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Abstract

Recent advancements in wearable technology have led to a significant improvement
in personalized health monitoring. Researchers in biosensing are developing innova-
tive devices and techniques for analyzing biomolecules, such as lactate, glucose, uric
acid, DNA, and antibodies, to diagnose and monitor diseases and biological pro-
cesses. A promising area of research is Raman scattering-based optical biosensing, a
non-destructive, label-free analytical technique that identifies chemical compounds
enabled by the inelastic scattering of light. This method has been widely utilized in
several fields, such as biology, chemistry, and medicine. Indeed, the potential of Ra-
man spectroscopy in detecting chemical compounds and properties of biomolecules
is driving the development of new biosensor platforms based on the Raman effect.
Translating bulky bench-sized or handheld Raman spectroscopy instruments to
Wearable systems is crucial for the usability of optical Raman biosensing. They
allow for continuous monitoring of biomolecules in real-time, providing more ac-
curate information about a person’s health status and eliminating the need for
frequent sample collection and analysis. These systems can improve the efficiency
and cost-effectiveness of healthcare delivery and patient outcomes, especially for
those with chronic conditions or those in remote or resource-limited settings.
This research was conducted at the Bio/CMOS Interfaces Laboratory (BCI) at
EPFL Neuchâtel, Switzerland. The aim of the thesis was to address the current
limitations in the field of wearable technology by developing a wearable proof-
of-concept Raman scattering-based biosensing system. The research resulted in
the development of an 8.8 x 9.5 x 6.7 cm3 prototype using innovative 3D printing
techniques, which allowed for a modular design that facilitated the easy placement
of components and flexible mountings for optics. In addition, we also developed a
laser driver and optimized the temperature control system for the laser source using
the well-established Nichols-Zeigler method. This ensures the device’s operation
with optimal efficiency and accuracy. The completed wearable platform and its
results are presented, showcasing the device’s suitability for biosensing. The thesis
also provides a comprehensive comparison of the benefits and drawbacks of the
wearable Raman spectroscopy configuration compared to other optical wearables.
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Sommario

Gli ultimi progressi nella tecnologia indossabile hanno notevolmente migliorato il
monitoraggio personalizzato della salute. I ricercatori nel campo del biosensing
stanno sviluppando dispositivi e tecniche innovative per analizzare biomolecole come
lattato, glucosio, acido urico, DNA e anticorpi, al fine di diagnosticare e monitorare
le malattie e i processi biologici. Un’area di ricerca promettente è il biosensing
ottico basato sulla diffusione Raman, una tecnica analitica non distruttiva e senza
etichetta che identifica i composti chimici attraverso la diffusione anelastica della
luce. Questo metodo è stato ampiamente utilizzato in diverse discipline, come
la biologia, la chimica e la medicina. Il potenziale della spettroscopia Raman
nel rilevare i composti chimici e le proprietà delle biomolecole sta portando allo
sviluppo di nuove piattaforme di biosensori basati sull’effetto Raman.
Il passaggio da ingombranti strumenti di spettroscopia Raman da banco o portatili
in sistemi indossabili è fondamentale per l’usabilità della biosensibilità ottica Ra-
man. Essi consentono il monitoraggio continuo delle biomolecole in tempo reale,
fornendo informazioni più precise sullo stato di salute di una persona ed eliminando
la necessità di raccogliere e analizzare frequentemente i campioni. Questi sistemi
possono migliorare l’efficienza e l’economicità dell’erogazione dell’assistenza sani-
taria e i risultati dei pazienti, soprattutto per coloro con condizioni croniche o che
si trovano in contesti remoti o con risorse limitate.
Questa ricerca è stata condotta presso il Bio/CMOS Interfaces Laboratory (BCI)
dell’EPFL a Neuchâtel, Svizzera. L’obiettivo della tesi era quello di affrontare le
attuali limitazioni nel campo della tecnologia indossabile, sviluppando un sistema
di biosensing indossabile basato sulla diffusione Raman. La ricerca ha portato allo
sviluppo di un prototipo di 8.8 x 9.5 x 6.7 cm3 utilizzando tecniche innovative di
stampa 3D, che hanno permesso un design modulare che ha facilitato il posiziona-
mento dei componenti e il montaggio flessibile delle ottiche.
Inoltre, abbiamo anche sviluppato un driver laser e ottimizzato il sistema di con-
trollo della temperatura per la sorgente laser, utilizzando il consolidato metodo
Nichols-Zeigler. Questo garantisce il funzionamento del dispositivo con efficienza e
precisione ottimali. La piattaforma indossabile completata e i suoi risultati sono
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presentati, mostrando l’idoneità del dispositivo per il biosensing. La tesi fornisce
anche un confronto completo dei vantaggi e degli svantaggi della configurazione
della spettroscopia Raman indossabile rispetto ad altri dispositivi ottici indossabili.
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Introduction

Recent innovations in wearable technology have led to an incredible breakthrough in
personalized health monitoring. In the field of biosensing, researchers are working
to develop devices and techniques for detecting and analyzing biomolecules, such
as lactate, urea, glucose, creatinine, uric acid, pesticides, hydrogen peroxide, DNA
and antibodies to diagnose and monitor diseases, as well as various other biological
processes [1, 2, 3]. One promising area is optical biosensing and, in particular,
Raman scattering-based optical biosensing, which is a non-destructive analytical
technique that uses the inelastic scattering of light to identify chemical compounds.
The potential of Raman spectroscopy methods in detecting chemical compounds,
as well as structural and functional properties of biomolecules, is driving the rising
interest in the development of novel platforms for the use of Raman spectroscopy
techniques in biosensor technologies [4]. Raman spectroscopy has been widely used
in various fields such as chemistry for ultrasensitive chemical analysis [5], biology
to identify different species and interpret physiological and metabolic responses to
environmental stressors [6], and medicine for detecting pre-malignant lesions [7].

A wearable Raman system is crucial for biosensing applications because it allows for
continuous monitoring of biomolecules in real-time, providing more accurate and
detailed information about a person’s health status [8, 9]. Furthermore, it eliminates
the need for frequent sample collection and analysis, which can be invasive, time-
consuming, and costly [10]. Wearable Raman systems can be especially useful in
monitoring patients with chronic conditions, such as diabetes [11], who require
frequent monitoring but may not need to be hospitalized [12]. These systems can
also be useful in monitoring patients who have been discharged from the hospital
but still need to be closely monitored to ensure that their condition does not
worsen [13]. Additionally, wearable Raman systems can be useful in remote or
resource-limited settings where traditional diagnostic equipment is not available. As
the total healthcare load rises and hospital bed deficits cause hastened discharges,
there is growing interest in the use of remote monitoring in the outpatient context
[12]. Overall, wearable Raman systems have the potential to improve the efficiency
and cost-effectiveness of healthcare delivery while also improving patient outcomes.
Although there has been a growing interest in wearable technology, for instance, for
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non-invasive glucose monitoring or sweat analysis [14], it is currently rare (if not
impossible) to find a Raman scattering-based biosensing unit that is fully integrated
into a wearable device. Most of the proposed sensors in this field have only a
small part that is attached directly to the skin, such as the sensor itself, while the
rest of the device, including the Raman spectrometer, laser, and beam shaping
optics, is not worn by the patient and is connected via optical fiber or directly
laser light is perturbated to skin focused with objective using a handheld device
[15]. This raises the question of whether it is accurate to refer to these devices
as truly "wearable". Indeed, wearable technologies are referred to self-contained
electronic devices designed to be worn on the body. They are characterized by
having all their components, such as sensors, processors, and displays, integrated
into a compact, wearable case, enabling convenient and comfortable use for the
user in their daily activities.
Therefore, the goal of this thesis is to address this gap in the current field of
wearables and to introduce a noval optical biosensors platform by developing,
and characterizing a wearable Raman scattering-based biosensing system that
can be worn for biosensing applications, specifically in in situ analysis such as
sweat biomarker monitoring or transdermal in vivo analysis such as blood glucose
monitoring. The proposed device will be a major step forward in the field of
wearable optics and non-invasive bio-sensing, as it aims to ensure the device is truly
wearable and convenient for the user. Additionally, this research aims to evaluate
the benefits and drawbacks of a wearable Raman spectroscopy configuration in
comparison to traditional biochemical sensors and other wearable devices, such as
infrared and near-infrared spectroscopy or optical coherence tomography. The data
obtained from the tests were analyzed to determine the feasibility of using this
device in a real-world setting and to identify potential areas for improvement. To
achieve this goal, in this work we have used different 3D printing techniques for the
realization of the prototype of this device, we managed to create a list of all the
components that were needed, and we have also worked on the optimization of the
temperature control system for cooling down the laser source. To be more specific,
in chapter 1 you will find extensive literature research on the subject using different
keywords and analyzing the characteristics of each type of wearable/portable
biosensing optical system. In chapter 2, we optimize the temperature control
system for this specific application, including a description of the cooling system
used for the laser and results from testing with different power lasers. Chapter
3 explores various 3D printing techniques that were utilized in the production
of optomechanical parts, with detailed descriptions provided. The results of the
completed wearable Raman platform are presented in chapter 4. Finally, chapter
5 offers final thoughts and future perspectives on the topic. We anticipate by
developing a truly wearable Raman system, we can provide valuable insights into
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the health and well-being of the user, and potentially revolutionize the field of
biosensing.
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Chapter 1

Wearable Raman System

1.1 Raman spectroscopy: principles and physics
Raman spectroscopy is a method that exploits the inelastic scattering of light by
a compound to offer comprehensive information about its chemical structure and
bonding [8]. When a molecule is hit by light of a given frequency, a tiny fraction of
the light is scattered at a different frequency owing to the activation of vibrational,
rotational, or other low-frequency modes of the molecule [16]. This difference in
frequency is known as the Raman shift, which is directly connected to the energy
of the excited mode. The following equation can describe the Raman effect:

I(ωs) = I0(ωs) + B|E(ωs)|4 ∗ S(ωs, ωi) (1.1)

Where I(ωs) is the intensity of the scattered light at frequency ωs, I0(ωs) is the
background intensity, B is the Raman scattering coefficient, E(ωs) is the electric
field of the scattered light, and S(ωs,ωi) is the Raman scattering cross-section.
The Raman shift, that is the difference in frequency between the incident and
scattered light, is directly related to the energy of the excited mode and can
provide information about the vibrational modes of the molecule [16]. The Raman
cross-section is a measure of the ability of a molecule to scatter incident radiation
and produce a Raman effect. It represents the probability that a photon interacts
with a molecule and causes a Raman scattering event. The Raman cross section is
related to the polarizability of a molecule, which describes how easily a molecule’s
electron cloud can be distorted by an electric field [17]. The Raman scattering
coefficient represents the number of Raman scattering events per unit volume of
sample per unit time per unit solid angle per unit incident power [17].
The Raman effect is a second-order nonlinear optical process that occurs when light
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interacts with a material in such a way that the material’s nonlinear susceptibility
is proportionate to the square of the light’s intensity [18]. A second-order nonlinear
optical process is a phenomenon in which two photons interact with a material in
a way that results in the generation of a new photon with twice the energy (and
half the wavelength) of the incident photons [19]. This process is governed by the
second-order nonlinear susceptibility of the material, which describes the material’s
response to an applied electric field. The Raman effect is a relatively weak process,
which is typically on the order of 1 in 106 of the incident light [20]. This means that
Raman spectroscopy is a challenging technique, as it requires the use of intense and
stable light sources, which in the past made the technique difficult and expensive
to use. Furthermore, Raman spectroscopy has been historically less popular than
other techniques like absorption spectroscopy which are faster and less expensive
[21]. Raman spectroscopy and its associated methods are now being widely used in
various fields of research and are becoming common techniques in both academic
and industrial research labs [22]. An example is On-chip Raman which refers to
the integration of Raman spectroscopy onto a microchip or integrated circuit (IC).
This technology allows for the miniaturization of Raman spectrometers, making
them more portable, efficient, and cost-effective. On-chip Raman systems typically
use waveguides or resonators to confine the excitation laser light and collect Raman
scattered light and can be integrated with other components, such as microfluidics,
to enable real-time and on-site analysis of samples [23].
A variety of techniques can be employed to analyze Raman spectra, such as peak
fitting, principal component analysis (PCA), linear discriminant analysis (LDA)
and univariate data processing [24]. These methods help in extracting in-depth
information about the vibrational modes of a molecule and identifying unknown
compounds. Univariate data processing specifically, involves analyzing individual
variables or features in a data set without considering the relationships between
them [24]. In Raman spectroscopy, this technique is commonly used to process
raw spectra by removing noise, correcting the baseline and smoothing the data,
making the spectral features more visible. This step is crucial in obtaining a clear
and accurate representation of the Raman spectrum, which is necessary for proper
analysis.
In summary, Raman spectroscopy is a strong analytical method that is based
on the inelastic scattering of light by a molecule. The Raman effect is a second-
order nonlinear optical process that can provide detailed information about the
chemical structure and bonding of a molecule, and it is typically used with a laser
as the excitation source and analyzed using various techniques such as peak fitting,
principal component analysis and linear discriminant analysis.
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1.1.1 Quantum theory
The approach to Raman scattering based on quantum theory acknowledges that
the energy of vibrations in a molecule is quantized [25]. Normal vibrations in a
non-linear molecule are 3N-6, whereas normal vibrations in a linear molecule are
3N-5, where N indicates the number of atoms in the molecule [26].
Any of these vibrations’ energy is quantified using the following relationship:

Eν = hν(ν + 1/2) (1.2)

where ν is the frequency of the vibration and ν is the vibrational quantum number,
which controls the energy of that particular vibration and has values of 0, 1, 2, 3,
and so on [25].
Quantization is introduced into the Raman scattering theory using perturbation
theory. Simple words, this method entails perturbing the ground state molecule
wavefunctions until new wavefunctions that characterize the vibrationally excited
state are achieved. The transition from the ground state is then accomplished
by a perturbing wave function, that is the sum of the perturbations applied [27].
This perturbing wavefunction will have associated energy and serves as a valuable
graphical representation of Raman scattering, with vibrational transitions occuring
through this virtual energy level [27].

Figure 1.1: Idealised model of Rayleigh scattering and Stokes and anti-Stokes
Raman scattering. EAS, energy of anti-Stokes photon; ER, energy of Rayleigh
scattered photon; ES, energy of Stokes photon; Evib, energy of molecular vibrational
transition, after ref. [28]
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Rayleigh scattering is triggered by transitions that begin and end at the same
vibrational energy level. Stokes Raman scattering occurs as a result of transitions
from the ground state vibrational energy level to a higher vibrational energy level,
while anti-Stokes Raman scattering occurs as a result of a shift from a higher to a
lower vibrational energy level [29]. Because most molecule vibrations are in the
ground state (ν = 0) at typical ambient temperature, anti-Stokes transitions are
far less inclined to occur than Stokes transitions, leading in more strong Stokes
Raman scattering [29][30]. This increased relative intensity grows as vibrational
energy rises, and the higher vibrational energy levels is less inhabited at any specific
temperature. As a result, the Stokes-Raman scattering is often researched and
suggested in Raman spectroscopy [30].
[31]

1.2 Wearable optical sensing methodology

In addition to Raman spectroscopy, there are other non-invasive wearable optical
sensing techniques that have been developed for monitoring various physiological
parameters. These include functional near-infrared spectroscopy (fNIRS) [32], near
infrared spectroscopy (NIRS) [32], diffuse optical tomography (DOT) [33], and
optical coherence tomography (OCT) [34]. It should be noted that fNIRS and
NIRs have made significant advancements in recent years in terms of developing
wearable platforms for real-time biosensing and monitoring of brain activity [35, 36].
These advancements have opened up new possibilities for research and practical
applications in fields such as neuroscience, psychology, and medicine. Each of these
approaches has advantages and disadvantages but they all have the same goal: to
measure physiological data in real time. While Raman spectroscopy has its own
unique advantages, such as the ability to identify specific chemical compounds and
detect small changes in molecular vibrations, other techniques like fNIRS and DOT
provide deeper insights into changes in neural and hemodynamic activity [37, 38].
On the other hand, OCT offers high-resolution images of tissue microstructure. All
of these techniques have specific applications and can be used in combination to
gain a more comprehensive understanding of physiological processes.

1.2.1 Functional near-infrared spectroscopy (fNIRS)

Wearable functional near-infrared spectroscopy (fNIRS) is a non-invasive optical
sensing procedure that is used to monitor various physiological parameters in
real-time. The method depends on the absorption of near-infrared (NIR) light by
haemoglobin and deoxyhemoglobin, which allows for the assessment of changes in
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oxygenated and deoxygenated blood in the brain.
The physics of fNIRS is based on the principle of near-infrared spectroscopy. NIR
light, which has a wavelength range of 700-1100 nm, is able to penetrate through
the skull and scalp and reach the brain tissue. Haemoglobin and deoxyhemoglobin
have distinct absorption spectra in the NIR range, which allows for measuring
changes in oxygenated and deoxygenated blood in the brain. By measuring the
changes in NIR light absorption, fNIRS can provide information about neural and
hemodynamic activity in the brain.
Wearable fNIRS systems are designed to be worn by the subject and are used to
take measurements in naturalistic environments. These systems typically consist of
multiple optodes placed on the scalp, and a data acquisition unit. The optodes
contain both emitters that emit NIR light, and detectors that measure changes
in light absorption. The data acquisition unit is responsible for collecting and
analyzing data from the optodes.[39] [40]

Figure 1.2: The NIRS-EEG prototype comprises various parts such as fNIRS-EEG
caps (A), a control module (B), optodes for gathering signals from superficial layers
(C), and a specific optode design (D). The spatial sensitivity profile, generated
using AtlasViewer software, is provided for each measurement channel for both
visual (top) and language (bottom) tasks (E). The prototype design includes the
integration of EEG electrodes between NIRS sockets (red arrows) and openings
in the cap (green arrows) to facilitate better removal of dense long hair, reprinted
from [39].

A major key benefits of fNIRS is that it is non-invasive method, which means that it
doesn’t involve any puncturing or breaking of the skin or mucous membranes, and
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does not require any surgical procedures. Additionally, fNIRS allows for real-time
monitoring of neural and hemodynamic activity in the brain, providing insights
into brain function in naturalistic settings. Portable fNIRS systems can be worn
by the subject, making it easy to take measurements in naturalistic environments
and allowing for more flexibility in study design. Furthermore, it is relatively
cost-effective compared to other neuroimaging techniques.
However, fNIRS also has some limitations, such as its limited penetration depth,
sensitivity to motion artifacts, low spatial resolution, and lack of information about
the chemical composition of brain tissue. It also has a relatively low temporal
resolution compared to other neuroimaging techniques, making it difficult to study
fast dynamics in the brain. Despite these limitations, fNIRS is still a powerful tool
for understanding brain function in various populations and different settings.
Compared to Raman spectroscopy, fNIRS provides a deeper understanding of
changes in neural and hemodynamic activity, but it doesn’t allow for the iden-
tification of specific chemical compounds. Additionally, it doesn’t allow for the
detection of small changes in molecular vibrations like Raman spectroscopy does.
Furthermore, fNIRS is typically more sensitive to changes in the concentration of
oxygenated and deoxygenated haemoglobin, while Raman spectroscopy is more
susceptible to changes in the chemical composition of the tissue. In terms of fre-
quency used, fNIRS uses NIR light with a wavelength range of 700-1100 nm, while
Raman spectroscopy uses laser light in the visible, near-infrared, or infrared range.
Additionally, fNIRS uses detectors such as photodiodes, while Raman spectroscopy
uses detectors such as CCD or CMOS cameras. In terms of size, fNIRS systems
are typically designed to be worn by the subject, while Raman systems can vary in
size from portable handheld devices to laboratory-based systems.
In summary, while fNIRS and Raman spectroscopy are both non-invasive ap-
proaches that can be operated to study the brain, they have different strengths
and weaknesses. fNIRS is better suited for monitoring changes in neural and
hemodynamic activity, while Raman spectroscopy is better suited for identifying
specific chemical compounds and small changes in molecular vibrations in the tissue.
Both techniques have their own unique applications and can complement each other
in various fields such as in medical diagnostics, neuroscience and biochemistry.[36]

1.2.2 Near infrared spectroscopy (NIRs)

In recent years, there has been a growing interest in near-infrared (NIR) spec-
troscopy due to advancements in instrumentation and data analysis, as well as the
introduction of optical fibers that allow for the delivery and transfer of NIR energy
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and information [41].
Near-infrared spectroscopy (NIRs) is a non-invasive method that employs the
theories of spectroscopy to detect the absorption of near-infrared light by the body.
The concept behind NIRs is that various molecules absorb different wavelengths of
light, and by detecting the quantity of light absorbed at various wavelengths, it is
possible to calculate the concentration of individual components in a mixture [42].
The Lambert-Beer law, which says that the absorbance of a material is exactly
proportional to the concentration and the path length by which the light travels,
drives NIRs. The Beer-Lambert Law is frequently employed to analyze NIRS data
and calculate the concentrations of various compounds in a sample [42].
A further key fundamental in NIRs is the idea of light scattering. Whenever light is
transmitted through a substrate, it may be dispersed by molecules in the substrate,
which can change the intensity of the light hitting the detector. This scattering
may be categorized as either elastic or inelastic, based on whether the dispersed
light carries the same or different energy as the incoming light, respectively. In
NIRS, inelastic scattering is often induced by vibrations of the chemical bonds in
the molecules in question [43].
To summarize, the NIRS physics fundamentals are founded on the Beer-Lambert
Law, which is applied to understand light absorption by various compounds, and
the idea of light scattering, which may change the light’s intensity arriving at the
sensor. These concepts, when combined, allow for the non-invasive detection of
particular molecule concentrations in a substance using NIRS.
There are several works in the literature highlighting how powerful this methodol-
ogy is in the wearable biosensing field, most of all non-invasive continuous glucose
detection [35][44].
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Figure 1.3: (a) This figure illustrates the process of measuring the reflected light
(I) from an arterial blood vessel, known as photo-plethysmography (PPG) signal.
The measurement is taken at multiple optical wavelengths to obtain the PPG
signal. (b)The figure also shows the decomposition of PPG signal into its different
components for further examination, reprinted from [35].

One of the primary benefits of NIRs systems is that they are non-invasive [44]. They
can detect biological signals without puncturing, making them less uncomfortable
and less dangerous for the consumer. Furthermore, NIRs systems have a high
sensitivity, allowing for the early diagnosis of illnesses or the monitoring of health
issues [45]. Because of their inexpensive cost, NIRs systems are accessible to a
broad variety of consumers [46]. Moreover, NIR systems are portable and may be
worn or carried by the user, making them suitable for daily usage [35].
However, there are several drawbacks to adopting NIRs devices for biosensing. One
restriction is that NIRs devices can only detect signals from the top layers of the
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skin due to their restricted penetration depth [47]. As a result, they are less helpful
for perceiving impulses deeper inside the body. Furthermore, NIRs devices may
be impacted by external variables such as environmental light and temperature,
making precise readings challenging [48]. Data analysis is very complicated, and
non-experts may struggle to comprehend the data [49]. Finally, the implementations
of NIRs systems are presently restricted to measuring blood oxygenation and blood
glucose levels, but they may be used in other fields in the future.

1.2.3 Diffuse optical tomography (DOT)

DOT, or Diffuse Optical Tomography, is a method of non-invasive imaging that uses
near-infrared light to acquire information about the physiology of thick biological
tissues [50]. It works by using NIR light in the wavelength range of 600-1000 nm
measuring the absorption and scattering characteristics of the tissue, which are
then used to create images of the internal structures and physiology of the tissue.
NIR light is able to penetrate through tissue because it has a longer wavelength
than visible light and is less absorbed by the tissue. When NIR light enters the
tissue, it interacts with chromophores, such as haemoglobin and water, and also
gets scattered by the tissue. The interaction of light with the tissue is dependent
on the concentrations of chromophores and the microstructure of the tissue.[34]
DOT uses this information to create images of the tissue by measuring the intensity
of the light that is transmitted through the tissue. These images are not structural
like those created by X-rays or MRI, but rather, they provide information about
the physiology of the tissue [50]. DOT has been used to image a wide variety of
biological tissues including brain, breast and skin and has been used to study a
variety of physiological processes such as blood flow, oxygenation and metabolism.
[33]
A wearable DOT system is a wearable device, such as a wristband or clothing
item, that integrates DOT technology. These systems aim to provide real-time
monitoring of the physiology of biological tissues by continuously measuring the
tissue’s absorption and scattering properties. This information can then be used
to create images or provide physiological information about the tissue. Wearable
DOT systems have the potential to revolutionize medical care by providing contin-
uous, non-invasive monitoring of tissue physiology, early detection of disease, and
promoting personalized medicine [51].
One of the major advantages of DOT is its non-invasive nature [33]. Unlike X-ray,
MRI, or CT, DOT does not require ionizing radiation or a contrast agent, making
it safer for patients and allowing for more frequent use without negative side effects.
This is particularly beneficial for sensitive populations such as children or pregnant
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women. Another advantage of DOT is its high temporal resolution [52]. DOT can
measure physiological processes in real-time, which allows for the monitoring of
dynamic changes in psychiatry. This feature is particularly useful in monitoring
conditions that change rapidly, such as brain activity or blood flow. DOT systems
are also relatively small and portable, making it possible to use them in a variety
of settings, including hospitals, clinics, and even in the field [53]. This makes DOT
accessible to a wider range of patients and healthcare providers, particularly in
remote or resource-poor areas where other imaging modalities are not available. In
addition, DOT is cost-effective compared to other imaging methodologies such as
MRI or CT. This can make a significant difference in healthcare systems where
costs are a major concern. Another advantage of DOT is its multi-modality feature.
DOT can be combined with other imaging modalities, such as MRI or CT, to
provide complementary information [54]. This can help to provide a more complete
sight of the physiology of the tissue being imaged, which can improve diagnostic
accuracy and treatment planning.
However, there are also some limitations to DOT. One major limitation is its low
spatial resolution. The images created by DOT are not as detailed as those created
by X-ray, CT, or MRI, which can make it difficult to visualize small structures or
lesions [55]. Another limitation of DOT is the complexity of data analysis. The
images created by DOT are not straightforward to interpret and require sophisti-
cated data analysis techniques. This can make it challenging to obtain accurate
results, especially in the hands of untrained operators [56]. DOT is also limited in
its depth penetration. It is limited to imaging shallow tissue structures and is not
able to image deep structures such as bone [57]. Additionally, DOT is limited by
the optic properties of the tissue being imaged and is not able to image certain
types of tissue such as bone or metal.

14



1.2 – Wearable optical sensing methodology

Figure 1.4: (a) A photograph from the side of a baby wearing a cap with small
tiles over the left side of the head. The photograph shows the Velcro straps that
connect the cap to the infant’s head, running over the middle of the head. (b) A
single image of a cloud of points, taken at the same time as the photograph in (a),
of the same infant. (c) A complete 3D model of the infant, created from numerous
point cloud images, including milestones on the skull (green points) and areas of
the light sources (magenta points). (d) The positions of the light sources (red
points) and detectors (blue points) are shown on a six-month-old anatomical atlas
model that has been registered to the subject. (e) A 2D representation of the full
array of 12 tiles, showing channels with source-detector separation of approximately
45 mm or less, reprinted from [51].

1.2.4 Optical coherence tomography (OCT)

OCT is a procedure of creating detailed, cross-sectional images of the retina using
light waves, without the need for invasive procedures. It is based on the principle
of low-coherence interferometry, which makes it possible to measure the scattering
of light within biological tissue at different depths.
The OCT system typically uses a light source, typically a superluminescent diode
(SLD) or a swept-source laser, a beam splitter, a sample arm, and a detection arm.
The source emits a low-coherence light, which is divided by the beam splitter into
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two beams: the sample beam and the reference beam. The light in the sample
arm interacts with the tissue and scatters, while the light in the reference arm is
directed onto a mirror placed at a fixed distance. The backscattered light from
both arms is then combined and directed to a detector.
The detector records the interference pattern between the sample and reference
beams, which is caused by the difference in the distance that the light travels in
each arm. This difference is determined by the depth of scattering within the
tissue. The interference pattern can then be analyzed to determine the scattering
properties of the tissue at different depths by studying the phase and amplitude of
the pattern.
Wearable OCT technology is the utilization of OCT imaging systems that can be
worn or affixed directly to the body, enabling continuous or recurrent imaging of
the eye or other body parts without the need for the patient to stay in a stationary
position.
There are several different designs for wearable OCT devices, for example, contact
lens design involves the integration of OCT imaging technology into a contact lens,
allowing for continuous imaging of the eye without the need for the patient to
remain in a fixed position [58]. Additionally, there is a head-mounted device design,
where a head-mounted device, such as a pair of goggles, that contains the OCT
imaging technology is used, allowing for continuous imaging of the eye without the
need for the patient to remain in a fixed position [59]. There is also a handheld
device design, where a handheld device that contains the OCT imaging technology
is used, allowing for more portability and ease of use, but the patient has to be
still to get the image[59]. Another design that has been developed is a compact,
wearable diagnostic imaging modality employing optical coherence tomography
for in situ plant leaf quality assessments. This system is capable of diagnosing
infected leaves at the initial disease stages. The design concept involves a versatile
backpack-type imaging modality with a compact spectrometer, miniature computer,
rechargeable power source, and handheld inspection probe [60]. And finally, a
smartphone-based device design, where a smartphone-based device that contains
OCT imaging technology is used, allows for more portability and ease of use, but
the patient has to be still to get the image [61].
Traditional OCT technology is well-established and widely used in clinical settings.
It provides high-resolution, cross-sectional images of the retina and other ocular
structures, and it has revolutionized the field of ophthalmology [33][56]. One of
the main advantages is its capability to provide continuous monitoring of the eye’s
health, which can provide more information about the progression of the disease
and the effectiveness of treatment. Additionally, wearable OCT can also be used
for imaging other parts of the body, such as skin, blood vessels, and organs, making
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it a versatile technology [51, 53]. Another advantage of wearable OCT is that it
is non-invasive and can be used in a convenient manner, as it does not require
patients to remain in a fixed position, it also can be used for remote monitoring
which can be beneficial for patients living in remote areas or for those who are
unable to travel.

Figure 1.5: A compact and wearable diagnostic imaging device that utilizes OCT
technology. (a) The device includes a broadband laser source, a collimator, a
capture button, a diffraction grating, a fiber coupler, a galvano scanner, a lens, a
liquid crystal display, a line scanning camera, a mirror, a polarization controller,
and a sample. (b) Example of the wearable OCT system working. r, reprinted
from [60].

However, there are also some disadvantages to wearable OCT technology, such
as lower spatial resolution compared to traditional OCT systems, image quality
may be affected by motion artifacts [38], as the patient is not fixed during the
imaging process, size of the technology, as it is still in the process of miniaturization,
the devices might be bulky, and the power consumption could be an issue, which
can limit the duration of imaging and make it difficult for patients to wear for
extended periods of time [51]. Additionally, the accuracy and precision of wearable
OCT technology may be affected by factors such as alignment and focus, which can
be more challenging to control in a wearable device compared to traditional OCT
systems. Furthermore, there are challenges to overcome such as power consumption
[62], the need to improve the signal-to-noise ratio [63], and more onerous optical
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design and data storage [64]. Additionally, the cost and size of the technology are
also significant challenges that need to be overcome before wearable OCT can be
widely adopted [65].

1.2.5 Time-of-flight mass/Terahertz Time-Domain spec-
trometry (TOF/THz-TDS)

Time-of-flight mass spectrometry (TOF) spectroscopy works by producing a burst
of particles or light and measuring the time it requires for the particles (or light)
to go and come back from a detector. Using the known distance and the recorded
time-of-flight, the velocity, energy, or mass may then be computed. Ions generated
by a brief ionization event are accelerated by an electric field, gaining the same
kinetic energy, and then move along a drift route to the detector. The lighter ions
arrive first, and the mass spectrum is recorded. Measuring the flight period of each
ion enables us to calculate their mass to charge ratios [66].
TOF spectroscopy is used to research the structure and composition of substances
in domains such as chemistry [67], biology [68], and geology [69]. The method is
also employed in quality control and material testing to measure coating thickness
and uniformity [70].
Time-of-flight (TOF) spectroscopy has potential uses in in vivo biosensing, where
it may be used to analyze biological material rapidly and non-invasively [71]. TOF
spectroscopy may be employed in this way for real-time monitoring of medication
kinetics, to optimize drug administration and improve treatment outcomes illness
diagnostics, and biological imaging, to monitor changes in the molecular compo-
sition of biological samples over time, providing valuable information about the
progression of disease [72]. TOF spectroscopy’s excellent precision and sensitivity
[73] make it ideally suited for in vivo biosensing applications requiring accurate
measurements of biochemical markers, measuring, for instance, the concentration
of biomarkers in biological fluids, such as blood or urine, to diagnose a range
of conditions, including cancer and cardiovascular disease [74, 75]. Furthermore,
the technique’s non-invasive nature makes it suitable for in vivo application and
decreases the potential of tissue injury.
However, there are significant disadvantages to using TOF spectroscopy in biosens-
ing. One significant restriction is that the process requires a somewhat sophisticated
setup, which includes specialized equipment and software [76]. Some academics
and practitioners may find it challenging to utilize successfully as a result of this.
Furthermore, the technique’s capacity to probe deep into biological tissues is re-
stricted, making it less helpful for some kinds of studies [77]. Finally, the procedure
is susceptible to environmental factors such as temperature, pressure, and humidity,
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which might alter the precision of the findings [78].
Another technique that uses time-domain measurement for the analysis Terahertz
Time-Domain Spectroscopy (THz-TDS). This is a measuring method that probes
the characteristics of materials using ultrafast pulses of terahertz radiation. THz
radiation is a kind of electromagnetic radiation that has a frequency between
microwaves and infrared light. THz-TDS works by producing brief pulses of THz
radiation and directing them towards a sample. The transmitted or reflected THz
radiation is then measured, and the latency between the transmitted and detected
waves is utilized to calculate the sample’s spectral features [79].
THz-TDS is a newly biosensing technique. It is a sophisticated imaging and spec-
troscopic technology used to investigate biological and chemical materials in the
infrared spectrum’s lower frequency range. THz-TDS is used in biosensing to
investigate the molecular structure and function of biological materials such as
proteins [80], DNA [81], and cells [82]. It has the ability to reveal information on
the molecular structure and function of materials while inflicting no harm, making
it a significant tool for drug development, illness diagnostics, and tissue engineering.
THz-TDS may be used to identify changes in the molecular structure of a sample
caused by illness [83], as well as to evaluate therapy efficiency [84].
THz-TDS provides a number of benefits in biosensing, including non-invasiveness,
great sensitivity to molecule vibrations [85], and compatibility with a variety of
sample types. THz-TDS may also offer information on the chemical composition
and structure of biological materials, which is important for many biosensing appli-
cations [80, 81].
THz-TDS, on the other hand, has certain restrictions. One of the key disadvantages
is the lack of THz sources and detectors, which might make THz-TDS impractical
in certain situations [86]. Furthermore, THz-TDS is partially slow in comparison
to other imaging methods, which limits its application in certain scenarios [87].
Despite these limitations, THz-TDS is an essential biosensing technology that has
the potential to deliver new insights into the molecular structure and behavior of
biological systems.
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Figure 1.6: (a) Metamaterial biosensor schematic illustration: THz beams rou-
tinely incident via the biosensor on which the MDA MB 231 cell was cultivated;
(b) the metamaterial biosensor construction. The geometrical parameters are as
follows: l1 = l2 = 20 mm, r1 = 5 mm, r2 = 1.5 mm, and t = 15 m; (c) a double
U-shaped metamaterial structure. The geometrical parameters are as follows: p1
= p2 = 44 m, w1 = w2 = 36 m, w3 = 2 = 0 m, and g = 4 m; (d) physical
picture of 4-inch biosensor; (e) physical photograph of 20 20 mm biosensor; and (f)
micrograph of the metamaterial, reprinted from [88].
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1.3 State of art in compact Raman systems
Compact Raman systems are downsized versions of classic Raman spectroscopy
systems that formerly needed large size and sophisticated instrumentation. The de-
velopment of compact, portable, and low-cost Raman spectroscopy instruments that
use cutting-edge technologies, such as micro-electromechanical systems (MEMS)
and miniaturized lasers, to achieve improved performance and efficiency in Raman
analysis is the state-of-the-art in compact Raman systems. These technologies
have diversified the possible uses of Raman spectroscopy, making it available to
a broader variety of users. Here are presented many different designs of compact
Raman systems.

1.3.1 Smartphone/Handheld Raman System
A Raman smartphone or handheld system is a device that utilizes Raman spec-
troscopy technology to analyze and identify materials. It is a real smartphone
with a user-friendly user interface on which a removable module for Raman signal
acquisition is integrated. This technology works by shining a laser on a sample and
measuring the scattered light to determine the chemical composition of the sample.
These handheld systems are typically small and portable. For instance, the size of
a commercial handheld system is 27 x 15.6 x 6.2 cm3, with a weight that ranges
between 420g to 1500g [89].
As shown in tab.1.1, several works in the literature up to now report the imple-
mentation of the Raman smartphone system in the area of Point-Of-Care Testing
(POCT) [90][91], identification of chemical compounds [92], trace detection of pes-
ticide residues [93], mixture analysis [94] and also recently a pathological diagnosis
of liver carcinoma [95].
Weighing about 420 g, these portable handheld Raman spectrometer devices offer
good portability and are supplied with a 785 nm laser source. The optical power
ranges between 200-450 mW [90] and they adopt large numerical aperture lenses
to achieve an appropriate spatial resolution of about 10 cm−1 [91]. Despite the
miniaturization of the smartphone Raman system, it is known that the sensitivity
of the Raman signal decreases. To overcome this issue, high-performing Surface
Enhanced Raman Scattering (SERS) substrates can be implemented for signal
enhancement of targeted solutes, which offer a feasible solution for SERS-based
point-of-care testing (POCT) applications [91]. Typically SERS substrates are
obtained using silver nanoparticles (AgNPs) on a filter paper substrate [91] or gold
nanoparticles (AuNPs) on a silicon wafer substrate [93]. The average measurement
time ranges between a few seconds [94] to 15 s [91], depending on the application. A
linear array CCD is typically used as the detector in all configurations, resulting in a
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system with high performance and excellent portability, with an overall device cost
of around $10,000 [92][93]. Liping Huang [95] reports the characteristics of a typical
objective for this application, which is 50X of magnification with NA=0.50 and WD
= 8.2 mm. These systems may propose the use of a cloud-based architecture that
leverages a wireless standard for data communication, and with the advancement
of deep learning techniques, it is now possible to use these techniques on the cloud
to interpret the data acquired by the system [92][94].

Drawbacks

One of the major drawbacks of smartphone/handheld Raman systems is their
sensitivity. Due to the miniaturization of these devices, the sensitivity of the
Raman signal is often reduced, making it more difficult to detect low concentrations
of target analytes. This can be mitigated through the use of high-performing SERS
substrates, such as those made from silver or gold nanoparticles, but this also
increases the cost and complexity of the system. The use of silver nanoparticles
(AgNPs) in SERS substrate generates oxidation problems, which could result in
a reduction in biosensing efficiency. However, gold nanoparticles (AuNPs) are
not used because of their high cost, while copper has still oxidation and stability
problems.
Another drawback is the cost of these systems. Many smartphone/handheld Raman
systems are still relatively expensive, with an overall device cost of around $10,000.
This can make them less accessible for certain applications or users. In addition,
the cost of the SERS substrates and the ongoing maintenance and replacement of
these substrates can also add to the overall cost of the system.
Furthermore, no article on the subject justifies the use of an additional CCD
detector other than the one already mounted on the smartphone for the camera.
The accuracy of these systems can also be a concern. Factors such as the stability
of the laser source, the quality of the optics and the detector, and the expertise of
the user can all affect the accuracy of the measurements.
In addition, the use of deep learning algorithms for data interpretation can also
introduce errors if the algorithms are not properly trained or validated. It is also
interesting to point out how the output data are interpreted. Indeed, the use of
Deep Learning techniques makes it possible to process features extracted from
Raman spectra and perform qualitative/quantitative analysis using Convolutional
Neural Networks (CNNs). Since the measure of concentration is not directly
evaluated from the amplitude and shift of the peaks, the spectra do not necessarily
have to reflect a realistic shape, but simply match the shape of those used to train
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the network. In fact, the spectra that are obtained are usually far different from
those

Figure 1.7: (A) detailed illustration of XITM showing the components of the A1
smartphone by CloudMinds, including the laser output, Raman optical module,
electronic control board, and casing. Additionally, (B) a diagram is provided to
demonstrate how SERS measurement is performed using the clever SERS terminal,
adapter, and SERS chips., after ref. [94, 93].

Perspective

The use of smartphone/handheld Raman systems for SERS-based applications
presents a surplus of opportunities for advancements in various fields. The compact
and user-friendly design of these systems makes them highly suitable for portable
and on-site analysis in a variety of settings, such as monitoring environmental
pollutants, detecting contaminants in food and water, and performing biochemical
sensing for medical diagnostics.
One area in which smartphone/handheld Raman systems have shown great po-
tential is in the field of point-of-care testing (POCT). These systems can provide
rapid, accurate results with minimal sample preparation, making them ideal for
use in remote or resource-limited settings. Additionally, the use of cloud-based
architectures and deep learning techniques can further enhance the capabilities of
these systems, allowing for real-time data analysis and interpretation.
Another area of potential growth for smartphone/handheld Raman systems is
in the field of biosensing. These systems can be used to detect a wide range of
biomolecules with high sensitivity and specificity. The use of SERS substrates
made from gold or silver nanoparticles can further enhance the sensitivity of these
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systems, making them suitable for detecting low concentrations of target analytes.
In addition, there is a growing interest in using smartphone/handheld Raman
systems for the real-time monitoring of environmental pollutants and contaminants
in food and water. These systems can provide rapid and accurate results, allowing
for immediate action to be taken in the event of contamination.
Despite these opportunities, there are still some limitations that need to be ad-
dressed before these systems can be widely adopted. These include increasing
the sensitivity and specificity of the systems, reducing the cost and complexity
of the devices, and improving the accuracy of the measurements. Despite these
challenges, the compact footprint, ease of use and the potential applications make
these systems a promising technology for the future. Future efforts would be
directed towards the creation of functional SERS devices capable of individualising
actual solutes with better sensitivity and selectivity.

1.3.2 Portable Raman System
A Portable Raman System is a device that uses the Raman effect to analyze the
chemical composition of a sample. It typically consists of a laser, a spectrograph,
and a detector, and is designed to be portable and easy to use. The main feature
that distinguishes a portable device from a handheld one is the absence of a battery
self-contained in the device, and so the necessity to be plug powered. This category
is characterized by a limited weight and size.
Of all the miniaturized Raman spectroscopy devices on the market, portable devices
are certainly among the most popular [96]. Applications range from forensic and
homeland security investigation [97], examination historic powders [98], pharma-
ceutical and medical diagnostic [99], glucose detection [100], explosive detection
[101] and minerals on outcrops detection [102], as summarized in tab.1.1.
Specifically, the most typical Raman portable configuration comprises a narrow
band laser, a spectrometer containing a CCD linear image sensor, and an electronic
control unit that communicates with the subject via keyboard and display, manages
the measurement procedure, and runs the classification algorithm. The signal is
transmitted to and from the sample via fibre optic connections.
The majority of portable devices currently on the market have a small display
that is mainly used to choose testing settings, give results obtained, and make a
preliminary identification [15].
A technical comparison of different portable Raman systems can provide valuable
insights into the performance, features and limitations of these devices. The limit
of detection (LoD) is an important parameter to consider when evaluating the
sensitivity of a Raman system, as it represents the minimum concentration of a
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chemical species that can be detected. For example, Jeon Woong Kang et al. [11]
reported a LoD of 75 mg/dl based on standard deviation and 29-78 mg/dl based
on the correlation coefficient. The wavelength (nm) and resolution (cm−1) of the
system are other important parameters, as they affect the accuracy and precision
of the measurement. Typical values are between 532 - 830 nm and 12-28 cm−1

[103] [104] [32].
The laser power (mW) and detector used in the system also play a crucial role in
its performance. Laser power, typically between 70 mW [103] and 250 mW [11]
determines the intensity of the light used to thrill the target, which affects the
signal-to-noise ratio and the measurement sensitivity, while the detector, usually a
CCD, is responsible for capturing the Raman scattered light and converting it into
an electrical signal.
The illumination collection geometry is another factor that can affect the per-
formance of a Raman system, as it determines the direction of the light used to
excite the sample and can affect the performance and accuracy of the measurement.
There are several different illumination collection geometries that have been used in
portable Raman systems, including oblique angle (off-axis 60°) non-contact vertical
illumination collection geometry, which is useful for measuring Raman peaks in
vivo without contact with the sample [11]. Backscattering configuration is useful
for analyzing thin films and surfaces [105]. SORS, Resolve’s zero offset collection
and Epi-illuminated RMX are useful for measuring Raman spectra of samples with
high fluorescence background or samples with low Raman scattering [32]. Each
approach has benefits and drawbacks, and the optimal method to utilize will be
determined by the application and material being evaluated.
When comparing different portable Raman systems, it is also important to consider
the dimension of the system, as it can affect its accessibility and ease of use in
certain environments. Portable Raman systems can come in a multiplicity of
sizes, due to the specific instrument and its intended use case. A typical portable
Raman system can range in size from a small handheld device to a larger benchtop
instrument.

Drawbacks

Portable Raman systems are a helpful tool for chemical analysis in a variety of
fields, but they also have some limitations and drawbacks. One of the main restric-
tions of portable Raman systems is their sensitivity, which is generally lower than
benchtop Raman systems. This can make it more difficult to detect and analyze
low-concentration samples, especially in noisy environments.
Another limitation of portable Raman systems is their resolution, which is often
lower than that of benchtop systems. This can make it more difficult to distinguish
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closely spaced peaks and to accurately identify the chemical compounds present in
a sample.
Portable Raman systems can also be affected by vibrations and movement, which
can cause problems with data quality and accuracy. This can be especially chal-
lenging in field settings, where the system may be subject to a wide range of
environmental circumstances.
The size and weight of portable Raman systems can also be a drawback, as they
may not be as easily transported and used in some environments as larger, benchtop
systems. Furthermore, the cost of portable Raman systems can be a limiting factor
for some applications.
Finally, Portable Raman systems are also dependent on the illumination collection
geometry and laser wavelength, which can affect the performance and accuracy
of the measurement. Therefore, it’s important to choose the right illumination
collection geometry and laser wavelength that fits the sample and the application.
The two primary difficulties that limit an extensive use of portable Raman spec-
troscopy systems are the expensive cost of such instruments and the absence of
accurate automated detection capabilities of analytes of interest. Other significant
issues with the design of Raman portable spectrometers stem from the weak usable
Raman signal and the presence of effective optical interference covering the signal
of interest, such as environmental lightning and fluorescence caused by the laser
source.

Perspective

The field of portable Raman spectroscopy is continually progressing, with new
advancements and developments being made in both the hardware and software
of these systems. Efforts to decrease the size and cost of portable Raman devices
are ongoing, making them more accessible and affordable for a wider range of
applications.
Research is also being conducted to improve the sensitivity and resolution of
these systems. Additionally, new detection technologies such as superconducting
nanowire detectors are emerging which can provide high-performance detection
capabilities for portable Raman systems.
The use of advanced data analysis techniques and machine learning algorithms
are also being explored to improve the accuracy and precision of portable Raman
systems. Additionally, the increasing demand for real-time, in-situ and on-site anal-
ysis are driving the expansion of portable Raman systems for various applications
such as food safety, environmental monitoring, and industrial quality contr
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Figure 1.8: Example of portable Raman system (A) BRAVO system [89] and (B)
portable Raman-Spectrometer Cora 100 [106].

The use of advanced data analysis techniques and machine learning algorithms
are also being explored to improve the accuracy and precision of portable Raman
systems. Additionally, the increasing demand for real-time, in-situ and on-site anal-
ysis are driving the expansion of portable Raman systems for various applications
such as food safety, environmental monitoring, and industrial quality control.
The performance of portable Raman spectrometers currently on sale has to be
improved, particularly the accuracy of automated analytes identification. A second
laser and spectrometer could be added, the information processing hardware could
be improved, and novel techniques for data collecting and interpretation could be
used. Because increasing the resolution would necessitate not only replacing the
CCD detector with one with more pixels but also increasing the size and weight of
the spectrometer, another goal should be to find a good compromise between data
processing algorithm requirements and weight and size constraints.
Overall, the field of portable Raman spectroscopy is a rapidly advancing one, with
ongoing efforts to improve the performance, accessibility, and affordability of these
systems.

1.3.3 Wearable Raman System
A wearable Raman system is a state-of-the-art device that merges the capabilities
of Raman spectroscopy and the ease of use of a wearable and mobile system. The
system typically consists of two main components: a SERS (Surface-enhanced
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Raman spectroscopy) substrate and an external portable spectrometer. The SERS
substrate, which can be either rigid or flexible, is designed to be attached to the
skin, typically on a patch shape, or even mounted on a glove, and it is used to
collect sweat, blood or other bodily fluids. The external portable spectrometer
is connected to the SERS substrate through an optical fibre, and it is used to
analyze the chemical composition of the obtained sample. This technology enables
real-time and non-intrusive tracking of various chemical compounds present in the
body, such as glucose, lactate, and other markers, as well as the identification of
specific chemicals or contaminants in the surrounding environment.
Recently, many wearable Raman devices have been developed with a focus on drug
detection [107], non-invasive glucose detection[108, 109, 110], pH sensing [111],
pesticide residues detection in fruits [109, 112]. All this information are gathered
in tab.1.1.
The description in literature of these devices usually focuses more on the wide
variety of techniques and materials used to produce the substrate. However, the
technical specifications of the portable spectrometer are not always the primary
focus of these descriptions. The wavelength of light used in these devices generally
falls between 633 nm and 785 nm, and the power ranges from a few milliwatts to 100
milliwatts, depending on the intended application. SERS substrates often utilize
gold or silver nanoparticles, which can be produced in various shapes such as spheres,
rods, and nanowires, and through different techniques such as paper membranes
and electrospinning. Some devices incorporate flexible support materials like silk
fibroin and thermoplastic polyurethane, while others use microfluidic systems to
enhance selectivity and sensitivity. A 50X magnification objective is commonly
used.

Drawbacks

It is clear that wearable Raman systems have the ability to advance the field of
chemical analysis by providing real-time and non-intrusive monitoring of various
chemical compounds. However, despite the potential benefits, there are also several
drawbacks to this technology.
One major drawback is the cost and complexity of the equipment required for the
analysis. The external portable spectrometer and SERS substrate can be expensive
and require specialized training to operate, making it difficult for some institutions
and organizations to afford and implement [113]. Additionally, the sensitivity and
accuracy of the analysis may be limited by the quality of the SERS substrate and
the sample collection process may not be entirely non-invasive.
Another drawback is that Raman spectroscopy is an inherently weak signal, which
makes it challenging to detect very low concentrations of certain compounds, also
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it may generate interference with other sources of light, such as sunlight, indoor
light and other sources of Raman active light [114]. Furthermore, the integration
of the system with smartphones and cloud networks may raise privacy and security
concerns, as the data needs to be transmitted and stored.
Another significant drawback is the wearability of the device. The sensor is the only
part that is worn, while the spectrometer is external and entails all the limitations
of a non-wearable technology. Furthermore, when working with flexible substrates,
some problems may arise from a mechanical point of view, such as suitability
and conformity, as the majority of flexible substrates cannot simultaneously be
ultra-thin and light-transmitting. Therefore, it is important to take into account
all the potential.
Some other problems may arise from a mechanical point of view when working with
flexible substrates in terms of suitability and conformity: the majority of flexible
substrates cannot simultaneously be ultra-thin and light-transmitting.

Figure 1.9: Two example of wearable Raman system from (A) the University of
Missouri [115], and (B) from MIT research group [116].
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Figure 1.10: (A) A diagram is provided to show the design of a wearable SERS
patch sensor that is capable of label-free detecting drug molecules in sweat. [107],
and (B) illustration of using this highly scalable and wearable technology for
surface-enhanced Raman spectroscopy. [117].

Perspective

Wearable Raman systems have the potential to revolutionize the field of chemical
analysis by providing real-time and non-invasive monitoring of various chemical
compounds. This technology has the potential to revolutionize healthcare by
enabling continuous monitoring of biomarkers such as blood glucose levels and
environmental monitoring by detecting pollutants and other chemicals. Additionally,
the integration of smartphones and cloud networks with wearable Raman systems
allows for convenient data collection and analysis, making it more accessible to a
wide range of users.
However, the technology is still in its early stages of development, and ongoing
research and development are required to address limitations such as high costs,
limitations in sensitivity and accuracy of analysis, and privacy concerns. With
advancements in materials and miniaturization, it is likely that the cost of equipment
will decrease and the technology will become more portable and user-friendly,
making it more accessible for a wider range of applications.
In particular, the area of personalized medicine poses challenges for wearable
Raman sensors in terms of reducing interference and increasing selectivity when
working with complex body fluids such as sweat. One potential solution is to
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combine the SERS substrate with a microfluidic chip, directing various solutes to
various functional regions for synchronous isolation and multi-component detection.
Another option is to include a filtering system in the sensor through a semi-
permeable porous membrane, which would increase selectivity and sensitivity by
dividing components according to size, addressing one of the current limitations of
the technology.

1.3.4 Home-made Raman system

A Raman system that is constructed and assembled within a laboratory or facility, as
opposed to being purchased from a commercial source, is referred to as an in-house
or "insourcing" system. These systems are created using internal resources and
personnel to address needs that cannot be met by commercially available options.
They may include components such as a laser source, spectrometer, sample stage,
and various optics and filters, and can be constructed using techniques like custom-
built mechanical parts and 3D printing. These systems offer the advantage of being
able to be customized to specific needs and modified as necessary but may require
more time and resources to build and maintain. Recently, the use of in-house built
Raman systems has been increasing due to the availability of open-source software,
hardware, and 3D printing technology, which makes it easier for researchers to
create their own optimized systems. Furthermore, many researchers prefer in-house
built systems as they can be tailored for specific applications, which is not possible
with commercially available options.
References on in-house built Raman devices can be found in the literature on
testing finished pharmaceutical products [118], quantification of melamine in infant
formula [119] and graduate education/research [103, 120].
It’s essential to bear in mind that the technical features of a Raman system may
differ based on its intended use. For example, the laser wavelength used can
range from 532 nm to 852 nm, and the power can vary from 70 mW for analyzing
chemical mixtures [103] to 300 mW for drug testing [118]. Furthermore, the system’s
spectral resolution power is influenced by the technical characteristics of the optical
components employed and can range from 6-8 cm−1 to 20-28 cm−1. The usual
measurement time for these systems ranges between 6 s [119] to 30 s [118], and it
is most common to use a CCD sensor such as the Sony ILX511 linear silicon CCD
detector [103]. For more detailed information, look at tab.1.1.
The expense of these devices is primarily impacted by the necessary training for
employees and the equipment available within the company. The minimum cost
for these systems is $3800.
three It’s worth noting that none of the applications outlined has mentioned using
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Surface Enhanced Raman Spectroscopy (SERS) to enhance the signal. SERS is a
technique used to enhance the sensitivity and specificity of Raman spectroscopy by
utilizing a substrate with a high surface area and a high degree of surface roughness,
which can significantly amplify the Raman signal. It’s worth considering as an
option as it can provide a significant enhancement in the signal-to-noise ratio,
which can be useful in certain applications.

Drawbacks

The decision to make a device with only available resources often prevents the
development of effectively tradable devices by limiting their use to research or
educational levels. In-house built Raman systems offer many advantages such as
the capability to tailor the system to specific needs and the ability to modify it as
needed. However, there are also certain drawbacks to take into account.
One of the main drawbacks is that building and maintaining an in-house built
Raman system can be a time-consuming and resource-intensive process, as some
sources emphasize [103][119]. Additionally, in-house built systems may not be as
reliable or accurate as commercially available systems, which have been extensively
tested and validated, resulting in a lack of precision and accuracy.
The lack of expertise in building and maintaining an in-house built Raman system,
as well as the cost of the system, which can vary widely, can also be a challenge.
Furthermore, in-house built Raman systems may not be as portable as commercially
available systems, limiting their use in certain applications.
It’s important to keep in mind that when a device is created using only the resources
that are currently available, it often prevents it from being developed into a device
that can be effectively traded and its usage is limited to research or educational
purposes.
When testing pharmaceutical products, attention must be paid to active pharma-
ceutical ingredients (API) that could lead to a high number of false positives, in
the case of an overwhelming Raman signal, and false negatives, when a non-usable
Raman signal is produced. And further problems may arise in the analysis of APIs
that generate a very intense Raman signal that may mask the signal of weaker
APIs.

Perspective

Assembling a Raman spectroscopy system in-house has gained popularity in recent
years as a cost-efficient alternative to commercially available options. These systems
can be tailored to specific needs and provide greater control and customization
over the instrumentation. By building their own systems, researchers have the

32



1.3 – State of art in compact Raman systems

opportunity to gain a deeper understanding of the principles of Raman spectroscopy
and the design and construction of the instrumentation. This can serve as an
educational tool for students and researchers.
Furthermore, it has been demonstrated that in-house built Raman spectroscopy
systems can be effectively used in various applications such as medicine, food
industry and counterfeit detection. With the advancements in technology and
access to low-cost components, building one’s own Raman spectroscopy system has
become more feasible.
It is interesting to analyze the next steps in in-house-built Raman device research
will be. In academia, the aim will be to fully understand the potential of Raman
spectroscopy, For this, an appropriate high-pass filter could be chosen, and the
laser source could be changed to assess any reduction in fluorescence. The aim
would also be to reduce the noise caused by different components in the device by
adding a notch filter.

Figure 1.11: (A) An illustration of the top view of the in-house built Raman
spectrometer system, (B) a labeled and assembled version of the system, and (C) a
fully assembled 3D printed Raman spectrometer., reprinted from [120].
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Table 1.1: This table provides a comprehensive overview of the key information
gathered during our literature review on wearable Raman systems. It allows for
easy comparison of the different strategies developed by various research groups
across a range of applications, providing a valuable resource for understanding the
current state of the field and identifying potential areas for further exploration.
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Chapter 2

Design and characterization
of Raman laser driver

Nowadays, the proportional-integral-derivative (PID) control system is usually
regarded as the most extensively employed control strategy. Approximately 90%
of control systems use PID control, with the derivative term often set to zero
(PI control) [121]. A PID control system’s objective in Raman laser driver is to
automatically modify the laser temperature in real-time to maintain a consistent
temperature regardless of changes in the operating conditions [122].
The PID control algorithm compares the intended temperature setpoint with the
observed temperature in real-time and then uses the error signal to change the
laser’s heating element. A PID controller’s three components meet the conventional
criteria for most control issues.
The integral term removes steady-state error while monitoring a constant setpoint
and aids in rejecting constant disturbances, but it responds slowly to current error
[123].
The proportional term, on the other hand, reacts fast to the present mistake, but
it needs a large gain to attain setpoint precision [123].
The derivative term forecasts future mistakes and aids in the reduction of transitory
errors, but it also amplifies high-frequency sensor noise [123].
These three components work together to provide a quick and reliable control loop
capable of properly maintaining the laser temperature at the correct setpoint.
PID control has seen a substantial amount of study and development, with par-
ticular emphasis on tuning rules, identification methods, and adaption strategies.
These systems use three parameters to determine the output of the control loop:
proportional gain, integral time constant, and derivative time constant. These
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parameters can be adjusted to improve the performance of the control loop, making
it more stable and responsive. The process of finding the optimal values for these
parameters is called tuning, which is typically done through an iterative process of
adjusting the parameters and observing the results until the desired stability and
reactivity are achieved. This is usually done through trial and error method [124].
A PID control system is a type of feedback controller that is commonly employed
also in Raman spectroscopy systems to manage the heat dissipation of the laser
source [125]. The laser is needed to excite the sample, and the temperature control
system is an indispensable component, as it ensures the stability, reliability, envi-
ronmental sensitivity, and optimal performance of the laser system.
The stability of the laser is a critical factor in achieving accurate and consistent
Raman scattering measurements. If the laser temperature is not stable, it could
result in fluctuations in the laser’s output power, and frequency, which would
ultimately impact the quality of the Raman spectra [126, 127].
To prevent such inconsistencies, a temperature control system helps maintain the
stability of the laser temperature by compensating for any changes in the ambient
temperature or humidity. This ensures that the laser operates at a constant and
stable temperature, which, in turn, results in consistent and reproducible Raman
spectroscopy measurements.
Raman spectroscopy systems are often used in a variety of operating environments,
including laboratory, industrial, and field settings. These environments could
experience changes in temperature and humidity, which could impact the laser’s
temperature.
In the study, we optimized a commercial temperature control system for our specific
setup using the established Nichols–Zeigler optimization methods [128]. The goal
of the optimization process was to comprehensively assess the relationship between
temperature and various laser sources in terms of changes in peak frequency and
output optical power, with the objective of enhancing the performance and repeata-
bility of the measurements. The optimized temperature control system was tested
on three different laser sources with power outputs of 10 mW, 40 mW, and 100
mW. This allowed us to thoroughly examine the effects of temperature on laser
performance across a range of power outputs.

2.1 Temperature effects on laser performance
Maintaining the laser temperature at a setpoint that is optimal for the Raman
spectroscopy measurement helps ensure the best possible performance from the
system. This helps achieve the highest possible sensitivity, accuracy, and precision
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in the Raman spectroscopy, making the temperature control system an essential
component in Raman laser driver. In the literature, there are many studies talking
about the correlation between temperature and diode laser characteristics such as
output optical power, threshold current and voltage, slope efficiency, conversion
efficiency, emission spectra, and peak wavelength [126, 127, 129].
Regarding the output optical power, this drops when the temperature rises. This
effect is shown in fig. 2.1.B. The output optical power of a Diode-Pumped Solid-
State (DPSS) laser decreases when the temperature rises due to several factors.
When the temperature of the laser crystal increases, thermal expansion occurs
causing the refractive index to change, leading to thermal lensing. This creates a
lensing effect that can alter the beam quality and reduce the output power [130].
Increased temperature can also cause the laser crystal to absorb more pump light,
leading to thermal loading which reduces the efficiency of the laser and decreases
the output power [131].
The threshold voltage increases with increasing temperature. This is because an
increase in temperature causes the distribution of electrons and holes to spread out
into higher energies, resulting in a greater fraction of injected charge crossing the
active region and increasing the leakage current. Thus, a higher threshold voltage
is needed to meet the oscillation condition and achieve sufficient gain within the
cavity.
The series resistance, an important electrical parameter in diode lasers, can be
defined as the ratio of the change in current to the change in the voltage. This
parameter decreases non-linearly as the temperature increases.
The slope efficiency or differential quantum efficiency of a diode laser is calculated
by combining the internal quantum efficiency, the internal loss, and the loss
coefficient. The front facet reflectance and the cavity length influence the loss
coefficient. The slope efficiency decreases gradually at low temperatures and rapidly
at high temperatures. This is because high temperatures result in an increase in
nonradiative recombination and carrier overflow, leading to greater free carrier loss
within the cavity and higher internal losses. This results in a reduced differential
quantum efficiency [126].
The conversion efficiency of diode lasers is an important parameter that represents
the relationship between the output optical power and the input electrical power.
The conversion efficiency decreases as the temperature increases. This decrease
is due to the increase in temperature leading to a decrease in the optical output
power of the diode laser, ultimately reducing the conversion efficiency.
The increase in temperature causes a shift in the peak wavelength, resulting in
an increase in a wavelength shift of approximately 0.26 nm/°C, as illustrated in
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fig.2.1.A. [126, 127, 129]

Figure 2.1: Experimental evidence in the literature of the impact of temperature
on (A) Wavelength and (B) Laser power, reprinted from [132, 133]

In this study, we explored the impact of temperature on the peak shift and
power output of three 532 nm Diode-Pumped Solid State (DPSS) lasers. Two of the
lasers were sourced from Thorlabs with power ratings of 10 mW and 40 mW, while
the third laser was a butterfly commercial laser (FRLD-532-100-FS-VBG-BTF-1)
sourced from Frankfurt laser company. To gather the necessary data, we employed
a portable spectrometer and a portable power meter, which allowed us to conduct
the experiments in a flexible and convenient manner.
Our findings show that both the 10 mW and 40 mW laser sources displayed
stability in terms of peak shift at 532.24 nm for a period of over 15 minutes.
However, regarding output power, the 10 mW source showed no impact from
temperature changes over time, while the 40 mW source demonstrated instability in
response to temperature increases. This highlights the importance of implementing
a temperature control system in order to mitigate the effect of temperature on the
laser performance and ultimately improve the accuracy of the final measurements
for our wearable application. These results are presented in fig.2.2 and demonstrate
the stability of the laser sources over time.
In fig.2.2 is represented the experimental results of the stability experiment for
both the laser sources.
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Figure 2.2: Experimental evidence of the impact of temperature on (A) Wave-
length and (B) Laser power.

2.2 Thermoelectric cooler (TEC) systems
Thermoelectric Cooler (TEC) systems are solid-state energy converters that are
composed of multiple thermocouples connected both electrically in series and
thermally in parallel. A thermocouple is made of two different semiconducting
thermoelements that create a thermoelectric cooling effect (PeltiereSeebeck effect)
when a voltage is applied in the correct direction through the connected junction.
To improve heat transfer and system performance, a Thermoelectric module typi-
cally has two heat sinks attached to its hot and cold sides [134].
TECs have gained popularity in various applications where precise temperature con-
trol is needed, including temperature control in laser systems, cooling of electronics,
temperature stabilization in spectroscopy and more [135]. Their compact size is a
key advantage, making them suitable for tight spaces and portable applications.
They also have high reliability [136] and fast response times [137], making them
ideal for demanding applications. Furthermore, TECs can be cooled passively or
actively, making them flexible for various cooling requirements [138].
In laser systems, TECs are utilized to cool down laser diodes, which can generate
a lot of heat. Maintaining the stability and performance of the laser is crucial,

41



Design and characterization of Raman laser driver

and TECs help achieve this by removing excess heat, preventing the laser diode
from overheating and failing. This can cause a reduction in laser output power,
wavelength shift, and stability if left unchecked.
TECs can also regulate the temperature of other components in laser systems,
such as optical amplifiers and detectors, that may also be affected by temperature
changes. In some instances, TECs can stabilize the temperature of the entire laser
system, leading to improved stability and reliability of the laser output.

Figure 2.3: A schematic illustration of (A) a thermoelectric cooler (TEC), (B) a
thermoelectric power generator (TEG) and (C) a thermoelectric module, reprinted
from [139]

The fabrication of thermoelectrics (TEs) mainly uses semiconductors, ceramics,
and polymers, with research suggesting that certain polymers such as ethylene-
dioxythiophene and carbon fiber polymer-matrix composites possess desirable
thermoelectric properties [140].

2.3 PID optimization
PID parameter optimization is the process of fine-tuning the PID algorithm’s
parameters to obtain the optimal control performance. The appropriate PID
parameter values are determined by the features of the process being controlled
as well as the intended performance requirements. The optimization procedure
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entails determining the best values for the PID parameters in order for the control
system to work optimally. PID parameter optimization may be accomplished using
a variety of methodologies and techniques, including trial and error, Ziegler-Nichols,
and evolutionary algorithms.
PID parameter optimization is crucial for getting the required control performance.
A poorly tuned PID control system may cause overshooting, oscillations, and
delayed reaction times. An effectively tuned PID control system, on the other
hand, may result in precise control, better stability, and decreased variability in the
process. As a result, PID parameter optimization is an important part of industrial
control systems, and the process should be thoroughly thought out and conducted
to guarantee optimum performance.
Our research aimed to assess the necessity of the temperature control system by
conducting experiments with two lasers, 10 mW and 40 mW, without using the
temperature control system. We then incorporated the temperature control system
specifically for the 40 mW laser and optimized the system accordingly, applying
the reliable Ziegler-Nichols method. Finally, the results were compared with
those obtained from a high-end commercial butterfly laser, providing a thorough
evaluation of the effectiveness of the temperature control system.

2.3.1 Nichols–Zeigler optimization method

One effective method for adjusting control parameters is to change them individu-
ally rather than all at once. For first-order-with-delay systems, like many thermal
systems, the Nichols-Zeigler (N-Z) method is a dependable way to estimate system
parameters. If the integral and derivative terms can be turned off, this method
works well for trial-and-error adjustments. Although some analog controllers have
fixed integral terms, it’s possible to bypass the integral by connecting the integrat-
ing capacitor directly. To balance out changes in system gains, it’s best to tune
the control parameters around a temperature that’s halfway between the ambient
temperature and the desired setpoint.
The optimization process employed a WTC3243 temperature controller from Wave-
length Electronics along with a WTC3243 evaluation board. A 10K ohm NTC
thermistor from Thorlabs was utilized for temperature sensing, and a centre-hole
TEC from TEC microsystem was employed for cooling. Data were acquired in
real-time using a bench-top multimeter (HM8012 from HAMEG INSTRUMENTS)
and plotted in real-time using an excel user interface. The experimental setup for
the temperature control system optimization is illustrated in the accompanying
fig.2.5.
The first step was to set the proportional gain in the middle of the range and then
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increase it in steps. After each step, a small change to the setpoint was applied.
When sufficient proportional gain is reached, the temperature should start to show
damped oscillation. If the system begins to oscillate, the gain should be reduced
until the damped response is achieved. The value of the proportional gain that
starts the oscillation is known as the critical gain (kC), and the optimal gain should
be about half of that value.
After determining the amplitude of the oscillations, the period of the oscillation
was approximated. If the proportional gain is increased beyond a certain point,
the system will start to oscillate continuously with a period known as the critical
period (TC). The estimate of the critical period can be derived from the damped
oscillations and should be close to within 10% of the critical period. Using the PID
controller’s independent control form, an initial estimate of the P gain (kP) was
made at 0.5 kC, and the initial I term (kI) was set at kP/TC. In the dependent
form, the initial proportional gain is kP, and the integral term is 1/TC.
The final values of the P-Gain and I-term were determined through a fine-tuning
process, where each parameter was adjusted individually, and the results were com-
pared. This systematic approach, as depicted in fig.2.4, allowed us to identify the
optimal combination of P-Gain and I-term by thoroughly evaluating the behavior
of the system. Comparing the results from each adjustment provided valuable
insights into the system’s performance and enabled us to make informed decisions
on the optimal parameters.
The N-Z method has been developed through trial and error for many systems that
have first-order-with-delay characteristics. However, for thermal systems, the time
constant derived from the N-Z method is often too short to be optimal. Moreover,
the thermistors and temperature sensors themselves have time constants of about
one second. Consequently, it is not recommended to set the control time constant
to less than the sensor time constant. If the sensor is located far away from the
TEC or if there are several thermal boundaries, the controller time constant needs
to be set longer, and the integral gain needs to be reduced [141]. The initial value
of the D term can be estimated to be around kPTC/8. If the system exhibits
inversion, it’s better to avoid using derivative control as any fast changes in current
due to noise response could destabilize the load.
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Figure 2.4: Figure A presents the control system response with the P-Gain
held constant and the I-term adjusted, while figure B displays the control system
response with the I-term held constant and the P-Gain adjusted
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Figure 2.5: Experimental setup designed to enhance and optimize the temperature
control system with real-time visualization of temperature changes, providing instant
verification of the control system’s response.

Figure 2.6: Flow diagram depicting the implementation process of the Nichols-
Zeigle optimization method.

2.3.2 Optimization results
Prior to optimization, the system’s response was characterized by high variability
and overdamping, as depicted in fig. 2.7. This was determined through an
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experiment where the temperature was forced to a set value using a TEC, and the
system’s response was evaluated in response to step temperature inputs.

Figure 2.7: Figure illustrates the results of the experiment aimed at characterizing
the system before PID optimization.

The optimization process, however, yielded significant improvements in the
system’s performance, as evidenced by the reduced time response and overshoot.
These improvements demonstrate the effectiveness of the optimization method
in addressing the initial challenges faced by the system. Specifically, the time
response of the system was reduced by 44.18%, and 18.67% reduced the overshoot.
These results are presented in fig. 2.8 and demonstrate the positive impact of the
optimization process on the system’s performance

Figure 2.8: This figure illustrates the outcome of the optimized PID system
performance. Figure A demonstrates the improvement in overshoot reduction and
time response, while Figure B presents a characterization experiment showcasing
the system’s response to multiple-step temperature inputs.
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2.4 Final system test
The efficient cooling of the laser source is a crucial aspect of its operation and is
largely dependent on the heat dissipation solutions implemented in the system.
The position of the laser source, the use of thermoelectric coolers (TECs), and the
selection of appropriate heat sinks and metal mounts all play a significant role in
the cooling process. To evaluate the impact of these factors, a comparison was
made between the results obtained using a custom-built heat dissipation system
for a 40 mW laser source and a commercially available butterfly laser with an
optimized heat dissipation system. The output power and peak shift stability of
both systems were measured using the same temperature control system.
It is noteworthy that the butterfly laser features an NTC sensor positioned directly
next to the laser crystal and the TEC located directly beneath the laser. Contrarily,
in the custom-built system, the NTC was placed on the side of the laser, and
the TEC was positioned behind the laser source but not in direct contact with
the crystal. This resulted in less effective heat transfer due to the thickness
of the laser mount. To improve heat dissipation, two heat sinks and a metal
mount were used. The described configuration is illustrated in fig. 2.9. It is
important to emphasize the substantial cost difference between our system and
commercially available systems. Our system has a total cost of approximately
200 CHF, while commercial alternatives typically cost around 2000 CHF. This
highlights the potential for our system to provide a more cost-effective solution for
Raman spectroscopy applications.

Figure 2.9: This figure illustrates the two different heat dissipations solution
adopted. In figure A the in-house-build configuration while in figure B the butterfly
laser module structure: 1 – laser crystal, 2 – monitor photodiode, 3 – thermistor, 4
– thermoelectric cooler, 5 – collimating lens, 6 – collecting lens, 7 – optical isolator,
8 – electrical leads.
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However, it is also important to consider that our system has limitations in
performance and functionality compared to commercial alternatives. Nevertheless,
our system provides a proof-of-concept and a starting point for further optimization
and development in the future, with the goal of achieving similar performance at a
fraction of the cost of commercial systems.

2.4.1 40 mW custom-made configuration
The initial testing phase involved disabling the temperature control system and
collecting data solely from the thermistor. This was a crucial step in our experiment,
as it allowed us to evaluate the system’s performance without the influence of
temperature regulation. However, it is worth noting that the experiment had to be
terminated after just three minutes due to the laser source reaching a dangerous
temperature of 30°C. This posed a significant risk to the operational range of the
laser source and thus, the experiment could not be continued. The results, as shown
in fig. 2.10, exhibited high fluctuations in the optical output power and displayed
a completely unpredictable pattern, highlighting the importance of an effective
temperature control system in ensuring consistent and reliable performance.

Figure 2.10: This figures presents the results of the experiment in which the
40 mW laser was tested without the use of a temperature control system. Figure
A displays the dynamic relationship between Power and Temperature over the
course of the experiment, presenting a clear illustration of the fluctuations in both
variables over time. Meanwhile, Figure B explores the correlation between Power
and Temperature, offering a deeper understanding of how changes in one variable
impact the other.

The evaluation proceeded with a second experiment where the optimized tem-
perature control system was utilized. The results of this experiment are displayed
in fig. 2.11. The duration of the experiment was 30 minutes and the laser source
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stabilized at approximately 28°C, providing a more comprehensive evaluation of
the system. Despite limitations posed by the current heat dissipation solution, the
results showed a marked improvement in laser stability in the first five minutes,
with a smaller coefficient of variation compared to the results obtained without
temperature control. This indicates the potential to optimize the system with
improved heat dissipation solutions such as a larger heat sink or alternative mate-
rials for the mountings. Further efforts should be directed towards refining this
optimized configuration, with the goal of developing a cost-effective heat dissipation
setup for Raman spectroscopy.

Figure 2.11: This figures presents the results of the experiment in which the
40mW laser was tested without the use of a temperature control system. Figure
A displays the dynamic relationship between Power and Temperature over the
course of the experiment, presenting a clear illustration of the fluctuations in both
variables over time. Meanwhile, Figure B explores the correlation between Power
and Temperature, offering a deeper understanding of how changes in one variable
impact the other.

In addition to testing the power output, we also evaluated the stability of peak
shifts in our experiments. Our results already showed that the laser peak shift was
not significantly impacted by temperature, even without the use of a temperature
control system. To provide a comprehensive understanding of our results, we have
included a comparison of our findings with those of the commercially available
butterfly laser in fig. 2.13. This comparison highlights the robustness of our system
in maintaining peak shift stability and provides valuable information for those
looking to optimize laser performance in applications where peak stability is critical.
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2.4.2 Commercial butterfly laser
In this study, we evaluated the impact of temperature on the performance of
a commercially available butterfly laser with a power output of 100 mW. The
experiment was conducted using a portable spectrometer and a portable power
meter to measure the peak shift and power output, respectively.
Given the high output power of the butterfly laser, testing without a temperature
control system was not feasible. After only a few seconds of operation, the
temperature rapidly reached a dangerous level for the laser source. However,
the experiment was performed with the temperature control system optimized
using a PID controller, ensuring the stability and safety of the laser.
The results showed that the optimized temperature control system had a significant
impact on the stability of the laser’s power output. Over the 30-minute experiment,
the coefficient of variation of power was just 0.09%, with a maximum variation of
0.4 mW as illustrated in fig. 2.12. This level of stability is compatible with the
requirements for Raman spectroscopy applications.

Figure 2.12: This figure presents the results of the experiment in which the
butterfly laser was tested with the use of the optimized temperature control system.
Figure A displays the dynamic relationship between Power and Temperature over
the course of the experiment, presenting a clear illustration of the stability in both
variables over time. Meanwhile, Figure B explores the correlation between Power
and Temperature, offering a deeper understanding of how changes in one variable
impact the other.

The findings of this study highlight the importance of optimizing the temperature
control system for high-power laser sources and demonstrate the feasibility of
utilizing a low-cost solution for these applications. The results of this study provide
valuable information for those looking to design and implement a cost-effective
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laser heat dissipation setup for Raman spectroscopy and other high-power laser
applications.
Furthermore, our study also evaluated the stability of the peak shift, which is a
critical parameter in Raman spectroscopy and other laser applications. The results,
presented in fig. 2.13, confirm the stability of the peak shifts over the course of the
30-minute experiment. The constant value of the peak shift throughout the entire
experiment suggests that the temperature control system effectively maintained
the stability of the laser, even under changing temperature conditions.

Figure 2.13: In this figure is possible to evaluate an eventual peak shift aviation
during the time for (A) butterfly laser and (B) 40mW DPSS laser.
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Chapter 3

3D Printed Wearable Raman
Prototype

3D printing technology has greatly impacted the field of product design and manu-
facturing by providing new opportunities for creating intricate designs with speed
and accuracy [142]. 3D printing for wearable devices, particularly in health and
fitness monitoring, has been gaining prominence in recent years [143]. 3D printing
enables fast prototyping and customization of wearable devices, offering new possi-
bilities for personalized health monitoring. Using 3D printing materials that are
skin-friendly and flexible enough to move with the wearer has made the production
of wearable devices more feasible, and cost-effective [144].
The use of 3D printing technology to create wearable biosensors is regarded as
a revolutionary advancement for healthcare applications. This technology has
revolutionized the process of constructing free-form objects and personalizing them
according to the user’s needs. The remarkable features of 3D-printed biosensors
include their flexibility, cost-effectiveness, thin and lightweight design. Scientists
and industry specialists are continuously striving to develop smaller, quicker, and
more effective wearable devices through the utilization of 3D printing technology
[145].
The use of 3D printing technology in the development of wearable devices has the
potential to improve their quality and functionality and make the development
and production process more efficient, and cost-effective [146]. This technology has
allowed for the creation of customized wearable devices that are tailored to the
unique needs and requirements of individual users.
In this thesis, we delve into the potential of 3D printing technology to transform
the field of wearable devices. We focus on exploring various 3D printing techniques
used in developing Raman wearable devices. Our work showcases the innovative
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solutions developed to constrain all the components in a wearable platform and
highlights the impact of 3D printing technology on the quality, functionality, and
efficiency of wearable devices.
We provide a comprehensive analysis of different optics mounting solutions, describ-
ing the advantages and disadvantages of each configuration. A detailed description
of the optical design used to integrate all the components in a wearable case is
also presented. Furthermore, we present the design of the first prototype and the
final version of the device, showcasing the advancements made in the realm of
3D-printed wearable devices.

3.1 Introduction to Different 3D Printing Tech-
niques

In this section, we will focus on the various 3D printing techniques that were
utilized in the realization of our wearable Raman system. Our aim is to provide
a comprehensive overview of the advantages and drawbacks of each 3D printing
technique, highlighting the key factors that led us to choose the most suitable ma-
terial and technique for our wearable device. The two main 3D printing techniques
that we will be discussing are fused deposition modeling (FDM), multiJet modeling
(MJM), as well as digital light processing (DLP).

3.1.1 Fused Deposition Modeling (FDM)

FDM, or fused deposition dodeling, is a commonly utilized 3D printing technique in
various industries, including the creation of wearable devices. In the FDM process,
layers of materials are printed using a continuous filament of a thermoplastic
polymer, as shown in fig. 3.1. Before being extruded on the platform or on top
of previously printed layers, the filament is heated at the nozzle to a semi-liquid
condition. Because of the thermoplasticity of the polymer filament, it may fuse
together during printing and solidify at room temperature once finished. Layer
thickness, filament width, orientation, and the existence of air gaps within or
between layers are critical processing characteristics that influence the mechanical
qualities of printed items [147].
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Figure 3.1: Primary elements of an FDM printer are depicted in the figure.
The movement in the x, y, and z directions can be accomplished through the
motion of the extrusion head (represented by purple arrows) or the build platform
(represented by green arrows), or a combination of both. For example, movement in
the x and y directions is carried out by the extrusion head while the build platform
accomplishes movement in the z-direction. Reprinted from [148]

Advantages

One of the key benefits of using FDM technology is its low cost. The low cost of
the process makes it ideal for producing low-volume parts, small prototypes, and
even small-scale production runs. Another advantage of FDM is its high speed,
which enables fast prototyping of wearable devices and other products.
The simplicity of the FDM process is another major advantage. It involves melting
a thermoplastic filament and depositing it layer-by-layer to create the desired 3D
object. This makes it a user-friendly and accessible process for designers and
engineers, especially those looking to produce prototypes quickly and inexpensively.
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FDM is also capable of producing centimeter-sized prototypes, making it a great
choice for those looking to produce wearable devices such as Raman systems.
Furthermore, the use of inexpensive bio-compatible polymers is another advantage,
especially for wearable devices that need to come in contact with the skin.
[148, 149]

Drawbacks

Despite its advantages, there are some drawbacks to FDM. One of the main
limitations of the process is the weak mechanical properties of the resulting parts,
which can be an issue for certain applications. Additionally, the choice of materials
is limited to only thermoplastics, which may not be suitable for certain applications
that require a different set of properties.
The layer-by-layer finish of FDM-printed parts can also be a drawback, as it can
result in visible layer lines and a less smooth surface finish compared to other 3D
printing techniques. Another drawback of FDM is the potential for leakage due
to filament bonding, which can be a problem for wearable devices that must be
waterproof.
Finally, the difficulty of removing support structures for complex internal features
can be a challenge for those using FDM for wearable devices, as the support
structures are required to hold the part in place during printing. Inter-layer
distortion can also be an issue with FDM, as the layers of material can warp and
deform during the cooling process, leading to inaccurate parts.
[148, 149]

3.1.2 MultiJet Modeling (MJM)
MultiJet modeling (MJM) is a photopolymerization process that creates solid 3D
objects by curing liquid photopolymer resins layer by layer with a UV light source.
The liquid photopolymer resin is fed into the MJM printer and spread in thin layers
on a build platform. The resin is hardened by the UV light emitted by the light
source, and subsequently, another layer of resin is added on top by lowering the
build platform. This sequence is repeated until the desired object is created [150,
151].

Advantages

One of the key benefits of MJM is the high accuracy and surface finish it can provide.
The photopolymerization process allows for precise detail and high accuracy, making
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MJM a suitable choice for the production of complex and intricate wearable devices.
Additionally, MJM enables the combination of different material properties, allowing
for the production of flexible, rubber-like, multicolored, and stable components
[150].
Another advantage of MJM is its speed. MJM printers can produce objects much
faster than traditional 3D printing technologies, making them a suitable choice
for high-volume production runs. The technology also enables the production of
objects with complex internal features, such as those requirements of wearable
devices [152].

Figure 3.2: Schematic illustration of a MJM 3D printer. Reprinted from [153]

Drawbacks

However, there are also some disadvantages to using MJM technology. One of the
main drawbacks is the cost, as photopolymer resins are typically more expensive
than the filaments used in other 3D printing technologies like Fused Deposition
Modeling (FDM). Another disadvantage is that the build platform used in MJM is
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limited in size, making it challenging to produce large wearable devices [152].
Regarding material properties, the heat resistance of components produced by
MJM can be limited for some materials. This can be a drawback for applications
where heat resistance is required [150].

3.1.3 Digital Light Processing (DLP)

DLP (Digital Light Processing) is a 3D printing technology that uses light to harden
photopolymer resins into a 3-dimensional shape. It operates by projecting the
cross-section of the object being printed onto a platform covered with photopolymer
resin, which is then solidified by being exposed to intense light from a digital light
projector or LED array [154].
Typically, the platform is in a container filled with liquid photopolymer resin, and
the light source projects an image of the cross-section onto the resin’s surface. The
light activates the photo-initiators in the resin, causing it to harden into a solid
layer. This process is repeated until the whole object has been printed, with the
platform raising after each layer to reveal a new layer of resin [154, 149].
Stereolithography (SLA) and digital light processing (DLP) are both forms of
3D printing technology that use light to cure or solidify photopolymer resins into
three-dimensional objects. However, there are some differences between the two
technologies that make each of them better suited for different applications.
SLA involves using a laser to cure the resin, layer-by-layer, into the desired object.
The laser traces the shape of each layer onto the surface of the resin and solidifies it.
SLA offers high accuracy and fine surface detail, resulting in objects with smooth
surfaces and crisp lines. However, SLA is generally slower than DLP, as the laser
needs to trace each layer one at a time [155].
DLP, on the other hand, projects an image of the cross-section of the object onto
the resin, which is then cured by a high-intensity light source such as a digital light
projector or LED array. This allows for fast print speeds, as the entire layer can be
cured at once. DLP also offers high levels of accuracy and fine surface detail, but
not as much as SLA [156].
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Figure 3.3: Schematic illustration of a stereolithography (SLA) and digital light
processing (DLP) 3D printer. Reprinted from [157]

Advantages

DLP 3D printing offers high accuracy and fine surface detail, as the light source
projects an entire cross-section of the object in one go. This results in objects with
smooth surfaces, crisp lines, and highly detailed features. DLP 3D printing also
allows for fast print speeds, as the entire layer can be cured at once. SLA and
DLP resin 3D printers are renowned for producing the most polished surface finish
compared to other 3D printing methods. Typically, the discrepancies between the
two are only discernible on miniature parts or intricate designs[156].
One of the key benefits of DLP 3D printing is that it allows for the production
of highly accurate and detailed objects in a relatively short amount of time [158].
This makes it ideal for producing objects with intricate designs, such as jewelry
[159] or dental implants [160].

Drawbacks

One major drawback of DLP 3D printing is the cost of the materials. Photopolymer
resin, used as the build material in DLP 3D printing, can be quite expensive in
mass production compared to other materials used in 3D printing. This can make
it less accessible for individuals or businesses just starting out with 3D printing
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[161].
Another drawback of DLP 3D printing is the limited build size. The size of the
objects that can be printed is typically limited by the size of the build platform,
which is often small. This can make it difficult to print larger or multiple objects
at once [162].
In addition, DLP 3D printing requires a high level of maintenance. The photopoly-
mer resin used in DLP 3D printing can become contaminated over time, which can
affect the quality of the printed objects. The build platform and the light source
must be regularly cleaned and maintained to ensure optimal performance[156].

3.2 Optomechanics Design
In this study, we utilized the Inventor software from Autodesk to design the 3D
models. The primary objective of our work was to design a custom-made modular
organization of the system that would allow for easy fixation of all optics parts.
Additionally, we wanted to create a design that would enable effortless removal and
installation of replacement parts with simple shapes, thus ensuring maintenance
and repair procedures would be less complicated.
To achieve these objectives, we began by studying various shapes and constraint
mechanisms to evaluate their advantages and disadvantages, with the aim of
selecting the best one for the optics mounting. After careful consideration, we
obtained three solutions for the optics mounting, all fabricated using FDM 3D
printing technology in acrylonitrile butadiene styrene (ABS) and thermoplastic
polyurethane (TPU). The solutions are presented in detail in fig. 3.4.

Figure 3.4: This figure provides a visual comparison of three different optics
mounting solutions, with each solution utilizing a different method for holding the
lens in place. (a) a ring stopper is used to fix the lens in position. (b) utilizes a
flexible material to hold the lens in position. (c) employs a more traditional screw
stopper to hold the lens in place.

The first mounter produced had its own set of advantages and disadvantages.
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On the positive side, it featured a ring joint that securely held the lens, preventing
unwanted movements or shifts during operation. This minimized any potential
damage or distortion that could occur due to vibration or other external factors.
Additionally, the mounter was designed to be tough and durable, capable of
withstanding harsh environmental conditions and extended use.
However, there were also some drawbacks associated with this mounter design.
One of the main concerns was the difficulty in removing the lens from the mounter.
This could pose a significant challenge in situations where lens replacement or
maintenance is required. Furthermore, the mounter was not adjustable or adaptable
to different lenses and required specific modifications for each lens type, which
could be time-consuming and costly.
The second mounter design that we produced had a number of significant advantages.
One of the key features of this mounter was the use of a rubber-like material to
hold the lens in place. This material provided a secure and snug fit, preventing any
movements or vibrations that could affect the performance of the lens. Additionally,
this material was easy to work with and could be adapted to fit different lens shapes,
making it a versatile and practical solution for a wide range of applications. This
means that the second mounter design was also highly adaptable to different types of
optic parts: the same mounting solution could be used for a range of different lenses
without needing specific modifications or adjustments. This increased flexibility
and versatility saved time and resources and made it a more cost-effective and
practical option overall.
Another advantage of the second mount is its simple and intuitive design. Unlike the
first mount, this design did not require any screws or rings to hold the lens in place,
making it easier to use and maintain. The mounting process was straightforward
and hassle-free, allowing for faster and more efficient operations.
The third mount design that we produced employed a fairly reliable mechanism
with a screw to hold the lens in place. This approach provided a strong and secure
hold, ensuring that the lens remained in the correct position and did not move or
vibrate during operation. This made it a suitable solution for applications where
precision and stability were critical.
Like the second mount design, this mount was adaptable to different optic parts.
This meant that the same mounting solution could be used for a range of different
lenses without requiring any specific modifications or adjustments. This increased
flexibility and saved time and resources.
However, this mounting solution also had some notable drawbacks. The added
complexity can cause greater time and resources to manufacture, which could

61



3D Printed Wearable Raman Prototype

increase costs and lead to longer lead times.
Additionally, the assembly process for this mounting solution could be uncomfortable
and challenging. Using screws to hold the lens in place required a high level of
precision and attention to detail during the assembly process. This could make it
more time-consuming and require greater skill to install and maintain properly.
After thoroughly evaluating the three different optics mounting solutions presented,
we have decided to move forward with the second prototype. This mounting
solution, which utilized a rubber-like material to hold the lens, offered several
advantages over the other two options.
After the initial evaluation of the first prototype, we recognized the need to further
develop our mounting solution. As a result, we decided to produce a second
prototype using TPU, which incorporated several key design changes to improve
its functionality and adaptability.
One major change was the addition of a protrusion on the base of the mounter,
which would provide a more secure and stable hold for the lens. Additionally,
we created a proof-of-concept platform to test the constraint and ensure that the
mounting solution would work correctly. This platform was designed with a hole
insertion point for the mounted lens, which allowed us to control the optics path
using the platform design.
Using this platform, we could achieve a modular system organization where all the
optics could be easily fixed and removed with a simple configuration. The platform
design also allowed us to change the optical path easily, simply by swapping out
the board. This provided a more versatile and adaptable solution, which could
be customized for a range of different applications and use cases. This solution is
shown in fig.3.5.
In order to improve upon the first two prototypes, a third design was necessary
due to the stringing effect and low surface detail that resulted from using FDM
3D printing methodology. To address these issues, we searched for a more suitable
material and printing technology that would allow us to produce high-quality
parts with the required flexibility and resilience. Our research led us to the use
of stereolithography and E-gum material for the production of the new mounter
parts.
E-gum was chosen for its unique properties, which make it ideal for the purpose
of holding the lenses securely in place without causing any damage or distortion.
This rubber-like material is known for its high flexibility and durability, and it can
stretch and bend without breaking, making it well-suited for a range of applications
where resilience is critical. By using stereolithography, we were able to produce
high-quality parts with a smooth surface finish and intricate details.
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Figure 3.5: (a) presents the 3D model of the second prototype for the lens
mounter. This model was developed using TPU, with a protrusion on the base
of the mounter to hold the lens securely in place. (b) shows the proof-of-concept
constraint mechanism developed to test the functionality of the mounting solution.
This mechanism was designed with a hole insertion point for the mounted lens,
which allowed us to control the optics path using the platform design.

Figure 3.6: (a) presents the 3D model of the third prototype for the lens mounter.
(b) shows the actual model was developed using E-gum, with a protrusion on the
base of the mounter to hold the lens securely in place.
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3.3 Optics

In this study, we aimed to design two Raman systems that meet the specific
requirements for our application. The first step of the design process involved a
comprehensive study of different Raman architectures and their potential use in
our system. We analyzed the functions of each optical component to determine
which ones were necessary for our system and evaluated different solutions from
top companies in the field, such as Thorlabs and Edmund Optics.
After an extensive evaluation of various optical components, we compiled a list of
necessary components and evaluated the overall cost of the device presented in
the tab. 3.1. By fabricating the optomechanical components on our own, we were
able to significantly reduce the final product’s cost. It is important to note that

Table 3.1: Here are presented the costs of all the optics components

the cost and size of the device are limited by the objective, particularly its high
size. However, the miniaturization of objectives is now a routine process, and this
aspect can be improved in the future.
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3.4 Wearable Device Design

In our work, we aimed to design a wearable Raman system that can contain
all the necessary components in a single device without needing any external
spectrometer or power supply. The first Raman system we designed utilized an
in-house-built laser system consisting of a diode-pumped solid-state (DPSS) laser
and various beam shaping and steering optics to generate the desired wavelength
and power output. Our primary goal was to provide an economical solution for our
application’s specific needs.
For the second Raman system design, we chose a commercial butterfly laser instead
of an in-house-built laser system. This laser offered better stability and reliability,
leading to higher-quality data collection. We designed the system to integrate
the butterfly laser in a compact design while also optimizing the optical path to
minimize losses and improve performance.
Throughout the design process, we carefully selected materials for different optical
components, such as lenses, mirrors, and filters, based on their required optical
characteristics. By utilizing our expertise in designing optical systems, we were able
to create two Raman systems that met our specific needs and budget constraints
while also providing reliable and high-quality data.

3.4.1 First prototype

The objective is one of the critical components of the system. It needs to be
perpendicular to the skin to obtain a signal in Raman spectroscopy. Our goal was
to reduce the height of the device as much as possible to make it more wearable.
To achieve this, we folded the system, keeping the objective perpendicular to the
skin while flipping the other part parallel to the skin.
The laser source we used was a 532 nm 40mW laser source DPSS. We chose this
specific laser as it provides the ideal wavelength for exciting Raman scattering in
biological molecules, as well as being suitable for measuring sweat components such
as glucose, lactate, and urea. The beam expander was necessary to fulfill the pupil
dimension of the objective.
To reduce the energy of the beam and obtain a narrow band, we used a neutral
density filter and line filter. These filters attenuate the high-intensity laser beam,
which can cause sample damage and saturate the detector.
The dichroic mirror played a vital role in guiding the laser beam toward the
objective. This mirror reflects light at a specific angle while transmitting it at
another angle. It helps to focus the laser beam accurately and efficiently on the
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sample while also reflecting the signal obtained from it.
After passing through the objective, a microfluidic chip for sweat collection was
placed to collect the sample. The signal obtained from the sample comes back
through the dichroic mirror toward the CMOS sensor after passing through a
bandpass and notch filter. These filters allow only the desired wavelength of light
to pass through to the sensor while blocking other unwanted wavelengths that
could cause interference or background noise.
These components work together to form a powerful Raman spectroscopy device that
is both compact and wearable, allowing for non-invasive sweat-based diagnostics.
By using these components, we can obtain high-quality signals from sweat samples
with minimal interference, paving the way for future research and development in
the field of sweat-based diagnostics.
The first prototype of the wearable Raman sweat sensor represents a significant
landmark in this research, as it demonstrates the feasibility of the optomechanical
design. However, the prototype also highlighted several challenges that must be
addressed in the next version of the device. The most significant issue was the
instability of the laser source, which requires an improved heat dissipation system
to ensure stability and consistent power output. The inconsistent power output can
significantly hinder the generation of a Raman signal, which is crucial for accurate
detection and analysis. Furthermore, the preliminary tests revealed misalignment
problems that must be addressed in the second prototype to ensure precise and
accurate measurement. Despite these challenges, the first prototype serves as a
proof-of-concept for the optomechanical design.
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Figure 3.7: Schematic of the first wearable prototype optics.

Figure 3.8: 3D model of (A) the first wearable Raman system prototype and (B)
optic platform.
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Figure 3.9: Actual prototype of (A) the first wearable Raman system prototype
and (B) optic platform.

3.4.2 Final prototype

The schematic representation of the optical design is shown in fig 3.10. The new
prototype consists of an improved design that resolves the issues faced in the first
prototype, providing a proof-of-concept for the feasibility of the wearable Raman
sweat sensor.

The second prototype of the wearable Raman sweat sensor overcomes the
challenges faced in the first prototype by using the butterfly commercial laser,
which is a more stable and reliable source. The use of the butterfly laser required
modifications to the shape and optimization of the spaces, resulting in a design
that allows for the proper holding and heat dissipation of the laser. We tried to
optimize the space to shrink the size of the device as much as possible, and the
final size of the device is 8.8 x 9.5 x 6.5 cm3 as shown in fig. 3.11. In addition, the
CMOS sensor was located at the exact Effective Focal Length (EFL) of 14 mm
from the focusing lens, ensuring accurate and precise measurements. The design
also features two band connectors on the side of the device, allowing for easy and
convenient use by wearing the device on a band.
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Figure 3.10: Schematic of the final wearable prototype optics.

Figure 3.11: The 3D model shown in this figure represents the second version
of the wearable Raman system, which showcases the integration of the butterfly
commercial laser, the CMOS sensor, and the band connectors, the focusing lens,
dichroic mirror, and filters.
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Figure 3.12: The actual all-in-one wearable device worn by a subject using an
elastic band.
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Chapter 4

Results

To better understand the performance of our wearable Raman system, we designed
and conducted an in vitro experiment to explore its behaviour. The experiment
setup is shown in 4.1.

Figure 4.1: In this figure is shown the experimental setup we designed and
constructed to explore its behaviour.

To ensure the proper alignment of all the optics components and to accurately
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position the spectrometer, fluorescence paper was used to test the system. The
HR4000CG-UV-NIR portable spectrometer system, sourced from Oscean Optics
company, was utilized to test the system’s performance. Several chemical com-
pounds, including lactate, urea, glucose, tyrosine, phenylalanine, ascorbic acid,
creatinine, and cholesterol, were tested using this setup to evaluate the performance
of our wearable Raman spectrometer. Results are shown in fig. 4.2.

Figure 4.2: The figure represents the Raman spectrum of several chemical
compounds that are involved in many biochemical reactions.

The Raman spectra obtained for each compound are displayed in the figure,
clearly showing distinctive peaks for each one [163]. These peaks correspond to the
vibrational modes of the different molecular bonds present in the sample, and their
positions and intensities provide information about the identity and concentration
of the compound. The Raman bands and related information for each compound
analyzed in our work are presented in Table 4.1. The table includes the peak
wavenumber in units of cm−1, as well as the corresponding peak assignment and
any relevant information about the chemical structure or behaviour of the compound
associated with each peak. For example, lactate has a strong peak at around 860
cm−1 [164], while urea has a prominent peak at around 1000 cm−1 [165]. Glucose
has multiple peaks in the spectrum, including a strong peak at around 1125 cm−1,
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which is due to the C-O-C stretching mode [164]. Tyrosine and Phenylalanine
have similar spectra, with strong peaks at around 1600 cm−1 [166] and 1000 cm−1

[167], which are due to the C=N and C-C stretching modes, respectively. Ascorbic
acid has a prominent peak at around 1600 cm−1 [168], as well as creatinine that
shows other several peaks around 700-800 cm−1 (C-N stretch), 1170-1190 cm−1

(C-C stretch), 1300-1330 cm−1 (C-N-H deformation), and 1640-1660 cm−1 (C=O
stretch) [169]. Cholesterol has multiple peaks in the spectrum, including a strong
peak at around 1450 cm−1, which is due to the CH2−CH3 bending mode [16]. The
obtained results demonstrated a high degree of accuracy and precision, confirming
the validity and reliability of our system. Furthermore, the observed trends and
patterns in the data align with the expected behaviour of the compounds under
investigation, which further supports the credibility of our findings.

Table 4.1: This table provides an overview of the characteristic Raman bands
observed for each compound analyzed in our work. Furthermore, the table includes
a brief explanation of the peak assignment, providing an insight into the molecular
vibrations responsible for the Raman scattering signal [164, 165, 166, 167, 168, 169,
16].
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To further demonstrate the robustness of our wearable Raman system, we conducted
experiments on Urea and Olive oil solutions. The results obtained from these
experiments 4.3 confirm the efficacy of our system in analyzing and characterizing
common solutions. Furthermore, the use of a Band-Pass Filter (BPF) in our
system resulted in the removal of unwanted peaks, thus enabling a clear chemical
description of the solution analyzed. These findings underscore the potential of our
system to be utilized in a variety of practical applications, including those related
to solution analysis and characterization
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Figure 4.3: This figure presents a comprehensive overview of the results obtained
from the solutions analyzed using our wearable Raman system. In fig. a, several
spectra of fluorescence papers were obtained. In fig. b, the Raman spectrum of
olive oil solution acquired with our wearable Raman system is compared with the
spectrum obtained using a commercial Raman system and the spectrum sourced
from literature (fig. c). The Raman spectra of Urea solutions at 5 M and 2.5 M
both with (fig. d) and without (fig. e) a bandpass filter were also analyzed.

75



76



Chapter 5

Conclusions and Future
Developments

The research conducted has resulted in the development of a novel wearable Raman
scattering-based biosensing system. This system represents a significant advance-
ment in the field of wearable technology by providing a fully integrated, modular,
and flexible design for continuous monitoring of biomolecules in real-time.
One of the key achievements of this research was the successful development of
an 8.8 x 9.5 x 6.7 cm3 prototype using innovative 3D printing techniques. This
approach allowed for a modular design that facilitated the easy placement of com-
ponents and flexible mountings for optics. We produced two prototypes, which
demonstrated the design’s feasibility and effectiveness in integrating optical com-
ponents. Additionally, we optimized the temperature control system for the laser
source using the well-established Nichols-Zeigler method, ensuring the device’s
optimal efficiency and accuracy.
During the course of the study, our team tested different laser sources and ul-
timately selected the butterfly commercial laser for its superior performance in
terms of optical power output and peak shift stability. However, the results of this
study also suggest that there is potential for future research to explore the use of a
cheaper, in-house built laser section, provided that proper optimization of the heat
dissipation design is achieved.
The final test of the complete system proved that it was possible to obtain a reliable
spectrum with this system. This demonstrates the feasibility and promise of the
wearable Raman scattering-based biosensing system for real-world applications.
The development of this wearable Raman system has significant potential to im-
prove the efficiency and cost-effectiveness of healthcare delivery while improving
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patient outcomes, particularly for those with chronic conditions or those in re-
mote or resource-limited settings. By providing accurate and real-time monitoring
of biomolecules, the system can help to reduce the need for invasive and time-
consuming sample collection and analysis. Moreover, this research provides a
valuable contribution to the development of wearable technology for personalized
health monitoring, which is a critical area of research and innovation with tremen-
dous potential for improving human health and well-being.
In conclusion, this research represents an important step forward in the development
of wearable technology for biosensing and lays the foundation for future advances
in this field. The wearable Raman scattering-based biosensing system has the
potential to revolutionize healthcare delivery and improve patient outcomes, and we
are excited to see how this technology will evolve and impact the field of biosensing
in the years to come.

5.1 Limitations and Future Developments
While our wearable Raman system has shown promising potential for biosensing
applications, there are still several limitations that must be addressed to achieve
optimal performance. One of the major limitations was the use of a spectrometer
that was not low-noise enough for exploiting the full advantage of the device for
analyzing solutions in Raman spectroscopy. In response to this, we decided to use
a CMOS sensor for acquiring data and transmitting results via Bluetooth.
Based on the promising results obtained in this study, the next phase of our research
will focus on optimizing the wearable Raman system for biosensing applications.
This will involve expanding our testing to a wider range of biological fluids, such as
sweat, and identifying the specific biomarkers present in these fluids. We will explore
the potential of our system to accurately detect and quantify these biomarkers,
which could have significant implications for healthcare monitoring.
To improve the performance of our system, we plan to include a bandpass filter in
order to detect only one peak of interest, eliminating the need for a spectrometer
capable of multi-peak detection. This will allow us to use a one-pixel CMOS sensor
to detect a single-dimension signal corresponding to the peak of interest for a
specific compound.
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Additional Content

A.1 PID optimization
MATLAB code for visualizing and optimize PID temperature control system.

1 clc; close all; clear all;
2

3 % Thermistor paramethers
4 R25 =10000;
5

6 % R range 3.599*10^3 to 681.6
7 a =3.3530481*10^ -3;
8 b =2.5420230*10^ -4;
9 c =1.1431163*10^ -6;

10 d = -6.9383563*10^ -8;
11

12 path=’/Users/ marcofranchini / Library /Group Containers / UBF8T346G9 .
OneDriveStandaloneSuite / OneDrive - Politecnico di Torino .
noindex / OneDrive - Politecnico di Torino / Universit à/ Svizzera /
Tesi/TEC control / Gain_experiment /P-GAIN/’;

13

14 Ibias =100*10^ -6;
15

16 Rp = 30.2*10^3;
17 P =(100./((100000/ Rp) -1));
18 %Pgain = 8.85/2;
19 % Rp_gain =100000/((100/ Pgain) -1);
20

21 Ri = 62.6*10^3;
22 I =0.53.*((100000/ Ri)+1);
23 %Tc =20;
24 %Iterm = Pgain/Tc;
25 % Ri_term =100000/((1.89* Iterm) -1);
26
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27 %% PGAIN
28 % 1kohm
29 V1= readmatrix ( strcat (path ,’exp_7.txt ’));
30 V1 = V1 (: ,4);
31 Rt1 = V1./ Ibias;
32

33 % 6,2 kohm
34 V2 = readmatrix (’/Users/ marcofranchini / Library /Group Containers /

UBF8T346G9 . OneDriveStandaloneSuite / OneDrive - Politecnico di
Torino . noindex / OneDrive - Politecnico di Torino / Universit à/
Svizzera /Tesi/TEC control / Gain_experiment /P-GAIN/exp_3.txt ’);

35 V2 = V2 (: ,4);
36 Rt2 = V2./ Ibias;
37

38 ...
39

40 % Thermistor model
41 T_K1= 1./(a + b.* log(Rt1/R25) + c.* log(Rt1/R25).^2 + d.* log(Rt1/

R25).^3);
42 T_K2= 1./(a + b.* log(Rt2/R25) + c.* log(Rt2/R25).^2 + d.* log(Rt2/

R25).^3);
43

44 ...
45

46 T_C1= T_K1 -273.15;
47 T_C2= T_K2 -273.15;
48

49 ...
50

51 %P1 =(100/((100000/ Rt1) -1)); % 1kohm
52 P2 =(100/((100000/(6.2*10^3) ) -1)); % 6,2 kohm
53

54 ...
55

56 figure ;
57 %plot(T_C1);
58 %hold on;
59 plot(T_C2 ,’LineWidth ’ ,1.5);
60 hold on;
61 plot(T_C2 ,’LineWidth ’ ,1.5);
62 plot(T_C3 ,’LineWidth ’ ,1.5);
63 plot(T_C4 ,’LineWidth ’ ,1.5);
64 plot(T_C5 ,’LineWidth ’ ,1.5);
65 plot(T_C6 ,’LineWidth ’ ,1.5);
66 plot(T_C7 ,’LineWidth ’ ,1.5);
67 plot(T_C8 ,’LineWidth ’ ,1.5);
68 %plot(T_C9);
69 % ’1kohm ’,’61,7 kohm ’

80



A.1 – PID optimization

70 legend ( num2str (P2),num2str (P3),num2str (P4),num2str (P5),num2str (P6)
,num2str (P7),num2str (P8));

71

72 yline (15,’--’,’LineWidth ’ ,1.5);
73 yline (20,’--’,’LineWidth ’ ,1.5);
74 yline (25,’--’,’LineWidth ’ ,1.5);
75 yline (30,’--’,’LineWidth ’ ,1.5);
76

77 xlabel (" Time (s)");
78 ylabel (" Temperature ( C )");
79 title (["P-gain experiment "] );
80

81 % save( strcat (path ,’test p-gain ’,’.mat ’));
82

83 %% ITERM
84

85 path=’/Users/ marcofranchini / Library /Group Containers / UBF8T346G9 .
OneDriveStandaloneSuite / OneDrive - Politecnico di Torino .
noindex / OneDrive - Politecnico di Torino / Universit à/ Svizzera /
Tesi/TEC control / Gain_experiment /I-TERM/’;

86

87 % Ri=1 kohm
88 V1= readmatrix ( strcat (path ,’exp_5.txt ’));
89 V1 = V1 (: ,4);
90 Rt1 = V1./ Ibias;
91

92 % Ri =11 ,9 kohm
93 V2= readmatrix ( strcat (path ,’exp_4.txt ’));
94 V2 = V2 (: ,4);
95 Rt2 = V2./ Ibias;
96

97 % Ri =21 ,4 kohm
98 V3= readmatrix ( strcat (path ,’exp_1.txt ’));
99 V3 = V3 (: ,4);

100 Rt3 = V3./ Ibias;
101

102 % Ri =31 ,2 kohm
103 V4= readmatrix ( strcat (path ,’exp_2.txt ’));
104 V4 = V4 (: ,4);
105 Rt4 = V4./ Ibias;
106

107 % Ri =41 ,3 kohm
108 V5= readmatrix ( strcat (path ,’exp_3.txt ’));
109 V5 = V5 (: ,4);
110 Rt5 = V5./ Ibias;
111

112 T_K1= 1./(a + b.* log(Rt1/R25) + c.* log(Rt1/R25).^2 + d.* log(Rt1/
R25).^3);

81



Additional Content

113 T_K2= 1./(a + b.* log(Rt2/R25) + c.* log(Rt2/R25).^2 + d.* log(Rt2/
R25).^3);

114 T_K3= 1./(a + b.* log(Rt3/R25) + c.* log(Rt3/R25).^2 + d.* log(Rt3/
R25).^3);

115 T_K4= 1./(a + b.* log(Rt4/R25) + c.* log(Rt4/R25).^2 + d.* log(Rt4/
R25).^3);

116 T_K5= 1./(a + b.* log(Rt5/R25) + c.* log(Rt5/R25).^2 + d.* log(Rt5/
R25).^3);

117

118 T_C1= T_K1 -273.15;
119 T_C2= T_K2 -273.15;
120 T_C3= T_K3 -273.15;
121 T_C4= T_K4 -273.15;
122 T_C5= T_K5 -273.15;
123

124 figure ;
125 plot(T_C1);
126 hold on;
127 plot(T_C2);
128 plot(T_C3);
129 plot(T_C4);
130 plot(T_C5);
131

132 legend (’1kohm ’,’11,9 kohm ’,’21,4 kohm ’,’31,2 kohm ’,’41,3 kohm ’);
133

134 yline (15,’--’,’LineWidth ’ ,1.5);
135 yline (20,’--’,’LineWidth ’ ,1.5);
136 yline (25,’--’,’LineWidth ’ ,1.5);
137 yline (30,’--’,’LineWidth ’ ,1.5);
138

139 xlabel (" Time (s)");
140 ylabel (" Temperature ( C )");
141 title (["I-term experiment "] );

Listing A.1: P-gain and I-term optimization code for processing data and plotting

1 clc; clear all; close all;
2

3 % Thermistor paramethers
4 R25 =10000;
5

6 % R range 3.599*10^3 to 681.6
7 a =3.3530481*10^ -3;
8 b =2.5420230*10^ -4;
9 c =1.1431163*10^ -6;

10 d = -6.9383563*10^ -8;
11

12 Ibias =100*10^ -6;
13
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14 % tensione misurata dal pin ACT T --> fs=1Hz
15 V1 = readmatrix (’exp1.txt ’);
16 V1 = V1 (: ,4);
17 Rt1 = V1./ Ibias;
18

19 V2 = readmatrix (’exp2.txt ’);
20 V2 = V2 (: ,4);
21 Rt2 = V2./ Ibias;
22

23 V3 = readmatrix (’exp3.txt ’);
24 V3 = V3 (: ,4);
25 Rt3 = V3./ Ibias;
26

27 V4 = readmatrix (’exp4.txt ’);
28 V4 = V4 (: ,4);
29 Rt4 = V4./ Ibias;
30

31 % kelvin temperature
32 T_K1= 1./(a + b.* log(Rt1/R25) + c.* log(Rt1/R25).^2 + d.* log(Rt1/

R25).^3);
33 T_K2= 1./(a + b.* log(Rt2/R25) + c.* log(Rt2/R25).^2 + d.* log(Rt2/

R25).^3);
34 T_K3= 1./(a + b.* log(Rt3/R25) + c.* log(Rt3/R25).^2 + d.* log(Rt3/

R25).^3);
35 T_K4= 1./(a + b.* log(Rt4/R25) + c.* log(Rt4/R25).^2 + d.* log(Rt4/

R25).^3);
36

37 % Celsius temperature
38 T_C1= T_K1 -273.15;
39 T_C2= T_K2 -273.15;
40 T_C3= T_K3 -273.15;
41 T_C4= T_K4 -273.15;
42

43 %% all graph in one figure
44

45 T_C1=T_C1 (8:412) ;
46 T_C2=T_C2 (15:359) ;
47 T_C3=T_C3 (12:394) ;
48 T_C4=T_C4 (12:404) ;
49

50 T_C1= resample (T_C1 , length (T_C2),length (T_C1));
51 T_C3= resample (T_C3 , length (T_C2),length (T_C3));
52 T_C4= resample (T_C4 , length (T_C2),length (T_C4));
53

54 figure ;
55 plot(T_C1 ,’LineWidth ’ ,1.5);
56 hold on;
57 plot(T_C2 ,’LineWidth ’ ,1.5);
58 plot(T_C3 ,’LineWidth ’ ,1.5);
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59 plot(T_C4 ,’LineWidth ’ ,1.5);
60 legend (" T_C1 "," T_C2 "," T_C3 "," T_C4 ");
61 legend (’Experiment 1’, ’Experiment 2’, ’Experiment 3’, ’Experiment

4’);
62 xlabel (" Time (s)");
63 ylabel (" Temperature ( C )");
64 title ([" Step experiment "] );
65

66 Mean_T = mean ([ T_C1 (1:2: end) ’; T_C2 (1:2: end) ’; T_C3 (1:2: end) ’;
T_C4 (1:2: end) ’]);

67 Std_T = std ([ T_C1 (1:2: end) ’; T_C2 (1:2: end) ’; T_C3 (1:2: end) ’; T_C4
(1:2: end) ’]);

68 t =[0:2: length (T_C1)];
69

70 figure ;
71 errorbar (t,Mean_T ,Std_T ,’LineWidth ’ ,4);
72 yline (15,’--’,’LineWidth ’ ,1.5);
73 yline (20,’--’,’LineWidth ’ ,1.5);
74 yline (25,’--’,’LineWidth ’ ,1.5);
75 yline (30,’--’,’LineWidth ’ ,1.5);
76

77 xlabel (" Time (s)");
78 ylabel (" Temperature ( C )");
79 title ([" Step experiment "] );

Listing A.2: PID system test in the range of work of the laser source

A.2 Laser test
MATLAB code for process signal from different laser sources and evaluate their
behaviours.

1 %% 40 mW laser
2 Pa =[0.1 0.1 0.1 0.1 0.1 1.1 8.6 14.2 22.1 22 16.5 20 29 41]; %mW
3 Va =[0.00 0.00 0.02 0.07 0.12 0.17 0.19 0.21 0.23 0.25 0.27 0.29

0.31 0.33]; %V
4 Ia= Va .*1.2;
5

6 figure ;
7 plot(Ia *10^3 ,Pa ,’LineWidth ’ ,1.5);
8 xlabel (" Contant laser Current (mA)");
9 ylabel (" Laser Power original (mW)");

10

11 % Threshold V = 0.9V for (10 mW laser diode)
12

13
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14 S1 = readmatrix ("/ Users/ marcofranchini / Library / CloudStorage /
OneDrive - PolitecnicodiTorino / Universit à/ Svizzera /Tesi/
LASER_SOURCE /Laser test/ New_laser /40 mW/Subt2_20 -06 -58 -047. txt ")
;

15 S2= readmatrix ("/ Users/ marcofranchini / Library / CloudStorage /
OneDrive - PolitecnicodiTorino / Universit à/ Svizzera /Tesi/
LASER_SOURCE /Laser test/ New_laser /40 mW/Subt2_20 -06 -00 -758. txt ")
;

16

17 ...
18

19 Spec (: ,1) = S1 (: ,1);
20 Spec= [S1 (: ,2) S2 (: ,2) S3 (: ,2) S4 (: ,2) S5 (: ,2) S6 (: ,2) S7 (: ,2) S9

(: ,2) S10 (: ,2) S11 (: ,2) S12 (: ,2) S13 (: ,2) S14 (: ,2) S15 (: ,2) S16
(: ,2) S17 (: ,2) ];

21 lambda = S1 (: ,1);
22

23 fwhmx=ones(size(Spec ,2) ,1);
24

25 figure ;
26

27 for i=1:16
28 vmax = max(Spec (:,i));
29 vmin = min (Spec (:,i));
30 %Find the half max value.
31 halfMax = max(Spec (:,i)) / 2;
32 % Find where the data first drops below half the max.
33 index1 = find(Spec (:,i) >= halfMax , 1, ’first ’);
34 % Find where the data last rises above half the max.
35 index2 = find(Spec (:,i) >= halfMax , 1, ’last ’);
36 fwhm = index2 - index1 + 1; % FWHM in indexes
37 % if you have an x vector
38 fwhmx(i) = lambda ( index2 ) - lambda ( index1 );
39 plot(S1 (: ,1) ,Spec (:,i));
40 hold on;
41 end
42

43 xline (532.241 ,"k--",’LineWidth ’ ,2);
44

45 [M index ]= max(Spec);
46 peak_shift_40 = lambda (index);
47

48 t10 =0:1:19 -1;
49 t40 =0:1:16 -1;
50 figure ;
51 plot(t10 , peak_shift_10 , ’r.’,’LineWidth ’,5,’MarkerSize ’ ,20);
52 hold on;
53 plot(t40 , peak_shift_40 , ’c.’,’LineWidth ’,5,’MarkerSize ’ ,10);
54 xlabel (" time [min ]");
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55 ylabel (" wavelength [nm ]");
56 yline( peak_shift_40 (1) ,"k--",’LineWidth ’ ,2);
57 legend (["10 mW " ,"40 mW "]);

Listing A.3: 40mW laser test in terms of Power output stability and spectrum
(the code is the same for the 10 mW laser source)

1 clc; clear all; close all;
2

3 R25 =10000;
4 beta = 3450;
5 T0 = 25;
6

7 % R range 3.599*10^3 to 681.6
8 a =3.3530481*10^ -3;
9 b =2.5420230*10^ -4;

10 c =1.1431163*10^ -6;
11 d = -6.9383563*10^ -8;
12

13

14 Ibias =1.2;
15 %% characteristic curve for butterfly laser
16 Power = [0 0 0 0 0 0.4 3.38 23 67 76 91 96]; %mW
17 Voltage = [0 0 0.1 0.2 0.3 0.4 0.45 0.5 0.55 0.57 0.6 0.61]; %V
18 Current = ( Voltage ./1.2) *10^3; %mA
19 figure ;
20 plot(Current ,Power ," LineWidth ",3);
21 xlabel (" Current (mA)");
22 ylabel (" Power(mW)");
23

24 %% POWER OUTPUT STABILITY FOR BUTTERFLY LASER
25

26 P1 = readmatrix (’/Users/ marcofranchini / Library / CloudStorage /
OneDrive - PolitecnicodiTorino / Universit à/ Svizzera /Tesi/
LASER_SOURCE / Butterfly_laser /03 _02_2023 /1/ Power.txt ’);

27 P1 = P1 (: ,2);
28

29 V1 = readmatrix (’/Users/ marcofranchini / Library / CloudStorage /
OneDrive - PolitecnicodiTorino / Universit à/ Svizzera /Tesi/
LASER_SOURCE / Butterfly_laser /03 _02_2023 /1/ Temp.txt ’);

30 V1= V1 (: ,4);
31 R1= V1./ Ibias;
32 T1 = beta ./( log(R1 ./( R25 .* exp(-beta ./T0))));
33 T1= T1 ([1: length (P1)],1);
34

35 ...
36

37 figure ;
38 plot(T1 ,P1 *1000 ,"*" ," LineWidth ",5)
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A.2 – Laser test

39 title (" Butterfly laser ");
40 xlim ([26.5 27]);
41 ylim ([85 90]);
42 xlabel (" Temperature ( C )"," FontSize " ,50);
43 ylabel (" Power (mW)"," FontSize " ,50);
44

45 time1 =[0:1: length (P1) -1]./60;
46 figure ;
47 [hAx ,hLine1 , hLine2 ] = plotyy (time1 ,P1 *1000 , time1 ,T1);
48 xlabel (" time (s)"," FontSize " ,30);
49 ylabel (hAx (1) ,"Power (mW)"," FontSize ",30," FontWeight "," bold "); %

left y-axis
50 ylabel (hAx (2) ," Temperature ( C )"," FontSize ",30," FontWeight "," bold

"); % right y-axis
51 hLine1 . LineWidth =5;
52 hLine2 . LineWidth =5;
53 ylim(hAx (1) ,[84.6 90.6]) ;
54 ylim(hAx (2) ,[26.812 26.818]) ;
55

56 %% whitout heatsink
57

58 figure ;
59 plot(T2 ,P2 *1000 ,"*" ," LineWidth ",5)
60 title (" Butterfly laser ");
61 % xlim ([26.5 27]);
62 % ylim ([85 90]);
63 xlabel (" Temperature ( C )"," FontSize " ,50);
64 ylabel (" Power (mW)"," FontSize " ,50);
65

66 time1 =[0:1: length (P2) -1]./60;
67 figure ;
68 [hAx ,hLine1 , hLine2 ] = plotyy (time1 ,P2 *1000 , time1 ,T2);
69 xlabel (" time (s)"," FontSize " ,30);
70 ylabel (hAx (1) ,"Power (mW)"," FontSize ",30," FontWeight "," bold "); %

left y-axis
71 ylabel (hAx (2) ," Temperature ( C )"," FontSize ",30," FontWeight "," bold

"); % right y-axis
72 hLine1 . LineWidth =5;
73 hLine2 . LineWidth =5;
74 % ylim(hAx (1) ,[84.6 90.6]) ;
75 % ylim(hAx (2) ,[26.812 26.818]) ;
76

77 cvP =( std(P1 (20: end ,1))/mean(P1 (20: end ,1)))*100;
78 cvT =( std(T1)/mean(T1))*100;
79

80

81 %% Spectrometry
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Additional Content

82 S1 = readmatrix ("/ Users/ marcofranchini / Library / CloudStorage /
OneDrive - PolitecnicodiTorino / Universit à/ Svizzera /Tesi/
LASER_SOURCE / Butterfly_laser /03 _02_2023 / Spectrum /Subt2_16
-03 -37 -061. txt ");

83

84 ...
85

86 Spec= [S1 (: ,2) S2 (: ,2) S3 (: ,2) S4 (: ,2) S5 (: ,2) S6 (: ,2) S7 (: ,2) ];
87 lambda = S1 (: ,1);
88 fwhmx=ones(size(Spec ,2) ,1);
89

90 for i=1:7
91 vmax = max(Spec (:,i));
92 vmin = min (Spec (:,i));
93 %Find the half max value.
94 halfMax = max(Spec (:,i)) / 2;
95 % Find where the data first drops below half the max.
96 index1 = find(Spec (:,i) >= halfMax , 1, ’first ’);
97 % Find where the data last rises above half the max.
98 index2 = find(Spec (:,i) >= halfMax , 1, ’last ’);
99 fwhm = index2 - index1 + 1; % FWHM in indexes

100 % if you have an x vector
101 fwhmx(i) = lambda ( index2 ) - lambda ( index1 );
102 end
103 [M index ]= max(Spec);
104 peak_shift = lambda (index);
105 plot(lambda ,Spec , " LineWidth ",3);
106 xline (532.5 , ’LineWidth ’ ,2," LineStyle ","--");
107

108 t =0:5:5*6;
109 figure ;
110 plot(t,peak_shift , ’r.’,’LineWidth ’ ,10,’MarkerSize ’ ,40);
111 xlabel (" time [min ]");
112 ylabel (" wavelength [nm ]");
113 yline( peak_shift (1) ,"k--",’LineWidth ’ ,3);

Listing A.4: Butterfly laser test in terms of Power output stability and spectrum.
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