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Abstract

Throughout this thesis we have sought to construct cost effective, miniature
and portable imaging systems to assess a selection of physical parameters re-
lated to the the integrity of human skin and epithelial tissue, in vivo. While
these technologies can be used for any skin site we, specifically, aim to develop
novel non-invasive instrumentation for the diagnosis of menopausal atrophy at
point of care. Post-menopause, the outer epithelial layer, begins to thin (at-
rophy) and anatomic changes are observed in the vaginal wall cell structure,
hydration level, blood oxygenation, epidermal thinning and elasticity (Chapter
2). Yet, despite the profound impact on well-being, there is a significant lack
of quantitative tools to measure the epidermal barrier function, or level of
atrophisation, in outer skin surfaces and vaginal mucosa. Recent advances in
optical microscopy, together with progress in miniature optical components,
permit visualisation of living skin tissues. To this purpose we seek to employ
existing methodologies such as oximetry, microscopy and imaging modalities
within a low cost multifunctional instrument. Particularly we describe the
potential use of laser speckle light scattering for surface roughness measure-
ment with its limitations and, using numerical models, discuss the parameters
that dictate speckle pattern formation. We extend this discussion to rough
skin surface with additional bulk scattering from underlying volume tissue
(Chapter 3). Through this series of studies we apply our work in laboratory
experiments. A range of bench-top instruments were built to measure skin
spectral characteristics and additionally a novel single point laser speckle sys-
tem towards the measurement of in vivo skin roughness across a selection of
volunteers (Chapter 4). In collaboration with industrial partners (Procter and
Gamble (P&G) and Lein Applied Diagnostics) we developed a mock up pro-
totype towards a novel, non-invasive optical device to quantify patient skin
integrity (Chapter 6). This is achieved through a multidisciplinary approach,
with novel developments in miniature optical manufacturing and assembly pro-
cess (Chapter 5). For future work we outline our protocols, material cost and
ways to facilitate these miniature diagnostic instruments for various research
and clinical settings.

Supervisors: Prof. John M. Girkin and Dr. Chris D. Saunter
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Chapter 1

Introduction

Within the healthcare industry, the continuing development of optical systems is

integral for the examination and diagnosis of human patients at the point of care.

While medical practitioners still perform initial auscultations, the availability of

modern instrumentation has proven to be a useful and powerful tool to assist clini-

cians, and doctors, in gaining a better perspective into which therapeutic treatment

to pursue. Since miniature optical and electrical components are readily available

the means to illuminate, magnify and measure real-time biological changes in the

tissue becomes more viable. Different optical imaging modalities offer many ad-

vantages over current methods: being less invasive, low-cost and portable yet of-

fering real-time, high-resolution data capabilities to evaluate tissue structure. One

can, therefore, construct scaled-down optical devices that are capable of observing

microscopic changes in small internal body cavities using novel techniques.

1.1 Thesis Motivation

The primary objective for this project was to develop a suite of instruments that

would be suitable for quantifying the level of post-menopausal vaginal tissue, in

vivo (within the living tissue). Specifically we wish to assess the key measurable

parameters that dictate the level of vaginal atrophy: the cell structure (surface

roughness or texture), hydration (associated with a lower elasticity and permeabil-
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ity), blood oxygenation and epidermal thickness (Farage and Maibach, 2006; Muh-

leisen and Herbst-Kralovetz, 2016; Balica et al., 2017). In Figure 1.1 we present

histological changes in the vaginal mucosa during menopausal atrophy, using ex vivo

(outside the living tissue) samples, to give context for this research. From a clinical

perspective, it is clear to see how measuring differences in the epithelial thickness

and texture, for instance, would help underpin these changes. In section 2.2.1

we discuss the biological background of vaginal tissue in greater detail and what

pathophysiological changes can occur for post-menopausal women. Thus, we need

to consider techniques that can undertake measurement within the practical con-

strains associated with the target tissue (i.e. probe size and difficulty assessing at

the bedside) whilst also minimising any perturbation to the tissue. So in order to

assess the vaginal tract under these clinical conditions, the most sensible option

is to utilise miniature optical technologies. In this work we outline certain optical

techniques that are relevant to this project brief and we consider their respective

appropriateness for miniaturisation.

From this we first outlined certain optical techniques and consider the appropriate-

ness of these to the project brief. Thus, the intention of this work was to first build

a collection of bench-top quantitative systems to demonstrate that our underlying

physical model, and subsequent techniques, are valid. The initial experiments ex-

plored the use of laser speckle scattering as a method to investigate the roughness

of skin. We also consider the use of a multi-spectral imaging approach to fur-

ther aid with the measurements of the skin matrix, particularly, the level of blood

oxygenation and presence of melanin. The challenge then was to develop these

systems into a suite of miniature devices. Once an initial prototype of our probe

was developed, future work would allow a principal evaluation to begin in-house on

external skin using a small selection of volunteers. This study could then lead to

usage in a small clinical setting available (within P&G) which would further con-

firm the repeatability and reliability of the instruments to help with the accurate

diagnosis and treatment monitoring of such skin disorders.
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Vaginal Atrophy Histology

Increased Muscus Layer

Pre-Hormonal Treatment Post-Hormonal Treatment

Vaginal Atrophy Histology
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Pre-Hormonal Treatment Post-Hormonal Treatment

Figure 1.1: Histologic appearance of atrophic and mature vaginal mucosa, adapted
from Zerbinati et al. (2014). Samples where collected from a single patient for (a)
atrophic vaginal mucosa with few epithelial cells and (b) two months after hormone
therapy treatment with thicker epithelium. We include comparative microphoto-
graphs before and after 2 months after treatment to demonstrate the structural
recovery. Biopsies were both stained haematoxylin and eosin for acquisition of the
microphotographs.

The initial aim for this case study was to develop novel non-invasive tools for the

diagnosis of menopausal atrophy at the point of care. Menopause typically affects

women aged in their fifties where hormonal changes, i.e. a fall of circulating es-

trogen, causes urogenital ageing and morphological issues. The primary symptom

associated with menopause is dyspareunia (painful intercourse) and dryness which

may be associated with dyspareunia. Typically, menopausal atrophy is clinically

diagnosed by observable anatomic changes to the vaginal area and sometimes with

digital assessment of the elasticity at the introitus. While objective measures such

as vaginal maturation index and pH are associated with menopause, these measures

are invasive and tedious (i.e. tissue sampling, work-up and consequent microscopy)
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and are not directly linked (spatially and otherwise) to the symptomology. There

are other measures from biopsy collections that have shown a thinning of the epi-

dermis and dermis. However, this is not used routinely as a diagnostic tool. While

menopausal symptoms have been shown to be related to serum estradiol levels in

the blood, it is also believed that venous infiltration of the region also contributes

to the changes. At the time of this research there are no instruments commercially

available for obtaining objective measures of atrophic vaginitis and its treatment

either due to probe size or invasiveness. There is an increasing interest in the mon-

itoring of menopausal atrophy to measure physical properties of the tissue as the

clinical treatment progresses. The aim is hence to develop and create an optical

method(s) that is effective, robust, sensitive and non-destructive that can be used

in both the laboratory and clinical environment with relative ease. However, since

these proposed technologies are adaptable, we have shifted focus towards active

healthcare monitoring. In a grander sense, we aim to provide major advances in

efforts to improve treatment and management of environmental skin diseases like

contact dermatitis. This technology will provide immediate commercial benefit,

to improve lifelong health and well being while additionally aiding research within

other biological realms.

There is currently a paucity of non-invasive, non-contact techniques to investigate

the quality of the skin surface within the specialist clinical practice. Many skin con-

ditions are currently diagnosed, classified and treated via the judgement of various

general practitioners and clinicians. Dermatological diagnosis is hence considered

more of a subjective art rather than a quantifiable measurement. Many commer-

cial products from soaps, laundry cleaners through to skin care creams all interact

with the skin and thus the surface finish of skin can provide a great amount of

information in relation to ageing, skin condition and the acceptance of these con-

sumer products; which can then be monitored over time. The surface of the skin

plays an important role in the diagnosis of many clinical conditions, in relation

to ageing and the acceptance of many consumer products. Considerable resource
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has been applied to skin in terms of cancer diagnosis but the actual surface finish

of the tissue has been frequently overlooked. The challenge, here, is to produce

a new standardised measure of the texture of the skin (surface finish) that will

ultimately aid in improving the diagnosis and treatment of the patient, or effect of

a consumer product, using the indicative parameters given by our system. There is

a clear need for a sensitive, non-destructive and robust method for both laboratory

and in vivo clinical use. In a series of recent studies, Kuznetsov et al. (2013); Lu

et al. (2006); Mostaço-Guidolin et al. (2013); Sirohi (1993), it has been established

that first and second-order statistical methods, using Laser Speckle Contrast Ima-

ging (LSCI) and imaging analysis (i.e. Gray Level Covariance Matrix (GLCM)),

convey a strong correlation between the roughness and the decorrelation of the

image. Such methods, however, are limited in their use as discussed briefly within

this study and we investigate more appropriate methods in Chapter 3.

We first develop an optical system, based on laser speckle formation, and asso-

ciated image processing method which analyses the digital image and provides a

quantitative analysis of the surface roughness. These results demonstrate that

these measurements can be linked with more qualitative perceptions of skin qual-

ity (roughness). The ultimate goal for this research is to aid treatment decisions,

and in the laboratory to aid the development of new treatments and to provide

rapid screening for the impact of new products on the skin. Clearly in a clinical

environment, human skin quality is affected by the uptake of topical medicines and

dosing requirements. It is clear that the technique for characterising human skin

conditions will need to be effective and, of course, accurately distinguishing the

level of improvement (or conversely the degradation) of the tissue. With all this

considered the targets of this study are to establish the spectral and optical ‘signa-

tures’ of human tissue in its healthy and non-optimal states, with repeatable and

efficient measurements of the surface ‘finish’, and develop models to distinguish

between different stages of degradation. For further real-time assessment we opted

to use prior information on the optical properties of human skin. As such. we
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investigate a multi-wavelength imaging method to further detail optical behaviour

within human skin and epithelial tissue.

Within our research we utilise a numerical model and by manipulating the stat-

istics of speckle pattern formation we form a solution to the surface scattering

problem. We outline the details of this method and produce a quantitative re-

lationship between our recovered parameters in order to characterise the surface

structure. Thus, this enables us to discriminate the different tissue states by estab-

lishing a unique photonic signature from our analysis for each corresponding skin

condition. We can use this parameter set, together with numerical modelling, to

further underpin clinical translation. We investigated the use of laser speckle to

access the roughness properties of the skin surface, since this method consists of

low-cost components. Together with this, we investigate the use of spectral imaging

to measure spatial information with regards to blood oxygenation and blood flow;

all within a multifunctional device. We additionally considered the use of Optical

Coherence Tomography (OCT), confocal microscopy, LED differential absorption

spectroscopy (to quantify blood oxygenation) for a larger parameter set to collect

information on tissue integrity for aiding with real-time in vivo diagnosis. But many

profilometry techniques are not practically usable for measuring the properties of

skin in vivo due to a combination of inaccuracy, poor reproducibility, complexity,

and cost. We discuss this in greater detail in Chapters 3 and 4. With these optical

systems we develop and document the manufacture of a custom made miniature

device; we detail all parts of the assembly as well as profiling techniques of the

illumination and detection channels. The device was constructed using a highly-

compact Complementary Metal–Oxide–Semiconductor (CMOS) sensor in order to

keep the dimensions as small as possible. However, such miniaturised sensor tech-

nology often comes at the expense of imaging performance: our particular sensor

(Awaiba NanEye, Awaiba (AMS) (2015)) exhibits non-uniform noise behaviour and

correspondingly low signal headroom. We discuss the implications of this within

Chapter 5 and 6. This leads to in-house testing to determine the success of our
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miniature device and we present our final prototype: the OPTA.

1.2 Thesis Synopsis

In this research we target the use of laser speckle as a potential diagnostic for

skin roughness. This approach was made with sufficient discussion and scientific

reasoning. In Chapters 2 and 3 we outline some of the promising work in speckle

metrology, and other light scattering methods, that prompted this direction of our

research. These methods have been validated for opaque surfaces however our

intention is to construct a miniature single point optical system for use on human

skin. This presented a number of difficulties that we discuss thoroughly in Chapter

4. I accept that our method has its limitations however our task was not to prove

or disprove existing work. From the results presented in this thesis, one can only

drawn one conclusion: the method that has been used may only be applicable

to slightly rough surfaces. However other work has shown more success to derive

quantities of the skin surface (in our research we define exactly what we mean by

the skin ‘surface’). As such, we do not want to make any statements to exclude

the use of speckle on skin since speckle metrology (on its use on human skin) as an

emerging field within biomedical optics. There is existing research that has shown

promise and we give a thorough discussion, in chapters 3 and 6, to how this can

be adapted to future technologies.

In this thesis we describe our research within the context of biomedical optics, in

that:

• Chapter 2, summaries the optical properties of human skin and how we can

manipulate the biological effects in vivo.

• Chapter 3, provides an understanding of surface scattering phenomena begin-

ning with the basis of wave propagation, and diffraction theory, to formulate

a method for recovering surface statistics.
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• Chapter 4, presents bench-top optical systems with initial practical results

from bulk instruments to verify that these methods are applicable.

• Chapter 5, describes our prototype, where we state the technical details of

our miniature device and describe our profiling methods to ensure optimal

optical quality.

• Chapter 6, we add our implementation of the device and process initial in-

house results as a precursor for clinical translation. We conclude with state-

ments about our work and practical elements that need to be considered in

future research.
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Chapter 2

Optical Properties of Human Skin

In this review we present an overview of the basic biology, and the light scattering

properties, of human skin and epithelial tissue. This discussion is largely explor-

atory to serve as both a foundation for our practical work and to demonstrate the

breadth of optics-based techniques available to discriminate pathologic skin condi-

tions. Primarily we investigate how the bandwidth of incident light upon skin and

epithelial tissue is influenced by absorbing and scattering effects. Modern imaging

techniques, including existing miniature technologies, use the fact that light can

be manipulated in this fashion, for instance (Boas and Dunn, 2014; Kim et al.,

2016), from the visible through to the IR regions of the electromagnetic spectrum

in laboratories and in a clinical environment.

Within this chapter we emphasise existing research by highlighting key points of

skin behaviour and how they relate to quantitative measurements of tissue chro-

mophores, in section 2.3. Since skin and tissue is a complex entity, the difficulty is

to provide a full propagation model to simulate this light transport. This allows

us to discuss how this effects both objective speckle and tissue oximetry measure-

ments. Furthermore, we provide a brief discussion of existing numerical methods,

that use Monte Carlo techniques, that provide a way to overcome the deficiencies

of diffusion theory (Wang and Jacques, 1992), in section 2.7. This leaves us with a

suitable background to begin exploring practical measurements of skin quantities.
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2.1 Introduction

The outside surface of the skin is one of the most functional, and largest, organ

of the human body. The skin barrier is the human body’s first line of defence;

it protects the body from dehydrating and keeps bacteria, viruses and chemicals

from entering the bloodstream. During normal human ageing, the skin becomes

thinner over time and develops an impaired barrier function. Repeated contact

with water, soap and household chemicals further weakens the skin barrier. Skin

with a weakened barrier permits greater passage of environmental factors into the

skin and as a consequence those with a compromised barrier often develop acute

or chronic skin conditions.

However, one major impediment to understanding the basic biology of barrier-

related skin conditions and improving treatment is the paucity of devices and tech-

nologies for evaluating the skin barrier integrity. In practice, there are two stand-

ard techniques for investigating the epidermal barrier in human patients. The first

measures transepidermal moisture loss through the skin, yet water loss does not

always correlate with the integrity of the skin barrier or how the skin interacts with

drugs, medicines and chemicals (Tupker et al., 1997; Wigger-Alberti et al., 2000).

The second entails scoring skin quality using visual inspection and a standardised

scoring scale. Practically speaking, visual inspection methods are subjective and

provide little information about the underlying biology of the skin barrier. Ulti-

mately, our goal is to quantitatively understand the photobiological response of

the stratum corneum to light radiation and how this can be used for in situ (in

the original place) diagnostic means, with applications in photomedicine. We use

studies on the spectroscopy of human skin as a prior for our work and build upon

this in later chapters. In this review, we discuss the biology of the human skin as

well as its response to optical wavelengths. Moreover we establish a literature re-

view of the light transport within human tissue and define techniques to determine

a useful clinical adjunct.
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2.2 Biology of Human Skin

Figure 2.1: Diagram of the anatomy of human skin, adapted from (Gouda, 2017).
The figure demonstrates the epidermis (∼100µm), dermis (∼1mm), subcutis tissue
(∼3mm) and showing hair follicle and sebaceous gland.

Human tissue is composed of three prominent layers: the epidermis (epithelial

tissue), dermis (connective tissue) and the underlying fatty hyperdermis (subcutis

tissue) as demonstrated in Figure 2.1. The outermost layer of the epidermis is

the stratum corneum, which is 10 – 20µm thick and and is composed of non-living

corneocyte cells glued together with keratin to form a membrane-like structure.

The epidermis is regenerative where newly formed cells undergo a maturing process,

known as keratinization, and migrate to the stratum corneum. The dermis is the

inner layer of skin that supports the blood vascular network, and sensory nerves,

which supply nutrients to the epidermis. It primarily consists of fibroblasts that

secret both collagen and elastin. This forms the tensile strength in the tissue and

additionally houses hair follicles and glands, (Alberts et al., 2013). Finally the

hypodermis is a subcutaneous layer, meaning ‘under the skin’, whose role is to

connect the skin to deeper structures to the anatomy. The hypodermis though is
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2.2. Biology of Human Skin

not considered to be part of the skin, (Krishnaswamy and Baranoski, 2004).

As a functional organ of the human body the skin is also a dynamically vary-

ing system. Cells within the human body require oxygen to aerobically respire.

Within human tissue, the dermis is heavily permeated with blood vessels and thus

in these red blood cells a protein known as Haemoglobin (Hb) is readily avail-

able. Hb is a protein located in the red blood cells where it binds to oxygen to

form Oxy-Haemoglobin (HbO2). De-oxygenated blood enters the heart and is con-

sequently pumped to the lungs where it becomes oxygenated; where carbon dioxide

is released. This circulatory system allows for the transport of nutrients and the

transport of oxygen to deoxygenate the cells across the body. In addition to this,

the topological information of the skin surface becomes relevant. Surface rough-

ness is a criteria that can be used to assess the status of human skin and mucosa.

According to (Hashimoto, 1974) the surface roughness of skin can be divided into

several subcategories:

1. A primary structure of macroscopic, wide lines or furrows at approximately

(20 - 100µm).

2. A secondary structure of finer, shorter and shallower (5 - 40µm secondary

lines or furrows running over several cells.

3. A tertiary structure made up of lines having depths (on the order of 0.5µm)

that are the borders of individual horny cells of the skin.

The primary and secondary lines form a topological map of the skin to forms a net-

like structure that is generally said to have a polygonal form (Hashimoto, 1974). It

follows that, from a clinical and biological perspective, this ‘skin surface’ is defined

to be the first few hundred microns in depth (Alberts et al., 2013; Korn et al., 2017;

Ulrich and Lange-Asschenfeldt, 2013) of the skin and this is what we refer to in this

thesis. Therefore, the key questions become twofold (a) how do the characteristics

of external skin differ from the target tissue which is a mucous membrane (and
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may be moist) and (b) how can one relate light scattering measurements to the

skin pathphysiology and morphology?

2.2.1 Morphology and physiological changes in vaginal mucosa

Figure 2.2: Schematic representation of pathophysiology of vaginal atrophy
throughout the female lifetime, the figure is reproduced from (Muhleisen and
Herbst-Kralovetz, 2016). For the purposes of this body of work, the pre-menopausal
(centre panel) and post-menopausal (right panel) schemes are of particular in-
terest. Specifically, the thinning of a healthy epithelium from pre-menopause to
post-menopause.

Menopause is a natural process that occurs for women (typically between the ages

of 45 - 55 years old). For menopausal women, their menstrual cycle stops perman-

ently and they can not longer bear children. This is caused by decreased oestrogen

(sex hormone) production in the ovaries. As such, the morphology and physiology

of vagina undergo characteristic age-related changes. These are concurrent with

hormonal and anatomic changes across the female lifespan (Farage and Maibach,

2006). This is well related to the bacteria in the mucus membrane which serves to
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prevent urogenital disease and balance the environmental pH. Within the vaginal

microbiota there are five different Community State Type (CST), specifically, CST

I, II, III, and V. All four groups are dominated by Lactobacillus spp. (a lactic acid

producing bacteria) however CST IV has no specific dominant species (Farage and

Maibach, 2011). For the purposes of this research we do not delve into these un-

derlying biological processes however, we appreciate the presence of these bacterial

communities and the implications of the vaginal microbiota to the level of vaginal

atrophy (Farage and Maibach, 2006). This is highlighted by Figure 2.2, where

we graphically represent the changes undergone between pre and post menopausal

tissue.

The pre-puberty biological state of the vaginal microbiome is one of a diverse mi-

crobial population, concentrated into a thin mucus layer and the vaginal epithelium

(Figure 2.2 left panel). Within the context of the project, this is a less important

scenario occurring decades prior to menopause however, for the purposes of clar-

ity it is noted. During puberty the production of oestrogen leads to the growth

of the epithelium. Evolving the epithelium from the pre-pubescent state to the

pre-menopausal one, specifically this impacts tissue depth and mucus depth. With

regards to the context of the project, this pre-menopausal state is deemed to be

the ‘healthy’ scenario. At the pre-menopausal (or healthy) stage, occurring after

puberty, the vaginal epithelium is at its thickest with a thick mucus layer and a

healthy microbial population. This vaginal microbiota is also a variable state and

therefore the microbiome is classified by the specific breakdown of the microbial

population. This is classified by the CSTs, mentioned previously, and explicitly

refers to whichever microbial population is most prevalent. These states are known

to be dynamic and fluctuating regularly due to various influences (Muhleisen and

Herbst-Kralovetz, 2016). Following menopause the levels of oestrogen drop, where

the vaginal epithelium resembles the pre-puberty stage, with fewer layers and a

thinner mucus layer (Muhleisen and Herbst-Kralovetz, 2016). This has a higher

association with vaginal symptoms (Figure 2.2, right-hand panel) that manifest
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as vaginal atrophy i.e. dryness and dyspareunia. This is in contrast to asympto-

matic women, who experience no symptoms, and those on Hormone Replacement

Therapy (HRT) (Balica et al., 2017). It is also worth noting that the indicators

of a healthy epithelium are associated with the the microbial population, namely,

Lactobacillus dominant CSTs and larger glycogen deposits residing in the mucus

layer (Muhleisen and Herbst-Kralovetz, 2016).

The menopause transition, i.e. the evolution from the pre-menopausal to the post-

menopausal state, is of fundamental importance to the project. During this trans-

ition the vaginal epithelium thins and women exhibit issues regarding comprom-

ised skin barrier function, skin hydration and irritant susceptibility. Also, as a

consequence of oestrogen deficiency, it is common to have a decrease in vaginal

lubrication and sexual dysfunction. Furthermore there are reported changes in

blood flow to the vagina through menopause and the influence of HRT on blood

flow regulation (Sumino et al., 2009).

Despite these issues there are currently only indirect assessments of vaginal at-

rophy, such as pH and maturation index (obtained by presence of cell types in

cervical screening). Also there are general complications with current commercial

instrumentation as they tend to be cumbersome. Together from extended discus-

sions from our collaborators we understand the inappropriate choice for suction

(Cutometer R©), impedance (Dermalab R©), and acoustic impulse (Reviscometer R©)

based devices (Fluhrl et al., 1999) to assess vaginal conditions. Generally these are

in a large housing (between 25 - 35mm) so are unsuitable for accessing the vaginal

tissue and, additionally, possess issues with sterilisation. There are ex vivo methods

available such as tissue sampling and consequent clinical work up, for instance us-

ing confocal microscopy, but these methods are invasive and laborious. Since there

are no suitable in vivo commercial devices to assess this level of atrophisation, or

any quantification for monitoring treatment, there is a clinical need to develop rel-

evant non (or minimally) invasive miniature technologies. Thus, the intention of

this project is to obtain objective measures at the vulvo-vaginal site that relates to
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clinical condition and also correlates with patients’ perception of tissue ‘quality’.

2.3 Skin surface evaluation

We have just discussed the objective of our research and the critical need to eval-

uate particular physical properties of the skin and epithelial tissue. In this section

we provide a brief overview of these particular techniques for context, further back-

ground for this research field and discuss their role within this project. We will later

use this information, as well as the implementation of these methods in devices, as

a precedence for our device design and for in vivo protocols.

Skin surface topology is of particular interest for biophysical research since it relates

closely to perceived quality of skin and underlying tissue quality, as we discuss later

in the thesis. There are a number of non-invasive techniques available to critically

evaluate the skin topography, also termed relief or surface texture. For further

background, we will discuss alternative techniques for direct, in vivo, and external,

ex vivo, roughness evaluation. In Chapter 3, we discuss the formal definitions that

define roughness and, with reference to International Organization for Standardiz-

ation (ISO) standards, we discuss how this relates to a perceived quality of skin.

In human skin, it has been reported that surface roughness RMS can vary between

8.7µm and 185.4µm (Del Carmen López Pacheco et al., 2005; Lagarde et al., 2005).

This range of results also agrees with data we have acquired in Chapter 4. As such

we need to understand what methods are currently available to assess this level of

roughness.

2.3.1 Replica-based methods

Since external skin is difficult to study in vivo due to practical constraints, rep-

lica based methods are favoured within industrial and clinical research environ-

ments (Diao et al., 2014). These investigations are still the most frequently used

16



2.3.2. Fringe projection

method (Tchvialeva et al., 2010b). Typically, the skin surface is imprinted onto a

material (commonly using silicone rubber) and a mould is formed. These imprints

are then measured using a mechanical or optical profilometer to create a height

map for the skin surface under investigation.

The surface roughness of samples are generally evaluated via line and, or, area

scans (microphotography) (Tchvialeva et al., 2010b). Contact methods such as

mechanical profilometry utilise a stylus tip which translates vertical motion on the

stylus into an electrical signal and, consequently, a height map. Non-contact optical

surface profilometers are available to measure the surface profile using coherence

scanning interferometry. Generally, these instruments rely on a confocal system

with multiple wavelengths incident on the sample and an interferometer measures

the Optical Path Difference (OPD) and forms a height profile. We utilise such

instruments and discuss these further in chapters 4 and 5. These methods are

inappropriate for in vivo human skin due to invasiveness and/or scanning time.

In work presented by (Hof and Hopermann, 2000), a comparison was made between

the likeness of replicas to direct in vivo roughness; it was reported that replicas

are not a faithful reconstruction of the surface. Replicas present themselves as

low pass filters since finer relief structure (i.e. high spatial frequency) is not well

recovered (Tchvialeva et al., 2010b). In chapter 4, we present a small study using

dental silicone to mimic the skin roughness on the volar forearm and we discuss

the significance of the surface statistics to our modelling techniques. In the context

of our research, replica based methods are only applicable for external skin and

would not be appropriate for the vaginal atrophy since it has a soft and moist

tissue surface.

2.3.2 Fringe projection

Fringe projection systems can be considered as a combination of the optical tri-

angulation technique and an interferometric technique to achieve greater vertical
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measurement depth and a high vertical resolution. For most applications, a surface

is illuminated with a sinusoidal grid pattern and the fringe pattern is recorded by a

CCD camera. The interpreted ‘quasi’ interference fringes are evaluated by the use

of algorithms and phase recovery analysis (Jacobi et al., 2004). One such device,

the PRIMOS R©, has shown encouraging results to form a height map of the human

skin surface in vivo (Frankowski et al., 2002). The device utilises micromirrors to

projected fringe patterns and has a typical FoV of 10 - 40mm2. However fringe

projection methods suffer from back scattering from the volume of the skin tissue,

micro movements from the human body, long acquisition times and low resolution

in height mapping (Tchvialeva et al., 2010b).

2.3.3 Fitzpatrick Scale

A commonly used tool, in the dermatological research of human skin, relates to the

superficial assessment of its pigmentation. Practically, the assessment of human

skin can be made via visual inspection. This is because specific morphological

features such as colour, shape, border, configuration, distribution, elevation and

texture can be related to patient well being. The Fitzpatrick scale was developed

in 1975 as a means to evaluate the response of different types of skin to Ultra-

violet (UV) light damage (Fitzpatrick, 1988). We provide a diagram within the

appendix to clarify this but the phototyping assessment can be broken into six

categories:

Type I (scores 0–6) always burns, never tans (pale white; blond or red hair; blue

eyes; freckles)

Type II (scores 7–13) usually burns, tans minimally (white; fair; blond or red

hair; blue, green, or hazel eyes)

Type III (scores 14–20) sometimes mild burn, tans uniformly (cream white; fair

with any hair or eye colour)
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Type IV (scores 21–27) burns minimally, always tans well (moderate brown)

Type V (scores 28–34) very rarely burns, tans very easily (dark brown)

Type VI (scores 35–36) Never burns, never tans (deeply pigmented dark brown

to darkest brown)

2.4 Review of Optical Sectioning

In this work we have summarised existing techniques for obtaining information on

the skin surface. Following this, one route to consider is the use of optical section-

ing methods to obtain structural depth information with minimal perturbation to

the sample. Recently several novel methods have been developed to facilitate dia-

gnosis of human skin and tissue including confocal technology, Optical Coherence

Tomography (OCT) and Structured Illumination. In particular, confocal techno-

logy and OCT have proven to be efficient tools in endoscopy and other applications

such as measuring the thickness of ophthalmic tissue (Liu et al., 2004). Further-

more, these techniques are relevant as they have been shown to identify lesions and

other morphological issues on in situ human skin (Ulrich and Lange-Asschenfeldt,

2013; Rajadhyaksha et al., 1995; Li et al., 2011). Current research focuses on the

progression of these technologies for smart-phone use (Freeman et al., 2018; Kim

et al., 2016); therefore these are attractive options for people to use at home and

more importantly for our miniature instrument.

The physical principles of the various techniques are now outlined. OCT is a tech-

nique that is based on low-coherence interferometry in which, typically, a partially

coherent light source is used to provide optical sectioning. A depth profile can be

obtained by scanning (z-scan) along the reference beam and measuring the path

length differences. For a 3D image reconstruction one can perform a transverse

(x–y) scan and spatially resolve z-scans across the Region Of Interest (ROI). In a

typical application, one tends to use an integrated single-mode fibre-optic Michelson
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interferometer for subsurface tomography of tissue. Confocal microscopy, equally,

is another technique that provides a true realised 3D reconstructed image (Muller,

2006). In confocal microscopy, the specimen is illumination by an incident laser

beam. The scattered or fluorescent light from the sample passes through pinhole

aperture placed in the conjugate focal (i.e. confocal) plane of sample. The spatial

pinhole consequently rejects all out of focus light and we are left with a high con-

trast image of the sample. Thus, at different planes of illumination, one can render

a 3D (z-stack) of the sample (Ulrich and Lange-Asschenfeldt, 2013; Prasad et al.,

2007). Structured illumination techniques project a series of grid patterns at well-

defined spatial frequencies to produce optically sectioned images from conventional

wide-field microscopes. If we illuminate an object, with a selected spatially modu-

lation, we observe an image with encoded depth-related optical properties. Under

a theoretical framework, it can be shown that higher frequency waves only penet-

rate the sample superficially while lower spatial frequencies probe deeper into the

sample as the effective scattering coefficient is altered (Neil et al., 1997; Tromberg

et al., 2005). Thus one can retrieve a tomographic reconstruction of the sample due

via this spatial frequency mixing (Ströhl and Kaminski, 2016). This method can

achieve depth information related to tissue health and has been shown to facilitate

in the detection of lesions related to breast cancer (Mazhar et al., 2010).

For tissue thickness measurement we need to appreciate the capabilities of these

optical sectioning methodologies. Firstly, confocal can provide a high spatial res-

olution (typically better than 10 microns axially) but can be limited in depth

penetration (Muller, 2006). However, the added advantage of confocal is that,

with a narrow band light source, detection can either be based upon reflection or

fluorescence with the latter offering the opportunity to measure compounds moving

through the tissue as well as potential use for analysing the level of hydration (Free-

man et al., 2018). Secondly, OCT provides greater depth penetration (2 - 3mm in

skin) but generally lower resolution unless high cost sources are used (Liu et al.,

2004; Tuchin, 2007a; Wang and Larin, 2014). OCT has also been applied for such
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measurements in elastography (Schmitt, 1998) though one needs a fast acquisition

to perform this in vivo. Within the remit of this project we suggest that a meas-

urement of the tissue flexibility, or elasticity, can be conducted using an air pulse in

a similar fashion to the Keeler Pulsair tonometer (Moseley et al., 1989). Originally

developed to measure the pressure within the eye, a non contact ‘air puff’ measures

the intra-ocular pressure subject to recovery time of the eye. This can be adapted

in an optical imaging system to gauge 3D spatially information across the Field of

View (FoV) and, ultimately, linked to finite element model for the bulk tissue.

While we acknowledge the presence of these other optical methods, and have con-

sidered their potential for miniaturisation; in this thesis we focus solely on laser

speckle scattering and oximetry measurement techniques. We highlight these par-

ticular techniques since we believe that they are the easiest to miniaturise and

implement, for the work reported in this thesis. To the best of our knowledge

we believe the underlying physics of laser speckle formation in human skin for

roughness measurements is largely unexplored, though it is widely used in hard

surface metrology as we discuss in Chapter 3. At this point we make the comment

that OCT is well related to speckle imaging, since both are based on the coherent

property of the scattered light. Consequently, with this information we can begin

to discuss the construction of a novel multifunctional device and how it may be

implement in a clinical setting; this is discussed within later chapters. Yet we do re-

cognise the importance for elasticity, hydration and tissue thickness measurements

in the clinical discipline and we anticipate that the skills from this research will be

applicable in developing future devices to access these parameters.
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2.5 Laser Speckle

2.5.1 Forms of Laser Speckle

A speckle pattern is a random interference process formed when laser light interacts

with an optically rough surface or turbid medium and is subsequently scattered.

Thus the scattered light forms a granular pattern in our observation plane. The

pattern contains high contrast light and dark regions due to constructive and de-

structive interference of the scattered light depending on the OPD. This is permit-

ted under coherent laser illumination and one will exhibit a dynamic laser speckle

effect from the skin surface and underlying scatterers, we discuss the implication

of this within Chapter 3. There are two forms of speckle techniques: objective,

where the speckle pattern is recorded directly to the detector (Figure 2.3), and

subjective laser speckle, where an image is formed using a lens (Figure 2.4). The

figures demonstrate the multiple paths that light can undergo in the presence of

volume scatterers.

Figure 2.3: The figure presents a schematic (a) for the formation of objective speckle
for a medium with scatterers and (b) an example speckle pattern from the optical
system described in chapter 4. The data is the volar forearm from a λ=532 nm
laser (exposure time: 10 ms, using Prosilica GigE GC650 monochrome camera).
We provide a scale bar to give an impression of the physical imaging area.
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Figure 2.4: The figure presents (a) the formation of subjective speckle for a medium
with scatterers and (b) an example subjective far-field speckle image captured from
320 grit sandpaper using λ=532 nm laser (exposure time: 10 ms, using Prosilica
GigE GC650 monochrome camera). Again, we provide a scale bar for the physical
imaging area and note that image was taken with an imaging lens in front our our
detector.

For surface profiling, speckle pattern analysis has received a great deal of indus-

trial interest since it possesses low cost components, fast acquisition speed and is

a simple optical system. This is especially true for a free propagation setup, as in

Figure 2.3. Therefore one can directly measure the roughness of a surface over its

illuminated area. In the context of scattering from rough surfaces, laser speckle

has particular characteristics associated with the scattering geometry and optical

system (Goodman, 2008). In particular, the contrast of well formed speckle is close

to unity for a coherent light and weak surface scattering. However, for volume scat-

tering can depolarise light which reduces contrast and raises further problems; this

is discussed in greater detail in later successive chapters. Particularly, in Chapter 3,

we summarise the development of speckle techniques for surface roughness assess-

ment and their corresponding limitations. Yet, in this introduction, we discuss the

well established speckle related methods that provide information on tissue health.

Namely these involve relating to the use of laser speckle on live human tissue albeit

to measure physical parameters from sub-dermal layers.
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2.5.2 Dynamic Laser Speckle

While we are interested in roughness measurements using laser speckle in vivo, it

is relevant to discuss our work in the context of other research regarding speckle.

For skin tissue, the scattered laser speckle has two temporal components (a) a

fast fluctuation due to the blood flow in the dermal capillary network and (b) a

slower component of the speckle field due to the vibration (and movement) of the

outer surface of the skin, (Fujii et al., 1985). This dynamic speckle pattern can be

described statistically, which is detailed in Chapter 3, and a measurement of the

contrast of subjective laser speckle allows one to map regions of blood flow and

relative blood velocity (Boas and Dunn, 2014; Briers, 2001; Goodman, 2008).

In a series of studies (Stern, 1985; Fujii et al., 1985; Briers, 2001) a calculation

of the rate of blood flow is performed. The underlying principle relates to rapid

fluctuations in the bio-speckle pattern since there is more blurring in the image for

a long camera exposure, (Thompson and Andrews, 2015). One can then develop a

heuristic model of photon multiple scattering using localised Doppler shifts occur-

ring at each moving cell. In this process, image data is collected from a continuous

time series and the perfusion index (ratio of pulsing blood to non-pulsing blood

flow) is calculated from the first order moment of the power spectrum (Goodman,

2008). Later in this thesis we discuss the impact of these effects to our measure-

ments, since there is a strong correlation between blood flow dynamics and speckle

contrast.

2.5.2.1 Laser Speckle Rheology

Laser Speckle Rheology (LSR) is a novel optical technology which enables mech-

anical evaluation of tissue, typically in situ (Hajjarian and Nadkarni, 2013). In

LSR, temporal speckle intensity fluctuations are measured and the rate of tem-

poral speckle fluctuations are related to the viscoelastic moduli in tissue phantom

samples and biological fluids with varying optical and mechanical properties. This
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is conducted in an imaging scheme 2.4 and a temporal cross-correlation analysis

(intensity Autocorrelation function (ACF)) is performed on fast acquisition frames

(∼500Hz) (Hajjarian et al., 2016). Even though this technique is in its infancy,

we mention it in passing since it further provides evidence that laser speckle can

extract meaningful quantities from biological material. This technique provides

information on tissue dynamics, however, this is not related to measurements from

static laser speckle on a volume scatterer.

2.6 Tissue Oximetry

Oximetry provides a non-invasive, real time assessment of a patient’s Haemo-

globin (Hb) and it relates to the percentage of oxygenated Hb compared to the

total amount of Hb; as such this measurement is referred to as the Oxygen Sat-

uration (OS). In healthcare, a patient’s blood oxygen saturation is particularly

useful for understanding illness development and progression where poor respira-

tion rate (either too high or low) can have severe consequences to bodily tissue

health (Wang et al., 2013; Li and Warren, 2012; Briers, 2001). During respiration,

oxygen binds or unbinds to Hb for transport across the human body. In this pro-

cess, the molecule is altered and subsequently the optical absorption spectra of the

Hb molecule changes (Alberts et al., 2013). This is evident from the absorption

spectra presented in Figure 2.5.

One can calculate differential measurements using light at discrete wavelength

bands and determine a measurement of OS using calibration data. This maps into

a common application known as Pulse Oximetry. Pulse Oximetry uses the fact that

the absorption rates are different for both the red and IR light, for de-oxygenated

and oxygenation blood respectively. From Figure 2.5 we can see that both Oxy-

Haemoglobin (HbO2) and de-oxyhaemoglobin have several isobestic points, most

importantly at approximately 580 nm and 800 nm (Li and Warren, 2012). A differ-

ential absorption method is made and the results are presented as a percentage of

25
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Figure 2.5: Spectra for the molar extinction coefficient as a function of incident
wavelength (cm−1M) with Haemoglobin (Hb) and Oxy-Haemoglobin (HbO2) la-
belled in the graph. The graph was produced in (Prahl and Jacques, 2017).

available Hb to carry oxygen (Wang et al., 2013). Typically this is done using red

and IR combinations but differential absorption can be utilised using blue and green

wavelengths (MacKenzie and Harvey, 2018). This is something we can consider for

our device design. It is common to use pulse oximeters in general practices and

clinics however these devices lack the ability to measure local micro-vasculature

with a high spatial and temporal resolution (MacKenzie, 2016). In section 2.6 we

provide a more involved description of tissue oximetry and discuss the relevance

for the assessment of vaginal atrophy. We also discuss the mechanics of optical

scattering in relation to perfusion and associated measurements.

As a final comment one can extend this work to Multispectral Imaging (MSI);

as in principal one can collect a set of images of a skin sample using several

non-contiguous spectral bands to illuminate the target. MSI is a well-established

technique for non-invasive oximetry for biological tissue such as retinal blood ves-

sels (MacKenzie and Harvey, 2018). In MSI images are acquired at multiple

wavelengths to create a spectral data cube (x, y, λ). Thus, in combination with our

understanding of the spectral properties of human tissue, this enables us to image
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the blood vessels for oximetry. Further image analysis allows us to gain knowledge

of particular spatial characteristics associated with perfusion through capillary net-

work. This, further, enables the mapping of particular skin chromophores∗to the

registered images, (Kuzmina et al., 2011). Indeed using this premise we can map

this into our instrument design since there are a number of early prototype mini-

ature devices available (Kim et al., 2016; Wang et al., 2013; Li and Warren, 2012)

to aid with clinical assessment.

2.6.1 Multispectral Imaging (MSI) Oximetry

Oxygenation measurements are entirely relevant to the diagnosis of vaginal atrophy.

For instance reduced genital blood flow, in post-menopausal women, is indicative

of sexual dysfunction. In turn, these hormonal differences cause changes in the

anatomic pressure and secretions from the epithelium during arousal which leds

to vaginal dryness (Macklaim et al., 2011). Additionally, these measurements can

be related to the success of Hormone Replacement Therapy (HRT), vaginal in-

flammation and other skin conditions related to vulvovaginal atrophy (Farage and

Maibach, 2006; Sumino et al., 2009). Such techniques can establish physiological

changes in vivo, and for monitoring OS which can be linked to symptomatology of

various diseases, pH levels and tissue function; which is discussed in greater length

in section 2.2.1. A photographic measurement of blood vessel transmission can also

enable highly resolved Two dimensional (2D) spatial information of OS in the mi-

crovasculature (Kim et al., 2016). MSI oximetry is an optical technique that utilises

the absorption spectra of Hb within blood to quantify HbO2, and perfusion (rate of

blood flow into the tissue), with high spatial and temporal resolution. Therefore,

spectrophotometry is seen as a better alternative to standard spectrometry tech-

niques (such as pulse oximetry) (MacKenzie and Harvey, 2018). In this way, MSI

has been shown to provide a non-invasive method to visualise and quantify tissue

∗ A chromophore is a molecule that absorbs visible light, responsible for the characteristic
colour of a substance when viewed with the eye.
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oxygenation and perfusion changes in skin (Chin et al., 2012). One can visualise

the arteries and veins constituents depending on the differential measurements from

parts of the absorption spectra for skin, presented in Chapter 2. From a review

presented in MacKenzie (2016) it is possible to estimate parameter sets depending

on incident wavelength bands. These include: Oxygen Saturation (OS), extinction

coefficient (ε), Haemoglobin (Hb), Oxy-Haemoglobin (HbO2) and melanin. Addi-

tionally one can measure the scattering contribution; concentration of Hb and the

diameter of vessels.

Thus, for measurements through relatively thick tissue (i.e. between 10 - 50mm)

pulse oximeters typically use wavelengths with minimal absorption and scatter-

ing by blood or tissue, i.e. 650 and 800 nm. A chief concern in oximetry regards

the influence of pigmentation; however the influence of water, adipose fat and

yellow pigment are not normally accounted for in oximetry. Melanin (pigmenta-

tion) is abundant in the skin which often affects oximetry and perfusion measure-

ments (Prahl and Jacques, 2017; Chin et al., 2012). Thus the penetration depth of

light in tissue is highly variable. Typically, blue and green wavelengths are limited

to a penetration depth of <2mm due to strong absorption and scattering as dis-

cussed in section 2.7.1.1. For mucosa skin, which is generally thinner than external

skin, we need to consider how OS and perfusion rates varies across the body. For

instance, we see little information for tissue with thicker epidermal layer (such as

the palm of the hand) as photons cannot propagate to a sufficient depths in order

to, say, visualise arterial blood flow. However we adapt the above wavelength bands

from vascular oximetry since histology, of the post-menopausal vaginal epithelium,

suggests that there are signs of measurable blood flow (Sumino et al., 2009). We

were also advised to pursue this method under the advice of clinicians and peers.

This variation across the body, and different forms of tissue, is considerable and

depends on factors such as the atmospheric partial pressure of oxygen, blood flow

velocity, and metabolic demand by tissue (MacKenzie and Harvey, 2018). There-

fore the underlying physics and requirements differ somewhat; this is discussed
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later in the chapter.

There are two MSI imaging modalities: time-sequential and snap-shot mode (Kuzmina

et al., 2011). Time sequential MSI captures images sequentially with different il-

lumination paths. However, since there is some form of sequential switching, this

method is inappropriate for rapid observation of biological processes occurring on

the order of milliseconds. Snap-shot MSI technology enables simultaneous ac-

quisition of images at multiple spectral wavebands reducing oximetry artefacts.

Therefore one can sample at a sub-second resolution, which therefore makes real

time measurement of OS in tissue possible. However, these requires some form of

Beam Splitter (BS) multiplexing which adds further optics, such optical systems

are presented in MacKenzie and Harvey (2018). Therefore we need to consider the

implications on a miniature device design and calibration.

2.6.2 Design, Calibration and Validation

In our experiment we have favoured a oximetry imaging modality based on a four

wavelength illumination scheme (470 nm, 520 nm, 650 nm and 860 nm). In this

way, since there are several isobestic points in the spectra of skin, discussed in sec-

tion 2.7.4, we can perform oximetry for multiple wavebands. In a study by Smith

(1999) suggested that an optimal three-wavelength oximetry for retinal blood ves-

sels using wavelengths: (a) 488, 635, and 905 nm; (b) 600, 635, and 905 nm; (c) 635,

720, and 905 nm. With these combinations it was found to provide excellent oxygen

sensitivity across a broad range of typical vessel diameters and saturations in the

retina. This selection of wavelength bands are for vascular oximetry, however, we

were looking to develop a device for diffuse tissue imaging which is typically done

in the near IR (Zonios and Dimou, 2006). In the visible region tissue is strongly

absorbing with a typical penetration of typically 1mm (Prahl, 1988), which we dis-

cuss further in section 4.2. Thus we are unsure if the reflectance would be sufficient.

We decided to select a range of imaging wavebands (470 nm, 630 nm and 860 nm)

as they were similar to wavelengths used in conventional pulse oximeters (Wang
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et al., 2013) and are similar to the selection proposed part (a). Additionally we

decided to improve the spectral resolution by adding a 520 nm central wavelength

LED with the intention of collecting more information. This wavelength is similar

to our laser diode and we can image the surface with diffuse incoherent illumina-

tion. The broadband ranges of these LED spectra makes a significant impact on

the quality of MSI; the relevance of this is presented in Chapter 4 and 6.

In addition, we run a time-sequential MSI system since this relies on a simpler

optical configuration. Specifically, we use diffuse LED illumination and an integ-

rated camera to image the tissue structure. Thus, this enables us to visualise local

oxygenation as opposed to conventional pulse oximetry, as discussed in section 2.6.

Once these multiple narrowband images are co-registered it is typical, in MSI ana-

lysis, develop a processed image using data analysis such as PCA (Kim et al., 2016)

to extract meaningful parameters. However for three to four wavebands it is not

appropriate to use dimensional reduction. For practical implementation to valid-

ate and calibrate such a device, direct experimental validation of an MSI oximetry

system is necessary. Indeed the task of collecting absolute measurements, remains

a fundamental challenge in the field of oximetry (MacKenzie and Harvey, 2018).

Since there is no ‘gold standard technique’ for oximetry calibration then we need to

consider options for the prototype device. However, for typical calibration, optical

phantoms are used ex vivo by introducing external oxygen-free gases, chemicals or

oxygen consuming micro-organisms to the blood to control OS levels (Partridge

et al., 2016). Yet blood does not behave well when exposed to air ex vivo so the OS

is not well controlled. In other work, the use of oxygen sensitive nanophosphors

and dyes are employed since they have similar optical emission properties to that of

HbO2; the application of these has led to positive results (Shonat et al., 1997). For

other devices, in vivo have been performed by using a commercial pulse oximeter,

or a OS standard references available at Hardarson et al. (2006), yet there is an

inherent systematic error due to changes in blood vessel diameter (MacKenzie and

Harvey, 2018). These are points to consider for formal validation of a prototype.
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2.6.3 Objective Laser Speckle Oximetry (OLSO)

As an aside, recent developments have shown that it is possible to perform oxi-

metry measurements using OLSO. This technique is still in its infancy however

there is some overlap with the work we are conducting as well as understanding

existing speckle techniques. It has been demonstrated experimentally in ex vivo

blood to have good correlation with blood gas analyser measurements (Brewer,

2016). The basis of OLSO regards absorption of light by blood is quantified by

measurement of the characteristic size of objective laser speckle, and then related

to OS. Individual speckles within a objective speckle pattern have a characteristic

size. This is associated with the distance between scattering events, absorption

and PSF size within a medium (Jacques, 2013). Further the distance between the

absorption of light within the medium constrains the number of scattering events

is constrained (MacKenzie, 2016). For example, in blood, green wavelengths are

strongly absorbed, whereas red wavelengths are weakly absorbed and the indi-

vidual speckles are smaller in the red waveband compared to green. Thus the

average speckle size can be used to provide information about the optical absorp-

tion of illuminated media. However the it is limited by the theoretical accuracy of

OS measurement (Brewer, 2016).

2.7 Light propagation in turbid tissue

Fundamentally, we need to understand the interaction of light with a multi-layered,

and multi-component, skin medium and what underlying physics make this a com-

plicated process. As light propagates through each layer of the skin it is pertinent

to distinguish between reflection from the surface, from the depth of the epithelial

tissue and sub-cutaneous tissue. For human skin, typically, the stratum corneum

reflects about 5 – 7% of the incident light (Tuchin, 2007a) and due to the micro-

scopic inhomogeneities at the air/stratum corneum interface the scattering becomes
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more diffuse. Therefore, a major part of scattered light results from backscattering

in different skin layers (stratum corneum, epidermis, dermis, blood, and fat).

Figure 2.6: Schematic diagram of optical pathways in a multi-layered skin model,
reproduced from Heikenfeld et al. (2017). The species largely responsible for ab-
sorption and scattering in the skin are: (1) cells and large melanin aggregates.
The dermis (2) includes absorbers such as oxygenated and de-oxygenated Haemo-
globin (Hb) but also strong scatterers such as collagen fibrils and bundles (3).

In this section, we will discuss the influence of absorption and scattering properties

for components within a bulk tissue medium and in this section we will provide

estimates for the influence of these for our optical measurements (speckle and oxi-

metry). We will achieve this by formal definitions with respect to Mie theory for

light tissue scattering problem and comment on the applicability. The light tissue

scattering scenario is demonstrated by a schematic, in Figure 2.6. The diagram

shows the typical photon interaction in a multi-layered skin model and the typical

layer depth.
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2.7.1 Optical scattering

Optical scattering of light within any medium occurs when a photon is redirected

from its initial trajectory, for instance by Refractive Index (RI) mismatches between

cells in tissue or the particle concentration suspended in a solution (Tuchin, 2007a).

This changes the optical path length of the incident light and can influence optical

measurements (Muller, 2006; Alberts et al., 2013). Light can be singly scattered in

an optically thin media, or when interacting with a surface, but for semi-transparent

materials there is multiple scattering (e.g. tissue). In this section we will discuss the

two main scattering regimes: Rayleigh and Mie theory. This leads to a discussion

on their relevance to particular parts on our work.

2.7.1.1 Rayleigh and Mie Scattering

Rayleigh scattering is the elastic light scattering from molecules and describes the

scattering from particles up to one tenth of the wavelength of the light (Hecht,

1997). The light field interacts coherently with the charges of a particle and oscil-

lates with the same frequency. The electrically polarised particle becomes a radi-

ating dipole whose radiation is the scattered light field. Conversely, Mie scattering

theory is a more generalised theoretical approach to electromagnetic scattering and

has no constraints on the size of the scattering particle (MacKenzie, 2016). This

is applicable to scattering of light by tissue due to inhomogeneities in RI, from

composites such as cells and organelles. In Figure 2.7, we highlight the scatter-

ing geometries for both Rayleigh and Mie scattering. We see that Mie scattering

is highly anisotropic compared to Rayleigh scattering and has a strong forward

propagation dependence.

For Rayleigh scattering, there is a larger dependence on the wavelength ( 1
λ4 ) com-

pared to Mie scattering (proportional to k
λ , where k is a constant) (Johnson Jr and

Gabriel, 1994). Thus, a key parameter for determining whether Rayleigh or Mie
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Figure 2.7: The distribution of the intensity for Rayleigh and Mie scattering demon-
strating the differences in anisotropy, figure is adapted from MacKenzie (2016).

scattering is applicable is the size parameter of a particle (α), given by,

α = 2πa
λ
. (2.1)

Therefore if α� 1 then Rayleigh scattering is applicable and for α∼ 1 then Mie

scattering is applicable. For α� 1 one must utilise the geometric scattering model

to evaluate the scattering properties of the particle. In our work Mie scattering is

appropriate for describing the optical properties of living tissue and human skin

which have been well characterised in the literature (Bashkatov et al., 2005; Tuchin,

2007a; Prahl, 1988).

2.7.2 Absorption in Tissue

The absorption of light, by particular substances, reduces the level of flux that

reaches a detector in an optical system. Within tissue the amount of absorption

can vary largely due to particle concentration, size, subject and species. For human

tissue and skin there are four dominant absorbers of light in tissue at visible and

near Infra-Red (IR) wavelengths: Haemoglobin (Hb), melanin pigmentation, water

and adipose fat tissue (Alberts et al., 2013; Tseng et al., 2008; Zonios and Dimou,

2009). Hb strongly absorbs wavelengths less than ∼590 nm whereas melanin pig-

mentation strongly absorbs blue and green light; both have low absorption at red

and near IR wavelengths. Water absorbs only a small amount for visible light, but

at near IR wavelengths (>1000 nm) absorption by water dominates. Adipose fat

and tissue yellow pigment are weakly absorbing and are not of concern to this study.
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In this so-called ’near IR biological window’ (between 650 - 1000 nm) the scattering

and absorption coefficients are well defined as we describe in Chapter 2. It be-

comes possible to transmit light several centimetres in tissue at these wavelengths,

enabling non-imaging tissue oximetry techniques such as near IR spectroscopy and

pulse oximetry (MacKenzie, 2016); which we discuss in section 2.6. This is demon-

strated in Figure 2.8 which illustrates the level of light penetration as a function

of wavelength for a multi-layered skin model.

Figure 2.8: Light penetration in human skin as a function of wavelength.
from Prahl and Jacques (2017) we can provide an estimate for the penetration
of light (in millimetres) for visible wavelengths.

Therefore, one can define the transmittance of sample as relating to its optical

depth and concentration of the light absorbing substance. This principle is known

as the Beer-Lambert law and, in the absence of scattering, is generalised to be

Iout
Iin

= exp(−εcl), (2.2)

where I is the intensity, ε gives the molar absorption coefficient, c is the concen-

tration and l is the length of the transmissive medium. In tissue there is a larger

proportional of scattered light so this generalisation is not applicable. The limita-

tions of equation 2.2, and how it can be modified, is beyond the scope of the thesis.

However we discuss the implications of this behaviour in the subsequent sections.
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2.7.3 From Theory to Application

We have established a theoretical foundation for light scattering and absorbing be-

haviours in skin and tissue constructs. Therefore we can look into applying this

work to understand the underlying physical processes as well as form estimates for

our practical measurements. In 1908, Gustav Mie formed a classical solution based

for the scattering by a homogenous spherical particle (ηp) in a refractive indexed

mismatched medium (ηmed) (Jain et al., 2006). In an oversimplified situation one

can begin to express the interaction between a photon and spherical particle, nu-

merically. First of all we define the scattering efficiency, Qs, which is related to the

cross-sectional area of scattering, σs, and the cross-sectional area of the particle

A = πD2

4 for a particle diameter D. This is described by,

σs = QsA. (2.3)

Thus one can formalise the scattering coefficient, µs, which can describe the scat-

tering qualities of a medium (Prahl and Jacques, 2017) to be,

µs = Nσs = πD2

4
(
QsN

)
, (2.4)

where N is the number density of the scatterers. Therefore, a particularly useful

quantity can be derived to describe the photon attenuation in a medium. The

probability of transmission T of the photon without redirection by scattering is

given by equation 2.5,

T = exp (−µsL), (2.5)

where L is the photon path length travelling through the medium and we find

that the product µsL is dimensionless. These quantities become relevant for un-

derstanding the practical influence of optical scatterers to our measurements; we

show this in section 2.8.2.
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If we make the assumption that the medium (i.e tissue) is isotropic and symmetric,

one can say that the average scattering cross section, σs is independent of the

direction and polarisation of the incident light. Therefore we can begin to describe

characteristics of the scattering using scalar variables. Firstly, the probability that

a photon incident on a small surface element will not be extinguished is equal to

the ratio of the scattering and extinction cross sections, and is termed the ‘albedo’

for single scattering, Ω,

Ω = µs
µa + µs

. (2.6)

The albedo ranges from zero for a completely absorbing medium to unity for a

completely scattering medium (Tuchin, 2007a). This quantity becomes crucial for

comparing the scattering behaviour of any media to a black body source. This

is a simple ratio that can be calculated based on a simple imaging setup; we will

discuss and implement this in Chapter 4 for experimental use.

2.7.3.1 Mean Free Path

When a photon enters a scattering layer of tissue such as the scenario depicted in

Figure 2.6 it is allowed to travel a particular path length, l, which is dependant

on the properties of the medium. As the photon migrates through the media,

it collides with other particles and its initial momentum state changes and the

average distance between collisions is defined as the mean free path. Within tissue,

the mean free path length (lph) between two interactions is denoted by equation 2.7,

lph = 1
µa + µs

. (2.7)

If the distance lph is larger than the thickness of the scattering system, then the

photon transmits through the sample with minimal scattering. If the photon has

propagated an arbitrary distance (l) and it remains within the scattering volume,
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then another photon-particle interaction is possible. It is worthwhile to define the

transport mean free path, lt, in equation 2.8 which defines the average distance for

which the direction of light propagation is completely randomised in a medium,

lt = 1
µa + (1− g)µs

= lph
(1− g) (2.8)

where g = cos θ is the scattering anisotropy parameter where θ is the typical angle

at which incident light is deflected by a scattering event. It is important to note

that, for a medium with isotropic single scattering the condition lt � lph remains

valid.

2.7.3.2 Polarisation

In this review we have only considered the scalar behaviour of light. However for

a complete understanding, one needs to consider the vector nature of light in how

the electric field is altered upon interaction with tissue. Polarisation refers to the

orientation at which the wave oscillates. In a fixed single plane oscillation the wave

is said to be linearly polarised. For any material, into which light penetrates, is

subject to multiple scattering and for most biological tissues there is a tendency to

depolarise the incoming light beam.

For a photon migrating, through a tissue medium, the process of multiple scat-

tering is considered to be a series of successive rotation about their respective

co-ordinate system. This is subject to the scattering planes and directions involved

in the problem. These rotations are random and, thus, the photon has a random

polarisation. This in turn depolarises the reflected electric field. In a general sense,

the level of depolarisation increases with the increasing level of scattering events

(which is larger for a larger probe depth). Equivalently the depolarising ability is

strongly dependant of the number of scattering events (Wang and Jacques, 1992).

From Tuchin (2007a) the polarisation changes for a moderate optical thickness

(∼0.2mm) was discussed. In such a case, the scattered light was considered to be
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almost completely polarised for small scattering angles and completely depolarised

at large angles (θ=120◦), and be partly polarised in the backward direction.

There are two formal definitions for polarisation vector state (i.e. Stokes and Jones

representation) of a photon but for the purposes of this research we are only con-

cerned with the scalar measurement of the depolarisation. For the outgoing speckle

field, there is a probability that the emerging photon has a particular polarisation

state and there may be multiple- scattered photons which retain the initial po-

larisation (Wang and Jacques, 1992; Tchvialeva et al., 2009). Since the structure

of tissue is anisotropic causes fast depolarisation (and phase retardation (Tuchin,

2016)) we postulate that polarisation filtering can reduce the light scattering by

the volume (Doronin et al., 2016) and using work from Tchvialeva et al. (2009). We

provide an overview for expressions of the parallel and perpendicular components

of the scattered light where,

〈I‖〉 = 〈Iws〉+ 0.5〈Ims〉, (2.9)

and,

〈I⊥〉 = 0.5〈Ims〉, (2.10)

where 〈Iws〉 and 〈Ims〉 are the weakly scattered and multiply (strongly) scattered

components of the light by the surface and tissue respectively. This is in the co-

and cross linear polarisation channels, 〈I‖〉 and 〈I⊥〉 respectively. One can therefore

begin to discuss the Degree of Polarisation (DoP) to describe the change in intensity

measurements for the orthogonal polarisation channels. This is described by,

DoP =
〈I‖〉 − 〈I⊥〉
〈I‖〉+ 〈I⊥〉

, (2.11)

where 〈I‖〉 and 〈I⊥〉 are the mean intensity of the co- and cross-polarised speckle

patterns. With this precedence one can, ideally, estimate parameters the speckle
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pattern by subtraction of the cross-polarised pattern from the co-polarised pattern

to suppresses the volume scattering (Louie et al., 2017).

2.7.3.3 Tissue Point Spread Function (PSF)

The Point Spread Function (PSF) of a system defines how a point source appears

under specific imaging conditions and defines the resolution limit. When imaging

through turbid biological tissues, multiple scattering events will cause considerable

blurring of the image. This results in a broadening of the PSF for light travelling

through tissue and limits the resolution achievable with various imaging schemes.

However, if the PSF was known then one could apply deconvolution to enhance the

resolution of the image. The effect of the PSF on the contrast of speckle patterns

has been discussed in (Fujii and Asakura, 1977) for optical imaging systems (i.e

for subjective speckles). The optical resolution (PSF) is dependent on the imaging

performance, e.g. wavelength, the NA of the objective, aberrations and misalign-

ments (Hecht, 1997; Guldbrand, 2009). However in our work we are interested in

the tissue PSF in how it influences speckle formation and its temporal behaviour.

Due to the complex structure of human skin, the optical path taken by photons

is rather convoluted as discussed previously, hence it becomes sensible to either

measure light in tissue phantoms (Schmitt, 1998) (discussed in Chapter 3) or sim-

ulate PSF under specific considerations. For a short pulse laser source (a few

picoseconds) it becomes possible to measure the time the photons take to traverse

the tissue; this is known as the Temporal PSF measurement technique (Kirkby and

Delpy, 1996). In this way it is, in principle, possible to calculate optical properties

of tissue, i.e. the absorption (µa) and scattering (µs) coefficients, from the impulse

response function (PSF. Thus we consider influence of the tissue PSF to objective

speckle formation.

A speckle pattern results from the constructive and destructive interference of

scatterers that occurs within the range of the PSF. For a larger lobe of the tissue
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PSF, the smaller the speckle size. Initially, the PSF of the light source, on the

sample, is characterised by its quality and coherence length. However the PSF of

the light source degrades as it scatters within the tissue as this depends on values of

µa and µs (Izatt and Choma, 2008). Since the level of coherence affects the speckle

contrast, we observe a lower speckle contrast for a larger PSF width. This PSF

reduction can be thought of as the ‘round trip’ of the light source through the tissue.

This means, for speckle scattering, a laser source needs to have a coherence length

which is longer than the average optical path taken by the photon in reflecting

from the tissue to the camera. Additionally, it is important to recognise that the

resolution of our imaging Multispectral Imaging (MSI) system is impacted since the

PSF lobe is enlarged. This is more important for incident wavelengths in the near

IR region (0.6 - 0.8µm) than the visible region (0.4 - 0.6µm) as discussed in Wang

and Jacques (1992).

2.7.4 Modelling of light transport in multi-layered tissues

In this review we describe the existing research for evaluating the non-linear beha-

viour in the light tissue interaction. We provide an overview of the MC modelling

of light transport in multi-layered tissues (Wang and Jacques, 1992). Biological tis-

sues are optically inhomogeneous media which absorb and scatter light randomly.

The propagation of light, through this turbid medium, depends on the scatter-

ing and absorption properties of its constituents together with its concentration.

Multiple bulk scattering and absorption are responsible for effects such as laser

beam broadening and diffuse scattering. The optical properties of these tissues

are represented by a set of variables. We discuss the importance of the absorption

coefficient (µa), the scattering coefficient (µ′s) and the anisotropy factor (g) (Prahl

and Jacques, 2017; Jacques, 2013) in the context of light transport through turbid

tissues.

The tissue matrix tends to have a fibrous structure (Bashkatov et al., 2005) and

is composed of variable amounts of absorbing chromophores i.e. blood, water,
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Figure 2.9: The absorption coefficients of melanin, water, Hb, HbO2 and other
constituents as a function of wavelength. This data was taken from literature
reports in Jacques 1996, Prahl 1999 and is presented in (Meglinski and Matcher,
2002).

melanin, fat and yellow pigments, (Young, 1997). Figure 2.9 presents the sim-

ulated data for a skin model. This data, from (Meglinski and Matcher, 2002),

demonstrates the wavelength behaviour for a skin model composed of water, HbO2,

Hb, and other constituents. As such, within the stratum corneum, the absorption

is dominated by melanocytes (melanin which is responsible for the pigmentation of

the skin) and has a monotic behaviour particularly in the visible region. Equally,

we observe absorption bands of HbO2 with maximas at 410, 540 and 575 nm. We

additionally find that water is negligible in the visible spectral range yet in the

near IR range the water content becomes more dominant.

In practice we consider tissue to have volumetric scattering rather than discrete

scatterer centres within the medium. Primarily we are concerned with the effects

of the absorption, µa, and scattering, µs, coefficients which are defined as the

probability of photon absorption and scattering per unit infinitesimal path length,
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respectively as mentioned in (Krishnaswamy and Baranoski, 2004). Additionally

we have the influence of the anisotropy of the scattering, g, and the imaginary

component of the refractive index, η, from (Lister et al., 2012). Another quantity

to evaluate is the measure of albedo, α, which is defined as the ratio of the diffusive

reflection to the the total radiation irradiating the tissue (Wang and Jacques, 1992),

α = µs
µa + µs

. (2.12)

One can begin to estimate the light penetration depth, δ, also given the relation

from (Ritz et al., 2001),

δ = 1√
3µa(µa + µ′s)

, (2.13)

where we have defined the reduced scattering coefficient as µ′s = µs(1 − g). We

continue to produce a graphical representation of how the penetration depth varies

with optical wavelength in figure 2.10. Thus for the wavelengths of interest, we

can take existing coefficients from literature, that are collated in (Lister et al.,

2012). We use these values in both equations 2.12 and 2.13, together with results

from (Zonios and Dimou, 2006; Lister et al., 2012), to yield the results in table 2.1.

It becomes necessary to provide a predictive forward propagation model to ap-

preciate the influence of chromophore density and content on the light scatter-

ing behaviour. MC method provides a stochastic method to simulate the photon

propagation through multi-layered tissue. This rigorous approach allows for the

mapping of photon trajectories, given an initial spatial distribution of photons.

Each photon scattering event is dictated by the a variable step size which is pro-

duced by a random number generator and when the photon strikes a surface, a

portion of the flux escapes as reflectance and the remaining propagates intern-

ally until its weight drops below a threshold where it is extinguished, (Prahl and

Jacques, 2017). The result is, however, a scalar solution which is independent of
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Figure 2.10: The optical penetration depth δ (mm) of light into skin within the
wavelength range 400 to 2000 nm. Figure is courtesy of Bashkatov et al. (2005)

phase and polarization but since we are only interested in the radiant flux; this

approach is applicable to most studies. The basis of this work relies on the prin-

ciple of Mie scattering for scattering spheres; this is beyond the scope of our work,

however there is detailed software available from (Wang and Jacques, 1992) that is

considered the gold standard with regards to current research.

2.8 Comparison between the mucosa and external

skin

For the context of our work, it becomes necessary to include a discussion on the

characteristics of skin types across the human body. We are interested in how

the external skin sites (e.g. the volar forearm, palm of the hand etc) differ from

vaginal tissue, which of course consists of a mucus membrane. In our studies we

have exclusively worked on external areas of the skin due to ease of assess and

that external skin is also of significant clinical and commercial interest. Naturally

external skin sites are exposed to the environment and are more straightforward
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Wavlength λ (nm) µa (mm−1) µ
′
s (mm−1) δ (mm) α

390 1.22 2.20 0.28 0.64
400 1.61 2.18 0.23 0.58
410 2.42 2.17 0.17 0.47
420 2.92 2.15 0.15 0.42
430 2.93 2.13 0.15 0.42
440 1.44 2.12 0.25 0.60
450 0.40 2.10 0.58 0.84
460 0.19 2.08 0.88 0.92
480 0.12 2.05 1.13 0.94
500 0.11 2.02 1.19 0.95
520 0.16 1.98 0.99 0.93
540 0.30 1.95 0.70 0.87
580 0.27 1.88 0.76 0.87
600 0.06 1.85 1.71 0.97
620 0.02 1.82 3.01 0.99
640 0.02 1.78 3.04 0.99
660 0.01 1.75 4.35 0.99
680 0.01 1.72 4.39 0.99
700 0.01 1.68 4.44 0.99
720 0.01 1.65 4.48 0.99
740 0.01 1.62 4.52 0.99

Table 2.1: Collection of optical parameters for human skin. Results have been
acquired from (Zonios and Dimou, 2006) by modelling diffuse reflectance from
turbid media. We calculate the optical penetration depth, δ, and the albedo, α,
parameters using existing equations.

to work with compared to vaginal tissue. An example of this is related to the

creation of skin replicas as we present in Chapter 4. Moreover by experimenting on

external skin sites in vivo we can begin to understand the practical complications

of working with living tissue (e.g. participant involuntary movement and skin

variability) before working with vaginal tissue. Therefore we decided to proceed

with a particular strategy for this research. Firstly, to develop an appropriate

system to use on external skin before aiming to move onto the vaginal mucosa

(Chapter 4). Following this we would develop our prototype (Chapter 6) and, once

the system is ready, we could investigate similar mucosa tissue (i.e. the inside of

the lip) to see how the speckle measurements would be influenced. However, due

to the time scale of this thesis we were unable to make such measurements and
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2.8.1. Model for vaginal microbiota

therefore, such measurements are consigned to future work.

In agreement with our collaborators, this plan of action was sensible and justifies

a future pilot study for our instrument to assess post-menopausal atrophy at point

of care (further discussion is given in Chapter 6). Yet, within the confines of the

project we still need to be concerned with the optical properties of the mucosa

itself. This impacts the reflected wave-front since we have an additional layer for

the light to propagate through. Thus the mucus layer, and the microbial states

therein, represent the first interface in which any imaging system comes into con-

tact. Since we are interested in optically recording, analysing and identification of

these changes we need to discuss the physical properties of the vaginal epithelium.

This includes the changes in thickness (from literature values (Balica et al., 2017)),

optical influence (by approximating optical scattering from Mie theory) and how

one may extend this work in future areas of research.

2.8.1 Model for vaginal microbiota

In this straightforward calculation we have considered a scattering event for a

single bacterial cell in the mucosa. However for a more accurate discussion we

would be interested in the distribution, concentration and the individual size of

the bacteria. This allows us to assess the exact light scattering influence to our

speckle based measurements. We mention in passing Laser Speckle Rheology (LSR)

from section 2.5.2.1 and relate it to our discussion since the methodology is very

similar to our research. A major challenge to LSR is that temporal speckle intensity

fluctuations, given by analysis of the Autocorrelation function (ACF), will not only

depend on just the viscoelastic properties of the suspension but it is dependant on

the optical scattering within the medium (Hajjarian and Nadkarni, 2013). The

work in (Hajjarian et al., 2016) states that speckle signals are strongly influenced

by the rigid substrates. A further discussion is made on the influence of reduced

scattering coefficients, µ′s, to LSR measurements. The values for µ′s are similar
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2.8.1. Model for vaginal microbiota

to that for human skin, see Table 2.1, however they only discuss implications for

dynamic scattering analysis.

We postulate that a simple model, using Lactobacillus in a suspension could be

used to measure the transmission and fluorescence signals, subject to preparation.

This would be done using Electron Microscopy (EM) (both with and without stain)

and a varying concentration to see its influence. One can do this more accurately

though in vitro but as shown in (Simpson and Nunns, 2017; Farage and Maibach,

2006) have a certain degree of variability. This is beyond the scope of this instru-

mentation focused research but for future work one can, in practice, do this easily

since biopsies, vaginal swabs, and clinical work-up (using a microscope) is what is

currently done.

Further, one such experiment was conducted in (Elsner et al., 1990) was to measure

changes in the transepidermal water loss and friction across both the forearm and

vulvar skin. In this study a model irritant SLS was employed. A full selection

of physiological results are also presented in a comparison (Farage and Maibach,

2011). In this work, the transepidermal water loss and coefficient of friction were

measured across a selection of pre- and post-menopausal women. This is standard

procedure since the labia majora is more hydrated and permeable than forearm

skin (Farage and Maibach, 2006). Although small age-related changes in these

parameters were measured on the forearm and vulva skin across their participants,

the impact of menopause on the water barrier function and friction coefficient of

vulvar skin was negligible (Elsner et al., 1990; Wigger-Alberti et al., 2000). This

was conducted with commercial instruments and the results have a large error to be

conclusive. So, with this information we can begin to plan an equivalent experiment

and, in chapter 4, we perform such work using the forearm (as an prelude to vulvar

skin) to test our speckle system.

In summary, we have regarded the mucosal layer to be transparent. We do not

consider the refractive or scattering effects from CST constituents and we anticipate

that this will not effect our results greatly. Thus we neglect their effects in our
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research. However, we acknowledge that this as an over simplification and we

would be interested in the optical properties of the mucosa; though we suggest this

as a topic for future research.

2.8.2 Lactobacillus scattering

The optical scattering from the mucosa is made somewhat easier to predict since

the vaginal tissue is generally not pigmented∗ compared to external skin. However

these optical parameters (such as scattering, refractive index, absorption, level of

inherent fluorescence) have not been investigated for the vagina mucosa so we must

first consider its thickness. In a recent study (Balica et al., 2017) the thickness

of the vaginal mucosa thickness was assessed using transabdominal ultrasound.

Among a selection of 75 participants, 21 women were post-menopausal (age range:

49 - 69) and 54 were pre-menopausal (age range: 18 - 54). In this study it was

reported that the thickness of the mucosa varied between 0.8 - 2.4mm across the

spectrum of participants. From this previously published data on the thickness of

the mucosa we postulate that its impact on the optical behaviour is minimal; in

that the scattering and absorption characteristics are likely to be less significant.

While this viewpoint was shared with extended discussions from clinicians, we still

require further analysis to validate this point and thus we investigate the influence

of light scattering from the vaginal bacterium is the mucus layer.

As stipulated in section 2.2.1 the dominant species in the bacterial load is Lacto-

bacillus and its presence is considered the hallmark of a normal or healthy vagina.

Thus, we can begin to estimate the influence in a scattering regime using Mie scat-

tering theory. Typically Lactobacillus is a rod shaped bacteria ranging from 0.7 - 1.1

micrometers by 2 - 4 micrometers, on the minor and major axis respectively (Mack-

laim et al., 2011). In Figure 2.11 an EM image depicts Lactobacilli labelled with

∗ Biopsies from the vulva suggest that the tissue should be uniformly pigmented unless a lesion
or area of abnormality is present (Simpson and Nunns, 2017). Though there have been reports
that increased blood flow heightens vulvar colouration, albeit marginally (Farage and Maibach,
2006).
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gold nanoparticle spheres (10 nm diameter) adjacent to the cell membrane. Note

that in an EM section rod shaped cells can appear circular as we are taking a

cross-section through the rod at a random orientation due to the alignment in the

swab, rather than along its cylindrical axis.

Figure 2.11: Transmission EM image of Lactobacillus (black arrows) in association
with human vaginal epithelial cells, taken from Macklaim et al. (2011). Sample
was labelled with gold-conjugated antibody (i.e. 10 nm gold particles). Vaginal
swab samples were collected from healthy then prepared for EM by thin sectioning
(scale bar: 500 nm).

There have been no reported optical measurements for the scattering of this bac-

teria in the literature, particularly in vaginal mucus layer. While we make some

suggestions for future work, this would have been challenging for us. However,

experiments have been undertaken looking at gold nanoparticles in a mucous-like

protein matrix. Generally speaking, in immunogold labelling such as Figure 2.11,

colloidal gold nanoparticles allow one to distinguish between objects in a solution.

Gold nanoparticles are used due to their high electron density to increase electron

scatter and give rise to high contrast dark spots, see black arrows in Figure 2.11.

In the following, we show how we can use these practical results to estimate the
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effect of bacteria from scattered light data. We acknowledge that the scattering

centres of these bacteria cells, for any solution, undergo Brownian motion and are

not stationary (van de Hulst, 1981). It is anticipated, however, that bulk tissue

movement will largely dominate any optical measurement in vivo and we do not

consider this in our calculation.

In order to model the effect of both gold nanoparticles and bacteria we apply

scattering theory from 2.7.1 in Mie theory. We then relate these reults from the

model to those from the literature values from experiment with gold nanoparticles.

Mie scattering solutions were computed using readily available software (Prahl and

Jacques, 2017) which is an implementation of the pioneering work of light transport

in tissue (Prahl, 1988). For a simple model, the samples are considered to be

scattering spheres and we do not account for material properties. We approximate

the bacteria cell to be a 1µm sphere; we simplify the light interaction to gauge

the cross-sectional scattering perpendicular to the cylinder axis (van de Hulst,

1981). For the microbiota, we apply literature values from Danielli (2012) for the

RI for a given case: Lactobacilli (ηLac = 1.404) immersed in a protein solution

(ηmedium = 1.37). The characteristic size parameter for Lactobacillus, αLac∼ 8 in

our suspension, for our central wavelength λ=532 nm. We accept that this size

parameter tends towards the limit of Mie scattering applicability, however, this

calculation is only intended to be a rough estimation of the optical influence of

the vaginal bacterial load. As a point of reference we provide a comparison to the

10 nm colloidal gold nanoparticles as that shown in Figure 2.11 and these numerical

values are presented in Table 2.2.

In section 2.7.1 we discuss the importance of the size parameter (α), cross section

extinction cross section (σs), and extinction efficiency (Qs) in the context of Mie

theory. Additionally we have defined real components of the RI of the medium,

ηmedium, and the particle sphere, ηsphere. In the analysis given in 2.2 we compare

the scattering of gold nanoparticles (10 nm), with size parameter αAu=0.08, to

Lactobacilli particles. For a direct comparison the optical scattering has been cal-
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Parameter Lactobacilli spp. Gold Nanoparticles

In
pu

t
Diameter (µm) 1 1× 10−3

α 8.09 0.01
ηsphere 1.404 0.54
ηmedium 1.37 1.37

Concentration
(spheres/micron3)

1× 10−3 ∼106

O
ut
pu

t Qs 0.08 1.74× 10−9

σs (µm2) 61.74× 10−3 1.37× 10−15

µs (mm−1) 61.74× 10−3 1.37× 10−6

T 0.862 0.999

Table 2.2: Mie scattering calculations to compare Lactobacilli and gold nanoparticle
properties. The calculations were performed with (Prahl and Jacques, 2017) soft-
ware and literature values for the refractive indices were obtained in (Danielli, 2012)
and (Johnson and Christy, 1972) for Lactobacilli and gold respectively.

culated for the same medium, a ηmedium = 1.37 protein suspension from Danielli

(2012). As already stated the scattering coefficient, µs, represents the loss of energy

due to photon sphere interactions. This is related to the probability of transmis-

sion of the photon without reflection by scattering (T ), as defined in chapter 2 in

equation 2.5.

We calculate these values using approximate concentrations (given as number of

spheres per µm3) for collidal gold nanoparticles for Lactobacilli labelling and for

a l=2.4mm pathlength (which represents the maxmimum thickness of the mu-

cosa (Balica et al., 2017). The results are given in Table 2.2. We report a scattering

cross-section for gold nanoparticles σAu=1.37× 10−3 µm2 was obtained. There are

similar values reported in the literature for 13× 45 nm gold nanorods with a water

solution (Anderson et al., 2010). Given the similarity to literature values we apply

this to our bacterial cells (ηsphere=0.544, 532 nm (Johnson and Christy, 1972))

and attain a value of σLa=1.37× 10−3 µm2. Thus the scattering power is much

stronger for the bacterium due to its larger size however there is a lower concen-

tration present in the mucosa and we consider more relevant quantities. Thus, the
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probability of transmission without deflection TLac = 0.862 for Lactobacilli and,

comparitively, TAu = 0.999 for gold nanoparticles which is to be expected given

experimental evidence (Anderson et al., 2010).

Through this analysis we state that the transmission is ∼86% without photon

deflecting and, additionally, the transmission will in fact be ∼74% as the beam

travels through the mucus layer twice. This will not be significant as we will have

a large photon density across our FoV since the dominant scatter that we see in

our laser speckle image will be from the skin surface. Additionally, Lactobacilli

are partially transmissive and this calculation is made with simple approximations.

We also note that this is the worst case scenario, with our largest possible input

parameters and concentrations, in reality this would not be the case. Based on this

discussion we understand that there is a bacteria load in the mucus later that has

some optical significance. However, by making simple approximations we see that

the impact to optical measurements is negligible.

2.9 Conclusions

While we acknowledge the presence of these other established optical methods, in

this thesis, we focus on solely laser speckle scattering and oximetry measurement

techniques. We highlight these particular techniques since we believe that they are

the easiest to miniaturise and implement, given the time scale of this project. Each

imaging modality reviewed in this chapter has unique capabilities, and associated

advantages and disadvantages which can be related to the objective of this research.

Since there are no clinical (automated) tools to provide objective information to

support clinical decision-making, we believe it is appropriate to consider appropri-

ate optical techniques. In addition to this, some patients may find visual inspection

inconvenient or embarrassing. Therefore we also must consider the practical issues

and associated concerns in a healthcare environment.

In preference to other methods we decided to build an optical system based on laser
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speckle as a simple, safe, non-contact method to measure the surface roughness.

Particularly, we believe there is novelty in a speckle based device since no existing

miniature skin surface profiling systems are available on the commercial market.

Particularly we believe the underlying physics of laser speckle formation in human

skin for roughness measurements is largely unexplored. Additionally there may

be further application with the developing technique of OLSO. However, OLSO

was developed too-recently (results first presented in 2016) to apply this modality

to research within this thesis. Further, OLSO has not-yet been demonstrated in

vivo. At this point we make the comment that OCT is, in principle, well related

to speckle imaging, since both are based on the coherent property of the scattered

light. Consequently with this information we can begin to discuss the construction

of a multifunctional device and how it may be implemented in a clinical setting;

this is discussed within later chapters. Yet, we do recognise the importance for

elasticity, hydration and tissue thickness measurements in the clinical world and

we anticipate that the skills from this research will be applicable in developing

devices to assess these physical parameters of skin and epitheal tissue.

In addition we discuss the light scattering properties of human skin are due to

the various degrees of absorption, reflection and transmission as different tissue

structures have varying refractive indices and photon scattering effects. Monte

Carlo (MC) modelling techniques allow us to gain insight into these underlying

mechanisms. It is worth considering though that although the skin varies across the

body, the spectral response of various tissue constructs (e.g. melanin, water, blood

etc) is well understood and modelled computationally (Jacques, 2013; Wang and

Jacques, 1992; Fredriksson et al., 2012). For instance there is a difference between

non-hairy and hairy skin; since the latter contains follicles and sebaceous glands.

The palm of the hand also has a thicker epidermis to provide greater protection

and lacks hair follicles. Yet there are many functions of the skin not discussed since

they are outside the scope of this study e.g. regulating body temperature, sensing

pain through stimuli, participating in vitamin D synthesis etc.
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Thus, we opted to use objective speckle based instrument since we do not require

any imaging optics; this simplifies that manufacturing process since the only re-

quirement is a well aligned detector. Furthermore in discussion with collaborators,

see Chapter 5, we need to also include a conventional imaging camera. This allows

us to locate the particular ROI on the skin and have a frame of reference for the

tissue condition. Since we have this second imaging arm we can include oximetry

measurements. We believe we can achieve this using MSI methodology described

previously. Thus, through the development of our novel optical instrumentation we

can begin to understand ways to measure these influences on the physical properties

of human skin.

I accept that there has been little demonstration that static speckle, i.e. non-

Doppler, provides sufficient information on the surface roughness of the skin. It

is generally incorrect practice to progress to miniaturisation without a prior es-

tablished technique. In future it would be prudent to conduct a proof of concept

study, using a more accurate skin model, to fully validate the technique. However

we have described a good motivation for why these methods were pursued and it

was our challenge to demonstrate the validity, if possible, of these techniques. One

can then show positive (or negative) results from bench-top laboratory experiments

and, perhaps, plan a pilot study.
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Chapter 3

Surface scattering

This chapter outlines the body of knowledge that serves as a basis to understand

the theoretical roots of our study, these methods are then used in chapters 4 and

6. Primarily we are concerned with the electromagnetic scattering of waves from

randomly rough surfaces and how one can recover information about the surface

micro-structure based on the measurement of the scattered field.

The initial portion of this chapter is devoted to the existing research related to

the surface scattering problem. We discuss the physical origin behind various

multiple scattering phenomena that can exist when light interacts with a random

surface. A retrieval approach, from previous work, is then presented and we con-

sider the influences of different system parameters which have an impact on this

mechanism. There is an additional insight into the limitations of these physical

processes. Furthermore, we present our numerical modelling of this scattering re-

gime where we engage different scenarios to understand the dissipation of the light

field. We describe, in detail, our full forward propagation method to incorporate

the non-paraxial diffraction phenomena that we observe from the phase variations

in the reflected wave-front. We then extend this work, from opaque surface, onto

biological materials and discuss the effects of a multi-layered system on speckle

formation. Finally, in this chapter we discuss the application of our procedure and

its capability using miniature equipment for future work.
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3.1 Introduction

The ability to solve the inverse electromagnetic scattering problem has, fundament-

ally, been an issue within many realms of physics, (Hetland et al., 2016; Simonsen,

2010; Buchanan et al., 2005). Particularly, we are interested in how rough sur-

faces scatter light under laser beam illumination, given a set of initial conditions.

Much of the literature has discussed the possibility of resolving speckle interfer-

ence patterns based on the underlying interactions within the surface structure.

Since testing individual surfaces, with known facets, can be an exhaustive pro-

cess we require a rigorous numerical approach to calculate the irradiance from well

defined surfaces. Only recently has it been practically possible, largely due to high

computational power, to conduct rigorous computer simulations to calculate the

interferograms. These results facilitate thought discussion into methods to recover

the surface roughness from the speckle field.

The phenomena of speckle is a coherent effect which arises from the mutual interfer-

ence of a set of wavefronts on the scale of the incident wavelength of light, (Good-

man, 2008). For instance, when a rough object is illuminated under a spatially

coherent source one visualises a reflected interference pattern which has fine scale

fluctuations in the intensity; this granularity is known as ‘speckle’, (Goodman,

1976). These fluctuations originate from the relative phase change across the sur-

face due to its microstructure and, in the case of partially transmissive materials,

there is additionally volume scattering. We can begin to think of this effect in-

tuitively by sampling each point on the surface acting as a point-like emitter of

secondary spherical waves, (Beckmann and Spizzichino, 1963). This multitude

of complex phase components add together to form a scrambled wavefront that

propagates in free space. As a note, there are two modalities for such systems:

objective (no imaging optics) and subjective speckle (with imaging optics); in this

work we only consider the former i.e. free space surface scattering. The purpose

of this study is to simulate surface scattering behaviour, particularly, to accurately

56



3.2. Basis of diffraction theory

predict how a complicated speckle field is related to the surface profile producing

it. Intuitively we can begin to think of the conditions that influence the spatial

structure of a speckle pattern. For example, such factors as the geometry of the

system and the wavelength of the incident laser light (Goodman, 2008; Kayahan

et al., 2009) but, most importantly, the speckle pattern is clearly related to the

type of surface microstructure. The incidence and observation angles are clearly

influential since, in practice, we observe that points within the speckle seem to be

in focus even when we change the viewing angle.

This research requires the knowledge of diffraction behaviour and we establish

fundamental concepts in section 3.2. This leads to a literature review of surface

scattering models for random rough surfaces, (Beckmann and Spizzichino, 1963;

Goodman, 2008; Harvey et al., 2012) and we continue to discuss the numerical

generation of such surfaces in section 3.3. We then establish the existing models

for light scattering and discuss their implicit paraxial limit. Specifically we give an

overview of surface scatter theories (RR and BK) then proceed to discuss the GHS

method in section 3.4. Following this we further develop this knowledge to form

a parameter retrieval technique that has been developed in two articles, (Gao and

Zhao, 2009a; Zhao and Gao, 2009b). Finally, in sections 3.7 and 3.8, we proceed

to our numerical simulations and present results that determine how successfully

we recover our surface roughness parameters. This forms a theoretical framework

for our later experimental work.

3.2 Basis of diffraction theory

The premise of diffraction theory relies on each element of a wavefront being re-

garded as a source of a secondary wavelets which gives rise to a diffracted wave.

The positions of the wave-front, at any later time, is the envelope of such wavelets

and the consequent wavefunction is a summation of these individual packets. This

forms the basis of the Huygens-Fresnel principle which specifies that the secondary
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Figure 3.1: The principle of the wave optical propagation using Rayleigh Sommer-
feld integral, the diagram provides a visualisation into how the geometry maps the
irradiance of the object to the detection plane. We define the position vectors,
in accordance with equation 3.1, and the surface elements at the object (dS) and
detection planes (dS′) respectively.

wavelets were mutually interfering and it is these effects that lead to diffraction

patterns within the observation plane. This wave model of light behaviour presen-

ted an initial framework for wave propagation. Later research allowed for a more

analytical description of wave propagation and the formalism of diffraction effects

were made available. A mathematical treatment of the Huygens-Fresnel principle

was made possible by combining solutions of the wave equation through the use

of Green’s theorem, (Hecht, 1997). Thus, the Fresnel-Kirchoff integral theorem

(FK) was formed as a formulaic approach to express a diffracted field, however,

refinement of the model was required since there were inconsistencies with physical

principles. The Rayleigh-Sommerfeld (RS) integral, corrected for the field ambi-

guity at the aperture plane, and forms the foundation for scalar diffraction theory.

The general vector form of this diffraction formula is given by equation 3.1,

Un(x, y; z) = j

λ

∫ ∫
U0(x, y; 0)exp(−jk|rt − ro|)

|rt − ro|
· r̂ot · n̂o dS, (3.1)

where U0, ro and Un, rt correspond to the electric field and distance vectors at
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3.2. Basis of diffraction theory

the object and image plane as shown in Figure 3.1. Also we defined j to be a

complex number, λ is the wavelength the light at the object plane and k represents

the wavevector. The exponential factor within the integral, exp(−jk|rt − ro|),

expresses the Huygens principle in that each point within the extent of the aperture

acts a secondary source of spherical waves. The inclination factor, given as the dot

product of the unit distance vector and unit normal vector (i.e. r̂ot · n̂o), which is

often expressed as cosine factors in the angles the diffracting rays make with the

optical axis.

Conventional methods, for computing optical propagation, utilise a linear systems

approach to calculate the field propagating through free space, where a defined

transfer kernel is convolved with the initial field, (Schmidt, 2010). For typical

applications one tends to use Fresnel and Fraunhofer diffraction formulas which

impose limits on the incident aperture relative to the observation region since it is

easier to solve than the Rayleigh-Sommerfeld integral. However, we require a more

robust modelling since these methods only consider an expression from the first two

terms within the binominal expansion, (Hecht, 1997). The Rayleigh Sommerfeld

formula of diffraction can be expressed as 3.2,

Un(x, y; z) = F−1{F{U0(x, y; 0)}H(fx, fy, z)
}

(3.2)

where,

H(fx, fy, z) = F
{
z

exp (z2 + x2 + y2)
jλ(z2 + x2 + y2)

}
(3.3)

where fx and fy are the spatial frequency components, derived from cartesian space

x and y co-ordinates, of the observation plane and z is the propagation distance.

Thus, we see that the diffraction integral incorporates many physical principles of

light propagation. One can begin to form an understanding of this and develop a

general diffraction model for a rough reflective surface; as discussed in section 3.5.
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3.2.1 Formalism between Scattering and Diffraction

In the formulation of diffraction theory one needs to make a formalism between the

terms ‘scattered’ and ‘diffracted’ light. The discussion is rooted in the wave-particle

duality of light and, while they are caused by the same underlying principles, it is

important to distinguish between the phenomena. Diffraction is a property from

the propagation of waves and is a consequence of an interference based on the phase

relationship of a wavefront. Scattering, however, is a property of wave interactions

that incorporates the particle nature of photons; these effects can occur due to a

variety of reasons. Thus depending on the wavelength, compared to the size of the

scattering object, we can observe diffraction or geometric optics aka scattering as

discussed in, (Hecht, 1997).

Let us consider a case where we illuminate a surface that is smooth, that is a surface

whose irregularities are small compared to the incident wavelength, with a laser

beam. This reflects light as a single well-defined beam since the phase change is

small at the plane of incidence. This is known as specular reflection, (Hecht, 1997).

When an interface or surface is rough on length scales comparable to the wavelength

of the incident light, then the outgoing light will emerge over a broader range of

angles; which constitutes diffuse scattering, (Beckmann and Spizzichino, 1963).

Thus, as demonstrated in figure 3.5, we make the comment that for increasingly

rougher surfaces we observe more scattering and this begins to screen (or smear)

the specular peak of the propagation. For detectors of a finite size we observe a

specular and diffuse component to the electric field contribution. This is owing

to the coherent and incoherent superposition of the complex phasor amplitude

components, resulting from diffractive and scattering effects respectively. We will

continue to discuss the implication of this later in the thesis. For purposes of this

work, we use term ‘scattered light’ to really refer to the total emerging electric

field.

In our study we are largely interested in the scalar measurement of the electric
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3.2.2. Fundamental Properties of Speckle

field in free space and therefore we require a way to describe this dissipation of

energy. A fundamental quantity to describe the scattering process of reflective

samples is the Bi-Directional Reflectance Distribution Function (BDRF). First

considered by (Nicodemus et al., 1977) the BDRF is a measurement, in radiometric

terms, of the reflected (scattered) radiance, L(θs, φs; θi, φi), divided by the incident

irradiance, E(θi, φi) , as given in equation 3.4,

BDRF |θi,φi
= L(θs, φs; θi, φi)

E(θi, φi)
(3.4)

where we define the scattering event in terms of polar coordinates; a sketch and

definition of variables is provided in section 3.4. Similar quantities are useful such

as the Angle Resolved Scattering (ARS) which describe the ratio of scattered light

to the incident power from a surface into the backward hemisphere. While these

methods are typically used in computer graphics and vision algorithms; they still

provide a powerful tool to gain insight into surface scattering phenomena. A more

thorough physical model, the GHS theory formulates a scalar solution for the an-

gular radiance.

3.2.2 Fundamental Properties of Speckle

In this section we discuss some fundamental concepts and quantities associated with

speckle formation. However we only provide a brief overview of these statistical

properties and formal derivations, and a discussion of higher order speckle statistics,

can be found within (Goodman, 2008, 1979, 1976). It is easy to see that there is

spatial and intensity based information contained within the core of the speckle

pattern. If we project a laser beam into a wall or piece of paper we notice that,

if we step towards the speckle pattern the speckle grains shrink and, conversely, if

we squint the grains grow in size. It becomes important to try and explain this

behaviour using fundamental physics. Naively, one can say that there is a relation

between the spatial separation of the individual speckle blobs in the detector and
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3.2.2. Fundamental Properties of Speckle

with the particular statistics of the surface structure. However, in (Goodman,

2008), the theoretical treatment of the speckle pattern shows that the fine scaled

structure of the speckle pattern (the ACF) contains, primarily, information on the

brightness distribution across scattering spot. In (Lotay et al., 2015) an attempt

to uncover the surface rms roughness (σ) was made but was unsuccessful; yet

this provided more information on the secondary scattering from blood perfusion

(discussed in Chapter 4) in the tissue and the influence of the scattering geometry.

This is because the analysis was predominantly ad-hoc since the results mainly

encompass the statistics of the entrance pupil i.e. the size of the incident beam.

We therefore deduce, together with (Goodman, 1976), that the ACF of the speckle

pattern has only secondary information about the roughness of the surface.

A common way to describe a speckle pattern is through its first order statistics. The

probability density function of the speckle is driven by an exponential distribution,

of the form of equation 3.41,

p(I) =


1
〈 I 〉

exp I

〈 I 〉
, if I ≥ 0

0, otherwise
(3.5)

where 〈 I 〉 is the expected irradiance. A speckle pattern with such a distribution is

said to be ‘fully developed’ speckle, where the speckle phase is uniformly distributed

on the primary interval (-π, π), (Goodman, 2008). A particular quantity of interest

is the speckle contrast C and is derived from the second moment, i.e. variance, of

the intensity distribution which is defined simply to be,

C = σI
〈 I 〉

. (3.6)

where σI is the standard deviation of the intensity and 〈 I 〉 is the expected, mean,

value of the speckle pattern. This measures the strength of intensity fluctuations

relative to the average intensity and it is the reciprocal of the SNR.

62



3.3. Characterisation of Random Rough Surfaces

3.3 Characterisation of Random Rough Surfaces

There is a intuitive ‘feeling’ of roughness. From everyday contact with materials

the human eye can impress surface topologies, for example we can easily compare

a fractured rock to a piece of paper, but in a rigorous approach we require a

deterministic model to understand the light scattering properties. Indeed, we find

in nature that two random rough surface are never truly identical. Even the surface

topography does not provide significant information to describe the underlying

process that generated it. A surface has multiple qualities embodied by roughness;

in order to describe these quantities, however, one needs a complete deterministic

statistical model.

3.3.1 Statistical Model

If we consider surfaces to be continuous stochastic process then a scattering solu-

tion becomes more viable. More precisely, we say that surfaces are a statistical

process that is invariant under any arbitrary spatial translational and can be well

defined by a set of random variables (Simonsen, 2010). In such a way we can be-

gin to discriminate between different surface structures. In order to describe these

quantities encapsulated by roughness, one needs a complete deterministic statist-

ical model. There are multi-variate descriptions of surface roughness that consider

some characteristic spectral properties, (Ogilvy et al., 1987). However, we apply

the specific case of surfaces with a Gaussian height distribution. We further discuss

how appropriate this treatment is in relation to the skin surface, within Chapter

4. In this section we attempt to identify the underlying processes that govern

surface roughness and how we can quantify these differences in roughness through

statistical means. Suppose we define a surface profile function, ζ(x, y), that is a

single-valued height function of the lateral co-ordinates x and y. If we define our

surface to be planar on average, i.e. locally flat with a zero mean value, then we
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3.3.1. Statistical Model

are only considering spatial frequencies on the scale of micro-roughness, (Ogilvy

et al., 1987). Therefore we have equation 3.7 for a two-dimensional case,

〈ζ(x, y)〉 = 0, (3.7)

where the angle brackets signify a spatial average over a large spatial extent. As

an aside, we also assume that the surface is spatially ergodic, that is to say, the

spatial average is equal to an average over an ensemble of realisations of ζ(x, y).

With this we also assume that our process defines these surfaces to be stationary

such that the statistical properties are translationally invariant. Additionally, with

this distribution (and a zero mean height) we obtain a simple equivalence between

the RMS surface roughness σ and the standard deviation of this height distribution.

This is given by,

σ =
〈
ζ(x, y)2

〉 1
2 . (3.8)

Under the above assumptions, the local difference in height can be explained with

a height to height correlation dictated by,

〈
ζ(x, y)ζ(x′ , y′)

〉
= σ2C(τ), (3.9)

where σ is the RMS height of the surface profile and C(τ) represents the autocor-

relation function, which investigates periodic traits within a process. Assuming our

random rough surfaces have isotropic roughness, we can attribute these particular

statistics to our process from the definitions of the PSD,W (k), and the ACF, C(τ),

from equations 3.10 and 3.11 in (Beckmann and Spizzichino, 1963) defined by,

C(τ) = σ2 exp(−τ/T ), (3.10)

W (k) = σ2T 2π exp(−k2T 2/4), (3.11)
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where the standard deviation, σ, describes the root-mean-square of the amplitude

of ζ. The lateral correlation length, T , represents the periodicity of the surface for

which C(τ) falls to the value e−1. Additionally k is a spatial frequency variable that

allows us to describe the weighting of particular frequencies in the surface profile

and τ corresponds to the time lag of the surface function with itself. From T we

are provided with a scalar measurement of the spatial scale i.e. an average distance

between landmarks on the surface. In this parameter space one can characterise

the surface roughness using two decoupled, orthogonal values. Figure 3.2 presents

two 1-D surface plots to demonstrate how our parameters affect the structure.

Figure 3.2: Random rough surface realizations with a fixed RMS roughness at
(a) large and (b) small correlation distance. Plots are generated using the power
spectral densities defined in equation 3.11. The corresponding 2D phase screens are
given in figure 3.3 and a discussion of their generation is made within section 3.3.2.

In the majority of the theoretical studies for light scattering from rough surfaces,

the random surfaces are assumed to possess Gaussian height statistics, (Simonsen,

2010). Yet, many other power spectral behaviours can be adapted to describe a

surface, for example the use exponential and fractal PSD. However, this particular

use of Gaussian statistics is favoured as these surfaces are commonly found in

nature and in chapter 4 we validate the reasons for its application since human

skin possesses Gaussian statistics.

3.3.2 Numerical Generation of Random Rough Surfaces

With a statistical definition of randomly rough surfaces in place we can begin to

discuss numerical methods to describe light scattering behaviour. In a numerical
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simulation approach we require a way to generate individual surfaces, known as

realisations, that possess the appropriate statistical information. As the PSD of

randomly rough surfaces is well defined, in terms of spatial frequencies, we see

that an efficient way of generating these realisations is by using a Fourier filtering

method. In our approach we compute the surface realisations as spatially filtered

white noise; this is a similar method to (Ellerbroek and Cochran, 2001) for atmo-

spheric turbulence profiling. We compute our phase screens, i.e. a height map we

convert to phase values according to the formula 3.12,

OPD(x) =
{
F
[√

W (k)(r(k) + ir
′(k))

]}
(3.12)

where OPD is the phase screen, F is the two-dimensional spatial Fourier transform,

k̂ is a spatial frequency variable, r and r
′ are zero mean with unit variance real

valued white noise functions. This is a common method which generates the ran-

dom phase screen through a Monte-Carlo method, conducted within Python and

common libraries (Jones et al., 2001). The program calls random draws of Fourier

coefficients and synthesises a real valued phase screen; a similar implementation,

using other programming languages, is described in detail by (Schmidt, 2010).

(a) (b) (c) (d) (e)

Figure 3.3: 2D phase screen realisations for rough surface power spectra. Plots
demonstrate ascending correlation lengths (a - e) with a fixed rms. Input variables
are σ=50µm and T= (150µm to 50µm).

The phase screen is defined statistically given a known surface PSD which is Gaus-

sian and a well defined screen size in pixels (N). With this we can calculate the

precise surface roughness parameters: σ, the roughness magnitude and, T , the in-

trinsic correlation length relative to the pixel width. We do this by post-processing
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the phase screen. We collect the rms roughness (σ) and intrinsic correlation length

(T ) values through a least squares fitting, performed in Python, with the surface

ACF as defined in equation 3.10. We are able to form real-valued phase screens

as demonstrated in figure 3.3, which have been sampled at 1µm, to use in our

numerical modelling of surface scatter.

3.4 Surface Scatter Theory

The scattering system that we are chiefly concerned with is depicted in figure 3.4

and consists of an incident plane wavevector (k) upon an angle, θi, to the propaga-

tion axis and we have an isotropic surface profile function ζ(x1, x2). As a starting

point we can begin to say that the most significant regions of space that contribute

to the scattered field distribution is in the first few Fresnel zones, (Beckmann and

Spizzichino, 1963).

Figure 3.4: A sketch of the scattering geometry. The figure demonstrates a typical
scattering event on a surface, in our co-ordinate space the angles of incidence (θi,
φi) and scattering (θs, φs); with the corresponding lateral wave vectors k and q,
respectively.

Prior to any form of data analysis, we require a rigorous understanding of surface

scattering phenomena. We simplify the problem with the following assumptions
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3.4.2. Beckmann Kirchoff (BK) Theory

made within these models:

1. ζ(x, y) is a single-valued Gaussian random process.

2. ζ(x, y) is a locally stationary i.e. the roughness is homogenous and isotropic.

3. Shadowing, and multiple scattering effects, are neglected.

4. ζ(x, y) is a dielectric medium with finite conductivity.

We highlight the key models that have preceded this research and we employ the

aforementioned theories within the latter portion of this chapter. A derivation of

these theories, however, is beyond the scope of this review. In particular, we give

an overview of the classical RR and BK theories. We finish with a discussion of

unifying approaches and an overview of the GHS theory.

3.4.1 Rayleigh Rice (RR) Theory

The Rayleigh-Rice approach to predict surface scattering behaviour uses an exten-

sion of vector perturbation theory for ‘smooth’ surfaces in the roughness domain

of (4πσ/λ « 1) for arbitrary incident and scattering angles. There is a good agree-

ment between this theory and wide angle scatter experimental data, (Krywonos

et al., 2011). This approach is perhaps the most rigorous solution of Maxwell’s

equations, however, this solution is limited to a small perturbation to a perfectly

smooth surface. This method is typically limited for σ/λ < 0.5 and also fails to

predict accurate behaviour at shorter wavelengths, (Schröder et al., 2011a).

3.4.2 Beckmann Kirchoff (BK) Theory

The famous BK scattering theory is a scalar treatment of this behaviour given

in the monograph, (Beckmann and Spizzichino, 1963). Based on the Kirchhoff

diffraction integral, as described within section 3.2, Beckmann derived a closed

68



3.4.2. Beckmann Kirchoff (BK) Theory

form solution. The work contains expressions for the “scattering efficiency” in

form of an infinite sum and solutions exist for both very smooth surfaces (σ/λ� 1)

and for rougher surfaces (σ/λ� 1). However, this approach contains an implicit

paraxial approximation and, as such, it limits the ability to accurately replicate

wide-angle scattering phenomena for larger incidence angles. The major findings

from this work are closed form solutions, that exist in the specular direction, for the

mean scattered electric field and dissipated power. This is given by the expression

for the scattering coefficient equations 3.13 and 3.14,

D{p} = 〈pp∗〉 ≈ λT

4
√
πσL cos θi

(3.13)

〈pp∗〉 = exp
[
−
(4πσ cos θi

λ

)]
≡ exp[−g] (3.14)

where p corresponds to the scattering coefficient, L corresponds to the length of the

screen and g is an assigned parameter to describe the phase change at the surface.

This work is derived using the same geometry as figure 3.4 and (Beckmann and

Spizzichino, 1963) provides a full explanation. Albeit, in figure 3.5, we depict the

surface scattering behaviour for weakly interacting surfaces as a consequence of

these derivation. We have a large specular lobe for smoother surfaces and a small

amount of light is scattered into other directions. This non-specular component of

the scattered field is referred to as diffuse (or by some authors incoherent) scat-

tering. Thus, we transition from specular reflection to diffuse scattering for an

increasing surface roughness.

Figure 3.5: An illustration showing the transition from specular (Fig. 3.5(a)) to
diffuse scattering (Fig. 3.5(d)) of light from a surface of increasing roughness. Here
the g paramater changes from (a) g=0, (b) g� 1, (c) g> 1 and (d) g� 1. The
arrows indicate the direction of the incident light.
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3.4.3 GHS Surface Scatter Model

Recent progressions in the field allows for a linear systems formulation of non-

paraxial scalar diffraction theory i.e. (Krywonos et al., 2011) and, to better under-

stand surface scattering phenomena, we investigate this theory: the GHS model of

rough surface scatter. This method permits us to form numerical solutions, of the

diffracted radiance and other quantities, for surfaces with an arbitrary roughness.

In other words we only require information about the surface PSD. The model is

formulated by imposing a linear phase variation across the extend of the aperture,

due to the incident angle θi, which attenuates the irradiation in the detection region

and prompts non-paraxial propagation.

Figure 3.6: Different spatial-frequency regimes and their resulting effects upon
image quality. Diagram is adapted from (Krywonos et al., 2011)

With Figure 3.6 we observe the effect of different regimes of surface roughness on

imaging systems by measurement of the point spread function (PSF). For the low

spatial frequency regime we see a rise of conventional wave-front aberrations; for

instance a tip or tilt effect in the plane of the surface. There is a greater smearing

of the image core content for mid spatial frequencies and a broader scattered halo.

Wide angle scattering results from high spatial frequencies and, from Figure 3.6
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this can severely affect image contrast for faint point sources as discussed in depth

in (Krywonos et al., 2011; Johansen, 2015; Harvey et al., 2012). It is found that

some spatial frequencies that are present in the surface PSD, only contribute to

evanescent modes. These are imaginary and do not contain any energy towards the

scattered intensity. This occurs when the spatial frequencies are greater than 1/λ,

and for a given incident angle θi. It is sensible to define the relevant rms surface

roughness σrel to be band-limited by the integral,

σrel =
√∫ 1/λ2+fo

−1/λ2+fo

∫ 1/λ2−(fx−fo)2

−1/λ2−(fx−fo)2
PSD(fx, fy)dfydfx (3.15)

Consequently, the scattering behaviour is characterised by a surface transfer func-

tion, Hs, defined in equation 3.16,

Hs(x̂, ŷ; γi, γs) = exp
{
− [2πσ̂rel(γi + γs)]2

[
1− ACV (x̂, ŷ)

σ2

]}
(3.16)

where γi and γs are the cosines and the incident and scattered angles. The x̂, ŷ

and σ̂rel are normalised by λ for convenience. It is important to note that, under

this formulation, the calculation is undertaken in a unit circle i.e. unitary radius

for simplicity. The surface transfer function can be written as in equation 3.17,

Hs(x̂, ŷ; γi, γs) = A(γi, γs) +B(γi, γs)G(x̂, ŷ; γi, γs) (3.17)

where,

A(γi, γs) = exp
{
− [2πσ̂rel(γi + γs)]2

}
,

B(γi, γs) = 1− exp
{
− [2πσ̂rel(γi + γs)]2

}
,

G(x̂, ŷ; γi, γs) =
exp

{
− [2π(γi + γs)]2

σ̂2
rel
σ̂2 ACV (x̂, ŷ)− 1

}
exp−[2π(γi + γs)]2σ̂2

rel − 1
,

(3.18)

where A(γi, γs) and B(γi, γs) correspond to the fraction of the total reflected ra-

diant power in the specular and scattered components, respectively. Thus the
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numerical results of the radiant scattering distribution can be calculated over the

entire observation space. The Fourier transform of this surface transfer function

yields a scattered radiance distribution S which is closely related to the BDRF,

(Krywonos et al., 2011). The results are given in equation 3.19,

S(α, β; γi, γs) = F{Hs(x̂, ŷ; γi, γs) exp (−i2πβoŷ)}. (3.19)

The intensity at a particular point in observation space (cosines α and β) is then

given by 3.20,

I(α, β; γi) = K(γi) cos θi
∑
j

∑
k

S(αj , βk; γi, γs). (3.20)

whereK(γi) is a re-normalisation constant. A more extensive review of GHS theory

is provided in (Krywonos, 2006) and is shown to be suitable in practical applica-

tions. Namely, this derivation agrees well with experimental data and allows for

the characterisation of wide angle scattering behaviour based on a two-parameter

family of surface transfer functions. We can therefore begin to discuss recovery

mechanisms, given the initial conditions of our scattering system.

3.5 Surface Parameter Retrieval

In recent years, practical instruments to measure roughness using laser speckle have

been made realistically possible due to the development of laser sources and light

registration devices (Sirohi, 1993). In this way we can begin to formulate a process

to critically evaluate the roughness of skin surfaces. We hypothesise that a survey

on opaque surfaces, first, is necessary since evaluation of a surface scatterer (with

no volume backscatter) is more straightforward. Particular the work of Zhao and

Gao (2009b) is thoroughly discussed in this thesis; this work was formulated for

slightly rough surface and pertains only to scattering from opaque surfaces (i.e. no

volume scatter), in section 3.5.1.3. Therefore in this section, critically, the range of
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roughness is discussed and how one can extend this to the biologically relevant skin

surfaces. Thus we can proceed to an evaluation of semi-transparent materials, such

as human tissue, where the filtering of volume scattering effects can be discussed.

3.5.1 Low Order Roughness

In this review we aim to, initially, examine current speckle techniques used in in-

dustrial applications for profiling materials such as metal surfaces. While these

methods are still in their infancy, it is integral to appreciate the difficulties and

associated limitations. These techniques can broadly be categorised into two ap-

proaches (a) by analysing properties of a single speckle pattern and (b) a compar-

ison of two or more speckle patterns.

3.5.1.1 Correlation methods

Speckle correlation methods analyse the degree of decorrelation between two or

more speckle images. This can be accomplished by adjusting the wavelength of

light irradiating the surface (Peters and Schoene, 1998) or the angle of illumin-

ation (Ruffing, 1986) and analysing the intensity distribution under these differ-

ent conditions (Lehmann, 2002). This is possible since the Optical Path Differ-

ence (OPD) across the surface is different for each scenario. Despite the theoretical

foundation, established in (Goodman, 1976; Sirohi, 1993), this method is inappro-

priate for use on human skin in situ. This is due to large dimensions involved

(required for a change in angle) and the prominence of internal multiple scattering

that contributes significantly to the total speckle decorrelation (Tchvialeva et al.,

2010b).

3.5.1.2 Speckle image texture analysis

These approaches analyse the textural features within a single speckle pattern

image. The analysis utilises image classification techniques such as speckle elong-
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ation (Lehmann, 1999), co-occurence matrics such as the GLCM (Lu et al., 2006;

Haralick et al., 1973), fractal features of the speckle pattern (Kuznetsov et al.,

2013) or the mean speckle size (Kayahan et al., 2009; Lotay et al., 2015). The main

drawback of these approaches is that the relationship between the texture patterns

metrics and the surface roughness needs to be empirical i.e. based on experimental

observation only. That is to say that the underlying physics, scattering mechan-

isms and imaging geometry are not considered. The influence of these parameters

can be quite critical to speckle pattern formation (Markhvida et al., 2007) so an

experiment needs to be carefully designed to appreciate this issues; rather than an

arbitrary alignment of devices (Kuznetsov et al., 2013). For these methods a care-

ful calibration between texture features and surface roughness is required but even

still this is largely ad-hoc. Thus, the results from these methods do not conform

to ISO standards for surface roughness profile parameters (ISO 4287) (Tchvialeva

et al., 2010b). In the early stages of our research we found that common texture

analysis techniques, such as GLCM (Haralick et al., 1973) and granulometry, were

not sensitive enough on our instrument. Although, since a speckle image can be

captured easily by a camera, a greater understanding of the physics behind the

speckle formation can lead to a more thorough surface parameter retrieval process.

3.5.1.3 Speckle contrast techniques

Speckle contrast is a fundamental quantity associated with the statistical properties

of the speckle pattern formation (Goodman, 2008), as established in section 3.2.2.

When the speckle contrast differs from unity, then one can connect the properties

of the scattering medium, the light source, and the optical system. For instance

for a polychromatic source, such as a laser, we exhibit a reduction of contrast.

This occurs due to the superposition of the modes of laser and therefore leads

to a partially coherent output beam. This situation emerges when the difference

between optical path lengths becomes comparable with the coherence length of

the light source (Markhvida et al., 2007). Therefore, the speckle contrast (K)
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is related to the coherent properties of the light source, extent of surface rough-

ness and the detector (with fixed spatial resolution that implicates the measured

speckle) (Tchvialeva et al., 2010a). Thus further reduction of contrast is caused by

differences in the OPD between the elementary scattered waves compared to the

incident wavelength (λ) of the partially coherent source (Fujii et al., 1976; Tchvial-

eva et al., 2010a, 2009).

RMS roughness (µm) 

Figure 3.7: Chart demonstrating the roughness range achieved by existing speckle
analysis techniques, reproduced from Tchvialeva et al. (2010b). This roughness
range is given in a log scale and the techniques refer to data in [1]: (Peters and
Schoene, 1998); [2]: (Death et al., 2000); [3]: (Lehmann, 2002); [4]: (Lu et al., 2006);
[5]: (Li et al., 2006); [6]: (Lehmann, 1999); [7]: (Fujii et al., 1976); [8]: (Sprague,
1972).

In Figure 3.7 we provide a review of current methods and we see that in the weak

scattering limit, where we have a transition from specular (coherent) to diffuse

(incoherent) scattering, the roughness is limited to 0.3λ∗. Note that Figure 3.7

is a graphical representation to show where these techniques have been shown

to succeed. We refer to the literature to establish the range of roughness these

techniques work, however, there are no reported errors to define the accuracy of

the specific value of RMS roughness. Most importantly, it is shown in (Cheng et al.,

2002) the speckle contrast can be expressed in terms of the diffuse and specular
∗ However, this limit can be increased up to a factor of 4 with an oblique angle of incident to

the sample (Lisa and Toal, 1998).This does not extend our detection range to make it suitable for
human skin in vivo
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components of the scattered field and we can look to implement a two-parameter

surface retrieval method from Zhao and Gao (2009b); we discuss in section 3.5.1.4.

The emphasis, in the work by Zhao and Gao (2009b), is on the scattering from

slightly roughened surfaces where the specular component of the scattering is fairly

high compared to the diffuse. However this is not applicable for skin surfaces

since the measurable roughness can vary between the range 10 - 100µm, as we

demonstrate in Chapter 4. Therefore we require a speckle technique that can

measure very rough surfaces (σ � λ) and the OPD between elementary waves is

much larger than the incident wavelength. We discuss the use of Gao and Zhao

(2009a) to understand the derivation of the weak scattering limit, see Figure 3.7,

since it forms the starting point for a two-parameter recovery method; even in this

regime. It is important to also consider that some of the diagrams and constraints

of the scattering system are valid for any arbitrary roughness. Thus we can continue

our discussion from slightly rough surfaces (σ ∼ 0.3λ) to large roughness (σ � λ).

3.5.1.4 Spatial averaging method

From existing surface scatter theories we can begin to understand, and make pre-

dictions on, the underlying physics that dictates speckle pattern formation from a

random rough surface. Rather than incorporate a wide angle scattering solution

we pragmatically need to consider a physical model for a single angle sensor in a

fixed geometry, as we discuss in Chapter 4. A derivation of diffraction equations,

for weakly interacting rough surfaces, is presented in this section in which we high-

light the key findings from (Gao and Zhao, 2009a) as well as add our comments on

the process. This retrieval mechanism attempts to decouple the two components

of the reflected beam, specular and diffuse based on the complex-amplitude distri-

bution of the speckle field at the detector. As such, a full parameter space, of σ

and T , can be explored knowing the constraints of the system to appreciate how a

rough surface scatters coherent light. We have attempted to use the same notation

as the literature to avoid confusion.

76



3.5.1.4. Spatial averaging method

Beginning with scalar diffraction theory 3.1 one can calculate the electric light field

distribution in the observation plane, originating from a rough surface, given by

equation 3.21 in free space propagation.

U(P0) = − i
λ

∫ ∫∑ U(P1)e
ik(r01)

r01

cos(n, r01) + cos(n,k21)
2 dS, (3.21)

where P0 is the observation plane in the diffraction regime, P1 represents a point

on the surface and
∑

signifies the surface integral. Figure 3.8 illustrates this

local scattering geometry for a coherent plane wave impinging on the surface. One

therefore assumes without loss of generality that the incident illumination is planar

with uniform amplitude A0 and that the wave only alters the phase (ignoring

absorption and other effects). Thus, the phase change at point P1 is given by 3.22,

∆φ = k(x1 sin θ − z1 cos θ), (3.22)

where k = 2π/λ corresponds to the wavenumber and λ is the wavelength of in-

cident light. Clearly then, if two rays interfere such that ∆φ = π they will be in

phase and cancel. Conversely, for ∆φ = 0 the surface is smooth and reflects spec-

ularly, (Beckmann and Spizzichino, 1963). The complex amplitude distribution of

the incident light at the actual surface is demonstrated in 3.23,

U(P1) = A0 exp(i∆φ) = A0 exp
[
ik(x1 sin θ − z1 cos θ)

]
. (3.23)

The inclination factor can be expressed through the height deviation from the mean

plane z = h(x, y) for each axial component using the downward unit vector n i.e.

n = [nx, ny, nz] =
[

hx√
h2
x + h2

y + 1
,

hy√
h2
x + h2

y + 1
,

−1√
h2
x + h2

y + 1

]
, (3.24)

where hx = δh(x1, y1)/δx and hy = δh(x1, y1)/δy. So for a vector, r01, from to

P1 point P0 in our observation space where r01 = [x1 − x0, y1 − y0, z1 − z0] and
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Figure 3.8: Local surface geometry: θ is the angle of incidence with respect to the
normal vector n, β is the angle between a point on the detector P0 and the tangent
plane, P1 is the projection point on the surface, k and q are the incoming and
outgoing wavevectors respectively from the surface ζ(x, y).

k21 = k[sin θ, 0,− cos θ] one calculates the dot product to attain,

cos(n, r01) = hx(x1 − x0) + hy(y1 − y0) + (z1 − z0)√
h2
x + h2

y + 1
√

(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2
, (3.25)

cos(n,k21) = hx sin θ + cos θ√
h2
x + h2

y + 1
. (3.26)

Given that this vector modulus from P1 to P0 is given by,

r01 =
√

(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2 (3.27)

and the area element at point P1 on the surface is ds =
√
h2
x + h2

y + 1 dx1dy1.

One can form an expression for a general diffraction equation for a rough reflective

surface using 3.24 which yields,

U(P0) = − i

2λ

∫ ∫
D
A0 exp[i2π

λ
(x1 sin θ − z1 cos θ)]

×exp
√

(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2√
(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2

×
{ hx(x1 − x0) + hy(y1 − y0) + (z1 − z0)√

h2
x + h2

y + 1
√

(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2
+ hx sin θ + cos θ

}
dx1dy1,

(3.28)
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where D signifies the integral region at the mean plane. This equation is incredibly

difficult to calculate and, thus, one must make some approximations for its use

in any practical situation. Namely that the relative distance between planes (i.e.

distance L) is much greater than illuminated area of the surface and that the

observation point P0 is close to the q axis. In order to simplify the expression the

exponential phase factor is Taylor expanded to its quadratic term. In the far-field

diffraction regime, we approximate that the linear dimensions of the surface element

(or aperture) are much smaller compared the lateral distance to the observation

plane i.e. we have

(x2
1 + y2

1)max << λL/π. (3.29)

We also employ the pupil function P (x1, y1) to confine the illumination area and

apply a co-ordinate transform to our detection plane, in other words,

x0 = L sin θ + ξ cos θ,

y0 = η,

z0 = L cos θ − ξ sin θ.

In this regime it is implied that the quadratic phase factor, presented in detail in

the literature, tends to unity across the whole aperture. Therefore the far-field

diffraction equation for a reflective surface becomes,

U(P0) = U(ξ, η) = B(ξ, η)
∫ ∫ ∞

−∞
U0(x1, y1)K(x1, y1; ξ, η) (3.30)

where,

B(ξ, η) = A0 exp(ikL)
i2λL exp

[
i
k

2L(ξ2 + η2 sin2 θ + 2Lη cos θ)
]

U0(x1, y1) = P (x1, y1) exp(−i2kz1 cos θ) exp
[
i
k

2L(x2
1 cos2 θ + y2

1)
]

K(x1, y1; ξ, η) = exp
[
i
k

L
(ξy1 + ηx1 cos θ sin θ)

] (3.31)

where P (x1, y1) is the pupil function, B(ξ, η) is the inclination factor associated

with equation 3.21, U0(x1, y1) represents the complex amplitude factor of the sur-

face and K(x1, y1; ξ, η) presents the propagation factor of the optical system. The
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implication of these factors, as well as a detailed derivation, is extensively discussed

in the source material i.e. (Gao and Zhao, 2009a).

With this formulation in place we can begin to target a dual parameter recovery

of the surface statistics. Most procedures involves a single rms, σ, recovery of the

surface structure, (Tchvialeva et al., 2012; Lee et al., 2009; Tchvialeva et al., 2009)

using speckle contrast. However, this results in a number of discrepancies and does

not fully describe the surface, as described previously. The following text discusses

the retrieval process which is based from the spatial averaging analysis for speckle

pattern in specular direction described in detail in Zhao and Gao (2009b). The

principle of this relies on the spatial averaging of a non-stationary speckle image.

We assume that the total intensity in the observation plane is a superposition of

the specular and diffuse components i.e.

〈I(ξ, η)〉 =
〈
| Utot |2

〉
=
〈
| Us |2

〉
+
〈
| Ud |2

〉
= Is + 〈| Id |〉 . (3.32)

Therefore for a zero-mean Gaussian random process, we substitute into equa-

tion 3.30 to form an expression for the specular intensity,

Is =
〈
| Us |2

〉
= exp

[
− 4k2 cos2 θσ2]C(ξ, η), (3.33)

where C(ξ, η) = B((ξ, η)
∫ ∫∞
−∞

(
U0(x1, y1)− 〈U0(x1, y1)〉

)
K(x1, y1; ξ, η) which is a

function of the optical system. Thus, for a fixed point in observation space, the

specular intensity Is has no dependence on the correlation length, T . However, since

equation 3.33 depends on ensemble averaging we need to consider ergodicity. For

an ensemble to be considered an ergodic process it must have the same behaviour

averaged over time as averaged over space. From (Goodman, 1979), one can assume

local ergodicity provided we restrict ourselves to a sufficiently small observation

space. Therefore if we partition the speckle image into small regions then we can

sum these regions to form our expression for the specular intensity 3.34,

Is =
2[
∑Wx
x=1

∑Wy
y1 I(x, y)]2 −WxWy

∑Wx
x=1

∑Wy
y1 I2(x, y)

W 2
xW

2
y

. (3.34)
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From this information we can discuss the recovered parameters (σREC and TREC)

and how to apply this process into practical scenarios. These solutions are adapted

from the work in both (Zhao and Gao, 2009b; Gao and Zhao, 2009a) where further

detail is available. Our recovery equations are defined by equations 3.35 and 3.36,

σREC = λ

4π cos θ

√
ln
(

A2
0S

2

Isλ2L2 cos2 θ

)
, (3.35)

TREC = λ

4πσ cos θ

√
S

2π

[ 1
1− C2

I

− 1
]
, (3.36)

where S is the illuminated area, θ is the incident angle to the surface, A0 is incident

field amplitude, L is the propagation distance and λ is the incident wavelength.

From our image we interpret both CI , the speckle contrast defined by the probab-

ility distribution of speckle formation, (Goodman, 2008), recorded at the detection

plane. Generally speaking, we have found a way to describe the degradation of

the specular lobe, the g parameter from (Beckmann and Spizzichino, 1963) in Fig-

ure 3.5, for increasingly rougher surfaces.

As a note it is important to discuss the units from these recovery equations, since

σREC and TREC are dependant on λ and therefore require in microns. It appears

as though the equations from Gao and Zhao (2009a) are inhomogenous and, even

though we have followed the derivation of these equations, we have do not have a

formal reason for why this is. The authours of this work have been contacted since

the derivation is beyond the scope of this work. However, this mechanism is still of

interest since the results in equations 3.35 and 3.36 are in accordance with the mean

power dissipation given by the Beckmann’s solution for a random rough surface, in

equation 3.14. Therefore we can apply this existing work for speckle-based surface

profiling.
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3.5.2 High Order Roughness

We have discussed lower order roughness for opaque surfaces and discussed the

limitation of current techniques is provided by the diagram in Figure 3.7. However

we need to extend our detection range since, for skin surfaces the roughness may

be up to 100µm (where σh�λ). This has been largely unexplored in the literat-

ure however we highlight relevant research for our application to investigate skin

structure.

In section 3.5.1, we have discussed low order roughness measurements for opaque

surfaces using speckle. These techniques are largely ad-hoc and have a limited

range as illustrated by the diagram in Figure 3.7. However we need to extend

our detection range since, for skin surfaces the roughness may be up to 100µm

(where σh�λ). In recent work, (Tchvialeva et al., 2010a), it is claimed that a

skin roughness measurement assessment is made possible using a source with an

arbitrary laser spectral profile. By formulating a theory for speckle formation under

a polychromatic source, one can deduce a calibration curve for speckle contrast as

a function of: spectral profile, surface roughness, and the geometry of speckle

formation. We provide a summary of this work and the theory associated with the

calibration curve formulation.

For a polychromatic light source, that is incident on a rough surface one can express

the total intensity of the scattered field as a sum of the individual monochromatic

speckle pattern intensities. This is described by,

I(x) =
∫ ∞

0
F (k)I(x, k)dk (3.37)

where k is wave number, F (k) is the spectral profile of the illumination light, x is a

vector in the observation plane and speckle intensity I(x, k) for each wavevector k.

From equation 3.37 we draw the fact that a speckle pattern (I(x, k)) is generated

from each distinctive mode of the light source. Thus, a superposition of these
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individual speckle patterns will reduce the overall contrast; we investigate this

numerically in Chapter 4. In other words the individual speckle patterns, formed

from each laser mode, are mutually incoherent. One can then calculate the variance

from equation 3.37,

〈 I2(x) 〉 =
∫ ∞

0

∫ ∞
0

F (k)I(x, k)dk1dk2 (3.38)

This leads to,

σ2
I = 〈 I2(x) 〉 − 〈 I(x) 〉2

=
∫ ∞

0

∫ ∞
0

F (k1)F (k2)
[
〈 I(x, k)I(x, k) 〉 − 〈 I(x, k) 〉〈 I(x, k) 〉

]
dk1dk2

(3.39)

It has been shown in (Markhvida et al., 2007) that equations 3.37 – 3.39 can

be transformed under a particular geometry to yield an equation for the speckle

contrast, C, as a function of roughness, σ. This formulation is beyond the extent

of this discussion however the final result is,

C2(σ) =
2
∫∞

0

( ∫∞
0 F (k)F (k + ∆k)dk

)
exp

(
−(2σ∆k)2

)
d∆k( ∫∞

0 F (k)dk
)2 (3.40)

Thus the calculation of a calibration curve for the speckle contrast, C, and rough-

ness, σ, is made quite simple by evaluating equation 3.40. This is made possible

with knowledge of the emission light source spectrum F (k) of a partially coherent

source. In (Tchvialeva et al., 2010a) surfaces have been evaluated in the range

1 – 73µm, and it was found that the method worked on both Gaussian and non-

Gaussian surfaces. In this sense this method is beneficial since all surface possess

first order statistics i.e. one can measure the Root Mean Square (RMS) of any

surface profile. However we will not have a full description of the surface since

one cannot evaluate a rough surface using a single parameter; we discuss this ex-

tensively in section 3.8. In this thesis, we shall continue to use both methods and

discuss their relevance to particular situations.
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3.5.2.1 Calibration Curve

From section 3.5.2 we can express a calibration curve for the speckle contrast

against RMS roughness. The numerical calculation is made using the laser source

spectrum acquired in Chapter 4, this lies within a similar spectral shape as in (Tchvial-

eva et al., 2010a) for red and blue lasers, as shown in Figures 3.9.

ARTICLE IN PRESS

To find a calibration curve we performed a numerical
integration of Eq. (10) with the experimental diode laser spectra
converted to F(k). The calculated dependence of contrast vs
roughness is shown in Fig. 3(a). It should be noted that these
curves do not describe contrast behavior in the submicron range.
For comparison, we include the calibration curve for a light source
with a Gaussian profile and with the same halfwidth as the red
laser spectrum envelope in Fig. 3a (dotted line). Despite the
similar trend for calibration curves generated by the Gaussian
[15,16] and non-Gaussian sources, it is evident that the former
curve cannot be used for precise measurements. For example, a
speckle contrast of 0.8 corresponds to roughness about 60mm
using the curve calculated from (10) while the Gaussian spectrum
example results in a roughness value of about 150mm.

In Fig. 3(b), we show the first derivates of the normalized
calibration curves vs. roughness to find the highest measurement
sensitivity and to identify the effective measurable roughness
range for our light sources. The blue diode works better for
roughness of around 20mm, while for the red diode it is about
40mm. The accuracy of the contrast measurements that we
obtained in experiments was approximately 0.01. Using the first
derivative we can estimate that the best accuracy we can expect is
about 1mm for the blue laser and about 2mm for the red. The blue
diode provides better accuracy overall, and both lasers can be
effectively used for roughness ranging up to 100mm.

4. Experiment

In this section, we discuss the set-up of the experiment
and compare the experimental results with the calculated
calibration curves.

For the experimental targets, we chose a set of 20 metal
surface roughness standards with three types of finishing: grid-
blasted (G-6, Gar Electroforming Division, Electroforming, Inc.,
USA), spark erosion (Microshurf #331, Rubert+Company Ltd., UK),
and casting (Microshurf #334, Rubert+Company Ltd., UK). We
scanned these surfaces with a WYKO profilometer and calculated
their rms roughness. The set of 20 surfaces provided a roughness
range 1–73mm. Analyzing the histograms of roughness showed
that most of the surfaces had a Gaussian distribution. Some
exceptions were noted for the large scales; Fig. 4 illustrates the
most significant difference. While Microshuft #331 had a
Gaussian distribution, the Microshuft #334 histogram
deviated from a Gaussian function significantly. Therefore, we
were able to test our method with both Gaussian and non-
Gaussian surfaces.

The laser speckle set-up is shown in Fig. 5. A parallel laser
beam illuminated a surface of interest. The scattered light was
acquired by a monochrome CCD camera (mvBlueFOX-M124G,
Matrix Vision GmbH, Germany) without an imaging lens. The
Pellicle beam splitter provided a 01 beam incidence and speckle
pattern observation in the specular direction. Although the optical
configuration is very simple, the principles described next must
be observed in order to achieve proper measurements.

The key design points are proper level of intensity, well-placed
distances amongst the source, target and the camera, appropriate
speckle size, and reduction of camera dark current and ambient
illumination. We discovered that the average intensity can be
estimated as /IS¼2m/ln N, where m is the depth of a camera pixel
and N is the number of speckles. The derivation of this equation is
out of the scope of this paper and we are preparing another article
to fully analyze the effect of the camera resolution on the average
intensity. Essentially, the typical value of /IS for a 8-bit camera
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integration of Eq. (10) with the experimental diode laser spectra
converted to F(k). The calculated dependence of contrast vs
roughness is shown in Fig. 3(a). It should be noted that these
curves do not describe contrast behavior in the submicron range.
For comparison, we include the calibration curve for a light source
with a Gaussian profile and with the same halfwidth as the red
laser spectrum envelope in Fig. 3a (dotted line). Despite the
similar trend for calibration curves generated by the Gaussian
[15,16] and non-Gaussian sources, it is evident that the former
curve cannot be used for precise measurements. For example, a
speckle contrast of 0.8 corresponds to roughness about 60mm
using the curve calculated from (10) while the Gaussian spectrum
example results in a roughness value of about 150mm.

In Fig. 3(b), we show the first derivates of the normalized
calibration curves vs. roughness to find the highest measurement
sensitivity and to identify the effective measurable roughness
range for our light sources. The blue diode works better for
roughness of around 20mm, while for the red diode it is about
40mm. The accuracy of the contrast measurements that we
obtained in experiments was approximately 0.01. Using the first
derivative we can estimate that the best accuracy we can expect is
about 1mm for the blue laser and about 2mm for the red. The blue
diode provides better accuracy overall, and both lasers can be
effectively used for roughness ranging up to 100mm.

4. Experiment

In this section, we discuss the set-up of the experiment
and compare the experimental results with the calculated
calibration curves.

For the experimental targets, we chose a set of 20 metal
surface roughness standards with three types of finishing: grid-
blasted (G-6, Gar Electroforming Division, Electroforming, Inc.,
USA), spark erosion (Microshurf #331, Rubert+Company Ltd., UK),
and casting (Microshurf #334, Rubert+Company Ltd., UK). We
scanned these surfaces with a WYKO profilometer and calculated
their rms roughness. The set of 20 surfaces provided a roughness
range 1–73mm. Analyzing the histograms of roughness showed
that most of the surfaces had a Gaussian distribution. Some
exceptions were noted for the large scales; Fig. 4 illustrates the
most significant difference. While Microshuft #331 had a
Gaussian distribution, the Microshuft #334 histogram
deviated from a Gaussian function significantly. Therefore, we
were able to test our method with both Gaussian and non-
Gaussian surfaces.

The laser speckle set-up is shown in Fig. 5. A parallel laser
beam illuminated a surface of interest. The scattered light was
acquired by a monochrome CCD camera (mvBlueFOX-M124G,
Matrix Vision GmbH, Germany) without an imaging lens. The
Pellicle beam splitter provided a 01 beam incidence and speckle
pattern observation in the specular direction. Although the optical
configuration is very simple, the principles described next must
be observed in order to achieve proper measurements.

The key design points are proper level of intensity, well-placed
distances amongst the source, target and the camera, appropriate
speckle size, and reduction of camera dark current and ambient
illumination. We discovered that the average intensity can be
estimated as /IS¼2m/ln N, where m is the depth of a camera pixel
and N is the number of speckles. The derivation of this equation is
out of the scope of this paper and we are preparing another article
to fully analyze the effect of the camera resolution on the average
intensity. Essentially, the typical value of /IS for a 8-bit camera
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Figure 3.9: Red and blue laser diode spectral profiles and their corresponding
calibration curves, as presented in (Tchvialeva et al., 2010a). The dotted line on
the calibration curve corresponds to the extremity: a Gaussian source.

There are a number of design features that have been reported from the research

conducted by Tchvialeva et al. (2010a) and Louie et al. (2017). In this work, the

authors judge an appropriate average intensity to be approximately 〈I〉 = 30 gray

level value, for an 8-bit depth camera. This is made possible through well-placed

source with known spectral information, target and camera distances. Also we need

to consider the average speckle size, which is influenced by the entrance pupil as we

have discussed previously (Goodman, 1976) In chapter 4 we present an instrument

with these key design points in mind. We additionally present an implementation

of this method using an arbitrary laser spectral profile to show that this retrieval

process has potential.

3.6 Speckle formation in biological tissue

For partially transmissive materials, such as biological tissue, light penetrates the

medium and is multiply scattered amongst layers in the medium. In biological tis-

sue there is very rapid decorrelation of the speckle field due to the interaction of the
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3.6. Speckle formation in biological tissue

incident light field within the tissue due to blood motion, depolarisation and mul-

tiple scattering; this is discussed in Chapter 2. We note that this is only true when

the integration time of the sensor is longer than the speckle fluctuation. As such,

we need to consider that fact that tissue behaves as a volume scatterer as opposed

to exclusively a surface scatterer. Further, we can discern the probing depth within

tissue since this is dependant on the incident wavelength of light. The photon path

length in tissue is smaller for shorter λ (Prahl and Jacques, 2017) and therefore

depending on the incident wavelength we can attempt to selectively distinguish sur-

face reflection from epithelial and sub-cutaneous tissue. This is possible due to the

absorption spectra of tissue, thus, the probability of photon extinction, transport

mean free path, depolarisation and intensity decay in the tissue increases for larger

λ. From the literature we have seen how one can manipulate the statistics of the

speckle to extract information from human skin; in Chapter 2. This is with regard

to its the spatial structure (static component) and the motion of a bio-objects (dy-

namic component) with the scattered speckle field (Tuchin, 2007b; Boas and Dunn,

2014; Stern, 1985). For our work we only discuss the spatial information relevant

for surface roughness evaluation and, in this thesis, we attempt to discriminate

between these static and dynamic effects caused by volume scattering.

Speckle fields emanate from different layers and this causes additional scattering.

Consequently, the objective speckle is blurred in the observation plane causing a

reduction in contrast. Therefore the laser speckle is said to not be ‘fully developed’

as the brightness distribution does not follow the negative exponential relationship

as derived by Goodman (1979). From Kirkpatrick and Duncan (2003) one can

derive an expression for the intensity Probability Distribution Function (PDF) for

an heterogeneous media with known scattering properties,

p(I) = 4
(

I

〈 I 〉2
)

exp
{
− 2I
〈 I 〉

}
. (3.41)

This intensity PDF is Rayleigh distributed and the most probable intensity value
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3.6.1. Optical Discrimination between Surface and Volume Scattering

is no longer equal to zero. For longer integration times, destructive interference

is more probable. Therefore, we deduce that the coherent light scattered from

biological tissues produces randomly interfering speckle patterns, with differing

polarisation states, that are incoherent when each speckle pattern is not well

formed (Tuchin, 2007b). Thus, a single exposure speckle patterns that arise from

scattering biological tissues, are an incoherent combination of multiple speckle pat-

terns that are randomly polarised. This information is vital in understanding the

second-order statistics that arise from bio-speckle patterns. One can then discuss

this in terms of their role in recovery mechanisms associated with surface parameter

recovery.

3.6.1 Optical Discrimination between Surface and Volume

Scattering

In this thesis we discussed the statistics of speckle formation for dielectric opaque

surface scattering. However for scattering media, such as tissue, we have seen in

Chapter 2 that the light propagation changes the characteristics of speckle forma-

tion. Therefore it is imperative that we can discriminate experimentally between

surface and volume scattering to measure the surface roughness accurately and that

all concerns are addressed. In this literature review, the discrimination between sur-

face reflection and back scattered light is based on a series of assumptions (Tchvial-

eva et al., 2009):

– The surface, first layer of skin (∼100µm, see Chapter 2), reflected light is

singularly scattered. This is equally true of light emerging from subsurface

layers, which we assume has been weakly scattered.

– Light emerging from deeper regions of tissue is significantly more scattered.

– The number of scattering events, that occur within the volume tissue, is

directly correlated with the level of penetration of the incident light.
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We outline three simple methods (summarised from (Tchvialeva et al., 2010b)) to

separate surface from volume scattering and we present a diagram, Figure 3.10, to

illustrate how this filtering mechanisms work.

(a) Spatial filtering relies on the property that singly scattered light emerges

at positions close to the illuminating beam spot since the OPD is smal-

ler (Tchvialeva et al., 2010b). Therefore the surface signal can be enhanced

by limiting the emerging light using an a opaque diaphragm (or aperture)

centred in the illumination spot. This allows singly scattered light from a

selective region be collected (red band, Figure 3.10). In Tchvialeva et al.

(2009) results were collected for a red and blue laser diode for a series of

aperture sizes (3mm, 5mm, 7.5mm and 19.5mm) for a 2mm incident beam

spot. For human volunteers the hand and forearm the DoP was measured in

situ. It was found that the filtering was effective for small apertures (3mm

and 5mm) and, in particular, the depolarisation was greater i.e. lower DoP

for red lasers.

(b) Polarisation filtering is based on the fact that the polarisation state is

maintained for singly scattered light. When polarised light illuminates a

scattering medium, the light emerging from the superficial region, indicated

by Figure 3.10, maintains its original polarisation orientation. Yet multiply

scattered light emerges from deeper regions of tissue with a random polarisa-

tion state. Registration of the co- and cross-linear polariser output channels

allows the determination of the DoP to mitigate volume scattering and correct

for the speckle contrast measurement, as described in Louie et al. (2017).

(c) Spectral filtering is based on the spectral behaviour of human skin and

choice of incident wavelength of light where the associated attenuation coef-

ficients have been discussed in Chapter 2. In general, shorter wavelengths

are heavily attenuated in scattering media and in longer wavelengths there

is a higher level of scattering. Thereby, as illustrated in Figure 3.10, for the
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3.6.1. Optical Discrimination between Surface and Volume Scattering

blue light is expected to be shallower than red light. It follows that shorter

wavelength laser light is more appropriate to assess the surface of living tissue

as the penetration depth is lower.

Figure 3.10: Speckle filtering for three mechanisms (a), (b) and (c). The figure,
adapted from Tchvialeva et al. (2010b), demonstrates the loss of coherence for the
light scattered inside tissue due to the lengthening of optical paths from (a) lateral
scattering, (b) depolarisation and (c) incident wavelength of light.

With knowledge of these filtering mechanisms we can finalise the experiment design.

We used a green laser instead of a blue laser diode, since these were readily available

from a previous project and had a known narrow bandwidth (see Chapter 4).

We also wanted to account for potential issues with a Bayer filter since there is

a larger percentage of green sensitive pixels and, at the time, we were unsure

on the availability of monochrome miniature cameras. Thus, this impacted on

our optical design of our system (as detailed in chapters 4 and 6). Additionally

we used a optical cage mount (∅22.9mm clear aperture) in our system to act

as an aperture for spatial filtering and also for keeping the skin in the correct

plane of scattering. Finally, linear polarisers were aligned mutually parallel to one

another in our experiment to mitigate bulk scattering effects. We discuss in detail

the influence of the polarisation, with corresponding speckle contrast correction

in subsection 3.6.2, and the effect for off-axis mirrors on the polarisation state in

subsection 4.4.1.2. This meant that there was less light that was multiply scattered

and this lowered the flux reaching the detector.
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3.6.2. Polarisation influence

3.6.2 Polarisation influence

The optical scattering of polarised light can act as a gating mechanism i.e. a process

that closes particular photon channels. For polarised light incident on biological

tissue, photons that penetrate deeper are scattered by multiple scattering events

and their polarisation becomes randomised, leaving as depolarised light. As we

have discussed in Chapter 2, multiple scattering occurs in bulk tissue leading to

depolarisation of the incident electric field. We have earlier discussed a method

to enhance the level of surface scatter and how we can separate this from volume

scattering effects. This review extends the work from section 3.6.1 and discusses

the extension into the influence of depolarisation on our speckle measurement.

In single scattering events the specular component of the electric field is expec-

ted to retain the initial polarisation state (Hecht, 1997). Yet the lengthening of

photon optical paths for longer integration times (∼10ms), due to volume scatter-

ing, reduces the level of spatial coherence of the outgoing beam. Thus the specular

component of the beam is further reduced due to mixing of volume scattered light.

Thus, this impacts the characteristics of the speckle formation and the speckle con-

trast begins to overestimate the measured skin roughness (Tchvialeva et al., 2009).

In a turbid tissue-like scattering media, with first layer rough surface, it is sensible

to simulate the backscattering of coherent polarized light computationally. The

problem is complex since mutual phase shifts occur from OPD within the medium

and due to the reflection/refraction at each interface. Thus it is sensible to begin

to model and quantify these effect with known constraints and this is performed

using a MC simulation. As such we report results from Doronin et al. (2016) and

associated experimental results from Tchvialeva et al. (2010b) in Figure 3.11.

We present two studies to discuss the practical implementation of polarisation

filtering and discuss how one can relate the probe depth to the Degree of Polarisa-

tion (DoP). In Figure 3.11a we present simulated data for the average depolarisa-

tion ratio (or DoP) in terms of the optical thickness ( dlt ) for phantoms I and II. The
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Figure 3.11: Depolarisation of light and relation to tissue depth. In (a) the radial
depolarisation ratio measured from simulation for the phantoms I (�) and II (O) in
comparison with the results obtained by a MC method (� and H) in Doronin et al.
(2016). The solid and dashed lines represent the respective linear fits which each
have a reported standard deviation in the range of 5 – 7%. In (b) experimental data
for co-polarised contrast vs. Degree of Polarisation (DoP) with linear fitting. The
graph has been adapted from Tchvialeva et al. (2010b) and results were presented
in Tchvialeva et al. (2009).

phantoms both have the same roughness (σ=34.4µm, T =100µm) but phantom

II has a stronger scattering coefficient corresponds to the typical conditions of hu-

man skin (Barun and Ivanov, 2013; Doronin et al., 2016; Tchvialeva et al., 2010b).

We detail the results from Doronin et al. (2016) where the computational model

agrees well with experiment results. Here, the optical thickness, X, is expressed

in terms of the radial diameter, d and the transport length, lt which defines the

length where the direction of the photon propagation is randomised. Thus the

level of depolarisation increases linearly with probe depth. The intensity of back

reflected co-polarized light, I‖, in the ROI reduces with an increased σ, whereas

the contrast of the DoP increases. This is explained by the growing variability of

the effective phase shift due to the incidence angle θ with an increase of σ. We

conclude that the intensity distribution is only formed by photon packets that have

undergone multiple scattering within the medium. Thus, the surface of the me-

dium does not contribute to the speckle field outside the area of illumination which

further motivates our need for spatial filtering method.
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Further studies show the strong correlation between the level of depolarisation (i.e.

DoP) and the depth of penetration. This is shown in Figure 3.11b where we present

experimental results from Tchvialeva et al. (2009) for the co-polarized speckle con-

trast vs. DoP. The graph summarises in vivo measurements from: 9 subjects, 2

body sites, 4 diaphragm sizes and 3 trials per diaphragm (216 data points). It

is expected that linearly polarized light reflected from a dielectric surface has a

DoP close to 1 (Tchvialeva et al., 2012) i.e. a small percentage of depolarisation

occurs. In this way it is sensible to perform linear regression from the dataset

since there is correlation between the two variables (correlation coefficient 0.777,

p< 0.0001). Using this information it becomes possible (at least partially) to dis-

criminate between the surface and volume scattering through polarisation filtering

as discussed in Chapter 2. One can form a correction methodology on the speckle

contrast, C, in a similar fashion to Tchvialeva et al. (2010b) and Louie et al. (2017),

based on the measurements of the co-polarised and linearly polarised speckle in-

tensity channels, I‖ and I⊥ respectively.

3.7 Numerical Implementation

Speckle simulation has been regularly visited in the literature. While we have

provided an overview of existing research, in section 3.4, we still require a de-

terministic approach of surface scattering that matches the observations in the

laboratory. Yet, for the condition σ � λ such a process is non-trivial since the

boundary conditions for electromagnetic waves scattered from a surface are largely

unknown and multiple scatter paths become more relevant. Typically, the model-

ling of diffraction is a coherent process based on a single propagation routine. We

use this process from atmospheric turbulence profiling as a basis for our method.

Surface scattering is modelled using discretely defined periodic phase screens with

approximately Gaussian statistics, as defined in section 3.3, which aberrates the

incident coherent light. We provide details of each stage of the simulation code in
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the following text.

3.7.1 Procedure Overview

With this conceptual understanding in place, one can begin to develop a means of

rigorous calculation and investigation into surface scattering. We require a determ-

inistic method to solve for this field distribution since, clearly, it is far more straight-

forward to implement numerical simulations rather than an exhaustive mapping for

all possible surface permutations; experimentally. As such we model the surface

to be a discretely defined phase screen, with Gaussian statistics, that aberrates

the impinging coherent light. The geometry of the system is fixed to match ex-

perimental conditions, as demonstrated pictorially in Figures 3.4. In this simula-

tion we specify sampling conditions in the results section but we fix the variables:

θi = θs = 30◦, λ=0.532µm (based on availability of laboratory laser sources

and arguments from chapter 2), a phase screen length of 3mm and a distance of

z=100mm. For practical reasons we chose an incident angle of 30◦ since, exper-

imentally, it is shown to discriminate specular and diffuse scattering well, (Beck-

mann and Spizzichino, 1963; Ragheb and Hancock, 2007). Thereby at this oblique

angle, the relative phase change is small i.e. π
6 . Hence one can calculate the field

distribution in the detection plane using two optical propagation techniques:

• an implementation of scalar diffraction theory via an Fast Fourier Transform

(FFT) propagator, (Ellerbroek and Cochran, 2001),

• and a calculation of the scattered radiance from the GHS theory, using a

discrete ordinates method, using source code from (Johansen, 2015).

In each case we present forward propagation results for a fixed rms surfaces, with

increasing correlation length, to account for the many different permutations of

this parameter space. We initially developed a propagation code based on a direct
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vectorial approach, using equation 3.1, to accurately solve the Rayleigh Sommer-

feld equation. As a brief overview, we first established vectors across the object

plane and the normal vector of each point was derived from the cross-product from

neighbouring elements. A detector is represented as an array of pixels, with a set

sampling size. These planes are centred with the midpoints of the detector and sur-

face planes so they follow a common axis. The electric field, at each detector pixel,

is the discrete sum over all contributions from the surface plane. This resulting

intensity is the total electric field multiplied by its conjugate value. The program

approximately took 3 minutes to complete by a multiprocessing approach (to in-

crease the efficiency of the computation) written entirely within Python and SciPy

libraries (Jones et al., 2001). However, we opted to utilise an FFT propagation

approach for convenience and less computational effort.

3.7.2 Optical Propagation

In the first stage of the simulation we compute a rough surface phase screen realiz-

ations as spatially filtered white noise as described in section 3.3. The phase screen

represents the optical path difference (φn(x, y)) which, simply, defines the phase

change across the extent of the surface profile. The initial field can be calculated

since there is a double pass effect we define φn(x, y) to be,

φn(x, y) = 4π
λ

(cos θi + cos θs)ζ(x, y). (3.42)

Now, if we assume that the surface is single layered then we can employ a Fourier

propagator operation. The complex field Un is then related to the amplitude and

phase by equation 3.43 and phase wrapping is incorporated in the exponential,

Un(x, y; 0) = an(x, y; 0) exp(iφn(x, y). (3.43)

For simplicity we assume that a flat wavefront impinges on the surface and therefore

we assume unit amplitude transmittance across the extent of the phase screen; this
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is equivalent to a laser beam spot. For forward propagation, in a free space regime,

the propagation distance z is positive and forms an image on a plane located along

the propagation path. The Rayleigh-Sommerfeld propagation transfer kernel is

defined by 3.3 and we calculate the field distribution, in the observation plane

using equation 3.2. However we found this to be unsuccessful and we applied

GHS theory instead. In this way we aimed to find a field distribution where we

can extract the specular and diffuse components for surface roughness parameter

recovery.

3.8 Results and Discussion

In this section we present a series of results using several different techniques and

discuss the importance of our results within the context of speckle retrieval. To

begin with, we construct a simulation test case in Figure 3.12. In this scenario,

a plane wave is incident on a circular aperture and the field propagates from left

to right in free space, further discussion is provided in (Hecht, 1997). The initial

conditions of the simulation are equivalent to the literature: where λ=0.632µm,

the radius of the aperture (R) is 1mm and we propagate the first three Fresnel

zones (R2/λ). In Figure 3.12 we show both a cross section of the three-dimensional

irradiance distribution together with three points along the propagation path. In

this way we aim to demonstrate near, mid and far field effects that we reference

further in the thesis for profiling techniques. For such a case, we use a pupil

diameter of 256 pixels but sample twice the window size i.e. the detector array

becomes 512 x 512 pixels). In this way we fullfill the sampling criteria by zero-

padding the screen until we correctly sample the full spatial frequency range of the

detection plane and thereby we do not see any aliasing. We find this condition

through trial and error; by re-running simulations with larger arrays until the

output intensity distribution stops changing. This shows the simulation works as

the irradiance distribution matches with the literature (Hecht, 1997, p485) and we
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then progressed to the numerical solutions for rough scattering surfaces.

Figure 3.12: Simulation test case for a diffracting pupil where R represents the pupil
plane and λ is the wavelength. We location three locations along the propagation
axis to demonstrate near, mid and far field regions of the diffracted intensity,
indicated by the dotted white line.

In section 3.7, we begin to employ numerical methods to evaluate the scattering

for single-layered rough surfaces that emulate skin structures. It has been shown

that many tissues and cells are phase objects and the propagation of coherent

beams in bio-objects can be described within the framework of the Random Phase

Screen (RPS) (Tuchin, 2007b). As such we can begin to simulate single surface

propagations and can then progress this research onto multi-layered structures,

such as tissue.

We continue to evaluate the propagation routine by replicating the simulation

from (Zhao and Gao, 2009b) to demonstrate that our method converges with this

paper. Accordingly, we generate 25 surfaces sampled at 1500 points, to accommod-
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ate the correlation length sampling, and we match the roughness’s (σ: 0.01 - 0.2µm,

T : 1 - 50µm). Incidentally the recovered parameters, σREC and TREC , are on an

arbitrary scale. Our results demonstrate a clear retrieval of the rms, σ under a

variation of the surface correlation length, T , as shown in Figure 3.13.
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Figure 3.13: Initial exploration case of parameter space to reconcile numerical
simulations with that presented by (Zhao and Gao, 2009b). The RMS surface
roughness (σ) ranges from: 0.01µm to 0.2µm for 5 correlation lengths, T as labelled
on the plot (1µm, 5µm, 10µm, 20µm and 50µm)

Clearly, for higher roughness’s (i.e. σ>0.8µm) we observe a larger spread and only

see noise; while we did repeat this procedure for larger roughness’s but we were

unable to produce a relevant plot as the data was far too noisy. In this scheme we

explored larger roughness’s (σ� 1µm, T � 50µm). These initial results demon-

strated the limitation of paraxial diffraction theory, for a non-grazing incidence

angle, where we do not observe anything meaningful. Paraxial waves are defined

to be waves travelling with the local k wavevectors that subtend small angles with

respect to the propagation axis. This relates to the solution of the Hemholtz’s

equation, (Hecht, 1997), that is beyond the scope of this discussion. This process

is appropriate in applications such as radio astronomy and adaptive optics, (Kry-

wonos, 2006), where we can apply a transfer function 3.3 to calculate our field

distribution. However, this linear systems approach considers surface scattering

solely as a diffractive effect i.e. a coherent process based on a single propagation
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routine. The issue with this is that we have to impose a limit on the diffraction

efficiency of the system which is inaccurate in this regime of roughness. A sugges-

tion was to consider a split step method where we calculate the wavefront (using

a Huygens-Fresnel method to sum all contributions) at the highest point on the

surface, then propagate this wavefront to the detector. Also, we tried to slice the

phase screen into 5 layers and propagate the wave through the screen to the de-

tector. Though, with both attempts, we failed to see any significant differences to

our propagation method.

We have discussed the implication of a σ recovery for a series of fixed correlation

lengths, T , and we can see that there is a well defined behaviour. However when

we perform an inverse simulation, that is a recovery of T with respect to a series

of fixed σ rough surfaces but found that the data was far too noisy to extract any

meaningful relationship. Yet, it is the limit of Kirchoff scalar diffraction theory

which is why this simulation fails and we need to understand the reasons for this

to progress with this work.

3.8.1 Limitations of the Kirchhoff approximation

Under the Kirchoff approximation, there is an imposed limit on the scattering

behaviour that we can simulate. In a physical sense, we must assume that the

surface is flat enough to be, locally, represented by plane waves. The assumption

breaks down for higher incident angles as stated by (Beckmann and Spizzichino,

1963; Ragheb and Hancock, 2007),

2krc cos θ � 1, (3.44)

where rc is the radius of curvature, k is the wavevector, λ is the incident wavelength

and θ is the angle of incidence. Therefore this requirement imposes a limit on the

distances for the tangential point on the surface i.e. that the point of tangency can-

not larger compared with λ. This ultimately means that the Kirchoff limit breaks
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down for σ � λ and that conventional scalar diffraction theory breaks down. Also

more complex mechanisms such as shadowing, diffraction and multiple scattering

are not accounted for by Kirchoff diffraction. This Kirchoff approximation is thus

only applicable when rc of the surface is much greater than λ which is not the case

for strongly rough surfaces for σ � λ and correlation length, T , is small. There-

fore we need to consider more applicable methods to represent wide angle surface

scatter.

3.8.2 Generalised Harvey-Shack (GHS)

This prompts the question: why is it fair to say that these results are wrong? In

an experiment, we simply do not observe this behaviour. Specifically we intuitively

still expect to see a greater energy loss for an increasing roughness where, typically,

this gives rise to a larger degree of diffuse scattering that suppresses the promin-

ence of the backscatter (specular) peak, (Bruce and Dainty, 1991). Moreover we

appreciate that the FFT propagator method also known as the Kirchhoff (tangent

plane, or physical optics) approximation is only really valid for rough, small sloped

surfaces, (Simonsen, 2010). In other words, with reference to Figure 4.5 when the

normal vector n is tilted at a large angle with respect to the mean plane; the

Kirchoff solution no longer holds, (Beckmann and Spizzichino, 1963). We discuss

the implications of this experimentally, further in Chapter 4.

The issue remains: how does one incorporate multiple scatter paths to accurately

determine the scattering field of a randomly rough surface. The first option is to

use the GHS method to gain some insight into this phenomena while still retain-

ing the physical principals that we have outlined in section 3.5. A Python based

implementation of the GHS rough surface scattering method, using a discrete or-

dinates method, is provided in (Johansen, 2015) and the source files are available

from GitHub. This approach allows us to calculate the intensity distribution as a

function of angle for the radiative transfer problem in slab geometries.
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Figure 3.14: Implementation of GHS for a series of 25 surfaces at a 50 micron
correlation length with an increasing rms roughness, σ: 5µm- 75µm. We opted to
demonstrate this range as the specular peak is far too prominent for σ<5µm.

This utilises the convenient discretisation of polar co-ordinates method to decrease

computational cost and, thus, the Python code has been optimised to be imple-

mented in the most efficient fashion. The Python script simulates the reflectance

distribution, given in relative units, across all of observation space i.e. calculate the

intensity as a function of angle in a similar fashion to the BDRF, equation 3.4. We

demonstrate some initial results from the code to appreciate the extent of the dif-

fuse scattering for an increasing σ roughness. In Figure 3.14 we calculate intensity

distribution for a series of rough surface i.e. σ=5µm- 75µm. We are particularly

interested in this range of surface roughness since, as we find in Chapter 4, this is

the typical roughness of human skin.
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3.8.2. Generalised Harvey-Shack (GHS)

(a) GHS simulation: σ ranges from 1µm and 75µm with a correlation length of 500µm.

(b) GHS simulation: σ ranges from 1µm and 75µm with a correlation length of 100µm.

Figure 3.15: Example polar plots of scattered intensities using the GHS method
implemented through readily available software (Johansen, 2015). For this simu-
lation input parameters are: wavelength of 532 nm, incident angle of 30◦, material
refractive index 1, number of Gaussian points (N =600) and Fourier expansion
terms (Nf =99).
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3.8.2. Generalised Harvey-Shack (GHS)

Additionally, in Figure 3.15, we present a family of results with the same stipulated

initial conditions with N =600 Gaussian points and Nf =99 (for optimum results)

with two different correlation lengths, 500µm 3.15a and 100µm 3.15b. In this

rough surface scattering propagation method we set up an experiment with a large

detector (10mm) across the specular region of the scatter (θs=30◦). Is it important

to note that we sample N =600 Gaussian points to sample the detector region with

a sufficient resolution.
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Figure 3.16: Implementation of GHS for a series of 25 surfaces

It is important to consider the fact that the GHS method calculates the field

distribution at unit radius which implies that we are in the first few Fresnel zones.

This does not give a real insight into how the wave propagates into the far field since

there are, of course, further diffractive and mixing effects. A limitation with this

procedure relates to the fact that the sampling is very coarse. In other words the

fine structure that we associate with speckle patterns is not considered. While this

is sufficient to show that our rms recovery procedure is legitimate, we do not have a

complete numerical model to accurately predict the surface scattering from strongly

rough surfaces since these higher order processes become more significant. Thus we

find that, when we use the FFT propagator, our recovery method is successful until

approximately 0.08 microns linking to the limitation of paraxial theory (Krywonos

et al., 2011). Beyond this range, however, the diffuse component of the scattering

is more prominent. Therefore we use the GHS method to account for this; but due

to the reasons described above we have not provided extensive statistical analysis
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3.8.2. Generalised Harvey-Shack (GHS)

since the work in (Johansen, 2015) is qualitative. Nonetheless we still observe

curves of the form of equations 3.35 and 3.36, also, we see that this parameter

retrieval process is not as sensitive to differences in correlation length, T , as other

methods (Zhao and Gao, 2009b; Lehmann, 1999).
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Figure 3.17: Parameter space to calculate speckle contrast (C) as a function of
RMS surface roughness, as . The RMS surface roughness (σ) ranges from: 0.01µm
to 0.2µm for 5 correlation lengths, T as labelled on the plot (1µm, 5µm, 10µm,
20µm and 50µm).

We have described why we cannot simulate the surface of skin using the Kirchoff

approximation (and thus why Fraunhofer Fourier domain optics) is not suitable

for this regime of roughness. Therefore we investigate non-paraxial methods to

simulate wide angle scatter and its implication on the scattered field. Now we

investigate the influence on the speckle contrast (C) and its implication on the

retrieval method from Tchvialeva et al. (2010a). Thus, in Figure 3.17 we present

the speckle contrast (C) as a function of surface RMS over the entire observable

hemisphere. We repeat the recovery procedure to explore the parameter with a

fixed correlation length and a varying surface RMS value. We again attempt to

recover the correlation length, T , with a fixed surface RMS. We have conducted

this simulation under a monochromatic source, yet, an interesting point to note

is that the shape of curve follows that of an negative exponential, which follows

the work conducted by Tchvialeva et al. (2010a) and. As such, we further discuss

the use of this method within the context of our speckle system. Despite this, it

appears that the calibration curve can be sensitive to a changing correlation length,
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3.9. Conclusions

which has not been documented with the paper.

It is important to consider that we are using the entire observable region to calculate

the speckle contrast. This is not representative of a single point system and, as

we have already mentioned, the field is coarsely sampled in the near field region

which is not representative of our optical system. Therefore we make the comment

that this work is not analytic but forms part of a discussion towards a grand

unifying theory for very rough surface scattering. For our work we will focus on

experimental results but combine some aspects of these simulations to understand

what processes influence our results. Thus, a quantitative link between these two

theories, is beyond the scope of this research and we propose this a topic for future

research.

3.9 Conclusions

In this chapter we have discussed the physical modelling of rough surface scatter

and its applicability under particular surface statistics. We assume that the surface

is single layered and we only consider the scalar behaviour of a scattering phase

screen (i.e. no consideration for polarisation). For larger roughness orders, which

is what we are concerned with, the scattering yields a greater energy loss and

the propagation is no longer paraxial. By purely numerical means we are able to

validate our recovery process using the GHS method and additionally show the

region for which the FFT propagator method is limited. We additionally, outline

the underlying physical process for speckle generation in skin tissue and how they

may impact on our modelling procedure. It is important to note, again, that our

intention is to review this existing research and not provide formal justification for

using laser speckle as a skin diagnostic.

In simple terms, it is difficult to describe the speckle pattern using electromagnetic

wave exact computation since the boundary conditions are completely unknown.

The scattering solution for these strongly rougher surfaces, where (σ�λ), is far
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3.9. Conclusions

more complex. The mixing of different higher-order diffracted orders results in a

much greater impact on the scattered field and, additionally, causes further energy

loss. In this way the scattering process becomes non-local. In other words, we say

that at some point the emerging wavefront becomes related to several points on the

surface and is not a single scatter event. It should be pointed out that the recovery

mechanism, subsection 3.5.1.4, is derived with paraxial approximations where the

diffuse component is weak. Yet, we have seen similar observations with regards to

experimental results as demonstrated in Chapter 4.

More importantly, there currently does not exist a complete retrieval method that

recovers the exact phase change at the surface and it becomes difficult to produce

a complete model to simulate wide angle scatter using numerical means. This is

simply not possible due to the unknown conditions as discussed previously (Si-

monsen, 2010) and this would be the case for any PSD model of the skin surface.

Therefore a more pragmatic approach would be to use a numerical method to

solve Maxwell’s equations to incorporate this coupling of the surface source func-

tions (Hetland et al., 2016). Without this simulation procedure in place it becomes

difficult to quantitatively relate the RMS and correlation length to the speckle field.

However, we proceed to find a representative recovery method that can retrieve

some quantities of the skin surface texture and, to give some level of confidence

in these results. From a mathematical standpoint, a suggested direction for future

research would be to use a Method of Moments or Finite-Difference Time-Domain

method for a greater scientific accuracy for calculating scattering from random

rough surfaces, (Hermansson et al., 2003).
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Chapter 4

Bulk Optical Systems

In this chapter we present a collection of bench-top experiments to validate our

methodology and to further appreciate the difficulties of applying our concepts on

living human tissue. Firstly, we look to build upon the theoretical framework of

the optical properties of human skin that was presented in Chapter 2. With a

simple bench-top optical setup we analyse the spectral characteristics of human

skin (in reflectance mode) at several locations from a series of volunteers in vivo.

Following this, we analyse the skin topology by using dental impression silicone to

replicate the skin surface. This permits us to validate our statistical model for the

surface structure of skin. Additionally we use these moulds as surface standards

for later experiments. In the final part of the chapter, a novel optical method

is presented to characterise the surface of the skin through laser light scattering.

By exploiting the statistics of objective speckle, from Chapter 3, we extract the

roughness parameters of the surface from the phase modulated light field. We

present experimental results, together with calibration data, from six volunteers

using a simple optical setup. Finally, we report our measured changes on human

skin following contact with representative everyday compounds and these results

are then linked to a perception of roughness.
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4.1 Introduction

This chapter describes a series of preliminary experiments that will aid us in the

the optical design and miniaturisation of our protoype probe. We intended to use

this information to (a) manipulate particular optical properties of the skin to attain

biological information and (b) to appreciate the difficulties of working with human

tissue. To begin with we present a small study to review the spectral behaviour of

human skin, in-house. Optical spectroscopy plays a crucial role in characterising

the composition of materials or structures within human tissue. This is due to its

non-invasive nature and largely straightforward instrumentation. The intention, of

this first experiment, is to advance our knowledge of the spectral characteristics

of human skin; this helps us in the design and implementation of future experi-

ment. This experiment is designed in reflectance mode and we can understand,

fundamentally, how different chromophores have particular energy transitions in

response to an external light source with a known spectral profile. We continue

to discuss the variation in the light scattering behaviour across the human body

and suggest the best skin sites to gather repeatable measurements; this knowledge

being vital for later experiments.

In the final portion of this chapter, we propose an optical system capable of col-

lapsing surface roughness into two scalar measurements. We utilise our knowledge

of the statistical properties of random rough surfaces and apply the parameter re-

trieval method developed in (Gao and Zhao, 2009a; Zhao and Gao, 2009b), both

detailed in Chapter 3. As a precursor for an in vivo experiment, we investigate

the statistics of the skin surface using impression moulds, in section 4.3.1. In

section 4.4.1 we show how our single channel optical system is calibrated using

international machining standards, and include data from impression moulds, to

extract scaled surface parameters. Finally, we present our initial calibrated results

from six human volunteers using our system in section 4.4.4.1 as well as analysis

based on clustering algorithms.
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4.2 Light scattering spectroscopy of human skin in

vivo

Light scattering properties of human skin can provide a great deal of information on

the biochemical composition and content. For clinical usage, we are particularly

interested in the active monitoring of quantities such as the blood oxygenation,

melanin and water concentration of the skin in vivo (Tseng et al., 2008). By using

a spectrographic measurement techniques one can determine the concentration,

or lack thereof, particular chromophores. These results give perspective in the

diagnosis of pathologic conditions and diseases in the skin. In both in vivo and ex

vitro studies it is generally accepted that the simplest method to examine human

skin non-invasively is through diffuse spectroscopy, (Zonios and Dimou, 2009; Tseng

et al., 2008; Fredriksson et al., 2012).

For the reasons mentioned above we present a simple method that exposes human

skin, at several external skin sites, with a known illumination beam and we use

an independent detection arm to investigate the spectral response. We project our

custom light source towards the skin surface and record the back scattered photon

count as it emerges from various layers of the tissue. The radiance is detected

by a spectrometer through a fibre optic probe. This investigation, of the spectral

characterisation of human skin, is limited to the visible part of the electromagnetic

spectrum for the purposes of our research. Further, we have examined several sites

on each volunteer since the complex and dynamic nature of human skin results

in a significant variation in the spectral reflectance behaviour, not only between

individuals but within the same individual. As mentioned in Chapter 2, we expect

to observe the key contributors to the spectral structure of human skin: this in-

cludes water, melanin, and Hb. Consequently in this experiment we expect that

this analysis provides some means of addressing the instrument uncertainty, subject

variability, and between-subject variability.
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4.2.1 Methodology

In our investigation we require a light source with a sufficient, and uniform, output

over our visible spectral range. We appreciate that a non-standard light source is

required as, for a ‘warm white’ LED, the signal in the 470 - 500 nm region is typically

low. Thus, by mixing the emission profile of several LEDs we will observe a larger

SNR across the visible spectrum and more accurate skin reflectance behaviour. In

a recent spectroscopic study, Lawton and Girkin (2017), utilised such a light source

comprising of several LEDs. In a similar fashion, we employed Roithner 1W LEDs

which incorporated a ‘warm white’ LED (LED1), a 470 nm centre wavelength LED

(LED3) and a 490 nm centre wavelength LED (LED2) to produce a more uniform

spectral profile. These LEDs were implemented as the output was known to be

stable over time (which regards to wavelength) and we measured this on our bench-

top system. However, despite the potential high intensity output we adjusted

the input LED current such that the power was deemed skin-safe (< 2mW) by

using a power meter before the experiment. We present the experimental setup

in Figure 4.1 which includes the beam dumps to demonstrate how the setup was

enclosed to both reduce dark noise and, as a safety precaution, to prevent any

exposure to the volunteers. We first attempted an epi-illumination configuration,

of Figure 4.1, but found a low SNR as back scattering from internal optics became

an issue. Thus we opted to decouple our illumination and detection arms thereby

resulting in a greater increase in SNR.

In our experimental procedure we, first of all, collimated the light from each LED

and we then coupled the individual beams to a 3mm diameter spot using a series of

50:50 beam splitters. We adjust the output from each LED to produce a spectrum

as one shown in Figure 4.1. The light then projects to the target surface and

the reflected light is collected by our spectrometer. Note that the optics are then

fixed in these mounted positions. Spectra were acquired using a fibre-coupled

OceanOptics USB2000+ spectrometer (0.1 nm resolution with a 0.22 NA of the
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4.2.1. Methodology

Figure 4.1: A schematic of the experimental set-up for acquiring spectra from
human skin, in vivo. We include the combined illumination spectrum of the LEDs.
In order to achieve our desired illumination we utilise 50:50 visible BS and include
an aperture to avoid scattering from within the optical system. We employ a
collection fibre (0.22 NA) coupled into our OceanOptics USB2000+ spectrometer.

fibre) with an integration time of 2 seconds with 5 spectra averaged per reading,

giving a total time of 10 seconds per reading. This allowed us to increase the

SNR and reduce noise on this set of volunteers. We also perform a background

subtraction to remove additional noise in the data. This permits us to present the

results of the skin diffuse reflectance based on a ratio between the data and the

reference spectrum. The volunteer placed the appropriate skin area on a cage plate

to (a) provide physical support for the subject and (b) to assign a local plane of

incidence. Point (b) attempts to mitigate a systemic error to our acquisition since

the geometry of the scattering varies according to the recess of the surface.

We, initially, collect a spectrum of the incident illumination by replacing the skin

surface, in Figure 4.1, with a mirror. Then we post-process spectra from human

skin and, thus, one can express the effective reflectance of the skin as a fraction
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4.2.2. Results and Discussion

of the incident intensity. This therefore determines the attenuation of light as a

function of wavelength (λ) for each volunteer. With reference to the Fitzpatrick

Scale (Fitzpatrick, 1988), discussed in Chapter 2, we obtain measurements from six

volunteers with a range of skin types from very light Caucasian (type II), to brown

Indian (type V). We allocated three skin sites for each volunteer: the volar forearm,

the back of the hand and the hand palm. These sites were chosen in accordance

with a similar study (Angelopoulou, 1999) as we expected to see variation between

these sites since they exhibit different forms of biological scattering. Additionally

we sought to appropriately target an area of human skin that was repeatable and

had recognisable behaviour; this information would be applied in later experiments.

4.2.2 Results and Discussion

In Figures 4.2a, 4.2b and 4.2c we provide our set of spectrographs for each skin

site. Under our precisely calibrated lighting conditions we determine the spectral

response from different human volunteers. From our results it was clear that as

we approached the edges of our light source’s spectral window, i.e. at 400 nm and

700 nm, the intensity count was low and we were in a largely noise dominated

region. Therefore in our analysis we have reduced our scale between 425 nm and

675 nm. We, additionally, make a comment that this is a raw measurement of the

photon count from the spectrometer 16-bit sensor and thus we are using the full

dynamic range of the sensor i.e. there is no scaling or calibration for the output

power.

Although this experiment was conducted on a small sample of volunteers we were

able to observe a general pattern within our results. Across our datasets we notice

a gradual increase with respect to wavelength within our spectral range which we

attribute to the behaviour of melanin. Yet, we also note that there are particular

dips around 490 nm and 520 nm where the oxyhemoglobin and de-oxyhemoglobin

chromophores are particularly influential; since we are within the 450 - 900 nm

wavelength range that they dominate (Zonios and Dimou, 2009). Among our vo-
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(a) Spectra from the back of hand
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(b) Spectra from the palm
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(c) Spectra from the volar forearm

Figure 4.2: Results from the light scattering of human skin in vivo. The graph is
colour coded to discriminate between results from different subject’s at (a) the back
of the hand, (b) the palm and (c) on the volar forearm. The red lines demonstrate
the mean result from our peak (and trough) finding algorithm between our six
volunteers and the associated standard error across the results are shown by the
red bands. We restrict our wavelength band to 425 - 675 nm since we have a poor
SNR from our light source at these band edges.

lunteers, Subject 1 is of Indian descent and presents a weaker SNR particularly

for the back of the hand and the arm (Figures 4.2a) and 4.2c respectively); which

we expected due to the presence of a high melanin concentration. So clearly, for

shaded skin a smaller proportion of incident light is reflected. For the palm of the

hand we measure a similar behaviour to the back of the hand where we have a

gradual increase with respect to wavelength. Since there is a lower concentration

of melanin present in the palm, we observe a larger response of the blue portion of

the spectrum than the back of the hand and arm (Tseng et al., 2008). What was

interesting was a common profile for each spectra taken from the arm, as shown in

Figure 4.2c, the results show that this data between subjects are much more closely
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related and are almost identical in shape. Here we exhibit a clear representation

of the albedo influence for the darkest skin colour (Subject 1), as expected. This

results lie closely to the data from existing reports (Angelopoulou, 1999; Nan and

He, 2013). Additionally, we address the practical considerations of the experiment

and we found the volar forearm was the best skin site to use for repeatability and to

avoid rest pain for the volunteer. We make the comment, based on our experience,

that the arm is the best candidate for future ‘skin integrity’ experiments.

Location Wavelength band ∆λ (nm)

Arm

478.7±2.8
490.7±0.1
520.3±0.1
581.4±0.1
608.7±0.4

Palm

477.4±1.6
490.5±0.1
519.1±0.1
580.8±0.1
601.8±1.6

Back of hand

477.6±1.6
490.6±0.1
519.9±0.1
580.9±0.1
611.0±1.3

Table 4.1: Tabulated results from our peak wavelength algorithm. From our dataset
we discriminate significant changes and collect appropriate values. We document
the mean value as well as the standard error of our results.

In order to quantify our observations in the chromophore influence, we employed

a peak finding algorithm, available from SciPy libraries (Jones et al., 2001), on

the reflectance of each volunteer. We perform a fitting for each individual and

report the variations in the fitted optical properties between each volunteer, at

each site. In this way we determine how well our system is capable of resolving

the key spectral aspects of human skin with respect to the literature. The exact

standard error between each peak is shown in table 4.1 note that we report our

data to within the 0.1 nm resolution of the detector. Despite the low resolution, our
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wavelength bands lie within acceptable limits discussed in Chapter 2 and found in

the literature from Jacques (2013); Angelopoulou (1999). With this information in

hand one can begin to develop bench-top speckle system based on these pertinent

experimental characteristics.

In summary, we have discussed a simple optical experiment to analyse the spectral

response of skin. We have used previously published data and chosen three sites

on the skin to analyse. We consider this experiment to be both important, as a

starting point for this research, and relevant for future work. Firstly, we are able

to consider the selection of LED sources for an MSI system, based on this data

(together with literature values for blood oxygenation assessment). Secondly, we

can begin to understand the practical difficulties with working with skin in vivo

with regards to alignment in the system and subject movement. We calculate the

peak wavelength from each subject and relate this to key chromophore behaviour

from Chapter 2. We then estimate the standard error across all subject and present

these error bands in Figure 4.1. Based on these results, us decided to use the volar

forearm for future experiments since it was the easiest site to work with. Indeed, our

results agree with previous comments on the skin roughness of the volar arm. From

a previous study on a commercial device (Jacobi et al., 2004), the roughness in vivo

on the volar arm had more consistent characteristics and did not vary significantly

with age or gender (approximately by 15%). Finally, this is the first venture in

skin analysis with an optical system that we have designed. As such, these results

allow a preliminary investigation into the light behaviour in skin tissue and this

further underpins some of the points we have discussed in Chapter 2. From this

information we can begin to develop a full speckle based optical system.
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4.3 Durable rough skin replicas for optical modelling

4.3.1 Silicone and Urethane Impressions

For surface profiling one first needs to test the hypothesis that statistics of skin

surfaces are Gaussian or otherwise; to use the modelling described in Chapter 3.

In order to do this impressions of human skin were made using dental silicone

and urethane materials. We used FlexiSil R© Heavy Boy impression tray silicone

that allowed for a negative mimic of the skin measurement of the skin surface

properties, ex vivo. Similar studies have investigated the use of silicone as a skin

replica (Zapletalova et al., 2017).

Figure 4.3: Silicone (left) and Urethane (right) impression skin moulds, with an
area of approximately 20mm by 15mm. The silicone skin phantom was acquired
on the arm of one volunteer and the urethane mixture was left to cure to form our
mimic of the surface.

In our experience, we found that silicone is not particularly comprimising to replic-

ate higher spatial frequencies; yet the method appears to be appropriate to confirm

the PSD shape of skin surfaces as we discuss in this section. Since we formed a

‘negative’ imprint, by impressing this silicone on the skin surface, we attempted

to recreate the surface topography using Flexane R© urethane to form a ‘positive’

duplicate of the surface i.e. a copy of the original surface. The urethane is a two

part epoxy compound with a low flexibility (shore hardness 97) which, once mixed,

cures on the surface of the silicone imprint to form our skin phantom. In a passing

115



4.3.1. Silicone and Urethane Impressions

note the error analysis, as well as the applicability of the statistics, for the entirety

of thesis is given by (Hughes and Hase, 2010; Barford, 1985). In Figure 4.3 we give

an example of one of our silicone and urethane imprints for the same site.
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Figure 4.4: Visualised work flow diagram to demonstrate the post-processing
method. We void filled the acquired dataset using nearest interpolation. We
remove surface form via a Gaussian filter. We then affirm that it matches with
software so that we have the appropriate frequency cut-off. The raw data is then
passed to a Python routine to confirm the statistics of the surface.

Skin moulds were acquired from four volunteers at various sites on the arm and the

hand. Surface roughness profile measurements were determined using precision op-

tics instruments and the results are presented in table 4.2. A non-contact confocal

surface profiler (Taylor-Hobson R© Talysurf CLI 2000) was employed to optically

evaluate the surface roughness and an example profile is given in Figure 4.5. A

3 x 3mm area across the silicone, sampled uniformly at 10µm intervals, was meas-

ured to determine the local roughness of each surface. Importantly, the average

human skin cell varies between 25 - 40µm across the body (Tuchin, 2007a) and thus,

under this assumption, we have a finer sampling than the Nyquist criterion. The

raw data from the profilometer contained ‘voids’ (empty values) where the instru-

ment has failed to collect the higher spatial content in that area. Thus we required
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post-processing of our dataset to extract the surface profile. As demonstrated in

Figures 4.4 and 4.5 we post-processed this by,

Task 1: Nearest Interpolation method

• We begin by void-filling the raw data using nearest interpolation.

• Then we remove the surface form (lower spatial frequencies associate

with bend and bow of the surface) using a Gaussian filter.

• We affirm that it matches with the on-board GUI software and we col-

lect the appropriate cut-off frequency that corresponds to removing the

surface form.

Task 2: Processing raw data

• Separately, we calculate the raw data PSD using a Python-based cross-

correlation and fast Fourier transform routine.

• We, also, compare, this PSD to our numerical model for surfaces as

presented in chapter 3. This confirms that our model is appropriate and

that our simulation approach is valid.

• Then we fit a characteristic PSD function, equation 3.11, to this pro-

cessed data using SciPy (Jones et al., 2001) least squared fitting al-

gorithm and determined our uncertainty (standard error) in each fitted

parameter.

These fitted results are presented in table 4.2 to provide evidence that the skin

can be treated as a normally distributed surface. The spatial frequency cut-off is

1250mm−1 which we have determined from our workflow, given in Figure 4.4. It

is clear that some standard errors are larger and indeed there are some sources of

error, and variability, that are difficult to account for. For example, the silicone

mixture was not locally flat as it cured on the skin surface and this gave rise to larger

spatial frequencies (in the PSD analysis) due to the nature of this moulding process.
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4.3.1. Silicone and Urethane Impressions
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Figure 4.5: Example profile from a silicone imprint of skin surface. These subplots
demonstrate: (a) Raw data acquired with our confocal profilometer (with white
coloured voids), (b) nearest interpolation to remove voids from the dataset, (c)
removal of surface form and (d) displays the microscopic surface roughness.

By using a combination of silicone, and urethane, we attempted to replicate the

surface of the skin. This serves us in two ways (a) to form a replica of the skin

surface to examine its statistical properties and (b) to establish the influence of

colour on our recovered parameter set; this provides us with an analog to the

pigmentation of human skin which we discuss in part 4.4.3.2. We generally observe

an appropriate fitting to the Gaussian PSD. The errors for the lateral correlation

length, T , appear larger than those for the RMS roughness, σ. We postulate that

this is due to our PSD model which assumes that the spatial scale of roughness is

isotropic. It is apparent that, macroscopically, the furrows and cellular structure

of human skin align themselves along a local directional axis; we demonstrate this

pictorially, in Figure 4.3. We consider this as a topic for future research.

For poorer quality skin moulds (namely 4, 5 and 7) we observe an enhanced stat-

istical error in the least square fitting to the data. Inherently, the error of the
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4.3.2. Skin variability

Sample Dental Silicone Urethane
σ (µm) T (µm) σ (µm) T (µm)

1 34.80±0.32 371.57±5.03 18.12±0.36 255.23±7.93
2 36.48±0.49 312.25±5.93 170.90±2.47 153.50±2.75
3 36.81±0.38 265.84±3.83 12.30±0.30 164.15±5.71
4 37.33±0.53 167.73±3.37 136.14±14.38 37.42±2.30
5 71.93±1.47 366.63±10.23 17.04±3.94 393.35±133.17
6 74.68±3.66 63.42±2.38 5.76±0.09 159.38±3.27
7 22.25±0.56 212.84±7.96 18.26±1.88 285.13±44.09
8 44.30±1.64 425.67±2.31 11.18±0.34 335.41±5.21
9 40.54±0.62 237.91±5.21 42.77±0.73 134.39±3.33
10 11.33±0.16 160.28±2.80 57.83±1.06 104.50±2.80

Table 4.2: Surface roughness parameters from fitted power spectral density (PSD)
Python routines. We present results for our silicone and urethane skin replicas;
with standard errors on the mean to gauge the success of our fitting procedure.

urethane moulds is larger as we are limited by the resolution of the first silicone

mould. However, despite these drawbacks, for silicone we have a relative standard

error which ranges between (0.91, 4.90) and (0.54, 3.75) for σ and T respectively.

Equivalently for urethane we note that the relative standard error, for σ and T ,

is given as (1.44, 23.12) and (1.55, 33.86). These values suggest that an istropic

Gaussian PSD is an appropriate model to apply for the skin surface.

4.3.2 Skin variability

In this research we demonstrate experimental data to show that skin, at particular

locations on the human body, has statistical properties associated with a random

rough surface. An important facet is the scale of roughness i.e. the area of rough-

ness under consideration. For a larger area, we collect information on the finer

structure (more higher spatial frequency information). This further underpins our

assessment of the surface having a Gaussian height distribution. However, for a

smaller region of the skin surface this is more difficult. More precisely we make the

assumption that a Gaussian PSD is an appropriate model to describe the general

surface of external skin (Korn et al., 2017; Stam, 2001; Diao et al., 2014). However,
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4.3.2. Skin variability

it is obvious that the roughness and visual appearance of the skin surface varies

dramatically over the body. We have measured areas of external skin that are easy

to access and looked specifically at the roughness of the volar forearm, back and

palm of the hand. We have established our reasons for investigating these skin sites

and discussed how there are existing studies to evaluate the light scattering prop-

erties at these locations (Zonios and Dimou, 2009; Tseng et al., 2008; Fredriksson

et al., 2012). We perform experiments on these sites since the optical behaviour

has been well documented and we can build upon these studies with our research.

From our data processing in section 2.3.1, we see that we can perform a fitting

procedure for impression material to investigate the skin surface statistics. In Fig-

ure 4.6 we have provided example plots for our replica impression power spectra.

This fitting procedure has been described in section 2.3.1 and we present these

examples to explain our methodology. The results from this fitting procedure have

been presented in Table 4.2.
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Figure 4.6: Example power spectra for three different samples for both urethane
and silicone rubber impression materials.

In general, skin surfaces will vary in morphology and structure for various anatomic

locations of the human body and in, section 2.2.1 we discuss how external skin

differs from vaginal tissue. For instance, if we were to consider the tip of the finger,

there are clearly deeper furrows and ridges that are more prominent than other
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4.3.2. Skin variability

areas of the human body. Thus, a Gaussian model is not a compatible one. We

anticipate that there are different characteristics associated with the finger; namely

that are larger powers in low spatial frequencies (due to cells and ridges of the finger

prints) and therefore this will change the form of the PSD. However to the best of

our knowledge the power spectra of skin surface replicas, at this location, have been

overlooked. For many studies it is common to see first-order statistics applied to

topological maps. An example of this is in (Liu, 2013) where, specifically, the skin

surface properties and friction coefficients for the finger tip and different regions

of hand have been determined. It was reported that the tip of the finger has a

quite variable RMS value across the hand (between 8 - 30µm). We anticipate that

this is due to the difference in terms of size, shape and curvature. This leaves a

systemic error since there is an inherent assumption that the fingers are all the

same. Despite this work, there has been no comment on the underlying statistics

of the surface structure in this research or in other literature.

Clearly, there are additional external factors that influence skin appearance; the

prominent factors are age and sun exposure. Indeed, there have been a series of

studies to determine the roughness of the surface of human skin using replica based

methods (Lagarde et al., 2005; Hof and Hopermann, 2000). We highlight the work

in (Korn et al., 2017) to determine roughnesses at different sun-exposed anatomical

sites in a wide age range to gauge the influence of these parameters. In Figure 4.7

the skin surface topography data (or height maps) at different body sites and age

groups is presented. Of particular interest is the similar methodology, presented in

section 2.3.1, and has similar visual structure to our results.

In Figure 4.7, the stretching and presence of larger wrinkles in the skin with age

is apparent through the visual appearance of the topography maps. The forehead,

cheek, nose, shoulder, and dorsal hand across a large range of age groups were

investigated and differentiation between sites progressed with age. The results

from the study showed that roughness increased significantly with age for 10 to

over 60 years old. Particularly, there were reported changes in the dorsal hand
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4.3.2. Skin variability

 Skin Topography and Texture Analysis Skin Pharmacol Physiol 2016;29:291–299
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 Table 2.  Mean skin surface texture parameter Sa for 4 age groups and 5 anatomical sites

Age group Forehead Cheek Nose Shoulder Hand

Group 1: 0 – 9 years 10.63 ± 1.9a 15.92 ± 3.71 16.31 ± 5.72 21.38 ± 8.43 22.99 ± 3.09
Group 2: 20 – 39 years 18.82 ± 4.29 23.09 ± 9.95 16.20 ± 6.86 17.25 ± 3.41 23.93 ± 2.94
Group 3: 40 – 59 years 20.05 ± 10.10 20.63 ± 9.23 33.84 ± 4.87 21.54 ± 4.79 34.28 ± 6.45
Group 4: >60 years 21.08 ± 3.64 28.65 ± 14.29 26.13 ± 8.22 22.54 ± 5.25 46.53 ± 15.66

Data are expressed as mean ± SD (in micrometers). n = 5 per group. a n = 4.

Figure 4.7: Skin surface topography of different body sites and age groups. Figure
has been taken from Korn et al. (2017). The surface maps in this image corres-
pond to a single subject from each age group and we can visualise the change in
appearance of external skin over the human lifetime.

(approximately 20µm increase in RMS roughness) and nose (approximately 10µm

increase in RMS roughness) but not for the other sites. This refers back to the

to the vaginal epithelial lifetime that we have previously discussed in section 2.8.1

since this figure demonstrates the decay of skin quality over similar time periods.

However, as we have mentioned before, the skin replica method is not appropriate

for vaginal tissue.

As such, for future work we suggest that an investigation of skin structure across

the human body using replica based methods (with impression material, described

in section 2.3.1) is required. We are particularly interested in the underlying pro-

cesses that generate the surface and, thus, a similar analysis of skin impressions

is required. This would need to be over a large range of people of various ages

and associated skin pathologies. However the extent of such a study is beyond the
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4.4. An optical means to assess roughness using speckle pattern analysis

scope of this thesis.

4.4 An optical means to assess roughness using

speckle pattern analysis

Coherent light scattering from rough surfaces, and the analysis of the resulting

speckle patterns, have long been investigated (Zhao and Gao, 2009b; Gao and

Zhao, 2009a; Goodman, 1976; Buchanan et al., 2005; Kayahan et al., 2009). Surface

scatter effects can be considered as a diffraction phenomena, with the emanating

field consisting of both a specularly reflected and diffusely reflected component.

The problem remains: how do we recover information about surface microstructure

from this scrambled phase-front. As a result of exhaustive research (Beckmann and

Spizzichino, 1963; Harvey et al., 2012) there are a number of solutions owing to the

rough surface scattering problem; when the surface spectral distribution and the

system boundary conditions are well defined. Many theoretical models have been

developed to predict wide-angle scatter from surfaces and, thus, the emergence of

techniques such as angular resolved scatter and total integrated scatter (Rakels,

1996; Schröder et al., 2011b) have been favourable for profiling materials. Yet,

to the author’s knowledge, single point speckle systems do not exist for profiling

surfaces which would be hugely useful to characterise difficult surfaces such as

human skin. It is common to use conventional profilometers for materials as they

provide a full quantitative mapping of the microscopic surface roughness. However

this is impractical for in vivo human application; due to the practical complications

of acquisition time and movement (Jaspers et al., 1999). Additionally, alternative

ex vivo methods (i.e. tissue sampling, work-up and microscopy) are available but

are often invasive and tedious. For the assessment of skin ‘quality’ though we

generally only require a classification of a skin surface; where values of roughness

are representative of an area of tissue.
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4.4.1. Single angle free speckle system

4.4.1 Single angle free speckle system

In this section we present a single angle free speckle system and employ statistical

measures to attempt to obtain the RMS roughness, σ, and the lateral correlation

length, T . We combine calibration data from metal standards and use surface pro-

filing measurements from skin moulds to validate our methodology. Our system is

simple in construction and has a short acquisition time, of 10ms. The experimental

layout can be seen in Figure 4.8. This speckle scattering setup described, here, is

used in the rest of this study.

Figure 4.8: Optical arrangement for speckle assessment of skin ‘quality’ from top
to bottom: 1 - 532 nm Green Laser Diode (Thorlabs CPS532), 2 - Galilean Beam
collimation (Concave lens (f1 =50mm), Convex lens (f2 =125mm)), 3 - aperture,
4 - linear polariser, 5 - inclined mirror at 30◦, 6 - 520 nm LED, 7 - CCD with
imaging lens (colour Prosilica GS650, 659x493 pixels), 8 - CCD (Mono Prosilica
GC650, 659 x 493 pixels), 9 - linear polariser and adjustable pinhole, 10 - Skin
surface.
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4.4.1.1. Alignment

Light from a Thorlabs CPS532 laser (532 nm) propagates through an aperture

into a lens setup. This light is initially further collimated, by a Galilean beam

expander, and passes through a linear polariser. We collimate the light to a spot

size of 3mm and through this we constrain the effective coherence area of the

surface; this influences the speckle formation (Goodman, 1976). As the collimated

laser light irradiates the surface the phase is scrambled and therefore this lead

to a scattered light distribution. This scattered light passes through a parallel-

aligned linear polariser and is captured by a mono CCD detector (component 8 on

diagram, GigE GC650 ProSilica, 659 x 493 pixels, pixel size (7.4 x 7.4µm) at an

angle of θ= 30◦ between the laser beam and CCD. Note that the linear polarisers

mitigate the backscattering from sub-layers of the skin due to blood perfusion and

underlying tissue components. The exposure time for each frame was 10ms and the

resulting image was recorded using custom written Python software, implemented

using NumPy and SciPy libraries (Jones et al., 2001). Additionally, the laser was

attenuated to 0.7mW to avoid overexposure of the camera and to ensure the beam

was skin safe. For initial use, the setup was aligned using a mirror to ensure that

the CCD and aperture were placed in the correct geometry. A mirror (Edmund

Optics Mirror, 4-6λ surface flatness) acts as the reference plane so that we can

align the beam. Moreover, we apply an aperture in front of the CCD to help the

user move the subject’s forearm into the correct position. The plane of interest is

determined when the aperture lies in the central portion of the image.

4.4.1.1 Alignment

Before the instrument can be used it requires alignment and we achieve this by

using a mirrored surface. A mirror acts as a perfect system since the reflected

beam maintains polarisation and dictates the geometry of our setup. However,

a mirror is a poor model for the skin surface since the skin is a multi-layered

diffuse scatterer. Thus, we only use a mirror for initially aligning the instrument.

Therefore, in this experiment we have aligned our speckle CCD sensor by using a

125



4.4.1.1. Alignment

mirror to position our detector in the region of the specular reflection. We have

done this for: (a) our spectroscopy setup, to improve SNR in our detector, and (b)

for our laser speckle system, to define the geometry for specular reflection. The

reasoning for this optical design is discussed later in the following sections of this

Chapter.

A mirror surface can be considered as a ‘perfect surface’ since it is optically flat

and the reflected light maintains the polarisation state of the incoming beam. At

normal incidence, reflected light will experience a 180 degree phase change when it

reflects from a medium of higher index of refraction and no phase change when it

reflects from a medium of smaller index∗. We used this method for our objective

speckle since we are in a scattering regime. This is separate from our calibration

procedure for our imaging arm. As previously discussed, we use an imaging camera

to calculate the albedo value (Ω). The surface albedo is the ratio of reflected

irradiance to the incident irradiance; it is a dimensionless quantity between 0 - 1

which corresponds to an ideal ‘black body’ that absorbs incident radiation. In

order to calculate the albedo effectively we need to illuminate a reference sample

and measure the reflected irradiance.

It is common to calibrate instruments and techniques, such as diffuse light spec-

troscopy, by using Spectralon R© fluoropolymer by Labsphere (Labsphere, 2016).

Spectralon R© is a diffuse scattering reflectance material with a uniform spectral

reflectance in the visible wavelength range and exhibits highly Lambertian beha-

viour. These reflectance of Spectralon properties is well defined with a high diffuse

reflectance (Ω=99%). In our experiment, however we simply used a white card

for convenience. We anticipated that the albedo calculation would only need to be

rough for the purposes of this prototype instrument. For future refinement we can

utilise such diffuse material, such as Spectralon R©, which have similar properties to

white matter and scleral tissue (MacKenzie, 2016). We accept that there are more

∗ However, in our experiment, we have an additional phase difference of 30◦ due to the incidence
angle of the laser beam. We discus the implications of this in section 4.4.1.2 since off-axis mirrors
act as waveplates for optical frequencies.
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4.4.1.2. Off-axis mirrors

advanced techniques to extract the albedo parameter, such as (Barron and Malik,

2012), but we used a simple approach. We calculate the albedo using a simple

ratio, as described in equation 4.1:

Ω = 〈Imean〉
〈Iref 〉

, (4.1)

where 〈Imean〉 the mean intensity across the image of the sample and 〈Iref 〉 is the

intensity from our reference sample (i.e. the white card). In this way we take the

mean value for the albedo across the Field of View (FoV). Thus we can begin to

estimate the effect of pigmentation within our speckle experiment, which we have

described in Chapter 4.

4.4.1.2 Off-axis mirrors

In the experimental configuration presented in Figure 4.8, there are issues with

polarisation coupling for off-axis metal mirrors,. Generally speaking a polarisation

state is maintained if the beam is polarized exactly in the plane of incidence (p-

polarisation), or exactly orthogonal to the plane of polarisation (s-polarised). For

any optical system one can represent the polarisation state by Jones vectors and

this can provide insight into the mechanics of the system (Hecht, 1997).

In our experiment, linearly polarised light propagates toward a metal mirror which

is orientated at 30◦ (or π
6 ) to the optical axis, this is shown in Figure 4.9. Light

is reflected from the mirror surface and there is a phase shift upon for s and p

polarisation states. To calculate this we express the initial electric field, E1 as

vertically polarised light,

E1 =

0

1

 .
This wave propagates to a off-axis mirror (rotated at angle θ to the optical axis)

and we can find an expression for the outgoing polarisation state of the wave, E2,
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4.4.1.2. Off-axis mirrors

Figure 4.9: Polarised light before (red) and after (blue) reflection from a vertical
mirror with an incident angle θ=30◦, adopting conventional s (y-axis) and p (x-
axis) state orientations.

E2 =

−rp 0

0 rs


 cos θ sin θ

− sin θ cos θ


0

1

 =

−rp sin θ

rs cos θ

 .
Thus for a perfectly reflecting mirror (rp= rs=1) at 30◦ the calculation gives,

E2 = 1
2

 1
√

3

 .
Therefore, this mirror alignment causes a reorientation of our coordinates system

and the two orthogonal field components in the initial coordinate system (E1) are

stirred together to form the field components in the new system. We demonstrate

this within Figure 4.9 where we have 1
2 and

√
3

2 in the parallel and perpendicular

components of the beam. This does not change the intrinsic characteristics of

the polarisation, but it does change the designations for the orientations of the

minor and major axes (Fresnel and Jones, 2013). Therefore, since we are only

using polarisation as a filtering mechanism, it is trivial to align the polarisers to be

mutually parallel. This is because problem is symmetric and we only need to align

our polarisers mutually. Therefore we make the comment that our polarisation

procedure is valid for our experiment.

128
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4.4.2 Diode-Pumped Solid-State (DPSS) Laser Output

Lasers have inherently coherent properties due a number of factors such as the mode

of operation and the cavity length. In our application we employed a Thorlabs

CP532 DPSS laser module. DPSS technology permits light from a laser diode to

be frequency doubled using a non-linear gain medium (such as a ruby crystal).

In this way we are provided with a good beam quality and well defined modal

behaviour. In this section, we consider this choice of laser which has a multi-peak

spectrum and coherence length of around 100 - 300 microns. In Figure 4.10 we

demonstrate the spectrum for our laser; determining the three distinct wavelength

modes present in the transmitted wave. The spectrum was recorded using a Omni-

λ300 monochromator (Zolix) with a grating turret of 1200 lines/mm, The dispersed

light was collected by an open electrode 1024 x 256 pixel linear array CCD (GPL-

3011-OE, Gilden Photonics) cooled to -55◦C from which images were obtained and

full vertical binning was used to build the spectrum. We discuss the importance of

a tri-modal laser module in the context of speckle generation.

This consideration is important since, for polychromatic speckle, the prevailing

mechanism of speckle decorrelation is the optical path difference (between ele-

mentary scattered waves) increasing when roughness increases; this is discussed at

length within (Tchvialeva et al., 2010a). However, our retrieval mechanism con-

siders the speckle pattern formation under an entirely monochromatic coherent

source so we need to verify the usage of this method under our source. Since we

have three modes which are mutually incoherent, these will cause a blurring effect

due the superposition of the interference pattern from each laser mode. In this

analysis we discuss the level of blur in our laser spot and thus show that, even

with our polychromatic source, our approximation is still valid. Under a simplified

model we can consider a stochastically rough surface structure as a superposition of

sinusoidal diffraction gratings with differing orientations, periods, amplitudes, and

phases (Krywonos et al., 2011); we can use this information in our simulation. The
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Figure 4.10: DPSS laser spectrum acquired at 10ms with a high-resolution spec-
trometer. We note three distinct laser modes present with central wavelengths of
λ1 =531.6 nm, λ2 =532.05 nm and λ3 =532.49 nm.

diffraction intensity from a grating is given in (Hecht, 1997) through equation 4.2.

Iθ = Io

(sin β
β

)2(sinNα
sinα

)2
, (4.2)

where, α = πa sin θ
2 and β = πd sin θ

2 . In this treatment, as demonstrated in Fig-

ure 4.11, θ is the outgoing angle between a point on the screen and the normal

vector between the grating and the screen. The grating is defined with N long par-

allel narrow slits, individual slit widths (a) and slit separation (d). In the simplest

case a two slit grating can be thought of as an analogy to a rough surface with two

landmarks of finite size a separated by a distance d. For the three individual mono-

chromatic sources λ1 =531.6 nm,λ2 =532.05 nm and λ3 =532.49 nm., given in the

spectrum 4.10, we investigate their grating behaviour. Thus, we setup the grating

with two slits (N = 2) and apply an increasing slit separation 4µm < d < 1000µm
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and width 1µm < a < 100µm. In Figure 4.12 we observe a family of curves that

describes the behaviour of a diffraction grating on a log scale. We calculate the

contrast metric for diffraction grating at each slit separation and repeat this for

each wavelength.

Figure 4.11: Diagram of a double slit diffraction grating problem. We include an
example of an intensity distribution and how a and d influence the interference
substructure and diffraction envelope.

The graph demonstrates the contrast of the diffraction pattern as a function of

spatial separation for 8 slit widths, labelled on the graph. We ultilise the contrast

metric, c, for our intensity pattern, c = Imax−Imin
Imax+Imin

. In this simulation we inten-

tionally sample a high angular resolution to appropriately represent the detection

plane. We found that 10000 angle points and 512 separation points to avoid ali-

asing. We observe this fine structure (or rapid fluctuations) in the graph when it

approaches unitary contrast (i.e. c=1). This is caused by the sinNα
sinα term in the

intensity expression 4.2 which modulates the intensity for large a.

In our graph, we plot the contrast change for each individual wavelength but since

the difference in contrast is infinitesimally small; not all of the curves are vis-

ible. We, in fact, report an average variance of 10−16 in the contrast between our

wavelengths, in each scenario, which is three orders of magnitude less that than

the data set. Therefore we also provide a second subplot to describe the influence

of wavelength. In the right subplot, we show the the ratio of contrast compared to
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Figure 4.12: An analytical means to describe the level of blur from a polychromatic
source. We employ three monochromatic sources with wavelengths: λ1,λ2 andλ3
from Figure 4.10. We present a contour log plot, left, to demonstrate the change
in contrast as a function of slit separation (d) for 8 slit sizes (a) and, right, the
relative change in contrast from the central wavelength λ2as a function of d for a
set of well-defined diffraction gratings.

the central wavelength (λ2) i.e.λ1
λ2

(red) and λ3
λ2

(green). We see a larger contrast

difference at lower separations due to the prominence of the zeroth diffracted order.

However for larger separations the superposition of these intensity patterns causes

a negligible difference in contrast. We estimate that the overlap of our curves is

at approximately 30µm, and additionally for separations above ∼750µm, the con-

trast difference is minute. This is related to the Rayleigh criterion as, within this

region, as we are unable to distinguish between feature size (a) at this separation

(d), since the contrast is indistinguishable. The largest difference is three orders of

magnitude less than that of the contrast curves as reported on the second subplot

(∼10−15). Thus we make the statement that our tri-modal laser source is suitable
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4.4.3. Proxies for Skin Surfaces

to use for our speckle retrieval system.

4.4.3 Proxies for Skin Surfaces

4.4.3.1 Rough Metal Surface Standards

Figure 4.13: Composite set of 30 solid nickel plates (0.875 x 0.375 inch) roughness
standards. Surfaces finishes have been electroformed using 6 common machining
methods: flat lapping, reaming, grinding, milling and turning.

In order to calibrate our results into a real space parameters; we require the use

of reference materials with a known distribution. A composite set of 6 rough-

ness standards, manufactured to ANSI-B-46.1-1985 standard, were employed as

demonstrated by Figure 4.13. These metal standard surfaces were analysed using

a non-contact optical profiler (Zygo NewView R©) where surface maps were gener-

ated. Then the corresponding surface parameters were extracted using the pro-

cedure described in Figure 4.4 and subsection 4.3.1. From analysis of the data we

could see that only ‘grinding’ metal surfaces can be modelled as randomly rough

surfaces with Gaussian statistics and thus we do not include the results from the

other metal finishes.

σREC = 0.082 ln (σ + 1.420× 10−5) + 0.865, (4.3)
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4.4.3.1. Rough Metal Surface Standards

TREC = −74.374

√√√√∣∣∣∣∣ 1√
|1− (T − 3.321× 10−5)2|

∣∣∣∣∣+ 74.715. (4.4)

These standardised materials were machined using grinding methods, with different

grades to produce an increasing roughness. Three areas on each roughness grade

were then measured in the speckle system. For the smoothest surfaces in this se-

lection the specular reflection was sufficiently strong to cause image saturation,

therefore the laser power was further attenuated to 0.05mW. The real parameters,

and corresponding speckle values, are compared in Figure 4.14 to show their func-

tional form. We use reference equations 4.3 and 4.4 to produce a scaled parameter

output, where ν represents the radial spatial frequency of the profiles.
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Figure 4.14: Calibration data from reference machined metal surfaces where each
‘grinded’ sample has an increasing level of roughness. We show parameter retrieval
semi-log plots, σ and T respectively to demonstrate the relationship more clearly.

Thus equations 4.3 and 4.4 are related to the physical conditions of the scattering

process (Zhao and Gao, 2009b) and from this we can use our system on other

surfaces. We note that the units, and fitting functions, have been discussed in

Chapter 3.
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4.4.3.2. Parameter Recovery using Skin Replicas

Therefore, in this research, we describe how to measure roughness via laser speckle

analysis. In Chapter 3 we have provided a theoretical overview for our analytical

method and we look to implement this in experiment. We demonstrate a practical

application of the technique using a green laser, with a known spectral profile, that

is readily available. In order to validate this technique we utilise metal roughness

standards in the range 0.55 - 10.0µm, peak-to-valley roughness. Through a fitting

algorithm we attain a calibration curve for weakly scattering surfaces i.e. opaque

metal standards. We accept, however, that there is a systematic error due to

skin semi-transparency and this means that a portion of the scattered electric field

comes from internal backscattering. In section 4.4.3.1, we discuss the challenges

associated with filtering the surface reflection from volume scattering. Albeit, we

need practical results to validate our system and we use rough metal standards

since they have become the de facto standard (Tchvialeva et al., 2010a; Lisa and

Toal, 1998; Lee et al., 2009). Therefore we can use rough metal surfaces as an initial

test of our system since the scattered electric field only contains information from

the surface scattering (Beckmann and Spizzichino, 1963; Tchvialeva et al., 2010b).

4.4.3.2 Parameter Recovery using Skin Replicas

As an aside, we attempt to use the retrieval process using the dental silicone and

urethane impressions within our system. We mount our impressions individually

by clamping them between two cage plates; at location 10 on our optical system,

see Figure 4.8. Unfortunately since many of the urethane and silicone samples

were thin and fragile, they were damaged in the mounting process. Thus we were

unable to perform repeated measurements to gauge the error in each measurement

and we were unable to commit to any further profiling. In Figure 4.15, we provide

our results in an attempt at parameter retrieval using the methodology described

in Chapter 3.

This experiment provides a qualitative, but not quantitative, assessment of how

one can measure the roughness of skin moulds using speckle analysis. A clear issue
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Figure 4.15: Recovery method on silicone (blue) and urethane (green) skin moulds.
We present the recovered RMS roughness (σREC) and lateral correlation length
(TREC) with the albedo (Ω) in our parameter space.

in this experiment is the recesses of the skin phantoms that impair the geometry of

the scatter. In other words, the total error is difficult to predict and we found that

the samples were difficult to reshape post-cure to amend this. Albeit we do provide

some level of error analysis, i.e. of the isotropy and repeatability, using one sample.

In this way we gauge the systemic and user error, in the alignment procedure, as

well as an idea of the isotropy error. We record six repeated measurements of the

sample, in and out of our system, at four different orientations and we measure

a standard error of the order 10−5. We observe a large scatter in the results due

to the poor formation of the moulds and additionally we are limited in our ability

to align the sample to be locally flat without causing stress or breakage to the

mould. It has been suggested in (Stam, 2001) and other parts of the literature, but

not explicitly written, that we should offset the results using the albedo parameter

(Ω) since the colour is different between the phantoms see 4.3. We also provide a
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4.4.4. In vivo human skin evaluation

trend line, dictated by the behaviour of equations 3.35 and 3.36. In this way we

provide a proxy for human pigmentation, which leaves us to address this in our

skin experiment.

4.4.4 In vivo human skin evaluation

The principle aim of this study is to recover the surface roughness parameters based

entirely on the digital analysis of speckle patterns scattered from the rough skin

surface. In recent years, considerable resource has been applied to laser speckle for

measuring blood flow (Briers, 2001; Fujii et al., 1985); yet the contribution made

by the surface finish of the tissue has been frequently overlooked. The surface finish

of skin can provide a significant information in relation to ageing, skin condition

and the acceptance of various consumer products (Jaspers et al., 1999). We look

into the practical application of our single point speckle instrument in recovering

surface parameters that are related to the skin roughness. We demonstrate that

through our system it is possible to establish optical ‘signatures’ of human tissue

in its normal and irritated states.

4.4.4.1 Methodology

In a preliminary study we observed roughness changes in six volunteers. The in-

tention was to investigate the skin response to two different applicants; using our

speckle system to observe the skin reaction over time. These applicants are over-

the-counter hand cream and, a known skin irritant (Tupker et al., 1997), SLS. We

choose to investigate the volar forearm as the behaviour of these applicants on these

sites has been documented before (Kampf and Ennen, 2006; Tupker et al., 1997).

We assign three skin sites (A, B and C) to the forearm. These were marked with

off-the-counter skin tape and the sites were located at approximately 50mm apart

along the axis of the arm. Site B is the control site with no product treatment.

Site A measures the effect of hand cream and site C measures the effect of a the
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4.4.4.1. Methodology

skin irritant SLS. Figure 4.16 provides a visual aid to understand the protocol of

this experiment. After gaining prior university ethical approval for use of human

volunteers a total of 6 individuals participated in the experiment. Each participant

was asked to fill in a questionnaire in which they graded their feeling of skin rough-

ness on a scale of 1 to 10, before and after the experiment. We expected, through

previous exhaustive studies (Kampf and Ennen, 2006; Tupker et al., 1997), that

hand cream would attenuate skin dryness and for SLS to induce an acute irritation.

Figure 4.16: Experimental protocol for in vivo skin experiment. Each cross on
the diagram indicates a measurement at a particular time. The green bar at site
A indicates the application of hand cream. The red bar at site C indicates the
application of the SLS solution.

In our experiment, a 1ml concentration of 7.5% SLS in de-ionised water was ap-

plied on the site for 5 minutes via an occlusive patch, as reported in the European

Society of Contact Dermatitis: Guidelines on SLS exposure (Tupker et al., 1997).

By using an occlusive chamber we were able to have a prolonged contact with the

skin. Additionally, by using a patch, the aforementioned skin site could be wiped

before measurement; removing any excess grease and oils. Measurements at every

site occurred at four intervals: initial unperturbed state (1), hand cream applica-

tion to site A (2), SLS application to site C (3) and after an hour (4) 4.16. We

acquired speckle data at each site over a 5 second interval. Additionally we acquire

a reference image capture by our secondary camera (component 7, Figure 4.8).

This conventional image, captured by our LED illumination allows us to locate the

skin site but also acts as a reference to measure albedo reflectance. This albedo
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4.4.4.1. Methodology

parameter (Ω) accounts for the Lambertian (or diffuse) scattering that occurs from

the skins spectral composition (Zonios and Dimou, 2009). We calculate the albedo

by measuring the ratio between the lightest and darkest components of the image.

Therefore our results are then adjusted using the albedo scattering parameter to-

gether with equations 4.3 and 4.4. In order to well define the scattering geometry,

we employed the use of a cage plate (∅22.9mm clear aperture) to keep the skin

surface in the same local plane. When we acquire data, the subject’s arm rested on

a flat mount to reduce axial movement and we position the instrument relative to

their arm. In reality, human skin behaves as a volume scatterer with a wavelength

dependent probe depth and subsurface effects (e.g. capillary blood flow, tissue per-

fusion) (Fujii et al., 1985; Zonios and Dimou, 2009). These effects were apparent in

our preliminary measurements. So we employed polarisation filters, aligned in par-

allel, to remove secondary scattered light from sub-dermal layers. We additionally

tested the robustness of our system by gathering errors from repeated measure-

ments. Namely, we take a single untreated site on one volunteer and measure the

roughness of their arm. We then remove their arm and place it in the system again

for another measurement; this is performed several times to gauge the user error

and we propagate this error into our results.

From previous work (Tchvialeva et al., 2012), it is clear that volume scattering from

the skin is another serious factor reducing speckle contrast; a quantity introduced

in Chapter 3. The penetration depth of green light is approximately 1mm, see

Chapter 2, and the volume scattered signal is therefore close to the surface reflection

signal. By placing the polarisation filter before CCD camera, we eliminate roughly

half of volume noise. But ratio of surface scattering to volume scattering still

remains high. We attempt to provide an estimation of this influence and validate

if volume scattering can be neglected through our filtering mechanism. In this

preliminary experiment, we take one volunteer and measure 5 repeats on the volar

forearm with different exposure times. We acquire data both with (a) and without

(b) a polariser in front of the detector. In Figure 4.17 we show the mean of our
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Figure 4.17: Systematic errors on the level of detector exposure sampled
at 1ms, 5ms and 10ms. We present the behaviour of where we quote
the mean contrast value (K) and associated standard error for plane polar-
ised (0.190±0.001, 0.165±0.001, 0.178±0.003) and with no filter (0.174±0.001,
0.183±0.002, 0.187±0.004) for 1ms, 5ms and 10ms exposures respectively.

repeated experimental data together with the standard error.

For in vivo roughness measurements we investigate the influence of acquisition time

on this factor of speckle contrast decrease as we demonstrate in Figure 4.17. We

measure the raw value of the speckle contrast since this value is targeted in much

of the literature for measurements of motion artefacts i.e. blood flow (Senarathna

et al., 2013; Small et al., 2014; Boas and Dunn, 2014). Since we are using a 532 nm

incident wavelength at low power, increased to 0.47mW for this purpose, we still do

not observe a significant SNR to observe secondary scatterers that was suggested

in the literature at this wavelength (Tchvialeva et al., 2012, 2010a). In addition

to this, different micro and macro movements inside and outside the skin reduce

speckle contrast. The correlation time for the speckle motion due to blood perfusion

is approximately 1 - 5ms (Boas and Dunn, 2014).We find, however, that there is

no significant pattern within our results and neither do we find a great change

in variance at 10ms since our main source of noise in macroscopic movement of

the tissue i.e. patient fidgeting. Thus, we determine that 10ms is an appropriate

acquisition time since there is a trade off between both blood perfusion events and
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4.4.4.2. Results and Discussion

patient movement over this exposure time. Additionally we achieve a larger signal,

to form our image, at this exposure and thus we move away from issues with the

CCD shot noise; which is a limiting factor for signal detection.

4.4.4.2 Results and Discussion

With this knowledge, the results on human skin are visually represented via a ky-

mograph in Figure 4.18 and presents the skin response over time. In Figure 4.18 we

present the weighted height variance (ΩσREC) and the correlation length (ΩTREC)

but also present the surface irregularity ( σT ), a well defined parameter, in an at-

tempt to collapse our two parameter measurements into one result. In this way we

attempt to demonstrate each subject’s response more clearly.
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Figure 4.18: Representation of volunteers skin roughness using a false colour map.
The lighter colour refers to a smoother ‘surface finish’. The x-axis is scaled in time
represents the individual stages (1-4) from left to right.

We recall that the values presented should not be treated as an accurate recovery

of RMS value but are, rather, representative of a physical change. In this study we

found that the each subject’s response varied with each stage of measurement. In

our results, the trend suggest that site A generally becomes smoother with hand
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4.4.4.2. Results and Discussion

cream application and tends to return to the initial state after an hour. However,

site C varies amongst volunteers as expected from an acute occlusion to the SLS

solution (Tupker et al., 1997). Additionally, subject S1 suffered from psoriasis and

complained about a tacky feeling of his skin with the hand cream application; this

was out of line for other subjects. With this knowledge, we observed that our

system reported a fractional change of ∆T
TA1
≈ 0.11 and ∆σ

σA1
≈ 0.08 for subject S1,

at site A from stage 1 to 4.
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Figure 4.19: Examples: Parameter space scatter plot for four volunteers (S1, S2,
S3 and S6). Sites A, B and C are represented in this plot and annotated at each
stage (1-4). Using k-means cluster analysis we attempt to partition the data into
distinct Voronoi cells, using SciPy (Jones et al., 2001) python algorithms. Centroids
of clusters are marked as white crosses. The scatter points are colour coded and
this colourmap is generated from our questionnaire, asking subject’s about their
perception of roughness.

Another representation of the data is shown within Figure 4.19 where we present

two examples of scatter plots within our parameter space. In this two-dimensional

parameter space the general trend of these graphs is that ‘rougher’ surface present

themselves toward the top left (i.e. high σREC , low TREC) and ‘smoother’ surfaces
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4.4.4.2. Results and Discussion

are towards the bottom right (i.e. low σREC , high TREC). Here, we have attempted

to discriminate against different roughness states for two volunteers (S3 and S6).

In this we perform k-means analysis with 2 clusters using Python libraries (Jones

et al., 2001) and produce a plot with Voronoi cells. The aim of this method is

to define regions from the cluster, for which, we can associate our measurements

with what volunteers grade as ‘normal’ and ‘different’ states of skin. Note that

roughness results are presented using results from the questionnaire and a reference

colourmap (ranking a score for increasing roughness, 0-10). The centroids of these

clusters have been marked as white crosses and the boundaries can be coloured in

an arbitrary colour scheme. In this way, we attempt to quantify how volunteers

feel different effects for these skin irritants and using numerical values we attempt

to show that these perceptions are met. Subject S3 reported the greatest changes

with regards to the questionnaire with S3 grading the response as 5 to 3 for hand

cream application and 5 to 8 for SLS irritant. In the scatter plot for S2 we observe

the partition for site A compared to others and additionally observe the recovery

behaviour as it transitions before and after hand cream application. We report a

percentage difference in the centroids of approximately (∆σ% ≈ 1.9,∆T% ≈ 3.2),

(∆σ% ≈ 0.6,∆T% ≈ 3.4), (∆σ% ≈ 1.7,∆T% ≈ 2.9) and (∆σ% ≈ 3.9,∆T% ≈ 4.2)

for subjects S1, S2, S3 and S6 respectively.

From Figure 4.18 it is clear that we observe high frequency temporal content within

our dataset particularly in the correlation length measurements. In particular we

observe segments, and therefore a larger variance in values, across the kymograph

due a patient movement and scatterers. This is due to Doppler shifted light caused

from underlying blood flow (Fujii et al., 1985) causing a dynamic (time-varying)

speckle pattern. Some error that we cannot accurately account for was due to volun-

teer vibration and the changes in heartbeat. Another issue within this experiment

relates to the protocol; the skin sites may have been too densely positioned. We in-

tended to conduct an experiment that we could see the local roughness changes on

the volar forearm i.e. similar tissue. However, in reality we may have contaminated
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4.4.5. Speckle contrast measurement

the results. A bulk response of the skin may have occurred across all sites under

application of a particular insult and it would be impossible to entirely decouple

these effects. Similar discussions have been made in (Kampf and Ennen, 2006) on

product-treated human skin.

4.4.5 Speckle contrast measurement

We have summarised the surface RMS recovery method from Tchvialeva et al.

(2010a) in Chapter 3 and we can, now, look to implement this on experimental

data. In Figure 4.20a we particularly show that this method is usable on more

affordable laser diodes that have a more complex modal structure. These have been

evaluated using strongly rough metal surfaces (between 1 - 73µm, RMS roughness)

under different laser illumination sources and we can look to do the same with our

results. Thus, we use equation 3.40 to mathematical define the contrast curve for

different RMS roughness values for a multiple mode laser. The result is presented in

Figure 4.20b to which we include the results from our skin replicas (both urethane

and silicone).
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Figure 4.20: (a) Experimental validation of laser diode calibration curves, for RMS
against contrast, using metal surfaces from Tchvialeva et al. (2010a) (b) Calib-
ration curve estimation using equation 3.40 for a tri-modal Thorlabs green laser.
We include speckle contrast results from skin replicas for both silicone (red) and
urethane (green).
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4.4.5. Speckle contrast measurement

We immediately notice that there is a lower contrast for our skin mimics this due

to the absorption of the material in in the filtering mechanism which reduces the

registered signal to the detector (Tchvialeva et al., 2009). We anticipate therefore

that the effects of polarisation gating, can be estimated from this reduction in

contrast can be estimated from this calibration curve. This is due to the linear

relation between the DoP and the interrogation depth; this is discussed in greater

length in section 3.6.2. For this study we mention this as an aside, since it is quite

relevant, but there is limited data to make a quantitative measurement. We would

require a set of volume scatterer standards to do such a task and to accurately

include volume scatter effects. However, this is not a trivial procedure since volume

scattering is a highly variable process as we have discussed before. Thus, in our

work, we will only look to minimize these effects.
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Figure 4.21: Bar graph for speckle contrast for each location (A, B and C) at each
acquisition time (1 to 4). We include the corresponding standard error for each
measurement.
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In Figure 4.21 we present the speckle contrast results for our skin study. In this

way, we attempt that speckle contrast values can compare the relative changes in

roughness and show that this method has potential for future use in an optical

system. In these results we do not provide a formal definition for roughness as

a function of contrast. We have considered the calibration curve for our partic-

ular laser diode but, since the calibration procedure requires quite involved and

requires an extensive experimental work. We have outlined the work conducted

in Tchvialeva et al. (2010a, 2012) and we recognise that the volume scattering

causes a reduction in speckle contrast, thus, overestimating the surface roughness.

In order to account for this, a formal calibration procedure is required as we have

already discussed in a literature review of Tchvialeva et al. (2010b). Therefore

we show that polarisation filtered signals, consist mainly of surface-reflected and

weakly scattered lights emerging from the superficial skin volume, still contained

sufficient among of volume-scattered signals and overestimated the skin roughness.

These results also reiterate the point that there is a great variability with regards

to the skin roughness. The nature of the experiment meant that antagonists on

the skin sites were not local. In other words, site B was not a true ‘control’ and the

protocol of this experiment will need to be slightly adjusted with this knowledge.

4.5 Conclusions

Within this study, we have presented a method for objective skin roughness assess-

ment using speckle pattern analysis. We additionally demonstrate the significant

wavelength bands at which light is attenuated in the skin. We perform statistical

analysis of silicone impression of real human skin and provide evidence to demon-

strate that the skin can be treated as a normally distributed surface. We then

provide initial results, as well as calibration data from machined surfaces, towards

a fully functioning speckle-based instrument to evaluate the skin integrity. The

analysis of the scattered speckle pattern, in addition to other studies, shows that
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there is a dedicated amount of information about a surface spectral composition

which can be interpreted using a single point detector. This simple optical setup

demonstrates a method towards analysis of the surface of the skin layer and while

the results are not conclusive we have discussed the difficulties and motivation for

committing to this process. Our investigation provides a protocol: to link a meas-

ured parameter from an optical system to a humans perception of skin quality.

Following this, we can begin to consider the miniaturisation and construction of a

hand-held probe.
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Chapter 5

Miniaturisation and Optical

Design

In this chapter we describe the design and assembly of the prototype system. For

convenience, and for presentation as a potential commercial product, we ascribe the

probe with the acronym Optical Probe to evaluate Tissue Atrophy (OPTA). This

section provides detailed technical information on the OPTA’s construction and

specifies its optical capabilities. In particular, we focus on profiling the illumination

optics as well as nominal measurements of the device characteristics.

5.1 Introduction

In this chapter we explain the practical elements for a clinical device; we report

the details from two formal clinical discussions conducted at Freeman Hospital in

Newcastle. In this discussion we present four initial 3D prints, with different orient-

ations, in order demonstrate our different device designs. Once a choice was made,

we developed a full optical and mechanical design for our prototype instrument

based on the experimental development described in Chapter 4. Following this, we

outline the beneficial features of the selected design which impacts both the optical

design and the way we assemble the device.
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In section 5.4 we compile a full list of preliminary tasks to characteristic the op-

tical elements of the device. We detail the merits and difficulties of 3D printing,

in subsection 5.4.1, for prototyping medically approved parts. We then describe

properties of the laser diode, POF polishing and the manufacturing process of a

non standard custom AMC for assembly of the probe. In the latter portion of this

section, we discuss the importance of beam profiling and employ different meth-

odologies for our different light sources during the assembly process. Namely, we

verify the quality of the input gaussian beam and multi-wavelength fibre optics

we examine profiles of the sources that propagate in a free-field regime to three

detection planes at increasing distances. These beam profiles exhibit some visible

artefacts that we attribute to inherent limits within the system, that we discuss

further within 5.4.5.1. This leads onto a full discussion into the construction of the

OPTA device where we report our assembly process, materials used and a price list

of our recognised optical components. Finally we discuss potential improvements

to our assembly process as well as the limitations of certain techniques that we

attempted. In this way we look to summarise all of our work, both successes and

failures, using photographs of the OPTA and profiled data.

5.2 Clinical Considerations

As presented within Chapter 1 the project aims were well defined and the motiva-

tion for this research was made clear to us through additional discussions with Dr.

Ray Warren (P&G Principal Investigator). However, to truly appreciate the prac-

tical constraints for a diagnostic procedure we required the knowledge and expertise

of clinicians. This information proved to be pivotal to the optical and mechanical

design. Additionally, from a clinical perspective, these discussions presented po-

tential collaboration opportunities for connecting biological marker changes with

present skin conditions. In other words the changes at the introitus or labia could

be measured non-invasively, with our device, this could then be correlated with
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5.2.1. Urogynaecology MDT

known biomarkers.

From previous links with P&G, we gained advice from a selection of locally based

clinicians at Freeman Hospital in Newcastle, UK. The group contained diverse

members of the department ranging from doctors, nurses and recognised urologists.

This initial meeting provided us with a greater level of information on the practical

limitations in clinical usage and allowed us to progress with a series of optical

designs. Subsequent design improvements were then discussed in a second meeting

with Dr Chris Harding, a consulting surgeon, and his team of nurses and doctors.

In this meeting we presented a suite of initial 3D prints mock-ups, in section 5.4.1.1,

which enables us to visually demonstrate our ideas and to discuss the practicality

of each design. The minutes from these meetings are outlined in the following

subsections.

5.2.1 Urogynaecology MDT

In our first meeting we required detailed information on the clinical setting. For

the National Health Service (NHS), in the UK, assessment for vaginal atrophy is

conducted at the bedside where a visual inspection is made. For such a multidiscip-

linary project, we needed to clearly communicate our requirements for the device

and we obtained this information via a carefully designed questionnaire. We estab-

lished that the probe would only need to be disinfected rather than being sterilised,

since we intend to use a clinical sleeve to shield the device, based on conventional

dental barrier sleeves available off-the-shelf. Additionally, we agreed the use of

the speculum for clear practical reasons. Since the device was only intended to

primarily investigate the introitus (at ∼3mm along the vaginal tract); we clearly

did not want to perturb the environment in any way. Therefore we agreed that a

suitable probe, that could be hand held and miniature, would be ideal to use in

the clinical environment. Based on clinical experience, it was suggested that we

develop a device with a diameter of 6 to 8mm (since this mimicked the dimensions

of a pen).
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5.2.1. Urogynaecology MDT

At the time of this research one surprising point was raised that there is no detailed

clinical guidelines, or lookup table, for vaginal atrophy. During our research we

found only one method to evaluate vaginal atrophy through a questionnaire (Erek-

son et al., 2013); this further underpins the need for our instrument. This document

addressed the associated symptoms that were produced from vaginal atrophy yet

the pattern or combination of symptoms is largely understudied and there did not

appear to be any other material available. In principle, however, we intended to

utilise this questionnaire to correlate the patient interpretation and the physical

parameters obtained from our device. In the absence of a standardised scale for

quantification of vulvovaginal symptoms, and life-impact, we intended to develop a

numerical score to classify the tissue site. We understand that this type of approach

is common place within clinical studies as it aids straightforward interpretation.

We discussed the future direction of the project; namely that we intend to look at

the elasticity of skin tissue. As expected the general consensus seemed to agree

that this will give a very clear idea of the degree of keratinisation. One comment

concerned the relevancy of the pH measurement to the grading of vaginal atrophy

and if there was a benefit in developing a non-invasive tool (using fluorescence

based imaging) to measure this. The problem here is that the sampling area would

be too small, in this case, and there may be not be a great correlation to patient

symptomology. In this case, similar suggestions were previously suggested by Dr

Warren. Our initial ideas led to the development of a hand held shaped device

(akin to a pen) since this met the brief and these thoughts were met with good

reception. The discussion continued to the device orientation where the idea of

‘head-on’, as well as ‘side-on’, illumination was proposed. While it seemed that

head-on illumination would be preferable, the impression was that we may even

need more flexibility given the dimensional constraints. We opted, from previous

dental device experience, to develop a selection of 3D model prototype with 0◦, 30◦,

45◦ and 90◦ angle of illumination as shown in subsection 5.4.1.1. The intention

was for this to be inexpensive and, through the availability of 3D printing, we
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5.2.2. Clinical Translation

would have a visual interpretation of our ideas to ensure that the design would be

practical.

Thus from clinical discussions with connections in Freeman Hospital, acknowledged

previously, we began to establish initial design parameters for the device and we

could develop these in a second session. Thus we established that the tissue would

accommodate approximately 4mm diameter probe comfortably. However, for prac-

tical purposes, we would at least need to manufacture it to a 6-8mm diameter to

incorporate a successful optical design. We discussed the depth that the probe

needed and, as expected, the clinicians stated that they only need to investigate

the first few millimetres of the introitus to sufficiently make a diagnosis. With

respect to the depth of the probe, the clinicians suggested ways in which the device

would to be held in practice. If a hand held instrument was not possible then we

considered the use of the instrument with external support (i.e rollers or a stand

clamp) to provide the necessary stability. One suggestion was that we could use

an existing technique where, for rectal biopsies, a frame system is used and could

be made readily available. With this information in place we could begin device

prototyping and, once we had ideas in place, we arranged a second meeting to

discuss the translation to the clinical setting.

5.2.2 Clinical Translation

Using the information from our project brief and our preliminary discussions we

were able to generate initial designs for the shell. This would then enable us

to proceed with the construction of our prototype. The aim, here, was to gain

feedback on the 3D printed probes made in section 5.3 and see if the device design

would be appropriate. The initial 3D printed probes were well received with the

group unanimously voting for the 90-degree probe, in figure 5.3d. The two main

reasons were that the probe was easy to hold and to apply pressure evenly but, most

importantly it was convenient to hold against the vaginal wall and easy to rotate.

There were no negative comments with regards to weight, thickness or length of the
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5.2.2. Clinical Translation

probe and thus no major adjustments are necessary. Now that we have confirmed

the preferred orientation, we can now pursue this shell design and begin to finalise

an optical design. Note that there was some discussion about the depth that we

wish to examine the tissue. Usually the level of atrophy is assessed only a few

millimetres into the introits but with this technology we can look into the different

levels of atrophy through the vagina and look into producing a standardised testing

method.

In our experiments we experienced difficulty with the reproducibility of measure-

ments in vivo with human skin, as detailed in Chapter 3. One issue that concerns

the roughness of skin is the amount of pressure applied on the skin. The effect of the

user force on the probe is a factor to be considered since the skin beings to stretch or

bulge (depending on the recess of the surface) and consequently change the surface

‘waviness’; while also inadvertently causing movement from the patient. Therefore

this is something to be investigated within further studies, in other words, how

much pressure can we apply before results change the measurements. The question

is whether we need an ‘alarm’ of some kind to mediate this and if indeed a change

in results is significant.

We discussed some other relevant points, the idea for device using a puff-of-air

distortion on exterior skin was well received and it would be ideal to use with

a patient in vivo. Additionally, we discussed the clinical process involved and

how best design a product that patients feel comfortable with. We also needed to

consider some points for the latter stages of the project. For example, the sensitivity

of measurements and the operator training requirements in the use of the device.

Indeed, for in-house measurements the inside of the lip is a good analog and we

can use this information to produce some initial calibration data for the probe.

We also wanted to confirm exactly what it is they wish to receive from the device

i.e. receive a value that corresponds to an area of tissue which can be referenced

to a scale. In the clinical setting, people do indeed want to interpret numbers in

this way and accordingly we look to implement an appropriate cue risk/percentage
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5.3. Framework

likelihood technique in our system.

5.3 Framework

Following the development of our initial designs we could begin to design an optical

system given the specified physical limits stated in 5.2. Although we had physical

constraints, and the operating conditions, from the problem we still wanted to

maintain the fine alignment tolerance that is present within precision optical in-

struments. We pursued the idea of a ‘rail’ system as is typical for bench top optical

systems. We employ cage systems to align lenses, filters, beam splitters as well as

other components. With this system we could make adjustments and restrict the

geometry of our optics. In accordance with this, we felt that it would be sensible

to develop a frame externally and build an enclosure to hold the optics inside.

5.3.1 Optical Design

We present an illustration of the rail assembly combined with an optical drawing

as seen in figure 5.1, a more detailed optical design was developed using a non-

sequential simulation method implemented with Zemax Optic Studio software. We

adapt our initial speckle instrument from Chapter 4 and miniaturise the design for

use in a probe. Our optical drawing demonstrates the propagation of our diverging

laser diode with driver safety board (1) into a collimator doublet lens BFL=10mm

(2) and into the aperture converting from geometry A to geometry B (3). Coherent

light then deflects from a mirror surface at an angle of 30◦ degrees at (4) the beam

then irradiates the surface (signified in the drawing as a diffraction grating) at (6)

and the diffracted light propagates freely to a sensor positioned at (5).
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5.3.2. Mechanical Design

Figure 5.1: Schematic for the OPTA prototype. The diagram illustrates the mini-
aturisation of the bulk speckle system, from Chapter 4, as well as the optical
components involved. We show the laser diode with driver board (1), collimation
lens (2), aperture (3), mirror surface (4), imaging sensors (5) and scattering surface
(6). Note that we intend to computer control our equipment in the device.

5.3.2 Mechanical Design

We developed a custom rail system to allow us to align optical components along a

common optical axis, based on a similar principal to a cage system. The individual

components were manufactured in-house using aluminium. We used precision cut

piano wire (high-carbon steel, �1mm) for the rails in our system. Conventionally

stainless steel dowel pins would be used for such an application, however, we were

unable to find a manufacturer that would provide pins of such a length, off-the-

shelf. For this particular thickness we required an appropriately dense material,

with a high tensile strength, to maintain the structure of the frame and maintain

a straight orientation; piano wire met this requirement.

In Figure 5.2 we present a mechanical assembly drawing to demonstrate the con-

tents of the OPTA probe, as well as the outer right half of the shell, in its functional

form. We have labelled our components individually to demonstrate how the device

works. We designed several aluminum components to aid with our optical design:

a laser diode holder for use as a heat-sink, a lens holder and a rail converter part
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5.4.1. 3D Printing

(for the transition between geometry A and B). Additionally, all of these compon-

ents contain 1.25mm holes to accommodate each rail. These are labelled within

the CAD drawing shown in Figure 5.2. We bonded our aluminum frame with an

epoxy adhesive to provide a secure adhesion between the components of the frame;

further information is provided in subsection 5.5.1.We needed to design additional

components of our frame as we were building the device. We initially wanted to

bond our cameras to the frame and shell of the device but this proved to be too

difficult on this scale. Therefore to correctly accommodate for the alignment of the

optics we used of 3D printing methods, since they provide a higher resolution print

(25µm). This is discussed further in subsection 5.4.1.

5.4 Preparation

5.4.1 3D Printing

For our application we employed two conventional 3D printing methods. We begin

using Fused Filament Fabrication (FFF) 3D printing as it is the most common

and, additionally, it was available immediately in-house. The process involves the

melting of a plastic filament and subsequently depositing it on a platform, layer by

layer, to form the desired object. The Ultimaker 2+ enabled us to make our initial

prints using ABS plastic, demonstrated in 5.4.1.1, for our clinical discussions 5.2.

For our final probe we required a finer resolution print to accommodate our mini-

ature optics and we additionally required a medically approved plastic which would

be appropriate for use on skin and mucosal tissue. At the time of this study the

only available biocompatible material for 3D printing was the Dental SG resin

by FormLabs. We decided to use the FormLabs Form 2 Stereolithography (SLA)

printer for our purpose. The SLA printer works by utilising a photo-polymer resin

to construct high-resolution layered surfaces. A UV laser beam cures, and hardens,

the resin to form a thin layer on a build platform. Each layer is then built on top of
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5.4.1.1. Initial prints

the preceding one to form the final print. Further discussion on this can be found

within section 5.4.1.2.

5.4.1.1 Initial prints

For our clinical discussions we decided that our first prints would be printed using

Acrylonitrile Butadiene Styrene (ABS), known for its exceptional mechanical prop-

erties, would be suitable candidate to demonstrate a proof-of-concept design. ABS

was readily available in-house and we finished the print using acetone vapour. We

developed this prototype using collimated laser diode light modules and, depending

on the orientation of the probe head, we aligned a 5mm mirror to deflect the beam

at an appropriate angle.

(a)

(b)

(c)

(d)

Figure 5.3: Principal designs for the prototype instrument. Side profiles of ABS
3D filament printed probes containing collimated laser light (a) 0◦, (b) 30◦, (c) 45◦
and (d) 90◦ orientation. For an idea of scale, the outer diameter of the handpiece
is 10mm and 6mm at the tip.
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5.4.1.2. Final print

5.4.1.2 Final print

The print was produced using a FormLabs Form 2 SLA Resin printer. A class I

biocompatible photopolymer resin was used (FormLabs Dental SG), (FormLabs,

2016). This particular resin was designed primarily for the manufacture of dental

surgical guides but can be used for similar applications. The gold standard for

biocompatibility are two protocols: the United States Pharmaceuticals (USP) Class

VI and the ISO 10993. These stringent protocols are in place to test for potential

toxicity and irritation to the skin upon different levels of tissue exposure. Post-

processing the prints using a UV lamp, see provided spectrum Figure 5.5, was

necessary since the shell would need to be disinfected after each use. We chose not

to perform an auto-clave procedure since the shell would need to be steam sterilised

after the optics were placed in the device where we risk damaging the electronics;

additionally this was not necessary as discussed, at our clinical discussions 5.2.

Since the print was partially transparent, we spray painted the inside of the shell

using black primer. This allowed us to mitigate scattering inside the device and to

make the design more visually appealing from a user perspective. The print was

subsequently cleaned with a dilute isopropanol mixture and disinfected upon device

assembly. In Figure 5.4, we present the pre and post-cured 3D prints with support

structure and Figure 5.5, presents the UV lamp spectra that we used for curing

using an OceanOptics USB2000+ spectrometer,at an integrating time of 100 ms.
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5.4.1.2. Final print

Figure 5.4: Printed (a) and post-cured (b) parts by exposure to UV light and heated
to comply with protocols for optimal biocompatiblity and mechanical properties.
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Figure 5.5: UV lamp used for post-curing parts. Data has been post processed by
removing reference dark spectra. Post curing occurred for 10 minutes in an isolated
chamber with thermocouple to monitor internal temperature.
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5.4.3. Polymer Optical Fibre (POF)

One common issue within 3D printing is the delamination of prints and, especially

with our experience of the SLA resin printer, this was a regular occurrence. We

observed a number of print failures from cured resin layers separating from one

another due to a combination of the age of resin cartridge and deposits in the resin

tank that contaminated the optical surfaces. We found a solution in which we

emptied the resin tank to an external container and left this resin to cure in the

daylight; in the meantime we reinserted the empty resin tank and began a new

print cycle.

5.4.2 Laser Diode

In order to generate our laser speckle we required a monochromatic coherent source.

Fibre optics are the prevailing mechanism for many devices. An option was to fibre

couple a laser into the system, however the drawback here is that, if we were to

fibre coupled a laser, then the coherent properties of this beam changes (Hecht,

1997; Partridge et al., 2016). Thus we opted to use a miniature laser diode with

an integrated laser diode driver circuit for a safety cut-off and output power limit

(λ' 515 nm, �5.6mm).

5.4.3 Polymer Optical Fibre (POF)

As discussed in Chapter 2, we require a light delivery method to manipulate the

spectral properties of human skin. Clearly for miniaturisation an appropriate sys-

tem for projecting light onto the skin surface is paramount. For imaging purposes

we required an incoherent source with a high spectral brightness. We required a

light source with multiple wavelengths bands that could accommodate a space of

approximately 500µm due to the optical design. At this scale we decided against

LED dies since complications would arise from heat dissipation and on-board elec-

tronics. This impacts the medical device classification. Instead, we opted to use a

POF bundle as they were readily available and in principal could manage the light
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5.4.3. Polymer Optical Fibre (POF)

source remotely i.e. outside of the probe. POF systems are receiving a greater

industrial interest and pertain to applications within the communication, auto-

motive and sensing industry. This is due to their high flexibility, low stiffness and

ultimately low-cost in comparison to conventional glass fibres.

We opted to bond the flexible POF fibres directly into the LED epoxy dome.

Typically LEDs are manufactured with an epoxy dome for both (a) efficient heat

dissipation and (b) fabrication for a particular beam divergence. We can use this

information to determine the best coupling efficiency. It is standard practice to use

ball lenses to couple light into fibres however this method presented a cost-effective

method to provide diffuse illumination. Since the fibres are partially transparent we

could bond them directly inside the epoxy dome of the LED. This was performed

using Norland Optical Adhesive (NOA) 63 which is well refractive indexed matched

to the LED epoxy to allow for optimal coupling. We selected four off-the-shelf

LEDs (at wavelengths of 470 nm, λ2=520 nm, λ3=630 nm and λ4=860 nm) at an

appropriate bandwidths which would allow us to discriminate against components

within the skin structure.

The POF bundle consisted of 16 fibres; each fibre had an outer diameter of 265µm.

This bundle was concealed within a polyethylene jacket. We stripped the jacket

using a wire stripper, as is standard practice. For such a method, the handling of

the POF was of the utmost importance since the fibre can easily be nicked, which

can cause fibre breakage or even damaging the cladding of fibres. We un-jacketed

20mm of one end of the bundle to bond to our LED selection. We organise our

fibre bundle into 4 x 4 sub-bundles i.e. 4 POFs for each LED. We use a 1mm

diameter drill to form a well and position the fibre quartet into the central portion

of the LED dome. Subsequently, the fibres were bonded into position with a NOA

63 adhesive (since the compound is well refractive index matched with the epoxy

composite) and UV cured, for a permanent bond. The next stage was to expose

the delivery end, which we stripped at 20mm. We also needed to consider the

termination of the fibres optics as, in any application, its vital since its affects
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throughput and the resulting phase of the wave front. It is an industry standard

to polish fibres ends to achieve optimal optical performance.

Our manufacturing procedure for the LED system is outlined below:

(1) We, initially, cleave end of the POF bundle using a razor blade and a alu-

minum mount to hold the fibre at right angles.

(2) The fibre bundle was then unjacketed at both ends using a wire stripper with a

clearance of 2mm. We removed 20mm for LED source end and approximately

1mm at the delivery end. Note that using a setting larger than recommended

may result in the jacket being not pulled and properly removed from the fibre

core/cladding. Conversely, a smaller clearance risks damaging one of the fibre

or slicing it entirely.

(3) With optical adhesive we bond each fibre quartet into each LED, using NOA

63, as described previously.

(4) With the delivery end we begin the polishing precedure. We use a polishing

puck to hold our jacketed fibre bundle to ensure that it remains along a

common axis.

(5) We then moisten a flat piece of float glass and place polishing paper upon

on it. The water on the glass surface provides a temporary adhesion of the

polishing paper to the glass.

(6) We start our hand polishing with a 1200 grit sandpaper.

(7) The puck is gently maneouvred in a ‘figure 8’ motion for about 20-30 stokes.

(8) This is then repeated, either using a new piece of film or a cleaner area, but

adding deionised water on the surface of the film.

(9) We then repeat process (7-8) using a Seikoh Giken KJW1011530G polishing

film (a silcon dioxide finishing film).
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(10) A final finishing stage involves using Seikoh Giken KJAZM02601G polishing

fluid (a clear ethylene glycol solution) on the film and step 7 is repeated. It

is important not to overwork this final polishing stage since the slurry has

plastic containminents that can corrupt the flat finish on the fibres.

(11) The fibre end is wiped with dry tissue paper and visually inspected. We

expect to see a nice gloss at the flat fibre end.

A fundamental issue when we were attempting to polished plastic is that it forms

into miniature balls that enter the polishing slurry and, without a coolant, can form

a matte finish rather than a polished finish. Therefore, during this process it was

important to use deionised water and a cloth to wash away any rogue contaminants.

We persevered with this approach to achieve the best termination with the aim of

evaluating the surface finish in part 5.4.5.2.

5.4.4 Mirrors

We required a precision machined surface to illuminate the skin surface at a crit-

ical deflection angle of 30◦. This was important as we wanted to maintain a flat

wave-front. We consulted a number of specialist companies in an attempt to buy

an off-the-self mirror but nothing suitable was available. Consequentially it was

decided to manufacture the mirror in house for two reasons. First, to satisfy our

objective of keeping the cost of components as low as possible since we had a control

over the manufacturing process. This was chiefly due to the limited space we had

within geometry B, as seen in figure 5.2, and the difficulty in mounting standard

rectangular 4 - 6λ first surface mirrors. Second, we decided to design and manufac-

ture AMC to place in our rail system, since this would aid our aligning process.

Since a secondary objective of this study was to develop these components low-cost;

we attempted to hand polish the front surface of the AMC (since aluminium is a

soft metal). However, we discovered that the surface roughness was not suitable for

our optical system and we instead employed a diamond turning technique, where
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we turn the element in a lathe with a diamond-tip tool. Fortunately we were able

to do this at a precision engineering and metrology centre at NETPark in Durham.

We present results from both these processes and describe the complexity that was

involved.

We manufactured five AMCs in our mechanical workshop; as we expected to have a

variation in the optical finish among this selection. The design of in-house custom

component is demonstrated in the mechanical design, figure 5.2. We used a Metafix-

20 potting mixture, i.e. a acrylic based powder and liquid resin, to form a low stress

puck for hand polishing out AMC parts. We followed the polishing procedure,

detailed in subsection 5.4.3, using this hand held piece. However, we add india

ink to the slurry mixture and slowly diluting with water as we proceed with the

polishing. In previous work (James J. Lyons, 2002), showed that polishing with

india ink is appropriate for polishing bare aluminium; both as a polishing compound

and as a liquid carrier. Since the carbon composites are small and hard enough to

correct the action between the polishing puck and the glass substrate.

The AMC parts have been labelled from (a) to (e) and presented maps using pol-

ishing techniques proceeding to diamond machining techniques for smaller effective

surface roughness. We interrogate our surface quality under a Zygo white-light in-

terferometer where we measure our samples with a FoV of 0.7mm by 0.53mm (640

by 480 pixels, at sampling of ∼1.1µm). Within figures 5.6 and 5.7 we have used

a custom diverging colour map to accentuate the details of each profile, about its

local mean, for the reader.
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Figure 5.6: Topology maps from initial polished AMC parts; FoV: 0.7mm by
0.53mm (640 x 480 pixels at 1.1µm sampling). The corresponding rms roughness
values are (a) 320.4 nm, (b) 123.7 nm, (c) 92.36 nm, (d) 343.3 nm and (e) 603.9 nm
to 4 significant figures.

From these profiles, in figure 5.6, it is evident that our initial polishing procedure

presented us with a trend of scratches on the surface subject to our ‘figure 8’ polish-

ing procedure. Despite the progressive addition of deionised water, it was difficult

to mitigate the effect of excess grit entering the polishing slurry and scratching the

surface which corrupts our clean surface finish. Yet even with the limitations of

hand-polishing, the result provided us with an reasonable finish (AMC (c) provided

the best surface quality). However, since the roughness was non-uniform the other

AMC parts were not suitable for our application as the higher spatial frequency

roughness could be seen, visually, when we directed a laser beam to observe the

deflected beam. We opted to diamond machine AMC parts (a), (b), (d), (e) and

(c) was kept to help align the frame in the meantime.
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Figure 5.7: Topology maps from diamond machined AMC parts; FoV: 0.7mm by
0.53mm (640 x 480 pixels at 1.1µm sampling). The corresponding rms roughness
values are (a) 32.9 nm, (b) 6.40 nm, (d) 5.24 nm, (e) 5.15 nm to 3 significant figures.

There were some issues during the AMC diamond turning process as is evident,

from figure 5.7. Prior to machining we assembled a custom mount to hold the five

AMC parts flat, to the diamond cutting tool. In this process, all of the carriages

have an area around the upper hole which had not cleared up. This is because

the polishing stage had bent them locally around that area. From our acquisition

we can see that both mirror (b) and (d) were the best candidates with an RMS

roughness of around 4-5 nm. However, mirrors (a) and (e) have a poor surface

quality. In fact, mirror (a) has not been finished. Typically for diamond machining

we usually apply two passes, a roughing pass (which is coarse, but fast, and aims at

removing more material) and a finishing pass (which is finer, and aims to optimise

the roughness). We are unsure on why the finishing pass has not been successful for

mirror (a) while mirror 4 has cosmetic problems. This may have been a material

problem, or issues that we have had with the cleaning process.
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5.4.5 Beam Profiling

We intend to provide a direct assessment of the optical quality of our illumination

methods and allow us to register any presence of optical artefacts, or misalignment,

that we can account for in our calibration. We compare our laser beam with an ideal

Gaussian beam, assumed as a priori, and additionally we examine the behaviour

of our polished POF. For low power output applications it is common to use a

CCD, or 2D photodiode array profiler (Gentili and Riza, 2007), allows for real-

time acquisition of power. The spatial distribution of this intensity can then be

processed by a computer. In this scheme, the principle consists of sampling the

outgoing wave-front at points along the propagation axis, z, and translate those

measurements into a collection of parameters to characterise the optical quality of

the beam.

s
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Figure 5.8: Propagation of a diverging gaussian beam source S. The waist of the
beam w(z) is measured radially outwards from the optical axis where the beam
intensity has dropped to 1/e2 of its original value. Our method for beam profil-
ing acquires data in near field (position 1), mid-region (position 2) and far field
(position 3) propagation distances along the optical axis z.

In such a scheme, there are no imaging optics and an image is captured at each

position where the corresponding waist of the beam is calculated by a fit to the

azimuthal average of the intensity profile. Figure 5.8 demonstrates the measure-

ment technique, given a diverging gaussian beam. The waist of the beam w(z) is

calculated with the beam intensity has dropped to 1
e2 and we can find this value
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5.4.5.1. Laser Beam

from a fit of a Gaussian profile. Thereafter, the angular divergence of a beam, θ,

can be calculated simply by measuring the difference in the beam waist at several

positions along the propagation axis. Thus,

θ1 = w2 − w1
∆z1

(5.1)

and equivalently,

θ2 = w3 − w2
∆z2

(5.2)

where w1, w2 and w3 are the beam waists are positions 1, 2 and 3 respectively. In

this regime we make the approximation that NA' θ.

5.4.5.1 Laser Beam

A common problem within miniature laser diode usage is the characteristic astig-

matism that manifests its way into the beam profile. The emission profile of the

laser means that we have a longitudinal aberration. We have sampled the outgoing

beam before and after the inclusion of the custom fabricated mirror carriage as

demonstrated from figure 5.10. In both instances we sample the beam at 30mm,

800mm. We additionally provide the spectrum of the laser (see Figure 5.9) to

further verify the beam characteristics; the spectrum was recorded using the same

system discussed further in chapter 4, section 4.4.2.

It is advantageous to use a laser diode since they are small and can be modulated

with a low power requirement. Yet, the output beam from the diode is asymmetric

as the divergence is different in the plane parallel and perpendicular components of

the emitting element. Therefore the beam contains inherent spherical aberration,

coma and astigmatism. Due to astigmatism in the beam there is an inability to

collimate both the perpendicular and parallel directions simultaneously. As such,

in the Figures we have attempted to demonstrate the effects of these aberrations in
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Figure 5.9: Spectrum for Roithner miniature laser diode (LD51510MG). We calcu-
late the central wavelength to be 531 nm and the spectral width to be approximately
1 nm. As expected, there are no distinct modes in our laser diode spectrum but, as
discussed, a monochromatic approximation is valid. Data, from a lower resolution
spectrometer, is provided in figure 5.13

the different axis, although this may not be obvious. Additionally, in the assembly

process, vignetting has occurred due to misalignment between the AMC and the

custom rail system. This can be seen within Figure 5.10, in the near field region

(a) the lower portion of the beam is blocked and thus changes the shape of the

diffraction pattern shape.
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(b) Post-mirror beam propagation

Figure 5.10: Beam profiles, before and after the introduction of carriage mirror,
in (a) near field (b) mid-region and (c) far field propagation distances. Images
captured on CCD and line plot corresponds to central portion of image. Sampled
with a Prosilica GigE CCD camera, 659 x 493 pixels with cell size of 7.4µm. We
additionally provide both XY line plots for the output beam, before and after the
mirror.
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5.4.5.2 Fibre illumination

By convention, to critically evaluate the surface quality of each fibre in our optic

bundle we needed to observe an image from a microscope imaging system. In such

a way one can ensure that the fibre end is flat, non cloudy and free from scratches.

A mono microscope with a large magnification (40x, NA=0.65) with a 50mm tube

lens was constructed, as demonstrated in 5.11. This was necessary since the outer

diameter of the fibre was 265µm.

Figure 5.11: Fibre optic inspection using a microscope imaging system 1 - Science
Camera (Prosilica GigE CCD camera, 659 x 493 pixels, cell size 7.4µm), 2 - 50mm
tube lens, 3 - Spatial filter, 4 - 40x Microscope Objective lens (NA = 0.65) and 5
- POF fibre bundle mounted on XYZ stage

Each POF fibre from the bundle was mounted in series within an XYZ translational

stage and imaged through the system, demonstrated in figure 5.11. We use the

coupled light from green, red and blue LEDs to provide coaxial illumination through

our imaging system. However, since our CCD sensor does not register a signal

for non-visible light we decided to illuminate all of the bundle with a white light

source. In this way we could image the IR fibres as it was simple to discriminate

them. This was possible since POF fibres are partially transparent and, with a

high power source, we had sufficient illumination to capture an image. We present

our raw images in figure 5.12 with a relevant scale bar.
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470 nm 520 nm 630 nm 860 nm

100 µm

Figure 5.12: Microscope images of the front surface of each polymer optical fibre,
using a 40x objective. This system utilised a monochrome GigE CCD and a 50mm
tube lens. The scale bar is added to the image. Each POF fibre was illuminated
with its coupled LED. However, since the CCD does not register a signal for non-
visible wavelengths, we bulk illuminated our fibre bundle with a white light source
to image the IR faces.

Clearly from our image selection, in figure 5.12, we observe a distinct variation

amongst the POF fibre surface finishes. Some images are defocused since the fibre

end has a slight tilt from the initial cleave. particularly the green fibre (3rd row) has

a poor face with large undulations which suggests that it has not been properly

polished at the finishing phase. For larger production a high precision cleaver,

and the use of an automated fibre polishing machine, will provide a cleaner fibre

termination. However, for our application the fibre faces have a suitable finish and

we can profile the output of the fibres to ensure that it is Gaussian-like.

From the procedure, outlined in figure 5.10, we are able to approximate the di-
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5.4.5.2. Fibre illumination

vergence of the beam and we form an average from measurements at positions 1

and 2. Since we are in the small angle approximation regime we say that NA≈ θ.

We did not calculate the divergence for our IR lens since our science camera did

not register non-visible wavelengths. We positioned our fibres relative to our CCD

sensor and imaged the fibre output. In a free space propagation we needed to

choose appropriate distances to observe a reasonable signal and avoid saturating

our detector. In this case we take images along the optical axis, at z1 = 2.5mm

and z2 = 5mm to evaluate the divergence, θ.

Colour θ1 (3 s.f) θ2 (3 s.f) χ2
r,1 χ2

r,2 χ2
r,3

Red

0.083 0.117 2.299 1.214 0.667
0.062 0.091 1.641 0.835 0.422
0.071 0.094 3.838 2.092 1.217
0.072 0.096 0.853 0.411 0.210

Blue

0.096 0.110 1.617 0.862 0.553
0.092 0.104 1.592 0.754 0.488
0.097 0.108 0.969 0.469 0.287

Green

0.086 0.101 4.540 2.442 1.730
0.066 0.100 4.393 2.761 1.879
0.089 0.118 0.194 0.084 0.097
0.080 0.110 0.209 0.091 0.046

Table 5.1: NA measurements using CCD-based beam profiling method. Individual
POF fibres were mounted in a similar fashion to figure 5.11 and aligned along a
common optical axis. Furthermore, we present our goodness of fit parameter, the
reduced chi-squared (χ2

r,i), to determine whether each fibre output is sufficiently
Gaussian-like.

The aim of this experiment was two-fold: (a) to ensure that the output of the

fibre is gaussian, in that, the surface finish does not impair the optical quality and

(b) to calculate an approximate NA measurement of each fibre. These effective

NA measurements are relatively low, compared to the quoted optimal NA, at a

maximum of 0.51, from the technical sheet (Edmund, 2016). This is related to the

coupling between the LED and the fibre end. Since LEDs typically have a low

viewing angle (typically ∼10◦) and that we are bundling a quartet of fibres over

this small region; we expect to see values of this order. Despite the performance

being far inferior to other coupling methods, potential damaging in each fibre
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and no consistency between LED coupling, this method remained suitable for our

purpose. We used a 0.22 NA fibre and butt-coupled this to the fibre tail and also

measured at the LED source. We report throughput measurements of 4% (blue),

24% (red), 13% (green) and 15% (IR). We expected a low throughput for the blue

since the divergence is lower and it is a smaller through hole.
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Figure 5.13: Processed LED spectra where we have subtracted the background
count. We measure the output at the fibre tail of the LED fibres as well as
the laser diode spectrum. We obtain a spectral bandwidth, δλ, of 25.54 nm,
36.72 nm, 14.39 nm and 38.82 nm at 100ms exposure for blue (λc' 466 nm), green
(λc' 512 nm), red (λc' 633 nm) and IR (λc' 843 nm) LEDs respectively and char-
acteristics for our laser diode at 1ms exposure (δλ' 3.13 nm, λc' 526 nm), where
λc signifies the central wavelength.

In addition to this we plot the spectral response for each LED in figure 5.13.

We adjust the input voltage and current to produce a significant signal. These

spectrographs were recorded using an OceanOptics USB2000+ spectrometer (0.1

nm resolution) computer controlled with an integration time of 10 ms. We subtract

the background count but also record input voltage and current for our reference.
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5.5 Prototype Construction

5.5.1 Assembly

The difficulty of constructing this particular instrument is the ability to micro-

manipulate the optical components and align these in with near nanoscale precision.

In preparation for assembly, we visually inspect our piano wire since we do not have

a quoted tolerance and this ensures that we have a well defined common axis. For

the bonding of our metal frame we employed a readily available Araldite epoxy

resin. Optical components were bonded using a optical UV cure glue, NOA 63,

which is intended to bond metal and glass after a 20 minutes exposure to a 40W UV

lamp light. Typically, NOA 61 is quite a gel-like compound when it has cured and

can be manoeuvred easily into position prior to UV curing. Most importantly it is

a registered biocompatibile adhesive (Norland, 2016a). For a more solid joint, NOA

63 was better suited for high-strength since it is a good potting adhesive (Norland,

2016b). We use together as well as (NOA 63) for bonding the imaging optics.

As a passing note we acknowledge the use of our imaging sensor. Here, a minimal-

dimensions CMOS sensor, Awaiba NanEye 2D sensor, originally designed for endo-

scopy was selected since it was the smallest stand-alone compact sensor available

on the market, at the time of this research. The NanEye sensor provided a small

physical size (2.2 x 1 x 1.69mm including image sensor and cover glass). Addition-

ally the sensor was a true system on chip camera head with fully self timed readout

sequencing, Analog-to-digital convertor (ADC) to 10 bit and bit serial data trans-

mission. The 3µm pitch at 250 by 250 pixels provided a clear image at a frame rate

of 44FPS. The unit contained the chip with a fixed focus lens with a FoV in air is

90◦, F# Number 2.7 with a large depth of focus (5 - 40mm) and fixed aperture of

220µm, further technical information is available in (Awaiba (AMS), 2015). The

ribbon cables connects to the proprietary control box (Awaiba NanoUSB board)

which, in turn, communicates with a PC to attain images and produce results. So,
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once we have the preliminary components ready we can begin the assembly process,

which is detailed here:

(1) Firstly we assemble our frame using our small converter where we bond our

rails to serve both of our geometrys. Thus we can use our custom rail system

to position our components accurately.

(2) We bond the laser diode component into its heatsink and, seperately, bond

our collimation lens into its holder. We place this into the system, bond the

heatsink in place, and move the lens holder to collimate the beam into the

aperture of the converter. We check that the laser light is collimated at this

stage and propagating along the optical axis.

(3) We use soft-tipped tweezers to slide our AMCs into geometry B. We slide

the 3D printed ‘CAMholders’ and bond this to the AMC. We then remove

this arrangement to an external rig to begin passively aligning the camera

components.

• We, first, mount our NanEye imaging camera into a XYZ stage and

guide the cameras into the ‘CAMholders’ print. We found that a card

placed on the rear of the print allowed the sensor to sit flush.

• Then, through this passive alignment procedure, we apply NOA 61 to

the case of the cameras and bond in place. As a note, we pay careful

attention not to apply this adhesive to the face of the camera, however,

given the scale of the instrument, we found this to be unavoidable.

(4) We take this arrangment and slide this into geometry B. We place the frame

into our shell and turn on our laser. We position our AMC components such

that the beam spot is deflected into the central aperture of the 3D print.

(5) We then bond the ribbon cables flush to the frame and position them such

that there is sufficient clearance to easily fit in the frame.
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(6) The POF bundle is orientated in the configuration, in figure 5.14, and the tray

is bonded into position in geometry B. The trailing bundle is then bonded to

the frame and the strain relief is placed at the probe end.

(7) We finally employ the biocompatible UV cure adhesive (NOA 61) to adhere

the 3D-printed shell together.

(8) We wrap our cables with thread seal tape to collect wires together and then

use braided PET split-sleeving to cover our cabling.

Figure 5.14: POF configuration within stainless steel tray. This particular orienta-
tion attempts to position fibres for uniform illumination across the surface. Fibres
are marked with their corresponding colours (red, green, blue and IR; pictured in
black) and the rails are marked with a cross.

5.5.2 Product cost

A secondary aim, but entirely relevant aspect, of this project was to develop this

device as low a cost as possible without impairment to the quality required. In

table 5.2, we detail the cost of each component and additional equipment. We

would expect a reduction in cost of these components during the production stages;

to further interest in this project from a development standpoint. We predict

that the involvement of our industrial partners will facilitate in the translation of

this medicinal probe into the dermatological environment, as well as departmental

kiosks, where such ‘at point-of-care’ measurement devices are of significant interest.
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Position Quantity Description
Price
(incl.
VAT)

4 1 Laser Diode (including safety
driver board) £41

5 5 Custom AMCs (Diamond
Machining) £1,000

7 1 Doublet Lens (Comar Optics,
f = 10mm) £47.08

9 1 Awaiba NanEye Sensor (no
lens) £256.40

9 1 Awaiba NanEye Sensor £220.05

- 1 Awaiba NanoUSB 2.2
Evaluation Board £850.30

6,9 1 litre Formlabs Dental SG Resin
Cartridge £400.99

- 10 ft 265µm 16 Optical Fibre
Bundle £20

- 3 Anti-Reflection (AR) coated
windows £54

- 120 LED assortment £16.25
- 1 NOA 61 Dispensing Barrel £15.20
- 1 NOA 63 Dispensing Barrel £23.20

Total £2,944.47
Total (eff. for prototype) £1,712.08

Table 5.2: Parts list for components in the assembly of the OPTA prototype device.
We present the cost per part however a bulk order, and sourcing alternate parts, will
be cheaper. The components are labelled (if applicable) with respect to figure 5.2.
We present the total cost for all components cost as well as the cost to make one
probe.

It is clear from table 5.2 that the bulk of the cost, at the time of purchase, stems

from the NanEye sensors and the proprietary NanoUSB control box. For future

work, we can consider substituting these for items with cheaper alternatives, for

example the Raspberry Pi camera. Finally in table 5.2 we display our prototype

cost of the OPTA device. In the following chapter we present internal images and

necessary calibration for the OPTA prototype; this leds to initial in-house results

to form a precedence for clinical translation.
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Chapter 6

Prototype Mock-up Evaluation

In this penultimate chapter, we describe a novel miniature Optical Probe to evalu-

ate Tissue Atrophy (OPTA) which is a portable profiling system capable of directly

interrogating the integrity of human skin in vivo. We provide a detailed assessment

of OPTA performance and validate proof of concept. It was our intention to build a

prototype but due to some difficulties experienced during the assembly stages this

was not possible. Nevertheless we were able to provide sufficient proof of concept

to demonstrate consistency and completeness with respect to the initial goals of

our miniature system. In this final experimental chapter we particularly impress

the level of complexity with regards to handling, aligning and joining the device

securely.

It is important to state that the usage of medical devices, and settings in which

they are applied, are all governed by rigorous regulatory policies. The work in this

thesis is at the concept stage and therefore we have not attempted to develop any

comprehensive Standard Operating Procedure (SOP) which describe the perform-

ance of routine tasks. We have made some attempt to deploy the instrument in a

reliable and consistent manner but no step-by-step instructions for operators have

been created. In the absence of any kind of assessment of vaginal atrophisation we

also discuss the use concept of measurement standard and traceability, as a point

of reference. However, the steps we took ensured the consistency of measurement
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in accordance with roughness standards. Ultimately this measurement tool will

aid clinical decision making but we have not yet been able to develop this scale

of measurement to distinguish ‘good’ and ‘bad’ skin. However, we have a sound

basis not only of the science but also the numbers that are generated. Firstly, we

provide images of the final probe, within the assembly process and outline some

practical issues encountered in handling and alignment of components at this scale.

Then, we describe the key attributes of the probe and some initial profiling data

to confirm that the optical quality had been maintained during the assembly pro-

cess. Lastly we outline the possible future direction of this project and discuss the

feasibility of a full pilot study, by conducting this experimental protocol on a large

and statically significant number of volunteers.

6.1 Introduction

In this penultimate chapter of this thesis we provide a detailed assessment of the

device’s performance for completeness and validate proof of concept of this mini-

ature optical system with respect to the project aims. We used the prototype

mock-up of our system to profile a selection of surfaces and some data from vo-

lunteers in-house, as a precursor for a pilot study. The components of the OPTA

system itself are detailed in Chapter 5. The device comprises of a minimally-

invasive camera (Awaiba NanEye 2D sensor) which is used in conjunction with

narrow band laser illumination. We have developed an algorithm to measure the

surface characteristic (mainly the roughness) of human skin. We additionally have

an orthogonal imaging arm (i.e. an Awaiba NanEye Sensor with lens package)

to independently image the skin. The Awaiba NanEye package is used together

with the fibre illumination for multi-spectral imaging to evaluate tissue and blood

constituents.

In this chapter we introduce the prototype OPTA device by displaying several

images of the device; both during and after assembly. During the construction
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of the prototype, however, we have been limited by (a) our level of expertise and

(b) the laboratory equipment available to accurately manufacture and assemble

the prototype device. We, therefore, discuss the post assembly issues confronted

in practical use of the probe. This leads us to determine the optical quality of

the light sources through testing and calibration of the imaging modalities of the

device. We, chiefly, want to avoid vignetting and gross misalignment to the (AMC)

mirrored surface. Finally, in section 6.4, we provide some preliminary results from

speckle and Multispectral Imaging (MSI) analysis on human skin in vivo using the

methodology outlined in Chapter 4. This allows us to verify that our scientific

approach is valid and also that the probe is functional. We discuss the feasibility

of a full pilot study, by conducting this experimental protocol on a statistically

significant sample size.

6.2 Device Presentation

Within this section we present a selection of images of the probe for a clear il-

lustration of the final product and begin to discuss some of the limitations with

(a) our assembly process and subsequent aligning issues (b) the sensor behaviour,

namely, with regards to level of exposure and its implication to image quality. We

demonstrate our OPTA Photo-Plethysmograph (PPG), an optically based device

that is used to measure a physical quantity of human organ, in this case human

skin and tissue. Our device is relevant for surface roughness on human skin and we

discuss the differentiation between homodyne (surface reflection) and heterodyne

(volume) signals within the data (Hermansson et al., 2003; Briers, 2001; Stern,

1985). Continuing this, we discuss some of the engineering and practical issues

faced in the construction of the device and its subsequent usage.

For dynamic light scattering methods it is common to refer to homodyne and

heterodyne signals with regards to the output field. Heterodyne signals occurs

when the scattered light is mixed coherently with a static field component. In
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other words this is the component of the surface scattered field with the volume

scattering from the tissue matrix with blood (dynamic scatterers causing Doppler

shift). Conversely, the homodyne signal concerns only the scattered light from the

dynamic component (i.e. only Doppler shifted light) (Rajan et al., 2006). Our

device is relevant for surface roughness on human skin and we have discussed the

influence of homodyne (Doppler shifted signal) and heterodyne (interference of

Doppler shifted light with non-Doppler shifted light) signals (Hermansson et al.,

2003; Briers, 2001; Stern, 1985). It is important to reiterate this points and consider

how they may affect the data acquisition.

6.2.1 Probe Images

Firstly, we present the final part of the assembly stage where the shell is bonded

around the probe. In figure 6.1, we show the metal frame within a FormLabs

Tough R© resin test piece to validate the dimensions and ensure we could spray

paint the shell interior. Here, the laser is active to ensure there is no vignetting of

the output beam and illuminates the mirror carriage, as shown in Figure 6.1. In

this first stage, we used a clear 3D printed target to ensure the beam propagation

axis was along the centre line of the frame; this is highlighted in the image. In the

following section we have shown a series of images demonstrating the full OPTA

prototype from different viewing angles. For reference we, first, include an image of

the OPTA frame within a test piece as well as the NanoUSB board, in Figure 6.1.

Figure 6.1: OPTA frame within a FormLabs Tough R© resin test piece. The photo
demonstrate the frame, without the 3D printed camera mount and with the laser on.
We include the 3D printed target, marked on the diagram, which is illuminated with
the green laser. In the background is the proprietary Awaiba NanoUSB evaluation
board (dimensionally 58 x 37 x14mm) for reference.
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In Figure 6.1 we demonstrate how the core frame could be placed within the shell,

however, this image does not include the imaging head (CAMholder, Figure 5.2).

The final assembly of the OPTA prototype is shown within Figure 6.2 complete

with painted shell interiors, strain relief and braided split sleeving for the wiring.

We note that there are errors in the bonding mechanism and some post build issues

are discussed in the following sections.

Figure 6.2: Device assembly image: the left half of the shell is bonded to the device
frame and and bond the anti-reflection coated window to this half of the shell.

We used our AR coated window which bonded directly to the left half of the shell

using NOA 61 adhesive. The AR window is coated on both sides and has transmis-

sion band within the visible and near IR region (�5mm, 1.1mm thickness). The

right half of the shell was then pressed into position by hand prior to the final bond.

In this image, the dimensions of the OPTA device are made clearer by image 6.3

where we have enlarged the imaging head.

Figure 6.3: OPTA image with enlarged section of the imaging tip of the probe.
The probe has dimensions of 140mm (length), 12mm diameter (base) and 6mm
diameter (tip).
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The key aspects of the design are highlighted in Figure 6.3 where the NanEye

CMOS, camera unit, fibre tray and sleeving are clearly marked on the diagram. In

this way we aim to show how the prototype design, described in Chapter 5, has

come to fruition.

6.2.2 Post assembly issues

Firstly, there was an issue with regards to the bonding of the 3D printed shell. The

intention was to form a seal with the two shell pieces. However due to incorrect

tolerances, particularly at the imaging tip of the probe, the two shells did not

align perfectly, resulting in a small gap (1mm) between them. We have provided

an image, in Figure 6.4 to illustrate this issue. We decided to use Sugru R© glue

(a silicone based compound) that allowed us to fill in the gap (≈ 1mm). Then,

we applied a coat of NOA 61 on the outside of this seal since it is, of course, a

bio-compatible adhesive.

Figure 6.4: An image to indicate the improper seal for the OPTA device. Within
this bonding procedure we incorrectly aligned the two parts of the shell. We re-
quired a silicone based component for correction. The white thread seal tape used
in this image allows us to hold the 3D prints together.

During this final assembly, however, we were confronted with a serious complica-

tion. While we sealed the outer section of the probe, the CMOS chip disconnected

from the flex cable inside the probe. Although we had reinforced the connection

with NOA adhesive in several locations, it is possible that some pressure occurred

on the joint between the cable and the CMOS chip. As the pins on this chip are of
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the order of hundreds of microns, a permanent connection between the cable and

chip is incredibly difficult and is made with epoxy rather than solder. It is there-

fore unsurprising that the flex became detached. In fact, we had faced a similar

problem previously with another camera unit and we were unable to find a fix to

this problem; in this case a new camera was purchased. However, the lead time for

delivery is around 8 to 12 weeks which is outside the time available for submission

of this thesis. In the meantime we had to find a stopgap to demonstrate proof of

concept. We had discussed three options:

• a single cell photodiode (effectively a single pixel sensor),

• an alternative CMOS or CCD sensor that we would mount externally,

• or even a simple screen which would be placed inside the probe and we could

image the secondary speckle, from the screen, externally.

For simplicity, and to further our cause for this miniature system, we were fortunate

to find a spare NanEye sensor from a previous project although it was from an older

series. This NanEye sensor, therefore, suffered from intermittent connection with

our control box and we could only grab approximately 100 sequential frames, at a

time. In spite of this we were still able to begin profiling measures. The optical

system is illustrated by the OPTA system, in Figure 6.5, with this new sensor with

a brown flex cable.

In the Figure 6.5 we present an image of the OPTA principal system. Due to our

difficulties we removed the right half of the probe, and Sugru silicone, to expose

the core frame; this allowed us to temporarily mount the replacement NanEye

CMOS externally to demonstrate proof of concept. This, additionally, allowed us to

attempt misalignment and vignetting correction of the illumination that obscured

initial measurements.
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Figure 6.5: Final photo of OPTA probe system on the optical bench, complete with
full housing and additional adjustments. We temporarily align the spare NanEye
sensor to the frame by using the laser beam and a mirror. We, furthermore, display
LED fibre circuit and the proprietary Awaiba NanoUSB board. Also, we removed
our AR window as we did not want to risk damaging it and it was not stable.
The probe is placed on a prism mount to allow for us to adjust in for tip and tilt
alignment. In this condition, the device is not in a portable state (as intended) but
importantly it is ready for a principal study.

6.3 Calibration and Testing

At the time of writing this thesis, these miniature CMOS sensors are one of the

smallest in the world (Awaiba (AMS), 2015). The glass fronted array of the sensor,

comprised of 3µmx3µm pitch pixels over a 250 x 250 array and spans an active area

of 750µmx750µm. As a consequence of this we are limited by the package both at

the physical scale and the software end. While we have the most recent calibration

information and sensor data, we anticipate that these technologies will be further

improved and become more widely available. Currently, Awaiba NanEye cameras

are only controllable through the proprietary NanoUSB control box. These only

permits us to use a Windows based operating system for managing the camera;

due to the availability of the device drivers. This in turn means that any data

exchange between the local machine and the camera must use this NanoUSB man-

ager which adds complications with regards to data processing. Despite use of the
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Software Development Kit (SDK) the exposure duration was limited between 90µs

and 22.3ms but outside of this range these were inaccessible through the Awaiba

SDK. As shown in Figure 6.8 we needed to capture full image stacks and form an

appropriate image; this is because we required an appropriate amount of flux to

form an image as discussed in subsection 6.3.1 and section 6.4. The NanEye sensor

has already shown promise as an optical profiling system, (Mitchell et al., 2014),

where we recognise the non-linear gain profiles and sensor response to incident flux

levels. Thus, the importance of sensor calibration cannot be stressed enough for

the purposes of this research.

For our study we found that gain 2 profile with an offset of 3 gave a sufficiently

high output signal and we used the methodology from Figure 6.8. We utilised a

USAF chart for measuring a range of spatial frequencies; these are well defined in

the literature. We positioned the card in the focal plane of the system and placed

a ‘warm white’ LED placed underneath the USAF chart with a section of white

card to act a diffuser (since the chart was on a transparent glass substrate) this

allows us to form an appropriate image. It is clear to see that the features within

the smallest section of Figures 6.7. We captured an image cube for total time of 5

seconds, each sequential image with an exposure of 22.3ms, and binned this data

post acquisition to form a single image. This procedure allowed us to confirm the

resolution quality of the imaging sensor.

The extended output signal is shown pictorially in Figure 6.8. In Figure 6.6, we

show an negative image of the USAF Chart together with the measured intensity

profiles from 6.7. We additionally provide the light profile at three particular points

of interest in the image to both accurately observe the intensity profile as a function

of spatial frequency. We, additionally, could visualise how even the illumination

was across the FoV. Similar methods of light source profiling have been mentioned

in other articles (Carvalho et al., 2016). From the USAF chart image it is clear that

we can resolve a 49.61µm width, or 10.10 line pairs per mm, in accordance with

the technical data available from (Inc, 2018) and (Awaiba (AMS), 2015). From
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Figure 6.6: Reference microscope image of a Thorlabs R1DS1N, USAF Chart. We
provide an image of the negative target however we use a positive target experi-
mentally. The image, as well as the physical test target, was provided by Thorlabs.

this image we have some idea of the imposed aberrations of the imaging system,

given the miniature scale of the camera and scale of the imaging camera. In this

way we provide an idea of the spatial resolution as well as the aberration imposed

from the critical alignment of the camera unit.
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Figure 6.7: Profiling method for evaluating the resolution of the Awaiba NanEye
imaging camera using a USAF chart. The data cube was acquired at gain 2 with
offset 3 and we present the data after dark frame subtraction. In this figure, we
provide a converted grayscale image of the USAF chart together with intensity line
plots at regions of interest.
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For such a small footprint (1mm by 1mm) the NanEye imaging package must come

with some compromises. The NanEye package contains a single lens, however, we

have no information on the optical quality of this lens. This sensor package is

designed for endoscopy i.e. the package will operate on areas that involve contact

with body fluids. However, we have been made aware that the lens of the sensor

is based on B33 (Borofloat glass) (Awaiba (AMS), 2015), with a fixed stop, and

designed such that the imaging plane is flat. Yet, given the physical size of the lens

and camera system, we would need further data to accurate quantify the character-

istics of the abberations. This was not available at the time of this research. For a

full profiling of the level of field-curvature defocus, say, we suggest for future work

that one could vary the defocus along the optical axis and observe how blurring

varies. In Figure 6.7, we provide an image of a USAF chart to gauge the aberration

in the imaging system but there is not a quantitative measurement of this.

6.3.1 Incident flux

Prior to data acquisition from the OPTA system one needs to assess the quality

of the sources i.e. fibre and laser beam alignment. We initially used the USAF

chart but found the POF fibre illumination was insufficient to begin profiling. It

became apparent that reflected light from the surface, under illumination from the

fibres, did not fall within the FoV of the camera, demonstrated in Figure 6.11.

Furthermore, given that the camera unit was integrated a 220µm spatial filter,

it becomes difficult to form an image. Thus we opted to use a reflective metal

sample as a target to profile the LED illumination and to additionally verify our

methodology and analysis for MSI, outlined in Figure 6.8. This form of spectral

imaging, with reference to the literature data from Chapter 2, to enable a larger

degree of feature extraction for objects under discrete wavelength bands; in our

case we employ the LED illumination with central wavelengths of 470 nm, 515 nm,

630 nm and 860 nm.
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Figure 6.8: A diagram to illustrate a typically image acquisition procedure. We
form a single composite multi-spectral image through both Principal Component
Analysis (PCA) and several long exposure images; allowing us to extend the avail-
able dynamic range of the sensor.

Multispectral Imaging (MSI) allows us to extract spatial and spectral information

of an object under observation. A useful technique to collect information from

a multi-spectral datacube is PCA since it searches for structure within the raw

data and tries to best describe the measured variables to give desired informa-

tion (Kuzmina et al., 2011). In Figures 6.9 and in the next section 6.11 we have

presented images from each colour channel, i.e. image produced from each LED, on

different colourmaps. Again, due to issues with misalignment and troubles regard-

ing the gain we were unable to gather any meaningful feature extraction using PCA

or otherwise. An image of the sample together with a series of multi-band images

from the sensor is provided in Figure 6.9. We evaluated a metal piece that had

been sputter coated with a gold film and imaged an area spanning 2mmx2mm.

Since we had a misalignment with respect to the fibre illumination we introduced

a local tilt on the sample in order to bias the specular peak of the scattering to

the detection plane. We acquired sequential individual exposures (each at 22.3ms)

for 5 seconds and post-processed the our results by subtraction dark frames. We

have provided the data from our image cube and thus we can use this material as

a point of reference.

From Figure 6.9, it is clear that there are not any obvious features to extract and

that we are largely dominated by noise. We present these images with a non-linear
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Figure 6.9: A sputter coated sample in gold: the left image (a) is a photo of the
sample and the right image (b) is a multispectral image acquired using POF fibre
illumination. We had to introduce a tilt to the sample to ensure the specular peak
was in the FoV of the imaging camera.

colourmap as we found that gamma (or log) correction or contrast adjustment

did improve the image quality. Additionally, this give some idea of how strong the

gain is within our images. Thus, in order to accurately determine the quality of our

imaging probe we repeated the procedural outline given in chapter 4, subsection 6.3

with the Roithner laser diode at approximately 2mW. The results from the ground

metal surface standards are presented in the σ and T parameter space where we,

additionally, provide the calibration curves associated with this process.

Clearly we see, from the sparse variation in the results, that the calibration data is

not as well behaved as expected. We believe that despite ascribing sensor quantities

using the SDK found that the automatic exposure control and gain was still engaged

by the NanoUSB control box. In the low flux scattering scenarios we see the speckle

pattern in the observation plane but we are dominated with gain noise and this, in

turns, masks the intensity pattern. We plot the curves on the graph, in Figure 6.10,

to demonstrate this point more clearly. We can see the odd behaviour of the model

fit in the correlation length but we do not provide any further analysis due to these

issues.
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Figure 6.10: Calibration data from reference machined metal surfaces using the
same metal surfaces from Figure 4.13. We show parameter retrieval semi-log plots,
σ and T respectively and we attempt to form calibration curves in a repeated
process to how we obtained equations 4.3 and 4.4.

6.4 In vivo Results and Discussion

From the above data we decided that a quick demonstration on human skin was

necessary to further our reasoning for developing this device. However, since we

were limited by the alignment issues with regards to the camera and CMOS sources,

we decided to keep the speckle and multi-spectral based experiments separate. In

this case we located a skin site on the palm of the hand for one volunteer (Type

II, FitzPatrick scale), as shown in Figure 6.11a, and extended the total frame

acquisition time to 10 seconds to ensure appropriate image capture.

In Figure 6.11 we provide results from our multi-spectral test on skin. We display a

conventional image of the investigation area, on the palm of the hand, as well as a

multi-spectral image under a log scale with a false colour map. Given the difficulty

in positioning the equipment, demonstrated by Figure 6.5, we opted to evaluate

the palm of the hand in order to visualise sweat pores; since we had anecdotally

observed this with the NanEye camera under a white light source. It is clear,
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Figure 6.11: Results from skin spectral measurements. A snapshot image taken on
a conventional camera of the skin surface with a scale bar, is shown on the left,
and a set of narrowband images from our LED illumination method is shown on
the right.

as seen by subfigure 6.11b, even under this method we are largely dominated by

the gain and read noise (shown by the lower portion of the image) of the NanEye

camera which corrupts the image contrast and any further analysis becomes more

problematic. Moreover, we discuss the implication on speckle based evaluation

of skin roughness using the miniature NanEye sensor and Roithner laser diode.

In Figure 6.12a we present a speckle image taken from the back of the hand for

one volunteer, FitzPatrick Scale Type V, and a line intensity plot to measure the

resolution of the individual speckle present in the image. In Figure 6.12a we include

an image of speckle using our miniature instrumentation to demonstrate that we

can visualise this formation, albeit at a coarser sampling than bulk instrumentation.

It is noteworthy that a linear polariser is not included in this system, compared

to the previous system, as we found it not to be necessary from data acquired

in Figure 4.17 from Chapter 4. Additionally we wanted to avoid the practical

difficulties associated with bonding a linear polariser to the NanEye CMOS.

In this situation we used the cup on the tip of the probe to align samples along a

local plane of incidence, in the same fashion as Chapter 4. However, as we expect,

miniaturised sensor technology often comes at the expense of imaging performance.

Within Figure 6.12 we observe the reflected wave-front from our laser beam and
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Figure 6.12: An image of the reflected wave-front from the laser diode, acquired
using the NanEye sensor. This allows us to visualise the white pixel count and
the artefacts that are present on the front surface of the sensor which impairs
the speckle pattern registration. We, additionally, demonstrate speckle pattern
from the skin surface but we find a low SNR in the detector and thus we use a non-
linear colour map (‘magma’, Python (Jones et al., 2001)) to give a higher perceived
contrast.

we can see we suffer from vignetting of the beam as well as excess glue that screens

the scattered light measurements. The speckle pattern from a longer exposure

image (10 second interval) is displayed in Figure 6.12b. It is worth mentioning

that although the automatic exposure control was disabled, it appears that the

gain response does vary between exposures. At this stage of the research we are

unable to perform any further profiling or measurement protocols given the limited

quality of data. Yet, beyond this preliminary work we intend to extract the full

parameter space relating to the skin integrity and form an accurate clinical score

for the patients health.

6.5 Conclusions

Within this final experimental chapter we present a novel system, using miniature

optics, to evaluate skin and epithelial tissue in an objective manner. We present

research undertaken towards the manufacture of a fully functional probe. Initially,

we wanted much of this to be passively aligned for easier assembly however this

196



6.5. Conclusions

proved beyond our capability, given limitations of our expertise. However, despite

the limitations of our malfunctioning instrument we found some encouraging results

to adjust and fine tune our ideas in the future.

In this work we have illustrated problems with finishing the probe; indeed one is

always going to face practical challenges in miniaturisation, in this case using one

of the world’s smallest cameras, and we highlight the need for on-axis illumination

for appropriate sensor response. A sensor repair may be possible in the near future

but regardless, rebuilding the device will address some of these problems. From the

images is it clear that there is a tilt associated with the detection plane about the

y-axis from the alignment. One will need to reconsider this illumination method.

In such a case, we must understand that the profiling procedures of the individual

light sources (highlighted in Chapter 5) will need to be conducted again as, for

instance, the fibre array will need to be prepared, polished and aligned once again.

For the future we consider the use a new Taulman bio-compatible filament with

a Ultimaker 3D printer (FFF-based) and contemplate a more secure mount for

the NanEye CMOS. Finally it is important note that the device in its current

state is clearly not suitable for users in the clinical setting. Nevertheless, with our

approach and experience we have a plethora of knowledge to build a self contained

final probe in the near future that will address the issues outlined in this chapter.
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Chapter 7

Conclusions

The focus of this project was to develop novel non-invasive optical instrumentation

for the diagnosis of menopausal atrophy towards implementation at the point of

care. We considered existing optical methods but we chose speckle imaging to ana-

lyse surface structure and Multispectral Imaging (MSI) for oximetry (blood flow)

measurements. These techniques have shown merit in other areas of biomedical

optics research albeit with their own limitations. Additionally, the methods are

entirely scalable and can be simply transferred into a miniature device; for its end

purpose in clinical research and as a diagnostic tool. Bearing this aspect in mind,

and after discussion with potential users (medical staff), we constructed a miniature

portable imaging system capable of entering small cavities in the human body.

In this research, we have included a discussion of the numerical modelling and ap-

plication of light scattering of skin and epithelial tissue. This allowed us to optimise

experimental systems to assess the quality of skin in situ. After gathering experi-

mental data from opaque metal standards we proceeded to measure speckle from a

series of human volunteers in vivo. Our technique had limitations with regards to

roughness regime and bulk (volume) scattering. However, we have discussed how

this method could possibly be improved and developed into a full working model.

We then develop this technology towards the production of miniature diagnostic

instrument. The design, manufacture and assembly was prompted by the project
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goal (i.e. use in a small area) and thus contains many new ideas that can be ex-

plored further, in the future. Following this, we will look to extend this technology

for active health monitoring in a clinical setting.

The purpose of this final chapter is to summarises the four main points presented

in this thesis and outline potential future work. Namely,

(1) a series of numerical simulations to describe wide angle scattering phenemona

for randomly rough surfaces and discuss their validity for a range of rough-

nesses,

(2) a discussion of the current methods used to retrieve the surface quantities,

determined by properties of the power spectrum, and their limitations,

(3) an optical instrument utilising laser speckle scattering towards the analysis

of the roughness of skin in vivo,

(4) and, finally, the construction of a miniature device together with the intial

real time preliminary results from materials and on human skin.

A summary of each of these points is provided in the sections below.

7.1 Summary: Numerical approaches for random

rough surface scattering processes

In Chapter 3 we focus on the long-standing issue of electromagnetic wave scatter-

ing from randomly rough surfaces. We discuss the physical origin behind various

multiple scattering phenomena that can exist when light interacts with a random

surface. Some particular phenomena such as: enhanced backscattering, forward

scattering (specular peak) enhancement, coherent effects and certain non-linear

effects are also of interest to this study.
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Given the complexity of this problem we have defined surfaces to be normally dis-

tributed i.e. that they have a Gaussian Power Spectral Density (PSD). Thus this

permits us to define a two parameter family of random rough surfaces, σ (the Root

Mean Square (RMS) of the height profile) and T (the correlation length i.e. average

length between two landmarks on the surface). Through this we highlight different

modeling techniques and assess these with respect to ranges of validity, accuracy,

and practicability. It has been demonstrated that for slightly rough surfaces (ap-

proximatly σ � λ) that scattering models, such as the Rayleigh Rice (RR) and

Beckmann Kirchoff (BK), yield surprisingly accurate results and at the same time

provide first insights into light scattering phenomena. However for roughnesses

when σ � λ, which is within the regime of human skin, the problem is more

complicated since higher order scattering processes become important; for instance

shadowing, diffraction and multiple scattering effects. Additional complications

arise with human skin since it behaves as a volume scatter which leds to depol-

arisation, multiple scattering and reduction in speckle contrast that in turn over-

estimates roughness. We discuss the underlying mechanisms for these effects and

begin to discuss ways we can mitigate these effects,through experimental design.

For numerical modelling we present two simulation methods using (a) traditional

Rayleigh-Sommerfeld propagation and (b) using Generalised Harvey-Shack (GHS)

theory to formulate a scalar solution to wide angle scattering behaviour. We are

presented with limitations in both cases, in case (a) we suffer from the Kirchoff

approximation i.e. the surface is flat enough to be locally represented by planes

and the second simulation. In case (b) we are presented with a method that

calculates the intensity at unit radius from the surface and is an oversimplification

of the scattering system. Thus, a full retrieval mechanism of the surface parameters

is more difficult to accurately assess using numerical means. Yet, we pursue two

methods using a spatial-averaging algorithm (to recover both σ and T ) and by using

the speckle contrast measurements under an arbitrary spectral profile (recovers just

σ). We find that for slightly rough surfaces, case (a) provides a straightforward
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method to recover the surface roughness from speckle patterns but it is much more

difficult to do so for much rougher surface such as skin. We find that a more

appropriate model is case (b) and has been shown to work successfully on a series

of volunteers in the literature. However, a single RMS recovery procedure does not

completely describe the surface and this is not a complete process for this reason.

Thus, both techniques have the limits in the ranges of measurable roughness but

we attempt to reconcile these method within a full experimental speckle system on

human skin.

7.2 Summary: Towards an assessment of skin

roughness in vivo using speckle pattern analysis

The work conducted in Chapter 4 (Bulk Optical Systems) presents both prelimin-

ary work for experimentation and practical research conducted on the laboratory

bench-top. We present a series of optical systems; the first being a spectroscopic

investigation of the light scattering properties of the skin in vivo. This allowed us

to measure the level of reflectance as a function of wavelength for different areas of

the skin. This impacted on the design for future speckle and oximetry based exper-

iments as well as providing us with information on the difficulty of working with

live tissue. This, again, can be combated against with appropriate experimental

design.

Chiefly, a novel optical method is presented to characterize the surface of the skin

through laser light scattering. The experiment uses a simple low-cost setup and

designed in a specific geometry, using carefully considered data from the literat-

ure, to best exploit the statistics of objective speckle. We attempt to extract the

local roughness parameters of the surface from the phase modulated light field using

both spatial-averaging algorithm and contrast techniques, as mentioned previously.

In this way we present experimental results, together with calibration and instru-

ment profiling data, from subjects using a simple optical setup. In preparation
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for human skin we developed imprints of the human skin surface from a series of

volunteers. We then investigated, both the positive and negative imprints, under a

profilometer to extract the statistics of human skin and confirm a Gaussian PSD is

a valid assumption. We than proceed to use these in our speckle system for surface

parameter recovery. Unfortunately the data from human skin in vivo does not

conclusively prove the viability of the method. Nevertheless the numerical model-

ling is correct but one needs to consider the problems arising from the roughness

regime and ways to minimise the scattering from the tissue volume. This could

be a possible subject for future study. Additionally we discuss the design of the

experiment and the implication of a polychromatic laser source in our system.

Finally, we report our measured changes on living human skin, from contact with

representative everyday compounds, and relate these results to subjects’ percep-

tion of roughness. The results showed some significance on detecting skin roughness

changes induced by topical application of cream and an irritant. Although the res-

ults were not conclusive due to noise from blood flows, errors in the technique

employed and bulk response of different measuring locations; the experiment sug-

gests it can potentially be developed into a reliable method in practical settings.

We propose this method as a potential optical tool to quantitatively evaluate skin

response to external agents. As such we progress this work into a miniature device;

such was the intention of this project.

7.3 Summary: Development of a miniature Optical

Probe to evaluate Tissue Atrophy (OPTA)

In chapters 5 and 6, we document the design, manufacture and usage of the OPTA

device respectively. In the first part of the discussion we describe the technical

information relating to the assembly of the OPTA probe as well as many profiling

methods using our novel system and optical element configurations (e.g. use of

polymer optical fibres). We discuss the novelty in the development of a custom rail
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system to assist us with alignment procedure. Additionally, we discuss the cost of

such a miniature system for the commercial market and how one can create a low

cost version to impact the developing world.

Subsequently we discuss the implementation of this device under different experi-

mental scenarios and present a protocol for future experiments. Then we discuss

the results from human skin in situ where we specifically collect data from speckle

measurements and spectral imaging. In these cases we use a mock-up of the Op-

tical Probe to evaluate Tissue Atrophy (OPTA) prototype due to difficulties we

faced when finalising the device. A major forthcoming within this prototype stems

from the use of these miniature CMOS sensors. The limitation, we found, with the

available technologies pertained to the lack of camera control and the proprietary

interface which override any input commands. However for sensor with such a

small footprint, and not designed to be used in a scientific camera, we persevered

and accepted their limitations. In this way we provide several image data sets and

discuss their application to our work. Yet, with the continuing development of

available technologies we can attempt to implement a much more straightforward

sensing system for the clinical environment and beyond.

7.4 Future Work

Within this project we have investigated a broad multidisciplinary field and, thus,

we have a left a number of routes unexplored. For instance we have compared

the differences between external skin and the vagina mucosa. We have provided

a numerical estimation on the influence of the vaginal microbiota on the scatter-

ing behaviour however, clearly, a more accurate way to measure this behaviour

is through biopsies and work-up in a confocal microscope. This was not made

available to us sadly, yet, an assessment of the light scattering properties would be

trivial with these samples. This work would, additionally, help in a clearer clinical

definition of the measurement parameters. While we have discussed the need for
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such an instrument, it becomes difficult to accurately relate physical parameters

with patient symptoms. Therefore we have had to make assumptions on measure-

ment techniques that meet the clinical requirement; this however is not a simple

task.

Moreover, we suggest that future work for this project be concerned with demon-

strating an accurate model for non-paraxial surface scattering behaviour. This falls

within the scope of numerical methods to evaluate the rough skin surface scatter-

ing problem. There are a number of issues within this investigation since much of

the problem is largely complex. We suggest that a change to the Power Spectral

Density (PSD) model to, say, an x and y dependence may be more appropriate

rather than a radially isotropic model. Additionally we suggest that a fractal PSD

treatment of the skin surface may be worth investigation. For larger roughnesses,

though, this does not fall within the remit of paraxial surface scatter theory to

which a non-paraxial solution is required. Further, we have concentrated on the

analysis of non-biological material since we have made control on opaque surfaces

for calibration and simulation of speckle fields.

This is reasonable as a starting point, however, skin is a volume scatterer and this

needs to be considered in future work. Due to the large variability and complexity

within skin phantoms we suggest that a Monte Carlo (MC) computation model

can be developed for simulating the backscattering for tissue-like media. We pro-

pose a technique similar to Doronin et al. (2016) using formalisms for polarisation

changes, coherence properties, with refraction, reflection and phase changes at each

interfaces. In this sense, we can have an accurate representation of the skin model

with known optical properties that provide a good level of insight into the prac-

tical implication on live tissue. In Tchvialeva et al. (2009) it was demonstrated

that their speckle contrast method worked (marginally) if one could correct for the

volume scatter by measuring the speckle fluctuations for each polarisation channel

(i.e. two cameras with orthogonal polarisation filter). From Louie et al. (2017)

one can perform empirical calibration using skin phantoms, and then proceed with
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a setup similar to that presented in Chapter 4. With further development and

accurate modelling, there may be additional evidence to suggest that the method

may be made to work.

Further, the development of this miniature instrument has shown some success

(despite the serious difficulties); it has shown potential for a rapid and non-invasive

analysis of skin structural information that aids with clinical diagnosis. With this

multifunctional device one can implement both speckle scattering and MSI based

assessment of tissue. Thus, a full parameter extraction can be made possible (by

collecting additional information on the chromophore content, for instance) with

an imaging camera as we have discussed previously. With photonics technology

at its core the intention of this work is to continue to build a suite of optically

based medical instrumentation to monitor health. This becomes possible with the

advances of modern miniature technologies. As such we intend to take our work to

the National Health Service (NHS) for further evaluation and, additionally, target

these devices for the healthcare market worldwide.
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Appendix A

AMS NanEye Stereo Module

Specifications

Figure A.1: Awaiba NanEye 2D sensor information courtesy of Awaiba (AMS)
(2015). Top: Image of NanEye sensor. Footprint: 1.0mm x 1.0mm x 1.7mm,
framerate: 44 FPS, pixel size: 3 x 3µm and resolution: 250 x 250 pixels, 62.5KP.
Bottom: Relative Spectral Response for sensor at a 25ms exposure time at Gain 2.
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Appendix B

Ethics Clinical Form

(NAME IN BLOCK LETTERS) ........................................………….................................... 
 

QUESTIONNAIRE 
Questions:  
(Part 1 to be completed at the beginning of the experiment) 
 

1. Do you suffer from any skin diseases/conditions or have suffered from in 
the past? If so, please explain briefly? 
 
 
 

 
2. Do you apply skin care products regularly to the measurement area? If so, 

which products and how frequently? 
 
 
 

3. Has your skin recently come into contact with hot water (e.g. doing dishes, 
showers etc.)? If so, when had this occurred? 
 

 
 

4. What would you rate the roughness of your skin before and after the 
application process (from 1 - very rough to 10  -very smooth)? 
 

 Before After 
Site 1   
Site 2   
Site 3   

(Part 2 to be completed after the experiment) 
 

5. Under the Fitzpatrick Classification Scale, which type would you consider 
your skin to be? 

 
Type I    
 o 
 
Always burns, never tans 

Type IV    
 o 
 
Rarely burns, tans well 

Type II    
 o 
 
Usually burns, tans minimally 

Type V    
 o 
 
Very rarely burns, tans easily 

Type III    
 o 
 
Sometimes burns, usually tans 

Type VI    
 o 
 
Never burns, tans easily 

 
 

6. What would you consider your skin to be?            
 

 
Dry / Oily / Neither / Prefer not to say 

 
 

7. Do you have any other comments? 
  
 
 
 
 
 
 

Figure B.1: Questionnaire form for bulk instrumentation and OPTA trial. Volun-
teers are requested to assess their own skin roughness and we use the information
to connect our measured results to these perceptions.
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