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1. Executive Summary

Environmental contamination from microplastics has become a critical global issue.
Plastics are produced at enormous scales and break down into small particles that spread
throughout ecosystems and water supplies. These particles are now found in drinking
water, food, soil, atmospheric dust, and even in human blood. Theitdonghealth

effects are not fully understood, but studies already suggest possible harm to cells, organs,
and hormonal systems. Detecting and identifying microplastics in waterrefdies an
important step toward understanding their impact and reducing exposure.

ECOspec is a compact Raman spectroscopy system designed to identify microplastics
suspended in water with minimal sample preparation. The device incorporates a 785 nm
laser, Raman filtering optics, a custom Czerny Turner spectrometer, and an electronic
corntrol system that manages data acquisition, temperature control, and safety interlocks.
By collecting Raman spectra from particles inside a quartz cuvette, the system can
determine whether microplastics are present.

The projectds motivation comes from the
methods. Manual inspection through microscopy is slow and prone to human error.
Traditional burn testing can differentiate plastypes butdestroythe sample. Raman
spectroscopy avoids these issues by providing-destructive, chemically specific
measurements based on the vibrational structure of molecules. Because plastics have well
defined Raman fingerprints, they can be reliably identified evleen broken into small
fragments.

The ECOspec system is designed around several major subsystems. The optical subsystem
includes laser illumination, beam conditioning, microscope objectives, filtering, and light
collection into the spectrometer. The electrical subsystem provides comtroglhan

ESP32 main controller and a CCD module. Supporting circuitry handles power regulation,
cooling, laser control, and safety features. The software subsystem performs spectral
calibration, preprocessing, filtering, and comparison against a refdilerarg of plastic
fingerprints. A simple graphical interface presents results to the user and could later support
identification, concentration estimation, and data logging.

The system has clear goals for performance and capability. The basic goals include
collecting Raman spectra from PET, polystyrene, and nylon samples larger than five
millimeters, and later from microplastic pieces under five millimeters. Advanced goals
expand to identify polymer type ardktectparticles as small as five hundred micrometers.
Stretch goals outline future improvements such as support for mixed plastic samples,
environmental water testing, re@ne monitoring, and mukivavelength excitatiorior
improved fluorescence suppression.

To support these goals, the design also includes detailed specifications. These include a
spectral resolution below two nanometers per pixel, integration times under forty seconds,
and system temperatures below 44° C. The optical system must capturedRédtadrom



zero to thirtytwo hundred inverse centimeters to cover key fingerprint regions for all three
target pol ymer s. Mechani cal constraints |
compact benctiop system.

The team has also conducted extensive research into previous senior design projects,
Raman spectroscopy literature, enthusiast builds, and commercial approaches. This review
highlights common challenges such as detector cooling, fluorescence supprgssiah, o
alignment, and electronic noise. Lessons from earlier projects guided the decision to use a
785 nm excitation source, infinity corrected microscope optics, long pass filtering rather
than notch filtering, and a crossed Czerny Turner spectrometeutldgr improved
aberration control.

ECOspec has potential applications in environmental science, laboratory water quality
assurance, industrial discharge monitoring, and even consumer safety. Municipalities could
use the device to monitor water treatment systems. Research labs could atmifpwrity

before experiments. Field teams could take measurements at lakes, rivers, and coastal areas
to track pollutionhotspots. Longerm development may lead to larger fixed installations

for continuous monitoring or smaller portable versions fdd fieork.

Overall, the ECOspec project aims to produce a reliable and accessible system for detecting
and identifying microplastics in water. By combining proven optical engineering principles
with practical design choices, the system addresses a growing envirahnesat and lays

out the groundwork for future improvements in microplastic analysis.

2. Project Narrative
2.1. Project Motivation and Background

Annual production of plastibas increased rapidly sindbe first synthetic plastic was
produced in 1907. In 202413.8 million tonsof plastic wagproducedglobally. 2 million

of thosetons end up in our ocean, and 52 tons end wmasonmentapollution[1]. One

of the side effectsf this plastic wastés microplastic(MP) pollution in our ecosystems.

Even though these tiny plastic particles seem small, less than 5 millimeters in size, they
pose a major environmental and health crisis that requires their det@&jtidtumans
consume an estimated 74,000 microplastic particles a yeaitsamgact on ouhealth is
justbeginningto be understoof8].

Microplastics argypically manually analyged with microscopes or burn tests. This process
IS time consuming, leaves room for human error in visual identificadiahjn the case of
the burn test, destroys the sample of interessp@ctroscopiegneasurement of a given
plastic sample is a reliable method of determinisgchemical compositionA type of
reliable chemical identificatiospectroscopy is a techniqealled Raman spectroscopy.
Ramananalyze the shifts in frequencthat occuwhen a sample is excited with incident
laser light Raman allows fohigh specificity of analysis, minimal samgdesparationand

Is non-destructiveCertain materials ar@ssociated with unique Ramangerprintspectra
that allow them to be identified from other materi&@&stics ar@ne such material



Each type of plastic, ranging froRET waterbottles to EP$rom styrofoam is associated
with a unique Raman spectrurithis unigue Raman spectrum asconsequencef the
materials' molecular and atomic structures.

2.1.1. TheConceptof ECOspec

ECOSpec is @ompact, prgpackagednicroplastic detectiosystemthat contains a laser
excitationsource, spectrometeand Raman filteringomponentsThe usercan introduce

a sample of interest into theystem andwill receive a live Raman spectrum This
configuration enables treequisitionof characteristi®aman spectra, which allows for the
precise identification of microplastic polymeaypes based on their unigue Raman
fingerprint Therefore, not only will the device tell the user if microplastics are detected, It
will also provide the type of microplastic.

ECOspecwould be useful for realorld applicationson a large scale Numerous
companies, governments, and research fasliwould benefit from having their water
noninvasivelyanalyzedfor microplastics and othdrarmful materialsPublic healthcan
easily be compromisetiwater is not monitoredr maintainedECOSpeallows for a non
intrusive method to identify ancharacterizeplastics that could bfound in consumable
products or drinking water. It has value in both consumer safetyemudations pt in

place by different agencieGovernmentsit all levels would benefit by using ECOsec
analysis of plastic contamination, whether it be in large water sanitation plants or small
measurement stations implemented in residential buildings

ECOspec could also be implemented at research faciMesy labs require a certain level
of purified wateras the impurities irtap water could interferwith experiments and
compomiseresults Allowing awatersourceto be monitored by ECOspec would increase
confidence that the purity of water @nlab isat a sufficientlevel. On the othehand it
could also be used by labs to research microplaamtidgproblems caused by microplastics

ECOspec would also be perfect for environmental water monitasiage t would detect
andidentify microplastics in natural water sources such as lakes, rivers, and otieians.
ability allows for pollution tracking ancefforts for remediation once hotspots of
contamination are locateddditionally, involving ECOspec withmonitoring output of

runoff and discharge from operations such as farming, plants, industrial facilities, and
urban/residential areas beneficial. Many of these produce and then introduce harmful
chemicals and nterialsto natural water wayslamaging ecosystein

2.2.Project Background Research

2.2.1. Environmentabnd Healthmpact of Microplastics

Throughout historytoxic materials have been used in a wide variety of products that were
commonlyin close physical proximity to humans and other living creatures. Some of these



more weltknown materials are lead, arsenic, and plastic. In modern times society has
pushed a lot of effort into removing arsenic and lead from our environnienthere has

been little pushback against plastic in compariddavements to remove plastic straws
and bags from seleareashave been popular in recent years, but they are largely limited
to small ares in cities or natural parks

Plastics are a convenient material. They dolmeak dowreasily, are resistant to many
chemicalsandare hydrophobicOverall, they providea platform formass production of
material with desirablepropertiesthat are widely customizable for a wide range of
applications ana@re otherwise not found in nature.

But for these very reasons, plastics are actively contributing to a decline in human and
general environmental health. While they do Ime@ak dowreasily in bulk, plastic items

are almost constantly leaving behind micro araho plastics. These tiny particles of
plastic, over thelecades of their increasing prevalert@jebecome extremely pervasive.
They are estimated to have touched almost epenmyt on Earth. Microplastics are found

in city water supplieplants infields miles from civilization, fod, human blood, anelven

snow samples in Antarctica [4].

Microplastics are suspected to be toxic to the human body when built up in large quantities.
They have beermotind to cause cell dea#imd disturb the cellular reproduction cych. [

There have also been multiple studies onatieerse effectsf microplasticson hormones,
thethyroid, and reproductive organs of mammals in gendéijal |

2.2.2. Principles of Raman Spectroscopy

Raman spectroscopy is a measurement technique that is often used for material
identification. This is enabled by the principles of Rayleigh and Raman scattering.
Rayleigh scattering is the most common type of scattering and defines the scattered photon
to have the same frequency (energy) as the incident photon. Raman scatteris@toccur
roughly every 100,000,000 interactions and defines the scattered photon to have a shifted
frequency (energy) from the incident pho{&h

The Rayleigh cross sectiodescribes anaterial'stendenyg to scatter light As seen in

Figure _, the value of the cross section is related to the inverse of the wavelength raised to
the fourth power. Thus, the intensity of scattering is related to the fourth power of the
wavelength.

Cross Section of Q, -
Rayleigh Scattering qam - _
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There are two outcomes for Raman scattering: Stokes andbfokies scattering. In stokes
scattering, the frequency of the scattered photon experiences a reduction in frequency (loss
of energy), which is perceived as an increase in wavelength. lrSfokes scattering, the
frequency of the scattered photon experiences an increase in frequency (gain in energy),
which is perceived as a decrease in wavelength.

In a typical Raman spectrometer system,léserspot size is minimized tfocus all the
optical power to as small as possibléhis increases the likelihood of generating and
receiving a Raman signah the precisely selected are@creasing the confidence of
obtaining a true Raman spectra associated with a known material.

2.2.3. Advantages for Microplastic Analysis

Plastic molecules are organic molecules. They are molecules made of a chain of
hydrocabons. They have unique geometries and unique energy levels associated with
them. These uniqueolecular structures and properties give plastics unigue Raman spectra
associated with each type. Because plastics have uniquely identRelen spectra, i

logical to conclude plastics aemasily identifiable with Raman spectroscq8y. From
polyethylene terephthalatdPET) in water bottles to expanded polystyrene (ERS) i
styrofoam the plasticscommonlyused in moderfight each have unique Raman spectra.

an Shift [1/cm)

Figurel Expected Raman Spectra, Polystyrene
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Figure2 Expected Raman Spectra, Polyethylene Terephthalate (PET)
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Figure3 Expected Raman Spectra, Nylon

2.2.4. Spectometers

Spectrometers are instruments that measure how light is dispersed across different
wavelengths. It takes incoming light, separates that lightiimttomponent wavelengths,

and measures eawlavelengthintensity. There are many different types of spectrometers
including prism, diffraction grating, Fourier transforiRaman mass and miniature
spectrometersThese broad classes mainly differentiate between how the light is being
dispersed, and its application. The first spectrometer was a ppisctr@meterbuilt in

1802, where sunlight was focused through a slit, and sent through a prism. Prism
spectrometers use a glass or quartz prism to refract and disperse the light into different
wavelengthsilt is historically importanand simple in desigfyutit has a few limitations,

such as nonlinear dispersion through gnessm and typical low resolution. Diffraction
grating spectrometers use @ptical component that has thousands of grooves that separate
light into its component wavelengths by the principleslififaction. Each wavelength is
diffracted at a different angle, which creates the different intensities at each wavelength.
Using a diffraction grating over a prism for dispersion can be beneficial because a higher
resolution is possible with a uniform wavelength separatidamplications include
straylight from other diffraction orders and themplex desigrwhich requires precise
alignment. Fourier transform spectrometers use interferometry to meaButbe
wavelengths at once, and therr@uriertransform is pplied to extract the spectrum. It
provides a very high resolution, and high throughput, but it requires moving mirrors, which



complicates the desi gn, nsaatioh becauseof dsreénsitiviyo r k v
to vibrations.

2.3. Existing Project/Past project/prior related work

2.3.1. PreviousSenior DesigrProjects

2.3.1.1. TEXRAY

TEXRAY was a pevious Raman spectisropy system usddr analysis of different types

of fabrics.The goal was to utilize machine learning to match collected Raman spectra to
previously confirmed dataseffhe team used 532 nm laser as a light sourbasic optical
components to focus and collect the lightensgratinglens (LGL) spectrometer layout

to separate the light, anccharge coupled device (CC) detect the spectréSamuels et

al., 2025)

However, the finaproductwas not &ully functioning device. The optidsinctioned as
intended and aRaman spectrumwas able to be gatherdtbwever a signal from the CCD
could notbe resolved. This issue could have resulben a variety of reasonsanging

from the CCD being oversaturated to a faulty signal amplification cifCiug. TEXRAY
system did not include cooling for the CCD, which is typically required for Raman
collection.Due to the weak nature of the Raman signal, a proportionally weak current is
the output of the detector. Significant care must be taken to ensure signal integrity and
noise isolation for the traces at@ which this signal will propagate through.

Theoriginal design included CzernyTurner spectrometeronfiguration buta LGL was
later swappedbr simplicity. This was likely due to the increased expenses with a Gzerny
Turner, ranging from the curved mirrors to reflective grating. Cz&umyers are robust to
aberration and off high spectral resolutioogt are notoriously hard to aligis a
compensatory note:raember of the group has experience aligning Czéumyer's fom

an internship positian

While a 532 nm laser is suitable for Raman spectroscopy, sairoagly suggesbhger
wavelength | asers produce significantly |
applications of bulk fabric analysis, the 532 nm excitation proved to be sufficient to
produce a Raman sign&B2 nm approaches the shorter end of common Raman excitation
sources due to the fluorescence problem. Due to the Ramam scati n g profi
proportionality to the inverse of the wavelength, these peaks can be intense enough to
overcome saturation from background fluorescence.

2.3.1.2. WATER

WATER was aprevious Raman spectroscofggcusedsenior design projedponsored by
Ocean Opticdt utilized adifferent type of spectroscopgpatial heterodyngpectroscopy,
for water contaminant analysiSpatial heterodyne spectroscopy utiligesiriertransform



to analyze Fizeau fringes-[/] The layoututilized a Michelson interferometemstead of

two mirrors utilized for reflection andreding a spatiotemporaldependen point of
interference, two fixed diffraction gratings argedto createa point of interference that is
wavelength dependerithe team was successful in obtaining Raman spectra for various
contaminants such asulfur, ammonium nitrate, and potassium perch&ré&mith
Blanchard et al., 2023However,discussion with previous advisors said their results had
a high uncertainty.

The system was designed around a 785 nm excitatiorce butvas later changed to 532

nm source due to toseakof aRamansignal. WATER used a scientific CMOS camera as
their detection module with a sensitivity pedl32nm. Due to the low quantum efficiency

at their initial range, performing spatial heterodyne spectroscopy with such a weak signal
was likely the final reduction in power tose a identifiable signal.

After reviewing this project, the fingdroductwas not too cohesive of a projektuch of
this project wasexternally controlledwith the spectral analysiseing performedvith
MATLAB and the laser sitting a top of the device. We wish to avoid

2.3.1.3. NIRSPEC

NIRSPEC was a senior design project from 2016. The NIR in NIRSPEC stands near
infraredand was an NIR light souragharacter This project was formerly sponsored by
Ocean Optics and was built without an opticajiarer.

An STM32 was utilized as the primary control and analysis system of the project.

NIRSPEC used a Indiw@allium-Arsenide (InGaAs)inear photodiodearray as their
detector. This type of sensor hagpeaksersitivity in the infrared spectrurbut a low
resolution. Typical photodiode arrays have horizontal pixel counts up tari®8re only
1 row tall. These sorts of sensors are useful for analyzing narrowemidthd and for
detecting small shifts in wavelengt@CDs often havdorizonal pixel counts up to 2048,
and CCD area arrays often go up to ~500 pixel verticBlsspite the high sensiity in
the NIR,InGaAslinear photodiode arrays are not suitable forapplicationsdue to their
low pixel count.

2.3.1.4. FLAMES

FLAMES was a project designed to detdue spectral signature dife. The spectral
signature minimized the chance of a false altom the detection system. Furthermore,

the use of light offers a near immediate detection time compared to traditional sensing
methods(Singh et al., 2025)

Several controller systems were used in this project. An ESR&pberry pi _ 8 GB, and
a BASYS 3 FPGA board were all computing modules of active subsystems.

2.3.2. Research Papers



2.3.2.1. Quantitative Raman analysis of microplastics in water using peak area ratios for
concentration determination

This paper uses Ramaspectroscopyto determine the concentrationof certain
microplasticsin a water sampleA NanobaseXperRAM-C is usedto obtain the Raman
samples. A 532 nm laser is used as the excitation source. Spectra were obtained with 25
second measurement tim& 0 um x 800 umnhages were obtained withgalvo motor
scanning the laser across the samleng et al., 2024)

2.3.2.2. Constructing a MicreRaman Spectrometer with Industri@rade CMOS
Camera® High Resolution and Sensitivity at Low Cost

This work discusses the creation of a miBaman spectrometer with the use of an
industriatgrade CMOS camera. They repoRaman shiftesolution of 2.5 cri, a small
footprint, and a s ens-grade comfdcal Ramanmycecoscdpy e t o
systémgrablil et al., 2025)

2.3.2.3. Cavityenhanced Ramaspectroscopy

This paper used a resonating cavity to enhance Raman analysis oftgasesudes using
a cavity to recirculate the light through the sample multiple times to produce more Raman
scatteringdoes mprove thaeceivedsignal on the detector.

2.3.3. Enthusiast Projects

2.3.3.1. OpenRaman

OpenRamais an enthusiast project designed by . The purpose of the project was to bring
advanced material analysis systgfRaman spectroscopy) research labs and hobbyists

for a significantly reduced cost compared ¢onventional systems. Over the years of its
development, there have been many upgrades brought to the OpenRaman platform. The
standard version of theevice utilizes a 3D printed alignment base, a 532 nm diode laser,

a FLIR CMOS camerazage mountsThorLabsoptics,anda 3D printed enclosuyall

while takingup a small footprintOpenRaman is also originally intended to perform
analysis of agueous samples in cuvettes. The 3D printed enclosure includes a cuvette holder
with an integrating mounting system for the focusing lenses.

The design of OpenRaman is centered around simplicity rapdoducibility. no

microscope objective is used, the collected lighdergoes the minimum laser filtering,

the light is collimated onto a reflective gratinghose spectras then immediately

refocused onto a commercial CMOS camétawever, somef the assemblyprocesses

are a bit more advanced. For exampte use of helicoilsiP OL YAMI DE SLSo0 ( Sel
Laser Sintering) 3D printing



Some of theupgradesto OpenRaman include a fiber laser attachmangging lens
upgrade attachment, an improved cuvette holal®d a solids cuvette attachment.

2.3.3.2. OtterDIY

OtterDIYis a A h &abkygrojecilee last time this page wapdded wasn 2017
tdocuments the authords process in develop
and component choice, to cirtudesign and troubleshooting.he author included
equations and calculations he used to determine distances and optical component
specifications.

An STM32F103 dAblue pill o was used as the
Toshiba TCD1304DG CClnd outputting status data to A 532 nm laser was used as

the excitation sourcé customheatsink and TEC solution was fabricated to cool the CCD
reaching a reported temperaturé 0f6 C (Esben Rossel, 2017)

I n the FAQ section, the author claims fAa s
fiber optic as the fpoi Mhe widtlhhal thesétds difecthc | d e n't
correlated to spectral resol uti odistortedA <ci r c

spectrumwhich varies vertically as the circular source varies in thickness.
2.4.Goals and Objectives

2.4.1. Goals

2.4.1.1. Basic Goals

1. Collect Raman spectra @1 5 mm sizedplastic samples water, polyethylene

terephthalate

Collect Raman spectra of bulk plastics of interest in water.

Utilize a 785 nmaser.

4. Detect the presence absence opecifiedmicroplastics in wateusing Raman
spectrafingerprints. Refer to Appendix B for a collection of the peaks of interest.
These samples will be preparaithout mixes of plastic typedaintain a CCD
operating temperature of sub°4D.

5. Obtain full control of the laser system through external electrical means.

wn

2.4.1.2. Advanced Goals

1. Identify thetype ofplastic a specific netnixed water sample has in it, between
polyethylene terephthalate, polystyrene, and nylon.

2. Identify microplastics down to 500 micrometers in lengititl 100 micrometers in
width.
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3.

Addition of a database server to connect to the device, which would be able to host
records of previous identification runs and utilize the data for more r&bagin
materiallibraries.

2.4.1.3. Stretch GoalsMixed MP Samples< 5 mm and magingof MP

The device will:

1.

2.

3.

Detectandidentify microplasticof mixed premadewater solutiorsamplesrather

than individual polymer samples.

Detect and identifynicroplastics from @ample from the environment, suchias

water, or lake water sample.

Detect and identify microplastics ppwderedorm.

Implementing an additional system to image microplastics in addition to detection
and identification to give the user a more accurate view of what they are measuring.
A larger scale version of ECOspec that could be set up for stationanyaddl

uses. It would be established in waterlines and natural bodies of water to detect high
concentrations of harmful materials in the water.

Portable, battery powered, field deployable version instead of a bench system. It
would be useful for outdoor environmental sampling, or for personal use for
microplastic detection in your home.

Integrate a second 1064 wavelength source for Raman spectra with reduced
fluorescence.

2.4.2. Objectives

2.4.2.1. Basic Objectives

)l
T
1

E =

Basic alignment of Raman spectrometer with white light source.
Calibration of spectrometer so the pixel spaces accurately map to nanometer space.
Obtain Ramarspectrausing our system with large pieces of common plastics > 5
mm in size

o Plastics of interest: Polyethylene terephthalate (PEAystyrene RS, and

nylon

Confirm thatRaman spectra collected matches known fingerprint peaks of those
polymers
Using our samples of interest, we will create microplastic samplés inater.
These samples will each only contain one type of microplastic.
Obtain Raman spectra using our device with individual microplastic samples.
Obtain Raman spectra of theater for referencecomparison during the output
processing.
After collecting the needed references, we can use the devicet¢ot df
microplastics are present or notore individual microplastizvater samples that
we madeat varying concentration levels.

2.4.2.2. Advanced Objectives

11
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Create more individual microplastic samples that include a broader range than the
initial samples of interest.

Collect a reference library of known fingerprint peakshe samples we intend to

test.

Create microplastic samples of various types and sizes, confirmed by visual
inspection with a microscope.

Take Raman measurements of our individuakmeale microplastic samples.
Implement software changes needed to include identification, in addition to
detection.

2.4.2.3. Stretch Objectives

= =4 =4 -8 9

Implement software changes to include mexeitroplastic detection.

Create known mixed prmade samples to test our ppsbcessing

Collect environmental samples to detect microplastics, including tap or lake water.
Test if identification is possible with the environmental samples.

Direct the reflected 785 nm light into a C@Dinfraredcamera after back reflection

off the dichroic mirror

Implement another mount, lens systeargjdichroic mirror to stabilize, collimate

and direct a secondary 1064 nm laser source into thespablished path of the 785

nm source.

When establishing the known material library, inclusion of a small;linear,
regression model. This model would require a more intensive calibration to allow
the model to establish the required relationships between Raman shift intensity,
material, andnaterial concentration in a fluid sample.

A website/app connected to a database where the results could be stored so a
multitude ofpeoplehave access to the data. This could also replace the basic GUI
we included previously. This would also allow for crowdsourced data collection.
Crowdsourced data can provide more detailed material libraries, enabling more
accurate identification.

Realtime monitoring that allows for continuous sampling of water. For example,
using it in a waterline that would trigger alerts if a certain concentration threshold
were to be exceeded. This would be beneficial for labs or municipalities to maintain
clean water for their facilities.

12



2.5. Major Subsystems

Infinity-corrected design CQD Detector
15 pm pixel width
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Waveplate
_Collimating » .
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Figure 4 Optical Diagram

Optical design concept for collimation, illumination, and collection optics, along with
task delegation.

12 V PSU Touchscreen LCD
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Figure5 Hardware Block Diagram
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Hardware block diagramisualizing larger components aR€Bs for primary
subsystems.

Power On

Blink anaylsis
;omplete LED pattes

Blink LED pattern for Blink corresponding
open chamber door LED pattern

Send outside of
operating
temperature

error code

Send error code A
for improper Check for current Optical systems are

chamber closure chamber powered down /

temperature [Chamber temperature is outside Chamber is unlocked
of operating parameters

Chamber temperature is within|
ooperating parameters

Check for chamber Data is collected and

door status sent to computation
device

hamber door is closed

Optical systems are

Activate chamber powered and the Legend
door lock sample is analyzed fora
preset integration time .Lan don

l:l Michael

Figure6 Software Block Diagram

Material information,
Integration time, data for
graphs, etc, is displayed
through a GUI

Complete signal is sent to control
unit

Sampling complete signal recieved
from control unit

Sampled data is sent to a
different device for
processing

Most similar entry material
is identified and
supplimentary information
is sent for display

Raw data is processed to
isolate the raman signal and
format data to match
library

Processed data is compared
to library entries and a most
similar entry is found.

Figure7 Signal Processing Software Block Diagram
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Figure9 User Interface

2.5.1. Software

2.5.1.1. Raman Spectra Comparison Library

To achieve the expected functionality of ECOspec, an advanced suite of spectral processing
must be employed. This included conversion of raw spectral data into raw Raman spectra,
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through equipment baseline correction and the Raman shift formula. Following this, the
data is run through a ppocessing pipeline, which includes removal of dark noise and
fluorescence, rescaling Raman shift intensity values, and interpolation oftéhie @dign

x-axis for comparison. With the processed data, ECOspec will be able to compare the
spectra of the unidentified sample with a-petablished spectra library of known materials
using a similarity metric such as Pearson correlation of cosinstynto classify the
material present in the water sample.

2.5.1.2. GUI

Data collected by ECOSpec is displayed in real time through a touchscreen interface
running directly on the Raspberry Pi 5. The interface was built using HTML5 and
JavaScript, rendered as a native desktop application using PyWebView, so no browser is
needed.

The screen is divided into four sections that are all visible at once: a live Raman spectrum
display, an identification result panel showing the best material match and Pearson
similarity score, a redime system log, and a hardware control column ormigig. The

scan button stays locked until both the ESP32 and camera are detected, so the system can't
be triggered without everything connected.

After a scan completes, the operator can export the results as a CSV file with the real
wavenumber data, normalized intensity values, and match result included. Laser power and
integration time are adjustable through sliders, and direct commands can e then
ESP32 for servo control, laser modulation, and other hardware functions through a built
in control panel.

2.5.1.3. Calibration and Safety

X-axis pixel to wavelength calibration will be necessary to confirm the repeatability of
measurements and so the true Raman shifts can be recordgis. ivitensity calibration
could be implemented so that no peaks appear weaker than they really arbaludlte
detector responds to different wavelengths.

Safety checks for interlocks and device temperature will be in place before allowing for
collection of Raman signal can occur.

201'Y & & d¥EXQ " Dan
Raman P P
Shift

tp T
2.6. Required Specifications

Tablel Optical and Hardware Component Specification
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Optical Prototype Specifications

Component Parameter Value
Spectrometer Short integration time < 40seconds
High Spectral Resolution < 2 nanometers per pixel
Laser Wavelength 785 nm
Laser Power 150 mw
Beam Diameter 3mm
Microscope Obijective Magpnification 20x

Quartz Cuvette Size 3.5mL, 125 mm x 12.5 mm
45 mm
Component Parameter Value
Dichroic Mirror Cut-on Wavelength 805 nm
Reflection Wavelength 400- 785 nm
Transmission 82571 1300 nm
Long pass filter Rejection Wavelength <=785 nm
Transmission 1%
Extra filters Rejection Wavelength TBD
Transmission TBD

Spectrometer Optical Components

Diffraction Grating

Groove Density

1200 lines/mm

Blaze Angle 800 nm
Slit Slit Width 25 um
Concave Mirror 1 Off-axis parabolic Gold coated
Concave Mirror 2 Off-axis parabolic Gold coated

Laser Alignment Components

Mirror 1 TBD TBD

Mirror 2 TBD TBD

Polarizer TBD TBD

Waveplate TBD TBD

Lens 1 TBD TBD

Lens 2 TBD TBD
Hardware Component Specifications

Component Device Name Parameters

Main MCU ESP32 240 MHz

CCD MCU Teensy 4.1 600 MHz

CCD Sensor ESPROS Photonics A(1024Hx1V

EPC901CSP32033

ADC MCP3008 10-bit resolution

TEC TBD TBD

3.3 V Voltage Regulator TBD TBD

5.2 V Voltage Regulator TBD TBD

9-12 V Voltage Regulator TBD TBD
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CCD Amplifying Transistor | TBD TBD

12 V PSU TBD Handles up to 10 A

Table2 Engineering Requirements for the Performance and Physical Features of the
Envisioned System.

Overall System Specifications
Parameters Target Value
Detection Accuracy +10 nm
Total IntegrationTime < 10minutes
High Spectral Resolution < 2 nm per pixel
Lowest Concentration Detected *Requires further research
Microplastics Measured Size <5mm
System cooling Maintain temperatures 40° C
Wavelength Range > 150 nanometers
Dimensions of Device <50 cm x 100 cm x 100 cm

*Refer toAppendix Bfor peaks of interest for each plastic type
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Figurell Prototype lllustration

Isometrictop view, illustrating potential board placemeAthinge system will be
employed for placement of the electrical boards and compactness of the device.

Figurel2 Prototype lllustration 2

Dimetric top-down view dsplayingthe optical subsystems placed underneath the hinge
system.
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3. Research on Current Technology

3.1. Optical System

3.1.1. Spectroscopyverview

3.1.1.1. What is spectroscopy, what is a spectrometer?

Spectroscopy i® measurement powerhouse, and it desciibesstudy of interactian
between matter andyht, which provides a powerful way to analyze the composition and
structure of materialsThesemeasurementare done with a spectrometer, an instrument
that separates light into its component wavelengths, and measures their inBafsity.

diving into how a spectrometer can be designed, hownrteasurementione by the
spectrometer works is vital. Atoms or molecules tamightto exist in certaimquantum

states, where each state has a specific, discrete amount of energgnarnidns between

the statesra possible whespecific light is shown on the molecuM/hen the molecule
changes state from a higher to lower energy, emission occurs, and a photon is released.
Comparatively, absorption occurs when the moletnalesitionsfrom a laver to a higher

energy by absorbing a photdrhe total change in internal energy that a molecule can go
through is the sum of its rotational, vibrational, and electronic endiggse specific
energy changmtensitiesare measured by spectrometers, whsphit up the incomng light

into its componentwavelengthsand detectthe intensity ofthe incoming lightat each
wavelength This wavelength versus intensity plot is referred to as a spectfim
spectrum produced from theeasuremenis then further analyzedased on the peak
positions, spacing, and linewidth. For examplereterence spectrum of polystyrene
absorptionis illustrated in figure3.2. Most spectrademonstrate the same thing: how
intensity or brightness varies with wavelength, but the dightter interactions on a
molecular level vary with the specific excitation wavelength, and what is being measured.
In additionto absorption anémission there are mangther measurement techniques that
employ spectroscopythat provide light data to identifymolecularpresencgincluding
massspectroscopy. Raman and spectroscopy, fluoresce, reflectance, and measurements
across the electromagnetic spectrum, inclutifrgred, xray, UV, and visible range€ne

would choose the type spectroscopy based on the type of information needed, the nature
of the material, and experimental constraints such as cost, speed, if the sample needs to be
preserved, and location.

Diving into the different types and their limitations, WAsible spectroscopy is typical for
absorption in the UWis range, and is commonly used for concentration determination, or
analyzing pigments or dyes. It is limited to samples that absorb inthéit&Jrange and is

not the correct choice for identifying molecular structure. Infrared spectroscopy detects
molecular vibrations, which is used for identifying functional groups in molecules. These
functional groups cardentify organic compoundsnalyzepolymers, andrerify certain
materials Some of its limitations include its requirement fo r pure samples, and the strong
absorbance of water, which cget in the way of getting results in wet environments or
samples in wateMass spectroscopy measures a Rtasdarge ratio ofons andis best
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for identifying and quantifying molecules. It comeshiandyfor chemicalanalysis drug

testing, and environmental monitoring, but can destroy samples because it requires
ionization. Another method of spectroscopy is fluorescence spectroscopy, which measures
the light emitted by excited molecules when an energy transition oetutsheatom falls

back to its original state. Fluorescence can be spontaneous and stimulated, which requires
an excitation state. Fluorescence spectroscopy can detect tracauoospod is used in
medical diagnosti¢gsbut the material testadiusthave fluorescent properties and can be
very sensitive to the environment it is in, which can quench the signal.

After carefulanalysis of our applicatiordetection and identification ahicroplastis in
watersamplespur group selected Ramapectroscopys our measurement of choice.

3.1.1.2. Raman Spectroscopy

Before understanding why we chod®aman spectroscopgome background on how the
process works is required. Raman spectrosbgsed on how molecules scatter photons.
Compared to absorption and emission, a cednargy level is1otrequired forscattering

to occur Absorption requires light at a certain frequencyvavelength, whereas scattering

can occur at angoint Raleigh scattering is the elastic scattegngiponent andescribes

light scattering without a change in ener@n the other hand, Raman scatteriaca
measure of the inelastic scattering that is occurBerause molecules are not rigid,
vibrations, made up of stretching and bending, rotations and constantly occurring. The
vibrations and rotations have certain quantum energy leWdienincidentlight hits a
molecule Rayleigh scattering, scattering with no energy change, occurs, but sometimes the
light will interact with the vibrations and rotations, and exchange energy with the molecule,
and produce scattering at different energy levidlis is described as a change in
polarizabilitywhen the | aser | ightdos electric fiel
cloud.This change is the ground rule for Raman scattering to occur, and it is dependent on
the molecular structurebecause molecular synetry determines if theslectron cloud
distribution is easier or harder to distort by the laser ligytnmetric vibrations usually do
change polarizability, whereas asymmetric vibratitered to change the dipole instead,
whichdescribes the chargé separation, and is different from polarizabili®olarizability

is highly dependent on what phase the molecule is in, its crystal orientation, and any strain
or defects in the materials, which could possibly change the symi8etne examples of
molecules vith strongpolarizabilityinclude double bonds, single carbon bonds, aromatic
rings such as benzene

A simple light scattering experiment can be descrivgd a focused laser beaatross

some volume of material, and a lens to focus the scattered light onto a ddteetbght

that is scattered will contain both Raleigh and Raman scattering at certain wavelengths
Raleigh scatteringvavelength is equal to that of the incident light, and Raman scattering

Is either increased or decreased in wavelength. This increase or decrease is referred to as
antistokes, a positive shift, or stokes, which worddultin a negative shif(Eq. 3.1

Rayleigh 0Qa Mi 0O

Anti-Stokes Ramar O YO Q¢ Q& Oi « 3.9
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StokesRamai O YO'Q¢ Q& i «

Equations comparing the energy and frequency of Raleigh versus Raman scattering, and
the difference between Anfitokes and Stokes is displayé&dis the energy of the
incident photon,ee E= ae Eot,vib, which is theenergyfrom rotations and vibrations
within the chemical compound because of its bonds and chemical makeup, which is the
inelastic aspect of Raman.

In terms of the spectra that is producdwd Yibrations define the major Rama@aks and

reveal the most specific chemical information such as specific bonds and strHeithe.

bond vibrates at a specific frequency, and Raman spectroscopy identifies those frequencies
as peaks in the Raman spectra. Because Raman spectroscopy measures the vibrational
frequenciesas shifts in the scattered lighipnds will always appear around the same
approximate Raman shift value (wavelength dependent). For instancde aaubon
bondsalways appear at an approximate Raman shift of ~4660 . because each
molecule has its own uniqgue movement pattern, the Raman spectrum can become a
molecular fingerprint for identification of specific bonds in materialse peak intensity

can show how strong or present the bond is, implying more of that bond type in the
measured material, a stronger polarizability change, or better alignment of your system.
The shape of the peak sheds light on the structural information. Sharp peaks identify a
crydalline, ordered material, whereas broad peaks define the oppdgiteally
amorphous, disordered samples. Seeing issues with the peak shape in the spectra, such as
split peaks, can be due to molecular symmetry changes, dtglistpeak position are a

result of environmental changes, such as a highly fluorescent environmiatcross

section of expectedd®nan scatterinig much smaller than that of Raleigh scattermlgich

means the signal of Raman is very weshis weak signak a major drawback of Raman
spectroscopy as a measurement technique, badvesntagemakeit worth it to mitigate.

There are various reasons wl@oseRaman spectroscopy as our spectroscopic method of
choice compared to other technology optitarsour project thefirst beingthe advantage
Raman spectroscopy holds feamples of microplastics in water. Microplastics can be
analyzed in situ, suspended in liquid, withawdtrong signal from watewverpowering the
signal from the microplastic. Water has a very weak Raman cross section dugdakits
vibrational bands in the fingerprint regitimat is relevant to polymetetection. Although

IR spectroscopy could have been usedvfmroplastics noin water, it would not work for

our application of microplastics in water because whts IR absorption bands that
overpower the polymer signalsAdditionally, microplastics are mostly made of
hydrocarborbased polymergheir GC, C=C, and €H vibrational modes exhibit high
Raman signal, from their higbolarizability, so sharp peak$or detectionwith distinct
spectra for Nylon, Polystyrene, aR&T for polymer identificationbecause each of the 3
microplastics are made of their own amounts of differing polymer compounds that have
their own peaks, and peak heiglRamanis also able to detect small particles, perfect for
our microscale applicationMinimal samplepreparatioris anotheradvantage oRaman
spectroscopyln terms of future applications, such as taking water samples from the
environment or sink taps, microplastics will undergo oxateind surface modification in

the waterBut with Raman, we can still receive the chemical makeup of the plastics, while
also not destroying the sample. Raman spectroscopy can also detect the addition of
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pigments in polymers, and weathersignaturesHigh chemical specificity is enabled by

the narrow Raman bands, so similar polymers, such as PET and PBT can still be
distinguishedThe expected Raman fingerprint spectrum of our 3 chosen microplastics,
nylon, polystyrene, an®PET are shown below. (Fi§.4-6)
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3.1.1.3. Raman Spectrum Details of Polystyrene, Nylon, and PET

Table 3.2 goes into detail reviewing the expected peaks of Polystyrene, Nylon, and PET, and the
vibrational bonds and molecular activity tltaiusethose peakd-or polystyrene, € vibrations

have a higher frequency thanHCvibrations because hydrogen is lighter than carbiyhon is

made ofpolyimides such as nylo® and 66which aremacromoleculethat are characterized by

the CONH amide group

Table3 Raman Technique Comparison Applications, Strengths, and Limitations

Bond Location ¢nt)
Polystyrene 1. High frequency €H vibrationsaliphatic 1. 3000 cmt
2. High frequency @H Vibrations aromatic 2 2900cm?
3. Low frequencyC-C vibrations 3 8oocmt
4. C=C vibrations 4. 1600cn?
5. Expansion and contraction b&énzeneing 5. 1000cm?
PET 1. Stretching ofC-H 1. 3000cm?
2. C=Ovibrations 2. 1700cn?
3. C-C bound inaromatic ring 3. 1600cnTt
Nylon 1. C-H connected to M vibrations 1. 3300cmt
2. C=0connected to M 2. 1250cntt

3.1.1.4Raman Spectroscopy Methods

Within the branch of Ramaspectroscopythere are several techniqutgt extend the
basic Raman effeceach to optimize different performance goals. Spontaneous Raman
provides broad vibrational fingerprints but has very weak signal intetsttgin provide
information across the full vibrational fingerprint spectrum and has high chemical
specificity. Its advantages include lalbede, nondestructive, and applicable to a wide
range of materials, with little to no sample preparation. The kigaa suffer from
backgroundfluorescence. FT-Raman(Fourier TransformusesNIR excitation around

1064 nm combined with a Michelson interferometer to reconstrucliffinection patterns
using FT mathematical reconstruction techniques to recover the sigmalides a greatly
reduced fluorescence interference from the NIR excitation, and in turn increases the signal
to noise ratio.Unfortunately, excitation at that long of a wavelength already enables a
decreased Raman scattering efficiency, and it is less suited for microscale imaging. Raman
spectroscopy can also be combined witicroscopy, with a diffractioimited, high
numerical aperture (NA) microscope. This combination enables a very low spatial
resolution, which works well for very smaamples, such as microplastics. It can also be
added into an imaging system simplyhaving a secondary white light source, which can
provide the user witAn increased ease of finding the sample for excitafinoother welt
known technique is SERS (Surfaeehanced Raman scatteringith this method, the
Raman signaland sensitivityis erhancedwith nanostructured metallic surfacefhe
interactions between theample molecules and the metal surfaeeabled by plasmon
resonanceproduce local electromagnetic fields thamnplify the Raman signals of
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mol ecules on the metal surface. Metal surf
Raman signals. SERS extremely sensitive for trace molecules, but it requires sample
prep of the metal nanostructures, which can increase the price of the experiment.

After comparison of the many Raman enhancement techniqueqragectemploysa
combination of spontaneous Raman and microscopig. canfiguration offers a reliable
balance between cost, spectral sensitivity for polymer detectiodemafication and high
resolution for our micron scale application. While methods such as SERS offer a higher
sensitivity, it increases the cost, and introduces sample preparation, which our project is
avoiding due to the potential application.-R&man also is appéad because of its low
fluorescence, but a 1064 nm laser is very expensive, and we have access to a 785 nm laser
instead. Also, vibrations in the water sample could introduce instability intdréerence
patterns that are collected. Fluorescenidibe an issue we will have to navigate with our
optical designbut can be mitigated with post processing, and optical design optimization
to reduce fluorescence.

Table4 Raman Technique Comparison Applications, Strengths, and Limitations

Spontaneous Raman SERS ET- Raman
Raman Microscopy
Laser Single Same as spontaneo|Visible lasers, near [NIR excitation

Requirements  [monochromatic |but with highNA plasmon resonance |(typically 1064 nm)
CW laser optics
We a k ( ~ 1 [Same as spontaneofl 01 0 | \Weaker intrinsic

Cost

on substrates

Signal Strength |incident photons) [at each pixel enhancement (or [Raman but reduced
highel) fluorescence
interference
Significant issue [Same as spontaneoiCan suppress if Very low (NIR
Fluorescence Y .
Raman plasmon surfaces [excitation avoids
Interference
quench fluorescencdfluorescence)
Chemical Excellent Excellent spatially [Excellent for surface|Excellent
Specificity localized adsorbed species
Universal Raman [Chemical + spatial [Massive Fluorescence
Advantages technique mapping, confocal |enhancement, singlgsuppression,
depth molecule detection, |lexcellent S/N in NIR
trace analytes
Limitati We a k s i g|[Slow for large scans|Reproducibility Lower scattering
Imitations I . . -
long acquisition [fluorescence issues; substrate  |efficiency, bulky
time dependent interferometer
. Lowi moderate  [Moderaté high Moderaté high High (interferometel
Instrumentation :
depending on + NIR detector)
substrate
Complexity HES$ $5-$$$ S $$$$ depending [$$$

Typical Excitation
3

532, 633, 785 nm

Same as spontaneo|
high-NA objective

Visible (532 785 nm
near plasmon

1064 nm(avoids
fluorescence)

resonance
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3.1.2. Probe Optics

3.1.2.1. Excitation Source

The excitatiorwavelength used will bé85 nm. This wavelength was selected for a variety

of reasons: a decreased level of fluorescence, less detector saturation, and more prominent
peaks. 532 nm laser would also be viable, ibis known to produce a lot of excess
fluorescence which can saturate the detector and decrease the SNR. A 1064 nm laser is
capable of producing Raman spectra with a very high SNR; however, they are a very costly
item. In traditional Raman spectroscopy sethp,laser spot size is minimized to increase

the likelihood @& generating a Raman signal. However, our goal is to retrieve a Raman
signal from illuminating a large portion of a quartz cuvette. To ensure a Raman signal is
generated, the laser will be set at a higher power than typical to compensate for dispersion
over a larger area.

Table5 Excitation Wavelength Comparison

532 nm 785 nm 1064 nm
UseCases Inorganics |Organics High fluorescence materiga
Raman Peak Intensity High Medium \Weak
Fluorescence High Low Minimal
Cost of Compatible Optics |Cheap Expensive |Very expensive
Cost Cheap Expensive  |Very expensive

Our excitation source will be the Ocean OptigsSER-785LAB-ADJ-S, lent to us by
Ocean Opticdlt is a multimode laser with a narrow linewidfABWHM) of ~0.2 nm. Itis a
pre-existing laser module with dedicated current and temperature control. The light source
Is a diode laser that has SMA output coupling for use with SMA coupled fibers.

The output light of an unmodified fiber quickly diverges. This is due to the numerical
aperture (NA) of the fiber. It is a measure of how wideaofangle a fiber (or lens) is
capable of collecting lighftom in front of it.It is a function of the refractive index of the
core and cladding layer, as seen in Equation _.

06aQi MpLddol O ne & (3.)
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Collimating Tip
Figurel16 SMA Collimating Attachment

The SMA coupled output fiber has a collimating attachment. This collimating attachment
uses a lens that matches the divergence (or NA) of the fiber output.

3.1.2.2. Focusing optics

After performing a literature review, we found that a majority of Raman analysis uses some
focusing system. This is largely done to compensate for the low signal generated from the
Raman phenomenon. To increase the likelihood of generating a useful Reeo@a,$igh

power light is focused down to a small area. Focusing a larger number of photons into a
smaller area increases the number of Raman interactions in that area, thus increasing the
signal strength, improving SNR. It enables a larger confidendbeiraccuracy of the
Raman signal generated from a smaller area.

ECOSPEC aims to identify microplastics, with a minimum of under 5 mm and a target goal
of 500 microns. With the use of a microscope objective, our laser spot size is capable of
reaching under 10 microns in diameter.

Table6 Microscope Objective Comparison

Newport M-10x Olympus Nikon CF160 TU Plan
LCPLN20XIR NIR  |Epi ELWD
[IMagnification 10x 20x 20x
NA 0.25 045 0.4
\Wavelength range 400700 nm 4001600 nm N/A
\Working Distance 5.5mm 8 mm 19mm
|Effective Focal length 16.5 mm 9 mm N/A
[Parfocal length N/A 45 mm 60 mm
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Transmission @ 785 N/A 87% N/A

Rear Conjugate 160 mm Infinite Infinite
Correction

The minimum spot sizies determined by the airy disks seen in Equation 3._.idta theoretical
limit of how focused a monochromataberrationfree image can belt essentially achieves the
highest intensity (W/f) at a given power for a laser of a certain wavelength.

T & pti— (3)

3.1.2.3. Alignment andBeam Expander

In the final design, a beam expander was not used due to microscope objective of choice
having a small rear aperture. Howeverntinimize the spot size created by a microscope
objective, the input beam must be expanded to ~80% of the rear aperture and match the
rear conjugate correction of the microscayigective Fellers & Davidson, n.d.) . Both
overfilling of the microscope objective and incorrect conjugate matching can lead to
aberrationcompromising the calculated airy disk (minimum spot size radius).

Our selected microscope objective has a rear entrance aperture of 14 mm in diameter. To
optimize the use of the objective and minimize aberratioa, collimated input beam
should be 12 mm idiameter Considering the collimated laser outpuBisim in diameter,

the required magnification will béx. A simple infinite conjugate beam expander follows

a magnificatiorformula of: M = f2/f1 , where f is the first incident lens,fis the second
incident lens, and the distance between the lenses is the shefaédl lengthsThe beam
expansion should also occur over as short of a distance as possible to fulfill the sizing
requirement of the ECOspec system.

However, a combination of commercially available lenses which create a 4x magnification
would increase the size of the optical system beyond the intended goomber
magnification size must be selected, as well as a modification of the collimated laser output
size. An adjustable iris would enable the beam spot size to be reduced to 2 mm, as well as
provide additional beam clean Upa 2 mm diameter beam spot is used, a magnification

of 12x would meet the 12 mm objective entrance requirerievd. lenseswhich fit this
requirement are the ThorlaBsC050-008 B and AC254045B. They are AR coated for

our laser wavelengtthave focal lengths of 7.5 and 45.0 mm respectively, and combine to
make the shortest possible beam expander watmmercially available lenses. The
AC050-008B is 5.0 mm in diameterenabling us to use a 2 mm spot sizihout
aberration

Table7 6x Magnification Beam Expander Lenses

Thorlabs AC050-008-B Thorlabs AC254-045B
|[Focal Length 7.5 mm 45 mm
AR Coating Range 6507 1050 nm 6507 1050 nm

28



25.4 mm

Diameter 5.0 mm

3.1.2.4. Dichroic Mirror

The dichroic mirror serves twaurposes in a Raman microscopy setuficst a majority of light
within a certainband determined by whether the dichragcanotch filter or a cubff filter. Our
target reflected band contains our excitation wavelength, essentially actimgras dor our laser.
This dichroic will direct the laser light onto teample, but allowwhe Raman scattered light to pass

throughwithoutredirection.

Table8 Dichroic Mirror Comparison

ThorLabs DMLP805 [Thorlabs DMLP760 [Thorlabs DMLP900
Transmission> 90% 825- 1300 nm 7751600 nm 9321300 nm
\Wavelength Range
IReflection > 90% 400-785 40071 740 nm 400-872 nm
Wavelength Range
|IReflectivity @ 785 90% <5% >95%
Thickness 3mm 3mm 3mm
Cost $331.76 $331.76 $252.95

The dichroic with the highesgflectivity at 785 nm should be used as the dichroic miirbrs will
ensure minimal laser light is lost during the reflection interaction or allowed to pass into the
collectionoptics.The Thorlabs DMLP805 fits this description. The 760 cut off mirror may be used
as additional filtering to mitigate any transmit fluorescence. The 900 nm cut off moudd reflect

a large band of the Raman peaks we seek to detect.

3.1.2.5. Quartz Cuvette

Our samples under test will be stored in a quartz cuvette. The quartz cuvette is chosen for
its low Raman response. It is a common piece of equipment for many Raman analysis
systems. The quartz cuvette is capable of holding both solids and liquids, glt@win
analysis of both material phases.

3.1.2.6. Power Management

The laser source is capable of outputting up to 350 mW of optical power. However, this
powerlevel far exceeds the saturation level of the detector. Furthermorehgylepower

levels have a chance of damagplgstic components and optical films. To compensate for
this, a hardware limit in the laser modulation circuit will limit the maximum power to 200
mW. Furthermore, power adjustment and retroreflection compensatiomplismented

with a polarized notchiter and quarter waveplate.

Table9 Optical Power Management Scheme Comparison

ND Filter
Simple

Iris
Simple

Polarizers
Complex

Complexity
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/Adjustable Yes No Yes
Cost High Mediumlow Low

3.1.3. Collection Optics
3.1.3.1. RamanFiltering Comparison

In our research, the laser itself is strong enough to oversaturate the detector and wash out
the Raman shift peaks. After the laser illuminates the sample, but before the light is
collected and focused into the spectrometer setup, the laser light muttred but. To

do this, a dichroic mirror will be employed to reflect the laser light away from the collection
optics and allow the Raman shifted light Tine dichroic mirror is not enough on its own

to suppress the residual laser light, and requirediaal filters, or multiple filters stacked
together to reducine Rayleigh scattering of the laser light as much as posgitiiitional
filtering, such as a long pass filter, will be used to block the broadband fluorescence. This
long pass filter is used to block wavelengths shorter than the laser wavelength. Raman
shifts in this region (AntStokes scattering) are less numerand have lowentensities
andwork well for broadband Stokes collection. It does not work for-8tdkes. Notch

filters areanother option. They reject a narrow band around the laser wavelength and
enableboth Stokes and anBtokes Raman. They tend to be used when both Stokes and
Anti-Stokes scattering is requiredl.third option includes bandpass filter, which rejects

all light outside of the band the filter is designed fopdsses a very narrow band, but is
useful for fluorescence removal, and if you are only looking to detect frequencies near the
excitation frequency, or a certain range of peaks that fall withibdhdpasdilter region.

Our group decided to go with longpass filters rather than notch filters because not only are
they less expensive, but also our application is not investigating theta@kds region, so
longpass filters are a perfect fit.

Table10 Notch Filters Comparison

NFO3 NF78533 ZER785F
Vendor Semrock Thorlabs Chroma
Description 785 notch filter | 785 notch filter 785 nm notch filter
Transmission >90% 00 742.1 nm an 90! 760 M and 540y 760 nm andosi
WavelengthRange | go7 g 1600 nm| 101040 M 1000 nm
Reflectivity @ 785 N/A N/A NA

Optical Density @

785 >6 >5 > 5
Diameter 25 mm 25 mm 25 mm
Material Fused Silica Fused Silica Fused Silica
Cost $959.18 $635.55 $ 495
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Table11 Longpass Filters Selection

FELH 0800 FELHO775 10LWF-800-B
Vendor Thorlabs Thorlabs Newport
Description 800 nm longpasg 775 nm longpass

filter filter 800 nmlongpass filter

Transmission >909

81271 2510 nm 7877 2150 nm 81571 1200 nm
WavelengthRange
Rejection Region 20071 789 nm 2007 763 nm N/A
Optlcql Der!5|ty @ S5 5 >3
rejection region
Diameter 25 mm 25 mm 25.4 mm
Material UV Fused Sillica| UV Fused Sillica N/A
Cost $ 169.26 $141.38 $142

3.1.3.2. Spectrometer Typ@omparison

Just as there are many different typespectroscop methodsased on your application,
environment, and cost, there are multiple types of typical spectrometer designs as well.
Different spectrometers exist based on the engineering need, such as resolution, noise level,
size of the device, if it needs to be portable, and high througBpute of the different

types include LGL (lens grating lens spectrometer), Littrow, Czarmer, andechelle

LGL spectrometers are very simpt®ntaining a single beawoptical path, including an
entrance fiber, a collimating lens, a diffractielementa focusingens, and a detectdt.

is atwo-lenssystem that provides a compadessign ands typically very fastBased on the

design and lens choice, aberrations can occur, and stray light is common if the system is
not baffled.The Littrow configuration has a grating thmith disperses and reflects, and a
collimated beanthat hits the grating and returns along the same axis. high®ptical
efficiency, high spectrapurity, and resolution. On the other hand, it is limited because
mechanical movements based on the rotation of the grating that is needed to scan the
wavelengths can cause vibrations, which decreases the sensitivity, and could introduce
noise.Another spectrometer layout is the Eschelle spectrometech combines a high

blaze echelle grating and a prism with a 2D detector, such as a camera. It uses high
diffraction orders to achieve extremely high spectral resolutiahjtarspeed is verfast,

but limited by thecamera'seadout. It is expensive, requires larger optics, and a complex
calibration technique.

We plan on employing a Czerfurner layout for the spectrometgesign The Czerny

Turner is a common layout employed in many commercial spectromitdescribes a

classic benchtop spectrometer geometry, and with the right design, the device can have a
very high resolution. It is also vergustomizable andvorks with multiple slits and
detectorsThe M-Type configuratior{Fig. 3.7) of the Czernyturner is limited by its optical
aberrations, induced by its edikis mirrors. Coma and astigmatism are lpaibsible, which

are both unwanted aberrations that will reduce our resolution, and influence alignment
negatively. Aberrations can be minimized with careful mirror selection and positioning.
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This issue can be corrected by utilizing the crossed configur@ign3.7) instead. The
crossed configuration results in very high aberration correction and has a better
performance for higiNA collection optics, but it requires more complex alignment. The
Czernyturnerincludes a slit, a collimating mirror, a diffraction grating, focusing mirror,
and a detectorTypically, the slit width controls the spectral resolution, and it ranges from
25-200 um. Good design practice for alignment includes startitiy a larger slit and
adjusting as we go. The first mirror is an-aKis parabolic mirror that collimates thght,

leaving the slit onto the grating. Theamf/# directly correlates to the diameter and focal
length of this mirror. Thaliffraction grating controls the dispersion of light. The blaze
wavelength needs to be near our laser wavelength to maximize the dispersion efficiency at
our chosen laser wavelength. The second mfoouses orthe dispersed light onto the
detector array. The focal lgth of this mirror controls the linear dispersion at the detector

Array
detector

Entrance slit Grating

Mirror 1

Figurel7 M-Type CzernyTurner Spectrometer Configuration

Entrance slit

Grarting

Mirror 1

Figurel8 Crossed Czernyurner Spectrometer Configuration

Figure 3.77 M-Type vs CrossedCzerny-Turner Spectrometer Configuration

3.1.3.3. Spectral Range

To begin the design of the spectrometer, a wavelength range must be selected based on the
Raman shifrequirements foryour application, so in our case, we looked into databases
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containing known Raman spectra for polystyrene, PET, and rfymn 3.43.6] to
determine which peaks we would want to include, @it of a range of wavelengths the
spectrometer must be designed for. We chdbse 3200 wavenumbersy capture the
peaks we want to use for identifying thkastics The range is so large because nydod
polystyrenéhavevery high intensity peakaround3000 wavenumbers, and we specifically
do not want tdeavehigh intensity peaks to make eventiggntificationand detection of
the microplasticpossible With a goalRaman shift of O 3200 wavenumbers, equation
3.2 enabled us téind a wavelength range of 7801040 nm.

Raman VYo a Gwaba i P :pn (32)
Shift - =
Table12 Summary of Wavelength Range of Spectrometer
Raman Shift Range 07 32000 &
Calculated Wavelength Range 78071 1050 nm
Center wavelength 915 nm

3.1.3.4. Collection Opticd Focusing Optics into Spectrometer

There are 2 main microscope optical systeised with objectives, which are an infinity
corrected optical system and a finite corrected optical sySdage the lighpasses through

the objective lens, tonverges point at théntermediatemageplane, which then diverges

back through the eye piece. With an infintgrrected optical systen(fig 3._)the light

the passes through the objective does not focus down until it passes through the tube lens,
which provides for a space between the objectivethedube lensthe infinite conjugate
space,which offers advantages for our Raman setdpr choice ofusing aninfinity
corrected microscope objective for tAebe Opticsvas with the goal of havingdesign

that supports the necessary spectral filtering and beam conditioning in our system without
degrading quality or focud'he parallel beam path that occurs in the infinite conjugate
planeenables the placement of flat optics, such as filters and beam shaping optics while
minimizing chromatic and sphesgl aberrations This setup also provides the support
needed for a highNA objective that is required to collect the low levels of Raman
scattering.
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Infinity-corrected Microscope Obijective System

"Microscope  Dichroic Notch Long pass
Sample Objective" Mirror  Filter filter

D/f \ Nl
S

Tube lens Slit, 40 um

<
<

F objective, 9 mm This distance can be F tube lens, 180 mm
I any width I
2 um spot size 40 um image size

Figure19 Infinity Corrected Microscope Objective System

The tube lens will focus théitered Ra man si gnal i nt o Intnog s pect
cases, the tube lens is required, because infinity objectives produce a collimated beam, and
the tube lensonvertsthat collimated beam into a real imadée microscope objective is
designed to work with the tube lens, and using anything else can introduce aberrations,
decrease image quality, and vignettimpere is alrawbackio using a tube lens, and that
would be the price. (Tablg Bor a 10x lower price, high-quality achromatic doublet can
replace the tubkens andocus the beam through the slit. This only works if the doublet

has an AR coating near 785 nm. There are some risks, such as astigmatitm riskcf

a magnification mismatehhe focal length of the doublet much approximate the objective
design tube focal length to preserve the stated magnification of the objective, or
recalculations to find the actual magnification that is occurring reebd tlone.

Tablel3 Tube Lens vs. Achromatic Doublet

Tube Lens Achromatic Doublet

\Vendor Edmund Optics Thorlabs(AC254-080-B-ML)
Description Olympus NIR single pagNIR  Mounted Achromatig

tube lens Doublets
WavelengthRange 4007 100 nm 650-1050 nm
Focal Length 180 mm Fa =80.3 mm Fb =73.5 mm
Coatings N/A AR Coated
Cost $ 1,187 $ 141

3.1.3.5. Slit Size Selection

The slit of your spectrometer typically determines the resolution of your system; a narrower slit
means a higher spectral resolution, and vice versa. The slit width defin@sahbeam width that
gets dispersedand a narrower slit will produce a smaller image on ydmtectorplang which
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would indicate a higher resolution. dtso controls the signal intensity thgets through to the
spectrometerEspecially for Raman spectroscopy, ttisdeoffis very important. If the signal is

too low, SNR is too low, and the noise dominates your system, and you might get ndl hesult.

slit also sets the entrance image height and width that goes into the dispersive optics.

In that way, the slit acts like a spatial filter, where if the slit is too wide, the spectral lines can
overlapandblur, whereas if they are too narrow, the signal may be too weak to see clearly, even if
theimage is sharp, and at a high resolution.

To balance those tradeoffs, it is good practice to optimize the light entering your spectrometer by
matching the image size from your focusing optic to the width of your slit or make it slightly
smaller.After the diffracted limited spot size from the output of the microscope objective was
calculated earlier, resulting in 2 um, that spot size can be used to find the resultant image size at
the focal point of the tub&he equation below for the image size resulted in a 40 um image size
based on thenagnification of the objective and tube lens system, Therefore, a slit that is 30 um

50 um should be selecteb match the image size as much as possible. Once the prototype is
complete and we are stijettinghigh signal but want to improve ouwesolution we can make the
choice to decrease our slitpproveour resolution butlecreas¢he signal getting to the detector.
Once the light enters the slit, it hits mirror one, which is the collimating mirror. It then projects the
collimated signal onto a diffractn grating, which splits the signal into its separate wavelengths,
and is then reflected onto a focusing mirror which focuses each split up wavelength onto a certain
pixel on the detector.

Table14 40 um Slit Comparison

S40k S40LK VA100CP

Vendor Thorlabs Thorlabs Thorlabs
Description High Precision High Precision , d

Optical Slit Optical Slit | ©29¢ System Adjustable <
Width 40 um 40 um 0 to 0.24 inches
Height 3 mm 10 mm N/A
Dlamfeter 8 1 inch housing 1 inch housing 30 mm Cage System
Housing
Cost $119.33 $130.24 $338.11

3.1.3.6. Collimatingand FocusingMirror s Comparison

The collimating mirror converts the divergent light from #r@ranceslit into a parallel
beam that uniformly illuminates the diffraction grating. This ensures thawveaatength
strikes the grating at a wallefined incident angle, directly affecting the spectablution
dispersioruniformity, and throughputfter diffraction, the focusing mirror renages the
dispersed beam onto the eddtector plane, determining spot size, aberration levels, and
image quality. These two mirrors together control the systems resolving power, optical
efficiency, aberration budget, and stigght performance. The coatingold for NIR, and

focal length, where a longer focal length improves the resolution, and reduces aberrations,
but increases instrument size. Common mirror types include sphaspleric, and flat
plane mirrors. Spherical mirrors provide both reflection and focusing power, whereas flat
mirrors anly redirect the beanthey do not collimate or focus. Using spherical mirrors
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creates the necessary optical power for proper grating illumination and image formation,
which directly affects the spectnasolution ofspot size, line shape, and throughput. Flat
mirrors only affecthe beam direction, alignmerand do not contribute to resolution or
focusing performance. Spherical mirrors are a compact way to collimate and focus but
introduceaberrations with offaxis use, which occurs in o@zernyturner spectrometer
design but are worth dealing with because flat mirrors cannotongthe image quality

or resolution. The spherical mirror shape is essential to collect Ramarakpgotmation

at the level of detail that is required. Flat mirrors would be appropriate if our system size
needs to be reduced to furtttendensend fold the system.

As our mirror type for the spectrometer design, spherical mirrors were selected to make
sure that our system can also focus and help to improve the image quality, as the signal is
passed through the spectrometer, and for the spectrometer to work cotinecthyirors

must have certain propertieso Thake sure that they perform optimally, the mirrors were
chosen with a focal length that balances resolution and system size, a surface quality that
minimizes scatter and aberrations, and a reflective coatprapate for the wavelength

range of interest. Gold coatings were selected for the NIR range to maximize reflectivity
and reduce losses, while the curvature of the spherical mirrors ensures proper collimation
of the incoming light and accurate focusingmthe detector plane. These considerations
collectively allow the mirrors to maintain high throughput, minimize stray light, and
preserve the spectral resolution necessary for precise Raman measurements.

Table15 Collimating Mirror Comparison

Thorlabs, CM75€Torrent Edmund  OptigThorlabs,
200-M01 #37-242 CM508-050
MO1

Reflectance |>94% >94% >94% >94%
Focal Length|-200 mm 101.6 mm 50.8 mm 50 mm
Diameter 75 mm 1inch 25 mm 2 inch
Substrate  N-BK7 N-BK7 NA N-BK7
Type Concave Concave Off-axis paraboliiConcave
Coating Gold Gold Gold Gold
Price $217.73 Borrowed $291.50 $137

3.1.3.7. Grating Selection

The diffraction gatingis one of the mosimportantcomponents for defining the range and
resolution of your Raman spectrometer. It is responsibledparatinghe Raman signal into its
constituentwavelengthcomponentsThis separation allows us to discern e&dman shift that
corresponds to the vibrational mode, which is usedfntificationand detection of plastichis
separation is done by the optical properties of the diffraction grating. The grating has a series of
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closely spaced parallel grooves that separates light into its individual wavelengths by diffracting it.
They work following the principles of interference and diffractibhere are mangifferenttypes

of gratings, each with their own advantages and disadvantages, depending on the spectrometer
design. The first type to be discussetiansmissiomratingsa transparent substrate patterned with
periodic grooves or slitPiffraction occurs byhases ofthanges between the slitéght enters on

one side, and the light diffracts as it passes through the gratiey. provide a compact optical
path,andalignmentcan be simpler, and are useful for compact spectrometers, but they can lose
light due b transmission through the substrate, which results in absorption and scattering. Another
example is reflection gratingsvhere light reflects off the grating surface, and diffraction occurs
due to path differences between the grooVlgse grooves are finely spaced and etched or ruled
onto a reflective substrat&he efficiency of a reflective grating governedby the blaze angle,
which is a design parameter that determines éibisientenergy is directed into a particular angle,

at aspecificwavelengthlt is the physical tilt of the grooves ondéfraction grating. When the
grating isoperatednear itsblaze angle, the diffracted ordeat the diffraction angle is at its
maximum. Reflection gratings cover broad spectra ranges and can provide a high spectral
resolution due to the capability of an increase in groove densityr. dibadvantages include their
alignment complexity, as the incidence and diffraction angles need to besprecistrolled, and

their efficiency drops sharply outside their blaze angle optimization range.

Table16 Grating Comparison

Newport GTI1125-Optimetrics Edmund OpticEEdmund Optic
03A G830R800GGAC #55261 #42-847
Groove 1200 graves/mm [830 grooves/mm (1200 gooves/mn1200
Density grooves/mm
(grooves/mm
Blaze 750 nm 800 nm 750 nm 750 mm
\Wavelength
Blaze Angle [26° 19.39° 26.73° 26.73°
Wavelength (7007 3000nm 4007 2400 nm 7007 3000 nm [7007 3000 nm
Range
Efficiency 607 80% 6071 70% 507 70 % 507 70%
Size 25 mmx 25 mm x (25 mm x 25 mm | 30mm x 30 mnx12.7 mm x 12.
mm 9.5 mm 6 mm mm
Coating Bare Gold Bare Gold Bare Gold Bare Gold
Price $137.27 $128.00 $210.94 $ 146.28

For our project, we have chosen a ruled reflective diffraction grating that has a high groove density
to benefit from the high resolution offered, so the individual narrow Raman peaks can be deciphered
as resolvable spatial separations. Additionally, veepdainning to implement rotation stages for the
precise alignment and find a grating that has a blaze angle optimized at our excitation wavelength
for maximum efficiency. Overalbur final decision was between the Newport GT-033 and the
Optimetrics GBBR800GGAC, as theewport GT12503A grating provides the highesfficiency

at the 750 nm blaze angle while also being a prsigerandeing a performance and cagfective

match for our projectwhile the Optimetrics provides a grating at a blaze angle that is closer to the
wavelengths we will be dealing with, and a comparalfficiency, at a lower priceBecause we

have been lent the Optimetrics grating for this project, it is the moseffestive choice, even as

the groove density is lower, th@extrometer portion can still l#esignedto provide the high
resolution needetb decipheiindividual peaks.

38



The grating equation governs the expected diffraction frafiffeaction of grating. [Eq. 3._] M
describes an integer value describing the orde
describing the incident angle of light, and B describes the diffracted angle of light leaving the
grating. For example, our selecteatiyng at an incident angle of 0 degrees, would

Grating Equation ¢z_ QOET i @t (3.3)

Light incidents on a grating is diffracted
the lights wavelength, d is the spacing between grooves on the grating, a is the incident
angle of light, B is the diffracted angle of light leaving the grating.

Resolving Power of . . (34)
Diffraction Grating Y ey

<qi

The above equation describes the resolving power of a diffraction grating, where n is the
order of diffraction, N is the number of grooves on the grating that is illuminated by the
sour ce, delta & is the spectrananshited ol ut i o
wavelength.

The resolving power of a diffraction grating by the Rayleigh criteria is defined above. [Eq. 3.__]n

is the order ofliffracton;N i s t he number of gr o oawdeseribesthd umi na
spectral resolution, in wavenumbers, and is the Raman shiftaglength The theoretical

resohing powerof our 800 lines/mm gratinig about 800, and considering we illuminate our entire

25 mm grating, the resolving power would be 20,@¥3cribing our bestase optical limitAs the

size of the grating imeasesresolvingpower increasedResolving power scaldmear with the

number of illuminated grooveso a larger grating or a larger illuminated area can help with a

higher resolutionThe resolving power relationship to resolution can be described in Equation
3.___.So,in ourbestcasescenario, from 800 nmp to 1300 nm, sukmicron resolution is possible.

Resolution and Resolvin (3.5)

Power Relationship 3_

<l

3.1.3.8. ReflectiveCoatings Comparison

Table17 Reflective Optic Coating Comparison

Characteristics Common Wavelength Range
Aluminum Broad band UV-IR
Silver High Visible reflectivity Visible-NIR
Gold Best IR performance NIR-IR

Within thespectrometrglesign both the mirrors and the grating will be chosen to have a reflective
coating.We chosegold coatings for our design because they typically have high reflectivity at 785
nanometersand excellent reflectivity in the NIR range, higher than aluminum and silver. This
ensures that there will be strongdaslelivery efficient signal collection, and higher SNR in weak
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Raman signals. The gold coating also produd@simal stray light, in comparison tasing a
dielectric coating. This is crucial because Raman signals are easityhelmedy background
noise.

3.2. Electrical

3.2.1. Detectos

There are many different types optical detectors. Bpending on the physics useul
obtain the optical signalkach type of detector has aptimal environment of use
Complimentarymetatoxide-semiconductofCMOS) are commonoptions for imaging
purposesThey are cheap, offer high performance in the visible spectrum, come in many
prepackaged solutions, asdmearerobust enough foscientific applications.

CCD detectors are a common choice in Raman spectroscopy applications. They have
guantum efficiencies above 50% in the infrared (IR) region. The IR region is a popular
excitation source for Raman spectroscopy due to its low fluorescence response. High
intersity values caused by fluorescence often overpowers the stokes shifted light. However,
a Raman signal is still notoriously weak. In order to detect the Raman signal, both strong
cooling of the CCD and amplification of the CCD output will be necessaryasing and
thermoelectric cooler (TEC) are the primary mechanisms to maintain operating
temperature of the CCD. A very sensitive and noise resistant signal amplification circuit
must be also utilized to amplify and digitize the weak CCD output.

The type of CCD sensor itself must also be taken into consideration. There are front
iluminated and backluminated sensors. Badkuminated sensors are typically more
sensitive and have lower noise than frdlaiminated sensors. In these devices, biék

silicon substrate the sensor is been fabricated on is etched thin, allowing more photons to
come in contact and absorb within the actual active region of the CCD sensor. However,
because of how thin these structures can be, longer wavelengthsnikeotthe Stokes
scattered signals we want to detect, may pass through the active region. This light can then
reflect off the insulator layer, creating an eta&ffect within the semiconductor layers
themselves, creating noise and distortion in the owtpilte CCD.

Table18 Detector Comparison

Detector | Source | Wave- | Qe | QE at | Pro Con Cost
length | at P+ 2 (
Range | lase | nm

r

CQD 785 700 50% | 25% Has SDK Very big Borrow
SWIR | 1400

ACUROS USB Interface Difficult

1926 interfacing
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USB3001 Integrated Stagé
(2.2 MP) TEC for 15 C
CCD| 785 200 75% | 20% High sensitivity in| Would need to | Borrow
Hamamats 1100 NIR design and
u S10141 fabricate electron
(2000 x Stage 1 Integrateq control, TEC
500) TEC foril14 C control, signal
amp.
CMOS | 785 VIS- 70% | 12% Easier than CCD | Not cooled, $180
Sony NIR relati | relative
STARVIS ve respons Typically has IR
IMX327 respo | e filter,
(2 MP) nse
CMOS | 785 VIS- N/A | N/A Easier than CCD | Not cooled $80
OSRAM NIR
OS05A20
(5 MP)
CCD | 532 VIS 100% | 10% More resilientto | Would need to | $13
Toshiba relati | relative | noise than 785 design and
TCD1304D ve respons implement...
G e
Not sensitive
enough
CMOS | 532 VIS 68.5 | 40% Shown to work Not cooled $1000
BlackFly % with OpenRaman New,
FLIR project $250
Sony used
IMX265 SDK
(3.2 MP)
CMOS are easier
to interface with
than CCDs
CMOS | 532 VIS 95% | 40% Easier than CCD | Not cooled $50
Raspberry relati | relative
Pi Cam (8 ve respons | High resolution, | Has IR filter
MP) respo | e could use binning
nse to boost signal

We havedecidedon using apremadecamera moduleOcean Optics is allowing us to
borrow am ACUROS CQD SWIR camerdhis is not a traditional CMOS sensdihe
readout structurgvhich converts the obtained optical signal into an electrical signal and
transmits it to a processing uist fabricated with CMOS technology, however the light
absorbing layeuutilizes thin film colloidal quantum dots (CQDinstead offabricated
semiconductocrystal based pixelQQuantum dots are nanostructures in semiconductor
material capable of absorbing and emitting photongof specific energieSWIR stands

f or Afwvavhiofrared and o c cd.gnnevavelerytd bad . 9
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Figure20 ACUROS SWIR CQD
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Figure21 Detector Quantum Efficiency Rlo

Figure 3. - ACUROS CQD 1920 USB3 SWIR Camerand Quantum Efficiency.

This detector offers a quantum efficiency of ~37% at 785nm, dropping off to ~27% at 1000
nm. These values far surpass other considered detectors, with efficiencies at ~10% and 2%
at the target wavelengths.

The ACUROS camera has a builtirstage TEC, low signal amplification circuit, noise
filtration, outputs to USBEB, and has a software development kit (SDR)e camera can
reach temperatures as low as 15 C, has a dynamic rahgesof has an OEM power cable
with a split for a BNC input for trigger control.

This module interfaces with a USB and a Hirose 1pin HR10 connector. The HR10
connector is for the OEM power cable which supplies power and a trigger signal. The
power cable splits off into a wall power supply and a BNC input for trigger. The RSB
input is used for the camera to interface with a control PC. The SDK for the camera module
supports Windows, Mac, and Linux operating systems.

The camera module supports integration times between 100 ps and 30 ms, has a dynamic
range of 70 dB,
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3.2.2. Processing Computer

A processing computer will be necessary to perform data processing of the received
spectra. The camera module has an DK imaging softwarthat allows for control of

the TEC temperature, integration tin@d access to individual pixel valuewever, the
imaging software is only compatible with the Windows operating system. If a Raspberry
Pi or o-t b exp wiitheailinuxbased operating systasuseda virtual mahine

must be run to use the OEM softwaldis can be circumvented withe of the SDK,

which supports custom Linux GUE8WdUART commands which allow for control of the
camera module.

Table19 Processing Computer Comparison

Raspberry Pi 5 NVIDIA Jetson External PC

Processor | Broadcom BCM2712| ARM CortexA57 N/A
Arm CortexA76

Clock Rate| 2.4 GHz 1.43 GHz 2.4+ GHz
RAM 8 GB 4 GB 8 GB+
Storage Custom with microSD Custom with microSD| Custom with SSD/HDLC
Operating 5V 5V N/A
\Voltage
Max 5A 2A N/A
Current
Max Power 25W 10W N/A
Draw

A Raspberry Pi 5 will communicate with the camera module and perform spectral analysis
of theacquireddata. The Raspberry Pi 5 is capabléastng the Linux operating sgem,

which the ACUROS BK supports.This enables ECOspec to perform analysis of the
obtained spectra without the need for an external compu@@mmunication with an
external computer would introduce work outside of the scope of the proghating
TCP/IP and SSH protocols.

3.2.3. Safety and StatusSontrol

Table20MCU vs FPGA Comparison

MCU FPGA
Typical Speed Fast Faster
Application General Purpose Application Specific
Configurable Software Hardware + Software
Programming C Hardware Description
Language (HDL)
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There are two main types of ICs used for larger system control: Microcontroller Units
(MCU) or FieldProgrammable Gate Arrays (FPGAJCUs are very cheap, low power,
easily programmableand generalpurpose processors.The hardwareconfiguration
included in these chips apermanentbut the nature of the device allows it to be usesl

wide variety of application$PGAs boast lowgyower consumption and higher achievable
operdion speedsThey dso offer the ability to configure theardwarethrough hardware
description languages (HDLineaning the logic paths whiclataphysically propagates
through can be customizethis allows them to operate at higher data rates than typical
MCUs. However, FPGAs are primarily used in specific applications, where the input data
will be repeatedly processed in the same manner. FurtherfF®@A configuration is a
difficult and time-consumingask.

Table21 MCU Selection

ESP32 Teensy 4.1 STM32
Max Clock 240 MHz 600 MHz 16871 250 MHz
Rate
Dual Core Optional Optional Optional
Flash Memory 4 MB 8 MB 167 128 KB
I/O Ports 36 40 40
Operating 3.3V 3.3V 3.3V
\Voltage
Max Current 1.3A 500 mA 200 mA
Draw

An MCU is best suited fotontrol of the status and safety systems of ECOSR#f{lle an

FPGA may enable faster processing speeds, the design necessary to implement the system
is unnecessarilgifficult when compared to an ®U. With the everincreasing prevalence

of microelectronics, therés a wide selection to choose from. For the purpasfes
ECOSPEC, the MCU will not perform heagglculationsor experience strenuous loads.

Thus, it does nateeda highperformancerocessarlt simply needs enoudtandwidth to

monitor all systems of the device, control laser power, control the safety interlocks, and
turn on LEDs.

The MCU <rves as a status monitoring system separate from the RaspbérhysHs
done to ensure the reliability the safety subsystemB case the Pi experiences some
failure during processing or momunication with the camera, the MCU will be able to
actively monitor the system regardless

An ESP32 will act as the primary controller of the safety interlocks, status indicators, and
laser power. The ESP32 is a dual core processor, enabling two parallel actions to run at
once. One core will be dedicated to always monitoring the status offéte isserlocks

and laser power. The second core will perform all other functions necessary, such as
engaging the locks, engaging the laser power, modulating the digital potentiometer to
control the laser power, and controlling the status LEDs.
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If any of the access doors are open, or the safety interlocks are not engaged, the laser will
not be able to turn on. If the enclosure is somehow opened during operation, the MCU will
disengage the laser as quickly as possible. If the runtime of the sgsigrds a
predetermined time limit, the laser will also immediately shut off.

3.2.4. Safety Interlocks

To comply withthe safety regulations surrounditite use of a class 3B laser, the system
enclosure must implement safety interlackiis is toensure thaho harm is caused during
operation of the devic&here are many different types of safety interlocks, ranging from
mechanical actuators to electromagnetic rel&jsctromagnetidocks offer higher force
output, norcontact applications, longerd$pansand are more tamper pro&COSPEC

i's planned to be a smaller device where th
redundant.
Table22 Safety Interlock Comparison
Banner SFRA |Honeywell Pheonix 270297/Custom Lock
22AC2 w/ Servo
Actuation Time 100 ms 100 ms 100 ms 200 ms
Mechanism Push actuator |Push actuator |Non-contact Linear Actuator
Supply Voltage 24 V 125V 24 V 5V
Cost $56.98 $28 $20.20 $12.99
The Ocean Optics LASER85LAB-ADJ has a A Remotimpuontheer | o c k

back panel with an RI1connectorThi s A Remote I nterl ocko i npt
circuit. Without this input being occupied with an-RDconnectowwi t h a f#Acl osed
circuit, thelaserw i | | be forced iThi$ laserzomassmthaamudifiegdd mo d

(shorted) RdL1 connector to enable operation without an external input.

ThefiRemote Interloc&is a safety feature that automatically shuts down the laser when a
trigger such as a door or an enclosure opening accling laser functions normally when

is senses a closed circuit, but it will disable laser output when it detects an open circuit. To
re-enable the laser function, you must make sure that the interlock is a closed circuit, and
then manually reset the lasertioggling the Laser On switch on the front panel to the ON
positiono [Ocean Optics Laser manual]

3.2.5. Cooling

Table23 Cooling Technology Comparison

TEC Coolant-Based Fansand Heatsink
Feasible Selective Very selective Cools large volumes
Cooling Area
Complexity High Very high Low
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Risk High Very high Low
Cost Medium High Low
Anot her of ECOspecb6és software goals is the

systems for sensitive components within the test environment. The precision required to
perform reliable Raman spectroscopy means that temperature control of dosémgby

laser and environmentis paramountWhile the detector has an integrated sthgeEC
capable of cooling the sensor to 15afd the laser has a dedicated cooling system
surrounding subsystems and ambient air ralsst notundergo consideradlkhermal shift.

A simple ventilationsystemwill be set in place to maintain air circulation and assist in
lowering the equilibrium operating temperature.

When the cooling system &ctive several measurements will be taken to determine the
resilience of the device to temperature fluctuations. Ifsfretem’'saccuracyis disturbed

with simple air flow, larger consideratiomill be takeninto the thermal isolation of the
measurement syems. Calibration of any measurement should be taken with the fans
active, after the device has reached an equilibrium temperédurepeatability purposes.

3.2.6. Laser Control

The | aser offers external control through
The ARemote | nt e r-11pleglard takes ip attiggen inpaitfromaarsignalJ

such as an opened door. The laser will not begin emission unless-ftiepRd has a

Acl dooedd 06 connection.

This laser supporta n A EXxt er nal P 0 @eecanOEics &5 manual] Vhisd e .
externalcontrol is implemented throughfaRe mot e | nril pluglinterdakeand R J
power controBNC interface.

The laser driver circuit will control the power output of the Ocean Optics LABER
LAB-ADJ. The BNC control takes in DC input of DV, and can modulate the laser from

0% to 100% up to ~300 KHxVe will not be modulating the laser during operation, so
frequency of no concern. The digital potentiometer should act as a simple voltage divider,
and be capable of being setto a 0 V point.

Table24 Digital Potentiometer Comparison

AD5220 |AD5160 AD5231 TPLO501 X9C104
Resolution 128 256 1024 256 32
Supply Voltage 5.5V 2.7-55V 2755V 5V 5V
Still No Yes Yes Yes Yes
manufactured
Comm Protocol SPI N/A
Cost $3.12 $4.15 $10.24 $4.58 $3.96
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3.2.7. Display

Table25 Display Comparison

Specs Geeekpi 1 Waves har e|Raspberry Pi
Touchscreen Oof fici al
Touchscreen
Screen Size 10.1 inches 7 inches 7 inches
Resolution 1024 x 600 1024 x 600 800 x 480
Touch Capability [Capacitive Resistive Capacitive
Touchscreen Touchscreen Touchscreen
(10 finger)
Interface HDMI HDMI DSI (Ribbon)
\View Angle 178 degrees 170 degrees 170 degrees
Power Supply 5V DC 5V DC 5V DC (GPIO)
Raspberry Pi Yes Yes Yes
Compatible
Dimensions 9.25" W x5.59"H 6.5"Wx4.5"H 6.5" W x 4.25" H
Cost $60 $45 $80

With using a Raspberry Pi, we focused on making ECOspec more of a standalone device.
Much consideration was taken regarding the need of an external PC for data acquisition. It
was decided the use of an LCD display would enable easier integration witystbm s
rather than configuring communication protocols with external devices.

The GeeekPi 10.1" Touchscreen was selected over the more expensive Raspberry Pi
Official 7" Touchscreen despite the official display's optimized integration atfithd€r
capacitive touch capability. While the official Raspberry Pi display offers seamless
compatibility and uses the DSI ribbon cable interface, which frees up the HDMI port, it
has a smaller-ihch screen with a lower 800 x 480 resolution compared to the GeeekPi's
1024 x 600 resolution.

For ECOspec's application, the larger screen size and higher resolution are more important
than the advanced mutibuch features. Displaying detailed Raman spectral plots requires
adequate screen real estate and pixel density to show fine peaks amohgarnantensity.

The 10.%inch display provides approximately 40% more viewing area tharingh7
screen, making it easier for users to interpret spectral data without straining to see small
details.

The HDMI interface on the GeeekPi, while occupying the HDMI port, is a widely
supported standard that simplifies troubleshooting and provides flexibility if the system
needs to be connected to external monitors during development or demonstrations. The
official display's DSI interface, though elegant, is proprietary and offers less flexibility for
alternative configurations.
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The 10finger capacitive touch on the official display is more advanced than needed for
ECOspec's interface, which primarily requires simple simleh interactions for menu
navigation and button presses. The standard capacitive touch on the GeeekBitlsam
sufficient for these tasks. The cost savings of approximately3$2€ompared to the
official display also allow the budget to be allocated to other critical components, such as
optical elements or cooling systems.

Overall, the GeeekPi 10.1" Touchscreen provides the best balance of screen size,

resolution, and cost for ECOspec's specific needs, making it a more practical choice than
the smaller, more expensive official Raspberry Pi display.

3.2.8. Voltage Regulators

Table26 Voltage Regulating Technology Selection

Linear Switching
Efficiency Low High
Heat generation High Low
Power tolerance Lower Higher
Output Noise Near noisdree Possible from switching frequency

Multiple major components throughout the system require various le\eetsadflevoltage
and current draw. The ESP32 requires a 3.3 V Up34, the Raspberry Pi 5 requires 5V
up to 5 A, and the safety interlocks requ24V. In order to generate stable sources of
these specific voltage levels, the usesafulatoramust be employed.

Linear regulators functiotargely through resistive meanBhey dissipate heat through a
resistive component, ensuringvaltage output withminimized noise. Linear regulators
would be best applied for components who need stable voltage supplies of lower voltage
levels. A linear drogut (LDO) regulator is commonly internally integrated in many
MCUs such as the ESP32. ADO would be the optimal source for the 1 V external BNC
control of the laser.

Switching regulatorgiclude more complex circuits, involving transistdiliers, and pulse
width modulation (PWM}o adjust the output voltag€hey boast much higher efficiency,
higher output currentéower operating temperature, and reduced E&il.our applications

and b prioritize thermal managemergwitching regulator@are a better fit than linear
regulators Switching regulators will be used to generate the supply voltage for the
controlling electronics.

Table27 1.0 V Buck Regulator Comparison
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AP7366W5 TI LP5910-1.0 TI TPS78501
Min/Max Input Voltage 22-6.0V 3.3V 6V
Output Voltage 0.8v-5.0V 10V 12V -55V
Max Output Current 0.6A 1A 1A

Table283.3 V Buck Regulator Comparison

AP63203 LM2679T-3.3/ ADJ |LD1117V33
Min/Max Input Voltage 3.8V-32V 8V-42V 33V-15V
Min/Max Input Current 4 A 8A 800 mA
Max Output Voltage 3.3V 3.3V 3.3V
Max Output Current 2A 7A 800 mA
Switching Frequency 1.1 MHz 260 kHz N/A (LDO)

Table295 V Buck Regulator Comparison

AP63205 LM2679T-5.0 / ADJ [TPS54331
Min/Max Input Voltage 3.8V-32V 8V-42V 3.5V-28V
Min/Max Input Current 4 A 8A 4 A
Max Output Voltage 52V 50V 25V
Max Output Current 2A 7A 3A
Switching Frequency 1.1 MHz 260 kHz 570 kHz

The Tl LM2679TFADJ was selected as the buck conveitetboththe 3.3 V and the 5 V
regulator boardsThe output voltage of this regulator can be adjusted with a set of resistors
on the ofeedbacko pi ns aiidnoftthe eegulaterguwal/-@n o r .
NDZ package. The regulataan outputup to5 A of current, which is required for the
maximum 5 A draw of th&®aspberryPi. (However, without changes in the software, or a
Apowlerd i veryo (PD) controll er, AhésbBiftsiat:
feature is also included in the package, enabling the use of capacitors to protect against
strong fluctuations in voltage such as during start up or heavy electrical load.

T

3.2.9. Power Supply
The power supplymust provide enough wattage satisfy the voltage and current
requirement®f all components. Consideration of max draw of all components should be
taken into account when determining the minimum wattage.

Table30 Power Draw Table
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Voltage Current
ESP32 3.3V 1.3A
Raspberry Pl 5V 5A
Safety Interlocks 12V 30 mA
Fans 5V 500 mA
Laser Control 1V 20 mA

Considering the largest required voltage for the electrical system is 12 V, a 12 V main
power supply will be sufficient. However, it must be capable of providing a large current
draw to supply all the individual componentsmain 12 V 120 W PSU will be used to
supply power to the whole system. High amperage draw is expected Raspberry Pi,
multiple sensors, fans, safety interlocks, and MCUs. Voltage regulators, mainly buck
converters, will be used to supply power to devices requiring a lower voliagetie
original power supply. This includes 3.3 V for the MCUs and fans, 5V for the laser and
CCD, and 12 V for the safety interlocks.

Table31 DC Power Supply Comparison

SUPERNIGHT |ALITOVE ALITOVE ALITOVE
360 W PSU 240 W PSU 120 W PSU 180 W PSU
Power 360 W 240 W 120 W 180 W
\Voltage 12v 12V 12V 12V
Max 30A 20 A 10 A 15A
Current
Recommenc 26 A 18 A 8A 10A
ed Max
Current
Type Switching Switching Switching Switching
Connector | Screwterminal | Screw terminal Barrel jack Barrel Jack

There will be three components which need 120 VV AC wall power: the 12 V power supply,
the ACUROS CQD SWIR camera module, and the 785 nm laser source. As the camera
module ad laser source are borrowed pieces of equipment, risk must be minimized when
working with them. Creating custom power delivery schemeshiese highly sensitive
devicesnot only risks damging them, butwould also extend the scope of thmject
beyond its original intentionThese three devices will have their power cords hidden and
neatly plugged into an enclosed powextensionstrip. Only tke cable of the power
extensionstrigvi | | exit the devicebds case.

The ALITOVE 180W power supply unit will be used to supply power to the voltage
regulators. This power supply provides a voltage between the required levels of 3 V and

12 V to ease the load on each subsystems voltage regulator. It also prnoieialgysof
current for all peripherals to operate as intended.

3.3. Software
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3.3.1. Programming Language
One of the most fundamental questions to be asked déwexloping any kind of system
or application isprogramminglanguageselection This choice can drastically shift the
overall designstructure of the system, as evdapguage has its differences in syntax
execution memory management, standard library ecosystems, and more. When selecting
the language for ECOSpec, many of the primabjectives for our software systeme
considerarethe ease of implementation for large dataset processing, as wel &svel
controlof system hardware. These goals alloviau®cus on creating a system with a high
degree of functionality wheracquiring and analyzing Raman spectra, while also
maintaining a robust control schewfeour underlying embedded systewdith these goals
in mind, we are able to consider languages such as Py, AB, Rust,Javaand CC.

One of the fastegjrowing languages in modern system design is Python. This reason for
this being is its simplicity in syntaxnaking rapid prototyping and development easier to
accessMore importantly, Python has aexpansive ecosystem of librariés multiple
scientific and datg@rocessing applications, such as NumPy and Sgifgse toolprovide

us witha simple way to perform complésansformatioron our acquired Spectra, such as
filtering, correction, peak detection, and similaggmparisonachieving core components

of ECOSpec0s sPRython is alsoencrgdiblp poitabley beingiaterpreted
language run on its own virtual machine, making it great for prototyping across multiple
devices and architectures. Due to thisralteease of use when developing Python code,
one primary tradeoff is speed of execution. Compared to other languages, especially lower
level languages with mosystemlevel control, Python can be orders of magnitude slower
and therefore suboptimal for higierformane systemsThis makes Python a strong
choice for datanalysis bumakes it difficult tojustify for the embedded requirements of
ECOSpec.

One language that places much more emphasis on engineering and scientific applications
IS MATLAB, especially when considering signal processing and analysis. Much of this
functionality is provided through its numerous toolboxes that provideegisblished
algorithms for @ta handling, many of which can be applicable in Raman sewigsis.
However, MATLAB is a proprietary language, with a heavy cost burden to olte@mae
Additionally, MATLAB is not built for use on embedded platforms, due to atsk|of
flexibility and systenievel functionaity.

In a similar vein to Python, Rust is a modern systems language with an emphasis placed
on memory safety, without requiring thplementationof a garbage collector. This
allows Rust to provide performance similar to languages that operate much closer to the
hardware, such as C/C+Rust also presents comptiene guarantees against memory
corruption, as well as a strong type system and borrow che&k#re current moment,

Rust lacks much of the scientific library support that Python has, makass fexible for

large dataset operations and transformatigkdditionally, its tooling for embedded
applications is still in its infancy artlereforenot ideal for applications of this scale.
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Another option for our gpication to be considered is timplementatiorof Java. Similar

to Python, Java is platforagnostic, running on its own virtual mach(@& M), once again

providing a portable, predictable runtime. Unlike Python, Java is strictly ebjeanted,

which promotes organizatioand modularity within thepplication;it can also impose

restrictions on design flexibilitywhile Java doestill have a large collection aitandard

libraries with integrated functionality, it lacks the qtignof the scientific and data

analysis tools that Python provid@is would require a much higher code cost to perform
theadvanced r ansf or mati ons on spectra that ECOS
much more rigid programming style makedes optimal for our datprocessing and

system control requirements.

Contrasting both Java and Pyth@wprovides a much lowdevel set of contral for system
resources. Since C operates on a level much closer to the hardware, it is able to have direct
influence on memory through concepts such as poiravsig the developer access over
these interactionallows C to excel in embedded applications, whieterfacingmultiple

devices effectivelyis paramountAdditionally, C has a much lower runtime overhead
compared to languages that run within their own VM, making it ideal for critical tasks
within ECOSpec, such as safety systems and laser coftilcost of this much higher
degree of controtorrelates to a much higher degree of complexity within the program
itself, requiring the developer to perform mano@nagemendf systems such as memory.

For our application, each language offers traits that align with the numerous system
components of ECOSpec. Python provides a simple way of implementindehilldata

processing on large datasets for spectral analysis. C gives low level control ofreardwa
components witlhow overhead, making it suitable for our critical embedded control. Java,

while offering some of the benefits from both C and Python, does natiprenough to

fully align with the requirements of the system. Through these insightsomatuded that

a mix of both Python and @vould allow us to fully fulfil al ECOSpeco6s cor
specifications.

Table32 Compare Programming Languages

Python Java C MATLAB  |Rust

Execution |Interpreted|Interpreted/CompileCompiled |Interpreted |Compiled
Method Hybrid

PerformanceSlow Moderate Fast Fast Fast
Memory Automatic Automatic Manual Automatic [Manual
Managment

3.3.2. Communication Protocol
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When designing systems in theodernera, the ability to interfaceultiple subsystems
togetherbecomes paramount. This can be anything from multiple controllers interacting or
even connecting a system to a computer for additional control or processing. All these
possibilities require the employment of communiaatfrotocols, allowing devices to
communicate witheach otherto transmit information. These are used due to their
standardized nature, ensuring usability across numerous ajpig, from both ofthe

shelf andcustommadeparts. As our application consists primarily of communication
between controllers, as well as communication to a computer, three of the most common
communication protocols come to mindThese are Universal Asynchronous
Receiver/Transmitter (UART), Serial Peripheral Interface (SPI), amerlhtegrated
Circuit (12C).

One of thesimplest communicatiomethods employeavith embedded and integrated
systems is the Universal Asynchronous Receiver/Transmitter (UAREthod. This
technique works between two devices, both with a transmit (Txpaedeive(Rx) pin,
enabling fullduplex communicationData is sent serially between these two devices
through their respective pins, then being read and utilized by the CPU or any other
processing devices on the chiphe asyncronicity of UART references the lack of a
unifying clocksignal between the chips, with the alternative used being a start and stop bit
placed on either side of a data pacRet.ensure that data receivedas intended, and no

bits are misunderstood or lost, UAR&quires a identical (with ~10% marginfacerror)

baud rate to be configured on both chigdRT also comes with the additional ability to
interface with a computer system using a U68erial adapterThis approach provides a
very simple way to enable chip to chip communication in a system, butirtipdicsty

comes at a cost, that being that a misconfiguration of the baud rate can cause data to be
unusable, and thereforBinder any major subsystems that rely on these lines of
communicationAdditionally, UART has a relatively low ceiling in terms of data transfer
speeds.

Beyond UART, another interface that can be used for communication betweenth@

serial peripheral interface (SPI). Thisotocol is most often used for communication
between microcontrollers angeripherallCs such as ADCs, shift registers, and many
others The most obvious difference between SPI and UART is the fact that SPI is a
synchronous interface, with a shared clock line between SPledeVigs also fuliduplex

and is able to be configured for rising or falling edge synchronizakiongside the clock

line, SPI interfaces requiraasterout slavein (MOSI) and mastein slaveout (MISO) on

the main node, and slave dateand slave dataut (SDI/SDO) oreachsubnode Finally,

SPI setups can require ckaplect (CS) line for eversubnode but this can be cut down

to one when utilizing a daisy chain configuration, which connect the output of avery
nodeto the input of the following node, allowing less lines to be used overad. SPlov er al |
design allows it to support much higher speed compared to UART, as well as supports
multiple devices in the same SPI conneataglironment These benefits come at a cost
however, wih SPIrequiringa large number of pins as the numbkedevices increases, as

well asrequiringthe components to be located close together to prevent signal loss or
corruption.
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The third protocol to consider is Intartegrated Circuit (I2C) communication. 12C
combines many of the positives of the previously mentioned protocols to strike a balance
that creates a flexible and powerful method of communication between chips. Similar to
UART, 12C uses only 2 wires to handle its data transmission. Unlike UART however, one
of these wires is entirely dedicated to the clock sige&ihed by the master, similar to SPI,
making it asynchronous protocdRC transferslata seriallthroughmessages broken into
data framesThese framesontain a start, followed by an address to seleatdhect sub

node. The sulmode will then send an ACK/NACK bit. Assuming ACKrisceived the

data is then transferred multiple frames, each followed by an AGKACK, until the stop

bit isreceived As mentioned earlier, 12C has a lower hardware cost compared to SPI, with
only two wires being required, as well as confirmation during data transfer through the
ACK/NACK bits. Unfortunately, 12Ccannotreachdata transfer rates as high as SPI, but
still higher than UART, as well as has aihi8limit for each data frame, which can cause
large data transfers to be long.

For our application, two of the three protocols fit the requirements we have set out. The
first one is UART, which can be used primarily for communication with computers, such
as a Raspberry Pi or PC, through a USEerialadapter. This gives us access to high
level control of lowetlevel systems through a uniform control center. Alongside UART,
we can utilize 12C to enable easgmmunication between numerous peripherals, such as
locks, detectors, and various other peripherals, while maintaining a l@answdre cost

and simple implementations.

Table33 Communication Protocol Comparison

UART SPI 12C
Maximum 115200 bps 16 Mbps 400Kbps
standard Speeq
# of wires 2 N+3 2
Duplex Full-Duplex Full-Duplex Half-Duplex

3.3.3. Spectrum Data Processing

In the goal of processing the raw spectral values into something usable for identification
and utilization, numerous steps need to be taken to ensure every reading is put on a level
playing field Without this, it would be difficult to find consistent results when comparing
acquired spectra with our library reference spectra. When determining a processing
pipeline that would be the most effective for the application, noise/cosmic ray removal,
fluorescence removal, normalization and scaling, and finally peoison. Elaboration on

the options for each of these steps will be discussed as we continue.

3.3.3.1. Noise / Cosmic Ray Removal
One of the most essential aspects of working with sensor data is removing or reducing the

amount of external noise within the data. This noise can get in the way of aceadabgs
and cause the system to make wrong assumptions about the data. In the Raseaof
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spectosaopy, one of the most common forms of noise is cosmic rays, which can &gpear
thin, random spikes.

To remove these artifacts from the acquired spectra, there are numerous algorithms that
can be implemented within the processing pipelee of these methods is to rely on the
localized nature of cosmic ray interference. Since the spectral span of these artifacts is
usually vey small, it is possible to remove them utilizing interpolation,jclhis the
process of estimating unknown data fiadls between known points based on a constructed
curve. The downsids of this approach is that you lose true dataexchange for an
inferenced point, as well as the possibility of creating artificial features, dependent on the
interpolation method used.

Another possible method is to use the random natucesshic ray interferencé&ince the
chance of cosmic ray interference at the sauaeelengthacross two spectrakcquisitions

is infinitesimally low, you can comparsvo different acquisitions of the same sample, and
identify any major disparities between the two that wouldniokcative of cosmic ay
interference (thin, tall, peak not matching the general shape of the sp&b&ajnost
obvious negative to this approach is the requirement of multipldinmgs of the same
sample to be effective, which may not always be available

The methodology that we elected to utilize sits as an alternative to the previously
mentioned ideathattaking advantage of the naturecokmic ray interferencgéhis method

being the usage of aadian filter. A median filtewworks by replacing each point with the
median of its neighbors based on a given window size. This filter is especially effective for
our application of Raman spectroscopy, as it allows us to remove noise from cosmic rays
and replace it with data based entirely on the shape of tk&ap€his algorithm allows

us to remove spikes that are agpart of the sample, while maintaining the overall shape

of the spectral readingemoving the possibility of creating artificial features.

Table34 Cosmic Ray Removal Method Comparison

Interpolation Multi -Spectra Median Filtering
Comparison

# of requiredl 2+ 1
spectra
Time O(N) O(MN) O(N)
complexity
Space O(N) O(MN) O(N)
complexity

3.3.3.2. Fluorescence Removal

Another common enemy in the realm of analysis of Raman spectra [Bebenceof
fluorescencefluorescence is thehenomenom which a material, upon beirexposed to

light such as a laser, absorbs and then digitsata longer, lowerenergy wavelengthn

the context of Ramaspectroscopythis interference can appee a sort ofioffset within

the spectr§21] Fluorescence can cause the introduction of distortion or the burying of
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Raman peaks, as well as causing a #dsl opi
inconsistent between sampld® remedy this, numerous processing algorithms can be
implemented, allowing us to achieve consistent spectra across materials.

One of the commonly utilized methods for fluorescence removal when working with
Raman spectra is tmethod of derivative spectroscopy. This method can be implemented
in numerous ways, but all follow the same principleisTtiechnique focuses on utilizing

the mathematical concept of derivation on a set of points to remove broad background
features, such as thosausedy fluorescence, while enhancipgaks. Theonsequences,
however, include amplification of noise from the detection hardware, as weéitagidn

of some peaks, makingtensity analysis unreliable, whicould in turn makeomparison

and identification difficult.

A second method that could be developed is wavelet filteWWayelet filtering takes the
properties of wavelets, a short oscillating waveform with an average value ofThero
properties of these wavelets are used to perform a discrete wavelet transform to decompose
the signal into approximation and detail coefficigj2]. The componentsepresentative

of the fluorescence background can thesuygressedr removedentirely, and the spectra

can be reconstructed usingetremaining coefficientsThis technique provides a much

more adaptive fluorescence removal, not assuming a specific baseline shape that other
methods mightWavelet filtering is not perfect, howeves this filtering can introduce
artifacts as it tries to extend the data for use, as well as can be computationally intense,
leading to longer processing times.

In contrast to the previously mentioned technologies and methodologies, baseline
correction serves as a simple method for the removal ofeffgenceBaseline correction
functions by utilizing one of many possible algorithms to fit the raw spectra, such as
polynomial fitting, asymmetric least squares, and many otherat¢hatve the same goal.
These fitted models are then subtracted from the raw spectra values, both removing the
fluorescence backgrounds well as enhancing the features defined by theaRgmaaks.

This method has much loweomputerequirements butan scale quickly depending on

the model used fditting; however, bad parameter selection can causecoweder fitting.

For our application, we elected to use a polynomial fitted baseline correction to handle
fluorescence. We chose this due to its ease of implementation, as well as flexibility in terms
of model parameters, allowing us to adjust only the degree of our polynomial model to
enhance or reduce the amount of fit.

Table35 Fluorescence Removal Method Comparison

Derivative Wavelet Filtering Baseline Correction
Spectroscopy

# of requiredl 1 1

spectra

Time O(N) O(N log N) O(N log N)

complexity

Space O(N) O(N) O(N)

complexity
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3.3.3.3. Normalization

Continuing with the goal of utilizing our preprocessing pipeline to create consistent,
comparable spectrave need to ensure that all the diatacreenedo remove any possible
variations due to external factors, such as laser fluctuatgample positioningand
detector sensitivity drift. Our primarpols against tlkseenvironmertbasedfuctuations

lie within our normalization stepThere are many different methods of normalization
available to utilize. We will discugbese options as we continue.

One common method usedRaman spectroscopy address normalizatioa the concept

of Multiplicative Scatter Correction (MSC). MSC attemptsrémovebaseline shifts as
well as scale differences between sampbgsaddressing both additive and multiplicative
effects When executed correctly, MSC gs/@& smoother and more physically consistent
normalization effect on the spectra.

Unfortunately, MSCcannotachieve this quality of results on its own. A pegjuisite to
performing MSC normalization is tipgesencef reference spectra. These spectra are used
to create the regressiamodel that is at the heart of the MSC technique. For our application,
requiring multiple spectra goes directly against our goal of usability, and therefore makes
it unfeasiblefor the application at hand.

An option that does not require reference spedsravector normalization (L2
normalization). This method works by making the total magnitude of each spectrum equal,
attempting to account for any globatensity differencesWith this technique, the peak

ratios are preserved across spectra, but the values become normalized across agquisitions
which account$or many of the possible sources of variation mentioned previoOsig.

benefit of this algorithm compared MSC is the simplicity of implementatiomaking it

easy to experiment and tune. On the other hand, vector normalizatinable to remove

any baseline offsets, and it can also be very sensitive to noise when peaks are weak, which
is impracticalfor Raman applications, as the signaseivedtend to be inherently weak,
making this methoduboptimal for our goal.

The method we have selected to us&tandard Normal Variate Normalization (SNV)
combines the best parts of both vector normalization and .NBB{ canremove both
additive andmultiplicative effects of a spectruniike MSC, while only using data from the
spectrum itself, not requiring any reference, akin to vector normalizédtidoes this by
both subtracting the mean, recentering the data around zero, asdixatiag) the standard
deviation, bringing everything to a unit varian@éis algorithm proves to be the best
choice to meet our goal, allowing us to have simple to implenyehteasy to use and
powerful processintpol available to ensure our data is in a form that is usable downstream

Table36 Normalization Method Comparison

MSC L2 Normalization SNV
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# of required2+ 1 1
spectra

Time O(N) O(N) O(N)
complexity

Space O(N) O(N) O(N)
complexity

3.3.3.4. Scaling

The final step in our preprocessing pipeline before our data is ready for comparison is
scaling At its most basic level, scaling adjusts the range or magnitude of all the intensities
across the spectrum. This makes sure that all values contribute accordingly when
performing further analysis, ensuring that differences in scale do not skeewihstream
analysis of theacquiredspectra.To achieve this, there are multiple methods we could
employ, including mean centering, autoscaling, andmmax scaling.

The first of the methods mentioned, mean centering, is commonly employed before
multivariate analysisMean centering works by computing the mean intensity across
mul tiple spectra and subtracts this mean
technique has a very simple implementation, that emphasizes variation while pgeservin
the relative scale. However, this technique can be vulnerable to outliers, and most
importantly, requires multiple spectra, making it suboptimal for our application.

Another commonly utilized method facaling Raman processing is autoscaling. This
method functions as an extension of mean centesiftgy, subtracting the mean from all
intensity values such as in meaantering but continues by dividing the standard deviation
from eachw a v e n u mdrrespanding intensityThis ensures that all peaks equally
contribute to overalhnalysis The downsides of thigpproachnclude a higher sensitivity

to noise, as well as maintainititge multiplespectraequirements

The third and our selected method for scaling ismax scaling. This method rescales the
data to a fixed range, which in our case is 0 to 1. This maintains the shapel atattet
adjusts the scafer easier analysighis method is still sensitive tmutliers but as we have

placed this step far downstream our processing pipeline, we can expect that any pertinent
outliers are alreadyaddressedAdditionally, minmax scaling does not require multiple
spectra, allowing us to minimize the amount of time needed to be spent acglatation

Table37 Scaling Method Comparison

Mean Centering  Autoscaling Min -Max Scaling
# of required2+ 2+ 1
spectra
Time complexity O(N) O(N) O(N)
Space complexitO(N) O(N) O(N)

58



3.3.3.5. Spectral Comparison

As the final step in our data pipeline, we finally utilize the processed data to make
conclusions as to the composition of the sample. The ideas behind this are to utilize a pre
established library of Raman spectra correspondintheéomaterials we ae trying to
identify. The goal of our selection is to have a robust method to capture similarities between
our acquired spectrum, and each spectrum we compare it against, hoping to correctly
identify the material based off the most similar material from thajbiThere are three
primary methods used to achieve thiSuclidian distance, Cros®rrelation, and
Correlation Coefficient (or Pearson Similarity).

The simplest of the aforementioned methods is the usage of Euclidian distance to calculate
similarity. Euclidian distance works by measuring the distance between intensities for
every wavenumbdyetween our acquired spectrum, and the reference spdutra2 norm

of these values is then found to find a since distance value, representing the amount of
dissimilarity between the two spectiichis method can benplementedjuite simply, with

only 1-2 lines of cale with library assistanc&his simplicity comeswith a cost, however,

as Euclidian distancean be very sensitive to any irregularities within the data not caught
during preprocessing.

A comparison method that could be utilizzdcompare spectra is cresarrelation.This

technique works byi s | i di ngo one gatheraongrthe mavenamber axs. t h e
Crosscorrelation will produce a value representing the similarity of the spectra. This
method is able tocompare two spectra, regardless of any inconsistencies in
wavenumber/intensity pairs, assuming the shape of the spectrum is th€sanpared to

Euclidian distance,however, this method is much harder to implement, eal be
computationally intense, which makes the system less responsive cohgrarisons are
implemented on mobile hardware such as microcomputers or microcontrollers.

Themethod we have selected for our application is the usage of a Correlation Coefficient
(Pearson Similarity)To generate a value indicating the amount of similarity between the
two compares spectra, the mean is subtracted from each intensity aradute entire
spectrum is scaled by the standard deviation, similar to what was done in the normalization
and scaling steps of the preprocessing pipeline, allowing us to ensure the datzes the
position for comparison.

Finally, the dot product is taken to generate a valugpresentativef the correlation
betveen the twaspectra This method is optimal as it is almost entirely focused on the
shape of the spectra, making it incredit#jiable when paired with a robust preprocessing
pipeline. Many of the downsides of this technique, such as sensitivity to shifts in peak
position, become nearly nonexistent once the data has been sufficiently prepared.

Table38 Spectral Comparison Method Comparison

Euclidian Distance Cross-Correlation Pearson Similarity
# of required2 2 2
spectra
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Time O(N) O(N log N) O(N)
complexity
Space O(N) O(N) O(N)
complexity

4. Standards andDesignConstraints

4.1.Industrial standards

4.1.1. |IEC 608251

ECOspec, our Raman spectroscddmsed microplastic detection system, relies on a 785
nm laser source operating around 150 mW. While lasers are integral to achieving high
resolution Raman spectra, they also pose safety risks, especially to the eyes.ahal skin
address these hazards, the International Electrotechnical Commission (IEC) developed IEC
608251: Safety of Laser Products. This standard defines classification systems, labeling
requirements, and safety measures to protect users and ensure comyti@naievices

are deployed in labs, industries, and potentially field environments. By aligning ECOspec
with IEC 608251, the project not only safeguards operators but also strengthens its
credibility for research and commercial adoption.

This standard uses a riflasedclassificationframework, this means that instead of each

laser being treated equally as dangertius standard classifies them based on a couple of
factors. These factors include output power, wavelength, exposure duration, and other
potential hazardsS'hese classes range from Classvhichis practicallysafe under normal
operations, to Class 4, which is extremely hazardous, capable of causingoseneneent
damagetoeyesandskbCOs pec 6 s | as er s8Bhetadse éf dslowtputu nd e r
power at 150 mW and 785 nm wavelength. This category ingliaers where direct
exposure or reflections from the beam could cause permanent eye damage and potentially
burn skin tissue.

The classification under IEC 60825does more than provide a label; it dictates how
ECOspec must be designed and operated. For example, the standard requires that Class 3B
lasers include engineering controls to prevent accidental exposure. In ECOspec, thi
translates to a fully enclosed optical path, where the laser beam is isolated from the user by
protective housing. The enclosure itself will include laser safety glass, designed to block
the operating wavelength while still allowing users to monitor ¢heette chamber
visually. IEC 60825l also mandates the use of interlock systems so that the laser
automatically shuts down if the protective chamber is opened. ECOspec already
incorporates such interlocks into its design, ensuring that the laser canactiiaged

unless the cuvette door is properly closed.

Another key component of the standard is labeling and user awareness. Devices using Class
3B lasers must carry warning labels that clearly state the wavelength, output power, and
laser class. These labels provide immediate recognition of the hazard rdvateaan
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Il mportant part of ri sk communicati on. ECO
integrating a keyjock mechanism and an emergency stop button, which comply with IEC
recommendations for disabling higlowered lasers when not in active use.

By following IEC 608251, ECOspec not only protects its users but also ensures that the
device is positioned for broader adoption. Research institutions, environmental monitoring
agencies, and municipal facilities are unlikely to deploy a{based systa that does not
comply with international safety standards. Demonstrating adherence to IEC-50825
provides confidence that the device is safe, reliable, and suitable for integration into real
world applications. It also lays the groundwork for regulatmstifications such as FDA
laser product compliance in the United States, which recognizes IEC -€0825he
baseline safety framework.

Il n practice, the standard enhances more t
scalability. Because the device is being designed with Class 3B protection from the start,

it will be much easier to adapt future versions for field deployment. Portaldsidential

systems must be inherently safe to gain public trust, and building the project around IEC
608251 ensures that these considerations are embedded in the engineering process.

Ultimately, IEC 60825l is more than a regulatory hurdle; it is a guiding principle for
ECOspecds design philosophy. The | aser sou
is also the primary source of risk. By implementing enclosures, interloclkdinigband

training in accordance with this international standard, ECOspec not only mitigates hazards

but also demonstrates scientific and professional responsibility. Compliance with IEC
608251 transforms the project from a functional prototype intaeaible, trustworthy

system ready for use in both laboratory and environmental monitoring contexts.

4.1.2. |[EC 6101061

IEC 610101 , nSafety Requirements for Electrica
and Laboratory Use, 0 i s onmlatedstindardb relevanbts t s i
the ECOspec project. While IEC 6082%establishes safety requirements for th&cal

and laser components, IEC 6101@ddresses the broader electrical and mechanical safety

of the system. The ECOspec instrument is not a simple optical device; it integrates multiple
high-power electronic subsystems within a confined enclosure. Thesede a 12 V, 120

W power supply, a thermoelectric cooling (TEC) system, active fans, and dual
microcontroller units that coordinate laser excitation and signal collection. Compliance

with IEC 610101 ensures that these components operate safely togethéhat users are
protected from hazards such as electrical shock, excessive heat, and fire.

The purpose of the standard is to provide a consistent framework for designing and
verifying laboratory and analytical instruments so that they can operate reliably under
normal and singléault conditions. ECOspec falls precisely within this categorig &n
electrically powered measurement device intended for research and laboratory
environments. The principles of IEC 6101@uide every part of its hardware design from
component selection to grounding, insulation, and enclosure construction. Thedtanda
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ensures that if a single component were to fail, such as a voltage regulator or TEC
controller, the user would still be shielded from unsafe conditions.

In the ECOspec system, electrical safety begins at the power entry point. The primary
supply delivers 12 volts of DC at up to 10 amps, driving multiple downstream regulators
that generate 3.3 V and 5 V rails for loggwel control. Even though these vgjes are
considered low, the available current is high enough to cause component overheating or
fire if short circuits occur. IEC 6101D requires that all conductive parts accessible to the
user be either fully insulated or connected to protective easthmdet this, the internal
chassis, optical mounts, and heat sinks are bonded to a grounded line that directs any fault
current safely away from the user. The PCB traces carrying power to the laser driver and
TEC are designed with adequate creepage andadlea distances in accordance with
pollution degree 2 requirements, which apply to indoor laboratory environments. This
means maintaining at least 2.5 mm spacing betweerduigknt traces and sensitive signal
paths, reducing the likelihood of arcing amntentional coupling.

The enclosure design also reflects the intent of IEC 610Ithe standard specifies that

any metal surfaces the user can touch must remain below safe temperature limits and must
be electrically isolated from hazardous potentials. In practice, this shaihethe physical

and electrical layout of ECOspec. The laser compartment, TEC plate, and optical chamber
are all housed within an aluminum frame, but the outer shell uses pooated panels

that serve as an additional insulation barrier. The enclosaterials are chosen for their
flameretardant properties. Specifically, UL rated polymers for internal brackets and
cable mounts, to satisfy the standard fire protection clause. All wiring harnesses are secured
with heatresistant insulation sleevesdarated beyond their maximum expected operating
temperatures.

Ther mal contr ol i s a particularly i mport e
spectrometer relies on the TEC to cool the CCD detector and maintain a stable temperature
for accurate signal acquisition. However, this cooling system can generate sigmifissnt

heat on the hot side of the module. IEC 6XQl@quires that instruments prevent injury

due to contact with higkemperature components, and that internal temperatures remain
below the ignition point of any surrounding material. The ECOspec dedyesses this

by combining active ventilation with automatic shutdown logic in the firmware. If the
internal temperature exceeds a defined threshold, power to the TEC and laser driver is
immediately disabled. A hardware thermal fuse is also integratestigs with the TEC to
provide a secondary faslafe independent of software control, ensuring that even in the
event of firmware failure, the system remains safe.

Beyond electrical insulation and thermal management, the standard also governs protective
mechanisms such as fuses, overcurrent protection, and isolation barriers. The main power
line entering the ECOspec includes a replaceable fuse accessible fronr thanedain
accordance with the standard requirement that protective devices bsenseeable
without exposing live circuits. Each power rail is individually fused or cuiierited

through voltage regulator protection circuitry. For communication éatvthe lowvoltage
microcontrollers and highgyower circuits, optoisolators are used. This galvanic isolation
prevents voltage spikes or ground loops from propagating between subsystems. Such
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isolation is particularly beneficial when driving the laser module, which can experience
rapid transients during startup or modulation. By incorporating these protective elements,
the design achieves both functional integrity and compliance with IEC &ll@ldrtrical
separation requirements.

Labeling and operator awareness form another important part of the standard
implementation. Every surface or terminal that could potentially exceed safe touch voltage

|l evel s must be clearly marked with the app
PCBs include silkscreened voltage ratings and fuse specifications near all power
terminals, and external warning icons are printed on the rear power inlet and laser access
panel. These labels are not merely cosmetic; they are a mandatory part of thel siskdar
communication requirements, ensuring that users are fully informed of any potential hazard
before operating the device. The Kegk switch and emergenetop button further

reinforce operator safety by providing a mechanical means to isolate steansfrom

power immediately.

From a systems engineering perspective, designing IEC 6llGdicourages a more
disciplined and testable hardware structure. Each subsystem (power, control, cooling, and
optics) can be independently verified against measurable criteria. For exampmdaedst
specifies dielectric strength tests, where circuits must withstand applied voltages
significantly higher than their normal operating levels without breakdown. In ECOspec,
the isolation between the primary PSU and control circuits will be verifiedigih these

tests during prototype validation. Ground continuity and insulation resistance will also be
measured to confirm that no conductive path exists betweemaosessible parts and high
voltage nodes. These verification steps, while adding developeffort, directly improve

the robustness and longevity of the instrument.

The broader benefit of aligning ECOspec with IEC 62Q¥Xxtends beyond the laboratory
prototype. Future iterations of the system intended for commercial or institutional use will
need formal certification to enter the market. IEC 610%0rms the baselefor national
equivalents such as UL 61010in the United States and EN 61010n the European
Union. Designing these standards in mind from the beginning greatly simplifies later
certification and ensures compatibility with institutional safety prdsodenvironmental
laboratories, universities, and regulatory agencies are all accustomed to purchasing
analytical instruments that bear these marks of conformity. By demonstrating adherence to
the same safety principles, ECOspec becomes immediately nemtiblerand market
ready.

Perhaps the most meaningful outcome of incorporating IEC 61010i nt o ECOs pe
design philosophy is that it embeds safety as an engineering parameter rather than an
afterthought. The same considerations that protect the user's electrical isolatiotiedontro
temperature, and fault containment also enhance signal quality and reliability. Stable
thermal environments reduce sensor noise; robust grounding minimizes electromagnetic
interference and clearly separated power domains improve measurement consistenc
Compliance with IEC 6101Q |, t herefore, aligns perfectl)
goals: producing accurate, repeatable, and trustworthy Raman spectra of microplastics in
water samples.
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In conclusion, IEC 6102Q provides the structural framework that ensures ECOspec is not
just functional but professionally engineered for safe operation wwadd environments.

It complements the optical safety established by IEC 6a8B% governingall electrical

and thermal aspects of the system. Implementing this standard requires attention to detail
in enclosure design, wiring layout, grounding, insulation, and labeling, but these same
practices contribute directly to a higher quality, more degbkleddevice. As ECOspec
continues toward a deployable prototype, adherence to IEC @lGdfablishes a
foundation of trust and safety that will be essential for its acceptance in both academic
research and environmental monitoring applications.

4.2.Design Constraints

4.2.1. Thermal Management

One of the most significant design constraints for ECOspec is thermal management.
Because the system integrates multiple Hgemierating components inside a small,
enclosed housing, maintaining stable and safe operating temperatures is not optional but
esential to the devicebds function. The spec
CCD6s signal I ntegrity al/l depend on preci
influences the electrical design, mechanical structure, and even thereolihgi that

regulates power and cooling cycles.

The challenge begins with the basic heat balance of the device. The 785 nm laser operates
upto 30 MW output power, but its total electrical draw is several times higher because of
inefficiencies in conversion and thermal losses in the diode and driver circuitry. The
thermoelectric cooler used for the CCD consumes additional power while pumping heat
from one side of the detector to the other, creating a concentrated hot spot that must be
actively removed from the system. When both the laser and the TEGparating
simultaneously, the total heat load within the enclosure can exceed 20 watts. Without
proper heat dissipation, the internal temperature can rise quickly, leading to thermal drift
in the Raman signal and permanent damage to tempesauséivecomponents.

The CCD detector is especially sensitive to heat. Its dark current, which contributes to
image noise, doubles roughly every six to seven degrees Celsius. For Raman spectroscopy,
where the signal of interest is already extremely weak compared to the haakdgfos is

a serious problem. The design goal is to maintain the CCD at or below 40°C during normal
operation, though the ideal range is closer t6280C. This is achieved through a
thermoelectric cooler mounted directly beneath the CCD sensor, wdnidfers heat away

from the cold side toward a metal heatsink. However, TECs are inherently inefficient. For
every watt of heat they move, they can generate nearly a watt of heat on their own, meaning
the total thermal output on the hot side of the modatebe two or three times greater than
expected.

The practical implication of this is that ECOspec must be designed not only to cool the
CCD but also to manage the secondary heat generated by the cooling process itself. The
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TEC module sits on an aluminum heat spreader that is connected to an array of fans to
circulate air through the enclosure. The fans are controlled by the main microcontroller
using a pulsavidth modulation signal that adjusts their speed based ontimsal
temperature readings from a thermocouple located near the CCD. The placement of this
sensor was determined through early simulations that showed the highest thermal gradient
occurs near the CCD interface rather than at the center of the board. Thiskeledipa

allows the system to stabilize the CCD temperature within a narrow margin, even as the
ambient temperature changes.

Although active cooling is necessary, it introduces additional noise and vibration into the
system. Fafinduced vibrations can affect the optical alignment of the spectrometer,
especially since the mirrors and diffraction grating are mounted on lightwelgldrs. To
mitigate this, ECOspec uses rubber isolation mounts for both the fans and the TEC
assembly. These dampers absorb midboations before they can be transmitted to the
optical bench. The tradeoff is that vibration isolation slightly reduced transfer
efficiency, which means the system must run the fans at a higher speed during initial
cooldown or extended laser operation. This interplay between vibration control and cooling
performance illustrates how thermal management is not an isolasgstem, but an
integrated constraint that touches nearly every part of the design.

In addition to componedevel cooling, the overall enclosure design must support stable
airflow and safe heat dissipation. The ECOspec housing is compacted by necessity;
minimizing size improves portability and helps block ambient light from interferitig w
spectral measurements. However, a smaller volume traps more heat. The design team had
to strike a balance between physical compactness and thermal headroom. Airflow
simulations guided the placement of intake and exhaust vents, ensuring that hab air fro
the TEC and laser is expelled rather than recirculated. The vents are shielded with internal
baffles to prevent stray light from leaking into the optical path, preserving measurement
integrity while allowing for efficient air exchange.

Software also plays a critical role i n ma
continuously monitors internal temperature and can initiate staged responses as thresholds
are crossed. At moderate temperatures, fan speeds are increased. At higasttees,

the laser is throttled to a lower duty cycle to reduce heat generation, and if the limit is
exceeded, the system will shut down automatically. This hierarchy of protection is
necessary because thermal failures can cause more than just dhmagen distort data,

reduce detector sensitivity, and invalidate calibration. Implementing a tempedratae

control strategy ensures that ECOspec remains reliable during long measurement sessions

or in environments with fluctuating ambient conditions.

Material selection further constrains the design. Components exposed to consistent thermal
cycling must maintain structural and optical stability. The mirrors and gratings inside
ECOspec are mounted to aluminum and stairdéssl frames, which have highermal
conductivity and stable coefficients of expansion. Using dissimilar materials could lead to
misalignment as temperatures rise and fall, so all mounts are selected to have matched
expansion properties wherever possible. Even the adhesive compoeddt usecure

optical elements are chosen based on their rated performance over the expected
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temperature range. These small details prevent the optical train from drifting out of
alignment, a subtle but critical consequence of thermal stress.

From a safety standpoint, managing heat is also about protecting the user. If surface
temperatures of the enclosure or laser housing exceed safe touch limits, there is a risk of
burns or material degradation. IEC 616a1,0which governs electrical and meaoical

safety for lab equipment, specifies maximum surface temperatures under both normal and
faulty conditions. To remain compliant, the external surfaces of ECOspec must not exceed

60°C during operation. This requirement led to the inclusion of a terapesgnsor near

the outer panel, ensuring that if airflow is obstructed or fans fail, the device can detect the

abnormal condition and shut down safely before reaching hazardous levels.

The power budget directly ties into thermal constraints as well. Because heat generation
scales with power consumption, each subsystem must operate within strict limits. The laser
driver, cooling system, and microcontrollers all draw from the same 12pisuyhich is
capped at 120 W. Allocating too much current to the TEC reduces the available headroom
for the laser, while underpowering the TEC risks overheating the CCD. Careful distribution
of current is therefore essential, and each rail includes iclirent sensing to track power
drawn during operation. Data from these sensors can also be logged for diagnostics,
providing insight into how the thermal behavior of the system evolves.

In the long term, this constraint shapes how ECOspec can scale beyond the laboratory
prototype. A fielddeployable version of the system, for instance, would need to operate in
outdoor environments where ambient temperatures can vary from near freeavey to
40°C. The internal cooling system would need to be both more efficient and more rugged,
possibly replacing active air cooling with liquid heat exchange or improved passive heat
sinking. Powetefficient components would become a necessity rather thah\antage.

In this way, thermal management defines not just the current design but also the path
forward for future iterations.

Overall, thermal management is not simply a background engineering consideration but a
defining design constraint for ECOspec. It dictates the architecture of electronics, the
choice of materials, and the internal geometry of the housing. It even exterigs t
software logic that governs operation and safety. Maintaining precise temperature stability
is the foundation upon which accurate Raman detection depends. Without it, the system
could produce unreliable spectra or suffer irreversible damage to ntpooents.
Balancing performance, safety, and compactness within these thermal limits has required
careful tradeoffs and iterative testing; however, these traffe are what transform
ECOspec from a conceptual design into a practical, working instrument.

4.2.2. Optical Alignment

Another critical design constraint for ECOspec is mechanical stability, particularly as it
affects optical alignment. Raman spectroscopy depends on maintaining a precise and
consistent optical geometry between the excitation laser, the sample, andebgocodf

optics. Even minor misalignments can alter the position or intensity of Raman peaks,
leading to measurement errors or a complete loss of signal. Because the ECOspec system

66



integrates multiple optical elements in a compact enclosure, structural rigidity and
vibration control are key to preserving measurement accuracy and reproducibility.

The optical subsystem of ECOspec relies on a Cz@umner spectrometer configuration,
where the slit, collimating mirror, diffraction grating, focusing mirror, and detector must
remain fixed within strict mechanical tolerances. The alignment betweerctirapenents
directly determines the instrumentdés spect
drift can distort the light path and reduce the precision of wavelength calibration. To
minimize this risk, all optical components are mounted to a alyichinum baseplate that
serves as a mechanical reference frame for the spectrometer. Aluminum was chosen for its
strengthto-weight ratio and machining ease, but its relatively high thermal expansion
coefficient presents a challenge. To offset this, thenteelected optical mounts that use
materials with similar coefficients of expansion and designed flexible joints that allow
slight movement without stressing the optics. Once aligned, each adjustable mount is
locked in place with lowoutgassing epoxy anthreadlocking compounds to resist
vibration and longerm mechanical creep.

Vibration is another major source of optical instability. The Rasignalsthat ECOspec
measures are extremely weak, so even small mechanical oscillations can shift the alignment
of mirrors or gratings enough to change the detected intensity. The primary sources of
vibration within the device are the cooling fans, the thermtiédemooler attached to the

CCD, and the general handling of the instrument. To mitigate these effects, the optical
subassembly is isolated from the power and cooling sectionselastgmer dampers that
absorb lowfrequency vibration. The baseplate is suspended on vibrddiompening
standoffs that separate it from the chassis and reduce coupling between moving parts. This
arrangement ensures that Rpedducing and mechanically taee components do not
interfere with optical precision.

Environmental factors further influence mechanical stability. Temperature fluctuations
cause expansion and contraction in the optical mounts, which can slightly change the
optical path length. Because Raman peak positions are measured in nanometersleven s
dimensional shifts can have measurable effects on results. The internal layout of ECOspec
addresses this by physically separating fgeaterating elements, such as the laser driver
and thermoelectric cooler, from the optical path. Passive thermdatiosuaround the
optical chamber ensures that temperature changes occur gradually and uniformly, limiting
the effects of differential expansion. The interior environment is kept dry with desiccant
packs to prevent condensation or corrosion, which couiectabptical surfaces and
alignment over time.

Mechanical stability is also tied to user safety. Misalignment could redirect the laser beam
toward unintended surfaces or small openings, increasing the risk of stray reflections. The
enclosure design prevents this by surrounding the optical path witkabgorbing matte
coatings and ensuring that no direct or reflected beam can exit the housing under normal
operation. The optical window is made of laser safety glass matched to the 785 nm
wavelength, providing an additional layer of protection whilevatg visual inspection of

the cuvette during measurement.
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To maintain alignment over the lifetime of the instrument, ECOspec incorporates a
calibration and verification routine in its control software. The system periodically checks
its alignment by comparing the measured spectrum of a known reference mataritd wi
baseline data. Any significant deviation indicates that the optical path may have shifted. In
such cases, the system alerts the user to perform recalibration or mechanical inspection.
This automated check ensures consistent performance and miniingizesed for manual
adjustments. For research or field deployments, this feature also provides a record of
mechanical stability over time, allowing the team to assesste&ngdurability.

Overall, mechanical stability and optical alignment represent a fundamental design
constraint t hat influences nearly every
ability to deliver accurate, repeatable Raman spectra depends on maintaining aptecise
stable optical configuration in the presence of vibration, heat, and physical handling.
Designing rigidity, isolating sources of disturbance, and integrating automated verification
routines all contribute to ensuring that ECOspec remains reliable itndtboratory
environments and in future portable or fieldployable versions.

4.2.3. Low Intensity and Scattering

Raman scattering is a phenomenon which occurs roughly every 1 out of 100,000,000
photon interactions. Ais inherently makea Raman signal 8 orders of magnitude weaker
than the excihg source.The signal strength of detected Raman scattering is often in the
nano or picowatt regimeFurthermore, the broadband fluorescence spectrum often
generatedoy short wavelengtlinteractionstends tooverpower the Raman signdlhe

optical design in the filtering components of the collection system must be chosen with
great care in order to obtain a useful Raman spectra.

Maximizing collection of Ramasignalis a difficult task.The Raman scattering profile is
nondirectional. It follows a scattering profile similar to Rayleigh scattering, with possible
reflectiondirections in almost every angleor examplethe sky being blue is responsible
due to the Rayleigh scattering of blue light being incident with molecules in the
atmosphere Shorter wavelengths, like blue light, scatter more strongly tbager
wavelengths, like red lighThe scattered blue light appears to geverydirection,and
other colors are not visible.

A majority of Raman systems perform the collection of the Raman signal very close to the
point of laser incidenceBringing the collection optics closer to origin point of the
scattering allows for a larger steradian collection angle, allowing for more light to be
focused onto the detectorhat is why confocal Raman microscopy is a very popular
method, and why many Raman collection systems closely follow a confocal microscopy
structure. Fiber probes are also vpopular tools for Raman spectroscopy. Thbgw for

a small area of a sample to be illuminated with a high intensity, while also allowing the
collecting fiber to reach proximities to area closer than traditional microscope objective
basel systems.

4.2.4. SafetyControl Circuit
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With the use of menclosedclass B laser, safety interlocks must be used to ensure safe
operation of the device. As per regulation, safety interlocks must be engaged before any
laser emission may occur. &hircuit controling the safety interlocks will ideally operate
independently of the main processing ufitis is dongo minimize failure points in the
safety subsystem of ECOSPECdédicatedMCU will operate the safety interlocksower

output ofthe laserand monitor status of the system at all times in the background

The laser will have two conditions that must be met prior to emission: the doors of the
enclosure must bdosed and the safety interlocks must be engagatieldoors are closed,

but the locks are not engaged, the laser shall not begin emission. If the locks are engaged,
but the doors are open, the laser lshlso not begin emission. If the safety interlocks do

not come with sensors to monitor the status of door closure, additional sensors will need to
be implementedt is crucial that an enclosed ct3B laser system utilizes safety interlocks
during operation.

4.2.5. Detector @oling

Raman spectroscopic measurements are very sensitive to thermal fluctuations. A certain
operating temperature is required to obtain a high enough4@nalse ratio (SNR) from

any detector. Ideally, the detector will operatéeatperatures aub 20 °C, but it appears

that practical applications involve temperatures as lov2@sC.

Creating a control system to maintain t
Typically, a thermoelectric cooler (TEC) is used for sensor temperature control. They often
come inl-stageor 2-stage configurationsvith the latter achieving temperatures as low as

T 25 C. In many scenarios, including Raman spectroscogyage TECs provide sufficient
thermal management to obtain clear Raman spectra. If the detector is not cooled, it is
typically very difficult for the Raman signal to overcome the ndéésel within the sensors

itself. This is especially true with IR excitation wavelengths. As the wavelength shortens,
the quantum efficiency fomost sensors begins to quickly drop.adfhis means that IR
detection schemes, like ECOspec, require direct cooling of the sensor to obtain useful
Raman data.

4.2.6. Signal amplification circuit and noise

An amplification circuit for Ramansignal detectiorwill require much consideration in
isolation, noise reduction, signal integrity, and component placement. Due to the nature of
theweak Raman signal, and a low quantum efficienfthe detected wavelengths of light,
nano or picoamp signals will be output from any detector used for this application. The
complexity requiredo design this circuit with the limited time and budget for the project

is not feasible. A premade detector module will be required for the success of this project.

4.2.7. Expense
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Financial limitations have a significant influence on the design and implementation of the
ECOspec system. The available budget restricts the selection of components, materials,
and manufacturing methods, requiring a careful balance between performance and
affordability. Highprecision optical sensors and spectrometer modules often exceed cost
targets, so components are chosen based on acceptable perfeioraine ratios rather

than maximum specifications. To manage expenses;smuace software and warsity

resources, such as 3D printing anehouse machining, are utilized whenever possible,
thereby reducing reliance on commercial services. Effective cost planning ensures that the
system remains both functional and financially feasible, allowinggdegbals to be
achieved within the projectés |l imited fund

4.2.8. Time

Time represents a significant limitation in the ECOspec project, affecting every stage, from
design to testing. The Senior Design schedule provides fixed deadlines for major
deliverables, requiring the team to complete research, prototyping, and docionentat
within a restricted period. Because each subsystem depends on the timely completion of
others, tasks must be carefully sequenced and monitored to avoid delays. Limited time also
restricts opportunities for redesign and optimization, encouraging thetisal of proven
components and practical solutions over experimental alternatives. Efficient time
management, regular progress evaluations, and clear task distribution are essential to
ensure that all project objectives are met within the timeframe.

4.3. Other Constraints

4.3.1. Sustainability

Sustainability considerations are essential to ECOspec's design philosophy, particularly
given that the device is intended to address environmental pollution caused by
microplastics. The irony of creating an environmentally harmful device to detect

envirommental contaminants would undermine the project's core mission. Several
sustainability principles guidgesignchoices throughout the system.

Electronic component selection also reflects sustainability goals. The modular architecture
allows individual subsystems to be upgraded or repaired without discarding the entire
device. For example, if a more efficient detector becomes available, the GQidencan

be swapped without redesigning the optical or control systems. PCB manufacturing follows
RoHS (Restriction of Hazardous Substances) compliance, eliminating lead and other toxic
materials from solder and components. The power supply is selecteiglfoefficiency,
reducing energy consumption duriogeration,and minimizing heat waste that would
otherwise require additional cooling.

The longterm environmental impact of ECOspec extends beyond its physical construction.
By enabling widespread detection and monitoring of microplastic pollution, the device
contributes to data collection efforts that can inform policy decisions and raroadi
strategies. A sustainable design ensures that ECOspec can remain operational for many
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years, providing consistent measurements that contribute to longitudinal environmental
studies. Furthermore, designing the software tofen sourcen future iterations could
enable broader adoption without requiring duplicate research and development efforts,
maximizing the environmental benefit per unit of resources invested.

4.3.2. Political

Political considerations influence both the development and deployment of ECOspec,
particularly regarding regulatory compliance, data transparency, and the potential for
policy impact. Microplastic pollution has become an increasingly prominent polgstad i

with municipalities, state governments, and federal agencies beginning to establish
monitoring requirements and contamination thresholds. ECOspec must be designed to
produce data that meets the evidentiary standards required for regulatory enfoeramen
policy development.

One political constraint involves the standardization of measurement protocols. Different
regulatory bodies may require specific sampling procedures, detection limits, or reporting
formats. ECOspec's software architecture accommodates this by allowiogizaktle

output formats. The device's calibration and validation procedures must be transparent and
reproducible, enabling independent verification of results, a critical requirement when data
may be used in legal or regulatory contexts.

Data ownership and access represent another political dimension. Environmental
monitoring data collected by ECOspec could have significant implications for water quality
regulations, industrial compliance, and public health advisories. The system design mu
address questions of who owns the collected data, how it can be shared, and what
protections exist against tampering or misrepresentation. Implementing secure data logging
with timestamp verification and user authentication ensures that measuremebts can
traced back to specific instruments and operators.

4.3.3. Ethical

Ethical considerations permeate the ECOspec project, from research integrity to equitable
access and responsible innovation. The fundamental ethical motivation for the project is
the protection of human and environmental health from the largely invisikdattof
microplastic contamination. This mission carries with it responsibilities to ensure that the
technology is accurate, reliable, and accessible to those who need it most.

Research ethics require that all claims about ECOspec's capabilities be supported by
rigorous testing and validation. Overstating the device's sensitivity or accuracy could lead

to false confidence in water safety or missed contamination events. Algtpstitocols

and calibration procedures are documented transparently, allowing peer review and

replication by other researchers.

Equitable access represents a significant ethical constraint. Microplastic pollution
disproportionately affects vulnerable communities that lack resources for advanced
environmental monitoring. Designing ECOspec to eventually be affordabldyieselly,
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and maintainable helps ensure that the technology can reach underserved populations. The
decision to use opesource software components and publish design documentation
reflects a commitment to democratizing access to environmental testing capabilities.
Future iterations may explore lewost versions specifically designed for community
based monitoring programs in developing regions where microplastic contamination may
be highest, but detection resources are most limited.

The ethical implications of detection without remediation must also be acknowledged.
ECOspec can identify microplastic contamination, but it cannot remove it from water
samples or ecosystems. The team recognizes that deploying detection technology without
corresponding cleanup capabilities may create awareness of problems that cannot be
immediately solved, potentially causing distress without providing immediate relief. This
ethical tension is addressed by designing the system not as an endpoint budl dsra to
informing remediation strategies, tracking pollution sources, and evaluating the
effectiveness of intervention measures.

4.3.4. Health and Safety

Health and safety constraints extend beyond laser and electrical hazards to encompass the
full spectrum of risks associated with operating and maintaining ECOspec. These
considerations protect not only the immediate users of the device but also technicians
researchers, and potentially the public in fidieployment scenarios.

Chemical and biological safegre paramount when working with environmental water
samples. Microplastic contamination ofteraxxurs pathogenic bacteria, toxic chemicals,

and other hazardous substances. The handling system is designed to minimize user contact
with samples through enclaseloading mechanisms and sealed chambers during
measurement. Proper disposal protocols for contaminated samples are included in the
operating procedures, and the device housing includes surfaces that can be easily
decontaminated with standard laboratorgimfectants. Users are advised to treat all
environmental samples as potentially hazardous and to employ appropriate personal
protective equipment during sample preparation and handling.

Long-term operator health is also a consideration, particularly in relation to repetitive strain
and ergonomic issues. The device is positioned at a comfortable working height, with
controls located to minimize awkward reaching or bending. The user ceesfdesigned

to be operated from a safe distance, with the emergency stop button large and easily
accessible. Visual displays use appropriate contrast and font sizes to reduce eye strain
during extended operation sessions. These seemingly minor desigeschollectively

reduce the risk of cumulative injuries and operator fatigue, which can compromise both
safety and measurement of quality.

Maintenance safety is addressed through clear documentation and dasigned
serviceability. Highvoltage components are enclosed behind labeled panels that require
tools to access, preventing accidental contact. Capacitors include discharge resistors to
eliminate stored charge hazards. Thermal components such as the TEC and heat sinks are
marked with temperature warning labels and positioned to minimize burn risk during
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routine maintenance. The modular design enables technicians to service one subsystem
without exposing themselves to hazards from other subsystems. By treating maintenance
as a normal operational mode rather than an exceptional circumstance, ECOspet's desig

reduces the risk of improvised repairs that could compromise safety.

4.3.5. Scalability

Scalability is a longerm design constraint for ECOspec because the prototype is intended
to demonstrate a technology that could later be adopted indeaye environmental
monitoring programs. The current system is optimized for laboratory use, e fut
versions may need to operate in automated field installations such as water treatment
facilities or coastal measurement stations. Designing the hardware and software to be
modular supports this transition. For example, the optical system can be ajgradger

power lasers or cooled scientific detectors if lower detection limits become necessary.
Control electronics can be expanded to support remote monitoring, battery operation, and
wireless communication.

Scalability also depends on manufacturing considerations. The prototype uses high
performance optical components expected in scientific instruments. However, to support
large deployments, lower cost alternatives may be required while still maintaining
accetable levels of accuracy. Component availability and supply chain reliability must be
evaluated early to prevent later redesigns. The system enclosure and mechanical parts may
need ruggedization for outdoor deployment where humidity, vibration, and t=tuner
extremes are present.

Software scalability is another key factor. The Raman reference library will expand as
additional plastic types, and environmental samples will be tested. To support a wide user
base, the software interface must allow cloud storage of results, datalegsation, and
efficient spectral comparison for possibly thousands of samples. Data collected from many
devices could contribute to retne pollution mapping, which would greatly increase the
environmental value of the system. By planning scalabilitynftbe beginning, ECOspec

can evolve beyond a single research prototype and become a practical tool for addressing
global pollution challenges.

5. Application of ChatGPT and Other Similar
Platforms

The emergence of large language mdasded platforms such as ChatGPT, Google
Gemini, Anthropic Claude, and Microsoft Copilot has changed the way students and
professionals interact with information. These systems can interpret complex written
inquiries aml produce coherent, structured responses that can summarize, explain, or
expand technical subjects. Their rapid adoption across academia and industry highlights
their potential as tools for assisting with engineering research, documentation, and design.
In the context of a senior design project such as ECOspec, where multiple engineering
disciplines converge, the integration of these platforms could support a wide range of tasks
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from research planning and report development to algorithm exploration and
communication management.

ChatGPT represents one of the most comprehensive and widely applied tools. It can
generate organized text, produce simplified explanations of technical topics, and structure
complex ideas into logical sequences. When applied to an engineering designreenti;o
ChatGPT could assist students in outlining system architectures, explaining optical or
electrical principles, or generating initial drafts of documentation. Its ability to maintain
context across multiple exchanges allows fed@pth discussion anéfinement of ideas.
However, its reliance on statistical language prediction rather than verified data presents
limitations when technical accuracy is required. The system does not inherently reference
experimental data or authoritative standards, megathiat while it can articulate concepts
effectively, it cannot confirm the validity of its own statements. This distinction makes it
valuable for preliminary exploration but unsuitable as a definitive source of technical
information.

Google Gemini differs from ChatGPT primarily through its integration with current online
data. Its connection to live web content allows it to reference more recent developments,
specifications, and market information than models trained exclusively ndatasets.

This can be advantageous in situations that requir®-dpte product comparisons or
references to current standards. In an engineering design project, such a capability could
assist in identifying recently released sensors, lasers, onatatetowever, this advantage
comes with notable tradeoffs. Because Gemini draws from dynamic web sources, its
responses can vary significantly between sessions, and the quality of its information
depends on the reliability of the sources it accesselsoltends to emphasize width over
depth, providing general summaries rather than detailed technical discussion. As a result,
while Gemini can be an effective tool for rapid contextual research, it cannot replace the
detailed evaluation that accompaniesrial design documentation.

Anthropic Claude occupies an intermediate role between ChatGPT and Gemini. It is
designed to produce coherent and logically structured responses that emphasize
interpretability and caution. Its language style is particularly suited for formal writing,
ethical discussions, and reflective analysis. Within the scope of engineering projects,
Claude could be used to develop sections related to sustainability, social responsibility, or
health and safety, where clear reasoning and careful tone are essentialts/dhtiémtion

to logical consistency makes it wallited for academic writing, its capacity for technical
specificity is |imited. Claudebs conservat
fewer factual inaccuracies, but also less detailed or iative explanations. In this sense,

it serves as a stable editorial assistant and planning tool, though it lacks the precision
required for componeséevel engineering design.

Microsoft Copilot differs substantially from the other platforms. It is specialized for
programming support, integrating directly into development environments such as VS
Code to provide redime code suggestions. For softwdw@avy senior design projegcts
Copilot can accelerate implementation by suggesting syntax structures, variable names,
and algorithmic patterns. It can also assist in learning unfamiliar programming languages
by producing contextual examples. However, its outputs are limited to cagdetimn
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and cannot guarantee logical accuracy or adherence to system requirements. In cases
involving safety interlocks, redime data processing, or hardware control, reliance on
automatically generated code would pose a significant risk. Thus, while Copilot can
improve productivity for repetitive programming tasks, it still requires human oversight for
algorithm design and system integration.

Although these platforms differ in their design and application, they share several
overarching strengths that explain their growing presence in engineering education. One of
their most prominent advantages is the ability to translate complex techngahdgninto
accessible explanations. Engineering design frequently involves the integration of multiple
domains, and teams often include members with varying levels of expertise. By providing
simplified explanations of topics such as optical alignment,enéltering, or signal
amplification, these platforms can help teams establish a shared understanding that
facilitates collaboration. They can also improve writing quality, particularly in large
collaborative reports where maintaining consistency of tetreicture, and clarity is
challenging. Afassisted drafting allows students to focus on the conceptual and analytical
aspects of the work, rather than the mechanical task of sentence construction. This can
result in clearer reports and a more professipredentation of technical material.

Another strength lies in the speed with which these systems can organize and summarize
information. Engineering design requires the rapid assimilation of large volumes of data
from diverse sources, including academic papers, manufacturer datasheetssignd de
manuals. Al tools can synthesize this information into concise outlines that serve as starting
points for detailed human analysis. In the early planning phases of a project like ECOspec,
where optical, electrical, and software subsystems must be icat@d, such an
organization can help define subsystem boundaries and identify interdependencies. By
accelerating this process, language models can increase overall efficiency and allow teams
to dedicate more time to experimentation, testing, and validatio

Despite these benefits, the limitations of languagelel platforms are equally significant

and must be addressed carefully in academic and engineering contexts. The most
fundamental limitation is the issue of accuracy. Because these systems are ndedonnec

to verified experimental databases, they often produce information that appears reasonable
but is technically incorrect. This can include incorrect equations, unrealistic numerical
values, or misinterpretation of physical principles. Without expeiticaion, such errors

can propagate into design documents or experimental procedures. In an educational setting,
this risk is especially relevant, as students may overestimate the authoritgenéyated

text. Recognizing that these platforms operate linguistic probability rather than
reasoning is crucial to maintaining scientific rigor.

A related concern is the lack of transparency in information sources. Most platforms do not
disclose where their training data originated, or which references influenced specific
responses. This poses difficulties in academic writing, where citation ofesois a core
requirement. In the absence of traceable references, any information derived from these
tools must be treated as unverified background material rather than citable evidence.
Gemini 6s partial wuse of | i maginallg bsitmaystilll t s

75

a



rely on secondary or negpeerreviewed sources. Users must approachgéderated
information with the same skepticism reserved for anonymous or unverified references.

There are also challenges related to continuity and contextual retention. While models like
ChatGPT can maintain conversation context across short exchanges, they do not retain
memory between independent sessions, and long technical discussions carthesiceed
effective context window. This limitation makes it difficult to use them for large, ongoing
projects that evolve over several months, such as senior design courses. Maintaining
version control and ensuring consistency across multiple outputs camddaune
consuming, particularly if different team members use the platform separately.

Beyond the technical and procedural aspects, the use of artificial intelligence in education
introduces important ethical considerations. The goal of senior design is not only to
produce a working prototype or system, but also to develop the analytimahusocation,

and problensolving skills required by professional engineers. Overreliance on Al
generated explanations or writing can undermine these objectives by substituting genuine
comprehension with automated synthesis. The proper educational rdélesef tools is
therefore supplementary. When used responsibly, they can promote deeper understanding
by clarifying complex topics and offering alternate perspectives. When used carelessly,
they can erode individual accountability and reduce the educatiahs of the design
process.

It is also important to consider the implications of intellectual ownership. Work produced

by Al models does not originate from human authors and may incorporate fragments of
existing text or code. In academic settings, unacknowledged Al use could outigary

between original authorship and automated assistance. To preserve transparency, students
and researchers are encouraged to document the extent of Al involvement in their work,
specifying when it was used for editing, summarization, or idea g@rerMaintaining

such disclosure aligns with the principles of academic integrity and ensures that human
contributions remain identifiable.

When comparing the overall performance of the major platforms, several distinctions
become apparent. ChatGPT remains the most versatile gpnegpake system, providing
detailed, weHstructured explanations suitable for technical writing and report
devebpment. Gemini excels in speed and access to current data but lacks depth of technical
reasoning. Claude provides consistently logical and organized prose, making it ideal for
reflective or ethical analyses, though it does not match the analytical po@eatsBPT.

Copilot stands apart as a programming assistant with specialized but narrow functionality.
Each platform exhibits strengths that make it suitable for certain stages of project
development, yet none can function as a replacement for verifiedeenigip analysis or
experimental validation.

In conclusion, artificial intelligence platforms such as ChatGPT, Gemini, Claude, and
Copilot represent valuable auxiliary tools for modern engineering design and education.
They are capable of improving clarity, organization, and efficiency in project
doaumentation, while also supporting conceptual understanding across disciplines.
However, their role remains secondary to human expertise and empirical reasoning. The
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outputs they generate should be treated as provisional, useful for structuring ideas and
guiding discussion, but always subject to independent verification and correction. The
continued integration of such tools into academic environments will likely Sodaure

design methodologies, but responsible use must remain grounded in transparency, critical
evaluation, and adherence to professional standards. All projects employing artificial
intelligence systems should document their involvement clearly, enstiaig the
educational process maintains its emphasis on independent analysis and technical
accuracy.

6. Hardware Design

6.1. Optical Hardware Design

6.1.1. Probe Optics

Curved Aluminum Mirror

Quartz Cuvette

NIKON CF160-ELWD
20x Mag
NA = 0.4
Focal dist = 4 mm

1/4 Waveplate
785 nm Laser

Dichroic Mirror
Reflect: <786 nm

Collimatin
Tip 785 nm | S
Notch Filter Longpass Filter
Transmit: > 805 nm
To Collection Optics

Figure22 ProbeOptics Diagram

Table39 ProbeOptics Part List

Application
Laser Ocean OptictASER-785ADJ-S
Fiber Ocean OpticSMA-coupled Singlenode Fiber
Collimating Tip Ocean Optics

77



Mirrors Thorlabs BREO3

ND Filter Thorlabs NEOSND Filter

Iris Newport

Lenses Thorlabs AC056008-B and AC254045B
Dichroic Mirror Thorlabs DML P805

Microscope Objective  [Nikon CF160 TU Plan Epi ELWD
Quartz Cuvette (Sample)|Ocean Optics

V=034V
Py =120 mW A=1Tr2
Beam Radius = 2 mm Aypm =TT

Aperture Radius =1.8mm A, =T {1.8)
T= A‘II‘I‘ITI 'rA’I.imrn =.8

Pioss = 120°(1-.81) = ~24 mW

Total energy => 81 mW = 81 m.J in 1 second
3.210" photons/s @ 785 nm

Raman occurs 1/10° interactions
= 3.2*10° Raman photons/s

{@ 935 nm
>> 2.126%10-* Jiphoton

>> 0,680 nJ of Raman scattering per second

1 mW =0 dBEm

1 uW=-30 dBm

1 nW = -60 dBm

0.5 nW = 63 dBm >> 0.68 nW = -61.7 dBm Raman

=120 mW * .8 *.99* .99~ 99 * 87
= 81 mW incident on sample

Intensity
= 80107 (W) | 2.4*10°F {m)
= 33750 Wim*2

Figure23 Optical Power Attenuation Calculations

The excitation laser is adjustable up to 350 niMis unlikely themaximum power output
will be necessary to generate Raman scattehagever it must be powerful enough to
transmit through all the cleaup and filtering optics. A 2 mm iris will produce a cleaner
spot to illuminate the samplbut will cause a noticeable drop in power due to the
decrease in transmit beam aréhe beam expandand microscope objectivaystem
innately has some losses due to absorption and Fresnel reflections.
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Assuming 2.5 mm diameter collimated spot
out of fiber

14 mm clear aperture on back of microscope
objective, infinity corrected

,
Don’t want to overfill 6x Magnification Beam Expander
Expand to 12 mm collimated input

. f=45mm
Adjustable aperture f=7.5mm

n /j\i Collimated and

6x Mag needed )
g Collimated beam o_ expanded to input
Fiber CollimatingTip output from laser U\\Jf into microscope
objective
d=25mm - —
* > d =525 mm
d=f1+ f2 =525mm I
2 mm beam diameter M= f2ffi=6 12 mm beam

diameter

Figure24 Beam Expander Calculations

The beam expander is a necessary subsystem to maximize the implementation of the
microscope objective. To generate the minimum spot size, the input beam should be
expanded to ~80% of the diameter of the rear aperture. Any larger of an input would lead
to diromaticaberration, increasing the experimental minimum spot size@mglicating

the collectionopticsThe chosen | enses are Thorl absd
at 785 nm.

Rear conjugate of microscope objective is infinite

Collimated image out of rear aperture is collimated

Transmittance @ 785 nm is 87% Rayleigh Scattering

NA = 0.4 - o

@ 785 > 2.4 micron diameter spot > i
= E »

Raman scattering profile is similar to Rayleigh
scattering profile.

Care must be taken when using a mirror to refocus
light back into the objective. May lead

to aberrations in the spectrometer.

A 5
r =061 * ——=1.2micron
airy NA

Figure25 Spot Size and Sample llluminati@alculations

The microscope objective generates the point of highesisityeThe smaller the spot

size that is obtained, the higher the intenségdingto a stronger Raman signal

generated from a smaller sample sid@is gives us stronger confidence that a certain
plasticds spectra has been identified in
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6.1.2. Collection Optics

Spectrometer

Notch Longpass 80 mm

Filter filter Tubelons Slit, 40 um
a | — —_— Collimating mirror, M1
| Focusing
s Mirror, M2
F tube lens, 180 mm ﬂ
% | 50 mm
|
1200 grooves/mm
Grating
= Detector Length
28.8 mm
CQD SWIR ACROS
DETECTOR
Figure26 Collection Optics Diagram
Table40 Collection Optics Part List
Application
Notch Filter Semrock, LPD0OZ785RU-25 785 nm RazorEdge Dichroic
Long Pass Filter Thorlabs, FELHO80
IAchromatic doublet Thorlabs, F30 mm, AC254030-B-ML
Slit Thorlabs S40K
Collimating Mirror Torrent, F 101.6 mm
Diffraction Grating Optometrics, 800 nm blaze, 830 g/mm
Focusing Mirror ThorlabsF 101.6 mm

6.1.2.1. Spectrometer Design

This section will be @iscussioron the optical hardware components and design that was
implemented into the spectrometer portion of ECOSpec. A C#arngr spectrometer
configurationwas ®lected consisting of a slit, a danating sphericatoncaveanirror with

a101.6 mnfocal length a planareflectiveruled diffraction grating with a groove density

of 800 grooves/mm, and a focussyhericatoncaveanirror with a 101.6 mm focal length.

After careful selection of the optical components and specific design constraints, our
chosen optical components enable the spectral range required with the highest resolution
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possible, even aftaberrationsAfter filtering, the Raman signal is focused it@inhole
aperture, and then onto a rectangelairanceslit with an achromatic NIR doublet, which
enables high coupling efficiently into the spectromedter.initial spectrometer alignment,

a variable slit was used that could change width with rotations of the handle. This choice
was madéecauseluringalignment it is impotant to maximize the signéiroughthe unit
during initial alignment before lowering the poweciitent on the detector by decreasing
the slitwidth orincreasing the resolution. The advantage of the variable slit is that both a
smaller and larger slit sizepossible with minimahardware or ralignmentmneeded when
adjusting the sizeThe circular aperture before the slit is in place to improve light
throughput and reduce polarizati@ntifacts andreduce the height of the slit being
illuminated qw22f need be.

6.1.2.2. SpectralRange

One of the most critical designs parameters is the wavelength range your spectrometer
supports, because it defines what portion of the spectrum you can observe, and how well
you can interpret your Raman daBecausewe are nterested in Raman shift, and not
absolutevavelength we mustcalculatewhat wavelength range the desired shift translates

to. With a set goal of Raman shift detection from O to 3000 wavenumbers, we need a
wavelengthrange of approximately8b6to 1050 nanometers, a wavelengtidth of about

270 nm, with a central wavelength 910 nm.This set range of O tapproximately3000
wavenumbers is a result of the Raman spectra databases of polystyieme,and
polyethyleneterephthalateand where their fingerprint peaks typically occur for detection
andidentificationpurposesOur group plans to detect up to 3000 wavenumtmen®t miss

parts of the Raman spectrum that could be highly usefdei@ction and identification of
microplastics, such as-B and CH stretches that can be found around 2800Timere is

a known tradeoff between resolution and range of the spectrometry, as a wide spectral
range can reduce your spectral resolution sincaeléectorsize does not change, so the
design has to be carefully doneb@ancehese two parameters.

Spectral Range p p . (6.1)

XD _ tp m

Equation 6.1 was utilized to convert the total 3200 wavenumbers dispersion to a
wavelengthrange, spanningpproximately785to 1050 nm.

o ¢ TU I

6.1.2.3. Infinity-corrected Microscope Objective System

Due to the illumination setup containing a microscope objective to allow for small particle
detection, the type of magnification system needs to be taken into consideration. Typical
magnification systemsontaining an objective typicallgomein 2 variations, finite and
infinite. The finite.conjugatewas developed firsgnd contains just an objective, and the
intermediate image plane occurs at the focus of the objedivé the image at the
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intermediate plane is real. The major drawback is the limited space for intermediate optics
and the chromatic and spherieslerrationshatdegrade the image quality when additional
elements, such diters, are added. Aer the sample iBluminated the laser lighheeds to

be filteredout, but aberrations would decrease the quality and resolution of the final signal.
That is why our group decided on an infirtienjugate microscope system, which includes

a microscope objective and a tube Ieftse objective lens outputs collimated light that is
focused at infinity, and a separate tube lens refocuses the collimated beam to form the
intermediate image. This collimated space between the objective and tube lens gives
modaularity to the system thatttraditionalfinite-conjugate system does not, andfthers

and dichroic mirror can now be added without affectingfdlcesandprovides consistent
magnification. Although it is more complex and can be more expertbigenclusion of

the filters without theadditionalaberrationss worth thecomplexity of working with an

infinity -corrected system.

The fundamental diffraction limit of a microscope can be describ&jbgition 62, which

is a physical boundary on its resolution, which is determined by the wave nature of light.
2 points cannot be resolved if they are closer than approximately half the wavelength of
the imaging light, divided by the numerical aperture of the leng;hwikidescribed below.
When | ight passes through the microscopeos
causes the single point source to be imaged as a diffrauitern a central bright spot

called theAiry disk surounded by fainter rings. Two points can onlydigtinguishedf
theirAiry disks aresignificantly separated. If the distance between the two points is smaller
than the limit, then their Airy disks overlap, and the two objects appear as a single blur.
represents the excitation light source, 785 nm, and NA describes the numerical aperture of
the lens. With our microscope objective of choice, a NA of 0.4 is used, so our diffraction
limit and minimum spot size possible for focusing the 785 nm excitation beam onto the
sample plastic is 2 m- demonstrating our ability to reach our goal of detecting plastic
sized smaller than a 5 mm square.

Diffraction limit of Microscope image pPE C (6.2
00

To maintaina high resolution through our system, we need to take the diffraction limit of
our microscope objective into consideration. Additionalhys image size also provides
insight into the size of the slit.

6.1.2.4. Spectrometer DesignSlit Size

For choosing the slit size of yogpectrometeryou want to optimize the signal into the
spectrometer, so matching tmeage size at the intermediate plane with your slit size or
slightly smaller is ideal. The slit can be reduced in size to increase the resolution, but the
tradeoff of lower signal existand has to be mitigated carefully, as Raman signal is already
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low. | am starting with a slit width that matches or is slightly larger than expected image
size at the slito maximize signal collectigrand plan to reduceti increase the resolution

later on in the design proceseferringto Equation &, using a 20x microscope objective
withaO =2 m, our expected image size, assuming perfect conditions since this is just
to get an idea of what the slit size should begpproximately 40 &, which describes

why a slit size of 30 50° awould be efficent for our spectrometer design.

Image Size at Intermediate Plane ‘04 wi@H 'd 1t'0 6.3)

Due to our system being free space, the coupling efficiency into our spectrometer can be
calculatedusingthe slit width, height, anslpectrometer'sumerical apertureequation &,

which can be calculated using theta, the in
slit. With our design, the focal length of the tube lersxigectedo be 180 mm, so a theta

input angle of 26.7 degrees is found, directly relating to a numepestureof 0.45.

Spectrometer's Numerical Aperture Oad kiOE+- 6.3)
6.1.2.5. Spectrometer DesighOptical Power

A high NA enables a high sensitivity, meaning the instrument can collect more light, but it
also introduces optical aberrations. A low NA increases the resoluésulting inless
aberration but then less power mapturedby the spectrometer, as sdgnequation 6.

The amount of optical power reaching the detectéunslamentafor understanding how

your system works, and what range of signals you will be able to detect. Parameters such
as signato-noise ratio (SNIR dynamic range, usable spectedolution, and measurement
speed of the spectrometer are all dependent on the amount of optical power reaching the
detector.SNR is so important to consider because even a highly optimized spectrometer
with high-quality mirrors, large grating, and high dispersion cannot deliveriggblution

spectra if the signal is buried in shot noiBarticularly concerning our application of
Raman spectroscopy, we have to take into consideration that low power directly increases
the minimum detectable signal and esighe noise floor. Dynamic range describes how

the detector must be able to distinguish strongifeatfrom weak features. If the power is

too low, weak peaks become hidden in the noise, and if the power is too high, strong peaks
are lost to saturation, and the usable dynamic range collapaespectrometer design

must be done so that the power per pixel stays within the well depth, and that the brightest
part of the spectrum does not saturate, and that the weakest signals remain above the read
noise fbor. The resolutiof our system also depends on power. High resolution requires

a high signato-noise ratio. When the system resolves finer spectral features, the energy is
spread over more detector pixels. Higher dispersion leads to narrow linewidihxger

longer focal éngth results in a larger image size, and smaller slit widthgltin less
collected light.High resolution is fundamentally powtmited, and without sufficient
optical power, the lines appear broad, thermal drift can occueaopmsitions can shift,
spectral fitting is unstable, and integration times must increasapensate
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SpectrometerCaptured Power on ndt oo 6.4)

With our design, a bestase scenario captured power would be approximagl/ .

w

Input slit
Tube lens ‘“-

ol l

180 mm

Captured power whiNA2
w: Slit width

h: Slit height

NA: Spectrometer numerical aperture
(=singor ~1/(2*f-number))

v I

F tube lens, 180 mm i 1 —1 i 1 1 i 1 i

Figure27 Dimensions for optical power calculation.

left describes our desigRigure taken from Isben Photonics, Coupling into your
Spectrometer. https://ibsen.comAspntent/uploads/ebook/spectrometer
resources/Couplirgto-your-spectrometef-B.pdf

Minimum wavelength: A _: 780 nm wiek Wk
! | Olnating i
M Aj MirfoY

Maximum wavelength: 7\2: 1050 nm
Range: Al - 7\2: 270 nm

Center wavelength AC: 915 nm

Goal Resolution AA: < 2nm
Total deflection @ : 30 degrees

- (typical for czerny turner)
Grating groove density G: 1200 g/mm
Detector width LD: 28.8 mm

Figure28 CzernyTurner spectrometer input constraints.

6.1.2.6. Spectrometer DesighAngle of Incidence and Diffraction

Designing a Czernyurner spectrometer begins withstablishing the geometric
relationship between the input wavelength range, the diffraction grating, and the required
mirror focal lengths. A small number of key input parameters, such as the grating groove
density, the centavavelength the detector width, thiargetspectral coveragallows us

to determine the angle of incidence onto the diffraction grating, the corresponding
diffraction angle, and the necessary optical geometry for both the collinaaiitigcusing
mirrors.
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For our design, the minimum and maximum detectable wavelengths were defined earlier.
We knowthat our minimum detected wavelength is 780 nm, and our max is 1050 nm,
based on the spectral range calculation illustrated earlier in chapter 6. This would result in
a range of 270 nm, with a center wavelength at 915 @wowx. goal resolution is
approximately2 nm, with a grating groove density of 1200 g/mm. This has since been
updated to 800 g/mm with budget constraints being taken into consideration. Typical
Czernyturner spectromet designstartswith a deflection angle of approximateB0
degrees, and our detector width is 28.8 mm.

Angle of Incidence ol
Diffraction Grating I OEI

. 6.5
_ {0 % )

The angle of incidence alculateddirectly from the grating equation under symmetric
Czernyturner mounting conditions, where the diffraction angle and incidence angle share
a defined relationship set by the deflection angle. Using our center wavelength, updated
groove density, and system geometour angle of incidence is calculated to be
approximately 27.14 degreddhis angle defines how strongly the incoming beam interacts
with the grating, and in turn, determines the dispersion profile across the detector.

Angle of Diffraction off Diffraction Grating f %0 | 6.6)

Once the incidence angle is determined, the diffraction angle follows directly by adding
thesystenmdeflection angle with the angle of incidence. For our geometry, this resalts in
diffraction angleof 57.14 degreesThis diffraction angle establishes the direction in which the
centralwavelengthexits the grating and sets the orientation of the focusing mirror relative to the
grating plane. The relative separation between the angle of incidence and the diffraction angle
ultimately dictatesthe linear dispersion across the detector.

Focal Length of Focusing Mirror . 0 tAT10 6.7)
Ca—

The focal length of the focusing mirror is derived from the required projection of the full
spectral range onto the detector with a widtl) of Because the dispersion is controlled
almost entirely by the grating geometry, the mirror must focus on the angeepdyated
wavelengths so that the longest and shortest wavelengths map precisely onto the edges of
the detectorAfter entering our knowrdetectorwidth, groove density, and wavelength
range, we find a focal length of 48.2 mm for our focusing mirror.

This is a relatively short focal length, but it is typical for a Czerayner spectrometer.

CzernyTur ner spectrometers ar e compact, and
throughput.
Focal length of Collimating Mirror Do AT 10 6.8)
0) UV lem7————=
0 tAT10
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The collimating mirror focal length is found by scaling the experimentally calculated
f oc us i n dgfocahlengthby thé iscidence angle and diffraction angle, and by the
systems maghnification, M. The collimating mirror must transform the diverging beam from
the entrance slit into a wetbllimated beam at the grating, to ensure that e@adikiidual
separatavavelengthinteractions with the grating under uniform conditiobksing our
previously calculated angle of incidence and angle of diffractioncal fength for the
collimating mirror of 79.05 mm is found.

Table41 Calculation Result of Mirror Focal Lengths

Collimating Mirror Focusing Mirror
Focal Length Calculation 79.05 mm 48.2 mm
Focal Length Choice 80 mm 50 mm

It is important tonote that in an ideal spectrometer design workflow, the angles of
incidence, diffraction geometry, and detector size are first used to calculate the required
focal lengths for the collimating and focusing mirrors. However, due to biidgettions

and the need totilize existingoptical compoents we already have accessotar, design
process must proceed in the reverse direction, as the available mirrors used for this
spectrometer both have fixed focal lengths of 101.6 Whis constrant forces the optical
geometry, including the grating placement, angle of incidence, diffraction angle, and slit
to-mirror distances to be derived from the fixed focal length, rather than optimized
independently. Our spectrometer design is now consttawgn, by optimzation, in order

to use the mirrors, we have on hand, while also still achieving our required spectral range
and resolution.

6.1.2.7.

Particularly in Czermgturner, Echelle, and imaging spectrometers, the chance of optical
aberrations getting in the way of the goal resolution and line quality is high. Aberrations
distort the position mapping and reduce throughput to the detdgtoical aberrations
include spherical, coma, astigmatism, antbomaticaberration Spherical aberrations are
caused by the fact that spherical surfdoeasmarginal and paraxial rays to different axial
positions. Somdesignfixes include using aspheric paraboloidalmirrors for collimating

and focusing Increasing the focal length reduces marginal ray angles and spherical
contribution, which decreases the chance of spherical aberrations. Some tradeoffs to those
fixes include that aspheric shapes are more expensive, and aligment se&dlitvanally,

longer focal lengthincreasethe instrument sizeand is not always applicable. Another
aberration type is coma. Géixis imaging by curved mirrors creates asymmetrical tails in
spot profiles, which is seen often in Czeffiyrner geometry. This can beelped by
minimizing ofaxis angles as much as possible, which means reducing the angle between
the optical axis of the mirror and the chief ray. Even small reductions tend to make a large
differencewhen it comes to comadditionally, symmetric degins are possible. To
explain, the cdimating mirror and focusing mirror can be magianmetricas possible
around the grating to further prevent comatigmatism is anotheaberrationcaused by
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off-axis systems. Oféxis systems produce different focal planes for sagittalaargential

rays.A smaller slit height can help to limit astigmatism, and for most Raman systems, a
shorter slit is used. Longer focal lengths also help in this pastgularlywith the camera,

as a longr focal length reduces angular spread at the detector, which reduces the astigmatic

blur. A notable tradeoff in reducing the slit height is decreasing the signal that reaches the
detector.

6.2. Electrical Hardware Design

MOTHERBOARD I va4 PERIPHERAL BOARD HEADERS

Periph.1 MCU Board (CP2102)
POWER % . .

Regulator Board Pinouts,
b8

He=
=

= =] } : 2 :
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. :;_M:m z |—?m E : @ i — Periph.3 s.:eak: ;onrd (LM386)
“TFHEG I =

SYSTEM CONTROL

s

Control 3 Safoty Interiocks
(Sorve metars to cantrol slido lock}

T T

Figure29 Motherboard Schematic

Table42 Electrical Subsystems List

Electrical Subsystems

Data Acquisition and Processing
Safety and Status

Power

6.2.1. DataAcquisition andProcessingystem

87



ACUROS CQD SWIR
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— Power

Outside of subsystem — Data Optical Signal
O Michael O Sophia
Subsystam Componant

. Landon . Logan

Figure30 Data Acquisition and Processing Block Diagram

Table43 Data Acquisition Parts List

Application

Raspberry Pi 5 Data processing and interfacing with the camera

ACUROS CQD SWIRObtains spectral data frothe spectrometer system

LCD for Display The LCD allows ECOSPEC to operate as a standalone dev

6.2.2. Safety and Status Subsystem

C2102QFN28 USB to UART Bridge I s

Figure31 MCU Board Schematic
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Table44 Safety and Status Parts List

Part

Part ID

Application

MCU

ESP32

Controls interlocks, laser power, and mon
status.

Safety Interlocks

Servo

Locks the enclosure during laser operation.

Digital TPLO501 Allows the MCU to create different voltage level

Potentiometer control laser power through the rear panel
input.

LCD Ge e e k Pi |Indicate ECOspec device subsystem statuses.

Speaker N/A Acts as an indicator for the user when LEDs ar
visible

Fans N/A Ventilate the internals of the system.
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6.2.3. PowerSubystem

Q_rev_3V3
PMOS

CR4
MBRD1035CTLG D /\:Bl:l. S

DC Barrel Jack

LAl

o ZS D_Z1
D Zener
J_Barrel1
54-00167
— v
g R_12Von1 120K
47K
2 TVS_12v1 LED_12Voni
SMAJ15A Devics_Power_LED
v
GND
GND % GND GND

Figure35 Reverse Voltage Protection Circuitry on Motherboard

J3V3 VoL

Regulator Board Pinouts Com c1h0s Socket
3
f 33V _supply
oJ_3v3 VINT 23 GNDT
Q_rav_ava Conn_1x03 Sockst  Conn_O7x03_Socket
FIOS f 3
[ . 2 2
fi1) | I — 1 I
o_=1
i o - J_5V3_GNDZ
MCU PSU Switch D_Zanar - Gonn_ 0705 Soeset
SW_MCU_PSLZ B =
500SSP1SIMIAEA PO
. 120K, 4
2 ane
3 1
i d S0 VOUTT
GHD GND Cor;r\_mm_Sockel
- SV suply
1
A5V VING ) 5w GNDY
Crew_SY0 Conn_D1x02_Socket  Conr_01x03_Sockat
PMOS 1 3
[
DEENE 2 2
4 | T |
o :;_lzm 1 5vD_GNDZ
y_d er
P CBM701)€:37SCIW
. 800 S a—
120K 1
GND
~
GND GHO
J_5V2VOUT1
GCann_ G143 Sockst
) . 3
RaspPi PSU Switch B
-
E
Pl JBVZ VNG ) Sva_GND1
SDOSSPISZM20EA Q rev_ 82 Gonn_(1403_Sacksl  Conn_01N03_Sockel

g PMOS 1 3
N P
3 1 D5 2
L1

2
it I — i f
o 3—;3 J_5VE_GND2
) Zenar
o re Conn_bixl_Socket
180 uF po
R_resi3. 2
- |
120K 1
MET
GND
=] =7

Figure36 Power Subsyster@ircuitry on Motherboard

91



MBRD1035CTLG

ShikHodel Power Pin inputioutput
a Screw Terminal Out to Rasp Pi
L J e -—E o 5V 5
l Ly —< A J, — {POWER DELIVERY ONLY)
oo o . S vaas
—. e oo 1 ; Conn_p1ata_Pin
SMAS DA 5 4G

GHE

s [r
o
E
o

Eann_tatd_Pin

V_out = V_FB(1+Rf1/Rf2) =
cBl u1 iy
- L2678 H-ADINOPE L1
1tne - 22 uH
; cL_e ; EEYS T
T 5 AA
I > :E;OS'I Regulator FE— VWA~
=] L- o2 :- ca L- (=3 4 k]
15UF w15 s 150F -I-“N: Coni & FOL £

1

10 SRR K T-mf Tiau.ﬁ

L

D

Figure37 Regulator Board Schematic

12V Optional Terminal

12V Terminal Switch

MBRD1035CTLG

o

GND
FREG]
Scrow_Teiminal_ 11x02

(9]
e

SW_12VTERM1 <
500S5P1S2M2QEA A — oND
12v 2 PMOS
3 1 D s o | it V0 v
2 |g| Secrew_Terminal 01x02
D24 R_12VTERM1
9 D_Zener K % oo
R_revvd s ©_PSu4 c_PSUE i
1206 5 180 UF | 180 uF ED_1ZVTERMI 1 15] 5. 12vs
3 2 || scraw_Teminal 0102
=7 GND GND  GND oo <7 'GND
Control.1 )
Fan Power + Switch - §
i
25 =

B0 I 18D uF I
o

G0

s
0_FANz

iy

©_FanFiterd
106

i
H
3

e
PG

Cwezaz
0
A_Fant
oo
" ewcasau
A_Fa2
oy
10% 5 -
@ B an
cE ' a3
= g DMBE2302U
R_Fand
ono
o
" A0y =
; FY/ owana
nFat

e

Figure385V and 12V Output Port Circuitry

92



Table46 Power System Part List

Part Part ID Application

3.3 Voltage LM2679 Supples a stable 3.3 V for the ESP32 and digita
Regulator

5 Voltage LM2679 Supples a stablé V for theRaspberry Pandfans
Regulator

12 V Power Alitove 12V 15ASupples a stable 12 V for theltage regulators.
Supply 180W DC Barrel

Power Strip N/A Main source of power for the system. Supy
Extender power to the laser, detector, and main power sy
PMOS Fets AOI21357 PMOS Fets employed for reverse voltage prote

6.3. Mechanical Hardware Design

A rigid mechanical design is crucial in any stable optical system. The mechanical portion
of our system involvegase of alignmentninimizing vibration,minimizing alignment
deviation total enclosure of our spectroscopic systamg ensuring a stable operating
temperature

Our ability to dampen vibration is limited. Damping components are very expensive
compared to tradition@ptomechanicsHowever, the most important part of our system is
that vibration does not causeisalignmentof alignedoptics. To accomplish this, high
precision and quality checked components from ThorLabs, Newport, Edmund Optics, or
another reputable optics component supplidirbe used for all major optical alignment
systems. The most sensitive system to misalignment is the spectrometer. Any small
deviation of the entrance angle of slight, codtmg mirrors, grating, or focusing lens for

the detector

Access to the subsystems must also be taken into account. Leaadgttesamples into
ECOspec should be simple and easily accesdible loaded position of the cuvette must
have little room for deviation while not being too difficult to seplace The front panel

of the laser module should be accessdilall timesfor its Estop buttonThe airflow for
ventilation fansmust be taken into consideration to prevent thermal fluctuation or a
nonuniform temperature distribution.

6.3.1. Cage Mounts

Cage mounts are precision opteechanical building blocks that provide rigid, self
aligning framework for constructing optical systems. They typically are made of a set of
parallel rods4 in a squarewhere optical mounts, folder holders, and translation stages can
be attached. It provides high stiffness and ensures that all components remain coaxial along
a defined axis. For our optical setup, employing a cage mount system caulcciae in
maintaining our spectral resolution. This modular system emahbj@d prototyping and
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wastes less time with the optical setup, with components sliding along the rods simply
locking at the wanted position. They are also alresetyupto be compatiblewith lens
tubes, enabling quickitegrationof fibers, slits,aperturesand objectives in this compact,
safe fam. They are highly stable and tend to maintain alignment and minimize thermal
drift and mechanical creePur entire optical system, the illumination and collection optics
will hopefully be set in their final aligment using a cage mta@and rail system, hosting the
beam expander optics, the filwallimator, micrascopeobjective Raman filters, slit mount,
mirrors, and grating.

6.3.2. Cuvette Holder

Cuvette holderarethe mechanical interface that positions a liquid or solid, in our case
plastic samples, in a cuvette in the correct optical path for spectrostmasures
including absorption, fluorescence, and Raman spectrositepesign is critical for signal
collection, optical throughput, scattering behavior, and repeatability. This cuvette holder
maintains the path length, vertical, and angular alignnidrg.alignment prevents beam
clipping and ensures that the same physical volume is interacting with thetioollend
excitation ofoptics. The design of thruvette holder is alsmecessaryor therepeatability

of measurementssing our Raman spectrometer. High quality holders provide kinematic
seating or springpaded pressure pads to ensure that replacing a cuvette does not change
or harm the optical geometry. The material also should be takeoansiderationBlack
anodized aluminum would be the material of choice to minimize stray reflections that
would otherwise increase background naisd to protecthe user from unintended laser
scattering. Poequality cuvette holders can introduce scattering and reflections in the
cuvette, which increase the spectral basebn generate artifacts, peaks that are not our
peaks of interest.

Figure39 3D Models of Cuvette Holder and Adapter

For our final design, we used a 3D printed cuvette holeltiple positions for the cuvette,
as well as multiple different standoff positions for the holder iteedfe included in the
design to allowfor finer positionaladjustment. Some materials used for testing came in
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variety of shapedcontainers thusadapterswvere required to be printed for tipeimary
mount

6.3.3. 3D Printed Optomechanics

Figure40 3D Models of Optomechanics

The custom mechanical hardware in ECOspec consolidates the printed components that
locate every optic between the laser fiber output and the detector plane onto a shared cage
andbaseplate framework. All custom parts in this subsystem are-pilrited in PIA,

selected based on filament available on hand at print time. Print parameters and part
placement deliberately keep these components away from sustained heat sources, because
the approximately 60C glass transition of PLA would otherwise create dimeradidnift

in any holder positioned near the laser module, the regulator boards, or the camera TEC
heatsink. Mounting interfaces that attach printed parts to the aluminum baseplate use print
in-place captive 1/420 nuts. The print is paused at the appraeieyer, the nut is dropped

into a cavity sized to its outer profile, and the print resumes around it to lock the nut in
permanently.

The cagecompatible slit holder lets us swap slit widths during integration without buying
multiple dedicated Thorlabs holdefhe holder uses the standard 30 mm cage interface,
with throughbores at the four caged positions and the optical axis maintained at the
standard cageenter height to preserve the common reference frame shared by every other
component on the rail. Adgloading slot oriented normal to the optical axis accepts a thin
slit card without disassembling the cage, which significantiduces the alignment
recovery effort after a slit change.

A threadmismatch on the illumination side drives the microscope objective mount. The
Nikon CF160 TU Plan Epi ELWD uses an M25x0.75 thread and a 60 mm parfocal length,
neither of which match the RMS or SM1 adapters that Thorlabs stocks for compact cage
asemblies, leaving the objective without a commercial mounting path into the cage
system. The printed mouhbldsthe objective fronbelow, using compression to secure

the optic in placeThe microscope objective was designed toobeintegratel with the
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cage system. It was found experimentally tthegt objective needed to be slightly angied
produce a perfectly focused spdtis angle was incompatible with the cage system
structure.

A family of smaller utility prints handles the rest of the optical bench. These include cage
compatible iris and beawhump holders, lertube adapters that bridge to the rstandard

mirror diameters in the spectrometer arm, and fluorescent aligresashtirames for

walking the 785 nm beam through the system without exposing the SWIR detector to direct
scatter. Each of these prints uses the same conventions as the larger mounts: 30 mm cage
rod spacing, captive 1/40 nuts at any baseplate interface, afigeal opticataxis height
referenced from the printed baseplate. The result is that any holder can be dropped into any
position along the rail system withoutderiving the mounting geometry, which has been

a meaningful time savings during the iteratiligranent phase of integration.

6.3.4. 3D Printed Electrical Housing

Figure41 3D Model of Fan Mount

Figure42 3D Model of PCB Housing
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7. Software Design

This section provides a highvel overview of the software design components and
structure of ECOSpec. This includes implementation of control systems, data processing,
and user experience. The complete and comprehensive diagrams for the software systems
can be found in section 2.5.

7.1.Device Control Systems

As is the goal of any system, a robust control scheme is required. This is especially true for
ourECOSpeg¢which utilizes optical components that can prove to be hazardous to the user
if not properly managedSince our application contains numerous subsysteansh of
thesehasspecific software requirements.

For our control systems, such as safety interlocks, power management, cooling, and normal
operation, we implemented a set of basic state machines, using integrated C and
FreeRTOSThis simple and lightweight suite allows us to directly manage the state of our
device andherefore ensures that at no point will the system operate in a way it is not
designed for oexecute a function without meeting tregjuiredprerequisitesFreeRTOS

allows us to split many of the different methods used into tasks tha¢ caartaged directly

by the operating system, allowiefficient usage of hardware resources while maintaining
responsiveness and safety. Much of the software control is issued through GPIO pins on
the various controllers and ICs used.

Additionally, some of the software control for specific devices within our system is handled
by device specific softwamevelopmenkits (SDKs).In our design, we utilize the Acuros
CQD camea to handle the detection aspect of our acquisition process. The camtesa co

is handled on the Rasberry Pi within our system and is interfaced th&rgarvesters
python library.

The Acuros camera comes with software for control and data acquisition, however, as this
software is incompatible with linux systems, it is therefore incompatible with our
Raspberry Pi meant for acquisition and processing. To remedy this, we can wil&eKh
mentioned previoug| allowing us full control of the camera from our own codebase.
Additionally, accessing these SDK API functions gives us the ability to utilize our own
GUI, as well as extend functionality of the camera as we sqditiding usthe tools to
createusablespectral readingfor comparisonas well as custom GUI applications for
device usage.
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7.2.Data Processing

E COSp e c-éase bringsewith it a large datast in the form of sizable raw data
acquisitionghat are unsuitable for comparison agentificationinitially. To remedy this,

all raw data is put through a thorough pipeline to remove impurities and ensure the data is
put in a usable condition before any conclussdrawn by the system.

The processing begins with noise removal, performed using a median filter, which
effectively suppresses higlequency noise while preserving the sharp spectral peaks
characteristic of Raman signatures. Following denoising, we apply a fluorescence
correcton stage using a Abrder polynomial baseline removal. Fluorescence backgrounds
can dominate Raman spectra and distort peak intensities; the polynomial baseline method
subtracts these broad trends while retaining the structure of the true Raman pesks. The
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two stages ensure that the fundamental shape and vibrational features of the spectrum
remain intact before normalization.

Once the spectrum has been cleaned, the next stage involves standardizing the intensity
distribution. ECOSpec applies standard normal variate (SNV) normalization, which
rescales each spectrum to have zero mean and unit varianceddfdbtsmultiplicative

and additive effects such as varying laser intensities, fiber coupling differences, or changes
in detector sensitivity. After SNV, we apply a final simax scaling step, mapping the
processed intensities to a fixed range of 0 to 1. Thisreaghat all gectra, whether from

the field, calibration samples, or the reference libraries exist & consistent set of
comparable axes.

Importantly, this exact pipeline is applied not only to 4@k sample data but also to all
Sspectra stored within ECOSpecd0s reference
preprocessing is essential; even small discrepancies in filtering, basetneetion, or
normalization can lead to significant deviations in similarity measurements. By enforcing

a standardized transformation on every dataset, ECOSpec ensures that all spectral
comparisons are fair, reproducible, and scientifically grounded.

The goal of a comprehensive processing pipeline is to allow us to make confident
assumptions regarding the material being tested. The results of this process will be used in
our final identification s#p. This step uses a Pearson similarity coefficient to determine the
most similar spectra within the established library, when compared to the tested sample.
Once a confident match is found, the final aspect of our data handling will be the
transmission of all found information to the user through our graphical interface
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7.3.User Experience

The user experience subsystem of ECOSpec provides a simple and powerful graphical
interface hosted directly on the Raspberry Pi 5, consolidating user control and result
display into a single touchscreen application. The interface is rendered as a native
application on a 1024 by 600 display, built with HTML5 and JavaScript and presented
through PyWebView so that no external browser is required at runtime. This architecture
keeps the application setbntained on the Raspberry Pi, eliminates the dependency
overhead of a full browser stack, and gives the system the look and responsiveness of a
dedicated instrument rather than a genptapose computer running web software.

User control is exposed through configurable acquisition parameters, including
integration time and laser power, both of which are adjustable through sliders before a
scan is initiated. A dedicated scan button and an emergency stop are prominently placed
and always visible at the top level of the interface, ensuring that the mostcadtieg)

and most frequently used controls are never more than a single touch away. The scan
button remains locked until both the ESP32 microcontroller and the ACUROS CQD
camera are confirmed connected, preventing accidental triggering when hardware is not
present and providing a clear failure mode to the operator rather than a silent error during
acquisition. Direct hardware commands, including servo positioning, laser atiodul

fan control, and audio output, can also be issued to the ESP32 throughira duuiltrol

panel accessible from the interface, supporting both routine operation andduoeler
diagnostics from the same screen.

Result display is handled on a single unified view that presents the most important
measurement outputs simultaneously, avoiding the navigation overhead of switching
between screens during a scan. The live Raman spectrum is rendered in real time on an
HTML5 canvas across the full 3200¢mange defined by the spectrometer's binilt

optical limits. Identification results display the top material match, the Pearson similarity
score, and the three closest library candidates ranked by correlation, givapgetheor

both a primary classification and the supporting evidence needed to assess the confidence
of that classification. A reglme system log records all hardware events, processing
steps, and errors with timestamps, and a system status panel shiwesdbenection

state of each hardware component, providing a continuous view of system health
alongside the active measurement. After a scan completes, results can be exported as a
timestamped CSV file containing the calibrated wavenumber axis, northalieasity

values, and match result, supporting downstream analysis and-keggitig outside the
instrument.
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8. System Fabrication

8.1.PCBs
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8.2.Probe Optics

The probe optics subsystem delivers the 785 nm excitation beam to the sample and routes
the Ramarshifted return light into the collection path. The entire assembly is built on a
Thorlabs 30 mm cage system, which replaced the earlier breadboard layomtite @

rigid, selfaligning mechanical reference for every component between the fiber input and
the spectrometer entrance fiber. The cage architecture preserves a common optical axis
across the excitation and collection legs, eliminates thegraponehalignment drift that

the earlier breadboard layout exhibited, and accommodates standardized SMA fiber
mounts, filter holders, and lens tubes without custom machining.

Figure52 785 nm Light Visible in Lossy Fiber

Excitation is sourced from the Ocean Optics LASES-LAB-ADJ-S, a multimode 785

nm diode laser with a narrow 0.2 nm linewidth, dedicated current and temperature control,
and an SMAcoupled singlanode fiber output. The fiber terminates in an Ocean Optics
collimating tip whose internal lens matches the numerical aperture of the fiber, producing
a collimated freespace beam at the entrance of the cage system. -&iiogle delivery and
beamquality preservation are critical here, because any divergence icédypstream

of the objective propagates directly into a degraded focal spot at the sample, which would
reduce both Raman signal generation and the system's ability to discriminate small
microplastic particles within the cuvette volume.



Figure53 Beam Expander Demo

The original V2 design called for a 6x beam expander between the collimator and the
dichroic, intended to fill approximately 80% of the rear aperture of the larger objectives
that were under consideration at that stage, specifically the Olympus and Nisiwpoxt

units, both of which present a comparatively large rear aperture that benefits from an
expanded input beam to achieve full NA utilization. The migration to the Nikon CF160
family changed this tradeoff. Both the 20x and 50x CFEBWD variants presdna
substantially smaller rear aperture than the Olympus or Newport candidates, and the
unexpanded collimated beam from the Ocean Optics tip already approximates an
appropriate fill at the new pupil. The beam expander was therefore removed from the build,
simplifying the optical path, reducing the part count and the cumulative Fresnel and
absorption losses associated with two additionalcdRted achromats, and shortening the
cage system overall. The choice of objective within the Nikon family then becames
tradeoff between focalpot size and depth of focus rather than-egearture fill: the 50x
produces an approximately 1 micron diffractionited spot at the sample, while the 20x
produces an approximately 2.5 micron spot with a correspondingly laeg#r df focus,

which is more forgiving of cuvette positioning errors and gives a higher probability of
intersecting a polymer particle within the focal volume of an aqueous microplastic sample.

Following the collimating tip, the beam passes through a polarizatioditioning stack
consisting of a linear polarizer, a 785 nm notch filter, and a quasee plate. The
polarizer and quartevave plate together act as an optical isolator. Linearigrized light

is converted to circular polarization on the forward path, and any speculardfiecition

from the dichroic, the objective, or the cuvette walls returns through the quanterplate

as the orthogonal linear polarization, which is thgeated by the polarizer rather than
allowed to propagate back into the laser fiber. The 785 nm notch filter in this same stack
performs the function that a dedicated lag®e cleanup bandpass would otherwise serve,
suppressing the broadband ASE pedestdlthe silica fiber Raman background generated
within the delivery fiber that would otherwise appear as a structured ghost spectrum near
813 nm in the detection band.

The conditioned beam is then incident on a 785 nm gdam$ dichroic mirror oriented at
45 degrees. The dichroic reflects the excitation wavelength toward the objective and
transmits Ramashifted Stokes light above the edge wavelength toward the coflecti
optics, establishing the standard -épimination geometry in which excitation and
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collection share the same objective. Reflection of the laser into the objective is then focused
onto the sample by the 20x Nikon CFIBOWD infinity-corrected microscope objective.

The infinity-corrected design is essential to the architecture, becaulaeat the dichroic

and any downstream filters in a collimated beam path between the objective and the tube
lens, where flat optics introduce minimal chromatic and spherical aberration regardless of
their thickness or insertion order.

The sample is held in a quartz cuvette mounted in a custepriB2d sample holder that
locates the cuvette at the focal plane of the objective. Quartz is selected for its very weak
intrinsic Raman response, ensuring that the dominant signal originaiteshie polymer
particles in the aqueous sample rather than the cuvette walls. Thar@&d holder is
designed to provide repeatable kinematic seating so that the cuvette can be exchanged
between measurements without disturbing the alignment betweeantipéesvolume and

the objective focus, preserving the geometric throughput of the system across runs.

Backscattered Raman light returns through the objective, recollimates in the {nfinite
conjugate space, and propagates back to the dichroic, where-Shifked wavelengths
above the dichroic edge transmit through toward the collection arm. Immediately
downstream of the dichroic, a lomass filter further attenuates any residual 785 nm laser
light that leaked through the dichroic edge, providing the additional optical density needed
to prevent Rayleigh scatter from saturating the detector or maskingvdwenumber
Raman peaks. The filtered Raman beam is then focused by atoa& achromatic
doublet, which substitutes for the Nikon tube lens at roughly an order of magnitude lower
cost while retaining adequate aberration correction across the 800 to 102@ndnof
interest.

Figure54 Final Probe Optics

The original architecture focused this achromat directly onto the entrance slit of the
CzernyTurner spectrometer. During integration testing, this configuration produced
unacceptable power loss at the slit plane. Alignment tolerances between theloeeted
achromat focus and the fixed slit were tight enough that small mechanical disturbances
translated into large throughput swings, and a significant fraction of the focused cone fell



outside the slit aperture. To resolve this, the achromat was redirected to focus the collected
light into a multimode collection fiber, which then routes the signal directly to the
spectrometer entrance. Fiber coupling at this interface decouples theptialsdrom the
spectrometer mechanically, allows the spectrometer to be aligned and maintained as an
independent subassembly, and provides a stable, repeatable optical interface that survives
the routine handling expected of a portable instrument. Th@aatto-fiber focus marks

the terminus of the probe optics subsystem; downstream signal handling is described in the
spectrometer section.

8.3. Spectrometer Prototype

Our spectrometer prototyping began on an optical breadboard, where the system has the
capacity to be assembled, adjusted, and debugged in a flexible, open layout. The
breadboard provides vibration dampening and alg@surface that allows for optical

posts, post holders, and kinematic mounts to be positioned with high precision. The
modular environment is ideal for performing alignment, evaluating component
performance, and experimenting with different optical geometries before committing to a
final conpact enclosure. Our plan for spectrometer prototyping includes using a variable
entrance slit that is mounted to a lens tube that contains a pin hole aperture, that is then
attached to an SMA adapter. This SMA adapter enables ourcfigred halogen ligh

source to be integrated into our spectrometer prototype for testing. Using the variable slit
is effective in demonstrating how slit width affects spectral resolution, throughput, and
signatto-noise ratio. The ability to manually adjust the slit in teak is extremely useful

during early system development.

Thetungsterhalogen lampHL-2000 from Ocean Opticg/as chosen due to its stability

and smooth nature. Its extended visible spectra make it easy to visualize the grating
performance, identify alignment errors, and check spectral dispersion on the detector end.
It also helps to start with a visible lightwsoe, for alignment, rather than jumping right
ahead to the Raman sigrnts continuous spectrum makes it straightforwardam

details on ougrating performance, verify that the dispersion is linear across the detector
plane andcheck for anyaberratbn-driven distortions in the ranaged ling such as

chroma or astigmatisntsing a bright visible source during initial alignment is also more
practical and safer than attempting to align directly with the weak Ranstered

signal. The halogen source creates wefined spectral features and uniform
illumination that is recognizable, aridatcanhelp identify misalignments, focus errors,

or incorrect mirror positioning long before the system is tested with the Raman excitation
wavelengthln combinaton with theACROS SWIR CQDdetector and its GUI

softwar@® which allows live monitoring of intensity profiles, wavelength registration,

and noise characteristitghe breadboard prototype provides a controlled and highly
adaptable platform to refine the optickgsign.
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Figure55 SpectrometePrototype V1
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Figure56 ACUROS software showcasing broadband spectra.
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Specifically, we constructed our prototype using a mechanical slit from Thorlabs
(VA100CP), our golecoated collimating mirror from Torrent, the matching gold focusing
mirror from Torrent, our 830 grooves/mm diffraction grating, and our ACROS SWIR CQD
detector. Aligning these components on the breadboard reqaipedcess of positioning,

fine adjustment, and continuous feedback from the detectoy$pdtifically the intensity
histogram and the image of the intensities on the camera detéa®lit assembly was

first aligned so that the fiberoupled halogen source illuminated the pinhole and variable
slit uniformly. Ensuring that the beam emerging from the slit was centered and traveling
level relative to the breadboard surface wasdedefore introducing any powered optics.
The collimatingmirror was then positioned at its nominal focal distance from the slit
approximately 101.6 mpusing a corbination of translatiorand rotation stages, along
with tube mounts and les mourntshold the mirror stable while still allowing for small

and y adjustments, along with heigAthieving a clean, weltollimated beam required
gradually refining the mirror angle while observing the beam footprint on a temporary
viewing card placed at multiple distances. Once collimation was established, the beam was
directed onto the diffractiograting. The grating alignment involved carefully adjusting its
rotation to pace the firstorder diffracted beam onto the expected optical axis and ensuring
that the beam illuminated the correct region of the grating surface.

After diffraction, the focusing mirror was aligned by walking the beam onto the detector
plane. This step typically required micromelevel tweaks: small angular adjustments of
the focusing mirror, lateral shifts to recenter the dispersed spectrum, eght h
adjustments to minimize astigmatism or vertical skew. Throughout the alignment process,
the ACROS detector GUI wamquired Reattime readoufrom the camera enabled me to
watch the spectral line shape change has | adjusted components.

Even coarse alignment stépsuch as roughly steering the beam between compa@nents

were followed by finec or r ect i ons, Si nce e axshpositidningr or 6 s
directly influenced the final spot size and spectral uniformity. The prototype therefore
evolved through repeated cycles of optical tuning, detector feedback, and mechanical
adjustmentThere is lots more to be done as we continue into Senior Design 2, but with
this prototype spectrometer | was able to get a halogen spectrumlitkeatubat would be
expectedFig. 45) with no post processing, or dark correction at all, so it only does not

look as neat.
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Figure57 Ocean Optics H{2000, Tungstettdalogen Light Source

Our second iteration of our spectrometer included a 3D modeled housing for the grating,
mirrors, and slitAfter modeling the system on ZEMAX, we decided to switch to a crossed
Czernyturner spectrometer design comparison to a standard Czetayner layout. Both

are compagtbut the crossed version results in a massive stray light reduatioch
provides useful for our low signal application of Raman spectroscopy. A new housing was
modeled to hold the collimating mirror in the same spot and puts the grating on a small
rotation stage. A flat edge was included to line the detector up withwheark the slit
should be, and the focusing mirror, a notch in the housing was left. The goal of these
notches is to i@ke room for the slit and focusing mirror to be mounted on translation stages
and left as variable components for better alignment. The detector, and entire housing were
both placed on translation stages as well.

Figure58 Final Spectrometer housing design.
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Figure59 Fial CoIIetion Optics.
9. System Testing andevaluation

9.1. Hardware and Software Testing

9.1.1. Control Systems

In an application such as ECOSpec, whselnries with it numerous subsystems required

to work together effectively and efficiently, a robust control system is paramount to achieve
our goals. Theareas of control required can be simply grouped into two sections, safety
andacquisition The safety systems of ECOSpec, such as the laser iktealtmw us to
maintain strict operation parameters that ensoresistent and safe usage of the device.
With this in mind, we can conclude that the best method of evaluation of these systems is
the ability to maintain constant operation of the device with minimal downtime, and no
safety incidents while in operatiofo test these goals, especially outside efdbmpleted
device, we can employ many tools at our disposal from our control MCU, the ESP32. As
many of our systems controlled by the ESP32haedled through GPIO interfaces, we

can create simple test scenarios by utilizing LED and numerous input devices to simulate
operation of our control system@Vith this setup, we can easily and more importantly
safely ensure all control systems function as intended without risk for the user or
performance of the system.
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Figure60 ESP32 GPIO Test Suite

For any control components handled by the control MCU, we once again share a similar
goal of safe and consistent operation of the device. In contrast to this however, as the above
mentioned test method focuses entirety ot he MCUG6s abil ity to
devices, we also must consider testing all control components. To do this, we can utilize
the integrated power and data connectors featured on ohdng devices used. For those
without plugandplayfunctionality, a DC powesupply can be usdd provide appropriate
power delivery. With power handled, devices candstedbased orheirinput and output
specifications For example, to test the DC trigger for the laser, a small pulse can be
deployedfrom a function generatoNerification of all components allows us to provide

the safe and consistentezution every time.
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Figure61 ESP32 to Raspberry Pl UART vis USB Test Suite
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9.1.2. Data Handling
Unlike the control systems of ECOSpec, the data pipeline is something that operates behind
the scenes, and therefore has less direct effect on the user, besideg¢hefube data
itself. A metric of feasibility can be difficult to find. The easiest way to determine the
quality of the d&a pipeline igo ensure the data that is output is high quality and usable by
any downstream applicationd/ith a metric on howio ensure daté handled established,
selection of a test method is simple. For testingeGfOSpec, we elected tdilize pre
prepared samples of Raman spectra and compase th our processed specthéth these
comparisons, we can make sure our data is handled in a way that is standard for usage in
further applications, such as spectral comparison or storage.
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Figure62 Data Processing Pipeline Performed on a Polystyrene Raman Sample

9.2. Optoelectronics Feasibility Study and Testing

9.2.1. Excitation Source

Raman spectroscopy can be performed with a variety of different wavelengths. The optimal
wavelength for detectiois material and media dependent. All Raman excitaturces,
however must have narrow linewidth$his is for a variety of reasor& narrow linewidth

reduces fluorescence, narrows the width of the Raman peaks, and increases the spectral
resolution of the spectroscopic systérhe laser excitation source must be selected with
consideration for all these factors, especially in the delicateeragsinvolving Raman
spectroscopy.

When taking wavelength into consideration, a balance between Raman peak intensity and
fluorescence must be taken into account. The shorter the wavelength, the larger the
intensity of the Raman scattered light, as sedfquation_. However, due to the higher
energy in each discrete photon, shorter wavelength light tends to produceatamygtts

11¢



of broadbandluorescencelf other contaminantarepresent in the sample undest,their
fluorescentspectra mayverpowerthe targetRamansignal. The media which a certain
targetmaterial is present in may also play a role. Water produces a large fluorescence when
iluminated with 532 nm lightsolonger wavelength$§lR) arepreferredor such purposes

The container in which the sampleillsminatedalso plays a role. For our purposes, we

are using a quartz cuvette, which has a weak Raman respuhge@mmon for Raman
microscopy and micra®py applications.

This is not to say 532 nm cannot be used for anabjsigcroplastics in agueous solutigns
asseveralsystens have demonstrated such a f€ating et al., 2024; Luc, 20LBlowever

with our intention of detecting smaller particles in an aqueous solution, we want to
minimize as mucliluorescenceas possibleAn excitation source in the IR, such as a 785
nm or 1064 nm laser, would enable such a response.

Excitation wavelength is largely application dependent. 532 nm light is commonly used
for analysis of metals and inorgani@85 nm is often used fanalysis of biological and
polymer samples1064 nm is best for measurement of samghlashave a high fluorescent
response, or for more penetrative analyfisischel, 2016632 nm light produces the
highestfluorescence but hdke strongest Raman peak intensity. 785 significantly reduces
fluorescence compared to 532 while maintaining a strong Raman peak intensitpyni064
light almost completely negates fluorescence, but the Raman peak intensity is very weak.
1064 nm Raman analysis is typically only viable when a detewitbr high quantum
efficiencyin IR, such as InGaAarrays.

The Ocean Optics LASER85IP-ADJ-S is aSMA-coupled 785 nm diodisersource
designed for Raman applicationsisia multimode laser thhbasts apectral linewidth of
~0.2 nm (Ocean Optics, 2009)

However, detection of an IR signal is significantly more challenging than that of a VIS
signal. The materials used for traditional CMOS cameras tend to significantly drop off
above 800 nm, and CCD sensors are much harder to interface with than CMOS cameras.

9.2.2. Detector

CCDs are a common choice in Raman applications. They offer quantum efficiencies above
50% in the IR regionfast global shutter speedmd are often soldsdine sensordgor
spectroscopic purposeBhey often come with detector heads and controllers which allow
precise control of the chargecollect and dump cycles within the CCD.

Scientific CMOS sensors are also popular choi¢égy have high quantum efficiencies,
complex noise reduction circuits, high resolutiondsignal amplification circuitsand are
easy to interface withThey are common for Raman microscopy, where images of the
stokes shifted light provide spatial iRan dataFurthermorethe CMOS camera can easily
bin together vertical pixels of the detected spectra to improve $oRever, their
responsivity in the IR region is not as strasggCCDs They are typically ued for 532 nm
excitation setups.



Colloidal quantum dot (CQD) short wave infrared (SWIR) detectors are another option.
These style of detectors offer a mix between CCD sensitivity and CMOS camera usability
CQD SWIR cameras often use a CMOS style interface to collect information from
individual pixels on the sensahus allowing CMOS acquisition techniques such as pixel
binning. They differ in the fact thatistead of the pixels on the sensors being precision
fabricatedPN junctionsthey arg(typically film depositefiguantum dotdNot only do they

offer higher quantum efficiencies in the IR, they ads@blea higher pixel density to be
achieved(onsemi, 2019)

Regardless of thdetector'schoice, due to the sensitive nature of the detection scheme,
cooling of the sensor is a must. Many CCD, CMOS, and S¥éiors also offeramera
modulesor detector heads that gsgeepackaged with TEC3hese TECs often come in a
stagel or stage? option, capable of reachiiigl5 C and 30 C respectivelySome papers
suggest the benefit of cooling beld0 C becomesheavily diminished, especially at
shorter integration times (<100 Jnfpaper with TEC and SNR graph]

Figure63 Data Processing Pipeline Performed on a Polystyrene Raman Sample

Thesemodules are very expensive pieces of equipméntl for good reason, they are
carefully assembled pieces of technology with high precision electmthimechanical
design.As ECO%ecis a senior design project, the budget for components is limited.

9.2.3. SpectrometeAlingment

The building and aligning of the prototype that the testing was done with is described in
chapter 8, bumultiple iterations of alignment, and camera images were taken to begin the
spectrometer build procesghroughout testing, incremental adjustments to mirror angles,
grating orientation, slit position, and detector placement are made to optimize spot shape,
minimize aberrations, and ensure consistent, repeatable spectral performance. This
iterative processanfirms that the optical design functions apented and provides a
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baseline for future refinement§he spectrometer prototype was tested with a Tungsten
Halogen light source, anahandium-gallium white LED flashlight.
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Figure64 Prototype Spectrometer Testing with White Light Sources.

A and B describe the reconstructed image of what is captured by tiRCROS
camera, and A and C are the captured spectra with the white LED flashlight, and B
and D are captured with the Tungsterhalogen light source. Both C and D are not

dark corrected or processed, this is ravdata.

The reconstructed detector images in A and B from Fig8@revealthe spatiatistribution

of light intensity across the ACROS camera sensor. A shows the white LED flashlight
illumination pattern after passing through the spectrometer, and B displays the tungsten
halogen lamp responskn both A and B, it is clear in the image that the light is being
dispersed consistently across the spectral &kisthere is somélurring at the edges of

the detector fieldwhich could be problematic, and needs to beatterized.

C and D present the raw, uncorrecteectradata extracted from the detector images. The
white LED flashlight spectrum demonstratesharacteristidroad emission peakround

pixel 800, with a second sharp peak near pixel 1800. This dual peak structure is typical for
indium-gallium white LEDs, where the primary peak is from the blue LED emission. The

sharp dip around pixel 1400 could possibly represent a spectralgapa L EDO6 s

e mi

spectrum. In compariso), illustrates a smoother, more continuous distribution, which is
characteristic featerof that type of lamplrhe broad peak extends from pixel 400 to 1400,
with a maximum at around 1000. The spectral shape follows a thermal emission profile,
with intensity gradually decreasing towards longer wavelengths.higher noise level
could possibly be attributed to tleerall intensity of the tungstehalogen lamp being
lower compared to the LED, and the longer integration times. Longer integration times
typically result in more noise being capturétierefore, the difference between the signal
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to-noise ratio between the two sources can be attributed to both the inherent brightness of
the LED and its more concentrated spectral outpddlitionally, in B, there is horizontal
striping visible in the reconstructed detector images. This could possibly suggest some
spatial noruniformity in the optical path. This could occur because of grating alignment

or slit positioning, but it is not known for sure until further experimentation can occur.

After broadband light was shown to pass through the spectrometer, the rainbow image of
the visible light that shown onto the detector was aligned by grating rotation so that the
edge of the red aligned with the right side of the detetianake sure thdhe laser light

will disperse to the right side of the detector. Next, the 785 nm laser light source was sent
through the system, to gain an understanding of wheresélvelength dispersion would

start across the detector, and how it will align with ooalgvavelength range of 785

1100 nmAn image was collected of the 785 nm slit location. The fine alignment was also
adjusted until the slit image came into focus. Following the 785, a 980 nm laser diode was
sent through the system. For alignment purposes, t@en@8source was aligned to be
slightly past the center of the detector, taken an image, antufied for the slit image.

This not only sets the spectrometer up for wavelength calibration, by noting the laser
wavelength and pixel location, busalproves that the detector is sensitive enough in the
NIR.
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Figure65 785 nm and 980 nm peak location across the detector.
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Figure66 The top image is 980 nm, bottom is 785 nm slit image onto the detector.

This calibration produced an experimental wavelength range of1766.462 nm,
compared to the target range of 78850 nm. While the calibrated range extends beyond
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the intended limits, this does not negatively impact the measurement. In fact, the broader
coverage ensures that all relevant spectral features are captured.

For Raman analysis, the more meaningful metric is the shift in wavenumber, defined
relative to the excitation source (785 nm). Converting the calibrated wavelength range to
wavenumber confirms that the system comfortably spans the region required tdhsetect
Raman peaks of interest. Therefore, despite the discrepancy in absolute wavelength
bounds, the calibration is sufficient and appropriate for the intended measurements.
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Figure67 Calibration Curve.

To further prove the alignment of the spectrometer, and confirm the dispersion of light,
NIST standard light sources, Ag, and Hg, were usedigo and determine the resolution

of the spectrometefhe known NIST standard lines of Hg, starting at 766 nm, can be seen
in the graph below.

121



g5 Mean Intensity vs Horizontal Pixel HG Source
T T T T T T T

T T

Counts (non dark subtracted)
o
T

70 - =
65 - N
60 &
55 L 1 L I L L 1 ]
200 400 600 800 1000 1200 1400 1600 1800 2000
Horizontal pixel index
Figure68 Hg NIST standard lines across spectrometer.
Disconnect Device | ——

. Softw
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Figure70 Resolution testing with Argon.

In terms of resolution, after multiple tests with many sources, an average FWHM of 15
pixelswas found. An example would be at 980 nm, the average resolution was 9.8 pixels,
which equates to 1.49 nm, and a FWHM of 15 wavenumbers.

9.2.4. Preemptivelesting

Prior to designing the system, we tested the feasibility of obtaining Raman spectra of plastic
sampleswith premade spectrometer systems. We used an Ocean Optics QE Pro
spectrometerthe Ocean Optics LASER85IP-ADJ-S, an Ocean Optics Raman Probe,
andthe Ocean Optics spectrometer softwaitds can be seen in Figus@® and Figuresl,
displaying the Raman spectra of a clear water bottle and expanded polystyrene. This testing
was performeavhile our group was streamlining our idea, as a way to make sure that the
spectra from the plastics we choose would have a strong response at 785 nm. We were able
to borrow all of the equipment listed above, the 785 nm laser, an @q&#&s QEPro

Raman spectrometer, and a Raman probe made for a 785 nm excitation source, along with
the fibers needed to connect between the laser, the probe, and teebpobbto the
spectrometer. Thipreliminary testing was done before we collected proper chemical
samples of our Plastics of choice, nylon, polystyrene, grmalyethylene terephthalate, so

we used our resources and chose plastics around us to perfqurelonmarytesting. We

chose aieceof clear plastic water bottlend apieceof Styrofoam and as expected, the
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plastic water bottle had a peak around 1600 wavenumbers, similar to polyethylene
terephthalate, and th&tyrofoamhad a peakat around 1000 wavenumbers, similar to
polystyreneOur preliminary testing proved that not only do we obtain Ranan signal from
different types of plastic, but we were also able to do it in a lab setting with minimal prep,
and the signal at the fingerprint peaks for each plastic is strong, so that fupgperts our

laser and plastic choice.

To ensure that using Raman spectroscopy for microplastic detection is truly a viable project
for senior design, basic initial testing was conducted to determine the ease of the task with
premade toolsand plastic materials on handn Ocean Optics QEPro Raman
Spectrometer, Ocean Optics Raman Probe, and 785 nm fiber laser was employed to obtain
the Raman signal of various macro plastic samples. The Raman probe contains filtering to
remove the laser signal and fluorescence. Ramateghifequencies were abte be
detected and plotted accordingly.

One scan was used with an integration time of 10 seconds. The integration time of a
spectrometer is the amount of time the sensor is exposed to a light signal for data collection.
The number of scans is the number of times that period of data collectepested. If
multiple scans are taken, the multiple intensity values for each pixel are averaged together
and then plottedFig. 50and51]. Both images contain spectra that was both dark corrected
andfluorescenceorrected after obtaining the signahi3 postprocessing was performed

in MATLAB using a 4" polynomial fit, and &ackground dark subtraction from each pixel
intensity. To further explain, a scan of the spectrometer was taken with no illumination
light, to obtain the dark noise level, which is then subtracted from the raw Raman signal.
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Figure71 Collection Raman Spectra of Dasani Clear Water Bottle
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Figure72 Collected Raman Spectra of Expanded Polystyrene (Styrofoam)

We also tested the quality of the response of the 785 nm laser on the ACUROS CQD SWIR
and obtained promising resulfBo expand further, the ACUROS CQD detector had its
highest efficiency in the visible wavelength range, so our team wanted to make sure that
this detector would still be responsive at 785 Rmeviously, the ACROS CQD detector

had previously showed excellent efficiency in the visible range and demonstrated high
guantum efficiency and low noise characteristics based on its data sheets that amad
attractive choice for our application. However, our temamted to ensurthis detector

would perform well at 785 nm. Our testinggére 52revealed that the ACROS detector
maintains good responsivity at 785 nm, fwrther testing should be done at alternate
power levels from the 785 nm Ocean Optics laser.

Figure73 Testing 785 nm Laser Response on the CQD SWIR camera

We also tested the probe optics standalone anitcean Optics QEpro spectrometer. We
verified its ability to collect Raman spectra with sulfur and polystyrene. Sulfur has a very
strong Raman emission within 200 nm
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