜔) = 𝛽(𝜔) − 𝑖𝛼𝑠(𝜔) =
𝜔

𝑐𝑠(𝜔)
− 𝑖𝛼𝑠(𝜔) , (34)

  

where 𝑐𝑠
∗ is the complex velocity, 𝑘∗ is the complex wavenumber, 𝛽 is the propagation 

constant related to the shear wave dispersion, and 𝛼𝑠 is the shear wave attenuation coefficient 

which represents the decay of the wave's amplitude67.  

The elastic and viscous behaviour of a tissue-like sample can be described with the 

complex shear modulus. This complex shear modulus can be calculated using the complex 

wavenumber as follows: 

 𝐺∗(𝜔) = 𝜌 (
𝜔

𝑘∗(𝜔)
)
2

= 𝜌(
𝜔

𝜔

𝑐𝑠(𝜔)
−𝑖𝛼𝑠(𝜔)

)

2

= 𝜌(
𝜔(

𝜔

𝑐𝑠(𝜔)
+𝑖𝛼𝑠(𝜔))

𝜔2

𝑐𝑠
2(𝜔)

+𝛼𝑠2(𝜔)
)

2

= 

 𝜌
𝑐𝑠
2(𝜔)−(

𝑐𝑠
2(𝜔)

𝜔
)
2

𝛼𝑠
2(𝜔)

(1+(
𝑐𝑠(𝜔)

𝜔
)
2
𝛼𝑠
2(𝜔))

2 + 𝑖2𝜌
𝑐𝑠
3(𝜔)

𝜔
𝛼𝑠(𝜔)

(1+(
𝑐𝑠(𝜔)

𝜔
)
2
𝛼𝑠
2(𝜔))

2 = 𝐺′(𝜔) + 𝑖𝐺′′(𝜔) (35) 
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Based on Eq.  (35), the shear storage and loss moduli can be expressed as: 

 

 𝐺′(𝜔) = 𝜌𝑐𝑠
2(𝜔)

1−(
𝛼𝑠(𝜔)

𝜔
)
2
𝑐𝑠
2(𝜔)

(1+(
𝛼𝑠(𝜔)

𝜔
)
2
𝑐𝑠
2(𝜔))

2 , (36) 

 

 𝐺′′(𝜔) =
2𝜌

𝛼𝑠(𝜔)

𝜔
𝑐𝑠
3(𝜔)

(1+(
𝛼𝑠(𝜔)

𝜔
)
2
𝑐𝑠
2(𝜔))

2 . (37)  

 

Eq. (36) and Eq. (37) allow for model-independent calculations. It can be noticed that the 

model-independent measurements of viscoelastic samples require obtaining both the phase 

velocity and attenuation of the shear waves for different frequencies.  

For incompressible samples, such as the ocular media, the surface waves can also be used 

to obtain the viscoelastic parameters of the sample. From the Rayleigh wave dispersion 

equation, a simple relationship between the Rayleigh complex velocity (𝑐𝑅
∗ ) and shear wave 

complex velocity (𝑐𝑠
∗) is used12,62,68,69: 

 (
𝑐𝑅
∗ 2

𝑐𝑠
∗2)

3

− 8(
𝑐𝑅
∗ 2

𝑐𝑠
∗2)

2

+ 24 (
𝑐𝑅
∗ 2

𝑐𝑠
∗2) − 16 = 0 .  (38)  

 

This equation has real and complex solutions. The real solution is given as:  

 
𝑐𝑅
∗

𝑐𝑠
∗ = 0.955 , (39)  

 

and corresponds to the Rayleigh wave. The complex solution  is70,71: 

 
𝑐𝑅
∗

𝑐𝑠
∗ = 1.97 + 𝑖0.57, (40)  

 

and corresponds to the leaky surface wave. Leaky surface waves have much higher velocity 

than the Rayleigh waves and small amplitudes that are often negligible71. Therefore, this 

solution will not be considered in further analysis. 

Based on Eq.(39) and Eq.(34), the relation between the wave numbers of the shear wave 

and Rayleigh wave can be expressed as: 

 

 𝑘𝑠
∗ = 0.95𝑘𝑅

∗  , (41) 
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which can be then used to express the relation between the real and imaginary parts of these 

wavenumbers: 

 

 𝑅𝑒[𝑘𝑠
∗] = 0.95𝑅𝑒[𝑘𝑅

∗ ] 𝑎𝑛𝑑 𝐼𝑚[𝑘𝑠
∗] = 0.95𝐼𝑚[𝑘𝑅

∗ ] . (42) 

 

Thus, the relation between the velocities and attenuations of the shear and Rayleigh waves 

can be written as follows: 

 

 𝑐𝑠 =
𝑐𝑅

0.95
 𝑎𝑛𝑑 𝛼𝑠 = 0.95𝛼𝑅  . (43) 

 

Since the oscillatory test provides the shear storage and loss moduli values, to compare 

these results to transient elastography, the relation between the shear storage and loss moduli 

and the shear wave velocity or attenuation must be known. Using Eq. (36) and Eq. (37), the 

shear wave velocity can be expressed as follows52: 

 

 𝑐𝑠(𝜔) =  
√
|𝐺∗(𝜔)|

𝜌

√
1

2
(1+

𝐺′(𝜔)

|𝐺∗(𝜔)|
)

 , (44) 

 

where: 

 

 |𝐺∗(𝜔)| = √𝐺′2(𝜔) + 𝐺′′2(𝜔) , (45) 

 

and the attenuation coefficient as52: 

 

 𝛼(𝜔) =  𝜔√
𝜌

|𝐺∗(𝜔)|
√
1

2
(1 −

𝐺′(𝜔)

|𝐺∗(𝜔)|
) . (46) 

 

Since the phase velocity value for the viscoelastic samples depends on the frequency, the 

velocity curves from experimental data are often created. These curves can be fitted with 

different viscoelastic models. Table 1.3-1 presents the phase velocity equations obtained using 

Eq. (44) for models described in section 1.2. Selecting the right model will depend not only on 

the properties of the sample but also on the nature of the experiment, as for different frequency 

range of the induced shear waves, a different model may fit better. Since the value of the shear 
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modulus of the viscoelastic sample will depend on the frequency distribution of the supplied 

stimulus, in the next section, different stimuli will be described.  

 

Table 1.3-1. Equations for the phase velocity for different viscoelastic models. 

Model Phase velocity equation 

Kelvin-

Voigt58 √
2(𝜇2 +𝜔2𝜂2)

𝜌(𝜇 + √𝜇2 +𝜔2𝜂2)
 

Maxwell58 

√

2𝜇

𝜌(1 + √1 +
𝜇2

𝜔2𝜂2
)

 

Zener58 

√
2(𝜇1

2𝜇2
2 +𝜔2𝜂2(𝜇1 + 𝜇2)

2)

𝜌 (𝜇1𝜇2
2 +𝜔2𝜂2(𝜇1 + 𝜇2) + √(𝜇1

2𝜇2
2 +𝜔2𝜂2(𝜇1 + 𝜇2)

2)(𝜔2𝜂2 + 𝜇2
2))

 

 

Fractional 

Kelvin-

Voigt 

√
2(𝜇2 + (𝜂𝜔)2a)

𝜌 (𝜇 + √𝜇2 + (𝜂𝜔)2a)
 

Fractional 

Maxwell √
2(𝜇 + (𝜂𝜔)a)2

𝜌 (
𝜇2

𝜂𝜔 +
(𝜂𝜔)a)

  

Fractional 

Zener 

√
  
  
  
  
  2

𝜌(√
𝜇2

4(𝜂𝜔)2a + (𝜇1 𝜇2
2a + (𝜇1 + 𝜇2)(𝜂𝜔)

2a)2

(𝜇22a + (𝜂𝜔)2a)2
+ (𝜇1 +

𝜇2 (𝜂𝜔)
2a

𝜇22a + (𝜂𝜔)2a
))

  

 

1.3.2 Different types of stimuli as a source of mechanical waves 

There are different ways to excite the mechanical waves in a sample: acoustic radiation 

force12,72, magnetic nanoparticles73,74, an air puff66,75,76, a laser pulse77,78, and a piezoelectric 

transducer79,80. The simplest of these is a mechanical excitation using the piezoelectric 

transducer that allows for very good control over the duration of the stimulus and its frequency 

representation. Moreover, the mechanical excitation is applied directly to the sample, so there 

are no additional limitations for that method other than the one originating from what is known 

as the stress confinement12 (Figure 1.3-1).  
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Figure 1.3-1. The stress confinement for the excitation of the mechanical wave with a mechanical 

stimulus. The confinement expressed for the compressional waves on the left, surface\shear wave on 

the right. 𝜏𝑝 – pulse duration, 𝑐𝑐 – compressional wave velocity, 𝑐𝑠 – shear wave velocity, d- diameter 

of the piezoelectric transducer, L- length of displacement. 

The stress confinement, or stress relaxation, is related to the elastic parameters of the 

sample. In the case of the mechanical stimulus, the stress confinement provides the limitation 

to the size of the stimulus and its duration. If the stress confinement condition is not satisfied, 

non-linear effects such as dual signals81 are present in the recorded data. For compressional 

waves, the stimulus must be shorter in time than the length of displacement (L) divided by the 

compressional wave velocity (Figure 1.3-1). For the shear wave and surface wave propagation, 

the stimulus must be shorter than the diameter of the piezoelectric transducer (d) divided by 

the velocity of the shear wave/surface wave (Figure 1.3-1).  

 Another stimulus that can be used is the air puff. Using this stimulus gives limited control 

over the shape of the deformation that is the source of the mechanical waves. The duration of 

the stimulus is normally limited to a few milliseconds, but it allows for the measurement to be 

non-contact, so it often finds its application in measurements of the cornea. An alternative 

method that has a similar origin would be to use the acoustic radiation force generated by the 

focused ultrasound beam to induce localised displacement in the studied object. This 

displacement is the source of the mechanical waves. This method allows the use of the stimulus 

inside the sample, which opens up a wide variety of possibilities for different measurements. 

It also allows more control over the shape of the stimulus. One disadvantage of this method is 

that it mostly requires an ultrasound gel layer due to the high attenuation of the ultrasound in 

the air. This gel also helps to avoid reflections from the upper layer and to obtain the desired 

beam shape82. 

Alternatively, a method that can be used is a laser stimulus which is the only method that 

allows for all-optical, non-contact measurement among the described methods. It uses the 

photoacoustic effect to excite mechanical waves; the energy from the short laser pulse is 

absorbed by the sample causing a localised rise in temperature leading to a rapid expansion and 

the generation of mechanical waves. In tissue-like samples, the energy of the laser pulse can 

𝜏𝑝 ≤
𝑑

𝑐𝑠
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be absorbed and converted to heat through the interaction of pi-electrons with the sample 

molecules or, for longer pulses, by relaxation of these molecules from excited states83. The 

time of light-to-heat conversion for tissue-like samples is on the order of picoseconds83.  

For the laser-generated heat to become a source of mechanical waves, besides the stress 

confinement also thermal confinements needs to be accounted for84. For the thermal 

confinement, the pulse duration, 𝜏𝑡ℎ, must be shorter than the squared value of a characteristic 

length of the heated area, 𝐿𝑐, divided by four times the thermal diffusivity, 𝐷𝑇, (𝜏𝑡ℎ <

𝐿𝑐
2/(4𝐷𝑇))84. Since the thermal diffusivity for soft tissue and water is approximately equal to 

1.4x10−3cm2/s (at room temperature), this parameter rarely limits measurements84. However, 

for the laser stimulus, the stress confinement requires the pulse to be shorter than the time of 

transition of the stress away from the heated area. For the compressional wave, this time is 

defined as the length of the heated area (L) divided by the compressional wave velocity (Figure 

1.3-1). For the shear wave and surface wave propagation, the pulse duration must be smaller 

than the diameter of the heated area (d) divided by the velocity of the shear wave/surface wave12 

(Figure 1.3-1).  

The thermal expansion caused by the laser stimulus can be described by the photoacoustic 

pressure with the equation84–86: 

 

 𝑝0 = Γ𝜇𝑎𝐹 , (47) 

 

where 𝛤 is the Grüneisen parameter that is related to the thermoelastic efficiency of the sample, 

𝜇𝑎 is the optical absorption coefficient and F is the optical fluence, which is the energy of the 

laser pulse divided by the area that was irradiated. As a result, to obtain a significant change in 

the pressure and, therefore, high-amplitude mechanical waves, it is essential to deliver enough 

energy over a small area and use a wavelength for which the sample absorption coefficient is 

high. 

The energy of the laser beam, E, is absorbed over some distance z in the direction of the 

beam propagation. This energy is related to the optical intensity of the laser beam through 𝐼0 =

1

𝐴𝑐

𝑑𝐸

𝑑𝑡
 where Ac is the cross-sectional area of the beam. The depth-dependent intensity can be 

written as follows87: 

 

 𝐼 = 𝐼0𝑒
−𝜇𝑎𝑧 , (48) 
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With a collimated beam and a homogeneous medium, most of the energy is used for the thermal 

expansion on the surface of the sample so that the largest waves will be excited on the surface. 

When a beam is focused inside the sample, depending on how high the absorption coefficient 

of the sample is and at what depth the beam is focused, the main source of the mechanical 

waves can either be at the focal point of the beam or at the surface of the sample. These 

mechanical waves can be detected with different methods that will be presented in the 

following section. 

1.3.3 Detecting shear waves 

The displacement formed by the waves excited in soft tissue will be desirably on the order 

of micro- or even nanometres to not affect the internal structure of the sample. Such small 

displacements, although challenging in visualisation were successfully detected with: 

piezoelectric transducers88,89, ultrasonic probes87,90–92, laser vibrometers62, Magnetic 

Resonance Tomography57,59 or Optical Coherence Tomography12,80,93,94. In contrast to other 

methods, Optical Coherence Tomography (OCT) is able to create a structural image of a sample 

in a non-contact and non-invasive way and simultaneously detect displacements on the 

nanometre scale when used in a phase-sensitive approach41,64. This makes OCT a perfect 

detector for mechanical waves propagating inside an eye.  

The first elastographic measurements using OCT were conducted in 199895. Soon after, 

several new applications of OCT were introduced. OCT was not only used to detect waves in 

a sample, called transient Optical Coherence Elastography (OCE), but also found its 

application in other elastographic methods12,96 including the quasi-static method and the 

Steady-State Harmonic method12. The quasi-static method uses slow compression and detects 

deformation within the sample. It is mostly used on tissues, for example, breasts, to detect 

pathogenic changes97,98. The Steady-State Harmonic method uses a single frequency sinusoidal 

vibration transmitted through the tissue and OCT is used to measure the phase and attenuation 

of these oscillations99.  

The way OCT obtains images of the depth structure of an object resembles the ultrasound 

technique but uses light instead of sound waves, allowing for non-contact measurements with 

high resolution100,101. Since light is faster than sound, an interferometer is used to measure the 

echo times from the object indirectly. The most modern OCT instruments are based on Fourier 

domain OCT (FD-OCT) and this modality – including its theoretical background and 

application – will be described below.  
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FD-OCT systems consist of a broadband source, an interferometer, and a detector. In the 

interferometer of a conventional FD-OCT system (Figure 1.3-2), the incident beam of light 

from a spectrally broadband source is directed onto a beam splitter, which splits the beam in 

two. One beam is directed onto the sample in the sample arm and the second one onto a mirror 

in the reference arm. The electric field of the backscattered light from the mirror in the 

reference arm (𝐸𝑟) and from all the layers of the sample in the sample arm (𝐸𝑠), can be written 

(assuming 50% transmittance on the beam splitter for the sample and reference arms) as102–104: 

 

 𝐸𝑟(𝜔, 𝑡) =
1

√2
𝑠(𝜔)𝑒−𝑖𝜔𝑡−𝑖2𝑘(ω,z)𝑧𝑟𝑟𝑟(𝜔) , (49) 

 𝐸𝑠(𝜔, 𝑡) =
1

√2
𝑠(𝜔)𝑒−𝑖𝜔𝑡𝐻𝑠(𝜔) , (50) 

 𝐻𝑠(𝜔) = ∫ 𝑟𝑠(𝜔, 𝑧)
∞

−∞
𝑒−2𝑖𝑘(𝜔,𝑧)𝑧𝑑𝑧 , (51) 

 

where 𝑠(𝜔) is the amplitude spectrum of the source electric field, k(ω, z) is the wavenumber 

of each spectral component, which for the reference arm will be constant as the light propagates 

in air, 𝑧𝑟 is the distance to the mirror from the beam splitter, 𝑟𝑟(𝜔) describes the reflection from 

the reference arm that for a perfect mirror can be assumed to be equal to 1, 𝐻𝑠(𝜔) is the 

response function that describes the continuous reflections and phase changes imparted by the 

layers of a sample with depth, z, and 𝑟𝑠(𝜔, 𝑧) is the electric field reflectivity of the sample's 

structures.  

 
Figure 1.3-2. A schematic showing the operating principle of an OCT system. The light from the 

source is directed through a beam splitter onto the reference and sample arms. The backreflected light 

from both arms passes again through the beam splitter, where it interferes and is directed onto the 

detector. 

The light backscattered from both arms of the interferometer meets on the beam splitter, 

where the light intensity is again reduced by a factor of two due to 50% transmittance, 
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interferes, and is directed to the detection module. The superposition of the electric fields, 𝐸𝑑𝑒𝑡, 

at the beam splitter directed onto the detector can be written as:  

 

 𝐸𝑑𝑒𝑡 =
1

√2
𝐸𝑟 +

1

√2
𝐸𝑠 . (52) 

 

Because the detector measures the intensity rather than the electric field of the light, the 

interferometric spectral signal, 𝐼𝑑𝑒𝑡, is expressed as:  

 

𝐼𝑑𝑒𝑡 = 𝜌𝑑𝑒𝑡|𝐸𝑑𝑒𝑡|
2 =

𝜌𝑑𝑒𝑡

2
|𝐸𝑟 + 𝐸𝑠|

2= 

 =
𝜌𝑑𝑒𝑡

2
|
1

√2
𝑠(𝜔)𝑒−𝑖𝜔𝑡−𝑖2𝑘𝑧𝑟𝑟𝑟 +

1

√2
𝑠(𝜔)𝑒−𝑖𝜔𝑡𝐻𝑠(𝜔)|

2

, (53) 

 

where 𝜌𝑑𝑒𝑡 is the responsivity of the detector. Normally 𝑟𝑠(𝜔, 𝑧) is continuous since it 

corresponds to the change of the refractive index in a sample with depth, but for simplicity of 

notation, it is henceforth represented discretely as a sum: 

 

 𝐻𝑠(𝜔) = ∑ 𝑟𝑆𝑛(𝜔, 𝑧)𝑒
−2𝑖𝑘(𝜔,𝑧)𝑧𝑆𝑛𝑁

𝑛=1  , (54) 

 

where N is the number of the reflectors, 𝑟𝑆𝑛 is the electric field reflectivity of each reflector 

and 𝑧𝑆𝑛 is the distance from the reflector to the beam splitter. Now, Eq. (53) can be expressed 

as: 

  

𝐼𝑑𝑒𝑡(𝑘) =
𝜌𝑑𝑒𝑡
4

[𝑆(𝑘)[𝑅𝑅  + 𝑅𝑆1  + 𝑅𝑆2 + . . . ]] + 

𝜌𝑑𝑒𝑡
4

[𝑆(𝑘)∑√𝑅𝑅𝑅𝑆𝑛

𝑁

𝑛=1

(𝑒𝑖2𝑘(𝑧𝑟−𝑧𝑆𝑛) + 𝑒−𝑖2𝑘(𝑧𝑟−𝑧𝑆𝑛))] + 

 
𝜌𝑑𝑒𝑡

4
[𝑆(𝑘)∑ √𝑅𝑆𝑛𝑅𝑆𝑚

𝑁
𝑛≠𝑚=1 (𝑒𝑖2𝑘(𝑧𝑆𝑛−𝑧𝑆𝑚) + 𝑒−𝑖2𝑘(𝑧𝑆𝑛−𝑧𝑆𝑚))] , (55) 

 

where 𝑆(𝑘) = |𝑠(𝑘, 𝑤)|2 , 𝑅𝑅 = |𝑟𝑅|
2 and 𝑅𝑆1,…,𝑆𝑛 = |𝑟𝑆1,…,𝑆𝑛|

2
. 
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Using Euler's rule, Eq. (55) will change as follows: 

 

𝐼𝑑𝑒𝑡(𝑘) =
𝜌𝑑𝑒𝑡
4

[𝑆(𝑘)[𝑅𝑅  + 𝑅𝑆1  + 𝑅𝑆2 + . . . ]] + 

𝜌𝑑𝑒𝑡
2

[𝑆(𝑘)∑√𝑅𝑅𝑅𝑆𝑛

𝑁

𝑛=1

(𝑐𝑜𝑠 [2𝑘(𝑧𝑅  −  𝑧𝑆𝑛)])] + 

 
𝜌𝑑𝑒𝑡

2
[𝑆(𝑘)∑ √𝑅𝑆𝑛𝑅𝑆𝑚

𝑁
𝑛≠𝑚=1 (𝑐𝑜𝑠 [2𝑘(𝑧𝑆𝑛 –  𝑧𝑆𝑚)])] . (56) 

 

The first term in Eq. (56) is called the DC term and depends on the amplitude of the light 

backscattered from all the reflective layers. The second term is called the cross-correlation 

term, and it represents the interference of light backscattered from the reference and sample 

arms. The third one - the auto-correlation term - represents the interference of light within the 

sample between different reflectors. The autocorrelation term is an artefact that reduces the 

quality of an OCT image.  

The cosines in Eq. (56) represent modulations in the interferometric signal (Figure 1.3-3). 

These modulations are created by mutually coherent overlapping of the wavetrains from both 

arms. It follows from the formula presented in Eq. (56) that path differences 𝑧𝑅  −  𝑧𝑆𝑛 and 

𝑧𝑆𝑛 –  𝑧𝑆𝑚 in the argument of the cosines correspond to the frequencies of these modulations. 

Hence, the information about the positions of reflective layers in the sample arm in relation to 

the position of the mirror in the reference arm is encoded in the frequencies of the cosines of 

 

+ 

+ 

Fourier Transformation 

Figure 1.3-3. A principle of obtaining information about the sample from spectra. A sample with 

three layers is presented (left). Each layer produces different modulations in the spectrum. The 

observed spectrum from the whole sample consists of all three modulations (top right). Assuming 

no artefacts from the autocorrelation, after Fourier Transformation, an A-scan with the cross-

correlation peaks (bottom right) will be obtained with the information about the position of the 

layers in the sample. 
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the second term. Using the Fourier Transformation (FT), the depth profile of the sample, known 

as an A-scan, can be obtained (Figure 1.3-3).  

The FT of the cosine function is represented as follows 104: 

 

 cos(𝑘𝑧0)
𝐹𝑇
↔ 

1

2
 [𝛿𝐷(𝑧 + 𝑧0) + 𝛿𝐷(𝑧 − 𝑧0)] . (57) 

 

Here, the 𝛿𝐷 is Dirac function which will represent the peak on the A-scan at a distance 𝑧0 from 

0. Since the peak will be present in two positions in the A-scan at the same distance from 0, 

the A-scan will consist of two depth profiles mirrored around position 0 located in the middle 

of A-scan. Hence, after FT: 

 

𝐹𝑇{𝐼𝑑𝑒𝑡(𝑘)} = 𝑖𝑑𝑒𝑡(𝑧) =
𝜌𝑑𝑒𝑡
4

[𝛾𝑠(𝑧)[𝑅𝑅  + 𝑅𝑆1  + 𝑅𝑆2 + . . . ]] + 

𝜌𝑑𝑒𝑡
4

[𝛾𝑠(𝑧) ⊗∑√𝑅𝑅𝑅𝑆𝑛

𝑁

𝑛=1

(𝛿𝐷 [𝑧 ± 2(𝑧𝑅  −  𝑧𝑆𝑛)])] + 

 
𝜌𝑑𝑒𝑡

4
[𝛾𝑠(𝑧) ⊗ ∑ √𝑅𝑆𝑛𝑅𝑆𝑚

𝑁
𝑛≠𝑚=1 (𝛿𝐷 [𝑧 ± 2(𝑧𝑆𝑛 –  𝑧𝑆𝑚)])] . (58) 

 

Here, 𝛾𝑠(𝑧) is the Fourier transformed power of the source field amplitude spectrum 𝑆(𝑘) and 

⊗ is the convolution that comes from the fact that X(k)Y (k)
𝐹𝑇
↔  x(z)  ⊗  y(z). 

Eq. (58) clearly presents all the components that will be presented in the A-scan: the DC 

peak that will appear at the zero position of the A-scan, cross-correlation peaks that correspond 

to the positions of sample's layers and the autocorrelation peaks that are the source of artefacts 

in the A-scan. These peaks will not be Dirac functions and will be broadened due to the 

convolution with the function 𝛾𝑠(𝑧). The axial point spread function (PSF) of the OCT system 

is defined as the cross-correlation peak corresponding to a single reflector.  

There are two types of Fourier domain OCT modalities, whose difference lies in how 

spectrum is detected. The first, called Spectral Domain OCT (SD-OCT), uses a spectrometer 

as a detector. In the second, called Swept Source OCT (SS-OCT), a balanced photodetector is 

used, and a source wavelength is swept in time. In the spectrometer of the SD-OCT system, a 

spatially dispersed light, i.e. spectrum, is detected by a line-scan camera. The spectrum is 

sampled uniformly according to wavelengths. The non-linear relationship between 

wavelengths and wavenumbers will result in a non-linear distribution of fringes on the 

spectrum in k-space. This will lead to the broadening of the PSF as well as a rapid 
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depth-dependent decrease of the peak amplitude, inducing a loss of resolution and a signal 

fall-off, respectively105. To mitigate the non-linearity in the wavenumber, both hardware106 and 

software107 solutions are available. In hardware solutions, additional elements, which enforce 

a linear distribution of light in k, are added to the spectrometer to linearise the spectrum. In 

software solutions, algorithms are employed that allow to obtain vectors that are used to 

linearise the spectrum in post-processing. In SS-OCT, linearisation in wavenumbers is usually 

automatically achieved using an external clock.  

An OCT system is characterised by several parameters representing the OCT setup's 

imaging capabilities, such as the central wavelength, axial resolution, and imaging range. The 

wavelength is the most important one of them as it both impacts the imaging range and 

resolution and restricts which structures can be visualised in the sample as the absorption and 

scattering coefficients of all parts of the sample to be imaged depend on the wavelength. The 

axial resolution, which determines how small structures can be resolved, is commonly defined 

by the Full Width at a Half Maximum (FWHM) of the PSF100. Assuming a Gaussian-shaped 

spectrum with an FWHM of 𝛥𝜆, the axial resolution of the OCT system, ∆𝑧, can be expressed 

as100: 

 

 ∆𝑧 =
2𝑙𝑛2

𝜋

𝜆𝑐
2

𝛥𝜆
 , (59) 

 

where λc is a central wavelength, therefore, using a shorter central wavelength and a broader 

bandwidth allows to obtain a better axial resolution108. 

The imaging range can be understood as the maximum optical path difference in the 

interferometer for which aliasing does not yet occur when recording the spectral fringes. 

The maximum theoretical value for the imaging range in FD OCT, ΔD, can be calculated 

from100: 

 

 ∆D =
1

4

𝜆𝑐
2

δλ
 , (60) 

  

where δλ is the spectral resolution of the FD-OCT system. In SD-OCT, the spectral resolution 

depends on the parameters of the camera and the diffraction grating used in the spectrometer 

and in SS-OCT on the instantaneous linewidth of the tunable laser. In practice, the imaging 

range of an OCT system is determined by appointing the depth on the A-scan for which the 

amplitude of the peak corresponding to a single reflector decreased by 6dB. 
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Not only the optical parameters of the system, such as wavelength, limit the quality of the 

obtained images, but also the Fourier Transformation itself introduces some limitations. How 

well the Fourier Transformation represents the peaks corresponding to the modulations from 

the spectrum in the A-scan depends on the size of the x-axis bins of the A-scan. The size of the 

bins of the A-scan is inversely proportional to the number of data points; thus, to decrease the 

size of the bins and, therefore, better represent the peaks on the A-scans, zero-padding is used. 

It is important to point out that the zero-padding does not increase the information content of 

the A-scan since no information is added to the processed data. As a result, zero-padding does 

not lead to the axial resolution increase in the A-scan. 

By scanning the light across the sample, 2D (B-scan) or even 3D (C-scan) images of its 

structure can be obtained. Also, a time series of depth profiles at the same position in the sample 

can be acquired (M-scan) to observe a temporal evolution of a specific point of an image with 

wave-induced movements of sample structures. Since Fourier transform, z, is a complex-valued 

signal:  

 

 z = 𝐴𝑒𝑖𝜙, (61) 

 

these movements can be observed both in the information from the amplitude, A, and the phase, 

𝜙, of the Fourier transform. Observing the movements of a sample structure in the amplitude 

of the Fourier transform gives direct information about the amplitude of displacement caused 

by a wave. However, phase information provides better resolution, thus allowing the detection 

of smaller displacements. Local phase differences, 𝛥𝜙, between adjacent spectra can be 

recalculated to the amplitude of the displacement, 𝑢𝑧, using the formula22: 

 

 𝑢𝑧 = 
Δ𝜙𝜆𝑐

4𝜋
 , (62) 

  

In OCT, the amplitude of the wave-induced displacement corresponds to the change in the 

optical distance and if the wave propagates inside a medium, this displacement has to be 

divided by the refractive index of that medium.  

Since in OCE, to gain insight into the biomechanical condition of the sample, its optical 

and viscoelastic properties are important, these properties for the vitreous humour are described 

next. 
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1.4 Vitreous humour 

 

The vitreous humour is the biggest part of the eye and its growth is crucial for proper 

development of some parts of the eye, such as the retinal pigment epithelium (RPE). Its main 

function is to work as a shock absorber for eye movements109. It consists of around 98%-99% 

of water, the remaining1%-2% being made up of a polymer network, a viscoelastic polymer (a 

polyanionic form of sodium hyaluronate), collagen (mostly type 2), proteins, salts, and sugar110. 

Around 15-20% of the water content in the vitreous humour is bound by proteins and 

glycosaminoglycans (GAGs)111. A major role in the growth of vitreous humour is played by 

hyaluronic acid (HA) 111. The HA, together with collagen, creates the vitreous humour's three-

dimensional structure (Figure 1.4-1), which makes it behave more like a viscoelastic body than 

a liquid 111. The vitreous humour could be compared to some extent to other biofluids such as 

plasma or synovial fluid. However, the vitreous humour molecular content and concentration 

make it a unique biofluid of our body54,112. Also, the main collagen of the vitreous humour, 

type II, has unique characteristics that make it different from the collagen type II found in the 

rest of the body3.  

 

 
Figure 1.4-1. A schematic of a human eye with the orientation of the collagen fibres in the vitreous 

humour subdivided into the central vitreous, vitreous base, and cortical vitreous. Adapted from113. 
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1.4.1 Pathological changes 

 

Liquefaction and aggregation of the collagen fibrils of the vitreous humour is a natural 

process caused by age-related degeneration of tissue114. However, some diseases can cause 

abnormal, early degeneration. In these diseases, the effect of the vitreous humour degeneration 

in the form of vitreoretinal traction and, consequently, posterior vitreous detachment (PVD) is 

often observed as the vitreoretinal adhesion is weakened and the posterior cortical vitreous 

detaches from the retina neurosensory layer114. PVD is often asymptomatic until late stages 

when patients observe floaters, flashes, and vision blurring114. PVD itself is not a dangerous 

condition but can lead to severe lesions such as retinal breaks/tears, retinal detachment, vitreous 

haemorrhage, retinal haemorrhage, macular oedema or macular hole2,3,115. It is important to 

highlight that retinal detachment is one of the leading causes of permanent vision loss in 

developing countries116–118. Retinal detachment often appears when the partially detached 

vitreous humour pulls on the retina, and the retinal layers detach from other layers of the eye119. 

The treatment of the retinal detachment is invasive as it requires a surgical procedure120.  

Normally PVD and subsequent pathological changes are assessed visually using imaging-

based methods such as114 Slit-lamp Biomicroscopy, ultrasound or OCT. These visual methods 

are highly subjective, and the diagnosis’s accuracy depends on to the ability of the person 

carrying out the test. Although a lot of effort goes into identifying PVD and subsequent 

pathological changes using machine learning121,122  to make the detection objective, using a 

biomarker based on the change in the viscoelastic properties predating PVD would be more 

optimal. The liquefaction of the vitreous humour with age that precedes PVD was detected in 

vitro by extracting information about the shear moduli using a standard rheometer123,124. 

Additionally, a correlation between the vitreous humour dynamics and PVD was observed 

using ultrasound imaging velocimetry18. This result suggests that by measuring the viscoelastic 

parameters, the information about changes in viscoelasticity prior to PVD could indeed be 

detected. Not much can be done to treat PVD114 but changing the biochemical and 

biophysiological state of the vitreous humour before PVD can be the solution125. For instance, 

HA injections were proposed as one of the ways to restore viscoelasticity of the vitreous 

humour124 and potentially prevent PVD. Finding an indicator for early changes in the vitreous 

humour is particularly important as the prevalence of myopia, which increases the risk of PVD 

and its complications126,127, is expected to increase globally128. Additionally, PVD was 

correlated with some of the blinding diseases. These include: diabetic retinopathy (DR)129,130, 
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age-related macular degeneration (AMD)131 and glaucoma132,133. Each of these diseases has a 

different origin. 

DR is identified as specific changes to the microvascular structure of the retina caused by 

diabetes134.  These changes are generally observed on the retina with:134 direct fundoscopy, 

indirect fundoscopy and slit-lamp microscopy. In advance DR, new vessels grow into the 

posterior vitreous cortex and connect to fibrotic tissue130,135. Visual loss in DR is mainly caused 

by tractional retinal detachment due to contraction of fibrotic tissue in the vitreous humour 

structure130,135,136. In diabetes, besides the microvascular changes in the retina, neural 

degeneration of the retina134 and alteration of the structure of the vitreous humour is 

observed137–139. Therefore, blood glucose and pressure, as well as PVD and vitreous humour 

structure should be monitored in DR129.  

AMD is associated with the accumulation of deposits of lipids and lipoprotein under the 

retina, called drusen140. Vision impairment in AMD is related to the degeneration of the RPE 

layer and photoreceptors caused by drusen. The accumulation of drusen is observed using an 

ophthalmoscope140. Some suggest that AMD starts with a microvascular disease that causes 

reduction of the blood supply to the photoreceptors and RPE, limiting the removal of drusen108. 

However, there is no definite proof for such a process. Other origins of AMD could be 

associated with neurodegeneration140. To stop the progression of certain forms of AMD, anti-

VEGF drugs that prevent vascular endothelial growth are injected into the vitreous humour140.  

Glaucoma causes damages to the optic nerve due to neurodegeneration141. If not stopped, 

this disease causes irreversible damage and loss of eyesight. Glaucoma is typically detected by 

observation of the abnormalities in the optic cup and the optic disc with fundus camera133,141,142. 

Also, observation of peripapillary atrophy (PA)143 or retinal nerve fibre layer thickness 

(RNFL)144–146 with OCT  was proposed for glaucoma detection. However, this type of detection 

can be inconclusive as other factors such as other diseases and PVD132 can influence PA and 

RNFL, respectively. The efficient treatment of glaucoma depends on how early it was detected 

as the damage done cannot be reversed but only slow downed142. It was suggested that 

glaucoma accelerates the vitreous liquefaction caused by oxidative stress to the retina132.  

The presence of PVD in these diseases suggests alteration of the vitreous humour structure 

and change in its viscoelastic properties. Consequently, a change in viscoelastic properties of 

the vitreous humour could be a good indicator of these blinding diseases. Additionally, a 

comprehensive analysis of the mechanical properties of the vitreous humour could serve to 

advance the understanding of the pathophysiology of these blinding diseases and potentially 

help to find ways to prevent them.  
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1.4.2 Viscoelastic properties 

 

The vitreous humour is a shear thickening non-Newtonian biofluid that exhibits both fluid 

and solid-like behaviour so that besides viscosity, it displays a certain level of elasticity6,54. 

Most of the measurements that help to analyse viscoelastic changes of the vitreous humour 

with diseases are done on porcine eyes as a model of a human eye, but some measurements are 

also done on bovine and human eyes. It was previously measured that the elasticity of bovine, 

porcine, and human vitreous humour are comparable54. The human vitreous humour is overall 

less viscous than the bovine or porcine vitreous humour54. The vitreous humour is not 

completely homogeneous, both chemically and physically. Usually, the viscosity of the 

vitreous humour is higher at the back of the eye and decreases towards the front for the human 

and bovine eye54, but not in the porcine eye. In the porcine eye, the viscosity54, as well as the 

Young modulus17 are the lowest in the central region. It is believed that lower viscosity in the 

front of the eye allows the lens to change the focus of the eye swiftly, as higher viscosity would 

slow down this reaction6. Even though it was previously suggested that the main two structures 

of the vitreous humour, such as collagen and HA, do not influence its viscosity and elasticity54, 

it was later revealed that the elasticity of the vitreous humour actually depends mostly on the 

collagen fibres and HA6. The influence of the collagen and HA on elasticity explains why 

extracted vitreous humour has a lower storage modulus than the intact vitreous humour8, as the 

extraction of the vitreous humour causes the collagen network to collapse. It is believed that 

HA increases the stiffness of the vitreous humour by applying swelling pressure on the collagen 

fibres147. Hence, the measurements on the extracted vitreous humour are best done just after 

extraction when the HA still interacts with the collagen6. It was shown that the vitreous humour 

could be in a gel or fluid phase depending on the time from the extraction6. 

Measurements with oscillatory rheological test6 have shown that the shear storage and loss 

moduli are approximately equal for the fluid phase of the vitreous humour, whereas the shear 

storage modulus seems to be higher for the gel phase. In these tests, frequencies at which the 

vitreous humour is tested are very low (lower than 1Hz)6. For such low frequencies, the shear 

modulus is almost constant2. Another matter that was observed using a rheometer6 was that, 

with age, the vitreous humour becomes less elastic, so it loses the characteristics of the solid; 

thus, from a gel, it becomes more of a fluid and reduces in size3. This process is caused by 

liquefaction with the age-related aggregation of collagen fibres into thicker bundles. As a result, 

the HA molecules detach from the fibres and form a liquid separated from the vitreous 

humour148, so the concentration of the collagen in the vitreous humour increases and the 
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concentration of the HA decreases149. This means that liquefaction changes the vitreous 

humour shock-absorbing properties making the eye more vulnerable to lesions and often 

leading to PVD150.  

In a rheological creep test, it was observed that before applying compression, the vitreous 

humour acts like a viscoelastic solid. After applying stress, the behaviour of the vitreous 

humour changes to that of a viscoelastic gel, and after more than 100s, a viscous liquid. This 

change from viscoelastic solid to liquid-like behaviour was identified with the mobility of the 

macromolecules and cross-linking of the collagen-HA network2. If the vitreous humour is 

compressed to the point of crossing the yield point, then irreversible changes appear, such as 

shifts of the centres of gravity in molecules151due to a flow mechanism that carries whole 

molecules. 

It is known that type II collagen and HA with microfibrils are two main biopolymeric 

systems in the vitreous humour2. It is believed that, in the presence of stress, the elastic response 

is a result of uncurling of the long, tangled polymer chains where the polymers will stretch and 

position themselves in the direction of the applied stress151. During the post-stress relaxation, 

the vitreous humour recovers to some extent to its previous form54 as polymers come back to 

their equilibrium formation. The relaxation time of this recovery is identified with a diffusional 

motion of the polymer molecules151. Due to these properties, the vitreous humour behaviour 

was sought to be modelled with the Kelvin-Voigt model152 or a 4-parameter Burger model54 

(Kelvin-Voigt and Maxwell models in series). The vitreous humour was also modelled with a 

two-element retardation spectrum model (two Kelvin-Voigt models and a damper)2 that 

corresponded to two separate biopolymeric systems of the vitreous humour (collagen type II 

and HA) defined with different time responses.  

1.4.3 Optical properties 

The vitreous humour transmits 90% of the visible and NIR light (300-1400nm). Its 

absorption at 980nm and 1200nm wavelengths corresponds to a strong water absorption111,153. 

The absorption for the vitreous humour around the wavelength 980nm is significantly higher 

than for other parts of the eye (Figure 1.4-2), so most of the intensity of the light at this 

wavelength should be absorbed by the vitreous humour. Agar is characterised by a very strong 

absorption in the optical band around 980nm154, thus, it is a good test sample for absorption 

tests. 
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Figure 1.4-2. Absorption spectrum for the main parts of the eye. Adapted from
34

 

The fact that the vitreous humour is near-transparent for visible light and a large part of 

the infrared spectrum means that it is almost invisible in the standard wavelength range used 

in ophthalmology, around 800nm. Some155 have tried to use different post-processing 

techniques to enable the visualisation of the vitreous humour, such as logarithmic scale or high 

dynamic range (contrast-limited adaptive histogram equalisation). The scattering of the 

vitreous humour is higher at 1060nm wavelength and it was shown that this wavelength allows 

for slightly better visualisation of this sample109,156. However, this wavelength provides at least 

twice worse resolution than the shorter wavelengths normally used for the imaging of the eye, 

which makes it difficult to detect very small movements.  

 

1.5 Conclusion 

 

The stiffness of a sample is estimated using the shear modulus value. For viscoelastic 

samples, the shear modulus value is complex and consists of the shear storage modulus, 

associated mostly with the elastic deformation of the sample, and the shear loss modulus, 

associated mostly with the viscous flow and energy loss. The shear storage and loss moduli are 

expressed differently in each mathematical model, such as the Kelvin-Voigt model, the 

Maxwell model, the Zener model, or their more complex fractional equivalents, each 

corresponding to a particular viscoelastic behaviour. These models can be matched to the 

experimentally determined data. 
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The standard oscillatory frequency sweep test allows measuring both the shear storage and 

loss moduli, but this measurement is invasive and limited to low frequencies. An alternative 

way to measure the shear moduli of a material is to observe the propagation of mechanical 

waves such as shear waves. This method can be used to estimate the shear storage and loss 

moduli values using the viscoelastic models mentioned above or in a model-independent 

manner using both the velocity and attenuation of these waves. Surface waves can also be 

measured to estimate the shear moduli, as the relationship between these waves and the shear 

waves velocity and attenuation values can be used. Since in viscoelastic samples, the velocity 

and attenuation of the shear wave are frequency-dependant, a frequency-dependent information 

about the shear modulus has to be studied. To obtain the velocity and attenuation of the surface 

and shear waves, very small displacements created by these waves have to be detected. In 

contrast to other detectors, Optical Coherence Tomography systems allow to detect these 

displacements inside a sample with very high resolution. 

This dissertation is dedicated to providing a method to study the viscoelasticity of the 

vitreous humour using transient Optical Coherence Elastography. As opposed to other OCE 

methods, only a very short and small distortion to the sample structure is induced in this 

method. The resulted mechanical waves are detected with OCT to provide the information 

about viscoelastic parameters of the sample. Since in this approach, very small displacements 

are expected, the OCE system consisting of a high-axial-resolution SD-OCT system was 

chosen. All the OCE measurements are performed on phantoms and the porcine vitreous 

humour at a position close to the lens to limit the effect of any inhomogeneities between the 

posterior and anterior vitreous humour. The vitreous humour phantoms are made with 

hyaluronic acid and agar to obtain comparable optical absorption and viscoelasticity as the 

extracted vitreous humour. In section 1.4.1, it was shown that the vitreous humour might 

express different behaviour in the same frequency range depending on different factors, such 

as the condition of the collagen network. Therefore, this sample cannot be well represented 

with any of the standard viscoelastic models and the model-independent analysis is used.  

This model-independent analysis is tested in the first approach presented in chapter 2. 

Since the frequency representation of mechanical stimulus can be easily controlled, 

mechanically supplied stimuli of different frequency representations are trialled. The surface 

waves induced by these stimuli are observed using OCT. It is tested if such a surface-wave-

based approach can provide viscoelastic information about the extracted vitreous humour. In 

the second approach presented in chapter 3, the direct observation of mechanically induced 

shear wave and extraction of the scattering information, which acts as a “carrier” of these 
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waves, are verified to provide a method for the viscoelastic analysis of the vitreous humour 

inside the eye. In the third approach presented in chapter 4, an all-optical method based on the 

excitation of the longitudinal shear waves is trialled. The laser stimulus was chosen because, 

in contrast to other methods, it is non-contact and can be a source of a longitudinal shear wave 

inside the sample. The 980nm wavelength of the laser stimulus was selected as it is within the 

vitreous humour and its phantoms absorption band. It is tested if such a non-contact approach 

can be used in viscoelastic measurements of the vitreous humour inside the eye. 
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CHAPTER 2:  

 

SURFACE WAVE DETECTION IN THE IN VITRO 

VITREOUS HUMOUR AND MODEL-INDEPENDENT 

VISCOELASTIC ANALYSIS 

 

 

2.1 Introduction 

 

A great deal of research in Optical Coherence Elastography (OCE) has been based on the 

assumption that the group velocity of a mechanical wave excited in a sample can be used to 

assess its biomechanical properties. In this way, using a single value of the group velocity, it 

was shown to be able to discriminate different gelatin94 and agar64,80 samples. Similarly, levels 

of intraocular pressure (IOP) were determined72 and different hydration states of the cornea 

were measured157. Also, by monitoring the change of the group velocity, changes in the retina 

occurring as a result of the progression of age-related macular degeneration were reported30. 

However, more and more researchers have started to analyse the more realistic nature of 

the mechanical wave propagation, where the velocity dispersion (the frequency dependence of 

the mechanical wave velocity) and the sample viscosity are accounted for. This approach 

allows a more in-depth analysis of investigated aspects, such as a change of the sample's 

viscoelastic properties with diseases. In 2004, S. Chen et al.158 proposed measuring the shear 

wave velocity dispersion, believing that this will provide complete information about the 

sample viscoelastic behaviour. In their research, they used a laser vibrometer as a detector. 

They measured the velocity dispersion curve using a monochromatic excitation and 

determining the phase shift of a mechanical wave, 𝛥𝜃, between two detection points in the 

sample for different frequencies, 𝜔 (Figure 2.1-1). The phase velocity, 𝑐𝑝, was then calculated 

according to the equation: 

 

 𝑐𝑝 =
𝜔Δ𝑟

Δ𝜃
 , (63) 
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where 𝛥𝑟 is the distance between the detection points. They fitted the Kelvin-Voigt model to 

their data and generated viscoelastic parameters to describe the sample's biomechanical 

properties. 

 

Similarly, using OCT as a detector, Z. Han et al.33,159 calculated velocity dispersion curves, 

also based on determining phase shifts, and used them to assess the viscoelastic properties of 

the cornea and the liver. However, instead of detecting the wave in two positions, they recorded 

2D images of the sample over time (M-B-scans). As opposed to a monochromatic stimulus, 

they used a broadband stimulus and 1D Fourier Transformation (FT) on the temporal 

displacement plots (plots with the wave-induced displacement information) obtained from 

these M-B-scans, producing a phase shift for each distance on the sample. Then, they employed 

a modified Rayleigh-Lamb frequency equation for the cornea and the Rayleigh wave model 

for the liver to obtain the viscoelastic parameters of these samples.  

Z. Du et al.39 used OCE to obtain the velocity dispersion of Lamb waves, guided 

mechanical waves propagating in thin layers, for the optic nerve head using the absolute value 

of the 2D FT of the displacement field (consisting of displacement plots for multiple transverse 

positions), called the dispersion graph. They divided the temporal frequency by the spatial 

frequency to obtain information about the phase velocity corresponding to each temporal 

frequency. Fitting the Lamb model to their data, they have analysed the stiffness for different 

IOP levels. By applying the 2D FT to the displacement field data, A. Ramier et al.22 obtained 

velocity dispersion curves for surface waves in the cornea, using OCT as a detector and 

broadband stimuli for wave excitation. Also, attenuation for each frequency of the wave was 

determined; FT was applied to the time axis of the displacement field and an exponential decay 

was fitted for each frequency. Their method for calculating the stiffness assumed the Kelvin-

Voigt model. Another method that was proposed to estimate the attenuation of the mechanical 

waves was reported by I. Z. Nenadic et al.160 in ultrasound measurements. In this method, a 

Figure 2.1-1. The procedure of obtaining the phase shift using an ultrasound beam as a stimulus 

and a laser vibrometer as a detector. Adapted from158. 

𝜃 𝜃 
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relationship between the FWHM of the amplitude in the dispersion graph and attenuation was 

derived. 

In this chapter, I present a method which I developed for determining the attenuation in a 

viscoelastic sample, similar to the method presented by A. Ramier et al.22 and I. Z. Nenadic et 

al.160, but here, the attenuation is obtained based on the imaginary part of the 2D FT of the 2D 

displacement field graph. Also, I have used Eq. (36) and Eq. (37) (in section 1.3.1) to calculate 

the shear storage and loss moduli. These equations do not require the assumption of the Kelvin-

Voigt behaviour, as it is model-independent.  

The model-independent method allows to obtain the viscoelastic spectrum over a broad 

frequency range, i.e. information about the frequency-dependent values of the shear storage 

modulus (generally reflecting elastic behaviour) and the shear loss modulus (generally 

reflecting viscous behaviour). Such a viscoelastic spectrum allows for a full rheological 

analysis of a sample, and consequently, the description of its behaviour under different 

conditions. 

There are many advantages of using OCE to obtain rheological information. One of them 

is that it allows to investigate viscoelastic behaviour for higher frequencies than those used in 

the standard rheological oscillatory measurements. In standard rheological tests, if 

high-frequency information is needed, it is obtained indirectly by increasing the temperature 

of the sample as frequency and temperature are believed to bring equivalent outcomes55. The 

study presented in this chapter tests the feasibility of high-frequency rheological analysis of 

the vitreous humour with OCE, not previously applied for this purpose. Since the vitreous 

humour is more viscous than other parts of the eye, such as the cornea, high dispersion and 

attenuation effects are expected. Investigation of the vitreous humour high-frequency 

behaviour would not only provide a broader understanding of that part of the eye and help to 

study the effects of different diseases but also help find a better vitreous substitute. The vitreous 

humour does not regenerate, and thus, if a vitrectomy is performed where vitreous humour is 

removed to provide better access to the retina, a substitute must be used to fill in that space. 

Understanding the vitreous humour's behaviour in different conditions is especially important 

for choosing the ideal substitute. Additionally, OCE can be used for local measurements of the 

viscoelastic properties because, unlike the oscillatory test, it does not use the whole volume of 

the sample. Hence, homogeneity of the sample is only required over a very small area, whereas 

rheological oscillatory tests assume the homogeneity of the whole sample.  

This chapter will describe results obtained with Optical Coherence Elastography on a soft 

rubber sample (PDMS - polydimethylsiloxane), vitreous humour phantoms (agar-HA), and 
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extracted porcine vitreous humour. In these samples, surface waves are excited and used to 

characterise the samples' viscoelastic behaviour. The shear storage and loss moduli are 

estimated using these waves' velocity and attenuation. Additionally, based on these parameters, 

the phase angle is calculated, which is used to determine how viscous or elastic a sample is. I 

demonstrate that this information enables the differentiation of samples, even if a clear 

difference is not visible in the velocity dispersion information. 

In the first measurement, the PDMS sample - being a standard viscoelastic material - is 

used to test the method for determining the shear moduli and the phase angle using a broadband 

stimulus. This measurement aims to validate the accuracy of the method by comparing the 

values obtained for broadband and monochromatic stimuli. The second measurement compares 

three different vitreous humour phantoms based on the shear storage and loss moduli and the 

phase angle values, using both OCE (high frequency) and a rheological oscillatory test (low 

frequency). The viscoelastic characteristics of the vitreous humour phantoms both in high and 

low frequencies are determined based on the frequency-dependent values of the shear moduli 

and the phase angle. Next, the shear wave velocities are determined for both methods (at low 

and high frequencies) and mathematical models that account for different viscoelastic 

characteristics are fitted to these data. Based on the best-fitted models, the viscoelastic 

behaviours of the samples in different frequency ranges are determined and compared to the 

previously collected data. Additionally, a method for comparison of the OCE and oscillatory 

test results is proposed. The last measurements are done using extracted porcine vitreous 

humour samples to obtain its viscoelastic parameters and test if the proposed approach is valid 

for this part of the eye.  
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2.2 Methods 

 

2.2.1 Samples 

2.2.1.1 PDMS 

A PDMS sample (ELASTOSIL, RT 601 A/B) with a low proportion of curing agent (1:60) 

and dimensions 14mm x 30mm x 50mm was made. To make this sample, the components A 

and B were thoroughly mixed in the proportion of 1:60. Then, to eliminate bubbles in the 

sample, it was placed in a vacuum chamber. After around 30min in the vacuum chamber, when 

all the bubbles were gone, the sample was poured into a mould and put for two hours in an 

oven set to 60 °C. When the sample cooled down, it was gently extracted from the mould. 

2.2.1.2 Vitreous humour phantoms 

Two identical phantoms of the extracted vitreous humour were made for each of three 

concentrations of both agar and hyaluronic acid (HA, hyaluronic acid sodium salt from 

Streptococcus equi, Sigma-Aldrich) in saline: 0.75mg/ml, 1.00mg/ml, and 1.25mg/ml. First, 

saline was prepared by dissolving one tablet of phosphate-buffered saline (Biotechnology 

Grade, VWR Life Science) in 100 ml of milli-Q or distilled water. Phosphate-buffered saline 

is a buffered solution generally used in biological studies. 40ml of saline was measured using 

a measuring cylinder. The saline was poured into a beaker and the level of the saline was 

marked. Each sample was made by adding the correct amount (30mg, 40mg, 50mg) of agar 

and HA to 40ml of saline when heated up to 100°C (for example, 30mg of agar, 30mg of HA, 

and 40ml of saline for a 0.75mg/ml sample). Then, the solution was mixed thoroughly until no 

clumps were left and was left to cool down to room temperature (21°C). The distilled water 

was added to compensate for any losses during heating and cooling. Then, each sample was 

poured into a petri dish (60mm) to approximately 10mm level. The 0.75mg/ml sample visible 

characteristics indicate that this sample is the most liquid-like sample and the 1.25mg/ml 

sample would be the closest to a gel. Phantoms were made on the day of the measurements.  

2.2.1.3 Vitreous humour  

For the final measurements, extracted porcine vitreous humour samples are used. For the 

OCE measurement, six eyes were obtained from a butcher. After the extraction of the eye from 

the eye socket, the eye was kept in a solution of common salt (NaCl, 7g) in water (800ml). The 

temperature of the saline was monitored using an infrared thermometer and heated up to around 
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36°C when required. Each vitreous was extracted just before the measurement and placed in a 

petri dish. The extraction process took about 10-15 minutes. The crystalline lens was left 

attached to serve as a location reference within the vitreous humour (Figure 2.2-1). During the 

measurement, the vitreous humour is kept at around 21°C, as per the thermostat in the 

laboratory. For the rheological study, five eyes were obtained from a butcher, they were not 

kept in saline but were moisturised when received and kept at 25°C. The measurements were 

also made immediately after extraction. 

 

 

2.2.2 Optical Coherence Elastography – system characterisation 

In the OCE measurements, an SD-OCT system (Figure 2.2-2) is used. The light from a 

broadband source (SLD, Superlum Broadlighter T840, 780-920nm) is directed to a Michelson 

interferometer with a 50/50 fibre coupler. The light from the interferometer is directed into the 

spectrometer with a 1200 lines/mm diffraction grating and a camera with an A-line rate of 

70kHz (spL8192-70km, Basler). The signal from the camera is recorded using a frame grabber 

(PCIe-1433, National Instruments). The SD-OCT system has an axial resolution of ~4µm and 

an imaging depth of ~1.5mm. Scanners (GVS002, Thorlabs) are used in this system to provide 

a 2D imaging capability, but they were turned off during the measurements due to their low 

motion stability. Instead, a translation stage with 10µm precision was used to control the 

position of the detection beam on the sample. 

Figure 2.2-1. Extracted porcine vitreous humour with the lens attached. 
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The SD-OCT system is used to observe deformation within the sample caused by 

mechanical waves induced with a piezoelectric transducer (PZT) with an alumina hemispheric 

tip (~2.5mm tip diameter, PK4DLP1, Thorlabs) and a maximum displacement of 5.2 µm for 

150V supplied. The PZT is attached to a mount and placed on a translation stage to bring it 

into physical contact with the sample (Figure 2.2-3). For each measurement, the sample surface 

was affected in a different way when connected with the tip of the PZT (Figure 2.2-4).  

 

In the case of the PDMS sample, the sample surface would get attached to the PZT tip due to 

the PDMS viscosity, but it did not cause distortion to the sample surface. Both the agar-HA 

and the extracted vitreous humour surfaces created a meniscus when they were set in contact 

with the PZT. This effect was more prominent for the extracted vitreous humour, for which a 

ripple could have also been observed on the surface. Before the measurement, the amplitude of 

Figure 2.2-2. A schematic of the SD-OCT setup used in the measurements. L –lens, DG – 

diffraction grating, M – mirror, F- variable neutral density filter, S – scanning mirror. Focal 

lengths of the lenses L1, L2, L3, L4, L5 and L6 are equal to 8.1mm, 50mm, 15mm, 75mm, 50mm 

and 100mm, respectively. The diffraction grating has 1200 lines per mm and the camera has 8192 

pixels (pixel size is 10 µm). 
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Figure 2.2-3. A schematic of the system. A piezoelectric transducer (PZT) is attached to a mount 

and supplied with the amplified signal from the DAQ card. Mechanical waves are excited with 

the PZT and detected with the SD-OCT system. 
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the backreflected light from the sample surface was maximized to ensure the perpendicularity 

of the surface to the direction of the beam incidence. The focal point of the OCT beam was 

positioned as close as possible to the PZT without overlapping it. 

  

A program was created in the LabVIEW environment to send the stimulus signal through 

the data acquisition (DAQ) card (NI 6251) to the PZT. A signal generated by the frame grabber 

is sent to the DAQ to synchronise the acquisition with the stimulus. Since the DAQ card can 

only output maximum 10V, which induces displacements of the PZT that are too small, a 

voltage amplifier (DRV2700) was used. The amplifier needed additional assessment as signals 

supplied to it within the range of 0-10V were not correctly represented on the amplifier output. 

The sinusoidal signals had an additional offset or were cut at the top and the bottom, which 

resulted in a broader frequencies range being present in the supplied signal. Therefore, the 

amplifier input-dependent response function was experimentally determined by applying 

sinusoidal signals of different frequencies (0.2 kHz, 0.3125 kHz, 0.5 kHz, 1.0 kHz, 1.6 kHz) to the 

amplifier and for each of them determining the offset and amplitude for which the output signal 

observed with the oscilloscope was accurately represented (Figure 2.2-5). The obtained 

amplitudes and offsets were then fitted with second-order polynomials. These polynomials are

 

Figure 2.2-4. A schematic represents the effect of the attachment of the PZT to the PDMS – no 

distortion to the surface (a), agar-HA sample – a meniscus (b) and the extracted porcine vitreous 

humour – a meniscus and a ripple (c).  

 

a b 

  

c 

Crystalline lens 

Vitreous humour 

PZT 

PDMS 
agar-HA 

ripple 

meniscus meniscus 

Figure 2.2-5. The amplifier response function that determines the amplitude and offset for 

different frequencies. Data points collected for frequencies: 0.2 kHz, 0.3125 kHz, 0.5 kHz, 1.0 

kHz, 1.6 kHz and fitted second-order polynomial functions. For every single frequency, an 

appropriate offset and amplitude must be supplied to the amplifier so that a correct shape of the 

signal is obtained on the output. 
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then used as correcting factors to ensure that the signal applied to the PZT through the amplifier 

is a correct representation of the signal outputted from the DAQ card.  

Another technical issue that needed to be addressed is the amplifier inability to amplify 

high-frequency signals to the desired 100V value. This limitation restricts the frequency range 

that can be supplied to the PZT and thus its displacement. To test this restriction, two 

relationships are obtained by observing the displacement of the PZT tip with the OCT system: 

the displacement amplitude of the PZT for sinusoidal signals as a function of frequency (Figure 

2.2-6a) and for rectangular pulses as a function of their duration (Figure 2.2-6b). These two 

relationships are chosen since the sinusoidal and rectangular pulses represent the 

monochromatic and broadband signal, respectively, and are used as stimuli in the 

measurements. In Figure 2.2-6, it can be noticed that the amplitude of the PZT displacement 

drops for the 0.2ms stimulus due to the limitations described above, where due to its rectangular 

shape, this short pulse represents a high-frequency signal. Therefore, for this system, the 

shortest broadband stimulus that can be used is set to 0.2ms. For shorter pulses and 

consequently lower PZT displacement amplitudes, the excited waves would be too small to be 

detected, especially for measurements at longer distances from the PZT and for highly 

attenuating samples. Additionally, it can be observed that for all the tested signals, the PZT 

tip's displacement towards the sample would be less than 3 µm (Figure 2.2-6). This small 

amplitude of the stimulus restricts the magnitude of the strain so that there are no changes in 

the sample properties due to compression, which allows for the measurements to be considered 

linear161.  

 

Four different broadband signals supplied to the PZT were tested as stimuli: a Gaussian pulse 

(Figure 2.2-7a), a chirp with frequencies 0.2-2kHz (Figure 2.2-7b), and rectangular 

pulses with durations of 0.2ms (Figure 2.2-7c) and 0.4ms (Figure 2.2-7d). Frequency 

Figure 2.2-6. The amplitude for the sinusoidal signal (0.2 kHz, 0.3125 kHz, 0.5 kHz, 1.0 kHz, 1.6 

kHz) using the response function of the amplifier (a). The amplitude for rectangular pulses of 

different durations: 0.2ms, 0.4ms, 0.8ms, 2ms, 5ms and 10ms (b). 

a 

  

b 

  

Rectangular pulses Sinusoidal signals 
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representations of those signals are obtained using FT and are also shown in Figure 2.2-7. 

The use of each stimulus has different benefits. The chirp stimulus allows for 

a uniform frequency distribution in the signal but requires a long signal to be sent. 

 

Figure 2.2-7. Types of signals supplied to the piezoelectric transducer and corresponding 

frequency representation. a - Gaussian pulse, b - chirp, c - 0.2ms rectangular pulse, d - 0.4ms 

rectangular pulse. 

a. 

b. 

c. 

d. 

 

 

 

 

FT 

FT 

FT 

FT 
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In contrast, both Gaussian and rectangular pulses provide a broad frequency range while being 

short. The 0.4ms rectangular pulse provides a shorter frequency range but a higher amplitude 

of the signal. In addition to these broadband stimuli, single tones (single sinusoidal signals) 

with frequencies 0.2kHz, 0.3125 kHz, 0.5 kHz, 1.0 kHz, and 1.6 kHz were also supplied to the 

PZT as stimuli.  

 

2.2.3 Optical Coherence Elastography – data processing 

After a stimulus is supplied to the sample, the information about the changes at a given 

point on the sample's surface is collected in the form of 2000 consecutive spectra with an 

acquisition rate of 70 kHz. An M-scan (Figure 2.2-8) is created using the FT of these spectra. 

Each Fourier Transformed spectrum in the M-scan contains 1024 pixels in depth. For each 

spectrum in the M-scan, the Fourier transform phase values are obtained for multiple depth 

positions corresponding to the sample’s surface, which is observed as a maximum intensity 

peak in the A-scan. For each chosen depth position in the Fourier transform, phase changes 

Figure 2.2-8. M-scans, cut to 201 pixels, presenting the surface of a - PDMS, b - Agar-HA 

sample(1.00mg/ml), and c - extracted vitreous humour (first sample). A 0.2ms pulse was supplied 

to these samples after 1ms of the measurement. 

PDMS M-scan 

Agar-HA M-scan Vitreous humour M-scan 
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between the consecutive spectra in the M-scan are calculated, consequently generating a 

phase-based displacement plot. After phase unwrapping, the obtained displacement plots for 

all the chosen depths are averaged (displacement plots highly affected by noise are discarded 

before the averaging). The y-axis of the obtained displacement plot representing the extent of 

the surface displacement is recalculated from radians to micrometres based on Eq. (62) in 

section 1.3.3. For the data with small wave amplitude, a second-order Butterworth filter is used 

on the displacement plots to remove the influence of noise. 

The M-scans are collected at 10 to 49 specific distances from the starting position close to 

the wave's point of origin by laterally translating the OCT system's object arm. To improve the 

sensitivity of the measurement, 10 to 20 M-scans are collected at each transverse position and 

recalculated to displacement plots. Such obtained series of displacement plots at one transverse 

position is either averaged or considered separately. Each M-scan is measured over a 

28ms-long period and the stimulus commences 1ms after the start of the measurement.  

For the single tones, the average displacement plots are cross-correlated between 

consecutive transverse positions, the obtained time differences are plotted against the distance 

and a linear function is fitted to obtain the phase velocity of the wave propagating in the sample. 

The attenuation of these waves is calculated by fitting an exponential function to the wave 

amplitude for subsequent distances on the sample and determining the damping parameter. 

Each single tone stimulus is used to directly obtain the information about the wave velocity for 

an individual frequency, whereas broadband excitation enables the calculation of wave velocity 

for a wider range of frequencies in the form of dispersion curves. The procedure enabling the 

calculation of a dispersion curve from the data obtained with a broadband stimulus is as 

follows. First, displacement plots are stacked for multiple transverse positions on the sample, 

creating a 2D distance to time graph (displacement field graph). 2D FT is applied to the 

displacement field graph to allow extraction of both the phase velocity and attenuation values. 

Since the size of the 2D displacement field graph's distance axis consists of only 10 to 49 

elements (depending on the measurement), as opposed to 2000 elements in the time axis, the 

distance axis is zero-padded, so its size is increased to 10 000 elements. This procedure is 

necessary to ensure optimum sampling on the spatial frequency axis of the 2D Fourier 

Transform.  

The information about the phase velocity is retrieved from the 2D Fourier transform of the 

displacement field graph by extracting its absolute value. The resulting 2D array is called the 

dispersion graph and shows the relationship between the spatial and temporal frequencies 

present in the displacement plots. In the dispersion graph (Figure 2.2-9a), a dominant spatial 
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frequency traverses zero and contains side lobes whose appearance is related to the shape of 

the input signal. In the positive quarter of the dispersion graph, the spatial (ξ) and temporal (f) 

frequency coordinates of the maximum intensity, which corresponds to the dominant lobe 

(marked with a blue dashed line in Figure 2.2-9a), are used to calculate the phase velocity of 

the surface wave, 𝑐𝑅(𝑓): 

 

 𝑐𝑅(𝑓) =  
𝑓

ξ(𝑓)
 . (64) 

 

A Blackman-Tukey method162 (BT method) is tested on data obtained to improve the data's 

reliability for high frequencies. In this method, FT is performed on the time axis (the horizontal 

axis), then the columns of the resulting signal are autocorrelated and "multiplied" by the 

window function. Finally, this signal is Fourier Transformed with respect to the distance axis 

(vertical axis). This process can be represented by the following equation162: 

  

 �̂�𝐵𝑇(𝑒
𝑖𝜔) = ∑ �̂�𝑥(𝜉)𝑤(𝜉)

𝑀
𝜉=−𝑀 𝑒𝑖𝜉𝑓 , (65) 

 

where �̂�𝐵𝑇 is the Blackman-Tukey spectrum estimate, ξ = -M,.., M, �̂�𝑥 is the estimate of the 

power spectrum for a particular spatial frequency and 𝑤 is the window applied to the 

autocorrelation estimate. This method proposed by P. Kijanka162 is used in two configurations, 

with the Blackman window and the Kaiser window. The Kaiser window is used with different 

values of the β parameter, which controls the window's trade-off between the width of the side 

lobes and its main lobe in the resultant peak. 

Figure 2.2-9. Example of 2D FT of the displacement field graph, absolute value of the 2D FT (a), 

negative imaginary part of the 2D FT (b). Data were obtained for 0.2ms rectangular pulse signal 

and PDMS sample. 

a. b. 

ξ 
 

Dispersion graph Attenuation graph 

- 
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The information about the attenuation is obtained from the 2D Fourier transform by taking 

its negative imaginary component (Figure 2.2-9b). The resulting 2D array is called the 

attenuation graph and presents the relationship between the negative values of the spatial 

frequency and temporal frequencies. In the attenuation graph, there is also a main lobe 

traversing zero (marked with a blue dashed line, Figure 2.2-9b) and side lobes. The dominant 

frequency, 𝜉(𝑓), is used to extract information about the attenuation, 𝛼 (𝑓), where: 

 

 𝛼 (𝑓) = −𝜉(𝑓) . (66) 

 

In practice, the frequency-dependent attenuation is calculated by determining the maximum of 

the main lobe in the attenuation graph at each particular temporal frequency.  

Depending on the sample thickness, there are two types of waves that can be observed at 

the sample's surface, the Rayleigh and Lamb waves. The Lamb waves are observed in very thin 

samples for which the thickness, h, is expressed as 163: 

 

 ℎ <  
2𝑐

𝑓
 , (67) 

where c is the wave velocity and f is its frequency. As the thickness of the samples used in the 

measurements presented here, meet the condition 163: 

 

 ℎ >  
2𝑐

𝑓
 , (68) 

 

the waves observed at the sample's surface are the Rayleigh waves. The Rayleigh wave 

velocity, 𝑐𝑅, and attenuation, 𝛼𝑅, are converted to the shear wave velocity, 𝑐𝑠, and attenuation, 

𝛼𝑠, using Eq. (43) presented in section 1.3.1: 

 

 𝑐𝑠 =
𝑐𝑅

0.95
 , (69) 

 

 𝛼𝑠 = 0.95𝛼𝑅 . (70) 

 

Based on the shear waves velocity and attenuation, the shear storage modulus and the shear 

loss modulus are calculated using Eq. (36) and Eq. (37), respectively, as described in section 

1.3.1. A correction is applied to equation Eq. (36) in the form of an absolute value, as Eq. (36) 
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will provide negative values for the shear storage modulus for high-velocity values. Because 

the experimentally obtained shear storage modulus and the shear loss modulus values are a 

function of the temporal frequency and not the angular temporal frequency, the Eq. (36) and 

Eq. (37) are rewritten as: 

 

 𝐺′(𝑓) = |𝜌𝑐𝑠
2(𝑓)

1−(
𝛼(𝑓)

𝑓
)
2
𝑐𝑠
2(𝑓)

(1+(
𝛼(𝑓)

𝑓
)
2
𝑐𝑠
2(𝑓))

2| , (71) 

 

 𝐺′′(𝑓) =
2𝜌

𝛼(𝑓)

𝑓
𝑐𝑠
3(𝑓)

(1+(
𝛼(𝑓)

𝑓
)
2
𝑐𝑠
2(𝑓))

2 . (72) 

 

To obtain full information about the sample, the phase angle between elastic and viscous 

response, 𝛿, is calculated from the equation: 

 

 𝛿 = tan−1 (
𝐺′′

𝐺′
) . (73) 

 

The shear storage and loss moduli and the phase angle values are used to classify samples' 

viscoelastic behaviour as a viscoelastic solid, a viscoelastic liquid or a gel. For a viscoelastic 

solid, the shear storage modulus is higher than the loss modulus and the phase angle is below 

45º. A gel is a special case of a solid-like sample, where the shear loss modulus is higher than 

the storage modulus, but also, the values representing both moduli form parallel curves when 

measured for a set of frequencies and the phase angle has an approximately constant value 

below 45º 55. For a viscoelastic liquid, the shear loss modulus is higher than the storage modulus 

and the phase angle is above 45º. Parameters of measurements performed on different samples 

are presented in Table 2.2-1. 

 

2.2.4 Measurements with a rheometer 

Rheological data are obtained with an oscillatory frequency sweep test using a 

controlled-stress rheometer (TA Instruments, Model ARG2 and HR-2) with a 1 mm gap 

between smooth, parallel plates of 40-mm diameter. For this measurement, the sample is 

inserted between the plates where the bottom plate is stationary, and the upper plate is rotated 
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by a fixed small angle with increasing frequency (0.1-16Hz or 0.1-100Hz). The chosen fixed 

angle for this measurement corresponded to 1% and 3% strain (average displacement 5 µm and 

15µm). This small strain is selected to match the small displacement used in OCE and previous 

rheological measurements on the vitreous humour2,5,164. Parameters of the measurements 

performed on different samples are presented in Table 2.2-2. 

 

 

Table 2.2-2. Specific parameters for each type of the sample tested with the rheometer 

Sample Vitreous humour phantoms Vitreous humour 

Rheometer Model ARG2 HR-2 

Frequency range 0.1-100Hz 0.1-16Hz 

Strain 1% 3% 

Number of measurements per sample 4 1 

 

 

2.2.5 Viscoelastic models 

The shear velocity data for the vitreous humour phantoms obtained with the OCE 

measurements and the oscillatory test are fitted with viscoelastic models: Maxwell, 

Kelvin-Voigt, Zener, Maxwell fractional derivative, Kelvin-Voigt fractional derivative, Zener 

fractional derivative.  

The fitting error, χ, for these models is calculated from59: 

 

 χ =
1

N
∑ √(cs(f) − Model(f))

2
 N

f−1 , (74) 

 

Table 2.2-1. Specific parameters for each type of the sample tested with the OCE system. 

Sample PDMS 
Vitreous humour 

phantoms 
Vitreous humour 

Number of measurements 

per sample 
10 20 20 

Total distance [mm] 4 1.8 1.5 1.4 0.5-0.7 

Intervals [mm] 0.1 0.1 0.05 

Stimulus 

0.2ms rectangular pulse,  

0.4ms rectangular pulse, 

gaussian pulse,  

chirp 

0.2ms rectangular 

pulse 

0.2ms rectangular 

pulse 

Second-order Butterworth 

filter parameters 
No filter 

Bandpass,  

7Hz and 1120 Hz 

Bandpass, 

7Hz and 1120Hz 
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where N is the length of the frequency vector. Explicit equations (Eq. (19) - Eq. (24)) 

describing these models, presented in section 1.2, are obtained using:  

 

 𝑐𝑠(𝑓) =  

√
√𝐺′(𝑓)2+𝐺′′(𝑓)2

𝜌

√
1

2
(1+

𝐺′(𝑓)

√𝐺′(𝑓)2+𝐺′′(𝑓)2
)

 , (75) 

 

where 𝜌 is the density of the sample and the angular temporal frequency is replaced with the 

temporal frequency. The models fitted to the OCE data are extrapolated to lower frequencies. 

The extrapolated values are compared with the oscillatory test results. 

For the rheological oscillatory test, the average from four measurements is calculated and 

the error of determining the shear wave velocities is estimated based on the standard deviation 

and the student t distribution (95%). For OCE, the dispersion graphs are obtained separately 

for 20 measurements for each sample. The surface velocities are extracted and recalculated to 

the shear wave velocities based on Eq. (69). An average value for these velocities is obtained 

and the error for the OCE data is calculated based on the standard deviation. 
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2.3 Results 

 

This section starts with a description of two analysis approaches for reliable extraction of 

frequency-dependent phase velocities. Both methods are used on the experimental data 

acquired for a PDMS sample with a range of broadband stimuli. The results are compared to 

the values obtained directly with single tones as a stimulus. The methods are tested for their 

limitations and ability to provide correct estimates of the surface wave dispersion. The 

best-performing analysis is then used to extract the information about the attenuation 

distribution and the basic viscoelastic parameters: the shear storage modulus, shear loss 

modulus and phase angle. 

The same method is also used to provide information about the viscoelastic behaviour of 

vitreous humour phantoms and ascertain if the differences in their viscoelastic parameters can 

be observed. Three agar-HA samples with different agar and HA amounts are used for this 

purpose: 0.75mg/ml, 1.00mg/ml, and 1.25mg/ml. These samples are measured in the low-

frequency region with a rheometer and the high-frequency region with the Optical Coherence 

Elastography system. The shear storage modulus, shear loss modulus and the phase angle are 

calculated for both regions and used to characterise the sample's viscoelastic behaviour in these 

regions and classify it as a viscoelastic solid, viscoelastic liquid or gel. 

Next, viscoelastic models are fitted to the OCE, the oscillatory test and combined OCE-

rheometry datasets for the three agar-HA samples. Based on the best fitted models, viscoelastic 

behaviour is classified and compared to the classification based on the viscoelastic parameters 

(shear storage modulus, shear loss modulus and the phase angle). To determine if the behaviour 

in one frequency range can be used to "predict" the behaviour in another frequency range using 

models, the models fitted to the high-frequency OCE data are extrapolated onto the low-

frequency range and compared with the low-frequency oscillatory test data. 

Six extracted porcine vitreous humour samples are measured with OCE in the 

high-frequency region and five extracted vitreous humour samples are measured in the 

low-frequency region. The shear storage modulus, shear loss modulus and phase angle are 

calculated for both regions and provide information on vitreous humour viscoelastic behaviour. 

The best performing viscoelastic model, singled out in the analysis for the agar-HA samples, 

is then fitted to the OCE data and extrapolated to low frequencies and compared with the 

oscillatory test results.  
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2.3.1 PDMS sample – testing of the method 

Signals recorded from the PDMS sample's surface with different stimuli are presented in 

Figure 2.3-1 with zero set at the time when the stimulus starts (1ms). Many aspects were 

considered to find and test the best approach for extracting the viscoelastic parameters, such as 

shear storage modulus, shear loss modulus and the phase angle. From Figure 2.3-1, it can be 

seen that the displacement for the 0.4ms rectangular pulse (Figure 2.3-1d) has the highest 

amplitude, followed by the 0.2ms rectangular pulse (Figure 2.3-1c).  

 

From each displacement graph in Figure 2.3-1, two displacement plots (rows) were taken 

- one corresponding to the position 0.0mm, and the other to 4.00mm on the sample surface (as 

it was said in section 2.2.2, the 0.0mm is the closest possible position to the PZT). All these 

extracted displacement plots were Fourier transformed, and the normalised modules of the 

Fourier transforms were presented in two graphs in Figure 2.3-2 to allow the assessment of the 

wave frequency content. The signal excited with the 0.4ms rectangular pulse represents the 

narrowest range of frequencies because that signal has the broadest temporal width. At the 

Figure 2.3-1. Displacement field graphs for the PDMS sample as a function of time and distance 

from the stimulus for: Gaussian pulse (a), chirp (b), 0.2ms rectangular pulse (c), 0.4ms 

rectangular pulse (d). All data are presented with the same intensity scale for easier interpretation. 

Time=0 indicates the start of the stimuli. 

a. b. 

c. d. 
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0.00mm position (Figure 2.3-2a), the broadest range of the frequencies is observed for both the 

0.2ms rectangular pulse and the Gaussian pulse due to the narrowest temporal width. However, 

at the 4.00mm position (Figure 2.3-2b), all the signals seem to be attenuated to a similar range 

of frequencies. 

 

Next, the 2D FT method was used. The dispersion graphs obtained using the absolute 

value of the 2D Fourier transform of the data for all stimuli from Figure 2.3-1 are presented in 

Figure 2.3-3. To have an objective, distance-independent estimate of the frequency bandwidth 

Figure 2.3-2. The normalised module of the Fourier transform of the displacement plots recorded 

for the PDMS sample at: 0.00mm (a), and b - 4.00mm (b) from the initial position. 

a 

  

b 

  

0.00mm 

  

4.00mm 

  

Figure 2.3-3. Dispersion graphs based on the averaged displacement plots for all the stimuli 

supplied to the piezoelectric transducer: Gaussian pulse (a), chirp (b), 0.2ms rectangular pulse (c), 

0.4ms rectangular pulse (d). 

a. b. 

c. d. 
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of each stimulus, the maximum intensity of the main lobe in the dispersion graphs in Figure 

2.3-3 is determined for each temporal frequency. The extracted values are normalised to the 

highest value in the set and plotted in Figure 2.3-4. The graph in Figure 2.3-4 indicates that the 

0.2ms rectangular and Gaussian pulses cover the broadest frequency range and therefore, they 

are potentially the most information-rich in terms of providing frequency-dependent phase 

velocity distribution. It seems that for the 2D FT method, attenuation of high frequencies with 

distance from the wave's source does not influence the dispersion velocity graph since the 

attenuated high frequencies (as depicted in Figure 2.3-2b) are still present in the dispersion 

graphs (Figure 2.3-3).  

 

When extracting the information about the phase velocity of the surface wave (Figure 

2.3-5), using the spatial and temporal frequency coordinates and Eq. (64) (section 2.2.3), all 

the stimuli allow calculation of the phase velocity consistently up to about 2kHz where they 

start to diverge (Figure 2.3-5a). This indicates that even though some information about spatial 

frequencies for higher temporal frequencies is present, information about the velocity cannot 

be reliably obtained. This suggests that there is no strong advantage in using a particular 

stimulus from the tested signals.  

Furthermore, the velocities were calculated separately for ten measurements by omitting 

the averaging step and extracting the velocities separately for each dispersion graph 

corresponding to each measurement out of 10 measurements. The extracted velocities were 

then averaged for each stimulus and the standard deviation was calculated (Figure 2.3-5b). For 

these graphs, it was not possible to obtain the velocity information for all the stimuli for 

frequencies higher than 2.5kHz due to the fading amplitude of that signal. This test proved that 

averaging the displacement plots before the Fourier transformation allows for a higher 

frequency range to be extracted.  

Figure 2.3-4. Normalized values of the maximum intensities from the dispersion graphs 

corresponding to different stimuli.  
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The surface wave velocities for single tone excitations were also calculated and marked in 

Figure 2.3-5 as red dots. It can be observed that there is a very good agreement between 

the discrete single-tone-enabled measurements of phase velocity and continuous, 

multi-frequency-signal-enabled measurements. In Figure 2.3-5b, it can be noticed that at 

1.6kHz, the velocity obtained for 0.2ms rectangular stimuli is the closest to the single tone 

value obtained for that frequency. Also, out of the tested signals, the standard deviation for the 

higher frequencies is the smallest for the 0.2ms rectangular pulse. Therefore, a 0.2ms 

rectangular pulse was chosen for use in further analysis.  

The next step was to determine if using the Blackman-Tukey method with the Blackman 

and Kaiser windows would provide more reliable analysis and improve the results for the 

frequencies around and above 2kHz. This method was used for ten different measurements 

with 0.2ms rectangular pulse stimuli. The dispersion graphs for the 2D FT method and the BT 

method with the Blackman and Kaiser (β =10) windows were obtained. Data from ten repeat 

measurements are presented in Figure 2.3-6. Both the Blackman and Kaiser windows remove 

the side lobes on the dispersion graph (Figure 2.3-6), allowing for better interpretation of the 

signal than for the 2D FT method. The Kaiser window shows the potential to provide better 

results due to the more localised main lobe. It is also more flexible due to the variable β value 

that controls the window's shape.  

Figure 2.3-5. Surface wave velocities extracted from the dispersion graphs for the PDMS sample. 

For average displacement plots (a) and average phase velocities for ten different dispersion 

graphs (b). 

a 

  

b 
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To obtain the surface wave velocity values, ten separate dispersion graphs were obtained 

from the repeat measurements, giving ten surface wave velocity curves for each method: 

the 2D FT method (Figure 2.3-7a) and the BT method with the Blackman (Figure 2.3-7b) and 

Kaiser (β =10, Figure 2.3-7c) windows. For each method (2D FT, BT with Blackman and 

Kaiser windows), the velocity dispersion curves were compared with each other and with the 

results for single tones to decide on the most reliable approach (Figure 2.3-7). 

Using the Kaiser window with β equal to 10 gave a comparable result as the Blackman window. 

The values obtained for both Blackman and Kaiser windows are less scattered above 2kHz than 

Figure 2.3-6. Dispersion graphs for the 0.2ms rectangular pulse stimulus for:  

2D FT method (a), BT method with Blackman window (b), BT method with Kaiser window 

(β=10) (c). 

  

a. b. c. 2D FT method    Blackman window 
  

Kaiser window (β=10) 

 

Figure 2.3-7. Surface wave velocities extracted from thedispersion graphs for 10 measurements 

(where these measurements are distinguished with different colours) for: a – 2D FT method, b – 

Blackman window (BT method), c - Kaiser window (β=10, BT method). 

. 

a 

b c 
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for the 2D FT method. Using a higher β parameter allows even more steady values to be 

obtained for the high-frequency range velocities (Figure 2.3-8).  

On the other hand, it can be noticed that using the Blackman-Tukey method, both with 

Blackman and Kaiser windows, slightly increased the spatial frequency values, resulting in 

lower velocity values. This change in the velocity values introduces a divergence in the data 

between the single tones and velocity dispersion curves. This divergence is most visible in 

Figure 2.3-7 for the values corresponding to 1.6kHz. The higher the β value in the Kaiser 

model, the higher the divergence from the single-tone values (see Figure 2.3-8, where two 

graphs are presented - one depicting velocity dispersion curves obtained with the BT method 

with beta=10 of a Kaiser window, and the other - showing the velocity curves for beta=32 of 

the Kaiser window).  

 

This effect is a result of the limitation of the BT method that occurs when a broad peak (in 

temporal frequency) is present in the 2D data after the FT on the time axis and autocorrelation. 

If a window is used over that peak, it will narrow it in the amplitude of the Fourier transform, 

but the phase of that Fourier transform will remain unchanged. This inconsistency will cause 

the spatial frequencies in the dispersion graph to be slightly moved after the FT. Therefore, 

despite its advantages in providing less scattered data at higher frequencies, the Blackman-

Tukey method was not used in further analysis.  

Next, the results for the attenuation are presented. The attenuation of the surface wave is 

calculated based on the main lobe, so the lobe traversing the zero point in the attenuation graph 

in Figure 2.3-9a (blue line). Most of the obtained attenuation values fit within the experimental 

uncertainty for the single tone data (Figure 2.3-9b). If calculated separately for each 

measurement out of 10, the average standard deviation of the attenuation values in the 

Figure 2.3-8. Surface wave velocities extracted from the dispersion graphs for 10 measurements 

for the Kaiser window (BT method): a - β=10, b - β=32 

a 

  

b 
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presented frequency range extracted using the 2D FT method is equal to 0.002
1

𝑚𝑚
, proving 

good reproducibility of the method.  

 

The surface wave velocity and attenuation values are recalculated to the shear wave 

velocity and attenuation values using Eq. (69) and Eq. (70). The shear storage and loss moduli, 

calculated using the shear wave attenuation and velocity with Eq. (71) and Eq. (72) (section 

2.2.3), are presented in Figure 2.3-10. Values obtained for a 0.2ms rectangular stimulus and for 

single tones agree well above 0.5 kHz and diverge slightly for the lower frequencies. Figure 

2.3-10 also shows that for the PDMS sample, the shear storage modulus is higher than the shear 

loss modulus for the whole studied frequency range. This behaviour is usually observed for 

viscoelastic solids. The calculated phase angle for the PDMS sample is presented in Figure 

2.3-11. The obtained values seem to be constant for the tested frequency range. 

 

Figure 2.3-9. Extraction of the attenuation information from (a) the imaginary part of the 2D 

FT (main lobe is marked with the blue dashed line) for a 0.2ms stimulus, and (b) comparison 

between the attenuation values extracted from (a) and the single tone stimuli. 

a 

  

b 

  

Figure 2.3-10. Shear storage and loss modulus for the PDMS sample calculated based on the 

attenuation and velocity for the single tones and a 0.2ms rectangular pulse. 
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The parallel shear moduli data and the relatively constant phase angle suggest that the PDMS 

sample is the closest to a gel. This description is consistent with the visible characteristics of 

the studied sample.  

 

Using the data obtained with the PDMS sample, the determined viscoelastic parameters 

(shear storage modulus, loss modulus and phase angle) appear to describe the sample 

accurately as a gel. These viscoelastic characteristics for the PDMS samples were also observed 

by others165. A comparison of a broadband stimulus with the single tones suggests that the 

values obtained with the 2D FT method have good accuracy and can be used in further analysis.   

Figure 2.3-11. Phase angle for the PDMS sample calculated based on the shear storage and loss 

moduli obtained for the single tones and a 0.2ms rectangular pulse. 
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2.3.2 Vitreous humour phantoms  

In contrast to the results for the PDMS sample, the displacement field graphs (Figure 

2.3-12), created using the average displacement plots from 20 measurements for the agar-HA 

samples, feature two waves. One wave arrives apparently immediately after the stimulus is 

applied for all the transverse distances on the sample surface and becomes weaker with 

distance. The second wave arrives some time after the stimulus is applied and, with distance, 

its arrival becomes more and more delayed. The first wave can be identified as a compressional 

wave which creates a displacement in the direction of propagation. Because the agar-HA 

samples are slightly thinner than the previous PDMS sample, the compressional wave is 

stronger and thus visible. The compressional wave originates at the stimulus, propagates 

through the sample, and bounces from the bottom of the sample causing displacement at the 

detection position. The compressional waves in the tested samples are a thousand times faster 

than the shear or surface waves, thus no variations with time can be noticed. The second wave 

can be identified as the surface wave since it moves slowly along the surface. The displacement 

field graphs for the 0.75mg/ml, 1.00mg/ml and 1.25mg/ml samples are presented in Figure 

2.3-12a, Figure 2.3-12b and Figure 2.3-12c, respectively. The 0.00mm position is 

Figure 2.3-12. Displacement field graphs for three Agar-HA samples with concentrations of agar 

and HA: 0.75mg/ml (a), 1.00mg/ml (b), 1.25mg/ml (c), before removing the compressional wave. 

Time=0 indicates the start of the measurement (1ms before the stimuli - 0.2ms rectangular pulse). 

a. 

b. c. 

0.75mg/ml 

  

1.00mg/ml 

  

1.25mg/ml 
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the starting position of the measurement and might correspond to a slightly different distance 

between the stimulus and detection for each sample. As a part of the viscoelastic analysis, it 

was also assessed how this variation of 0.00mm position influences the extraction of the 

viscoelastic parameters. 

To ensure that the surface wave velocity analysis is not subjected to errors, the signal from 

the compressional wave had to be eliminated before the 2D FT. This was achieved by removing 

the columns corresponding to the time before the surface wave’s arrival time (Figure 2.3-13a) 

and inserting zeros in their place (Figure 2.3-13b).  

 

In the displacement field graph for the 1.25mg/ml sample (Figure 2.3-12c), the later arrival 

of the surface wave for the 0.00mm, suggests that this position was further from the PZT than 

for the other measurements. As expected, the waves detected at the surface of the 1.25mg/ml 

sample were weaker than the signals from 0.75mg/ml and 1.00mg/ml samples (Figure 2.3-12c).  

The dispersion graphs (Figure 2.3-12), are presented in Figure 2.3-14. For the 0.75mg/ml 

(Figure 2.3-14a) and 1.00mg/ml (Figure 2.3-14b) samples, the dispersion graphs present a clear 

main lobe, and the spatial frequency for this lobe changes approximately linearly with temporal 

frequency. The amplitude of the 0.75mg/ml signal is more attenuated with temporal frequency. 

For the dispersion graph for the 1.25mg/ml sample, the slightly bigger distance from the stimuli 

to detection for the 0.00mm position and, thus, a lower amplitude of the surface wave resulted 

in a weaker signal in the dispersion graph for high frequencies (Figure 2.3-14c). The reason is 

that the high frequencies attenuate more with distance than the lower ones during the 

propagation of the wave in a viscoelastic sample. It can be noticed that this signal is also 

distorted in lower frequencies, which can be caused by noise and other waves present in the 

recorded data for these weaker signals. 

Figure 2.3-13. Displacement field graphs for the 0.75mg/ml sample with the plot cut prior to the 

start of the surface wave at the 0.00mm position (a) and with added zeros at the start (b). Time=0 

indicates the start of the stimulus.  

a b 
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The dispersion graphs (Figure 2.3-14) were used to calculate surface wave velocity 

distributions presented in Figure 2.3-15. In this figure, the temporal frequency range is limited 

to 0.2-1kHz, because as it can be seen in the dispersion graphs, the velocity information outside 

this frequency range is strongly affected by the noise or is not present as the amplitude tends 

towards zero. The velocity information for other frequencies can be strongly affected by the 

noise or is not present as the amplitude tends towards zero. The extracted velocities for the 

0.75mg/ml sample are the lowest, followed by the 1.00mg/ml sample; the velocity dispersion 

curves represent well the velocity difference between these two samples. Not much difference 

can be seen between the 1.25mg/ml sample and the 1.00mg/ml sample. Such a small difference 

can be attributed to the fact that, for the third sample, a weaker wave, thus a weaker wave which 

is inherently more subject to the influence of the noise, was recorded, 

which might have detrimentally influenced the retrieval of the velocity for lower frequencies 

causing slight underestimation of these values. Since 20 measurements were recorded for each 

of the vitreous humour phantoms, apart from the averaged displacement plots presented in 

Figure 2.3-14. Dispersion graphs for: 0.75mg/ml (a), 1.00mg/ml (b) and 1.25mg/ml (c) phantoms. 

Obtained based on the absolute value of FT of displacement graphs after removing the 

compressional wave.  

a. b. c. 
0.75mg/ml 

  

1.00mg/ml 

  

1.25mg/ml 

  

Figure 2.3-15. Surface wave velocities extracted from the dispersion graphs for 0.75mg/ml, 

1.00mg/ml and 1.25mg/ml (after the additional filter). a - based on the average displacement 

plots, b - for each measurement separately. 

a 

  

b 
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Figure 2.3-15a, the surface wave velocities were extracted for each measurement separately to 

estimate uncertainties of the velocities (Figure 2.3-15b). Whereas the uncertainty for the 

1.25mg/ml is quite high, the uncertainties for the other samples, 0.75mg/ml and 1.00mg/ml, 

are negligible. To some extent, underestimated velocity values and higher uncertainties for the 

1.25mg/ml sample can cause the shear storage or loss moduli to be slightly lower or higher, 

respectively. 

Next, the attenuation results were analysed (Figure 2.3-16). For correct analysis, it was 

crucial to set the zero position for the displacement field graph at the time position when the 

stimulus was sent to the sample (1ms), due to the changes in the phase that would occur if the 

time scale was set differently (this influence on the phase is described in Appendix 1). The 

attenuation was extracted from the attenuation graph the same way as for the PDMS sample. 

As it can be seen in Figure 2.3-16, the 1.25mg/ml sample has the highest attenuation, followed 

by the 1.00mg/ml sample and the 0.75mg/ml sample has the lowest attenuation in the tested 

frequency range. Just as in the case of PDMS, the shear wave velocity and attenuation 

calculated based on the surface wave velocity and attenuation.  

 

The shear storage and loss moduli for the agar-HA samples, calculated based on the shear 

wave velocity and attenuation, are presented in Figure 2.3-17. For all three samples, the shear 

loss modulus is higher than the shear storage modulus, which normally classifies the sample as 

a viscoelastic liquid. The shear storage and shear loss modulus were also compared on separate 

graphs (Figure 2.3-18) to analyse the differences between samples. In Figure 2.3-18, it can be 

noticed that the samples can be to some extent differentiated in the expected order, as per the 

proportion of agar and HA from 0.75mg/ml to 1.25mg/ml, above 0.4kHz. The shear storage 

modulus increases and the shear loss modulus decreases with the agar and HA concentration. 

Below 0.4kHz, the order of the shear storage modulus values for these samples seem to be 

random.  

Figure 2.3-16. Attenuation extracted from attenuation graphs for the 0.75mg/ml, 1.00mg/ml and 

1.25mg/ml samples. 
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The differences between the samples can be visualised more effectively using the phase 

angle (Figure 2.3-19). The expected difference in the phase angle values is especially visible 

for frequencies above 0.4kHz, where the highest phase angle corresponds to the 0.75mg/ml 

sample and the lowest phase angle to the 1.25mg/ml sample. Since the phase angle values are 

approximately constant above 0.4Hz for each sample, average phase angles were calculated 

(Table 2.3-1). These averaged values enable differentiation of the vitreous humour phantoms 

with different agar-HA concentrations. 

Figure 2.3-17. Shear storage and loss modulus for:  a - 0.75mg/ml, b - 1.00mg/ml and c - 

1.25mg/ml samples calculated based on the attenuation and velocity. 

a. 

b. c. 

Figure 2.3-18. Shear storage (a) and loss modulus (b) for:  0.75mg/ml, 1.00mg/ml and 1.25mg/ml 

samples calculated based on the attenuation and velocity.  

b. a. 
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Table 2.3-1. Average and standard deviation of the phase angles values for three agar-HA samples in the 0.4-

1.07kHz frequency range. 

Sample 0.75mg/ml 1.00mg/ml 1.25mg/ml 

Average phase angle 86.5±1.4º 82.9±0.7º 56.5±1.5º 

 

The data in Figure 2.3-17 and Figure 2.3-19 show that all three agar-HA samples should 

be classified as viscoelastic liquids. The 1.25mg/ml sample exhibits both substantial elasticity 

and viscosity as the phase angle values are close to 45 º. These phase angle values and the fact 

that the shear storage and loss moduli are almost parallel for that sample classifies the 

1.25mg/ml sample as the viscoelastic liquid closest to a gel. The 0.75mg/ml and 1.00mg/ml 

samples are mostly viscous, as their phase angle values are considerably above 45º, which 

classifies them as viscoelastic liquids close to viscous liquids. These viscoelastic features agree 

well with these samples' visible characteristics.  

Identical copies of the agar-HA samples were measured with the rheometer Model ARG2 

with the rotation of the plate set to 1% strain. The oscillatory test provided information about 

the shear storage and loss moduli for a frequency range of 0.1-100Hz about ten times lower 

than in OCE. The values for frequencies above 50.12Hz were mostly negative. Since negative 

values have no physical sense, they were treated as an error and only values obtained up to 

50.12Hz were considered. The temperature for this test was set to 21ºC. Four measurements 

were obtained for each sample and average values were calculated. The shear storage and loss 

moduli obtained for the agar-HA samples (0.75mg/ml, 1.00mg/ml and 1.25mg/ml) with the 

oscillatory test are presented in Figure 2.3-20. The obtained storage modulus was higher than 

the loss modulus for all three samples, which would classify each sample as a viscoelastic solid 

rather than a viscoelastic liquid.  

Figure 2.3-19. Phase angle for the agar-HA samples: 0.75mg/ml, 1.00mg/ml and 1.25mg/ml. 
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Comparison of the shear storage and loss moduli for all three samples (Figure 2.3-21) 

shows another difference between the rheological oscillatory test and the OCE results. Up to 

3Hz, the 0.75mg/ml sample has the lowest shear storage and loss moduli, followed by the 

1.00mg/ml sample, and the 1.25mg/ml sample has the highest shear storage and loss moduli. 

The phase angle, presented in Figure 2.3-22, differentiates between the samples in the 

frequency range of 0.2Hz-2Hz for this measurement. For this frequency range, the 0.75mg/ml 

sample, as expected, has the highest phase angle and the 1.25mg/ml sample has the lowest 

phase angle. For frequencies above 2Hz and below 0.2Hz, the samples cannot be differentiated. 

Interestingly, the oscillatory test results suggest that the samples are much more elastic than 

what is suggested by the results from the OCE measurements. Interestingly, here there is also 

a bigger difference visible between 1.00mg/ml and 0.75mg/ml samples, than 1.25mg/ml and 

1.00mg/ml samples. For the oscillatory test, the phase angle values below 45° and the shear 

Figure 2.3-20. Shear storage and loss modulus for:  a - 0.75mg/ml, b - 1.00mg/ml and c - 

1.25mg/ml samples measured with the rheological oscillatory test. 

a. 

c. b. 

Figure 2.3-21. Shear storage (a) and loss modulus (b) for:  0.75mg/ml, 1.00mg/ml and 1.25mg/ml 

samples obtained from the oscillatory test.  

b. a. 

3Hz 3Hz 
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storage modulus values higher than the loss modulus values qualify the agar-HA samples as 

viscoelastic solids.  

 

For a more straightforward interpretation of these results, the OCE and rheology data are 

juxtaposed in Figure 2.3-23. Some continuity of the data can be noticed. However, there are 

some local drops of the shear storage modulus (especially visible in Figure 2.3-23a,b), which 

suggests that the equation used for calculating OCE values (as expressed in Eq. (71), 2.2.3) 

might need further corrections. The phase angle is presented in Figure 2.3-24. It can be noticed 

that the OCE and rheology phase angle values show a bigger difference between the 1.00mg/ml 

and 1.25mg/ml samples than between the 0.75mg/ml and 1.00mg/ml sample. 

 

Figure 2.3-22. Phase angle for the agar-HA samples based on the shear storage and loss moduli 

obtained from the oscillatory test. 

  

0.2Hz 2Hz 

Figure 2.3-23. Shear storage and loss modulus for:  a - 0.75mg/ml, b - 1.00mg/ml and 

c - 1.25mg/ml samples as obtained by OCE (▼) and rheology (▲) measurements, respectively. A 

transition between these two measurements is visible. 

a. 

c. b. 
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Using the data shown in Figure 2.3-23 and Figure 2.3-24, it can be stated that the samples 

are expressing a viscoelastic-solid-like behaviour at low frequencies and viscoelastic-liquid-

like behaviour at high frequencies. Such a transition can be sometimes observed for entangled 

polymers166, as at high frequencies, the microstructure of the sample rearranges and the stored 

elastic stresses relax and convert into viscous stresses55. Thus, the shear loss modulus 

overcomes the shear storage modulus167.  

 

The differences between the OCE and rheology data make it very hard to compare the 

results directly. An attempt to compare these two data sets will be presented in the next section 

by fitting different models to the shear wave velocity dispersion curves calculated for both 

methods. It is expected that OCE data will be well represented by the Maxwell model, which 

describes a viscoelastic liquid, and the rheological oscillatory test data by the Kelvin-Voigt 

model, which describes viscoelastic solid behaviour.  

  

Figure 2.3-24. Comparison of the phase angle values obtained using OCE (▼) and rheometry 

(▲) for the agar-HA samples. 
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2.3.3 Viscoelastic models 

In this section, different models were fitted to the shear wave velocity dispersion curves 

obtained for OCE and rheological oscillatory tests to confirm that the transition between the 

viscoelastic solid and liquid is present as for the data described in the previous section. Also, 

an attempt to compare the OCE and oscillatory test velocity data will be made. The shear wave 

velocities for agar-HA samples (0.75mg/ml, 1.00mg/ml and 1.25mg/ml) in the oscillatory test 

was calculated using Eq. (75) (section 0), based on the shear storage and loss moduli from 

Figure 2.3-20. These velocities are presented in Figure 2.3-25a. For OCE, the average values 

(from 20 measurements) from Figure 2.3-15b were recalculated to find the shear waves 

velocities based on Eq. (69) (section 2.2.3).  

  

The shear wave velocity dispersion curves for the vitreous humour phantoms obtained 

with the OCE measurements, the oscillatory test, and the combination of data from these two 

methods were fitted with viscoelastic models: the Maxwell model, the Kelvin-Voigt model, the 

Zener model, the Maxwell fractional derivative model, the Kelvin-Voigt fractional derivative 

model and the Zener fractional derivative model. Table 2.3-2 lists all the parameters 

corresponding to all fitted viscoelastic models. The overall fitting error was calculated using 

Eq. (74) (section 0). This error was highlighted in red if  < 1 for each data set and model. The 

fitting error values suggest that the Maxwell model fits better to the OCE data than the 

Kelvin-Voigt model for all three samples. This implies that for the high-frequency range used 

in OCE experiments, the samples exhibit viscoelastic liquid behaviour which is in accordance 

with the results of the analysis of shear modulus (Figure 2.3-17) and phase angle (Figure 

2.3-19) for these data (section 2.2.4). The low-frequency data obtained with the oscillatory test 

are fitted better with the Kelvin-Voigt model, suggesting that – just as it was determined in 

Figure 2.3-25. Shear wave velocity for 0.75mg/ml, 1.00mg/ml and 1.25mg/ml samples for the 

2D FT-OCE (a) and the oscillatory test (b, calculated based on the shear storage and loss moduli). 

oscillatory test 
a. b. OCE 
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section 2.2.4 based on the shear modulus (Figure 2.3-20) and phase angle (Figure 2.3-22) – in 

this frequency range, the samples behave as a viscoelastic solid. Since the Zener model is more 

general and models the viscoelastic behaviour for a very broad frequency range (with the 

Kelvin-Voigt model being its low-frequency approximation and the Maxwell model its 

high-frequency approximation), it fits both the oscillatory test and OCE datasets equally well 

or even slightly better. Also, it provides a much better fit for the combined OCE-oscillatory 

test dataset than the Maxwell or Kelvin-Voigt model. 

 

Table 2.3-2. Viscoelastic parameters and fitting errors 𝜒 according 

to the equations given in Table 1.3-1 for the oscillatory test data, OCE data, and the combination of 

these two datasets for the three extracted vitreous phantoms. (KV – Kelvin-Voigt, KVFD – Kelvin-

Voigt fractional derivative, MFD – Maxwell Fractional derivative, ZFD – Zener fractional derivative, 

η – viscosity parameter, µ1, µ2 – elasticity parameters, α – fractional damper parameter) 

Model 

Oscillatory test OCE Oscillatory test and OCE 

0.75 

mg/ml 

1.00 

mg/ml 

1.25 

mg/ml 

0.75 

mg/ml 

1.00 

mg/ml 

1.25 

mg/ml 

0.75 

mg/ml 

1.00 

mg/ml 

1.25 

mg/ml 

M
ax

w
el

l η [Pa∙s] 0.15 0.29 0.58 0.34 0.45 0.38 0.30 0.45 0.49 

µ2 [Pa] 1.0E+07 4.6E+07 3.1E+08 774.77 741.47 1650.14 1143.60 746.29 759.06 

𝜒 1.48 0.85 1.76 0.61 0.63 0.21 1.84 0.84 1.28 

K
V

 

η [Pa∙s] 0.15 0.29 0.59 0.31 0.33 0.41 0.26 0.29 0.35 

µ1 [Pa] 0.19 0.56 1.73 171.28 245.46 128.18 0.19 0.29 1.72 

𝜒 0.51 0.29 0.50 1.59 3.62 0.56 2.16 4.08 0.72 

Z
en

er
 

η [Pa∙s] 0.15 0.29 0.59 0.36 0.49 0.41 0.31 0.45 0.48 

µ1 [Pa] 0.19 0.56 1.73 107.15 85.28 9.14 0.21 0.57 1.72 

µ2 [Pa] 1.1E+08 3.1E+08 1.9E+09 637.46 600.98 1335.03 1030.04 743.00 789.23 

𝜒 0.51 0.29 0.50 0.53 0.60 0.21 1.45 0.60 0.59 

K
V

D
F

 

η [Pa∙s] 0.18 0.24 0.33 4.71 15.78 1.16 0.26 2.13 0.79 

µ1 [Pa] 0.20 0.63 1.88 33.58 22.69 17.95 0.19 0.94 1.62 

α 1.30 1.32 1.25 0.65 0.58 0.82 1.00 0.73 0.86 

𝜒 0.47 0.26 0.31 0.37 1.27 0.21 2.17 2.50 0.48 

M
F

D
 

η [Pa∙s] 0.16 0.30 0.60 4.61 0.45 0.38 0.31 0.44 2.23 

µ2 [Pa] 7.64 37.57 100.75 0.78 60.90 174.41 246.14 97.33 0.83 

α 0.64 0.62 0.60 0.15 0.64 0.72 0.81 0.70 0.10 

𝜒 1.48 0.85 1.76 0.37 0.62 0.21 1.81 0.82 0.91 

Z
F

D
 

η [Pa∙s] 0.57 0.58 2.38 0.48 0.59 0.77 0.95 0.91 0.96 

µ1 [Pa] 0.29 0.85 1.86 107.17 79.47 20.95 0.19 0.57 1.76 

µ2 [Pa] 97.33 892.13 126.93 639.11 614.79 1272.55 530.52 655.00 711.23 

α 81.73 21.10 1.26 1.04 1.02 1.06 1.13 1.07 1.07 

𝜒 2.00 1.08 0.28 0.51 0.59 0.21 1.14 0.59 0.56 
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Fractional equivalents of the Maxwell, Kelvin-Voigt, and Zener models match the data 

better due to an additional parameter, α. However, this parameter increases the models 

sensitivity to small changes in the data as pointed out by other researchers59. It can be observed 

that the parameters for the fractional models vary between the three samples much more than 

the parameters for the non-fractional models. 

 After analysing the data from Table 2.3-2, the models fitted to the high-frequency OCE 

data were extrapolated into the low-frequency range to verify if extrapolated values would fit 

the oscillatory test dataset. This extrapolation would provide a convenient way to compare high 

and low frequency data. For this approach, the Kelvin-Voigt and Zener models and their 

fractional equivalents are unsuitable since these models tend towards a constant velocity value, 

dependent on the parameter µ1, when extrapolated for low frequencies. 

Figure 2.3-26 presents the shear wave velocity distributions for the OCE data, the 

oscillatory test data and models fitted to the OCE data with fitting errors: the Maxwell 

Fractional derivative model and the Maxwell model. The data presented in Figure 2.3-26 show 

Figure 2.3-26. Examples of the extrapolated models matched to the OCE data and compared to 

the oscillatory test data for 0.75mg/ml (a), 1.00mg/ml (b) and 1.25mg/ml (c) phantoms. For 

1.00mg/ml and 1.25mg/ml the MFD (Maxwell Fractional derivative) model and the Maxwell 

model results overlap.  

a 

  

b 

  

c 

  

0.75mg/ml  

 

1.00mg/ml  

 

1.25mg/ml  
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that the Maxwell model's extrapolated values fit within the experimental uncertainty for most 

of the oscillatory test velocity values for all of the tested samples. Thus, the Maxwell model is 

the best model that can be used to fit the OCE data in order to predict the oscillatory test values 

between 1-50 Hz.  
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2.3.4 Vitreous humour 

The last set of measurements aimed to obtain information from extracted vitreous humour 

samples of porcine eyes. Six samples were measured with the OCE system. The results for 

these measurements were compared with data from the oscillatory test for five different porcine 

vitreous humour samples. The Maxwell model was fitted to the shear wave velocity curve for 

the extracted vitreous humour in the OCE measurement. This model was projected onto low 

frequencies and compared with the oscillatory test values for the five different extracted 

vitreous humour samples.  

A raw displacement graph obtained with OCE data for the first extracted porcine vitreous 

humour is presented in Figure 2.3-27a. In this graph, two waves are visible. These waves, as 

previously, can be identified as the compressional and surface waves. For this sample, the 

compressional wave arrival time is comparable to the Agar-HA samples, but the surface wave 

arrives earlier (Figure 2.3-27). The compressional wave is stronger in the vitreous humour 

sample than for the agar-HA phantoms due to a smaller distance between the first and the 

second surface of the vitreous when put in the petri dish. The compressional wave's proximity 

to the surface wave made the extraction of the surface wave information more challenging. As 

in the case of agar-HA sample data, the displacement field graphs were cut to remove the 

information about the compressional wave and zeros were inserted in its place (Figure 2.3-27b).  

 

In Figure 2.3-27, it can be observed that for the first tested vitreous humour sample the 

detected surface wave was of comparable magnitude (~100nm) to waves on the agar-HA 

samples (~50-200nm, Figure 2.3-12). The velocity dispersion graph (Figure 2.3-28b) shows a 

similar representation to the agar-HA dispersion graph (Figure 2.3-14). Here, the dispersion 

graph for the raw displacement field data is also presented (Figure 2.3-28a) to demonstrate the 

influence of the compressional wave. 

Figure 2.3-27. Displacement field graphs for the first extracted vitreous humour: a – before any 

additional processing, b – after removing the compressional wave and applying the second order 

Butterworth filter. Time=0 indicates the start of the stimuli (0.2ms rectangular pulse). 

a. b. 
raw 

 
  

post-processed 
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and the extracted velocities and attenuation are approximately the same as for the 

phantoms. Shear wave velocity, attenuation, shear storage modulus, loss modulus and phase 

angle were calculated for the first vitreous humour sample and presented in Figure 2.3-29. For 

this sample, the data below 0.2kHz seem to be noisy and unreliable as it was the case for the 

previous measurements. Just as for the OCE measurements on the phantoms, the shear loss 

modulus is higher than the shear storage modulus, indicating viscoelastic fluid behaviour in 

this frequency region. The obtained phase angle also classifies the first sample as a viscoelastic 

liquid that is slighlty more elastic than the 1.00mg/ml (average phase angle 72.7±2.6º) sample 

but less elastic than the 1.25mg/ml sample (average phase angle 46.9±3.0º). 

 

Figure 2.3-28. Dispersion graphs for the first extracted vitreous humour: before any additional 

processing (a), after removing the compressional wave and applying the second order Butterworth 

filter (b). 

a. b. 

Figure 2.3-29. Viscoelastic parameters calculated for the first extracted vitreous humour: shear 

wave velocity (a), attenuation (b), shear modulus (c) and phase angle (d). 

a. b. 

c. d. 
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Results for other extracted porcine vitreous samples are presented next. These 

measurements showed a diverse range of wave propagation characteristics. As a result, the 

surface wave is either distorted or not present in its entirety in the displacement field graphs 

(Figure 2.3-30 a,c,e,g,i) which translates to distortions or absence of main lobes in the 

dispersion graphs (Figure 2.3-30 b,d,f,h,j). Hence, the extracted values for the velocity might 

be subject to an error. Additionally, for the last sample (Figure 2.3-30j) two main lobes are 

observed suggesting that more than one wave is present. 

Multiple factors might have led to difficulty in obtaining displacement field graphs 

representing well the propagation of the wave for all the samples. One of these factors would 

be the shape of the extracted vitreous humour when set in the petri dish. A flat shape (thin 

layer) causes the presence of a very strong signal from the compressional wave. The 

compressional wave may influence the measurement by overlapping with the surface wave and 

changing the wave pattern shape in the displacement plots. Another factor would be positioning 

the PZT on the sample as this procedure causes deformation to the sample's surface in the 

detection location. This deformation makes it difficult to obtain a strong back reflection signal 

from the sample and makes the displacement plots noisier. 

The difference between all the measured samples may have its source in the displacement 

field graphs, but there are also other factors. First would be the fact that the samples are 

extracted from the eye and that this process is deteriorating to the collagen-HA network. The 

degree of that damage may differ from sample to sample. Second, the samples were collected 

from a butcher, and the eyes' condition may differ from one eye to the other. Third, the eyes 

were not tested for any diseases that could influence the vitreous humour's stiffness.  

For each sample, the velocity distribution was calculated for the frequency ranges where 

the data in the dispersion and attenuation graphs were the most reliable. The velocity values 

obtained for these smaller frequency ranges were mostly lower and the attenuation values were 

higher (Figure 2.3-31) than for the first sample. This decrease leads to lower values of shear 

storage modulus and loss modulus. However, above 0.4kHz, all the samples had shear loss 

modulus values higher than the shear storage modulus values and the phase angle values were 

above 45° for most of the data points for all the extracted porcine vitreous humour samples 

(Figure 2.3-32, Figure 2.3-33). These two characteristics suggest a viscoelastic liquid 

behaviour and match well with what was observed for agar-HA and the first vitreous sample. 



 

81 

 

 

Figure 2.3-30. Displacement field graphs for five different extracted porcine vitreous humour 

after applying the second order Butterworth filter and before removing the compressional wave 

(a, c, e, g, i, k) and the dispersion graphs created for each sample after removing the 

compressional wave (b, d, f, h, j). j – the blue rectangle marks the spatial frequencies affected by 

the sudden drop in the amplitude for the last sample potentially caused by the presence of more 

than one wave. Time=0 indicates the start of the measurement (1ms before the stimuli). 

 

a. b. 

c. d. 

e. f. 

g. h. 

i. j. 
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Figure 2.3-31. Shear wave velocity (a, c, e, g, i, k) and attenuation (b, d, f, h, j) for five different 

extracted porcine vitreous humour sample. i - the blue rectangle marks the values changed by the 

sudden drop in the spatial frequency values for the last sample. i – the blue rectangle marks the 

spatial frequencies affected by the sudden drop in the amplitude for the last sample potentially 

caused by the presence of more than one wave. 

a. b. 

c. d. 

e. f. 

g. h. 

i. j. 
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Figure 2.3-32. Shear storage and loss moduli (a, c, e, g, i, k) and the phase angles (b, d, f, h, j) for 

five different extracted porcine vitreous humour samples. i - the blue rectangle marks the values 

changed by the sudden drop in the spatial frequency values for the last sample potentially caused 

by the presence of more than one wave. 

a. b. 

c. d. 

e. f. 

g. h. 

i. j. 
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Next, shear storage and loss moduli from the oscillatory test with the frequency range of 

0.1-16Hz and 3% strain for five extracted vitreous humour samples are presented (Figure 

2.3-34). The strain used in these measurements is different than for the agar-HA measurements 

as these results were obtained in the past years by a collaborator. However, this difference does 

not change the shear storage and loss moduli values as 3% strain was reported as an upper limit 

of the linear regime168. The obtained shear storage modulus values are higher than values for 

shear loss modulus for all the samples up to around 3Hz (Figure 2.3-34). These results resemble 

the data obtained with the oscillatory test for the phantoms (Figure 2.3-20) 

Figure 2.3-33. Comparison of the shear storage and loss moduli, and phase angle for six different 

extracted porcine vitreous humours. 

a. b. 

c. 

Figure 2.3-34. Data for the shear storage and loss modulus for five different extracted porcine 

vitreous humour samples measured with a rheometer by the "Buchanan Ocular Therapeutics Unit, 

Department of Ophthalmology, University of Auckland”. 
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and suggest that the samples express viscoelastic solid behaviour in that frequency range. The 

phase angle (Figure 2.3-35) values are slightly higher than the values obtained for the phantoms 

(Figure 2.3-22) but up to 3Hz the obtained angle is below 45º.  

 
The juxtaposition of the OCE and oscillatory test shear storage modulus, shear loss 

modulus and the phase angle are presented in Figure 2.3-36. The values presented in all three 

graphs show a high disparity in both the oscillatory test and OCE data between different 

extracted porcine vitreous samples. The shear modulus and phase angle values for the extracted 

vitreous humour samples show the same transition as the phantoms: samples behave as a 

viscoelastic solid for low frequencies and as a viscoelastic liquid for high frequencies.  

 

Figure 2.3-35. The phase angle for oscillatory test data for five different extracted porcine 

vitreous humour samples. 

Figure 2.3-36. Comparison of the phase angle, shear storage and loss modulus between the OCE 

(▲) and oscillatory test (▼) data for six and five extracted porcine vitreous humour samples, 

respectively. 
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For the oscillatory test, the velocity dispersion curve was calculated based on the storage 

and loss moduli for the first extracted vitreous humour sample, since for this sample the 

displacement field graph presented the surface wave very well, therefore the possible errors in 

the data were minimal in contrast to other samples (Figure 2.3-34). The OCE velocity data for 

this sample (Figure 2.3-29a) were fitted with the Maxwell model. This model was extrapolated 

to low frequencies and the rheological oscillatory test velocity values were compared to the 

extrapolated values (Figure 2.3-37). Just as in the case of vitreous humour phantoms, the 

extrapolated values are reasonably consistent with the values obtained for different extracted 

vitreous humour samples using the oscillatory test (Figure 2.3-26). However, there are outliners 

present (Figure 2.3-37), especially for the velocities obtained with OCE at low frequencies, 

which is due to the influence of the compressional wave on the extracted values in this region. 

 

  

Figure 2.3-37. The extracted shear wave velocities from OCE data and the extrapolated Maxwell 

model fitted to these data for comparison with results from the oscillatory test for five porcine 

vitreous humour samples. 
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2.4 Discussion 

 

In this chapter, the viscoelastic behaviour of vitreous humour was considered and 

analysed, first on vitreous humour phantoms based on agar-HA and then on extracted porcine 

vitreous humour samples. The analysis approaches were thoroughly tested beforehand on a 

PDMS sample in terms of their limitations and robustness in retrieving the basic viscoelastic 

parameters of samples: shear storage modulus, shear loss modulus and phase angle. 

Two analysis methods were considered: one based on two-dimensional Fourier 

transformation called the 2D FT method, and one where the two-dimensional Fourier 

transformation is additionally enhanced with autocorrelation and windowing – called the 

Blackman-Tukey method. The tests on the PDMS sample showed that the latter method, as 

expected, removes the side lobes in the dispersion graphs and, for high frequencies, introduces 

less variance between different measurements compared to the former method. However, this 

very favourable decrease in the spread of the results comes at the expense of the 

underestimation of the calculated values. This limitation of the Blackman-Tukey 

method - which is traced back to the windowing function and its effects on a Fourier 

transform - has led to the disqualification of this approach and the 2D FT one was used.  

The tests on the PDMS sample showed that the 2D FT method successfully extracts 

surface wave's velocity and attenuation distributions using a single short rectangular pulse as 

an excitation stimulus by comparison with single values obtained directly for single tones. 

Additionally, it was shown that surface wave velocity and attenuation values derived using the 

2D FT method can be used to calculate the shear storage, loss modulus and phase angle and 

that they are in good agreement with the estimates obtained from the data for the single-tone 

excitation. It was shown that even if the information about the surface wave velocities is 

inconclusive, the additional information about the attenuation allows differentiation between 

similar samples. It was shown that the samples can be easily compared using the average value 

of the phase angle, a parameter not previously studied in OCE. Based on this result, it can be 

concluded that identification of small changes in viscoelastic parameters in the vitreous humour 

itself could be possible. Using the 2D FT method for the extracted vitreous humour samples 

presented many challenges, the biggest one being a strong compressional wave detected at the 

start of the measurement. However, with properly represented propagation of the surface wave 

and, thus, the velocity and attenuation values, the viscoelastic parameters obtained for the 

extracted vitreous humour qualitatively agreed with the agar-HA phantoms.  
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Furthermore, as it was described in section 2.2.3, samples can be classified as a 

viscoelastic solid, viscoelastic liquid or gel based on the shear storage modulus, shear loss 

modulus and phase angle values. In our measurements, the PDMS sample was classified as a 

gel. The shear storage modulus, shear loss modulus and phase angle values determined in the 

same way for three agar-HA samples with different viscoelastic parameters allowed these 

samples' viscoelastic behaviour to be described exhaustively. The agar-HA samples were 

classified as viscoelastic solids for the low frequencies in the oscillatory test and as viscoelastic 

liquids for the high frequencies in the OCE. For OCE, the 1.25mg/ml sample was the closest 

to a gel and the 0.75mg/ml sample was the closest to the viscous liquid. For the oscillatory test, 

the 1.25mg/ml sample was closest to the elastic solid and the 0.75mg/ml sample was the closest 

to a gel. In the next measurement, the extracted vitreous humour samples were classified as 

viscoelastic liquids in OCE measurement and viscoelastic solids in the oscillatory test. The 

transition from the viscoelastic solid to liquid observed between low and high frequencies for 

the extracted vitreous humour and its phantoms, as it was stated before, can be caused by the 

polymers' rearrangements at high frequencies, which causes some additional friction in the 

system. This transition was also observed for hydrogels above 1kHz with photonic force optical 

coherence elastography (PF-OCE)169. In this technique, microparticles (beads) are embedded 

into the sample and these particles are moved into oscillation with a harmonically modulated 

photonic force. The amplitude and phase of these oscillations are then obtained using an OCT 

system, which allows to calculate the shear modulus. 

The analysis of the high-frequency response of the vitreous humour has not been 

previously reported, therefore, it is hard to find shear modulus values to which the OCE results 

can be compared. It was shown that an indirect comparison between shear wave velocities 

obtained for the OCE method and the oscillatory test is possible by fitting a model to the dataset 

for the high-frequency range and extrapolating this model into the low-frequency region. In 

this way, high-frequency OCE data for vitreous humour phantoms, agar-HA samples, were 

fitted with several viscoelastic models, which were then extrapolated to the low-frequency 

rheometric region. The best performing model was chosen to be the Maxwell model. 

It was observed that the viscoelastic parameters differ greatly between the extracted 

vitreous humour samples both for the OCE and the oscillatory test results. Hence, different 

external factors that may affect the viscoelastic parameters for the vitreous humour were noted. 

For OCE, these include the overlap of the compressional wave and the surface wave, 

deformation of the sample surface caused by the PZT, and deterioration of the collagen-HA 
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network to a different degree after the extraction. Additionally, some internal factors could 

affect the results, such as potential eye diseases and natural biological variations.  

The shear moduli values that were obtained for the vitreous humour could be compared to 

the data recorded by Bettelheim et al.170 using sinusoidal strains on a bovine vitreous humour 

held with strain gauges. They calculated Young storage modulus, Young loss modulus, and 

loss tangent (tangents of the phase angle) for four different frequencies (3.5Hz, 11Hz, 35Hz, 

110Hz) for two samples. The obtained values ranged between 1.9 and 4.7Pa (assuming that 

Poisson ration is equal to 0.5 for the vitreous humour, the shear moduli is three times lower 

than Young moduli and range from 0.6 to 1.6Pa). The values for Young storage modulus were 

higher than for Young loss modulus at all the frequencies. For our measurement, most of the 

data points also show higher storage modulus than loss modulus for these frequencies. In their 

research, the authors did not observe significant changes in Young storage modulus, which we 

cannot state for our data. The values recorded for Young loss modulus decreased between 

3.5Hz, 11Hz and 35Hz and increased for 110Hz, which was also not observed in our data. It is 

important to note that the low sample count tested by Bettelheim et al.170 makes it difficult to 

compare the values for the shear storage and loss moduli as, for lower data count, the disparity 

will be lower. At 110Hz, the shear storage modulus values corresponded to around 1.4-1.6Pa 

and the shear loss modulus values to 0.8-1.1Pa. In our OCE measurements, these values varied 

between 1.7-75Pa and 0.9-70Pa, for the shear storage and loss moduli, respectively, which 

shows a significantly higher disparity in our data. The same can be said for the data 

corresponding to around 11Hz, when we compare 1.48-1.53Pa and 1.03-1.10Pa presented by 

our predecessors to 0.7-10Pa and 2-4Pa obtained using oscillatory test, each corresponding to 

the shear storage and loss moduli, respectively. Additionally, we have obtained a slightly 

higher values at both frequencies which could be caused by differences between the bovine 

and porcine eyes, as well as the different position within the eye which was not well define in 

their measurements. 

Variability of obtained shear modulus values for the extracted vitreous humour was also 

observed by other scientists. A broad summary of obtained shear modulus values with 

rheometry was presented by Nguyen K. Tram123. In this summary, from 11 different 

measurements on the extracted porcine vitreous humour, each testing from 3 to 87 samples, no 

two results for the shear storage and loss moduli were the same. This result demonstrates the 

difficulty in obtaining reliable results for the extracted vitreous humour. Hence, extra care 

needs to be taken while studying vitreous in vitro as both external and internal factors can 

influence the measurement outcome. Although such a study on the extracted vitreous humour 

http://www.frontiersin.org/people/u/627263
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would not be impossible but rather challenging, the focus of further research was shifted 

towards the creation and implementation of methods and techniques for robust viscoelastic 

characterisation of vitreous humour ex vivo, where the external factors are not present. 
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CHAPTER 3:  

 

FEASIBILITY OF DIRECT OBSERVATION OF THE 

SHEAR WAVES IN THE EX VIVO VITREOUS HUMOUR 

 

 

3.1 Introduction 

 

Using cavitation rheology on the ex vivo (on an intact eye) and in vitro vitreous humour 

(on an extracted vitreous humour), J. A. Zimberlin et al.8 showed that the extraction process 

influenced the stiffness of the sample greatly. The cavitation modulus value (an equivalent of 

the shear modulus in cavitation rheology) obtained for the extracted vitreous humour dropped 

more than five times compared to the cavitation modulus value for the ex vivo measurement. 

The cavitation rheology technique used in this experiment was much less invasive than using 

a rheometer. However, a syringe tip still needed to be placed in the vitreous humour. On the 

other hand, Optical Coherence Elastography (OCE) allows obtaining elastographic information 

about different parts of the eye, such as cornea22 or retina43, without inserting any foreign object 

such as a syringe needle into the eye. Nevertheless, so that OCE can be applied to study the 

vitreous humour in an intact eye, a method enabling the observation of shear waves travelling 

through this sample is needed.  

The shear waves propagating in a mouse vitreous humour were observed previously with 

Magnetic Resonance Elastography16 (MRE). MRE uses a Magnetic Resonance Imaging system 

as a detector. This detector creates structural images based on the phase difference between the 

absorbed and then re-emitted radiofrequency radiation. In MRE, shear waves induced in a 

sample cause displacement encoded into the phase of the MRI signal. In the MRE measurement 

of the vitreous humour presented by E. H. Clayton et al.16, the authors obtain shear storage and 

loss moduli values of 895 +/- 122 Pa and 229 +/- 57 Pa, respectively. However, they describe 

these values as only "plausible". Further research is needed to allow for a deeper understanding 

of the cause for these values, which are much higher than the values reported by any other 

researchers. 

In OCE, direct observation of the shear waves with the OCT system is only possible when 

the light is scattered inside the medium in which the shear waves propagate and that scattering 
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is visualised with an OCT setup. Hence, the scattering can be seen as a "carrier" of the shear 

waves in OCE. The vitreous humour is a weakly scattering sample, so obtaining a direct 

visualisation of shear waves in that sample is intrinsically challenging. In OCE, the shear waves 

are analysed by collecting M-scans – a time series of Fourier transformed spectra which shows 

the time evolution of the depth information, often also collected at multiple lateral positions on 

the sample creating an M-B-scans. Since a Fourier transform of an acquired OCT spectrum is 

complex, information about the wave-induced displacement in the sample can be obtained 

using a speckle-tracking171 or phase-sensitive172 method based on the amplitude or phase of 

that signal, respectively. Each technique shows the wave-induced movements in the sample 

based on the scattering information. This scattering information has a specific spatial 

representation in the type of an M-scan, which is calculated from the phase information of the 

OCT data. Hence, scattering can potentially be recognised using an algorithm that can 

differentiate spatial components. Such an algorithm is Singular Value Decomposition (SVD). 

In imaging, SVD enables decomposing the spatial information of 2D images and 

classifying it into sub-components with unique spatial distribution characteristics, called 

subspaces. SVD was previously used for the reduction of clutter, i.e. the artefacts observed in 

ultrasonic measurements, by both L. A. F. Ledoux et al.173 in ultrasound imaging and 

F. Abujarad et al.174 in underground objects detection with Ground Penetrating Radar. In these 

two applications, improvement of the obtained data was possible by eliminating the spatial 

distributions corresponding to the clutter. Another area where SVD was used was Doppler 

ultrasound imaging, where SVD was applied to analysing the blood flow. J. Baranger175 

showed that the signal corresponding to blood flow can be separated from the tissue movements 

solely based on different spatial characteristics, as two separate subspaces can be recognised 

for these signals. Also, SVD was successfully implemented in OCT by J. Scholler et al.176 to 

remove motion artefacts from real-time 2D images. 

In this chapter, the shear waves are excited with a piezoelectric transducer positioned at 

the back of an eye. The observation of these mechanical waves is carried out in the phase 

M-scans as the phase-sensitive approach provides direct information about the wave-induced 

scatterers movements172. Additionally, a simplified amplitude M-scans is considered as a 

general indirect indicator of the wave presence that does not contain exact information about 

the scatterers' movements but manifests them as varying intensity levels between the A-scans 

in a recorded M-scan. This amplitude analysis is only supplementary since, apart from the 

movement of the scatterers, it can also be affected by a motion-induced distortion of the surface 

of the imaged object that projects a shadow on the imaged area. An additional step is added to 
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extract only the motion-induced changes in the amplitude in this M-scan; the constant 

components are removed, creating the dynamic amplitude M-scan. Finally, displacement plots 

representing the shear wave propagating through the sample are created for the phase and 

dynamic amplitude M-scan. 

Further, the limits of retrieving the scattering information that contains the information 

about shear waves are investigated as SVD is applied to the phase M-scans. In these M-scans, 

the backscattered light has unique spatial characteristics. The applicability of this approach is 

tested on the OCE data obtained for three components of the porcine eye, which represent a 

different degree of scattering: retina, lens, and vitreous humour. Since for the porcine eye, the 

vitreous humour is more scattering than the lens156, as opposed to the human eye177, the porcine 

eye was cured in formalin to increase the scattering of the lens178 and imitate the dependencies 

found in the human eye. Additionally, using formalin allows for the collagen network to be 

maintained during measurements and causes only minimal changes to the ocular tissues179, 

such as a slight increase in stiffness180,181. The retina is the most scattering sample in which the 

shear waves were previously detected with OCE by S. Song et al.43. Hence, the retina 

measurements are used to determine if the chosen three criteria: direct shear wave observation 

in phase displacement plots, indirect observation of shear waves in the dynamic amplitude 

displacement plots and the extraction of the subspace corresponding to the scattering using 

SVD are good indicators of shear waves detected with OCT.  

Two experiments were done. One included just the retina with partial visibility of the 

vitreous, the second experiment was done on three different parts of the eye: retina, crystalline 

lens and the vitreous humour. These experiments were approximately one month apart. 
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3.2 Methods 

 

3.2.1 Samples  

Measurements are done on a porcine eye obtained from a butcher. This eye was kept in 

saline made with a common salt (NaCl) after extraction from the eye socket and transferred to 

the lab. The eye was cleaned from all the additional tissue in the lab and then treated for 48h 

in 3.7% formaldehyde (10% formalin). Curing the eye in formalin made the lens opaque, hence 

increasing its scattering properties. The vitreous humour remained transparent. Since there are 

several layers that separate the vitreous humour from the outside (including the sclera, choroid 

and retina), a small window – approximately 5mm – through the sclera, choroid and retina was 

carefully cut with a scalpel to provide good visibility of all the tested areas. The same formalin-

treated eye is kept in saline at room temperature and used for all the measurements described 

throughout this chapter.  

 

3.2.2 System description 

The measurements are performed using the custom-made SD-OCT system described in 

section 2.2.2. The dispersion from the eye in the sample arm is compensated by adding a 

cuvette with water in the reference arm. The mechanical waves are induced with a piezoelectric 

transducer (PC4WL, Thorlabs) with a long thin tip glued on its top. This tip is used to allow 

for the shear motion movement to be applied (Figure 3.2-1). During a measurement, a shear 

wave couplant (Shear Wave Couplant. 2 oz. tube, SWC-2) is used to ensure a good connection 

of the tip to the back of the eye. A 1ms square pulse is supplied to the PZT, causing 

displacements < 3µm.  

A stimulus is sent 1ms after the start of the measurement. The effects of shear wave 

induced by this stimulus are observed at three different positions in the eye: retina, lens, and 

vitreous humour, marked with red squares in Figure 3.2-1.  
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3.2.3 Observation of waves 

For each measurement, three different types of M-scans are generated as an average out 

of 20 repetitions (Figure 3.2-2). The amplitude M-scan is created as follows: raw spectra 

collected for 2000 consecutive time points are linearised, Fourier transformed, and finally, the 

absolute value of that signal is calculated and stacked to create the spatiotemporal 2D data set. 

Such M-scan incorporates artefacts that do not correspond to the structure of the imaged object. 

These artefacts are related to as background and are caused by the autocorrelation from the 

reference arm. In the dynamic amplitude M-scan, the contributions in the interferometric signal 

corresponding to all these artefacts as well as the stationary scatterers in the sample are 

removed. Removing these constant components is done by averaging the first 71 spectra 

acquired up to one millisecond before the stimulus and subtracting it from each spectrum. Then, 

just as before, the resultant spectra are linearised, Fourier transformed, and the absolute value 

of that signal is calculated and stacked to create an M-scan. Since the subtraction is performed 

on spectra, the Fourier transform does not limit the observation of amplitude changes due to 

the movements of the scatterers and these changes can be visible on this M-scan. The last type 

SD-OCT 

Lens 

The window 

through the sclera, 

choroid and retina. 

Retina Sclera 

Vitreous humour 

Choroid 

Figure 3.2-1. A schematic of the system. A piezoelectric transducer (PZT) is attached to a mount 

and supplied with the amplified signal from the DAQ card. Mechanical waves excited with the 

PZT are detected with the SD-OCT system. The red squares mark approximate positions of the 

focus of the detecting beam. 

PZT 



 

96 

 

of M-scan, the phase M-scan, is obtained using the phase of the Fourier transform: spectra are 

linearised, Fourier transformed, and the phase of that signal is unwrapped and stacked.  

 

Figure 3.2-2. A simplified algorithm of obtaining the amplitude, phase, and dynamic amplitude 

M-scans. A – the amplitude vector, 𝜙 – the phase vector, N – number of spectra.  

Further, the phase and the dynamic amplitude M-scans are used to obtain displacement plots 

for given areas in the eye. The displacement plots are extracted from these M-scans for each 

depth over the region corresponding to the analysed eye component and then averaged (Figure 

3.2-3). A displacement plot calculated based on the phase M-scan contains 

 

Figure 3.2-3. A schematic of obtaining the average displacement plot from an M-scan for each eye 

component. 
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direct information about the wave propagation, whereas the displacement plot obtained from 

the dynamic amplitude M-scan incorporates indirect information about the presence of the 

wave. These plots are created for multiple transverse locations within each analysed part of the 

eye to identify repeating patterns corresponding to a wave. 

 

3.2.4 Scattering analysis 

Singular Value Decomposition (SVD) is used to separate the signal into spatial and 

temporal components. These components are expressed with singular vectors and singular 

values corresponding to the eigenvectors and eigenvalues for non-symmetric matrices. A phase 

M-scan of size nz x nt, is used as the input data matrix in SVD algorithm, S, expressed as 

follows175: 

 

 𝑆[n𝑧 x n𝑡] = 𝑈[n𝑧 x n𝑧]Λ[n𝑧 x n𝑡](𝑉[n𝑡 x n𝑡])
𝑇
,  (76) 

 

where U stores spatial singular vectors, 𝛬 matrix is a diagonal matrix with singular values on 

the diagonal, and V stores temporal singular vectors. To separate the spatial vectors based on 

their specific spatial characteristics, the S matrix is expressed as a sum of matrices that are an 

output product of different vectors 𝑢 and 𝑣, weighted by the scalar 𝜆175: 

 

 𝑆[n𝑧 x n𝑡] = ∑ λi  ∙  𝑢𝑖 × (𝑣i)
𝑇𝑛𝑡

𝑖=1 , (77) 

 

where 𝑢𝑖 and 𝑣i are i-th column vectors of the U and V matrices, respectively, and each column 

𝑢𝑖 has 𝑛𝑧 elements where 𝑖 ∈ (1, 𝑛𝑡). Then, a correlation matrix is created to assess which of 

the 𝑢 vectors of the phase M-scan correlate due to exhibiting similar spatial trends. The spatial 

coherence of these vectors manifests itself in the form of a subspace in the correlation matrix, 

C175:  

 

 𝐶[n𝑡 x n𝑡](𝑚, 𝑛) =
1

𝑛𝑧
∑

(|𝑢𝑛(𝑘)|−|𝑢𝑛̅̅ ̅̅ |) ∙ (|𝑢𝑚(𝑘)|−|𝑢𝑚̅̅ ̅̅ ̅|)

σ𝑛 ∙ σ𝑚

𝑛𝑧
𝑘=1 , (78) 

 

where (m,n) ∈ (|1, 𝑛𝑡|, |1, 𝑛𝑡|), and 𝑢𝑛̅̅ ̅ and σ𝑛 are mean and standard deviation values, 

respectively. In the C matrix, also called the spatial similarity matrix, the spatial subspaces are 

visible as non-zero elements gathered in a specific position around the diagonal. In the spatial 
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similarity matrix, the correlation of the spatial information within the individual subspaces is 

analysed, as the more square the resultant area with non-zero elements is, the more correlated 

the signal. Also, the rate of the spatial changes in these subspaces is examined with the spatial 

similarity matrix by sequencing the spatial vectors in order starting from the vectors 

representing the slowest spatial changes and ending with the vectors representing the fastest 

changes. A spatial similarity matrix is used to differentiate subspaces corresponding to the 

noise and scattering based on the rate of the spatial changes and the depth position of the 

information present in these subspaces. 

3.2.5 Phase noise in OCE data 

The noise is represented differently in the phase and the amplitude (the absolute value) of 

the Fourier transform of the OCT data. An example of amplitude and phase displacement plots 

for signals with only noise (no light detected) corresponding to five different depth positions 

of the OCT data is presented in Figure 3.2-4. As presented by J. Baranger9, the amplitude noise 

exhibits rapid, small, uncorrelated changes in the amplitude signal (Figure 3.2-4a), which 

means that a very weak signal corresponding to the noise in the spatial similarity matrix will 

be present in the last subspace. The noise observed in the phase M-scan will have different 

spatial characteristics (Figure 3.2-4b) and therefore, it will be located in a different subspace 

within the spatial similarity matrix.  

 

Figure 3.2-4. The amplitude noise (a) and the phase noise (b) extracted for five different depth 

positions from M-scan with no backscattered light detected (no present sample). The offset is applied 

to the amplitude to set the starting average position to zero. 

 

 

 

  

a b 
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3.3 Results 

 

First, measurements performed on the retina are presented. Three M-scans are shown for 

the retina: the amplitude M-scan, the dynamic amplitude M-scan and the phase M-scan. The 

displacement plots for the phase and dynamic amplitude M-scans are presented for multiple 

transverse positions within the retina to observe the effect of the shear wave propagation 

closely. These waveforms repeatability for different transverse positions is analysed to confirm 

the wave propagation. Then, the spatial similarity matrix is presented, and the individual 

subspaces in that graph are investigated. The subspace with scattering information is identified 

by observing the information from each subspace as a separate M-scan. This analysis is 

repeated for another measurement on the retina. Subsequently, the M-scans and displacement 

plots are presented for a crystalline lens with a lower degree of scattering. The spatial similarity 

matrix is shown to confirm if the scattering subspace can be identified. Finally, the M-scans, 

displacement plots and the spatial similarity matrix are presented for the least scattering 

vitreous humour. 

 

3.3.1 Retina 

First measurement 

In  Figure 3.3-1, three M-scans are presented from the retina measurement with a 

mechanical stimulus applied 1ms after it starts: the amplitude M-scan ( Figure 3.3-1a), the 

dynamic amplitude M-scan ( Figure 3.3-1b), and the phase M-scan ( Figure 3.3-1c). The retina's 

position in these graphs is marked with a red rectangle and the vitreous humour's position is 

marked with a black rectangle. Movements in the retina can be observed for all three graphs as 

fluctuations of the intensity with time and are the most distinguishable in the phase M-scan. In 

the amplitude M-scan, no shadows resulting from the surface distortion are projected over the 

retina. Hence, the observed changes in the amplitude M-scan can be associated with the 

movement of the scatterers. In the dynamic amplitude M-scan ( Figure 3.3-1b), all the artefacts 

and parts of the sample that were not affected by the wave were removed, and only 

time-dependent changes in the amplitude of the backscattered light from the retina are visible. 

The high-intensity values in  Figure 3.3-1b indicate the movement of the scatterers in the sample 

because all constant components are cancelled out in the dynamic amplitude M-scan.  
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Figure 3.3-1. M-scans of the retina and vitreous humour: the amplitude M-scan (a), the dynamic 

amplitude M-scan (b), and the phase M-scan (c). The red rectangle surrounds the area where the retina 

is located and the black rectangle surrounds the area with the vitreous humour. Time=0 indicates the 

start of the measurement (1ms before the stimulus being a 1ms rectangular pulse). 

Based on the dynamic amplitude M-scan and the phase M-scan, dynamic amplitude and 

phase displacement plots were created from an average of over 100 depth positions for the 

retina (marked with a red rectangle in  Figure 3.3-1b and  Figure 3.3-1c). These plots show a 

strong movement of the scatterers within the retina, reoccurring for multiple transverse 

positions (Figure 3.3-2). This reoccurring pattern can be identified with a wave since it begins 

1ms after the stimulus was supplied and even though it is attenuated, it does not change its 

shape for the displacement plots extracted from the M-scans for multiple transverse positions. 

This pattern does not change its arrival time with a different transverse position, as the shear 

waves propagating in the retina are approximately 10 times faster than those propagating in the 

vitreous humour. Since the dynamic amplitude displacement plots show the indirect 

information about the displacement, they will not reflect the mechanical waves' exact 

movement, but they do indicate its presence. On the other hand, the phase displacement plots 

reflect the exact shear wave-induced movement of the scatterers. 

c 

a b 
The amplitude M-scan The dynamic amplitude M-scan 

The phase M-scan 
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Figure 3.3-2. Averaged displacement plots from the area of the retina, based on the phase M-scans 

(left) and dynamic amplitude M-scans (right), for multiple transverse positions. Time=0 indicates the 

start of the measurement (1ms before the stimulus being a 1ms rectangular pulse). 

The SVD algorithm was applied to the phase M-scan in order to calculate the spatial 

similarity matrix presented in Figure 3.3-3. Since there are 2000 A-scans in the M-scan, the 

dimension of this matrix is 2000 by 2000, and it reflects the degree of correlation between 

every two A-scans. Four different subspaces can be identified in the spatial similarity matrix 

and are numbered: 1, 2a, 2b, 3, where the first subspace, 1, corresponds to vectors 0-1450, the 

second one, 2a, to vectors 1450-1500, the third one, 2b, to vectors 1500-1650 and the fourth 

one, 3, to vectors 1650-2000. The M-scans corresponding to the individual subspaces are 

displayed in  Figure 3.3-4. 

 

Figure 3.3-3. Spatial Similarity matrix calculated from the phase M-scan for the retina and vitreous 

humour. Red squares show how the signal was separated to create individual graphs for these spatial 

subspaces. For subspace 2 there are additional two subspaces (black squares) that were clustered. 

The dynamic amplitude displacement plots The phase displacement plots 

2 

1 

3 

2a 
2b 
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Figure 3.3-4. Three chosen frames from the spatial similarity matrix in Figure 3.3-3 for singular 

vectors corresponding to subspaces 1 (0-1450 vectors), 2 (1450-1650 vectors) and 3 (1650-2000 

vectors). Time=0 indicates the start of the measurement (1ms before the stimulus being a 1ms 

rectangular pulse) 

Since separating the subspaces 2a and 2b do not provide any additional information (see 

Figure 3.3-5), they were clustered as one M-scan 2, representing the entirety of subspace 2. 

The slowest spatial changes are present in subspace 1, the faster ones in subspaces 2, and the 

fastest ones in subspace 3. Subspace 1, which shows highly correlated slow spatial changes 

around zero, can be identified with the phase fluctuations of the spectral profile. Subspace 2 

seems to correspond to the phase noise, as the information in that subspace has the highest 

amplitude in the positions where the lowest amplitude was previously observed in the M-scans 

( Figure 3.3-1). Interestingly, this subspace also contains some information about the 

autocorrelation data as the line around the 0.8mm mark that was not previously observable in 

the phase M-scan is now visible just as in the amplitude M-scan in  Figure 3.3-1a. The 2a signal 

appears mostly at depths closer to zero up to 150µm (Figure 3.3-5b) and the 2b subspace 

corresponds to the signal on multiple positions along the depth (Figure 3.3-5b). Subspace 3 

consists of the signal from the light backscattered from the sample since, in this subspace, the 

highest amplitude is observable in the position of the highly-scattering retina and further layers, 

such as the choroid, are fairly visible on the previous phase and amplitude M-scans. Since the 

backscattered light is the "carrier" of the wave, a wave-artefact caused by the movement 
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corresponding to the wave is present and is projected onto the whole depth of the subspace 3 

M-scan (red rectangle in  Figure 3.3-1c). The reason this wave-artefact is more visible after 

SVD is the change to the threshold of the M-scan, as the signal is partially removed from certain 

depths (this is further explained in Appendix 2). 

 

Figure 3.3-5. Subspaces 2a (vectors 1450-1500) and 2b (vectors 1500-1650) from the spatial 

similarity matrix. Time=0 indicates the start of the measurement (1ms before the stimulus being a 1ms 

rectangular pulse)  
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Second measurement 

A second measurement on the retina was performed to test the reproducibility of the results 

obtained using the SVD approach. For this measurement, the movement on the retina can be 

observed both in the dynamic amplitude M-scan and the phase M-scan (Figure 3.3-6). It should 

be noted that the movement within the retina is weaker than in the previous measurement, 

potentially because the observed area may be located a little further from the PZT. In Figure 

3.3-7, the movement can be observed in the average displacement plots obtained using 100 

rows within the retina area in Figure 3.3-6b and c. Since a reoccurring event is observed on 

different transverse positions within the retina both for the dynamic amplitude and the phase 

displacement plots, this movement can also be qualified as a wave. 

 

Figure 3.3-6. M-scans of the retina and vitreous humour: the amplitude M-scan (a), the dynamic 

amplitude M-scan (b), and phase M-scan (c). Red rectangle surrounds area where the retina is and the 

black rectangle where the vitreous is. Time=0 indicates the start of the measurement (1ms before the 

stimulus being a 1ms rectangular pulse) 

 

a b 

c 
The phase M-scan 

The amplitude M-scan The dynamic amplitude M-scan 
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Figure 3.3-7. Averaged displacement plots from the area of the retina, based on the phase M-scans 

(left) and dynamic amplitude M-scans (right), for multiple transverse positions. Time=0 indicates the 

start of the measurement (1ms before the stimulus being a 1ms rectangular pulse) 

After creating the spatial similarity matrix for the phase M-scan, the fourth subspaces can 

be identified as in the previous measurement (Figure 3.3-8). Subspace 1 corresponds to vectors 

0-1450, subspace 2a to vectors 1450-1500, subspace 2b to vectors 1500-1650, and subspace 3 

to vectors 1650-2000, which confirms the findings of the previous measurement; in the 

presence of the scattering, subspace 3 is identified separately from subspace 2b.  

 

Figure 3.3-8. Spatial Similarity matrix calculated from the phase M-scan for the retina and vitreous 

humour. Red squares show individual subspaces.  
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3.3.2 Lens 

The M-scans for the measurement on the lens in the same configuration of the PZT (Figure 

3.2-1) as for the retina are presented: the amplitude M-scan (Figure 3.3-9a), the dynamic 

amplitude M-scan (Figure 3.3-9b) and the phase M-scan (Figure 3.3-9c). No wave can be 

observed on any of these graphs, however a weak shadow is visible around the 20ms mark in 

the dynamic amplitude M-scan (a red rectangle in Figure 3.3-9b).  

 

Figure 3.3-9. M-scans of the lens: the amplitude M-scan (a), the dynamic amplitude M-scan (b), and 

phase M-scan (c). A red rectangle surrounds the area where the suspected wave can be present. 

Time=0 indicates the start of the measurement (1ms before the stimulus being a 1ms rectangular 

pulse) 

The displacement plots calculated from the dynamic amplitude M-scans and the phase 

M-scans representing several transverse positions in the lens are presented in Figure 3.3-10. 

Each displacement plot was created by taking and averaging all the rows corresponding to the 

position of the lens in an M-scan (557 depth positions). In the phase displacement plots, only 

noise can be observed (Figure 3.3-10a). A very weak change in amplitude reoccurring for 

multiple transverse positions is observed in the dynamic amplitude displacement plots (Figure 

a b 

c 
The phase M-scan 

The amplitude M-scan The dynamic amplitude M-scan 
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3.3-10b). This movement-induced change is evident after applying the second-order 

Butterworth frequency filter on the displacement plot data (Figure 3.3-10c). The wave-induced 

movement is not visible in the phase M-scan, as it would be in the presence of the scatterers’ 

movement, or in the amplitude M-scan, as it would be in the presence of the distortion of the 

lens' surface. Hence, it cannot be unambiguously stated that the observed movement is a wave 

propagating through the lens.  

 

Figure 3.3-10. Averaged displacement plots for the lens, based on the phase M-scans (a) and dynamic 

amplitude M-scans without (b) and with a frequency filter applied (c), for multiple transverse 

positions. The red rectangle marks the previously observed shadow. Time=0 indicates the start of the 

measurement (1ms before the stimuli – 1ms rectangular pulse). 

The spatial similarity matrix (Figure 3.3-11) calculated using the phase M-scan depicts 

four subspaces, similarly to the retina's spatial similarity matrix. This differentiation between 

the four subspaces confirms that the information about backscattering from the lens is present 

in the data.  

The phase displacement plots 
a 

 b  c 
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Figure 3.3-11. Spatial Similarity matrix for the phase M-scan for the lens. Red squares show 

individual subspaces.  

1 

2a 

3 

2b 
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3.3.3 Vitreous humour 

In the case of the vitreous humour, for the supplied 1ms stimuli, there is no visible change 

with time in all three M-scans (Figure 3.3-12). No presence of any movement in the sample 

was also confirmed with the averaged displacement plots (Figure 3.3-13) created for multiple 

transverse positions within the vitreous (557 depth positions). Only low-frequency noise in the 

phase displacement plot (Figure 3.3-13a) and high-frequency noise can be observed in the 

amplitude displacement plot (Figure 3.3-13b).  

 

Figure 3.3-12. M-scans of the vitreous humour on the level of the lens: the amplitude M-scan (a), the 

dynamic amplitude M-scan (b), and phase M-scan (c). Time=0 indicates the start of the measurement 

(1ms before the stimulus being a 1ms rectangular pulse) 

a b 

c 
The phase M-scan 

The amplitude M-scan The dynamic amplitude M-scan 



 

110 

 

 

Figure 3.3-13. Averaged displacement plots from the area of the vitreous humour, based on the 

dynamic amplitude M-scans (left) and phase M-scans (right), for multiple transverse positions. 

Time=0 indicates the start of the measurement (1ms before the stimulus being a 1ms rectangular 

pulse) 

In the spatial similarity matrix (Figure 3.3-14), there is no longer any separation between 

the subspaces 2b and 3. This result indicates that the light backscattered from the vitreous 

humour cannot be extracted from the noise with the tested technique. 

 

Figure 3.3-14. Spatial Similarity matrix calculated from the phase M-scan for the vitreous humour. 

Red squares show how the signal should separate. Dashed squares indicate the subspaces that should 

be present for the detected scattering. 
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3.4 Discussion 

 

In this chapter, the shear waves were visualised using the phase M-scans, as the standard 

method used in the phase-sensitive approach. Additionally, the dynamic information in the 

amplitude of the Fourier transform was analysed to assess if supplementary information about 

the observed movements can be provided in this unconventional method. For the retina, the 

shear waves were observed in the phase displacement plots as well as their presence was 

indicated in dynamic amplitude displacement plots. For the lens, indirect information about a 

movement-induced change was observed in the dynamic amplitude displacement plots. 

Nevertheless, this change could not be classified as a movement corresponding to the scatterers 

or the surface since it was not observed in the phase displacement plots or the amplitude 

M-scan. For the vitreous humour, no wave was identified in the displacement plots. However, 

these displacement plots do not allow for a comprehensive analysis of the capability of the 

shear wave observation in this sample, as the shear waves could be attenuated before the 

detection. Hence, further analysis of the limitation of using the scattering to visualise the shear 

waves was also presented. 

Here, for the first time, the scattering was investigated with an approach based on Singular 

Value Decomposition (SVD), more specifically, by obtaining the spatial similarity matrix. This 

matrix was previously used to separate the signal in 2D ultrasound images into slowly and 

quickly varying spatial components corresponding to tissue movements and the blood flow, 

respectively175. In this chapter, instead of a time series of 2D amplitude images, an approach 

was adopted where time series of 1D phase signals were used. In this method, the spatial 

similarity matrix ability to separate slowly and quickly varying components of the phase signal 

corresponding to noise and the scatterers, respectively, was tested. This novel approach was 

first trialled on the retina – a highly scattering ocular medium previously showed to be 

successfully investigated with shear wave OCE43 – and then on the formalin-treated crystalline 

lens – a moderately scattering component of the eye. Finally, the method was used on the 

vitreous humour. 

In the spatial similarity matrix for the retina and lens, four subspaces were identified. It 

was shown that the signal located in the last subspace corresponds to the scattering signal of 

the sample and the noise is located in a “slower” subspace. This outcome contrasts with the 

results obtained in the amplitude of the ultrasound images presented by J. Baranger et al.175, 

where the last subspace corresponded to noise due to its fast spatial changes. This difference is 
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due to the specific character of the phase signal, where the fastest changes in phase appear 

when the signal from the sample is detected, as the phase of the recorded optical signal 

fluctuates with high frequency due to the limited phase stability of the OCT source. The last 

subspace was not present for the vitreous humour, as no scattering signal was recognised. This 

agrees with the information present in the displacement plots, where the shear waves were not 

observed.  

The separation of all the subspaces for the retina and lens confirmed SVD as a valuable 

tool to recognise the presence of scattering within the sample and showed promising results for 

the application of shear wave OCE in these media. However, direct detection of the shear waves 

propagating through the vitreous humour with OCT proved challenging, as the scattering was 

insufficient to facilitate the observation of shear waves even with a method as sensitive and 

robust as SVD. 
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CHAPTER 4:  

 

TOWARDS LASER-INDUCED LONGITUDINAL SHEAR 

WAVES DETECTION FOR VISCOELASTIC ANALYSIS 

OF THE VITREOUS HUMOUR 

 

4.1 Introduction 

 

Research aiming to characterise the viscoelastic properties of an object using Optical 

Coherence Elastography (OCE) has mainly focused on exciting and analysing shear waves, 

which propagate as transverse waves. However, it has been shown both theoretically182 and 

experimentally183 that shear waves could also travel longitudinally. Theoretical derivations 

presented by K. Aki et al.184 have shown that for an infinitesimally short stimulus approximated 

with a Dirac function the induced total displacement corresponds to not only two classical 

terms related to 1) fast longitudinal propagation of a compressional wave and 2) slow 

transverse propagation of a shear wave but also to an additional term, called the coupling term. 

This term is related to a longitudinal displacement propagating at the shear wave velocity and 

is not present when a plane source is used instead of a point source182. Using a point piston as 

a point-like excitation source, L. Sandrin et al.183 observed the displacement corresponding to 

this longitudinally polarised shear wave in a tissue-mimicking gel-based phantom. Observation 

and analysis of these longitudinal shear waves are done with excitation and detection in the 

same direction, unlike transverse shear waves, where detection is performed transversely to the 

excitation. The analysis of longitudinal shear waves mechanically excited with a point piston 

enabled detection of changes associated with hepatic fibrosis185 and is now widely used for 

liver tests.  

In the experiments using a point piston for excitation, two ultrasound transducer arrays 

were placed on two sides of the object to observe both transverse and longitudinal shear waves 

simultaneously5. OCE enables observation of both transverse and longitudinal shear waves 

with just one non-contact detector due to the point-scan detection scheme employed in OCE. 

In a standard OCE measurement, the beam illuminates one point at the surface of the object 

and a time series of depth profiles is acquired. Subsequently, the beam is moved to another 

point and another time series of depth profiles is acquired. This procedure is repeated for 
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several positions on the object and results in the acquisition of a time series of B-scans. In this 

approach, the detection point is usually moved while the excitation source remains fixed12. 

B.-Y. Hsieh et al186 explored a reverse approach where the detection remained fixed and the 

stimulus, in the form of an acoustic radiation force, was transversally moved in the sample. 

This method was used to excite transverse shear waves in media with low scattering and 

proposed as a configuration that could be used to study a crystalline lens186.  

Similarly to a point piston, a focused laser pulse can be used as a point-like excitation 

source to excite both transverse and longitudinal shear waves. S. Song et al.82 presented 

2D Optical Coherence Tomography (OCT) images of laser-induced displacements in a human-

skin-mimicking phantom. In these images, it could be observed that the induced shear waves 

cause displacement in both transverse and longitudinal directions. Optical excitation of shear 

waves is possible due to the photoacoustic effect: the energy from the short laser pulse is 

absorbed by the sample, causing a localised rise in temperature leading to a rapid expansion 

and the generation of a shear wave. Using the laser stimulus is advantageous over other 

methods because the excitation is non-contact.  

In this chapter, a concept of a method that combines non-contact and non-invasive OCT 

detection with optical excitation to enable fully non-contact characterisation of viscoelasticity 

of the vitreous humour based on the propagation of longitudinal shear waves is presented. In 

this concept, the shear waves are excited with a light pulse with an optical frequency within 

the absorption band of the vitreous humour (980 nm). Since the vitreous humour is weakly 

scattering media, the direct observation of the shear waves is not possible. Consequently, a 

reflective boundary with the neighbouring medium is used as a "mediator", which for the 

vitreous humour is the crystalline lens. The laser-induced longitudinal shear waves excited in 

the vitreous humour propagate and axially displace the vitreous humour-crystalline lens 

boundary observed with the OCT system. The delay between excitation and boundary 

displacement is used to determine the longitudinal shear wave velocity, enabling the 

characterisation of the sample. This remote detection of longitudinal shear waves is 

advantageous as it is non-contact, hence it can potentially be used for in vivo examinations. 

The proof-of-concept experiments are performed on vitreous humour phantoms and aim 

at assessing the limitation of longitudinal shear wave excitation and detection. An OCE system 

is used to detect optically excited waves in two configurations: 1) a fibre-based configuration 

using lower pulse energy excitation and 2) a free space configuration that enables much higher 

excitation pulse energies but restricts the ability of the OCT system to obtain 2D images. Using 

these configurations, the information about the displacement of the air-phantom boundary 
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induced by the optically excited waves was obtained from the phase of the OCE data. Due to 

the sub-optimal phase stability of the OCT system, the signal to noise ratio of the retrieved 

displacement signals did not allow for robust observation of the surface deformations. 

Consequently, the feasibility measurements in free space configuration were also done with a 

laser Doppler vibrometer (LDV) – an interferometer-based technique for detecting out-of-plane 

motions of a reflective object with a femtometre resolution. LDV was previously used in many 

elastographic measurements, as it allows for non-contact detection of the mechanical waves on 

the sample surface62,187. Five different steps are taken to allow for the detection of the 

longitudinal shear waves with the LDV and checking if such all-optical approach can also be 

utilised with the OCE system. 1) The excitation and the LDV beams are collimated and focused 

on the sample surface. The displacement of the sample surface is measured for different 

stimulus power levels and the excited waves are analysed. These waves are compared to the 

displacements obtained in the previous free space measurements using OCT as a detector. 2) 

The effect of the chromatic aberration is studied to optimise the position of the stimulus focal 

point on the surface. 3) Finally, the focal point is moved axially inside the sample to excite and 

detect longitudinal shear waves. 4) To better analyse the obtained results, the surface wave 

propagation is observed as these waves express similar characteristics. The focal point of the 

LDV is moved across the sample surface, thereby changing the distance between the stimulus 

and detection; changes in the position of the waves on the displacement plot are analysed and 

compared with the displacement plots from step 4). 5) step 4) is repeated for a stiffer vitreous 

humour phantom. 
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4.2 Methods 

 

4.2.1 Fibre-based configuration of the excitation 

4.2.1.1 System design and the concept of the measurement on the vitreous humour 

The fibre-based OCE system consists of an SD-OCT system (described in detail in 

section 2.2.2) for detection, and a tunable, spectrally narrowband pulsed light source for 

excitation. The schematic of the fibre-based system is presented in Figure 4.2-1.  

 

 

The wavelength of the tunable laser (Radiant 532 LD, Opotek, Carlsbad, CA, USA) is set 

to 980nm. It produces a 5ns laser pulse with a repetition rate of 50Hz. Light from the laser is 

coupled into a 2x2 fibre coupler (TN980R5A2A) with two output ports; one output directs the 

light to a power meter (port 2 in Figure 4.2-1) that monitors the power of the excitation beam 

and the other onto the sample (port 1 in Figure 4.2-1). Before light reaches the sample, it travels 

through a lens (f=50mm, Lens 1 in Figure 4.2-1) and is reflected from a shortpass dichroic 

mirror with a 950nm cut-off wavelength (DMSP950L). This dichroic mirror is added to the 

OCT system sample arm to create a common path for the detection and excitation beams. 

Finally, the light is focused into the vitreous humour through the OCT system focusing lens 

(f=75mm, Lens 2 in Figure 4.2-1) and the eye focusing system consisting of the crystalline lens 

Lens 2 

Lens 1 

Backreflections detector Power level detector 

Collimator 
Dichroic 

mirror 

50/50 coupler 

port 1 

port 2 port 3 

port 4 

Lens 3 

Lens 4 

Stimulus 

SD-OCT 

Figure 4.2-1. A schematic of the fibre-based OCE system used for remote detection of the shear 

waves excited with a laser stimulus.  
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and cornea (Lens 3 in Figure 4.2-1). Another power meter is used (port 3 in Figure 4.2-1) to 

observe the intensity level of unwanted reflections of the excitation beam. 

Focusing the excitation beam further in the sample than the detection beam is possible by 

careful arrangement of the distances between the lenses and accurate displacements of Lens 1 

allows for precise control of the stimuli position inside the vitreous humour (see Figure 4.2-2 

for a detailed schematic).  

 

Calculations were completed to determine the optimal positions of Lens 1, 2 and 3 (Figure 

4.2-3) and to estimate the position of the excitation beam focal point in the vitreous humour. 

Lens 1 and 2 were assumed to be achromatic doublets. The eye-focusing system is also assumed 

to be a doublet with the cornea as the first convex-concave lens and the crystalline lens as the 

second double-convex lens with the aqueous humour between them (Lens 3, Figure 4.2-3). 

The relationship between the position of the focal spot of Lens 3, I3, the effective focal lengths 

(F1, F2, F3) and positions of all three lenses in the system (L1, L2, O1) were calculated assuming 

the thick-lens approximations of ray optics (see Appendix  for a detailed derivation). 

Knowing these parameters, the focal point position, I3, in the vitreous humour can be 

calculated from: 

 

 𝐼3 =
𝐹3(𝐿2−

𝑂1(𝐿1𝐹2−𝐹1𝐹2)−𝐹1𝐹2𝐿1
𝑂1(𝐿1+𝐹1−𝐹2)−𝐹1𝐿1−𝐹2𝐹1

)

𝐿2−𝐹3−
𝑂1(𝐿1𝐹2−𝐹1𝐹2)−𝐹1𝐹2𝐿1

𝑂1(𝐿1+𝐹1−𝐹2)−𝐹1𝐿1−𝐹2𝐹1

 , (79) 

 

Lens 2 

Lens 1 

Lens 3 

Focal point 

Figure 4.2-2. A schematic of the focusing part of the excitation system and procedure of 

positioning the stimulus inside the vitreous humour. The axial shift of the focal point inside the 

vitreous humour is induced with the shift of Lens 1. 
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where F1, F2, F3 are effective focal lengths of Lens 1, 2 and 3, respectively. O1 is the distance 

to the image plane of Lens 1. L1 is the distance from the second principal plane of Lens 1 to 

the first principal plane of Lens 2, L2 is the distance from the second principal plane of Lens 2 

to the first principal plane of Lens 3 (Figure 4.2-3). 

 

In the presented calculations the 𝐼3 was the distance from the last doublet principal plane 

to the focal point. In practice, to correctly position the lenses and to know the focal point 

position inside the vitreous humour, the distance from the back and front of the lenses need to 

be known. These distances are calculated by subtracting the difference between the back and 

front focal length and effective focal length (details can be found in Appendix ). The corrected 

distances for the three doublet system are indicated in Figure 4.2-3. These values are calculated 

from: 

 

 L1_corr = L1 − 𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡1 − 𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡2 , (80) 

 

 O1_corr = O1 − 𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡1 , (81) 

 

 L2_corr = L2 − 𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡2 − 𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡3 , (82) 

 

 I3_corr = I3 − 𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡3 , (83) 

Figure 4.2-3. The excitation path of the fibre-based OCE system has three doublet lenses.  F1, F2, 

F3 are effective focal lengths of the first, second and third doublet lens, respectively, the dashed 

line represents the position of the principal planes for each doublet. O1 is the distance from the 

fibre to the first principal plane of the first doublet,  L1 is the distance from the second principal 

plane of the first doublet to the first principal plane of the second doublet, L2 is the distance from 

the second principal plane of the second doublet to the first principal plane of the third doublet and 

I3 is the position from the second principal plane of the third doublet to the focus position in the 

vitreous humour. Annotation _corr indicates the correction to the previously described parameters 

as the distances to the front and back of the doublet lenses instead of the distance to the principal 

planes. 

 

F
1
 F

2
 F

3
 

L
1
 L

2
 

I
3
 O

1
 

fibre 
vitreous 

humour L
1_corr

 L
2_corr

 
I

3_corr
 

O
1_corr

 

Doublet 1 Doublet 2 Doublet 3 



 

119 

 

 

where 𝐿1_𝑐𝑜𝑟𝑟 is the distance from the back of the first doublet (𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡1) to the front of the 

second doublet 𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡2. 𝑂1_𝑐𝑜𝑟𝑟 is the distance from the fibre to the front of the first doublet 

𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡1. 𝐿2_𝑐𝑜𝑟𝑟 is the distance from the back of the second doublet (𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡2) to the front of 

the third doublet (𝑆𝑑𝑜𝑢𝑏𝑙𝑒𝑡3). Finally, 𝐼3_𝑐𝑜𝑟𝑟 is the distance from the back of the third doublet, 

the crystalline eye lens, (𝐵𝑑𝑜𝑢𝑏𝑙𝑒𝑡3) to the focal point position in the vitreous humour. A 

program in the LabVIEW environment was created to enable calculation of all the positions of 

the lenses necessary for measurements on the eye.  

 

4.2.1.2 Phase stability of the OCT system 

The phase stability of the OCT system determines what amplitude of displacement can be 

detected. OCT phase stability is connected to source stability and interferometer stability. 

Usually, it is the interferometer which limits the phase stability of the system, but for a very 

unstable light source, it might not be the case. The interferometer stability is limited by the 

vibrations present between the reference and sample arms that do not correspond to sample 

movements The phase stability of the interferometer is tested with both arms uncovered and a 

mirror placed in the sample arm. The change in the phase of the cross-correlation term 

corresponding to interference between the light reflected from both arms is analysed. To 

determine if the interferometer or the source is the limiting factor in the phase stability of the 

OCT system, also the source phase stability is calculated. The source phase stability is 

determined by placing a glass slide in the sample arm and blocking the light in the reference 

arm. The phase change of the autocorrelation term corresponding to the interference of light 

backscattered from both surfaces of the glass is analysed. The phase changes of the cross-

correlation and the autocorrelation terms are calculated for 300 consecutive spectra. These 

phase changes are converted from radians to nanometres for easier interpretation, using 

Eq. (62) from section 1.3.3. 

 

4.2.1.3 Experimental test procedure of the fibre-based configuration and data processing 

The fibre-based OCE system is tested on the vitreous humour phantom (1.25mg/ml sample 

described in section 2.2.1.2) as presented in Figure 4.2-4. Since S. Song82 reported observing 

the shear waves for a focused laser pulse of less than 35 μJ, a stimulus of comparable energy 

is used to test the fibre-based OCE system. The laser stimulus is sent at a 50Hz repetition rate.  
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The first tests are done for both excitation and detection beams focused approximately at 

the surface of the sample. In this configuration, the surface waves, which have very similar 

propagation characteristics as the shear waves, will be detected. Twenty M-scans consisting of 

5000 spectra are collected at a 70kHz rate. 

Each spectrum in the M-scan is Fourier transformed and the phase information is 

extracted. A displacement plot with the information about sample surface movement is 

obtained for each M-scan as described in section 2.2.3. The displacement plot starting position 

is synchronised in post-processing with the recorded external trigger of the laser (q-switch). 

The displacement plots are averaged for 20 repetitions of the measurement. The amplitude of 

the obtained plots is recalculated from radians to nanometres based on Eq. (62) (section 1.3.3).  

  

Backreflections detector Power level detector 

Collimator 
Dichroic 

mirror 

50/50 coupler 

port 1 

port 2 port 3 

port 4 

Vitreous humour 

phantom in the petri dish 

Stimulus 

SD-OCT 

Figure 4.2-4. A schematic of the fibre-based OCE system setting for the test experiments, where 

the detection of the surface waves excited with laser stimulus is verified. 
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4.2.2 Free space configuration of the excitation 

A free space configuration (Figure 4.2-5) was implemented to avoid any losses in the 

stimulus power. For this system, the fibre coupler in the excitation part and Lens 1 (Figure 

4.2-2) were removed. Two detectors were used to observe the displacement of the sample 

surface: the SD-OCT system described in section 2.2.2 and a commercially available laser 

Doppler vibrometer (LDV, OFV-505, Polytec) with a working wavelength of 630nm.  

 

The scanners in the sample arm of the SD-OCT system were replaced with a mirror on a 

kinetic mount ("mirror on a kinetic mount" in Figure 4.2-5) to control the detection beam 

position on the sample without inducing additional vibrations. A 50mm lens was used as the 

sample arm focusing lens to increase the fluence of the light excitation at the focal point. Other 

elements of the system remained the same. The detection and excitation beams are, as 

previously, directed onto the sample through the common path by means of the dichroic mirror. 

For sub-nanometer measurements, the OCT system was replaced with the LDV. The LDV is 

connected to an oscilloscope (MDO3014, Tektronix, Vicom) through a velocity decoder 

(VD-08, Polytec). The oscilloscope is triggered with the external trigger of the excitation laser. 

A velocity decoder working in the 0-25 kHz frequency range is used since the shear waves 

have a lower frequency range than commonly measured high-frequency compressional waves.  

 

4.2.2.1 LDV – data acquisition and processing 

The velocity decoder, used with the LDV detection, does not provide direct information 

about the amplitude of the displacement but instead, it outputs the velocity of the movements 

 

 

Dichroic 

mirror 

Lens, 

f=50mm 

Source of  

the stimulus 

Detection (OCT or LDV) 

mirror on  

a kinetic mount 

Figure 4.2-5. A schematic of the free space configuration of the excitation part used to observe 

waves induced with a 980nm laser pulse stimulus with OCT or LDV.  
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of the sample surface. The velocity plots are recorded with the oscilloscope. These velocity 

plots are averaged 512 times. The decoder scaling factor, 50 [
𝑚𝑚/𝑠

𝑉
], is used to convert the 

amplitudes of the velocity plots expressed in voltage into the particle velocity. The particle 

velocity is the speed of the oscillation of particles around their equilibrium position during the 

propagation of a mechanical wave. It is important to highlight that the particle velocity does 

not correspond to the velocity of the mechanical wave. The particle velocity for the decoder, 𝑣, 

is calculated from: 

 

 𝑣 [
𝑚𝑚

𝑠
] = 𝐴𝑉[𝑉] ∗ 50 [

𝑚𝑚/𝑠

𝑉
] , (84) 

 

where, 𝐴𝑉 is the amplitude of the oscillation on the velocity plots obtained with the 

oscilloscope. The particle velocity plots are then integrated over time. This process results in 

displacement plots that provide information about the movements of the sample surface with 

time. 

 

4.2.2.2 Different energy levels of the stimuli 

 Different levels of stimulus energy were tested to determine the optimal energy required 

to obtain observable amplitudes for OCT-based detection. Laser pulse energy was adjusted 

using neutral density filters (Table 4.2-1) in seven different configurations, enabling seven 

different energy levels (Table 4.2-2.). The average power of the stimulus was measured with a 

power meter (PS10, COHERENT) for four different sets of filters. Power values for three 

high-energy configurations of the filters were calculated based on the specified filter 

transmittance to avoid damaging the power meter head. The calculations for lower power levels 

confirmed that the average powers calculated based on transmittance provide power values that 

agree with the measurements. The recurring manufacturer item numbers, NENIR, are omitted 

in the further description of these filters. 

 

Table 4.2-1. The transmittance of the absorptive filters used in the measurement to decrease 

the power of the laser stimulus. 

Filter name NENIR01A NENIR02A NENIR03A NENIR05A NENIR10A 

Transmittance [%] 73.9209 53.5877 53.941 36.0664 13.2503 
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Energy, E, was calculated from the equation: 

 

 𝐸 =
𝑃𝑎𝑣𝑔

𝑓𝑟𝑒𝑝
 , (85) 

 

where 𝑃𝑎𝑣𝑔 is the average power, 𝑓𝑟𝑒𝑝 is the repetition rate of the light pulse. From this energy, 

the fluence was calculated, which allows for comparison between measurements independent 

of the cross-sectional area of the excitation beam. Additionally, fluence best reflects the 

magnitude of the optical “push” created in the sample that is the source of a mechanical wave. 

Based on the energy and the spot size, Ac, of the excitation beam, the fluence, F, in the focal 

plane of the beam was calculated: 

 

 𝐹 =
𝐸

𝐴𝑐
 . (86) 

 

For a constant spot size, the changes in fluence will depend only on the energy of the stimulus. 

For the laser stimulus, the spot diameter of the beam in focus is equal to 12µm and is calculated 

based on the collimated beam diameter (~5mm), the wavelength of the excitation laser 

(980nm), and the focal length of the focusing lens (f = 50mm). The measured and calculated 

average power values, corresponding energy and fluence values are presented in Table 4.2-2.  

 

4.2.2.3 Proof-of-concept experiments in the free space configuration 

The free-space experiments were performed with two vitreous humour phantoms with the 

same parameters as the 0.75mg/ml and 1.25mg/ml samples described in section 2.2.1.2. Here, 

the vitreous humour phantoms were poured into smaller 40mm-diameter petri dishes for 

Table 4.2-2. Measured power of the excitation beam for four different filters configurations and 

calculated values for the three last configurations (highlighted in red) based on the filters' 

transmittance. The energy calculated based on the pulse power and repetition rate, and the fluence 

based on that energy and the spot size are also shown in this table. 

Configuration Filters Power [mW] Energy [mJ] Fluence [J/cm2] 

1 0.1A,0.2A,0.3A,0.5A,10A 3.9 0.18 40.03 

2 0.2A,0.3A,0.5A,10A 4.9 0.24 52.71 

3 0.3A,0.5A,10A 8.9 0.44 96.58 

4 0.5A,10A 16.2 0.82 182.36 

5 10A 44.9 2.25 496.44 

6 0.5A 122.5 6.12 1353.78 

7 No filter 339.7 16.98 3753.57 
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convenience of the experiment, but the level of approximately 10mm to which it was poured 

was maintained. Five experiments were done.  

 

1) Amplitudes of the surface wave for different energies with OCT and LDV as a detector 

 

Measurements with OCT as a detector in the free space configuration are carried out to 

observe wave-induced displacements for higher energies than in the previous fibre-based 

configuration. For these measurements, the OCT beam is focused at approximately the same 

plane as the stimulus by observing the beams with a NIR detector card and adjusting the 

positions of the lenses in the sample arm of the OCT system. The amplitude of the detected 

waves and the feasibility of detecting them with the OCT system is tested for six energy levels: 

0.18 mJ, 0.24 mJ, 0.44 mJ, 0.82 mJ, 2.25 mJ, 6.2mJ. For each energy, 20 M-scans with 5000 

spectra are collected. In post-processing, different frequency filters that enhance the 

visualisation of the wave-induced displacements are used on the averaged over 20 repetition 

displacement plots obtained from the M-scans. Three different second-order Butterworth 

bandpass filters are applied to the measured displacement plots (0.07-5.95kHz, 0.07-1.75kHz, 

0.98-2.8kHz). Next, the LDV is used for detection. The LDV beam is collimated before passing 

through the focusing lens and then focused on the surface of the sample. In this measurement, 

energies: 0.18 mJ, 0.24 mJ, 0.44 mJ, 0.82 mJ are used as higher energies are not required due 

to the better sensitivity of this system. The displacement plots for these two detectors (OCT 

and LDV) are compared. The 0.75mg/ml sample is used in these measurements. 

 

 

2) Identification of the effect of chromatic aberration using LDV as a detector 

 

In the previous measurements, a collimated beam is sent on the focusing lens. 

In experiment 2), axial misalligment of the focal planes of the excitation and detection beams 

due to the chromatic aberration is investigated. The positions of the focusing lens and the 

LDV's focal plane are adjusted to optimise the position of the focal plane of the stimulus on 

the sample surface (Figure 4.2-6). The following procedure is used. The amplitude of the 

displacement of the surface is observed on an oscilloscope while the focusing lens (Lens, 

Figure 4.2-6) is being moved. Since the LDV provides information only from the surface, even 

if the LDV beam itself is not focused on the surface, the position for which the highest wave 

amplitude is observed in the displacement plot corresponds to the position of the excitation 
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beam focal point on the surface. Subsequently, the collimation of the LDV beam is adjusted so 

that this beam is also focused on the surface. This is achieved by adjusting the collimation of 

the LDV, while minimising noise in the displacement plot. This noise is the smallest when the 

reflection of the LDV beam from the sample surface is the highest. After finding the position 

in which the excitation and detection beams are focused on the surface, the stimulus focal 

position is moved away from the surface to observe how the amplitude of the induced wave 

decreases with the axial shift of the stimulus. The measurement is done by precisely moving 

the focusing lens away from the sample (Lens, Figure 4.2-6). These tests are done using the 

0.82mJ stimulus and the 0.75mg/ml sample.  

 

 

3) Longitudinal shear wave detection – the 0.75mg/ml sample with LDV as a detector 

 

Measurements at three different lateral positions on the 0.75mg/ml vitreous humour 

phantom are perfomed. For each lateral position, the detection of the longitudinal shear waves 

with the LDV is investigated. In the first measurement, the stimulus is focused on the surface 

and is gradually shifted deeper into the sample down to 0.45mm by moving the focusing lens 

(see the schematic in Figure 4.2-7). The displacement plots from 10 axial positions is generated. 

Then, the stimulus beam is moved onto two different lateral positions on the sample surface 

and for each of these positions, the stimulus is focused approximately 0.4mm inside the sample 

and gradually moved in the z-direction. The displacement plots for 10 and 20 axial positions 

are generated.  
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Source of  
the stimulus 

Detection 

Figure 4.2-6. In experiment 2), the focusing lens was axially translated to position the stimulus on 

the surface of the 0.75mg/ml vitreous humour phantom. The wave-induced displacement of the 

sample surface was detected by LDV. 
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4) Surface wave propagation– the 0.75mg/ml sample with LDV as a detector 

 

Since the propagation of the surface wave resembles the propagation of the shear waves, 

the surface waves are observed to visually compare their attenuation and time delay in the 

displacement plot with the data obtained in experiment 3). Observation of the surface wave 

propagation is done on the same 0.75mg/ml vitreous humour phantom and the same 0.82mJ 

stimulus as in the previous experiment. In this measurement, the stimulus is focused on the 

surface and then displacement plots are obtained with the LDV for multiple subsequent 

positions across the sample surface. The LDV beam is moved, up to approximately 1mm, in 

the XY direction away from the stimulus beam. This movement is obtained by slightly tilting 

the “mirror on the kinematic mount” using the fine adjustment screws, as illustrated with an 

orange arrow in Figure 4.2-8. Displacement plots for 10 lateral positions are generated. 
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Figure 4.2-7. In experiment 3), the focusing lens was axially translated to position the stimulus in 

further axial positions in the 0.75mg/ml vitreous humour phantom. The wave-induced 

displacement of the sample surface was detected by LDV.  
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5) Longitudinal shear wave detection – the 1.25mg/ml sample with LDV as a detector 

 

The longitudinal shear wave excitation is further investigated with the 0.24mJ stimulus 

and a more elastic 1.25mg/ml sample that better supports the propagation of the shear waves. 

For this sample, the measurement starts with the stimulus at the surface and is gradually shifted 

into the sample down to 0.95mm by precisely moving the lens towards the sample. 

Displacement plots for 20 axial positions are generated. The distances corresponding to the 

movement of the lens are divided by the refractive index of the sample (~1.34). The shear wave 

velocity is calculated as per the 2D FT method presented in section 2.2.3. Subsequently, the 

displacement field graph is created, and Fourier transformed. From the resulting dispersion 

graph, spatial and temporal frequencies associated with the main lobe in the graph are 

extracted. These frequencies are used to calculate the shear wave velocities for each temporal 

frequency. 
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Figure 4.2-8. In experiment 4), the stimulus was position on the sample surface and the mirror on 

the kinematic mount was tilted to laterally move the position of the detection beam along the 

surface of the 0.75mg/ml vitreous humour phantom. The wave-induced displacements of the 

sample surface were detected by LDV.  
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4.3 Results 

 

This section starts with a report of the phase stability of the SD-OCT system. Then, the 

measurements from the fibre-based system are described. Next, the free-space measurements 

are presented starting from the displacement plots for different energies of the stimulus for the 

OCT system and LDV as a detector – experiment 1). Then, a comparison of the displacement 

plots for these detectors for 0.82mJ stimulus is presented. Next, the displacement plot after 

optimisation of the position of the focal planes of the excitation and LDV beams is shown for 

0.82mJ stimulus – experiment 2). Finally, the displacement plots obtained for the longitudinal 

shear waves experiment 3) are presented, followed by the surface wave propagation plot – 

experiment 4), which help analyse these results. The displacement plots obtained for the 

longitudinal shear waves in a stiffer 1.25mg/ml sample are presented last – experiment 5).  

 

4.3.1 Fibre-based configuration of the excitation 

The phase stability was calculated to determine the minimum detectable displacement 

observable with the OCT system. The phase stability of the OCT system was displayed as 

histograms ( Figure 4.3-1). The standard deviation was used to calculate the extent of the spread 

of that histogram. For the interferometer, this standard deviation was equal to 4.4nm ( Figure 

4.3-1a) and for the source to 0.2nm ( Figure 4.3-1b). These results indicate that 4.4nm is the 

limitation of the OCT system and smaller displacements in the sample cannot be detected. 

 
Figure 4.3-1. The interferometer phase stability histogram based on the phase of the cross-correlation 

term in 300 consecutive spectra, with the standard deviation, σ, equal to 4.4nm (b). The source phase 

stability histogram based on the phase of the autocorrelation term in 300 consecutive spectra, with the 

standard deviation equal to 0.2nm (a).  

Since the amplitudes reported by S. Song82 for a focused laser pulse of less than 35 μJ were 

at least ten times higher than the OCT system’s phase stability limitation (4.4nm), a stimulus 

a 
b 
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of comparable energy was used to test the fibre-based OCE system. The displacement plots 

obtained for a laser stimulus with around 30 μJ did not show any mechanical waves on the 

sample surface. Since the excitation power could not be increased beyond 30 μJ due to the 

damage threshold of the fibre, the excitation part of the system was changed to free space, and 

LDV was added for sub-nanometre sensitivity of movement detection.  

 

4.3.2 Free space configuration of the excitation 

 

1) Amplitudes of the surface wave for different energies with OCT and LDV as a detector 

 

OCT as a detector 

Displacement plots were obtained with the OCT system in the free space configuration.  

Figure 4.3-2 presents three graphs corresponding to different Butterworth filers limiting the 

signal to a different frequency range. Each graph presents the displacement plots for five 

different energy levels of the stimulus. In these graphs, a displacement corresponding to one 

wave can be observed (marked with blue arrows in  Figure 4.3-2a,b,c). The presence of this 

wave is visible for the 2.25mJ stimulus for all three graphs. The wave for the 0.82mJ stimulus 

is somewhat visible in graph 'a' (0.07-5.95kHz) and visible in graph 'b' (0.07-1.75kHz) and 'c' 

(0.98-2.8kHz). The wave for the 0.44mJ stimulus is visible just in graph 'c' for the narrowest 

filter (0.98-2.8kHz).  

Each filter helps to present different aspects of the wave-induced signal. The 0.07-5.95kHz 

filter provides the highest amplitude, but there is still much high-frequency noise in that data. 

The 0.07-1.75kHz seems to provide the best information about the shape and amplitude of the 

wave. However, the amplitude may be affected by the low-frequency noise that cannot be 

reduced due to its similar frequency to the wave frequency. The 0.98-2.8kHz filter reduces the 

noise level greatly and allows to visualise the presence of the wave, but it also affects the shape 

of the wave and its amplitude.  

For easier analysis of the displacements obtained for each energy, the displacement plots 

from  Figure 4.3-2c (0.98-2.8kHz filter) are presented on five separate graphs in Figure 4.3-3. 

In Figure 4.3-3, the amplitude of the waves corresponding to energies 2.25mJ, 0.82mJ, and 

0.44mJ are perceptibly higher than the noise level. The two lowest energies: 0.24mJ and 

0.18mJ, produce a wave that completely disappears in the noise. This result shows that 

observation of the waves in the fibre-based configuration was not possible due to the low 
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amplitudes of the displacements as the energy of the stimulus was 1000 lower than for observed 

here signals. 

 
Figure 4.3-2. Average displacement plots obtained with the OCT as a detector for five energy levels: 

0.18mJ, 0.24mJ, 0.44mJ, 0.82mJ, 2.25mJ, with three different second-order Butterworth bandpass 

filters applied: 0.07-5.95kHz (a), 0.07-1.75kHz (b), 0.98-2.8kHz (c).  

 

Figure 4.3-3. Displacement plots obtained with the OCT as a detector and a second-order Butterworth 

bandpass filter (0.98-2.8kHz) for five different energies of the stimulus: 0.18, 0.24, 0.44, 0.82 and 

2.25mJ.  

 

Since both the excitation and detection beams focus on the sample surface, the observed 

waves can be identified as compressional or surface wave. For the soft samples, the 

a b 

c 
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compressional wave has a much higher frequency and velocity than the surface and shear 

waves. Since just one wave is present in these measurements, it is hard to identify if it is a 

compressional or surface wave.  

When using the 6.2mJ stimulus, the beam was focused 0.8mm under the surface to avoid 

high energy reflections. The displacement plot obtained for the 6.2mJ stimulus differed greatly 

from the other measurements. The reason behind this difference is that the waves excited with 

a laser stimulus can propagate in two regimes: thermoelastic and ablative. In the thermoelastic 

regime, no damage to the sample is done by the delivered energy, however, in the ablative 

regime, the sample is ablated. Here, it can be noticed that the amplitude of the wave is 1000 

times higher and the frequency is much lower (Figure 4.3-4a) than for other tested energies ( 

Figure 4.3-2), which is usually observed in the ablative regime. Additionally, in Figure 4.3-4b, 

the ablation effect can be observed as bubbles formed in the sample where the stimuli were 

applied. In the rest of the measurements, this effect was not observed. 

 

Figure 4.3-4. Displacement plot obtained with the OCT system for 6.2mJ stimulus focused 0.8mm 

under the surface (a) and the effect of the ablation caused by that stimulus in the sample (b).  

 

LDV as a detector 

In the free space configuration and the LDV as a detector, two waves can be observed for 

all the energies used in this experiment (Figure 4.3-5). The first wave is located at the start of 

the measurement and has a higher frequency than the second wave. Since the excitation beam 

was focused on the surface, these waves would normally correspond to the compressional (first 

wave) and surface (second wave) waves. It can be observed that the LDV detection allows for 

much better identification of the waves as no noise would hinder this process. 

a b 
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Figure 4.3-5. Displacement plots obtained using the LDV and oscilloscope for four different energies 

of the stimulus: 0.18mJ, 0.24mJ, 0.44mJ, and 0.82mJ.  

 

Identification of the wave detected with OCT by comparison to the LDV data 

To evaluate if the compressional or surface wave was observed with the OCT system in 

the previous measurement, the displacement plots obtained for the 0.82mJ energy with OCT 

(0.07-1.75kHz filter applied) and LDV are compared (Figure 4.3-6). This comparison suggests 

that the wave observed with the OCT system is the surface wave. This wave has a higher 

amplitude when observed using OCT. One reason for this increased amplitude is low-frequency 

phase noise caused by the vibrations in the OCT system that moves the offset of the OCT data. 

However, a potentially more significant contributor to the amplitude difference between OCT 

and LDV measurements is the residual chromatic aberration of the achromatic doublet lenses.  

 

Figure 4.3-6. Displacement plots obtained with OCT (filtered: 0.07-1.75kHz) and LDV representing 

the movement of the 0.75mg/ml vitreous humour sample surface, induced with the 0.82mJ stimulus.  

Since different wavelengths for the collimated excitation (980nm) and LDV (633nm) 

beams are used, after the lens they focus in different focal plane positions. Therefore, the LDV 

beam is focused further away from the stimulus. As the distance between the focusing lens and 

Second

wave First 

wave 



 

133 

 

the sample surface is adjusted based on the detection signal, the excitation beam does not focus 

on the surface of the sample when the LDV beam is collimated. Consequently, the stimulus for 

the LDV measurement has a higher diameter and lower fluence, which is directly proportional 

to the amplitude of the wave. The influence of the chromatic aberration on the positions of the 

focal planes will be presented next.  

 

2) Identification of the effect of chromatic aberration using LDV as a detector 

 

In this experiment, the precise positioning of the focal plane of the excitation beam on the 

sample surface was done. Then, this focal plane was moved away from the sample surface to 

allow to compare the amplitude of the obtained wave to previously collected data and identify 

how the distance changed due to the chromatic aberration. The displacement plots for this 

experiment are presented in Figure 4.3-7, where the 0.00mm position corresponds to the 

position of the stimulus focal point on the surface. As previously in experiment 1), in the 

displacement plots, two waves can be observed. It can be noticed (Figure 4.3-7, position 

0.00mm) that this adjustment of the focal plane greatly improved the amplitudes of the recorded 

wave. Here, the amplitudes of the first and second waves (Figure 4.3-7, position 0.00mm) are 

almost four times higher than in the previous measurements with the LDV (Figure 4.3-5). 

 

Moving the focal point of the stimulus even slightly away from the surface decreases the 

amplitude greatly. Also, the frequency of the second wave changed visibly. This change could 

be caused by a slightly different distance between the stimulus and detection beams in the XY 

plane as the LDV beam was adjusted.  

Figure 4.3-7. Displacement plots obtained for the 0.82mJ stimulus and the LDV, in the optimised 

position 0.00mm and for positions moved by 0.05mm up to 0.10mm. 
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The 0.1mm axial movement caused the amplitude to drop almost four times (Figure 4.3-7, 

position 0.10mm). This amplitude is the closest to the amplitude of the waves previously 

observed for LDV measurement in experiment 1) (0.82mJ, Figure 4.3-5). This 0.1mm distance 

is approximately equal to the difference in the positions of the focal planes due to chromatic 

aberrations for 980nm and 633nm wavelengths for the used lens (AC254-050-B, Thorlabs). 

Consequently, it can be stated that the chromatic aberration was the main cause for the 

previously observed differences in amplitude of the waves detected with LDV and OCT (Figure 

4.3-6).  

 

3) Longitudinal shear wave detection – 0.75mg/ml sample with LDV as a detector 

  

The displacement plots obtained for different axial positions of the stimulus in three XY 

positions are presented in Figure 4.3-8. The three XY positions provide different results. In the 

first measurement that was started with the stimulus focused at the sample surface and moved 

0.45mm in depth, no movement of the wave with the stimulus position is visible (Figure 

4.3-8a). 

  

Figure 4.3-8. Displacement plots for three different XY positions on the sample, where the stimulus 

was focused inside the sample and moved in direction z and the displacements were detected with 

LDV.  

For the other two measurements that were started with the stimulus focused approximately 

0.4mm under the surface, there is some movement for the second wave in the displacement 

plots with the shift of the stimulus further in depth (Figure 4.3-8b, Figure 4.3-8c). However, as 

a 

b c 
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opposed to the displacement that the longitudinal shear wave would cause, the movement of 

the observed second wave (Figure 4.3-8b, Figure 4.3-8c) with the subsequent axial position of 

the stimulus indicates that the further the beam is focused into the sample, the faster the wave 

arrival is. This unexpected behaviour could be due to the fact that the second wave origin is on 

the sample surface and not at the excitation beam focus. To check that, the surface wave 

propagation which is similar to the shear wave propagation was analysed. 

 

4) Surface wave propagation – 0.75mg/ml sample with LDV as a detector 

 

The displacement plots obtained to observe the propagation of the surface wave are 

presented in Figure 4.3-9. The approximately equally spaced successive positions on the 

sample surface are numbered 0-9, with the total movement equal to ~1mm. Again, two waves 

are observed in the displacement plots. The first wave remains stationary with approximately 

constant amplitude through the measurement. The second wave attenuates with distance and 

 

its arrival is delayed in the displacement plot while the detecting beam is moved away from the 

stimulus. This effect confirms that the first wave is the compressional wave and the second one 

is the surface wave. As was mentioned before, the surface wave and the shear wave have very 

similar characteristics. However, the movement of the detection beam along the surface (Figure 

4.3-9) and the axial movement inside of the sample (Figure 4.3-8c) over approximately the 

same distance did not cause the same delay to the wave position in the displacement plot and 

attenuation. Therefore, it can be stated that the previously observed waves (Figure 4.3-8b, 

Figure 4.3-9. Displacement plots for the 0.82mJ stimulus and LDV focused on the surface, for 10 

different approximately equally spaced successive positions in the XY plane, starting from the 

close position of the detection beam to the stimuli and moving away. 
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Figure 4.3-8c) are not longitudinal shear waves. Additionally, in the displacement plots 

obtained in this measurement, it can be observed that the XY position in which the 

compressional and surface wave overlap is the position where the stimulus and detection beams 

overlap. 

 

5) Longitudinal shear wave detection – 1.25mg/ml sample with LDV as a detector 

 

The longitudinal shear wave excitation was further investigated with a more elastic sample 

that better supports the propagation of the shear waves. Again, the stimulus beam was axially 

moved inside the sample and the wave-induced displacements of the surface were detected 

with LDV. The focal point positions of the excitation and detection beams were adjusted in the 

XY plane to place the waves in very close proximity in the displacement plot but not perfectly 

on top of each other, as the overlapping of these two waves would make it hard to analyse these 

waves' velocities separately. The fact that the waves were not perfectly overlapping could cause 

an underestimation of the distances propagated by the wave and should be addressed in future 

research. 

 Two waves in the measured displacement plot shown in Figure 4.3-10 can be observed. 

The first wave does not move and can be identified as the compressional wave. The second 

wave moves in an expected manner after the 0.3mm position, so the further the position of the 

stimulus inside the sample, the later it arrives in the displacement plot. In this measurement, 

time delays and attenuation of the second wave observed between the subsequent displacement 

plots for deeper axial positions indicate that the observed displacement can be caused by the 

longitudinal shear wave.  

 

Figure 4.3-10. Displacement plots obtained with LDV for the 1.25mg/ml sample and the 0.24mJ 

stimulus focused at different positions in the z-direction, starting from the sample surface, 0.00mm.  
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Using the displacement plots presented in Figure 4.3-10 and the 2D FT method 

(section 2.2.3), the shear wave velocity values were obtained. These velocities were presented 

together with the shear wave velocities calculated from data obtained using the rheometer and 

OCE with mechanical stimuli, described in 2.3.3 (Figure 4.3-11). It can be noticed that there is 

a significant increase in the shear wave velocity for the laser-induced shear waves. However, 

these waves also correspond to much higher frequencies than those used in the previous tests. 

Consequently, the obtained data could not be verified and the other viscoelastic parameters 

were not analysed. Below 3kHz for the laser-induced waves, the velocity values are higher than 

expected (a red rectangle in Figure 4.3-11). A. Ramier et al.22 also observed such an increase 

in the velocity values for silicone rubber phantom below 2kHz, which they identified as an 

artefact caused by the compressional wave.  

 

Figure 4.3-11. The shear wave velocities obtained using the rheometer, OCE with the mechanical 

stimulus and LDV with the laser stimulus (0.24mJ) for the 1.25mg/ml sample. The red rectangle 

shows an artefact caused by the compressional wave.  
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4.4 Discussion 

 

The designed experimental fibre-based OCE system did not allow for the observation of 

the induced waves due to the limitation of stimulus power as determined by the fibre threshold 

and the insufficient phase sensitivity of the OCT system. The theoretical calculations and the 

developed LabVIEW program allowed for obtaining information about what the focus position 

inside the vitreous humour would be based on the arrangement of the lenses in the excitation 

part of the OCE system. Although these calculations were not possible to be directly used in 

the presented research, they represent a very useful mathematical guidance on the excitation 

system design and once the technical limitations are overcome, such as limited phase sensitivity 

of the system, they can be easily applied to inform the experiment. These calculations can be 

improved by including information about the aberrations that are present in the system. Such 

an enhancement can be obtained by modelling the system in Zemax. 

The free-space configuration removed the restriction on the energy of the stimulus. Since 

the amplitude of the excited waves was equal or below the noise level in the OCT data, 

visualisation-enhancing filters were applied. With the application of temporal frequency filters, 

it was possible to extract surface waves for the energy levels of the stimulus equal to: 2.25mJ, 

0.82mJ, 0.44mJ. Higher excitation energy, 6.2mJ, led to the ablation of the sample, hence, 

introducing another restriction for the energy of the stimulus and presenting the need for a more 

sensitive detection system. Therefore, an LDV was used in place of the OCT system. The LDV 

allowed very accurate analyses of the observed waves for energies as low as 0.18mJ. It was 

identified that the chromatic aberration axially shifted the focal points of the excitation and 

detection beams by 0.1mm. This effect was corrected for by changing the position of the 

focusing lens and adjusting the collimation of the LDV. 

The shear waves were not observed with the LDV in the 0.75mg/ml vitreous humour 

phantom. On the other hand, in the more elastic 1.25mg/ml vitreous humour phantom, a wave 

propagating and attenuating in an expected manner as the longitudinal shear wave was 

observed. The 1.25mg/ml vitreous humour phantom corresponds to the extracted vitreous 

humour. Since the elasticity of the intact vitreous is higher than the extracted one, there is a 

high probability that the longitudinal shear waves could be observed in an intact eye 

measurement. The longitudinal shear wave propagation in the 1.25mg/ml vitreous humour 

phantom was observed only for positions of the laser stimulus deeper than 0.3mm inside the 

sample. Interestingly, S. Song et al.82 reported having difficulty extracting the information 
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about the laser-induced shear waves closer than 0.4mm to the sample surface. This could be 

caused by the fact that the heated area does not correspond to the focused beam of the spot 

diameter in the z direction (along with the beam propagation) but is stretched over the Rayleigh 

range. Hence, when the beam is moved inside the sample, to some point, the heated area inside 

the sample and on its surface will be approximately the same, causing the most energy to be 

absorbed at the surface up to 0.3mm distance.  

Since the frequencies for which the shear wave velocity could be extracted were much 

higher than those used in previous measurements on the vitreous humour phantoms presented 

in chapter 2, the obtained values could not be directly compared. To confirm the obtained 

values for shear wave velocities, another configuration of the system would have to be 

implemented where a precise lateral and axial movement of the stimulus is implemented to 

achieve high-fidelity shear wave and surface wave detection. Then, the velocity and attenuation 

of the laser-induced longitudinal shear and surface waves can be determined from the 

displacement plots obtained during the axial movement of the laser stimuli inside the sample 

(longitudinal shear wave) and lateral movement of the detection on the sample surface (surface 

wave). The obtained velocity and attenuation values would enable to state if the longitudinal 

shear wave was observed as the known relation (0.95) between these parameters for the surface 

(Raleigh) and shear waves can be used as an indicator. Obtaining precision in control over the 

detecting beam both in the axial and lateral direction would also provide better information 

over the propagation distance, as positioning the stimulus and detecting beam at a small 

distance in XY plane is necessary to separate the information about the compressional and 

shear waves. Concurrently, an algorithm that would separate these waves could be developed 

as these waves differ in frequency and velocity. D. Liu et al.188 proposed an untangling 

algorithm to separate compressional and shear waves, but this algorithm assumed just 

transverse propagation of the shear wave H. Zhao et al.189 used spatial high-pass filtering and 

successfully separated the compressional and longitudinal shear waves. Using this filter 

potentially would allow to measure directly overlapping compressional and shear waves signals 

and still be able to extract the information about the shear wave velocities. 

LDV allowed for smaller displacements to be observed than the OCT system. However, 

LDV provides information about the displacements only from highly reflective surfaces and it 

would not be possible to be used for the measurements inside the eye, where the backreflected 

intensity would be very low. Fortunately, such intensities are easily detectable with OCT 

systems. To use the SD-OCT system presented in this research for the longitudinal shear wave 

measurements, phase stability improvement is required and will primarily involve changing 

https://www.sciencedirect.com/science/article/pii/S2352431620300444?casa_token=9kg3eXcYbEwAAAAA:Ho5YCWc5v0EZmcui6OnN5tlTKCzZ7g2mDd9L_hmUrD8vPz1cHdcU4m3MHSZNs8jW62I7JCTfW_c#!
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the interferometric setup to work in the common-path configuration. This configuration has 

allowed researchers to obtain phase stability as good as 0.3nm190. For this level of phase 

stability, a stable source is required. The standard deviation of the distribution of the phase 

stability of the source used in the experiments presented in the dissertation was equal to 0.2nm. 

Hence, changing this system into a common-path configuration of the interferometer would 

provide similar phase stability of the OCT system. Additionally, to obtain improved precision 

for the detection of both axial and transversal shear wave induced movements, a set of very 

stable scanners needs to be implemented.  

Using the surface wave to identify the longitudinal shear wave would be challenging in 

the measurements on the intact eye since other mechanical waves would be present. To analyse 

the waves present in the intact eye, measurements with a phantom representing both the 

vitreous humour and the crystalline lens would have to be designed and carried out. 

Nevertheless, the velocities of mechanical waves propagating in the vitreous humour and the 

crystalline lens differ substantially, as the lens is much stiffer. Consequently, the difference 

between these velocities would allow distinction between these waves. 

The feasibility study presented in this chapter showed that more research into longitudinal 

shear waves must be done to identify them accurately. The presented results allowed the 

identification of the limitations of OCE in detecting the laser-induced longitudinal shear waves 

and recognised the solutions to these limitations.  
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CHAPTER 5:  

 

DISCUSSION AND CONCLUSION 

 

 

 

The study reported in this dissertation is the first that applied Optical Coherence 

Elastography (OCE) to measure viscoelastic parameters of the vitreous humour. Three different 

approaches were tested, each exploited a specific mechanical wave for probing the viscoelastic 

properties of the vitreous humour. In the first approach, surface waves were mechanically 

induced in an extracted vitreous humour sample and detected using OCT. Additionally, a 

model-independent and rheometry-equivalent characterisation of viscoelasticity was 

developed for a broadband stimulus. The second approach considered detection of the shear 

waves and use of light scattering properties of the vitreous humour inside the eye, ex vivo. A 

method for analysing the scattering based on Singular Value Decomposition (SVD) was 

developed and tested for robustness in the visualisation of mechanically induced waves in the 

retina, lens and vitreous humour. Finally, the third approach used the laser-induced longitudinal 

shear waves to provide an all-optical viscoelastic characterisation. Proof-of-concept 

experiments for the all-optical OCE measurements of the viscoelastic parameters were 

performed. All three approaches enabled new analytical tools and techniques to be developed, 

tested and validated for an inherently very challenging characterisation of vitreous humour 

viscoelastic properties. 

 

1) Surface-wave-based approach 

 

Implementation of the model-independent analysis based on 2D Fourier Transformation 

(FT) of OCE data obtained for a broadband stimulus enabled the measurement of three standard 

rheometric parameters which describe the sample viscoelastic behaviour: the shear storage 

modulus, the shear loss modulus, and the phase angle. This method proves useful as an 

alternative to rheometry in high-frequency ranges when traditional methods cannot be used. 

The advantage of the 2D FT model-independent analysis is that velocity and attenuation are 

extracted for a broadband stimulus, and consequently, multiple single tone measurements are 

not required as in the approach presented by Leartprapun N. et at.191. In this single tone 

approach, the phase change in a displacement plot was analysed to obtain the shear wave 
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velocity and the drop in the amplitude was used for the attenuation. The shear storage and loss 

moduli were obtained based on the values of these parameters. For each measurement, one 

frequency-dependent value of the shear storage and loss moduli was calculated. In contrast, in 

the 2D FT model-independent analysis presented in this dissertation, from a single 

measurement, a wide spectrum of shear storage and loss moduli values was obtained. 

The 2D FT model-independent analysis developed in the first approach for a broadband 

stimulus was validated using PDMS – a material often used as a tissue-mimicking phantom192. 

For this material, the model-independent data were compared: the 2D FT analysis of the 

velocity and attenuation of a surface wave excited with a broadband stimulus and single tone 

stimuli with the direct analysis of these parameters. These two methods provided comparable 

results. The shear storage and loss moduli were determined for the PDMS sample based solely 

on the velocity and attenuation of the surface waves. The frequency-dependent values obtained 

for these moduli were higher for the shear storage modulus and these moduli curves were 

parallel over the tested frequency range, which is in agreement with the study of J. D. P 

Valentin. et al.165, which used the rheological oscillatory test to measure shear storage and loss 

moduli for the PDMS sample. These tests confirmed that accurate values are extracted using 

the developed 2D FT model-independent method. 

The presented OCE analysis enabled differentiation between vitreous humour phantoms 

with very similar agar and HA concentrations. The shear storage modulus, shear loss modulus 

and phase angle parameters provided a better interpretation of the phantoms’ behaviour than 

the commonly used frequency-dependent wave velocity. This enhanced differentiation was 

done thanks to additional analysis of the surface wave frequency-dependent attenuation, which 

was easily derived from OCE data, even for broadband stimuli. The main advantage of using 

the phase angle over the moduli was that the phase angle remained relatively constant for highly 

dispersive vitreous humour phantoms over the frequency range of interest (0.4-1.07kHz), thus, 

it could be averaged. The biggest difference between the samples was obtained by comparison 

of the average phase angle value. Differences in the averaged phase angle values for vitreous 

humour phantoms with a similar concentration of agar and HA indicated the potential of this 

parameter to serve as an indicator of early pathological changes that affect the viscoelasticity 

of the vitreous humour. 

The analysis of the viscoelastic parameters (velocity, attenuation, shear storage modulus, 

shear loss modulus and phase angle) for extracted vitreous humour samples proved to be 

challenging. The variability between calculated viscoelastic parameters of different vitreous 

humour samples was high. It is due to not only natural biological variation between the samples 
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but also the quality of the visualisation of surface waves based on the OCE data. Additionally, 

each sample collagen-HA network may have deteriorated to a different degree due to extraction 

or potential eye diseases. The difficulties with the visualisation of the surface wave could be 

due to the overlap of the compressional wave and the surface wave and the deformation of the 

sample surface caused by the piezoelectric transducer. All in all, the approach based on the 

surface wave detection, although very promising as it provides reliable results for 

tissue-mimicking samples, showed not be the most optimal for shape-variable samples such as 

the extracted vitreous humour. Nevertheless, the developed 2D FT model-independent analysis 

can be implemented in other potential approaches that would overcome the identified 

shortcomings of the surface wave technique.  

Direct comparison of high-frequency OCE data to low-frequency rheological oscillatory 

test for the vitreous humour and its phantoms was not possible due to different frequency 

ranges. However, analysis of the results from these two tests allowed us to observe interesting 

changes of the vitreous humour and its phantoms viscoelastic characteristics with frequency. 

The vitreous humour and its phantoms were identified as viscoelastic solids in the 

low-frequency range and viscoelastic liquids in the high-frequency range, using the 

relationship between the shear storage and loss moduli, and the phase angle values. These 

findings were confirmed for the vitreous humour phantoms by the results obtained with the use 

of viscoelastic models. For both high and low frequency datasets, velocity dispersion curves 

were calculated and fitted with various viscoelastic models. The Kelvin-Voigt model that 

represents the viscoelastic solid behaviour fitted the low-frequency data better, whereas the 

Maxwell model that represents the viscoelastic liquid behaviour fitted the high-frequencies 

data better. Additionally, it was shown that the viscoelastic models can be used to indirectly 

compare the data obtained in different frequency ranges using extrapolation. The obtained OCE 

data for the vitreous humour phantoms were compared with the rheological oscillatory data. 

The models fitted to the high-frequency OCE velocity dispersion curves were extrapolated onto 

the low-frequency velocity values obtained with the oscillatory test. It was found that 

the best-performing model, i.e., the model that provided the most optimal ratio of the goodness 

of the fit in the high-frequencies region to the goodness of the extrapolation fit in 

the low-frequencies region for agar-HA samples, was the Maxwell model. It was shown that 

the extrapolated Maxwell model can be used to compare the data in the high-frequency range 

(0.2-1kHz) with the low-frequency oscillatory test data (0.1-50.12Hz). The other models were 

unsuitable. The Zener and Kelvin-Voigt models and their fractional equivalents were 

non-applicable due to the frequency-independent elastic behaviour expressed in these models. 
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The fractional Maxwell model prediction changed significantly even for small fluctuations in 

the velocity data, thus, the extrapolated values deviated from the rheological oscillatory test 

data for one of the phantoms.  

K. J. Parker et al.52 considered the fractional models, especially the four-parameter 

fractional Zener model, as much more appropriate to represent the multiscale viscoelastic 

behaviour over a wide frequency range, where a change between specific viscoelastic 

behaviour is expected. However, the parameters of the fractional Zener model fitted to the OCE 

and rheological oscillatory tests data greatly differed as presented in section 2.3.3. Moreover, 

the reproducibility of such multiparameter models is questionable, as reported by D. Klatt et 

al.59. In their research on the brain and liver, five different viscoelastic models, including the 

fractional Zener model, were used to obtain the viscoelastic properties of these samples. The 

fitting errors and the values for the viscoelastic parameters for multiple measurements on the 

same sample have shown that, although models with more parameters and considering more 

complicated viscoelastic behaviour fitted the data better than other models for a single 

experiment, these parameters values varied more between successive attempts. The source of 

these discrepancies was not due to the changes in the viscoelastic properties of the sample 

between measurements but rather the multiparameter character of the models. The spread of 

parameter values when multiparameter models are fitted to similar datasets is a problem that 

has been observed in science for a long time. It was even famously commented on by John von 

Neumann (the quote relayed by Enrico Fermi in 1953): “with four parameters I can fit an 

elephant, and with five I can make him wiggle his trunk.” 193,194. Interestingly, it has been 

recently theoretically proven that four parameters are indeed enough to fit a shape of an 

elephant, and by adding a fifth one, it is possible to induce and control the “wiggle” 193,194. 

Despite very clear indications towards the limitations of given models’ applicability, very 

often, no consistency is found in the literature in assuming a viscoelastic model for a particular 

sample in widespread model-dependent analysis. For example, when studying the cornea, 

several models were considered: A. Ramier et al22 has adopted the Kelvin-Voigt and Lamb 

wave models, F. Zvietcovich et al.32 used the fractional Kelvin-Voigt model, Z. Du et al.39 used 

the Lamb model, Z. Han et al33 used the Rayleigh-Lamb wave model. This inconsistency shows 

how the model-independent analysis could prove beneficial for the scientific community: such 

analysis would enable to easily compare the results obtained by different research group. The 

determination of presented in this thesis viscoelastic parameters does not require to choose an 

a-priori model for the sample; therefore, such an approach is not only much less analytically 

cumbersome, but it is also not prone to additional errors that result from the model fitting. 
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2) Shear-wave-based approach 

 

In the second approach, shear wave detection was considered. The measurements were 

done on an eye, ex vivo, through a window in sclera, choroid, and retina for three ocular media: 

retina, crystalline lens and vitreous humour. Displacement data extracted from the phase 

M-scans for these ocular media were collected. Shear waves were observed in the retina but 

not in the crystalline lens or vitreous humour. Additionally, the dynamic amplitude M-scans 

created based on the spectra containing the information of the changes in the position of the 

scatterers with time were used. These M-scans enabled to elucidate an intensity-related 

mechanism that can be used to detect waves. Interestingly, a similar mechanism is used in 

photoacoustic remote sensing, but the change in reflectivity due to temperature and pressure 

increase is studied195.  

Moreover, the scattering of light in each medium was investigated as a mechanism to 

enable the observation of shear waves propagating through the ocular media, including the 

vitreous humour. The vitreous humour is a weakly scattering medium; hence, a method was 

developed to extract the scattering information from the OCT signal. Singular Value 

Decomposition (SVD) was applied to OCE data to separate the noise and scattering in the phase 

signal based on the unique spatial characteristics of the noise and scattering. This analysis was 

successfully applied to 1D phase-based signals. In a spatial similarity matrix calculated from 

SVD singular vectors, it was shown that by contributing to the emergence of a separate area, 

or subspace, in this matrix, the scattering component can be singled out. This observation was 

confirmed in a strongly scattering retina as well as in a weakly scattering formalin-treated lens 

as for each medium, separate subspaces corresponding to low-frequency noise and 

high-frequency scattering were clearly distinguished. This distinction was not observed for the 

vitreous humour, which prevented the scattering, and consequently, the mechanical waves from 

being visualised in this way. Though insufficient for the extraction of scattering information 

for the vitreous humour, SVD in such a quasi-1D approach proved to be robust and sensitive 

in extracting scattering information from stronger scattering media such as the lens and retina. 
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3) Longitudinal-shear-wave-based approach 

 

In the last chapter of this thesis, an approach based on the laser-induced longitudinally 

propagating shear waves and optical absorption of the vitreous humour was developed. For the 

first time, the laser-induced longitudinal shear wave propagating in the vitreous humour 

phantom was reported. This all-optical approach has a potential to be advanced to provide a 

viscoelastic analysis of the vitreous humour in an intact eye. Such an approach would be the 

most optimal out of methods tested in this thesis. 

Laser-induced mechanical waves normally have very small amplitudes. In the 

thermoelastic regime, even in highly absorptive, stiff samples, the amplitude of the observed 

surface waves were reported196 to be on the order of 200 nm (for 7.92 mJ stimulus and 

collimated beam). In the measurements presented in this dissertation and carried out on the 

0.75mg/ml vitreous humour phantom, which is much softer and significantly less absorptive, 

the excited surface waves were up to around 16nm for 0.82mJ stimulus. These waves, observed 

with the LDV, attenuated quickly, by about 75% over approximately 1mm distance. A higher 

energy stimulus, 6.12mJ, was not applicable, as these energies caused the ablation and damaged 

the sample. Longitudinal shear waves were not observed with the least elastic 0.75mg/ml 

vitreous humour phantom. However, the longitudinal shear waves were observed in the more 

elastic 1.25mg/ml vitreous humour phantom. The obtained velocity values corresponding to 

this wave could not be confirmed by comparison with previously obtained values for the 

mechanical stimuli, as the laser-induced waves were of much higher frequency.  

The proof-of-concept experiments done with the LDV as a detector allowed to identify 

multiple parameters that have to be adjusted to optimise the measurement of the longitudinal 

shear waves. First, the excitation beam focal plane has to be placed precisely at the sample 

surface and the compressional wave arrival has to be positioned on top of the surface wave 

arrival before the measurement to make sure that the detection and stimuli beam overlap. Then, 

the stimulus position has to be axially moved inside the sample. Since the overlapping of the 

waves makes the extraction of velocity and attenuation values of the longitudinal shear waves 

challenging, additional spatial filters could be trialled in the future measurements to separate 

the information about the propagation of these two waves in post-processing. These spatial 

filters remove the spatial frequencies corresponding to the compressional wave. Alternatively, 

measurements over longer distances could be done, and the distances affected by the 

compressional wave could be removed as two waves would separate due to different velocities. 
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In this approach, the distance over which the wave-induced displacements are detectable would 

have to be investigated as this distance is limited by high attenuation. 

In future measurements, LDV detection can be easily translated into OCE measurements 

by implementing a common-path interferometer, which greatly improves the sensitivity of the 

system to small displacements. Concurrently, the amplitude of the induced shear waves can be 

sought to be increased. One approach that could be trialled is using supersonic shear waves. 

J. Bercoff et al.197 proposed supersonic shear waves to increase the amplitude of wave-induced 

displacements. This method is based on applying an axially moving shear wave source, such 

as a focused ultrasound beam, with a supersonic velocity that creates a strong conical shear 

wave (Figure 5-1a). This wave is caused by constructive interference of the induced shear 

waves and creates high displacement in the opposite direction to the moving shear wave source. 

Hence, this method requires for the wave to be detected perpendicular to the moving excitation. 

Such a process could be executed in the method presented in chapter 4. However, it would 

require the laser stimuli to be moved laterally over a small distance at the supersonic velocity 

to create the axial displacement that can be detected on the sample surface (Figure 5-1b). To 

implement such a lateral movement, a stable mirror scanner could be used. The supersonic 

shear wave would have to be generated on multiple axial positions to obtain information about 

the velocity and attenuation of these waves.  

 
Figure 5-1. The procedure of obtaining a conical supersonic wave that provides higher 

displacement than the shear waves. The source of the shear waves is focused at successive axial 

positions in the sample. The velocity of moving the source (c1) over successive positions is faster than 

the shear wave velocity (c2), resulting in achieving a supersonic regime (a) - adapted from13. This 

procedure could be implemented to detect the axial displacements of the sample surface caused by the 

supersonic shear waves induced inside the sample if the shear wave source moved laterally (b). 

 

In conclusion, the measurements on the highly viscous, dispersive sample, such as the 

vitreous humour, present additional challenges not confronted previously in OCE. This brings 

no surprise to the fact that it is the least studied part of the eye4. Nevertheless, in this 

Laterally moved 

laser stimuli 

0,1,2 ,..., n  

axial 

positions 

... 

0 
1 
2 

n 

a. b. 

c2 

c1 

c1 

c1 
c1 

c2 

a. 



 

148 

 

dissertation, a method that can be advanced to provide the viscoelastic analysis of vitreous 

humour based on the longitudinal shear waves was identified.   
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Appendix 1 

The attenuation graphs are created based on the negative imaginary part of the Fourier 

transformed displacement field graphs. Since an imaginary part of a Fourier transform depends 

on the phase of the transform – through the relationship between the canonical and polar forms 

of complex numbers – the imaginary component is affected when the phase is manipulated. 

Such phase-related change in the imaginary part is observed in the attenuation graphs and is 

connected to the error in the assignment of the wave’s temporal point of origin. As a result, the 

imaginary part of the Fourier transform is altered and, consequently, contains incorrect 

attenuation estimates. 

The influence of the phase on the attenuation values is demonstrated on the PDMS data. 

Two cases are considered, where the zero time in the displacement field graph indicates either 

the start of the stimulus or the start of the measurement so 1ms before the stimulus (with added 

zeros). The attenuation values extracted for these two cases are presented in Figure_Apx 1 - 1. 

Additionally, these values are compared to the single tone data, where the attenuation was 

calculated based on the exponential decay of the amplitude. It can be noticed that the 

attenuation values increased greatly for the incorrect position of the zero time in the 

displacement field graph (Attenuation with shifted 0, Figure_Apx 1 - 1) and are not in good 

agreement with the attenuation values calculated for the single tone data.  

 

Figure_Apx 1 - 1. Attenuation for the PDMS sample extracted from the attenuation graphs where the 

displacement graph zero time indicates the start of the stimuli (dot) and zero time corresponding to 

1ms before the stimuli (square). For comparison, the attenuation for single tones calculated based on 

the exponential decay of the amplitude of the waves (diamond). 
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How the attenuation data obtained based on an incorrect post-processing influences the 

shear modulus and phase angle values can be demonstrated using the data obtained for three 

different agar HA samples (0.75mg/ml, 1.00mg/ml and 1.25mg/ml) described in section 2.1.4. 

For these samples, another two situations were considered: in the first one, the zero time in the 

displacement graph corresponds to the start of the stimuli and in the second one, the zero time 

corresponds to the arrival time of the surface wave at the 0.00mm position. Next, the velocity 

and attenuation values were calculated from the dispersion graph and the attenuation graph, 

respectively. From these two parameters, only the attenuation is altered due to phase as the 

dispersion graph, from which the phase velocity is extracted, is the absolute value of the Fourier 

transform and does not depend on the phase. 

The shear storage and loss moduli were calculated based on the velocity and attenuation 

values. The obtained shear storage and loss moduli values for three Agar-HA samples are 

presented in Figure_Apx 1 - 2. Since these samples are very similar with just a slightly different 

concentration of agar and HA, they should express the same type of behaviour. It can be noticed 

that the incorrect assumption about the start of the measurement changes the obtained 

information about the sample behaviour. In the correct approach, all three samples’ shear loss 

modulus is higher than their shear storage modulus, which classifies them as viscoelastic 

liquids (Figure_Apx 1 - 2 a, b, c). For the incorrect approach, the first sample’s shear storage 

modulus is higher than the shear loss modulus (Figure_Apx 1 - 2d), which indicates that the 

sample is a viscoelastic solid. For the second sample, the curves representing these two 

parameters cross multiple times (Figure_Apx 1 - 2e), suggesting that there are significant 

changes in the sample behaviour over the tested frequency range. For the last sample, the shear 

loss modulus is higher than the shear storage modulus (Figure_Apx 1 - 2f), which classifies it 

as a viscoelastic solid. These two examples allowed to demonstrate how the incorrect 

positioning of the zero time can change the agar HA samples classification. 

The phase angle was calculated for the obtained shear storage and loss moduli values to 

confirm the observed changes. The phase angle values are presented in Figure_Apx 1 - 2g,h. 

For the correct approach, the phase angle values classify the three samples in the expected order 

for frequencies above 0.4kHz as a viscoelastic liquid. The 1.25mg/ml is the closest to a gel, 

where 1.00mg/ml is more of a viscoelastic liquid, and 0.75mg/ml is almost a viscous liquid, 

which agrees with the samples visible characteristics. Data based on the incorrect analysis 

suggest the opposite order; 1.25mg/ml is the closest to the purely viscous sample, and the 

0.75mg/ml and 1.00mg/ml samples are closest to a gel. This result disagrees with the visible 

characteristics of the samples. 
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Figure_Apx 1 - 2. Shear storage and loss modulus for: 0.75mg/ml (a,d), 1.00mg/ml (b,e) and 

1.25mg/ml (c,f) samples calculated based on the attenuation and velocity for the displacement field 

graphs with zero at the start at the stimuli (a,b,c) and at the start of the surface wave (d,e,f). The phase 

angle calculated based on the shear storage and loss moduli values for the displacement field graphs 

with zero at the start of the stimulus (g) and at the start of the surface wave (h). 

 

  

a. 

b. 

c. 

d. 

e. 

f. 

Correct analysis Incorrect analysis 

g. h. 
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Appendix 2 

In chapter 3, a wave is visible in the M-scan generated based on the third subspace of the 

similarity matrix in the case of the retina. This wave causes an artefact that extends onto the 

area containing the vitreous humour in that subspace, where this wave does not propagate. This 

artefact on the vitreous humour is not added by the SVD analysis but is simply more visible 

due to a change in thresholding happening as a result of decomposition of the original M-scan 

into three sub-M-scans. This projection can also be illustrated without applying the SVD by 

using the 2000 spectra obtained for the PDMS sample described in section 2.2.2., where a 

high-amplitude surface wave is present. In Figure_Apx 2 - 1a, the A-scan taken at the start of 

the measurement is presented and shows a peak close to the 0.2mm depth corresponding to the 

backreflection from the sample's surface. No other visible scatterers are present in this sample. 

 

For this sample, only movements corresponding to that peak should be present. In the phase 

M-scan (Figure_Apx 2 - 1b), it can be observed that the wave is barely visible as it corresponds 

to a smaller area than for the retina. However, if the phase M-scan is saturated by adjusting the 

thresholds of the image amplitude, then a change in phase corresponding to the wave, marked 

with a red rectangle, will be evident at the position of the backreflection and projected over a 

b c 

a A-scan 

The phase M-scan The saturated phase M-scan 

Figure_Apx 2 - 1. Data obtained for the PDMS sample: a single A-scan indicating the position of the 

PDMS surface layer (a), the phase M-scan (b) and the saturated phase M-scan (c). 
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great distance in depth (Figure_Apx 2 - 1c). Hence, it can be stated that the information about 

the spatial shift of the surface caused by the wave introduces is present in the OCT signal 

visible in the whole depth of the M-scan.   
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Appendix 3 

In this appendix, the calculation of the position of the focus of the excitation beam for the 

fibre-based OCE system presented in section 4.2.1 will be presented. In Figure_Apx 3 - 1, the 

simplified schematic of the excitation focusing part that focuses the stimulus inside the vitreous 

is present. In this schematic, the system is simplified as three thick lenses. 

 

Figure_Apx 3 - 1. An illustrative drawing of three lenses system. I1, I2, I3 are distances from the lens 

to the image plane, O1, O2, O3 are distances from the object plane to the lens, F1, F2, F3 are focal 

positions, L1, L2 are distances between the lenses. The dashed lines represent the principal planes of 

the lenses. 

The relationship between the position of the image plane, 𝐼, the position of the object 

plane, 𝑂, and the focal length, 𝐹, for a thick lens is approximated by: 

 

 
1

𝑂
+

1

𝐼
=

1

𝐹
 . (87) 

 

In contrast to the thin lenses case, the positions of the object and imaging planes, as well as the 

focal length, is determined in relation to the positions of the principal planes of the lens. 

Eq. (87) is transformed to express the relationship between 𝐼 and 𝑂: 

 

 𝐼 (𝑂) =
𝐹O

O−𝐹
 . (88) 

 

Eq. (88) is used to write the relationships between the position of the image plane, 𝐼1, 𝐼2 and 𝐼3 

and the position of the object plane 𝑂1, 𝑂2 and 𝑂3 individually for the first, second and third 

lens, respectively: 

 

 𝐼1(𝑂1) =  
𝐹2𝑂2

𝑂2−𝐹2
 , (89) 
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 𝐼2(𝑂2) =  
𝐹2𝑂2

𝑂2−𝐹2
=

𝐹2(𝐿1−𝐼1)

(𝐿1−𝐼1)−𝐹2
 , (90) 

 

 𝐼3(𝑂3) =  
𝐹3𝑂3

𝑂3−𝐹3
= 

𝐹3(𝐿2−𝐼2)

(𝐿2−𝐼2)−𝐹3
 , (91) 

 

where 𝐹1, 𝐹2 and 𝐹3 are the focal length of the first, second and third lens, 𝑂2 = L1 − I1 with 

L1 being the distance between the principal planes of the first and the second lens and I1 – the 

position of the image plane of the first lens, and 𝑂3 = L2 − I2 with L2 being the distance 

between the principal planes of the second and the third lens and I2 – the position of the image 

plane of the second lens. Eq. (89) is used in Eq. (90), which is then simplified: 

 

 𝐼2 =
𝐹2(𝐿1−

𝐹1𝑂1
𝑂1−𝐹1

)

(𝐿1−
𝐹1𝑂1
𝑂1−𝐹1

)−𝐹2
=

𝐹2(𝐿1(𝑂1−𝐹1)−𝐹1𝑂1)

𝐿1(𝑂1−𝐹1)−𝐹1𝑂1−𝐹2(𝑂1−𝐹1)
 . (92) 

 

Eq. (92) is substituted in Eq. (91) to give the final formula describing 𝐼3: 

 

 𝐼3 =
𝐹3(𝐿2−

𝐹2(𝐿1(𝑂1−𝐹1)−𝐹1𝑂1)

𝐿1(𝑂1−𝐹1)−𝐹1𝑂1−𝐹2(𝑂1−𝐹1)
)

𝐿2−𝐹3−
𝐹2(𝐿1(𝑂1−𝐹1)−𝐹1𝑂1)

𝐿1(𝑂1−𝐹1)−𝐹1𝑂1−𝐹2(𝑂1−𝐹1)

 

 =
𝐹3(𝐿2−

𝑂1(𝐿1𝐹2−𝐹1𝐹2)−𝐹1𝐹2𝐿1
𝑂1(𝐿1+𝐹1−𝐹2)−𝐹1𝐿1−𝐹2𝐹1

)

𝐿2−𝐹3−
𝑂1(𝐿1𝐹2−𝐹1𝐹2)−𝐹1𝐹2𝐿1

𝑂1(𝐿1+𝐹1−𝐹2)−𝐹1𝐿1−𝐹2𝐹1

 . (93) 

 

The focal lengths and distances between lenses need to include corrections to account for 

the fact that the lenses in the three-lens system are not just thick lenses but thick doublet lenses. 

A schematic drawing of a doublet lens is presented in Figure_Apx 3 - 2 and incorporates all its 

parameters. The two achromatic doublets (Doublet 1, Doublet 2 in Figure 4.2-3) used in the 

system are cemented doublets, and the distance between them is equal to zero. However, this 

is not the case for the cornea and crystalline lens, which form the Doublet 3 (Figure 4.2-3). 

Therefore, for all three doublets, the distance between the lenses and the refractive index has 

been considered for the coherence of the calculation.  
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Figure_Apx 3 - 2. An illustrative drawing of a doublet lens. ‘n’ refers to the refractive index, where 

annotation ‘01’ refers to the medium before the first lens, ‘1’ to the first lens, ‘02’ to the medium 

between lenses, ‘2’ to the second lens and ‘03’ to the medium after the second lens. R1 and R2 are the 

radiuses of the first and second refractive surface of the first lens, respectively. R3 and R4 are the 

radiuses of the first and second refractive surface of the second lens, respectively. d1, d2 and d0 are the 

thicknesses of the first and second lens and the distance between them, respectively. d is the distance 

between the second principal plane of the first lens and the first principal plane of the second lens. PP, 

PP’ are first and second principal planes, respectively. Annotation lens1, lens2 and total refer to the 

first and second lens and the doublet, respectively. EFL, FFL and BFL are the effective, front and 

back focal lengths of the doublet, respectively.  

 

The optical power of a single refracting surface from Figure_Apx 3 - 2, 𝑃𝑅1, 𝑃𝑅2, 𝑃𝑅3, 𝑃𝑅4 

are expressed as: 

 

 𝑃𝑅1 =
𝑛1−𝑛01

𝑅1
 , (94) 

 

 𝑃𝑅2 =
𝑛02−𝑛1

𝑅2
 , (95) 

 

 𝑃𝑅3 =
𝑛2−𝑛02

𝑅3
 , (96) 

 

 𝑃𝑅4 =
𝑛03−𝑛2

𝑅4
 , (97) 
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where ‘n’ refers to the refractive index, annotation ‘01’ refers to the medium before the first 

lens, ‘1’ to the first lens, ‘02’ to the medium between lenses, ‘2’ to the second lens and ‘03’ to 

the medium after the second lens. R1 and R2 are the radiuses of the first and second refractive 

surface of the first lens, respectively. R3 and R4 are the radiuses of the first and second refractive 

surface of the second lens, respectively, presented in Figure_Apx 3 - 2. 

Knowing the optical powers of the refractive surfaces, the optical powers of each lens 

(𝑃𝑙𝑒𝑛𝑠1, 𝑃𝑙𝑒𝑛𝑠2) in the doublet are calculated: 

 

 𝑃𝑙𝑒𝑛𝑠1 = 𝑃𝑅1 + 𝑃𝑅2 −
𝑑1

𝑛1
𝑃𝑅1𝑃𝑅2 , (98) 

 

 𝑃𝑙𝑒𝑛𝑠2 = 𝑃𝑅3 + 𝑃𝑅4 −
𝑑2

𝑛2
𝑃𝑅3𝑃𝑅4 . (99) 

 

Subsequently, the principal planes of each lens are expressed as: 

 

 𝑃𝑃𝑙𝑒𝑛𝑠1 =
𝑃𝑅2𝑑1

𝑃𝑙𝑒𝑛𝑠1𝑛1
𝑛01 , (100) 

 

 𝑃𝑃′𝑙𝑒𝑛𝑠1 = −
𝑃𝑅1𝑑1

𝑃𝑙𝑒𝑛𝑠1𝑛1
𝑛02 , (101) 

 

 𝑃𝑃𝑙𝑒𝑛𝑠2 =
𝑃𝑅4𝑑2

𝑃𝑙𝑒𝑛𝑠2𝑛2
𝑛02 , (102) 

 

 𝑃𝑃′𝑙𝑒𝑛𝑠2 = −
𝑃𝑅3𝑑2

𝑃𝑙𝑒𝑛𝑠2𝑛2
𝑛03 , (103) 

 

where d1, d2 are the thicknesses of the first and second lens, respectively. Then, the optical 

power of the doublet is calculated as follows: 

 

 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑙𝑒𝑛𝑠1 + 𝑃𝑙𝑒𝑛𝑠2 −
𝑑

𝑛
𝑃𝑙𝑒𝑛𝑠1𝑃𝑙𝑒𝑛𝑠2 , (104) 

 

where n is the averaged refractive index over the area ‘d’ expressed as: 

 

 d =  𝑃𝑃𝑙𝑒𝑛𝑠2 − 𝑃𝑃
′
𝑙𝑒𝑛𝑠1 + 𝑑0 . (105) 
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The resulting values are used to calculate the positions of the principal planes of the doublet: 

 

 𝑃𝑃𝑡𝑜𝑡𝑎𝑙 =
𝑃𝑙𝑒𝑛𝑠2 𝑑

𝑃𝑡𝑜𝑡𝑎𝑙 𝑛
𝑛01 , (106) 

 

 

 𝑃𝑃′𝑡𝑜𝑡𝑎𝑙 = −
𝑃𝑙𝑒𝑛𝑠1 𝑑

𝑃𝑡𝑜𝑡𝑎𝑙 𝑛
𝑛03 , (107) 

 

 

and to calculate the back and front focal lengths of the doublet: 

 

 Ftotal =
n01

Ptotal
 , (108) 

 

 

 F′total =
n03

Ptotal
 . (109) 

 

The calculated focal lengths are the distances from the principal planes to the focal point 

and are calculated for three doublets presented in the system. Because all the distances in 

obtained equations are determined from the principal planes, they are recalculated for the 

correct arrangement of all the lenses. It was done using the back focal lenght (BFL, distance 

from the vertex of the last surface of the doublet and the back focal point) and front focal length 

(FFL, distance from the vertex of the first surface of the doublet and the front focal point) 

(Figure_Apx 3 - 2): 

 

 BFL = F′total + PP′total + PP′lens2 , (110) 

 

 FFL = Ftotal − PPtotal + PP′lens1 , (111) 

 

also presented in Figure_Apx 3 - 2. Then, the position of the vertex of the last surface relative 

to the principal plane, B (in green in Figure_Apx 3 - 2), of the doublet (right side) is expressed 

as: 
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 B = F′total − BFL , (112) 

 

and the position of the vertex of the first surface relative to the principal plane, S (in green in 

Figure_Apx 3 - 2)), of the doublet (left side) as: 

 

 S = 𝐹𝑡𝑜𝑡𝑎𝑙 − FFL . (113) 
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