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kinds of real-time analysis when the sample is placed under the microscope. A cost-effective visible
light spectrometer is designed for the Nikon optical microscope. The fabricated spectrometer has been
calibrated and tested using a periodic microfluid device and three fluids (water, glycerinum and olive
oil). The resulting spectrum from the spectrometer is observed on the thermino spectrometer software,
and the spectrums are compared with the spectrum found in the literature.
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Santrauka

Pastaraisiais metais sparciai tobuléja biologiniy méginiy analizés metodai. Biologiniy méginiy
analizei reikia daug darbo, kapitalo, laiko ir Ziniy. Magistrinio darbo tikslas yra sukurti matomos
Sviesos spektrometra, kad biity galima atlikti dviejy riSiy realaus laiko analize, kai méginys tiriamas
po mikroskopu. Darbe pristatomas sukurtas ekonomiskas matomos Sviesos spektrometras, kuris bus
suderinamas su Nikon optiniu mikroskopu. Pagamintas spektrometras sukalibruotas ir iStirtas
naudojant periodinj mikroskystinj prietaisg ir tris skyscius (vanduo, glicerinas, alyvuogiy aliejus).
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Introduction

The biological system covers a vast range of particles whose size span from metre to picometre. A
biological system comprises of both macromolecule and micromolecule, which is responsible for the
effective functioning of that living system. Therefore, understanding the behaviour of the biological
systems is necessary for the in-depth research and development of the systems. To understand the
functioning of the living systems, it is essential to know the characteristics of each molecule that are
contributing to the system. The research on the characterisation of these molecules has been
performed from the early scientific age, and whenever a particular question is answered, which leads
to a new question about the living system. To know the characteristics of a molecule in a biological
system, it is essential to detect the presence of that molecule in the system. From a wide range of
detection techniques, optical detection technique is most important for the detection of a molecule
using the light as a source of detection. In a vast world where different kinds of biological systems
exits, it is difficult to analyse the microscopic properties of living organisms with mere vision of the
naked eyes to an extent, characteristics of those organisms that are on a macroscopic scale such as
colour, shape, texture etc., can be determined with the human eye. However, when there is a need for
understanding the properties on a microscopic scale, the necessity for usage of technical equipment
emerge. Out of many techniques which are based upon electrical, chemical and physical methods,
optical detection technique is taken as the subject of interest. Various optical detection techniques
have been developed over the years and in which spectroscopy is a significant detection technique.
Spectrometer studies the interaction of light with the compound of interest. With a particular
spectrometer, only a particular biological question can be answered due to the physical limits on the
spectrometer. The usefulness of a spectrometer is, therefore, a trade-off between its purpose and the
employed spectroscopic method. The cost of the spectrometer is also an essential factor for selecting
a spectrometer. A high-resolution Ocean optics spectrometer would cost a few thousand euros, which
may not be affordable for a few research purposes.
The aim of this thesis is to design visible light spectrometer for the NIKON microscope to detect bio-
particle concentration. To achieve the aim, the following tasks are performed.

1. To calculate the fluid flow in a microfluidic device.

2. To propose the concept of a visible light spectrometer and select the required components.

3. To fabricate a functional prototype of the visible light spectrometer.

4. To test the functionality of the developed visible light spectrometer.
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1. Literature review

Optical spectroscopy is the method which utilises optical materials to disperse the light and focus
them. The optical spectroscopy covers the spectrum that is observed in the ultraviolet, visible and
infrared region. The term spectroscopy refers to the optical spectroscopy or photon spectroscopy since
optical elements have a major role in obtaining the spectrum. Electromagnetic radiations consist of
radio waves, infrared, visible light, microwaves, ultraviolet, X-rays and gamma rays. Electromagnetic
radiation is a form of energy which explains the dual nature of light (i.e.) light as particle and wave.
The particle nature of light is explained by the optical properties such as transmission whereas, the
other optical properties such as absorption and emission describes the wave nature of light. Each type
of radiations is emitted as a result of the interaction of light with the matter. As a result of the
interaction, radiations are emitted, which forms the electromagnetic spectrum of light which are
created due to various atomic transitions. Figure 1 shows the electromagnetic spectrum due to the
molecular or atomic transitions.

Wavelength (m) qg-14 10712 1010 1078 108 1074 1072 10° 107
| | | | | | I | | | | | | | | | |

Frequency (s™') 1022 1020 108 1016 10 1012 10" 10®

Type of Core-level Valence Molecular Mole_cula_r Nuclear

4 Nuclear . . rotations; -
transition electrons electrons vibrations . spin
electron spin
Spe;tral y-ray X-ray uv IR Microwave Radio wave
region
Visible

Fig. 1 Electromagnetic spectrum [1]

In the electromagnetic spectrum, the boundaries formed by each type of radiation is not rigid, which
leads to the overlapping of spectral lines [1]. The interaction of a photon with the sample is crucial
for spectroscopy. The spectroscopic techniques are broadly classified into two types. In the first type,
the energy of the photon is absorbed by the atoms. This absorption causes the atom to excite from a
lower energy level to a higher energy level. The spectrum obtained as a result of this energy transition
is known as the absorption spectrum. The absorption spectrum in the UV visible region is measured
by the energy of valence electron in higher energy state after excitation. However, the type of
measurement of radiation after absorption is highly dependent on the type of radiation. In case of
infrared radiation, the chemical bonds experience the change in vibrational energy which can be
detected using infrared spectroscopy. The absorption of the photon is only possible when the
difference between the two energy levels is equal to the energy of the photon. The absorbance of an
analyte is usually measured with the percentage of transmittance, and it varies from 0% (full
absorption) to 100% (no absorption). If the absorbance is low, then the sample has high transmittance.
The second type of measurement is known as Emission. The interaction of light with the analyte
causes a transition of the atom from a higher energy level to a lower energy level by emitting a photon
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which is equal to the difference in energy between the two energy levels. The higher energy level of
the electrons in the analyte is achieved by thermal energy, chemical energy (or) radiation by a photon.
Figure 2 shows the energy differences during atomic or molecular transitions caused by the absorption
spectrum and emission spectrum. Table 1 shows the type of radiation for both absorption and
emission and its corresponding spectroscopic technique.

Table . 1 Sources of radiation for spectroscopy and its corresponding technique [1]

Region of the Electromagnetic . .
Type of energy transfer spectrum Spectroscopic technique
y- ray Mossbauer spectroscopy
X-ray X-ray absorption Spectroscopy
. UV/Vis spectrosco
Uvlvis . P . Py
Atomic absorption spectroscopy
Infrared spectroscopy
; Infrared
Absorption Raman spectroscopy
Microwave spectroscopy
Microwave Electron spin resonance
spectroscopy
. Nuclear magnetic resonance
Radio waves
spectroscopy
UV/Vis Atomic emission spectroscopy
X-ray X-ray Fluorescence
Emission Fluorescence spectroscopy
UV/Vis Phosphorescence specteroscopy
Atomic fluorescence spectroscopy
' E E
. E, E,
Ep r ¥ =
Absorption Emission

Fig. 2 Energy level diagram for the absorption and emission [1]

The basic operation of the spectrometer is to focus the light passed through the dispersing element
and passing it through the sample. Therefore the necessary components are a light source, a detector
element, a dispersing element and a focusing element based upon the requirement. The source of light
plays a vital role in determining the output of the spectrometer. The light source must be intense and
able to produce a different spectrum when the sample is tested. Also, each light source has its
applications depending upon the wavelength that should be detected. A continuum source emits
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radiation over a wide range of wavelength, and a line source emits light at a particular wavelength.
For the absorption spectrum, energy from photon is sufficient to produce a spectrum, whereas the
emission spectroscopy requires thermal or chemical energy to produce a spectrum. Next, the selection
of detector elements plays an important role in the output spectrum. Human eyes were used as a
detector in the early age, eg. In Nesseler‘s colourimetric method [1]. Modern spectrometers use
transducers which converts a photon into an electrical signal such as current or voltage. Most
commonly used transducers for spectrometer are classified into two types, i) Photon transducers ii)
Thermal transducers. Photon transducers have a photosensitive surface which produces an electrical
signal by absorbing photons when the light is incident on its surface. The light measurements can be
from ultraviolet, visible or near infrared region. However, at the infrared and far-infrared region, the
detection using photon transducers are difficult. Hence, thermal transducers are employed in case of
infrared spectroscopy. In thermal transducers, the energy of photon causes an increase in temperature,
which is converted into an electrically measurable signal such as current and voltage.

1.1. Mass spectrometer

Mass spectroscopy is an analytical method in which a mixture of substance is separated in to beam
of particles which are crooked by an electric and magnetic field to produce a spectrum which differs
according to the type of atom present in the beam [2]. The analytes in the mass spectrometer are
detected by measuring the mass to charge ratio [3]. The working of the mass spectrometer is shown
in figure 3a. The mass spectrometer is classified depending upon the ionisation source and type of
mass analyser. The two major ionisation sources in a mass spectrometer are i) Chemical ionisation
and ii) Electron ionisation.

INLET:

DIRECT PROBE,
CHROMATO ... [™~ Electron
JSAMPLE accelerating G
. aseous
SOURCE potential sample
}—‘ i— inlet
% T lonization
o Filament J /tf space
£ heater — s |— Anode:
potential l / electron
/ discharge
Cathodic /
filament: I;Igctron N
electron trajectory Extracting lens
emitter Focusing lens
STTER l Accelerating lens
To the analyser
SPECTRUM b

Fig. 3 a) The schematic of overall working of mass spectrometer [3]; b) Working of electron ionisation
source [3]

Electron ionisation or electron impact consist of heated filament which gives electrons and directed
to the anode trap. The sample analyte collides with the electron beam, which leads to the formation
of analyte molecular ions. The schematic representation of the working of electron ionisation is shown
in figure 3b. Electron ionisation leads to the formation of fragmentation of the molecular ion. The
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presence of molecular ion prevents the detection of the molecular weight of the ion. Alternatively,
chemical ionisation produces ion with little excess energy and less fragmentation. Chemical
ionisation produces fragmentation of ions by colliding the molecule to be analysed with the primary
ions in the source. The advantage of chemical ionisation is that it produces less fragmentation and
hence the molecular weight information can be obtained as the output, which is not possible in the
case of electron ionisation.

Resonant (detected) ion ‘

from source

| lons injection
| C End-cap

| || ‘ electrode

| H ‘ Rin g

g s
electrode H

Non-resonant
(filtered out) ien ‘

i

/ —
| ‘ - e | J; End Conversion dynode ? N N
N 5 eamplifie:
| I | cap and electron o counter

multiplier

dritragien cetector RF Generator anc,a‘:zgertor

lon ejection or
excitation

Fundamental s Scan
RF voltage [ acquisition
b it

Y

Fig. 4 Different types of mass analyser a) Quadrupole mass analyser [4]; b) Time of Flight mass analyser
[4]; c) lon trap analyser [4]; d) Magnetic sector mass analyser [4]; €) Electrostatic sector mass analyser [4]; f)
Combined electric and magnetic mass analyser for double-focusing [3]

The electrons from the source is passed through the analyser and reaches the detector. The different
types of mass analyser are i) Quadrupole mass analyser, ii) Time of flight mass analyser, iii) lon trap
analyser, iv) Electrostatic mass analyser, v) Magnetic mass analyser. The variation in the mass
analysers is due to the variation in the separation technique of ion that hits the detector [5]. In
quadrupole mass analyser, the ionised analyte enters the oscillating electric field created by four
circular electrodes, as shown in figure 4a. By varying the potentials of the electrode, the charged
particle will be accelerated in a spiral path and reach the detector. In quadrupoles, the particle with
specific mass to charge (m/z) ratio travels in a spiral path while the ions with different m/z ratio are
absorbed by the electrodes. The ion trap analyser was first described by Paul & Steinwed as “ion
trap”. The working of the ion trap analyser is shown in figure 4c. The charged ions are trapped inside
the four electrodes and are ejected from the trap according to their masses which reaches the detector,
to obtain the spectrum [3]. In Time of Flight (TOF) mass analyser (shown in figure 4b), the charged
ions after initial acceleration enter into a flight tube where ions are separated based upon the velocity
of the charged ions [1]. TOF mass analyser has a limitation for ions with higher masses since it takes
a longer time to reach the detector, and hence its resolution is limited [4]. The electrostatic mass
analyser consists of two curved plates of equal and opposite potential and the entire setup is shown
in figure 4e. The working of the electrostatic mass analyser is similar to Time of Flight mass analyser,
except electric field is used in the electrostatic mass analyser. When the ions travel through the electric
field, it is deflected by an energy and this energy is equal to the centripetal force of the ion [4]. Hence
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the kinetic of energy will be available with the ion, and this energy is used by the ions to reach the
detector, and the remaining ions are dispersed. The magnetic mass analyser uses the momentum of
the ions to reach the detector. The working of the magnetic mass analyser is similar to the electrostatic
mass analyser except the magnetic field is used to produce deflection instead of the electric field and
is shown in figure 4d. The schematic diagram of the electrostatic and magnetic mass analysers
combined are shown in figure 4f. The combination of electric and magnetic mass analysers can create
double-focusing. The mass spectrometer can be integrated with the chromatography techniques,
which leads to the formation of an instrument with both separation and detection. The most commonly
used instruments are Liquid Chromatography-Mass spectrometer [LC-MS] [5] and Gas
Chromatography-Mass spectrometer [GC-MS] [5]. The results from LC-MS and GC-MS are more
accurate and are used in industries for detecting the adulterations present in the sample and for
determining the particles present in the analyte. These instruments are expensive, and hence its
applications are limited.

Apart from spectroscopy, researches are being conducted, focusing on the usage of optofluidics for
detection techniques. The term ‘Optofluidics’ was first discovered in 2003, by Defense Advanced
Research Project Agency (DARDA) and the motive was “to develop adaptive optical circuits by
integrating optical and fluidic devices” [6]. The development in the field of microfluidics in recent
years shows a sharp increase and this gave way for the development for a new type of fluid known as
optofluidics. It is well suited for biological and chemical detection in small volumes (ul to nl) because
of its customised properties [7]. Optical properties such as refractive index, scattering, absorption and
polarisation can be integrated with the microfluids for bio/chemical analysis [7]. The fluid-fluid
interaction techniques can be used to change the optical properties of the device by changing the fluid
in the medium. The presence of surface tension between the fluids is advantageous, and different
layers can be formed in the optofluidic chip. With droplet of fluid between two immiscible liquid can
be used as a lens which can be tuned to concave and convex mode based upon the requirement [8].
The fluid can be used to manipulated micro and nano-size objects, and this is known as optical
tweezers [9]. The optical force can be employed on a fluid which can be used as a transport medium
for the transport of molecules. It is well suited for biological and chemical detection in small volumes
because of its customised properties [6]. It creates a path by using optofluidic devices with detector
elements for optical detection of biological samples, and optical biosensors are based on this
principle. A brief description of the operating principle, classification and the bioanalytical
applications of an optical biosensor are explained here. Optical biosensors allow for selective and
sensitive detection of wide range analyte including virus, drugs, antibodies and tumour cells. The
main advantage of using optical biosensor is that they provide direct, real-time and lab free detection
of many biological and chemical substances. Over other sensing techniques, research and
development of optical bio-sensor have increased, and they find various applications in streams such
as microelectronics, MEMS, micro/nanotechnologies, molecular biology, biotechnology and
chemistry [10]. Optical biosensor work by exploiting the interaction between the optical field and
bio-recognition element. They can be further divided into label-free and label-based methods. In the
label-free method, the interaction between the bio-particle takes place without any external force, and
the output is recorded as an electrical signal using a transducer. In case of label-based mode, the bio-
particle interaction is stimulated with the use of external forces such as fluorescence (or)
luminescence to generate the signal. However, in some cases, labelling can alter the binding
properties of the interacting bio-particle resulting in a systematic error. The optical biosensor is a
compact analytical device which can produce a signal proportional to the concentration of the
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measured substance which includes various biological materials. There are many applications based
on this type of optical detection technique, out of which some of them are discussed below,

Optofluidic sensors based on Refractive Index (RI) uses refractive index property for detection in
bio/chemical analytical methods. It is categorised as a label-free sensing technique. The sensors
measure/detect the refractive index changes in the sample solution to produce results. They are best
suitable for low detection volumes. Some of the commonly used architectures are photonic crystals
(PC), photonic crystal fibres (PCF), Mach-Zender interferometers, ring resonators, Fabry Perot
cavities. A Fabry Perot sensor is shown in figure 5. PC and PCF based optofluidic refractive
index(OFRI) sensors primarily employ periodic structures to continue and guide the light [7]. The
optofluidic ring resonator architecture uses thin-walled cylindrical capillaries, self-assembled tables
on-chip, glass microbubbles and antiresonant reflecting optical waveguides (ARROW), equipping
them with excellent sensing capability while also forming integrated microfluidic structure [7]. The
mass transport of the target molecules to the sensor surface is one of the common problems faced by
the photonic sensors. This problem is encountered by using optofluidic flow-through strategy. This
technique integrates microfluidic channels through the optical sensing structures so that the entire
sample reacts with the sensitive surface. OFRI sensors can be incorporated with conventional
analytical chemistry techniques such as chromatography to enhance biosensing capabilities.

Analyte .
Samples Ligand
Flow-through
capillary
- !‘Betectov
e o — B
Reflective
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Fig. 5 Fabery Perot sensor with integrated micro/nanofluidic channels [11]

Surface Plasmon Resonance (SPR) based biosensor is a widely used type of optical biosensing
method. Surface plasmon resonance occurs on the surface of the metal, i.e., plasmons are generated
on the surface at the intersection of two medium (commonly glass and liquid) when it is illuminated
by the polarised light at a particular angle. This phenomenon is proportional to the mass of the surface.
SPR based biosensing is a direct, label-free method. It can detect real-time changes of the refractive
index at the sensor surface, which is proportional to the biomolecule concentration. A sensogram can
be obtained by measuring the shift of reflectivity, angles or wavelength against time. An SPR
instrument is shown in figure 6, which consists of an optical detector to measure the intensity shift, a
gold-coated sensor and a layer to enable the liquid immobilisation. This layer is integrated with the
fluidics system to enable flow-through operation. Surface plasmon resonance imaging is an extension
of SPR analysis. It is the combination of spatial imaging in the microarray and the sensitivity of SPR,
which allows for simultaneous study of different interactions [12]. Surface plasmon resonance
imaging has a great future because of its high throughput sensitivity and ability to resolve images of
biological interactions spatially.
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Fig. 6 Working of surface plasmon imaging [13]

Localised Surface Plasmon Resonance imaging (LSPRIi) is based on metallic nanostructures. These
metallic nanostructures have unique optical properties which are not seen in the large metal structures.
When the light is incident on the metallic nanostructures, electron charge oscillations are induced on
the surface of the metallic nanostructures. Due to this oscillation, the absorption of light takes place.
This absorption corresponds to the wavelength of light in the UV-Visible region. This is the principle
behind localised surface plasmon resonance. In LSPRi, the induced plasmons oscillate locally on the
metallic nanostructures rather than the metal/dielectric interface. It differentiates the localised surface
plasmon resonance from surface plasmon resonance [7]. Figure 7 shows a localised surface plasmon
biosensor with transmission mode and reflection mode used for the detection of molecules [14]. The
efficiency of LSPRi is largely dependent on factors such as size, the material used, interparticle
distance and shape of the metallic nanostructure, which are expressed as a change in colour and peak
absorption. By manipulating the parameters mentioned above, the LSPR sensor properties can be
controlled/optimised. Detection based on LSPRi is easier to miniaturise, to improve detection
throughput and reduce the operating costs.
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Fig. 7 Localised surface plasmon resonance imaging in a) transmission mode and b) reflection mode [14]

Surface Enhanced Raman Spectroscopy (SERS) may have the potential of being a label-free
technique which has low detection limits compared to fluorescence-based spectroscopy, while also
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providing molecule-specific Raman spectrum for analyte identification. SERS exploits the well-
understood electromagnetic enhancement produced by metal nanostructures, as well as chemical
enhancement due to interactions between metal and molecule, which is not yet fully explored. Even
though SERS has been on research for more than 35 years [15], the practical application of this
technique is still limited. As mentioned above, the mechanisms responsible for SERS process is
divided into two i) Electromagnetic ii) Chemical. In electromagnetic, the interaction of the light with
metal leads to the induction of enhanced electromagnetic fields. The resonance of the surface
plasmons intensifies the electric field upon interaction with the photon of the incident light. The
metallic properties of the surface influence the plasmon resonance frequency [15]. The interaction
between the plasmons of a colloidal metal structure with incident light upon the analyte molecules is
responsible for the electromagnetic SERS enhancement [15]. In the chemical mechanism, the charge-
transfer complex between analyte molecule and the surface, an electromagnetic field is induced. The
induced electromagnetic field amplifies the molecular electronic state by molecular interaction with
the metal surface. The practical use of SERS can be increased by integrating the functions. The typical
implementation include i) metal nanoparticle colloidal solution is used to pass the sample through the
channel, ii) metal nanostructural surface is integrated to the bottom of the microfluidic channel. SERS
measurement in a microfluidic environment has detection limits due to the low number of SERS
active sites. By increasing the number of target analyte molecules to the SERS active surface, high
transport of analyte molecules can be attained. This increases the efficiency of Surface Enhanced
Raman Spectroscopy. The applications of SERS will continue to expand from new advancements in
optofluidics such as the introduction of optically active resonant microstructures, integration of SERS
with droplet microfluidics and optical trapping of nano-sized particles [15].
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2. Visible light spectrometer

The purpose of this project is to develop a visible light spectrometer, and hence the explanation is
limited to the UV visible light spectroscopy. The visible light has a wavelength range of 380 nm to
740 nm. Nessler’s colourimeter method for determination of the concentration of ammonia forms the
basis of the visible light spectrometer in which the human eye is used as a detector since human eyes
can observe light only in the visible range [1]. The different types of visible light spectrometer are
single beam spectrometer and double beam spectrometer. The single beam spectrometer as the name
suggests applies a single beam onto the specimen. The light from the source is first passed through a
monochromator and then through the sample specimen and then reaches the detector. A light of
particular wavelength is only emitted on the sample to be tested, and this particular wavelength of
light can be altered based upon the requirement. The working of the single beam spectrometer is
shown in figure 8a. The blank is tested first with the spectrometer and is followed by the specimen.
The spectral difference between the sample spectrum and blank spectrum gives information about the
concentration of the particle in the sample specimen. The double beam spectrometer uses two separate
beams for the sample and blank from a monochromator using mirrors. The working of the double
beam spectrometer is shown in figure 8b. The light from the source is passed through a
monochromator in which a light of a particular wavelength is split into two beams which passes
through the sample and blank and then reaches the detector. A chopper controls the path of radiation
between the sample and the blank specimen.
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Fig. 8 a) Working of the single beam spectrometer, b) working of the double beam spectrometer [16]

Another type of spectrometer known as diode array spectrometer in which the light from the source
is passed through the sample and then reaches the grating. The light from the grating is dispersed into
different colours (VIBGYOR*) and then observed on the detector. The detector used is an array of
photodiode which acquires data to form the spectrum of the light. A simple diode array spectrometer
is shown in figure 9a.

*VIBGYOR refers to colours in visible light. The colours are Violet, Indigo, Blue, Green, Yellow, Orange and Yellow.
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Fig. 9 a) Working of photodiode array spectrometer [16]; b) Flow of microscopic light from the microscope
through the sample and spectrometer.

When a sample is placed under a microscope, the characteristics of the sample can be analysed. In
case of biological samples, it has to undergo different kinds of processes such as air drying, chemical
fixation followed by the critical point drying/ freeze fixation followed by critical point drying etc., in
order to be observed under the microscope. This whole process of preparation of the sample can be
highly time-consuming. After the preparation of the biological sample, it has to be placed on the
microfluidic channel network for the examination of the specimen under the microscope. Moreover,
while the sample is being examined, it has to be utilised in the most efficient way possible. With the
help of the microscope, the size, shape and arrangement of the particle present in the sample. Apart
from these observations, spectroscopy can offer the necessary tools to investigate the relevant
structure and function of the sample. A spectrum of the sample can be obtained by integrating the
spectrometer into the microscope. The spectrometer uses the light from the microscope as the source
of the light, which reaches the spectrometer through the sample specimen. Thus, the spectrum of the
sample specimen is obtained when the specimen is under microscopic observation. When considering
the microscopic and spectroscopic results, more information about the properties of the particles or
sometimes detection of new types of particles may be known. It paves the way for the two types of
real-time analysis when the sample is placed under the microscope. A schematic representation of the
analysis of the sample with the microscope and spectrometer are shown in figure 9b. In this project,
a spectrometer is designed and developed for a NIKON LV150 microscope, and the resulting
spectrum are observed in the thermino software. The spectrometer to be designed is based on the
photodiode array spectrometer.

2.1. Thermino software

Thermino software is used to obtain the spectrum from the web camera. The thermino software is a
stand-alone software and is available for free to download. This software is selected to use with the
designed spectrometer, because of its accuracy and free availability, thus saving the cost as well as
with no compromise in accuracy. The software main screen is shown in figure 10. The main screen
has a separate column for slit image and spectrum image. The camera input can be controlled in a
video input control box.
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Fig. 10 Fullscreen view of thermino software.

The upper command bar is shown in figure 11, which has the provision for storing the different
versions of the image. The total image is used to save the entire main screen. The camera image is
pressed to save only the image obtained from the camera. The spectrum image is selected to save
only the spectrum image. The lower command bar (shown in figure 11) is used for altering the
spectrum image based upon the requirement. Dips command enables labels for minimum graph
measurement. Peaks command labels the values of peak points on the graph. The colours command
displays the colours of the corresponding wavelength in the image of the spectrum.
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=8 Video controls % Specirum image I Cameraimage B Total image
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Fig. 11 Upper and lower command bar

The input panel contains the image of the camera and is shown in figure 12 b. The flip command is
used to flip the image if the orientation of the image is not the same, as shown in figure 12 b. The X-
axis and Y-axis values are altered to centre the spectrum within the orange box. Frequently, the
software determines the position of the slits correctly. Usually, the Y-axis is changed to reduce the
upper and lower limits to centre the image within the orange box.
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Fig. 12 a) Video control panel; b) Input panel

The video controls options dialogue box displayed adjacent to the main screen has controls to change
the image parameters based upon the requirement (shown in figure 12 a). These settings have to be
entered while opening the software every time since it cannot be stored. Usually, with the default
settings, the image obtained in the software is good.

The video input device panel gives details about the camera used and its resolution. It is shown in
figure 13 c. The first column tells about the resolution of the camera used. The ' == indicates the
time take (in milliseconds) by the software to process the image. The ' ¢® ' box shows the frames per
second. This usually maintained from 6 fps to 9 fps.
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Fig. 13 a) Save image dialogue box; b) Available image formats; c) Video input device panel which shows
the information about the used camera.

The save image dialogue box (shown in the figure. 13a) displays the name of the image, the storage
path and the image format, which can be changed based upon the requirement. The image formats in
which images can be stored are shown in figure 13 b.
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3. Analysis of microstructure

Fig. 14 Microstructure dimensions

The microchannel on which the samples are to be tested is of 2 um width, 0.6 um height and 20 um
length (shown in figure 14). The microchannel is embossed on the polycarbonate by the multilayer
excitation of the vibroactive pad [17]. The resulting microchannel is similar to master mould [17].
The microchannel has an inlet and an outlet. The flow of the sample must be constant in order to have
a concentration of the sample on the channel to be uniform (i.e. Laminar flow). If the flow is not
uniform, then it may result in higher concentration at any particular point on the channel, and this
may affect the result. Initially, the values of the flow rate are assumed, which is later determined
based on the velocity and the nature of the flow in the microchannel. The Reynolds number(Re) has
to be determined to check the nature of flow (i.e. laminar, transient or turbulent flow). The Reynolds
number must be less than 100 in order to have a laminar flow in the microchannel. The flow rate (Q),
from 0.25 pl/min to 6 pl/min are taken into consideration. A single microchannel is taken for the
analysation since the velocity is the same for all the microchannels.

The velocity can be determined from the fluid flow rate [18],

v=1 (3.1)

Where V is the velocity, and A is the area of cross-section of the microchannel.

Width of the microfluidic channel =2 pm =2 * 103 mm

Height of the microfluidic channel = 0.6 pm = 0.6 * 10 mm

Where A is the area of cross-section of the microchannel [18].

Area of cross-section of the microchannel is given by

Area of cross-section, A = Width * Height (3.2
= (2*10%) * (0.6 * 10®)
=1.2*10° mm?

The velocity is calculated for the flow rate of 0.25 pl/min using equation 3.1

pl

Velocity V = Q_ _ 0%%min
A 1.2%¥107% mm?2

_ 0.0042mm3/s
1.26% 10~ mm?

=35*10% ==
S
V =3.5m/s
Now, the Reynolds number is calculated for the flow in order to find whether the flow is laminar or
not. Reynolds number determines the characteristics of the fluid flow and is given by [18],
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Re = "—ZL (3.3)
Where p is the dynamic viscosity of the fluid (kg m™s?); p is the density (kgm?), L is the
characteristic length of the microchannel (mm).

The characteristic length is given by [18] L = % (3.4)

Where A is the area of the channel and P is the perimeter of the channel.
The microfluidic channel has a rectangular channel, and hence the equation becomes,
_4A 4x(W+H)
L=22=

P 2x(W+H)
__ 2x(W=xH)
L= (W+H)

_ 2%((2#1073)=(0.6+1073))

B (2+0.6)

=0.92*10% mm
L=0.92*10°m

The Reynolds number is calculated for all the three samples. The density and dynamic viscosity are
given in table 2.

Table . 2 Properties of the sample [19] [20]

Sample Density p, Dynamic viscosity H,
specimen kg/m?® Kgmis?

Water 997 0.001

Olive oil 911 0.1075

Glycerinum 1126 1.500

1. Water,

Reynolds number Re = %L

997 % 3.5 %0.92 % 107°
1073

=0.032 < 100; Hence, the flow is laminar.

2. Olive oil,

p* VxL

Reynolds number Re =

_911%3.5%0.92*107° _ 911%3.5%0.92% 10~°

s —— =0.28 < 100; Hence, the flow is
107.5 x 10 1.075% 10

laminar.

3. Glycerinum,

* V. *L,
Reynolds number Re = 2 —2ve™

_ 1126 +3.5%0.92*107° _ 1126 *3.5%0.92 * 10~°

— = = 2.42 < 100; Hence, the flow is
1500* 10 1.5

laminar.

Similarly, the velocity is calculated for 1 pl/min, 2 pul/min, 3 pl/min, 4 pl/min, 5 pl/min and 6 pl/min
and the corresponding Reynolds number is calculated for all the three specimens. The results are
shown in table 3.
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Table . 3 Reynolds number for three sample specimen.

Flow rate, Flow rate, Velocity, Reynolds number | Reynolds number | Reynolds number
Q ul/min Q mm3/s V m/s (Re), water (Re), olive ail (Re), glycerinum
0.25 0.0042 35 0.0032 0.28 2.415

1 0.0167 13.9 0.0127 1.08 9.599

2 0.033 275 0.0252 2.14 18.991

3 0.05 41.6 0.0381 3.24 28.73

4 0.067 55.8 0.0511 4.35 38.54

5 0.083 69.2 0.063 5.39 47.79

6 0.1 83.3 0.076 6.49 57.53

From table 3, the Reynolds number (Re) for all the three sample specimen at different flow rates are
less than 100 [18], and hence the flow will be laminar throughout the microchannel. However, the
samples to be tested are incompressible fluids and have a viscous flow. The flow of the fluid is
uniform throughout the microchannel, though at some particular region it exhibits maximum velocity
due to the viscous flow of the liquids. The flow should be laminar for the maximum velocity in order
to have a uniform concentration. The maximum velocity during the flow is calculated by simulation
using COMSOL Multiphysics. A single channel is taken for analysation since the velocity is the same
for all the microchannels. With the maximum velocity obtained from simulation, the Reynolds
number corresponding to maximum velocity is calculated to check the nature of flow (i.e. either the
flow is laminar, transient or turbulent flow).
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Fig. 15 a) Model builder window; b) Block 1 dimension; ¢) Block 2 dimension; d) Block 3 dimension.

The steps to determine the maximum flow velocity are given below,

1. A blank model is selected. Home — 3d component — 3D model is selected to add the 3D
component. Block 1 with 6 um width, 0.6 um height and 20 um length is created. Block 2 is
created with 2 um width, 0.6 pm height and 20 um length. Block 1 and block 2 creates the
microchannel for the fluid flow. Block 3 is created as a cover for the microchannel with 20
pm length, 0.6 um height and 6 um width. The block dimensions and the positions of the

26



blocks are shown in figure 15b, 15¢ and 15d. The Model builder window is shown in figure
15a. The created geometry using the blocks is shown in figure 16a.

. The microfluidic channel is made of polycarbonate, and hence the polycarbonate is added to
the whole component by selecting Materials (under Component 1 section) — Add material
— Polycarbonate — add to the Component 1.

Once the material is selected, the next process is adding physics to the component. The
laminar flow analysis is selected for the analysis by Physics — Add physics — Fluid flow —
Single-phase flow — Laminar flow.

Fig. 16 a) Created geometry; b) Block 2 geometry is selected for laminar flow analysis.

. The block 2 geometry is added for analysis in the laminar settings window under domain
selection and is shown in figure 17a. The geometry selected for the analysis is indicated as
green colour in figure 16b. The first sample to be tested is water, and hence the density and
the dynamic viscosity of water are entered by changing to user-defined under fluid properties
section (shown in figure 17b). The density and dynamic viscosity of each sample specimen
are given in table 2.

. The inlet 1 boundary is added to the physics by selecting Physics — Boundaries — Inlet. In
the inlet 1 settings window, the face 13 is added to the boundary selection by selecting the
face shown in figure 17c. The velocity is given as 3.5 m/s.

. The outlet 1 boundary is added to the physics by selecting Physics — Boundaries — Outlet.
In the outlet 1 settings window, the face 12 is added to the boundary selection by selecting the
face shown in figure 17d.

. The stationery study is added to the component by selecting Study — Add study — General
studies — Stationery. It is added to find the distribution of velocity throughout the
microchannel and the maximum velocity.

. Then meshing is performed for the microchannel by selecting mesh under model builder and
then select Build all under mesh settings window (shown in figure 18a). The channel after
meshing is shown in figure 18b and 18c.

. After meshing, the study is performed. Study 1 is selected under the model builder window.
In the study settings window, select compute to perform the analysis.
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10. The resulting velocity distribution of water is obtained, and the following steps are repeated to
get the maximum velocity of the other two samples. The resulting velocity distribution of all the
three samples is discussed below in table 4.
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Table . 4 Results of simulation

Sample

' COMSOL Multiphysics simulation Description
specimen
Slice: Velocity magnitude (m/s) water The n.]aXImum
velocity of the
m/s sample on the
A 636 channel is 6.36
m/s. The decrease
6 in velocity is
5 observed nearer to
the walls of the
4 channel, which
Water 5 occurs due to the
friction between
2 the water and the
wall.
1
0
VYo
Slice: Velocity magnitude (m/s) Olive oil The maximum
velocity of the
0 m/s olive oil specimen
microchannel is
6 found to be 6.35
5 m/s.
Olive oil 4
3
2
1
0
VYo
Slice: Velocity magnitude (m/s) Glycerinum The n.]aXImum
velocity of the
0 m/s glycerinum on the
- A 635 microchannel is
found to be 6.35
6 m/s.
5
Glycerol 4
3
2
1.
VYo
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The results of the simulation for the velocity 3.5 m/s are shown in table 3, and the remaining velocities
are simulated and shown in table 5.

Table . 5 Maximum velocity obtain from simulation and corresponding Reynolds number

Flow rate, | Velocity, Water Olive ail Glycerinum Re, Re, Re,
Q p/min V m/s Vinax» M/S | Vigax, MIs | Vipay , MIS water olive oil glycerinum
0.25 35 6.36 6.35 6.35 0.005 0.495 4.385
1 13.9 25 25.2 25.2 0.023 1.965 17.403
2 27.5 49.2 49.9 49.9 0.045 3.890 34.461
3 41.6 73.8 75.5 75.5 0.068 5.886 52.141
4 55.8 97.8 101 101 0.089 7.874 69.751
5 69.2 119 126 126 0.109 9.824 87.016
6 83.3 140 151 151 0.128 11.773 104.282
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Fig. 19 Reynolds number vs Velocity

The maximum velocity during the flow is calculated by simulation using COMSOL multiphysics and
shown in table 5. The Reynolds number corresponding to the maximum velocities are found using
the equation, and the results are shown in table 5. From the table, it can be seen that the Reynolds
number corresponding glycerinum specimen is high and are above 100 for a flow rate of 6 pl/min.
Also at lower rates, the flow is laminar at maximum velocity. The obtained velocity and Reynolds
number from table 3 are plotted and shown in figure 19. From the graph, it can be seen that the
difference between Reynolds number of the three samples are smaller at a lower velocity (i.e. at lower
flow rate) and as the velocity increases, a gradual increase in the Reynolds number of the three sample
specimen can be observed. Hence, 0.25 pl/min is chosen as the flow rate for all the three samples
specimen in the microfluidic channel.
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4. Construction of spectrometer

Designing of the spectrometer starts with knowing the purpose for which it has been utilised. A
microfluidic channel upon which different fluids are passed is taken as the sample to be examined on
the microscope. The anatomisation is further extended by the introduction of spectrometer below the
sample.

Fig. 20 Nikon LV 150 microscope

The spectrometer is designed to work on NIKON LV150 microscope is shown in figure 20. The
NIKON LV150 is an upright microscope which can be used for observation, inspection, research and
analysis of the object under a microscope. It has wide variety of applications in various fields such as
in material science for observation of properties of metals and composites; in microelectronics for
analysis of wafers, observing liquid crystal displays, etc.; in optoelectronics for observing
micromirror, microlenses; in biotechnology for research and analysis of various samples such as
viruses, bacteria and living cells etc. Here the term microscope refers to NIKON LV150 microscope.
The microscope uses LV-UEPI illuminator. NIKON LV-HL50W halogen lamp which has 50W
power, is used as a light source on a NIKON LV-LH50PC lamphouse [21]. The microscope has three
different magnification 5x, 20x and 100x TU Plan Fluor series magnification lenses. The main aspects
to be known for experimental work are adjustment of magnification, focus and movement of the
microscopic stage. Further details regarding the microscope can be found on the paper [21]. The
microscope has a 3x2 microscope stage which can be moved along the X and Y axis. The microscope
stage can be moved along the X and Y axis using coarse mode and fine mode. The coarse mode
movement of the stage can be done by holding both stage coarse/fine movement selection switch and
the stage coarse movement lever (shown in figure 21) together for movement along both X and Y
axis. Pushing or pulling without holding the switch and lever will damage the stage. The fine mode
movement can be done by rotating the fine movement knob for precise movement of the stage. For
each X and Y axis, there exists a separate knob, as shown in figure 21. Once the positioning of the
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stage is done, the next step is focusing of the specimen for further analysis. Focus can be obtained by
using coarse/fine focus knobs. The knob produces the movement along the vertical direction. Using
coarse focus knob, the stage moves 14 mm for one full rotation of coarse focus knob [21]. Similarly
using the fine focus knob, the stage moves 0.1mm per one full rotation of fine focus knob [21]. The
movement of focus knob and the corresponding stage movement are indicated along the direction is
shown in figure 21.

| __— Fine movement knob
for the Y-axis

_— Fine movement knob
for the X-axis

Fine focus knob

Coarse focus knob

Fine focus knob

Fig. 21 Stage movement knob and focus knob for focusing the image

The microscope can be employed for various types of microscopy such as Dark field microscopy,
Bright field microscopy, Differential Interference Contrast (DIC) microscopy, EPU-Fluorescence
microscopy and polarisation microscopy [21]. Bright field microscopy is a basic microscopic
technique in which the specimen appears darker on a bright background. While the dark field
microscopy involves the viewing of the specimen, which is bright on a dark background. The sample
to be tested using bright field microscopy is placed on the microscopic stage. First, the bright field
mode is selected by pushing in the BF/DF button. Next, the objective lens is selected based upon the
required magnification. The microscope stage is adjusted using coarse/fine movement knob based
upon the requirement. Then the desired focus is achieved using the coarse/fine focus knob. Then the
brightness is adjusted based upon the requirement. The binocular eyepiece is used for viewing while
focusing the specimen. Once the specimen is finely focused, the specimen is captured as an image on
the computer. For this purpose, the viewing mode is changed from binocular mode to photo mode
using the lever. The working of dark field microscopy is similar to the bright field microscopy except
that the BF/DF lever is pushed out at the start. Now, that the working of the microscope is clearly
explained, and the next step is designing the spectrometer.
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The position of the spectrometer is a crucial factor in determining the efficiency of the spectrometer.
Before light entering the slit, it must be passed through the sample on the microscope stage. Therefore,
the spectrometer must be placed underneath the microscope stage and bottom of the microscope. The
region below the microscope stage and bottom of the microscope is the area of interest for the
placement of the spectrometer. The space available in this region is pivotal for designing of the
spectrometer, and it determines the maximum available height for the spectrometer. The sample
height and its corresponding focus range need to be known approximately before determining the
available height of the spectrometer. The sample to be measured are microfluids, and hence the size
would be in the range of few millimetres, and focal length required for the sample will not exceed
few millimetres. Hence the required height above the microscope stage is chosen as 40 mm for
comfortable cushioning of the sample and also for focusing. Now, the space below the microscope
stage is measured to determine the height of the spectrometer. Eliminating the 40 mm on the top, the
total available height of the spectrometer is measured as 75 mm. Thus, the total height of the
spectrometer should not be longer than 75 mm. The total length and width are free to be chosen,
depending upon the requirement. The spectrometer construction is divided into,

1. Manufacturing of spectrometer parts.

2. Selection of camera.

3. Selection of dispersing element.

4. Final assembly of the spectrometer.
4.1. Manufacturing of the spectrometer parts

The spectrometer parts manufacturing is divided into three parts i) Main assembly box, ii) Top cover
iii) Side cover. The manufacturing is categorised for assembling and further calibration of the
spectrometer.
1. The main assembly has an overall width of 77mm, length of 190 mm and height of 62 mm
(shown in figure 22). The thickness of each wall is 3 mm. At one end of the assembly box, a
step is created by a width of 3.5 mm, a length of 74 mm and a height of 14 mm.

All dimensions are in mm

Fig. 22 The main assembly box

2. A top cover fitting the main assembly box is created with a length of 190 mm and a width of
80 mm. The top cover is shown in figure 23. On the top cover, a hole of 6 mm is created for
the slit on the side same where the step is present on the main assembly box.
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All dimensions are in mm

Fig. 23 Top cover for the spectrometer

3. Asside cover with a length of 190 mm and a width of 59 mm is manufactured to fit the main
assembly box and is shown in figure 24.

All dimensions are in mm

Fig. 24 Side cover for the spectrometer

A grating holder of width 40 mm and length of 13 mm and the height 15 mm is manufactured to hold
the grating before the camera and is shown in appendix 1. The height of the grating holder should be
the same as the height of the step created for the mirror, in order to have a straight focal plane. The
parts with dimensions, as mentioned above, are manufactured using PLA material in PRUSA MK3S
3d printer. The manufacture parts are shown in appendix 2. A mirror of 50 mm width and 74 mm
length is carved using a mirror cutter. Safety precautions must be taken while cutting the glass mirror.
4.2. Selection of camera

The camera required for the spectrometer should be less expensive but should have a required
resolution. Generally, it is a tradeoff between the cost and resolution. The required number of pixels
for the spectrometer depends on the wavelength range of the spectrometer [22]. Since visible light is
the area of interest, the wavelength of the visible spectrum ranges from 380 nm to 740 nm. The
number of resolution elements is 740nm -340 nm = 360 nm. As a rule of thumb, for each resolution
element, three pixels must be allotted for each resolution element for a good resolution [22]. Hence
for 360 resolution elements, the number of detector elements are 360x 3 = 1080 pixels. The camera
to be used for the spectrometer should have pixels approximately equal or nearer to 1080 pixels. A
quick check on the internet resulted in TRUST WEBCAM 16428 camera (shown in figure 25a). The

34



camera has 1024 pixels which are similar to the required 1080 pixels, and the cost of this camera is
very cheap compared to a camera with 1080 pixels.

Fig. 25 a) Trust web camera used in the spectrometer; b) Removal of IR filter

The camera has an infrared (IR) filter which needs to be removed. To remove the IR filter, the camera
housing is removed, which is followed by the removal of the lens housing. The IR filter is present at
the back of lens housing and is shown in figure 25b. The IR filter is removed carefully without any
damage to the lens housing using a knife cutter. Safety precautions must be undertaken while
removing the IR filter. The sensor inside the chip must be carefully protected to avoid the sensor
being ruined by the dust. After the removal of the IR filter, the lens housing is fitted back to the
sensor.

4.3. Selection of dispersing element

Selection of dispersing element is crucial for the efficiency of the spectrometer since it is directly
related to the resulting spectrum. To obtain a spectrum, the incident light must be dispersed into
wavelengths which are captured on the camera. This dispersion can be carried out using a dispersive
element such as prism or grating. Prism produces spectrum only on one side and the deflection
produced by the prism is not linear compared to the diffraction grating. A prism is shown in figure
26a. When exposed to white light, the emerging spectrum has a wide blue and green area, whereas,
at the area near the infrared region, the spectrum is cramped. The results obtained by the prism are
more difficult to calibrate and therefore, the results are not efficient. The diffraction grating, on the
other side, produces more accurate spectra than the prism. Also, the cost of the prism is high compared
to the diffraction grating. A grating is a tool that separates polychromatic light into its constituent
wavelength (different colours) of light. In diffraction grating there exist a difference in diffraction
direction. A diffraction grating is a device that consists of a continuous structure known as grooves
that split light into different wavelengths of light. It is often called as “super prism” because of its
efficient process of separating colours of light and have much more accurate dispersion than a prism.
When the light of a particular wavelength is passed through a small structure (i.e. grooves) whose
area is much smaller than the wavelength of light, then the bending of light takes place at an angle. It
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is the basic principle behind the splitting of light using a diffraction grating. The factor that influences
the dispersion and efficiency of the grating are i) distance between adjacent grooves and ii) the
number of grooves. Increasing the number of grooves increases the resolution and decreasing the
grooves reduces the resolution. Increasing distance reduces the resolution and vice versa.

; \WavelengthA!(inlnanometers)

Fig. 26 a) prism; b) Diffraction grating used in the spectrometer

There are two types of dispersion in a diffraction grating. They are i) transmission mode and ii)
reflection mode. In reflection mode, when light is incident on the surface of the grating wavelength
(colours of light) are reflected from the surface and is shown in figure 27a. In transmission mode,
when a light is incident on the grating, wavelength (colours of light) is transmitted across the surface
at a particular angle as shown in figure 27b. In both transmission and reflection mode, the spectrum
(different colour of light) is produced on both sides (i.e. four sides) of incident light as shown in the
figure 27c.

white light

White light

Diffraction

L 2
grating

Figure a

Incident light =—>-

Figure ¢

Fig. 27 a) Transmission mode of the grating; b) Reflection mode; c) Both reflection and transmission mode
in the grating
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The transmission mode has several advantages and produces a more accurate spectrum than the
reflection mode of the diffraction grating. The reflection mode is not recommended for using in the
spectrometer design due to the following reasons [23],
1. The camera must be suspended with special support for obtaining the spectrum.
2. The broadening of spectral lines occurs during the reflection mode and hence, requires a
unique calibration.
3. Possibility of more stray light compared to transmission mode and results in poor resolution
of the spectrum.

Hence, the transmission mode of the diffraction grating is the recommended choice for designing the
spectrometer. Rainbow Symphony Diffraction grating with 1000 lines/mm is chosen as the grating
element and is shown in figure 26 b. As a rule of thumb, higher dispersion is accompanied by higher
the number of grooves. The selected grating is a good tradeoff between the cost and the number of
grooves (lines/mm). Rainbow Symphony Diffraction grating is very cheap (i.e. few euros) compared
to other commercial grating and prism.

4.4. Final assembly of the spectrometer

After the manufacture of the parts followed by the selection of camera and grating, the next step is
the assembling of the spectrometer. The parts manufactured using 3d printer are grey colour, which
should be painted in black colour (shown in figure 28) to avoid the scattering of light. Before painting,
the parts are rubbed with 180P grit paper for smooth coating of black paint on the spectrometer parts.

L]

- ‘V‘ -
J -

| -
"

Fig. 28 Black paint given to the manufactured parts

After the painting of the parts, a narrow slit has to be created on the top cover of the spectrometer.
Commercial slits are accurate, although they are very expensive. A slit with 50 um thickness and 6
mm long is created using a single razor blade and the light entering through this slit would be enough
to create a spectrum. While creating the slit, it is important to have the obtain the slit straight on the
hole. It can be achieved by keeping one of the blades fixed, and the other part of the blade is adjusted
to achieve the linear slit. The blades are attached to the surface using an adhesive tape. The position
and the final appearance of the slit, as shown in figure 32. The next process is the installation of the
camera on the assembly box. The chosen Trust Webcam must be fixed at a position to obtain the
spectra from the grating. The camera is placed on the other side of the box, as shown in figure 31
opposite to the mirror. The position of the camera on the box is pivotal to obtain a good spectrum.
Table 6 indicates the angle at which a particular wavelength is observed. The formula for calculating
the deflection of a particular wavelength(X) [23] is given by,
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Deflections in degrees = arcsin [ . )l, ] 4.2)
Line spacing (nm)

At angles between 24° and 44°, the required visible light is observed. The angle 30° is at the centre
for the selected visible light range. This position is selected as the angle of placement for the camera.
Hence, the camera is positioned at an angle of 30° for a good compromise between resolution and
amount of light collection. Usually, the variation of angle ranges from 20° to 45°. The grating placed
on the grating holder is placed precisely in front of the camera. For good resolution, the camera angle
is maintained at 30° and is shown in figure 29a. A hole is created near to the camera assembly for a
USB port. The USB is attached to the computer to obtain the spectrum on the thermino software.

Table . 6 Deflection in degrees

Type of Lines per Line Deflection degrees for various wavelength

grating mm spacing, NmM | 400 nm 500 nm 600 nm 700 nm 800 nm
Diffraction | ;5 1000 24 30 37 44 53
grating

b
Fig. 29 a) Position of the camera ;b) Position of the mirror

Focusing the light on to grating is the core part of fixing the mirror on to the box. Before positioning
the mirror, it is essential to know the fact that the focal length of the mirror is infinite. The light enters
the spectrometer in a vertical direction which needs to be bent to a horizontal direction. For focusing
the light, the mirror needs to be tilted at an angle such that the ray strikes the grating. When the mirror
is tilted at an angle of 45°, the light exactly focuses on the grating, which is on the horizontal direction.
The position of the mirror is shown in figure 29b. A schematic diagram representing the light ray
entering the slit is passed through the mirror and reaches the camera is shown in figure 30. Before
glueing all the parts at a fixed position, a bench test is performed to check the efficiency of the
spectrometer. The camera is attached to the computer, and the results are obtained using thermino
software. The experiment is performed using the warm white led on the spectrometer and spectrum
of the white led is obtained. The result of the bench test is shown in appendix 3.
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a

Fig. 30 Flow of light inside the spectrometer

After the bench test, the parts of the spectrometer has to be fixed such that it will remain in the
exact position. The mirror of 50 mm long has to be fixed at an angle of 45° on the step created on the
box using a hot glue gun. Similarly, the camera and the grating are fixed on the exact position using
the hot glue gun, and the assembly box would appear, as shown in figure 31.

Fig. 31 Full view inside the spectrometer.

Once all the parts are fixed on the position, again a bench test is performed to check the result
of the spectrometer. Once the test is done, the final assembling of the spectrometer must be finished.
First, the top cover is fixed on to the main assembly box. While fixing the top cover, it is essential to
have the slit in position to obtain the spectrum. The top cover is attached to the main assembly box
using the hot glue gun. Next, the side cover is attached to the main assembly box using a hot glue
gun. After glueing all the parts, the final appearance of the spectrometer is shown in figure 32.

39



Fig. 32 Assembled visible light spectrometer
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5. Experimental setup

After the construction, the spectrometer is now ready for testing. The objective of this project is to
perform two kinds of real-time analysis when a sample is placed under the microscope. The sample
that is to be tested is placed on the microfluidic channel network. The microfluidic channel is
embossed on a sheet of polycarbonate. The microfluidic channel has a number of fluid channels with
an inlet and outlet. The schematic representation of the microfluidic network to be tested is shown in
figure 33.

\

Fig. 33 Microfluidic channel network

Fig. 33 a) Shows the microfluidic channel network made of polycarbonate material; b) shows the
channel with fluid flowing from inlet till outlet; c) shows the light from the source passing through
only a specific area on the channel.

The sample is tested over a range of microfluidic channels which lies on the entire light diameter.
The light is illuminated on the microfluidic channel network for a 6 mm diameter. So, the microfluidic
channels and the sample specimen present in this region is only exposed to the spectrometer.

Fig. 34 The green laser and red laser used for calibration

41



The spectrometer performance has to be tested in order to check the efficiency. First, the spectrometer
is tested, which is followed by an experimental setup for detection of bio-particle. For the test
experiment, the spectrometer is tested with a red and green laser. The wavelength of the red laser as
prescribed on the device is 650£10 nm and is shown in figure 34. Similarly, the wavelength of the
green laser, as mentioned on the device is 532+10 nm (shown in figure 34). The spectrometer camera
is connected to a PC via USB cable. The resulting spectrum is observed using the thermino software.
The green laser is illuminated through the slit, and the resulting spectrum is observed in the thermino
software. The maximum peak corresponds to the maximum transmitted wavelength. The observed
spectrum has only green colour, and its corresponding wavelength is 550 nm and is shown in figure
36. The required wavelength of 532+10 nm is not achieved, although green light is observed in the
image. The spectrometer needs calibration to obtain the required wavelength (i.e. 53210 nm). The
calibration can be done in the software. The calibration is done by altering the peak points. The
software has its own trim points for calibration, which can be used only with fluorescent spectrum.
The calibration in this experiment is done with the green laser. The steps for the calibration are,

i) Before starting the calibration, make sure that the reference and peaks are pressed.

ii) After the spectrum of green laser is obtained, select Tools — Trim points — Select trim points
manually (shown in figure 35).

1ii) Enter the first reference point as 528 nm.

iv) Press Trim scale on the bottom and make sure the entered reference peak appears on the label
section.

v) Hold the left mouse button on the label section and gently move the peak at 550 nm towards
the reference peak of 528 nm.

vi) Once the required peak of 528nm is achieved (shown in figure 37), the calibration of the
spectrometer is completed.

%+ Theremino Spectrometer - V2.3

File m Language  Help  About
'l Vig 'l Video controls age B4 Cameraimage B Total ima
Videa Trim points 4 Fluorescent 436 546
Fluorescent 436 692
Select trim points manually

Fig. 35 The path to select trim points

In fig 35. The software has its trim points which can be used with a fluorescent spectrum.
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Fig. 36 Spectrum of the green laser without the calibration.

The maximum peak corresponds to the maximum transmitted wavelength. Once the calibration is
done, again the spectrometer is checked with the red laser to check its efficiency after calibration.
The observed spectrum shows the maximum peak at 632 nm, which is approximately equal to 650+10
nm of the red laser. The obtained spectrum of red laser is shown in figure 38. The bench test proves
the designed spectrometer to be efficient. Now the next step is assembling of the spectrometer on to
the microscope. The microscope stage is raised to maximum height in an upward vertical direction.
Then the spectrometer is placed below the microscope stage, as shown in figure 39. The position is
adjusted to focus the light on the slit. The spectrometer is placed on the microscope with USB of the
camera being connected to the computer. The microscope is connected to a PC to record the observed
specimen. The microscope stage is lowered for placing the sample on it. The experiment is carried
out with three types of samples being placed on the microscope stage. They are i) Olive oil ii)
Glycerinum iii) Water. These samples are chosen because these liquids are used as a solvent material
for the analysis of bio particle.

450 500 550 800 650 700

528

Fig. 37 The spectrum of green laser with a peak at 528 nm obtained after calibration.

450 500 550 600 650 700

Fig. 38 The spectrum of red laser with a peak at 632 nm
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The entire experimental setup is shown in figure 39. There are four steps for detecting the particle
present in the given samples are,

1. Firstly, the light from the microscope is illuminated onto the spectrometer. The resulting
spectrum is recorded on the computer using thermino software.

2. Secondly, the polycarbonate is placed on the microscope stage, and then the objective lens
and the stage is adjusted till a finely focused microscopic image is observed. The
corresponding spectrum of polycarbonate is observed. The results of the microscope and
spectrum are obtained. In order to find the spectral difference between the polycarbonate and
microfluidic channel embossed on polycarbonate, the spectrum of polycarbonate is recorded.

3. Thirdly, after recording the polycarbonate spectrum, the microfluidic channel is observed, and
the microscope image is obtained. The corresponding spectrum is observed, and both the
results are recorded on the computer.

4. Fourthly, the first sample to be tested is olive oil injected out onto the microfluidic channel,
and the microscope stage and the objective lens are adjusted till the microscopic image is
clearly focused. The resulting spectrum is observed, and the results are recorded on the
computer. Similarly, the other two samples, i.e., glycerinum and water, are tested. The
corresponding microscopic images and the spectrum images are recorded on the computer.

Fig. 39 The entire experimental setup

In Fig.39 1) Denotes the microscope; 2) The spectrometer placed under the microscope stage with
light from the source is focused to the slit; 3) The sample specimen which is to be tested; 4)
Resulting spectrum displayed in the Thermino software; 5) The microscopic image on the computer
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6. Results and discussion

The experiment is carried out according to the procedures, and the results are being obtained. The
light source used in the microscope for the experiment is NIKON LV-HL50W halogen lamp. With
the spectrum of individual samples, it is very difficult to determine the presence of absorbance,
transmittance and peaks since the light has to be passed through multiple layers before reaching the
spectrometer. Each layer has its own absorbance, transmittance and peaks, which varies due to
different characteristics of each layer. Here the term sample spectrum refers to the spectrum obtained
from the three individual sample spectrum, i.e. olive oil spectrum, water spectrum and glycerinum
spectrum. The sample spectrum is compared with the spectrum of the individual layers, and by
comparing the difference in the spectrum of individual layers, the transmittance, and peaks produced
by the specimen can be determined. The spectrum of the halogen lamp light source is obtained and is
shown in figure 40. The intensity of the light is kept constant.
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Fig. 40 Spectrum of the microscope light (halogen lamp)

The spectrum of the polycarbonate on which the microfluidic channel network is embossed is shown
in figure 41. From the figure, the spectrum of polycarbonate is similar to the spectrum of halogen
lamp since the polycarbonate is transparent and does not absorb any light. The microscopic image of
the polycarbonate material is shown in figure 42a.
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Fig. 41 Spectrum of the polycarbonate material.

a
Fig. 42 a) Microscopic image of polycarbonate; b) Microscopic image of the microfluidic channel network

The spectrum of the microfluidic channel network embossed on the polycarbonate is shown in figure
43. This spectrum is taken as the reference spectrum for the interpretation of the sample spectrum.
From the microfluidic channel network spectrum, an increase in absorbance is observed at the
greenish-yellow region. A sharp increase in absorbance is found in the yellow region. This is because
of the consecutive distance between the channels [24]. 1000 um are present in Imm [24]. The period
of a microchannel in the microstructure is 4 um and hence, 1000/4 =250 lines/mm. This corresponds
to the blue line (i.e. 300 grooves/mm) shown in figure 44. The blue line has an increase in absorbance
near 500 nm. This is the reason for the decrease in transmittance in the spectrum of the microfluidic
channel network at 500 to 600 nm. The decrease in the transmittance is due to the small period of
channels in the microfluidic channel network. The corresponding microscopic image is shown in
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figure 42b. From figure 42b, the microfluidic channel walls are properly embossed and have a good
surface roughness compared with the channel produced by other manufacturing techniques.
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Fig. 43 Spectrum of the microfluidic channel network.
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Fig. 44 Absorbance caused by the period of the microstructure [24]
6.1. Olive oil spectrum

The spectrum of the olive oil on the microfluidic channel network is shown in figure 46. Here the
sample spectrum refers to the olive oil spectrum. The sample spectrum is compared with the reference
spectrum, and a peak at 544 nm is observed in the greenish-yellow region. When taken absorption
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spectrum of olive oil into consideration, (shown in figure 45 a) maximum absorption can be observed
from 400 nm — 500 nm, which can also be seen in the sample spectrum. Also, the peak in the green-
yellow region (at 546 nm) denotes the presence of a chlorophyll B pigment in the sample, which
absorbs light at 410-480 nm and emits light in the greenish-yellow region. Olive oil contains pigments
like chlorophyll A, chlorophyll B and carotenoids [25]. Hence, it can be noted that, out of the three
main pigments in olive oil, chlorophyll B pigment is exceedingly present in the sample, which is
responsible for the greenish-yellow colour. The colour of olive oil depends upon the intensity of
pigment largely present in it, which varies upon the climatic conditions, fertilisation and the
manufacturing process of the olive oil [25]. The microscopic image of the olive oil specimen is
shown in figure 45 b.

Absorbance

400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 45 a) Absorbance spectrum of olive by Dr.Cosimo et al. [25]; b) Microscopic image of olive oil

From fig 45 a) The absorption of olive oil has a sharp decrease at 540 nm to 550 nm which is also
observed in the olive oil spectrum obtained from the visible light spectrometer, shown in figure 46.
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Fig. 46 Spectrum of the olive oil
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6.2. Glycerinum spectrum

The spectrum of the glycerinum on the microfluidic channel network is shown in figure 47. The
microscopic image of the Glycerinum sample on the microfluidic channel network is shown in figure
48b. The glycerinum spectrum is compared with the reference spectrum. From glycerinum spectrum,
it can be observed that the peak is formed at 560 nm after the placement of glycerinum on the
microfluidic channel network. The absorption spectrum (shown in figure 48a) shows that the
molecule of glycerinum has a constant absorbance in the visible region, which is quite low since it is
transparent [26]. Due to this, the transmittance is high in the visible region and the same can be
observed in the Glycerinum spectrum observed from the design visible light spectrometer.
Glycerinum has a high transmittance, which is the reason for the formation of the peak in the Green-
Yellow region when compared with the reference spectrum.
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Fig. 47 Spectrum of the glycerinum obtained from the spectrometer
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Fig. 48 a) Absorbance of glycerol spectrum [26]; b) Microscopic image of glycerinum
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Fig 48a. Shows absorbance of pure glycerinum is very low, and the absorbance tends to increase
with an increase in impurities. This gives the conclusion that glycerinum has a high transmittance in
the visible region, which can be seen in the glycerinum spectrum (shown in figure 47) obtained by
the developed visible light spectrometer.

6.3. Water spectrum:

The water spectrum shown in figure 49 is compared with the reference spectrum. It can be observed
that there is an increase in transmittance in the green-yellow region compared to the reference
spectrum. The water spectrum obtained from the spectrometer is compared with the absorbance
spectrum of the water shown in figure 50 a. Water absorbs light in ultraviolet, infrared and in the far
infrared region and transmits light in the visible the region [27]. At 760 nm-800 nm, a strong
transmittance can be observed in the reference spectrum, and a decrease in the transmittance is noted
in the water spectrum. This change in the water spectrum takes place because water molecules absorb
light in the infrared and far infrared region. The microscopic image of the water specimen on the
microfluidic channel network is shown in figure 50b.
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Fig. 49 Spectrum of water on the microfluidic channel network.

In Fig.49, a peak at 562 nm is formed when the water is placed on the microfluidic channel for
observation. Since the water has very low absorbance in the visible region (from figure 50a), the
transmittance is high in the visible region, which is observed in the spectrum.
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Fig. 50 a) The water absorption spectrum over the entire electromagnetic radiation [27]; b) The microscopic
image of the water on the microfluidic channel network.

From the obtained spectrum, it can be seen that the developed spectrometer works precisely. The
designed spectrometer is universal, and hence, it can be adapted with any optical systems for
detection.
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Conclusions

. The fluid flow rate is determined, and it is laminar for the uniform distribution of the

concentration of the sample specimen. The velocities and the corresponding Reynolds number
are calculated. The flow is found to be laminar at lower flow rates. The rate of flow of fluid
(Q) on the microchannel is 0.25 pl/min. The fluid flow rate of 0.25 pl/min is maintained for
all the three sample specimen on the microfluidic channel network. Hence, the concentration
of the sample is uniform throughout the microchannel during the experiment.

. A visible light spectrometer is designed to be placed in the NIKON LV150 microscope. The
overall dimensions of the designed spectrometer are 190mm*80mm*65mm. A step is created
for the placing of the mirror on the spectrometer. Rainbow Symphony diffraction grating with
1000 lines/mm is chosen as dispersing element for the spectrometer. TRUST WEB CAMERA
16428 is chosen as detection element for the spectrometer. The spectrometer is designed for
detecting light in the visible region with wavelength ranging from 380 nm to 740 nm.

. The designed parts of the spectrometer are manufactured using 3d printing and are given black
paint. A slit of 50 um width and 6mm length is created on the top cover of the spectrometer.
The mirror is placed at an angle of 45° on one end of the main assembly box to focus the beam
on to the grating. The grating and the camera are placed at an angle of 30° on the other end of
the main assembly box. Finally, the parts of the spectrometer are assembled.

. The experiments are performed to test the developed visible light spectrometer. The spectrum
of the three samples of water, Glycerinum and olive oil is obtained using the visible light
spectrometer. Both the spectrums of water and Glycerinum show the high transmittance near
the visible region. The spectrum of the olive oil denotes the presence of chlorophyll B pigment,
which is responsible for the greenish colour of the olive oil. All of the above results obtained
from the sample spectrum exhibits the accuracy of the designed visible light spectrometer.
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Appendices

Appendix 1. Manufactured parts

Main assembly box:

Top cover:

Side cover:

Appendix 2. Grating holder
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Appendix 3. Bench test spectrum
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