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Abstract 

Indocyanine green (ICG) is a fluorescent dye used as an indicator in medicine and surgery. The 

maximum absorption wavelength of ICG is at 785 nm, while the maximum emission is around 

820 nm. ICG is nontoxic and is rapidly excreted into the bile. Near infrared (NIR) fluorescence 

imaging or spectroscopy offer new settings for seeing the blood vessels, and also in oncological 

applications for finding sentinel lymph nodes (SLN) to investigate if the cancer has spread 

from the tumor to the lymphatic system. Given the aforementioned applications, the aim of this 

thesis was to develop a hardware control and a user interface in LabVIEW, and to evaluate the 

software, as well as the instrumentation using phantom measurements. 

The system consisted of a spectrometer, a laser (785 ± 5 nm) for ICG excitation, optical filters, 

and a fiber optical probe containing five fibers for light excitation, and one for light collection. 

The basic LabVIEW program designed for the spectrometer was used, and additional features 

were added such as the recording functions, online measurements, opening of the recorded 

files, saving comments, and a loop was created for the laser control. Optical phantoms were 

prepared to model tissue for measurements using 20 % intralipid that gave µs = 298 mm−¹ at 

the excitation wavelength. Agar 1% w/v and ICG were added to the phantoms using different 

fluorophore concentrations of 2 µg/mL, 10 µg/mL, 20 µg/mL, 25 µg/mL, and 40 µg/mL. The 

objective was to perform controlled measurements of steady state ICG fluorescence, the 

dynamics of photobleaching at different concentrations, and to find the optimal ICG 

concentration for obtaining the maximum fluorescence intensity. The light to excite ICG 

fluorescence emission was provided by using a laser output power of 10.4 mW and 200 ms of 

integration time in the spectrometer for optimal measurements. 

Measurements using the different gel phantoms showed maximum fluorescence ICG 

concentration to be between 16 µg/mL and 20 µg/mL. Moreover, photobleaching 

measurements showed to be ICG concentration-dependent, where those concentrations higher 

than the optimal one incrementally photobleached with time after being exposed to light. 

Higher concentrations presented an incremental photobleaching where they first reached a 

maximum peak and then the intensity decayed with time. Additionally, laser reflection at 

782 nm showed that the reflection increased with time ranging from 130% – 460% as the ICG 

photobleached to 50% of its initial value. Normalization of ICG by the laser reflection signal 

was investigated to compensate for the intensity variations due to the measurement parameters 

including the distance from the light source to the target, and the angle of inclination of the 

probe. The lowest ICG concentration detectable by the system was 0.05 µg/mL. 

In conclusion, a LabVIEW hardware control and user interface was developed for controlling 

the spectrometer and the laser. Several measurements were made using the different phantoms, 

where the optimal concentration of ICG was estimated. It was shown that ICG fluorescence 

intensity and photobleaching behavior were dependent on the concentration. The results gave 

suggestions for future experimental design. 

 

Keywords: Near-infrared, indocyanine green (ICG), biomedical optics, fluorescence, 

spectroscopy, lasers.  
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Acronyms 

CCD   Charge-coupled device 

CW   Continuous wave 

DMSO  Dimethyl sulfoxide 

g    Anisotropy factor 

I/O   Input/output 

ICG   Indocyanine green 

LED   Light-emitting diode 

LSO   Laser safety officer 

MPE   Maximum permissible exposure 

NIR   Near Infrared 

PWM  Pulse-width modulation 

S/N   Signal to noise ratio 

SLN   Sentinel lymph node 

TDMS  Technical data management 

VI    Virtual instrument 
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1 Introduction 

Indocyanine Green (ICG) is a dye used as a fluorescence indicator in medicine, and has become 

a valuable imaging means for optical imaging. During this thesis work, its fluorescence was 

measured for different diagnostic assessments using a spectroscopy system and a laser. The 

aim of this thesis was to develop a hardware control and a user interface in LabVIEW, and to 

evaluate the software, as well as the instrumentation using measurements on phantoms.  

 

1.1 Applications 

1.1.1 Near Infrared Fluorescence in Surgery or Medicine 

Fluorescence imaging has become a useful method for cell and tissue visualization both in vivo 

and in vitro. Some of the benefits of fluorescence imaging include high contrast and high 

sensitivity, and being easy to use (1).  

Near infrared (NIR) fluorescence imaging provides new scenarios for vessel detection. At 

present, ICG is used as a fluorescence dye in NIR fluorescence imaging during surgery because 

it enables sentinel lymph node (SLN) mapping, and angiography through reconstructive 

surgery (2). 

 

1.1.2 Indocyanine Green 

ICG is a dye that is used for near infrared imaging, where tissues are more translucent than in 

the visible spectrum. The absorption wavelength ranges from about 750 to 800 nm, with 

maximum absorption wavelength at 785 nm. On the contrary, ICG emission is observed at 

wavelengths over 800 nm, with maximum emission wavelength at 820 nm. Some of the 

advantages of using ICG include vascular confinement due to its binding with plasma proteins, 

low toxicity, and the rapid excretion into the bile. Moreover, it is a nontoxic and nonionizing 

agent, it has a short lifetime in blood circulation, presents a high signal to noise ratio (S/R), and 

it is approved for clinical use. For diagnostic procedures, the dose injection lies between 0.1 

and 0.5 mg/kg, but the incidence of allergic reactions is for concentrations above this level (1, 

2). 

Because of its properties, ICG is considered to be a useful means for clinical examination for 

hepatocellular carcinoma and intraoperative imaging through hepatic resection. Since ICG is 

easily removed from blood circulation by the liver, it can be administered many times during 

a surgery if needed (1). 

 

1.2 Biomedical Optics 

Light can be described as particles, and also as a wave phenomenon. Therefore, light is a 

combination of the wave and particle concept, also known as the particle-wave dualism, where 

wave duality gives light as packages of energy called photons (3). 
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Biomedical optics refers to the interaction of light with the biological medium in medical 

procedures for noninvasive and nonionizing diagnosis. When light travels through tissue, it 

encounters two main events which are absorption and scattering. The therapeutic window used 

in biomedical optics is around 400 nm – 1350 nm, consisting of the spectrum from visible light 

to the NIR light in which the tissue presents minimal absorption.  

 

1.2.1 Light Interaction with Tissue 

The analysis over a dense medium of particle transportation is known as the radiative transport 

model. When light interacts with tissue, there are many different particle geometries and tissue 

structures that define its optical properties. When light is interacting with tissue, it goes through 

two main processes of absorption and/or scattering (3, 4) as seen in Figure 1. 

Depending on the tissue optical properties and the light source, the effect of the light on the 

tissue will be presented. The tissue optical properties are given by the refractive index, the 

absorption coefficient, the scattering coefficient and the anisotropy factor, which are all 

wavelength dependent (3). 

 

Figure 1: Light interaction with tissue (5) 

Light propagates in tissue in different ways like reflection (back scattering), transmission 

(forward scattering), or absorption. Therefore, the original intensity of light, I0, is made of the 

three different interactions and can be expressed as 

𝐼0 = 𝐼𝑟 + 𝐼𝑡 + 𝐼𝑎            Equation 1 

where the components belong to the intensities that are reflected, transmitted, and absorbed 

respectively (6).  

 

1.2.1.1 Refractive Index 

The refractive index (n) is defined as the ratio of the electromagnetic radiation in vacuum (c) 

to the velocity of electromagnetic radiation in a refractive medium (v). As a consequence, the 

speed of light can be determined by the medium that it is being propagated (3).  

𝑛 =
𝑐

𝑣
            Equation 2 
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1.2.1.2 Reflection and Transmission  

Reflection takes place when a light wave whips back from the surface. Moreover, all materials 

transmit part of the electromagnetic spectrum. Light travels at different speeds in different 

media, although it has a characteristic speed when traveling through vacuum. Every time that 

light enters a new medium at a given angle, its path redirects, this process is called refraction. 

The aforementioned describes Snell’s law 

𝑛𝑖 𝑠𝑖𝑛(𝜃) = 𝑛𝑟 𝑠𝑖𝑛(𝜙)          Equation 3 

where n stands for the refractive index of the incident beam and the refractive beam 

respectively, along with their respective angles (6). The angle of incidence is given by the angle 

between the incident ray on a surface and the normal line that is perpendicular. Thus, the critical 

angle, 𝜃c, is the angle of incidence from where the total internal reflection takes place, and it is 

given by the expression below (7): 

𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛 (𝑛𝑟/𝑛𝑖)          Equation 4 

When the angle is above the critical angle, light will not be transmitted into the next medium, 

but will be reflected from the surface (6). 

 

1.2.1.3 Absorption 

Absorption refers to the gain of energy in a molecule entering to an excited state. The energy 

transfer is given by: 

∆𝐸 = ℎ𝑣             Equation 5 

After a short period of time, the excited electron returns back to the ground state releasing its 

energy in the form of photons. The absorption coefficient, µa, is the probability of photon 

absorption in a medium per unit path length. Its reciprocal refers to the mean absorption length. 

This is expressed as 

µ𝑎 = 𝑁𝑎𝜎𝑎            Equation 6 

where Na is the number of density absorbers in the medium, and 𝜎a is the absorption cross 

section (7). As light propagates in an absorbing medium, it attenuates according to: 

𝑑𝐼

𝐼
= −µ𝑎𝑑𝑥            Equation 7 
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Where I stands for the light intensity, and x for the distance of light propagation. In other words, 

Equation 7 expresses that the percentage of light being absorbed is proportional to the product 

of µa and dx, in which the negative sign is given as a decrease of I while x increases (7). 

Integrating Equation 7 leads to the Beer-Lambert Law that describes that the quantity of light 

absorbed by a substance dissolved in a transmitting solvent is directly proportional to the 

concentration of the substance and the path length of the light through the solution. 

𝐼(𝑥) = 𝐼0𝑒−µ𝑎𝑥
           Equation 8 

Beer-Lambert Law can be used to determine concentrations of a particular substance, or 

determine its absorption. As stated before, the absorption properties of a medium depend on 

the wavelength. Hemoglobin, melanin, water, and fat are the main tissue absorbers. The first 

two tend to absorb more at lower wavelengths, while the last two absorb better at higher 

wavelengths of the visible light spectrum (7, 8). 

A transmitting medium will absorb light at certain wavelengths. Thus, the absorption 

wavelength is unique for each chromophore. In this case, the photon’s energy undergoes an 

atomic or molecular process like a change in orbit, vibration or rotation. This is where 

spectroscopy is performed to differentiate between forms of matter given that each has a 

particular spectrum of absorbed light. In other words, two different energy levels are implicated 

so the difference between the energy levels is related to the frequency of the absorbed light just 

as expressed in Equation 1 (6). 

 

1.2.1.4 Scattering 

When the host material has particles with a different refractive index, scattering takes place. At 

the interface, the incident light is redirected in the propagation direction without losing energy. 

However, the redirection depends on the particle’s shape and size. The scattering coefficient, 

µs, is the probability of photon deviation from a trajectory in a medium per unit path length. Its 

reciprocal refers to the scattering mean free path. This is expressed as 

µ𝑠 = 𝑁𝑠𝜎𝑠                 Equation 9 

where Ns is the number of density scatterers per volume unit in the medium, and 𝜎s is the 

scattering cross section (7).The attenuation coefficient, µt, refers to the total interaction 

coefficient given by 

µ𝑡 = µ𝑎 + µ𝑠                  Equation 10 

Finally, its reciprocal refers to the mean free path between the interaction procedures (7).  
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1.3 Fluorescence 

Fluorescence is a property in which atoms or molecules absorb light at a specific wavelength, 

to emit light of longer wavelength after a short period of time, also known as the fluorescence 

lifetime. Therefore, fluorescence could be defined as the energy release as a result of absorption 

in the form of photons. A fluorophore is a molecule capable of fluorescing (9). There are two 

classes of fluorophores, intrinsic and extrinsic. Intrinsic fluorophores occur naturally like 

aromatic amino acids, and porphyrins. On the other hand, extrinsic fluorophores include 

synthetic colorants or modified biochemicals added to a sample to produce fluorescence with 

additional spectral properties (4). Absorption and emission wavelengths are specific to each 

fluorophore.  

Fluorescence includes three important events: absorption, excitation, and emission. These 

events are shown in a Jablonski diagram, named after the Polish physicist Professor Alexander 

Jablonski, as seen in Figure 2. From the figure, the singlet ground state (S0), the first (S1) and 

the second (S2) excited singlet states appear as horizontal lines. Also, the thicker lines are the 

electronic energy levels meanwhile the thinner ones are the vibrational energy levels (10). 

Generally, a fluorophore is excited to a higher vibrational level, S1 or S2, followed by a quick 

relaxation to the lowest vibrational levels of S1. The described process is called internal 

conversion, and usually occurs in ~10−12𝑠 or less. It can also be seen in Figure 2 that the 

emission energy is less than the excitation energy resulting in a loss of excitation energy. 

Therefore, fluorescence is presented at lower energies or longer wavelengths, also known as 

the Stokes’ Shift. Each molecule has a specific emission spectrum. Additionally, relaxation can 

take place non-radiatively (4). 

 

Figure 2. Jablonski energy diagram (4) 

 

1.3.1 Quenching and Photobleaching 

Quenching refers to any process that reduces the intensity of fluorescence (4). This process can 

be either reversible or irreversible. Some of the causes include the temperature, pressure, 

chemical environment, and the concentration of the fluorophore (8). Collisional quenching is 

when the excited fluorophore is deactivated after contact with another molecule in a solution, 

also known as the quencher. In addition to collisional quenching, there are also static and 

nonmolecular quenching. Static quenching is when fluorophores form nonfluorescent 
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complexes with quenchers, while the nonmolecular refers to light attenuation by the 

fluorophore itself or other absorbing molecules (4). 

Photobleaching consists of the irreversible photochemical destruction of the fluorophore. The 

strength of such a process depends on the time of exposure, irradiation of light, and the 

chemical interactions of the excited fluorophore (4). Additionally, when a fluorophore interacts 

with oxygen molecules, it is destroyed (8).  

 

1.3.2 Lifetime and Quantum Yield 

Fluorescence lifetime and quantum yield are one of the most important characteristics of 

fluorescence. The lifetime regulates the time for the fluorophore to interact or diffuse in the 

environment, thus the information from emission in which molecules emit their photons. The 

lifetime is defined as the excitation time of a molecule before returning to the ground state. The 

excited lifetime lasts for a very short time ~10−15 − 10−9𝑠 (4). The fluorescence lifetime can 

be expressed as: 

𝜏 =
1

𝛤+𝐾𝑛𝑟
          Equation 11 

where Γ is the emissive rate of the fluorophore, and 𝐾𝑛𝑟 the non-radiative decay to S0. The 

quantum yield is the relation of the number of emitted photons to that of the absorbed photons. 

The larger the quantum yield, the brighter the emission. However, it could never be unity given 

the Stokes’ loss referring to the loss of fluorescence excitation energy due to the collision of 

molecules in the first excited state, S1 (4). The quantum yield is given by: 

𝑄 =
𝛤

𝛤+𝐾𝑛𝑟
          Equation 12 

 

1.4 Principles of Spectroscopy 

Spectroscopy refers to the study of matter with electromagnetic radiation. The output gives the 

counted photons at a specific wavelength, where all the collected wavelengths embody the 

measured light spectrum. Therefore, spectroscopy provides spectral information regarding the 

collected light. The device that generates a spectrum is called spectrometer. The resolution and 

noise can greatly impact the quality of a spectrum. As illustrated in Figure 3, a source emits a 

light beam that is collimated by a mirror to reach a grating. After the grating, light is diffracted 

where every wavelength belongs to a different angle. Finally, light reaches a detector focused 

on a charge-coupled device (CCD) where the location of the received photon from the array is 

related to a certain wavelength (4, 6, 8). 
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Figure 3: Light diffraction by spectroscopy (6)  

The spectrum is the plot of the intensity on the y-axis, and the wavelength on the x-axis. 

Additionally, the wavelength is inversely proportional to the energy. For simplicity, it is 

suitable to use a unit that is directly proportional to energy. Thus, the wavenumber (ῦ) is 

introduced as 

ῦ =
1

𝜆
            Equation 13 

 

1.4.1 Spectrometers 

A spectrometer is an instrument in charge of showing the intensity of light as a function of 

wavelength or frequency. There are different types of spectrometers including those dealing 

with absorption and emission, also the Fourier Transform spectrometers, and magnetic 

resonance spectrometers that use magnetic fields simultaneously with electromagnetic light 

(6).  

The components include an energy source (sample), a system for energy differentiation, and a 

detector as illustrated in Figure 3. The detector can be made of heat absorbers, photographic 

films, or light sensitive electronics. The detectors measure the number of the photons that reach 

it from the source (6). 

The energy differentiation process is the main point, which is usually performed by a 

monochromator. The ability to separate light is the main feature of spectroscopy because it 

helps to determine the energies of light that are absorbed or emitted in a sample (6). As seen in 

Figure 3, the grating diffracts light into several beams into different directions. The diffraction 

depends on the grating spacing and the light wavelength (4). 
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1.4.1.1 Spectrum 

There are many ways to define the two axes. For the y-axis, the absorbance spectrum is plotted 

with the baseline at the bottom, while for transmittance it is at the top. These two are not linearly 

related, but logarithmically. For the x-axis, many related units are used. Some are directly 

proportional to energy, while some others are inversely proportional to energy. Examples 

include the infrared region in which its y-axis could be absorbance or transmittance, while the 

x-axis usually is expressed in µm or 𝑐𝑚−1. Another example is the X-Rays in which its y-axis 

is expressed in terms of absorbance, while the x-axis is expressed in terms of eV or Å (6). 

 

1.4.1.2 Light Source 

Light is electromagnetic radiation with a specific spectrum that provides energy. Some of its 

properties include intensity, direction of propagation, and frequency or wavelength. Light 

sources are needed for stimulating the sample. They can be in the form of white light which is 

continuous, or in solid state like LEDs or laser diodes, which can be used in continuous or 

pulsed mode. All lasers can be used for fluorescence excitation, but solid state light sources are 

more commonly used (4).  

Solid-state light sources include light-emitting diodes (LEDs) and laser diodes. The output of 

these light sources can be continuous or modulated. With few LEDs one can dispose light 

ranging from 430 nm – 680 nm. LEDs require low power and produce a low amount of heat. 

Therefore, these are practical light sources for excitation of some fluorophores. On the other 

hand, laser diodes emit monochromatic radiation. Additional laser properties are further 

described in section 1.5.1 Laser Basics. Laser diodes currently range from 490 nm – 1500 nm. 

They are suitable for fluorophore excitation specifically that their output can be focused and 

controlled (4, 11).  

 

1.4.1.3 Monochromator 

Monochromators are used to scatter polychromatic or white light into many colors or 

wavelengths by using prisms or diffraction gratings. The specifications of a monochromator 

consist of dispersion, efficiency, and the stray light levels. The transmission efficiency depends 

on the design and wavelength of the grating. When selecting a monochromator, low stray light 

levels should be considered to avoid problems by the scattered stray light. Stray light is the 

light sent by the monochromator in different wavelengths and bands than the selected ones (4). 

Typically, a monochromator has an entrance and an exit slit, in which light passing through it 

is just about related to the square of the slit width. The larger the width of the slit, the higher 

the S/N and the signal level. On the other hand, the smaller width of the slit provides higher 

resolution but collects less light intensity (4).  

Monochromators can be either planar or concave. The planar ones are made mechanically, thus 

they can have some imperfections in their grooves. On the other hand, the concaves are made 

by holographic and photoresist methods, and rarely present imperfections. The main source of 

stray transmission by monochromators and ghost images are the grating imperfections. Ghost 
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images are dispersed marks of white light on the inner surfaces which can be seen at the 

dispersed light amongst an open monochromator. Concave gratings can be more competent 

because they present less reflecting planes and lower stray light. They can function as both the 

diffraction and focusing element, and that makes them more suitable for spectroscopy (4).  

 

1.4.1.4 Optical Filters 

Optical filters transmit or block light at selected wavelengths. Optical filters are specified by 

their transmission spectrum and optical density. They can be either low-pass, high-pass, band-

pass, or stop-band filters. Optical filters compensate the performance of monochromators and 

should be matched to the fluorophore’s spectral properties (4). 

 

1.4.1.5 Detector 

Cameras are built with two dimensional detector arrays of complementary metal-oxide-

semiconductor (CMOS) or CCDs. CCDs are incredibly sensitive imaging detectors with linear 

dynamic range. Usually they contain more than 500,000 pixels, where each pixel functions as 

an accumulating detector and the charge is gathered according to the total light exposure. 

Optical filters separate detectors so they can detect the primary colors. This is done when a 

monochromator uses optical dispersion to separate the colors of light. This has a mechanism 

for directing the selected color to an exit slit depending on its wavelength (4, 12).  

 

1.4.2 Resolution 

Resolution is a unitless value that depends on the wavelength of light and the spectral 

bandwidth of the spectrometer’s monochromator. It determines the maximum number of 

spectral peaks that the spectrometer can resolve. More so, the spectral bandwidth is defined as 

the wavelength interval that comes out of the exit slit. The slit, the monochromator, and the 

detector determine the resolution. This is given by the linear dispersion,  𝜕𝑥/𝜕𝜆, that relates 

the distance in direction x to get a change in the wavelength of light λ. The distance traveled is 

located at the exit slit that is moving from one side of the slit to the other. However, the 

reciprocal, 𝜕𝜆/𝜕𝑥, indicates the change in wavelength with distance (6, 13). 

If two spectral wavelengths can be completely distinguished from each other, then they are 

resolved. They are also resolved if the signal goes to the baseline between the two peaks. 

Moreover, when two peaks overlap, each maximum peak should be where the other peak has 

its baseline, this is called the Rayleigh criterion for resolution. A higher resolution allows to 

distinguish between smaller differences in wavelength of peaks in a spectrum (6). 

 

1.4.3 Noise 

In spectroscopic measurements, there are always variations in the signal that are not due to 

absorption or emission processes, but by many factors rooted in the process of the measurement 



17 

 

itself. Therefore, noise is defined as a signal variation that has the tendency to obscure the 

signal (6). 

Apart from the noise caused by nature, there are also random and non-random noise. 

Interference, considered in the non-random classification, is caused by the surroundings 

striking their characteristics on the spectroscopic system. For example, a frequency generator 

can cause interference noise on a spectroscopic measurement. On the other hand, white noise 

is an inherent random noise that is independent of frequency and is present as a baseline level 

at some frequency. Nevertheless, the part of the noise that is frequency dependent is 

called 1/𝑓 𝑛𝑜𝑖𝑠𝑒, where f stands for frequency. Noise can also be caused by an unwanted 

signal, and this could be problematic because the source can sometimes be difficult to find (6). 

Even though there is always noise in any spectrum, the S/N is used as a parameter of the quality 

of a spectrum. This is defined as the value of the signal over the amplitude of noise. However, 

some ways to minimize the noise include system isolation, increasing the source intensity, 

decreasing the spectral resolution, and averaging multiple scans (6).  

 

1.5 Lasers and Laser Safety in the Lab 

1.5.1 Laser Basics 

The term "LASER" stands for Light Amplification by Stimulating Emission of Radiation. 

When a photon is released from an excited atom could upon interaction with another excited 

atom trigger the second atom into de-exciting itself releasing another photon. This released 

photon will be identical in energy, frequency, direction, and phase with the triggering photon, 

while the triggering photon will remain the same. Additionally, these two photons could 

continue the process of photon releasing by stimulated emission. Laser characteristics include 

being monochromatic or one color/wavelength, coherent which means that the wavelengths of 

the laser light are in phase in space and time, and directional/divergent which means that laser 

light is emitted as a relatively narrow beam in a specific direction. The modes of operation refer 

to the rate at which the laser delivers energy. The modes of operation can be either continuous 

wave (CW), single pulsed, repetitively pulsed, or mode locked. The mode locked is for 

generating picosecond or femtosecond pulses (14).  

The common laser components include an active medium, a pump source, and a resonator. To 

suit a laser there should be a medium with a minimum of one excited metastable energy state, 

so electrons get collected and do not go back immediately to lower energy states. When 

exposing the medium into a suitable pumping energy, the excited electrons are collected in 

these metastable energy states long enough for a population inversion to occur. Common laser 

mediums include solid crystals like ruby, liquid dyes, gases like argon, CO2, HeNe, or 

semiconductors like GaAs. More so, the excitation mechanisms are used to transfer energy into 

the laser to increase the number of atoms in the metastable energy state. The excitation can be 

performed using optical, chemical, and electrical mechanisms. Finally, the resonator or the 

optical cavity refers to the placement of a mirror at the end of the laser material to reflect light 

from one mirror to the other, passing back and forth through the laser medium. The laser beam 
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to be used is a partial reflection of one of the mirrors so only a fraction of the beam energy is 

transmitted from the cavity (14). 

 

1.5.2 Hazard Classification 

The main goal to classify a laser is to determine its hazardous potential, especially for the skin 

and the eyes. The maximum permissible exposure (MPE) refers to the exposure “speed limit”, 

where no eye or skin damage will occur as long as the exposure is less than or equal to the 

MPE. It can be said that an exposure higher than the MPE increases the probability of a damage. 

Lasers’ classification according to their hazard level is found in Table 1 (14) where parameters 

such as the pulsation, the wavelength, the output power, and the mode of operation are 

considered. Given that the blink reflex is 0.25 seconds (14), pulses of shorter width and high 

power can have the same damaging effect as the continuous mode lasers. Protective eyewear 

matched to the correct wavelength and optical density must be worn when doing 

measurements. 

According to the laser wavelength range, ultraviolet and NIR energies are imperceptible by the 

human eye, however both can cause damage. Additionally, ultraviolet energy is more 

hazardous due to the reason that it can mutate the DNA and is highly absorbed by the tissue 

(9). 

 

Table 1: Laser hazard classification 

Classification Maximum Output Power Warning 

1 <0.4 mW Not harmful during long exposures 

2 1 mW Do not stare into the beam 

3R 5 mW Avoid direct eye exposure 

3B 500 mW Avoid exposure to beam 

4 >500 mW Avoid eye or skin exposure to direct 

or scattered radiation 

 

1.5.3 Exposure to the Eye 

The effect of laser radiation when exposed to the eye varies significantly according to the 

wavelength, and time of exposure, and the part of the eye where the beam interacts. Light, in 

this case, the laser, enters the eye through the cornea and then it goes through the pupil. Then 

it is converged by the lens, and continuous through the vitreous humor, reaching focus on the 

retina where it creates an inverted image (14).  

Considering the wavelength range of visible light, 400 nm – 700 nm, and the range of NIR 

radiation, 700 nm – 1400 nm, a laser beam with low divergence ranging in wavelength from 

400 nm – 1400 nm that enters the eye can be focused down to an area of 20 µm – 30 µm in 

diameter. The eye transmission at the laser wavelength limits the overall power that can reach 

the retina. The retinal hazard region is defined as the primary band that reaches the retina with 

just a few percent transmission (14).  
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The energy density of a laser beam, defined as the energy per unit area, is intensified as the 

spot size is reduced. This means that the laser beam can increase up to 100,000 times by the 

eye’s focusing for both the visible and NIR wavelengths. Some biological effects by 

wavelength include photochemical and thermal retinal injury in the visible spectrum, while 

cataract and thermal retinal injury can be caused in the NIR spectrum (14). 

A factor that decides how harmful the laser can be is the way one is exposed to the beam. Direct 

beam exposure is the worst condition, and it is when all energy is directed towards the eyes. 

Specular reflection is a reflection of a mirror-like surface, it results when the surface roughness 

is smaller than the wavelength being less harmful than the direct exposure. The diffused 

reflection is less harmful because it is a reflection from a surface that spreads laser radiation 

and reduces its irradiance, and the surface roughness is larger than the wavelength (14). 

 

1.5.4 Protective Eyewear 

Laser protective eyewear should be used to attenuate any laser radiation reaching the eyes at 

levels above the MPE. There are two types of laser protective eyewear, full attenuation and 

alignment eyewear. For the full attenuation eyewear, no level of radiation above the MPE will 

penetrate the eye. Thus, one will not see if the termination point of the beam is feasible. On the 

other hand, alignment eyewear lets a person see some of the termination point of the beam for 

many purposes like collimation or path alignment (14). 

 

1.6 Hardware Control 

There are several different platforms to control a hardware including Delphi Prism, MATLAB, 

Visual Basics, and C and C++ based programming language. In this case, LabVIEW was used. 

LabVIEW is a visual programming language commonly used for instrument control and 

automation from National Instruments. It operates with a user interface, also known as the front 

panel, which is linked to a block diagram that contains the source code. The programs in 

LabVIEW are called virtual instruments (VI) because their look and role is to imitate physical 

instruments. 

 

1.7 Optical Phantoms 

An optical phantom is a physical model of tissue optical properties. The main purposes are to 

perform controlled measurements, test system designs, optimize systems’ signal to noise, 

quality control, and compare the performance among existing systems. Optical phantoms are 

made with a matrix, scattering, and absorbing materials. Matrix materials can be water, gelatin, 

or resin. Examples of scatterers include silicon dioxide and titanium, while for absorption 

blood, ink or dyes are used. These are dissolved either in liquid or a solid material (15, 16).  
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2 Materials and Methods 

The overall system consisted of a spectrometer, a laser working at 785 ± 5 nm for ICG 

excitation, optical filters, and a fiber optical probe containing five fibers for light excitation, 

and one for light collection. Optical phantoms were prepared considering the excitation 

spectrum of ICG. LabVIEW was used for controlling the software and design the user interface, 

and MATLAB was used for signal processing. Considering the aforementioned materials, a 

basic diagram of the system is illustrated in Figure 4.  

 

Figure 4: Diagram of the system 

 

2.1 Spectrometer 

The spectrometer used was an Avantes model AvaSpec-ULS2048L-USB2 containing a 

2048 pixel CCD detector. The bandwidth of the spectrometer goes from 600 nm to 1100 nm 

covering the infrared wavelength range and higher. The grating is 600 lines/mm, and it has a 

slit of 50 µm. The maximum limit that the spectrometer can detect is 16,000 a.u. 

In order to obtain a smooth spectrum with no loss of information, it is essential to set the right 

smoothing parameter, which is related to the resolution. Thus, the optimal smoothing parameter 

is determined by the distance between the pixels at the detector array and the light beam 

entering the spectrometer. For the model used, the distance between the pixels on the CCD-

array is 14 micron. The optical smoothing parameter without losing resolution for this case is 

expressed in Equation 14 which gives a value of 1.29 nm for the spectrometer used in this 

work. 

(
𝑠𝑙𝑖𝑡 𝑠𝑖𝑧𝑒

𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
)−1

2
          Equation 14 
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2.2 Spectrometer Pin Configuration 

The spectrometer had a 26 pins sub-D Input/output (I/O) connector from which each pin had a 

specific function. There were two analog input pins that returned the status of a specified analog 

input, while there were also two analog outputs that set the analog output value for any given 

analog output. Also from the pins, three of them corresponded to digital input, which returned 

the status of a given digital input. On the contrary, ten pins corresponded to digital output where 

the user sets a digital output value for any given digital output. From these output pins, a Pulse-

Width Modulation (PWM) was programmed to be the laser triggering. PWM is as its name 

says, a pulse modulation technique used to control the supplied power.  

Even though there were specific PWM pins in the spectrometer, a digital output pin was 

programmed to control the laser triggering given that the PWM worked at frequencies above 

500 Hz, while the ideal for this purpose was to work in lower frequencies. A function was 

created using a digital output pin to turn on/off.  

 

2.3 Laser 

The laser used was a Z-laser from Germany with a ∅ = 20 mm optic head. Some of its main 

features include the availability of red or infrared wavelengths, a voltage supply of 5-30 VDC 

with reverse polarity protection, and an integrated microcontroller with a serial interface.  

Laser projection could be focused by rotating the focus ring, and this could be done from 

100 mm to up to ∞. Also, the mounting connector system provides a fixed and secure 

connection to the power supply. The main properties of this laser include working at 785±5 nm 

as maximum wavelength, and having a maximum operating power of 80 mW, which lies in the 

3B laser classification.  

 

2.4 Optical Fiber Probe 

An optical fiber probe was bought from Avantes containing six fibers. From these fibers, one 

was in charge of light excitation, while the other five were in charge of light collection as seen 

in Figure 4. The wavelength range covers near infrared and ultraviolet. All fibers had a core 

diameter of 400 µm and a numerical aperture of 0.22.  

 

2.5 Programming 

2.5.1 LabVIEW Program Structure  

The program was written in LabVIEW version 2010, 64 bits. The basic LabVIEW structure 

program was provided by Avantes, a company encompassed to spectroscopy. However, the 
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program was modified by removing functions, and adding some extra features according to the 

project requirements.  

In the front panel, a tab control was added to organize the three main functions that included 

measuring, recording, and opening previous data. An LED indicator was added to specify 

whether a communication with the spectrometer existed. In the Digital I/O section, several 

output buttons as well as PWM buttons were removed because they were not used.  

In the block diagram shown in Figure 5, a write to measurement file function was added. 

Therefore, at the end of the measurement, the data regarding the intensity and the wavelength 

was saved in binary format, TDMS.  

 

 

 

 

 

Figure 5: Block diagram of the LabVIEW program structure 

The above diagram illustrates the principles of the program. Every time the program starts to 

run, communication with the spectrometer is enabled and the internal data structures are 

initialized. Then, the measurement settings are detected on the spectrometer using the 

configuration specified by the user in order to start measuring. Measurements can be started 

after clicking the “Start Measurement” button. The No. of Scans field shows how many scans 

are to be performed after one measurement request. The integration time [ms] is the exposure 

time during one scan in which the longer the integration time, the higher the signal because the 

spectrometer collects light over a longer time. Once the run button is pressed, the program 

keeps on running until indicated by the user. In the meantime, the user can perform several 

spectrum measurements. Also, the user can stop the program and run it again unimpeded. When 

the program is stopped, communication with the spectrometer is disabled. 

The evaluation of the saving function includes all spectral data acquired in the desired file 

format. In this case, the file format is TDMS, which can be read in MATLAB. At the end, all 

the saved spectra can be used to perform data analysis. The saving address was programmed 

to be in a specific folder where all the files from the spectrometer were saved, having the option 

to change the pathway. Additionally, there is an option in the user interface where the user can 

specify the name of the file to be saved.  

 

2.5.2 User Interface 

The user interface is represented by the front panel in the LabVIEW program, where there is a 

tab control of the record/measure and open function. This includes all the buttons to execute 

Run the 
Program

Spectrometer 
Communication

Start 
Measurement

Data 
Acquisition

Stop 
Measurement

Opening 

Measuring/

Recording 
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functions, numeric controls and indicators to introduce data and display output data 

respectively, a Boolean indicator to represent the status of a function, and the graph to show 

the excitation spectrum. Additionally, there is an LED indicating the communication status 

with the spectrometer.  

In the first tab of the front panel, Record/Measure, the user has the option to select whether to 

record a file or to measure online. This can be done by selecting the desired features on the 

button on the top right corner as seen with details in Figure 6. The upper left column is 

represented by the settings that are introduced by the user such as the integration time, the 

number of averages and the saturation detection respectively. The integration time is the 

exposure time in milliseconds during one scan. The S/R of the data is improved by the square 

root of the number of averages. The pixels of the CCD are thermally sensitive causing a small 

dark current regardless of the absence of light exposure. Therefore, enabling the Dark 

Correction Settings will get an approximation of the dark current where this signal is taken and 

subtracted from the raw scope data. This is located on the second upper left column, where the 

user has the option to enable or disable it.  

On the right side of this tab, there is a switch where the user can select whether to record or 

measure online. Before starting the measurement, the user also indicates the number of scans, 

located on the upper right part of the front panel. This field shows the number of scans that will 

be performed after requesting a measurement. The Start/Stop Measurement buttons including 

a measurement status bar are located just below the Nr of Scans control. Moreover, the numeric 

indicators on the left of the Start/Stop Measurement buttons will display the elapsed time after 

the measurement has started, and the number of scans that the spectrometer executes. The 

cursors of the plot are on the left side of the LED, which are useful to indicate the peak position. 

The Digital I/O button is below the cursors, in which the triggering function is programmed. 

On the lower right corner of the tab, the filename for the saving function is located, in case that 

the recording option is selected. Finally, there is a space for additional comments. By enabling 

the measuring option on the upper right switch, the user just needs to press the “Start 

Measurement” button to measure online with no data saving. 

 

Figure 6: Front panel: Record/Measure 
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The second tab of the front panel corresponds to the Open function, represented in Figure 7. In 

this tab, the pathway of the output file is located, followed by its respective plot, and the cursor. 

If the user goes to this tab, once the program starts to run, a path file will open to ask the user 

which file to open. Once the user has selected the file, it will be displayed on the plot as in 

Figure 7. Also, a cursor was added to indicate the position of the maximum absorption peak. 

 

Figure 7: Front panel: Open 

The Digital I/O button, located on the Front Panel is in charge of turning on/off the laser. Once 

the “Start Measurement” button is pressed, a window will automatically appear as seen in 

Figure 8. There is a switch on the left side of the window that controls the laser turning on/off. 

The window will close when the “Exit” button is pressed, and the spectrometer will start to 

acquire data as the laser goes on. The laser is turned off when pressing the “Stop Measurement” 

button, while the data collection by the spectrometer ends.  

 

Figure 8: Laser output power control located in the user interface 

 

2.5.3 Data File Formats 

All written files were a series of bits, and they were in different formats to organize and 

represent data. The most common formats for storing data in LabVIEW are binary, ASCII or 

text, and Technical Data Management (TDMS) files. Binary files are the basic format. ASCII 

files involve codes, and are a type of binary file standardly used by programs. Finally, TDMS 
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files are exclusive for National Instruments products, and combines the Extensible Markup 

Language (XML) format with binary storage. The XML is a language for encoding documents 

in a format that can be read by both humans and machines (17). 

 Text Format or ASCII include characters to represent a text. These characters include 

numbers from 0 to 9, lower-case letters a to z, upper-case letter A to Z, punctuation 

symbols, control codes, and a space (17).  

 The Binary Format is the fastest and most compact form for storing data. They use less 

disk space given that they do not need to convert to/from one format to another. A 

disadvantage of binary files is that it is machine readable, and no human can read it 

without a special program (17).  

 The TDMS Format is designed for storing test or measurement data giving a structure. 

However, a disadvantage is that only National Instruments programs can recognize and 

read TDMS files. Nevertheless, these files can be manually converted into XLS format, 

so the user can read the data in an organized and understandable way. Moreover, the 

TDMS format stores the structure of the data allowing the information to be easily 

retrieved when searched (17). 

 

2.5.4 Data Saving 

The block diagram of the LabVIEW program contains all the functions in loops and arrays to 

be executed once the functions are called in the front panel. Before the Start Measurement 

button is pressed, the user can select whether to save the raw spectral data. These data is saved 

in TDMS format.  

For the single scans, the saving in Excel was one sheet per scan which gave structure and 

optimized time when doing data analysis. However, when the files were saved for longer times, 

the data saving was programmed in a way that the first sheet showed the main data, date and 

time that the file was saved, as well as the additional comments, while all the scans were saved 

in the second sheet. However, one of the limitations includes that once the number of rows in 

the Excel file is greater than one million, another Excel file is automatically saved with an 

additional ending “_00x” where x stands for the consecutive number of file. 

 

2.5.5 Data Reading 

The TDMS files were converted to Excel before being read in MATLAB. This format is 

organized with headers to easily retrieve data. The first sheet of the Excel file contains the 

recording information such as timestamp, number of samples, number of channels used, and a 

line for additional comments. The second sheet contained the acquired data, in a way that the 

elapsed scanning time is on the first column, while the second and third column referred to the 

intensity and the wavelength respectively.  

Additionally, the TDMS format could be opened and read in MATLAB for further signal 

processing and analysis. As the TDMS format is an exclusive binary form of National 
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Instruments, conversion to Excel was still needed to facilitate file loading. Once converted to 

Excel files, they were read in MATLAB using the function xlsread.  

 

2.5.6 Evaluation of the Program 

An evaluation was performed to define the achievement of objectives in regard to the results 

of the tasks. The main purpose was to gain insight considering the objectives. Evaluation was 

made in the program considering different fields like stability, repeatability of signal 

measurements, integration time, and saving of the spectra in short and long time measurements. 

In terms of repeatability, the consistency to provide the same result after several repetitions in 

a measurement, every spectrum measurement must be similar. The wavelength will not change, 

but the intensity should be checked for repeatability. This evaluation also included the 

repeatability when a new measurement was made under the same conditions, that the results 

were similar even when they were saved at different times.  

 

2.6 Optical Phantoms 

When designing and selecting the phantom materials, optical properties of tissue at the 

excitation wavelength of ICG, which is 785 nm, were used. Phantoms were prepared in liquid 

and agar gel matrix. One of the reasons that both forms of optical phantoms were made is 

because of their different properties. For example, gel phantoms provided stable 

photobleaching and reflection measurements because their particles were static. On the other 

hand, gel phantoms dry out after several days and get mold, while the liquid phantoms live 

longer (minimum a year) and are thus more suitable for system calibration purposes.  

 

2.6.1 Liquid Phantoms 

Different scattering and absorption properties can be calculated by the normalized equation 

expressed in Equation 15 (18).  

µ′𝑠 = 𝑎 (
𝜆

500𝑛𝑚
)

−𝑏

         Equation 15 

where 𝑎 is the reduced scattering coefficient (µ′𝑠) value that scales the wavelength-dependent 

term, 𝜆, being 785 nm in this case. The coefficient 𝑏 stands for the “scattering power” that 

characterizes the wavelength dependency of µ′𝑠 and 𝜆. Table 2 shows the reduced scattering 

coefficients for several tissues (18). 
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Table 2: µ’s using the values of a and b for λ = 785 nm (19) 

Tissue Type a [mm−¹] b µ’s [mm−¹] 

Breast Tissue 182 1.230 99.55 

Liver 90 0.617 68.40 

Kidney 351 1.510 179.35 

Prostate 301 1.549 151.15 

Tumor 336 1.712 156.93 

Muscle 98 2.820 27.97 

Fat 141 0.530 111.39 

 

2.6.1.1 Calculation of the Liquid Phantom Parameters 

In order to create a phantom that mimics tissue properties, for the scattering agent 20% 

intralipid was used, and ICG was used as the fluorophore. Given that the absorption coefficient, 

µa, is almost 100 times less than µs, it can be disregarded (18). As the purpose was to evaluate 

a system in general and compare it to the previous measurements (19), the reduced scattering 

coefficients from Table 2 were averaged excluding muscle and fat. Therefore, the calculated 

µ’s is 

µ′𝑠 =
99.55 + 68.40 + 179.35 + 151.15 + 156.93

5
= 131𝑚𝑚−1 

The µ’s was estimated for an average of tissues similar to the thyroid, and considering the 

anisotropy (g) as the average deflection angle, g = 0.56 (20), the scattering factor, µs, can be 

calculated from Equation 16 

µ′𝑠 = µ𝑠(1 − 𝑔)           Equation 16 

Resulting in µs = 298 mm−¹, and the concentration of the 20% intralipid is calculated in 

Equation 17 (5, 21). Therefore, when doing the calculations, one would get 5.9% of the 20% 

intralipid. In conclusion, the intralipid concentration (cintralipid[%]) was 6%.  

µ𝑠 = 0.499 ∗ 𝑐𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑[%] + 0.0458      Equation 17 

 

2.6.1.2 Preparation of the Optical Liquid Phantoms 

Five optical liquid phantoms were created by diluting the fluorophore and scattering material 

into water, where ICG and intralipid were used respectively. A main solution of 50 mL of 

1 mg/mL ICG was prepared by diluting 1 mg of ICG into a mixture of 500 µL of water and 

500 µL of DMSO. From the main ICG solution, tubes with a volume of 1500 µL were prepared 

containing different phantom concentrations such as 0 µg/mL, 0.05 µg/mL, 1 µg/mL, 2 µg/mL, 

and 5 µg/mL. According to Equation 17, the intralipid concentration is 6% which is equivalent 
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to 90 µL of the total volume of the phantom. The same amount of intralipid was collocated in 

each phantom tube. Once the ICG and the intralipid were in the tubes, they were diluted with 

water using Equation 18 for the different phantoms, where 1500 µL corresponds to the total 

volume (𝑉𝑇𝑜𝑡𝑎𝑙) of the tube, 𝑐𝑝ℎ𝑎𝑛𝑡𝑜𝑚 is the ICG concentration in each phantom, and 

multiplication by 50 in the third term on the right side of the equation is due to the fact that the 

solution was diluted 50 times. Table 3 shows the volume of water corresponding to each 

phantom tube. 

𝑉𝑤𝑎𝑡𝑒𝑟 = 𝑉𝑇𝑜𝑡𝑎𝑙 −
𝑉𝑇𝑜𝑡𝑎𝑙

1000
𝑐𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑[%] − 50𝑐𝑝ℎ𝑎𝑛𝑡𝑜𝑚

𝑉𝑇𝑜𝑡𝑎𝑙

1000
   Equation 18 

Table 3 Volume of water in each optical liquid phantom 

ICG Concentration [µg/mL] Volume of Water [µL] 

0.05 1406 

1 1335 

2 1260 

5 1035 

 

2.6.2 Gel Phantoms 

Gel phantoms were made additionally to the liquid phantoms to avoid molecular kinetics in the 

liquid by using agarose gel 1% w/v.  

 

2.6.2.1 Preparation of the Optical Gel Phantoms 

Seven optical gel phantoms were created by diluting ICG and intralipid into a gel solution. A 

main solution of 1 mL of 0.5 mg/mL ICG was prepared by diluting 1 mg of ICG into a mixture 

of 1 mL of water and 1 mL of DMSO. From the main solution, tubes with a volume of 5000 µL 

were prepared containing different phantom concentrations such as 0 µg/mL, 2 µg/mL, 

10 µg/mL, 20 µg/mL, 25 µg/mL, and 40 µg/mL. Considering the intralipid concentration of 

6% in Equation 17, this is equivalent to 300 µL of the total volume of the phantom. The same 

amount of intralipid was placed in each phantom tube, along with the ICG in its different 

concentrations. Once the above materials were placed in the tubes, they were diluted in a gel 

solution using Equation 19 for the different phantoms, where 5000 µL corresponds to the gel 

solution, cphantom is the ICG concentration in each phantom. According to Equation 20, the 

gel solution contained 0.30 g of agarose, considering 1 % w/v of gel in the phantoms, which is 

an approximation for the tissue viscoelasticity. Table 4 represents the volume of gel 

corresponding to each phantom tube, and Figure 9 shows the different ICG gel phantoms.  

𝑉𝑔𝑒𝑙 = 𝑔𝑒𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 −
𝑔𝑒𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

1000
𝑐𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑[%] − 𝑐𝑝ℎ𝑎𝑛𝑡𝑜𝑚

𝑔𝑒𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

1000
   Equation 19 

𝐴𝑔𝑎𝑟𝑜𝑠𝑒(𝑔) = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑟𝑎𝑦(𝑚𝐿) ∗ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑔𝑒𝑙 𝑑𝑒𝑠𝑖𝑟𝑒𝑑(%)  Equation 20 
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Table 4: Volume of gel in each optical phantom 

ICG Concentration [µg/mL] Volume of Gel [µL] 

0 4700 

2 4690 

10 4650 

20 4600 

25 4575 

40 4500 

 

 

Figure 9: Different gel phantom concentrations 0 µg/mL, 2 µg/mL, 10 µg/mL, 40 µg/mL, and 

60 µg/mL dissolved in DMSO, agar, and distilled water 

 

2.7 Measurements 

2.7.1 Calibration 

A calibration was made to confirm the consistency of the measurements, as well as to define 

the precision of its readings in order to establish reliability. When calibration is performed, 

there are standard values in which one can compare the device under calibration. The ideal is 

to have the fewest number of differences between the standard values and the device under 

calibration (22). The relevant parameters for calibration are wavelength and intensity. 

 

2.7.1.1 Wavelength Calibration 

The wavelength calibration was made to compare the experimental spectrum with the 

theoretical one. This was also done to study where the maximum absorption and emission took 

place in a given material. Measurements were made by acquiring the spectrum from red 

phosphor for trichromatic fluorescent lamps with, among others, a peak at the wavelength of 

611 nm (23). In this case, the spectrum of a fluorescent bulb lamp was used as a reference for 

the wavelength calibration as seen in Figure 10. 
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2.7.1.2 Intensity Calibration 

In an optical system, every element presents a different intensity behavior to each wavelength. 

Intensity calibration is the comparison between the source emission which is known, and the 

registered detection by the optical system. Intensity calibration is more complex than 

wavelength calibration because more instrumentation is required. However, an easy solution is 

to calibrate the system against a reference material (24, 25).  

In the normalization method, the intensity was measured with different distances between the 

source and the detector. The system was calibrated against the liquid phantoms. Normalization 

is needed because when measuring, intensities vary according to the measurement parameters 

like the distance from the target to the light source, or the angle of inclination of the probe. 

Normalization was performed to compensate for the effect of parameters that cannot be 

controlled such as the laser power and the tissue optical properties. Therefore, it was needed to 

set up a reference for the evaluation. In this case, reflection was used for normalization as an 

independent parameter of ICG fluorescence.  

 

2.7.2 Normalization Method  

The evaluation of the normalization method was implemented by measuring the reflection of 

the laser from different materials such as a reference tile WS-2 polytetrafluoreten (PTFE), 

intralipid, and human skin. Also, the evaluation of the reflection stability and repeatability was 

included. These measurements were taken at 100 ms, 200 ms, and 500 ms as integration times 

during one minute. The evaluation was performed using a CW laser power of 11.28 mW. 

In order to evaluate the repeatability of measurements, fifteen measurements were taken at 

different integration times including 10 ms, 50 ms, 100 ms, 200 ms, 300 ms, 400 ms, and 

500 ms. After measuring, the mean (m) value and the standard deviation (s.d.) were taken and 

plotted from each integration time for evaluation.  

 

2.7.3 Photobleaching Measurements 

Photobleaching measurements were performed on the gel phantoms to evaluate the long time 

measurements with the system and software. For the 2 µg/mL and 10 µg/mL concentrations, 

the measurements were for fifteen minutes, thirty minutes for the 20 µg/mL and 25 µg/mL 

concentrations, and sixty minutes for the 40 µg/mL concentration. The phantoms were excited 

with the laser, having 10.4 mW as output power in CW mode. These measurements were made 

using 200 ms as integration time. 

 

2.8 Data Analysis 

For the repeatability and integration time evaluation, the mean and the standard deviation 

values of the peaks were taken and plotted with their respective integration times to evaluate 

the similarity in the spectral values after several repetitions. The distribution of the data was 
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assessed based on a quick estimate from the mean and the standard deviation, based on the fact 

that if the standard deviation ≥ 0.5 mean, then the mean and standard deviation, as well as the 

parametric tests will be applicable. Additionally, the goodness of fit for linear regression (R²) 

was calculated in the repeatability test to see if the data could be modelled with a linear curve. 

The goodness of fit for non-linear regression was also calculated including the exponential, 

logarithmic, polynomial, and power curves.  

Once the measurements were taken and saved in TDMS, they were read in MATLAB R2015a 

for data analysis. A code was written so it could extract the peak value of each scan and save 

it in an array, calculating its mean value and standard deviation for further analysis in a shorter 

time. For the photobleaching, another code was written to detect both the maximum 

fluorescence peak and the reflection peak. 

  



32 

 

3 Results 

 

3.1 Spectrometer Calibration 

3.1.1 Wavelength Calibration 

A wavelength calibration with a visible light spectrometer was made in order to compare the 

wavelengths with a fluorescence bulb spectrum. The calibration was performed using 500 ms 

in the spectrometer for visible light which was previously calibrated, and 1000 ms in the NIR 

spectrometer. Figure 10 illustrates the experimental wavelength calibration. According to the 

excitation values from the figure, it can be seen that they match the fluorescence bulb spectrum 

concluding that the spectrometer is calibrated. Nevertheless, the spectrometer calibration given 

by the manufacturer presented an error of 0.01 nm. 

 

Figure 10: Wavelength calibration. The red plot represents the light measured by the visible 

range spectrometer, the blue plot illustrates the NIR spectrometer, while the green plot shows 

the fluorescence of a bulb spectrum. The integration time was 500 ms for the visible light, 

and 1000 ms for IR light. The bulb spectrum data was taken from 

https://spectralworkbench.org/spectrums/19581 

 

3.2 Measurement Control Evaluation 

3.2.1 Software Performance 

The software was designed in a way that it could perform the main tasks optimizing time and 

resources automatically. Every time that the program was run, it automatically enabled 

communication with the spectrometer. Also, when doing the measurements, the spectrometer 

worked under the parameters introduced by the user. The user was the main leader of the 
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measurements controlling when to start/stop a measurement, or having the choice to select 

whether to record a new file or just measure online, as well as to open previous files.  

The saving function worked as desired, where the data was saved in TDMS format. These files 

were also converted to Excel files, to be easily read in MATLAB. A basic code was written in 

MATLAB to read these files, and it was modified according to the evaluation or measurement.  

 

3.2.2 Steady State ICG Fluorescence 

Steady state ICG fluorescence measurements were made to compare the different gel phantom 

concentrations. These are shown in Figure 11 where the first peak represents the reflectance, 

while the wider peak illustrates the ICG fluorescence. It can also be appreciated in the figure 

that the higher the phantom concentration, the peak reaches its maximum fluorescence at a 

longer wavelength. Also, the 10 µg/mL phantom concentration has the highest fluorescence 

intensity. The measurements shown in Figure 11 were done on the gel phantoms; however, the 

minimum concentration that the system can detect is 0.05 µg/mL. This phantom was made in 

liquid form, so it could last for a longer time.  

 

Figure 11: Steady state ICG gel phantoms fluorescence 

 

3.2.3 Laser Reflection Signal 

Given that the reference tile is used as a reflection reference material, the reflection from the 

reference tile reaches around 98% of the incident light at the maximum peak (26). Figure 12 

shows its reflection spectrum, where 782.8 nm is its maximum peak. The power of the laser 

could be set by changing the input voltage. The power used for the evaluation was of 11.3 mW 

because higher power gave rise to a saturated signal.  
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Figure 12: Reflection peak of the laser from the reference tile with integration time of 100 ms 

 

3.2.4 Evaluation of the Normalization Method 

For the evaluation of the laser reflection of the materials, different values such as the peaks and 

the average of the ±1 nm (2 nm) of the maximum wavelength were plotted. According to the 

integration times, these values were plotted against time which was one minute in total, to see 

their individual performance. Figures 13-15 show the evaluation of the materials. It can be seen 

from the figures that the intensities have a similar behavior between both the peak values and 

the average of the ±1 nm (2 nm) of the maximum wavelength, but the peak values presented 

higher intensity. 
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Figure 13: Evaluation of the (a) skin, (b) intralipid, and (c) WS-2 PTFE with integration time 

of 500 ms 

 

Figure 14: Evaluation of the (a) skin, (b) intralipid, and (c) WS-2 PTFE with integration time 

of 200 ms 
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Figure 15: Evaluation of the (a) skin, (b) intralipid, and (c) WS-2 PTFE with integration time 

of 100 ms 

From the above figures, it can be concluded that shorter integration times make the signal less 

saturated, giving more stable plots as the intensity did not vary significantly. However in some 

of the figures (13(a – c), 14(b), 14(c), and 15(c)), there were jumps in the reflection intensities. 

These are represented by a wavelength shift. Appendix A contains further illustrations of these 

wavelength shifts in Figures 25 - 27.  

The m ± s.d. of the reflection materials is calculated in Table 5. The standard deviation was 

lower for the averaged values compared to the peak values. Also, the standard deviation 

increases with longer integration times. Figure 16 represents the mean and standard deviation 

values of the WS-2 PTFE material, the intralipid, and the skin respectively at the different 

integration times. The peak values were used for analyzing the reflection signals in this thesis 

work, and an integration time of 200 ms was selected for the steady state and dynamic 

measurements.  

 

 

 



37 

 

Table 5: Mean and Standard Deviation (m ± s.d.) of the reflection materials 

 100 ms 200 ms 500 ms 

 Peak Avg 2nm Peak Avg 2nm Peak Avg 2nm 

Skin 384±15 176±6 781±20 362±9 1949±188 896±78 

Intralipid 618±21 294±17 1197±46 543±17 3255±281 1558±163 

WS-2 2209±282 1038±123 4941±677 2325±307 11570±1092 5388±587 

 

 

 

Figure 16: Mean and standard deviation of the laser reflection from a) WS-2 PTFE 

b) intralipid and c) skin, where the blue markers (circles) represent the peak, and the red 

(diamonds) the average of spectra in 2 nm 

 

3.2.5 Normalization 

The mean and standard deviation of both the ICG and the reflection can be seen in Table 6. 

From the table, it can be seen that the standard deviation in ICG is less at the shortest integration 

time. Also, the reflection presents the similar behavior where the standard deviation is less at 

the shortest integration time, and the highest is at the longest integration time. During the 
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measurements, it was considered that the spectrometer gets saturated when using an integration 

time of 500 ms. 

 

Table 6: Mean and Standard Deviation of the ICG and the Reflection 

Mean\Integration 

Time 

10ms 50ms 100ms 200ms 300ms 400ms 500ms 

ICG 423±4 2073±9 4214±24 8434±21 12325±29 15225±36 16130±2 

Reflection 217±10 1081±14 2615±104 4816±26 7904±426 9223±303 11397±937 

 

According to the repeatability evaluation in Figure 17, the values provided for the intensity 

spectrum at each integration time were similar after several repetitions. Therefore, the intensity 

matched the repeatability of signal measurements. Figure 17 shows the mean values of both 

the ICG and the reflection at each integration time in blue and red respectively. This plot also 

contains boxplots that represent the standard deviation of both the ICG and the reflection at 

each integration time. In the ICG curve, the standard deviation is close to the mean values, 

while in the reflection curve the standard deviation is easily appreciated at 300 ms, 400 ms, 

and 500 ms as integration times. However, given that the standard deviation is less than half 

the value of the mean, then the data is normally distributed. From the figure, it can be seen that 

the higher the integration time, the higher is the intensity.  

The lines in Figure 17 represent the high goodness of fit for linear regression, R² (ICG) = 0.97 

and R² (Reflection) = 0.99 respectively, indicating that the data can be modelled with a linear 

curve given that the values are close to 1. However, linear regression presented the best 

regression (R²) as seen in Table 7. 

 

Table 7: Goodness of fit of reflection based on linear regression  

Goodness of Fit 

 ICG Reflection 

Linear 0.97 0.99 

Exponential 0.75 0.76 

Logarithmic 0.85 0.82 

Power 0.99 0.99 

Polynomial 0.99 0.99 
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Figure 17: Evaluation of the ICG measurement in blue, and its reflection in red at the 

different integration times. Notice that each mean value also contains its standard deviation. 

 

3.2.6 Photobleaching in Liquid Phantoms 

Photobleaching measurements were performed using the 1 µg/mL ICG liquid phantom during 

five minutes. The phantom was excited with the laser, having 21.1 mW as output power in CW 

mode. Figure 18 shows the photobleaching measurement, where intensity decay is observed 

with time. It can be seen from the figure that there is a significant drop of the initial fluorescence 

intensity during the first minute. Subsequently, the intensity decrease remains stable. 

 

Figure 18: Photobleaching in 1 µg/mL ICG liquid phantom with 1 mW CW mode laser for 

five minutes 
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3.2.7 Photobleaching in Gel Phantoms 

Figures 19 and 20 show the photobleaching measurements where an intensity decay is observed 

with time in all of them. It can be said that photobleaching depends on the ICG concentration. 

However, there is a difference between the 10 µg/mL and 20 µg/mL phantom concentrations 

where the fluorescence in the 10 µg/mL phantom decreases after it is excited (decremental 

photobleaching), while the fluorescence in the 20 mg/ml phantom first increases after 

excitation, and photobleaches after three minutes (incremental photobleaching). A similar 

behavior is observed in the 40 µg/mL phantom concentration. In general, the fluorescence of 

the concentrations higher than 20 µg/mL increased with time due to self-quenching of the ICG 

molecules. The concentration of 10 µg/mL reached 50% of its initial fluorescence after nine 

minutes. Comparing to the 2 µg/mL, the optimal concentration presented a slower decay. It can 

be said that as the concentration increased, the signal also increased reaching a maximum 

followed by quenching. Thus, the signal depends on the concentration of the fluorophore, its 

optical properties, and the energy of the excitation source (20).  

The reflection in the 25 µg/ml ICG concentration presents a jump due to a wavelength shift, 

and this is better illustrated in Figure 28 in Appendix A.  

 

Figure 19: Decremental photobleaching in 2 µg/mL and 10 µg/mL ICG gel phantom with 

10.4 mW CW mode laser 
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Figure 20: Incremental Photobleaching in 20 µg/mL, 25 µg/mL, and 40 µg/mL ICG gel 

phantom with 10.4 mW CW mode laser 

 

3.2.7.1 Photobleaching Evaluation 

The initial and maximum intensities in both the ICG fluorescence and the reflection at the 

different concentrations were evaluated to study their behavior as a result of the 

photobleaching. Also, to investigate the optimal concentration defined as the one that presents 

the highest intensity with the slower decay. The reflection was taken as the intensity at 784 nm 

and the ICG fluorescence at 820 nm. These values are expressed in Table 8, where it can be 

seen that the initial and maximum intensities of ICG fluorescence of the 2 µg/mL and 10 µg/mL 

gel phantoms were close, while for the rest of the concentrations, the values were significantly 

different. The fluorescence values in Table 8 are presented along with their respective 

wavelengths both from the initial and maximum peaks. This relation is also illustrated in Figure 

21. Additionally, the ratio between the ICG/Reflection is calculated in Table 9 and illustrated 

in Figure 22.  

 

Table 8: Initial and maximum intensities of ICG Fluorescence and Reflection 

Concentration  ICG Reflection 

Initial Wavelength Maximum Wavelength Initial Maximum 

2 15300 826 15300 826 1366 1855 

10 15840 836 15840 836 654 1513 

20 10000 842 12533 838 500 1800 

25 8666 840 12461 836 586 2725 

40 3950 846 6300 836 400 1800 

60 2147 - 2290 - 443 1127 
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Table 9: ICG/Reflection of initial and maximum intensities 

Concentration ICG/Reflection 

Initial Maximum 

2 11.20 8.25 

10 24.22 10.47 

20 20 6.96 

25 14.79 4.57 

40 9.88 3.5 

60 4.85 2.03 

 

 

Figure 21: Comparison between the initial and maximum intensities in ICG fluorescence and 

reflectance 

 

Figure 22: ICG/Reflectance ratio 
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According to the comparison in the initial and maximum fluorescence intensities in Figure 21, 

it can be seen that in the phantom concentrations of 2 µg/mL and 10 µg/mL the initial and 

maximum fluorescence values were the same, while for concentrations of 20 µg/mL and 

higher, the fluorescence did not reach a maximum at the beginning. This can be explained by 

the self-quenching that the ICG molecules present. Also, the reflectance peaks reached their 

maximum during the measurement. Figure 21 shows that the 10 µg/mL gel phantom is close 

to the optimal concentration of ICG for giving the highest fluorescence. The relation between 

the ICG/Reflection of the gel phantoms is illustrated in Figure 22, where the maximum values 

present a more stable behavior compared to the initial values.  

 

3.2.8 Wavelength Shift 

In order to study the relationship between the intensity and the wavelength, the wavelength 

values at the initial point and at the maximum point were plotted. The values of the wavelength 

at the different points are shown in Table 8. Also, Figure 23 illustrates the maximum intensity 

values of ICG fluorescence from the gel phantoms with different ICG concentrations. The 

comparison between the initial and maximum wavelength values of the gel phantoms with 

different ICG concentrations can be seen in Figure 24. Finally, Table 10 displays the initial and 

maximum wavelengths at intensities of 6000 and 10000 a.u. of the decrementing slope.  

At the intensity of 6,000 a.u. wavelength variation is investigated. There is a right-shift on the 

wavelength from concentrations of 2 µg/mL to that of 10 µg/mL, followed by a left-shift on 

the 20 µg/mL concentration. Concentrations of 20 µg/mL and 25 µg/mL had the same 

wavelength, but presented a left-shift on the 40 µg/mL concentration. On the other hand, the 

wavelength values at the intensity of 10,000 were the same except for the 10 µg/mL 

concentration. In both cases, the above concentration is the highest and a reason could be due 

to the fact that it is close to the optimal concentration. 

 

Figure 23: Maximum intensity values of ICG fluorescence 
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Figure 24: Initial and maximum wavelengths for the different gel phantom concentrations 

 

Table 10: Wavelengths at intensities of 6000 and 10000 [a.u.] in the initial spectrum and the 

spectrum with maximum ICG fluorescence. Values taken on the decreasing slope 

 Initial Values  Maximum Values 

Concentration 

[µg/mL] 

Wavelength [nm] Wavelength [nm] 

6000 [a.u.] 10000 [a.u.] 6000 [a.u.] 10000 [a.u.] 

2 862 851 862 851 

10 871 860 871 860 

20 863 842 864 851 

25 863 845 864 851 

40 - - 839 - 
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4 Discussion 

 

4.1 Software 

Given that LabVIEW is a visual programming language, it facilitated the control and 

programming. There was the possibility to use MATLAB, but in this case it was just used for 

signal processing. If using MATLAB, the saving function would be just in binary form, and 

the conversion from TDMS to Excel file would be avoided. Though, if using the common 

binary form, the data would not be structured compared to the TDMS format.  

The overall performance of the software was acceptable. The basic program contained several 

functions that were not used in the project. Some of them could be removed with no problem, 

while others caused internal errors making the spectrometer to not acquire data at all. These 

functions were hidden on the front panel in order to have a more concise user interface. The 

laser control was integrated into the program and was synchronized with the spectrometer’s 

start and stop.  

 

4.2 Photobleaching Measurements 

The optical properties for the phantoms were investigated considering the excitation 

wavelength. However, the absorption coefficient was very low compared to the scattering 

coefficient that it was not considered for making the phantoms.  

Measurements using the liquid phantoms showed unstable results in terms that the intensity 

continuously increased and decreased as seen in Figure 18. However, measurements using the 

gel phantoms showed stable results in both reflectance and photobleaching. The gel phantoms 

however have shorter lifetime as they get mold and degrade after several weeks. On the 

contrary, liquid phantoms last longer, around a year or more (27). Both the liquid and gel 

phantoms were covered by aluminum foil and stored in the fridge before and after the 

measurements. 

Photobleaching measurements using the spectrometer and the laser on the different gel 

phantoms showed the maximum emission for the 10 µg/mL concentration. However, 

incremental photobleaching was observed in concentrations of 20µg/mL and higher. Therefore, 

it can be said that the optimal concentration lies between the 10 µg/mL and 20 µg/mL ICG 

concentrations. Previous measurements have found the optimal concentration to be between 

16 µg/mL and 32 µg/mL (5). It could be said that the highest fluorescence would be between 

the 16 and 20 µg/mL phantom concentration. For the measurements with concentrations of 

2 µg/mL and 10 µg/mL, the emission peaks started at their maximum, and their fluorescence 

intensities presented decremental photobleaching with time. On the other hand, for 

concentrations of 20 µg/mL and higher, the intensities reached a maximum emission peak 

(incremental photobleaching) after some time of being exposed to light, followed by a 

decremental photobleaching. This is suspected to be due to degradation of ICG molecules after 

fluorescing and thus reduction of self-quenching (28). It is therefore concluded that emission 
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peaks of ICG change as a function of the concentration (29), and this is the main reason of why 

the intensities are different.  

In terms of the reflection, Figure 12 showed that the laser caused a reflection peak at 782.8 nm. 

However, calibrations were made using an intralipid phantom with no ICG, a reference tile, 

and the skin. The reflection was present at the same wavelength with intensity variations 

according to the concentration. 

The main goal to normalize the data is to reduce data unambiguity. Thus, it was needed to 

normalize every measurement that was performed. This was probed when doing the 

normalization evaluation in Figure 17 where the intensities were related after repeating the 

same measurement. Also, the data presented a coefficient of determination of almost 100%, 

meaning that the data fit almost reached its maximum. The peak values were used for the 

photobleaching analysis, however, the averaged values are also suitable for normalization.  

 

4.3  Quantification of ICG 

Quantification of ICG was performed by different methods such as the normalization by 

reflectance, wavelength shift, and ICG by itself. These methods were controlled when doing 

the measurements to reach stability, for example, the optical probe was placed in a holder to 

maintain the same distance and angle, and also the lights were turned off to prevent the 

phantoms from photobleaching. However, during surgery the measurement will be less 

controllable.  

Comparing both the normalization by reflectance and the wavelength shift, the first method 

gives better results. One of the reasons is that the fluorescence and the reflectance are linearly 

related. In both cases, the concentration of ICG affects the signals. Considering a given 

intensity, the wavelength in every concentration should be the same. However, the wavelengths 

presented variations, where the optimal concentration was the one with the highest wavelength.  

 

4.4 Wavelength Shift 

Comparing both Figure 11 and Figure 23, it can be seen that phantom concentrations higher 

than 20 µg/mL reached a maximum emission point after some time of being exposed to light. 

This can be explained by the self-quenching of molecules. It can also be noted that the 

fluorescence maximum peaks shifted wavelength at different concentrations. For example, 

Figure 24 shows that increasing the concentration from 2 µg/mL to 10 µg/mL, resulted in a 

right-shift on the wavelength of the peak fluorescence intensity. The aforementioned can be 

explained by the formation of ICG molecular clusters at high concentrations that can absorb 

and emit at longer wavelengths compared to an individual molecule of ICG (27). This effect 

might be due to the aggregation of ICG and the interaction in between the molecules (29).  

Wavelengths at intensities of 6,000 and 10,000 a.u. in the maximum values were taken to study 

the wavelength shift as seen in Table 10. A behavior was found from the figure where the 

reference point is the optimal concentration. Before the reference, it can be seen that the higher 
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the intensity, the higher the wavelength. On the contrary, after the reference, the higher the 

intensity, the lower the wavelength.  

 

4.5 Future Improvements 

The main tasks for the future include the optimization of the laser control using the LabVIEW 

program. For example, make the laser control automatic when the “Start Measurement” button 

is pressed, and include the laser power level control. Additionally, the laser pulsation could be 

implemented in the block diagram of the digital I/O function by creating some loops. Another 

action that could be made is to further optimize the execution speed of the program and adding 

online analysis of the signal to the program. Additional work could include measurements on 

tissues. 
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5 Conclusion  

This work presented hardware control and evaluation of a system that detected ICG emission 

in the NIR region using an optical fiber spectroscopy system. Additional features were added 

to a basic program provided together with the spectrometer including synchronized laser 

control, the saving and reading of data files. Measurements were performed in order to evaluate 

the system and program performance including stability and repeatability. The system turned 

out to be stable, and it was able to control turning on/off the laser.  

Optical phantoms mimicking tissue were prepared in both liquid and gel forms. These were 

made using intralipid to model scattering properties of tissue at the laser excitation wavelength, 

and adding different ICG concentrations. ICG fluorescence measurements were made to 

evaluate the system’s features and the software. The integration time and the output power 

were chosen optimally to obtain a reasonably strong signal. At these settings, the lowest 

detectable ICG concentration was determined.  

Photobleaching measurements were made using the gel phantoms. Incremental photobleaching 

was observed in phantoms with high ICG concentration due to self-quenching of ICG above a 

certain concentration. Behavior of the wavelength shift of the maximum signal intensity was 

investigated. Finally, improvements and future work were discussed. 
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7 Appendices 

 

Appendix A: Reflection Signals 

When the reflection signal was plotted, a jump in the signal intensity often appeared in the 

graphs as shown in Figures 13 - 15. The incremental photobleaching with ICG concentration 

of 25 µg/mL also presented a jump in its intensity as shown in Figure 20. This was due to a 

change in the wavelength of the maximum reflection, and as well slight changes in the intensity 

of the reflection as shown in Figures 25 - 28.  

 

 

Figure 25: Changes presented in the reflection measurements on the skin, intralipid, and WS-

2 PTFE with integration time of 500 ms 
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Figure 26: Changes presented in the reflection measurements on the intralipid and WS-2 

PTFE with integration time of 200 ms 

 

Figure 27: Changes presented in the reflection measurements on the WS-2 PTFE with 

integration time of 100 ms 

 

Figure 28: Changes presented in the photobleaching measurement in the 25 µg/mL ICG gel 

phantom  
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Appendix B: User Manual for the LabVIEW Interface 

B.1 Set Up 

1. Plug in the spectrometer USB connector into your computer. The power LED located 

at the front view of the spectrometer will turn on green.  

2. Open the file “Spectrometer” in LabVIEW and run the program. A window will appear 

displaying “Spectrometer Communication in Process…” this indicates that 

communication with the spectrometer is enabled.  

B.2 Record/Measure 

1. Once having established communication with the spectrometer, select whether you 

want to record a file or measure online. This can be done with the switch on the upper 

right side of the Record/Measure tab. 

2. Introduce the data settings for the measurements, for example, the integration time, and 

the number of averages on the upper left side of the tab. Also, on the upper right side 

introduce the number of scans you want to measure.  

3. If Recording: Write the name of the file on the Filename space on the lower right side 

of the tab, along with the additional comments to be saved in the lower blank space.  

4. Click the “Start Measurement” button to start measuring. On the upper middle part of 

the front panel you can see the number of scans along with the elapsed time of the 

measurement. 

B.3 Laser On/Off 

1. A new window will appear when starting a measurement. Turn on the switch to trigger 

100 % of duty cycle. The laser will be turned on. 

2. Press the “Exit” button to close de window. 

3. Perform the measurements. 

B.4 Stop the Measurement 

1. Press the “Stop Measurement” button and turn off the switch. 

B.5 Open Saved Files 

1. Select the “Open” option on the upper left side of the tab. 

2. Turn on the switch to open the file path of the saved files.  

3. Select the file you want to analyze. 

4. The selected file will be displayed on the graph. 

B.6 Stop the Program 

1. Press the “Exit” button to stop running the program 

 


