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Introduction

Optical imaging techniques and spectroscopy constitute emerging alternatives to other
imaging modalities in which electromagnetic radiation or nuclear energy is used for the study
of biological tissues [1]. This is due to the fact that properties of a tissue in optical terms (i.e.
light penetration and energy deposition via absorption) are closely related to diagnostic as well
as therapeutic procedures [2]. Promising optical techniques have been developed over the
past three decades since they provide great advantages making them particularly interesting
for clinical environment overcoming results obtained by using other kind of light sources. The
response obtained out of an optical system could be an electrical response or an acoustic
response, among others, used in NIR spectroscopy, photoacoustics and optogenetics

techniques [3].

Advantages over other modalities include the use of non-ionizing radiation (i.e it does not use
any radioactive component). Non-ionizing radiation does not produce a health issue even
when exposure to it is long. Consequently, this opens the possibility to obtain repeatable,
quantitative and calibrated data out of its use. The scope has evolved from highly controlled to
a manageable clinic use [4]. Another advantage is that, measurements obtained out of an
optical system are linked to changes in molecules (hemoglobin, lipids, water...) that may be
associated with diseases, such as cancer [5]. Ability to properly interpret these changes might
lead to the differentiation between normal and diseased tissue so that early diagnosis and
treatment is possible. The sensitivity of the technique, its relative inexpensiveness and its use
in the study of a biological tissue in vivo makes it interesting in applications regarding
functional brain mapping and breast cancer diagnosis [5, 6, 7]. Is important to notice that
optical techniques can be used independently or combined with optical biopsy techniques (e.g

tissue autofluorescence) or with techniques as MRI or CT, for example.

The use of this technology allows the use of intense sources of light (laser, diodes...) which are
small and reliable. Linked to those sources of light, optic fibers allow conducting the light to
localized parts of the body, so the response to the illumination is localized. Penetration depth
of light is small compared to the penetration of ultrasound, for example [8, 9]. However, depth
highly varies until reaching the centimeter scale by choosing the right wavelengths and using
the right emitter-detector distance. Wavelengths that allows imaging at several centimeters

deep in tissue are in the near-infrared, so that the optical range is found at 600-1000nm [11].



Visible light and near-infrared (NIR) light interact with tissues mainly through absorption and
scattering [12]. Out of this interaction, information about structure and specific features can

be used to distinguish between pathologies [13].

Lasers, diodes and optical fibers are crucial for the development of these techniques. For that
and in this concrete work, we will characterize the illumination of an optical fiber (emitter and
detector). Optical fibers are considered as light transmitter. However, they are not just
transmitters but they perturb the input light in a specific way. Optical fibers locally illuminate a
specific part of the body but not in a completely innocuous way so that transmission of light is

modulated.

Calculation of the extinction (sum of the absorption and scattering) is done by solving the
inverse problem needed for the characterization of turbid biological tissues. Most of the
information will be contained in the absorption coefficient, W,, and in the scattering coefficient

Us meaning that, at large distances, light diffusion is dominant [14].

Here, we will study not only the illumination in opaque surfaces but in turbid tissues where
light is transmitted into the tissue. The direction of the ray transmitted will completely
determine the response of our system. In order to characterize the optical fiber, a model
should be developed that takes into account not only the illumination pattern but also the
direction of that illumination, following Figure 1.1.

Specular reflection

Incident light Incident light

Diffuse reflection

lesion

Opague medium
Turbid medium (tissue)

transmittance

Figure 1.1 lllumination in an opaque medium (left) and in a turbid medium (right),

Concretely, the use of big optical fibers such as polymer optical fibers (POF) with 1 mm of
diameter allows easy handling since they are easy to prepare and model [15]. The study can be
extended to the use of other commercially available optical fibers, including monomaode fibers

of 9um of diameter.



The scope of the project is to characterize the illumination in our specific system, although
possibilities extend to be able to measure any effect that light produces (optical, acoustic or
electric effect) not only used to illuminate but also to excite (increasing the chances not only to

diagnosis but also to the therapy, as previously mentioned).

The working place provided for the development of the project was perfectly suitable in order
to overcome the physical part of the analysis. Since the first objective for the development of
the measuring system was not the analysis of biological tissues and emulsions but the analysis
of metallic (opaque) surfaces, the laboratory was not prepared for biological studies and
sample preparations. Due to the lack of time and the difficulties to maintain the samples in a
good state, selected tissues and turbid media were simple, easy to handle, prepare and
maintain. For this first phase of the study, characterization was done in a controlled media. As

a next stage this would be applied to more complex tissues.



Materials and Methods

Fiber Preparation

Optical fibers used in the analysis were prepared in the lab by using the appropriate tools.

After cutting the fibers with the desire length, different sandpapers were used. The scenario is

presented in Figure 2.1.

2
|

Figure 2.1 Preparation of fibers.

In the figure three different sandpapers can be seen; the biggest of 800 grit for processing. In
order to obtain a surface as smooth as possible, a file for polishing was used after the
sandpapers. Following the polishing step, ethanol was used to eliminate any small particles to
complete the preparation. Different lenses were used to ensure a correct procedure during

fiber filing.

Biological samples (portions of meat) were used to analyze their optical properties and were
taken from different animals. Slices were obtained from bigger pieces by using a cutter. The
procedure allowed obtaining smooth surfaces in case they were needed or selection of proper

zones of interest without the need of large equipment.

Methods

The measuring system (Fig. 2.2) used, developed at CIEMAT, is based on a scanner and a fiber-
coupled detector attached to it, able to move along the three Cartesian axis (X,Y,Z) by means
of stepper motors. One step in the X-Y plane corresponds to 4 um, while one step in the Z axis

implies a displacement as small as 1.25 um.

10



To save time only scans in the Y-Z plane have been done in the most part of this work,
approximation that leads to reasonable results taking into account the cylindrical symmetry of

the optical fibers.

The fiber-coupled detector consists of a PIN photodiode [16] directly attached (butt-coupled
[17]) to a polymer optical fiber (POF). These are cheap and easy to use multimode fibers
mainly used for local area communications [18]. The (receiver) fiber used in the study is 50 cm
long and has a diameter of 1 mm (0.9 of core diameter) permitting, in the ideal case, the

propagation of more than 10° modes [19].

Due to the fact that the wavelengths employed (400-1000 nm) are much lower than the
involved sizes, the “Geometrical Optics” theory applies and thus the light propagation will be

represented as “rays” along the entire work [20].

The detector movement (scanning) is controlled by a PC through the parallel port which sends
the electric signals to the motors changing their positions one step. Light detected by the
photodiode is amplified and digitized with 16 bits of resolution and the data are read by the PC

for each position of the sensing head. The PC also controls the light sources (LEDs) though a

programmable current source.

Receptor

Emitter

Figure 2.2. Photograph and schematic drawing of the measuring system.

11



Results

Characterization of the measuring system in transparent media

3.1. Introduction

In order to assure an accurate determination of the illumination patterns on actual samples, an
initial step consisting of a fine characterization of the system used to perform these
measurements is needed. To do this, the response of the measuring system to the light
emitted by well known sources propagating in transparent media will be studied. These media
have been chosen because their lack of appreciable absorption and scattering guarantees
straight paths and energy conservation. Examples of transparent media that fulfill these

properties at short-range are air and pure water [21].

The final result sought is to “calibrate our meter”, i.e. to find the system transfer function that
allows us to solve the inverse problem of finding the true spatial distribution of the energy
transferred to the medium. In our case, this transfer function refers to the directional

detection response of the system.

3.2. Characterization of the detector

As mentioned before, the detector will be characterized using a known light point source, a
white LED with large viewing angle [22] (greater than the nominal numerical aperture [23] of
this optical fiber, 0.5). Fig. 3.1a shows the radiation pattern — emission intensity vs. the angle
between the ray and the normal — from the datasheets. The usual model for this kind of
emission is a generalized Lambertian [24], as the given in the onset of figure 3.1.b. This figure
shows some of these patterns, from a pure Lambertian one (m=1) to a high directional
emission (m=70), together with the one most similar to the manufacturer’s curve (m=0.5),

approximation quite suitable up to 75°.

12
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Figure 3.1. Source radiation characteristics (a): from the datasheets; (b) from the model.

3.3. Theoretical foundations

The starting point is the Cosine and Inverse Squared Law [25], that states that the energy
received by an elemental area, dS, due to a bundle of rays emitted from a point source with

intensity /, located at a distance r from the area and forming an angle 6 with its normal (figure

3.2) is:

o
= [Eq. 3.1]

E=1I-
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Figure 3.2. Geometry of the illuminance.

In our case, the point source is the LED and the detection area is the entrance part of the
receiver fiber (1 mm of diameter). For distances r greater than some orders of magnitude this
diameter, the entire fiber’s surface can be considered as the elemental area dS. For shorter

distances, an extended receptor should be formed by integrating the contributions of each dS.

Since the LED contains a lens, the determination of the exact position of the point emitter is
not possible if one only measures distances. In order to determine the exact position, we make
use of the following relation directly derived from the Cosine Inverse Law that expresses the
fact that the energy E detected by the same detector multiplied by the squared distance is

constant (figure 3.3):

E1 . d12 = E2d22 [Eq 3.2]
d,=d, +A
< dl
E —
1 E2

Figure 3.3. Determination of the exact point source position.
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The detection fiber, after performing a measurement, is moved along the Z axis (coincident
with the LED’s optical axis) a precise increment A and another measurement is taken. Applying
equation 3.2 the initial position, d;, of the emitter can be found with great accuracy. Assuming
that the exact position of the source is already known, the equations governing the emission-

detection process are readily derived from basic 3D geometry.
If the point emitter is located in the XY plane at position (x.,Y.,0) and the scanning is performed

along the line (0,0,z=h,) (figure 3.4), the following equations are fulfilled:

z n=(0,0,1)

line of scan

(0, pos, hy)

Ty
point emitter (Xe, Ve,o)

Figure 3.4. Geometry of the emission and detection of a light ray.

TE =1 = (—X,,p0S — Y., hp)

rl = Jxe2 + (pos = y,)* + 1y’
n-r=|n|- |r|-cosa [Eg. 3.3]

h,
Ve + (pos = y,)? + hy’

cosa =

3.4. Initial measurements

In figure 3.5 a typical output from the scanning is displayed for h = 27 mm (distance that has
been computed making use of Eq. 3.2.). The pattern has a bell like shape reaching its maximum
when the source and the detection fiber are aligned (null angle). Another feature that can be
seen is that the pattern is asymmetric, the leading edge being smoother than the trailing one,

thus indicating some small defect in the fiber-photodiode coupling.

15
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Figure 3.5. Typical output obtained from the detector

An increment in the distance of the system is readily translated in a decrease in the intensity,

as shown in Fig. 3.6.
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Figure 3.6. Intensities obtained from scannings at several distances source - fiber tip.
3.5. Analysis of data
3.5.1 Air

The angular response (detector transfer function, DTF) of the fiber-coupled-detector can be

approximated to a super-Gaussian function [26] of low index (n=2.5):

(-2-Adyn

DTF =e [Eq 3.4]
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where a is the angle of the ray with the normal surface and w is related to the width of the
function and should be experimentally adjusted. To take into account the aforementioned
asymmetry of the curves, the parameter w is actually divided in two: one, w,, for negative
angles and other slightly different, w,, for positive angles. They are adjusted by the usual

procedure of minimizing the mean squared error [27], finding the following optimum values:
wp = 0.51 Wy = 0.44

both differing in 14%, values compatible with the nominal numerical aperture. With these
parameters, it is possible to fit the experimental data to a theoretical model that, in each

position of the scan, performs the product of the three contributions:

cosa
h2

Output (position) = DTF (air) * Geometry( ) * IntensityLED (cos®°a) [Eq 3.5]

Resulting in an excellent fit, as shown in figure 3.7 where both normalized experimental and
fitted patterns have been plotted together for a distance source-fiber large enough (30 mm) to

consider this last one as a elemental area. The coefficient R* [28] equals to 0.998.

—— Experimental
— Simulation

Normalized Intensity

Position {(mm}

Figure 3.7. Experimental and fitted output scanning curves in air.

3.5.2. Water

The emission diagram of the LED given in the datasheets is in air (see Fig 3.1), but the pattern
must be different when it is immersed in pure water (and electrically sealed). In order to find
the new emission diagram, the Snell Law of Refraction [29] is applied assuming an interface of

air between the LED’s lens and the water (Fig 3.8).

Under this assumption, each ray emitted by the source following the nominal emission

diagram in air is converted into a new ray for water.

17



n2(water)= 133

Figure 3.8. Approximation used to find the LED emission diagram in water.
n; -sinf; = n, - sin6,
From the refraction law,
0; = sin"11.33 - sin 6, [Eq. 3.6]

Equation 3.6 allows to determine the normalized radiation diagram. This should be corrected
by a factor (in our case, 1.57) that assures that the LED emission is the same in both cases (in
air and in water) as shown in Figure 3.9. In other words, both curves must have the same area,
although the estimated pattern in water is narrower and higher at the peak. These facts justify
the experimental finding that the output obtained for the same distance and the same LED
current greatly differs in air and in water (see figure 3.10). In effect, while both total emissions
are the same, the quantity of light than effectively enters the receiver fiber is greater because

more light is emitted at the apex.

Relative Intensity
\

| i T i

9 | I I i
10 ] 0 2 20 © EY 80 100

0
Angle (grads)

Figure 3.9. Comparison between the emission diagram in air and the estimated one in water.

18



Intensity {arbitrary units)
~
T

Position {mm)

Figure 3.10. Comparison betwen air and water response in the same conditions.

This concentration of rays in the central part highlights that the emision in water medium is
different, leading to different optical responses. This response has been estimated in a way
similar to the air case, assuming again a fiber’s angular dependence of the type super-Gaussian
(Eg. 3.4), now with an index n = 3. A MSE fitting lead to the following values of the

corresponding widths for negative and positive angles:

This time both values are quite similar and coincident to a certain extent with the reduction of
the numerical aperture corresponding to the difference in refraction indexes. The simulation
of the response of the detector to the scanning, according to Eqg. 3.7, together with the

experimental result are displayed in Fig 3.11 with a confidence level of 0.996.

Output (position) = DTF (water) * Geometry (c‘;;a) * IntensityLED(cos®®ay) [Eq. 3.7]

Figure 3.11. Experimental and fitted output scanning curves in water.
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3.6 Near-field measurements

The analysis during this chapter has been done with the (point) source far away from the
detector (the fiber tip), in conditions well falling within the far-field zone (distances around
h ~ 20mm) [30]. However the characterization of the detector in the vicinity of the source
(near-field) is needed as well. This cannot be done simply by putting both devices close
because the LED behaves like a point source only for distances not too short. Moreover most
of the LEDs have inner wires connecting the semiconductor with the leads that are “seen” as

shadows when looking at it too close.

These shortcomings can be avoided if an emitter that resembles a true point source is used. A
narrow single mode fiber, 9 um of diameter, placed close (less than 1 mm) the receiver fiber
tip will fulfill these requirements. A single mode fiber, allowing the propagation of only the
fundamental mode, has a pure Gaussian emission pattern with a geometrical aperture of the
order of 0.12 [31]. Thus the scanning of such a source yields an accurate characterization of

the receiver at near-field.

Figure 3.12 shows a two dimensional (X-Y) scanning of the single mode fiber viewed with our
detector placed at Z=0.5 mm in air. Since the illumination beam is so narrow, the light spot
thrown on the fiber’s surface is quite small (less than 0.1 mm) and so what we are seeing here
are the inhomogeneities and defects of this fiber. The lack of round shape and some dark

regions on the surface are noticeable features.

Figure 3.12. Color 2-D intensity plot of the single mode illuminating fiber.

20



A one-dimensional slice of this pattern is plotted in figure 3.13 (blue trace), where a defect at

the left of the optical axis is seen. This reduction of intensity is due to a region on the surface

that blocks some of the incident light, effect that disappears when the emitter fiber goes away

from the receiver (red trace). In this last case, border between near and far fields, only the

narrow Gaussian illumination from the single mode fiber remains.
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Figure 3.13. Intensity slices of the single mode fiber patterns at two distances.

This one-dimensional behavior can be accurately modeled by assuming that each point on the

receiver tip surface is an elemental detector having an angular dependence equal to the far-

field global response (found before) with a zone having a masking factor of 90 per cent in this

case. Figure 3.14 shows this simulation that, taking into account all the simplifications made,

fits quite well the real data (blue curve in figure 3.13).

Intensity

Position

Figure 3.14. Simulation of the near field (0.5 mm) single mode illumination pattern.
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3.7. Discussion

The optical fiber that operates as detector behaves like a super-Gaussian function of index
slightly greater than 2 (2.5-3). The fact that is not exactly 2 (Gaussian function) and its
asymmetry could be due to effects derived from the butt-coupling between fiber and detector.
Optical fiber (1 mm of diameter) and photodetector have similar areas, which makes the
procedure difficult to precise. In any case, the transfer functions have been successfully found
and they have proven their suitability in many tests performed with LEDs of different

wavelengths and remission characteristics.

Moreover, the numerical aperture (NA) of the fiber is compatible with the nominal value and
lowers form air to water in a factor quite similar to the relation of refractive indexes (1.33).
Finally, once the measuring system is characterized for air and water, it can be already

extrapolated for other media and used to study the illumination produced by other fibers.

As a final and important remark, it should be mentioned that a large area fiber behaves at near
field as an ensemble of elemental sensors all having the same directional characteristics, equal
to the far-field angular global dependence. Defects present on the fiber surface must be taken
into account in this case because they produce distortions in the illumination patterns,
although at long distance they simply imply a reduction in the total amount of light with no

appreciable effect on the shape of the light spot.

22



Characterization of the optical fiber as emitter in transparent media

4.1. Introduction

Optical fibers are prepared and coupled to the light sources in different ways. These two facts
make very difficult (if not impossible) to ‘a priori’ determine exactly which modes will be
excited or which output intensity the system will have (a crucial factor for many applications,

such as for instance the optical therapy [32]).

Excitation of modes depends on the source of light used. If this source is a LED, the fiber will be
overfilled (this is, the source will theoretically excite all modes). If the source is a laser, the
optical fiber will be underfilled (this is, only few modes will be excited), as shown in figure 3.1.
However, even using a LED (as has been the case), not all the modes are excited since there is

also an angular dependence. If the angle is not the optimal one, some modes won’t be excited.

ko @ ="

e @

Figure 4.1. Sketch of the excitation of the fiber.

In our experiments butt-coupling between fiber and LED has been done, without additional
optical elements in between. Even in this so simple case, different LEDs and different
orientations of both optical axis (fiber and LED) lead to dissimilar and unexpected illumination
patterns. For instance, figure 4.2 shows the 2-D intensity plots detected in the far field in air
for the same emitter fiber (POF, 1.5 m long) and in the same conditions but with two different
LEDs coupled to it. Left pattern corresponds to a 5 mm narrow angle blue (470 nm) LED [33],
while the right one is due to an IR (850 nm) 3 mm LED having wider viewing angle [34]. The
differences between them become evident. It is interesting to note that these differences

appear in the X-Y plane, the problem lacking completely its circular symmetry.

23



Therefore a one-dimensional approach like the carried out in the previous chapter could be
considered as a mere estimation and a more rigorous 2-D treatment is needed to understand
the fiber’s behaviour in depth. However, for the sake of simplicity, we will restrict ourselves to

the analysis in the X axis which in spite of its simplicity leads to qualitatively valid conclusions.

.

Figure 4.2. 2-D intensity plots of the same fiber coupled to different LEDs

Therefore the aim of this chapter is to study the optical fiber as a transmitter, in a way similar

to the conducted before:
e Fordistances long enough, the emitter is considered as a point source.

e For distances short enough, the emitter is considered as an extense source (composed

of point sources).
4.2 Emitter function

Following the procedure described in ‘Characterization of the measuring system in transparent
media’ chapter, if the emitter and receiver fibers are located far away each other the signal
received by the photodiode at a given position of the scanning line is a function of the angle a
that the emitter fiber (considered as a point) forms with the receiver one (also considered as a

point):
Signal (a) = Geometry * Fiber emissivity (a) * R(a) [Eq. 4.1]

where the * refers here to the pure multiplication operation and R(a), the receiver response

function found before, has the form:
R(a) = e 26" [Eq. 4.2]

24



with parameters n and w already known. The Geometry term takes into account the cosine
squared inverse law. According to the equation 4.1, it is possible to find the desired Fiber
emissivity by performing a simple division operation for each position of the scanning fiber
(see figure 3.4). Doing this a set of discrete values of this function can be found although the

final useful form must be constructed by a continuous function fitting.

In principle, it could seem suitable to try a function similar to R(a), taking into account that
both fibers are of the same kind. However the light source and the coupling method play an
important role in the shape of the intensity distribution coming out of the fiber. Therefore it
can be feasible to think in a function that incorporates a modulating term that takes into

account the light launching:
Fiber emissivity = R(a) * Launching(a) [Eq 4.3]

The Launching factor should reflect all the facts influencing the distortion introduced by the
(deficient) excitation of the propagating modes: misalignments, uneven filling, etc. In simple
words, it will be the responsible for the lack of circular symmetry seen in the diagrams of figure
4.2. If the launching had been correct concentric circles (Gaussians when cutting in 1-D slices)
would had appeared. We will construct the approximated (one-dimensional) version of this

term fOI‘ air and water.
4.3 Fibers in Air

If the LED and the fiber are out of alignment, it is reported that ring images appear with
million-mode fibers [15]. So a function with two peaks centered at positive and negative angles

would be a good candidate:

Launching(a) = A - cos™(a — alfay) + B - cos™2(a + alfay) [Eqg. 4.4]
The following values for the parameters lead to good fittings in air:

Launching(a) = 3 - cos’%%(a — 0.05) + 50 - cos>*(a + 0.75) [Eq. 4.5]

This can be seen in figure 4.3 where experimental and fitted curves have been plotted
together for a distance between emitter and receiver fibers of 10 mm. It can be seen that this
value (10 mm) is large enough to make the point assumption valid. The LED used here and

throughout the rest of the chapter has been the blue one.
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Figure 4.3. Experimental and modelled response curves in the far-field in air.

For distances shorter than =10 mm, where neither the source nor the detector can be
considered as point devices, both should be modelled as the sum of elemental source-detector
pairs and integrated over their entire areas. That is, the sign * in equation 4.1 has to be taken
here as convolution instead of multiplication. The functions that describe the angular

behaviours of source and detector remain the same.

In these conditions, the fittings at short distances are also quite good, as can be seen in figure

3.4 which highlights the excellent performance of the model at short distances.
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Figure 4.4. Experimental and modelled response curves in the near-field (1 mm) in air.
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These good agreements in overall shape (curves have been normalized) are also kept with
their absolute intensities. For instance, the ratio of intensities (this is, the areas under the
curves) is 0.51 for h = 14 mm and h = 17 mm in the experimental case, and of 0.52 for the
simulated one. In summary, the function defined in Eq. 4.5 adjusts accurately enough to the

experimental response (see Annex 3).

As a final remark, it is instructive to compare the radiance or energy per surface unit supplied
to the medium by the LED alone with that due to the same LED coupled to the fiber for two
significant distances: h = 2 mm and h = 19 mm. Figures 4.5 and 4.6 show these cases for LED

alone and fiber respectively.

(b)

Figure 4.5 Radiance of LED at h=2 mm (a) and h=19 mm (b).
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(a)

(b)

Figure 4.6 Radiance of LED + fiber at h = 2 mm (a) and h = 19 mm (b) in air.

4.4 Manipulation of modes

We have seen that the launching conditions have a dramatic effect on the light intensity
coming out of the fiber. Moreover it is also well known that not all the modes launched at the
fiber can propagate, even if they are allowed to do so [35]. In this section some representative
examples that prove these assertions will be given, showing that an intentional manipulation
of the modes can lead to different illumination patterns. And what is more important: in the
majority of cases without changing the configuration of that part of the fiber in direct contact

with the medium.

4.4.1. Mode filter

A multimode fiber allows a great number of modes propagating without suffering appreciable

attenuation.
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The number of modes, which ranges from a few tenths for narrow fibers to some millions in
our case of POF, depends on the wavelength and the refraction index of the core/cladding
materials [15]. Although not exactly true, one can think of these propagating modes as rays
bouncing at the core boundaries at angles greater than the total reflection one, thus

minimizing the energy (evanescent) that flows to the cladding and out of the fiber.

Since the total reflection conditions are based purely on geometry, it is easy to realize that
bending the fiber may produce light losses due to the perturbation of this total reflection for

some (high order) modes.

This fact, which is considered a drawback in fiber communication, can be exploited to
eliminate some modes and to adapt the final light distribution to a specific need. Obviously
this mode filtering [36] has greater impact for low propagating modes fibers than for multi-
million modes fibers. The usual method to perform this filtering is by wrapping some length of
the fiber around mandrels of calibrated diameters [37]. As a mere example, the light reduction
effect when the fiber is bended is displayed in figure 4.7 that show the results obtained when
the fiber was wrapped around a tube of 40 mm of diameter with four turns (see Annex 6 and
7). It should be mentioned that bending this type of plastic fibers with smaller diameters is
difficult because of the own rigidity of the material. Otherwise, with glass fibers this action is
much easier and a good number of turns can be done without further problems thus allowing

a thinner tuning of the filter.
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Figure 4.7. Effect of the fiber wrapping.
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4.4.2. Selection of launched modes

The main factor affecting the light distribution coming out of the fiber is the LED-fiber
coupling. It is possible to perform a selection of those modes excited by modifying adequately
this coupling, apart from the existence of other perturbations such as mode mixing or mode
scrambling [38] that spoil the initial light injection. Although these phenomena are significant
for long fibers (>100 m), it is something to take into account even for short pieces. On the
other hand, it is well known that POFs need lengths in excess of 1m to allow the modes cover

uniformly the outer tip [15].

A qualitatively example of how the launching affects the illumination is given in figure 4.8
where the light detected for the same fiber at the same distance is displayed when the LED is

“touching” the entrance tip and when it is 10 mm apart.

1000 3 -

800 - =

Intensity (arbitrary units)
3
8
T
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400 - —

Position (mm)

Figure 4.8. Light detected with the same fiber for two launching conditions.

4.4.3. Exotic configurations

If the LED and the fiber have their optical axis well displaced, the light “cone” that comes out
of the fiber is not further a true full cone but a hollow one [39]. This is so because only those
modes with angles respect to the fiber’s axis greater than a given value are excited while the
others, responsible for the “filling” of the cone are rejected. This is equivalent to saying that
the small humps seen in the patterns of figure 4.8 evolve to two well separated peaks, like
those shown in figure 4.9. This figure displays the (sliced) light pattern detected when the LED

excited the fiber through an angle of 20°.
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Total intensity becomes in fact reduced but the illumination pattern does not retain the usual
bell shape, fact that can be exploited in some applications. Peaks separation is directly related

with the off-axis angle.

J N

it Mo

(b)
Figure 4.9. Effect of Led tilt, not normalized (a) normalized (b).
4.4.4. Exit tip

The quality and shape of the exit tip have a dramatic effect on the illumination pattern. Fiber
with diameters that large (1 mm) allows the user to engrave it in the way suitable to achieve a
desired light distribution. Here we have tried to get a planar, well polished surface, but other
configurations are possible as well. For instance, it is possible to cut the tip in a round shape
thus acting as a lens concentrating (o diverging) the exit rays [40]. It is also usual to taper the
tip in order to modify the geometric aperture, making it asymmetric [41]. Another popular
configuration consists in leaving the surface unpolished in such a way that it acts as a diffuser,

thus widening the light cone [42].
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Even some high-tech solutions have been attempted aimed at eliminating most of the non-
fundamental modes by means of destructive interferences in irregularities of the surface

developed by etching [41, 42].

As a mere example, we will show how the elimination of some region of the unevenly polished
tip (because this process has been made by hand) lead to somehow different light patterns.
Figure 4.11 shows the comparison of the normalized intensity distributions for several
distances when the exit tip has been partially covered with black tape (upper) and when the

entire surface contributes to the illumination (lower).

Since the tip is not homogeneous, the covered part would throw light in a way different to the
uncovered and thus the patterns become slightly different, what is indeed a verification that

the hand-polishing is not too bad (see Annex 5).

(b)

Figure 4.11. Comparison between illuminations due to partially covered (a) and uncovered (b) exit tips.
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4.5. Fibers in Water

Assuming that the function R(a) has the form found before for the water (super-Gaussian
with n=3 and w=0.3), it would only remain to find the corresponding Launching function. It
results like the equation 3.5 although with slightly modified parameters, reflecting in some

way the “attenuation” of the launching errors introduced by a denser medium:
Launching(a) = 4 - cos’%° (a — 0.05) + 50 - cos3®(a + 0.1) [Eqg. 4.6]

The goodness of the fitting can be seen in figure 3.11 for near field (left) and far field (right).
Note that the humps at the right part of the curves, quite evident in the air case, almost

disappear here (see Annex 4).

(a)

(b)

Figure 4.4. Experimental and modelled response curves in the near-field (2 mm, a) and in the far field

(14 mm, b) in water.
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Finally, in a way similar to the plotted in figure 4.6, we plot the energy per surface unit that the
fiber supplies to the water for two distances, near and far, between emitter and detector,

figure 4.12.

(a)

(b)
Figure 4.12. Radiance of LED+fiber at h=2 mm (a) and h=19 mm (b) in water.

4.6 Discussion

A large diameter optical fiber with millions of propagating modes along lengths in excess of 1
meter produces an almost perfectly even light distribution at the exit tip. This justifies the
validity of the assumption that any point at this surface behaves like an isolated emitter with
the identical intensity angular distributions. Such an assumption has been experimentally
proven in this chapter, showing that the coupling LED-fiber is of great importance and that it

can be modelled as a factor modulating the pure, full excited fiber.
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Operation with turbid media. Forward configuration

5.1 Introduction

Once the system has been characterized using transparent media, we are going to use it to
show its features when dealing with turbid media. In this chapter we will focus on the forward
operation, i.e. the receiver has been place in the forward semi-sphere with respect to the

transmitter, while the backward operation will be addressed in the next chapter.

Turbid media of biological interest has a refraction index approximately similar to that of
water. This could justify the assumption that the fiber’s response with these media adopt the
form found for the water in the before chapters. However, turbidity imposes two additional

constraints to the light propagation:

1. Absorption, where the beam is attenuated (or, in other words, light intensity
lowers).

2. Scattering, where the beam changes its direction.

That is, the straight and lossless paths assumed until now are not realistic. It is interesting to
treat these two situations separately. Media in which scattering phenomena predominate over
absorption (Highly scattering media) will be considered first, uncovering their counterintuitive
behavior. In contrast, we will show how media in which no apparent deviation of the light
beam is evidenced (Highly absorptive media) behave in a way formally similar to the predicted

for water.
5.2. Highly scattering media
5.2.1. Milk

Milk is a clear example of scattering medium due to the tiny fat droplets solved in the water.
Fatty milk contains more droplets of fat while skimmed milk has a lower concentration of such
particles. So, higher light extinction (scattering + absorption) would be expected with the

former than with the latter.
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For instance, figure 5.1 shows this light extinction for both types of milk and a mixture of them

as well. Clearly the fatty one is the least transparent, this difference being more acute at IR

wavelengths

Here we are also interested in the geometry characteristics of the light thrown by the

transmitter fiber to the milk in which it is immersed. As expected, this geometrical response is

rather complicated and difficult to interpret and by no means similar to the obtained with

water. In effect, figure 5.2 shows the plots obtained at two extreme positions (one with both

fibers almost touching and the other with them well separated), together with the pattern

expected from water. It is worthwhile to note that the profiles of skimmed and fatty milks are

almost coincident for short paths and become frankly dissimilar at long distances.
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Figure 5.1 Absorption of milk at 490 nm (a) and 850 nm of wavelength (b).

36



Milk always produces wide bell-shape curves, much wider than the water, even when the path

of the light is short (at distances h = 1 mm).

This would lead to deduce that the effect of the scattering is so acute that the light
immediately exiting the transmitter fiber is not further confined to the cone defined by the
geometrical aperture but spreads over larger angles. Reciprocally, the light reaches the
receiver within an aperture abnormally large. This peculiar behavior has been confirmed with
our simulation model for water (in ‘Characterization of the optical fiber as emitter in
transparent media’ chapter) if we force the reception and emission angular functions to follow

an almost isotropic dependence. The matching is notoriously good at any distance.
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Figure 5.2 Normalized responses to milk and water at distances h=1 (upper) and h=12 mm (lower).
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Obviously this does not constitute a faithful reproduction of the reality. In truth, light does exit
and enter the fibers through their actual cones and, since the scattering is so important, it
rapidly deviates from the straight line resulting in an illumination (and reception) diagram that
resembles a uniform emission. The theoretical treatment of this problem is rather complex
and should be done with the aid of numerical techniques (Monte Carlo, random walk, the
diffusion equation... [45]), beyond the scope of the present work. Rigorous analytical
approximations can be found elsewhere dealing with the solution of the Radiative Transport
Equation [46]. There, it is assumed that light passes though a scattering cloud and reaches an

observer outside the cloud. Here, both the source and the “observer” are inside the cloud.
5.2.2 Milk with an obstacle

The consequence of strong light scattering can be graphically appreciated by interposing a
small obstacle between the emitter and receiver fibers. Figure 5.3 sketches the top view of the
obstacle (in red) placed at a distance (normal to the drawing plane) of 5 mm from the emitter

tip (blue). The obstacle is 1.8 mm wide and covers approximately one half of the blue fiber.

Detector optical fiber

Emitter optical fiber

Figure 5.3 Top view of the placed obstacle.

The responses of the system with the obstacle for different media are displayed in Figure 5.4.
As we can see, for the cases of air and water the familiar bell-shape patterns have been “cut”
by the obstacle, forcing the intensity to zero. On the contrary, when the light propagates
through the milk the obstacle makes the intensity diminish when the scanning fiber passes

over but without zeroing it.
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Figure 5.4 Response of the system to the obstacle for different concentrations.

Concentration 1:1 corresponds to a solution composed of 10 ml of water and 10 ml of fatty
milk; concentration 2:1 corresponds to 20 ml of water and 10ml of fatty milk, and so on. It is
important to remark that the light (LED current) that illuminated the milk was 5 times more
intense than the used with air and water. Therefore the actual sizes of the milk curves in

relation to the others are even smaller than the showed in the plots.

It is straightforward to include the effect of this obstacle in the MATLAB codes that simulate
the performance of the system (see Annex 8). This modification works fine for air, water and
other liquids with weak scattering (see below), but fails when applied to milk. In fact, if we
accept that the almost isotropic approximation formulated in Section 5.2.1 remains valid and
proceed to run the code with the obstacle, the pattern of figure 5.5 follows, curve that does
not correspond with the reality (figure 5.6). This proves the inaccuracy of that approximation

and reinforces the need of a numerical approach to the problem.

Figure 5.5 Simulation of the response for a distance of 11 mm between fibers.
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(a)

(b)
Figure 5.6 Response for skimmed milk (a) and fatty milk (b) to the obstacle at a distance h = 11 mm.

5.2.3 Blood

Blood is another example of scattering medium. In this case, the responsible are the Red Blood
Cells (RBC) present in the water-like solvent. Due to its evident biological importance its
properties (optical included) have been extensively studied and there are plenty of references
to the blood’s parameters in the literature [47]. Here we have focused on its absorption and
scattering characteristics and in particular on how they affect the shape of the response
patterns, rather than on the different IR absorption of hemoglobin depending on the oxidation

state.
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Blood was obtained from mice’s tails and diluted in water in a 1:10 proportion. The blood used
was venous blood relatively deoxygenated. Two LEDs have been used to excite the sample:

blue (peaked at A = 490 nm) and IR (peaked at A = 850 nm).

This represents two limit bands in the visible and the important zone of the IR. From [48], the

ratio between scattering and absorption coefficients for undiluted blood is of the order of 2 at

the first wavelength and 1000 at the other.

In these conditions, a scanning of the illuminating fiber has been performed without any
obstacle interposed between the fibers. Figure 5.7 shows the resulting plots, together with the
corresponding to pure water taken with the blue LED. A remarkable feature of these patterns
is the similarity in shape between the blood and water curves when the former is illuminated
with blue light. On the contrary, the IR light makes the curve widen and its bell-shape deform,
clear consequence of the higher scattering contribution in the IR band even at this relatively
low concentration. However, this curve, although being sensibly narrower than the one due to
the (skimmed) milk, bears a resemblance to a top-hat instead of the sharper and bell-like
curves of figure 5.2. This can be considered as a proof of the different overall effects of

scattering in both cases (probably simple vs. multiple direction changes [49]).

Figure 5.7 Normalized responses of blood as medium at different wavelengths at h = 3.

5.3. Highly absorptive media

5.3.1 Coffee and Vinegar

When the absorption prevails clearly over the scattering the slight distortion seen for the

blood at blue wavelength disappears and only a net signal reduction is observed, the curves

keeping essentially their shapes.
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It is appropriate to carry out the study of the entire Section 5.3 with the obstacle interposed
between the source and the receiver (at 5 mm from the former one), because this imposes an

absolute reference to the problem.

Vinegar and soluble coffee are two liquids with very small scattering coefficient [50]. Figure 5.8
shows a comparison of these substances — two different concentrations for the coffee and the
vinegar directly from the bottle — with air and pure water. It is seen that only the soluble
coffee at high concentrations presents some scattering, although not significant compared to

milk. The others do absorb light but without dispersing it.
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Figure 5.8 Response for air, water, vinegar and coffee at h=19.

5.3.2 Cola

From the optical point of view, coke is basically an intimate solution of some substances in
water and not an emulsion. Since there are not free scattering centers, all the light extinction
comes from pure absorption. This will be studied in detail for two concentrations of cola in

water, 1:1 and 1:2. Blue LED (A = 490 nm) has been used to illuminate the mixtures.

Attenuation coefficients were calculated after the implementation of the Beer-Lambert Law
[51] for absorption in the model (see Annex 9). These coefficients have been deduced by
comparison of the patterns of coke with that of pure water and using the value of this last one

as reference (i, =0.01 mm™).

In this way, the following data hold: for cola mixed with water in a 1:2 solution, u, =0.02 mm™;
for cola mixed with water in a 1:1 solution, n,=2 mm™. The model matches quite well the

experimental response (figure 4.9), because of the insignificant role that the scattering plays.
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Figure 5.9 Experimental and fitted output curves for cola at concentrations 1:2 (a) and 1:1 (b) at

distances emitter-receveiver of h = 12 mm.

5.4. Meat

Until now, liquids have been used as propagating media. But light also penetrates in not
completely opaque solid substances, like tissues. In fact these media are the most important

from the biological point of view. Therefore, we have tested the system with a special type of

tissue: fresh meat.

In a first experiment, we have replaced the opaque obstacle used before by a thin 3 mm slab

of pork. So, the light can go through the obstacle suffering the familiar effects of absorption

and scattering.
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The surrounding medium has been cola, that it is known acts as a kind of “digester” due to its
high carbonic acid content [52]. This transformation process implies some dilution of meat in
the cola (shrinkage) as well as a changing in the optical properties of the slab, turning darker.
In Figure 5.10 we can see how the response of the system to the meat obstacle changes as a
function of time. As time passes, intensity is lowered and the shape of the distribution changes

due to the degradation process, this change being more acute in the first hour and essentially

stable after 2 hours.
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Figure 5.10 Meat degradation due to cola digestion as a function of time.

This figure also highlights other important characteristics of tissues as opposite to liquids. They
are generally inhomogeneous, that is, not every point within the illumination cone absorbs (or
scatters) in the same way, thing that uses to happen when the liquid is a homogeneous
solution. For instance, the initial curve (t=0) presents two peaks of dissimilar heights because
the light intercepts a nerve of the pork meat, nerve that seems to evolve in a different way

when attacked by the cola (peaks for t>1 h are interchanged).

In a second experiment, three slabs of approximately equal thickness 2 mm of beef meat, pork
skin and animal fat have been placed just on the transmitter fiber (touching its tip) in air and
the scan was performed at a distance h = 1 mm the fiber being excited by an intense light
source. The comparison among the different absolute responses is given in figure 5.11. The

three curves are wide enough to deduce a strong influence of scattering.
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The green one (fat) reflects in addition some irregularities due to wrinkles; the other two
patterns are symmetric as corresponds to pieces essentially homogeneous. Moreover, fat

absorption is higher for the same conditions than meat and pork skin.
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Figure 5.11 Response to three slabs of different kinds of meat.
5.5. Discussion

Light from the emission fiber propagates in the forward direction through turbid liquid or
solid-like media suffering absorption (reduction in energy) and scattering (deviation from
straight paths). This distorts the map of the energy that the medium receives in a rather
complicated way. If there were only absorption, the illumination (and reception) cones from
(towards) the fiber remain essentially similar to the defined for water, although with reduced
intensity. If the scattering is acute (as in most biological samples), severe deviations may occur,
difficult to predict analytically due to the fact that the illuminator is immersed in the scattering
medium. It a very first approximation and with severe scattering, things seem to behave as if
the light cone (defined by the geometrical aperture) widens abnormally until becomes an

almost isotropic emission.

An important difference between scattering and purely absorptive media is the possibility of
precise locating objects inside the last ones; something that requires advanced inverse

methods if applied in scattering media.
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Operation with turbid media. Backward configuration

6.1 Introduction

‘Characterization of the measuring system in transparent media’ chapter focused on the
forward operation, placing the receiver in the forward semi-sphere with respect to the
emitter. ‘Characterization of the optical fiber as emitter in transparent media’ chapter, on the
contrary, will focus on the backward configuration. For that, detector and emitter fiber are
aligned and only the detector will follow the line scanning while the emitter will stay fixed as
shown in Figure 6.1. Reflection of light will rule the response of our system [53]. For opaque
materials used as target materials, specular reflection will govern the output intensity. For
non-opaque (turbid) materials (such as skin, meat, emulsions...) light will enter the material

and bulk diffusion reflection will direct the response [54].

Detector optical fiber Emitter optical fiber
-——

Figure 6.1 Backward configuration of the system. Real system (left) and ideal scheme (right).

As we can see in the real system displayed Figure 6.1, light is reflected in an opaque medium.
Emission and reflection by optical fibers is done by cones which overlap differently at different
heights (scheme of Figure 6.1, for a given height). Overlapping of cones and horizontal
scanning of the detector optical fiber at different heights allows the analysis of bulk

backscattering and formation of 2D images.

6.2 Opaque target in different media

Experimental response for a light source of a wavelength 490nm with an opaque medium
(polished metallic piece) is displayed in Figure 6.2 for a linear scanning of the detector with a
fixed emitter. As we can see, distributions show irregularities due to the non-ideal surface of

the material under study.
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Thanks to the concentration of rays produced by water (even if cones of fibers are narrower),
intensity increases in comparison to the result obtained with air. The same behavior is

obtained for the case of a LED of 850nm used as light source.

Air
Water

Intensity (arbitrary units)

o 5 10 15 20 25 30
Position (mm)

Figure 6.2 Line scanning response of an opaque material in air and water medium.

As done in the ‘Characterization of the measuring system in transparent media’ chapter, study
of responses of opaque materials to light, in backward configuration, was done for fatty milk
and skimmed milk as media for A = 490 nm and A = 850 nm. The target metallic piece used
was the same than the one used in Figure 6.3. A specular reflection study in water (transparent

medium) and milk (scattered medium) media was done.

At this wavelength 4 = 490 nm and as height increases, water absorption in comparison with
fatty milk and skimmed milk absorption varies as shown in Figure 6.3. For h = 4 mm, water
absorption is lower than in the case of skimmed milk, and this last lower than in the case of
fatty milk, as expected from results obtained in ‘Characterization of the measuring system in
transparent media’ chapter. However, when the target is placed at h = 13mm, absorption is
reversed and water absorption becomes higher than the one of fatty milk. Finally, for h=21

mm, water absorption turns lower as was the case at low distances.
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Figure 6.3 Water, skimmed milk and fatty milk absorption at A = 490 nm for h = 4 mm (a), h = 13 mm
(b)and h = 21 mm (c).
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For the case of wavelength in the IR (A = 850 nm), absorption of fats changes as expected
from its absorbance coefficient spectra [55]. For any height, absorption of fatty milk is lower
than absorption of skimmed milk. Water behavior at low distances is the same than in the case
of A =490 nm. However, at high distances h = 21 mm, original behavior is not recovered

again as displayed in Figure 6.4.

(a)
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Figure 6.4 Water, skimmed milk and fatty milk absorption at A = 850 nm for h = 4 mm (a), h = 13 mm
(b) and h = 21 mm (c).

As we can deduce from the results obtained, scattering in the backward configuration
determines the output response (even more than in the forward configuration). The geometry
of the system and so, path of light, is now more complex than in the previous configuration.
Rays travel from the emitter to the target material through the medium, reflect and travel
back to the receptor optical fiber in the same medium. If this medium is a highly scattering
media (fatty milk) responses are variable, and the radioactive transfer equation (RTE) needs to

be applied in order to model radiance distribution.

6.3 Solid-like turbid media

In order to study the behavior of solid-like turbid media, three different fresh meat were used
as target (chicken, pork and cow meat) [56]. For this study, emitter fiber was placed in direct
contact with the meat portion, while the detector fiber moves in the horizontal line scan.
Emitter optical fiber, receptor fiber and the thick portions (=5 mm thick) of meat where

immerse in air first, and in water secondly.

Response when the meat is immerse either water or in air, or at wavelengths of 490 nm or
850nm for the three fresh slabs is the same; water absorption is lower than in the case of air as
expected from results obtained in ‘Characterization of the measuring system in transparent
media’ chapter, displayed in Figure 6.5 (only response when using chicken as target immersed

in water or in air at 490 nm).
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Figure 6.5 Response using A = 490 nm for chicken as target immersed in water or air.

Extinction of the three slabs varies as a function of the wavelength used. For the case of
A = 490 nm, chicken extinction is lower than the one of the pork or cow. However, in the case
of A = 850 nm, higher extinction is experimentally found for pork rather than in chicken and
cow slabs, as displayed in Figure 6.6 in air as medium [57]. Moreover, extinction of light is
higher at A = 850 nm (this is, output intensity is lower) than for A = 490 nm for any of the

slabs used.

(a)

(b)

Figure 6.6 Absorption of chicken, pork and cow for A = 490 nm (upper) and A = 850 nm (lower) in air.
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6.4 Emitter and receiver linked - surface study

1D

In section 6.1, a system based on a mobile receptor fiber and a fixed emitter fiber was
described and analyzed for different targets in different media. Now, in order to study the
surface of a given material, receptor fiber and emitter fiber will be linked and will move
horizontally. By using an opaque target, a vertical scanning would follow the response
observed in Figure 6.8a. Starting from O (detector and emitter cones do not overlap at h=0)
intensity increases as height gets bigger, since cones of the fibers overlap augmenting the area

of slab intersected (a, > a;), until a maximum is reached as shown in Figure 6.7.

Detector optical fiber Emitter optical fiber

Detector optical fiber Emitter optical fiber
-

Lo

Figure 6.6 Scheme of intersection area variation as a function of the distance between fibers and target.

Immediately after this maximum, distribution lowers until light is not longer perceived since
bulk diffraction applies stronger as height increases. This behavior is well-studied and used in
fiber optics displacement sensors [58]. However, for the case of a turbid material as target, the
curve does not starts at 0, since light is transmitted into the material and scattered due to a
complex microstructure so that backward scattering produced by the particles encountered
are already perceived by the detector fiber as displayed in Figure 6.8b (reflection and
refraction). The behavior as height increases follows the same rules as in the case of an

opaque target.

(a)
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(b)

Figure 6.7a Response of a vertical scanning in backward configuration of an opaque material used as

target. 6.7b Response with the same configuration for a non-opaque material.

In order to study the surface of the slabs, as previously mentioned, emitter is configured so
that it follows the movement of the detector fiber in the line scanning as well. For that, both
the slab and the fibers were, firstly studied in air as medium and secondly studied immersed in

water. Experimental results are displayed in Figure 6.8.

(a)

(b)

Figure 6.8 Surface study of a slab of cow muscle in air medium (upper) and immersed in water medium

(lower) at different heights.

As we can see in Figure 6.8, as height increases, roughness details are lost since resolution

decreases (same overlapping of cones but higher area of intersection at different heights).
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And roughness is easily detected when the slab is not immersed in water but in air. This is due
to the fact that the index of refraction of air (n,=1) in comparison with the one of the slab
(ns=1.46) so no>>n,, higher than the difference between the index of refraction of water
(ny=1.33), na>n,, following Fresnel equations [59]. For a better understanding of this fact, 2D

images were obtained and are discussed in the next subsection.

Is important to notice that for the case of water as medium, intensity at h=0 is lower than the
one obtained at h=1, this is due to the behavior described following Figure 6.7b. Reflection is
not longer specular but bulk diffusion reflection is governing the response due to scattering of
light. At h=0, light already entered the slab and is detected by the detector fiber. However, this
intensity is lower than the one found at h=1 since maximum is reached at higher heights as

showed in Figure 6.7b.
2D

Scanning in x and y axis at h = 2 mm was performed to obtain 2D images (1.2x1.2 cm?) of the
surface of the materials being used. Optical fibers used were the regular POF already
mentioned in Chapter 2 at wavelengths of 850 nm. Slabs of the meat were 3 mm thick with

40x4 pum’ of resolution.

As we can see from Figure 6.9, surface roughness is significantly noticeable when the medium
used is air. For the case of water, since ng>n,, roughness becomes less important allowing
backward scattering to be displayed. This is, reflectivity at normal incidence is lower for the
case of water as medium and only sharp details are maintained. The part of the slab displayed

in 6.9 immersed in water, brighter zones could show a nerve present in the meat.

Figure 6.9 2D Surface study of a slab of cow muscle in air medium (left) and immersed in water medium

(right).
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In order to increase the 2D images resolution, finer optical fibers of 62.5 um of diameter were
used (so that cones of emission and reception of the fibers are narrower). Scanning resolution
was enhanced from 40x4 um?to 20x4 um? for an image of 1.2x1.2 cm?as in the case of Figure
6.9. The material used as target was a human skin and is displayed in Figure 6.10. Shadows
regarding the source of illumination are uniformly distributed all over the image since emitter
fiber and detector fiber are moving together in the line of scanning, as a difference with optical

microscopes where the source of light is fixed and shadows are not uniformly distributed.

Figure 6.10 2D image of human skin: epidermis, stratum corneum (keratinocytes) in air as medium.

6.5 Discussion

Backward configuration is, undoubtedly, counter-intuitive. In order properly understand
responses of the system a reliable numerical model should be developed which should take
into account not only absorption phenomena but also scattering (one option is by using Monte
Carlo method). The main data and experimental results have been already collected and

described in this report.

If emitter optical fiber is fixed and receptor optical fiber is mobile in the horizontal axis, output
intensity lowers as distance emitter-receptor increases. The slope of the distribution will vary

as a function of the scattering being received by the receptor using properly prepared samples.

Possibility to change the configuration of the measuring system (from forward configuration to
backward configuration) allows us to obtain 2D surface images to study bulk scattering (in
water media much more noticeable). In order to enhance the study of this specific scattering,
adaption of the refractive index between medium in contact with the target material and

refractive index of the material should be done as explained in section 6.3.
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Budget of the project

A detailed estimation of the costs of the project will be described. These costs are divided in

two categories:

1. Personnel costs involved in the project.

2. Costs of Software, Hardware and fungible materials.

Costs are expressed in Euros. Software tools and equipment used are included in the final

result.

Personnel Costs

In order to calculate the personnel costs, the people involved in the project as well as its role
will be described. The cost per hour for each person is defined by an approximate value of the
actual salary depending on their role. In Figure 7.1, the name of the participants, its category,
the cost per hour, the total number of hours dedicated to the project and the final cost is
shown. Jose Luis Mufiiz was the supervisor and director of the project. Edilia Almeida and
Mirentxu Santos were in charge of providing and teaching the student how to obtain tissue

and blood samples.

Name Category Total hours Euros/h Final Cost |
Jorge Ripoll . Professor . 30h . 35€  1050€
Jose Luis Muiiz Researcher 60h 35€ 2.100€
Cristina Herrdez Junior Engineer 280h 20€ 5.600€
Edilia Almeida Research Assistant 1h 30€ 30€
Mirentxu Santos Researcher 2h 35€ 70€
Total Cost 8.850€

Figure 7.1 Detailed personnel costs.

Software, Hardware and Other Costs

The cost of the different materials and samples used (different media used along the
experiments), computers to analyze the data (and licenses) are included in this subsection. In
Figure 6.2 the product used, it costs, and the number of days that the product has been used is

shown.
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Product Price Use of the product Final Cost for the project

Measuring system 100€/day 40 days 4000€
MATLAB license 6000€ - 3000€
Computer 600€ - 600€
Materials 20€ - 20€
Total Cost 7.620€

Figure 7.2 Detailed software, hardware and material costs.

Total Cost of the Project

Finally, the total sum of the costs of the different categories of the project is shown in Figure

7.3.

‘ Description Total Cost

Personnel Costs 8.850€

Software and Hardware Costs 7.600€
Materials Costs 20€

Total Cost 16.470€

Figure 7.3 Total cost of the project.

The total cost of the project is 16.470€.
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Conclusions and Future Work

The characterization of the measuring system provided by CIEMAT was successfully performed
with an approximation accurately enough in different conditions for the analysis done along
the study. Results adjust Gaussian functions of different index depending on the medium (air

or water) used for the specific measurements.

Although the model for the characterization was approximated enough, demonstration of the
need of a 2D implementation was evident when placed an obstacle between detector optical
fiber and receptor optical fiber in highly scattering media, such as milk. For highly absorptive
media, the model still adjusts accurately. However, the model does not adjust to reality for

scattering media since extinction of light due to scattering is a complex process.

Having into account that most biological tissues approximates to highly scattering media, a
deeper study of this phenomena in different conditions must be performed. The real
responses of the system to highly scattering media in backward configuration become even
more difficult to predict and are considered as counter-intuitive due to the results obtained.
The numerical model that could reproduce these phenomena could be implemented following

Monte Carlo method, although this implementation is out of the scope of the project.

The use of 2D images obtained out during the study in backward configuration evidence
different facts depending on the medium used. If the system in this configuration is used in air,
a study of the roughness of the sample being analyze is possible. If the system is used in water,

a deep study of the bulk scattering can be performed.

The possibility offered to the student to change not only the configuration of the measuring
system provided by CIEMAT but also the optical fibers of used, the wavelength of the source of
light and the media during the experiments, allowed the student to acquire a wider knowledge
not only in optical terms but also in the area of electronics and physics. Moreover, the student
was trained on fibers preparation and had the opportunity to see the extraction of blood and
biological tissue in vivo from mice by the corresponding trained personal. The limitation of
time was not an impediment for the student to acquire new skills in the biomedical
engineering field reaching and exceeding the aims set at the beginning of the description of

the project.
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Future work

Bearing in mind that this study is an introduction to the micro-illumination with optical fibers
using this concrete measuring system, the future possibilities are wide not only regarding this
system but the optical imaging technique in general. These possibilities range from the
exploitation of the technology to 3D imaging to the deposition of energy on a localized area of
different tissues. In a first step, improvements should be performed in the geometrical model

so that it incorporates a fully spatial characterization of the expected illumination.

Secondly, in order to fulfill the requirement of ‘minimum invasiveness’, narrower fibers should
be employed along the study. Fibers with diameters as small as 5 micrometers (Mode Field
Diameter) for wavelengths in the important range of ultraviolet-blue are already commercially
available. To handle such small (fully Gaussians) light spots in tissues implies a challenge that

has not been yet completely solved.

Once these non-trivial questions are answered, we will be able to use this technology to open
new possibilities in the development for the diagnostic of diseases such as cancer. Moreover,
not only diagnostic but also healing these diseases will be possible by using the specific tools.
In this context, a realistic characterization of the responses (optical, acoustical, electrical
responses...) of different tissues to this extremely localized illumination would be very useful
for designing this new generation of instruments. This means that optical imaging can be used

as ‘theranostics’ combining diagnosis and local therapy.

To accomplish this objective, both experimental and theoretical work should be done,
developing a realistic model that can be tested with the help of the experimental
(reconfigurable) facility used in this thesis. Introduction to the complex mathematical
background knowledge needed for the suitable development of the technique can be also
found in this document. Challenges regarding depth penetration and spatial resolution issues
will be overcome allowing fusing optical imaging with other techniques (photoacoustic imaging

or MRI) leading to more complete results by adding anatomical information.
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ANNEX 1

Model that characterizes the receptor in air media.

MATLAB code:

clear inten
clear pos

resx=0.004;
w=0.50;
center=6450;
F=center*resx;

h0=27;

for i=1:16000
h=h0- (i-center) *resx*tan(0.15) ;
x=1*resx;
pos (1) =x;
alfa=atan ((x-F) /h);
inten(i)=(cos(alfa)~3/h"2) *exp (-
2* (abs (alfa) /w)"2.5) *cos (alfa)~0.5;
end
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ANNEX 2

Model that characterizes the receptor in water media

Matlab code:

clear inten
clear pos

resx=0.004;
w=0.38;
center=6450;
F=center*resx;

h0=27.81;

for i=1:16000
h=h0-(i-center) *resx*tan(0.15);
Xx=1i*resx;
pos (1) =x;
alfa=atan ((x-F)/h);
arg=1.33*sin(alfa);
inten(i)=(cos(alfa)”"3/h"2) *exp (-
2* (abs(alfa) /w)"3) *cos (asin(arg))"0.5;
if (arg>=1l) || (arg<=-1)
inten (1) =0;
end
end
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ANNEX 3

Model that characterizes the emitter in air media.

MATLAB code:

clear inten
clear pos

resx=0.004;
w=0.50;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=19.9;
inten(1:16000)=0;

for i=1:16000
h=h0- (i-centre) *resx*sin (0.01) ;
x=(1-8000) *resx;
for j=1:21
pos(j)=(j-11) *resy;
for j1=1:21
emi(jl)=(jJ1-11) *rese;
beta=atan ( (x+pos (j) -emi (j1)) /h);
inten (i)=inten (i) + (cos (beta)"3/h"2) *exp (-
2* ((abs (beta) /w) "2.5)) *exp (-
2* ((abs (beta) /w) *2.5)) * (3*abs (cos (beta-
0.05)7700)+50*abs (cos (beta+0.75)73.4));
end
end
end



ANNEX 4

Model that characterizes the emitter in water media.

clear inten
clear pos

resx=0.004;
w=0.33;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=3.9;
inten(1:16000)=0;

for i=1:16000
h=h0- (i-centre) *resx*sin (0.01) ;
x=(1-8000) *resx;
for §=1:21
pos (j)=(j-11) *resy;
for j1=1:21
emi(j1)=(jl-11) *rese;
beta=atan ( (x+pos (j) -emi (j1)) /h);
inten (i)=inten (i) + (cos (beta)"3/h"2) *exp (-
2* ((abs (beta) /w) "3)) *exp (-2* ( (abs (beta) /w) *"3) ) * (4*abs (cos (beta-
0.05)7700)+50*abs (cos (beta+0.1)"36));
end
end
end
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ANNEX 5

Model that characterizes the emitter half covered in air media.

clear inten
clear pos

resx=0.004;
w=0.50;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=10.72;
inten(1:16000)=0;

for i=1:16000
h=h0- (i-centre) *resx*tan (0.01) ;
x=(1-8000) *resx;
for §=1:21
pos (J)=(j-11) *resy;
efe=1;
for j1=11:21
emi(jl)=(jJ1l-11) *rese;
beta=atan ( (x+pos (j)-emi (j1)) /h);

inten (i)=inten (i) + (cos (beta)"3/h"2) *exp (-

2* ((abs (beta) /w) "2.5)) *exp (-
2* ((abs (beta) /w)*2.5))*(13.5%abs (cos (beta-
0.05)7900)+50*abs (cos (beta+0.12)"44));
end
end
end
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ANNEX 6

Model that characterizes the emitter by using the unwrapped fiber described in Configuration

1.

clear inten
clear pos

resx=0.004;
w=0.50;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=19.9;
inten(1:16000)=0;

for i=1:16000
h=h0- (i-centre) *resx*sin (0.01) ;
x=(1-8000) *resx;
for j=1:11
pos (j)=(j-6) *resy;
for jl=1:11
emi(jl)=(J1-6) *rese;
beta=atan ( (x+pos (j)-emi (j1)) /h);
inten (i)=inten (i) + (cos (beta)"3/h"2) *exp (-
2* ((abs (beta) /w) "2.5)) *exp (-
2* ((abs (beta) /w) *2.5)) * (3*abs (cos (beta-
0.05)71000)+60*abs (cos (beta+0.75)73.6));
end
end
end
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ANNEX 7

Model that characterizes the emitter by using the wrapped fiber described in Configuration 1.

clear inten
clear pos

resx=0.004;
w=0.50;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=19.9;
inten(1:16000)=0;

for i=1:16000
h=h0- (i-centre) *resx*sin (0.01) ;
x=(1i-8000) *resx;
for j=1:11
pos (J)=(j-6) *resy;
for jl1=1:11
emi(jl)=(jl-6) *rese;
beta=atan ( (x+pos (j) -emi (j1)) /h);
inten (i)=inten (i) + (cos (beta)"3/h"2) *exp (-
2* ((abs (beta) /w) "2.5)) *exp (-
2* ((abs (beta) /w) *2.5)) * (3*abs (cos (beta-
0.05)71000)+60*abs (cos (beta+0.75)73.2));
end
end
end
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ANNEX 8

Cddigo de matlab para el ajuste en agua

clear inten
clear pos

resx=0.004;
w=0.33;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;

h0=12.5;
inten(1:16000)=0;
hf=5;

for 1=1:16000
x=(1-8000) *resx;
for j=1:21
pos=(j-11) *resy;
for jl=1:21
emi=(jl-11) *rese;
beta=atan ( (x+pos-emi) /h0) ;
11=(h0*(0.5-emi) ) /hf + emi;
12=(h0* (1.3+emi))/hf - emi;
factor=1;
if ((x+tpos)<=1ll) && ((x+pos)>=-12)
factor=0;
end
inten (i)=inten (i) +factor* (cos (beta)~3/h0"2) *exp (-
2* ((abs (beta) /w) "3)) *exp (-2* ( (abs (beta) /w) "3) ) * (4*abs (cos (beta-
0.05)7700)+50*abs (cos (beta+t0.1)"36));
end
end
end



ANNEX 9

Cddigo de matlab para el ajuste en agua con atenuacion

clear inten
clear pos

resx=0.004;
w=0.33;
centre=6450;
F=centre*resx;
rese=0.02;
resy=0.02;
att=0.2;

h0=8.5;
inten(1:16000)=0;
hf=5;

for 1i=1:16000
x=(1-8000) *resx;
for §=1:21
pos=(j-11) *resy;
for j1=1:21
emi=(jl-11) *rese;

beta=atan ( (x+pos—-emi) /h0) ;
d=sqgrt ( (x+pos-emi) *2+h0"2) ;
11=(h0* (0.66-emi)) /hf + emi;
12=(h0* (1.1l4+emi))/hf - emi;

factor=1;

if ((x+pos)<=11) && ((x+pos)>=-12)

factor=0;
end

inten(i)=inten (i) +factor* (cos (beta)~3/h0"2) *exp (-

2* ((abs (beta) /w) "3)) *exp (-2* ( (abs (beta) /w) *3) ) * (4*abs (cos (beta-

0.05)7700) +50*abs (cos (beta+0.1) "36)) *exp (-att*d) ;

end
end
end
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