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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. Their long-term health 

effects are not fully understood, but studies already suggest possible harm to cells, organs, 

and hormonal systems. Detecting and identifying microplastics in water is therefore 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 

control 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 projectôs motivation comes from the limitations of current microplastic detection 

methods. Manual inspection through microscopy is slow and prone to human error. 

Traditional burn testing can differentiate plastic types but destroy the sample. Raman 

spectroscopy avoids these issues by providing non-destructive, chemically specific 

measurements based on the vibrational structure of molecules. Because plastics have well-

defined Raman fingerprints, they can be reliably identified even when 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 control through an 

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 reference library 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 and detect particles as small as five hundred micrometers. 

Stretch goals outline future improvements such as support for mixed plastic samples, 

environmental water testing, real-time monitoring, and multi-wavelength excitation for 

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 capture Raman shifts from 
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zero to thirty-two hundred inverse centimeters to cover key fingerprint regions for all three 

target polymers. Mechanical constraints limit the deviceôs footprint so that it remains a 

compact bench-top 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 suppression, optical 

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 spectrometer layout for 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 verify water purity 

before experiments. Field teams could take measurements at lakes, rivers, and coastal areas 

to track pollution hotspots. Long-term development may lead to larger fixed installations 

for continuous monitoring or smaller portable versions for field work. 

 

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 environmental need and lays 

out the groundwork for future improvements in microplastic analysis. 

2. Project Narrative 
2.1. Project Motivation and Background 
 

Annual production of plastic has increased rapidly since the first synthetic plastic was 

produced in 1907. In 2024, 413.8 million tons of plastic was produced globally. 2 million 

of those tons end up in our ocean, and 52 tons end up as environmental pollution [1]. One 

of the side effects of this plastic waste is 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 detection [2]. Humans 

consume an estimated 74,000 microplastic particles a year, and its impact on our health is 

just beginning to be understood [3]. 

 

Microplastics are typically manually analyzed with microscopes or burn tests. This process 

is time consuming, leaves room for human error in visual identification, and in the case of 

the burn test, destroys the sample of interest. A spectroscopic measurement of a given 

plastic sample is a reliable method of determining its chemical composition. A type of 

reliable chemical identification spectroscopy is a technique called Raman spectroscopy. 

Raman analyzes the shifts in frequency that occur when a sample is excited with incident 

laser light. Raman allows for high specificity of analysis, minimal sample preparation, and 

is non-destructive. Certain materials are associated with unique Raman fingerprint spectra 

that allow them to be identified from other materials. Plastics are one such material.  
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Each type of plastic, ranging from PET water bottles to EPS from styrofoam, is associated 

with a unique Raman spectrum. This unique Raman spectrum is a consequence of the 

materials' molecular and atomic structures.  

 

2.1.1. The Concept of ECOspec 

 
ECOSpec is a compact, pre-packaged microplastic detection system that contains a laser 

excitation source, spectrometer, and Raman filtering components. The user can introduce 

a sample of interest into the system and will receive a live Raman spectrum.   This 

configuration enables the acquisition of characteristic Raman spectra, which allows for the 

precise identification of microplastic polymer types based on their unique Raman 

fingerprint. Therefore, not only will the device tell the user if microplastics are detected, It 

will also provide the type of microplastic.  

ECOspec would be useful for real-world applications on a large scale. Numerous 

companies, governments, and research facilities would benefit from having their water 

noninvasively analyzed for microplastics and other harmful materials. Public health can 

easily be compromised if water is not monitored or maintained. ECOSpec allows for a non-

intrusive method to identify and characterize plastics that could be found in consumable 

products or drinking water. It has value in both consumer safety and regulations put in 

place by different agencies. Governments at all levels would benefit by using ECOspec for 

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 facilities. Many labs require a certain level 

of purified water as the impurities in tap water could interfere with experiments and 

compromise results. Allowing a water source to be monitored by ECOspec would increase 

confidence that the purity of water in a lab is at a sufficient level. On the other hand, it 

could also be used by labs to research microplastics and problems caused by microplastics. 

 

ECOspec would also be perfect for environmental water monitoring where it would detect 

and identify microplastics in natural water sources such as lakes, rivers, and oceans. This 

ability allows for pollution tracking and efforts for remediation once hotspots of 

contamination are located. Additionally, involving ECOspec with monitoring output of 

runoff and discharge from operations such as farming, plants, industrial facilities, and 

urban/residential areas is beneficial. Many of these produce and then introduce harmful 

chemicals and materials to natural water ways, damaging ecosystems. 

 

2.2. Project Background Research 

 

2.2.1. Environmental and Health Impact of Microplastics 
 

Throughout history, toxic materials have been used in a wide variety of products that were 

commonly in close physical proximity to humans and other living creatures. Some of these 



   

 

 4 

more well-known materials are lead, arsenic, and plastic. In modern times society has 

pushed a lot of effort into removing arsenic and lead from our environments, but there has 

been little pushback against plastic in comparison. Movements to remove plastic straws 

and bags from select areas have been popular in recent years, but they are largely limited 

to small areas in cities or natural parks.  

 

Plastics are a convenient material. They do not break down easily, are resistant to many 

chemicals, and are hydrophobic. Overall, they provide a platform for mass production of 

material with desirable properties that are widely customizable for a wide range of 

applications and are 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 not break down easily in bulk, plastic items 

are almost constantly leaving behind micro and nano plastics. These tiny particles of 

plastic, over the decades of their increasing prevalence, have become extremely pervasive. 

They are estimated to have touched almost every point on Earth. Microplastics are found 

in city water supplies, plants in fields miles from civilization, food, human blood, and even 

snow samples in Antarctica [4]. 

 

Microplastics are suspected to be toxic to the human body when built up in large quantities. 

They have been found to cause cell death and disturb the cellular reproduction cycle [5]. 

There have also been multiple studies on the adverse effects of microplastics on hormones, 

the thyroid, and reproductive organs of mammals in general [6]. 

 

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 scattering occurs at 

roughly every 100,000,000 interactions and defines the scattered photon to have a shifted 

frequency (energy) from the incident photon [8].  

 

The Rayleigh cross section describes a material's tendency 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 

Rayleigh Scattering 

Ὠ„

Ὠɱ
װ
װ

װװ  (2.1) 
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Cross Section of Raman 

Scattering 
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Ὠɱ
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(2.2) 

 

 

 

 

There are two outcomes for Raman scattering: Stokes and Anti-Stokes 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. In Anti-Stokes 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, the laser spot size is minimized to focus all the 

optical power to as small as possible. This increases the likelihood of generating and 

receiving a Raman signal in the precisely selected area, increasing 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 

hydrocarbons. They have unique geometries and unique energy levels associated with 

them. These unique molecular structures and properties give plastics unique Raman spectra 

associated with each type. Because plastics have uniquely identifiable Raman spectra, it is 

logical to conclude plastics are easily identifiable with Raman spectroscopy [9]. From 

polyethylene terephthalate (PET) in water bottles to expanded polystyrene (EPS) in 

styrofoam, the plastics commonly used in modern light each have unique Raman spectra. 

 

 

 
Figure 1 Expected Raman Spectra, Polystyrene 
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Figure 2 Expected Raman Spectra, Polyethylene Terephthalate (PET) 

 
Figure 3 Expected Raman Spectra, Nylon 

2.2.4. Spectrometers 
 

Spectrometers are instruments that measure how light is dispersed across different 

wavelengths. It takes incoming light, separates that light into its component wavelengths, 

and measures each wavelength intensity. There are many different types of spectrometers 

including prism, diffraction grating, Fourier transform, Raman, mass, and miniature 

spectrometers. These broad classes mainly differentiate between how the light is being 

dispersed, and its application. The first spectrometer was a prism spectrometer built 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 

wavelengths. It is historically important and simple in design, but it has a few limitations, 

such as nonlinear dispersion through the prism, and typical low resolution. Diffraction 

grating spectrometers use an optical component that has thousands of grooves that separate 

light into its component wavelengths by the principles of diffraction. 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 separation. Complications include 

straylight from other diffraction orders and the complex design which requires precise 

alignment. Fourier transform spectrometers use interferometry to measure all the 

wavelengths at once, and then a Fourier transform is applied to extract the spectrum. It 

provides a very high resolution, and high throughput, but it requires moving mirrors, which 
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complicates the design, and it wonôt work well for a demonstration because of its sensitivity 

to vibrations.  

 

2.3. Existing Project/Past project/prior related work 
 

2.3.1. Previous Senior Design Projects 
 

2.3.1.1. TEXRAY 

 

TEXRAY was a previous Raman spectroscopy system used for analysis of different types 

of fabrics. The goal was to utilize machine learning to match collected Raman spectra to 

previously confirmed datasets. The team used a 532 nm laser as a light source, basic optical 

components to focus and collect the light, a lens-grating-lens (LGL) spectrometer layout 

to separate the light, and a charge coupled device (CCD) to detect the spectra. (Samuels et 

al., 2025) 

 

However, the final product was not a fully functioning device. The optics functioned as 

intended, and a Raman spectrum was able to be gathered; however, a signal from the CCD 

could not be resolved. This issue could have resulted from a variety of reasons, ranging 

from the CCD being oversaturated to a faulty signal amplification circuit. The 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 and IC which this signal will propagate through. 

 

The original design included a Czerny-Turner spectrometer configuration, but a LGL was 

later swapped for simplicity. This was likely due to the increased expenses with a Czerny-

Turner, ranging from the curved mirrors to reflective grating. Czerny-Turners are robust to 

aberration and off high spectral resolutions but are notoriously hard to align. As a 

compensatory note: a member of the group has experience aligning Czerny-Turner's from 

an internship position. 

 

While a 532 nm laser is suitable for Raman spectroscopy, sources strongly suggest longer 

wavelength lasers produce significantly less fluorescence. However, for TEXRAYôs 

applications of bulk fabric analysis, the 532 nm excitation proved to be sufficient to 

produce a Raman signal. 532 nm approaches the shorter end of common Raman excitation 

sources due to the fluorescence problem. Due to the Raman scatterring profileôs 

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 a previous Raman spectroscopy focused senior design project sponsored by 

Ocean Optics. It utilized a different type of spectroscopy, spatial heterodyne spectroscopy, 

for water contaminant analysis. Spatial heterodyne spectroscopy utilizes Fourier transform 
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to analyze Fizeau fringes. [5-7] The layout utilized a Michelson interferometer. Instead of 

two mirrors utilized for reflection and creating a spatiotemporal dependent point of 

interference, two fixed diffraction gratings are used to create a point of interference that is 

wavelength dependent. The team was successful in obtaining Raman spectra for various 

contaminants such as sulfur, ammonium nitrate, and potassium perchlorate, (Smith-

Blanchard et al., 2023). However, discussion with previous advisors said their results had 

a high uncertainty. 

 

The system was designed around a 785 nm excitation source but was later changed to 532 

nm source due to too weak of a Raman signal. WATER used a scientific CMOS camera as 

their detection module with a sensitivity peak at 532 nm. 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 to lose an identifiable signal.  

 

After reviewing this project, the final product was not too cohesive of a project. Much of 

this project was externally controlled, with the spectral analysis being performed with 

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 

infrared and was an NIR light source character. This project was formerly sponsored by 

Ocean Optics and was built without an optical engineer. 

 

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

 

NIRSPEC used a Indium-Gallium-Arsenide (InGaAs) linear photodiode array as their 

detector. This type of sensor has a peak sensitivity in the infrared spectrum but a low 

resolution. Typical photodiode arrays have horizontal pixel counts up to 128 and are only 

1 row tall. These sorts of sensors are useful for analyzing narrower bandwidths, and for 

detecting small shifts in wavelength. CCDs often have horizonal pixel counts up to 2048, 

and CCD area arrays often go up to ~500 pixel vertically. Despite the high sensitivity in 

the NIR, InGaAs linear photodiode arrays are not suitable for our applications due to their 

low pixel count. 

 

2.3.1.4. FLAMES 

 

FLAMES was a project designed to detect the spectral signature of fire. The spectral 

signature minimized the chance of a false alarm from 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 ESP32, Raspberry pi _ 8 GB, and 

a BASYS 3 FPGA board were all computing modules of active subsystems.  

 

2.3.2. Research Papers 
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2.3.2.1. Quantitative Raman analysis of microplastics in water using peak area ratios for 

concentration determination 

 

This paper uses Raman spectroscopy to determine the concentration of certain 

microplastics in a water sample. A Nanobase XperRAM-C is used to obtain the Raman 

samples. A 532 nm laser is used as the excitation source. Spectra were obtained with 25 

second measurement times. 800 um x 800 um images were obtained with a galvo motor 

scanning the laser across the sample. (Jung et al., 2024) 

 

2.3.2.2. Constructing a Micro-Raman Spectrometer with Industrial-Grade CMOS 

CameraðHigh Resolution and Sensitivity at Low Cost 

 

This work discusses the creation of a micro-Raman spectrometer with the use of an 

industrial-grade CMOS camera. They report a Raman shift resolution of 2.5 cm-1, a small 

footprint, and a sensitivity comparable to ñresearch-grade confocal Raman microcoscopy 

systems.ò (Zgrabliĺ et al., 2025)  

 

2.3.2.3. Cavity enhanced Raman spectroscopy 

 

This paper used a resonating cavity to enhance Raman analysis of gases. It concludes using 

a cavity to recirculate the light through the sample multiple times to produce more Raman 

scattering does improve the received signal on the detector. 

 

2.3.3. Enthusiast Projects 
 

2.3.3.1. OpenRaman 

 

OpenRaman is an enthusiast project designed by _. The purpose of the project was to bring 

advanced material analysis systems (Raman spectroscopy) to research labs and hobbyists 

for a significantly reduced cost compared to conventional systems. Over the years of its 

development, there have been many upgrades brought to the OpenRaman platform. The 

standard version of the device utilizes a 3D printed alignment base, a 532 nm diode laser, 

a FLIR CMOS camera, cage mounts, ThorLabs optics, and a 3D printed enclosure; all 

while taking up a small footprint. OpenRaman is also originally intended to perform 

analysis of aqueous 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 and reproducibility: no 

microscope objective is used, the collected light undergoes the minimum laser filtering,  

the light is collimated onto a reflective grating, whose spectra is then immediately 

refocused onto a commercial CMOS camera. However, some of the assembly processes 

are a bit more advanced. For example, the use of helicoils, ñPOLYAMIDE SLSò (Selective 

Laser Sintering) 3D printing 
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Some of the upgrades to OpenRaman include a fiber laser attachment, imaging lens 

upgrade attachment, an improved cuvette holder, and a solids cuvette attachment. 

 

2.3.3.2. OtterDIY 

 

OtterDIY is a ñhackadayò hobby project. The last time this page was updated was in 2017. 

It documents the authorôs process in developing a Raman spectrometer, from lens design 

and component choice, to circuit design and troubleshooting. The author included 

equations and calculations he used to determine distances and optical component 

specifications.  

 

An STM32F103 ñblue pillò was used as the microcontroller for taking readout from a 

Toshiba TCD1304DG CCD and outputting status data to a . A 532 nm laser was used as 

the excitation source. A custom heatsink and TEC solution was fabricated to cool the CCD, 

reaching a reported temperature of ï0.6 C. (Esben Rossel, 2017) 

 

In the FAQ section, the author claims ña slit is a waste of lightò and that he chose to use a 

fiber optic as the ñpoint sourceò incident on the grating. The width of the slit is directly 

correlated to spectral resolution. A circular ñpoint sourceò would create a distorted 

spectrum, which 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 of 2 ï 5 mm sized plastic samples in water, polyethylene 

terephthalate. 

2. Collect Raman spectra of bulk plastics of interest in water. 

3. Utilize a 785 nm laser . 

4. Detect the presence or absence of specified microplastics in water using Raman 

spectral fingerprints. Refer to Appendix B for a collection of the peaks of interest. 

These samples will be prepared without mixes of plastic types. Maintain a CCD 

operating temperature of sub 40° C. 

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

 

2.4.1.2. Advanced Goals:  

 

1. Identify the type of plastic a specific not-mixed water sample has in it, between 

polyethylene terephthalate, polystyrene, and nylon. 

2. Identify microplastics down to 500 micrometers in length and 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 robust known 

material libraries. 

 

2.4.1.3. Stretch Goals: Mixed MP Samples < 5 mm and Imaging of MP 

 

The device will: 

1. Detect and identify microplastics of mixed pre-made water solution samples, rather 

than individual polymer samples. 

2. Detect and identify microplastics from a sample from the environment, such as tap 

water, or lake water sample.  

3. Detect and identify microplastics in powdered form. 

4. 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. 

5. A larger scale version of ECOspec that could be set up for stationary real-world 

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

concentrations of harmful materials in the water.  

6. 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. 

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

fluorescence.  

 

2.4.2. Objectives 
 

2.4.2.1. Basic Objectives 

 

¶ Basic alignment of Raman spectrometer with white light source.  

¶ Calibration of spectrometer so the pixel spaces accurately map to nanometer space. 

¶ Obtain Raman spectra using our system with large pieces of common plastics > 5 

mm in size. 

o Plastics of interest: Polyethylene terephthalate (PET), polystyrene (PS), and 

nylon 

¶ Confirm that Raman spectra collected matches known fingerprint peaks of those 

polymers 

¶ Using our samples of interest, we will create microplastic samples in DI water. 

These samples will each only contain one type of microplastic. 

¶ Obtain Raman spectra using our device with individual microplastic samples. 

¶ Obtain Raman spectra of the water for reference comparison during the output 

processing. 

¶ After collecting the needed references, we can use the device to detect if 

microplastics are present or not in more individual microplastic water samples that 

we made at varying concentration levels. 

 

2.4.2.2. Advanced Objectives 
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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 peaks of the 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 individual, pre-made microplastic samples. 

¶ Implement software changes needed to include identification, in addition to 

detection. 

 

2.4.2.3. Stretch Objectives 

 

¶ Implement software changes to include mixed-microplastic detection. 

¶ Create known mixed pre-made samples to test our post-processing. 

¶ 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 CCD or infrared camera after back reflection 

off the dichroic mirror 

¶ Implement another mount, lens systems, and dichroic mirror to stabilize, collimate, 

and direct a secondary 1064 nm laser source into the pre-established path of the 785 

nm source. 

¶ When establishing the known material library, inclusion of a small, non-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, and material concentration in a fluid sample. 

¶ A website/app connected to a database where the results could be stored so a 

multitude of people have 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. 

¶ Real-time 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. 
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2.5. Major Subsystems 
 

 

 
Figure 4 Optical Diagram 

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

task delegation. 

 
Figure 5 Hardware Block Diagram 
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Hardware block diagram visualizing larger components and PCBs for primary 

subsystems. 

 
Figure 6 Software Block Diagram 

 

 
Figure 7 Signal Processing Software Block Diagram 
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Figure 8 User Interface Flowchart 

 

 
Figure 9 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 pre-processing pipeline, which includes removal of dark noise and 

fluorescence, rescaling Raman shift intensity values, and interpolation of the data to align 

x-axis for comparison. With the processed data, ECOspec will be able to compare the 

spectra of the unidentified sample with a pre-established spectra library of known materials 

using a similarity metric such as Pearson correlation of cosine similarity to 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 real-time system log, and a hardware control column on the right. 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 be sent to the 

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 recorded. Y-axis intensity calibration 

could be implemented so that no peaks appear weaker than they really are due to how the 

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. 

 

Raman 

Shift 
  

ɝὺװὙὥάὥὲװὛὬὭὪὸװὧά
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‗
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2.6. Required Specifications 
 

Table 1 Optical and Hardware Component Specification 
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Optical Prototype Specifications 

Component Parameter Value 

Spectrometer Short integration time < 40 seconds 

High Spectral Resolution < 2 nanometers per pixel 

Laser Wavelength 785 nm 

Laser Power 150 mW 

Beam Diameter 3 mm 

Microscope Objective Magnification 20x 

Quartz Cuvette Size 3.5 mL, 12.5 mm x 12.5 mm x 

45 mm 

Component Parameter Value 

Dichroic Mirror Cut-on Wavelength 805 nm 

Reflection Wavelength 400 - 785 nm 

Transmission 825 ï 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 AG 

EPC901-CSP32-033 

1024 H x 1 V 

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 

 

Table 2 Engineering Requirements for the Performance and Physical Features of the 

Envisioned System. 

Overall System Specifications 

Parameters Target Value 

Detection Accuracy* ± 10 nm 

Total Integration Time < 10 minutes 

High Spectral Resolution 

 

<  2 nm per pixel 

Lowest Concentration Detected *Requires further research 

Microplastics Measured Size < 5 mm 

System cooling Maintain temperatures < 40° C 

 

Wavelength Range > 150 nanometers 

Dimensions of Device < 50 cm x 100 cm x 100 cm 

 

*Refer to Appendix B for peaks of interest for each plastic type 
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Figure 10 House of Quality 

Diagram that displays the relationship between customer and technical requirements, as 

well as demonstrates the correlation between the technical requirements. 
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Figure 11 Prototype Illustration 

Isometric top view, illustrating potential board placement. A hinge system will be 

employed for placement of the electrical boards and compactness of the device. 

 

 
Figure 12 Prototype Illustration 2 

Dimetric top-down view displaying the optical subsystems placed underneath the hinge 

system. 
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3. Research on Current Technology 
 

3.1. Optical System 
 

3.1.1. Spectroscopy Overview 
 

3.1.1.1. What is spectroscopy, what is a spectrometer? 

 

Spectroscopy is a measurement powerhouse, and it describes the study of interactions 

between matter and light, which provides a powerful way to analyze the composition and 

structure of materials. These measurements are done with a spectrometer, an instrument 

that separates light into its component wavelengths, and measures their intensity. Before 

diving into how a spectrometer can be designed, how the measurement done by the 

spectrometer works is vital. Atoms or molecules are thought to exist in certain quantum 

states, where each state has a specific, discrete amount of energy, and transitions between 

the states are possible when specific light is shown on the molecule. When the molecule 

changes state from a higher to lower energy, emission occurs, and a photon is released. 

Comparatively, absorption occurs when the molecule transitions from a lower to a higher 

energy by absorbing a photon. The total change in internal energy that a molecule can go 

through is the sum of its rotational, vibrational, and electronic energy. These specific 

energy change intensities are measured by spectrometers, which split up the incoming light 

into its component wavelengths, and detect the intensity of the incoming light at each 

wavelength. This wavelength versus intensity plot is referred to as a spectrum. The 

spectrum produced from the measurement is then further analyzed, based on the peak 

positions, spacing, and linewidth. For example, a reference spectrum of polystyrene 

absorption is illustrated in figure 3.2.  Most spectra demonstrate the same thing: how 

intensity or brightness varies with wavelength, but the light-matter interactions on a 

molecular level vary with the specific excitation wavelength, and what is being measured. 

In addition to absorption and emission, there are many other measurement techniques that 

employ spectroscopy that provide light data to identify molecular presence, including 

mass-spectroscopy. Raman and spectroscopy, fluoresce, reflectance, and measurements 

across the electromagnetic spectrum, including infrared, x-ray, UV, and visible ranges. One 

would choose the type of 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, UV-visible spectroscopy is typical for 

absorption in the UV-Vis range, and is commonly used for concentration determination, or 

analyzing pigments or dyes. It is limited to samples that absorb in the UV-Vis range 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 can identify organic compounds, analyze polymers, and verify certain 

materials. Some of its limitations include its requirement fo r pure samples, and the strong 

absorbance of water, which can get in the way of getting results in wet environments or 

samples in water. Mass spectroscopy measures a mass-to-charge ratio of ions and is best 
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for identifying and quantifying molecules. It comes in handy for chemical analysis, 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 occurs, and the atom falls 

back to its original state. Fluorescence can be spontaneous and stimulated, which requires 

an excitation state. Fluorescence spectroscopy can detect trace compounds and is used in 

medical diagnostics, but the material tested must have fluorescent properties and can be 

very sensitive to the environment it is in, which can quench the signal.  

 

After careful analysis of our application, detection and identification of microplastics in 

water samples, our group selected Raman spectroscopy as our measurement of choice. 

 

3.1.1.2. Raman Spectroscopy 
 

Before understanding why we choose Raman spectroscopy, some background on how the 

process works is required. Raman spectroscopy is based on how molecules scatter photons. 

Compared to absorption and emission, a certain energy level is not required for scattering 

to occur. Absorption requires light at a certain frequency or wavelength, whereas scattering 

can occur at any point. Raleigh scattering is the elastic scattering component and describes 

light scattering without a change in energy. On the other hand, Raman scattering is a 

measure of the inelastic scattering that is occurring. Because molecules are not rigid, 

vibrations, made up of stretching and bending, rotations and constantly occurring. The 

vibrations and rotations have certain quantum energy levels. When incident light 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 level. This is described as a change in 

polarizability when the laser lightôs electric field tries to distort the moleculeôs electron 

cloud. This change is the ground rule for Raman scattering to occur, and it is dependent on 

the molecular structure, because molecular symmetry determines if the electron cloud 

distribution is easier or harder to distort by the laser light. Symmetric vibrations usually do 

change polarizability, whereas asymmetric vibrations tend to change the dipole instead, 

which describes the charge of separation, and is different from polarizability. Polarizability 

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 symmetry. Some examples of 

molecules with strong polarizability include double bonds, single carbon bonds, aromatic 

rings such as benzene.  

 

 A simple light scattering experiment can be described with a focused laser beam across 

some volume of material, and a lens to focus the scattered light onto a detector. The light 

that is scattered will contain both Raleigh and Raman scattering at certain wavelengths. 

Raleigh scattering wavelength 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 

anti-stokes, a positive shift, or stokes, which would result in a negative shift. (Eq. 3.1)  

 

Rayleigh ὉὩὰὥίὸὭὧ 
(3.1) 

Anti -Stokes Raman Ὁ  ЎὉὭὲὩὰὥίὸὭὧ 
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Stokes Raman Ὁ  ЎὉὭὲὩὰὥίὸὭὧ 

 

Equations comparing the energy and frequency of Raleigh versus Raman scattering, and 

the difference between Anti-Stokes and Stokes is displayed. E is the energy of the 

incident photon,  æE =  æE rot,vib, which is the energy from 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 produced, the vibrations define the major Raman peaks and 

reveal the most specific chemical information such as specific bonds and structure. Each 

bond vibrates at a specific frequency, and Raman spectroscopy identifies those frequencies 

as peaks in the Raman spectra. Because Raman spectroscopy measures the vibrational 

frequencies as shifts in the scattered light, bonds will always appear around the same 

approximate Raman shift value (wavelength dependent). For instance, double carbon 

bonds always appear at an approximate Raman shift of ~1600 ὧά .     because each 

molecule has its own unique movement pattern, the Raman spectrum can become a 

molecular fingerprint for identification of specific bonds in materials. The 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 

crystalline, ordered material, whereas broad peaks define the opposite- typically 

amorphous, disordered samples. Seeing issues with the peak shape in the spectra, such as 

split peaks, can be due to molecular symmetry changes, and shifts in peak position are a 

result of environmental changes, such as a highly fluorescent environment.  The cross 

section of expected Raman scattering is much smaller than that of Raleigh scattering, which 

means the signal of Raman is very weak. This weak signal is a major drawback of Raman 

spectroscopy as a measurement technique, but its advantages make it worth it to mitigate.  

 

There are various reasons we chose Raman spectroscopy as our spectroscopic method of 

choice compared to other technology options for our project, the first being the advantage 

Raman spectroscopy holds for samples of microplastics in water. Microplastics can be 

analyzed in situ, suspended in liquid, without a strong signal from water overpowering the 

signal from the microplastic. Water has a very weak Raman cross section due to its weak 

vibrational bands in the fingerprint region that is relevant to polymer detection. Although 

IR spectroscopy could have been used for microplastics not in water, it would not work for 

our application of microplastics in water because water has IR absorption bands that 

overpower the polymer signals. Additionally, microplastics are mostly made of 

hydrocarbon-based polymers, their C-C, C=C, and C-H vibrational modes exhibit high 

Raman signal, from their high polarizability, so sharp peaks, for detection, with distinct 

spectra for Nylon, Polystyrene, and PET for polymer identification, because each of the 3 

microplastics are made of their own amounts of differing polymer compounds that have 

their own peaks, and peak heights. Raman is also able to detect small particles, perfect for 

our micro-scale application. Minimal sample preparation is another advantage of Raman 

spectroscopy. In terms of future applications, such as taking water samples from the 

environment or sink taps, microplastics will undergo oxidation and surface modification in 

the water. But 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 weathering signatures. High chemical specificity is enabled by 

the narrow Raman bands, so similar polymers, such as PET and PBT can still be 

distinguished. The expected Raman fingerprint spectrum of our 3 chosen microplastics, 

nylon, polystyrene, and PET are shown below. (Fig. 3.4-6) 

 

 

 
Figure 13 Expected Raman$ Spectra, Polystyrene 

 
Figure 14 Expected Raman Spectra, Polyethylene Terephthalate 

 
 

Figure 15 Expected Raman Spectra, Nylon 
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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 that cause those peaks. For polystyrene, C-H vibrations 

have a higher frequency than C-H vibrations because hydrogen is lighter than carbon. Nylon is 

made of polyimides, such as nylon 6 and 66, which are macromolecules that are characterized by 

the CO-NH amide group.  

 

 

Table 3 Raman Technique Comparison Applications, Strengths, and Limitations 

 Bond Location (cm-1 ) 

Polystyrene 1. High frequency C-H vibrations aliphatic 

2. High frequency C-H Vibrations aromatic 

3. Low frequency C-C vibrations 

4. C=C vibrations 

5. Expansion and contraction of benzene ring 

1. 3000 cm-1   
2. 2900 cm-1   

3. 800 cm-1   

4. 1600 cm-1 
5. 1000 cm-1 

PET 1. Stretching of C-H 

2. C=O vibrations 

3. C-C bound in aromatic ring 

1. 3000 cm-1 

2. 1700 cm-1 
3. 1600 cm-1 

Nylon 1. C-H connected to N-H vibrations 

2. C=O connected to N-H 

1. 3300 cm-1 

2. 1250 cm-1 

 

3.1.1.4. Raman Spectroscopy Methods 
 

Within the branch of Raman spectroscopy, there are several techniques that extend the 

basic Raman effect, each to optimize different performance goals. Spontaneous Raman 

provides broad vibrational fingerprints but has very weak signal intensity. It can provide 

information across the full vibrational fingerprint spectrum and has high chemical 

specificity. Its advantages include label-free, non-destructive, and applicable to a wide 

range of materials, with little to no sample preparation. The signal can suffer from 

background fluorescence.  FT-Raman (Fourier Transform) uses NIR excitation around 

1064 nm combined with a Michelson interferometer to reconstruct the diffraction patterns 

using FT mathematical reconstruction techniques to recover the signal. It provides 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 with microscopy, with a diffraction-limited, high 

numerical aperture (NA) microscope. This combination enables a very low spatial 

resolution, which works well for very small samples, such as microplastics. It can also be 

added into an imaging system simply by having a secondary white light source, which can 

provide the user with an increased ease of finding the sample for excitation. Another well-

known technique is SERS (Surface-enhanced Raman scattering). With this method, the 

Raman signal and sensitivity is enhanced with nanostructured metallic surfaces. The 

interactions between the sample molecules and the metal surfaces enabled by plasmon 

resonance produce local electromagnetic fields that amplify the Raman signals of 
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molecules on the metal surface. Metal surfaces are used because they donôt produce strong 

Raman signals. SERS is 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 techniques, our project employs a 

combination of spontaneous Raman and microscopy. This configuration offers a reliable 

balance between cost, spectral sensitivity for polymer detection and identification, 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. FT-Raman also is appealing 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 in the interference 

patterns that are collected. Fluorescence will be an issue we will have to navigate with our 

optical design, but can be mitigated with post processing, and optical design optimization 

to reduce fluorescence.  

 

 

Table 4 Raman Technique Comparison Applications, Strengths, and Limitations 

 
Spontaneous 

Raman 

Raman 

Microscopy 
SERS FT- Raman 

Laser 

Requirements  

 

Single 

monochromatic 

CW laser 

Same as spontaneous 

but with high-NA 

optics 

Visible lasers, near 

plasmon resonance 

NIR excitation 

(typically 1064 nm) 

Signal Strength 
 

Weak (~10  of 

incident photons) 

Same as spontaneous 

at each pixel 

10ï10 Ĭ 

enhancement (or 

higher) 

Weaker intrinsic 

Raman but reduced 

fluorescence 

interference 

Fluorescence 

Interference 

Significant issue Same as spontaneous 

Raman 

Can suppress if 

plasmon surfaces 

quench fluorescence 

Very low (NIR 

excitation avoids 

fluorescence) 

Chemical 

Specificity 

 

Excellent Excellent spatially 

localized 

Excellent for surface-

adsorbed species 

Excellent 

Advantages 
 

Universal Raman 

technique 

Chemical + spatial 

mapping, confocal 

depth 

Massive 

enhancement, single 

molecule detection, 

trace analytes 

Fluorescence 

suppression, 

excellent S/N in NIR 

Limitations  
 

Weak signal Ÿ 

long acquisition 

time 

Slow for large scans; 

fluorescence 

Reproducibility 

issues; substrate-

dependent 

Lower scattering 

efficiency, bulky 

interferometer 

Instrumentation  
 

Lowïmoderate Moderateïhigh Moderateïhigh 

depending on 

substrate 

High (interferometer 

+ NIR detector) 

Complexity  + 

Cost 

 

$$ $$-$$$ $$ï$$$$ depending 

on substrates 

$$$ 

Typical Excitation 

ɚ 
 

532, 633, 785 nm Same as spontaneous; 

high-NA objective 

Visible (532ï785 nm) 

near plasmon 

resonance 

1064 nm (avoids 

fluorescence) 
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3.1.2. Probe Optics 
 

3.1.2.1. Excitation Source 

 

The excitation wavelength used will be 785 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, but it is 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 setup, the laser spot size is minimized to increase 

the likelihood of 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. 

 

Table 5 Excitation Wavelength Comparison 

 532 nm 785 nm 1064 nm 

Use Cases Inorganics Organics High fluorescence materials 

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 Optics LASER-785-LAB-ADJ-S, lent to us by 

Ocean Optics. It is a multimode laser with a narrow linewidth (FWHM) of ~0.2 nm. It is 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 wide of an angle a fiber (or lens) is 

capable of collecting light from in front of it. It is a function of the refractive index of the 

core and cladding layer, as seen in Equation _.  

 

ὔόάὩὶὭὧὥὰװὃὴὩὶὸόὶὩװ װὔὃװ ὲװ ὲ   (3.) 
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Figure 16 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 Raman spectra, high 

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 confidence in the accuracy 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. 
 

Table 6 Microscope Objective Comparison 

 Newport M-10x Olympus 

LCPLN20XIR NIR  

Nikon CF160 TU Plan 

Epi ELWD  

Magnification 10x 20x 20x 

NA 0.25 0.45 0.4 

Wavelength range 400-700 nm 400-1600 nm N/A 

Working Distance 5.5 mm 8 mm 19 mm 

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 

Correction 

160 mm Infinite Infinite 

 

The minimum spot size is determined by the airy disk, as seen in Equation 3._. It is a theoretical 

limit of how focused a monochromatic aberration free image can be. It essentially achieves the 

highest intensity (W/m2) at a given power for a laser of a certain wavelength.  

 

ὶ װ װẗװπȢφρװ                                         (3.) 

 

 

3.1.2.3. Alignment and Beam Expander 

 

In the final design, a beam expander was not used due to microscope objective of choice 

having a small rear aperture. However, to minimize 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 microscope objective (Fellers & Davidson, n.d.) . Both 

overfilling of the microscope objective and incorrect conjugate matching can lead to 

aberration, compromising 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 aberration, the collimated input beam 

should be 12 mm in diameter. Considering the collimated laser output is 3 mm in diameter, 

the required magnification will be 4x. A simple infinite conjugate beam expander follows 

a magnification formula of: M = f2/f1 , where f1 is the first incident lens, f2 is the second 

incident lens, and the distance between the lenses is the sum of the focal lengths. The 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 scope. Another 

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 up. If a 2 mm diameter beam spot is used, a magnification 

of 12x would meet the 12 mm objective entrance requirement. Two lenses which fit this 

requirement are the Thorlabs AC050-008-B and AC254-045-B. They are AR coated for 

our laser wavelength, have focal lengths of 7.5 and 45.0 mm respectively, and combine to 

make the shortest possible beam expander with commercially available lenses. The 

AC050-008-B is 5.0 mm in diameter, enabling us to use a 2 mm spot size without 

aberration.  

 

Table 7 6x Magnification Beam Expander Lenses 

 Thorlabs AC050-008-B Thorlabs AC254-045-B 

Focal Length 7.5 mm 45 mm 

AR Coating Range 650 ï 1050 nm 650 ï 1050 nm 
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Diameter 5.0 mm 25.4 mm 

 

3.1.2.4. Dichroic Mirror  
 

The dichroic mirror serves two purposes in a Raman microscopy setup. It first a majority of light 

within a certain band, determined by whether the dichroic is a notch filter or a cut-off filter. Our 

target reflected band contains our excitation wavelength, essentially acting as a mirror for our laser. 

This dichroic will direct the laser light onto the sample, but allow the Raman scattered light to pass 

through without redirection.  

 

Table 8 Dichroic Mirror Comparison 

 ThorLabs DMLP805 Thorlabs DMLP760 Thorlabs DMLP900 

Transmission > 90% 

Wavelength Range  

825 - 1300 nm 775-1600 nm 932-1300 nm 

Reflection > 90% 

Wavelength Range 

400-785 400 ï 740 nm 400-872 nm 

Reflectivity @ 785  90% <5% >95% 

Thickness 3 mm 3 mm 3 mm 

Cost $331.76 $331.76 $252.95 

 
The dichroic with the highest reflectivity at 785 nm should be used as the dichroic mirror. This will 

ensure minimal laser light is lost during the reflection interaction or allowed to pass into the 

collection optics. 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 mirror would 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, allowing for 

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 

power level far exceeds the saturation level of the detector. Furthermore, such high-power 

levels have a chance of damaging plastic 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 compensation is implemented 

with a polarized notch filter and quarter waveplate. 
 

Table 9 Optical Power Management Scheme Comparison 

 Polarizers ND Filter  Iris  

Complexity Complex Simple Simple 
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Adjustable Yes No Yes 

Cost High Medium-low Low 

 

3.1.3. Collection Optics 
 

3.1.3.1. Raman Filtering 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 must be filtered out. 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 in. The dichroic mirror is not enough on its own 

to suppress the residual laser light, and requires additional filters, or multiple filters stacked 

together to reduce the Rayleigh scattering of the laser light as much as possible.  Additional 

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 (Anti-Stokes scattering) are less numerous and have lower intensities 

and work well for broadband Stokes collection. It does not work for anti-Stokes. Notch 

filters are another option. They reject a narrow band around the laser wavelength and 

enable both Stokes and anti-Stokes Raman. They tend to be used when both Stokes and 

Anti-Stokes scattering is required. A third option includes a bandpass filter, which rejects 

all light outside of the band the filter is designed for. It passes 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 within the bandpass filter 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 the anti-stokes region, so 

longpass filters are a perfect fit. 

 

Table 10 Notch Filters Comparison 

 NF03 NF785-33 ZER785F 

Vendor Semrock Thorlabs Chroma 

Description 785 notch filter 785 notch filter 785 nm notch filter 

Transmission >90% 

Wavelength Range 
400 ï 742.1 nm and 

827.9 ï 1600 nm 

590 ï 760 nm and 

810-1040 nm 

 

500 ï 760 nm and 805 ï 

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 

 

 



   

 

 32 

Table 11 Longpass Filters Selection 

 FELH 0800 FELH0775 10LWF-800-B 

Vendor Thorlabs Thorlabs Newport 

Description 800 nm longpass 

filter 

775 nm longpass 

filter 
800 nm longpass filter 

Transmission >90% 

Wavelength Range 
812 ï 2510 nm  787 ï 2150 nm 815 ï 1200 nm 

Rejection Region 200 ï 789 nm  200 ï 763 nm N/A 

Optical Density @ 

rejection region 
>5 >5 >3 

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 Type Comparison 

 

Just as there are many different types of spectroscopy methods based 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 throughput. Some of the different 

types include LGL (lens grating lens spectrometer), Littrow, Czerny-turner, and echelle. 

LGL spectrometers are very simple, containing a single beam optical path, including an 

entrance fiber, a collimating lens, a diffraction element, a focusing lens, and a detector. It 

is a two-lens system that provides a compact design and is typically very fast. Based 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 that both disperses and reflects, and a 

collimated beam that hits the grating and returns along the same axis. It has high optical 

efficiency, high spectral purity, 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 spectrometer, which 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 resolution, and its speed is very fast, 

but limited by the camera's readout. It is expensive, requires larger optics, and a complex 

calibration technique.  

 

We plan on employing a Czerny-Turner layout for the spectrometer design. The Czerny-

Turner is a common layout employed in many commercial spectrometers. It describes a 

classic benchtop spectrometer geometry, and with the right design, the device can have a 

very high resolution. It is also very customizable and works with multiple slits and 

detectors. The M-Type configuration (Fig. 3.7) of the Czerny-turner is limited by its optical 

aberrations, induced by its off-axis mirrors. Coma and astigmatism are both possible, 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 configuration (Fig. 3.7) instead. The 

crossed configuration results in very high aberration correction and has a better 

performance for high-NA collection optics, but it requires more complex alignment. The 

Czerny-turner includes a slit, a collimating mirror, a diffraction grating, focusing mirror, 

and a detector.  Typically, the slit width controls the spectral resolution, and it ranges from 

25-200 um. Good design practice for alignment includes starting with a larger slit and 

adjusting as we go. The first mirror is an off-axis parabolic mirror that collimates the light, 

leaving the slit onto the grating. The beam f/# directly correlates to the diameter and focal 

length of this mirror. The diffraction  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 mirror focuses on the dispersed light onto the 

detector array. The focal length of this mirror controls the linear dispersion at the detector.  

 

 

 
Figure 17 M-Type Czerny-Turner Spectrometer Configuration 

 
Figure 18 Crossed Czerny-Turner Spectrometer Configuration 

 

Figure 3.7 ï M-Type vs Crossed Czerny-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 shift requirements for  your application, so in our case, we looked into databases 
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containing known Raman spectra for polystyrene, PET, and nylon [Fig. 3.4-3.6] to 

determine which peaks we would want to include, and wide of a range of wavelengths the 

spectrometer must be designed for. We choose 0 to 3200 wavenumbers, to capture the 

peaks we want to use for identifying the plastics. The range is so large because nylon and 

polystyrene have very high intensity peaks around 3000 wavenumbers, and we specifically 

do not want to leave high intensity peaks to make eventual identification and detection of 

the microplastics possible. With a goal Raman shift of 0 ï 3200 wavenumbers, equation 

3.2 enabled us to find a wavelength range of 780 ï 1040 nm. 

 

Raman 

Shift 
Ў‡ Ὑὥάὥὲ ὛὬὭὪὸὧά

ρ

‗

ρ

‗
ρzπ (3.2) 

 

 

 

Table 12 Summary of Wavelength Range of Spectrometer 

Raman Shift Range 0 ï 3200 ὧά  

Calculated Wavelength Range 780 ï 1050 nm 

Center wavelength  915 nm 

 

3.1.3.4. Collection Optics ï Focusing Optics into Spectrometer 

 

There are 2 main microscope optical systems used with objectives, which are an infinity-

corrected optical system and a finite corrected optical system. Once the light passes through 

the objective lens, it converges a point at the intermediate image plane, which then diverges 

back through the eye piece. With an infinity-corrected optical system, (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 objective and the tube lens, the infinite conjugate 

space, which offers advantages for our Raman setup. Our choice of using an infinity 

corrected microscope objective for the Probe Optics was with the goal of having a design 

that supports the necessary spectral filtering and beam conditioning in our system without 

degrading quality or focus. The parallel beam path that occurs in the infinite conjugate 

plane enables the placement of flat optics, such as filters and beam shaping optics while 

minimizing chromatic and spherical aberrations. This setup also provides the support 

needed for a high-NA objective that is required to collect the low levels of Raman 

scattering. 
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Figure 19 Infinity Corrected Microscope Objective System 

 

The tube lens will focus the filtered Raman signal into the spectrometerôs slit. In most 

cases, the tube lens is required, because infinity objectives produce a collimated beam, and 

the tube lens converts that collimated beam into a real image. The microscope objective is 

designed to work with the tube lens, and using anything else can introduce aberrations, 

decrease image quality, and vignetting. There is a drawback to using a tube lens, and that 

would be the price. (Table 3) For a 10x lower price, a high-quality achromatic doublet can 

replace the tube lens and focus the beam through the slit. This only works if the doublet 

has an AR coating near 785 nm. There are some risks, such as astigmatism, and the risk of 

a magnification mismatch- the 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 need to be done. 
 

Table 13 Tube Lens vs. Achromatic Doublet 

 Tube Lens Achromatic Doublet 

Vendor Edmund Optics Thorlabs (AC254-080-B-ML)  

Description Olympus NIR single port 

tube lens  

NIR Mounted Achromatic 

Doublets 

Wavelength Range 400 ï 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 defines the initial beam width that 

gets dispersed, and a narrower slit will produce a smaller image on your detector plane, which 
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would indicate a higher resolution. It also controls the signal intensity that gets through to the 

spectrometer. Especially for Raman spectroscopy, this tradeoff is very important. If the signal is 

too low, SNR is too low, and the noise dominates your system, and you might get no result. The 

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 

overlap and blur, whereas if they are too narrow, the signal may be too weak to see clearly, even if 

the image 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 tube. The equation below for the image size resulted in a 40 um image size 

based on the magnification of the objective and tube lens system, Therefore, a slit that is 30 um ï 

50 um should be selected, to match the image size as much as possible. Once the prototype is 

complete and we are still getting high signal, but want to improve our resolution, we can make the 

choice to decrease our slit, improve our resolution but decrease the 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 diffraction 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.   

 

Table 14 40 um Slit Comparison 

 S40k S40LK VA100CP 

Vendor Thorlabs Thorlabs Thorlabs 

Description High Precision 

Optical Slit 

High Precision 

Optical Slit 
Cage system Adjustable slit 

Width  40 um 40 um 0 to 0.24 inches 

Height 3 mm  10 mm N/A 

Diameter of 

Housing 
1 inch housing 1 inch housing 30 mm Cage System 

Cost $ 119.33 $ 130.24 $338.11 

 

 

3.1.3.6. Collimating and Focusing Mirror s Comparison 

 

The collimating mirror converts the divergent light from the entrance slit into a parallel 

beam that uniformly illuminates the diffraction grating. This ensures that each wavelength 

strikes the grating at a well-defined incident angle, directly affecting the spectral resolution, 

dispersion uniformity, and throughput. After diffraction, the focusing mirror re-images the 

dispersed beam onto the exit detector plane, determining spot size, aberration levels, and 

image quality. These two mirrors together control the systems resolving power, optical 

efficiency, aberration budget, and stray-light performance. The coating, gold for NIR, and 

focal length, where a longer focal length improves the resolution, and reduces aberrations, 

but increases instrument size. Common mirror types include spherical, aspheric, and flat 

plane mirrors. Spherical mirrors provide both reflection and focusing power, whereas flat 

mirrors only redirect the beam- they 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 spectral resolution of spot size, line shape, and throughput. Flat 

mirrors only affect the beam direction, alignment, and do not contribute to resolution or 

focusing performance. Spherical mirrors are a compact way to collimate and focus but 

introduce aberrations with off-axis use, which occurs in our Czerny-turner spectrometer 

design, but are worth dealing with because flat mirrors cannot improve the image quality 

or resolution. The spherical mirror shape is essential to collect Raman spectral information 

at the level of detail that is required. Flat mirrors would be appropriate if our system size 

needs to be reduced to further condense and 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 correctly, the mirrors 

must have certain properties. To make 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 coating appropriate 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 focusing onto the 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. 

 

Table 15 Collimating Mirror Comparison 

 Thorlabs, CM750-

200-M01 

Torrent   Edmund Optics 

#37-242 

Thorlabs, 

CM508-050-

M01 

Reflectance  >94% >94% >94% >94% 

Focal Length -200 mm 101.6 mm 50.8 mm 50 mm 

Diameter  75 mm 1 inch 25 mm ½ inch 

Substrate N-BK7 N-BK7 NA N-BK7 

Type Concave Concave Off-axis parabolic Concave 

Coating Gold Gold Gold Gold 

Price $217.73 Borrowed $291.50 $137 

 

 

3.1.3.7. Grating Selection 

 
The diffraction gating is one of the most important components for defining the range and 

resolution of your Raman spectrometer. It is responsible for separating the Raman signal into its 

constituent wavelength components. This separation allows us to discern each Raman shift that 

corresponds to the vibrational mode, which is used for identification and detection of plastics. This 

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 diffraction. There are many different types 

of gratings, each with their own advantages and disadvantages, depending on the spectrometer 

design. The first type to be discussed is transmission gratings, a transparent substrate patterned with 

periodic grooves or slits. Diffraction occurs by phases of changes between the slits. Light enters on 

one side, and the light diffracts as it passes through the grating. They provide a compact optical 

path, and alignment can be simpler, and are useful for compact spectrometers, but they can lose 

light due to transmission through the substrate, which results in absorption and scattering. Another 

example is reflection gratings, where light reflects off the grating surface, and diffraction occurs 

due to path differences between the grooves. These grooves are finely spaced and etched or ruled 

onto a reflective substrate. The efficiency of a reflective grating is governed by the blaze angle, 

which is a design parameter that determines how efficient energy is directed into a particular angle, 

at a specific wavelength. It is the physical tilt of the grooves on a diffraction grating.  When the 

grating is operated near its blaze angle, the diffracted order at 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 density. Their disadvantages include their 

alignment complexity, as the incidence and diffraction angles need to be precisely controlled, and 

their efficiency drops sharply outside their blaze angle optimization range.  

 

Table 16 Grating Comparison 

 Newport GTI125-

03A 

Optimetrics 

G830R800GGAC 

Edmund Optics 

#55-261 

Edmund Optics 

#42-847 

Groove 

Density 

(grooves/mm) 

1200 grooves/mm 830 grooves/mm 1200 grooves/mm 1200 

grooves/mm 

Blaze 

Wavelength 

750 nm 800 nm  750 nm 750 mm 

Blaze Angle 26° 19.39° 26.73° 26.73° 

Wavelength 

Range 

700 ï 3000 nm 400 ï 2400 nm 700 ï 3000 nm 700 ï 3000 nm 

Efficiency 60 ï 80 % 60 ï 70% 50 ï  70 % 50 ï 70% 

Size 25 mm x 25 mm x 6 

mm 

 25 mm x 25 mm x 

9.5 mm 

 30mm x 30 mm x 

6 mm 

12.7 mm x 12.7 

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, we are planning 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. Overall, our final decision was between the Newport GT125-03A and the 

Optimetrics G830R800GGAC, as the Newport GT125-03A grating  provides the highest efficiency 

at the 750 nm blaze angle while also being a proper size and being a performance and cost-effective 

match for our project, while the Optimetrics provides a grating at a blaze angle that is closer to the 

wavelengths we will be dealing with, and a comparable efficiency, at a lower price. Because we 

have been lent the Optimetrics grating for this project, it is the most cost-effective choice, even as 
the groove density is lower, the spectrometer portion can still be designed to provide the high 

resolution needed to decipher individual peaks. 
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The grating equation governs the expected diffraction from a diffraction of grating. [Eq. 3._] M 

describes an integer value describing the order of diffraction, ɚ describes the lights wavelength, 

describing the incident angle of light, and B describes the diffracted angle of light leaving the 

grating. For example, our selected grating at an incident angle of 0 degrees, would  

 

Grating Equation ὲz ‗ ὨÓÉÎ— ίὭὲ—  (3.3) 

 

Light incidents on a grating is diffracted by this equation. M is the diffractive order, ɚ is 

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  

Diffraction Grating  Ὑ  
‗

Ў‗
ὲὙ 

(3.4) 

 

 

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 

source, delta ɚ is the spectral resolution, in wavenumbers, and ɚ is the Raman shifted 

wavelength.  

 

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

is the order of diffraction; N is the number of grooves illuminated by the source, ȹɚ describes the 

spectral resolution, in wavenumbers, and is the Raman shifted wavelength. The theoretical 

resolving power of our 800 lines/mm grating is about 800, and considering we illuminate our entire 

25 mm grating, the resolving power would be 20,000, describing our best-case optical limit. As the 

size of the grating increases, resolving power increases. Resolving power scales linear with the 

number of illuminated grooves, so a larger grating or a larger illuminated area can help with a 

higher resolution. The resolving power relationship to resolution can be described in Equation 

3.___.  So, in our best-case scenario, from 800 nm up to 1300 nm, sub-micron resolution is possible.  

 

Resolution and Resolving 

Power Relationship ɝ‗
‗

Ὑ
 

(3.5) 

 

 

3.1.3.8. Reflective Coatings Comparison 

 

Table 17 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 the spectrometry design, both the mirrors and the grating will be chosen to have a reflective 
coating. We chose gold coatings for our design because they typically have high reflectivity at 785 

nanometers, and excellent reflectivity in the NIR range, higher than aluminum and silver. This 

ensures that there will be strong laser delivery, efficient signal collection, and higher SNR in weak 
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Raman signals. The gold coating also produces Minimal stray light, in comparison to using a 

dielectric coating. This is crucial because Raman signals are easily overwhelmed by background 

noise. 

 

 

3.2. Electrical 
 

3.2.1. Detectors 
 

There are many different types of optical detectors. Depending on the physics used to 

obtain the optical signal, each type of detector has an optimal environment of use. 

Complimentary-metal-oxide-semiconductor (CMOS) are common options for imaging 

purposes. They are cheap, offer high performance in the visible spectrum, come in many 

prepackaged solutions, and some are robust enough for scientific applications.  

 

CCD detectors are a common choice in Raman spectroscopy applications. They have 

quantum 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 

intensity 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 necessary. A heatsink 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-

illuminated and back-illuminated sensors. Back-illuminated sensors are typically more 

sensitive and have lower noise than front-illuminated sensors. In these devices, the bulk 

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 wavelengths, like some of the Stokes-

scattered signals we want to detect, may pass through the active region. This light can then 

reflect off the insulator layer, creating an etalon-effect within the semiconductor layers 

themselves, creating noise and distortion in the output of the CCD. 

 

 

Table 18 Detector Comparison 

Detector  Source Wave-

length 

Range  

QE 

at 

lase

r   

QE at 

ȹ+200

nm  

Pro Con Cost 

CQD 

SWIR | 

ACUROS 

1920-

785  700-

1400  

50%  25% Has SDK  

 

USB Interface 

 

Very big 

 

Difficult 

interfacing 

Borrow 
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USB3-001 

(2.2 MP)  

Integrated Stage-1 

TEC for 15 C 

CCD|  

Hamamats

u S10141  

(2000 x 

500)  

785  200-

1100 

75% 20% High sensitivity in 

NIR 

 

Stage 1 Integrated 

TEC for ï14 C 

Would need to 

design and 

fabricate electron 

control, TEC 

control, signal 

amp. 

Borrow 

CMOS |  

Sony 

STARVIS 

IMX327  

(2 MP)  

785  VIS-

NIR 

70% 

relati

ve 

respo

nse  

12%  

relative 

respons

e 

Easier than CCD  

 

Not cooled, 

 

Typically has IR 

filter,  

$180 

CMOS |  

OSRAM 

OS05A20  

(5 MP)  

785  VIS-

NIR 

N/A  N/A  Easier than CCD  

 

Not cooled  $80 

CCD |  

Toshiba 

TCD1304D

G  

 

 

532  VIS 100% 

relati

ve 

10% 

relative 

respons

e 

More resilient to 

noise than 785  

Would need to 

design and 

implement... 

 

Not sensitive 

enough 

$13 

CMOS |  

BlackFly 

FLIR  

Sony 

IMX265  

(3.2 MP)  

532  VIS 68.5

%  

40%  Shown to work 

with OpenRaman 

project 

 

SDK 

 

CMOS are easier 

to interface with 

than CCDs 

Not cooled $1000 

New, 

$250 

used 

CMOS |  

Raspberry 

Pi Cam (8 

MP)  

532  VIS 95% 

relati

ve 

respo

nse 

40%  

relative 

respons

e 

Easier than CCD  

 

High resolution, 

could use binning 

to boost signal  

Not cooled 

 

Has IR filter 

$50 

 

 

We have decided on using a premade camera module. Ocean Optics is allowing us to 

borrow an ACUROS CQD SWIR camera. This is not a traditional CMOS sensor. The 

readout structure which converts the obtained optical signal into an electrical signal and 

transmits it to a processing unit is fabricated with CMOS technology, however the light 

absorbing layer utilizes thin film colloidal quantum dots (CQD) instead of fabricated 

semiconductor-crystal based pixels. Quantum dots are nanostructures in semiconductor 

material capable of absorbing and emitting photons of very specific energies. SWIR stands 

for ñshort-wave infraredò and occupies the 0.9-1.7 nm wavelength band. 
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Figure 20 ACUROS SWIR CQD 

 

 

Figure 21 Detector Quantum Efficiency Plot 

 

Figure 3. - ACUROS CQD 1920 USB3 SWIR Camera and 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 built in 1-stage TEC, low signal amplification circuit, noise 

filtration, outputs to USB-B, and has a software development kit (SDK). The camera can 

reach temperatures as low as 15 C, has a dynamic range of It also has an OEM power cable 

with a split for a BNC input for trigger control. 

 

This module interfaces with a USB-B and a Hirose 12-pin 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 USB-B 

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 µs 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 SDK and imaging software that allows for control of 

the TEC temperature, integration time, and access to individual pixel values. However, the 

imaging software is only compatible with the Windows operating system. If a Raspberry 

Pi or other ñmini-computerò with a Linux based operating system is used, a virtual machine 

must be run to use the OEM software. This can be circumvented with the of the SDK, 

which supports custom Linux GUIs and UART commands which allow for control of the 

camera module.  

 

Table 19 Processing Computer Comparison 

 Raspberry Pi 5 NVIDIA Jetson External PC 

Processor Broadcom BCM2712 

Arm Cortex-A76 
ARM Cortex-A57 

 

N/A 

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/HDD 

Operating 

Voltage 

5 V 5 V N/A 

Max 

Current  

5 A 2 A N/A 

Max Power 

Draw 

25 W 10 W N/A 

 

A Raspberry Pi 5 will communicate with the camera module and perform spectral analysis 

of the acquired data. The Raspberry Pi 5 is capable of hosting the Linux operating system, 

which the ACUROS SDK supports. This enables ECOspec to perform analysis of the 

obtained spectra without the need for an external computer.  Communication with an 

external computer would introduce work outside of the scope of the project including 

TCP/IP and SSH protocols.  

 

3.2.3. Safety and Status Control 
 

Table 20 MCU 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 Field-Programmable Gate Arrays (FPGA). MCUs are very cheap, low power, 

easily programmable, and general-purpose processors. The hardware configuration 

included in these chips are permanent, but the nature of the device allows it to be used in a 

wide variety of applications. FPGAs boast lower power consumption and higher achievable 

operation speeds. They also offer the ability to configure the hardware through hardware 

description languages (HDL), meaning the logic paths which data physically propagates 

through can be customized. This 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. Furthermore, FPGA configuration is a 

difficult and time-consuming task.  

 

Table 21 MCU Selection 

 ESP32 Teensy 4.1 STM32 

Max Clock 

Rate 

240 MHz 600 MHz 168 ï 250 MHz 

Dual Core Optional Optional Optional 

Flash Memory 4 MB 8 MB 16 ï 128 KB  

I/O Ports 36 40 40 

Operating 

Voltage 

3.3 V 3.3 V 3.3 V 

Max Current 

Draw 

1.3 A 500 mA 200 mA 

 

An MCU is best suited for control of the status and safety systems of ECOSPEC. While an 

FPGA may enable faster processing speeds, the design necessary to implement the system 

is unnecessarily difficult when compared to an MCU. With the ever-increasing prevalence 

of microelectronics, there is a wide selection to choose from. For the purposes of 

ECOSPEC, the MCU will not perform heavy calculations or experience strenuous loads. 

Thus, it does not need a high-performance processor. It simply needs enough bandwidth to 

monitor all systems of the device, control laser power, control the safety interlocks, and 

turn on LEDs.  

 

The MCU serves as a status monitoring system separate from the Raspberry Pi. This is 

done to ensure the reliability of the safety subsystems. In case the Pi experiences some 

failure during processing or communication 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 of the safety interlocks 

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 system exceeds a 

predetermined time limit, the laser will also immediately shut off. 

 

3.2.4. Safety Interlocks 
 

To comply with the safety regulations surrounding the use of a class 3B laser, the system 

enclosure must implement safety interlocks. This is to ensure that no harm is caused during 

operation of the device. There are many different types of safety interlocks, ranging from 

mechanical actuators to electromagnetic relays. Electromagnetic locks offer higher force 

output, non-contact applications, longer lifespans, and are more tamper proof. ECOSPEC 

is planned to be a smaller device where the use of 1000s of newtonôs of force would be 

redundant.  

 

Table 22 Safety Interlock Comparison 

 Banner SF-RA Honeywell 

22AC2 

Pheonix 2702973 Custom Lock 

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 125 V 24 V 5 V 

Cost $56.98 $28 $20.20 $12.99 

 

The Ocean Optics LASER-785-LAB-ADJ has a ñRemote Interlockò trigger input on the 

back panel with an RJ-11 connector. This ñRemote Interlockò input is designed as an open 

circuit. Without this input being occupied with an RJ-11 connector with a ñclosed loopò 

circuit, the laser will be forced into a ñstandbyò mode. This laser comes with a modified 

(shorted) RJ-11 connector to enable operation without an external input. 

 

The ñRemote Interlockò is a safety feature that automatically shuts down the laser when a 

trigger such as a door or an enclosure opening occurs... The 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 laser by toggling the Laser On switch on the front panel to the ON 

position.ò [Ocean Optics Laser manual] 

 

3.2.5. Cooling 
 

Table 23 Cooling Technology Comparison 

 TEC Coolant-Based Fans and Heatsink 

Feasible 

Cooling Area 

Selective Very selective Cools large volumes 

Complexity High Very high Low 
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Risk High Very high Low 

Cost Medium High Low 

 

Another of ECOspecôs software goals is thermal stability, primarily in the form of cooling 

systems for sensitive components within the test environment. The precision required to 

perform reliable Raman spectroscopy means that temperature control of both the sensor, 

laser, and environment is paramount. While the detector has an integrated stage-1 TEC 

capable of cooling the sensor to 15 C and the laser has a dedicated cooling system, the 

surrounding subsystems and ambient air must also not undergo considerable thermal shift. 

A simple ventilation system will be set in place to maintain air circulation and assist in 

lowering the equilibrium operating temperature. 

 

When the cooling system is active, several measurements will be taken to determine the 

resilience of the device to temperature fluctuations. If the system's accuracy is disturbed 

with simple air flow, larger consideration will be taken into the thermal isolation of the 

measurement systems. Calibration of any measurement should be taken with the fans 

active, after the device has reached an equilibrium temperature, for repeatability purposes. 

 

3.2.6. Laser Control 
 

The laser offers external control through two inputs: ñRemote Interlockò and BNC control. 

The ñRemote Interlockò input uses an RJ-11 plug and takes in a trigger input from a signal 

such as an opened door. The laser will not begin emission unless the RJ-11 port has a 

ñclosed-loopò connection. 

 

This laser supports an ñExternal Power Control Mode.ò [OceanOptics 785 manual] This 

external control is implemented through a ñRemote Interlockò RJ-11 plug interface and 

power control BNC interface.  

 

The laser driver circuit will control the power output of the Ocean Optics LASER-785-

LAB-ADJ. The BNC control takes in DC input of 0-1 V, and can modulate the laser from 

0% to 100% up to ~300 KHz. We 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 set to a 0 V point. 

 

Table 24 Digital Potentiometer Comparison 

 AD5220 AD5160 AD5231 TPL0501 X9C104 

Resolution 128 256 1024 256 32 

Supply Voltage 5.5 V 2.7 - 5.5 V 2.7-5.5 V 5 V 5 V 

Still 

manufactured 

No Yes Yes Yes Yes 

Comm Protocol    SPI N/A 

Cost $3.12 $4.15 $10.24 $4.58 $3.96 
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3.2.7. Display 
 

Table 25 Display Comparison 

Specs Geeekpi 10.1ò 

Touchscreen 

Waveshare 7ò LCD Raspberry Pi 

Official 7ò 

Touchscreen 

Screen Size 10.1 inches 7 inches 7 inches 

Resolution 1024 x 600 1024 x 600 800 x 480 

Touch Capability Capacitive 

Touchscreen 

Resistive 

Touchscreen 

Capacitive 

Touchscreen 

(10 finger) 

Interface HDMI HDMI DSI (Ribbon) 

View Angle 178 degrees 170 degrees 170 degrees 

Power Supply 5 V DC 5 V DC 5 V DC (GPIO) 

Raspberry Pi 

Compatible 

Yes Yes Yes 

Dimensions 9.25" W x 5.59" H 6.5" W x 4.5" 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 with the system 

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 and 10-finger 

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 7-inch 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 multi-touch features. Displaying detailed Raman spectral plots requires 

adequate screen real estate and pixel density to show fine peaks and variations in intensity. 

The 10.1-inch display provides approximately 40% more viewing area than a 7-inch 

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 10-finger capacitive touch on the official display is more advanced than needed for 

ECOspec's interface, which primarily requires simple single-touch interactions for menu 

navigation and button presses. The standard capacitive touch on the GeeekPi is more than 

sufficient for these tasks. The cost savings of approximately $20-30 compared 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 
 

Table 26 Voltage Regulating Technology Selection 

 Linear  Switching 

Efficiency Low High 

Heat generation High Low 

Power tolerance 

 

Lower Higher 

Output Noise Near noise-free Possible from switching frequency 

 

 

Multiple major components throughout the system require various levels of a stable voltage 

and current draw. The ESP32 requires a 3.3 V up to 1.3 A, the Raspberry Pi 5 requires 5 V 

up to 5 A, and the safety interlocks require 24 V. In order to generate stable sources of 

these specific voltage levels, the use of regulators must be employed. 

 

Linear regulators function largely through resistive means. They dissipate heat through a 

resistive component, ensuring a voltage output with minimized noise. Linear regulators 

would be best applied for components who need stable voltage supplies of lower voltage 

levels. A linear drop-out (LDO) regulator is commonly internally integrated in many 

MCUs such as the ESP32. An LDO would be the optimal source for the 1 V external BNC 

control of the laser. 

 

Switching regulators include more complex circuits, involving transistors, filters, and pulse 

width modulation (PWM) to adjust the output voltage. They boast much higher efficiency, 

higher output currents, lower operating temperature, and reduced EFI. For our applications 

and to prioritize thermal management, switching regulators are a better fit than linear 

regulators. Switching regulators will be used to generate the supply voltage for the 

controlling electronics.  

 

Table 27 1.0 V Buck Regulator Comparison 
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 AP7366-W5 TI LP5910-1.0 TI TPS78501 

Min/Max Input Voltage  2.2 - 6.0 V  3.3 V  6 V 

Output Voltage 0.8V - 5.0 V 1.0 V 1.2 V - 5.5 V 

Max Output Current  0.6 A 1 A 1 A 

 

Table 28 3.3 V Buck Regulator Comparison 

 AP63203 LM2679T-3.3 / ADJ LD1117V33 

Min/Max Input Voltage  3.8 V - 32 V 8 V - 42 V 3.3 V - 15 V 

Min/Max Input Current  4 A 8 A 800 mA 

Max Output Voltage 3.3 V 3.3 V 3.3 V 

Max Output Current  2A 7 A 800 mA 

Switching Frequency 1.1 MHz 260 kHz N/A (LDO) 

 

 

Table 29 5 V Buck Regulator Comparison 

 AP63205 LM2679T-5.0 / ADJ TPS54331 

Min/Max Input Voltage  3.8 V - 32 V 8 V - 42 V 3.5 V - 28 V 

Min/Max Input Current  4 A 8 A 4 A 

Max Output Voltage 5.2 V 5.0 V 25 V 

Max Output Current  2A 7 A 3 A 

Switching Frequency 1.1 MHz 260 kHz 570 kHz 

 

 

T 

 

The TI LM2679T-ADJ was selected as the buck converter for both the 3.3 V and the 5 V 

regulator boards. The output voltage of this regulator can be adjusted with a set of resistors 

on the òfeedbackò pins of the regulator. The specific variation of the regulator is in a 7-pin 

NDZ package. The regulator can output up to 5 A of current, which is required for the 

maximum 5 A draw of the Raspberry Pi. (However, without changes in the software, or a 

ñpower-deliveryò (PD) controller, the Pi will limit itself to a 3 A draw). A ñsoftstartò 

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. 

 

3.2.9. Power Supply 
 

The power supply must provide enough wattage to satisfy the voltage and current 

requirements of all components. Consideration of max draw of all components should be 

taken into account when determining the minimum wattage. 

 

Table 30 Power Draw Table 
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 Voltage Current  

ESP32 3.3 V 1.3 A 

Raspberry PI 5 V 5 A 

Safety Interlocks 12 V 30 mA 

Fans 5 V 500 mA 

Laser Control 1 V 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 components. A main 12 V 120 W PSU will be used to 

supply power to the whole system. High amperage draw is expected due to 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 voltage from the 

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. 

 

Table 31 DC Power Supply Comparison 

 SUPERNIGHT 

 360 W PSU 

ALITOVE  

240 W PSU 

ALITOVE  

120 W PSU 

ALITOVE  

180 W PSU 

Power 360 W 240 W 120 W 180 W 

Voltage 12 V 12 V 12 V 12 V 

Max 

Current  

30 A 20 A 10 A 15 A 

Recommend

ed Max 

Current  

26 A 18 A 8 A 10 A 

Type Switching Switching Switching Switching 

Connector Screw terminal Screw terminal Barrel jack Barrel Jack 

 

There will be three components which need 120 V AC wall power: the 12 V power supply, 

the ACUROS CQD SWIR camera module, and the 785 nm laser source. As the camera 

module and laser source are borrowed pieces of equipment, risk must be minimized when 

working with them. Creating custom power delivery schemes for these highly sensitive 

devices not only risks damaging them, but would also extend the scope of the project 

beyond its original intention. These three devices will have their power cords hidden and 

neatly plugged into an enclosed power extension strip. Only the cable of the power 

extension strip will exit the deviceôs 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 provides plenty of 

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 when developing any kind of system 

or application is programming language selection. This choice can drastically shift the 

overall design structure of the system, as every language has its differences in syntax, 

execution, memory management, standard library ecosystems, and more. When selecting 

the language for ECOSpec, many of the primary objectives for our software system we 

consider are the ease of implementation for large dataset processing, as well as low level 

control of system hardware. These goals allow us to focus on creating a system with a high 

degree of functionality when acquiring and analyzing Raman spectra, while also 

maintaining a robust control scheme of our underlying embedded system. With these goals 

in mind, we are able to consider languages such as Python, MATLAB, Rust, Java, and CC. 

 

One of the fastest-growing languages in modern system design is Python. This reason for 

this being is its simplicity in syntax, making rapid prototyping and development easier to 

access. More importantly, Python has an expansive ecosystem of libraries for multiple 

scientific and data-processing applications, such as NumPy and SciPy. These tools provide 

us with a simple way to perform complex transformation on our acquired Spectra, such as 

filtering, correction, peak detection, and similarity comparison, achieving core components 

of ECOSpecôs software pipeline. Python is also incredibly portable, being an interpreted 

language run on its own virtual machine, making it great for prototyping across multiple 

devices and architectures. Due to this overall ease of use when developing Python code, 

one primary tradeoff is speed of execution. Compared to other languages, especially lower-

level languages with more system-level control, Python can be orders of magnitude slower 

and therefore suboptimal for high-performance systems. This makes Python a strong 

choice for data-analysis but makes it difficult to justify 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 provide pre-established 

algorithms for data handling, many of which can be applicable in Raman spectra analysis. 

However, MATLAB is a proprietary language, with a heavy cost burden to obtain a license. 

Additionally, MATLAB is not built for use on embedded platforms, due to its lack of 

flexibility  and system-level functionality. 

 

In a similar vein to Python, Rust is a modern systems language with an emphasis placed 

on memory safety, without requiring the implementation of 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 compile-time guarantees against memory 

corruption, as well as a strong type system and borrow checker. At the current moment, 

Rust lacks much of the scientific library support that Python has, making it less flexible for 

large dataset operations and transformations. Additionally, its tooling for embedded 

applications is still in its infancy and therefore not ideal for applications of this scale. 
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Another option for our application to be considered is the implementation of Java. Similar 

to Python, Java is platform-agnostic, running on its own virtual machine (JVM), once again 

providing a portable, predictable runtime. Unlike Python, Java is strictly object-oriented, 

which promotes organization and modularity within the application; it can also impose 

restrictions on design flexibility. While Java does still have a large collection of standard 

libraries with integrated functionality, it lacks the quantity of the scientific and data-

analysis tools that Python provides. This would require a much higher code cost to perform 

the advanced transformations on spectra that ECOSpec requires. This alongside Javaôs 

much more rigid programming style makes it less optimal for our data-processing and 

system control requirements. 

 

Contrasting both Java and Python, C provides a much lower-level set of controls 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 pointers. Giving the developer access over 

these interactions allows C to excel in embedded applications, where interfacing multiple 

devices effectively is paramount. Additionally, 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 control. The cost of this much higher 

degree of control correlates to a much higher degree of complexity within the program 

itself, requiring the developer to perform manual management of 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 implementing high-level data 

processing on large datasets for spectral analysis. C gives low level control of hardware 

components with low overhead, making it suitable for our critical embedded control. Java, 

while offering some of the benefits from both C and Python, does not provide enough to 

fully align with the requirements of the system. Through these insights, we concluded that 

a mix of both Python and C would allow us to fully fulfill  all ECOSpecôs core 

specifications. 

 

Table 32 Compare Programming Languages 

 Python Java C MATLAB  Rust 

Execution 

Method 

Interpreted Interpreted/Compiled 

Hybrid 

Compiled Interpreted Compiled 

Performance Slow Moderate Fast Fast Fast 

Memory 

Managment  

Automatic Automatic Manual Automatic Manual 

 

 

3.3.2. Communication Protocol 
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When designing systems in the modern era, the ability to interface multiple subsystems 

together becomes 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 communication protocols, allowing devices to 

communicate with each other to transmit information. These are used due to their 

standardized nature, ensuring usability across numerous applications, from both off-the-

shelf and custom-made parts. 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 mind. These are Universal Asynchronous 

Receiver/Transmitter (UART), Serial Peripheral Interface (SPI), and Inter-Integrated 

Circuit (I2C). 

 

One of the simplest communication methods employed with embedded and integrated 

systems is the Universal Asynchronous Receiver/Transmitter (UART) method. This 

technique works between two devices, both with a transmit (Tx) and a receive (Rx) pin, 

enabling full-duplex communication. Data 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 chip. The asyncronicity of UART references the lack of a 

unifying clock signal between the chips, with the alternative used being a start and stop bit 

placed on either side of a data packet. To ensure that data is received as intended, and no 

bits are misunderstood or lost, UART requires an identical (with ~10% margin of error) 

baud rate to be configured on both chips. UART also comes with the additional ability to 

interface with a computer system using a USB-to-serial adapter. This approach provides a 

very simple way to enable chip to chip communication in a system, but this simplicity 

comes at a cost, that being that a misconfiguration of the baud rate can cause data to be 

unusable, and therefore hinder any major subsystems that rely on these lines of 

communication. Additionally, UART has a relatively low ceiling in terms of data transfer 

speeds. 

 

Beyond UART, another interface that can be used for communication between ICs is the 

serial peripheral interface (SPI). This protocol is most often used for communication 

between microcontrollers and peripheral ICs 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 SPI devices. It is also full-duplex 

and is able to be configured for rising or falling edge synchronization. Alongside the clock 

line, SPI interfaces require master-out slave-in (MOSI) and master-in slave-out (MISO) on 

the main node, and slave data-in and slave data-out (SDI/SDO) on each sub-node. Finally, 

SPI setups can require chip-select (CS) line for every sub-node, but this can be cut down 

to one when utilizing a daisy chain configuration, which connect the output of every sub-

node to the input of the following node, allowing less lines to be used overall. SPIôs overall 

design allows it to support much higher speed compared to UART, as well as supports 

multiple devices in the same SPI connected environment. These benefits come at a cost 

however, with SPI requiring a large number of pins as the number of devices increases, as 

well as requiring the components to be located close together to prevent signal loss or 

corruption. 
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The third protocol to consider is Inter-Integrated Circuit (I2C) communication. I2C 

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, I2C uses only 2 wires to handle its data transmission. Unlike UART however, one 

of these wires is entirely dedicated to the clock signal defined by the master, similar to SPI, 

making it a synchronous protocol. I2C transfers data serially through messages broken into 

data frames. These frames contain a start, followed by an address to select the correct sub-

node. The sub-node will then send an ACK/NACK bit. Assuming ACK is received, the 

data is then transferred in multiple frames, each followed by an ACK/NACK, until the stop 

bit is received. As mentioned earlier, I2C 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, I2C cannot reach data transfer rates as high as SPI, but 

still higher than UART, as well as has an 8-bit limit 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 USB-to-Serial adapter. This gives us access to high 

level control of lower-level systems through a uniform control center. Alongside UART, 

we can utilize I2C to enable easy communication between numerous peripherals, such as 

locks, detectors, and various other peripherals, while maintaining a lower hardware cost 

and simple implementations. 

 

Table 33 Communication Protocol Comparison 

 UART SPI I2C 

Maximum 

standard Speed 

115200 bps 16 Mbps 400 Kbps 

# 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, comparison. 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 accurate readings 

and cause the system to make wrong assumptions about the data. In the case of Raman 
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spectroscopy, one of the most common forms of noise is cosmic rays, which can appear as 

thin, random spikes. 

 

To remove these artifacts from the acquired spectra, there are numerous algorithms that 

can be implemented within the processing pipeline. One of these methods is to rely on the 

localized nature of cosmic ray interference. Since the spectral span of these artifacts is 

usually very small, it is possible to remove them utilizing interpolation, which is the 

process of estimating unknown data that falls between known points based on a constructed 

curve. The downsides of this approach is that you lose true data, in exchange 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 nature of cosmic ray interference. Since the 

chance of cosmic ray interference at the same wavelength across two spectral acquisitions 

is infinitesimally low, you can compare two different acquisitions of the same sample, and 

identify any major disparities between the two that would be indicative of cosmic ray 

interference (thin, tall, peak not matching the general shape of the spectra). The most 

obvious negative to this approach is the requirement of multiple readings 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 ideas that taking advantage of the nature of cosmic ray interference, this method 

being the usage of a median filter. A median filter works 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 the spectra. This algorithm allows 

us to remove spikes that are not a part of the sample, while maintaining the overall shape 

of the spectral reading, removing the possibility of creating artificial features. 

 

Table 34 Cosmic Ray Removal Method Comparison 

 Interpolation  Multi -Spectra 

Comparison 

Median Filtering  

# of required 

spectra 

1 2+ 1 

Time 

complexity 

O(N) O(MN) O(N) 

Space 

complexity 

O(N) O(MN) O(N) 

 

3.3.3.2. Fluorescence Removal 

 

Another common enemy in the realm of analysis of Raman spectra is the presence of 

fluorescence. Fluorescence is the phenomenon in which a material, upon being exposed to 

light such as a laser, absorbs and then emits light at a longer, lower-energy wavelength. In 

the context of Raman spectroscopy, this interference can appear as a sort of ñoffsetò within 

the spectra.[21] Fluorescence can cause the introduction of distortion or the burying of 
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Raman peaks, as well as causing a ñslopingò baseline to appear, making analysis 

inconsistent between samples. To 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 the method of derivative spectroscopy. This method can be implemented 

in numerous ways, but all follow the same principle. This technique focuses on utilizing 

the mathematical concept of derivation on a set of points to remove broad background 

features, such as those caused by fluorescence, while enhancing peaks. The consequences, 

however, include amplification of noise from the detection hardware, as well as distortion 

of some peaks, making intensity analysis unreliable, which could in turn make comparison 

and identification difficult. 

 

A second method that could be developed is wavelet filtering. Wavelet filtering takes the 

properties of wavelets, a short oscillating waveform with an average value of zero. The 

properties of these wavelets are used to perform a discrete wavelet transform to decompose 

the signal into approximation and detail coefficients [22]. The components representative 

of the fluorescence background can then be suppressed or removed entirely, and the spectra 

can be reconstructed using the remaining coefficients. This technique provides a much 

more adaptive fluorescence removal, not assuming a specific baseline shape that other 

methods might. Wavelet filtering is not perfect, however, as 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 of fluorescence. Baseline correction 

functions by utilizing one of many possible algorithms to fit the raw spectra, such as 

polynomial fitting, asymmetric least squares, and many others that achieve the same goal. 

These fitted models are then subtracted from the raw spectra values, both removing the 

fluorescence background, as well as enhancing the features defined by the Raman peaks. 

This method has much lower compute requirements but can scale quickly depending on 

the model used for fitting; however, bad parameter selection can cause over or under 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. 

 

Table 35 Fluorescence Removal Method Comparison 

 Derivative 

Spectroscopy 

Wavelet Filtering Baseline Correction 

# of required 

spectra 

1 1 1 

Time 

complexity 

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

Space 

complexity 

O(N) O(N) O(N) 
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3.3.3.3. Normalization 

 

Continuing with the goal of utilizing our preprocessing pipeline to create consistent, 

comparable spectra, we need to ensure that all the data is screened to remove any possible 

variations due to external factors, such as laser fluctuations, sample positioning, and 

detector sensitivity drift. Our primary tools against these environment-based fluctuations 

lie within our normalization step. There are many different methods of normalization 

available to utilize. We will discuss these options as we continue. 

 

One common method used in Raman spectroscopy to address normalization is the concept 

of Multiplicative Scatter Correction (MSC). MSC attempts to remove baseline shifts as 

well as scale differences between samples, by addressing both additive and multiplicative 

effects. When executed correctly, MSC gives a smoother and more physically consistent 

normalization effect on the spectra.  

 

Unfortunately, MSC cannot achieve this quality of results on its own. A pre-requisite to 

performing MSC normalization is the presence of reference spectra. These spectra are used 

to create the regression model 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 unfeasible for the application at hand. 

 

An option that does not require reference spectra is vector normalization (L2 

normalization). This method works by making the total magnitude of each spectrum equal, 

attempting to account for any global intensity differences. With this technique, the peak 

ratios are preserved across spectra, but the values become normalized across acquisitions, 

which accounts for many of the possible sources of variation mentioned previously. One 

benefit of this algorithm compared to MSC is the simplicity of implementation, making it 

easy to experiment and tune. On the other hand, vector normalization is unable to remove 

any baseline offsets, and it can also be very sensitive to noise when peaks are weak, which 

is impractical for Raman applications, as the signals received tend to be inherently weak, 

making this method suboptimal for our goal. 

 

The method we have selected to use -- Standard Normal Variate Normalization (SNV) 

combines the best parts of both vector normalization and MSC. SNV can remove both 

additive and multiplicative effects of a spectrum, like MSC, while only using data from the 

spectrum itself, not requiring any reference, akin to vector normalization. It does this by 

both subtracting the mean, recentering the data around zero, as well as dividing the standard 

deviation, bringing everything to a unit variance. This algorithm proves to be the best 

choice to meet our goal, allowing us to have simple to implement, yet easy to use and 

powerful processing tool available to ensure our data is in a form that is usable downstream. 

 

 

Table 36 Normalization Method Comparison 

 MSC L2 Normalization SNV 
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# of required 

spectra 

2+ 1 1 

Time 

complexity 

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

Space 

complexity 

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

 
 

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 skew the downstream 

analysis of the acquired spectra. To achieve this, there are multiple methods we could 

employ, including mean centering, autoscaling, and min-max scaling.  

 

The first of the methods mentioned, mean centering, is commonly employed before 

multivariate analysis. Mean centering works by computing the mean intensity across 

multiple spectra and subtracts this mean from every wavenumberôs intensity value. This 

technique has a very simple implementation, that emphasizes variation while preserving 

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 for scaling Raman processing is autoscaling. This 

method functions as an extension of mean centering, after subtracting the mean from all 

intensity values such as in mean centering but continues by dividing the standard deviation 

from each wavenumberôs corresponding intensity. This ensures that all peaks equally 

contribute to overall analysis. The downsides of this approach include a higher sensitivity 

to noise, as well as maintaining the multiple spectra requirements. 

 

The third and our selected method for scaling is min-max scaling. This method rescales the 

data to a fixed range, which in our case is 0 to 1. This maintains the shape of the data but 

adjusts the scale for easier analysis. This method is still sensitive to outliers, but as we have 

placed this step far downstream our processing pipeline, we can expect that any pertinent 

outliers are already addressed. Additionally, min-max scaling does not require multiple 

spectra, allowing us to minimize the amount of time needed to be spent on data acquisition,  

 

Table 37 Scaling Method Comparison 

 Mean Centering Autoscaling Min -Max Scaling 

# of required 

spectra 

2+ 2+ 1 

Time complexity O(N) O(N) 

 

O(N) 

 

Space complexity O(N) 

 

O(N) 

 

O(N) 
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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 corresponding to the materials 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 the library. There are three 

primary methods used to achieve this: Euclidian distance, Cross-correlation, 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 wavenumber between our acquired spectrum, and the reference spectra. The L2 norm 

of these values is then found to find a since distance value, representing the amount of 

dissimilarity between the two spectra. This method can be implemented quite simply, with 

only 1-2 lines of code with library assistance. This simplicity comes with a cost, however, 

as Euclidian distance can be very sensitive to any irregularities within the data not caught 

during preprocessing. 

 

A comparison method that could be utilized to compare spectra is cross-correlation. This 

technique works by ñslidingò one spectrum across the other along the wavenumber axis. 

Cross-correlation will produce a value representing the similarity of the spectra. This 

method is able to compare two spectra, regardless of any inconsistencies in 

wavenumber/intensity pairs, assuming the shape of the spectrum is the same. Compared to 

Euclidian distance, however, this method is much harder to implement, and can be 

computationally intense, which makes the system less responsive when comparisons are 

implemented on mobile hardware such as microcomputers or microcontrollers. 

 

The method 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 value, and the 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 data is the best 

position for comparison.  

Finally, the dot product is taken to generate a value, r, representative of the correlation 

between the two spectra. This method is optimal as it is almost entirely focused on the 

shape of the spectra, making it incredibly reliable 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. 

 

Table 38 Spectral Comparison Method Comparison 

 Euclidian Distance Cross-Correlation  Pearson Similarity 

# of required 

spectra 

2 2 2 
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Time 

complexity 

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

Space 

complexity 

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

 

4. Standards and Design Constraints 
 

4.1. Industrial standards 
 

4.1.1. IEC 60825-1 

ECOspec, our Raman spectroscopyïbased 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 and skin. To 

address these hazards, the International Electrotechnical Commission (IEC) developed IEC 

60825-1: Safety of Laser Products. This standard defines classification systems, labeling 

requirements, and safety measures to protect users and ensure compliance when devices 

are deployed in labs, industries, and potentially field environments. By aligning ECOspec 

with IEC 60825-1, the project not only safeguards operators but also strengthens its 

credibility for research and commercial adoption. 

This standard uses a risk-based classification framework, this means that instead of each 

laser being treated equally as dangerous, the standard classifies them based on a couple of 

factors. These factors include output power, wavelength, exposure duration, and other 

potential hazards. These classes range from Class 1, which is practically safe under normal 

operations, to Class 4, which is extremely hazardous, capable of causing severe permanent 

damage to eyes and skin. ECOspecôs laser would fall under Class 3B because of its output 

power at 150 mW and 785 nm wavelength. This category includes lasers where direct 

exposure or reflections from the beam could cause permanent eye damage and potentially 

burn skin tissue.  

The classification under IEC 60825-1 does 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, this 

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 the cuvette chamber 

visually. IEC 60825-1 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 cannot be activated 

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 level and are an 
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important part of risk communication. ECOspecôs design also goes a step further by 

integrating a key-lock mechanism and an emergency stop button, which comply with IEC 

recommendations for disabling high-powered lasers when not in active use. 

By following IEC 60825-1, 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 laser-based system that does not 

comply with international safety standards. Demonstrating adherence to IEC 60825-1 

provides confidence that the device is safe, reliable, and suitable for integration into real-

world applications. It also lays the groundwork for regulatory certifications such as FDA 

laser product compliance in the United States, which recognizes IEC 60825-1 as the 

baseline safety framework. 

In practice, the standard enhances more than just safety. It also improves ECOspecôs 

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. Portable or residential 

systems must be inherently safe to gain public trust, and building the project around IEC 

60825-1 ensures that these considerations are embedded in the engineering process. 

Ultimately, IEC 60825-1 is more than a regulatory hurdle; it is a guiding principle for 

ECOspecôs design philosophy. The laser source is the heart of Raman spectroscopy, but it 

is also the primary source of risk. By implementing enclosures, interlocks, labeling, and 

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

but also demonstrates scientific and professional responsibility. Compliance with IEC 

60825-1 transforms the project from a functional prototype into a credible, trustworthy 

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

4.1.2. IEC 61010-1 

IEC 61010-1, ñSafety Requirements for Electrical Equipment for Measurement, Control, 

and Laboratory Use,ò is one of the most significant hardware-related standards relevant to 

the ECOspec project. While IEC 60825-1 establishes safety requirements for the optical 

and laser components, IEC 61010-1 addresses 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. These include 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 61010-1 ensures that these components operate safely together and that 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 single-fault conditions. ECOspec falls precisely within this category; it is an 

electrically powered measurement device intended for research and laboratory 

environments. The principles of IEC 61010-1 guide every part of its hardware design from 

component selection to grounding, insulation, and enclosure construction. The standard 
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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 logic-level control. Even though these voltages are 

considered low, the available current is high enough to cause component overheating or 

fire if short circuits occur. IEC 61010-1 requires that all conductive parts accessible to the 

user be either fully insulated or connected to protective earth. To meet 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 and clearance distances in accordance with 

pollution degree 2 requirements, which apply to indoor laboratory environments. This 

means maintaining at least 2.5 mm spacing between high-current traces and sensitive signal 

paths, reducing the likelihood of arcing or unintentional coupling. 

The enclosure design also reflects the intent of IEC 61010-1. The 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 shapes both the 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 powder-coated panels 

that serve as an additional insulation barrier. The enclosure materials are chosen for their 

flame-retardant properties. Specifically, UL94-V0 rated polymers for internal brackets and 

cable mounts, to satisfy the standard fire protection clause. All wiring harnesses are secured 

with heat-resistant insulation sleeves and rated beyond their maximum expected operating 

temperatures. 

Thermal control is a particularly important aspect of ECOspecôs compliance. The 

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 significant waste 

heat on the hot side of the module. IEC 61010-1 requires that instruments prevent injury 

due to contact with high-temperature components, and that internal temperatures remain 

below the ignition point of any surrounding material. The ECOspec design addresses 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 integrated in series with the TEC to 

provide a secondary fail-safe 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 from the rear panel, in 

accordance with the standard requirement that protective devices be user-serviceable 

without exposing live circuits. Each power rail is individually fused or current-limited 

through voltage regulator protection circuitry. For communication between the low-voltage 

microcontrollers and higher-power 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 61010-1 electrical 

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 

levels must be clearly marked with the appropriate caution symbols. ECOspecôs internal 

PCBs include silk-screened 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 the standard risk 

communication requirements, ensuring that users are fully informed of any potential hazard 

before operating the device. The key-lock switch and emergency-stop button further 

reinforce operator safety by providing a mechanical means to isolate the system from 

power immediately. 

From a systems engineering perspective, designing IEC 61010-1 encourages a more 

disciplined and testable hardware structure. Each subsystem (power, control, cooling, and 

optics) can be independently verified against measurable criteria. For example, the standard 

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 verified through these 

tests during prototype validation. Ground continuity and insulation resistance will also be 

measured to confirm that no conductive path exists between user-accessible parts and high 

voltage nodes. These verification steps, while adding development effort, directly improve 

the robustness and longevity of the instrument. 

The broader benefit of aligning ECOspec with IEC 61010-1 extends beyond the laboratory 

prototype. Future iterations of the system intended for commercial or institutional use will 

need formal certification to enter the market. IEC 61010-1 forms the baseline for national 

equivalents such as UL 61010-1 in the United States and EN 61010-1 in the European 

Union. Designing these standards in mind from the beginning greatly simplifies later 

certification and ensures compatibility with institutional safety protocols. Environmental 

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 more credible and market 

ready. 

Perhaps the most meaningful outcome of incorporating IEC 61010-1 into ECOspecôs 

design philosophy is that it embeds safety as an engineering parameter rather than an 

afterthought. The same considerations that protect the user's electrical isolation, controlled 

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 consistency. 

Compliance with IEC 61010-1, therefore, aligns perfectly with the projectôs scientific 

goals: producing accurate, repeatable, and trustworthy Raman spectra of microplastics in 

water samples. 
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In conclusion, IEC 61010-1 provides the structural framework that ensures ECOspec is not 

just functional but professionally engineered for safe operation in real-world environments. 

It complements the optical safety established by IEC 60825-1 by governing all 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 dependable device. As ECOspec 

continues toward a deployable prototype, adherence to IEC 61010-1 establishes 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 heat-generating components inside a small, 

enclosed housing, maintaining stable and safe operating temperatures is not optional but 

essential to the deviceôs function. The spectrometerôs accuracy, the laserôs lifetime, and the 

CCDôs signal integrity all depend on precise temperature control. This single constraint 

influences the electrical design, mechanical structure, and even the software logic that 

regulates power and cooling cycles. 

The challenge begins with the basic heat balance of the device. The 785 nm laser operates 

up to 350 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 TEC are operating 

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 temperature-sensitive components. 

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 background, this 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 to 20ï25°C. This is achieved through a 

thermoelectric cooler mounted directly beneath the CCD sensor, which transfers 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 module can be 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 pulse-width modulation signal that adjusts their speed based on real-time 

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. This feedback loop 

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. Fan-induced vibrations can affect the optical alignment of the spectrometer, 

especially since the mirrors and diffraction grating are mounted on lightweight holders. To 

mitigate this, ECOspec uses rubber isolation mounts for both the fans and the TEC 

assembly. These dampers absorb micro-vibrations before they can be transmitted to the 

optical bench. The tradeoff is that vibration isolation slightly reduces heat 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 isolated subsystem, but an 

integrated constraint that touches nearly every part of the design. 

In addition to component-level 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 interfering with 

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 hot air from 

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 in managing this constraint. The deviceôs firmware 

continuously monitors internal temperature and can initiate staged responses as thresholds 

are crossed. At moderate temperatures, fan speeds are increased. At higher temperatures, 

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 damage, they can distort data, 

reduce detector sensitivity, and invalidate calibration. Implementing a temperature-based 

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 stainless-steel frames, which have high thermal 

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 compounds used to secure 

optical elements are chosen based on their rated performance over the expected 



   

 

 66 

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 61010-1, which governs electrical and mechanical 

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 temperature sensor 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 12 V supply, which 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 inline current 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 field-deployable version of the system, for instance, would need to operate in 

outdoor environments where ambient temperatures can vary from near freezing to over 

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. Power-efficient components would become a necessity rather than an advantage. 

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 extends to the 

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 its components. 

Balancing performance, safety, and compactness within these thermal limits has required 

careful trade-offs and iterative testing; however, these trade-offs 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, and the collection of 

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 
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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 CzernyïTurner spectrometer configuration, 

where the slit, collimating mirror, diffraction grating, focusing mirror, and detector must 

remain fixed within strict mechanical tolerances. The alignment between these components 

directly determines the instrumentôs spectral resolution. Any angular shift or positional 

drift can distort the light path and reduce the precision of wavelength calibration. To 

minimize this risk, all optical components are mounted to a rigid aluminum baseplate that 

serves as a mechanical reference frame for the spectrometer. Aluminum was chosen for its 

strength-to-weight ratio and machining ease, but its relatively high thermal expansion 

coefficient presents a challenge. To offset this, the team selected 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 low-outgassing epoxy and thread-locking compounds to resist 

vibration and long-term mechanical creep. 

Vibration is another major source of optical instability. The Raman signals that 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 thermoelectric cooler 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 sections using elastomer dampers that 

absorb low-frequency vibration. The baseplate is suspended on vibration-dampening 

standoffs that separate it from the chassis and reduce coupling between moving parts. This 

arrangement ensures that heat-producing and mechanically active 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 nanometers, even small 

dimensional shifts can have measurable effects on results. The internal layout of ECOspec 

addresses this by physically separating heat-generating elements, such as the laser driver 

and thermoelectric cooler, from the optical path. Passive thermal insulation around 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 could affect optical 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 with light-absorbing 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 while allowing 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 material with its 

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 minimizes the need for manual 

adjustments. For research or field deployments, this feature also provides a record of 

mechanical stability over time, allowing the team to assess long-term durability. 

Overall, mechanical stability and optical alignment represent a fundamental design 

constraint that influences nearly every engineering decision in ECOspec. The systemôs 

ability to deliver accurate, repeatable Raman spectra depends on maintaining a precise and 

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 both in laboratory 

environments and in future portable or field-deployable 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. This inherently makes a Raman signal 8 orders of magnitude weaker 

than the exciting source. The signal strength of detected Raman scattering is often in the 

nano or picowatt regime. Furthermore, the broadband fluorescence spectrum often 

generated by short wavelength interactions tends to overpower the Raman signal. The 

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 Raman signal is a difficult task. The Raman scattering profile is 

nondirectional. It follows a scattering profile similar to Rayleigh scattering, with possible 

reflection directions in almost every angle. For example, the 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 than longer 

wavelengths, like red light. The scattered blue light appears to go in every direction, 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 incidence. Bringing 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 detector. That 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 very popular tools for Raman spectroscopy. They allow 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 

based systems. 

 

4.2.4. Safety Control Circuit 
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With the use of an enclosed class 3B 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. The circuit controlling the safety interlocks will ideally operate 

independently of the main processing unit. This is done to minimize failure points in the 

safety subsystem of ECOSPEC. A dedicated MCU will operate the safety interlocks, power 

output of the laser, and 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 be closed, and the safety interlocks must be engaged. If the doors 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 shall also 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 implemented. It is crucial that an enclosed class 3B laser system utilizes safety interlocks 

during operation. 

 

4.2.5. Detector Cooling 
 

Raman spectroscopic measurements are very sensitive to thermal fluctuations. A certain 

operating temperature is required to obtain a high enough signal-to-noise ratio (SNR) from 

any detector. Ideally, the detector will operate at temperatures of sub 20 °C, but it appears 

that practical applications involve temperatures as low as -20 °C. 

 

Creating a control system to maintain the detectorôs temperature level is not easy. 

Typically, a thermoelectric cooler (TEC) is used for sensor temperature control. They often 

come in 1-stage or 2-stage configurations, with the latter achieving temperatures as low as 

ï 25 C. In many scenarios, including Raman spectroscopy,  1-stage 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 noise level within the sensors 

itself. This is especially true with IR excitation wavelengths. As the wavelength shortens, 

the quantum efficiency for most sensors begins to quickly drop off. This 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 Raman signal detection will require much consideration in 

isolation, noise reduction, signal integrity, and component placement. Due to the nature of 

the weak Raman signal, and a low quantum efficiency of the detected wavelengths of light, 

nano or picoamp signals will be output from any detector used for this application. The 

complexity required to 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. High-precision optical sensors and spectrometer modules often exceed cost 

targets, so components are chosen based on acceptable performance-to-price ratios rather 

than maximum specifications. To manage expenses, open-source software and university 

resources, such as 3D printing and in-house machining, are utilized whenever possible, 

thereby reducing reliance on commercial services. Effective cost planning ensures that the 

system remains both functional and financially feasible, allowing design goals to be 

achieved within the projectôs limited funding. 

  

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 documentation 

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 the selection 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 

environmental contaminants would undermine the project's core mission. Several 

sustainability principles guide design choices 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 CCD module can 

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 selected for high efficiency, 

reducing energy consumption during operation, and minimizing heat waste that would 

otherwise require additional cooling. 

The long-term 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 remediation 

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 to be open source in 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 political issue, 

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 enforcement and 

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 allowing customizable 

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 must 

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 measurements can be 

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 invisible threat of 

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. All testing protocols 

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 affordable, user-friendly, 
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and maintainable helps ensure that the technology can reach underserved populations. The 

decision to use open-source software components and publish design documentation 

reflects a commitment to democratizing access to environmental testing capabilities. 

Future iterations may explore low-cost 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 but as a tool for 

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 field-deployment scenarios. 

Chemical and biological safety are paramount when working with environmental water 

samples. Microplastic contamination often co-occurs pathogenic bacteria, toxic chemicals, 

and other hazardous substances. The handling system is designed to minimize user contact 

with samples through enclosed loading 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 laboratory disinfectants. 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 interface is designed 

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 design choices collectively 

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 designed-in 

serviceability. High-voltage 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, ECOspec's design 

reduces the risk of improvised repairs that could compromise safety. 

4.3.5. Scalability 

Scalability is a long-term design constraint for ECOspec because the prototype is intended 

to demonstrate a technology that could later be adopted in large-scale environmental 

monitoring programs. The current system is optimized for laboratory use, but future 

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 upgraded to higher 

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 

acceptable 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 temperature 

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, database integration, and 

efficient spectral comparison for possibly thousands of samples. Data collected from many 

devices could contribute to real-time pollution mapping, which would greatly increase the 

environmental value of the system. By planning scalability from the 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 model-based 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 and 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 design environment, 

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 for in-depth discussion and refinement 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, meaning that 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 on static datasets. 

This can be advantageous in situations that require up-to-date product comparisons or 

references to current standards. In an engineering design project, such a capability could 

assist in identifying recently released sensors, lasers, or materials. However, 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 accesses. It also tends 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 accompanies formal 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 essential. While its attention 

to logical consistency makes it well-suited for academic writing, its capacity for technical 

specificity is limited. Claudeôs conservative approach to language generation results in 

fewer factual inaccuracies, but also less detailed or quantitative explanations. In this sense, 

it serves as a stable editorial assistant and planning tool, though it lacks the precision 

required for component-level 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 real-time code suggestions. For software-heavy senior design projects, 

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 code completion 
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and cannot guarantee logical accuracy or adherence to system requirements. In cases 

involving safety interlocks, real-time 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 technical language into 

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, noise filtering, 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 tone, structure, and clarity is 

challenging. AI-assisted 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 professional presentation 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 datasheets, and design 

manuals. AI 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 coordinated, 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 validation. 

Despite these benefits, the limitations of language-model 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 not connected 

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 expert verification, such errors 

can propagate into design documents or experimental procedures. In an educational setting, 

this risk is especially relevant, as students may overestimate the authority of AI-generated 

text. Recognizing that these platforms operate on 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 of sources is 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. 

Geminiôs partial use of live web results addresses this issue only marginally, as it may still 
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rely on secondary or non-peer-reviewed sources. Users must approach AI-generated 

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 can exceed their 

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 can become time-

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 analytical, communication, 

and problem-solving skills required by professional engineers. Overreliance on AI-

generated explanations or writing can undermine these objectives by substituting genuine 

comprehension with automated synthesis. The proper educational role of these 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 educational value of the design 

process. 

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

by AI models does not originate from human authors and may incorporate fragments of 

existing text or code. In academic settings, unacknowledged AI use could blur the boundary 

between original authorship and automated assistance. To preserve transparency, students 

and researchers are encouraged to document the extent of AI involvement in their work, 

specifying when it was used for editing, summarization, or idea generation. Maintaining 

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 general-purpose system, providing 

detailed, well-structured explanations suitable for technical writing and report 

development. 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 power of ChatGPT. 

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 verified engineering 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 

documentation, 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 shape future 

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, ensuring that 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 
 

 
Figure 22 Probe Optics Diagram 

Table 39 Probe Optics Part List 

 Application  

Laser Ocean Optics LASER-785-ADJ-S 

Fiber Ocean Optics SMA-coupled Single-mode Fiber 

Collimating Tip  Ocean Optics  
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Mirrors  Thorlabs BB-EO3 

ND Filter  Thorlabs NE05 ND Filter 

Iris  Newport 

Lenses Thorlabs AC050-008-B and AC254-045-B  

Dichroic Mirror  Thorlabs DMLP805 

Microscope Objective Nikon CF160 TU Plan Epi ELWD 

Quartz Cuvette (Sample) Ocean Optics 

 

 

 

 
Figure 23 Optical Power Attenuation Calculations 

 

The excitation laser is adjustable up to 350 mW. It is unlikely the maximum power output 

will be necessary to generate Raman scattering, however it must be powerful enough to 

transmit through all the clean-up and filtering optics. A 2 mm iris will produce a cleaner 

spot to illuminate the sample, but will cause a noticeable drop in power due to the 

decrease in transmit beam area. The beam expander and microscope objective system 

innately has some losses due to absorption and Fresnel reflections.  
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Figure 24 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 chromatic aberration, increasing the experimental minimum spot size and complicating 

the collection optics. The chosen lenses are Thorlabsô AB coated to minimize reflections 

at 785 nm. 

 

 
Figure 25 Spot Size and Sample Illumination Calculations 

 

The microscope objective generates the point of highest intensity. The smaller the spot 

size that is obtained, the higher the intensity, leading to a stronger Raman signal 

generated from a smaller sample size. This gives us stronger confidence that a certain 

plasticôs spectra has been identified in the sample under test.  
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6.1.2. Collection Optics 
 

 
Figure 26 Collection Optics Diagram 

Table 40 Collection Optics Part List 

 Application  

Notch Filter  Semrock, LPD02-785RU-25 785 nm RazorEdge Dichroic  

Long Pass Filter Thorlabs, FELH080 

Achromatic doublet Thorlabs, F 30 mm, AC254-030-B-ML 

Slit Thorlabs, S40K 

Collimating Mirror  Torrent, F 101.6 mm 

Diffraction Grating  Optometrics, 800 nm blaze, 830 g/mm 

Focusing Mirror  Thorlabs F 101.6 mm 

 

6.1.2.1. Spectrometer Design  

 

This section will be a discussion on the optical hardware components and design that was 

implemented into the spectrometer portion of ECOSpec. A Czerny-turner spectrometer 

configuration was selected, consisting of a slit, a collimating spherical concave mirror with 

a 101.6 mm focal length, a planar reflective-ruled diffraction grating with a groove density 

of 800 grooves/mm, and a focusing spherical concave mirror 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 after aberrations. After filtering, the Raman signal is focused into a pinhole 

aperture, and then onto a rectangular entrance slit with an achromatic NIR doublet, which 

enables high coupling efficiently into the spectrometer. For initial spectrometer alignment, 

a variable slit was used that could change width with rotations of the handle. This choice 

was made because during alignment, it is important to maximize the signal through the unit 

during initial alignment before lowering the power incident on the detector by decreasing 

the slit width or increasing the resolution. The advantage of the variable slit is that both a 

smaller and larger slit size is possible with minimal hardware or re-alignment needed when 

adjusting the size. The circular aperture before the slit is in place to improve light 

throughput and reduce polarization artifacts and reduce the height of the slit being 

illuminated qw22̀if need be. 

 

6.1.2.2. Spectral Range 

 

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 data. Because we are interested in Raman shift, and not 

absolute wavelength, we must calculate what wavelength range the desired shift translates 

to. With a set goal of Raman shift detection from 0 to 3000 wavenumbers, we need a 

wavelength range of approximately 785 to 1050 nanometers, a wavelength width of about 

270 nm, with a central wavelength of 910 nm. This set range of 0 to approximately 3000 

wavenumbers is a result of the Raman spectra databases of polystyrene, nylon, and 

polyethylene terephthalate, and where their fingerprint peaks typically occur for detection 

and identification purposes. Our group plans to detect up to 3000 wavenumbers to not miss 

parts of the Raman spectrum that could be highly useful for detection and identification of 

microplastics, such as O-N and C-H stretches that can be found around 2800 nm. There is 

a known tradeoff between resolution and range of the spectrometry, as a wide spectral 

range can reduce your spectral resolution since the detector size does not change, so the 

design has to be carefully done to balance these two parameters. 

 
Spectral Range 
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Equation 6.1_ was utilized to convert the total 3200 wavenumbers dispersion to a 

wavelength range, spanning approximately 785 to 1050 nm.  

 
 

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 systems containing an objective typically come in 2 variations, finite and 

infinite. The finite-conjugate was developed first, and contains just an objective, and the 

intermediate image plane occurs at the focus of the objective, and 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 spherical aberrations that degrade the image quality when additional 

elements, such as filters, are added. After the sample is illuminated, the laser light needs to 

be filtered out, but aberrations would decrease the quality and resolution of the final signal. 

That is why our group decided on an infinite-conjugate microscope system, which includes 

a microscope objective and a tube lens. The 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 

modularity to the system that the traditional finite-conjugate system does not, and the filters 

and dichroic mirror can now be added without affecting the focus and provides consistent 

magnification. Although it is more complex and can be more expensive, the inclusion of 

the filters without the additional aberrations is worth the complexity of working with an 

infinity -corrected system.  

 

The fundamental diffraction limit of a microscope can be described by Equation 6.2, 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 lens, which is described below. 

When light passes through the microscopeôs aperture, it diffracts and spreads out, which 

causes the single point source to be imaged as a diffraction pattern- a central bright spot 

called the Airy disk surrounded by fainter rings. Two points can only be distinguished if 

their Airy disks are significantly 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 
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(6.2) 

 

 

To maintain a high resolution through our system, we need to take the diffraction limit of 

our microscope objective into consideration. Additionally, this image size also provides 

insight into the size of the slit.  

  

6.1.2.4. Spectrometer Design ï Slit Size 

 

For choosing the slit size of your spectrometer, you want to optimize the signal into the 

spectrometer, so matching the image 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 exists, and has to be mitigated carefully, as Raman signal is already 
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low. I am starting with a slit width that matches or is slightly larger than expected image 

size at the slit to maximize signal collection, and plan to reduce it to increase the resolution 

later on in the design process. Referring to Equation 6.3, using a 20x microscope objective 

with a Ὀ  = 2 m, our expected image size, assuming perfect conditions since this is just 

to get an idea of what the slit size should be, is approximately 40 ‘ά , which describes 

why a slit size of 30 ï 50 ‘ά would be efficent for our spectrometer design.  

 
Image Size at Intermediate Plane ὍάὥὫὩװίὭᾀὩװ ẗὈװὓװ  6.3) 

 

 

Due to our system being free space, the coupling efficiency into our spectrometer can be 

calculated using the slit width, height, and spectrometer's numerical aperture, equation 6.3, 

which can be calculated using theta, the input angle of light into the spectrometerôs entrance 

slit. With our design, the focal length of the tube lens is expected to be 180 mm, so a theta 

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

 

Spectrometer's Numerical Aperture  ὔὃװ  (ὲẗÓÉÎ— 6.3װ

6.1.2.5. Spectrometer Design ï Optical 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 resolution, resulting in less 

aberration, but then less power is captured by the spectrometer, as seen by equation 6.4. 

The amount of optical power reaching the detector is fundamental for understanding how 

your system works, and what range of signals you will be able to detect. Parameters such 

as signal-to-noise ratio (SNR), dynamic range, usable spectral resolution, 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 deliver high-resolution 

spectra if the signal is buried in shot noise. Particularly concerning our application of 

Raman spectroscopy, we have to take into consideration that low power directly increases 

the minimum detectable signal and raises the noise floor. Dynamic range describes how 

the detector must be able to distinguish strong features from 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 collapses. Our spectrometer 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 floor. The resolution of our system also depends on power. High resolution requires 

a high signal-to-noise ratio. When the system resolves finer spectral features, the energy is 

spread over more detector pixels. Higher dispersion leads to narrow linewidth per pixel; 

longer focal length results in a larger image size, and smaller slit widths result in less 

collected light. High resolution is fundamentally power-limited, and without sufficient 

optical power, the lines appear broad, thermal drift can occur, so peak positions can shift, 

spectral fitting is unstable, and integration times must increase to compensate.  
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Spectrometer Captured Power  ὖװ Ὤẗύẗὔὃװ  6.4) 

 

With our design, a best-case scenario captured power would be approximately 32.4 ‘ὡ .  
 

 

 
Figure 27 Dimensions for optical power calculation. 

 left describes our design. Figure taken from Isben Photonics, Coupling into your 

Spectrometer. https://ibsen.com/wp-content/uploads/ebook/spectrometer-

resources/Coupling-into-your-spectrometer-1-B.pdf 

 

 
Figure 28 Czerny-Turner spectrometer input constraints. 

 

6.1.2.6. Spectrometer Design ï Angle of Incidence and Diffraction  
 

Designing a Czerny-Turner spectrometer begins with establishing 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 center wavelength, the detector width, the target spectral coverage allows us 

to determine the angle of incidence onto the diffraction grating, the corresponding 

diffraction angle, and the necessary optical geometry for both the collimating and focusing 

mirrors.  
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For our design, the minimum and maximum detectable wavelengths were defined earlier. 

We know that 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 nm. Our goal resolution is 

approximately 2 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 

Czerny-turner spectrometer design starts with a deflection angle of approximately 30 

degrees, and our detector width is 28.8 mm.  

 
 

Angle of Incidence on 

Diffraction Grating   ‌ ÓÉÎ
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6.5) 

 

 

 

The angle of incidence is calculated directly from the grating equation under symmetric 

Czerny-turner 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 geometry, our angle of incidence is calculated to be 

approximately 27.14 degrees. This 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  ‍ ‰ ‌  6.6) 

 

Once the incidence angle is determined, the diffraction angle follows directly by adding 

the system deflection angle with the angle of incidence. For our geometry, this results in a 

diffraction angle of 57.14 degrees. This diffraction angle establishes the direction in which the 

central wavelength exits 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 dictates the linear dispersion across the detector. 

 

Focal Length of Focusing Mirror  
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6.7) 

 

The focal length of the focusing mirror is derived from the required projection of the full 

spectral range onto the detector with a width of ὒ . Because the dispersion is controlled 

almost entirely by the grating geometry, the mirror must focus on the angularly separated 

wavelengths so that the longest and shortest wavelengths map precisely onto the edges of 

the detector. After entering our known detector width, 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 Czerny-Turner spectrometer. 

Czerny-Turner spectrometers are compact, and it contributes to the systemôs high 

throughput.  
 

Focal length of Collimating Mirror  
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The collimating mirror focal length is found by scaling the experimentally calculated 

focusing mirrorôs focal length by the incidence angle and diffraction angle, and by the 

systems magnification, M. The collimating mirror must transform the diverging beam from 

the entrance slit into a well-collimated beam at the grating, to ensure that each individual 

separate wavelength interactions with the grating under uniform conditions. Using our 

previously calculated angle of incidence and angle of diffraction, a focal length for the 

collimating mirror of 79.05 mm is found.  

 

Table 41 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 to note 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 budget limitations 

and the need to utilize existing optical components we already have access to, our design 

process must proceed in the reverse direction, as the available mirrors used for this 

spectrometer both have fixed focal lengths of 101.6 mm. This constraint 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 constraint driven, by optimization, 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 Czerny-turner, 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 detector. Typical aberrations 

include spherical, coma, astigmatism, and chromatic aberration. Spherical aberrations are 

caused by the fact that spherical surfaces focus marginal and paraxial rays to different axial 

positions. Some design fixes include using aspheric or paraboloidal mirrors 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 sensitive. Additionally, 

longer focal lengths increase the instrument size, and is not always applicable. Another 

aberration type is coma. Off-axis imaging by curved mirrors creates asymmetrical tails in 

spot profiles, which is seen often in Czerny-Turner geometry. This can be helped by 

minimizing of-axis 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 

difference when it comes to coma. Additionally, symmetric designs are possible. To 

explain, the collimating mirror and focusing mirror can be made symmetric as possible 

around the grating to further prevent coma. Astigmatism is another aberration caused by 
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off-axis systems. Off-axis systems produce different focal planes for sagittal and tangential 

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 case, particularly with the camera, 

as a longer 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 
 

 
Figure 29 Motherboard Schematic 

 

Table 42 Electrical Subsystems List 

Electrical Subsystems 

Data Acquisition and Processing 

Safety and Status 

Power 

 

6.2.1. Data Acquisition and Processing System 
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Figure 30 Data Acquisition and Processing Block Diagram 

Table 43 Data Acquisition Parts List 

 Application  

Raspberry Pi 5 Data processing and interfacing with the camera. 

ACUROS CQD SWIR Obtains spectral data from the spectrometer system. 

LCD for Display The LCD allows ECOSPEC to operate as a standalone device. 

 

6.2.2. Safety and Status Subsystem 
 

 
 

Figure 31 MCU Board Schematic 
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Figure 32 Laser Modulation Board Schematic 

 

 
Figure 33 Speaker Board Schematic 
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Figure 34 Laser and Servo Pinout Schematic 

 

 

 

Table 44 Safety and Status Parts List 

Part Part ID  Application  

MCU ESP32 Controls interlocks, laser power, and monitors 

status. 

Safety Interlocks Servo Locks the enclosure during laser operation. 

Digital 

Potentiometer 

TPL0501 Allows the MCU to create different voltage levels to 

control laser power through the rear panel BNC 

input. 

LCD GeeekPi 10ò Indicate ECOspec device subsystem statuses. 

Speaker N/A Acts as an indicator for the user when LEDs are not 

visible 

Fans N/A Ventilate the internals of the system. 
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6.2.3. Power Subsystem 
 

  
Figure 35 Reverse Voltage Protection Circuitry on Motherboard 

 

 
Figure 36 Power Subsystem Circuitry on Motherboard 



   

 

 92 

 

 
Figure 37 Regulator Board Schematic 

 

Figure 38 5V and 12V Output Port Circuitry 
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Table 46 Power System Part List 

Part Part ID  Application  

3.3 Voltage 

Regulator 

LM2679 Supplies a stable 3.3 V for the ESP32 and digital pot. 

5 Voltage 

Regulator 

LM2679 

 

Supplies a stable 5 V for the Raspberry Pi and fans 

12 V Power 

Supply 

Alitove 12V 15A 

180W DC Barrel 

Supplies a stable 12 V for the voltage regulators. 

Power Strip 

Extender 

N/A Main source of power for the system. Supplies 

power to the laser, detector, and main power supply. 

PMOS Fets AOI21357 PMOS Fets employed for reverse voltage protection 

 

6.3. Mechanical Hardware Design 
 

A rigid mechanical design is crucial in any stable optical system. The mechanical portion 

of our system involves ease of alignment, minimizing vibration, minimizing alignment 

deviation, total enclosure of our spectroscopic system, and ensuring a stable operating 

temperature.  

 

Our ability to dampen vibration is limited. Damping components are very expensive 

compared to traditional optomechanics. However, the most important part of our system is 

that vibration does not cause misalignment of aligned optics. To accomplish this, high 

precision and quality checked components from ThorLabs, Newport, Edmund Optics, or 

another reputable optics component supplier will be 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, collimating mirrors, grating, or focusing lens for 

the detector 

 

Access to the subsystems must also be taken into account. Loading cuvette samples into 

ECOspec should be simple and easily accessible. The loaded position of the cuvette must 

have little room for deviation while not being too difficult to set in place. The front panel 

of the laser module should be accessible at all times for its Estop button. The airflow for 

ventilation fans must be taken into consideration to prevent thermal fluctuation or a 

nonuniform temperature distribution. 

 

 

6.3.1. Cage Mounts 
 

Cage mounts are precision opto-mechanical building blocks that provide rigid, self-

aligning framework for constructing optical systems. They typically are made of a set of 

parallel rods- 4 in a square, where 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 could be crucial in 

maintaining our spectral resolution. This modular system enables rapid 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 already set up to be compatible with lens 

tubes, enabling quick integration of fibers, slits, apertures, and objectives in this compact, 

safe form. They are highly stable and tend to maintain alignment and minimize thermal 

drift and mechanical creep. Our entire optical system, the illumination and collection optics 

will hopefully be set in their final aligment using a cage mount and rail system, hosting the 

beam expander optics, the fiber collimator, microscope objective, Raman filters, slit mount, 

mirrors, and grating.  

 

6.3.2. Cuvette Holder 
 

Cuvette holders are the mechanical interface that positions a liquid or solid, in our case 

plastic samples, in a cuvette in the correct optical path for spectroscopic measures, 

including absorption, fluorescence, and Raman spectroscopy. Its design is critical for signal 

collection, optical throughput, scattering behavior, and repeatability. This cuvette holder 

maintains the path length, vertical, and angular alignment. The alignment prevents beam 

clipping and ensures that the same physical volume is interacting with the collection and 

excitation of optics. The design of the cuvette holder is also necessary for the repeatability 

of measurements using our Raman spectrometer. High quality holders provide kinematic 

seating or spring-loaded pressure pads to ensure that replacing a cuvette does not change 

or harm the optical geometry. The material also should be taken into consideration. Black 

anodized aluminum would be the material of choice to minimize stray reflections that 

would otherwise increase background noise and to protect the user from unintended laser 

scattering. Poor-quality cuvette holders can introduce scattering and reflections in the 

cuvette, which increase the spectral baseline or generate artifacts, peaks that are not our 

peaks of interest. 

 

 
Figure 39 3D Models of Cuvette Holder and Adapter 

 

 

For our final design, we used a 3D printed cuvette holder. Multiple positions for the cuvette, 

as well as multiple different standoff positions for the holder itself, were included in the 

design to allow for finer positional adjustment. Some materials used for testing came in 
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variety of shaped containers, thus adapters were required to be printed for the primary 

mount. 

 

6.3.3. 3D Printed Optomechanics 
 

 
Figure 40 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-

and-baseplate framework. All custom parts in this subsystem are FDM-printed in PLA, 

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 60 °C glass transition of PLA would otherwise create dimensional drift 

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 1/4"-20 nuts. The print is paused at the appropriate layer, 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 cage-compatible slit holder lets us swap slit widths during integration without buying 

multiple dedicated Thorlabs holders. The holder uses the standard 30 mm cage interface, 

with through-bores at the four cage-rod positions and the optical axis maintained at the 

standard cage-center height to preserve the common reference frame shared by every other 

component on the rail. A side-loading slot oriented normal to the optical axis accepts a thin 

slit card without disassembling the cage, which significantly reduces the alignment 

recovery effort after a slit change.  

  

A thread-mismatch 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 

assemblies, leaving the objective without a commercial mounting path into the cage 

system. The printed mount holds the objective from below, using compression to secure 

the optic in place. The microscope objective was designed not to be integrated with the 
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cage system. It was found experimentally that the objective needed to be slightly angled to 

produce a perfectly focused spot. This 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 beam-dump holders, lens-tube adapters that bridge to the non-standard 

mirror diameters in the spectrometer arm, and fluorescent alignment-card frames 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 1/4"-20 nuts at any baseplate interface, and a fixed optical-axis height 

referenced from the printed baseplate. The result is that any holder can be dropped into any 

position along the rail system without re-deriving the mounting geometry, which has been 

a meaningful time savings during the iterative alignment phase of integration. 

 

6.3.4. 3D Printed Electrical Housing 
 

 
Figure 41 3D Model of Fan Mount 

 

 
 

Figure 42 3D Model of PCB Housing 
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7. Software Design 
 

This section provides a high-level 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 

our ECOSpec, which utilizes optical components that can prove to be hazardous to the user 

if not properly managed. Since our application contains numerous subsystems, each of 

these has specific 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 

FreeRTOS. This simple and lightweight suite allows us to directly manage the state of our 

device and therefore ensures that at no point will the system operate in a way it is not 

designed for or execute a function without meeting the required prerequisites. FreeRTOS 

allows us to split many of the different methods used into tasks that can be managed directly 

by the operating system, allowing efficient 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 software development kits (SDKs). In our design, we utilize the Acuros 

CQD camera to handle the detection aspect of our acquisition process. The camera control 

is handled on the Rasberry Pi within our system and is interfaced using the harvesters 

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 utilize the SDK 

mentioned previously, 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 see fit, providing us the tools to 

create usable spectral readings for comparison, as well as custom GUI applications for 

device usage. 
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Figure 43 Control System State Diagram 

 

 

7.2. Data Processing 
 

ECOSpecôs use-case brings with it a large data-cost in the form of sizable raw data 

acquisitions that are unsuitable for comparison and identification initially.  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 conclusion is drawn by the system.   

 

The processing begins with noise removal, performed using a median filter, which 

effectively suppresses high-frequency noise while preserving the sharp spectral peaks 

characteristic of Raman signatures. Following denoising, we apply a fluorescence 

correction stage using a 7th-order 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 peaks. These 
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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 variance. SNV corrects multiplicative 

and additive effects such as varying laser intensities, fiber coupling differences, or changes 

in detector sensitivity. After SNV, we apply a final min-max scaling step, mapping the 

processed intensities to a fixed range of 0 to 1. This ensures that all spectra, whether from 

the field, calibration samples, or the reference libraries exist with a consistent set of 

comparable axes. 

 

Importantly, this exact pipeline is applied not only to real-time sample data but also to all 

spectra stored within ECOSpecôs reference library. Maintaining absolute consistency in 

preprocessing is essential; even small discrepancies in filtering, baseline correction, 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 step. 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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Figure 44 Data Processing Flow 
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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 self-contained 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 general-purpose 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 most safety-critical 

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 modulation, 

fan control, and audio output, can also be issued to the ESP32 through a built-in control 

panel accessible from the interface, supporting both routine operation and lower-level 

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 cm-1 range defined by the spectrometer's built-in 

optical limits. Identification results display the top material match, the Pearson similarity 

score, and the three closest library candidates ranked by correlation, giving the operator 

both a primary classification and the supporting evidence needed to assess the confidence 

of that classification. A real-time system log records all hardware events, processing 

steps, and errors with timestamps, and a system status panel shows the live connection 

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, normalized intensity 

values, and match result, supporting downstream analysis and record-keeping outside the 

instrument.  
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8. System Fabrication 
 

8.1. PCBs 
 

 
 

Figure 45 Motherboard Layout 
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Figure 46 Regulator Board Layout 
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Figure 47 MCU Board Layout 
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Figure 48 Laser Modulation Board Layout 

 
 

Figure 49 Speaker Board Layout 
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Figure 50 Fabricated and Powered PCBs 

 

  

Figure 51 Voltage Regulator Testing 
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8.2. Probe Optics 
 

The probe optics subsystem delivers the 785 nm excitation beam to the sample and routes 

the Raman-shifted return light into the collection path. The entire assembly is built on a 

Thorlabs 30 mm cage system, which replaced the earlier breadboard layout to provide a 

rigid, self-aligning 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 the per-component alignment drift that 

the earlier breadboard layout exhibited, and accommodates standardized SMA fiber 

mounts, filter holders, and lens tubes without custom machining. 

  

 
Figure 52 785 nm Light Visible in Lossy Fiber 

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

nm diode laser with a narrow 0.2 nm linewidth, dedicated current and temperature control, 

and an SMA-coupled single-mode fiber output. The fiber terminates in an Ocean Optics 

collimating tip whose internal lens matches the numerical aperture of the fiber, producing 

a collimated free-space beam at the entrance of the cage system. Single-mode delivery and 

beam-quality preservation are critical here, because any divergence introduced upstream 

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. 
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Figure 53 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 Newport M-10x 

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 CF160-ELWD variants present a 

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 additional AR-coated achromats, and shortening the 

cage system overall. The choice of objective within the Nikon family then becomes a 

tradeoff between focal-spot size and depth of focus rather than rear-aperture fill: the 50x 

produces an approximately 1 micron diffraction-limited spot at the sample, while the 20x 

produces an approximately 2.5 micron spot with a correspondingly larger depth of 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 polarization-conditioning stack 

consisting of a linear polarizer, a 785 nm notch filter, and a quarter-wave plate. The 

polarizer and quarter-wave plate together act as an optical isolator. Linearly polarized light 

is converted to circular polarization on the forward path, and any specular back-reflection 

from the dichroic, the objective, or the cuvette walls returns through the quarter-wave plate 

as the orthogonal linear polarization, which is then rejected 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 laser-line clean-up bandpass would otherwise serve, 

suppressing the broadband ASE pedestal and the 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 short-pass dichroic mirror oriented at 

45 degrees. The dichroic reflects the excitation wavelength toward the objective and 

transmits Raman-shifted Stokes light above the edge wavelength toward the collection 

optics, establishing the standard epi-illumination 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 CF160-ELWD infinity-corrected microscope objective. 

The infinity-corrected design is essential to the architecture, because it places 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 custom 3D-printed 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 originates from the polymer 

particles in the aqueous sample rather than the cuvette walls. The 3D-printed holder is 

designed to provide repeatable kinematic seating so that the cuvette can be exchanged 

between measurements without disturbing the alignment between the sample volume and 

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

  

Backscattered Raman light returns through the objective, recollimates in the infinite-

conjugate space, and propagates back to the dichroic, where Stokes-shifted wavelengths 

above the dichroic edge transmit through toward the collection arm. Immediately 

downstream of the dichroic, a long-pass 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 masking low-wavenumber 

Raman peaks. The filtered Raman beam is then focused by an AR-coated 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 1020 nm band of 

interest. 

 

 
Figure 54 Final Probe Optics  

The original architecture focused this achromat directly onto the entrance slit of the 

Czerny-Turner spectrometer. During integration testing, this configuration produced 

unacceptable power loss at the slit plane. Alignment tolerances between the freely-mounted 

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 
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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 the probe optics from 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. The achromat-to-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 a grid-like 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 compact 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 our fiber-coupled halogen light 

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 

signal-to-noise ratio. The ability to manually adjust the slit in real time is extremely useful 

during early system development.  

 

The tungsten-halogen lamp, HL-2000 from Ocean Optics, was 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 light source, for alignment, rather than jumping right 

ahead to the Raman signal Its continuous spectrum makes it straightforward to gain 

details on our grating performance, verify that the dispersion is linear across the detector 

plane, and check for any aberration-driven distortions in the re-imaged line, such as 

chroma or astigmatism. Using a bright visible source during initial alignment is also more 

practical and safer than attempting to align directly with the weak Raman-scattered 

signal. The halogen source creates well-defined spectral features and uniform 

illumination that is recognizable, and that can help identify misalignments, focus errors, 

or incorrect mirror positioning long before the system is tested with the Raman excitation 

wavelength. In combination with the ACROS SWIR CQD detector and its GUI 

softwareðwhich allows live monitoring of intensity profiles, wavelength registration, 

and noise characteristicsðthe breadboard prototype provides a controlled and highly 

adaptable platform to refine the optical design. 
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Figure 55 Spectrometer Prototype V1 

. 

 
Figure 56 ACUROS software showcasing broadband spectra. 
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Specifically, we constructed our prototype using a mechanical slit from Thorlabs 

(VA100CP), our gold-coated 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 required a process of positioning, 

fine adjustment, and continuous feedback from the detector GUI, specifically the intensity 

histogram and the image of the intensities on the camera detector The slit assembly was 

first aligned so that the fiber-coupled 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 was needed before introducing any powered optics. 

The collimating mirror was then positioned at its nominal focal distance from the slit, 

approximately 101.6 mm, using a combination of translation and rotation stages, along 

with tube mounts and les mounts to hold the mirror stable while still allowing for small x 

and y adjustments, along with height. Achieving a clean, well-collimated 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 diffraction grating. The grating alignment involved carefully adjusting its 

rotation to place the first-order 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 micrometer-level tweaks: small angular adjustments of 

the focusing mirror, lateral shifts to recenter the dispersed spectrum, and height 

adjustments to minimize astigmatism or vertical skew. Throughout the alignment process, 

the ACROS detector GUI was enquired. Real-time readout from the camera enabled me to 

watch the spectral line shape change has I adjusted components.  

 

Even coarse alignment stepsðsuch as roughly steering the beam between componentsð

were followed by fine corrections, since each mirrorôs curvature and off-axis positioning 

directly influenced the final spot size and spectral uniformity. The prototype therefore 

evolved through repeated cycles of optical tuning, detector feedback, and mechanical 

adjustment. There is lots more to be done as we continue into Senior Design 2, but with 

this prototype spectrometer I was able to get a halogen spectrum that is like what would be 

expected (Fig. 45) with no post processing, or dark correction at all, so it only does not 

look as neat.  
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Figure 57 Ocean Optics HL-2000, Tungsten-Halogen Light Source 

 

Our second iteration of our spectrometer included a 3D modeled housing for the grating, 

mirrors, and slit. After modeling the system on ZEMAX, we decided to switch to a crossed 

Czerny-turner spectrometer design, in comparison to a standard Czerny-turner layout. Both 

are compact, but the crossed version results in a massive stray light reduction, which 

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 with, and where the slit 

should be, and the focusing mirror, a notch in the housing was left. The goal of these 

notches is to make 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. 

 
Figure 58 Final Spectrometer housing design.  
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Figure 59 Final Collection Optics.  

9. System Testing and Evaluation 
 

9.1. Hardware and Software Testing  
 

9.1.1. Control Systems  
 

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

to work together effectively and efficiently, a robust control system is paramount to achieve 

our goals. The areas of control required can be simply grouped into two sections, safety 

and acquisition. The safety systems of ECOSpec, such as the laser interlock, allow us to 

maintain strict operation parameters that ensure consistent 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 operation. To test these goals, especially outside of the completed 

device, we can employ many tools at our disposal from our control MCU, the ESP32. As 

many of our systems controlled by the ESP32 are handled through GPIO interfaces, we 

can create simple test scenarios by utilizing LED and numerous input devices to simulate 

operation of our control systems. With 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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Figure 60 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 entirely on the MCUôs ability to interface with external 

devices, we also must consider testing all control components. To do this, we can utilize 

the integrated power and data connectors featured on many of the devices used. For those 

without plug-and-play functionality, a DC power supply can be used to provide appropriate 

power delivery. With power handled, devices can be tested based on their input and output 

specifications. For example, to test the DC trigger for the laser, a small pulse can be 

deployed from a function generator. Verification of all components allows us to provide 

the safe and consistent execution every time. 

 

 
Figure 61 ESP32 to Raspberry PI 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, besides the usage of the data 

itself. A metric of feasibility can be difficult to find. The easiest way to determine the 

quality of the data pipeline is to ensure the data that is output is high quality and usable by 

any downstream applications. With a metric on how to ensure data is handled established, 

selection of a test method is simple. For testing of ECOSpec, we elected to utilize pre-

prepared samples of Raman spectra and compare these to our processed spectra. With 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. 

 

 
Figure 62 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 detection is material and media dependent. All Raman excitation sources, 

however, must have narrow linewidths. This is for a variety of reasons: A narrow linewidth 

reduces fluorescence, narrows the width of the Raman peaks, and increases the spectral 

resolution of the spectroscopic system. The laser excitation source must be selected with 

consideration for all these factors, especially in the delicate systems involving 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 seen in Equation _. However, due to the higher 

energy in each discrete photon, shorter wavelength light tends to produce larger amounts 
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of broadband fluorescence. If other contaminants are present in the sample under test, their 

fluorescent spectra may overpower the target Raman signal. The media which a certain 

target material is present in may also play a role. Water produces a large fluorescence when 

illuminated with 532 nm light, so longer wavelengths (IR) are preferred for such purposes. 

The container in which the sample is illuminated also plays a role. For our purposes, we 

are using a quartz cuvette, which has a weak Raman response and is common for Raman 

microscopy and microscopy applications. 

 

This is not to say 532 nm cannot be used for analysis of microplastics in aqueous solutions, 

as several systems have demonstrated such a feat. (Jung et al., 2024; Luc, 2019) However, 

with our intention of detecting smaller particles in an aqueous solution, we want to 

minimize as much fluorescence as possible. An 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 inorganics. 785 nm is often used for analysis of biological and 

polymer samples.  1064 nm is best for measurement of samples that have a high fluorescent 

response, or for more penetrative analysis. (Tuschel, 2016) 532 nm light produces the 

highest fluorescence but has the strongest Raman peak intensity. 785 significantly reduces 

fluorescence compared to 532 while maintaining a strong Raman peak intensity. 1064 nm 

light almost completely negates fluorescence, but the Raman peak intensity is very weak. 

1064 nm Raman analysis is typically only viable when a detector with high quantum 

efficiency in IR, such as InGaAs arrays. 

 

The Ocean Optics LASER-785-IP-ADJ-S is a SMA-coupled 785 nm diode laser source 

designed for Raman applications. It is a multimode laser that boasts a spectral 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 region, fast global shutter speeds, and are often sold as line sensors for 

spectroscopic purposes. They often come with detector heads and controllers which allow 

precise control of the charge to collect and dump cycles within the CCD.  

 

Scientific CMOS sensors are also popular choices. They have high quantum efficiencies, 

complex noise reduction circuits, high resolution low-signal amplification circuits, and are 

easy to interface with. They are common for Raman microscopy, where images of the 

stokes shifted light provide spatial Raman data. Furthermore, the CMOS camera can easily 

bin together vertical pixels of the detected spectra to improve SNR. However, their 

responsivity in the IR region is not as strong as CCDs. They are typically used for 532 nm 

excitation setups.  
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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 sensor, thus allowing CMOS acquisition techniques such as pixel 

binning. They differ in the fact that instead of the pixels on the sensors being precision 

fabricated PN junctions, they are (typically film deposited) quantum dots. Not only do they 

offer higher quantum efficiencies in the IR, they also enable a higher pixel density to be 

achieved. (onsemi, 2019) 

 

Regardless of the detector's choice, due to the sensitive nature of the detection scheme, 

cooling of the sensor is a must. Many CCD, CMOS, and SWIR sensors also offer camera 

modules or detector heads that are prepackaged with TECs. These TECs often come in a 

stage-1 or stage-2 option, capable of reaching ï 15 C and ï30 C respectively. Some papers 

suggest the benefit of cooling below ï10 C becomes heavily diminished, especially at 

shorter integration times (<100 ms). [paper with TEC and SNR graph] 

 

 
Figure 63 Data Processing Pipeline Performed on a Polystyrene Raman Sample 

These modules are very expensive pieces of equipment. And for good reason, they are 

carefully assembled pieces of technology with high precision electrical and mechanical 

design. As ECOSpec is a senior design project, the budget for components is limited. 

 

9.2.3. Spectrometer Alingment 
 

The building and aligning of the prototype that the testing was done with is described in 

chapter 8, but multiple iterations of alignment, and camera images were taken to begin the 

spectrometer build process. Throughout 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 process confirms that the optical design functions as expected and provides a 
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baseline for future refinements. The spectrometer prototype was tested with a Tungsten-

Halogen light source, and an indium-gallium white LED flashlight.  

 

 
Figure 64 Prototype Spectrometer Testing with White Light Sources. 

A and B describe the reconstructed image of what is captured by the ACROS 

camera, and A and C are the captured spectra with the white LED flashlight, and B 

and D are captured with the Tungsten-halogen light source. Both C and D are not 

dark corrected or processed, this is raw data. 

 

The reconstructed detector images in A and B from Figure 49 reveal the spatial distribution 

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 response. In both A and B, it is clear in the image that the light is being 

dispersed consistently across the spectral axis. But there is some blurring at the edges of 

the detector field, which could be problematic, and needs to be characterized.  

 

C and D present the raw, uncorrected spectral data extracted from the detector images. The 

white LED flashlight spectrum demonstrates a characteristic broad emission peak around 

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 spectral gap in the LEDôs emission 

spectrum. In comparison, D illustrates a smoother, more continuous distribution, which is 

characteristic feature of that type of lamp. The 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. The higher noise level 

could possibly be attributed to the overall intensity of the tungsten-halogen lamp being 

lower compared to the LED, and the longer integration times. Longer integration times 

typically result in more noise being captured. Therefore, 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 output. Additionally, in B, there is horizontal 

striping visible in the reconstructed detector images. This could possibly suggest some 

spatial non-uniformity 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 detector- to make sure that the 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 where the wavelength dispersion would 

start across the detector, and how it will align with our goal wavelength range of 785 ï 

1100 nm. An 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, the 980 nm source was aligned to be 

slightly past the center of the detector, taken an image, and fine-tuned for the slit image. 

This not only sets the spectrometer up for wavelength calibration, by noting the laser 

wavelength and pixel location, but also proves that the detector is sensitive enough in the 

NIR. 

 

 

 
Figure 65 785 nm and 980 nm peak location across the detector. 

 

 
Figure 66 The top image is 980 nm, bottom is 785 nm slit image onto the detector. 

This calibration produced an experimental wavelength range of 766ï1115.462 nm, 

compared to the target range of 785ï1050 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 to detect the 

Raman peaks of interest. Therefore, despite the discrepancy in absolute wavelength 

bounds, the calibration is sufficient and appropriate for the intended measurements. 

 

 
Figure 67 Calibration Curve. 

 

To further prove the alignment of the spectrometer, and confirm the dispersion of light, 

NIST standard light sources, Ag, and Hg, were used to align and determine the resolution 

of the spectrometer. The known NIST standard lines of Hg,  starting at 766 nm, can be seen 

in the graph below.  
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Figure 68 Hg NIST standard lines across spectrometer. 

 

 

 
Figure 69 Slit image on detector of Argon NIST spectral lines. 
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Figure 70 Resolution testing with Argon. 

In terms of resolution, after multiple tests with many sources, an average FWHM of 15 

pixels was 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. Preemptive Testing 
 

Prior to designing the system, we tested the feasibility of obtaining Raman spectra of plastic 

samples with premade spectrometer systems. We used an Ocean Optics QE Pro 

spectrometer, the Ocean Optics LASER-785-IP-ADJ-S, an Ocean Optics Raman Probe, 

and the Ocean Optics spectrometer software. This can be seen in Figure 50 and Figure 51, 

displaying the Raman spectra of a clear water bottle and expanded polystyrene. This testing 

was performed while 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 Ocean Optics 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 the probe back to the 

spectrometer. This preliminary testing was done before we collected proper chemical 

samples of our 3 plastics of choice, nylon, polystyrene, and polyethylene terephthalate, so 

we used our resources and chose plastics around us to perform our preliminary testing. We 

chose a piece of clear plastic water bottle, and a piece of Styrofoam, and as expected, the 
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plastic water bottle had a peak around 1600 wavenumbers, similar to polyethylene 

terephthalate, and the Styrofoam had a peak at around 1000 wavenumbers, similar to 

polystyrene. Our 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 further supports 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 tools and plastic materials on hand. An 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. Raman shifted frequencies were able to 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 collection is repeated. If 

multiple scans are taken, the multiple intensity values for each pixel are averaged together 

and then plotted. [Fig. 50 and 51]. Both images contain spectra that was both dark corrected 

and fluorescence corrected after obtaining the signal. This post-processing was performed 

in MATLAB using a 4th polynomial fit, and a background 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. 

 

 
Figure 71 Collection Raman Spectra of Dasani Clear Water Bottle 
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Figure 72 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 results. To 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 nm. Previously, the ACROS CQD detector 

had previously showed excellent efficiency in the visible range and demonstrated high 

quantum efficiency and low noise characteristics based on its data sheets that made it an 

attractive choice for our application. However, our team wanted to ensure this detector 

would perform well at 785 nm. Our testing, Figure 52 revealed that the ACROS detector 

maintains good responsivity at 785 nm, but further testing should be done at alternate 

power levels from the 785 nm Ocean Optics laser.  

 

 
Figure 73 Testing 785 nm Laser Response on the CQD SWIR camera 

We also tested the probe optics standalone with an Ocean 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  

 






























