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Abstract 

 Optical coherence tomography (OCT) serves as a non-destructive and non-

invasive technique that is capable of imaging the inner structure of optical 

scattering samples with a high spatial resolution and deep penetration depth. 

Full-field time-domain OCT (FF-TD-OCT) is an extension of time-domain OCT 

(TD-OCT) which uses a two-dimensional (2D) detector to capture a series of 

en-face images to reconstruct the inner structure of samples in three-dimension 

(3D). 

 In pharmaceutical industry, the pellet or tablet coating performs an 

important role in the release of active pharmaceutical ingredients (API) and 

controlling the desired API absorption rate in human body. Therefore, the 

accurate evaluation of coating thickness is vital to the pharmaceutical coating 

process. Our FF-TD-OCT system was developed in this research to image the 

pharmaceutical coating of small size pellets with a high axial resolution of 3.9μm 

and lateral resolution of 4.4μm. We characterized two pellet samples: a two-

layer pellet with one clear coating layer and one drug-loaded layer, and a three-

layer pellet with one clear coating layer and two drug-load layers. The mean 

thickness of a two-layer pellet was precisely determined automatically as 

39.7±7.3μm and 49.1±7.0μm for the outer and inner layers respectively. The 

mean thickness of a three-layer pellet were 26.5±2.3μm, 20.6±3.4μm and 

57.3±7.2μm respectively. In addition, the particles in the drug-loaded layer can 

be clearly resolved form the cross-section image. 

 The precise and power information of the human corneal surface is of 

significant benefit in corneal corrective surgeries. Our developed FF-TD-OCT 

was combined with an average back-vertex focal length and average power 
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calculation algorithm in order to measure and calculate the individual power of 

the corneal surface. Meanwhile, the angle of incident light was considered as 

an important parameter and the errors introduced by the paraxial approximation 

was reduced. We managed to measure six formalin-fixed and two fresh corneas 

and map the surface power information of them. In addition, the cross-section 

image of cornea generated from our FF-TD-OCT system showed its structure 

including epithelium, Bowman’s layer and stroma clearly and the features of the 

stroma. 

 For automotive paint system, the metallic flakes in base coat has a 

significant effect on the appearance of automotive bodies. Precise evaluation 

of the properties of these flakes is important in the automotive painting system 

in the purpose for quality assurance. Our FF-TD-OCT system was combined 

with a 3D variational segmentation method to measure and segment the 

individual flakes within the base coat of automotive paint system in 3D for the 

first time. The properties of flakes, including number, size and orientation in 3D 

space, were precisely calculated, which cannot be achieved by current 

commercial methods. 
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Chapter 1.  Introduction 

 Non-destructive testing (NDT) comprises a wide group of inspecting and 

testing techniques to evaluate the properties of samples or materials without 

damaging them. NDT methods can keep samples useable after being analysed, 

which is more effective and sustainable than destructive testing methods, such 

as metallography and incisional biopsy. NDT methods, such as ultrasonic 

testing [1,2], electromagnetic testing [3,4] and Terahertz imaging [5,6], are 

widely used in today’s modern industry in order to reduce production costs by 

inline testing, control manufacturing processes and assure product quality 

uniformity, integrity and reliability. In medical imaging, NDT allows clinicians to 

diagnose conditions and design therapy without causing more pain and 

suffering to patients. Methods such as X-ray computer tomography (CT) [7,8] 

and magnetic resonance imaging (MRI) [9,10] have been proven to be 

important tools in diagnosing cancer. 

 Optical coherence tomography (OCT) has developed rapidly in the past 

decade. OCT is a three-dimensional (3D) NDT method which uses light imaging 

in optical scattering media and can achieve high spatial resolution (1-15μm) 

and high depth penetration at the same time. OCT is based on low-coherence 

interferometry (LCI) and utilises a light source with low coherence length and 

broad bandwidth such that the interference of the light occurs over a distance 

of only a few micrometres. OCT imaging is similar to ultrasound imaging, but it 

uses a low coherence light source rather than an ultrasound signal. OCT is a 

tomographic technique that has the capability of obtaining cross-section images 

within target objects and these slice images of three-dimensional (3D) objects 
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allow detailed non-invasive inspection. OCT has a great advantage of trade-off 

between spatial resolution and penetration depth. As shown in Figure 1.1, it 

achieves a few micrometre resolution and millimetre depth penetration, since it 

utilises short wavelength light sources such as near-infrared light or visible light. 

Typical OCT systems can achieve spatial resolution of 1~15μm and penetration 

depth of a few millimetres. Besides this, OCT has the merits of being non-

contact, having low cost, and requiring a relatively simple setup. These 

advantages allow OCT to be used in many medical related areas including 

ophthalmology [11,12], dermatology [13], pharmacology [14,15], and pellet 

coating analysis [16,17] as well as non-medical related areas including 

automotive paint analysis [18,19]. 
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Figure 1.1: Comparison of resolution and penetration depth for confocal microscopy, 

optical coherence tomography, terahertz pulsed imaging, computed tomography, 

magnetic resonance imaging and ultrasound imaging. 

 OCT can be divided in to time-domain OCT (TD-OCT) and Fourier-domain 

OCT (FD-OCT). In TD-OCT, the optical path difference between the reference 

and sample is transferred into time difference of backreflecting light. In FD-OCT, 

interference can be captured by a spectrometer and, after a Fourier transform, 

the depth profile of samples can be calculated without depth scan. Full-field TD-

OCT (FF-TD-OCT) is capable of measuring en-face images without lateral 

scanning by using two-dimensional (2D) detector, such as a charge-coupled 

device (CCD) or complement metal-oxide-semiconductor (CMOS) camera. 
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1.1 Motivation 

  Film coatings have a variety of applications in industrial manufacturing, and 

one of the oldest uses of film coatings is decoration [20-22]. Products that are 

beautiful and colourful are more attractive and aesthetically valuable, making 

them stand out from their competitors and inspiring people to consume them. 

The primary purpose of film coatings is to perhaps protect materials from wear 

associated with environmental factors such as UV radiation, bacteria, and 

moisture, to extend the life of products and reduce replacement costs [23-26]. 

Protective coatings can provide an effective barrier for substrates against rust, 

corrosion, and oxidation. In addition, protective coatings can also make 

materials waterproof [27], fire resistant [28] and scratch resistant [29] for 

industrial needs. Another purpose of film coating is to control the consumption 

rate of coated products in certain environments; for example, the film coatings 

on pharmaceutical tablets or pellets control the release time and rates of active 

pharmaceutical ingredients (APIs) in the human body and ensure that the 

patients can absorb the exact dosage demanded by medical treatment [30]. 

Therefore, it is vital to determine the properties of film coatings accurately—

including their thickness distribution, and uniformity—during their fabrication, 

not only to control their aesthetics but also for quality assurance (QA). 

A single layer of coating is insufficient to respond to sophisticated and 

dynamic environments, so usually two or more coatings are applied in the 

fabrication process. Coatings can be painted on, sprayed on, plated on or even 

welded on to a substrate, and the coating materials can consist of various 

components, such as a mixture of polymers, flakes, pigments, or effective 

particles. The evaluation of film coatings can be made through destructive 
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testing methods, which normally include cutting through the sample and 

measuring the cross section of the sample by using an optical microscope. 

Destructive methods are easily executed, but they are time-consuming by 

nature, in both craftsmanship or automated computer-controlled machines and 

unsustainable and unrestorable for coated samples. Furthermore, destructive 

methods may change or even damage the coating structures and thus it will 

cause possible errors in the analysis, especially for specimens with multi-layer 

thin structures. 

 In this context, non-destructive testing (NDT) methods are more suitable 

and valuable than destructive methods in the evaluation of film coating. They 

make the tested specimens reusable and save both time and money in quality 

inspection during fabrication. One of the most commonly used NDTs is 

ultrasound testing, which relies on acoustic echo waves to determine the layer 

structure to calculate the thickness of layers [1,2]. The commercially available 

ultrasonic thickness gauge can measure the thickness of a material through 

contact with its surface. This method of measurement requires a smooth and 

flat surface for the ultrasonic sensor head to get a precise result, so 

measurements of non-smooth surfaces can be inaccurate with this method. 

Another commercial NDT method, eddy-current testing [3,4], uses a coil of 

conductive wire with an electrical current to produce a magnetic field. This is 

used to sense defects in conductive samples by approaching them and 

monitoring phase and amplitude change of the eddy current. However, eddy-

current testing can only be applied to non-conductive and non-magnetisable 

coatings on electrical conducting substrate material, and only measure the 

overall coating thickness. 
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In the past few decades, OCT has been applied in several areas as an 

accurate NDT method that does not require contact. The high resolution (1-

15μm) and good penetration (1-2mm) capability of OCT makes it suitable for 

thin film coating evaluation. Thus, one of the research focuses of my PhD work 

is to develop an FF-TD-OCT system for characterizing the thin film coatings of 

several specimens, more specifically for pharmaceutical pellets and automotive 

paint panels for the following reasons. 

 In the pharmaceutical industry, the film coating of pellets or tablets is 

designed to control the release of API molecules in the human body [30], as 

well as to mask taste, improve drug stability and the physical separation of 

incompatible components in the same dosage form [31]. The film coating 

thickness effects the decomposition speed of pellets or tablets in human body. 

Therefore, it is significant to precisely evaluate the coating thickness of film 

coatings applied to pharmaceutical tablets or pellets during the production 

process in order to ensure their high quality and uniformity. Several non-

destructive analytical imaging techniques have demonstrated their capability to 

quantitatively characterise coatings of individual pharmaceutical pellets or 

tablets, including near-infrared (NIR) spectroscopy [32,33] and terahertz pulsed 

imaging (TPI) [34-36]. High spatial resolution is required to evaluate small 

pellets, but TPI has a relatively low spatial resolution, insufficient to resolve a 

thin coating layer less than 40μm [15]. However, previous studies have 

demonstrated the capability of OCT to characterise coating thickness and 

evaluate the coating structure of pharmaceutical pellets [16] and in-line 

monitoring of the pellet-coating process [37]. To get the coating structure, 

though, these studies focussed on the cross-section (B-scan) images of pellet 

samples, instead of on 3D data, and this method may be inaccurate in 
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calculating the coating thickness. The aim of this research is to address the 

coating thickness distribution of small pellets by using our FF-TD-OCT system. 

In the automotive industry, the film coating systems protect vehicles’ bodies 

from corrosion, as well as providing aesthetic enhancement [38,39]. The base 

coat layer of automotive coating systems provides the colour of choice, which 

is mixed with primary colour pigment and metallic or mica flakes. The flake size, 

weight, orientation and geometry has an effect on the desired appearance from 

all angles. Therefore, the measurement of these flake properties would be 

beneficial in automotive industrial production to achieve the desired 

appearance and maintain the consistency of the automotive paint. The most 

commonly used method of measuring film coating thickness, ultrasound testing, 

is unsuitable in the measurement of flakes, because of its need to contact the 

measured surface and its insufficient resolution for gauging small flakes of 

approximately a 10μm radius. Another commercial method for measuring paint 

layer thickness, eddy-current testing [40,41], uses a coil of conductive wire with 

an electrical current to produce a magnetic field. Because eddy-current testing 

can be applied only to non-conductive and non-magnetisable coatings on 

electrical conducting substrate material and the film builds of automotive paint 

are all non-magnetisable, this method can measure only the overall coating 

thickness of automotive paint layers [42], and it is impossible for it to resolve 

small flakes. The non-contact TPI method has been applied to the 

measurement of automotive coating thickness before [43-45]. However, the 

lateral resolution of TPI is limited by its wavelength and is unsuitable for 

characterising the small flakes (typically of a radius of 10μm) in automotive base 

coats. Therefore, we present our FF-TD-OCT, which is non-contact and non-

destructive and has sufficient spatial resolution, to measure small metallic 
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flakes in the automotive paint system. The aim of this research is to explore the 

properties of individual flakes by using the FF-TD-OCT technique. 

One of the major contribution of this thesis is that we combine our FF-TD-

OCT system and a novel 3D variational OCT image segmentation method to 

distinguish individual flakes automatically and measure their properties, 

including the size, number and orientation, for the first time, a result that has 

not been achieved by any other measurement method. This method is therefore 

beneficial to the automotive industry as a QA tool for film coating processes. 

Another objective of this thesis is to measure the individual optical power of 

cornea samples by using our FF-TD-OCT system, in collaboration with the 

Department of Eye and Vision Science. The ability to measure and analyse the 

shape and power of the human cornea is beneficial for undertaking therapeutic 

surgical treatment of ophthalmological diseases, such as astigmatism and 

glaucoma, which may cause distorted or blurred vision and even vision loss at 

all distances. Precise information concerning the shape and power of the 

corneal surface is of significance to any corrective procedures to the corneal 

surface. Previous OCT applications in corneal power measurement have 

focussed on net power instead of individual optical power at each location [46], 

since the local power can provide more corneal information, such as the 

location of disease region. Due to the limitations of scanning point OCT, the 

corneal surface is scanned radially along a series of meridians across the 

vertex. From each meridional image, the refractive power of the corneal anterior 

surface is determined. However, the surface map of the cornea should be 

adjusted with a motion-correction algorithm due to the motion of human eye in 

vivo and possible errors in non-telecentric scan deformation [47]. Additionally, 
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the paraxial approximation, which is a small-angle approximation in optical 

system, will not be accurate outside the central corneal region, and significant 

errors can be introduced when calculating individual power in corneal 

tomography. The aim of this research is to solve the non-telecentric scan 

problem physically and reduce errors from the paraxial approximation by 

combining our FF-TD-OCT system (which avoids lateral scan and acquires en-

face images of cornea samples) with a back-vertex focal power calculation 

(which avoids the paraxial approximation). 

1.2 Organisation of thesis 

Chapter 2 introduces the background of the OCT technique including its 

development and history, its principles and performance and several important 

extensions of OCT. 

Chapter 3 describes the implementation of our compact free-space FF-TD-

OCT system and its design, development and imaging performance. 

Chapter 4 focuses on the coating thickness measurement and analysis of 

small pharmaceutical pellet samples with the size of less than 1mm and 

multilayer structure. 

Chapter 5 presents surface measurements of fresh and formalin-fixed 

corneas and their lens power calculation. The individual power of cornea 

surface is calculated with a power calculation method, which considers the 

incident angle of light as an independent variable. 
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Chapter 6 shows the non-destructive measurement of automotive panel 

samples and the variational segmentation of metallic flakes within the base coat 

layer of automotive paint systems. The properties, including size, number and 

orientation, were calculated for four different kinds of automotive panel samples. 

Chapter 7 concludes the work of this thesis and suggests avenues for 

future work. 

1.3 List of publications 

The work of this PhD thesis has resulted in the following publications: 

 Journal papers: 

1. Zhang, J., Williams, B., Lawman, S., Atkinson, D., Zhang, Z., Shen, Y.-C., 

& Zheng, Y. (2017). Non-destructive Analysis of Flake Properties in 

Automotive Paints with Full-field Optical Coherence Tomography and 3D 

Segmentation. Optics Express, 25(16), 18614-18628. 

2. Lawman, S., Williams, B., Zhang, J., Shen, Y. -C., & Zheng, Y. (2017). 

Scan-Less Line Field Optical Coherence Tomography, with Automatic 

Image Segmentation, as a Measurement Tool for Automotive Coatings. 

Applied Sciences, 7(4), 351.  

3. Dong, Y., Lawman, S., Zheng, Y., Williams, D., Zhang, J., & Shen, Y. -C. 

(2016). Nondestructive analysis of automotive paints with spectral domain 

optical coherence tomography. Applied Optics, 55(13), 3695-3700.  

 Conference papers: 
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1. Zhang, J., Shen, Y., & Zheng, Y. (2015, October). The Application of Full-
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Pharmaceutical Pellets. In Computer and Information Technology; 

Ubiquitous Computing and Communications; Dependable, Autonomic and 

Secure Computing; Pervasive Intelligence and Computing 

(CIT/IUCC/DASC/PICOM), 2015 IEEE International Conference on (pp. 

1046-1050). IEEE. 

2. Dong, Y., Zhang, J., Shen, Y. C., Su, K., & Zeitler, J. A. (2015, August). 

Non-destructive characterization of automobile car paints using terahertz 

pulsed imaging and infrared optical coherence tomography. In Infrared, 

Millimeter, and Terahertz waves (IRMMW-THz), 2015 40th International 

Conference on (pp. 1-2). IEEE. 

3. Lawman, S., Zhang, J., Williams, B. M., Zheng, Y., & Shen, Y. C. (2017, 

June). Applications of optical coherence tomography in the non-contact 

assessment of automotive paints. In SPIE Optical Metrology (pp. 103290J-

103290J). International Society for Optics and Photonics. 
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Chapter 2. Background of optical 

coherence tomography 

Optical coherence tomography (OCT) is a non-destructive cross-sectional 

imaging technique with micron scale resolution for optical scattering samples. 

This chapter introduces the history and development of optical coherence 

tomography as well as its principle, performance and serval important 

extensions. 

2.1 Historical overview 

 The root of OCT lies in the early work on white-light interferometry that led 

to the development of optical coherence-domain reflectometry (OCDR), which 

is a one-dimensional optical ranging technique developed for detecting faults in 

optical cables and network components [1,2]. With superb optical sectioning 

ability of OCT, the first OCT system was introduced by Huang et. al in 1991 [3]. 

It uses low-coherence interferometry (LCI) to produce high-resolution 2D cross-

sectional images of the internal microstructure of the human tissue by 

measuring backscattering or back-reflected lights from a reference arm and a 

sample arm in the time domain (TD). The interference occurs when the path 

lengths of two backscattering light beams from two arms are within the 

coherence length of the light source. 
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Figure 2.1: The schematic of the first OCT system by Huang et al. [3]. PZT: 

piezoelectric transducer; SLD: superluminescent diode; AD: digitized. 

The first in vivo OCT was applied in ophthalmology by Fercher et. al [4] in 

1993. In the same year, the first in vivo measurement of human retinal structure 

by OCT was obtain by the Fujimoto group [5]. They achieved a relative high 

acquisition speed in live patients less than 3 seconds and proved the clinical 

feasibility of OCT in various retinal imaging applications. Afterwards, OCT was 

applied to other clinical applications including dermatology [6,7], and tissue 

morphology [9-10]. The promising ability of non-destructive, high-resolution, 

micrometre-scale, cross-sectional imaging in biological systems made OCT an 

important non-excisional ‘optical biopsy’ technique in preliminary clinical 

practice. 

However, early TD-OCT had a limitation in the scanning speed which was 

only about hundreds of A-scans/s because of its physical constraint of a moving 

reference mirror. In order to extract the depth profile of samples, TD-OCT 

obtains time-encoded signals with the depth scan of the reference mirror and 
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thus the changing location of the reference mirror allows OCT to detect the 

different depths in the sample. Therefore, the traditional TD-OCT is very slow 

in scanning speed. 

One way to improve the acquisition speed is to detect backscattering 

signals in spectral domain without the movement of the reference mirror. The 

backscattered depth information can be encoded in frequency and transferred 

into time domain through an inverse Fourier transform (FT), which is Fourier-

domain OCT(FD-OCT). FD-OCT detection can be achieved either by using a 

spectrometer (called spectral-domain OCT or SD-OCT) or by using a rapidly 

tunable laser (called swept-source OCT or SS-OCT). The first FD-OCT 

application was presented by Fercher et al. [11] in 1995 for corneal thickness 

measurement. Then a similar spectral interferometric instrument named 

spectral radar was invented for dermatological diagnosis. However, these early 

works on FD-OCT did not result in good quality of cross-sectional images, since 

they used relatively narrow spectral bandwidths. Until 2002, FD-OCT 

technology was demonstrated to obtain the first decent in vivo tomograms of 

human retina and allow a quantitative estimation of the thickness of different 

retinal layers [12]. Later studies demonstrated that FD-OCT has better 

sensitivity and signal-to-noise ratio (SNR) over traditional TD-OCT [13-15], 

which allows FD-OCT to perform better in fast dynamic physiologic processes. 

Nowadays, FD-OCT is able to achieve the high acquisition speed of 1 million 

A-scans/s [16]. 

Another solution to improve the acquisition speed is Full-field TD-OCT (FF-

TD-OCT), which produces tomographic images in the en-face orientation 

without the lateral moving of sample [17-23]. The entire field of samples, rather 
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than a signal point, were illuminated with low coherence light and the 

tomographic images can be acquired by a two-dimensional (2D) detector, such 

as a charge-coupled device (CCD) or complementary metal-oxide-

semiconductor (CMOS) camera. In other words, a number (dependent on the 

pixel number of detector) of A-scans in parallel could be obtained by the FF-

TD-OCT technique and thus the acquisition speed is largely increased.  

Currently, the OCT technique is not only applied to biological tissues for 

clinical imaging [24-28] but also non-biological areas to detect defects and 

measure film coating thickness, such as pharmacy [29-35], automotive paint 

[36-41], and electronic device [42-44]. OCT exhibits several outstanding 

properties that make it popular in non-destructive l imaging. Firstly, the axial 

resolution of OCT is decoupled from the lateral resolution and is only dependent 

on the light source spectrum. Therefore, axial resolution in the histological 1μm 

range is possible. High lateral resolution can be obtained by the numerical 

aperture (NA) beams as in classical imaging. Secondly, OCT can provide high 

dynamic range and sensitivity (>100dB) [45]. Thirdly, OCT has the ability to 

distinguish detailed layered structures in millimetre ranges beneath the surface 

of a sample. Last but not least, OCT is a non-invasive technique which uses 

non-ionizing radiation and allows minimum damage with in vivo testing and 

repeated measurements [45]. 

2.2 Principle of optical coherence tomography 

 Figure 2.2 shows a standard OCT Michelson interferometer which uses a 

low coherence light source. There are two basic scan procedures in OCT: a 

depth scan (axial scan or A-scan) performed by a reference mirror and a lateral 
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scan performed by moving samples or scanning probe beams. With a series of 

adjacent depth scans, OCT can create cross-sectional (B-scan) images [45]. 

 

Figure 2.2: A standard OCT scheme based on a low coherence Michelson 

interferometer. 

The light beam from source is divided by a beam splitter into sample and 

reference beams. 𝑙𝑟  and 𝑙𝑠  are the distances of the sample and reference 

mirror placed away from beam splitter respectively. The backscattering light 

from the sample and reference arm is recombined in the beam splitter and the 

interference occurs when the optical path difference ∆𝑙 = 𝑙𝑟 − 𝑙𝑠 is within the 

coherence length.  
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For a coherent light source, the electric fields of both arms 𝐸𝑟 and 𝐸𝑠 are 

collected at the detector exit and they can be expressed as [45]: 

𝐸𝑟 = 𝐴𝑟exp(−2𝑗𝛽𝑟𝑙𝑟 − 𝑗𝜔𝑡) and 𝐸𝑠 = 𝐴𝑠exp(−2𝑗𝛽𝑠𝑙𝑠 − 𝑗𝜔𝑡)     (2.1) 

, where 𝜔 is the frequency of the light source and 𝛽 is a propagation constant. 

Since the light beams are reflected from the reference and sample, the 

propagation constant is multiplied by a factor of 2. After reflection and 

recombination at beam splitter, the time average photocurrent 𝐼𝑒  at the 

detector exit can be expressed as [45]: 

𝐼𝑒 = 〈
𝜂𝑒

ℎ𝜈
⋅
|𝐸𝑟+𝐸𝑠|

2

2𝜂0
〉                        (2.2) 

, where 휂 is the detector quantum efficiency, 𝑒 is the electronic charge, ℎ𝜈 is 

the photon energy, 휂0 is the intrinsic impedance of free space and the angle 

bracket 〈… 〉 means the time average. For monochromatic fields, Equation (2.2) 

can be expressed as [45]:  

𝐼𝑒 =
𝜂𝑒

2𝜂0ℎ𝜈
[|𝐴𝑟|

2 + |𝐴𝑠|
2 + 2𝑅𝑒{𝐸𝑟𝐸𝑠

∗}]        (2.3) 

, where the real term 

𝑅𝑒{𝐸𝑟𝐸𝑠
∗} = 𝐴𝑟𝐴𝑠 cos(2𝛽𝑟𝑙𝑟 − 2𝛽𝑠𝑙𝑠)             (2.4) 

In free space, the propagation constants are equal for both reference and 

sample arms 𝛽𝑟 = 𝛽𝑠 =
2𝜋

𝜆
 and 

𝑅𝑒{𝐸𝑟𝐸𝑠
∗} = 𝐴𝑟𝐴𝑠 cos (2𝜋 ⋅

2∆𝑙

𝜆
)                  (2.5) 
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, where ∆𝑙 = 𝑙𝑟 − 𝑙𝑠. 

 Equation (2.5) shows the photocurrent at detector exit contains a 

sinusoidally varying term representing the interference between the reference 

and sample fields.  

 For a low-coherent light source, the spectrum contains a limited bandwidth 

of frequencies rather than a single frequency. The reference and sample fields 

can be expressed as functions of frequency ω [45]: 

𝐸𝑟(ω) = 𝐴𝑟(ω)exp(−2𝑗𝛽𝑟(ω)𝑙𝑟 − 𝑗𝜔𝑡) and 

 𝐸𝑠(ω) = 𝐴𝑠(ω)exp(−2𝑗𝛽𝑠(ω)𝑙𝑠 − 𝑗𝜔𝑡)                (2.6) 

 The real part of 𝐸𝑟𝐸𝑠
∗ can be expressed as [45]: 

 𝑅𝑒 {∫ 𝐸𝑟(ω)𝐸𝑠(ω)
∗∞

−∞

𝑑ω

2𝜋
}= 𝑅𝑒 {∫ 𝑆(ω)exp(−𝑗∆𝜙(ω))

∞

−∞

𝑑ω

2𝜋
}  (2.7) 

, where ∆𝜙(ω) is the phase difference between sample and reference arms 

[45]: 

∆𝜙(ω) = 2𝛽𝑠(ω)𝑙𝑠 − 2𝛽𝑟(ω)𝑙𝑟                  (2.8) 

and 𝑆(ω) is the power spectrum of light source [45]: 

𝑆(ω) = 𝐴𝑟(ω)𝐴𝑠(ω)
∗                      (2.9) 
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2.2.1 Noise sources 

The dominating noise sources in OCT system are shot noise, thermal noise 

and excess intensity noise [46,47]: 

Thermal noise 

 Thermal noise (Johnson-Nyquist noise) results from the random motion of 

electrons due to the thermal energy of a system [48-52]. It can be regarded as 

the transfer energy and temperature equilibrium between an ideal noisy resistor 

and its environment since resistors are the only element that exchange energy 

with the environment. Thus, the thermal noise power can be expressed as:  

 𝑁𝑡ℎ =
2𝐾𝑇

𝑅
                            (2.10) 

, where 𝑇  is the temperature, 𝐾  is the Boltzmann’s constant and 𝑅  is the 

resistance of the ideal resistor. 

Shot noise 

 Shot noise (Poisson noise) results from the particle nature of light and 

discrete nature of electric charge [51,52]. The emission of charge in a 

photodetector is related to the photocurrent but the time intervals of charge 

emissions are random due to the Poisson distribution. The power of shot noise 

is associated with the detector photocurrent and can be expressed as: 

 𝑁𝑠ℎ = 2𝑒𝐵〈𝑖〉                         (2.11) 

, where 𝐵  is the electronics bandwidth, 〈𝑖〉  the mean detector photocurrent 

and 𝑒 is the electronic charge. 
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Excess intensity noise 

 Excess intensity (spontaneous beating noise) noise results from the self-

beating of broad-band light waves and is linearly proportional to the mean 

photocurrent power 〈𝑖〉2 [45,53]. The power of excess intensity noise can be 

modelled as: 

𝑁𝑒𝑥 = 휁𝑒𝐵〈𝑖〉
2                         (2.12) 

, where 휁 is a noise parameter determined by experiment. 

2.2.2 Sensitivity  

 The sensitivity is one of the main parameter of an OCT instrument. It is 

defined as the minimum detectable reflectivity of the OCT system. The 

sensitivity S of an OCT system can be regarded as the ratio of signal power 

generated by a perfectly reflecting reference mirror. The weakest sample 

reflectivity 𝑅𝑠,𝑚𝑖𝑛 yields a signal power equal to the noise of the system [45]. 

Therefore, we have:  

S =
1

𝑅𝑠,𝑚𝑖𝑛
|
SNR=1

                         (2.13) 

, where SNR is the signal to noise ratio. The sensitivity advantage is one of the 

most important key features of an OCT system because interference can 

amplify weak signals and increase sensitivity. 

The effective signal photocurrent at the detector exit 𝑖𝑒 can be expressed 

from the interference term: 
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𝑖𝑒 =
𝜂𝑒

ℎ𝜈
√2𝑃𝑠𝑃𝑟                            (2.14) 

, where 𝑃𝑠  and 𝑃𝑟  are the powers of the sample and reference reflection 

received by the detector. The SNR is the ratio of the mean power and the total 

noise power including thermal noise 𝑁𝑡ℎ, shot noise 𝑁𝑠ℎ and excess intensity 

noise 𝑁𝑒𝑥, given as:  

SNR =
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
=

𝑖𝑒
2

𝑁𝑡ℎ+𝑁𝑠ℎ+𝑁𝑒𝑥
=

2𝜒2𝑃𝑠𝑃𝑟
2𝐾𝑇

𝑅
+2𝑒𝐵〈𝑖〉+𝜁𝑒𝐵〈𝑖〉2

        (2.15) 

, where 𝜒 =
𝜂𝑒

ℎ𝜈
.  

With an ideal and symmetric beam splitter, the powers of the sample and 

reference arm can be expressed as: 

𝑃𝑠 =
𝑃𝑠𝑜𝑢𝑟𝑐𝑒𝑅𝑠

4
, 𝑃𝑟 =

𝑃𝑠𝑜𝑢𝑟𝑐𝑒𝑅𝑟

4
                   (2.16) 

, where 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 is the output power of the light source and 𝑅𝑠 and 𝑅𝑟 are the 

reflectivity of the sample and reference mirror. Assume that the photocurrent 

〈𝑖〉 is only determined by the reference beam. Then we have the sensitivity S: 

S =  
1

8
𝜒2𝑃𝑠𝑜𝑢𝑟𝑐𝑒

2𝑅𝑟
2𝐾𝑇

𝑅
+
1

2
𝑒𝐵𝜒𝑃𝑠𝑜𝑢𝑟𝑐𝑒√𝑅𝑟+

1

8
𝜁𝑒𝐵𝜒2𝑃𝑠𝑜𝑢𝑟𝑐𝑒

2𝑅𝑟
             (2.17) 

  We further assume that the reference mirror is perfect (𝑅𝑟 = 1) and the 

shot noise is the domination of system noise. Then, we have the sensitivity S: 

S =
𝜒𝑃𝑠𝑜𝑢𝑟𝑐𝑒

4𝑒𝐵
                            (2.18) 
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, which means that the sensitivity is proportional to the source power and 

inversely proportional to the electronics bandwidth [45]. 

2.2.3 Resolution 

 Spatial resolution is one of the most important parameters in an OCT 

system. It is defined as the smallest distance between two points that can be 

distinguished as separate in an imaging system. The higher the resolution, the 

smaller the distance we can distinguish. Commonly, spatial resolution is divided 

into axial resolution and lateral resolution. 

 Axial resolution, also known as depth resolution, is the resolution in the 

direction of the light source beam. In an OCT system, the axial resolution is 

independent of the optics and defined by half of the coherence length of the 

light source, which is the propagation distance over which a coherent wave can 

maintain a specified degree of coherence. It can be determined as the full width 

at half maximum (FWHM) of the interference signal envelope [45,54]: 

z =
𝑙

2
=
2 ln2

𝜋

𝜆2

Δ𝜆
                           (2.19) 

, where z is the axial resolution, 𝑙 is coherent length of the light source, 𝜆 and 

Δ𝜆 are the centre wavelength and bandwidth of light source respectively. 
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Figure 2.3: A typical interference signal and its envelope from the Hilbert transform. 

The Full-width at half of maximum (FWHM) intensity indicates the axial resolution in 

this OCT system. 

 Lateral resolution, or transverse resolution, in a single point scanning OCT 

system, is limited either by an insufficient lateral sampling rate or the diameter 

of the focus spot size of the probe beam. For a Gaussian sample beam, it can 

be defined as the FWHM of the beam waist [45, 55-57]: 

𝑑 = 2√ln 2𝜔0 = 2√ln 2
𝜆

𝜋𝜃
                   (2.20) 

, where 𝜆 is the centre wavelength of the light source, 𝜔0 is the beam waist, 

휃  is the angular spread of the Gaussian beam, and sin 휃  is the numerical 

aperture (NA). 
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The lateral resolution of an FF-TD-OCT system is also limited by the pixel 

size of 2D the detector since the FF-TD-OCT system capture a series of en-

face images. The lateral resolution should be no smaller than twice the pixel 

size. 

2.2.4 Depth of field 

The depth of field (DoF) is defined as double of the Rayleigh length which 

is the distance along the propagation from the waist to the place where the area 

is doubled. Therefore, we have the DoF: 

DoF = 2
𝜆

𝜋𝜃2
                          (2.21) 

 From Equation (2.20) and (2.21), a high lateral resolution is associated with 

a large NA, while the higher NA will reduce the DoF dramatically. Hence, a 

compromise has to be found between the desired lateral resolution and DoF in 

OCT experiment. Figure 2.4 shows a typical Gaussian beam with the beam 

width of 𝑤(𝑧) as a function of distance z along the beam. 
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Figure 2.4: A typical Gaussian beam with the bean width 𝑤(𝑧) as a function of 

distance z along the beam. 

2.3 Time-domain optical coherence tomography 

In TD-OCT, the optical path length within a sample’s structure is transferred 

to the time delay between back-reflected light by the axial displacement of a 

reference mirror. Figure 2.5a shows the schematic diagram of a typical TD-OCT 

system. The light beam from a low-coherence light source is split between a 

reference arm and a sample arm by a beam splitter. The scattered light from 

the sample and the reflected light from the reference mirror are collected by a 

single pixel photodiode, which is the interference signal (A-scan). Through the 

axial scan (depth scan) of the reference mirror, the depth profile of samples can 

be generated as shown in Figure 2.5b. 3D OCT data can be generated through 

the lateral scanning of samples. 
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Figure 2.5: a) Schematic diagram of a typical TD-OCT system and b) one A-scan signal. 

Each peak in the A-scan signal represents the interface between adjacent layers within 

the target sample. This is known as the sample’s depth profile. 
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On the photodetector side, the resultant light intensity 𝐼𝑒 can be expressed 

as the superposition of light intensity 𝐼𝑟 and 𝐼𝑠 from the reference mirror and 

the sample object [45], considering the splitting ratios of the beam splitter: 

𝐼𝑒 = 𝑘𝑟𝐼𝑟 + 𝑘𝑠𝐼𝑠 + 2√𝑘𝑟𝐼𝑟𝑘𝑠𝐼𝑠𝑅𝑒(Γ(𝜏))             (2.22) 

, where 𝑘𝑟 and 𝑘𝑠 represents the splitting ratio of the beam splitter, Γ(𝜏) is 

called the complex degree of coherence and 𝜏 denotes the time delay between 

the sample and reference beams. 𝜏 can be expressed as 𝜏 = 𝑙/𝑐, where 𝑙 is 

the optical path difference (OPD) between two beams. The complex degree of 

coherence can be expressed as a Gaussian function [58]: 

 Γ(𝜏) = exp [− (
𝜋Δ𝑓𝜏

2√𝑙𝑛2
)
2

] ∙ exp(−𝑗2𝜋𝑓0𝜏)             (2.23) 

, where 𝑓0  is the centre frequency of the optical source and Δ𝑓  is its 

bandwidth. Therefore, the interferogram term ( 2√𝑘𝑟𝐼𝑟𝑘𝑠𝐼𝑠𝑅𝑒(Γ(𝜏)) ) of 𝐼𝑒 can 

be simplified as A(𝑙) cos(𝜑0 − 𝜑(𝑙)) and the time-domain A-scan signal can be 

expressed as a function of OPD 𝑙: 

 𝐼𝑒(𝑙) = 𝐼𝑑𝑐 + A(𝑙) cos(𝜑0 − 𝜑(𝑙))                 (2.24) 

, where 𝐼𝑑𝑐  is the DC intensity received by the photodetector, A(𝑙) is the 

analytical signal of the interferogram signal, 𝜑0 is a constant phase and 𝜑(𝑙) 

is the phase delay between the sample and the reference beam. The envelope 

of this function can be extracted in order to present the inner structures of 

samples, as shown in Figure 2.5b. A Hilbert transform is normally applied to the 

interference signal to extract the envelope [59-63]. 
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By moving the sample in both lateral directions, the 3D data of samples can 

be constructed. While effective, this method is very time-consuming compared 

with the later FD-OCT. Full-field time-domain OCT (FF-TD-OCT) was 

introduced by using a 2D detector to capture a series of en-face images through 

a single axial scan of a reference mirror. This means that multiple A-scans can 

be generated through one depth scan, which improves the scanning speed and 

efficiency of TD-OCT. 

2.4 Fourier-domain optical coherence tomography 

 In FD-OCT, the interference signal from the system is acquired with a 

spectral detector. Compared to traditional TD-OCT, FD-OCT only needs the 

lateral scans to generate structural information of samples, as shown in Figure 

2.6a. The power spectrums of back-reflected light are transfer to A-scans in the 

time-domain through an inverse Fourier-Transform (FT), as shown in Figure 

2.6b. 
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Figure 2.6: a) Schematic diagram of a typical FD-OCT system. b) Spectrum acquired 

from the spectrometer in the FD-OCT system. c) The corresponding A-scan signal after 

Fourier transform. 

 Unlike TD-OCT, FD-OCT uses a line camera based spectrometer as the 

detector, instead of a single photodiode. Figure 2.6a shows the schematic 
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diagram of a typical FD-OCT system. The spectral intensity at the spectrometer 

exit could be expressed as [45]: 

  𝐼𝑒(𝑣) = 𝑘𝑟𝐼𝑟(𝑣) + 𝑘𝑠𝐼𝑠(𝑣) + 2√𝑘𝑟𝐼𝑟(𝑣)𝑘𝑠𝐼𝑠(𝑣)𝑅𝑒(𝜇(𝑣)𝑒
𝑖[Φ𝑠(𝑣)−Φ𝑟(𝑣)])  (2.25) 

, where 𝐼𝑟(𝑣) and 𝐼𝑠(𝑣) are the spectral intensities of the reference beam and 

sample beam respectively; 𝜇(𝑣) is the spectral degree of coherence; Φ𝑠(𝑣) 

and Φ𝑟(𝑣) are the spectral phase of the sample wave and reference wave 

respectively. The spectral interferogram requires a Fourier transform to convert 

from the spectral-domain to the time-domain in order to present the A-scan 

depth profile. 

 The main advantage of FD-OCT technique is that no axial scan is needed 

and thus the data acquisition speed can be very fast. Meanwhile, FD-OCT has 

a large sensitivity advantage over TD-OCT, even in situations of low light levels, 

and high-speed detection [13,14]. 

2.5 Full-field optical coherence tomography 

 Full-field time-domain OCT is an improvement on traditional TD-OCT [17-

22]. The first FF-TD-OCT system was presented in 1998, named full-field 

optical coherence microscopy (OCM) [23], which is a microscopy system 

combining optical low-coherence reflectometry (as shown in Figure 2.7). A 2D 

detector (CCD camera) was used instead of a single pixel photodiode. Most 

traditional OCT systems required 2D lateral scanning of samples. This strategy 

normally sacrifices the lateral resolution of images and requires a long scanning 

time for 3D measurement. By avoiding lateral scanning, FF-TD-OCT increases 

the acquisition speed of TD-OCT considerably and produces en-face 
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tomographic images with the lateral resolution only dependent on the optics 

and pixel size of the 2D detector. 

 

Figure 2.7: Overview of the OCM system and image of one point through the optical 

part. In reality, an en-face image is generated in parallel [19]. 

 In histology, most biopsies are not suitable for frozen section analysis in 

routine clinical practice, since freezing and sectioning can lead to freezing 

artefacts, physical destruction and significant wastage of tissue. High resolution 

optical biopsy techniques for biological tissues are preferred, such as FF-TD-

OCT, in order to overcome the drawbacks of frozen analysis and perform quick 

diagnoses. FF-TD-OCT has proven its ability to obtain cellular-level images 

from rat organs (heart, lung, liver skin, stomach, kidney, urinary bladder, 

prostate and testis); the normal histology of these organs can be recapitulated 
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by identifying various tissue microstructures from OCT image [64]. As for 

human tissue, both ex vivo and in vivo, including ocular tissue and human 

breast tissue were proven to be capable of being imaged by FF-OCT [65-75]. 

These experiments demonstrated that FF-OCT can be very crucial for clinicians 

and surgeons as it could allow them to evaluate the nature and architecture of 

biological tissue, which may be difficult to be observed by traditional histology 

procedures. 3D OCT data provides the clinicians the possibility of combining 

images in different orientations as well as complementary information of 

biological tissues. The volumetric reconstruction of 3D OCT images can even 

provide more information by analysing data in multiple angles. 

 In addition to biological applications, the capacity of FF-OCT has also been 

demonstrated in evaluating multi-layer polymer coating structures on 

pharmaceutical pellets. The coating thickness of pellets, the diameter of which 

is less than 1mm, can be precisely determined and their internal structure can 

clearly be resolved. The inexpensive setup and better spatial resolution, 

compared with other non-destructive analysis techniques, make FF-OCT a 

potential analytical tool for commercial applications in the pharmaceutical 

industry [31]. 

2.6 Other modalities of optical coherence tomography 

Polarization-sensitive OCT 

 Polarization-sensitive OCT (PS-OCT) is an extension of OCT that uses the 

polarization properties of light to measure the depth-resolved phase retardation 

caused by biological tissue samples and calculate the birefringence of tissue 

[76,77]. Birefringence is an optical property of biological tissue, such as muscle, 



Chapter 2: Background of optical coherence tomography 

 

 

 Page 41 

 

cartilage and tendons, which provides a useful contrast mechanism in tissue. 

PS-OCT can reveal the structural information of birefringent turbid tissue while 

other OCT systems cannot. Figure 2.8 shows a typical PS-OCT system. 

 

Figure 2.8: Schematic of the PS-OCT system. SLD: superluminescent diode, L: lens, 

P: polarizer, BS: beam splitter, QWP: quarter wave plate, NDF: neutral density filter, 

PBS: polarizing beam splitter, PZT: Piezoelectric transducer. [77] 

Spectroscopic OCT 

 Spectroscopic OCT (SOCT) is able to perform cross-sectional tomographic 

and spectroscopic imaging and obtain spectral information of backscattering 

light in OCT systems [78,79]. This system uses a broadband light source and 

performs a depth-resolved spectroscopy study through time-frequency analysis. 

Imaging spectral absorption and spectral scattering can be achieved and thus 

used to detect either endogenous molecules or exogenous agents. 

Doppler OCT 
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 Doppler OCT (DOCT) aims to obtain high-resolution tomographic images 

of static and moving constituents in biological tissue, such as tissue structure 

and blood flow, simultaneously [79-85]. The segmentation and visualization of 

blood vessels from DOCT measurements is named OCT angiography. The 

principle DOCT is the combination of the Doppler effect and OCT system such 

that the speed of a moving particle in the samples can be determined by the 

measurement of the frequency shift of the backscattered light from this moving 

particle. In TD, the Doppler frequency shift is obtained by the analysis of the 

spectrum of measured A-scans. In FD, the Doppler frequency shift is obtained 

by the analysis of the spectral interferogram. Given the nature of non-invasion, 

non-destruction, high spatial resolution and velocity sensitivity, DOCT has 

demonstrated its great potential for biomedical and clinical research. 

Optical coherence elastography 

 Optical coherence elastography (OCE) is another extension of OCT based 

on elastography, which maps the elastic properties and stiffness of soft tissue 

[86-91]. OCE can detect the cross-sectional biomechanical properties of 

biological tissue when mechanical stimulations are applied to the sample. The 

micrometre-scale resolution, millimetre-scale penetration and non-invasive 3D 

imaging ability give OCE great potential in the field of dermatology [86-91].  

Swept-source OCT 

 Swept-source OCT (SS-OCT) has become popular in recent years. It is a 

variation of FD-OCT that obtains time-encoded spectral information by 

sweeping a narrow-bandwidth laser and using a point photo detector to detect 

the signal [95,96]. The main advantage of SS-OCT over traditional SD-OCT are 
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its higher scanning speed (~100k A-scans/s) without the reduction of sensitivity. 

The high robustness makes it perfect against sample motion and rapid lateral 

scanning which improves the detection efficiency of OCT. Another advantage is 

that the usage of a photodetector extends the penetration depth since the depth 

of scanning relies on the pixel size of spectrometer in camera-based SD-OCT. 

SS-OCT is regarded as the future of OCT technology and has been applied to 

in vivo ophthalmic diagnosis [95,97-100]. 

The following Table 2.1 shows an outline of different modalities of OCT. 
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Table 2.1: Different modalities of OCT and their advantages. 

Modality of OCT Description Advantages 

FF-TD-OCT An improvement on 

traditional TD-OCT using 

2D detector to capture 

en-face tomographic 

images.  

By avoiding lateral scanning, FF-

TD-OCT increases the acquisition 

speed of TD-OCT considerably and 

produces en-face tomographic 

images. 

PS-OCT One kind of functional 

OCT that use 

polarization properties of 

light to measure the 

depth-resolved phase 

retardation of biological 

tissues and calculate the 

birefringence of tissues. 

PS-OCT can reveal the structural 

information of birefringent turbid 

tissue while other OCT systems 

cannot. 

SOCT One kind of functional 

OCT that perform 

spectroscopic imaging 

SOCT system performs a depth-

resolved spectroscopy study and 

achieves spectral absorption and 

spectral scattering information to 

detect either endogenous 

molecules or exogenous agents. 

DOCT One kind of functional 

OCT that combine the 

Doppler effect and OCT 

system to measure 

moving particle. 

DOCT is able to obtain high-

resolution tomographic images of 

static and moving constituents in 

biological tissue, such as tissue 

structure and blood flow, and is 

named OCT angiography. 

OCE One kind of functional 

OCT to measure elastic 

properties. 

OCE is able to map the elastic 

properties and stiffness of soft 

tissue and has great potential in 

the field of dermatology. 

SS-OCT A time-encoded spectral-

domain OCT using 

tunable swept light 

source.  

High scanning speed (~100k A-

scan/s); High sensitivity (>100dB); 

High detection efficiency. 
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Chapter 3. Implementation of FF-TD-OCT 

configurations 

As an improvement of traditional TD-OCT system, FF-TD-OCT utilises 2D 

detector, such as charge-coupled device (CCD) or complementary metal-oxide 

semiconductor (CMOS) camera, instead of a single photodiode to acquire 

interference signals between a reference mirror and samples from OCT system. 

As discussed in the previous chapter, FF-TD-OCT inherits the advantages of 

traditional TD-OCT including high spatial resolution and also has a higher 

scanning speed and efficiency in acquiring 3D OCT data by capturing a series 

of en-face images through depth scan [1-3]. The full-field illumination setup 

avoids the mechanical motion of samples in lateral direction which is crucial for 

long-time measurement or tissue samples in vivo. This chapter presents the 

configuration of our FF-TD-OCT system as well as its imaging performance 

including the axial and lateral resolution. 

3.1 Description of the experimental FF-TD-OCT system 

The schematic diagram of the built FF-TD-OCT setup is presented in Figure 

3.1. The light beam from light source is split between a reference arm and a 

sample arm by a non-polarizing 50/50 beam splitter. The collimated light beam 

after lens (L1) illuminates both the sample and the reference mirror. The 

scattered light from the sample and the reflected light from the reference mirror 

are collected and then focused onto a 2D detector using a pair of achromatic 

lenses (L2 and L3). Interference fringes occur when the difference in optical 

path length between the sample and reference arm is within the coherence 
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length. A set of en-face images of a sample is captured by the high-speed 2D 

detector. Lens L2 (Focus length: 50mm) and L3 are placed such that the 

distance between them is the sum of their focus length and the 2D detector is 

placed at the focus point of the lens (L3). The magnification power is given by 

the ratio of the focus lengths of L2 and L3. So L3 has the choices of focus length 

from 50 mm to 250 mm to have the magnification power from 1 to 5. The 

magnification power has effect on the final lateral resolution of en-face images, 

since the lateral resolution should at least two times of image pixel size. To be 

noticed, the higher magnification of this setup is possible but it requires an 

increasing distance among L2, L3 and 2D detector, which is limited by the 

length of optic table. 

 

Figure 3.1: Schematic of our FF-OCT system showing the beam splitter (BS), plano-

convex lenses (L1, L2, L3). 
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 Figure 3.2 shows the operation procedure of our FF-TD-OCT system. A 

reference A-scan signal between two identical mirrors was recorded by the 2D 

detector firstly (the same mirror was placed at sample arm and applied depth 

scan). In the process of data acquisition, the reference mirror is fixed at the 

focal point of L2, the samples were fixed on a motorized stage for depth scan 

and the 2D detector can collect en-face images simultaneously. Then the 3D 

OCT data cube was stored in 16-bit ‘.mat’ format and upload to operating 

computer. In order to recover the sample depth profile, each A-scan was 

convoluted with the reference A-scan signal and the Hilbert transform [4] was 

applied to it to remove the oscillation waves and extract the envelope. Further 

data processing could be applied to the 3D depth profile data of samples to get 

the structural information, such as layer thickness and particle size, number 

within samples. 

 

Figure 3.2: The flow chart of the operation of our FF-TD-OCT system. 
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3.2 System components 

3.2.1 Light source 

 The white light illumination used is a Quartz Tungsten-Halogen light source 

band-passing through a filter for imaging thin layers or surface structures. 

Figure 3.3 shows the power spectrum of the white light source through a band-

passing filter (FGS900, 315-700nm). 

 

Figure 3.3 : Power spectrum of the white light Tungsten-Halogen light source through 

a band-passing filter (315 - 700nm). The central wavelength is λ0 = 613 nm and the 

bandwidth is Δλ = 185nm. 

Another light source used was a Near-infrared light emitting diode (LED). 

In addition to its long central wavelength and broad-band bandwidth, it also 

provides a large penetration depth for layer structural measurement beneath 

sample surfaces. Figure 3.4 shows its power spectrum. 
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Figure 3.4: Power spectrum of the infrared light source. The central wavelength is λ0 = 

900 nm and the bandwidth is Δλ = 121nm. 

3.2.2 CMOS camera 

 The high frame rate camera used in our experiments is Point Grey 

Grasshopper 3 USB 3.0 camera GS3-U3-23S6M-C. It has the maximum pixel 

of 1920x1200 with the pixel size of 5.86μm. It can provide a 10-bit or 12-bit 

mono formatted digital data recording and sense a width spectral from 320nm 

to 880nm. The maximum frame rate is 162 fps at full pixel number but the frame 

rate can go higher when the acquired pixel number is smaller.  

3.2.3 Motorized stage  

 The single-axis motorized stage used in our FF-TD-OCT system is a linear 

piezo positioning stage (Physik Instrumente, LPS-65) with a high precision and 

load capacity. The unidirectional repeatability can be down to 0.005μm and the 

maximum load capacity is 2kg which is sufficient to load our experimental 

samples. The piezo driven motor steps with a sub-nanometre resolution and 
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thus ensure a smooth and high accurate movement during the depth scan of 

demanded samples. 

3.3 Performance of FF-TD-OCT 

3.3.1 Lateral resolution 

 In theory, the lateral resolution of OCT system is defined by the FWHM of 

the beam waist [5-7]. In an optical imaging system, the 1951 USAF resolution 

test target is normally used to measure the resolution. The largest bar cannot 

be resolved by an optical imaging system is its resolving power. Figure 3.5a 

shows a standard 1951 USAF resolution target and Figure 3.5b shows the en-

face image by our FF-TD-OCT system. The largest bar cannot be resolved is 

group 7, element 6, which 2.2μm width. Therefore, our system lateral resolution 

is 4.4μm. 

 

Figure 3.5: a) An image of 1951 USAF resolution target with the element group of 6 

and 7. b) An OCT en-face image of USAF resolution target measured by our FF-TD-

OCT system. 
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3.3.2 Axial resolution 

 As mentioned in the Chapter 2, section 2.2.3, the axial resolution is 

determined by the central wavelength and bandwidth of light source [8,9]. In 

practice, the FWHM of the interference signal obtained from OCT system can 

be regarded as the axial resolution of this OCT system. Figure 3.6 shows the 

axial resolution under two light sources FF-TD-OCT system. In the near-

infrared system, the achieved axial resolution is 3.9μm. In the white light 

illumination system, the achieved axial resolution is 1.6μm. 

 

Figure 3.6: a) The FWHM of the interference signal in white illumination FF-TD-OCT 

system, which indicates the axial resolution of 1.6μm. b) The FWHM of the interference 

signal in the FF-TD-OCT system with near infrared light source, which indicates the 

axial resolution of 3.9μm. 
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3.3.3 Testing images 

Pellet layer structure 

 Figure 3.7 shows an example of the cross-section image of a small 

pharmaceutical pellet with one-layer coating. The image size is 0.2x0.7mm2 

and the coating structure of this pellet sample can be clearly resolved. 

 

Figure 3.7: A cross-section image of a small pellet sample by our FF-TD-OCT system. 

Laser Assisted in Situ Keratomileusis (LAISK) polymethyl-methacrylate 

(PMMA) model 

 LAISK is a laser vision correction technique commonly used in corneal 

power correction surgery. Figure 3.8a shows a cross-section OCT image of a 

LASIK model with the shape of saddle. This model was scanned by our FF-TD-

OCT system and the generated 3D OCT data were reconstructed and shown 

in Figure 3.8b. 
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Figure 3.8: a) A cross-section image of a LASIK PMMA model with the shape of saddle 

by our FF-TD-OCT system. b) The 3D construction image this LASIK model generated 

from the OCT data. 

3.4 Summary 

 In summary, this chapter presents the configuration of our FF-TD-OCT 

system and describes the operation procedure of it. Both white Quartz 

Tungsten-Halogen light bulb and near-infrared LED were used as the light 

source in the FF-TD-OCT system for different measurement purpose: the white 

light source was meant for thin layer and surface measurement; the near-

infrared light source was meant for evaluation of thick multi-layer structure and 

particle within layers. The CMOS camera with high frame rate of 200 fps was 

synchronized with the motorized stage with sub-nanometre step movement in 

order to capture a series of en-face images of samples and generate 3D OCT 
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data. The best lateral resolution can be achieved by our FF-TD-OCT is 4.4μm 

and the axial resolution is 1.6μm for white light source and 3.9μm for near-

infrared light source. The testing images demonstrated the capability of our FF-

TD-OCT system in coating layer analysis and reconstructing 3D models. The 

following three chapters will present the combination of our FF-TD-OCT system 

and certain analytic algorithms to analyse multi-layer coating structure of pellets, 

surface power of cornea and properties of small flakes within automotive panel 

layer in detail. 
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Chapter 4. Pharmaceutical pellets analysis 

with FF-TD-OCT 

In the pharmaceutical industry, the film coating of pellets is an important 

way of controlling the release of active pharmaceutical ingredients (API) in the 

human body. Pellets have a coating structure with multiple layers and the 

thickness of the film coating is significant to ensuring drug absorption and 

avoiding dose dumping problems. The accurate measurement of film coatings 

will help to control the release rate of pellets in the human body. In this chapter, 

we developed the FF-TD-OCT system to measure the coating thickness of 

multi-layer coated pharmaceutical pellet samples non-destructively. A set of en-

face images from pellet samples were captured to form volumetric three-

dimensional OCT data. Afterwards, we automatically characterized the coating 

thickness accurately by dividing the 3D data in several cells in lateral direction, 

calculating their individual thickness from the depth profile of average A-scans 

of each cell. This demonstrates the potential of our FF-OCT system as a non-

destructive and non-contact imaging tool for analyzing film coatings of 

pharmaceutical pellet samples. 

4.1 Introduction to pellet coating thickness 

measurement 

In order to control the release process in the production of solid dosage 

forms in the pharmaceutical industry, layered coatings are designed for pellets 

as diffusion barriers and coated pellets are enclosed into capsules or 

compressed into tablets [1]. Additionally, film coatings are used for the purpose 
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of masking taste, improving drug stability and the physical separation of 

incompatible components in the same dosage form [2,3]. The release rate of a 

drug depends on hydrostatic pressure within the pellet, the thickness and 

viscosity of the coating layer [4]. Meanwhile, the thickness of a pellet’s coating 

has an effect on the filling mechanism by which pellets are filled into hard shell 

capsules [5]. Coating thickness is one of the most important attributes of the 

film coating process. Its thickness is normally from 10μm to 200 μm. Thick film 

coatings will result in delayed drug dissolution while thin film coatings will result 

in low anticipated protection, which may disable the function of drug. Therefore, 

it is significant to control the coating thickness of pharmaceutical pellets 

precisely in order to ensure the high quality of solid dosage form products. 

Fluorescence microscopy has been proposed for characterizing 

pharmaceutical pellets and their coatings geometrically [6]. This analysis 

procedure requires cutting an individual pellet and photographing the cross-

section with fluorescence microscopy. Several models of pellet shape were 

made to evaluate the coating thickness of pharmaceutical pellets. The usage of 

this method in predicting variations in the release rate of drugs due to 

geometrical variations in pellets was demonstrated in [6]. However, this method 

is destructive in nature and it is also based on mathematical models rather than 

direct measurement, which may introduce errors for different irregular pellets. 

Various non-destructive analytical imaging techniques have recently been 

applied to evaluate the coating thickness of pellets: near-infrared (NIR) 

spectroscopy [3,7], Raman spectroscopy [8], terahertz pulsed imaging (TPI) [9-

11]. In previous studies, OCT has also been applied to characterize coating 

thickness and evaluate the coating structure of pharmaceutical pellets [12] and 
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tablets [13-15] and to the in-line monitoring of their coating process [16-20]. 

Most of this research involved analysing 2D cross-section images of pellet 

samples to evaluate the thickness distribution. In this chapter, our FF-TD-OCT 

system is developed to generate 3D data of pellet samples and we use these 

data to evaluate the thickness distribution in 3D to get a more accurate result. 

4.2 Materials and methodology 

4.2.1 Materials preparation of pellet samples 

The core of the two-layer pellet sample is a microcrystalline cellulose (MCC) 

sphere (Celphere MCC seed core cp-507, Asahi Kasei Corp., Tokyo, Japan). 

The outer coating layer contains a combination of ethyl cellulose and 

hydroxypropyl methylcellulose (HPMC). The inner coating layer is a drug-

loaded layer with 10% of active pharmaceutical ingredient (API) and 90% of 

hydroxypropyl methylcellulose [12]. The information of the three-layer pellet 

sample is unknown but is similar to the two-layer pellet sample and the lack of 

this information will not affect the following thickness distribution results as the 

refractive index difference between coating layers is minor. 

Figure 4.1 shows a cross-section image of a cut-through pellet sample with 

two coating layers captured by the same CMOS camera used for the OCT 

measurements. This pellet sample has an approximately spherical shape with 

a diameter of about 850μm. In Figure 4.1, the centre bright part is the core and 

at the edge are two different coatings including one drug-loaded layer and one 

clear coating layer. 
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Figure 4.1: A cross-section image of a halved pellet sample which has approximately 

spherical shape with a diameter of about 850μm. 

4.2.2 Pellet thickness analysis method in 3D 

 Current method of calculating coating thicknesses is to analyse single A-

scans or averaging A-scans in a cross-section image by determining the first 

signal intensity peak position to (N+1)th peak position automatically. In this 

experiment, we try to divide the 3D OCT data of pellets into several cells in 

lateral direction. Each cell can provide an average A-scan signal and its depth 

profile and coating thickness information of Nth layers. Therefore, we can get a 

mean value of this pellet from the averaging A-scan signals from all cells, which 

is more accurate than previous method. We also consider the geometry location 

of each A-scan, since the pellet shape is approximate to a sphere, the depth 

profile from each A-scan is not the true coating thickness. 
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In order to calculate the coating thickness of the two-layer pellet sample 

more precisely, a centre area of 600×50μm2 within the total area of 700×50μm2 

was selected in the X-Y plane (transverse plane) (as shown in Figure 4.2). This 

area was divided into 48 square cells with each cell covering an area of 

25×25μm2 (1μm2 per pixel). The average tomography signal of a single cell 

area can be measured by analysing the 625 A-scans within it. Therefore, the 

coating thickness of the two layers in each cell can be measured from the 

average A-scans and a total of 48 (24×2) groups of thickness values in an area 

of 600×50μm2 can be extracted and tabled automatically. The mean value and 

standard deviation of the coating thickness of the entire area were then 

calculated from the averaging signal results in order to get an accurate value of 

coating thickness and its consistency. 
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Figure 4.2: Sketch of the top view of a two-layer pellet sample with a diameter of about 

850μm. The grey area, which covers an area of 700×50μm2, is the area scanned by 

the FF-TD-OCT system. The shaded area, which covers 600×50μm2, is the selected 

area for measuring the coating thickness. The selected area was divided into 24×2 (48) 

cells. Each cell covers an area of 25×25μm2. 

In the case of the three-layer pellet sample, the section division is a bit 

different since we want to demonstrate whether it is possible to evaluate coating 

thickness with smaller divisions. A centre area of 48×48μm2 within the total area 

992×50μm2 was selected in the X-Y plane (transverse plane) (as Figure 4.3a). 

This area was divided into 36 square cells with each cell having 8×8 pixels 

covering an area of 8×8μm2, as shown in Figure 4.3b. The average tomography 

signal of a single cell area can be measured by averaging 64 A-scans the in 
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8×8-pixel block. The coating thickness of the three layers in each cell can be 

measured from the average A-scan and a total of 36 (6×6) groups of thickness 

values can be extracted and tabulated. As same as the two-layer pellet sample, 

the mean value and standard deviation of the coating thickness were calculated 

and are presented in the results section in order to get an accurate value of 

coating thickness and its consistency. 

 

Figure 4.3: a) Top view of a three-layer pellet sample of diameter 1000μm. The grey 

area, which covers 992×50μm2, is the area scanned with the FF-OCT system. The 

black area, which covers 48×48μm2, is the selected area for measuring coating 

thickness. b) The selected area was divided into 6×6 (36) cells. Each cell covers an 

area of 8×8μm2. 

This thickness calculation method relies on the analysis of A-scans which 

is in the axial direction. However, pellet samples are supposed to be near-

sphere and the coating thickness should be in radius direction. In this case, we 

assume that each pellet is a perfect sphere and different coefficients were given 

to each cell to calibrate the difference between lengths in axial direction and 
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radius direction. This coefficient depends on the size of the pellet sample and 

the distance from the cell to the centre of the pellet. 

4.3 Pellet coating thickness evaluation 

Figure 4.4 shows a typical raw OCT waveform obtained from a two-layer 

pellet sample. This signal contains background noise and interferogram signal. 

After the convolution process with the mirror interference signal, the signal to 

noise ratio of the interference signal can be significantly improved (>40dB). In 

order to produce the depth profile of the sample, the interferogram signal was 

further demodulated by using a Hilbert Transform to extract its envelope. This 

demodulated interferogram signal is regarded as the depth profile at a particular 

location of the pellet sample and the peak feature of the tomography signal 

corresponds to changes in the refractive index within the sample in the depth 

direction. 
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Figure 4.4: a) A raw interferogram signal of a two-layer pellet sample acquired from a 

single pixel in the CMOS camera. b) An interferogram signal of a two-layer pellet after 

convolution between the raw signal and mirror interferogram signal. c) A tomography 

signal of the two-layer pellet after Hilbert Transform with the interferogram signal. It 

reveals the envelope of this interferogram signal and is regarded as an “A-scan” in this 

work. 
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4.3.1 A two-layer pellet thickness analysis 

A cross-section map (B-scan) was reconstructed by a series of A-scans in 

the same x-axis (lateral) in order to demonstrate the internal structure of this 

pellet sample. As shown in Figure 4.5, the B-scan covers an area of 

700×200μm2 in x (lateral) – z (depth) plane. The dark parts indicate the high 

intensity of the tomography signal while the bright parts indicate low intensity. 

Two coating layers can be clearly distinguished; the first layer is a relatively 

clean coating and the second layer contains particle-like features. 

 

Figure 4.5: A cross-section map (B-scan) of a two-layer pellet sample. The B-scan 

covers an area of 700×200μm2 in X-Z plane. Colour bar shows that the black means 

high intensity and the white means low intensity. 

In order to accurately measure the coating thickness, 48 groups of 

thickness values were calculated automatically and presented in Table 4.1. For 

each averaged A-scan, the pellet surface was firstly determined by the first peak; 

then the second peak indicated the interface between the first layer and the 

second layer; the last peak indicated the interface between the second layer 

and pellet core. Therefore, two coating thicknesses can be automatically 
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calculated by determining the three depth positions: the surface, the first 

interface and the second interface. The thicknesses of the 34 cells can be 

computed, which yield the mean coating thickness of 39.7±7.3μm for the outer 

layer and 49.1±7.0μm for the inner layer respectively. This result matches well 

with the result previously reported by Li et. al. [17], which is 40μm and 50μm, 

respectively. However, there was problem in calculating the thickness in the 

other 14 cells (no layer can be resolved in 12 cells and only the outer layer can 

be resolved in the other 2 cells). This may be due to coating defects or faults 

during data acquisition, such as mechanical motion of samples, which will be 

studied in the future. 

 

Figure 4.6: An averaged tomography signal of a typical cell within the selected area. 

The drug-loaded layer (inner layer) contains multiple peaks. The relative clean coating 

(outer layer) is between the drug-loaded layer and the maximum peak, which is the 

surface of this coated pellet sample. 
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In order to present the internal structure of the three-layer pellet sample, a 

cross-section map (B-scan) was reconstructed by a series of A-scans in the 

same x-axis. As shown in Figure 4.7, the B-scan covers an area of 992 × 

200μm2 in the X-Z plane. In this graph, three coating layers can be clearly 

distinguished, two of which contain particle–like features and the other one is 

relatively clean. The coating thicknesses of the three layers can only be roughly 

read from the A-scan graph (Figure 4.6), which are approximately 20μm, 20μm, 

and 50μm respectively. 

Table 4.1: Coating thickness of the two-layer pellet sample (NA means that the 

thickness calculation is invalid.) 

Cell 

No. 

Two-layer pellet Thickness (μm) 

Outer 

layer 

Inner 

layer 
No. 

Outer 

layer 

Inner 

layer 
No. 

Outer 

layer 

Inner 

layer 

#1 NA NA #18 41.9 42.4 #35 40.8 59.0 

#2 NA NA #19 43.3 43.3 #36 38.9 47.7 

#3 31.1 39.2 #20 NA NA #37 40.5 48.7 

#4 36.6 38.1 #21 NA NA #38 36.1 63.4 

#5 37.2 50.2 #22 51.2 46.2 #39 36.1 49.1 

#6 NA NA #23 NA NA #40 44.1 43.6 

#7 NA NA #24 NA NA #41 41.4 51.8 

#8 36.2 47.2 #25 NA NA #42 35.0 45.3 

#9 35.4 50.2 #26 NA NA #43 NA NA 

#10 24.9 64.3 #27 39.2 NA #44 43.2 36.7 

#11 45.5 43.0 #28 38.4 48.2 #45 56.9 NA 

#12 39.0 49.5 #29 55.3 39.7 #46 45.0 50.1 

#13 40.6 48.5 #30 40.2 47.0 #47 31.0 45.3 
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Cell 

No. 

Two-layer pellet Thickness (μm) 

Outer 

layer 

Inner 

layer 
No. 

Outer 

layer 

Inner 

layer 
No. 

Outer 

layer 

Inner 

layer 

#14 37.1 51.2 #31 54.1 46.8 #48 NA NA 

#15 35.6 54.6 #32 35.1 52.6 Mean 39.7 49.1 

#16 21.2 65.4 #33 35.2 56.7 std 7.3 7.0 

#17 44.7 51.6 #34 41.0 53.4    

4.3.2 A three-layer pellet thickness analysis 

The same thickness distribution calculation method was applied to a three-

layer pellet sample. The centre area 48x48μm2 was divided into 6x6 cells, which 

is less than the two-layer pellet sample. The 36 groups of thickness value are 

presented in Table 4.2. The mean coating thickness of the 36 cells area can be 

calculated with the first layer 26.5±2.3μm, second layer 20.6±3.4μm and third 

layer 57.3±7.2μm respectively. With the smaller selected area at the centre of 

the pellet sample, there were no invalid groups of data, which suggested that it 

is better to calculate the thickness distribution around the centre area in order 

to avoid invalid results and possible faults during data acquisition. 
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Figure 4.7: A cross-section map (B-scan) of a three-layer pellet sample. The B-scan 

covers an area of 992×200 μm2 in X-Z plane. Colour bar indicates that the black means 

high intensity and the white means low intensity. 

 

Figure 4.8: An average tomography signal of a typical cell in the selected area. The 

two drug-loaded layers contain multiple peaks. Therefore, the drug-loaded layers were 
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set to start at the first peak and end at 10% of the maximum signal after the last peak. 

The clean coating is between the two drug-loaded layers. 
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Table 4.2: Coating thickness of the three-layer pellet sample 

Cell 

No. 

Three-layer pellet thickness (μm) 

1st 

layer 

2nd 

layer 

3rd 

layer 
No. 

1st 

layer 

2nd 

layer 

3rd 

layer 

#1 25.0 27.2 54.1 #20 30.8 14.4 66.7 

#2 24.5 26.7 41.1 #21 29.4 20.2 60.1 

#3 27.0 22.5 49.8 #22 24.8 20.5 59.5 

#4 28.0 21.7 53.5 #23 24.4 20.9 49.7 

#5 23.9 21.7 62.2 #24 23.8 23.5 61.3 

#6 25.0 18.4 69.2 #25 29.7 23.6 52.2 

#7 26.5 24.0 58.6 #26 30.4 14.0 70.1 

#8 26.1 23.9 42.5 #27 31.4 16.1 66.1 

#9 25.0 26.2 52.6 #28 24.8 16.6 63.5 

#10 27.1 18.0 62.3 #29 23.9 21.5 53.4 

#11 24.8 20.6 62.4 #30 25.8 17.3 66.4 

#12 27.1 19.0 60.1 #31 27.9 22.1 58.1 

#13 30.2 22.0 41.4 #32 29.3 22.1 60.5 

#14 25.7 23.9 54.4 #33 25.4 21.8 52.5 

#15 28.0 19.4 59.5 #34 27.1 16.2 61.9 

#16 24.1 22.8 60.4 #35 24.2 17.2 52.0 

#17 25.1 20.3 62.2 #36 26.3 14.1 57.2 

#18 22.4 23.1 56.3 Mean 26.5 20.6 57.3 

#19 29.4 16.8 47.3 Std 2.3 3.4 7.2 
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Compared to the previous FF-OCT application on evaluating pellet coatings 

[17], this FF-OCT system focused on the automatic data analysis of coating 

thickness of a two-layer and a three-layer pharmaceutical pellet by averaging 

A-scan signals in 3D rather than analysing cross-section images. The larger 

areas of the pellet samples were imaged and quantified. By dividing the 

scanned areas into several sections, several groups of thickness distribution 

data were calculated from the mean A-scan signal and the mean thickness 

values for different layers were evaluated from these groups of data accurately. 

This method also considered the geometry of different sections. Different 

coefficients of all sections were given according to the sample size and the 

distance from the centre of each section to the centre of the pellet sample. The 

limitation is that the pellet samples were considered as perfect spheres in this 

experiment to simplify the calculation, but this is not the case with the 

pharmaceutical pellet production process. Better mathematical models of pellet 

shapes can be established to analyse effect on the thickness distribution in 

future studies. 

4.4 Summary 

In this study, it has been demonstrated that the FF-TD-OCT system has the 

promising capability of visualising the coating thickness of small multi-layer 

pellet samples and then we can quantify the thickness by averaging A-scan 

signals in 3D OCT data. The mean thickness of a two-layer pellet was precisely 

determined automatically as 39.7±7.3μm and 49.1±7.0μm for the outer and 

inner layers respectively. The mean thickness of a three-layer pellet were 

26.5±2.3μm, 20.6±3.4μm and 57.3±7.2μm respectively. Additionally, particle-

like features in the inner layer can be clearly resolved from the cross-section 
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images. These results demonstrate the potential of our FF-OCT imaging 

technique as an analytical tool for evaluating coating thickness distributions of 

pharmaceutical pellets. 
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Chapter 5. FF-OCT for surface power 

measurement 

Fast, reliable and accurate measurement of corneal lens power is important 

in the management of a wide spectrum of eye disease, such as astigmatism. In 

this chapter, we propose a novel method of determining and calculating the 

shape and localised optical power of the anterior surface of cornea using our 

FF-TD-OCT technique. The FF-TD-OCT device was purposely designed and 

extensively validated for accurately imaging the cornea. The shape of the 

cornea is then determined automatically by segmenting its anterior surface from 

the acquired FF-TD-OCT data. A special focal power calculation algorithm, 

which considers the incidence angle of the light as an independent variable was 

developed and applied to it instead of a simple algorithm based on paraxial 

approximation and thus avoid the errors introduced by it. Given this, a focal 

power map of the anterior corneal surface was generated in which feature on a 

formalin-fixed cornea could be clearly resolved. In order to refine and evaluate 

the proposed technique, experiments were performed on laboratory lenses and 

accurate laser cut shapes. Finally, the capability of the proposed technique was 

demonstrated by performing experiments on fixed human corneas. The 

measured powers of the plano-convex lenses were found to match the 

theoretical values which verified the accuracy. Repeated measurements of the 

laser cut plastic models verified the consistency and repeatability of our FF-TD-

OCT system. The power maps of six fixed corneas and two fresh corneas were 

generated in which small features of the corneas could be resolved. In addition 

to the 3D power map measurement experiments, surface degradation of a 

cornea was monitored during the scanning process including the surface 
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position and power change. Future work will focus on power measurements of 

human corneas in vivo. The corneal internal structure was assumed as 

consistent in the optical power calculation, despite small differences in the 

refractive index between the layers. The effect of these different layers on the 

refractive power will be the focus of my future research. 

5.1 Introduction to cornea power measurement 

It is important to precisely measure and analyse the shape and power of 

the cornea for undertaking many therapeutic and surgical treatments such as 

correction of the corneal shape or refractive errors using laser vision correction 

(LVC) in ophthalmology. The precise shape and power information of the 

corneal surface will be of significant benefit in planning any corrective 

procedures to the cornea and facilitating the design and fitting of contact lenses. 

Early approaches to the measurement of intraocular lens (IOL) refractive 

power were based on mathematical models to calculate a cornea’s refractive 

power from its anterior curvature [1]. Several theory-based IOL power 

calculations formulas were developed in order to obtain higher accuracy [2-6]. 

Errors in these calculations come from the measurement of the axial length, 

corneal power and the estimation of the pseudophakic anterior chamber depth 

[7]. The calculation of corneal power assumes that corneal sections may be 

described by a hyperbola, parabola, ellipse or circle model. By keratometry and 

topographic keratoscopy, the radius of corneal curvature can be measured and 

converted into corneal dioptric power [8]. Later research on IOL power 

calculations focus on the eyes after corneal refractive surgery [9-12]. Most of 

these methods rely on a keratometer which is a diagnostic instrument for 
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measuring the curvature of the anterior surface of the cornea and assessing 

the extent and axis of astigmatism. However, such calculations rely on a pre-

defined corneal shape and introduce significant approximation errors. 

Theoretically, the most accurate method of obtaining the net corneal power is 

to determine the corneal surface curvature and calculate this at each location 

in each individual eye. Therefore, a measurement of corneal power requires a 

more direct method which can provide detailed information of the curvature of 

the corneal surface. 

Previous research related to corneal measurements using OCT have 

focused on corneal microarchitecture and regional thickness profiles [13,14]. 

Compared to other imaging systems for corneal measurement, including 

Scheimpflug rotating cameras and ultrasound bio-microscopy, OCT has proved 

to be more accurate and precise in measuring corneal thickness because of its 

high axial resolution and high intra-individual repeatability [15,16]. OCT is 

capable of providing 3D images of biological tissue with micrometre resolution 

[17]. Recent research has reported a method for the segmentation and 

alignment of anterior segment OCT images almost as accurate as manual 

segmentation. From this, surface maps of the anterior segment of human eyes 

could be produced from rotational cross-sectional images [18]. Fourier-domain 

OCT systems were used in mapping the corneal surface with a conventional 

radial scan pattern consisting of several meridians and the net corneal power 

was calculated using the mean optical power for each meridian [19]. 
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5.2 Materials and methodology 

5.2.1 Materials preparation of lenses, plastic models and 

human corneas 

In this study, three different kinds of near-spherical samples were scanned 

with our FF-OCT system, including uncoated plano-convex lenses, laser 

assisted in-situ keratomileusis (LAISK) polymethyl-methacrylate (PMMA) 

models, six formalin-fixed human corneas and two fresh corneas. 

Four uncoated plano-convex spherical lenses, including item #LA1509 

(focal length f=100 mm), #LA1708 (f=200 mm), #LA1484 (f=300 mm), #LA1172 

(f=400 mm), were fabricated from RoHS-compliant BK7 glass (N-BK7) and 

have a long wavelength range from 350nm – 2.0μm. According to the 

specification, the refractive index of these lenses is 1.515 at 633nm and the 

surface irregularity is within a quarter of the wavelength, which makes them 

perfect for surface tomography. 
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Figure 5.1: LAISK PMMA model. Artefacts on the surface of model caused by laser 

cuts are clearly seen. 

Laser assisted in-situ keratomileusis is a laser vision correction technique 

commonly used in corneal power correction surgery. Three LAISK PMMA 

models were produced using the same laser cutting process to have a near-

spherical shape, as shown in Figure 5.1. Each model was measured repeatedly 

three times to verify the consistency and repeatability of our FF-OCT system. 

Additionally, there are visible laser cut artefacts on the surface inevitably, but 

the laser cut artefacts made it better for our FF-OCT system to image the 

feature. A refractive index for these models was assumed to be 1.5 in the power 

calculation. 

Cornea samples (shown in Figure 5.2b), including two fresh cornea 

samples and six formalin-fixed cornea samples were attached to the artificial 

chamber and thus kept in contact with a standard balanced sterile saline 

solution, which is specialized for intraocular irrigation. The anterior corneal 

surface was exposed to air while the posterior surface was in contact with the 
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saline solution in order to maintain the shape of corneas during measurement 

and keep the water pressure equivalent to that of a human eye. 

 

Figure 5.2: (a) The Barron artificial chamber1. It is comprised of three pieces: base, 

tissue retainer and locking ring. (b) Photo of a cornea attached to the artificial chamber, 

which was fixed onto the sample arm of the OCT system. The posterior surface is in 

contact with standard balanced sterile saline solution specialized for intraocular 

irrigation. 

5.2.2 Surface individual power calculation method 

The whole experiment process can be split into two parts: 1) we use our 

FF-OCT system to obtain 3D data set of samples; 2) we extract surface profiles 

of the samples from the 3D data sets and calculate the individual powers of the 

surfaces. 

Human corneas were fixed in an artificial chamber, which was fixed on the 

sample arm of our FF-TD-OCT system, as shown in Figure 5.2b. For each 

cornea, a total data volume of 896x900x100,000 voxels, which covers 4.95 

x4.92x0.4mm3, was captured by our time domain OCT system. A refractive 

                                                             

1 The Barron artificial anterior chamber: http://www.bpic.com/Products/aac.htm 
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index of 1.376 from previous study was used as the mean index for the human 

corneas in this experiment [20]. 

Firstly, each A-scan of the 3D OCT data of a LASIK PMMA sample (as 

shown in Figure 5.3a) was fitted to a one-term Gaussian model to determine 

the peak position of each signal which corresponds to the surface position at 

each pixel (as shown in Figure 5.3b). Given this, 3D surface maps of the 

samples were then generated from the peak positions of Gauss fitting signals. 

After generating surface maps of the samples, a median filter and disk 

averaging filter of radius of 5 pixels were applied. Each 3D surface was divided 

into a series of medians across the vertex point of the surface, covering each 

pixel on the surface of the LASIK model (as shown in Figure 5.3c). The 

individual focal power calculation method was introduced to calculate the back-

vertex and power for a specified section of a defined surface (as shown in 

Figure 5.3d) [21,22]. 

As shown in Figure 5.3d, the incident light ray passes from medium n1 to 

medium n2 at (xi, yi) on a defined surface S with the vertex at (x0, y0). The back-

vertex focal length is from the vertex of the surface to the focal point which is 

the intersection of the extension cord of the refracted ray with the optical axis 

passing through the vertex. 
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Figure 5.3: a) An en-face image of a LASIK PMMA sample. The red point indicates the 

pixel of the A-scan signal in b). The black line indicates the location of the B-scan image 

in c). b) Time-domain OCT signal depth scan (A-scan) and its one-term Gauss fitting 

result. The 3D OCT data can be regarded as a combination of A-scans at each pixel 

in the lateral directions. Each A-scan can be fitted with Gaussian function in order to 

determine the peak position of the surface position at each particular pixel. The surface 

profile of the whole 3D OCT data can be extracted by finding the peak position at each 

pixel. c) Cross-section image (B-scan) of surface of this sample. d) Gauss fitting result 

of B-scan in c) and optical power calculation of this surface S with the vertex at (x0, y0) 

and refractive index of n2. The incident light ray from a medium with refractive index 

n1, with an incidence angle α, meets the surface at (xi, yi) and is refracted at an angle 
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β. The reverse extension cord of the refracted light ray meets the optical axis passing 

through the vertex at focal point (x0, yi) with angle (α-β). The distance between the 

vertex and focal points (y0-yi) is the focal length at the incident point (xi, yi) considering 

the incident angle α. The power at (xi, yi) is the reciprocal of the focal length. 
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The distance between the vertex point (x0, y0) and the focal point (x0, yf) is: 

𝑦0 − 𝑦𝑓 = (𝑦0 − 𝑦𝑖) + (𝑦𝑖 − 𝑦𝑓) 

Since       tan(𝛼 − 𝛽) =
(𝑥0−𝑥𝑖)

(𝑦𝑖−𝑦𝑓)
 

(𝑦𝑖 − 𝑦𝑓) =
(𝑥0 − 𝑥𝑖)

tan(𝛼 − 𝛽)
 

Therefore     𝑦0 − 𝑦𝑓 = (𝑦0 − 𝑦𝑖) +
(𝑥0−𝑥𝑖)

tan(𝛼−𝛽)
 

And the back-vertex focal length f from medium n1 to medium n2 at incident 

point (xi, yi) is: 

              𝑓 =
𝑛1

𝑛2
((𝑦0 − 𝑦𝑖) +

(𝑥0−𝑥𝑖)

tan(𝛼−𝛽)
)       (5.1) 

The power P is the reciprocal of the focal length f: 

𝑃 =
1

𝑓
=
𝑛2

𝑛1
(

1

(𝑦0−𝑦𝑖)+
(𝑥0−𝑥𝑖)

tan(𝛼−𝛽)

)                     (5.2) 

Note that the incident angle α is the angle between the incident vector (0, 1) 

and the normal vector (-dy, dx) at the incident point. The refracted angle β 

follows Snell’s law: 

𝑛1 sin 𝛼 = 𝑛2 sin 𝛽 

β = sin−1 (
𝑛1
𝑛2
sin 𝛼) 

As for the power calculation of a 3D surface, we took the maximum principle 

curvature of each point to calculate its individual power. 
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By taking the incident light into account, this method has the advantage of 

determining the optical power of a defined surface at any point on the surface 

of a sample without relying on the errors introduced during paraxial 

approximations for areas outside the central corneal region and loss of 

information regarding optical higher order aberrations. 

5.3 Results 

3D OCT data has the capability to provide surface profile and internal 

information of samples including layered structures, thickness and distribution. 

In order to verify the repeatability and accuracy of my method, this experiment 

focused on the surface profile of samples including spherical lenses, LASIK 

PMMA models and a formalin-fixed cornea. Firstly, all samples were placed 

vertically at the sample arm and scanned in depth with our FF-OCT system to 

generate 3D OCT data. Afterwards, the surface profile of the sample’s surface 

was extracted and finally the power calculation method was applied to calculate 

the individual power and generate power distribution maps. 

5.3.1 Laser assisted in situ keratomileusis (LAISK) polymethyl-

methacrylate (PMMA) models measurement 

In order to verify the consistency and repeatability of the system, three 

PMMA models with the same LAISK process were measured repeatedly three 

times. Figure 5.4a showed a B-scan of this PMMA model and its surface height 

profile. Small saw-tooth features were caused by laser cut in LASIK process 

and it was more obvious in power distribution map in the extreme value in 

Figure 5.4d. Mean power within the circular area in Figure 5d was calculated 
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for each model each time. The mean power is about 3.6 dioptres with the 

assumed refractive index of 1.5. Table 5.1 shows the consistency of mean 

power results of three groups of PMMA model with same LASIK process and 

the measurement process repeated three times in order to verify the 

repeatability of the FF-OCT system in measuring surface optical power. 

 

Figure 5.4: Surface profile and power distribution of LAISK PMMA model. a) A B-scan 

image of this PMMA model and the surface profile (blue line) by Gauss fitting each A-

scan. b) 3D surface tomography of this LAISK PMMA model. This model has a 

maximum surface height of 33μm. c) Top view of LAISK PMMA models generated from 

3D OCT data. The colour bar indicates surface height of the model. d) Power 

distribution of the LAISK PMMA model. Artefacts caused by the laser cut result in 

extreme power values at certain pixels. 
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Table 5.1: Mean power of each group of model with three repeated measurements. 

Group No. of model Times Mean power (dioptres) 

Group #1 

#1 3.6 ± 1.9 

#2 3.6 ± 1.9 

#3 3.6 ± 1.9 

Group #2 

#1 3.5 ± 1.6 

#2 3.5 ± 1.7 

#3 3.5 ± 1.7 

Group #3 

 

 

#1 3.6 ± 1.7 

#2 3.6 ± 1.6 

#3 3.6 ± 1.6 

5.3.2 Uncoated plano-convex spherical lenses measurement 

In order to verify the accuracy of our FF-OCT system, four uncoated plano-

convex spherical lenses, were measured; their power distributions were 

calculated along with the radii of fitting spherical surfaces. The experimental 

calculated mean powers of all four lenses matches with the theoretical power 

(shown in Table 5.2), which proved the accuracy of this time-domain OCT 

system in surface mapping power calculations. 
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Table 5.2: Theoretical and experimental powers and surface radii of uncoated N-BK7 

plano-convex spherical lenses. 

Spherical 

Lenses 

Focal 

length 

(mm) 

Theoretical 

power 

(Dioptre) 

Theoretical 

surface 

radius 

(mm) 

Experimental 

power 

(Dioptre) 

Experimental 

surface 

radius (mm) 

#LA1509 100 +10.0 51.5 9.1 ± 1.5 54.3 

#LA1708 200 +5.0 103.0 4.9 ± 0.7 104.5 

#LA1484 300 +3.3 154.5 3.3 ± 0.5 153.4 

#LA1172 400 +2.5 206.0 2.5 ± 0.4 203.5 

5.3.3 Formalin-fixed and fresh human corneas measurement 

Human cornea contains epithelium, Bowman’s layer, stroma, endothelium 

and Descemet’s membrane. Figure 5.5 shows a cross-section image of corneal 

anterior surface generated from our FF-TD-OCT system. The thin Bowman’s 

layer is clearly resolved. Although the refractive index of each layer is different, 

only the anterior surface of the cornea is considered to calculate the surface 

power of the cornea, because of the difficulties of segmenting each layer from 

3D OCT data, especially the Bowman’s layer. Then six formalin-fixed cornea 

samples (#1~#6) and two fresh cornea samples (#1&#2). 
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Figure 5.5: A cross-section image of a cornea generated from our OCT device. The 

epithelium layer and Bowman’s layer can be clearly resolved. The layer beneath 

Bowman’s layer is the stroma. 
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Figure 5.6: Individual power map and focus length map of fresh cornea sample #1. 

 

Figure 5.7: Individual power map and focus length map of fresh cornea sample #2. 

 

Figure 5.8: Individual power map and focus length map of fixed cornea sample #1. 
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Figure 5.9: Individual power map and focus length map of fixed cornea sample #2. 

 

Figure 5.10: Individual power map and focus length map of fixed cornea sample #3. 

 

Figure 5.11: Individual power map and focus length map of fixed cornea sample #4. 
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Figure 5.12: Individual power map and focus length map of fixed cornea sample #5. 

 

Figure 5.13: Individual power map and focus length map of fixed cornea sample #6. 

 Figure 5.6~5.13 show the corneal power maps and corneal focus length 

maps of six formalin-fixed cornea samples and two fresh cornea samples. 

These corneas were scanned by our FF-OCT system and their individual 

powers were calculated at each point by our power calculation method. With a 

depth scan of 400μm in axial axis, a series of en-face images covering an area 

of 4.95 x 4.92mm2 were captured and generated into a 3D OCT data cube. By 

Gauss fitting of each A-scan at each pixel, the surface profile was determined 

at the peak position of the Gauss fitting signals. With the average refractive 
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index of the cornea assumed as 1.376 [20], the mean power of anterior corneal 

surface at the centre region are shown in Table 5.3. Meanwhile, the estimated 

curvature radius values and theoretical power values of all corneal samples 

were calculated by fitting perfect spheres to the 3D surface of the corneal 

samples. 

Table 5.3: Mean power, estimated radius and estimated power of measured cornea 

samples. 

Samples 
Mean power 

(dioptre) 

Estimated 

Radius (mm) 

Estimated 

Power 

(dioptre) 

Fresh cornea #1 52.6 7.1 53.1 

Fresh cornea #2 62.6 5.8 64.3 

Fixed cornea #1 50.2 6.9 54.9 

Fixed cornea #2 59.7 7.2 51.9 

Fixed cornea #3 63.9 6.4 58.5 

Fixed cornea #4 56.6 7.3 51.8 

Fixed cornea #5 50.6 7.3 51.8 

Fixed cornea #6 48.6 6.9 54.8 
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In addition to the corneal power measurements, we also carried out an 

experiment on monitoring corneal surface power changes during a long period 

without pressure outside. The purpose of this experiment is to prove the 

capability of our FF-TD-OCT system for monitoring power changes of human 

corneas and the potential for future diagnostic usage. In this experiment, the 

constant water pressure, which maintained the shape of cornea, starts to 

decrease, while the supply of saline solution in artificial chamber is shut off. The 

cross-section images (B-scans) of corneal surface were captured under 

decreasing water pressure over a total period of 102 minutes, as shown in 

Figure 5.14. The time interval between each B-scan image is 6 minutes. The 

corneal surface position shifted 340μm and mean corneal power varied from 58 

to 70 dioptres over the total time of measurement (as shown in Figure 5.15 (b)). 
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Figure 5.14: The formalin-fixed corneal surface change over a total duration of 102 

minutes (18 cross-section images) in saline solution but without constant water 

pressure (The shutter of the artificial chamber, which controls the saline solution supply, 

was closed during scanning). The total corneal surface shift was 340μm in the depth 

direction. 



Chapter 5: FF-OCT for surface power measurement 

 

 

 Page 116 

 

 

Figure 5.15: a) The formalin-fixed corneal surface change over time. The speed of 

surface change was increasing varying with time. b) Mean power change of the 

formalin-fixed corneal surface over the whole period of 102 minutes. The mean power 

increases from 58 dioptres to 70 dioptres. 

In practice, the internal structure of the cornea is more complicated than a 

single layer structure. Each layer has a slightly different refractive index from 

the mean refractive index. It would bring in the cornea power calculation error 

if corneal structure is assumed as a constant structure in calculation. Therefore, 

future work should focus on the segmentation of the layers within cornea and 

how these layers will have effect on the refractive power of cornea. 

5.4 Discussion 

These experiments relied on 3D OCT data scanned by our FF-OCT system 

and the individual power calculation process which considers the incidence of 

light as an important parameter. Three different kinds of sample were measured 

and their power maps were generated including four plano-convex lenses, three 

LASIK PMMA models and six formalin-fixed and two fresh human corneas. The 
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measurements of the lenses and PMMA models were aimed at verifying the 

consistency, accuracy and repeatability of the FF-OCT system and the power 

calculation method. The individual power at each pixel on the anterior surface 

of the fixed cornea was then calculated. 

Previous work on measuring refractive power of intraocular lens relied on 

the mathematical estimation and modelling of the anterior surface of the corneal. 

Errors occurred because of its indirect measurement of the corneal lens and 

estimation of important parameters. Comparing with previous methods of 

measuring lens power, such as keratometers and ultrasound bio-microscopy, 

tomographic imaging techniques, such as OCT, have the advantage of being 

direct, non-destructive and accurate, and are capable of imaging surface 

tomography of the corneal surface in three dimensions with high resolution. 

Previous OCT applications in corneal power measurement has focused on 

the net power instead of individual optical power at each location [10,12,23]. 

Due to the limitation of scan-point OCT system, the surface of cornea was 

scanned radially, which were a series of meridians across the vertex point and 

each meridional image can provide the refractive power of corneal anterior 

surface. However, the surface map of cornea should be corrected with 3D 

construction and numerical recursive half searching algorithm due to the motion 

of human eye in vivo and possible errors in non-telecentric scan deformation 

[24].  

By using FF-OCT system in this experiment, the non-telecentric scan 

problem can be solved because time-domain FF-OCT performs a depth scan 

instead of lateral direction scan, which does not result in the centre shift error 
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in the lateral directions. In this experiment, six formalin-fixed corneas and two 

fresh corneas were scanned with the time-domain OCT system to study its 

surface tomography profile. With an average back-vertex focal length and 

average power calculation algorithm on the defined surface [21], the power of 

the surface can also be accurately calculated, especially the individual optical 

power at each point of the surface. Small features on the cornea surface caused 

the extreme high value of power at certain pixels which increase the standard 

deviation. Meanwhile, the same OCT measurement and optical power 

calculation processes were applied to four groups of plano-convex spherical 

lenses and near-spherical LASIK PMMA models, which proved the consistency 

and accuracy of this OCT system and the optical power calculation method. 

For corneal tomography, the paraxial approximation, which is a small-angle 

approximation used in Gaussian optics and makes a small angle to optic axis, 

is not accurate outside the central corneal region and significant errors were 

introduced when calculating individual power. In order to solve the problem of 

calculating the focal length and power without the limitation of paraxial 

approximations, we model the back-vertex focal length and use the angle of 

incidence as an independent variable. This method may do help to avoid the 

significant error introduced by using paraxial approximation. The ability of 

calculating individual power will be of significant benefit in planning any 

corrective procedures to the cornea and also will facilitate the design and fitting 

of contact lenses. 

In another experiment, the formalin-fixed cornea was placed without a 

constant water pressure to monitor its surface and optical power change over 

a period of 102 minutes. The results showed that the surface shrank with an 
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increasing speed during a long term exposed to air and the optical power 

increased continuously. 

The B-scan image of cornea generated from our OCT device showed its 

structure including epithelium, Bowman’s layer and stroma clearly and also the 

features of the stroma. It is important to note that the corneal structure is 

assumed to be a consistent structure in power calculation, but it actually 

contains several layers with different refractive indices. Despite the difference 

in refractive index being much smaller than that between air and the corneal 

surface, the optical power effect from multiply layers should be studied in the 

future. 

The current limitation of this method is that time-domain OCT system takes 

a long time to carry out a depth scan and large a quantity of data needs to be 

processed after 3D scanning. The depth scan process took 20 minutes with the 

camera frame rate of 100 fps but storing data took nearly 2 hours because of 

the large quantity of data. Therefore, the scanning process in vivo will be 

affected by the motion of the human eye. Possible solutions for issue include 

on using higher speed cameras as 2D detector and pre-processing the OCT 

data before storing it to disk. Another limitation is that fresh cornea and fixed 

cornea samples are not the same as cornea samples in vivo because of the 

tear film in front of human cornea. The real cornea power measurements may 

be different from the corneal power maps we have in this experiment. In 

addition, only the maximum median curvature of the surface was considered 

and had its power calculated in the case of measuring the focal power of 3D 

surface in the power calculation process. When taking the incident light into 
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account, the power calculation of the 3D surface is still problematic which will 

be further studied in the future. 

5.5 Summary 

In summary, we have proposed a novel method combining OCT imaging 

and a focal power calculation method to measure and calculate individual 

power of each point at the surface of the human cornea. A large area (4.95 x 

4.92mm2) of the corneal surface was captured in 3D by our FF-OCT system 

with a high resolution and both individual and mean optical powers were 

calculated by considering the angle of incident light, which reduced error from 

paraxial approximation. Meanwhile, plano-convex lenses and LASIK PMMA 

models were also measured repeatedly which verified the consistency, 

accuracy and repeatability of our FF-OCT system. The shrinking process of a 

formalin-fixed cornea was monitored over a long period, during which significant 

surface shifts in the depth direction and refractive power increases of the 

anterior corneal surface was observed. The corneal structure was assumed to 

be a consistent structure because of the small refractive index difference 

between each layer. Therefore, optical power effect across the different layers 

should be considered in future work. Meanwhile, this method can be applied to 

contact lens and in vivo corneal power measurement. Being able to calculate 

the accurate shape and focal power of corneas and lenses, it will be of 

significant benefit to corneal surgery. 
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Chapter 6. Automotive metallic flakes 

analysis with FF-TD-OCT 

Automotive coating systems are designed to protect vehicle bodies from 

corrosion and enhance their aesthetic value. The number, size and orientation 

of small metallic flakes in the base coat of the paint has a significant effect on 

the appearance of automotive bodies. It is important for quality assurance (QA) 

to be able to measure the properties of these small flakes, which are 

approximately 10μm in radius, yet current QA techniques are limited to 

measuring layer thickness. In this chapter, we design and develop a time-

domain (TD) full-field (FF) optical coherence tomography (OCT) system to scan 

automotive panels volumetrically, non-destructively and without contact. We 

develop and integrate a segmentation method to automatically distinguish 

flakes and allow measurement of their properties, including size, number and 

orientation for the first time. We test our integrated system on nine sections of 

five panels and demonstrate that this integrated approach can characterise 

small flakes in automotive coating systems in 3D, calculating the desired 

properties accurately and consistently. Our FF-TD-OCT system achieves a high 

lateral resolution of 4.4μm, which is higher than conventional scanning point 

scan OCT setups and, thus, better suited to resolving small flakes. Additionally, 

our segmentation method may also be applied to other OCT setups and other 

3D imaging techniques such as confocal microscopy. This has the potential to 

significantly impact QA testing in the automotive industry. 
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6.1 Introduction to metallic flakes analysis in 

automotive panel 

6.1.1 Motivation 

The purpose of applying paint coating to automotive bodies is not only for 

corrosion protection but also aesthetic enhancement [1]. The majority of 

modern automotive paint systems consist of four layers: electro-coat (E-coat), 

primer coat, base coat and clear coat [1, 2]. The base coat of paint, which is the 

most expensive layer in the automotive paint system [2], provides various 

choices of colour to vehicle buyers. This layer consists of a mixture of primary 

colouring pigment and metallic or mica flakes. Both materials are compressed 

into a base coat binder, which is formulated either of acrylic or polyester 

polymers together with melamine. The industrial paint process requires spray-

painting with significant manual craftsmanship or automated computer-

controlled spray guns. Important parameters, such as spraying pistol type, 

spraying speed, spraying pattern, nozzle size, air pressure and distance 

between pistol and object, have key effects on controlling flake orientation. 

Meanwhile, the flake size, weight and geometry along with the viscosity of 

surrounding media also influence the flake orientation since flakes are hard 

sediments in coating formulations [3]. The small flakes, which are 

approximately 10μm in radius, are dispersed in the base coat and give the 

metallic sparkle effect of the paint system. The alignment of these flakes has a 

critical effect on achieving the desired appearance from all angles. Light hitting 

the base coat results in specular reflection at the centre of the flakes and 

diffusive scattering at the edge. Each individual flake will have a different size 
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and orientation; the statistical distribution of these parameters over the whole 

population of flake determines the macroscopic appearance. Hence, the 

measurement of these parameters can be used in the process to achieve a 

desired appearance. In addition, three-dimensional construction of measured 

data with a high spatial (axial and lateral) resolution is required to resolve and 

calculate the size and orientation of flakes within the base coat layer of 

automotive paint system. The high spatial resolution assures that each flake 

can be clearly resolved and distinguished from other flakes. 

6.1.2 Measurement methods of automotive panel  

The most common industrial method for the measurement of automotive 

paint layers is ultrasound testing [4,5], which relies on acoustic echo waves to 

determine the layer surface position and thus calculate the thickness of layers. 

This technique is based on contact measurements with hand-held scanners 

and is very powerful for use since it is easy to use, portable and fast. However, 

this contact measurement requires a smooth, flat, hard surface for the 

ultrasonic sensor head to get high precision results and so non-smooth 

surfaces have the potential to result in measurement error. Additionally, the 

spatial resolution for ultrasound testing is not sufficient for resolving small 

individual flakes such as those present in car paint of radius approximately 

10μm. Another commercial method for measuring paint layer thickness, eddy-

current testing [6,7], uses a coil of conductive wire with an electrical current to 

produce a magnetic field. This is used to sense defects in conductive samples 

by approaching them and monitoring phase and amplitude change of the eddy 

current. Because eddy-current testing can only be applied to non-conductive 

and non-magnetisable coatings on electrical conducting substrate material and 
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the film builds of automotive paint are all non-magnetisable, this method can 

only measure the overall coating thickness of automotive paint layers [8] and it 

is impossible for it to resolve small flakes. Both handheld ultrasound and eddy 

current instruments involve contact with the surface, which may not be suitable 

for online in-situ quality control, and neither achieves sufficient spatial resolution 

to resolve small flakes. 

Recently, non-contact terahertz pulsed imaging (TPI) has been applied to 

automotive coating measurements [8-10]. TPI focuses a terahertz pulse onto a 

sample and then collects and characterises the reflected and backscattered 

terahertz pulse [11-13]. By measuring the time delay between terahertz pulses 

reflected on the sample surface and its inner structure, the layer thickness can 

be determined. It has been demonstrated as a tool for measuring the thickness 

of individual paint layers and mapping the thickness distribution of multi-layered 

automotive paint samples [8-10]. However, the lateral resolution of TPI is limited, 

by its wavelength, to no lower than 150 – 250μm [13]. Thus, TPI is not suitable 

for characterising the small flakes (radius of typically 10μm) in automotive base 

coats. 

Confocal laser scanning microscopy (CLSM) [14] can achieve suggesting 

high lateral resolution (better than 1μm) to resolve flakes. It is a non-destructive 

and non-invasive optical imaging technique and uses a spatial pin hole placed 

at the confocal plane of a lens to remove out-of-focus light and increase the 

contrast of micrographs [15]. Since CLSM can construct 3D structures from 

obtained data, the flake orientation angles can also be calculated from 

measurements of optical reflection on the flake surface with CLSM [16,17]. 
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The automotive industry currently utilises infrared thermography (IRT) as a 

non-destructive tool to test for cracks and defects in vehicle’s body. IRT is a 

technique based on infrared radiation, acquiring and processing thermal 

information from non-contact measurement devices by a thermal camera [18]. 

Previous research has proven its capability of detecting dents and defects of 

car shells regardless of the shell geometry and location of defects [19]. Since 

IRT provides a two-dimensional facial temperature map, it is not able to obtain 

the orientation information of flakes within the base coat layer in 3D. 

The high spatial resolution, including both axial and lateral resolution, 

makes OCT a potential technique for resolving the individual metallic or mica 

flakes, in the base coat of automotive paints, so that their size and orientation 

statistics may be measured. Recently, the capability of OCT to analyse clear 

coat and base coat thickness distribution in automotive paint systems has been 

demonstrated [20,21]. A point scan OCT system gave apparent resolution and 

size measurement of flakes using thresholding [20], however the lateral 

resolution of 12.4μm and point spacing of 10μm of the system used would mean 

significant errors for 10μm flakes [21]. The orientation of the flakes was not 

measured and the size calculation method did not consider the orientation of 

flakes from 2D projection onto horizontal plane. In this chapter, we will present 

the measurement of flakes with a full-field OCT system of significantly better 

lateral resolution (4.4μm vs. 12.4μm) for more accurate measurement of flake 

size and orientation properties. 
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6.1.3 OCT Segmentation methods 

In addition to high resolution 3D image data, the measurement of flake size 

and orientation requires robust 3D image segmentation. We aim to resolve the 

metallic flakes and compute measurements of the flakes' properties, including 

size, number and orientation, by extracting them from the background using 

segmentation [22,23] which is an important technique in image analysis aiming 

to capture the edges of either all objects of an image [23] or only select ones 

[24]. In practice, this is often done by thresholding intensity values by a 

parameter selected either manually or automatically using a technique such as 

Otsu's [25]. While this can yield results quickly and may be favoured particularly 

for large 3D datasets, threshold parameters can require empirical manual 

selection and are not well suited to problems involving poorly-defined 

boundaries, varying contrast and particularly noise which is characteristic of 

images resulting from OCT. Methods aimed at the automatic segmentation of 

OCT images can be largely classified as graph-theoretical, machine learning 

and variational approaches. 

Garvin et al. [26] proposed a graph-cut approach to segmenting five layers 

of macular OCT scans, presenting the segmentation as minimum-cost-cut 

problem on a graph using edge and region information. This was further 

extended to a method which was guaranteed to be optimal in terms of the cost 

function. A graph-theoretical approach was also presented by Chiu et al. [27] 

who used dynamic programming to optimise the segmentation. A shortest path 

search was also used by Yang et al. [28] to optimise the edge selection in a 

two-step segmentation schema. A common benefit of graph-theoretical 

methods is solution speed and it is typically used for segmenting layered 
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structures, which is not similar to our problem. While graph-search may be 

adapted to our problem, we are more concerned with accuracy and robustness 

than with speed. More recently, machine learning approaches have become 

popular due to their ability to obtain accurate results quickly. Fuller et al. [39] 

used support vector machines (SVM) to perform semi-automatic segmentation 

of OCT retinal images to calculate layer thickness for comparison with healthy 

volunteers and Vermeer et al. [40] has similarly used machine learning for OCT 

segmentation. Classifiers were trained from manually labelled samples and 

refined by the level set method. These methods can segment an image very 

quickly but they require large amounts of training data to be effective, expensive 

equipment with a large number of processing cores such as high-end Graphics 

Processor Units (GPUs) and may take a long time to train. The lack of available 

data makes this method unfeasible for testing. 

In this work, we are interested in variational modelling for achieving 

segmentation due to its ability to achieve accurate results, robustness and 

potentially fast solution speeds. Mumford and Shah (MS) [22] proposed a more 

robust segmentation technique by building a variational model combining both 

intensity and region information. This was formulated as an optimisation 

problem with a trade-off between data fitting and contour length which aims to 

provide a smoother contour and reduce the likelihood of noise being regarded 

as an object. Chan and Vese (CV) [23] later provided an active contour solution 

to the Mumford-Shah problem by building in the level set function of Osher and 

Sethian [31] and a smooth approximation to the Heaviside step function. The 

authors also used the popular total variation semi-norm [32] for regularisation 

of the contour length. While not the only solution of the MS segmentation 

problem, active contours remains a robust technique for segmenting images 
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from many different modalities including OCT [33] on which many 

developments in segmentation have been based [24,33,34]. 

6.2 Materials and methodology 

6.2.1 Materials preparation of automotive panel samples 

In this study, five automotive paint samples with the same coating layers 

were measured, including two Indus silver samples, one Mauritius blue, one 

Barolo black and one Santorini black. For each sample, nine different 2.25x1.4 

mm2 sections were scanned as shown in Figure 6.1b. The entire paint coating 

consists of four layers including clear coat, base coat, primer coat and E-coat 

(as shown in Figure 6.1a). The first layer (clear coat) consists of uniform organic 

resins, which are transparent to visible light. The second layer (base coat) 

contains aluminium flakes which provide a sparkle effect. Because light cannot 

penetrate metal material and the third layer absorbs most of the light passing 

through gaps between the metallic flakes, our system can only resolve the top 

two layers which, since our interest is in the metallic flakes, is sufficient for our 

purpose. 
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Figure 6.1: Automotive samples with 9 selected sections being scanned with our FF-

TD-OCT system. 

6.2.2 3D variational segmentation method 

The procedure of our data processing is as follows: 

1. Data acquisition with FF-OCT system 

2. Convolution process, Hilbert transform and base coat isolation 

3. 3D segmentation and labelling 

4. Measurement of flakes properties: size, number and orientation 
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Figure 6.2: Flow chart of the data processing procedure. Firstly, data from each sample 

is acquired from our FF- OCT system. Secondly, we manually isolate the base coat 

layer from the raw data using cross-sectional images of the original data. Then, the 

base coat layer data is convoluted with the reference signal and processed with the 

Hilbert transform to extract the depth information of the flakes. Afterwards, our 3D 

segmentation method is applied to the data and each flake is labelled. Finally, we do 

a surface fitting to each flake and calculate its orientation and size individually as well 

as the quantity of flakes. 
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Firstly, five samples were scanned with our FF-OCT system. Secondly the 

base coat layer was isolated from each group of raw OCT data manually 

(although this may be achieved automatically by region intensity thresholding). 

Thirdly, background noise was reduced and the signal intensity of the flakes 

enhanced by a convolution process with the reference signal and an application 

of the Hilbert transform to the isolated data. 

Given the processed data, we aim to automatically measure the properties 

of the imaged metallic flakes, particularly the size and orientation. To do this, 

we first define a method of segmenting the flakes, which allows them to be 

distinguished from background noise. We then obtain an index which allows us 

to identify individual flakes and finally fit the flake surface to a plane and 

calculate the desired measurements. We present this in the remainder of this 

section. 

6.2.2.1 Segmentation of flakes 

It is well-known that segmenting objects by thresholding or other intensity-

based methods alone can result in poor results, particularly for images 

containing significant amounts of noise, such as those acquired by OCT. We 

aim to improve on this by incorporating spatial information. Chan and Vese [23] 

proposed a method of segmenting objects in images using region-intensity and 

contour length information. They proposed to solve the problem of Mumford 

and Shah [22] using the idea of level sets [31] to fit a contour to objects of 

interest. The problem is stated as:  

𝑚𝑖𝑛
𝒄,𝜙

{𝑓(𝐜, 𝜙) = 𝜆1 ∫ (𝑧 − 𝑐1)
2𝐻(𝜙)d𝐱

Ω
+ 𝜆2 ∫ (𝑧 − 𝑐2)

2(1 − 𝐻(𝜙))d𝐱
Ω⏟                                  

≔𝑓𝐹(𝐜,𝜙)

+ 𝛼 ∫ |
Ω
∇𝐻(𝜙)|𝛽d𝒙⏟          
:=𝑓𝑅(𝜙) 

} (6.1) 
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where c = (𝑐1, 𝑐2) ∈ ℝ
2, denotes the average intensities of the flakes (c1) and 

the background (c2), and 𝜙:= 𝜙(x):Ω → ℝ is a function whose zero-level set 

{x|𝜙(x) = 0} defines the boundaries of the flakes. The term 𝑓𝐹(c, 𝜙) is a data 

fitting term which should be minimised when the correct boundary is found and 

𝐻(𝜙)  denotes the Heaviside function. Note that if 𝜙(𝐱) > 0  for x within the 

flakes then 𝐻(𝜙) is equal to one on the flake and zero elsewhere. The final 

term 𝑓𝑅(𝜙)  is a regularisation term designed to obtain a smooth contour 

around the flakes and prevent oscillations by constraining the length. In this 

case, regularisation is provided by a smooth approximation to the total variation 

semi-norm [32]. In our case, we have depth as well as lateral information which 

results in 3D data and so x = (𝑥1, 𝑥2, 𝑥3) ∈ Ω ⊂ ℝ
3 , and we replace the 

Heaviside with the differentiable approximation 

(𝐻𝜀(𝜙) = 1/2 + tan
−1 (𝑥/휀)/𝜋, 휀 ∈ ℝ>0            (6.2) 

, which tends to the Heaviside as 휀 tends to zero. We solve the optimisation 

problem (6.1) by alternately minimising the objective functional with respect to 

c1, c2 and 𝜙. We thus derive the first order optimality conditions with respect to 

these functions. For c1 and c2, we have： 

∂

∂𝑐1
𝑓(c, 𝜙) = 2𝜆1 ∫ (𝑧 − 𝑐1)𝐻𝜀(𝜙)dx

Ω
,   

∂

∂𝑐2
𝑓(c, 𝜙) = 2𝜆2 ∫ (𝑧 − 𝑐2)(1 − 𝐻𝜀(𝜙))dx

Ω
.     

(6.3) 

We also try to find the function φ which solves the optimisation problem (6.1)

  

      𝑐1 =
∫ 𝑧(x)𝐻𝜀(𝜙(x))dxΩ

∫ 𝐻𝜀(𝜙)dxΩ

, 𝑐2 =
∫ 𝑧(x)(1−𝐻𝜀(𝜙(x)))dxΩ

∫ 1−𝐻𝜀(𝜙)dxΩ

.   (6.4) 
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Similarly, we have 

∂

∂𝜂
𝑓𝑅(𝜙 + 휂𝜓)|𝜂=0 = −∫ 𝜓𝐻𝜀

′(𝜙)∇ ⋅
∇𝜙

|∇𝜙|𝛽
dx

Ω

+∫𝜓𝐻𝜀
′(𝜙)

∇𝜙

|∇𝜙|𝛽
⋅ 𝑛
~
dx

Γ

,      (6.5) 

, where Γ = ∂Ω  denotes the boundary of Ω . We thus obtain the Euler-

Lagrange equation 

𝐸𝑓(𝜙(x)) = 𝜆1(𝑧(x) − 𝑐1)
2 − 𝜆2(𝑧(x) − 𝑐2)

2 − 𝛼∇ ⋅
∇𝜙(x)

|∇𝜙(x)|𝛽
, x = (𝑥1, 𝑥2, 𝑥3)  (6.6) 

6.2.2.2 Strategy for finding the level set function 

We aim to find the zero point of the Euler-Lagrange equation (6.6). A 

common method of doing this is to use time marching. That is, we aim to solve 

the initial value problem: 

                
∂𝜙(x;𝑡)

∂𝑡
= −ℰ𝑓[𝜙(x; 𝑡)],    𝜙(x, 0) = 𝜙0(x)     (6.7) 

which we can achieve by discretising in terms of time, selecting a suitable time 

step and defining an initial estimate of the function 𝜙(𝐱) . While this is a 

commonly used method, in order to find a solution, the time step 𝛿𝑡 must be 

chosen sufficiently small, which makes this method slow. More recent 

approaches to solving this problem have been developed such as Additive 

Operator Splitting, split-Bregman [35] and Chambolle-Pock [36]. A fast solution 

technique for this problem was recently proposed for the two-dimensional (2D) 

case by the authors of [37] who proposed a restarted iterative homotopy 

approach to solving (6.7). The idea of the homotopy method is to transfer the 

non-linear problem of solving: 

𝒩[𝜙(𝐱, 𝑡)] = 0  where  𝒩[𝜙(𝐱, 𝑡)]:=
∂𝜙(𝐱;𝑡)

∂𝑡
+ ℰ𝑓[𝜙(𝐱; 𝑡)]       (6.8) 
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to a high-order linear approximation ℒ . We thus construct the zero-order 

deformation equation: 

(1 − 𝑞)ℒ[𝜑(𝐱; 𝑡, 𝑞) − 𝜙0(𝐱; 𝑡)] = 𝑞ℏℋ(𝐱; 𝑡)𝒩[𝜑(𝐱; 𝑡, 𝑞)]    (6.9) 

where 𝜙0(𝐱; 𝑡) is an initial estimate of the level set function, ℏ is a non-zero 

auxiliary parameter, ℋ and 𝑞 ∈ [0,1]  is an embedding parameter and 

𝜑(𝐱; 𝑡, 𝑞) is a function of 𝑡 and 𝑞: 

𝜑(𝐱; 𝑡, 𝑞) = ∑ 𝜙𝑚(𝐱, 𝑡)𝑞
𝑚∞

𝑚=0
= 𝜙0(𝐱, 𝑡) +∑ 𝜙𝑚(𝐱, 𝑡)𝑞

𝑚∞

𝑚=1
     s.t.    𝜙𝑚(𝐱, 𝑡) =

1

𝑚!

∂𝜑𝑚(𝐱;𝑡,𝑞)

∂𝑞𝑚
|𝑞=0.                        (6.10) 

If the parameters and functions are chosen such that the approximation 

converges at 𝑞 = 1 then we have: 

𝜑(𝐱; 𝑡, 1) = ∑ 𝜙𝑚(𝐱, 𝑡)
∞

𝑚=0
  and          

∂𝑚𝜑(𝐱;𝑡,𝑞)

∂𝑞𝑚
|
𝑞=0

= 𝑚!𝜙𝑚(𝐱; 𝑡)     (6.11) 

Differentiating the zero-order deformation equation (6.9) 𝑚 times with respect 

to 𝑞, diving by 𝑚! and setting 𝑞 = 0, we have: 

ℒ[𝜙𝑚(𝐱; 𝑡) − 𝜒𝑚𝜙𝑚−1(𝐱; 𝑡)] = ℏℋ(𝐱; 𝑡)ℛ𝑚[𝜙
→

𝑚−1(𝐱; 𝑡)]        (6.12) 

where 𝜙
→

𝑘(𝐱; 𝑡) = {𝜙0(𝐱; 𝑡),… , 𝜙𝑘(𝐱; 𝑡) denotes the vector of solutions and we 

have:  

𝜒𝑚 = {
1
0

if 𝑚 > 1
if 𝑚 ≤ 1

,      ℛ𝑚[𝜙
→

𝑚−1(𝐱; 𝑡)] =
1

(𝑚−1)!

∂𝑚−1𝒩[𝜑(𝐱;𝑡,𝑞)]

∂𝑞𝑚−1
|
𝑞=0

      (6.13) 

We choose the linear operator 
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ℒ[𝜑(𝐱; 𝑡, 𝑞)] = 𝜑𝑡(𝐱; 𝑡, 𝑞) + 휃𝜑(𝐱; 𝑡, 𝑞)    s.t.   ℒ−1 = 𝑒−𝜃𝑡 ∫ 𝑒𝜃𝜏𝜑(𝐱; 𝜏, 𝑞)
𝑡

0
d𝜏     (6.14) 

Returning to our particular case, we aim to solve the non-linear parabolic 

equation 

𝒩[𝜙(𝐱; 𝑡)] = 𝜙𝑡(𝐱; 𝑡) + 𝜆1(𝑧(𝐱) − 𝑐1)
2 − 𝜆2(𝑧(𝐱) − 𝑐2)

2 − 𝛼∇ ⋅
∇𝜙(𝐱)

|∇𝜙(𝐱)|𝛽
= 0.   (6.15) 

We make an initial estimate 𝜙0(𝐱)  of the level set function. We require the 

function 𝑅1 in order to calculate 𝜙1: 

ℛ1[𝜙0(𝐱; 𝑡)] = 𝒩[𝜑(𝐱; 𝑡, 𝑞)]|𝑞=0 = 𝜆1(𝑧(𝐱) − 𝑐1)
2 − 𝜆2(𝑧(𝐱) − 𝑐2)

2 − 𝛼∇ ⋅
∇𝜙0(𝐱)

|∇𝜙0(𝐱)|𝛽
= 𝜎(𝐱), 

(6.16) 

𝜙1 = ℏ𝑒
−𝜃𝑡 ∫ 𝑒(𝜃−2)𝜏𝜎(𝐱)

𝑡

0
d𝜏 = ℏ𝑒−𝜃𝑡 ∫ 𝑒(𝜃−2)𝜏

𝑡

0
d𝜏𝜎(𝐱) = ℏ

𝑒−2𝑡−𝑒−𝜃𝑡

𝜃−2
𝜎(𝐱), (6.17) 

since 𝑅1. . . .. is a function of space but of time. Now, we aim to find 𝜙2 and 

similarly, we have 

ℛ2 [𝜙
→

1(𝐱; 𝑡)] = ℏ
𝜃𝑒−𝜃𝑡−2𝑒−2𝑡

𝜃−2
𝜎(𝐱) − 𝛼𝛽∇ ⋅

∇𝜙1

|∇𝜙0|
,            (6.18) 

           𝜙2 = 𝜙1 + ℏ𝑒
−𝜃𝑡∫ 𝑒(𝜃−2)𝜏ℛ2[𝜙1

→

]
𝑡

0

d𝜏 = 𝜙1 + ℏ
2 (

−𝜃(𝜃−4)𝑒−(𝜃+2)𝑡−4𝑒−4𝑡+(𝜃−2)2𝑒−𝜃𝑡

2(𝜃−2)(𝜃−4)
) (𝜎(𝐱) −

𝛼𝛽∇ ⋅
∇𝜎(𝐱)

|∇𝜙0|
).                  (6.19) 

We proceed by beginning with 𝜙0 equal to the initial estimate and calculate to 

solutions 

𝜙𝑘 = ∑ 𝜙𝑖
2
𝑖=0 , 𝑘 = 1…𝑛𝑚𝑎𝑥                    (6.20) 
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Finally, we set the solution to be given by the heaviside 𝜙:= 𝐻(𝜙𝑘) to obtain 

a binary result. We then define the corresponding matrices 𝜙ℎ and 𝜌ℎ which 

are achieved by labelling the connected components. This provides us with an 

index of flakes and allows us to isolate individual flakes using the non-zero parts 

of  

𝐅𝑖 = 𝛿(𝜌ℎ − 𝑖), 𝛿(𝑥) = {
1
0

 if 𝑥 = 0
 otherwise

             (6.21) 

for the 𝑖th flake. 

6.2.2.3 Measurement of the metallic flakes 

Given the segmentation result and index of distinct flakes, we aim to 

measure their properties. Letting 𝑃𝑖 = {𝑝 = (𝑝1, 𝑝2, 𝑝3)|𝐹
𝑖(𝑝) = 1} denote the 

set of points for each flake, we calculate the number of flakes as the size of the 

set 𝑃𝑖𝑖 and the orientation and surface area of the flakes by calculating the 

best-fit 2D plane 𝐺𝑖 defined by 

𝑛𝑖 ⋅ 𝑥 = 𝑛𝑖 ⋅ 𝑝𝑖                           (6.22) 

where 𝑝
𝑖
= (𝑝

1

𝑖
, 𝑝
2

𝑖
, 𝑝
3

𝑖
), lying on the plane, is the mean of the coordinates of the 

flake 𝐅𝑖, 𝑛𝑖 = (𝑛1
𝑖 , 𝑛2

𝑖 , 𝑛3
𝑖 ) is the unit norm which gives the plane the best fit to 

the data. That is, it allows the plain to have minimal overall distance from the 

points  𝑝
𝑖
𝑗 ∈ 𝑃𝑖  in the normal direction, satisfying the least squares problem 

𝑚𝑖𝑛
𝑛𝑖
{∑ (

𝑛𝑖⋅(𝑝𝑗
𝑖−𝑝

𝑖
)

𝑛𝑖⋅𝑛𝑖
|𝑛𝑖|)

2

𝑗

},    |𝑛| = √𝑛1
2 + 𝑛2

2 + 𝑛3
2       (6.23) 
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Then we can give the normal 𝑛𝑖  as the first eigenvector of the Hadamard 

product 𝑄𝑖 ∘ 𝑄𝑖  where 𝑄𝑖 = {𝑝 − 𝑝
𝑖
|𝑝 ∈ 𝑃𝑖}  denotes the set 𝑃𝑖  minus its 

mean triple 𝑝
𝑖
. Given the best-fit plane, we use this to calculate the orientation 

with respect to the horizontal (lateral-lateral) plane by calculating the acute 

angle between the normals: 

휃𝑖 = cos−1 (
𝑛𝑖⋅(0,0,1)

|𝑛𝑖||(0,0,1)|
) = cos−1 (𝑛3

𝑖 )                (6.24) 

since both vectors are normalised. We now calculate the flake size. We first 

project the flake data onto the fitting plane along with a horizontal integer-

spaced grid 𝑍 = {𝑧 ∈ ℤ3|𝑧3 = 0} along its normal, giving 

𝑆𝑖 = ! {𝑚𝑖𝑛
𝑧𝑗
(𝑧𝑗 − 𝑝)}       ∀𝑝 ∈ ℙ1(𝑝

𝑖)                (6.25) 

where each element is distinct in terms of coordinate values. We can then 

measure the surface area in 𝜇𝑚2 as  

𝑣𝑖 = √𝑟1
2 + 𝑟3

2√𝑟2
2 + 𝑟3

2|𝑆𝑖| = √1.172 + 0.42√1.172 + 0.42|𝑆𝑖| = 1.5289|𝑆𝑖|   (6.26) 

in our case where |𝑆𝑖| is the number of elements in the set 𝑆𝑖 and 𝑟1, 𝑟2 and 

𝑟3  are the sizes of the pixels in 𝜇𝑚  in the two lateral and depth directions 

respectively. To report the results, we filter out remaining noise by removing 

grouped points which are too few to represent a flake (≤ 5% expected flake 

size).We remove flake conjunctions from consideration by filtering those which 

are much too large (≥ 10 times expected size) and excluding those whose 

mean depth values differ considerably from the fitted plane, indicating a 

considerable joint angle which is unexpected in a single flake. 
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6.3 Automotive panel coating analysis 

In this study, five paint samples were scanned with our FF-OCT system in 

9 different regions. The top two layers, clear coat and base coat, were focused 

in order to analyse the characteristics of the metallic flakes in the base coat.  

Figure 6.3 shows the metallic flakes within base coat layer under high 

magnification microscopy. The fulgurant sparks are the reflection of some of 

metallic flakes and the rest of flakes cannot be observed due to the angle of 

incident illumination light. Figure 6.4 shows the layer structure of automotive 

paint by our FF-TD-OCT, the base coat and the flakes within can be clearly 

resolved through the B-scan image. 
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Figure 6.3: Metallic flakes under high magnification microscopy. 

 

Figure 6.4: a) Average depth profile of automotive paint sample. b) Cross-sectional 

image of automotive paint sample. c) Schematic of automotive paint sample. The clear 

coat of sample is transparent while the base coat is cloudy because metallic flakes 

within are strong optical scattering media. 
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6.3.1 Cross-section images of automotive paint samples   

The high intensity peaks in OCT cross-section images indicate reflections 

at the interface between two different media with different refractive indices. 

Figure 6.5 shows cross-sectional images of the Indus silver #1, Mauritius blue, 

Barolo black and Santorini black paint samples and their depth profiles. The 

clear coat and base coat can be determined as the first and second layers since 

the clear coat is transparent and the base coat has strong scattering metallic 

flakes inside. It can be noted from the figure that the number of flakes in the 

Indus silver and Mauritius blue samples is higher than that in the Barolo black 

and Santorini black samples. It should be noted that the OCT images are not 

photographic images of flakes. The thickness of the flakes in Figure 6.5 

represent axial resolution at the surface position of the flakes. 
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Figure 6.5: a) Indus silver sample #1; b) Mauritius blue sample; c) Barolo black sample; 

d) Santorini black sample; The right side shows the cross-section images of four 

samples and the left side shows their corresponding average depth profiles. The cross-

sectional images show that there are more flakes in the Indus silver and Mauritius blue 

samples than Barolo black. (n is the refractive index of the sample.) 

In order to quantify the metallic flakes in base coat layer, the 3D OCT data 

of the base coat layer is isolated from the raw data and processed. Figure 6.6a 

shows the small metallic flakes in the base coat after 3D segmentation. Cross 

section images of the flakes are shown in Figures 6.6b and Figure 6.6d. Figure 

6.6c shows the top view (en-face image) of the flakes from which the flake size 

in 2D could be estimated. Since en-face images do not give information of the 



Chapter 6: Automotive metallic flakes analysis with FF-TD-OCT 

 

 

 Page 146 

 

flake orientation, the method of calculating flake size in 3D is not desirable, as 

discussed in a later section. 

 

Figure 6.6: 3D view and cross-section images of the base coat of Indus silver #1. a) 

3D view with metallic flakes. The base coat is isolated from raw OCT data before signal 

processing. b), c), d) show three cross-section images of base coat in three orthogonal 

planes. 
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6.3.2 Analysis of metallic flakes properties: size, number and 

orientation 

 The aim of this experiment is to characterise the flakes’ size, number and 

orientation in 3D using nine sections of each sample. Therefore, each section 

is scanned with our FF-OCT, the base coat is isolated and 3D segmentation 

applied (as shown in Figure 6.7a-c). In order to calculate the number of flakes 

and create an index, a labelling process is subsequently applied to each section 

of the automotive paint samples. Each segmented flake is projected onto a 

best-fit plane and the size and orientation angle of each flake is calculated, as 

shown in Figure 6.8a-c. 

 

Figure 6.7: Example showing part of the segmentation of an en-face OCT image of car 

paint. An en-face OCT volume image (a) of metallic flakes is segmented by determining 

the level set function φ (b) in order to obtain the segmentation result (c). T (d)-(f) 

surface maps of example flakes. 
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Figure 6.8: The orientation is defined as the angle between the fitting plane of flake 

and horizontal plane and calculated using the normal vectors of these two planes. 

Given the orientation, we measure a flake (a) by flattening it to a plane (b) and rotating 

it to be parallel with the horizontal plane (c). 

 

Figure 6.9: A 3D construction image of a single flake and its orientation plane. 
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The mean numbers of flakes for the two Indus silver samples across nine 

sections were 1994 ± 187 (633 ± 59/mm2) and 1923 ± 189 (610 ± 60/mm2) 

respectively, as shown in Table 6.1. The results show that the Mauritius blue 

sample has a similar density of flakes to the two Indus silver samples at 626 ± 

17/mm2, while the Barolo black and Santorini black samples have fewer flakes 

at 202 ± 14/mm2 and 368 ± 51/mm2 respectively. In addition to flake number, 

the results in Table 6.1 also show that the size of the flakes in the two Indus 

silver and Mauritius blue samples is similar, while the size of those in the Barolo 

black and Santorini black samples is smaller. By plotting the percentage of total 

flake number against flake size (as shown in Figure 6.10), we can see the flake 

number distribution by individual flake size. This figure suggests that the flakes’ 

size distribution in the two Indus silver and Mauritius blue samples are different 

from the two black samples. 
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Figure 6.10: Histograms of percentage of total flakes number in samples. The inset 

enlarged view of this histogram shows that the Indus silver #1&2 and Mauritius blue 

sample have the consistent distribution of flake size, which suggested that the flakes 

in these three samples are the same kind, while the two black samples are different. 

The inset bar chart shows the flake numbers in unit area of five different samples. (IS 

#1: Indus silver #1, IS #2: Indus silver #2, MB: Mauritius blue, BB: Barolo black, SB: 

Santorini black.) 
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Table 6.1: The numbers, sizes and orientations of flakes in five paint samples. 

 Number Radius (μm) Orientation (°) 

Samples Mean Std Mean Std11 Std22 Mean Std1 Std2 

Indus silver #1 1994 187 10.26 1.45 10.58 8.67 1.30 10.62 

Indus silver #2 1923 189 10.28 1.92 10.54 9.01 1.86 11.96 

Mauritius Blue 1972 54 10.26 1.62 10.50 9.08 0.41 10.82 

Barolo black 635 43 10.06 2.27 9.32 6.38 2.08 11.05 

Santorini black 1159 160 9.49 2.06 9.69 6.22 0.88 10.25 

1. Standard deviation (Std) of mean flake sizes of 9 regions. 

2. Standard deviation (Std) of individual flake sizes within a region 

 The orientation of a single flake is defined as the acute angle between the 

automotive panel surface (the horizontal plane), and the flake surface. By fitting 

each flake surface with a plane, the orientation angle can be calculated as the 

acute angle between a plane which is fit to the flake surface and the horizontal 

plane. Table 6.1 shows the mean orientations for each sample and their 

standard deviations. The flakes in the two black samples have a slightly smaller 

angle than the silver and blue samples. 

6.3.3 Validation of results 

To validate the repeatability of the OCT measurements, the scanning and 

processing of section number 5 of the Indus silver #1 automotive paint sample 

were repeated five times. Figure 6.11 shows the measured results of the 
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number of flakes and mean flake size. The consistency of these results 

demonstrates the repeatability of our OCT measurements. Additionally, Figure 

6.11 shows a set of en-face images of repeated OCT data slices and their 

segmented results. The mean flake number of the five repeated measurements 

is calculated as 2133 ± 30. The mean flake size is 10.13 ± 1.35μm (radius). The 

mean orientation angle is 7.58 ± 0.22°. This demonstrates consistency. 

In order to validate our experimental results, we cut and polish the samples, 

and obtain cross sectional images with high magnification microscopy, as 

shown in Figure 6.13 (right column). Using this 2D data, we can segment the 

flakes and calculate their angle to the horizontal line. Doing this for a series of 

cross-section images of the Indus silver #2, Mauritius blue, Barolo black and 

Santorini black, the mean angles are calculated as 6.5, 5.9, 2.8, 3.8 degrees. 

The estimates of these angles in 3D agree with our OCT results as shown in 

Table 6.2. The cross-sectional micrographs provide only 2D information while 

our system is capable of imaging in 3D. 
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Figure 6.11: A set of en-face images of 5 repeated OCT measurements with their 

segmentation results overlaid. The consistency between repeated data demonstrates 

the repeatability of our OCT system and segmentation method. Each row represents 

5 different repeated data and each column denotes 5 different optical depths (68μm, 

72μm, 76μm, 80μm, 84μm) 
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Table 6.2: Comparison of mean flake orientations from our OCT and microscopy. 

 Mean Orientation (°) 

Sample Our FF-TD-OCT Microscopy 

Indus silver #2 9.01±1.86 9.2 

Mauritius blue 9.08±0.41 8.3 

Barolo black 6.38±2.08 4.0 

Santorini black 6.22±0.88 5.4 

 

 

Figure 6.12: Dissected automotive samples, which are fixed and resin-mounted. The 

cross-sections of samples are carefully polished and placed upwards in order for 

microscopy imaging. 
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Figure 6.13: Comparison of B-scans from our OCT device (left column) with 

micrographs (right column) for four samples: Indus silver, Mauritius blue, Barolo black 

and Santorini black. The micrographs achieve a good quality result for validation, but 

necessitates destruction of the sample while our device keeps it intact. 
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6.4 Discussion  

In this study, we have successfully measured metallic flakes within the base 

coat of automotive paint using our FF-TD-OCT system with a high lateral 

resolution of 4.4μm and integrated 3D variational segmentation, labelling and 

measurement technique. Five paint samples were scanned in nine regions and 

the base coat analysed automatically. The flake properties of the different 

panels were characterised, including their number, size and orientation. 

Compared to classic commercial measurement methods related to 

automotive paint layers, such as ultrasound testing [3,4] and eddy-current 

testing [5,6], our OCT system is able to measure samples without contact with 

the sample surface. This allows our OCT system to measure paint samples 

regardless of the smoothness of the surface and makes it suitable for online in-

situ quality control. Commercial measurement methods and recently developed 

non-contact paint layer measurement methods such as TPI [7–9] achieve 

insufficient lateral resolution to measure the metallic flakes, which are typically 

approximately 10μm in radius. 

Both CLSM and our OCT system can achieve sufficiently high spatial 

resolution to resolve flakes and calculate their properties. In both cases, the en-

face plane where the samples are being measured is kept coincident with the 

focal plane during 3D scanning, which provides a high-quality 3D construction. 

Neither method can penetrate metal material and thus only the clear coat and 

base coat layers can be resolved. Compared to CLSM, our OCT has a longer 

working distance and only requires a depth (z-axis) scan to capture 3D data 

while CLSM is a scanning point system and requires all three axes to be 
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scanned (x − y − z axis). Moreover, CLSM has not been demonstrated on real 

industrial car paint samples before. The advantages of our FF-TD-OCT over 

competing methods makes it the preferred choice for future QA of automotive 

paint coating systems. Indeed, to the best of our knowledge, the work reported 

in this chapter represents the first system capable of measuring the size, 

number and orientation of metallic flakes in automotive paint. 

The previous method of calculating the properties of flakes relies on taking 

3D data of the sample by 2D lateral scans, making a peak intensity map of the 

base coat and thresholding the intensity to get the shape and size of flakes in 

2D maps [20]. Compared to previous work, our experiment focuses on small 

metallic flakes of micrometre size and manages to calculate the flakes’ size in 

3D space instead of a 2D surface peak intensity map which neglects that the 

flakes are projected onto the horizontal plane which distorts the measure. 

Therefore, it is novel to segment and label the acquired 3D OCT data of these 

small flakes in order to calculate their number, size and orientation accurately 

and precisely. In addition, our variational segmentation method is not restricted 

to our FF-TD-OCT system and can be applied other OCT setups and other 3D 

imaging techniques such as CLSM. 

One limitation of our measurement method is that a small number of flakes 

were excluded from the segmentation results in order to get a more accurate 

result of the mean flake size, since there are physically conjunct flakes which 

were recognised as a single flake. Although we have identified such flakes 

automatically, the problem of segmenting these flake conjunctions is 

sophisticated, related to the conjunction angle between several flakes, and will 

be studied in future work. 
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 Another limitation is that the light source of our OCT system is near-

infrared, which cannot penetrate metal. Therefore, we have only measured the 

clear coat and base coat of automotive paint layers. We have demonstrated 

that our FF-OCT system is capable of identifying, resolving and measuring 

small flakes in a non-destructive and non-contact manner.  

By combining with our 3D variational segmentation and labelling method, 

we have presented a technique of determining in 3D space the number, size 

and orientation of flakes within the base coat layer of automotive paint samples 

which, to our knowledge, is the first time that this has been done. This technique 

has the potential to considerably benefit QA testing of paint coating processes 

in the automotive industry. 

6.5 Summary 

In summary, the film builds in automotive paint systems have the functions 

of protecting vehicles’ body from environmental corrosion as well as enhancing 

their aesthetic appearance. The flakes within base coat layer, the middle layer 

in the automotive paint system, can give a sparkle effect and the geometry 

properties of these flakes have a significant effect on the achievement of 

desired appearance in all angles. Therefore, we have developed a FF-TD-OCT 

system along with integrated analysis algorithms and demonstrated its 

capability as a non-contact and non-destructive analytical tool for measuring 

small flakes, characterising their number, size and orientation in 3D space for 

the first time. The high lateral resolution of our FF-TD-OCT system of 4.4μm, 

while keeping the flakes in focus, makes it possible to resolve individual flakes 

within the base coat of automotive paint which is not achievable by current 
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commercial methods. Our unique combination of FF-TD-OCT and flake 

segmentation, allowing the metallic flakes to be measured, has the potential to 

be of considerable benefit to the automotive industry as a quality assurance 

tool for coating processes. 
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Chapter 7. Conclusion and future work 

7.1 Conclusion 

The OCT technique has been demonstrated as a three-dimensional 

analytical non-destructive, non-contact and non-invasive testing method with a 

high spatial resolution and strong penetrative capability. These advantages 

make OCT suitable in film coating evaluation and characterisation. As an 

extension of TD-OCT, the FF-TD-OCT, inherits the advantages of the OCT 

technique and increases its data acquisition speed and efficiency by using a 

parallel detection scheme, allowing in-line measurement and in vivo 

measurement to be available. 

In this thesis, a free-space FF-TD-OCT system has been developed to 

investigate the coating layer structures of pharmaceutical pellets, the surface-

power distribution of human cornea and the small flakes properties of 

automotive panels. The developed FF-TD-OCT system utilised two different 

light sources, namely a thermal tungsten-halogen light bulb and an NIR LED, 

each for different purposes: The visible light source (i.e. the tungsten-halogen 

bulb) was used for thin layers and surface structure measurement because it 

provides high axial resolution, such as the surface optical power distribution of 

a human cornea; the NIR light source was used for high-penetration deep-layer 

structural measurement and for small particles within layers, such as the 

structural evaluation of the pharmaceutical pellet coating layer and the property 

analysis of automotive metallic flakes, because it provides better penetration. 

The best lateral resolution that our FF-TD-OCT system can provide is 4.4μm, 
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and the best axial resolution is 1.6μm for the thermal light source and 3.9μm 

for NIR light source. 

In order to demonstrate the imaging capabilities of the FF-TD-OCT system, 

it has been applied to pharmaceutical pellets, human corneas, and automotive 

paint system analysis. Challenges should be handled in response to different 

applications. 

Pharmaceutical pellet coating thickness 

The film coating of pellets serves as an effective barrier in the human body 

to control the release time and rates of API. Film coating thickness has an effect 

on the decomposition speed of pellets or tablets in the human body. The precise 

evaluation of film coating thickness is of significance to ensure the high quality 

and uniformity of pharmaceutical pellets. In chapter 4, we proposed our FF-TD-

OCT system to characterize the coating structure of small multi-layer 

pharmaceutical pellets with a diameter of less than 1mm and developed a 

thickness calculation method, which relies on the depth profile of averaged A-

scan signals in 3D OCT data. 

The two pellet samples used in this experiment are a two-layer drug-loaded 

pellet and a three-layer drug-loaded pellet. The mean thickness of a two-layer 

pellet was determined as precisely 39.7 ± 7.3μm and 49.1 ± 7.0μm, for the outer 

and inner layers respectively. The mean thicknesses of a three-layer pellet were 

26.5 ± 2.3μm, 20.6 ± 3.4μm and 57.3 ± 7.2μm, for each layer respectively. 

Additionally, particle-like features in the inner layer can be clearly resolved from 

the cross-section images. It is demonstrated that our FF-TD-OCT has the 
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potential in imaging and evaluating the coating thickness distributions of 

pharmaceutical pellets. 

Optical power distribution of human cornea 

 Eye diseases, such as astigmatism and glaucoma, may cause distorted or 

blurred vision and even vision loss. The ability to measure and analyse the 

shape and power of the human cornea is of benefit in therapeutic surgical 

treatment; precise information about the shape and power of the corneal 

surface is of significance to any corrective procedures to the corneal surface. 

Previous OCT applications in corneal power measurement have focussed on 

the net power measurement of the cornea. And the single-point scheme OCT 

system scans cornea samples radially along a series of meridians across the 

vertex point and produce a series of meridional images. Motion correction 

algorithms should be applied to adjust the surface map of cornea due to the 

motion of the human eye in vivo and possible errors in non-telecentric scan 

deformation. However, an FF-TD-OCT technique parallel detection scheme can 

solve the non-telecentric scan problem by acquiring a series of en-face images 

of cornea samples. 

In chapter 5, our FF-TD-OCT was used to measure human corneas and 

was combined with an average back-vertex focal length and average power 

calculation algorithm to calculate the individual optical power of each point at 

the surface of human corneas. Six formalin-fixed and two fresh corneas were 

scanned in a large area of 4.95 × 4.92mm2, and their power maps were 

illustrated. The cross-section image of the cornea generated by our FF-TD-OCT 

system clearly shows its structure, including epithelium, Bowman’s layer and 
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stroma and also the features of the stroma. Overall, the combination of our FF-

TD-OCT and the individual power calculation method is of significant benefit in 

planning any corrective procedures to the cornea and in facilitating the design 

and fit of contact lens. 

Metallic flakes in automotive paint system 

 The base coat (consisting of colour pigments and metallic or mica flakes) 

of the automotive paint system provides vehicles with aesthetic enhancement 

and increases their attractiveness. The flake size, weight, orientation and 

geometry have an effect on achieving the desired appearance from all angles. 

Therefore, it’s important to measure the flake properties during automotive 

industrial fabrication to achieve the desired appearance and maintain the 

consistency of automotive paint. Non-destructive methods, such as ultrasound 

testing, eddy-current testing and terahertz imaging, are unsuitable to capture 

these small metallic flakes (diameter < 10μm), due to their insufficient resolution. 

In chapter 6, we introduce our FF-TD-OCT system along with an integrated 

3D variational segmentation algorithm to measure small metallic flakes within 

the base coat layer of the automotive paint system non-destructively and 

without contact. The properties of the small flakes, including their number, size, 

and orientation in 3D, were characterised for the first time. The high lateral 

resolution of our FF-TD-OCT system makes it possible to resolve individual 

small flakes within the base coat layer of automotive paint, which cannot be 

achieved by current commercial methods. The unique combination of FF-TD-

OCT and the 3D variational flake segmentation method, allowing the flakes to 
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be measured, has the potential to be of considerable benefit to the automotive 

industry as a QA tool for painting processes. 

7.2 Major contributions 

In sum, the major contributions of our research are as follows: 

 The development of a free-space FF-TD-OCT system with a fast data-

acquisition speed and high spatial resolution, at 1.6 × 4.4μm2 (axial × 

lateral), which can achieve a variable image magnification from 1 to 5 to 

respond to samples of different sizes 

 The characterisation of the pharmaceutical pellet with multi-layer coating 

structures using our FF-TD-OCT system. The layer structures are 

distinguished, and coating thickness is accurately calculated from the depth 

profiles of averaged A-scan signals. 

 Intra-corneal imaging of formalin-fixed and fresh human corneas with the 

anterior surface, epithelium layer and Bowman’s layer clearly resolved; 

non-telecentric scan problem avoided by using the en-face imaging FF-TD-

OCT technique 

 The calculation of individual optical corneal power and illustration of power 

maps by reconstructing the corneal surfaces from OCT data and 

developing and applying an average back-vertex focal length calculation 

algorithm, which reduces the paraxial approximation errors 

 Cross-sectional imaging of different automotive paint panel samples with 

the clear coat and base coat layers clearly resolved, as well as the small 



Chapter 7: Conclusion and future work 

 

 

 Page 171 

 

metallic flakes (diameter <10μm) 

 Characterisation of the properties of metallic flakes in automotive paint 

system, including their size, number and orientation in 3D space by 

combining our FF-TD-OCT system and a novel 3D variational image 

segmentation method—It is the first time to resolve metallic flakes and 

calculate their properties, which is not achievable by current commercial 

methods 

7.2 Future works 

Since our FF-TD-OCT system has been applied to film coatings of 

pharmaceutical pellets and automotive panels in this thesis, future applications 

can be expanded to other areas related to film coating, such as ceramic glazes 

of porcelain and pottery, colour films for oil paintings and mural paintings, and 

wall paint architecture. These objectives have momentous historical and 

cultural values and can be only measured with non-destructive methods. Its 

high resolution and high penetration can make OCT suitable in authentication, 

the characterization of paint layer coating thickness and the identification of 

defects or cracks within coating layers. 

With regard to hardware, the current FF-TD-OCT system is based on an 

optical platform and is not portable for different measurement circumstances. 

Future work can focus on how to make our FF-TD-OCT system more compact, 

able to be fixed on a portable optical breadboard. In addition, our current FF-

TD-OCT system has the limitation of a relatively long-time acquisition time (a 

few minutes) for 3D OCT data. The data scanning time is limited by the frame 

rate of the camera, and it also takes a long time to upload 3D data from the 
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camera to the PC. Our FF-TD-OCT can be updated with 2D detectors with 

higher frame rates and PCs with better GPUs and solid-state hard drives to 

reduce time spent on data scanning, storing and processing. It will be of benefit 

to the in-line measurement for pharmaceutical pellets and human cornea in vivo. 

Regarding software, our current novel 3D variational image segmentation 

algorithm can be applied to not only metallic flakes but also particle-like 

elements, such as drug powder within the pharmaceutical pellets and tablets. 

The 2D image segmentation algorithms, such as those for detecting the layer 

surface and interface automatically, could be useful for fast analysis of layer 

structure. Furthermore, a graphic user interface can be introduced to control all 

data acquisition and processing tasks for convenience and to reduce 

programming work. 

 


