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ABSTRACT 

Development and deployment of a novel in situ multiparameter 

optical sensor for marine and freshwater environments. 

 

Seán Power 

 

Global warming and pollution due to human activities has had a major impact on the world’s 

waterbodies which are vital for sustaining life on this planet. With this rapid escalation of 

threat to the oceans, seas, lakes, and rivers there has been an increased focus and urgency to 

monitor these changes to better understand the consequences of our anthropogenic impact. 

This culminates in a greater need for monitoring technologies to gather real-time data with 

high temporal and spatial resolutions to provide a holistic understanding of the changes to 

the waterbodies and inform regulations to protect our waters from further damage. The 

bridge the technological and research gaps required to sufficiently monitor the aquatic 

environments the work presented in this thesis aimed to demonstrate the design and 

development of beyond state of the art in situ optical detection by applying advanced optical 

and electronic components. A unique and novel design was produced by applying two mini 

spectrometers, a multispectral LED array light source, a photodiode, and custom electronics 

for interfacing with the optical system and housing the system in a robust enclosure using 

advanced manufacturing methods. The finalised system and enclosure design was replicated 

by manufacturing multiple identical systems as low-cost going beyond what is currently 

being achieved in the research field. The systems were demonstrated to have superior 

multispectral and multiparameter optical measurement capabilities when compared to 

current commercial systems with higher resolution detection of chlorophyll and turbidity as 

well as the ability to measure other tested analytes of petroleum and dissolved organic 

matter. The built systems showed robustness through repeated deployments and provided 

insightful data on the locations of deployment measuring multiple different environmental 

events while in situ.  
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1 INTRODUCTION 
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The oceans, seas and waterbodies on earth are vast,  covering nearly 71% of the earth’s 

surface, and play a vital role in the sustaining life on this planet. The health of the oceans 

and coastal regions are of paramount importance in supporting the worlds natural 

ecosystems, weather patterns and shaping our climate which due to climate change caused 

by human activities is rapidly changing [1–4]. The state of the ocean has been significantly 

altered due to anthropogenic activities which has led to a decline in biodiversity and habitat 

loss [5–7]. The rapid changes made to the climate due to human activity has caused the 

warming to accelerate over the past few decades [8] which in turn has caused a decline of 

the glaciers, ice caps and ice sheets in the polar regions leading to rising sea levels, decrease 

in primary production and alterations to the ocean stratification [3,9]. Therefore, it is 

becoming ever more pressing that we monitor and analyse the activity of our oceans with 

finer detail to understand these significant changes to be able to act to prevent further 

deterioration to them.  

 

A major challenge is presented in sufficiently monitoring the vastness of all waterbodies in 

their entirety to obtain a holistic understanding. Oceanography is the study of the physical, 

chemical, and biological features of the ocean and limnology the equivalent for freshwater 

bodies. In situ sensors play a vital role in the monitoring of these parameters. Different 

approaches can be used from the macro to the micro spatial scale of detection (see Figure 

1-1). Satellite and aircraft remote sensing cover large expanses (100s of 1000s of km) [10]. 

Ships of opportunity and research vessels sampling over selected wide areas [11] used in 

addition to autonomous underwater vehicles (AUVs) with built in sampling and sensing 

tools to cover moderate areas (1000s of km at 1000s of m depth) [12]. In situ sensors are 

then utilised for localised and high resolution monitoring of key positions of interest 

(millimetres to meters) [13]. Each method plays an intrinsic role in providing data to 

understand the marine and freshwater environments holistically by tracking different 

parameter of interest at different spatial scales and over different temporal changes in 

conditions (seconds to decades).  
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Figure 1-1 Diagram showing currently used methods and technologies at different spatial and 

temporal scales for monitoring of the world’s aquatic environments. 

 

The part that in situ sensors play is to obtain the localised and calibrated information on a 

target parameter of measurement while being in direct contact with the environmental 

medium. They are instrumental for oceanographical and limnological monitoring. The 

incorporation of individual sensors into a larger network allows for larger areas to be 

monitoring at high spatial and temporal resolutions. Sensor networks are providing, to date, 

the most promising approach for collecting temporally and vertically resolved observations 

of biogeochemical processes throughout the ocean [14], real-time data for decision support 

in coastal areas [15,16], validation of space- and air-borne  observations [17] and high 

frequency data for forecasting models,  internet of things (IoT) and big data analytics [18].  

 

In response to the deterioration of the oceans, regional to global scale in situ ocean observing 

networks have been established to provide better understanding of ocean dynamics which 

are complex. Examples of such organisations include the Global Ocean Observing System 

(GOOS) [19], the Ocean Observatories Initiative (OOI) [20], the Export Processes in the 

Ocean from Remote Sensing (EXPORTS) [21], the Biogeochemical-Argo(BGC-Argo) 
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program [22] and the U.S Integrated Ocean Observing System(IOOS) [23]. There are many 

legislative measures for coastal areas currently in place to limit the transport of 

anthropogenic pollutants to the marine environment such as the Water Frame Directive 

(WFD, 2000/60/EC) which has a goal of achieving ‘good ecological status’ [24] and Marine 

Strategy Framework Directive (MSFD, 2008/56/EC) aiming to achieve ‘good 

environmental status of the EU’s marine waters’[25]. With an ever-increasing demand for 

data on the status of waterbodies by organisations and governments the need for in situ 

sensor networks is growing. 

 

The next section is a review of state of the art in situ sensors which provides up-to-date 

information on available in situ technologies that are available, either at the laboratory and 

prototype stages or commercially, and are suitable for deployment in the aquatic 

environment. This is then followed by a review of the theory of sensing systems operations 

and measurement approaches for target analytes along with the investigation of sensing 

components and their functionality. Finally, a review of the environmental challenges faced 

by in situ sensors deployed in the marine environment is conducted. This is combined with 

an investigation of suitable materials, manufacturing methods and antifouling strategies to 

produce a robust sensor design.  

 

1.1 Review of Current State of the Art In situ Sensors 

Sensors operating in the aquatic environments, particularly in the marine environment,  are 

exposed to extreme conditions and must endure long deployments to be cost effective. To 

withstand the harsh marine environment, sensors have to be robust, power efficient and 

equipped with suitable antifouling protection [26]. There are many different types of in situ 

sensors designed to measurement different parameters and multiple parameters 

simultaneously of the waterbody. The majority of in situ sensors and instruments can be 

divided into two main categories: sample draw and interface.  

 

The first category of sample drawing sensors operate by transferring an external 

environmental sample to the internal processing and detection systems within the sensor 

typically using a pump system. Internalising the measurement steps within the body and 

using microfluidic technology for wet chemistry sample handling ensures that conditions 

are stable and controlled for good analytical performance. Sample draw systems fill a gap 
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in the detection of species and analytes which are challenging for interface-based sensors to 

detect. For example, certain nutrients, faecal indicator bacterial, eDNA and algal toxins 

which all require exact chemistry or biological steps to be quantified. Although sample draw 

sensors provide better accuracy, precision, and resolution they are more complicated in 

terms of functionality (pumping, filtration, heating systems), require more bulky 

components than interface-based systems and are more expensive to fabricate. Submersible 

sensors exist at different TRLs for phosphate [27–29] nitrate [30,31], silicate [32], 

ammonium and iron [33], nitrate and sulfide [30], and iron and sulfide [34] with more 

advanced systems performing electrochemical desalination and passive acidification to 

remove interfering ions [35].  Figure 1-2 shows some examples of commercial and research 

developed wet based chemistry sensors.  

 

Figure 1-2 Wet-chemistry based sensors; (a) Lab-On-Chip phosphate sensor; (Left) A fully 

assembled sensor with reagent housing. (Top-right) A LOC sensor prior to placement in the 

watertight sensor housing. (Bottom) One of the PMMA layers of a phosphate Lab-On-Chip (Sensor 

1) showing the micro milled microfluidic channels prior to sealing with the other layers of the 

microfluidic chip phosphate-based sensors. (b) (Left) Phosphate sensor and reagent canister; (Right) 

cross section view of the interior of the phosphate sensor. Fluid is pulled and directed into the lab-

on-chip by stepper motor-actuated syringes and active solenoid valves. Valve control, data logging 

and optical control are handled using three separate electronics boards. (c) Nitrate and nitrite sensor. 

(Left) Schematic showing the fluidics of the sensor and illustrating the mode of operation; (Right) 

Finished sensor incorporating fluidics, heater, flow cells, and control electronics. 

(b)(a)

(c)
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The second category of sensors operate at the interface with the environment to convert the 

physical, chemical, or biological parameter into an electrical signal which can in turn be 

measured electrically by circuitry and converted to quantifiable data. Physical and chemical-

based sensors units produce a response to a physical change (e.g., change in temperature) or 

chemical change of concentration in the water medium. Other physical parameters that are 

commonly measured in waterbodies are conductivity, oxygen levels, pH, and carbon dioxide 

levels. Multiple physical parameters are frequently required to be measured together. An 

example of a common multiparameter combination sold commercially is a conductivity, 

temperature, and depth (CTD) profiling instrument, additional sensors can be included with 

a CTD to measure auxiliary parameter such as chlorophyll (Chl), turbidity, pH, etc., 

depending on which specific characteristics are applicable to the environment of interest.   

 

Optical sensors function by introducing an optical signal as a stimulus and detecting the 

perceived change caused by the target parameter on the stimulus light signal which can be 

measured by a photodetector and converted to an electrical signal to be analysed.  The 

primary advantage optical sensors have is the simplicity of their principle of measurement 

which involves the interaction of ultraviolet (UV), the visible spectrum (VIS) and infrared 

(IR) with the water column or sample being measured. Optical sensors utilize three modes 

of detection, absorption, fluorescence, and scatter to detect a wide variety of parameters. 

The optical sensing approach has a broad range of application for the detection of physical, 

chemical, and biological parameters for example, turbidity which represents the clarity of 

the water, can be measured optically by a detector by measuring the amount of light being 

scattered or the level of transmission in the water column by suspended particles. Biological 

matter can be detected by measuring a fluorescence signal which is emitted by cause of an 

excitation wavelength acting upon the matter. Measuring the absorption derived from the 

light attenuation of certain wavelengths passing through the water column from a light 

source can be used to determine the presence and concentration of target molecules.   

 

The most versatile commercial sensors for environmental monitoring are the multi-

parameter sondes which bring together a plethora of different probe options in a modular 

plug and play format allowing for a wide expanse of customisable setups for the detection 

of a suite of parameters in a single sensing platform. The base probe on a sonde tends to be 
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the CTD probe while a wide range of additional optical probes to measure parameters such 

as turbidity or Chl can be added by the user based on the application. The most advanced 

sondes commercially available offer the option of adding up to 7 probes with available plug-

in ports and can monitor all parameters simultaneously.  

 

There is a clear trend evident from sensor manufacturers and research prototypes towards 

smaller, smarter, and cheaper sensors with three main characteristics: miniaturisation, use 

of lower price materials and use of innovative approaches for sensor design, integration, and 

signal transduction. An example of the lowering of sensor costs is a traditional CTD sensor 

which would cost in the region of $10k can now be replaced with a new MEMS-based CTD 

which has a 10 fold reduction in cost while another example would be a typical DO optode 

which would also cost in the region of $10k can be repackaged using lower cost materials 

and electronics to reduce the cost by between 5 and 10 fold [36]. 

 

There are two primary categories noticeable in the current state of in situ sensors 

manufacturers. Manufacturers of high specification instrumentation (i.e., YSI, a Xylem 

brand, Yellow Springs, Ohio, USA and Sea-Bird Scientific, Bellevue, Washington, USA) 

place the requirements of the end-user at the centre of product design and provide solutions 

for an extended range of applications. Such sensors are the result of many years of 

experience, in-house know-how and research and continuous engagement with end-users. 

The performance of such sensors is in general excellent and takes precedent over cost. The 

second category is that of the emergence of lower cost- optical based sensors. Significant 

progress has been made in recent years to advance of optical and electronic components, 

reducing their size and cost due to better manufacturing methods. This second category of 

sensor is more suitable to be built and deployed at scale in sensor networks to cover greater 

areas and provide high spatial and temporal 3D resolutions of the waterbody.  
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Table 1-1 gives some of the interface sensors single and multiparameter optical 

instrumentation that are currently available commercially. 

 

There is a clear trend evident from sensor manufacturers and research prototypes towards 

smaller, smarter, and cheaper sensors with three main characteristics: miniaturisation, use 

of lower price materials and use of innovative approaches for sensor design, integration, and 

signal transduction. An example of the lowering of sensor costs is a traditional CTD sensor 

which would cost in the region of $10k can now be replaced with a new MEMS-based CTD 

which has a 10 fold reduction in cost while another example would be a typical DO optode 

which would also cost in the region of $10k can be repackaged using lower cost materials 

and electronics to reduce the cost by between 5 and 10 fold [36]. 

 

There are two primary categories noticeable in the current state of in situ sensors 

manufacturers. Manufacturers of high specification instrumentation (i.e., YSI, a Xylem 

brand, Yellow Springs, Ohio, USA and Sea-Bird Scientific, Bellevue, Washington, USA) 

place the requirements of the end-user at the centre of product design and provide solutions 

for an extended range of applications. Such sensors are the result of many years of 

experience, in-house know-how and research and continuous engagement with end-users. 

The performance of such sensors is in general excellent and takes precedent over cost. The 

second category is that of the emergence of lower cost- optical based sensors. Significant 

progress has been made in recent years to advance of optical and electronic components, 

reducing their size and cost due to better manufacturing methods. This second category of 

sensor is more suitable to be built and deployed at scale in sensor networks to cover greater 

areas and provide high spatial and temporal 3D resolutions of the waterbody.  
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Table 1-1 Commercially available in situ water quality sensors and instrumentation 

 Sensor Parameter Manufacturer Reference 
S
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Spectro::lyser V3 
Turbidity, Chl-a, TOC, 

DOC, BOD, Temp 

S::can GmbH, Vienna, 

Austria 
https://www.s-can.at/products 

Nitratax Plus SC NO3
- 

Hack Lange GmbH, 

Düsseldorf, 

Germany 

https://de.hach.com/ 

SUNA V2 NO3
- 

Sea-Bird Scientific, 

WA, USA 
https://www.seabird.com/ 

ECO Triplet 
Chl-a, fDOM, Rho, PC, 

PE 

SeaOWL UV-A Crude oil, Chl-a 

ECO NTU, ECO 

BB9 
Turb, OBS 

VLux series 

BGA (PC/PE), Try, Chl-

a, b, c, Turb, fDOM, 

BTEX, PAH, 

Chelsea Technologies, 

Surrey, UK 
https://chelsea.co.uk/ 

EnviroFLU, 

matrixFlu VIS, 

nanoFLU, microFlu 

V2 

Chl-a, PC, Rho, CDOM, 

PAH, Try, PC. TriOS Mess- und 

Datentechnik GmbH, 

Rastede, Germany 

https://www.trios.de/en/index.php 

TTurb, Turb 

NICO, LISA, OPUS 
NO3

- , NO2
-, SAC254, 

TOC etc 

OBS501 Turb 
Campbell Scientific, 

Logan, UT, USA 
https://www.campbellsci.com/ 

C3, CP6 

T,D, Try, Rho, fDOM, 

crude and fine oil, 

PC,PE, Chl-a , 
Turner Designs, CA, 

USA 
https://www.turnerdesigns.com/ 

PhytoFind Algae speciation 

Hyperion series Turb, Chl-a, PC, Rho 
Valeport Ltd, Devon, 

UK 
https://www.valeport.co.uk/ 

Algal Torch BGA, Chl-a Bbe Moldaenke GmbH, 

Germany 

https://www.bbe-

moldaenke.de/en/ FluorProbe Algae speciation, Chl-a 

Turbidity sensor 

4296 
Turb 

Aanderaa, Bergen, 

Norway 
https://www.aanderaa.com/ 

The Pixie™ Chl-a, PC, PE, fDOM 

Dartmounth Ocean, 

Technologies Inc, 

Canda 

https://dartmouthocean.com/ 

M
u

lt
ip

a
ra

m
et

er
 s

o
n

d
es

 

YSI EXO-series 

C, T, D, pH, ORP, 

fDOM, BGA, Rho, 

NO3
- (optical), Chl-a, 

DO, Turb, NH4
+ 

YSI, a Xylem brand, 

Yellow Springs, OH, 

USA 

https://www.ysi.com 

 

Sea-Bird 

HydroCAT-EP 

C, T, D, pH, Turb, Chl-

a, DO 

Sea-Bird Scientific, 

WA, USA 
https://www.seabird.com/ 

DS5X, HL7 

C, T, D, pH, ORP, BGA, 

Rho, NO3
- (ISE), Chl-a, 

DO, Turb 

Hydrolab, Loveland, 

CO, USA 
https://www.hydrolab.com/ 

Eureka Trimeter™ 

C, T, D, pH, OPR, DO, 

Chl-a, BGA, Rho, 

Crude & refined oil 

Eureka, TX, USA 
http://rshydro.ie/eureka-m-

20.html 

Proteus 

C, T, D, pH, OPR, DO, 

Crude & refined oil, 

Try, CDOM 

Proteus Instruments 

Ltd, Worcestershire, 

UK 

https://www.proteus-

instruments.com/ 

MIDAS CDT+ 
C, T, D, pH, OPR, DO, 

Chl-a 

Valeport Ltd, Devon, 

UK 
https://www.valeport.co.uk/ 

BGA-blue green algae; Chl-a,b,c- Chlorophyll a,a,b,c; C-conductivity, T-temperature, D-depth (derived from 

pressure); ORP-oxidation reduction potential; DO – dissolved oxygen, Try – tryptophan, Rho-Rhodamine; CDOM-

chromophoric dissolved organic matter; fDOM- fluorescent dissolved organic matter; Turb –turbidity; PC- 

phycocyanin; PE- phycoerythrin; TOC-total organic carbon;  PAH-polycyclic aromatic hydrocarbons; BTEX-benzene, 

toluene, ethylbenzene and xylene; OBS-optical back scattering, multiple angles; pCO2 – partial CO2 pressure 
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1.2 Identifying Target Analytes  

The parameters that the sensor will measure are defined by commercial opportunity which 

in turn is driven by key environmental directives on water quality and monitoring of 

waterbody health. In Europe, there are frameworks in place such as the Water Framework 

Directive [37], the Bathing Water Directive [38], the Marine Strategy Framework 

Directive[25] and the Urban Wastewater Treatment Directive [39] which all acknowledge 

the marine environment and water in general as heritages which “must be protected, 

preserved and where practical, restored with the ultimate aim of maintaining biodiversity 

and providing diverse dynamic oceans and seas which are clean, healthy and productive 

[25]”.  

 

There are many parameters and water quality monitoring requirements outlined in the 

directives. The Water Framework Directive details how surface waterbodies are assigned an 

ecological status class of which there are five (High, Good, Moderate, Poor, and Bad). This 

status is ascertained by the combination of several key biological and physio-chemical 

parameters.  A set of parameters which can be measured optically are chlorophyll (Chl), 

turbidity, dissolved organic matter (DOM) and oil. This outlines the end goal of the sensor 

design to be able to target each of these parameters with one single sensing tool using optical 

measuring approaches. The monitoring of each of these analytes gives a holistic insight into 

the state of the waters the sensor in placed in highlighting key changes in the environment 

over different temporal ranges.  

 

The presence of Chl gives an insight into the abundance or lack of dissolved nutrients 

(particularly of phosphorus and nitrogen) [40,41], dissolved oxygen [42], and state of aquatic 

ecosystems [43]. Chl measurements can be used as a proxy for phytoplankton biomass [44]  

which can be related to the state of algal biomass like net primary production [45] and 

harmful algal blooms (HABs) [46]. Chl can be measured optically by the absorption of 

particular wavelengths [47] or by the fluorescence signal it emits at certain excitation 

wavelengths [48]. 

 

The measurement of turbidity can provide important data on the health of the water body 

and the impact human activity has made on it. Turbidity is defined as the reduction in clarity 

of the water due to light being absorbed, reflected or scattered [49]. Biological turbidity can 
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indicate the number of microorganisms present in the water column, organisms such as 

bacteria [50] or species such as phytoplankton which along with Chl measurements can be 

used to monitor their populations and indicate a pollution event such as agricultural runoff 

with spikes in population growth. An increase in turbidity can also be caused by dangerous 

compounds entering the water which results in cloudy water. These compounds can be 

released by human activity such as water treatments plants discharging, agricultural run off 

or wastewater from industrial facilities which can damage the environment and ecosystems 

of the water body. The most common cause of turbidity is physical particles suspended in 

the water column, suspended sediment concentration (SSC) or total suspended solids (TSS). 

The suspended solids and sediments can consist of clay or silt which has been disturbed by 

an external force from the waterbed or from the land. An increase of physical turbidity can 

indicate disturbances from either human activity such as dredging [51,52] or natural causes 

such as a storm event [53,54] or run off from the land [55]. The optical properties of turbidity 

can be measured using both transmittance and scatter [56].  

 

DOM can be found in all-natural aquatic environments and consists of a heterogeneous 

mixture of decomposed products of plant material, bacteria, and algae [57,58]. There are 

two main categories of DOM which are: allochthonous derived from terrestrial sources and 

autochthonous which is derived from within the aquatic ecosystem itself (primary 

production and processes of decomposition) [57]. The measurement of the amount and 

composition of DOM precent in the aquatic environment is significant in indicating the 

health of the ecosystem as it is a major source of bioavailable organic carbon [59]. DOM is 

a complex soluble organic compound [60] which varies in reactivity [61], ecological role 

and the important role it plays in nutrient transport [62] and aquatic food web dynamics [63]. 

The amount of DOM present in the water can also affect the clarity of the water providing 

protection to organisms from harmful irradiation such as zooplankton [64]. However, in 

terms of drinking water, the presence of DOM in the water disinfection process can react to 

form by-products which are harmful to human health [65]. DOM’s optical properties of 

absorption and fluorescence can be used to measure its composition [66]. 

 

Oil and hydrocarbon-based pollutants can have significant detrimental effects on the marine 

environment [67–69]. It is important to respond to an oil spill quickly to reduce the impact 

on the ecosystem [70,71]. Oil spills are most commonly monitored using remote sensing 
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methods as outlined in this review by Fingas and Brown, (2018) [72]. However, there are 

limitations to the detection of oil using remote sensing [72] as they can be difficult to detect 

from air or satellite. Small pollution oil pollution events can be missed, in rough seas the oil 

can mix below the surface without a visible slick on the surface [73]. In situ optical detectors 

can be used in conjunction with remote sensing to fill the gaps in oil detection in marine and 

coastal environments [73–75]. In sea water, petroleum hydrocarbon compounds in the water 

column are dispersed as small droplets or dissolved in soluble form [76]. The light aromatic 

hydrocarbon compounds are the most soluble and are found in crude and refined oil products 

[77]. These dissolved aromatic hydrocarbons can be detected by an optical sensor [78,79] 

and used as a proxy for oil detection [80]. Aromatic hydrocarbons can be detected using 

fluorescence due to a benzene ring structure allowing for surface and subsurface detection 

[81].  
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1.3 Optical Detection Methods 

In situ optical sensors measure target parameters in the water column by their optical 

properties. There are two categories of optical properties which can be measured which are 

inherent optical properties (IOPs) and apparent optical properties (AOPs) [82,83]. The 

properties differ as IOPs are the optical properties of pure water [84] while AOPs are the 

optical properties of water including the presence of particles, dissolved organic matter or 

other materials [83]. IOPs estimate the concentration of particles or dissolved matter in the 

water by measuring scatter and absorption of light by the water itself independent of the 

particles or matter present in the water [82]. Using this method, the spectral attenuation 

coefficient of water can be used to estimate concentrations of particles or dissolved matter 

which absorb or scatter the light at different wavelengths. Another coefficient of water is the 

backscatter coefficient which can be used to estimate the concentration of particles that 

scatter light by detecting the scattered light at various angles relative to a light source. For 

the detection the presence of CDOM (chromophoric dissolved organic matter) or other 

absorbing matter in the water column the absorption coefficient of water can be used [84].  

 

To measure the concentrations of particles, dissolved matter or other target parameters 

directly, AOPs are used as the presence of the target analyte modifies the optical properties 

of the water can then be measured while also considering the IOPs of the water [83].  The 

properties which can be measured are light absorbed by the presence of particles such a 

DOM, light reflected or scattered by particles such as suspended sediment or the 

fluorescence of matter such as Chl in the water [83,85]. For the calibration of AOP 

measuring sensors the IOPs of water must be considered. By using the IOPs of water as the 

baseline, under controlled laboratory conditions an AOP sensors can be calibrated for 

measurement of the concentration of target analytes in natural waters by accounting for the 

scatter and absorption properties of the water itself [86]. 

 

1.3.1 Transmittance and Absorption 

Transmittance is the measurement of the attenuation of light having passed through a 

sample. Absorption is the measurement of the light absorbed and converted to energy at a 

specific wavelength, reduced light intensity can also be caused by scattering effects of light 

due to physical particles in the sample [87]. The measurement of transmittance can be used 
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to measure turbidity as it can be related to the number of suspended particles in the sample 

providing the wavelength used as the incident of light is not absorbed by the sample [88,89].  

Turbidimetry is the measurement of turbidity by this process using a light source of known 

intensity and infrared (IR) wavelength emission. IR wavelengths are used to avoid 

interference from absorbing compounds such as DOM or Chl in the water column [88]. The 

International Standard ISO 7027–Water Quality–Determination of Turbidity stipulates, that 

the light source must have a wavelength of 860 nm and spectral bandwidth of no more than 

60 nm for the measurement of turbidity [89]. To measure turbidity using transmittance the 

detector must be placed directly in line with the light source allowing it to measure the 

reduction of light intensity caused by the level of turbidity in the sample as seen in Figure 

1-3. 

 

 

Figure 1-3 Diagram working principle of optical transmission measurement with light source 

entering turbid sample and detector measuring light directly transmitted through the sample. 

 

The measurement of absorption is a commonly used optical measurement technique used in 

many scientific fields for ascertaining the concentration of a target analyte in a sample [90–

92]. It is the process of energy transfer of light in a medium when photons of a certain 

wavelength from a light source are absorbed by electrons of a target molecule in the medium 

while the light passes through the sample. The resulting attenuation of light intensity having 

passed through the sample can be measured and compared to the initial light intensity 

entering to sample. The change in initial intensity of incident of light (Io) and the resulting 

intensity of transmitted light (I) having passed through the sample as transmittance (T) and 

is given by Equation 1-1 
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 𝑇 =  
𝐼

𝐼𝑜
 1-1 

 

There is a logarithmic relationship between transmittance and absorbance (A). This 

relationship is given by the Equation 1-2 

 

 𝐴 =  −𝑙𝑜𝑔10𝑇 1-2 

 

A linear relationship between absorbance and concentration (c) of a target analyte can be 

derived using the Beer-Lambert law [93] which takes into account the molar absorptivity 

constant (ε) which is sample dependent and outlines how strong an absorber a sample is a 

specific wavelength. The equation also considers the path length (l) which is the distance 

the light travels through the sample before reaching the detector. The longer the path length 

the more photons which will be absorbed by the sample. The Beer-Lambert equation 

(Equation 1-3) can be seen below: 

 

 𝐴 = 𝜀𝑐𝑙 1-3 

 

Using the derived linear relationship between absorbance and concentration a calibration 

curve can be created for a particular target analyte through experimentation using a series of 

known standard solutions. If experimental conditions are kept constant, the slope of the 

linear plotted calibration curve can be used to calculate unknown concentrations of the target 

analyte. Figure 1-4 gives an overview of the working principle used to optically measure 

transmittance of light through a sample with the sample and detector positioned directly in 

line with the incident light.  
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Figure 1-4 Diagram of working principle of optical absorption measurement. 

 

As discussed in Section 1.2, many target analytes of interest in the marine environment can 

be detected using absorption measurements. Figure 1-5 shows the absorbance spectra of 

extracted Chl types a and b as well as other organic molecules which indicate the presence 

of biomaterial (carotene and anthocyanin) in the water column. From Figure 1-5 chlorophyll 

a (Chl-a) has the highest absorbance of the organic compounds with peak absorbance (max) 

at 428 nm and a secondary peak at 660 nm. For a detector, a light source with emitted 

wavelength in the region of 428 nm would be the most effective for the detection of Chl-a 

through absorption.  

 



 

17  

 

Figure 1-5 Absorption spectra of freshly isolated chlorophyll a (blue), chlorophyll b (green), β-

carotene (orange), and anthocyanin with pH 1.0 (red) adapted from a figure by Barragán Campos et 

al. [94]. 

 

DOM, specifically CDOM can be detected using the absorption method [95]. As seen in 

Figure 1-6, as an example, with CDOM levels measured at different depths in the Atlantic 

Ocean. CDOM absorbs UV wavelengths very strongly [96] which can be used for the 

purpose of detection and this study found a distinct shoulder characteristic in the absorption 

between 410-415 nm using a light source [60,97]. 
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Figure 1-6 Light absorption of CDOM in the tropical Atlantic Ocean sea water samples at different 

depths, November 2005, the study was conducted by Rottgers and Koch [97]. 

 

1.3.2 Scatter 

The clarity or turbidity of the water column can be measured based on the level of scattering 

of light from particles [88,98]. A detector positioned at an angle to the incident of light can 

measure the light intensity of the scattered light and correlate the signal with the turbidity of 

the water column [98]. This represents suspended sediment (SSC) or total suspended solids 

(TSS) [88]. The direction and concentration of light scatters depends on the particle size of 

the solutes present in the fluid as seen in Figure 1-7 [99]. 
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Figure 1-7 Diagram of effect of particle size on light scatter direction relative to the wavelength of 

the incident of light. (a) shows a symmetrical scattering of the light with particles smaller than 1/10 

of the wavelength. (b) shows an increase concentration of scattered light in the forward direction 

with larger particles ¼ the size of the wavelength. (c) shows an extreme concentration of scattering 

in the forward direction when particles are larger than the wavelength [100]. 

 

The standard position of the detector for the measurement of turbidity in commercial optical 

sensors is at the 90 degree position as outlined in both ISO7027 [89] and EPA method 180.1 

[101]. Additional detectors can be used in conjunction to the side scatter detector to improve 

turbidity measurement accuracy and limit the effect of particle size, colour and stray light 

from the light source, these detectors can be positioned in the forward or back scatter 

positions [99]. However, the position of the forward scatter detector can lead to measurement 

errors due to interference from transmitted light from the light source caused by its proximity 

to the 0 degree point of the incident of light [102].  The use of a detector positioned between 

0 and 90 degrees relative to the incident of light can be used to measure forward scatter for 

lower turbidity levels to improve accuracy due to the lower sample volume the light must 
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pass through and is more effective for the detection of larger particles as can be seen in the 

higher concentration of forward light caused by larger particles in Figure 1-7c.  

 

 

Figure 1-8 Diagram of the working principle of the measurement of scattered light through a turbid 

sample.  

 

A detector positioned between 90 and 180 degrees in the backscatter position can be used 

for higher turbidity levels due to the higher sample volume the light must pass through [49]. 

The greatest intensity of light in the backscatter position for seawater is found to be at the 

120 degree angle [103]. However, another study by Maffione and Dana [104] shows 140 

degrees to be the highest point of light intensity. The wavelength spectrum emission of the 

light source used in most commercial turbidimeters are in the infrared (IR) spectrum. The 

advantage of using a light source with IR wavelength over UV or VIS spectrums emissions 

is that IR is less affected by colour or turbidity of a sample. The IR region is less lightly to 

be absorbed by organic matter and is also less affected by ambient light (400-700 nm). 

Additionally, IR light can penetrate the water column further than lower wavelengths 

allowing for a higher limit of detection. ISO7027 specifies for the measurement of turbidity 

that 860 nm wavelength be used while a range of 780 nm to 950 nm is acceptable depending 

on the application. 
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1.3.3 Fluorescence 

Chemical species most commonly absorb shorter wavelengths of light and undergo a 

radiative process which results in a longer wavelength of light being emitted as fluorescence 

[105]. The fluorescent molecule absorbs a photon of light and in turn is excited to a higher 

energy state. The molecule then relaxes quickly, returning to its ground state. A photon of 

light is emitted as the molecule returns to its ground state at a longer wavelength than the 

photon which was absorbed. This difference in wavelength between the absorbed photon 

and the emitted wavelength is known as Stokes shift. The Jablonski diagram (see Figure 1-9) 

graphically shows this process of the change of energy states of a molecule and how a 

fluorescence emission is produced.  

 

 

Figure 1-9 Typical Jablonski diagram showing the possible radiative and non-radiative transitions 

after a molecule has been photoexcited with the quantum energy levels and the corresponding 

absorption and emission (fluorescence and phosphorescence) processes shown [106]. 

 

Fluorescence light is emitted by a molecule isotropically. However, to maximise detection 

the ideal location of the detector is perpendicular to the incident of light [107]. By placing 

the detector at 90 degrees to the light source this ensures that the maximum amount of 

fluorescence is captured while limiting the amount of scattered light from the light source 

and other ambient light sources. There are two main requirements for fluorescence-based 

measurement systems each with their own set of challenges to induce and detect 
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fluorescence accurately. The first requirement is a sufficient light source of the required 

wavelength and intensity to induce fluorescence in the target fluorescent molecule under 

investigation. The second is for the detector to have the required sensitivity in the spectral 

range of the targeted fluorescence signal. This requires a strong light source signal and 

optical filtration using lenses with a photodetector. Fluorescence measurements allows for 

the identification and quantification of key analytes based on measuring the signal at the 

expected wavelength of fluorescence emission of the target analyte when a light source of 

the excitation wavelength is turned on. Table 1-2 shows the maximum excitation and 

emission wavelengths of key target analytes based on spectral analytes by previous research 

characterising the spectral response of the analytes 

 

Table 1-2 Key excitation and emission wavelengths of target analytes based on literature studies on 

the spectral response. 

Target Analyte 
Max Excitation Wavelength 

(nm) 
Max Emission Wavelength (nm) Reference 

Chl-a 440 685 [44,48,108] 

fDOM 

UV Region: 230-275 

Blue Region: 300-350 

Green Region: 385–420 

UV Region: 340 

Blue Region: 400-500 

Green Region: 470–504 

[109,110] 

Petroleum 

Compounds 

Petrol: 266 & 355 

Diesel/Engine Oil: 266 & 355 

Petrol: 320 – 360 

Diesel/Engine Oil: 330-395 
[111,112] 

Chl-a – Chlorophyll a, fDOM – fluorescent dissolved organic matter, UV - ultraviolet 

 

Figure 1-10 shows a fluorescence emission spectrum for both chl-a and chl-b. This is from 

a study by Israsena Na Ayudhya et al., (2015) [113] characterised the photosynthetic 

pigments from ferns. This provides a fluorescence spectral emission profile for chl-a and b 

when excited at 440 nm and 460 nm respectively. 
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Figure 1-10 Fluorescence spectra of chlorophyll a (Chl-a) (λmax 650 nm) and chlorophyll b (Chl-b) 

(λmax 670 nm). (a) Fluorescence emission signal from an excitation at 440 nm showing significant 

fluorescence from Chl-a. (b) Fluorescence emission signal from an excitation at 460 nm showing 

significant fluorescence from Chl-b. [113] 

 

The results of a study conducted by E.M. Carstea et al., (2020) [109] can be seen in Figure 

1-11. This study provides a heat map of the fluorescence excitation and emission spectrums 

of fDOM (fluorescence dissolved organic matter) types identified in the literature. Key 

fluorescence regions are highlighted showing the spectral characteristics of dissolved 

organic matter. The separate regions outline the different potential compositions of the 

organic matter dissolved in the water column. In the figure, the region marked “T” indicated 

the UV region (λex/λem = ~230 & ~275/~340 nm) which can be described as tryptophan-like 
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with possible microbial contamination. The peak at the region “C” and “C+” in the blue 

(λex/λem = 300–350/400–500 nm) and green (λex/λem = 250 & 385–420/470–504 nm) regions 

are humic-like or chromophoric DOM. Peaks A (λex/λem = 260/400–500 nm) and B 

(λex/λem = 230 & 275/305 nm) are associated with compounds with two aromatic rings and 

at least one aromatic ring respectively.  

 

 

Figure 1-11 Heat map of fluorescence signatures of components of fDOM as identified in literature 

review by E.M. Carstea et al. [109]. Common fluorescence peaks are highlighted with labels: peak 

T in UV region, C and C+ in blue and green region, peak B is associated with compounds with a 

single benzene ring and peak A is a compound with two benzene rings.  

 

The categorisation of fluorescence emission of hydrocarbon compounds is broad with many 

different compositions effecting the overall spectral characteristics. Figure 1-12 gives a good 

insight into different hydrocarbon compounds and their fluorescence spectral emissions 

excitation is provided by a 308 nm laser. Lightly refined hydrocarbon compounds fluoresce 

strongly in the region of 350 nm while heavier compounds such as diesel and crude oil have 

weaker fluoresce emission outputs and fluorescence at a longer wavelength. Diesel has a 

broad spectral emission from 350 nm to 450 nm.   
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Figure 1-12 Figure from the SEOS EU project [114] gives the fluorescence emission spectral of 

different oil types excited by a 308nm UV light source. Lighter oil compounds are shown to have a 

greater fluorescence output signal compared to heavier crude oils. 

 

1.3.4 Temperature 

Temperature is a physical property of water which can be measured using a temperature 

probe or thermistor. Monitoring the change in temperature of the water can give further 

insight into the condition of the environment along with optical measurements being taken. 

The temperature of the water can have a direct effect on the optical properties of water and 

can be used as a correcting factor in optical measurements. For example, with temperature, 

the density of water changes which in turn alters the refractive index. This change in 

refractive index can affect accuracy of the measurement by an optical sensor. Additionally, 

temperature alters the absorption and scatter coefficients of water which can influence the 

accuracy of the AOP measurements being made by the sensor. The amount of light absorbed 

by water is temperature dependent. The number of suspended particles in water can also be 

influenced by the water temperature. The environmental temperature can influence the 

temperature of the light-related optical elements of the sensor itself. The operation of 

components such as the light source and the photodetectors are influenced by temperature. 

Meixia Shi et al., (2022) [115] presents a study on the impact of water temperature on 
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turbidity values and concludes that with a temperature change greater than 15◦C temperature 

corrections are required and the fundamental factor affecting the detection of turbidity was 

the temperature of the optical components themselves. In this way, temperature needs to be 

factored into the calibration of the sensor to account for temperature dependent changes to 

ensure the measurement of target analytes are accurate. 
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1.4 Sensing Technology for Optical Detection 

As outlined in the previous section, there are key components required by an optical sensor 

to perform the required measurements. These components include wavelength specific light 

source or light sources, optical hardware optimise the light source, optical hardware to 

collect the signal being detected, optical filtration to isolate the signal being detected and 

photodetectors. These components must then be arranged in a particular geometry with the 

photodetectors positioned relative to the light source to detect different optical properties of 

the sample, examples of optical orientations from optical sensor designs can be seen in 

Figure 1-13. 

 

 

Figure 1-13 Examples of optical orientations and positioning of components for the detection of 

optical properties and target analytes for water monitoring. (a) A design for Leeuw et al. [116] for 

measuring the fluorescence emission of phytoplankton using a blue LED , a convex lens and 

photodiode in a 90 degree orientation. (b) This design uses multiple LEDs of different wavelengths 

in an LED array configuration for the detection of multiple parameters using two photodiodes 

positioned at 90 and 0 degrees designed by Heery et al. [117]. (c) Demonstrates the use of fibre 

optical cables used for the measurement of turbidity in transmittance mode from  Omar et al. [98]. 

(d) Is an example of a UV photometer for measuring the absorption of nutrients and a fluorometer 

for measuring the fluorescence of nutrients[118]. (e) Is a diagram of a prototype design by Matos et 

al. [119] for the detection of turbidity and suspended particle matter using multiple LEDs of different 

wavelength and detectors at different positions for transmittance, scatter and backscatter 

measurements.) (f) A design from Sullivan et al. [120] on optically measuring turbidity in water with 

detectors positioned to measure back, forward and side scatter as well as transmitted light. 
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1.4.1 Light Source 

In the last decade, light emitting diodes (LEDs) have become cheaper, smaller, and available 

in a wide spectral emission range (from deep UV (100 nm) to IR (1500 nm)) [121] which 

has led to an uptake in their use in environmental optical sensors. In Mogensen and Kutter’s 

review [122] they provide a thorough outline of the technological advancements of some 

LED-based chemical sensing devices including configurations and applications.  LEDs are 

more efficient, brighter and less bulky than alternative light sources, such as argon, xenon, 

halogen, mercury or incandescent lamps [123,124]. This makes them suitable for use in 

power limited remote applications such as in situ sensors. LEDs can be used together on the 

same device to provide multispectral data readings [117,125].   

 

An LED is a solid-state semiconductor allowing unidirectional current flow from the anode 

to the cathode within a specific voltage range. Two doped materials in the diode form a p-n 

junction in the diode with the p-side containing additional positive charge (holes) and the n-

side having additional negative charge (electrons). Current will flow from the p-side to the 

n-side when a forward voltage is applied which forces electronics to move from the n to the 

p side while the holes make the reverse path. The electronics will recombine with the hole 

as it crosses the depletion layer near the junction and drops from the conduction band to a 

lower energy level (valence band) which in turn releases energy as a photon (see Figure 

1-14). This is a form of electroluminescence as incoherent narrow-spectrum light is emitted. 

The emitted wavelength of the LED is determined by the junction’s materials and the band 

energy between them [126].  
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Figure 1-14 Working principle of an LED showing current flow from the p-side to the n-side when 

a forward voltage is applied. 

 

Epitaxy is the process in which LEDs are manufactured. This involves growing a thin layer 

of a semiconductor material, such as gallium arsenide, on a substrate material such as silicon. 

The semiconductor is then doped with impurities to form the p-n junction. Photolithography 

is a step used to pattern the semiconductor into the desired shape of the chip. A layer of 

metal is added to form contacts for the anode and cathode. The specific wavelength output 

obtained by this process is governed by the doping of the semiconductor material, the 

impurities introduced alter the bandgap energy which in turn, determines the spectral 

characteristics of the emitted light. For example, the addition of aluminium or indium to 

gallium arsenide results in a green or yellow light emitted by an LED. Further control of the 

emitted spectrum of the LED can be introduced using the quantum confinement process. 

This process involves creating thin layers of the semiconductor material which then restricts 

the movement of electrons and holes within the material. The confinement alters the bandgap 

energy of the material resulting in a narrower spectral output for more precise wavelength 

output.  

 

Light sources with lower wavelength outputs from blue (380 to 490 nm) down to the deep 

UV ranges (100 to 380 nm) are required by optical detection system to induce fluorescence 

or measure absorption of target analytes such as Chl, oil or DOM. UV LEDs are also 

becoming more widely used as a fouling prevention method for marine and water-based 



 

30  

sensors [127]. LEDs are available commercially with these spectral outputs however 

achieving the lower wavelengths have posed significant manufacturing challenges in the last 

decade. The first LED with a blue output was only achieved in 1993 by Shuji Nakamura 

[128], being the last of the primary colours in LEDs to be created.  

 

There are now commercially available LEDs in the UV. They can be separated into three 

categories: UV-A which has a UV radiation band of between 315 to 380nm, UV-B with a 

UV radiation band between 280 and 215 nm and UV-C with a UV radiation band of between 

100 and 280 nm. The UV emission sources are fabricated by varying doping levels of 

aluminium gallium indium nitride (AlGaInN) alloy to tune the emission wavelength of the 

semiconductor (see Figure 1-15) [129]. Blue LEDs have been manufactured using indium 

gallium nitride (InGaN) [128]. The technology to manufacture these LEDs is advanced and 

blue LEDs are widely adopted [130]. Commercially they are used for many applications 

including white LED light sources, LCD displays, optical sensors and medical equipment 

[130–132]. Semiconductors using AlGaInN are not yet at the level of technological 

development as InGaN [133]. They suffer from a range of inefficiencies from electrical and 

optical limitations while also being more expensive to manufacture due to the difficulties of 

epitaxy process of the required layers [131,135].  

 

 

Figure 1-15 A structural diagram of a common UV-LED chip construction highlighting the 

schematic of silicon (Si) and undoped AlInGaN as created by Yoshihiko Muramoto et al. [129]. 
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LEDs come in two categories of packages, through hole technology (THT) and surface 

mounted technology (SMT). THT LEDs tend to be larger in size and more expensive when 

used in a mass-produced product due to difficulties in assembly of components on circuit 

board. Additional manufacturing steps are required for through hole components which 

require holes to be drilled and soldering in place. However, devices designed with THT 

components are characterised as having better interconnection reliability [134]. SMT LEDs 

are much cheaper, much smaller and lend to automated assembly of printed circuit board 

making them more suitable to mass production [135].  

 

An LED array is an assembly of LEDs on a single platform which can comprise of multiple 

different LED packages for a multispectral emission or a single more intense spectral output. 

The advantage of using a multiple spectral light source are the that a wider range of targets 

can be detected in a single sensing device [117,136,137].  The smaller size of current LED 

packages allows for multiple LEDs to be positioned together [138] to form a low profile 

multispectral led array light source [139].  An example of an LED array developed for 

multispectral analysis was produced by Brydegaard et al., (2009) [140] to produce a broad 

band multispectral microscope for transmission spectroscopy imaging as seen in. 

 

 

Figure 1-16 Application of a multispectral output LED array developed by Mikkel Brydegaard et al., 

(2009) [140] for imaging transmission spectroscopy. (a) Diagram of the microscope setup and the 

arrangement of multiple LEDs of different wavelengths controlled by a PC computer. (b) Figure of 

the normalised spectral emissions of the different LED sources of the LED array. 

 

As LEDs are semiconductor devices unlike incandescent and discharge lamps, they have a 

high sensitivity to thermal, photonic, and electrical variations. The implementation of a 

driver circuit is important to ensure correct operation [141–147]. The driver circuit must 
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address several features to provide consistent luminous output for accurate optical 

measurements. An LED’s luminous output can vary greatly with a slight change in applies 

voltage across the LED due to their diode-like V-I characteristic. To avoid this large 

fluctuation in luminous output the LEDs must be driven from a current source rather than a 

voltage source. Additionally an LEDs luminous efficacy and colour spectra is temperature 

dependent with luminous efficacy decreasing with junction temperature [146] which can 

cause a wavelength shift and would reduce the accuracy of optical measurements [147]. 

 

1.4.2 Photodetector 

Photodetectors are used in optical sensors to convert the observed light into an electrical 

signal which can be quantified by a microprocessor. Advancements in the development of 

silicon based electronic components have significantly reduced the price and size of 

detectors [148,149] making the potential to used multiple detectors in a single sensor more 

achievable.   

 

Figure 1-17 Diagram of working principle of a P-N junction photodiode showing the absorption of 

incident photons by the p-n junction causing current to flow as electron-hole pairs are formed and 

separated by the electric field in the p-n junction.  
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Photodiodes are commonly used for optical detection applications [150–153]; they are 

semiconductors which generate an electrical current from light. They work on the principle 

of photoelectric effect which is the emission of electronics from a material due to light [154]. 

Like an LED the photodiode consists of P-N junction. Photons of light are absorbed by the 

semiconductor when they strike the P-N junction which excites the electrons and creates 

electron-hole pairs. The electrons and holes are then separated by the electric field present 

in the P-N junction and they flow towards the opposite sides of the device creating a current 

flow. The more intense the light signal is the greater the number of electron-hole pairs which 

are generated which in turn produces a greater amount of current.  

 

Alterations to the P-N junction of a photodiode can be made to alter the characteristics and 

response of the photodiode to light signals. For example, the addition of an intrinsic layer 

between the two doped layers, known as a P-I-N photodiode [155]. A P-I-N junction has a 

high resistance increasing the electric field strength in the photodiode. The benefit of the 

intrinsic layer is that the depletion region is greatly increased with reduces the photodiodes 

capacitance allowing the photodiodes frequency response to increase [156]. This has many 

applications were measurement frequency is high such as fibre optic communication 

[156,157]. 

 

There are different modes of operations a photodiode can be setup to operate in. Photovoltaic 

mode (unbiased) can be used with standard P-N and PIN photodiodes where no voltage is 

added across the photodiode junction, this reduces the dark current and is suitable for low 

light applications. However, without a voltage bias, the photodiodes response time is slow 

with the photodiode’s capacitance at a maximum. A photodiode in photovoltaic mode gives 

a current response linearly corresponding to the light intensity [157].  Another mode 

photodiodes can be used in is photoconductive mode. The photodiode is reversed biased 

with an external voltage applied to the P-N junction. A negative voltage is applied to the 

anode which is the P layer of the junction and the cathode, the N layer is connected to a 

positive voltage. In this mode the photodiode operates as a current source with the magnitude 

of current depending on the intensity of light acting upon it. This mode is more suitable to 

high sensitivity and larger dynamic ranges but also has a higher dark current with the applied 

voltage across the junction [158,159]. A photodiode in photoconductive mode does not give 

a linear response to light intensity. With a good response time (nano to microseconds) and 

relatively low-cost (€10 - €100) photodiodes are suitable for calibrated in-field optical 
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measurement. However, single photodiode detectors are limited to just intensity 

measurements and require optical filtration to isolate the targeted wavelength regions of 

interest [161,162].  

 

 

Figure 1-18 Diagram of photodiode circuitry from the Op Amp Handbook by Jung (2005) [160], 

circuit of a photodiode in photovoltaic mode on the left which provides greater linear operation and 

photoconductive mode on the right which gives greater switching speeds at the expense of linearity. 

 

Photomultipliers (PMTs) are also used by in situ optical sensors [163–166]. PMTs are highly 

sensitive to low radiation levels making them suitable for fluorescence detection at very low 

levels of light [167]. They have a good response time between nano and microseconds but 

have a higher cost compared to photodiodes ranging between €100 - €1000. A PMT (see 

Figure 1-19) uses a photocathode, a series of dynodes and an anode. A photon of light strikes 

the photocathode, ejecting an electron due to the photoelectric effect. The electron 

accelerates towards the first dynode which is at a high positive voltage. When the first 

electron strikes the first dynode, several secondary electrons are emitted onto the next 

dynode and so on the dynodes amplify the signal. The final electrons are collected by the 

anode at the end producing an electrical signal which can be measured. A disadvantage of a 

PMT is they require high voltage power supply to operate which is challenging to implement 

in a deployable in situ sensor [157].  
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Figure 1-19 Diagram of working principle of a photomultiplier tube [168] showing the entry of a 

high energy photon (UV,VIS or IR) striking the photocathode via an ionization track and releasing 

a low energy electron. The primary electron is then multiplied as it is striking the first dynode 

producing secondary electrons. This multiplication is continued before being measured by the anode 

due to the electrical charge produced by the electronics produced.   

 

Both photodiodes and photomultipliers give a measurement of the light intensity present at 

the time of measurement which is ideal when the wavelength region of light being measured 

is known. However, for some measurement applications, particularly for fluorescence 

measurements, it is necessary to spectrally resolve a signal from the incident of light as they 

can be located at two different regions of the spectrum [169]. Spectroscopy, which is the 

study of the interaction between matter and electromagnetic radiation (in this case light) as 

a function of wavelength or frequency. A spectrometer is a photodetector instrument which 

can measure light intensity as a function of wavelength. This capability allows for multiple 

parameter signals to be measured over a spectral range using a wide range of different light 

source spectrums [157,169].  

 

A spectrometer works on the principle the dispersion of light (see Figure 1-20). A collimated 

beam of light can be passed through a prism and due to the refraction or bending of light at 

different rates which separates the light based on wavelength into its constituent 

components. Light enters the spectrometer though a narrow aperture called an entrance slit, 

the slit vignettes the incoming light.  A concave mirror is used to collimate the light and a 

diffraction grating or prism disperses the light into its spectral components which are 

directed away at slightly different angles. An image sensor or array of photodetectors can 

be lined up with the respective angles of the dispersed light or a focusing lens or mirror can 

direct the light to measure the individual components of the light as wavelength regions. 
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Figure 1-20 Working principle of a spectrometer unit, (a) shows the internal setup of a mini benchtop 

spectrometer by B&W Tek [170], showing the input of light through a slit, collimation of light, 

dispersion of light by a diffraction grating and direction of light onto a detector array.. (b) is a 

diagram of the light path and components of the spectrometer in a Crossed Czerny-Turner 

configuration. 

 

Traditional lab-based spectrometers are bulky, expensive, and unsuitable for in situ 

deployable sensors. The use of mini spectrometers in marine/underwater scientific 

instruments has increased [171,172] given the advancements in technology allowing for 

more compact spectrometer devices to be manufactured with better resolution. Over the last 

two decades advancements spectrometer optical design, software, hardware and fabrication 

techniques has given ultracompact mini-spectrometer systems that maintain an “acceptable” 

level of performance and a sufficient resolution in the visible range which is adequate for in 

situ sensors [173–175]. Research projects have begun to use the latest mini-spectrometer 

components in their prototypes and have shown the potential for applying them as compact 

benchtop measurements devices with good resolution and have an advantage over 

photodiodes by providing a full spectral output over a range of wavelengths [176,177]. 

 

The key developments which have been made to allow for ultra-compact spectrometer 

components are the materials and manufacturing of the gratings used to disperse the 

incoming light as well of the size and pixel density of the image sensors used.  The more 

dispersion of light and higher pixel density of an image sensor results in better resolution of 

a spectrometer. The factors which would influence the dispersion of the light would be the 

effectiveness of the grating as well of the pathlength. By making a spectrometer more 

compact the pathlength must also be decreased which mean the grating used must disperse 

the light more. Rasmussen [178] demonstrates the design of a compact spectrometer (see 
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Figure 1-21) by using a transmission grating (with 100% light transmission efficiency) 

instead of the traditional reflection grating (which are limited by a 90% reflection efficiency 

of the materials used) to provide greater efficiency allowing the size of the spectrometer to 

be reduced. The manufacturer Hamamatsu have been able to go even further in reducing the 

size of their commercial sensor units by using a reflective concave blazed grating (see Figure 

1-22) which removes the need for additional alignment components allowing for the 

spectrometer to be “fingertip” sized (20.1 × 12.5 × 10.1 mm).  

 

 

Figure 1-21 Diagram of the spectrometer design from Rasmussen et al., 2016 [178] showing the 

alignment of components in a compact spectrometer and key parameters, detector length LD and 

focal lengths LF and LC. 

 

 

Figure 1-22 Diagram of Hamamatsu ultra-compact mini spectrometer unit [179] using a reflective 

concave blazed grating. 
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An array of photodetectors is used to measure the intensity of light aligned with the dispersed 

light’s wavelengths. There are many technologies which can be applied to form the detector 

utilised in the spectrometer. The most widely used technologies include photodiode arrays 

(PDAs), charge coupled devices (CCDs), complementary metal-oxide semiconductors 

(CMOSs) and PMTs [173,180–182]. The optimal technologies for the miniaturisation of 

spectrometers are the use of CCDs or CMOS devices (see Figure 1-23) [173,181]. The use 

of CCD detectors in spectroscopy is well established due to their high sensitivity and low 

noise characteristics for compact spectrometer designs [181]. CCDs consist of an array of 

light sensitive pixels which convert incoming photons to electrical charge. They require an 

additional analog to digital (ADC) conversion circuit to be read by a microcontroller. CMOS 

detectors have become more popular in recent years due to their low power consumption, 

high integration capabilities and compact size [183]. The CMOS detector consists of an array 

of active photo pixels each with their own amplifying circuit and ADC making their output 

as a voltage more suitable for integrating with a microcontroller. They provide good 

sensitivity, dynamic range and a high-speed readout making them suitable for real-time 

spectroscopic measurements [184,185]. CMOS detectors have a higher noise level to CCD 

however due to their faster response and dynamic range capabilities they are more suitable 

to real time environmental monitoring [185].     

 

 

Figure 1-23 The working principle of a CMOS detector (on left) and a CCD detector (on the right). 

Output signal from a CMOS pixel is a voltage as opposed to the output from a CCD pixel which is 

as an electrical field [185] 
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1.4.3 Optics and Component Positioning  

Optical lenses, windows and fibre optical cables are needed by in situ optical sensors as the 

interface between the environment being measured and the optical sensing components. 

They allow for the emission light source and the response light signal to be measured while 

not exposing the internal sensing components to the outside environment. Lenses can be 

incorporated into an optical system to perform optical functions redirecting the light for 

better measurements purposes. These functions include collimation of a light source when a 

lens takes an incoming divergent light source and converts the light into a parallel beam by 

refracting the rays. An aspheric lens is used with the divergent light source entering the lens 

on a flat surface and exiting via a curved surface with the refraction of light emitting the 

light at a parallel direction horizontal to the lens. This allows for uniform illumination and 

beam alignment of the light source entering the water column for measurement. It is a key 

required for optical turbidity sensing devices to use a collimation lens as per the ISO 

7027:2016 [89]. Lenses can also be used to focus the light signal collecting it onto the 

photodetector to enhance the signal strength which in turn increases the devices limits of 

detection. A plano-convex or bi-convex shaped lens is used to focus light converging to a 

point of a distance known as the focal length from the lens. Light is refracted inward by 

passing through a curved section of the lens. For optimum signal the photodetector must be 

positioned at the focal length from the lens [186].  

 

Figure 1-24 Diagram of the working principle of lenses used in optical sensors. (a) shows the 

changing of incoming light through a focusing lens converging the light to a point at the detector at 

the focal length. (b) Shows a collimation lens with light source emitted from a point at the focal 

length distance from the lens and the diverging light being collimated in parallel uniform direction.  
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Fibre optic cables are commonly used in in situ optical sensors as they allow for light to be 

transmitted to and from the sensor efficiently provide a light path while the sensing 

components be placed within the sensor housing. Fibre optical cables work based on total 

internal reflection. There are many examples of fibre optic cables being incorporated into 

optical sensor designs, Wang et al., (2022) [187] demonstrates the use of fibre optic cables 

in the development of a handheld dissolved oxygen sensor capable of measuring a 

fluorescence signal using an excitation LED and detector with a multi-mode bifurcated fibre 

coupler. Steiner et al., (2003) [188] have developed a prototype of a mid-IR sensor for the 

measurement of organic pollutants in ground water using fibre optical cables to join a 

spectrometer detector with an IR light source in sensor head. A review of optical fibre 

sensors for the measurement of water turbidity was carried out by Omar et al., (2009) [49] 

demonstrating their application in developing in situ turbidimeters. 

 

In many cases when measuring an optical signal, it is necessary to block or allow the 

transmission a particular wavelength range. Optical filters are used to perform such 

functions allowing for the spectrum of interest to be isolated for detection purposes. A 

bandpass optical filter allows a narrow wavelength range to pass while blocking higher and 

lower wavelengths. This allows for the isolation of spectral range of note to be measured by 

a photodetector. Similar optical filters are long pass and short pass filters which allow longer 

wavelengths to pass or shorter wavelength to pass respectively. An example of the 

requirement of these filters would be in fluorescence detection. If the light source used to 

excite a molecule being measured overlaps or interferes with the emitted fluorescence signal 

it would block or mask the fluorescence signal to be measured. A long pass filter can be 

placed in front of a detector to block the noise from the light source. The use of the filter 

improves the signal to noise ratio giving greater limits of detection. 

 

The material the optical component is made from also must be considered as different 

material compositions have different spectral transmission ranges (see Figure 1-25) as well 

as mechanical properties and costs. Fused silica and sapphire glass are used to manufacture 

lenses and fibre optical cables with a broad spectral allowance including in the UV region 

[189] and are used in optical marine sensors [190–192]. The optical components used in an 

aquatic environmental sensor must keep a watertight seal while also withstanding 

hydrostatic pressure, fouling, abrasion, and impact.  
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Figure 1-25 Transmission region comparisons of different substrates of optical windows adapted 

from figure by optical supplier Edmund Optics [193]. 

 

1.4.4 Temperature Sensor 

There are many different technologies used to measure water temperature implemented in 

commercial in situ aquatic sensors with varying accuracy, temperature measurement ranges 

and cost depending on application. The temperature of aquatic environments can vary from 

frozen lakes, glacial waters ( -4 °C to 0 °C) to tropical sea waters and geothermal areas (30 

°C to 45 °C) which the temperature sensor must be able to measure accurately. Four of the 

most used technologies are compared in Table 1-3. 

 

The technologies compared consist of the thermocouple, resistance temperature detector 

(RTD), thermistor and integrated silicon. A thermocouple works on the principle of two 

dissimilar metal materials joined together to form a junction. A voltage is generated between 

the two dissimilar materials which is proportional to the temperature (Seebeck effect) which 

can be measured [194]. Thermocouples provide the widest range of temperature 

measurement and are rugged in design [195].  RTD’s work based on the principle of the 

relationship between temperature and the electrical resistance of metal [196]. With a current 

flow across the RTD, Ohm’s Law can be applied to measure the voltage drop which gives 

the resistance which in turn can be converted to temperature. RTDs provide high levels of 

accuracy however are prone to breaking [195]. A thermistor uses the same principle as an 

RTD but uses a ceramic or semiconducting material [196]. Integrated Silicon or Integrated 
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Circuit (IC) consists of a temperature sensor element such as a diode or a transistor as well 

are the required circuitry to process and output the temperature readings [197]. The output 

from the IC can be a voltage, current or a digital communication protocol which makes them 

ideal for integrating with a microcontroller without the need for additional processing 

circuitry. An IC temperature sensor also does not need additional conversion for linear 

response unlike the other three technologies [195].  

 

Table 1-3 Comparison of temperature sensing technologies adapted from [195]. The technologies 

compared are the thermocouple, the resistance temperature detector (RTD), the thermistor and 

integrated silicon. 

 Thermocouple RTD Thermistor 
Integrated 

Silicon 

Temperature 

Range 
-270 to 1800 °C -250 to 900 °C -100 to 450 °C -55 to 150 °C 

Accuracy ± 0.5 °C ± 0.01 °C ± 0.1 °C ± 1 °C 

Linearity 

4th order 

polynomial or 

equivalent 

lookup table 

required 

2nd order 

polynomial or 

equivalent 

lookup table 

required 

3rd order 

polynomial or 

equivalent 

lookup table 

required 

No 

linearization 

required. 

Ruggedness 

Larger gauge 

wires an 

insultation 

materials used 

offer rugged 

and sturdy 

design.  

Susceptible to 

damage due to 

vibration 

caused by 

small gauge 

leads prone to 

breaking. 

Not affected by 

shock or 

vibration. 

Difficult to 

handle due to 

glass 

enclosure.  

Very rugged 

and robust due 

to integrated 

circuitry plastic 

housing. 

Responsiveness 

in stirred oil 
Less than 1 s 1 to 10 s 1 to 5 s 4 to 60 s 

Excitation None required Current Source Voltage source Voltage supply 

Form of 

Output 
Voltage Resistance Resistance 

Voltage, 

current or 

digital. 

Typical Size 

Bead diameter 

= 5 x wire 

diameter 

6 mm x 6 mm 
2.5 mm x 2.5 

mm 

From TO-92 to 

SMD packages 

(2 x 2 x 0.5 

mm) 

Price €1 to €50 €25 to €100 €2 to €10 €1 to €10 
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1.5 Review of Marinisation Design, Manufacture and Materials 

In the marine environment the expected environmental challenges can be caused by several 

factors as shown in Table 1-4. The environmental challenges identified from the literature 

span a wide range of variabilities from mechanical to chemical to biological stresses. These 

variables must be considered in a design process of the mechanical structure, electronic 

systems, and material selection to output a sensor which is insensitive to external variables 

in the environment. Figure 1-26 gives an example of the different components and materials 

used in commercial marine sensor designs. It can be seen from the figures of the components 

that an emphasis is placed on simple, mechanically robust design and the use of durable 

materials.  

 

Table 1-4 Challenges posed by the marine environment for in situ sensors and marine equipment.   

 Environmental 

Challenge 
Description Refs. 

M
ec

h
a
n

ic
a
l 

Hydrostatic Pressure, 

Watertightness and 

Moisture Damage 

A submerged object experiences hydrostatic 

pressure proportional to the depth. Maintaining 

structural integrity to resist the external forces 

while maintaining a watertight seal is critical. 

Moisture damages internal electronics is exposed. 

[198–200] 

Impact Impact forces on equipment due to collision caused 

by turbulent movement while deployed can 

severely damage equipment. 

[198,199] 

Abrasion Abrasive action on material surfaces due to sand, 

wave action or repeated rubbing with another 

surface can cause major mechanical stresses.   

[199,201] 

Temperature Changes Fluid temperature changes can cause thermal 

expansion/compression cycles within the materials 

resulting in structural stresses.   

[198,199,202] 

C
h

em
ic

a
l 

Corrosion Corrosion is a deterioration mechanism cause by 

high salinity on metallic materials 

[203–205] 

Ultraviolet (UV) 

Radiation 

Solar UV radiation due to exposure of the material 

can deteriorate a material predominantly plastics 

and wood. 

[206,207] 

Alkaline Solution Exposure of materials to alkaline solutions can 

cause a degradation of the materials integrity. 

Primarily polymers and composites are affected.  

[198,208] 

Weathering Due to exposure to air and sea water a deterioration 

process of weathering can affect materials. 

[209,210] 

F
o
u

li
n

g
 

Biological Growth Build-up of biological growth on sensor equipment 

can damage the structural integrity and affect 

sensor measurements. 

[211,212] 

Sediment Build Up Sediment particles can build up on equipment 

causing damage and affecting  measurements of 

sensors. 

[212] 
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Figure 1-26 Example of Marine Sensor Design. (a) Example of an off-the-shelf titanium sensor 

enclosure from Develogil; (b) Example of commonly used IP68 rated marine cable connectors: 

Eaton’s subsea connectors and cable assemblies using BurtonTM dry-mate and wet-mate; (c) 

Example of a probe type sensor head with copper foil by YSI, a Xylem brand, Yellow Springs, OH, 

USA; (d) Marine cable connected to marine sensor; (e) Example of sensor guard design for YSI V2 

6600 Sonde. (f) Example of internal frame structure used on a sensor from Blue Robotics; (g) 

Example of an optical wiper cleaning system used by probes of the YSI V2 6600 Sonde; (h) Example 

of optical sensor head set up using optical windows with light source and photodetectors, 

PhycoProbe manufactured by BBE Moldaenke, Germany. 
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1.5.1 Materials for the Marine Environment 

1.5.1.1 Materials Used by Commercial In-Situ Sensors 

Table 1-5 shows examples of common materials being used by commercial marine sensor 

manufacturers for the construction of the housings of their instrumentation. The table shows 

that manufacturers commonly use a mix of metal-based and polymer materials for different 

components. The material of the component is dependent on the function and mechanical 

performance required. This allows for reduction of costs by only using metal-based materials 

when required due to their higher costs and weight relative to polymers [213,214]. 

 

Table 1-5 Materials used in marine sensor manufacturing. 

Metal Based Materials 

Grade Material Used In Sensors 

316 
Stainless steel alloy (contains 

molybdenum) 
YSI, Seabird, Turner etc 

AH36 Carbon Steel YSI 

6061-T6 Aluminium  Blue Robotics ROV 

- Titanium 
YSI, Seabird, Chelsea Tech., TriOS, 

S: CAN, Turner, etc 

1.4571/1.4404 Stainless steel TriOS 

- Copper 
Seabird, TriOS, HydroCAT-EP, 

Chelsea, Turner, Hydrolabs, etc 

Polymer Materials 

Grade Material Used In Sensors 

Xenoy 
Blend/resins 

 
YSI 

Lexan 

Polycarbonates/thermo 

plastic 

 

YSI 

Victrex PEEK thermoplastic Quantum analytical 

 

PPS 

(Polyphenylene 

sulfide) 

 

thermoplastic Chelsea 

POM-C thermoplastic TriOS  

Rigid 

Polyurethane 
thermoplastic/thermoset Seapoint 

 

Advancements in metallurgy have allowed for superior materials to be developing including 

corrosion resistant alloys (CRAs) which have specific properties to resist chemical corrosion 

[215]. There has been a noticeable trend of marine components being manufactured using 
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titanium alloys due to their corrosion resistance, mechanical properties, and long-life 

durability [216,217]. However, the trade-off of using titanium is the cost of both raw material 

but also the machining and manufacturing costs however there have been developments in 

the manufacturing processes to reduce this cost and make titanium more appealing for sensor 

applications. Many commercial marine sensors have begun to utilise titanium components 

due to increasingly competitive prices [218–220]. Other marine grade metals include 

Stainless Steel A316 which is alloyed with molybdenum to improve its corrosion resistance. 

Stainless steel has traditionally been used by marine sensors [221,222], however, with the 

price of titanium becoming more competitive there has been a shift away from stainless 

steel. Furthermore, another marine grade metal which is cost effective due to its 

machinability is Aluminium 6061-T6 which is alloyed with both magnesium and silicon.  

 

Polymers used in marine applications are required to withstand the high pressure, salt water, 

UV radiation and biofouling. A commonly used polymer for marine applications is 

polyoxymethylene (POM) which is an engineering thermoplastic [265]. There are two 

variations of POM which are homopolymer (POM-H) and copolymer (POM-C). POM-H is 

harder and stiffer compared to POM-C which is more flexible [213,223]. POM plastics 

provide good resistance to wear and is easy to machine to high tolerances. Polyether ether 

ketone (PEEK) possess good mechanical properties with high resistance to high 

temperatures and chemical degradation. It is also very durable making it suitable for the 

harsh environment such as the marine environment.  Polyvinyl Chloride (PVC), 

polypropylene (PP) and polyethylene (PE) are also commonly used for marine components 

due to their resistance to chemicals, mechanical properties, and high durability [212].  

 

1.5.1.2 Material Degradation under Environmental Conditions 

Corrosion proofing is a necessity for all metal-based components which will be exposed to 

salt water for any period including electronics and components such as fasteners, enclosures 

etc. Marine corrosion can affect metallic materials in several ways including pitting [256], 

galvanic [224], stray current [225], and cavitation [203] corrosion. Deterring corrosion is a 

major requirement for any components used in direct or indirect contact with the marine 

environment including the external enclosure, fasteners, cables, optical components, and 

electronic components. ISO 9223 (the international standard for corrosion in metals and 

alloys) outlines standards for corrosion of metals and alloys, time of wetness (TOW) is 
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defined as the amount of time a metal surface is remains wet during atmospheric exposure 

[226].  

 

Additional post processing treatments can also be used on metals to isolate the metal from 

exposure to the environment [203]. Cathodic protection can be provided to steel components 

through the use of a sacrificial anode made from zinc or aluminium [227]. This method 

works on the basis that the material of the anode has a more negative electrochemical 

potential than the steel in the structure. Creating a physical barrier between the metal 

component and the water is another effective way of preventing corrosion [203]. Applying 

paint or grease to metal surfaces can create an isolating layer to keep the metal from 

corroding[228]. Additionally, anodising which is a chemical process on metal surfaces 

achieved by using an electrolytic acid bath (highly applicable with aluminium) [229]. 

 

To avoid issues of corrosion entirely engineering polymers can be selected for certain 

external components [230]. Polymer materials are inherently resistance to electrochemical 

corrosion due to their molecular structure which does not facilitate ion exchange unlike the 

molecular structure of conductive materials [231].  Engineering polymers are commonly 

used in marine applications due to their chemical stability, light weight and reduced cost of 

fabrication [213]. However, as identified in Table 1-4, some polymers are susceptible to 

deterioration process such as weathering, solar UV radiation and alkaline solution stresses. 

 

1.5.1.3 Mechanical Properties of Materials 

Table 1-6 shows a comparison of relevant mechanical properties of the selected materials 

commonly used in marine applications that meet the required performance criteria. Stainless 

steel 316 is the densest of the materials while the polymers POM-C and PEEK are the least 

dense. This property informs on the strength to weight ratio when designing the sensor. The 

yield strength of the material is the point at which the material begins to deform plastically, 

stainless steel and aluminium 6061 have the highest yield strength while the polymers have 

the lowest.  Stainless steel and titanium have the best young’s modulus which is the 

measurement of a materials ability to resist being deformed elastically when a force is 

applied which informs the design of stiffer materials such as stainless steel versus more 

flexible materials such as the polymers.  
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Table 1-6 Mechanical Properties Comparison of Marine Engineering Materials 

Material Density 

(g/cc) 

Yield Strength 

(MPa) 

Youngs Modulus 

(GPa) 

References 

Stainless Steel 316 7.99 290 193 [232,233] 

Titanium 4.5 140 116 [233,234] 

POM 1.41 59.5 2.65 [214,235] 

PEEK 1.3 90-100 3-4 [214,236] 

Aluminium 6061-

T6 
2.70 276 68.9 [237,238] 

 

Mechanical performance of the materials selected are of great importance when it comes to 

the sensor being able to withstand external loads, wear and hydrostatic pressure while 

submerged in the marine environment for extended periods of time. The materials selected 

must be based on the mechanical criteria outlined in Table 1-7. 

 

Table 1-7 Environmental challenges and corresponding ideal material properties 

Environmental Challenge Material Properties 

Repeated use in harsh environment 
High strength, rigidity, and 

toughness 

Potential for impact while moored at sea 
Impact strength, even at low 

temperatures 

Abrasion caused by movement during 

deployments and while at sea 

Wear resistance and sliding 

properties 

Under loaded strain for extended periods of time 

while moored 
Creep resistance 

Maintaining watertight seal under varying 

environmental conditions 
High dimensional stability 

Exposure to aquatic environment for extended 

periods of time 
Resistance to hydrolysis 

Reduce cost of manufacturer Material cost and machinability 

 

1.5.2 Manufacturing Methods for Marine Applications 

1.5.2.1 Traditional Manufacturing Methods 

The manufacturing processes required to produce marine sensor housings and enclosures 

are dependent on the material used. For metal casings such as stainless steel 316 and titanium 

alloy, stock material such as sheet, block, or tube to be fabricated into the required form 

using processes such as deep drawing [239], extrusion [240] and rolling [241]. For finer 
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detailing, drilling, milling and lathe work may be required. The harder metals result in higher 

manufacturing costs in tool wear and longer manufacturing times [242]. Plastics can be 

purchased in the form of pellets which can be transformed into any form using 

manufacturing processes such as injection moulding, extrusion, die casting or blow 

moulding [223,243]. Material and manufacturing costs are lower due to the higher detail that 

can be produced in a single step using moulding techniques and buying material in raw form 

(pellets) [265].  

 

1.5.2.2 Additive Manufacturing Methods 

Additive manufacturing techniques are now being used widely for prototyping and low scale 

manufacturing which has previously been used in marine applications [244,245]. A review 

of 3D-printed sensors was conducted by Ni et al., (2017) [246] showing many different 

applications of additive manufacturing for sensor development. For rapid prototyping fused 

deposition modelling (FDM) 3D printing is ideal as a part can be printed in a matter of hours 

for testing components [247]. The process involves extruding a polymer from a filament and 

builds a part layer by layer. Designs (see Figure 1-27a). There are a wide variety of filaments 

available for FDM such a polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), 

polyethylene terephthalate glycol (PETG) etc. Each printing material has their own 

properties and applications. Mato et al., (2023) [248] presents a FDM 3D printed approach 

in developing a low cost in situ optical sensor for the marine environment using PLA, ABS 

and PLA with copper particles filaments. 

 

There are other additive manufacturing methods which can achieve much higher resolution 

and structural strength than FDM printing [249]. Stereolithography (SLA) printing with uses 

UV light to cure resin layer by layer (see Figure 1-27b). Resins made up of photopolymers 

with different mechanical and thermal properties can be used depending on the application. 

This printing process results in accurate and high resolution components making it ideal for 

intricate component geometries [250]. However, SLA printing equipment and materials are 

more expensive than the FDM printing equipment equivalents [251]. Commonly, FDM 

printers can produce larger components. The components produced by SLA are less durable 

and more rigid than components printed on FDM printers [251]. 
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Selective laser sintering (SLS) uses a high-powered laser to fuse polymer powder in layers 

to form a high-resolution structure (see Figure 1-27c). Common polymers used in SLS 

printing include nylon or polyamide [250].  Unlike FDM or SLA printing, SLS printing does 

not require supports which allows for more intricate structures and geometries to be 

fabricated [252,253]. Due to the sintering process, SLS printed components are robust and 

suitable for end-use applications [254]. Compared to FDM and SLA printing, SLS 

equipment and material is cost prohibitive for personal use. SLS printing for small scale 

prototyping would require outsourcing to larger manufacturing companies.  

 

 

Figure 1-27 Additive manufacturing methods. (a) Fused Deposit Modelling (FDM) 3D printing, 

diagram modified from Mwema FM et al. [255]. (b)  Stereolithography (SLA) 3D printing, diagram 

modified from Stansbury JW et al. [256]. (c) Selective Laser Sintering (SLA) 3D printing, diagram 

modified from Gueche, Y.A et al. [252] 

 

1.5.2.3 Watertight Seals and Interfaces 

Maintaining a watertight seal is of paramount importance for a marine sensor which is 

intended to be submerged under water for prolonged periods of time. This relates to every 

section of the sensor and all connection components used. Any join or interface between 

components that is exposed to the surround water requires a sealing method to prevent any 

moisture from entering the internal enclosure. 

 

O-Rings are critical components used in sensors and enclosures which are intended to be 

submerged in water for prolonged periods of time to maintain a watertight seal on the 

interface between the outside environment and the internal area. The internal areas must 

remain dry for electronics and components to remain operational without being damaged by 
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moisture and corrosion effects. For significant joints it is convention for two O-rings to be 

used with the first primary O-ring maintaining the watertight seal and the second to provide 

a failsafe backup just in case the primary O-ring is compromised (see Figure 1-28). It is 

essential to lubricate O-rings when installing as this prevents damage due to pinching, 

twisting or abrasion [309]. This would reduce the O-rings ability to maintain a complete 

seal. Silicon grease is commonly used to lubricate O-rings. Other points that need to remain 

watertight are the optical lenses, O-rings and gaskets can be used to seal the area around the 

lens as well as using mechanical mounts, adhesives and cements to secure the lens in place 

[258,259].  
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Figure 1-28 Example of watertight enclosure by the use of radial and facial O-rings and flanges, 

image modified from Blue Robotics (www.bluerobotics.com) [312]. 

 

Additive manufacturing lends to more porous surfaces due to the layer by layer method of 

fabrication [261,262]. This is due to void formation between layers of the material being 

deposited which limits the bonding between layers causing porosity [263]. Post processing 

steps can be taken to ensure the printed component is watertight. The use of coatings such 

as epoxy resins varnishes or sealants can fill the pores on the surface of the component 

http://www.bluerobotics.com/
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creating a complete seal [264]. Another technique which is applicable to certain polymer 

materials such as ABS, is vapor smoothing [265]. Vapor smoothing uses a solvent vapor to 

partially melt the surface of the component, in turn smoothing and plugging the gaps of the 

components surface. In industry, infiltration is a common method for reducing porosity 

[263]. This method involves placing the component into a vacuum chamber and introducing 

sealant oil. The sealant penetrates the voids of the material which closes the pores on the 

components surface creating a pressure tight component.  

 

It is standard practice for marine electronic applications is to employ protective coatings on 

electronics used in marine sensors to guard against moisture damage [200]. During the 

fabrication and post fabrication processes, prevention steps can be taken to ensure the 

electronic circuit boards are not vulnerable to moisture which would damage the circuitry. 

One such approach is the surface finishing of the board at the point of fabrication to cover 

any exposed copper on the board to reduce exposure to the environment which would cause 

oxidation of the copper and corrosion [266]. This protects the board and is done before the 

assembly step. After assembly, a post fabrication step of conformal coating can be done 

which applies a layer of hydrophobic material to insulate the surfaces of the electronic circuit 

from the environment as shown in Figure 1-29. This will prevent moisture, dust, other 

contaminants, and UV exposure  [64–66]. Additionally, to reduce moisture levels from the 

air inside the enclosure, silica gel desiccants can be used which can be sourced in packets of 

pellets and placed inside the sensor enclosure. The silica gel absorbs the moisture from the 

air by attracting the water molecules which are then bond to the surface of the silica gel 

surface [270].  
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Figure 1-29 Silicon conformal coasting of electronic board surface to provide protections from 

moisture on the left and diagram of the hydrophobic barrier formed on the right. 

 

1.5.3 Antifouling Strategies for In Situ Sensors 

Biofouling is the accumulation of unwanted material on any surface submerged in an aquatic 

environment. Fouling of structures in the marine environment is a major hurdle to long term 

deployments of marine sensors as the growth of biological matter that can cause damage to 

the sensor and reduce its performance [271]. This is a concern in particular for optical 

sensors as any obstruction in front of a lens, light source or detector can skew the data being 

measured by the sensor and a signal drop would be evident [272]. Figure 1-30, a study 

conducted by L. Delauney et al., (2010) [273], shows the effects of biofouling on optical 

sensors. In Figure 1-30b the drift begins as soon as seven days after initial deployment.   
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Figure 1-30 The effect of fouling on optical sensor readings (a) Optical window of a transmissometer 

after 40 day period in Trondheim Harbour (Norway) in summer [273]. (b) The measurement drift on 

an unprotected fluorometer due to biofouling on optics [273]. 

 

1.5.3.1 Physical Fouling Prevention Methods 

There are many methods used by commercial optical marine sensors to prohibit or reduce 

fouling. Mechanical cleaners/wipers are the most common method used, using a brush or 

scrubber driven by a motor to periodically wipe the lenses of the sensor (see Figure 1-31b). 

However, as the mechanical wiper system involves the use of moving parts underwater 

which makes the manufacturing and maintenance costs of the system relatively high [273]. 

Additionally, the power consumption of the motor is relatively high which reduces 

deployment times [274].  

 

Another solution less frequently used are biocide generation system which inject chemicals 

such as peracids, halogens and quaternary ammonium compounds into the water column 

killing off any micro-organisms building up on the sensor surfaces [275]. Examples of this 

method used by in-situ commercial marine sensors can be seen in Figure 1-31d.  This method 

though is highly toxic to the environment and is also power demanding as the system 

requires a hydraulic pumping system [26].  

 

1.5.3.2 Ultraviolet Light Fouling Prevention Method 

Due to the power demands of physical wipers and toxicity of used biocides manufactures 

have begun to move away from these methods. Deep ultraviolet light (UVC) sources (100 – 

280 nm) have become significantly cheaper to manufacture and more widely available in 

the form of LEDs. The UVC light has a degradation effect on the nucleic acid of cells 
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therefore destroying any micro-organisms in its direct path [127,276]. This method has very 

promising applications for optical sensors as the UV LEDs can be used to keep the lens clear 

of any fouling (see Figure 1-31a)  which in turn increases the longevity of a deployment by 

maintaining good measurement and signal quality (as seen in Figure 1-30b) while using less 

power than a mechanical wiper system [274].  

 

1.5.3.3 Material-based and Coatings Fouling Prevention Methods 

Copper in its raw form [277], in an alloy (commonly with nickel) [278] or copper-based 

paints [279] are frequently used to prevent fouling as they are highly effective at stopping 

biofilms from developing on surfaces [275]. Ions from the coppers surface are released 

which degrade the RNA of organic cells acting as a biocide [280]. It creates a constant toxic 

surface making it difficult for micro-organisms to grow in high numbers to begin the fouling 

process [70].  Copper structures as in Figure 1-31c, can be used by sensors to create a 

physical barrier to prevent fouling for effecting the sensing probes. Copper can also be 

sourced in tape or sprays [277] to cover surfaces to prevent fouling build up.  

 

Other antifouling coatings exists which employ as non-stick approach to deter micro-

organisms from gaining a foothold on the surface therefore prohibiting the growth of biofilm 

[275]. Commonly based on silicones, most commonly using PDMS (polydimethylsiloxane) 

non-stick coatings are commercially available [279,281]. The benefit of non-stick coatings 

is they are non-toxic to the marine environment as opposed to the biocide-based approaches 

[282]. The use of sol-gel based materials offer a non-toxic solution to fouling prevention 

[283] at lower cost compared to silicone-based paints [284]. Sol-gel coatings can be 

transparent allowing them to be applied to optical lenses and windows on in-situ optical 

sensors acting as a benign fouling prevention approach for optical detections in the marine 

environment [285].  
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Figure 1-31 Antifouling strategies. (a) the use of UV LEDs to prevent the build-up of fouling on the 

left, without the UV LEDs operating on the right [286],(b) physical wiper is employed on the YSI 

sonde for fouling prevention on the optical lenses [287], (c) using copper allow sheathe to prevent 

fouling build up on probe [287], (d) examples of commercial sensors using bleach injection system 

to prevent fouling, HydroCAT-EP, Sea-Bird Scientific on the left and Water Quality Monitor 

(WQM) Wet-Labs and Sea-Bird Scientific sensor on the right, diagram modified from Delgado et 

al. [212]. 

 

  



 

58  

1.6 Discussion and Conclusion 

In this chapter the key role in situ sensors have in monitoring aquatic environments was 

outlined. The current trend in in situ water sensing instrumentation was found to be moving 

away from the expensive traditional sensor to develop more adaptable, lower cost and 

smarter sensors. The theory of the optical properties both inherent and apparent in water 

were investigated and how the presence of target analytes can be measured and quantified. 

There are multiple measurement modes which can be applied that were explored including 

transmittance/absorption, scattering of light and fluorescence of molecules. Using the 

literature, the spectral characteristic of key target analytes were highlighted including that 

of turbidity, suspended particle matter, Chl as an equivalent quantification of phytoplankton 

and other algae species, dissolved organic matter as well as petroleum compounds. Finally, 

a thorough review of the challenges which must be overcome in in situ sensor design for 

robust and low cost sensor enclosures to be deployable in the marine environment was 

conducted. The outcome of this investigation was the identification of suitable marine grade 

materials, low cost manufacturing methods and a selection of antifouling strategies which 

can be applied to in situ enclosure design.  

 

1.6.1 Optical Measurement of Target Analytes 

The application of the combination of a light source and a detector these parameters can be 

optically measured and converted to an electrical signal. The spectral emission of the light 

source and the measurement of wavelength intensities is important for producing an accurate 

measurement of a parameter. The required optical measurement spectrums have been 

tabulated in the Table 1-8.  
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Table 1-8 Optical characteristic requirements for the measurement of select target analytes. 

 
Turbidity Algae 

Species/Chlorophyll 

Dissolved Organic 

Matter 

Petroleum 

Compounds 

Measurement 

Mode 
Trans/Sct Abs/Flr Abs/Flr Flr 

Light Source 
IR (800-

900 nm) 

Abs: 400-450 nm & 

650-680 nm 

Flr:  300-450 nm 

Abs: 400 – 500 nm 

Flr: 300 – 420 nm 
266 – 355 nm 

Detection 

Region 

IR (800-

900 nm) 

Abs: 400-450 nm & 

650-680 nm 

Flr: 650-680 nm 

Abs:  400 – 500 nm 

Flr:  340 – 500 nm 
320 – 395 nm 

Trans – Transmittance, Sct – Scatter, Abs – Absorption, Flr – Fluorescence, IR – Infrared 

 

With the optical characteristics identified an investigation of the current technology 

available was carried out to identify the suitability and novel advancement opportunities 

which could be applied to developing a more sophisticated and lower cost sensing unit. 

Starting with the light source, when compared to traditional broadband light sources such as 

xenon lamps, LEDs provide an advantage in cost, size, and range of spectral emission ranges 

available to be able to measure multiple different optical characteristics of the water column. 

The decrease in size (surface mounted components) to power output of an LED was 

identified to have the potential to allow multiple different LEDs to be combined onto a single 

light source array for multiparameter measurements and examples of this have been seen in 

the literature of other water sensing prototypes.  LED technology has advanced significantly 

provide a wide range of low-cost UV models which used prominently for absorption and 

fluorescence detection methods of analytes. A full analysis of photodetectors available was 

conducted comparing the advantage and disadvantages of currently available photodetectors 

which has been tabulated in Table 1-9. This table shows the advantages of using photodiodes 

which are the most commonly used photodetector in commercial in optical situ sensors due 

to their size, cost and sensitivity [79,288]. However, the recent advancements made in the 

miniaturisation of spectrometer technology [173] holds a significant potential for the 

development of a novel sensor capable of spectrally resolving more complex solutions to 

analyse the water column in a holistic way providing higher resolution spectral data.  
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Table 1-9 Table comparing the performance characteristics of three photodetectors, photodiodes, 

photomultiplier tubes and micro spectrometers. 

 Photodiode Photomultiplier 

Tube 

Compact-Spectrometer 

Spectral Range 200 nm - 1100 nm 185 nm - 900 nm 200 nm - 2500 nm 

Sensitivity Up to 0.1 A/W Up to 106 A/W Up to 104 counts/W 

Ruggedness Moderate Less rugged Moderate 

Optical 

Filtering 

External filters External Filters External filters can be 

used but not essential 

Excitation Voltage source (voltage 

bias) 

High Voltage source 

(in kilovolts) 

Voltage source 

Form of 

Output 

Current or voltage Current Digital or analog 

Measurement 

Speed 

Nanoseconds to 

microseconds 

Nanoseconds to 

microseconds 

Milliseconds to seconds 

Size 1.6 mm x 0.8 mm SMD 

to 10 mm diameter 

THT 

Compact 25 mm to 

50 mm diameter 

Compact 11.5 × 4.0 × 3.1 

mm to 20.1 × 12.5 × 10.1 

mm 

Cost €10 - €100 €100 - €1000 €100 - €1000 

 

The use of compact spectrometers as photodetectors in a multiparameter optical sensors 

would provide many opportunities as they can be used in multiple different optical modes 

without the need to swap out optical filters due to their spectral range. The sensitivity of a 

spectrometer can also be altered by setting its integration time or exposure time. This would 

allow for fine-tuned sensitivity depending on the optical measurement and light source 

configuration required. If two spectrometer units were to be incorporated into the design this 

would achieve four different measurement modes by positioning one in front of the light 

source (transmission/absorption) and one at 90 degrees (side scatter/fluorescence). To add 

additional functionality to the design a photodiode can be placed in the backscatter position. 

This would extend the sensors limits of detection of turbidity in extreme cases producing 

high turbidity events such as storms or high rates of suspended particle conditions.  

 

The importance of the selection of optical lenses, windows, or fibre optical cables which the 

optical sensing components are positioned behind has been highlighted in this chapter. For 

the light source a collimation lens is required to produce a parallel and even beam entering 

the sample for accurate measurements. To enhance the sensitivity of the sensor overall, 
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plano-convex, or convex lenses can be used to focus the light signal onto the detectors 

positioned at the focal point of the lenses. The material of the lenses also has an influence 

on the measurements as it must allow the transmission of the spectral range being measured. 

UV fused silica, sapphire and N-BK7 provide low-cost solution with ranges from UV to IR. 

N-BK7 is limited in the UV spectral range compared to UV fused silica and sapphire. UV 

fused silica lenses are overall lower cost than sapphire which would make them more 

suitable to the overall design requirements. 

 

Although not essential to an optical in situ detector, from this investigation the benefit of 

including a temperature probe in the system has been highlighted. The inclusion of a 

temperature parameter with the optical data has the advantage of providing additional 

context of the local surroundings of the sensor adding to a more holistic picture of the water 

quality being sampled.  The temperature data along over different temporal ranges can be 

insightful showing short- and long-term trends in the aquatic environment which can be used 

in conjunction with other changes in target analyte measurements. The technologies 

evaluated included thermistors, thermo couples, RTDs and IC based temperature sensors. 

From the analysis of each technology, IC based temperature sensors provide a cost-effective 

solution with suitable temperature measurement ranges and accuracies. The additional 

advantage of IC temperature sensors is that not additional circuitry is required to provide 

linear correction and the data can be integrated with a microcontroller over a digital 

communication protocol without the need for calibration or look up tables.  

 

1.6.2 Robust Design for the Marine Environment 

The marine and other aquatic environments post significant design challenges for 

developing technology intended to be deployed in the environment repeatedly and for 

extended periods of time. From a review of the literature, the primary considerations in 

material selection and manufacturing methods are the mechanical robustness of the design, 

the chemical resistance of the materials and the occurrence for fouling due to biological 

growth. It can be seen from the review that state of the art commercial sensors typically use 

a combination of polymers and marine grade metal materials in their design. The materials 

choice is made on a component to component basis based on the application with the 

mechanical properties, chemical resistance and fouling prevention properties considered. 

The use of engineering polymers gives an advantage in cost in both raw material cost and 
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manufacturing cost while metal components maintain better mechanical properties which 

needs to be taken into consideration.  

 

Traditional manufacturing methods such as injection moulding and machining are 

commonly used however there is a major opportunity to take advantage of the advanced 

manufacturing methods of additive manufacturing which have developed considerably over 

the last 10 years to be applied to in situ sensor design. The novel application of additive 

manufacturing can provide advantages in cost, prototyping production speed, allow for more 

complex geometries to be designed and for scaling of manufacturing to be carried out which 

will be taken into consideration.  

 

A review of the effects of fouling build up on optical in situ sensors was conducted and the 

current strategies used by in situ sensor manufacturers to address this challenge was 

conducted. It was revealed that there are a wide range of approaches from physical wipers, 

the use biocides, non-stick materials, and UV radiation used. The key factors identified to 

inform on the strategy or combined strategies applied in an in situ sensor are toxicity 

informed by environmental regulations, cost of implementation and operational power 

usage.  

 

1.6.3 Prototype Development Process 

An iterative design methodology includes analysis, evaluation, and redesign steps to aid with 

better decision making [289].  The reasoning for adopting such an approach is to optimise 

the sensor design cyclically to reduce the need for alterations later in the development life 

cycle where changes would incur higher costs [290]. Figure 1-32 shows the adopted iterative 

design process with the design inputs of the initial concept for the sensor design and outline 

of specific requirements which are fed into an iterative design loop. The ideate stage 

considers known knowledge and experience from the other steps to restart the cycle for an 

improved design. Once a new design is conceived it can be built and prototyped using 

simulation of physical prototyping. The prototype can then be tested under the key 

performance criteria to assess the suitability of the design for the requirements which can 

then be fed back into the cycle for another iteration or if deemed to meet the required criteria 

can be output as the final design.  
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Figure 1-32 Iterative design process from initial concept and requirements being input to the iterative 

design feedback loop and outputting the final design. 

 

The Technology Readiness Levels rating system was originally developed by NASA. This 

system has stages from 0 to 9 outlining the readiness of the technology as tabulated in Table 

1-10 from international standards protocol ISO 16290:2013 [291]. There is a major 

crossover in technological challenges between the space industry and the marine industry 

which is why TRLs have been applied to marine technology development [292]. The use a 

TRLs is conducive to being able to assess the maturity of the technology being developed. 

This can then be fed back into the iterative design process to ensure the design fit within the 

project requirements and advance the technology to a suitable level. The TRL system will 

be used as a reference throughout the development of the technology as a benchmark of 

progress for this work. In this chapter alone, TRLs 0 to 2 have been achieved with a 

formulation of the technology concept and applied identified. The TRL will be factored into 

the iterative design process to identify the breakout point of the iterative design feedback 

loop for the required final design output as outlined in Figure 1-32. 
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Table 1-10 Description of the Technology Readiness Levels (TRLs) for gauging the advancement 

of the technology being developed. 

TRL Description 

0 Unproven idea or concept without any tests performed. 

1 Initial research with principles proposed but no experimental proof.  

2 Formulation of technology with concept and application identified. 

3 Initial applied research is conducted with proof-of-concept tests performed. 

4 Small scale prototype built and operated under laboratory conditions. 

5 Large scale prototype built and operated in intended environment. 

6 Full prototype system tested in intended environment close to expected 

performance. 

7 Demonstration system operating in operation environment at pre-commercial 

scale. 

8 Actual system completed and qualified through test and demonstration. 

9 Technology fully qualified and available commercially. 
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1.7 Aims and Objectives 

The aim of this thesis is to develop a novel in situ sensing system for the aquatic environment 

with advanced multiparameter measurement capability at high resolution and high 

selectively of environmental parameters to go beyond state of the art and address the 

research and technological gaps required to produce the next generation of in situ sensors at 

scale and low cost. The design will incorporate the requirements to meet the environmental 

challenges requiring robustness, measurement reliability and validation, manufacturability 

and scalability of the technology developed. This can be done by producing a deployable 

optical measurement system disruptive to current commercial sensor equivalents currently 

in use and generate vital methods and research to contribute to the development of the next 

generation of in situ environmental sensing technologies. To achieve this, aim the following 

objectives are set out: 

 

1. Advanced Multiparameter Optical Measurement System Design and Testing: 

 

• The selection of the latest advanced technology in compact optical detectors, light 

sources and arrangement of components are required. This will produce optical 

measurements over a wide spectral range of multiple target analytes in a compact 

formfactor which is currently not available in state of the art systems.  

 

• To interface the selected optical measurement components a custom electronic and 

firmware system must be designed and developed. This will address the challenges 

of sequencing control and automation, measurement reliability, universal system 

integration with external hardware and power systems. These challenges have been 

identified as critical to be addressed by the next generation of in situ sensing 

technology being deployed.  

 

• For validation of the optical and electronics systems in the lab a modular benchtop 

system must be designed and built to a TRL 3 level. A modular design with plug and 

play capabilities will gives a novel approach to the validation of advanced optical 

measurement systems developed to further the testing of novel designs and 

components.  
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2. Robust Deployable Enclosure Design and Marine Grade Materials: 

 

• Design and build a robust and deployable enclosure to house the optical 

measurement components and electronics and provide protection against 

environmental challenges. An emphasis is to be placed on suitable material selection, 

robust mechanical design, and low-cost manufacturing methods. A significant 

outcome of this work will be to produce a thorough assessment of the ideal materials 

and manufacturing method to produce the low cost and robust enclosure for marine 

applications. 

 

• Comprehensive analytical testing of the built sensor design must be conducted to 

validate the optical measurement capabilities of the system (to a TRL 5 level) to be 

used for in situ measurements and a performance comparison made with currently 

available in situ optical sensor systems. This will serve a benchmarking of the 

systems performance relative to current state of the art systems contributing to the 

validation methods of in situ prototype systems in contextualizing performance.  

 

3. Scaling and Deployment: 

 

• A scaled-up production of the finalised sensor design must be carried out to produce 

a total of 10 units. This will require planning of logistics, procurement, fabrication 

methods and assembly techniques to produce multiple identical robust sensor units. 

Producing multiple replicant units of a prototype is not currently done in the research 

field to this scale and new methods are required to be developed which can be applied 

to the research field for the development of the next generation of in situ sensing 

technologies.  

 

• New and novel methods are required to be developed for testing, calibration, and 

ensuring deployment readiness of the multiple sensor units to achieve a TRL level 

above TR 6. This validation method will be capable of being universally applied to 

all systems to standardise the response of each system allowing for 

interchangeability of systems for the deployment as sensor networks. The method 
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developed will be a contribution to the field as it is currently not demonstrated in 

research field in the developed of in situ aquatic optical systems.  

• Full validation of the sensor units built (to a TRL 7 level) must be conducted through 

deployments in the intended environment to verify the sensor’s design for suitability 

in the environment and the capabilities of the sensor’s optical measurement system 

for monitoring environmental parameters. Deployment of multiple replicant systems 

is rarely performed at a research level with this work potentially contributing vital 

information on the methods and results of scaled and repeated deployments of novel 

prototype designs.  
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2.1 Introduction 

With increasing environmental pressure due to global climate change, increases in global 

population and the need for sustainable obtained resources, water resources management is 

critical [19]. Sensors and instrumentation play a key role in water management, and are 

becoming smaller, smarter, and more economical. Optical based sensors are receiving great 

interest due recent advances in photonics and the ability to work in harsh environments 

[293,294]. Smarter water monitoring sensors and benchtop systems are moving towards 

integrating multiparameter measurement abilities to decrease the overall sensor’s required 

to gain a greater understanding of the waterbodies holistically [295–297].  

 

For the target selective optical measurements, monochromators, such as a diffraction 

grating, or optical filters are typically used to select the desired emission wavelength. Once 

filtered this light is typically directed towards a photo-multiplier tube (PMT) for detection. 

Using these systems for fluorescence detection are rather bulky and not suitable for in-situ 

or continuous monitoring of local events. Thus, the majority of environmental sensors, either 

for fluorescence or scatter measurements employ photodiodes as photodetectors and light 

emitting diodes (LED) as light sources [48]. Selectivity to target analytes is thus achieved 

through the use of LEDs with narrow bandwidth emissions, laser diodes and optical filters 

which in general block or reduce the leaching of incident light into the photodiodes 

[116,150,151,298–301]. In the race for miniaturisation and field application a range of 

photodetectors have been demonstrated in the literature for different applications and 

include: PMTs [163–165] which although have excellent sensitivity require higher voltages 

to operate, camera sensors [302–304],  PDs [150–153] and Cadmium-Sulfide (CdS) 

photoresistors [301,305]. 

 

Due to the low cost, small size, and improved performance these optical components have 

accelerated the development of in-situ optical sensors [306]. However, limitations still exist 

due to the complex composition of environmental waters and the overlapping of absorption 

or emission spectra associated with the presence of different optically active compounds 

[307,308]. While photodiodes provide poor spectral resolution, array detectors provide 

multi-spectral resolution which in turn captures multiple spectral emission bands associated 

with the presence of different constituents. Thus, the higher resolution enables spectral 

deconvolution and the assigning of emission peaks to environmental constituents. 
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Miniaturised spectrometers now exist to enable the fabrication of low-cost portable sensors 

with a recent demonstration for the use of the Hamamatsu C12880MA spectrometer chip for 

absorbance measurements [304]. 

 

For the next generation in situ sensors the capabilities of multiparameter sensing are to be 

increased to take advantage of technological advancements in LED packaging [123,124], 

photodetectors [148,309] and electronics [149]. In the last decade electronic components 

have been miniaturised and their cost has been greatly reduced giving way to a significant 

opportunity to apply these technologies to a deployable low-cost marine sensor.  

Components are more practical to integrate into a deployable portable sensor bringing 

scientific instruments out of the laboratory and into the field [306]. Mass-production of 

components and materials have led to a reduction in costs making technology more 

accessible [310]. Other industries, external to the ocean sciences and environmental sensors, 

are developing technology and reducing sensing component costs which feeds into the 

environmental sensor technological advancements [311]. Lower cost hobby grade 

electronics are readily available and new fabrication technologies such as 3D printing make 

development of sensors much easier, cheaper and faster than ever before [36,312]. 

 

The aim of the work presented in this chapter is to develop a proof-of-concept benchtop 

system which validates the selected optical measurement technologies and optical setup 

capable of an advanced multiparameter, multispectral and target selective optical 

measurement approach. This aim will be achieved by the following objectives:  

 

1. The optical sensing technology and components must be selected which allow a wide 

spectral range and spectral resolution to allow target selectivity for the purpose of 

multiparameter measurement capabilities. 

 

2. An electronic control system must be developed to interface with the optical sensing 

components to allow optical measurements to be carried out with operational control 

over the measurement parameters and the data output for processing. 

 

3. A benchtop test rig must be designed and built to position the optical sensing 

components and sample in an exact orientation to facilitate multiple optical 
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measurement modes including absorption, transmittance, scatter, backscatter, and 

fluorescence. A plug and play system can be implemented to allow different 

components to be easily swapped in and out for testing and also create adaptability 

to the design. 

 

4. Proof of concept experiments must be conducted to validate the performance of the 

optical measurement systems capabilities for multiparameter measurement of lab 

standards, target analytes and real-world samples.  
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2.2 Material and Methods  

2.2.1 Benchtop System and Experiment Materials 

The optical sensing components used are tabulated in Table 2-1. The electronic components 

used in this study are detailed in Table 4-5.  

 

Table 2-1 Table of optical sensing components used. 

Optical Component Component No Source 

Mini Spectrometer C12880MA Hamamatsu Inc 

Photodiode MT03-021 Digikey, Ireland 

25 mm UV Fused Silica 

Collimation Lens 

36689 Edmund Optics, UK 

12 mm UV Fused Silica 

Plano-Convex Lens 

48668 Edmund Optics, UK 

IR 850 nm LED VSMY1850X01 Mouser Electronics, Ireland 

Red 660 nm LED SML-LXF0805SRC-TR Mouser Electronics, Ireland 

Green 565 nm LED SML-LX0805SGC-TR Mouser Electronics, Ireland 

Blue 430 nm LED KP-2012MBC Farnell, Ireland 

UV 385 nm LED ATS2012UV385 Mouser Electronics, Ireland 

UV 365 nm LED ATS2012UV365 Mouser Electronics, Ireland 

UV 310 nm LED CUD1GF1A Digikey, Ireland 

UV 280 nm LED XBT-1313-UV-A130-

AA280-00 

Mouser Electronics, Ireland 

25 mm lens mount CP33/M ThorLabs Inc 

 

The soldering equipment used consisted of a Weller WS 81 Analogue Soldering Station 

80W (Radionics Ltd): Used for soldering of through-hole components to the circuit boards. 

A reflow oven (RK-10590, Betalayout Ltd) equipped with a temperature profile controller; 

it facilitated the soldering of surface-mounted components to the circuit boards. A Lulzbot 

Taz6 3D printer using a 0.5 mm nozzle sourced from Farnell Ireland was used to print the 

components for the benchtop components. Black polylactic acid (PLA) 2.85 mm diameter 

filament was used.  

 

The standards, dyes, chemical and algae species used and suppliers for the optical validation 

experiments of the system are tabulated in Table 2-2. 
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Table 2-2 Table of standards, dyes, chemicals and algae species and their source which were used in 

the validation of the optical system experiments. 

Category Item/Chemical Supplier/Source 

Turbidity 

Standard 
Reagecon CRS-4000-100 (4000 NTU) Reagecon Diagnostics Ltd 

Dyes and 

Chemicals 

Fluorescein (CAS: 2321-07-5,) Sigma Aldrich, Ireland 

Rhodamine B (CAS: 81-88-9) 
Thermo Fisher Scientific 

Inc. 

Basic Blue 3 (CAS: 33203-82-6) Sigma Aldrich, Ireland 

Quinine Sulfate (CAS: 207671-44-1) Sigma Aldrich, Ireland 

Cyan Fluorescent Protein (CFP)  
Thermo Fisher Scientific 

Inc. 

Algae Species Diatom Species Nitzschia Ovalis  SAMS Limited, Scotland 

 

Other Equipment 

3.5 mL 10 mm × 10 mm four polished faces UV Quartz Cuvettes with a Teflon stop cap 

(Helma Analytics) were used to hold samples for optical measurements. The Shimadzu UV-

1800 UV-Vis Double Beam Spectrophotometer was used for absorbance readings of the 

tested standards and the for quantifying the extracted Chl-a from the algae diatoms. The 

Jasco FP-8300 Benchtop Fluorometer was used for fluorescence measurements of tested 

standards. 
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2.2.2 Design and Assembly Method of Electronic Control Systems 

The electronic systems were designed using ECAD (electronic computer-aided design) 

software AutoDesk Fusion 360 and Autodesk Eagle. The schematic was drawn up for each 

of the required circuitry block and the correct components were identified. Once the 

schematic was captured the printed circuit board (PCB) layout was done and the components 

placed on the board. The connection traces were then drawn to complete the circuits. The 

design was then sent to a PCB fabricator (Betalayout Ltd) to manufacture the blank board, 

the components were procured, and hand assembled using reflow and through hole 

soldering. The description of the functionality of the circuit blocks implemented is tabulated 

in Table 2-3. Figure 2-1 gives an overview of the electronic systems designed for the sensor 

unit. The electronic system design was broken up into two main sections: 1) the control 

board which interfaced the control electronics, power systems and data output with the 

optical sensing components, 2) the optical sensing components and the circuitry required to 

connect them to the control board.  

 

Table 2-3 Description of the circuitry blocks and their function.  

Component/Block Functionality 

Microcontroller Unit 

(MCU) 

Provides firmware-based control of optical sensing 

components, automates measurement sequencing, 

processes data, and outputs data to external devices. 

Power regulation and 

power monitoring 

Regulates voltage power rails, measures the system's 

current draw, and feeds back data to the MCU. 

Serial communications Transmits data output and receives command inputs to/from 

the MCU. Also converts TTL serial from the MCU to RS-

232 protocol for external communication. 

LED driver Switches power to the LEDs at a regulated current and 

controls pulse width modulation via I2C commands from 

the MCU. 

Analog input and ADC Processes analog signals from optical measurement 

components. 

Digital I/O and digital 

communication protocols 

Allows the MCU to control pins as high/low and 

communicates with temperature sensor, current monitor IC, 

and LED driver using the I2C protocol. 

MCU – Microcontroller unit, TTL – transistor-transistor logic, LED – light emitting 

diode, I2C – inter-integrated circuit, ADC – analog to digital converter, I/O – 

input/output. 
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Figure 2-1 Overview diagram of electronic system design to operate the sensor’s measurement 

systems and provide data output to an external controller. 
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2.2.3 Firmware Development 

The firmware was written in the C++ language using the. Arduino integrated development 

environment (IDE). An additional plugin software called Teensyduino developed by 

PJRC.com was used with the Arduino IDE to program the Teensy 3.2 board. The firmware 

was written to test the functionality of the selected optical component and perform 

measurements functions. Table 2-4 gives the function blocks used and a description of their 

functionality. Figure 2-2 shows an overview of the overall function blocks and their 

implementation. 

 

Table 2-4 Description of the circuitry blocks and their function.  

Firmware Function 

Blocks 

Functionality 

System Wake/Polling I/O Checks the wake status of the system using an external 

hardware device. 

Serial Communication Provides a link between an external device and the electronic 

system for command communication and data output. 

Event Handler Allows the system to respond appropriately to input 

commands or external inputs. 

Data Processing Processes data retrieved from sensor components before 

transmission to an external device. 

Power Management Monitors the system's power usage for diagnostic purposes. 

Multitasking/Timers Manages the timing of sequences and performs multiple 

tasks simultaneously for efficient operation. 

PWM (Pulse Width 

Modulation) 

Generates PWM signals to modify the duty cycle of the UV 

LEDs, controlled by the controller's I/O output. 

UV LED Control Controls the UV LEDs used as an antifouling strategy; 

activation timing is managed by the controller. 

LED Sequencing Times the sequencing of the measurement LEDs to align 

with corresponding photodetector measurements. 

Photodetector Sensors 

Read 

Manages the timing, setup, and data output of the 

photodetectors during the measurement cycle. 

Temperature Sensor Read Controls the timing, setup, and data output from the 

temperature sensor during the measurement cycle. 
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Figure 2-2 Overview flow chart of the structure of the firmware to operate the sensor. 

 

2.2.3.1 Measurement Cycle Sequence Design 

Figure 2-3 gives an outline of the sampling process the firmware controlled. When the input 

command to sample was received by the MCU from the user, the sensor started the sequence 

of measurements. A cycle of LED switching and photodetector readings was done with each 

photodetector taking a measurement with each specific LED ON as well as a background 

scan taken with the LED OFF to capture the ambient light without the light source. The 

background scan was then subtracted from the measurement scan to remove ambient light 

effects. Additionally, a temperature reading was taken at the end of the measurement cycle. 
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The data collected was then processed by the MCU and converted to a comma separated 

variable (CSV) format which allowed the data to be sent as a string and easily deserialised 

on the other side for additional processing and analysis. The formatted data was then 

transmitted via the serial port of the MCU to a serial conversion IC (TTL to RS-232) to an 

external network or via USB. 

 

 

Figure 2-3 Diagram of sensor measurement cycle which uses sequencing between LED switch and 

sensor measurements in an automated cycle outputting the data to an external receive. 

 

2.2.3.2 Additional Firmware Libraries Used 

Additional external libraries were used to provide certain functionality to the firmware to 

interact with different components. To interface with the Hamamatsu CMOS Spectrometer 

C12880MA a library sourced from GitHub by open-eio “arduino-microspec”[313] was used 

which provided all required functionality to initialise the sensor, set integration time on as 

well as retrieve readings. The LED driver used (TLC59116) which is interfaced with the 

MCU via the I2C protocol was interfaced using a library sourced from GitHub by Majenko 

Technologies “TLC59116” [314] which allow for initialising of the IC, switching on/off of 

channels to the LEDs as well as setting the pulse width modulation (PWM) parameters (duty 

cycle and frequency). To interface with the current sensor IC, calibrate and retrieve the 

power readings a library by  jarzebski “Arduino-INA226” was used [315].  The library used 

to interface with the TSYS01 (BlueRobotics_TSYS01_Library) was made by the supplier 

of the temperature probe BlueRobotics Ltd which allows for communication with the IC 

over I2C, to initialise the IC and returns the temperature reading from the probe in degrees 

Celsius.  
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2.2.4 Optical Component Performance Tests  

2.2.4.1 Optical Setup Evaluation 

The selected optical lenses were empirically tested with the LED array light source to 

identify the optimum positioning. The collimation lens (25 mm UVFS with 25 mm focal 

length) was tested with the LED array positioned 50 mm from a target. The LED Array was 

tested with and without the collimation lens positioned 10 mm ahead of it. The dispersion 

of the light from the eight LEDs was observed. A second test was implemented to test the 

effectiveness of a plano-convex 12 mm lens for focusing the signal light on the detector and 

the ideal distance to the detector. Two positions were tested with the LED Array positioned 

50 mm ahead of the focusing lens. The target was positioned 15 mm and 30 mm respectively 

from the focusing lens to observe the concentration of light at different positions. The third 

optical set up consisted of implementing both the collimation lens and the focusing lens to 

observe the usability of this system for the benchtop prototype.  

 

2.2.4.2 Output Spectra of Selected LEDs 

The output spectrum of the selected LEDs were measured using a benchtop spectrometer 

unit (Ocean Optics Maya 2000). The Ocean Optics Maya spectrometer has a measurement 

range of 175 – 1100 nm with an optical resolution of 0.035 nm (FWHM) and a high 

sensitivity in the UV spectrum.  

 

2.2.4.3 Comparison of Selected Spectrometer with Commercial Spectrometer 

To evaluate the performance of the C12280MA spectrometer against a commercial benchtop 

spectrometer, three of the eight LEDs with wavelengths of 360 nm, 380 nm, and 430 nm 

were used. Their spectra were recorded by the C12280MA spectrometer and compared with 

an Ocean Optics Maya spectrometer. The accuracy, spectral resolution and detection ranges 

of both spectrometers were observed in the context of the difference of component cost and 

physical size differences for the application of deployable optical detector components.  

 

2.2.5 Design of Benchtop Test Rig 

In this section the benchtop unit designs are outlined with different setups. The first design 

is of a benchtop fluorometer. This design incorporated a C12880MA spectrometer 

positioned at 90 degrees relative to the light source and three LEDs to induce fluorescence. 

The second design expands on this first design to incorporate an additional spectrometer 
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positioned in front of the light source and full suite of LEDs as outlined in are utilised. The 

third design incorporates plug and play features and furthers the integration of the electronics 

and sensing technology. In this design the backscatter photodiode and optics are added as 

well as the interfacing electronics.  

 

2.2.5.1 Fluorometer Design 

Figure 2-4 shows a labelled exploded view of the fluorescence detection benchtop setup. 

The collimation lens was positioned in from of the LED light source using ThorLabs 

SM1L03 (https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1L03) stackable lens 

tube. The light source holder consists of a ThorLabs CP33/M 

(https://www.thorlabs.com/thorproduct.cfm?partnumber=CP33/M) threaded optical mount 

and a FDM 3D printed adapter to hold a through hole LED (as shown in Figure 2-4)  or an 

LED array. Figure 2-5 shows an exploded view of the LED Array mounting to the adapter 

piece which fits into the CP33/M threaded optical mount. For the detector, a 12 mm UVTFS 

plano-convex lens with a 10 mm focal length was used to refocus the emitted light from the 

sample onto the entrance slit of the spectrometer. The mounting structure for the electronic 

sensing components was designed in the shape of a saddle or bridge to allow easy access to 

all components as well as positioning the components and the optics in the correct 

orientation. The sample is held using a 10 mm x 10 mm 3.5 mL UV cuvette which sits at the 

centre of the setup.  

  

https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1L03
https://www.thorlabs.com/thorproduct.cfm?partnumber=CP33/M
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Figure 2-4 The benchtop optical detection system design for fluorescence and scatter measurements 

(a) An exploded and labelled view of the benchtop design showing components used and assembly. 

(b) Shows a 3D render view of the optical detection zone and sample holder. (c) Gives a 3D render 

view of the mounted detection components.  

 

 

Figure 2-5 Image of mounting system for LED Array using mounting adapter for the CP33/M 

threaded optical mount. 
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2.2.5.2 Multi-Measurement Design 

A second iteration of the benchtop system (see Figure 2-6) was designed which incorporated 

a second position for a spectrometer to be placed at 0 degrees to the light source to allow all 

three modes of detection to be tested, absorbance, scatter, and fluorescence. With this 

version the full suite of LEDs can be used for a wide range of measurements on 

environmental samples. This gives the capability of testing samples and building up the 

required hardware and firmware to be able to carry out all functionality of the sensor in one 

automated sequence.  

 

 

Figure 2-6 Multi-spectrometer benchtop detector design using two spectrometer detectors. (a) 

Labelled front sectional-view. (b) Labelled top sectional-view. (c) 3D render model render of 

benchtop detector without light blocking cover. (d) 3D render model render of benchtop detector 

with light blocking cover. 

 

2.2.5.3 Full Plug and Play Design 

Figure 2-7 shows the third iteration of the design of the benchtop prototype. In this iteration 

the electronics were fully integrated and mounted to a saddle structure. Figure 2-7a shows 

how the electronics mounting tray is positioned onto the benchtop device. The design of the 

electronics mounting tray is described in Section 3.2.2.1. This design was to allow for 

different sensor setups to be mounted to the electronics mounting trat and slotted onto the 
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benchtop device. The photodiode board was positioned at 120 degrees relative to the incident 

of light to allow for backscatter measurements to be made.  

 

 

Figure 2-7 Benchtop optical detector design with full plug and play features. Two spectrometers 

positioned at 0 and 90 degrees to the LED array light source and a photodiode positioned at 120 

degrees. (a) Depicts the mounting of the electronics holder onto the benchtop and optics mounts. (b) 

A labelled cross-sectional view of the benchtop design. 

 

2.2.6 Proof of Concept Experiments 

The C12880MA spectrometer measured light used 288 pixels which each corresponding to 

a particular wavelength, given by Equation 2-1. 

 

 𝛌 = 𝑨𝟎 + 𝑩𝟏𝒏 + 𝑩𝟐𝒏𝟐 + 𝑩𝟑𝒏𝟑 + 𝑩𝟒𝒏𝟒 + 𝐁𝟓𝒏𝟓 
2-1 
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where, A0, B1, B2, B3, B4 and B5, were empirically measured constants specific to each 

spectrometer and n is the pixel number. The integration time of the spectrometer could be 

controlled and set using serial commands from the user interface, ranging from 11 μs – 4 s. 

The integration time controls the length of time that the detector of spectrometer is allowed 

to collect photons before sending the accumulated charge to the microcontroller unit’s 

(MCU’s) analog to digital converter (ADC), weaker signals have longer integration times, 

while more intense signals required shorter integration times. The integration time was 

established at the start of each experiment by adjusting the integration time such that the 

intensity of the strongest signal under investigation was approximately 90 % of the 

maximum and kept constant throughout the experiment. 

 

2.2.6.1 Absorption Detection 

The systems performance in measuring target analytes analytically by measuring 

transmission and resulting absorption levels was conducted on the multi-measurement 

benchtop prototype. The LEDs which were used for this experiment were the Blue (430 nm), 

Green (565 nm) and Red (660 nm) LEDs in the visible region. The spectrometer positioned 

at 0o relative to the incident of light was used to measure the light source transmitted through 

the sample region. The absorption experiments were conducted with three dyes of different 

absorption ranges corresponding to each LED emission range. The dyes and LED used for 

each absorption measurement experiment are outlined in Table 2-5.  

 

Table 2-5 Selected dyes and corresponding LED used for absorption experiments. 

LED Dye 

Blue (430 nm) Fluorescein 

Green (565 nm) Rhodamine B 

Red (660 nm) Basic Blue 3 

  

A stock solution of 10 µgL-1 concentration was made for each dye by diluting the dye in 

deionized (DI) water (18 MΩcm-1). Using serial dilution with DI water, five concentrations 

were made for each dye with a total volume of 10 mL. The dilutions are presented in Table 

2-6. A 3.5 mL volume of the dye concentration was pipetted into the cuvette of 10 mm path 

length.  
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Table 2-6 Dilution volumes of stock 10 µgL-1 dye with deionised water for achieved concentrations 

and 10 mL total volume. 

Volume of 10 µgL-1 

Stock Solution (mL) 

Volume of DI water 

(mL) 

Dye Concentration (µgL-1) 

0 10 0 

0.125 9.875 0.125 

0.25 9.75 0.25 

0.5 9.5 0.5 

1 9 1 

 

The integration time used for the Blue LED was 0.0006 s, for the Green LED was 0.003 s 

and for the Red LED was 0.0001 s. A spectral scan was taken by the spectrometer for each 

concentration with the LED on and the LED off for a background measurement. The 

background measurement was subtracted from the LED on measurement to normalise the 

sensor response. To convert the transmission sensor response to absorption, firstly the light 

intensity at a selected wavelength was extracting using Equation 2-1 from corresponding 

pixel value applying the coefficients for the C12280MA unit used. The Equations 1-1 and 

1-2 outlined in Section 1.3.1 are applied to the sensor response to calculate the absorption 

rate. The resulting absorption measurements for each LED and dye concentration were then 

plotted and analysed for a linear fit. The absorption regions of each dye were measured using 

the Shimadzu UV 1800 Spectrometer. The LED spectrum measured by the C12280MA 

spectrometer on the benchtop device was overlayed with the absorption spectrum to observe 

the overlap with the corresponding dye.  

 

2.2.6.2 Scatter Detection 

To test the systems performance for the measurement of scatter an IR 850 nm LED was used 

as seen in the table of selected LEDs (Table 2-8). The spectrometer positioned at 90 degrees 

relative to the light source was used to measure the scattered IR light in the sample. The 

photodiodes positioned at 120 degrees relative to the incident of light was used to measure 

backscatter. Dilution of the turbidity standard in DI water was performed to generate a range 

of concentrations from 0 to 78.43 NTU as seen in Table 2-7. A total volume of 10 mL for 

each turbidity value was produced.  
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Table 2-7 Dilution volumes of 4000 NTU turbidity standards with deionised water with total end 

volume of 10 mL. 

Volume of 4000 NTU 

Standard (mL) 

Volume of DI water (mL) Turbidity (NTU) 

0.0000 10.0000 0.00 

0.0199 9.9801 7.98 

0.0398 9.9601 15.94 

0.0596 9.9403 23.86 

0.0794 9.9206 31.75 

0.0990 9.9010 39.60 

0.1186 9.8814 47.43 

0.1381 9.8619 55.23 

0.1575 9.8425 62.99 

0.1768 9.8232 70.73 

0.1961 9.8039 78.43 

 

An integration time of 0.2 s was used for the spectrometer scatter measurements. The 

backscatter measurement was taken directly after the scatter measurement. A background 

measurement was made before each concentration measurement and subtracted from the 

turbidity measurement. The spectrometers response at 850 nm was retrieved from the 

corresponding pixel intensity. The photodiode and spectrometer responses were plotted 

using a scatter plot and their linearity and limits of detection (LODs) were compared.  

 

2.2.6.3 Fluorescence Detection 

Proof of Concept Qualitative Experiments 

Initially, three high concentration solutions of quinine sulfate, extracted Chl-a and cyan 

fluorescent protein (CFP) were used for screening system application. An appropriate 

integration time for each fluorophore was established by turning each LED on and adjusting 

the integration time until the peak of each fluorescence signal reached approximately 80 – 

90 % of the maximum signal. This ensured a high dynamic range without detector saturation. 

 

Analytical Performance with Laboratory Standards 

The analytical performance of the device was assessed with laboratory prepared standards 

of basic blue 3 dye (BB3), and comparison with a Jasco FP-8300 benchtop fluorometer.  

 

Performance Evaluation with Algae Cultures 
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Laboratory grown algae were used to determine the fluorometers capabilities to detect Chl 

fluorescence. The diatom species was cultured in filtered artificial seawater water (0.45 μm) 

supplemented with nutrients to make Guillard’s F/2 + Si medium (43). The cultures were 

grown in batch growth system in 5L Pyrex bottles (15 – 23 oC, 12:12; light:dark, continuous 

light of 65 μmoles/m2/s). The concentration of biomass was calculated by determining the 

concentration of Chl-a in 25 mL aliquots that were filtered at low pressure (700 mb) through 

GF/F glass fibre filters (Whatman GF/F, pore size 0.7 μm) kept in the dark at -20 oC for 12 

hrs. Subsequently, 8 mL of 90 % (v/v) acetone was added to each 25 mL filtered aliquot, 

followed by sonication in an ultrasound bath for 5 min. Extraction was carried out in the 

dark at 4 oC for at least three hrs following centrifugation (5000 r.p.m., 10 min) and recovery 

of the supernatant. Absorbance was read at 665 nm and 750 nm on a Shimadzu UV-1800 

UV-Vis double beam spectrophotometer allowing the calculation of Chl-a concentration as 

outlined in [316] and conversion to µg L-1 concentrations. 

 

Environmental Case Study 

Environmental samples were used to determine if it was possible for the sensor to be used 

for in-vivo fluorescence. Samples were collected from Dublin Harbour and can be classified 

as brackish. Samples were analysed untreated on the bench-top system, with fluorescence 

scans collected for all three LEDs.  
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2.3 Results and Discussion 

In this section the selected optical and electronic components are discussed and justified. 

The optical component’s performance is analysed to validate their incorporation in the 

optical detection system. The assembled benchtop designs are reviewed and the analytical 

measurement performance of the system for multiparameter measurements are analysed.  

 

2.3.1 Selection of Optical Sensing Components 

2.3.1.1 Spectrometer Photodetector 

The spectrometer chosen for the 0 degree and 90 degree detectors was the C12880MA mini 

spectrometer manufactured and sourced from Hamamatsu 

(https://www.hamamatsu.com/eu/en/product/optical-sensors/spectrometers/mini-

spectrometer/C12880MA.html). The mini-spectrometer has a spectral response range 

between 340 – 850 nm with a typical spectral resolution of 12 nm (FWHM) using a high-

sensitivity CMOS (complementary metal oxide semiconductor) linear image sensor with 

288 pixels. 

 

2.3.1.2 Photodiode Photodetector 

For the measurement of backscatter, the detector positioned at 120 degrees relative to the 

light, a photodiode was selected with a broad sensitivity range.  The photodiode selected 

was the MT03-021 (https://marktechopto.com/pdf/products/datasheet/MT03-021.pdf) 

manufactured by Marktech Optoelectronics and sourced from Digikey Electronics Ltd. This 

photodiode was selected due to its broad spectral range (300 nm to 1100 nm) with peak 

sensitivity in the IR region. The MT03-021 comes in a compact surface mounted package 

(3 mm x 3 mm x 1.15 mm) making it suitable to integrate into the optical head detector. 

 

2.3.1.3 LED Array Light Source 

Table 2-8 shows the selected LEDs with their peak emitted wavelength, spectral bandwidth 

(FWHM), corresponding target analyte of detection and mode of detection. The 

measurement type column gives the method and position of the detector to be used for 

measurement of the light signal. The selected LED component number, package side (all are 

surface mounted packages), manufacturer and supplier the LEDs were sourced from are 

given in the following columns.  Each LED was selected based on its spectral output 

corresponding with an identified target analyte for measurement in a particular optical 

https://www.hamamatsu.com/eu/en/product/optical-sensors/spectrometers/mini-spectrometer/C12880MA.html
https://www.hamamatsu.com/eu/en/product/optical-sensors/spectrometers/mini-spectrometer/C12880MA.html
https://marktechopto.com/pdf/products/datasheet/MT03-021.pdf
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measurement mode as identified in Section 1.3. The LEDs spectral emission cover the UV, 

visible and IR ranges to produce a multispectral light source of individually controlled 

LEDs. This range of different LED emission profiles give a wide range of optical 

measurement applications. The form factor or package size was also factored in, 0805 smd 

package size was prioritised due to its small footprint and to allow for potential plug and 

play of different LED profiles in the future. LEDs 3-8 use this form factor with the LEDs 1 

and 2 unavailable in the 0805-package size.  
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Table 2-8 LEDs Selected for specific analyte detection and surface mounted packages. 
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2.3.2 Development and Interfacing of Electronic Systems 

The resulting full schematic of the control board can be seen in the Figure A-1 Appendix A. 

The grouped schematic designs of the optical sensing and connector circuit boards can be 

seen in Figure A-2 Appendix A.   

 

2.3.2.1 Main Control Board Development 

Microcontroller Unit and Communication Electronic Systems 

The MCU controlled the functionality of the sensor and integrated with the external sensing 

and communication components. The MCU selected for the sensor was the Teensy 3.2 

(https://www.pjrc.com/store/teensy32.html) manufactured by PJRC.com sourced from 

Digikey Electronics Ltd. The Teensy 3.2 was selected due to its high-resolution ADC at 16 

bits, it’s numerous I/O pins, processing speed (72MHz) and other additional features which 

made it ideal for the task of automating and carrying out the required functions for the sensor.  

To convert the TTL serial output of the sensor to the required RS-232 protocol a converter 

IC was selected and implemented to carry out this task. The IC selected was the MAX3232 

(https://www.ti.com/product/MAX3232) manufactured by Texas Instruments and sourced 

from Digikey Electronics Ltd. This allowed for data from the sensor to be outputted to the 

external hardware controller as well as allowing the external controller to send commands 

to operate the sensor. 

 

System Power Regulation 

The system was able to be powered over a defined range of input voltages (rated for 7 V to 

35 V input) to power the circuitry in accordance with international standards outlined in ISO 

22013 Section 5.9.1 [317]. To do this, three linear drops out (LDO) regulators were used to 

achieve three separate power rails (7 V, 5 V and 3.3 V) to power specific components. The 

voltage regulator used to provide a stable 5 V supply was the L7805ACD2T-TR 

(https://www.st.com/resource/en/datasheet/l78.pdf) manufactured by STMicroelectronics 

sourced from Digikey Electronics Ltd which outputs 5V with a 1.5 A rating and input 

voltage range of 5 V to 35 V. The 5 V rail powers the 3.3 V voltage regulator, spectrometers 

and RS-232 chip. The second regulator used to provide a and adjustable voltage output is 

the LM317D2TR4G (https://www.mouser.ie/datasheet/2/308/1/LM317_D-2314752.pdf) 

which has an adjustable voltage output set to 7V using a reference resistor. Rated to up to 

40 V input it outputs 1.5 A. The 7 V power rail provides power at a steady voltage to the 

https://www.pjrc.com/store/teensy32.html
https://www.ti.com/product/MAX3232
https://www.st.com/resource/en/datasheet/l78.pdf
https://www.mouser.ie/datasheet/2/308/1/LM317_D-2314752.pdf
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LEDs to ensure consistent illumination for the detector. The final regulator is built into the 

Teensy 3.2 MCU board (LP38691 (https://www.ti.com/product/LP38691) ) which received 

a regulated 5V input voltage and provides the 3.3V logic level voltage rail for the MCU as 

well as the additional ICs in the circuit.  

 

A current monitoring IC was used to allow the sensor to monitor power draw of the overall 

system as well as individual components for the purpose of diagnostics and power usage 

analysis. The IC selected was the INA226AIDGST 

(https://www.ti.com/product/INA226/part-details/INA226AIDGST) manufactured by 

Texas Instruments and sourced from Digikey Electronics Ltd which can monitor a voltage 

range between 0 and 36V. A low ohm current sense resistor  (100 mΩ, ±1%, 2W Chip 

Resistor 2512 (6432 Metric), CSRN2512FTR100 (https://www.seielect.com/catalog/sei-

csr_csrn.pdf) source from Digikey Ltd) was used to measure the voltage drop across it and 

the current monitor IC concerted this to a current draw and power value which was read by 

the MCU via the I2C protocol. These power measurements were used to ascertain individual 

components current draw in the system such as the LEDs and optical head sensors etc. The 

current draw was taken before and after the component was turned on with the current draw 

of that component being isolated and measured. This was used for diagnostic purposes to 

assess if the component was functioning correctly.  

 

A power diode was also included into the power circuitry in series with the positive input of 

the power supply to prohibit current backflow. This was installed to avoid damage to the 

system if the sensor were to be connected incorrectly or a short circuit occurred. The power 

diode selected was the SBR3U30P1-7 

(https://www.diodes.com/assets/Datasheets/SBR3U30P1.pdf) manufactured by Diodes 

Incorporated and sourced from Digikey Electronics Ltd. The power diode can block a 

reverse voltage of up to 30V at 3A with a forward voltage of 430 mV at 3 A and a reverse 

leakage of 400 µA at 30 V. 

 

A MOSFET (metal-oxide-semiconductor field-effect transistor) array in an N and P-channel 

configuration was used to switch power to the sensors powered on the 5V power rail. The 

NTJD1155LT2G (https://www.onsemi.com/pdf/datasheet/ntjd1155l-d.pdf) manufactured 

by OnSemi and sourced from Digikey Ltd was used. The P-Channel MOSFET was set up 

as a high side driver to switch 5 V to the optical head sensors. The N-Channel MOSFET 

https://www.ti.com/product/LP38691
https://www.ti.com/product/INA226/part-details/INA226AIDGST
https://www.seielect.com/catalog/sei-csr_csrn.pdf
https://www.seielect.com/catalog/sei-csr_csrn.pdf
https://www.diodes.com/assets/Datasheets/SBR3U30P1.pdf
https://www.onsemi.com/pdf/datasheet/ntjd1155l-d.pdf


 

93  

was used to allow logic level voltages to drive the P-Channel MOSFET gate. High and low 

signals from an i/o pin of the MCU were used to switch the 5 V to the sensors.  

 

Sensing Components Interfacing with Control Systems 

The C12880MA spectrometer, was controlled using a set sequence of pulse cycles to set the 

integration time and start the measurement. The signals required from the MCU were a 

steady frequency clock pulse and a start pulse. The integration time was set by the ratio of 

clock pulses completed during the start pulses up time. The readings from the linear array 

of the CMOS were read back over a video channel with the analog measurements. The 

datasheet from the manufacturer recommended using a digital buffer [179] for the clock and 

start signals. This was to isolate the input of the MCU from the CMOS output signal to avoid 

additional noise on the input circuit. The digital buffer IC implemented was the 

MC74VHCT125ADTRG (https://www.onsemi.com/pdf/datasheet/mc74vhct125a-d.pdf) 

manufactured by OnSemi and sourced from Digikey Electronics Ltd. Additionally, a single 

ended buffer using an operational amplifier with unity gain was used for the video analog 

input. This was to ensure that a steady voltage output from the CMOS to the MCU’s ADC 

was maintained. For the operational amplifier, a MCP601 manufactured by Microchip 

Technology and sourced from Digikey Electronics Ltd was used. The output voltage from 

the C12880MA at saturation can be up to 4.3V [179] while the Teensy 3.2 ADC input range 

is 0 to 3.3V [318]. To avoid the input damaging the MCU’s ADC, a voltage divider was 

used to scale the input from 0-4.3V to 0-3.3V.  

 

The MT03-021 photodiode was setup in photovoltaic. This was done by using a 

transimpedance amplifier to convert the output current from the photodiode to a proportional 

voltage which was read into the MCU’s ADC. The MCP601 

(https://www.microchip.com/en-us/product/mcp601) operational amplifier (op amp) was 

used with a 1 MΩ negative feedback resistor connected to the inverting pin of the op amp to 

set the gain. A 1 nF ceramic feedback capacitor was placed in parallel with the feedback 

resistor to limit output drift and unwanted oscillations.  

 

The stability of the LED intensity was important for the optical measurement to produce 

consistent and reliable readings. To achieve this a dedicated LED driver IC was selected to 

switch on and off the LEDs while also closely regulating the current to them. The LED 

https://www.onsemi.com/pdf/datasheet/mc74vhct125a-d.pdf
https://www.microchip.com/en-us/product/mcp601
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Driver selected was the TLC59116FIPWR (https://www.ti.com/product/TLC59116F/part-

details/TLC59116FIPWR) manufactured by Texas Instruments and sourced from Digi-Key 

Electronics Inc which can drive 16 separate channels with a regulated current set by an 

external resistor value and can be controlled by the MCU over I2C digital protocol which 

reduced the number of output pins needed from the MCU. The IC can regulate the current 

consistently to keep the output intensity of the LEDs stable without variation and can also 

output a PWM with programable duty cycle and frequency. PWM allowed for dimming and 

power saving control. The IC manages the PWM signal automatically which allowed for the 

MCU to conduct other tasks or go into sleep mode, if necessary.  

 

System Connectors 

Two primary connectors were used. The first connector provided serials and power 

connections between the control board and a marine cable connector. A 6 pin through hole 

pluggable terminal block (component number: 691382010006) and screwless 6 pin plug 

(component number: 691381000006) manufactured by Wurth Elektronik were used. Both 

were sourced from Mouser Electronics. The terminal block plug system allowed for easy 

removal and plugging of the connecting when disassembling. The second connector made 

the connection between the control board and the optical head. The connector selected for 

both the control board and the connector board was a 26 way, 2 row IDC ribbon cable 

connector (component number: 625-7319). The corresponding 26-way female ribbon 

connectors (component number: 625-7404) were used. A 26-way 1.27 mm pitch flat ribbon 

cable was used (component number: 289-9925). The IDC connectors and ribbon cable were 

manufactured and sourced from Radionics Ltd 

 

Development and Design of the Main Control Board  

To test the selected components for control and communication, a prototype board was 

made. A copper stripboard was used to solder the component to and make wired connections 

between the components. The systems that were tested were: the power regulation circuitry, 

the MCU and communication control functions and the interface circuitry with sensing 

components. Figure 2-8a shows the control board PCB design made in the ECAD software. 

Figure 2-8b shows the PCB design top layer from the ECAD software. This view shows the 

component placement, the trace routing and the power planes used. A ground plane was 

used on the top and bottom layers to minimise the route to ground for signals. Two smaller 

power planes are positioned beneath the heat sink footprints of the voltage regulators to help 

https://www.ti.com/product/TLC59116F/part-details/TLC59116FIPWR
https://www.ti.com/product/TLC59116F/part-details/TLC59116FIPWR
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dissipate heat. Figure 2-8c shows the CAD model of the board and board dimensions (110 

mm x 82 mm). 

 

Figure 2-8 Design layout of the control board printed circuit board (PCB). (a) 3D labelled model 

view of the control board design. (b) Dimensioned PCB layout top layer view showing layout, 

component placement, trace routing and copper power planes. (c) 3D labelled model top view of 

PCB showing circuitry blocks for functionality of the system. 

 

Figure 2-9 Prototype control board using copper strip protoboard (a) Labelled top view of the 

prototype control board with circuitry blocks and connections highlighted and labelled. (b) Image of 

the prototype control board interfaced with the optical sensing components for testing. 
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In Figure 2-9, the first control board prototype can be seen. The development of this first 

prototype gave insight into the circuitry design for interfacing the MCU with the sensing 

components and testing the developed firmware. From the testing of the circuitry developed 

on the prototype board the embedded system was designed. It required three iterations of the 

control board design in total. The circuitry, component performance and positioning were 

improved with each iteration following testing of the previous iteration. The three iterations 

of the assembled control board designs can be seen in Figure 2-10. The first iteration 

positioned the Teensy 3.2 board to the side of the board which was changed in the second 

iteration to allow for easier connection when installed in the sensor enclosure from the top. 

Additionally, a Darlington transistor array and current limiting variable resistors were used 

to switch LEDs and regulate current. This was revised in the second iteration with the use 

of a dedicated LED driver with built in current regulation and I2C connectivity. This change 

to a dedicated LED driver allowed for more previse current control to the LEDs as well as 

less i/o pins to be required by the MCU to switch LEDs, reducing the number from 8 outputs 

to 2 I2C pins which also were used by the current monitor chip and temperature probe with 

all being controlled on the same communication bus with address specific commands. 

Another change made between the first and second iterations was the incorporation of a 

digital buffer for the control signals between the MCU and the spectrometers including the 

clock pulse signal and the start pulse signal. This was installed to provide more stable signals 

without voltage drop. Another change made between the first and second iteration was the 

incorporation of a power switch to turn the sensing components off when not in use. A N-P 

Mosfet high side Mosfet was installed to allow the MCU to switch the 5V power supply to 

the sensor components off. The final change made for the second iteration was the 

incorporation of a dedicated TTL to RS-232 converter to allow the system to communicate 

over the protocol which was required for data integration of the sensor with external 

infrastructure. The changes made between the second and third iteration included the 

removal of the test pins which were no longer required as well as the addition of a plug 

terminal connector instead of terminal pins to allow for easier connection when installed in 

the sensor enclosure to the bulkhead connector. Electronic connection issues and component 

positioning identified in previous iterations were also addressed in the third iteration of the 

control board. 
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Figure 2-10 Iterations of the assembled control boards designs with changes made labelled. (a) 

Assembled PCB of first iteration control board. (b) Assembled PCB of second iteration control 

board. (b) Assembled PCB of third and final iteration of the control board design.    

 

2.3.2.2 Plug and Play Connector Board Design and Development 

To reduce complexity and implementing a plug at play system to allow interchangeable light 

sources and detectors a central connector board was designed. This board allowed the LED 

array and photodetector boards in the optical head to plug in and consolidates all the signals 

into a single IDC (insulation displacement connector) ribbon cable connector. The IDC 

connectors required a total of 26 connections to provide power and outputs as well as receive 

inputs from the optical head electronic system. The IDC connector selected for the 

connection board was the RS Pro IDC 26-way, 20-row connector (component number: 471-

064) sourced from Radionics Ltd. This connector interfaced with the IDC connector and 

cable used on the main control board but included an ejection latch system to allow for easy 

disconnect of the ribbon cable connector. The connectors used for all optical head light 

source and detector boards were Molex PicoBlade 1.25 mm pitch connectors and cables 

sourced from Radionics Ltd. A total of six 10 contact PicoBlade connectors (component 

number: 53261-1071) were used for the connections between the LED Array Board and the 

spectrometer mounting boards to the connector board. Two 100 mm 10-way Picoblade 
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cables (component number: 15134-1001) were used to connect the LED Array Board and 

the spectrometer mounting board in the 0-degree position to the connector board. An 

additional 50 mm 10-way cable (component number: 15134-1000) was used to connect the 

spectrometer mounting board in the 90-degree position to the connector board. An additional 

two 4-contact Molex PicoBlade connectors (component number: 53261-0471) and 50 mm 

connector cable (component number: 15134-0400) were used to connect the photodiode 

board with the connector board. The only additional connector required was for the 

temperature probe which came with a preassembled cable and connector, this used the 

Hirose 4-contact 1.25 mm pitch DF13 connector (component number: DF13-4P-1.25H) 

source form Radionics Ltd.  

 

Figure 2-11a shows the CAD model of the connector PCB. All connectors are placed on the 

top layer apart from the spectrometer board in the 90-degree position connector which is 

placed on the bottom layer. The placement of this connector on the bottom layer was made 

to reduce board size and provide easier connection to be made. Figure 2-11b shows the 

ECAD design of the connector board showing the component placements, traced routed and 

a ground plane placed on the bottom layer to reduce the number of traces needed. Figure 

2-11c shows the top view CAD model of the connection board and the board dimensions 

(48 mm x 28 mm).  

 

Figure 2-11 Design layout of the connector circuit board. (a) 3D labelled model view of the connector 

board design. (b) Dimensioned PCB layout top layer view showing layout, component placement, 

trace routing and copper power planes. (c) 3D model top view of PCB.  
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In Figure 2-12 the assembled connector board PCB can be seen with surface mounted 

PicoBlade and Hirose connectors soldered as well as the IDC ribbon cable connector. The 

connector board offered ease of use to allow the interfacing between the sensing components 

and the main control board.  

 

Figure 2-12 Labelled image of the assembled connector board PCB and connectors used to allow 

for pub and play operation. 

 

2.3.2.3 Temperature Sensor 

The temperature probe selected was the TSYS01 manufactured by TE Connectivity which 

has a resolution of ±0.1°C within the range of -5 to 50°C and a digital interface using the 

I2C protocol. The IC is incorporated into an attachable watertight probe and penetrator 

package by Blue Robotics, CELSIUS-SENSOR-R1-RP 

(https://bluerobotics.com/store/sensors-cameras/sensors/celsius-sensor-r1/) sourced from 

BlueRov Solutions. The probe came with a preassembled cable with the Hirose 4-pin DF13 

connector to connect to the connection board. Figure 2-13a shows the interfacing of the 

TSYS01 temperature probe with the Teensy 3.2 MCU. The measurement output from the 

TSYS01 was successfully read by the MCU over the I2C protocol and output to a PC via 

USB serial connection. Figure 2-13b shows the data being displayed over the Arduini Serial 

Monitor in degrees Celsius. 

 

https://bluerobotics.com/store/sensors-cameras/sensors/celsius-sensor-r1/
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Figure 2-13 TSYS01 temperature probe being tested. (a) The probe interfaced over I2C protocol with 

a Teensy 3.2 MCU board and USB connection to a computer. (b) The temperature probe readings 

being displayed on a serial monitor on the PC. 

 

2.3.2.4 UV Light Source for Biofouling Prevention 

As is described in Section 3.2.4.2, UV light was selected to prevent biological growth from 

building up on the optical lenses. This required the UV light source to be positioned behind 

each optical lens. The UV antifouling LEDs selected were XBT-1313-UV-A150-AG270-00 

(https://download.luminus.com/datasheets/Luminus_XBT-1313-UVC_Datasheet.pdf) 

manufactured by Luminous Devices and sourced from Mouser Electronics Ltd. The LED 

has a peak wavelength emission of 280 nm. Additionally, they were selected due to their 

small package size (1.1 mm x 1.3 mm x 1.3 mm), low cost (circa €3) and low power 

consumption (6mW). The two LEDs were connected in parallel sharing an anode and 

cathode which allowed the two to be turned on with a single channel of the LED driver. The 

UV LED pairs are seen implemented in Figure 2-17.  

 

2.3.2.5 Photodetector Mounting Boards 

Spectrometer Mounting Board Design 

Due to the C12880MA’s size (20.1 × 12.5 × 10.1 mm), the UV LEDs were placed on a 

separate board stacked on top of the spectrometer mounting board as shown in Figure 2-14d. 

This was done to allow the LEDs to be at the same height as the top surface of the 

spectrometer. This positioned them as close to the optical lens at possible for maximum UV 

radiation coverage. Figure 2-14 shows the dimensions of the two boards fitted together with 

a spacer used to position the antifouling board at the correct height (9 mm). For the design 

https://download.luminus.com/datasheets/Luminus_XBT-1313-UVC_Datasheet.pdf
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iterations of the spacer, see Section 3.2.2.1. The dimensions of the stacked board at 22 mm 

width, 30 mm length and 12.16 mm height. When assembled the two LEDs were located 

approx. 7.5 mm from the entrance slit of the spectrometer (see Figure 2-14a). Two header 

pins on the spectrometer mounting board (see Figure 2-15a) join with two female pints on 

the antifouling board. This provided connection of the LED’s anode and cathode between 

the antifouling board and the spectrometer mounting board. A 10 pin Molex PicoBlade 

connector is used on the bottom layer (see Figure 2-15b and c) of the CMOS board for output 

connections to the connector board.  

 

Figure 2-14 C12880MA spectrometer mounting board and stacked ultraviolet (UV) LED board 

design. (a) Dimensioned top view of board stack with LEDs and spectrometer slit labelled. (b) 

Dimensioned side view of stacked boards. (c) Dimensioned front view of stacked boards. (d) 3D 

CAD render of stacked boards assembly. 

 

Figure 2-15 shows in more detail the C12880MA spectrometer mounting board. The design 

of the PCB allowed for the C12880MA to be seated on three gold plated brass alloy contact 



 

102  

discs (1593-0-57-15-00-00-03-0 (https://www.mill-

max.com/products/datasheet/pinsrecs/1593-0-57-15-00-00-03-0) manufactured by Mill-

Max Manufacturing Corp. and sourced from Digikey Ltd). The discs have a diameter of 2.36 

mm and height of 0.64 mm. The contact discs provided grounded contact points for the metal 

body of the C12880MA spectrometer when mounted (see Figure 2-15a and b). This was to 

ensure no build-up of charge occurred within the spectrometer’s enclosure during use. PCB 

pin sockets were used to provide easy insertion of the C12880MA spectrometer onto the 

PCB (see Figure 2-15a). This approach was used instead of soldering directly to allow for 

damaged spectrometers to be easily replaced. The PCB sockets used were H3153-05 

(https://www.harwin.com/products/H3153-05/)  manufactured by Harwin and sourced from 

Mouser Electronics. The anode and cathode connections of the UV LEDs join the top board 

using male headers and connect to corresponding female headers on the top board. Figure 

2-15c shows the ECAD PCB design of the spectrometer mounting board. A ground plane 

was positioned on the top and bottom layers underneath the C12880MA position. This was 

done to shorten the path to ground. A 0.1 µF ceramic decoupling capacitor was used on the 

input voltage pin of the spectrometer.  

 

 

Figure 2-15 C12880MA spectrometer mounting board. (a) Labelled 3D model view of the top side 

of the spectrometer mounting board showing brass contact mounts and pin sockets (b) Labelled 3D 

model front view of the spectrometer mounting board showing C12880MA mounted with pin 

sockets, seated on contact surface mounts and header connectors to UV stacked board. (c) PCB 

https://www.mill-max.com/products/datasheet/pinsrecs/1593-0-57-15-00-00-03-0
https://www.mill-max.com/products/datasheet/pinsrecs/1593-0-57-15-00-00-03-0
https://www.harwin.com/products/H3153-05/
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(printed circuit board) layout view of the top side of the spectrometer mounting PCB showing 

component position, trace routing and ground place.  

 

 

Photodiode Board Design 

Figure 2-16 shows the PCB design to mount the photodiode and the UV LEDs behind the 

backscatter lens. The PCB dimensions are 16 mm width and 10 mm height. Figure 2-16a 

shows the distance of 3 mm of the LEDs relative to the centre of the photodiode.  A 4 pin 

Molex PicoBlade connector on the bottom layer is used for output connection (see Figure 

2-16b and c).  

 

Figure 2-16 MT03-021 Photodiode and UV LED printed circuit board design (PCB). (a) 

Dimensioned top view of board with labelled LEDs and photodiode. (b) Dimensioned front view of 

board. (c) Design layout of PCB design top view showing component placement and trace routing. 

(d) Dimensioned side view of the photodiode board. (e) 3D rendered view of the photodiode and UV 

LED board.  
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In Figure 2-17 the assembled PCBs for mounting the photodetectors can be seen. Figure 

2-17a shows the stacked PCBs of the spectrometer mounting board and the UV antifouling 

LEDs. Figure 2-17b shows the assembled photodiode and UV antifouling LED board.  

 

 

Figure 2-17 Assembled photodetector printed circuit board boards (a) The stacked spectrometer 

mouting board and UV LED antifouling board. (b) The photodiode and UV antifouling board. 

 

2.3.2.6 LED Array Design 

An iterative design process was implemented to identify the optimum positioning, 

configuration, and orientation of the selected LEDs from Table 2-8. A series of test designs 

and prototypes were made to evaluate the LED array design based on the criteria of 

compactness and even spectral distribution when used in conjunction with a collimation 

lens. Figure 2-18 shows the two main designs for the LED array positioning the eight LEDs 

on a compact 20 mm by 16 mm PCB.  Figure 2-18a shows the design concept of positioning 

the shorter wavelength emitting LEDs on the periphery and the visual/IR spectrum emitters 

centrally. Figure 2-18b depicts the second design concept of compact circular formation of 

the smaller LED package sizes around the largest LED package, the 310 nm LED. 
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Figure 2-18 LED Array printed circuit board designs. (a) LED placement based on placing the lower 

wavelength LEDs LED8 to LED 5 (280 nm to 380 nm peak emissions) on the outside peripheral 

positions and the visible to the IR LEDs on the inside totalling 10.2 mm by 9.4 mm area (b) The 

second configuration placing LED 7 (310 nm peak LED) at the centre with the remaining LEDs 

positioned in a circle around LED7 totalling an area with diameter of 8 mm. 

 

Figure 2-19 shows the iterative design progression of the light source for the sensor. Figure 

2-19a was the first concept using through hole technology (THT) LED packages placed 

linearly. This however proved to be both spatially and cost prohibitive as the THT packages 

for the LEDs were too large and more expensive than their surface mounted (SMD) 

counterparts. The total size of the array was 83 mm by 33 mm. Figure 2-19b shows the 

progression from THT to SMD packages of the equivalent wavelength output in a linear 

array mounted onto a PCB. The total size of the second linear array concept was 38 mm by 

19 mm. However, for the application, the width of 38 mm was unsuitable as it remained too 

wide to place behind conventional collimation lenses without being impractically large to 

integrate into a deployment unit. Figure 2-19c an array of SMD LEDs in a compact 

formation to reduce area to allow the LED array to sit behind a 25 mm diameter lens to fit 

into an optical head design. The use of 0805 SMD component adapters were incorporated 

to allow copper stripboard to be used as the mounting circuit board.  
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Figure 2-19 Iterative designs for multi-LED array light source. (a) Linear array design using through 

hole LED packages with a board size of 83 mm x 33 mm (b) Circuit board linear array design using 

surface mounted LED packages with a board size of 38 mm x 19 mm (c) Compact array using surface 

mounted LED packages with a board size of 22 mm x 19 mm. 

 

Figure 2-20 shows the assembled compact LED array concept using SMD component 

adapters and copper strip protoboard. Due to the use of the adapter board all LEDs could not 

sit on the same board. Two separate boards were assembled as seen in Figure 2-20a and c, 

to hold the two sets of LEDs for testing. Figure 2-20a shows the compact LED array with 

the LEDs from the visible regions mounted and Figure 2-20c shows the array with the IR 

and UV LEDs mounted. Figure 2-20b shows the LED array being tested using resistors to 

limit to the current to each LED.  
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Figure 2-20 LED Array prototypes with LED packages soldered to adapter board for mounting to 

optical test setup. (a) the adapter board for VIS wavelength LEDs using 0805 adapter boards (b). 

testing of VIS LEDs board adapter with current limiting resistor (c) the adapter board for the IR and 

UV LEDs using 0805 adapter board for the IR LED and hand soldered copper strip board adapters 

for UV LED packages. 

 

The outcome of the iterative design process was a compact LED array which could place 

the LED packages within a 25 mm diameter to fit behind the selected collimation lens. The 

two designs which were built to test can be seen in Figure 2-21. 

 

 

Figure 2-21 Assembled compact LED array designs. (a) Assembled compact LED array with design 

concept of placing UV LEDs on the periphery. (b) Assembled compact LED array with design 

concept of placing smaller LED packerage circularly around the largest LED package.  
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2.3.2.7 Integration of Full Electronic System 

Figure 2-22 shows the fully assembled first version of the electronics system for the sensor 

unit including the main control board, cable to connection board, connection board, LED 

Array, CMOS Detector boards, photodiode board and temperature probe. With this full 

system developed a series of tests and validation were carried out to find potential 

improvements that could be made to the hardware performance including component 

compatibility, power efficiency and functionality.  

 

 
Figure 2-22 Assembled sensor electronic system including control board, two spectrometer and UV 

LED stacked boards, photodiode and UV LED board, LED Array, connector board and temperature 

probe. 

 

2.3.2.8 Firmware Input Commands and Communication 

An initial firmware program developed was to allow for development of firmware functions 

and testing with the hardware. A simple serial command user interface was developed and 

is shown in Figure 2-23. The commands are typed into the serial monitor on the Arduino 

IDE and sent via USB to the microcontroller. This first program could be used to easily 

implement different functions to iterate through potential modes of operation for the sensor. 

The firmware written to control the benchtop unit can be seen in Appendix B Section B.1. 
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Figure 2-23 Serial command user interface for lab testing showing menu of typed commands to 

operate the sensor. 

 

2.3.3 Optical Sensing Components Performance 

2.3.3.1 Optical Setup 

From the investigation carried out in Chapter 1 on optical detection methods and technology, 

the chosen optical detection system design concept can be seen in Figure 2-24. Based on 

optical measurement techniques the position of the detectors and their orientation were 

arranged. A transmittance/absorption measuring spectrometer was positioned at 0 degrees 

relative to the light source. Adjacent to it, a second spectrometer was situated at 90 degrees 

to measure side scatter and fluorescence. Further, an additional photodiode was placed at 

120 degrees to capture backscatter measurements. A multispectral light source was designed 

which consisting of surface-mounted LEDs selected to produce the required spectral outputs 

for the selective measurement of the target analytes. Beyond the primary optical sensing unit 

design, considerations were made for temperature monitoring; thus, a temperature probe 

based on integrated circuit (IC) temperature sensing technology was chosen and integrated 

into the design. 
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Figure 2-24 Diagram of the optical setup and selected components to build the sensor system for 

multiparameter sensing using a multispectral LED array light source, two micro spectrometers and 

a photodiode which is capable of measuring transmission, absorption, fluorescence, side and back 

scatter in a single sensing unit. A UV fused silica collimation lens is placed in front of the light 

source and focussing UV fused silica plano-convex lenses used in front of the three detectors. 

 

The application of optical lenses instead of optical windows in an in-situ optical sensor was 

investigated in Section 1.4.3. The use of lenses for optimising the region sampled in the 

water column is outlined in Figure 2-25. By using a collimation lens for the light source and 

a focusing lens with the photodetectors, the region within the water column which is being 

sampled is maximised. This light source is positioned behind an ultraviolet (UV) 

transmitting fused silica (UVTFS) collimation lens to ensure parallel distribution of the light 

entering the sample or water column. UVTFS plan-convex focussing lenses are used to 

enhance the signal to the detectors to further the limits of the detection of the system.  
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Figure 2-25 The improved optical sampling potential gained by using optical lenses. (a) the outward 

projection of the light source into the water column. (b) the sampling region of a photodetector 

positioned Infront of the light source with no lenses. (c) effect of a collimation lens to produces 

parallel light source into water column. (d) Increased region in water column samples with the use 

of a focusing lens.  

 

2.3.3.2 Optical Setup Evaluation Results 

Figure 2-26 shows the comparison between the LED array light output with and without the 

use of a collimation lens. It can be seen in Figure 2-26a that without the collimation lens the 

light from the eight LEDs is dispersed at a wide angle. By contrast in Figure 2-26b the 

emission of light from the LEDs is less dispersed and the output beams are more 

concentrated in a forward direction. 

 

Figure 2-26 Test of the effectiveness of the collimation lens. (a) LED Array with no optics positioned 

50 mm from target. (b) LED Array positioned 10 mm behind 25 mm collimation lens and 50 mm 

from target.  
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The importance of the positioning of the detector relative to the focusing lens can be seen in 

Figure 2-27. The 12 mm focussing lens used had a focal length of 10 mm. Positioning of the 

detector at 15 mm as seen in Figure 2-27a provided an overlap of the LED’s beam emission 

which is centred on the detector. Figure 2-27b presents the optical output at 30 mm from the 

lens. The output from each LED is dispersed away from the centre of the detector. 

 

 

Figure 2-27 Light source with all LEDs on and 12 mm plano-convex focusing lens. (a) Light source 

positioned 15 mm from lens. (b) Light source positioned 30 mm from lens. 

 

Figure 2-28 shows the effect of combining the collimation lens and the focusing lens. The 

collimation lens is successful in homogenising the spectral emission from the LED Array 

and directing the light in a forward path towards the focussing lens. The focusing lens 

concentrated the light emission to a compact focal area which should increase the signal 

measured by the photodetector.  
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Figure 2-28 Optical test of the combination of the use of a 25 mm collimation lens and 12 mm plano-

convex focusing lens. LED Array is positioned 10 mm behind the collimation lens, collimation lens 

is positioned a 50 mm distance from the focusing lens and a 15 mm distance is between the focusing 

lens and the target. Close up of the focusing lens and the target are shown on the right.  

 

2.3.3.3 Output Spectra of Selected LEDs 

Figure 2-29 shows the spectra of the selected LEDs from Table 2-8 to be used in the sensor 

unit taken by a commercial benchtop spectrometer. The profiles of the LEDs vary in 

broadness, UV1, UV2, B1, B2 and R have a narrow peak while B3, G and IR have much 

broader peaks. These profiles will need to be considered during the measurements to 

understand the signal spectral output of target analytes. The Maya spectrometer uses boxcar 

averaging to smooth out the spectral output which has caused a jagged distortion of the IR 

LEDs profile.   
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Figure 2-29 Overlay of all eight selected LED emission spectra using the Ocean Optics Maya 

spectrometer. 

 

2.3.3.4 Comparison of Selected Spectrometer with Commercial Spectrometer 

In Figure 2-30 the normalized spectrum of each LED recorded by the C12880MA 

spectrometer  and Ocean Optics Maya benchtop spectrometer. LEDs B1 and B2 have narrow 

band emissions with a FWHM of 14 nm and 19 nm respectively as recorded on the mini 

spectrometer and 9 nm and 18 nm on the Maya spectrometer. B3 on the other hand a much 

broader and asymmetrical spectrum than the other LEDs with a FWHM of 60 nm recorded 

on the mini-spectrometer and 58 nm on the Maya.  
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Figure 2-30  Spectrum of each LED as recorded on the Hamamatsu C12880MA mini spectrometer. 

Overlaid with the spectrum of each LED as recorded on the Ocean Optics Maya spectrometer. 

 

2.3.4 Assembly of Benchtop Detection Systems 

Figure 2-31 shows the assembled prototype of the multi-spectrometer benchtop design. This 

benchtop design was able to make absorption, transmission, scatter, and fluorescence 

measurements by use of the two spectrometers incorporated and a multispectral LED array.  

Figure 2-32 shows the third concept iteration for the benchtop measurement system. This 

design allowed for easier placement of the optical components via the optical mounting tray. 

The benchtop unit was able to perform multi-measurements including absorption, 

transmission, scatter, fluorescence, and backscatter.   
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Figure 2-31 Assembled plug and play benchtop optical testing prototype (a) view of internal 

components with mini spectrometer mounted at the 90-degree position and sample holder (b) view 

of device with top enclosure on during measurement being taken.  

 

 

Figure 2-32 Benchtop multi-detector design assembled with incorperated electronic systems.  
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2.3.5 Proof of Concept Experiment Results 

2.3.5.1 Absorption Measurements 

Figure 2-33 shows the overlaid measurements of the measured absorption spectrum of 

Rhodamine and the spectral emission of the 565 nm LED. Rhodamine is shown to have a 

peak absorption wavelength of 552 nm which is consistent with other studies [22–24]. There 

is an overlap between the absorption spectral range of rhodamine B and the emission 

spectrum of the 565 nm LED between 525 nm and 500 nm.  

 

 

Figure 2-33 Plotted rhodamine absorption and normalised 565 nm LED emission spectra overlap. 

Rhodamine absorption spectra measured using Shimadzu UV-1800 UV/Visible Scanning 

Spectrophotometer. 565 nm LED emission measured using the Hamamatsu C12880MA 

spectrometer.  

 

The spectra measured and the scatter plot of the calculated absorption for rhodamine B are 

presented in Figure 2-34. A decrease in the transmission of the LED emission is seen to 

correlate with an increase of concentration of rhodamine B is seen in Figure 2-34a. Figure 

2-34b presents the calculated absorption plotted against the concentration. A positive linear 

trend is seen with a linear fit applied. The given slope from the linear fit is 0.446 with an 
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intercept of -0.01 and a R2 value of 0.99322. This shows a good sensitivity in absorption 

when using the 565 nm LED at the pixel corresponding to 570 nm. A good R2 value indicates 

a clear linear correlation. Alternatively, a linear fit using the measured peak absorption 

wavelength of 552 nm for rhodamine B gives a slope of 0.5 however a corresponding linear 

fit of 0.9269 from the sensor response. This indicates that the LED overlap is insufficient at 

that wavelength with very low sensor response at the corresponding pixel. The peak of the 

LED gives a more substantial signal and in turn a better linear fit for the measurement of 

rhodamine B absorption while sensitivity is less.  A red protein pigment present in red algae, 

R-Phycoerythrin, is known to absorb peak between 500 and 600 nm and is also present in 

some species of blue-green algae [322,323]. Measuring the absorption in this region can 

give insights into the species of algae present and can be used in conjunction with other Chl 

measurements. The combination of the 565 nm LED and the absorption measurements taken 

by the spectrometer show this optical measurement could be applied to detect such pigments 

present in algae species for more accurate determination within a sample.  
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Figure 2-34 Sensor response to increasing concentration of rhodamine B using a 565 nm LED (n =1) 

(a) Spectral response of the spectrometer to concentration between 0 µgL-1 to 1 µgL-1 . (b) Scatter 

plot of the calculated absorption for each concentration at 570 nm and a linear fit applied. The linear 

slope is 0.446, intercept -0.01 and R2 value of 0.99322.   
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In Figure 2-35 the overlaid plots of the measured absorption spectrum of fluorescein and the 

emission of the 430 nm LED are presented. Fluorescein is measured to have a peak 

absorption wavelength at 487 nm which is consistent with other literature [324,325]. There 

is a significant overlap between the 430 nm emission spectrum and the absorption region of 

fluoresceine between 350 nm and 530 nm.  

 

Figure 2-35 Plotted fluorescein absorption and normalised 430 nm LED emission spectra overlap. 

Fluorescein absorption spectra measured using Shimadzu UV-1800 UV/Visible Scanning 

Spectrophotometer. 430 nm LED emission measured using the Hamamatsu C12880MA 

spectrometer. 

 

Figure 2-36 presents the sensor’s response to increasing concentrations of fluorescein using 

the 430 nm LED. In Figure 2-36a, it can be seen from the spectrometer’s spectral response 

that the LED’s emission spectrum intensity decreases with each increase of fluorescein 

concentration. Figure 2-36b presents the calculated absorption at the peak wavelength of the 

430 nm LED. This response gives a good linear response with an R2 value of 0.99871. The 

sensitivity of the system for the measurement of fluorescein in absorption is given by a slope 

of 0.51 and an intercept near zero. As noted in the Chapter 1 and in the literature, Chl 

components such as Chl-a,-b and carotenoids absorb highly in the 400 to 500 nm region 
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[325,326]. The use of fluorescein and the 430 nm LED present a promising method of 

calibration for the detection of Chl in water samples by use of the absorption optical 

measurement method.   

 

Figure 2-36 Sensor response to increasing concentration of fluorescein (FL) using a 430 nm LED (n 

= 1). (a) Spectral response of the spectrometer to concentration between 0 µgL-1 to 1 µgL-1 . (b) 
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Scatter plot of the calculated absorption for each concentration at 430 nm and a linear fit applied. 

The linear slope is 0.51, intercept -0.001 and R2 value of 0.99871.   

The overlaid measurement of absorption spectrum of BB3 and the LED emission of the 660 

nm LED are shown in Figure 2-37. The peak absorption wavelength of BB3 is measured to 

be at 654 nm. This is in line with other studies on the absorption spectrum of the dye 

[325,327]. There is complete overlap of the LED emission and the BB3 absorption spectrum. 

The peak wavelength emission of the LED is measured to match very close to 654 nm. The 

absorption wavelength range of BB3 is from between 500 nm to 700 nm and the LED 

emission wavelength range spanning between 600 and 700 nm. 

 

 

Figure 2-37 Plotted Basic Blue 3 (BB3) absorption and normalised 430 nm LED emission spectra 

overlap. BB3 absorption spectra measured using Shimadzu UV-1800 UV/Visible Scanning 

Spectrophotometer. 660 nm LED emission measured using the Hamamatsu C12880MA 

spectrometer. 

 

The sensor response to the absorption of the 660 nm LED from increasing concentrations of 

BB3 is presented in Figure 2-38. Figure 2-38a shows the decrease in transmission of the 

LED emission spectrum as measured by the spectrometer with increasing concentrations of 
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BB3. The calculated absorption at the pixel corresponding to 654 nm form the spectrometer 

response is plotted in Figure 2-38b against concentration. From the linear fit applied a line 

equation gives a slope of 0.43 and an intercept of -0.0008. Good linear correlation between 

sensor measured absorption and concentration is shown with a R2 value of 0.99215. A lower 

sensitivity compared to the previous absorption measurements of the other dyes may be 

down to the integration time used for the experiment with it set to 0.0001 s. This is the lowest 

integration time used between the three LEDs and has direct influence on the sensitivity of 

the system. The integration time was set to avoid saturation of the detector when measuring 

the LED’s emission in DI water.  BB3 presents an ideal substitute for the measuring of 

absorption of Chl-a which has a strong absorption band between 650 and 670 nm 

[325,326,328]. It is also noted that this can be used to measure the presence of green algae 

which have an absorption band between 650 and 680 nm [329]. The combination of the 660 

nm LED and the absorption measurement using the spectrometer has shown promise for the 

optical detection of these analytes.  
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Figure 2-38 Sensor response to increasing concentration of basic blue 3 using a 660 nm LED (n = 

1). (a) spectral response of the spectrometer to concentration between 0 µgL-1 to 1 µgL-1 . (b) Scatter 

plot of the calculated absorption for each concentration at 654 nm and a linear fit applied. The linear 

slope is 0.43, intercept -0.009 and R2 value of 0.99215. 
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2.3.5.2 Scatter Measurements 

The sensor response from increasing turbidity concentration using the IR 850 nm LED and 

spectrometer in scatter mode can be seen in Figure 2-39. There is a clear increase in light 

scattered with increase in turbidity levels. The detector becomes saturated above 63 NTU 

showing the limit of detection of the system at the integration time set of 0.2 s.  

 

 

Figure 2-39 Sensor response from the 850 nm LED spectrometer output in scatter mode with 

increasing turbidity concentrations using turbidity standards in deionised water. A 0.2 s integration 

time was used for the spectrometer (n = 1). 

 

Figure 2-40 presents the response of the photodiode in the backscatter position to increasing 

turbidity concentrations using the IR 850 nm LED. For low turbidity values the photodiode 

response is not fully linear due to low signal being received. With higher turbidity values, 

from 30 NTU onwards, a clear linear response is seen in the photodiode response up to the 

highest NTU values of 78 NTU.  
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Figure 2-40 Plotted backscatter photodiode response to increasing turbidity concentrations using 850 

nm LED. Non-linear response is seen from 0 to 39 NTU due to lower backscatter a lower NTU 

concentrations with linear response seen at higher turbidity levels (n = 1).  

 

Figure 2-41 presents a combined scatter plot of both the spectrometer’s scatter response and 

the photodiodes backscatter response. The scatter method has shown a linear response at 

lower turbidity values while the backscatter method displayed linearity at higher NTU 

ranges. As discussed in Section 1.4.3, the position of the backscatter detectors at 120 degrees 

provides greater sample volume which allows for higher turbidity values to be measured 

[88,89,101]. The linear response ranges for both measurement methods are plotted showing 

an overlap from 40 NTU to 47 NTU. A linear fit is applied to both detector’s responses. The 

spectrometer response has a slope of 336.7 units per NTU value with an intercept of 4353.25 

and an R2 value of 0.99332. The photodiode’s response has a slope of 1.3 units per NTU 

value with an intercept of -1.925 and an R2 value of 0.99778. Both detectors show good 

linearity within their ranges of measurement. The scatter method has a much higher slope 

showing greater sensitivity at lower NTU levels. The backscatter has a much lower 

sensitivity shown by the slope. However, this demonstrates a method which the backscatter 

photodiode can be used to extend the limits of detection for turbidity without the need to 

alter the spectrometers integration time by combining the two methods of scatter and 
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backscatter measurements. An application of this combination method for extended LOD 

would be in the event of a sediment resuspension event caused by anthropogenic or storm 

events [54,330]. A sharp increase of turbidity may surpass the scatter detectors LOD in 

which case the environment monitoring details would be lost during the high turbidity event. 

This scenario presents an advantage of incorporating the backscatter photodiode into a 

deployable environmental sensor design.  

 

 

Figure 2-41 Combined scatter plot of spectrometer scatter and photodiode backscatter response to 

increasing turbidity concentrations between 0 and 80 NTU (n = 1). Spectrometer response is recorded 

between 0 NTU and 47 NTU. Photodiode response is recorded between 40 NTU and 78 NTU. Linear 

fit of spectrometer response gives a slope of 336.7, intercept of 4353.25 and a R2 value of 0.99332. 

Photodiode response gives a slope of 1.3, intercept of -1.92 and a R2 value of 0.99778. 

 

2.3.5.3 Fluorescence Measurements 

Fluorescence Proof of Concept Measurements 

Figure 2-42 shows the recorded spectrum of each of the proof-of-concept fluorophores, with 

an inlay of the visible fluorescence. It was possible using each LED to induce fluorescence 

in each of the fluorophores tested. Figure 2-42a shows the signal recorded for each LED 

using quinine sulfate. The fluorescence from the fluorophore was visible to the eye, and it 

was also possible to record the fluorescence emitted from the fluorophore and spectrally 
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resolve it using the spectrometer. Quinine sulfate is a broadband fluorescence emitter, 

fluorescing between approximately 400 – 600 nm. As such there was some overlap between 

the LED signal and fluorescence signal for LEDs B1 and B2, while for LED B3 the LED 

and fluorescence signal causing excitation bleed making it not possible to resolve the two 

signals fully spectrally, although it was still possible to see the fluorescence with the naked 

eye. Figure 2-42b shows the fluorescence and spectrum recorded for each LED using CFP. 

Again, in all cases fluorescence was visible seen using as three LEDs. For LED B3 it was 

once again not possible to spatially resolve the fluorescence signal from the LED signal, 

however using B1 and B2 there was a small overlap between the LED and fluorescence 

spectrum, there was sufficient resolution to spectrally resolve the two signals. CFP is a 

broadband fluorescent maker with a fluorescence spectrum between 410 – 500 nm (FWHM) 

peaking at 485 nm typically used as a biological marker for physiological processes, 

visualizing protein localization and detecting transgenic expression in vivo. Figure 2-42c 

shows visually the fluorescence signal from the diatom algae solution and the fluorescence 

signal recorded for each LED.  
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Figure 2-42 (a) Quinine sulfate fluorescence spectrum recorded for each LED with an inlay of the 

visual fluorescence (n = 1), overlapping of emission and fluorescence seen with B3 causing 

excitation bleed (b) Cyan fluorescent protein fluorescence spectrum as recorded for each LED with 

an inlay of the visible fluorescence (n = 1) (c) Chl-a fluorescence spectrum as recorded for each LED 

with an inlay of the visible fluorescence (n = 1). 
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Fluorometers that measure in-vivo fluorescence rely on analytical standards for calibration 

and quality control [325]. This approach is used to ensure reproducibility by using a stable 

analytical grade standard. Once the devices are calibrated to a given standard, the response 

can be converted to equivalent standard concentration and conversion factors can be used to 

infer Chl-a concentration from in-vivo Chl-a measurement [331]. Fluorometers relying on 

in-vivo measurements, target fluorescence emitted by Chl-a molecule in photosystem II, for 

which the peak fluorescence emission is approx. 685 nm, although not all Chl-a present is 

in photosystem II [331]. Standard stability and excitation/emission overlap with Chl-a is 

thus critical in selecting a suitable standard [325]. For this reason and high solubility in 

water, Basic Blue 3 (BB3) was selected to benchmark the performance of the fluorometer 

developed here against a commercial benchtop fluorometer.  

 

Fluorescence Analytical Performance Analysis using Basic Blue 3 Dye 

Serial dilutions of BB3 in the 0-1 mg L-1 range were used to collect emission scans on both 

instruments (Figure 2-43a, b) and develop calibration curves (Figure 2-43c, d). This BB3 

concentration range and the fluorescence emitted was determined previously, to correspond 

to the expected fluorescence of Chl-a in the 0.01 to 20 µgL-1 range [332]. The benchtop 

fluorometer was set to the highest sensitivity setting available while the fluorometer 

developed here used a 2 s integration time. This integration time was optimised to maximise 

the dynamic range of the instrument and reduce signal-to-noise ratio. While all the BB3 

dilutions were successfully detected on the benchtop fluorometer, the CMOS based 

fluorometer could not detect the dilutions in the low range (i.e., 0.01, 0.02 and 0.05), Figure 

2-43, due to a higher signal-to-noise ratio. The calibration curve was thus constructed using 

the dilutions in the 0.1-1 mg L-1 range. To determine the precision and accuracy of the 

CMOS based fluorometer, a known concentration of BB3 (0.75 mg L-1) was run 10 times 

on both instruments (Figure 2-43e). Using the developed calibration curves, each run was 

converted to BB3 concentration (mg L-1). The average concentration was found to be 0.72 

± 0.022 for this device and 0.78 ± 0.0018 for the Jasco fluorometer with a % RSD of 3.004 

and 0.23 respectively (Figure 2-43f). Although the Jasco fluorometer demonstrates a higher 

precision, the % RSD showed by the CMOS fluorometer is within the 5% margin of error 

acceptable for sensors with environmental applications. 
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Figure 2-43 Analytical performance with Basic Blue 3 dye (BB3). Emission spectra of serial 

dilutions of BB3 measured on (a) this device and on (b) the Jasco FP-8300 benchtop fluorometer. 

Calibration curves for BB3 on (c) this device (λem=680 nm) and (d) on the Jasco FP-8300 (λem=675 

nm). (e) Ten replica scans (emission spectra) of the same concentration of BB3 (0.75 mg L-1) on 

both instruments. (f) Box plots following conversion to BB3 (mg L-1) of the 10 replica scans on both 

instruments, showing precision (mean ± 1 SD) and accuracy (dashed red horizontal line positioned 

at 0.75 mg L-1) of the two devices. In (a), (c) and (e) an integration time of 2 s was used to collect 

the emission spectra using LED B2 (λ max=380 nm), in (b), (d) and (e) the sensitivity of the 

instrument was set to high and slit widths for both the excitation and emission monochromators were 

set to 5 nm. 
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Application to extracted Chl-a 

Figure 2-44a shows a sample of the Chl-a spectrum using different concentrations of Chl-a 

extracted in acetone using LED B2 (λ = 380 nm). For each of the three LEDs used in this 

work it was possible to detect a fluorescence signal for Chl-a concentration between 1 – 20 

μg L-1, with LED B2 achieving the highest signal for each concentration and LED B3 (λ = 

430 nm) recording the lowest signal intensity. A calibration curve for each LED response 

was created by taking the peak of the fluorescence signal at 675 nm as recorded by the 

spectrometer (Figure 2-44a, Table 2-9). Due to the redshift in the fluorescence signal at 20 

μg L-1 it was excluded from the calibration. 

 

In-vivo application 

Figure 2-44b shows a sample of the spectra recorded using LED B2 of the diatom algae. 

Unlike the previous section these spectra were recorded in-vivo. The measured response is 

widely used in environmental sensors as a proxy for Chl-a concentration [331]. Fluorescence 

was successfully detected throughout the diatom algae concentrations with all the LEDs. 

LED B3 however showed the least change with increasing concentrations and was excluded 

from the calibration. Collected emission scans for LED B2 and calibration curves for LEDs 

B1 and B2 are presented in Figure 2-44b while the calibration coefficients are presented in 

Table 2-9. Similarly, to the extracted Chl-a, LED B2 was the most sensitive to changes in 

concentration. Globally, Chl concentrations range from 0,01 to 20 µg L-1 [332]. In terms of 

analytical performance, the system can target and successfully quantify Chl-a at 

environmental concentrations for both in-vivo measurements and combined acetone 

extraction.  

 

Table 2-9 Calibration slope and R2 values for acetone extracted Chl-a and  in-vivo Chl-a  from 

cultured diatom species Nitzschia ovalis. 

LED Extracted Chl-a  In-vivo Chl-a  

Slope  R2  Slope  R2  

B1 (λ = 360 nm)  2248.1  0.997  878.39  0.991  

B2 (λ = 380 nm)  3265.3  0.994  1498.4   0.995  

B3 (λ = 430 nm)  115.03  0.991  ND  ND  

ND-not determined  
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Figure 2-44 (a) Fluorescence spectra of extracted Chl-a in acetone using LED B2 (λ = 380 nm). Chl-

a was extracted from laboratory cultures of diatom species Nitzschia ovalis and quantified as 

described in the Section 2.2.7.3; inset in (a) calibration curve for each LED with extracted Chl-a in 

acetone using the peak fluorescence emission at 675 nm (n = 3) (b) Fluorescence spectra recorded 

using LED B2 (λ = 380 nm) of serial dilutions of laboratory drown diatom cultures; inset in (b)  

calibration curve between in-vivo fluorescence and the diatom concentrations expressed as Chl-a 

(µg/L) following extraction for LEDs B1 and B2 (n = 3). In both (a) and (b) the Chl-a concentrations 

were determined as described in the Section 2.2.7.3. 
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An example of the recorded fluorescence emission spectrum collected for environmental 

sample is shown in Figure 2-45, between 400 – 850 nm for LEDs B1 and B2. No 

fluorescence signal was detected for B3; thus, it is not shown. Using the calibration curves 

developed in the previous section it was possible to calculate the Chl-a concentration by 

dividing the fluorescence signal peak by the slope of the calibration curve. Using the in-vivo 

calibration curves developed with laboratory grown diatoms (Figure 2-44b, Table 2-9)  a 

concentration of 3.05 μg L-1 was calculated for LED B1 and 3.25 μg L-1 for LED B2 

respectively. The Chl-a concentration in the sample, following the standard method using 

filtration and acetone extraction was found to be 2.16 ± 0.24. Such discrepancy is expected 

as slope coefficients used are for in-vivo Chl-a fluorescence determined with laboratory 

cultures are expected to be different from environmental mixed populations. In general, the 

calibration of fluorimeters is carried out on site specific samples due to the large natural 

variability in the relationship between in-situ fluorescence and extracted Chl-a 

concentrations. Globally, the slope factor can range from 1 in the Arabian Sea region to 

greater than 6 in the Southern Ocean province, south of New Zeeland [331]. With the two 

sources of uncertainty when measuring in-vivo being the variability in the Chl-a specific 

absorption [333] and the variability in the fluorescence quantum yield [332].   
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Figure 2-45 Example of fluorescence spectra recorded using LEDs B1 (360 nm) and B2 (380 nm) 

from an environmental sample. Fluorescence from Chl-a is detected between 650 – 700 nm 

indicating the presence of algal species in the water. In addition to the Chl  a signal an unknown 

fluorescence signal, believed to be fDOM was also observed between 450 – 600 nm. 

 

The set-up was consistently able to induce and detect fluorescence from all samples tested 

and does however solve some issues presented such as costing, reliability, and overall 

footprint, potentially allowing in-situ real time monitoring of environmental events and 

changes over time. Algal species for example are a vital component of aquatic marine life, 

serving as the basis of the oceanic food chain. As a species, their environment is threatened 

by global warming and climate change, and therefore monitoring their levels in oceanic 

environments may be an important warning mechanism while tracking the impacts of 

climate change. Should a suitable housing environment be developed this technology may 

be deployable in marine environments to monitor changes in algal populations at a relatively 

low-cost.   

 

The experimental work showed that it was possible to detect fluorescence produced by Chl-

a samples at expected environmental concentrations and using the calibration curves 
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quantify those values, making this technology a potentially vital tool for environmental 

monitoring. Detection capabilities within the µg L-1 are essential for real-world application, 

and similar devices have achieved this range using PMTs [163,334] and PDs [151].  The 

CMOS mini-spectrometer however has a spectral response range between 340 – 850 nm and 

a 12 nm spectral resolution. These key features enable spectral deconvolution of overlapping 

optical signatures and critically, detection of other optical targets within this range. 

Furthermore, the compact, small design of the CMOS spectrometer enables integration into 

submersible, in-situ devices where size of electronic components is critical. The C12880MA 

unit employs a nano-printed reflective concave blazed grating which minimizes the light 

path and enables the realisation of small, compact detectors. By comparison, a larger light 

patch is required when diffraction gratings are used in conjunction with CMOS based 

cameras [302]. The use of LEDs means that the set-up can be flexible in determining the 

desired excitation wavelength for a particular fluorophore, by simply changing the LED to 

another wavelength in a plug-and-play manner or designing a multi-wavelength LED 

electronic board to hold a range of LEDs. The current optical design comprising collimating 

lenses facilitates the addition of multiple SMD LEDs on the same board thus enabling the 

detection and quantification of multiple target analytes. The optical components used were 

kept relatively straight forward by limiting the optics to a collimating and focusing lens, but 

more sophisticated and complicated components could be incorporated into the design in 

situations where narrow bands are required or the Stokes shift between the excitation and 

emission bands are relatively close together. 
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2.4 Conclusion 

The research detailed in this chapter successfully achieves the aim by introducing an 

electronic and optical benchtop system capable of multiparameter measurements using 

different optical measurement modes. Central to this system is an eight-LED multispectral 

light source, complemented by a combination of compact spectrometers and photodiodes. 

This optical measurement systems displays an advanced and novel measurement system 

capable of measuring transmittance, absorption, scatter, backscatter, and fluorescence over 

a spectral wide spectral range from the UV to the IR.  

 

The electronic systems, specifically designed to interface with the chosen sensing 

components, have been demonstrated to effectively conduct analytical measurements. A 

notable achievement is reaching Technology Readiness Level 3 (TRL3) as defined in Table 

1-6. In terms of performance, the sensor demonstrated proficiency in absorption, 

transmission, scatter, backscatter, and fluorescence measurements. Its analytical capabilities 

were validated against a benchtop fluorometer using both analytical standards and 

environmental samples. Notably, the system could accurately detect and quantify Chl-a 

extracts both in-vivo from lab-grown cultures and in environmental specimens. A distinct 

advantage of this system lies in its modular design. The "plug-and-play" nature allows for 

easy LED replacement or expansion, enabling specificity for various optical parameters. 

When using multi-LED arrays activated in sequence, the device can effectively scan and 

record consecutive emission or scatter spectra. The inclusion of spectrometers ensures the 

resolution of overlapping optical signatures, especially when paired with the sequentially 

operated LED board. 

 

Given its demonstrated potential, this system is deemed suitable for adaptation into a 

deployable in-situ device. By leveraging the miniaturised electronic technology of the 

spectrometers and surface mounted components a significant advantage is presented for the 

potential to incorporate the detection system into a compact deployable enclosure for in situ 

sensing. Its design and multiparameter optical measurement capabilities make it a promising 

tool for accurate, in-field optical measurements of key target analytes. 
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3.1 Introduction 

The marine environment is a harsh and unforgiving environment for equipment to operate 

in. Marinisation is a process that factors in the challenges associated with the marine 

environment into the engineering design of components and equipment intended to operate 

under these environmental conditions. The environmental and mechanical stresses marine 

equipment need to endure without failing lead to the need for a robust design approach 

[199,335]. The concept of robust design was first pioneered by Genichi Taguchi, who 

defined robustness as “the state where the technology, product, or process performance is 

minimally sensitive to factors causing variability (either in the manufacturing or user’s 

environment) and aging at the lowest unit manufacturing cost” [336]. Learnings from the 

comprehensive review of marine materials, mechanical properties, mechanical design, and 

fabrication method conducted in Section 1.5 will give input into the robustness of the sensor 

design. These key design inputs need to be incorporated into the sensor design and material 

selection. The aim of the work presented in this chapter is to integrate the technology into 

an enclosure which is robust, durable, and able to handle the harshness of the marine 

environment. to a technology readiness level (TRL) of 5 (see Table 1-7). To achieve this 

aim, the following objectives must be achieved: 

 

1. An iterative mechanical design and material selection process must be carried out 

as described in Section 1-3 to optimise the sensor design performance and 

robustness while maintaining low materials and manufacturing costs. Testing of the 

sensor prototypes and materials will be conducted at each design iteration to ensure 

the system is functioning correctly and the design is suitable for the marine 

environment.  

 

2. An experimental investigation of the materials will be conducted to demonstrate real 

world performance and suitability for the marine environment in the application of 

in situ sensors which will provide extensive data and learnings for the reach field 

and technological development of the next generation of in situ marine sensors 

 

3. Validation experiments will be conducted in the lab using the sensor’s different 

measurement modes (transmittance, fluorescence, and scatter). The optical 

measurement potential of the sensor will need to be demonstrated for detection of 
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multiple parameters in the lab (Turbidity, dissolved organic matter, oil and Chl) and 

validated by using a commercial optical sensor. 
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3.2 Materials and Methods 

The sensor was designed in four distinct sections as shown in Figure 3-1. For each section 

the optimum materials, manufacturing method were selected as well as the mechanical 

structure designed. The mechanical designs were made using Autodesk Fusion 360 CAD 

modelling software.  

 

Figure 3-1 Overview of sensor design sections with table of section descriptions and labelled 

exploded view of sensor sections. 

 

3.2.1 Material and Manufacturing Method 

Table 3-1 outlines the materials and manufacturing methods used with the manufacturer and 

source. For the custom FDM printed components, a Lulzbot Taz6 3D printer with a 0.5 mm 

nozzle sourced from Farnell Ireland was used. Black RS-Pro PETG 2.85 mm filament was 

used sourced from Radionics Ltd. Dimensioned drawings and CAD models were supplied 

to the fabricators for the components which were outsourced. 

Table 3-1 Materials and manufacturing method used for each component. 
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 Component Material 
Manufacturin

g Method 

Manufact

urer 

Source Link 
T

o
p

 C
a

p
 a

n
d

 M
a

ri
n

e 
C

a
b

le
 

Air Pressure Valve 

Anodized 

6061-T6 

Aluminium 

Off the Shelf 
Blue 

Robotics 

https://bluer

obotics.com/ 

Bulkhead Connector/Cable 

Assembly 

Brass, 

chloropren

e rubber, 

ABS 

Off the Shelf 
MacArtne

y 

https://www.

macartney.c

om/ 

Top Cap  
Acetal 

POM-C 

CNC 

Machined 

Hubs 

CNC 

Machined 

https://www.

hubs.com/ 

Top flange. Press fit water 

proofing into enclosure using o 

rings 

Anodized 

6061-T6 

Aluminium 

Off the Shelf 
Blue 

Robotics 

https://bluer

obotics.com/ 

O-Rings for Connectors and 

Flanges 

Nitrile 

Rubber 
Off the Shelf 

Blue 

Robotics 

https://bluer

obotics.com/ 

Counter Sunk M3 Fasteners 

used to bolt the top cap to the 

flange 

316 

Stainless 

Steel 

Off the Shelf 

Inox 

Fasteners 

Ltd 

https://www.

inox.ie/index

.html 

S
en

so
r 

B
o
d

y
 

Sensor Body  
Acetal 

POM-C 

CNC 

Machined 

P&T 

Engineeri

ng 

CNC 

Machined 

https://www.

ptprecisione

ng.com/ 

In
te

rn
a
l 

F
ra

m
e 

Electronic Tray: Top piece 

interfaces with top flange, 

bottom piece for bolting the 

electronic board onto 

PETG 
FDM 3D 

Printed 

Custom 

FDM 3D 

Printed 

- 

Base: Bolts into bottom flange 

and mounts the two M5 

threaded rods as guide rails 

PETG 
FDM 3D 

Printed 

Custom 

FDM 3D 

Printed 

- 

M5 Threaded Rods and M3 

Counter Sunk Fasteners 

316 

Stainless 

Steel 

Off the Shelf 

Inox 

Fasteners 

Ltd 

https://www.

inox.ie/index

.html 

O
p

ti
ca

l 
H

ea
d

 

Sensor Mounting Tray PETG 
FDM 3D 

Printed 

Custom 

FDM 3D 

Printed 

- 

Top flange. Press fit water 

proofing into enclosure using o 

rings 

Anodized 

6061-T6 

Aluminium 

Off the Shelf 
Blue 

Robotics 

https://bluer

obotics.com/ 

Optical Head Main Structure 
PA2200 

Nylon 

SLS 3D 

Printing 

Betalayou

t SLS 3D 

Printed 

https://eu.bet

a-

layout.com/3

d-print/ 

M3 and M2 Socket Fasteners 

316 

Stainless 

Steel 

Off the Shelf 

Inox 

Fasteners 

Ltd 

https://www.

inox.ie/index

.html 

ABS - Acrylonitrile Butadiene Styrene, POM-C - Acetal Copolymer, CNC – Computer Numeric 

Control, PETG - Polyethylene terephthalate glycol, FDM – Fused Deposition Modelling, SLS – 

Selective Laser Sintering 
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3.2.2 Mechanical System Design 

Figure 3-2 gives an overview of the sensor design. The main features of the design are 

highlighted in Figure 3-2a. The key dimensions of the sensor unit are shown in Figure 3-2b. 

 

Figure 3-2 Overview design of the optical sensor unit prototype. (a) Labelled CAD Render with 

quarter-slice view of the sensor unit design. (b) Dimensioned drawing of the sensor unit design. 
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3.2.2.1 Optical Head and Mounting Structure Design  

An overview of the optical head design is presented in Figure 3-3. An exploded view of the 

optical assembly and internal components is given in Figure 3-3a. The optical setup, 

orientation of sensing components and key dimensions are shown in  Figure 3-3b. The path 

length between light source and 0-degree position detector was 35 mm. The 90- and 120-

degree detectors were positioned 22 mm from the centre point of the path length.  The lenses 

used are outlined in Table 2-1. The light source was positioned 7 mm from the surface of 

the lens to ensure the light emission from all eight LEDs were distributed evenly across the 

lens. The 0-degree spectrometer entrance slit is positioned 8 mm from the focusing lens. The 

entrance slit of the 90-degree detector is positioned 10 mm behind the focusing lens. The 

photodiode measuring backscatter is positioned 12 mm from the focusing lens.  

 

Two approaches were taken to fabricate the optical head. The first consisted of FDM 3D 

printing the optical head from PETG using 100% infill to create a watertight seal. To provide 

additional watertightness the printed optical head was coating in epoxy resin. The epoxy 

used to waterproof the optical head was XTC-3D™ High Performance 3D Print Coating 

sourced from Glass Fibre and Resin Supplies and a black dye and silicon thickener were 

also used to give the correct finish and coat the 3D print. The epoxy coating was left to cure 

for 24 hrs. The second approach was to leverage more advanced additive manufacturing 

techniques. SLS 3D printing was selected due to its high-resolution prints and robustness of 

the print. The material selected was PA2200 Nylon. Post-processing steps were used on the 

print to ensure the entire structure is completely watertight. The process used for sealing 

surfaces of the print was infiltration which involved submersing the print in an oil immersion 

bath to seal any pores in the surfaces where powder may not have fully fused making the 

print fully airtight and watertight. The optical lenses were fitted to the optical head using 

epoxy resin. The same method and epoxy as applied as the FDM optical head. The epoxy 

was applied to the periphery of the lens using a syringe and 20G dispenses needle tip.  
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Figure 3-3 (a) Exploded diagram of optical head assembly with labelled components and (b) a 

labelled and dimensioned render of the optical component positions. 
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The positioning and instalment method for the temperature probe are presented in Figure 

3-4. The probe is positioned 35 mm from the central axis of the optical detectors and is 

centred in the optical head in the perpendicular axis. The probe is mounted to the optical 

head using a penetrator and locking nut system. An O-Ring creates a watertight seal 

interfacing between the probe body and the optical head. 

 

 

Figure 3-4 Temperature sensor probe fitted to the optical head. On the left of figure, a bottom view 

of the optical head showing positioning of probe 35 mm from centreline. On the right a CAD Model 

rendering of the optical head and temperature sensor probe position with label of penetrator and 

locking nut used to fasten the probe securely. 

 

The design, dimensions and assembly of the electronics mounting tray which is inserted into 

the optical head (see Figure 3-3) and connection board spacer is shown in Figure 3-5. Figure 

3-5a and c present the design of the spacer component which is FDM 3D printed from PETG. 

The purpose of this component is to position the connection board above the optical 

mounting tray allowing for connections to be made with components and the central control 

board in the sensor body. The design of the optical mounting tray and dimensions are seen 

in Figure 3-5b and d. The sensing components mounted to PCBs are joined to the mounting 

tray via M2 bolts which bolt to threaded brass inserts on the tray. Figure 3-5e shows the 

assembled mounting tray, sensing boards, spacer, and connector board. The structure is 

joined to the optical head via four 30 mm M3 bolts which bolt to four threaded brass inserts 

inserted into the optical head.   
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Figure 3-5 Electronic mounting tray and connector board spacer design (a) Dimensioned drawing of 

connector board spacer (b) Dimensioned drawing of mounting tray. (c) 3D CAD Model Render of 

spacer and mounted connector board. (d) 3D CAD Model render of mounting tray with sensing 

components mounted. (e) Assembled mounting tray and spacer with electronics mounted. 

 

The spacer design and dimensions for spacing the spectrometer mounting board and the UV 

LED board is presented in Figure 3-6. Figure 3-6a gives the dimensions of the spacer with 

the height of 9 mm which is the required position for the spectrometer entrance slit and UV 

LEDs to be on the same plane. The assembled stacked boards and spaced are seen in Figure 

3-6b. Four M2 20 mm bolts join the stacked boards and bolt into threaded brass inserts in 

the optical mounting tray. 

 

 

Figure 3-6 Design of spectrometer and UV LED board spacers. (a) Dimensioned drawing of spacer 

design. (b) Black PLA 3D printed spacer and assembled stacked boards.  
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3.2.2.2 Sensor Body Design 

The design and dimensions of the sensor body are presented in Figure 3-7. The inner 

diameter of 102 mm was chosen to provide a snug fit to insert the 4” O-Ring flanges source 

from Blue Robotics to create a watertight seal. A 30 mm groove of outside diameter 110 

mm is designed to allow clamping equipment to attach the sensor to deployment mounting 

hardware. The dimensioned drawing and CAD model were supplied to P&T Precision 

engineering component to CNC design form Acetal POM-C. 

 

 

Figure 3-7 Sensor body design (a) Dimensioned drawing of side view of the sensor body. (b) 3D 

CAD Model rendering of sensor body design.  

 

3.2.2.3 Top Cap Design 

A labelled diagram of the assembly of the top cap section of the sensor and dimensioned 

drawing of the top cap are presented in Figure 3-8. Figure 3-8a shows the fitting of the 

bulkhead connector and pressure valve into the top cap section. Figure 3-8b shows the two 

holes which need to be drilled into the top cap to insert the bulkhead (11 mm hole) penetrator 

and the pressure value (10 mm hole) penetrator. Both connectors are secured to the top cap 

by nylon lock nuts. The top cap is bolted to the flange using 6 countersunk M3 12 mm bolts. 

A watertight seal is kept between the interface of the top cap and the flange riad a face O-
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ring as shown in Figure 3-8a. The flange fits snuggly into the sensor body and two radial O-

rings maintain a watertight seal. The dimensioned drawings shown in Figure 3-8b was sent 

to Hubs Fabricator to CNC machines from 6 mm Acetal POM-C.  

 

 

Figure 3-8 Design of the top cap and cable connector. (a) Labelled diagram of a section view of the 

top section of the sensor showing the valve, connector top cap, flange, and O-ring seals. (b) 

Dimensioned drawing of top cap design. 
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3.2.2.4 Internal Frame Design 

The design of the internal frame is presented in Figure 3-9. The function of the internal frame 

is to firstly, allow for the electronic control board to be mounted and secondly to provide a 

central rigid structure to join the top and bottom sections of the sensor together. As seen in 

the exploded view shown in Figure 3-9a, the connecting drops are joined to a base plate. 

The base plate is bolted to the bottom flange with 4 M3 counter sunk 12 mm bolts. Two 

wing nuts join the two flanges via the top plate (shown in  Figure 3-9b) which is bolted via 

4 countersunk M3 12 mm bolts to the top flange. The connecting rods are M5 threaded 

stainless steel rods positioned 48 mm apart. Figure 3-9b and c show the assembly of the 

electronics mounting system. The top and lower plate are spaced 80 mm apart using two 

plate spacers which the connecting rods fit through. The control PCB is bolted to brass 

threaded inserts lining up with the top and lower plates using four M3 6 mm bolts. The top 

plate, lower plate and base plate are all 101 mm in diameter and fit securely into the sensor 

body. All plates and spacers are FDM 3D printed from PETG with an 80% infill for 

increased strength.  
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Figure 3-9 Internal frame and electronics mount design with (a) an exploded and labelled view of 

the internal frame assembly (b) labelled views of internal frame and electronic board mounted and 

(c) dimensioned drawing of the electronics mounting frame. 
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3.2.3 Sensor Guard and Ambient Light Reduction Designs 

The sensor guard was added to the design to surround and protect the optical head. It also is 

intended to reduce the ambient light entering the optical detection zone to increase the limits 

of detection of the fluorescence measurements. The method to reduce ambient light but 

maintain good flow and avoid water stagnation in the detection zone is based on the work 

by D’sa et al., (1997) [337]. This method used V-groove geometry with a 30-degree pitch to 

reduce ambient light while allowing flow through. The design by D’sa et al., can be seen in 

Figure 3-10. 

 

Figure 3-10 Ambient light reduction design by D’sa et al. [337] using 30 degree V-grooves in a 

cylinder surround the area of detection. 

 

The design of the external sensor guard can be seen in Figure 3-11. Figure 3-11a shows a 

labelled drawing with dimensions of the guard design and how it mounts to the sensor body. 

The guard is made in two sections: the guard and the grating cap. Both are FDM 3D printed 

from PETG. The grating cap is joined to the guard via four 30 mm countersunk stainless-

steel bolts which bolt into threaded brass inserts inserted into the base of the guard structure. 

The guard is bolted to a clamp which joins it to the main sensor body. A 100 mm two-part 

clamp made from 6061-T6 Aluminum; Type II Anodized material was used which was 

sourced from Blue Robotics Inc. A total of eight flow channels are included in the guard to 

allow for horizontal flow across the optical head. The grating cap consists of ten 45-degree 

V-grooves spaced at 5 mm intervals which were to block the ambient light from beneath but 

allow vertical flow to the optical head.  
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Figure 3-11 External sensor guard design. (a) Labelled diagram of external sensor guard design using 

45-degree V grooves (b) 3D CAD model rendering of the sensor guard design.  

 

A second, internal sensor guard, design is shown in Figure 3-12. This design was made to 

ensure no ambient light effected the fluorescence measurements. Figure 3-12a shows the use 

of two side walls using a 45-degree groove spaced at 1.7 mm and a 45-degree slant on the 

bottom section spaced at 3.5 mm. Four holes in the guard design correspond with holes on 

the optical head which allow the guard to be bolted directly to the optical head. Figure 3-12b 

and c show the positioning of the guard mounted to the optical head.  

 

 

Figure 3-12 Internal sensor guard design (a) Internal guard diagram showing 45 degree side wall 

grooves spaced 1.7 mm and 45 degree bottom slants spaced 3.5 mm (b) Section side view of internal 

and external guard fitted to sensor (c) Section front view of internal and external guards fitted to 

sensor. 
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3.2.3.1 Testing of Ambient Light Reduction Designs 

Tests were carried out both in the lab and in the field to test the effectiveness of the two 

guard designs and identify what the ideal design and combination of guards would be. The 

in-lab tests were conducted using a transparent acrylic water tank which allowed the sensor 

to be fully submerged (see Figure 3-13). The water tank was portable, and the tests were 

conducted outside to allow for full ambient light conditions to be tested. The datalogger 

developed (see Section 5.2.2) interfaced with the sensor unit to take readings from the 

sensor, provide power and store the data for analysis during the tests.  A background scan 

(without the LEDs turning on) using the highest integration time used (4s) in the 

measurement cycle were taken to measurement the ambient light in the optical detection 

zone. The combinations of the external guard design and the internal guard attached to the 

sensor were explored with three scans being made 1) with only the external guard attached 

2) with only the internal guard attached and 3) with both the internal guard and the external 

guard attached to the sensor. 

 

 

Figure 3-13 Test setup for in lab ambient light block experiment with sun guards on sensor 

submerged in acrylic water tank. 
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An environmental experiment was conducted in seawater conditions in Poolbeg Marine 

Yacht Club, Ringsend, Co. Dublin. The setup consisted of two sensor units (A and B), one 

with both the internal and external guards attached (A) and the other with only the internal 

guard (B). An additional commercial sensor (YSI optical sensor) was also deployed to 

observe the turbidity of the water at the time of testing. Figure 3-14 shows the three sensors 

attached to a deployment cage which was positioned at a depth of 1m off the side of the 

marina. This setup allowed for the effectiveness of the addition of the internal guard at 

reducing ambient light in seawater to be tested. A comparison was made between sensor 

units A and B in measuring the ambient light at a 4 s integration time. 

 

 

Figure 3-14 Poolbeg Marina guard performance seawater test in situ with two sensors and 

commercial YSI sensor. Sensor Unit A has both the internal and external guard attached while Sensor 

Unit B only has the external guard attached. 
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3.2.4 Testing of Materials and Fouling Prevention Strategies 

3.2.4.1 Potential Marinisation Materials for use in the Marine Environment 

Evaluation 

A 12-month study was conducted on the performance of select materials in the marine 

environment. The purpose of the study was to assess the suitability of the materials for the 

application of marinisation design for incorporation into the sensor unit design. Table 3-2 

outlines the selected materials and their marinisation application. The study was conducted 

between March 2020 and March 2021. The site location for this study was Poolbeg Marine 

Yacht Club, Ringsend, Co. Dublin. The site was selected due to it being a dynamic water 

body location with anthropogenic activity, tidal flush, and freshwater inflow. This study was 

carried out with the assistance of Mr Adrian Delgado and Dr Chloe Richards, who helped 

with deployment and took monthly photographs of the material samples. 

 

Table 3-2 Materials, paints and coatings tested for use in sensor design. 

Material Application 

Copper 
Commonly used my commercial sensors to reduce fouling build 

up. 

Composite Fibre-glass composite for construction of sensor components. 

POM-H 
Homo-polymer of POM used for the construction of sensor 

enclosures. 

POM-C 
Co-polymer of POM used for the construction of sensor 

enclosures. 

Antifouling Paints Coatings for reducing biofouling build up on surfaces. 

Stainless Steel 316 
Marine grade steel used in the construction of marine equipment 

and sensor enclosures. 

 

Figure 3-15 shows the design of the materials sample holder. Three acrylic panels (240 x 

550 mm) were joined by 3D printed brackets using Acrylonitrile Butadiene Styrene (ABS) 

filament on the Lulzbot Taz 6 printer. The brackets positioned the panels at 120o relative to 

each other forming the prism structure. On these acrylic sheets material samples were 

mounted. The sample size was selected to be 100 x 100 mm. Each sample material was 

tested in triplicate, a sample mounted to each of the three panels in a different position for 

each panel. The prism structure was placed inside a marine suitable cage to protect the 

material samples from damage during deployment (Figure 3-15c and d). The key 

performance indicators (KPIs) for the materials were that 1.) the effect degradation process 

due to exposure to the marine environment had on the material (see Table 1-4 Chemical 
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Challenges) and 2.) the rate of biofouling occurring on the material surface (see Table 1-4 

Fouling Challenges). 

 

Figure 3-15 Material anti-fouling deployment cage design (a) CAD render view of the prism 

structure mounted in the deployment cage. (b) labelled diagram of material mounting panel with 

dimensions. (c) Prism structure inserted into the deployment cage. (d) Deployment cage fitted with 

the sample materials before deployment. 
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Following on from the study on materials performance in the marine environment, in field 

tests were conducted on the sensor in the marine environment. Two sensor prototypes were 

deployed in Dun Laoghaire harbour, Dublin, Ireland for a total of three week in September 

2021 to allow for the sensors’ mechanical and fouling performance to be assessed. The 

sensor performed an anti-fouling cycle using the UV LEDs for 1 minute every 15 min. The 

KPIs for the sensors during this deployment were: 

 

1. Maintaining mechanical robustness and watertightness as identified in the literature 

tabulated in Table 1-4 in the mechanical challenges section. 

 

2. Effect of degradation processes as described in Table 1-4 in the chemical challenges 

section. 

 

3. Prevention of build-up of biological build up on sensor surfaces and optical lenses 

as described in Table 1-4 in the fouling challenges section. 

 

3.2.4.2 Fouling Prevention Strategies Implemented on Sensor Units 

Figure 3-16 shows the external guard and grating cap coated in an antifouling paint. Given 

the large surface area of the component and the requirement to keep the inlets clear to allow 

sufficient flow into the optical head, it was deemed necessary to apply additional fouling 

prevention steps. The antifouling paint which was used was International Trilux 33 which 

contains Biolux® and copper thiocyanate as fouling prevention biocides.  Two coats of the 

paint were applied with 24 hr dry time between.  

 

Figure 3-16 Sensor outer guard painted with a copper based anti-fouling paint International Trilux 

33 to prevent biological growth. 
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Copper tape is applied to the outside surfaces of the sensor body (see Figure 3-2a). The 

copper tape used was by 3M with 50 mm width and 0.04 mm foil thickness (component 

number: T118150) sourced from Radionics Ltd. A layer of duct tape was applied first to the 

surface of the sensor body before applying the copper tape to provide additional adhesion.   

 

UV light was selected as the fouling prevention method to reduce biological build up 

forming on the optical lenses in the optical head. The implementation of UV 280 nm peak 

wavelength LEDs behind each optical lens was described in Section 2.3.2. Figure 3-17 

shows the LEDs illuminated on the PCBs. Figure 3-17a shows the two LEDs which are 

positioned behind the 0- and 90-degree lenses and Figure 3-17b shows the LEDs positioned 

behind the 120-degree lens. The 280 nm and 310 nm LEDs on the LED array (see Table 2-

1) are used for prevention of fouling behind the collimation lens. The UV LEDs are operated 

at a PWM duty cycle of 75% and an active cycle of on 1 min every 15 min. 

 

 

Figure 3-17 280 nm UV LEDs turned on positioned behind the optical lenses of the sensor head for 

prevention of biological growth on the lens surface exposed to the marine environment (a) the circuit 

board for the mini-spectrometer lenses (b) the photodiode board with LEDs positioned either side to 

side behind the lens. 

 

3.2.4.3 Electronics Moisture Damage Prevention 

A layer of silicon was applied to the PCBs to provide protection from moisture damage. A 

conformal silicon spray sourced from Radionics Ltd was used. Two coatings of conformal 

spray were applied to both sides of the circuit boards with curing time of 24 hrs between 

coatings. Any electrical contact points were covered with masking tape to avoid impeding 

connection when connectors to the board are attached.  
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3.2.5 Sensor Performance Evaluation Experiments 

A lab-based study of each mode (transmittance, scatter, and fluorescence) was used to 

determine the effectiveness of the sensor unit developed in this chapter at measuring marine-

based parameters. Turbidity, chlorophyll, dissolved organic matter (DOM) and petroleum 

were the selected target analytes to demonstrate the sensors measurement capabilities. Lab 

standards were used as proxies for certain analytes while lab grown diatomic algae were 

used for the measurement of chlorophyll. An experiment was also conducted to measure 

fluorescence of algae using a commercial sensor (Hydrocat) to benchmark the performance 

of the sensor unit by comparing the two sensor’s response. The experiments were conducting 

with the assistance of Dr Louis Free and Mr Adrian Delgado. Throughout the description of 

the experiments and the results a reference system is used for the LEDs (Table 3-3 ) on the 

LED array which were selected in Table 2-8.  

 

Table 3-3 Table of LED reference name and spectral characteristics 

LED Reference Peak Wavelength Emission 

(nm) 

LED Details from 

Table 2-8 

LED 1 850 Row 9 

LED 2 660 Row 8 

LED 3 565 Row 7 

LED 4 430 Row 6 

LED 5 385 Row 5 

LED 6 365 Row 4 

LED 7 310 Row 3 

LED 8 280 Row 2 

 

3.2.5.1 Method for Selecting Suitable Spectrometer Integration Times 

The sensitivity of each spectrometer is determined by the set integration time, these values 

are changed based on the mode of measurement. The three modes used during a 

measurement scan by the sensor are 1) absorption, 2) scatter and 3) fluorescence. Each 

required a set series of integration times which the microcontroller configures for each LED 

in the measurement scan as described in Section 2.2.3 on firmware development. The criteria 

for selection of integration times for the LEDs for each mode are described below. 
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Transmittance and Absorption Measurements 

Transmittance and absorption results in the lowering of signal as light from the LED is 

scattered and absorbed by suspended particles in the water. Therefore, the LEDs was 

configured so be as intense as possible, expecting signals to decrease. Using deionised water, 

the integration time was adjusted for each LED until the maximum signal is near saturation. 

 

Side Scatter Measurements 

The scatter signal is caused by light being scattered by suspended particles in the water. It 

was expected that the signal will increase up to a certain point as more suspended particles 

are added to deionised water. Therefore, the integration time was set such that the LED 

signal is as low as possible with the anticipation that the signal will increase. 

 

Fluorescence Measurements 

The fluorescence signal is caused by the absorption of photons and reemission of a photon 

at a different wavelength, typically longer. Fluorescence signals are typically much less 

intense that the LED signal, however, can be resolved by using the spectrometer. To 

configure the fluorescence signal, a solution of the sample with the highest estimated 

concentration was added to deionised water and the integration times for each LED was 

adjusted so that the fluorescence signal detected was near saturation. It was noted that it is 

acceptable if the LED signal saturates if the fluorescence signal can be detected. 

 

3.2.5.2 Turbidity 

For the optical measurement of scatter the spectrometer positioned at 90-degrees was used. 

A volume of 500 mL of deionised water was added to the measurement vessel. Solutions 

were made of increasing NTU levels using turbidity standards of Reagent CRS-4000 and 

Reagent CRS-800-100. A total of five turbidity solutions were made with turbidity ranging 

from 0 – 60 NTU. Spectrums from LEDs 1-6 were recorded at each turbidity concentration 

three times and the signals were averaged.  

 

3.2.5.3 Quinine Sulfate 

Initially to test the optical heads capabilities and potential to measure fluorescence, a quinine 

sulfate (QS) experiment was conducted. QS was selected due to its close fluorescence output 

similarity to fluorescence dissolved organic matter (fDOM) [325] and was therefore used as 
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a proxy.  A stock solution of quinine sulfate was prepared using 0.6 mL of H2SO4 and mixing 

it with 200 mL of deionized water. 100 mL of this solution was then taken and mixed with 

0.010481 g of quinine sulfate dihydrate to give a stock solution of 100 mg/L. Small amounts 

of this stock solution were then added to six 500 mL bottles of deionized water for a total of 

six solution ranging in concentrations from 2 – 620 μg/L.A fluorescence measurement was 

made using LEDs 4-8 at each concentration using the highest concentration. A calibration 

curve was then created by taking the peak of the fluorescence.  

 

3.2.5.4 Petroleum Compounds 

A polycyclic aromatic hydrocarbon naphthalene disulphuric acid (NDSA) was selected as a 

fluorescence standard for petroleum compounds. A 100 mg/L stock solution of NDSA was 

prepared in an acidic H2SO4 solution. A series of standard solutions in the range of 0 – 0.2 

mg/L were prepared from the 100 mg/L stock solution. Each standard solution was run on 

the sensor, with a background scan performed at 0 mg/L. LED 7 was used to induce 

fluorescence and fluorescence emission was read at 350 nm.  

  

3.2.5.5  Chlorophyll A 

To test the sensors fluorescence response to Chl-a lab grown algae were used and the Chl.A 

extracted (grown and extracted by Mr Adrian Delgado). The extraction process is described 

in Section 2.2.6.3. A total of six concentrations were tested with a range of 0 μg/L. to 20 

μg/L. LEDs 4-7 were selected to induce a fluorescence response with the fluorescence 

emission measured at 675 nm. A validation study was carried out on the optical head using 

a HydroCat, a commercially available marine based optical sensor using lab grown algae. 

The validation study compared the fluorescence signal recorded by the HydroCat with that 

recorded by the optical head using lab grown algae, with concentrations ranging from 0 – 

35 μg/L. Unlike in the previous Chl-a study it was not possible to use the measurement 

vessel as both the optical head and HydroCat could not fit within it and as such a larger 

vessel was required to hold both the optical head and HydroCat. Two litres of water were 

added to the vessel containing the two sensors and algae was added to the water. Due to the 

large volume of water used in this experiment, large volumes of algae were needed, so the 

concentrations used were between 0 – 35 μg/L. At each concentration of algae added, a 

recording using the optical head and HydroCat were made concurrently. To compare the 

optical head signal with that of the HydroCat, the peak of the fluorescence signal at 680 nm 
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for LEDs 5 and 6 was plotted as a function of algae concentration and the equation of the 

line was calculated. The raw signal was then divided by the slope of the line, allowing raw 

data to be converted to quantitative, and was plotted alongside the HydroCat data. 
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3.3 Results and Discussion 

3.3.1 Fabrication and Assembly of Sensor Prototype 

The sensor unit development underwent an iterative design process involving a cycle of 

design and prototyping phases with multiple units being developed, testing, and redesigned 

over a period. Figure 3-18 shows the key design and prototyping stages in the sensor 

development process over a period starting with the initial concept CAD model render and 

showing physical prototype, redesigns, and final prototype design. With each iteration the 

design of the sensor was improved and optimised showing the method to be suitable 

approach for in situ sensor development [289,290].  

 

 

Figure 3-18 Iterative sensor design progression from first concept CAD model design made in 

August 2020 to the final sensor prototype version in May 2022. 
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Key improvements made over the iterative design process to the sensor were: 

 

1. Improved manufacturing approaches were applied to certain components. The 

optical head fabrication method was changes from FDM 3D printing and epoxy 

coating (see Figure 3-20) to SLS printing with infiltration waterproofing (see Figure 

3-19). 

   

2. Design changes to reduce assembly time and component count. The spacers used for 

the electronics mounting tray (Figure 3-5a), spectrometer stacked boards (Figure 

3-6) and internal frame (Figure 3-9) were 3D printed instead of using off the shelf 

spacers. These changes reduced the need for additional components and simplified 

the overall design. The custom design of the components allowed for the exact 

dimensions required instead of relying of commercially available spacing 

components. 

 

3. Enhanced optical detection performance. The issue of ambient light affecting the 

fluorescence measurements was identified through testing and a solution was found 

in the addition physical light blockers shown in Design Version 4.1 in Figure 3-18. 

The results of the effect of the sun guard designs are given in Section 3.3.2. 

 

 

Figure 3-19 (a) SLS 3D printed nylon PA2200 optical head dyed black and infiltration water proofing 

post processing. (b) Assembled SLS printed optical head with lenses and probe installed. 
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Figure 3-20 FDM 3D printed optical heads (a) two optical heads printed in Lulzbot Taz 6 using 

PETG filament (b) epoxy coating on outer surface to waterproof 3D print (c) underside view of 

optical head with lenses fitted (d) side view of optical head with lenses fitted (e) optical head with 

epoxy coating. 

 

3.3.2 Ambient Light Block Performance  

The raw data from the lab testing of the sensor guards can be seen in Figure 3-21 with the 

three background scans with 4 second integration time overlayed. From the figure it can 

been seen that the combination of both the internal and the external guard has a significant 

effect on reducing the ambient light with the individual guards on their own both showing 

high amounts of saturation of the detector. The dark current effect is removed from the scan 

be subtracting the average dark signal of the spectrometer (7762) to zero the scans. 
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Figure 3-21 Ambient light reduction comparison between the guard combination in sunny 

conditions. Background scan of ambient light conditions was made using a 4 s integration time of 

the fluorescence spectrometer in a transparent acrylic tank placed outside of the lab. Scans were 

taken with the internal and external guard on their own as well both combined. The combination of 

both guards shows the most significant reduction in ambient light.  

 

The results of the in-field tests conducted off the marine of Poolbeg Yacht Club can be seen 

in Figure 3-22. Sensor B was only fitted with the external guard while Sensor A was fitted 

with both the external guard and the internal guard. It can be observed from the two scans 

overlayed that the combination of the two guards on Sensor A was much more effective at 

reducing the ambient light while the sensor was deployed in the sea water conditions. This 

reaffirms the findings from the experiment conducted in the tank in sunny conditions. The 

combination of an external and internal sensor guard designs provides sufficient ambient 

light reduction for fluorescence measurements to be conducted as baseline background 

conditions. The elimination of ambient light will provide greater limits of detection for the 

optical measurements in the open environment.  

 

Figure 3-23 shows the turbidity values take by the YSI sonde during the deployment. The 

turbidity value remains around 1 FNU with only a few outliers showing an average to low 

turbidity level when compared to a previous study of turbidity in the same location Briciu et 

al. which presents average turbidity of 5.38 NTU [16]. This indicates that high turbidity did 

not affect the reading by reducing the ambient light significantly at a depth of 1 meter.   
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Figure 3-22 Background scan with LEDs turning on taken for comparison between sensors 

positioned at 1 meter depth in Poolbeg Marina, Co. Dublin. Sensor A has both the internal and 

external guard attached. Sensor B had only the external guard attached. An integration time of 4 s 

was used with the fluorescence spectrometer at 90-degrees to the light source. Sensor A shows little 

ambient light detected while Sensor B shows significant ambient light. 

 

Figure 3-23 Turbidity readings taken by YSI Sonde during the testing of the sensor guards in Poolbeg 

Marina, Co Dublin showing an average turbidity reading of 1 FNU.  
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3.3.3 Material and Anti-fouling Performance.  

3.3.3.1  Material Anti-Fouling Study in Dublin Port. 

Figure 3-24 shows the materials deployment after a 12-month period. The material samples 

can be seen in Figure 3-24a. Copper and the antifouling paints performed the best with very 

little macro fouling coverage visible. This is in line with the literature on copper-based 

materials providing high levels of fouling prevention as well as commercial antifouling 

paints [274,280]. The composite, polymer and steel panels all have high percentage 

coverage. This coverage shows additional fouling prevention methods are required in 

conjunction with the use of these materials if the application is for prolonged exposure to 

the marine environment.  

 

Figure 3-24 Material deployment after 12-month period (a) Sample materials (b) Panel and material 

samples mounted. 

 

3.3.3.2 Deployment of Sensors in Marine Environment Robustness Performance 

Figure 3-25 shows the images of one of the sensors directly after being retrieved from the 

3-week long deployment. Applying the KPIs as outlined in Section 3.2.4.1.   

 

1.  No mechanical damage was observed on either sensor unit deployed showing a good 

degree of robustness for longer deployment durations. 

 

2. It was found when opening the sensor bodies that they successfully remained 

watertight throughout the entire deployment. 

 



 

170  

3. Figure 3-25a and Figure 3-25e show white powder build up around the stainless-

steel fasteners which attach the top cap to the body of the sensor. This could be due 

to salt build up or a galvanic corrosion acting on the stainless-steel components. 

Zhang et al 2018 [338] reports the use of a variety of metals and alloy materials used 

in the sample structure may lead to differences in potential which causes the galvanic 

corrosion to occur. The stainless-steel 316 fasteners attach the top cap to the 6061-

T6 Aluminium flange. To avoid further corrosion, fasteners of the same aluminium 

allow may need to be incorporated into the design. 

 

4. Figure 3-25c and Figure 3-25d show a build-up of organic matter or slime on the 

optical head which could be easily wiped off. Figure 3-25f shows the full body of 

the sensor revealing no build-up of any fouling materials on the areas covered in 

copper and the oxidation of the copper tape. Figure 3-25b shows a promising result 

of the optical lenses remaining clear and free of any biofouling build-up which would 

indicate that the UV LEDs were sufficient in the prevention of biofilms forming on 

the surface. 

 

 

Figure 3-25 Sensor Unit post deployment in Dun Laoghaire, Dublin, Ireland over period of 3 weeks 

in September 2021 (a) view of top of sensor and marine cable (b) bottom view of the optical head 

and lenses (c) side view of sensor (d) secondary side view of sensor (e) closer view of top of sensor 

(f) view of full sensor body. 



 

171  

 

3.3.4 Sensor Measurement Performance 

3.3.4.1 Determination of Suitable Spectrometer Integration Times 

The application of the method described in Section 3.2.5.1 gives the results integration times 

shown in  

Table 3-4. The integration times were set up to measure Chl-a fluorescence at a maximum 

concentration of 20 μg/L. 

 

Table 3-4 Integration times used for each LED in each mode of operation. 

 

3.3.4.2  Turbidity 

Figure 3-26a shows the spectrum of the 850 nm LED as recorded at each of the turbidity 

concentrations. Starting at 0 NTU, or deionized water, increasing the amount of the turbidity 

standard present in the sample caused the overall LED signal to increase at all wavelengths. 

This trend was observed in the spectra of all LEDs used with increasing turbidity. 

LED 

 

Absorption 

(ms) 

Scatter 

(s) 

Fluorescence 

(s) 

LED 1 0.6 0.2 NA 

LED 2 0.4 0.1 NA 

LED 3 5 1 NA 

LED 4 1.5 0.15 4 

LED 5 0.02 0.002 2 

LED 6 0.02 0.002 3 

LED 7 NA NA 4 

LED 8 NA NA 4 
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Figure 3-26 (a) Sensor response to increasing levels of NTU, (b) calibration curve generated by 

taking the peak of the LED signal at 850 nm at each of the NTU concentrations (n = 3). The linear 

fit, seen in dashed red, gives an equation a slope of 330.68, intercept of 1953.5 and an R2 value of 

0.99855.  

Figure 3-26b shows the calibration curve generated by taking the peak of the 850 nm LED 

at each concentration. The graphs show a strong linear relationship between the intensity of 

the light measured and turbidity. The equation of the line y = mx + c, was calculated as 330.7 

+ 1953, with an R2 value of 0.9986 indicated a strong linear relationship. The large y-

intercept value is a result of the non-zero value of the 0 NTU concentration and the peak of 

the 0 NTU value and the y-intercept are the same at 1953 arb. units. 

 

Figure 3-27 (a) Spectrum of the 850 nm LED as recorded at each turbidity concentration after 

transmitting through the sample. (b) Calibration curve created by taking the peak at 850 nm of each 
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of the spectra in (a) (n = 3). The linear fit seen in dashed red gives a slope of -42.39, intercept of 

29163.4 and an R2 value of 0.99893. 

 

While not as pronounced as the scattered method, it was still possible to determine the 

influence of turbidity on transmitted photons as shown Figure 3-27a which shows the 850 

nm LED spectrum as recorded at each turbidity concentration. Increasing the turbidity of 

the sample causes a slight decrease in the intensity of the signal and this affect is seen across 

all wavelengths measured. A corresponding linear fit was also determined for the transmitted 

measurements (Figure 3-27b) and was calculated to be -42.3964 + 29163, with the y-

intercept having the same value as the 0 NTU measurement, and a corresponding R2 value 

of 0.9989. 

 

Although 850 nm is the wavelength specified for optical turbidity standards, photons of all 

wavelengths are scattered by the particles that are used to make the turbidity standard. As a 

result, it was possible to create a calibration curve for each LED in the optical head for both 

scattered and transmitted photons and the corresponding linear equation and R2 squared 

values are shown in Table 3-5. 

 

In the case of all LEDs in the optical head, there was a strong linear relationship between 

the intensity of the light signal detected and the concentration of the turbidity standards as 

shown by the R2 values. LED 1, the IR LED, had the greatest linear relationship in both 

scatter and transmission measurement modes. The relative sensitivity of each LED to the 

turbidity standard could be determined by the slope of the equation. The general trend 

observed was that shorter wavelengths tended to be more sensitive to changes in turbidity 

as indicated by their greater slopes, with the IR 850 nm being the least sensitive wavelength 

tested. This might suggest that using a more sensitive wavelength may be a better choice for 

turbidity measurements However, as discussed in Section 1.4.3, IR wavelength ranges are 

stipulated by both ISO7027 [89] and EPS Method 180.1 [101] for use in determination of 

turbidity. It is important to understand the matrix effect of multiple species that may be 

present in a sample and the impact that these will have in the overall output of each LED.  

These may for example introduce non-linear effects due to absorption and fluorescence [88].  
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Table 3-5  Calculated linear equations and R2 values for each LED for scattered and transmitted 

photons as result of turbidity standards. 

LED Scattered Equation R2 value Transmitted Equation R2 value 

LED 1 330.86 x + 1953.5 0.9985 -42.794 x +22112 0.9991 

LED 2 574.22 x + 302.46 0.9949 -105. 4 x + 25553 0.9965 

LED 3 566.47 x + 714.26 0.9964 -120.84 x + 20382 0.9944 

LED 4 578.59 x + 639.98 0.9864 -222.7 x + 29002 0.9846 

LED 5 605.47 x + 679.41 0.9945 -328.56 x + 25845 0.9667 

LED 6 601.42 x + 325.52 0.9983 -326.3 x + 24189 0.9654 

 

Using the LED 1 scatter slope as a sensitivity value gives 330.86 sensor units per NTU. This 

can be converted to a voltage sensitivity for comparison with other turbidity sensors. Firstly 

Equation 3-1 is used to calculate the voltage resolution of the MCU’s ADC. 

 

 
𝐴𝐷𝐶 𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  

𝑉𝑚𝑎𝑥

𝐴𝐷𝐶 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 

3-1 

 

Where Vmax is the maximum analog voltage the ADC can read at 3.3 V and ADC resolution 

is the set resolution of the ADC use which is 216. This results in an ADC voltage resolution 

of 50.4 µV. Using the slope from the calibration curve for scatter using LED 1 as Sensitivity, 

Equation 3-2 can be applied to give sensor resolution in NTU. The resolution in NTU 

calculated for turbidity is 0.000152 NTU. 

 

 𝑆𝑒𝑛𝑠𝑜𝑟 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝐴𝐷𝐶 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
 3-2 

 

EPS Method 180.1 requires a sensitivity of “a turbidity different of 0.02 NTU or less in 

waters having less than 1 unit”. ISO 7027 specifies a measurement range between 0.05 NTU 

to 400 NTU. EPS Method 180.1 requires a device have a range of between 0-40 NTU.  In 

the marine environment turbidity in the region of 10 NTU is considered low while a high 

turbidity level would be 100 NTU and above [339,340]. Table 3-6 gives a comparison 

between the sensor prototype developed and in situ commercial sensors available for the 

measurement of turbidity in resolution and measurement range. 
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Table 3-6 Comparison between sensor developed with other commercial turbidity measuring in situ 

sensors, 

Sensor Resolution 

(NTU) 

Measurement Range 

(NTU) 

Reference 

Sensor developed 0.000152 0-60 - 

HydroCAT-EP V2 0.06 0-3000 [341] 

Aqua TROLL Turbidity 

Sensor 

0.01 0-1000 [342] 

YSI 6136 Turbidity Probe 0.1 0-1000 [343] 

 

The sensor displays relatively good sensitivity within the 0-60 NTU range making it 

adequate for turbidity measurements in this environment. The range of commercial turbidity 

sensors is significantly greater with 1000 NTU a standard upper limit. However, as shown 

in the turbidity experiment conducted on the benchtop prototype in Section 2.3.5.2, the 

backscatter photodiode can provide additional range to the turbidity measurements of this 

sensor. Furthermore, the advantage of the spectrometer implemented in the sensor prototype 

is that the integration time can be dynamic. When greater range is required a lower 

integration time can be used to extend the side scatter’s upper limit of detection, therefore 

increasing the range of detection. Further work is required to be able to implement this and 

have the sensor respond to changing environmental event dynamically to maintain greater 

sensitivity depending on the environmental conditions. 

 

3.3.4.3 Quinine Sulfate 

Quinine sulfate (QS) solution was selected to test the fluorescence measurement capabilities 

of the optical head due to it commonly being  used as a known standard equivalent to DOM 

[109]. QS have an excitation range in the UV region between 280 nm and 400 nm and an 

emission peak wavelength at 480 nm [344]. As shown in Table 1-2, fDOM has 

correspondingly similar excitation and emission ranges, hence QS can be used as a suitable 

proxy for fDOM. Figure 3-28a displays an example of the fluorescence emission due to 

excitation from LEDs 4 to 8 overlaid. In the case of each LED, it was possible to measure 

the quinine sulfate fluorescence, which has an emission profile between 420 – 500 nm 

(FWHM) and maximum measured intensity at 465 nm. Although the maximum wavelength 

of LED 4 is 430 nm, the wavelength range of this LED is broad, and parts of its emission 
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spectrum were past 400 nm and as a result it did induce fluorescence in the quinine sulfate 

sample. However, there was a large amount of overlap between the LED spectrum and the 

fluorescence spectrum, so the LED was excluded from further fluorescence analysis. There 

was an overlap between the LED and fluorescence signals for LEDs 5 and 6, it was not 

however enough to interfere with calibration, and these were therefore included in the study. 

A calibration curve for quinine sulfate was created by taking the peak of the fluorescence 

signal at 465 nm and plotting it as a function of concentration and is shown in Figure 3-28(b). 

A strong linear relationship was found for each LED with R2 values above 0.99 in all cases. 

The slopes of LEDs 5, 6, 7 were found to be of similar magnitude between 68 - 70, while 

LED 8 had a lower slope of 39, indicating that LEDs 5, 6 and 7 were more suited for this 

experiment.  
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Figure 3-28 (a) Quinine sulfate fluorescence spectra as recorded by LEDs 4 – 8. (b) Calibration 

curves as a function of quinine sulfate concentration for LEDs 5 – 8. LED 4 was excluded due to its 

emission spectrum over-lapping with quinine sulfate fluorescence spectrum ( n = 3). 
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A similar calibration curve was created for lower concentrations of quinine sulfate for LEDs 

5 and 6 and is shown in Figure 3-29. At these lower concentrations, higher integration times 

were required to measure the fluorescence signal than in the previous wide concentration 

study. LED 5 was most sensitive to changes in concentration in this experiment with a slope 

of 1474.52 and LED 6 had a slope of 635.95. As such, this experiment identified LED 5 

with peak emission wavelength of 380 nm as the most suitable LED to use for the detection 

of fDOM in the environment.  

 

 

Figure 3-29 Calibration curve of quinine sulfate verses signal strength for excitation light sources 

LEDs 5 and 6 at low concentrations ranging from 0 – 20 μg/L (n = 3). Emission was measured at 

450 nm on the C12880MA spectrometer positioned at 90 degrees to the light source.  

 

3.3.4.4 Petroleum Compounds 

NDSA, derived from naphthalene, was selected as a proxy fluorescence standard for the 

measurement of petroleum compounds. NDSA is more soluble in water and allowed for 

concentration-based fluorescence tests. As discussed in Section 1.3.3, naphthalene is a 

polycyclic aromatic hydrocarbon composed of two fused benzene rings allowing for 

fluorescence emission under UV excitation ranges. This allows it to be used as a proxy for 

oil and petroleum analytes.  
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Figure 3-30 (a) Spectrum of the fluorescence emission of NDSA excited by the 310 nm LED for 

each concentration (0 to 200 μg/L) . (b). Calibration curve created by taking fluorescence intensity 

at 350 nm of each of the spectra in (a). The linear fit seen in dashed red gives a slope of 48.9, intercept 

of 1197.86 and an R2 value of 0.9985. 
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Figure 3-30 presents the fluorescence response of NDSA with excitation from LED 7 at 

increasing concentrations. Figure 3-30a shows the spectrometers spectral response to 

increasing concentrations showing a positive trend in fluorescence intensity with increasing 

concentrations of NDSA. A scatter plot of the extracted signal intensity at 350 nm against 

concentration is presented in Figure 3-30b. A strong linear relationship is seen with an R2 

value of 0.9985. A slope of 48.9 would indicate relatively low sensitivity of 48.9 μg/L per 

AU. A higher integration time can be used to increase this sensitivity depending on LODs 

required.  

 

3.3.4.5 Chlorophyll a 

The concentration of chlorophyll measured in the environment can give significant insights 

into the overall health of the ecosystem in the water column. Chl-a, a component of 

chlorophyll, fluoresces with a key fluorescence emission wavelength signature as noted in 

Section 1.3.3. Figure 1-10 shows an excitation range between 280 nm and 450 nm with a 

unique fluorescence emission spectrum with peak emission at 660 nm. For this reason, Chl-

a was selected for the optical sensor’s measurement capabilities as a key target analyte for 

in situ sensors.  

 

Figure 3-31 Chl-a fluorescence signal spectrum as recorded using LEDs 4 – 7 as excitation light 

source and measured using the C1880MA mini spectrometer. Measurement taken at 10 μg/L 

concentration of Chl-a for each LED. 
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Figure 3-31 shows the fluorescence signal of Chl-a recorded using LEDs 4 – 7. These signals 

were taken at a concentration of 10 μg/L of Chl-a LEDs 5 and 6 recorded the most intense 

fluorescence signal, while the fluorescence signal using LEDs 4 and 7 was observed to only 

just pass the noise threshold at this concentration. LED 8 was also tested but no fluorescence 

signal was observed at any concentration. This indicates that LEDs 5 and 6 are best suited 

for in situ fluorescence measurements of Chl-a. 
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Figure 3-32 Response of sensor measuring Chl-a fluorescence signal as a function of concentration 

for LED 5 (380 nm) (a) and LED 6 (360 nm) (b). At low concentrations the signal had a linear 

relationship as a function of concentration, however at 20 μg/L the signal redshifted and was no 

longer linear. 

In Figure 3-32a and b, the Chl-a fluorescence signal of LEDs 5 and 6 at concentration 

ranging from 0 – 20 μg/L I shown. As can be seen in the figures, at low concentrations (0 – 

10 μg/L) the fluorescence increased in a linear fashion, with the peak of the spectrum 

remaining at 680 nm, however at 20 μg/L the linear relationship broke down at the peak of 

the fluorescence signal was observed to redshift. Red shift in known to occur in sensor 

fluorescence measurement at higher concentrations of fluorophore which is occurring with 

Chl-a for this experiment [345,346]. As such the higher concentration were excluded from 

the calibration curve. Figure 3-33 shows the Chl-a scatter plot for LED 5 and 6. The scatter 

plot was created by taking the peak of the fluorescence signal at 680 nm and plotting it as a 

function of concentration between 0 – 10 μg/L. The linear relationship of both LEDs is high 

with both above 0.99. LED 5 shows a higher sensitivity compared to LED 6 with slopes of 

3282.25 and 2237.79 respectively. This would strongly suggest that LED 5 is the better LED 

to use to induce fluorescence when measuring Chl-a in situ.  

 

 

Figure 3-33 Chl-a calibration curve, plotting Chl-a concentration between 0 – 10 μg/L as a function 

of fluorescence signal strength at 680 nm for LEDs 5 and 6 (n = 3). The linear fit applied to LED 5 
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gives a slope of 3282.25, intercept of 481.13 and R2 value of 0.995. The linear fit applied to LED 6 

gives a slope of 2237.79, an intercept of 332.3 and an R2 value of 0.9966. 

 

Figure 3-34 shows the fluorescence signal strength at 680 nm for LEDs 5 as a function of 

Chl-a concentration between 0 – 35 μg/L, non-linearity and redshift as discussed in the 

previous section was not observed in this work. These measurements were taken 

simultaneously with the HydroCat-EP V2. A good linear relationship was established as a 

function of concentration giving an R2 value of 0.986.  

 

 

Figure 3-34 Calibration curve plotting Chl-a fluorescence signal strength as a function of 

concentration for LEDs 5 between 0-35 μg/L. The linear fit applied gave a slope of 393.88, intercept 

of 682.97 and an R2 value of 0.986.  

 

The calibration curve generated in Figure 3-34 was applied to convert the raw fluorescence 

signal from the sensor into a quantitative form and compare the results to a similar signal 

recorded by the HydroCat. 

 

 𝐶𝑎𝑙𝑖𝑙𝑏𝑟𝑎𝑡𝑒𝑑 𝐶ℎ𝑙 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 =  
𝑆𝑒𝑛𝑠𝑜𝑟 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑎𝑡 680 𝑛𝑚

𝐶𝑎𝑙. 𝐶𝑢𝑟𝑣𝑒 𝑆𝑙𝑜𝑝𝑒
 3-3 

 

Equation 3-3 is applied by dividing the raw fluorescence signal by the calculated slopes for 

each LED. Figure 3-35 shows the comparison in results between LED 5 and the HydroCat. 
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A high agreement is observed between the commercially available sensor HydroCat reading 

and the calculated optical head reading from LED 5. This is confirmed by a high correlation 

coefficient of 0.9995 between the two sensors with a mean absolute error of 0.2826 μg/L 

and root mean square error of 0.4433 μg/L which are both relatively low. 

 

 

Figure 3-35 Relationship for extracted algae concentration measurement between commercial sensor 

(HydroCat EP V2) sensor response and the developed optical head’s response using LED 5 (380 nm 

peak excitation) with applied experimentally derived calibration curve with emission measured at 

680 nm. Experimental range of testing it set between concentrations of 0 to  35  μg/L with n = 3 for 

each measurement.   

 

As shown in Section 3.3.4.2, Equation 3-2 can be applied to the slope for LED 5 to convert 

sensitivity into Chl-a resolution of the sensor between 0 and 35 μg/L. Using the already 

rederived ADC voltage resolution from Equation 3-1, the resolution of the sensor for 

fluorescence detection of Chl-a is calculated as 0.00014 μg/L. A tabulated comparison 

between the sensor prototype and commercially available chlorophyll sensors is presented 

in Table 3-7. The sensor prototype’s resolution is a magnitude of order higher when 

compared to the other sensors. However, this may be due to the limited range of the 

calibration curve. Commercial sensors show a good resolution of 0.1 μg/L or lower with 

measurement ranges of at least 400 μg/L and as high as 1000 μg/L. Again, as with the 
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turbidity resolution and range, a dynamic integration time could be applied to adapt the range 

of resolution of the Chl-a fluorescence measurements to increase the sensors detection range.  

Table 3-7 Comparison of resolution and measurement range of sensor developed with commercially 

available chlorophyll in situ sensors.  

Sensor Resolution  

(μg/L) 

Measurement Range 

(μg/L) 

Reference 

Sensor developed 0.00014 0-10 - 

HydroCAT-EP V2 0.007 0-400 [341] 

Aqua TROLL Chlorophyll a 

Sensor 

0.1 0-1000 [347] 

YSI 6025 Chlorophyll Sensor 0.1 0-400 [348] 
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3.4 Conclusion 

The work presented in this chapter demonstrates the step-by-step design process taken which 

involved a thorough investigation of materials and manufacturing methods to achieve an 

optimal prototype design. Key design advancements were made by applying the iterative 

design method with testing at each stage identifying areas requiring optimisation. A total of 

four complete design, prototype and testing iterative cycles were carried out. The materials 

and prototypes were deployed in the intended environment which provided major insights 

into their suitability for the marine environment. The findings led to the selection of the most 

suitable materials for each component included in the sensor design.  

 

The use of engineering polymers POM-C, PA2200 Nylon and PETG allowed for robust 

components to be manufactured at lower cost using a wide range of manufacturing methods. 

More advanced geometries could be achieved with additive manufacturing which was 

required of the optical head design. Marine grade metal materials were used successfully in 

combination with the polymer materials to provide greater mechanical robustness including 

316 stainless steel and 6061-T6 Aluminium. A key finding for future reference is the 

potential corrosion which was found to occur using stainless steel fasteners with aluminium 

components in the marine environment.  

 

With fouling growth identified as a major challenge for in situ sensors in the marine 

environment the strategies implemented in materials and active prevention strategies proved 

effective in the preliminary experiments. Copper material attached to the outer surface of 

the enclosure was successful in preventing any fouling build up which was confirmed with 

the 12 month study showing a high effectiveness. For optical sensors, drift due to fouling is 

a major challenge. Taking advantage of the latest developments in LED technology applied 

to the sensors the use of low cost UV LEDs periodically activated during a deployment show 

great promise in talking this challenge for optical in situ devices. In the preliminary 

deployment conducted with the sensor, fouling was prevented showing the application of 

low cost, low power UV LEDs can be applied to the next generation of in situ sensors.  

 

 A wide range of manufacturing techniques were applied to the sensor design. The use of 

the emerging manufacturing technique of additive manufacturing was applied successfully 

to achieve for more complex geometric designs as was seen in the use of SLS 3D printing 
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to create the optical head. FDM 3D printing was evaluated to fabricate the optical head 

however was found to be porous leading to minor leaks in the body which were addressed 

by coating the print in epoxy which was successful in achieving watertightness. However, 

the process of applying epoxy to the optical head body was laborious and time consuming 

which led to a reiteration of the manufacturing method.  

 

A major finding in terms of the sensor’s measurement performance in the aquatic 

environment was that ambient light affected the fluorescence detection more significantly 

than was previously expected. The optical measurement performance of the sensor was 

enhanced by the addition of a combination of external and internal sun guards which allow 

fluorescence measurements in environmental conditions. A learning from this iteration was 

that it is most critical to assess a developed sensor prototype in the intended environment as 

soon as is feasible to identify issues of operation outside the lab environment early in the 

design process to allow for changes to be made.  

 

The in-lab optical performance of the sensor was demonstrated to be capable of measuring 

multiple parameters with a proficient level of sensitivity and resolution. Target analytes 

which were identified in Section 1.3 were successfully measured using known standards 

equivalents in the lab including turbidity, fDOM, oil and chlorophyll. The sensor was 

demonstrated to have high sensitivity (330.68 AU/NTU) and resolution (0.000152 NTU) in 

the measurement of turbidity using scatter over a range of 0-60 NTU. The measurement of 

Chl-a fluorescence was achieved at a sensitivity of 393.88 AU/ μg/L and a resolution of 

0.00014 μg/L over a 0-35 μg/L range. This shows the advantage of the novel application of 

spectrometers and multispectral light source in this design as multiple analytes can be 

measured without any hardware modifications required. A comparison with commercial 

sensors for turbidity and Chl-a measurements show the sensor has a very high degree of 

resolution in detecting the target analytes but measurement ranges need to be increased. The 

Chl-a measurements of the sensor also compared well with the HydroCat sensor. 

 

Overall, the sensor developed demonstrates a novel technology and design which leverages 

advances in optical measurement components and manufacturing techniques. Further work 

is required to explore the optical measurement capabilities of the sensor developed. TRL 4 

was achieved with the sensor prototype demonstrated to work at small scall in the intended 

environment and under laboratory conditions. To achieve a TRL of 7, the sensor design must 
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demonstrate in the intended environment at pre-commercial scale. The design of the 

electronics and hardware is complete and ready for scale up to evaluate multiple identical 

units in the marine environment. 
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4.1 Introduction 

A wide range of in situ monitoring systems (and associated deployment apparatus) for 

measuring concentrations of various analytes (e.g. nutrients, organic chemicals and metallic 

elements) have been developed in recent decades [79,288,306,349]. The majority of these 

systems are still at the laboratory or prototype stage and are yet to be fully developed into 

commercially available products. The harsh conditions often found in the marine 

environment can further limit the utility and application of these sensors [350]. There is a 

gap between sensor prototypes developed in research and ready for market sensor units 

outside of already established sensor development companies. A one-off prototype can be 

developed and evaluated to work however does not truly demonstrate a robust sensor design 

which provides accurate and reliable data in a harsh environment. This requires additional 

proof of repeatability. Using technology readiness levels (TRLs) (as defined in Table 1-10) 

as a measure of a prototype’s development, TRL 6 demonstrates the full prototype system 

tested in the relevant environment close to expected performance To do this for small scale 

prototype developments, multiple prototypes are required to be constructed to extensively 

test a design in the intended environment. Using the technology readiness level to assess the 

prototypes performance, the potential of the prototype design being ready for scaling. 

Further development work is needed; however, the need now is for field deployments, 

validation and inter‐calibration between sensors and other analytical measurement 

techniques.  

 

The transition from academic based prototype development to commercial or large-scale 

adoption has been demonstrated to be possible in the marine sensing industry. Argo Float 

which is a network of floating autonomous measurements devices was initially an 

international collaboration of industry and academic institutes form the World Ocean 

Circulation Experiment (WOCE) project conducted in the 1990s [351]. Over 4000 Argo 

floats are now in operation measuring temperature, salinity and depth profiles in the world’s 

oceans [352,353]. The National Oceanographic Centre (NOC) in Southampton is a leading 

institute in the field of marine research. Combining academic research affiliated with the 

University of Southampton with industry production they had developed, testing and 

commercialised a series of in situ sensors and automated sampling platforms [354]. NOC 

demonstrate the development process of a microfluidic lab-on-chip (LOC) colorimetric 

nutrient sensor, making innovative advancements in sensor technology  which was 
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developed in house [355]. These examples show that it is possible to scale up a novel 

innovation from prototype to commercially viable product. 

 

4.1.1 Defining ‘Low-cost’ in the Context of Sensor Development 

A key factor in scaling a prototype is the incurred cost of materials, fabrication and 

maintenance [356]. It is important to define ‘low-cost’ in context of the product being 

developed. In this case an in-situ marine sensor developed in this work, the cost of materials 

is the primary source of cost being accounted for with labour costs excluded.  Material and 

fabrication cost are substantially higher the lower the quantity of components being 

manufactured due to cost scaling [357]. Newly developed ‘low-cost’ sensors which have 

been developed by other projects and commercially available sensors can be used as a 

benchmark to contextualise the costs for this project. According to a review by Wang et al. 

(2019) [306] optical UV absorption based sensors for nutrient measurements are priced in 

the region of €10k per sensor. Wang also reports that cost effective fluorimeters have been 

developed such as that by Leeuw et al. (2013) [116] which can be made for a total cost of 

$150 USD allowing the sensor to be scaled and deployed in an array for greater spatial 

resolution. Another fluorometer which was developed and is capable of measuring both 

chlorophyll-a (Chl-a) and chromophoric dissolved organic matter (CDOM) simultaneously 

is by Blockstein and Yadid-Pecht (2014) costing less than $500 USD [358]. Matos et al. 

(2019) [119] reports the development of a turbidity and suspended particle optical measuring 

prototype for the marine environment which was built as a very low cost using commonly 

sourced optical components and low cost housing. They were able to build this prototype 

for around $20 USD. Piermattei et al (2018) [359] in a review of cost effective technologies 

for the artic ocean, gives a general cost range of typical commercial in situ sensors from 

between €1000 to €5000 citing sensors like Cyclops-7F Turner Design, ECO FL Wetlabs, 

SeaPoint, UniLux Chelsea and MicroFlu TriOS. Additionally, more advanced 

multiparameter commercial sensors such as the EXO YSI can exceed €10,000 [360].  

 

4.1.2 Logistics and Preparation for Low Scale Manufacture 

The scaling up of the prototype requires careful planning. The logistics and planning to do 

so must adhere to real-world factors, i.e., timelines and cost.  There are the logistics of: 1) 

Acquiring all the necessary components and materials. 2) Identifying which components can 

be fabricated in house or must be outsourced to ensure project deadlines can be met but also 
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remain within the project budget. 3.) Selecting and communicating with fabricators for the 

manufacture of custom components to ensure they are fabricated to the required 

specifications. A top-down design process can be applied to simplify the logistical 

challenges through the product design being broken down into subsystems [361]. 

Decomposition of engineering designs or systems into smaller independent sections allows 

for sections and subsections to be analysed with greater detail [362]. 

 

 

Figure 4-1 Diagram examples of a model-based system engineering approach g known as a “V-

Model” adapted from Neumaier, M. et al., (2022) [363]. 

 

The ‘V-Model’ is an engineering design model commonly used in model based system 

engineering (MBSE) industries [363]. The V-Model (see Figure 4-1) demonstrates a design 

process consisting of decomposition of a system down to subsystem and components with 

integration phase following which consists of validation and testing phases bringing the 

process back to the system level. As well as tackling the logistical challenges of component 

procurement and fabrication, the V-Model can also be applied to the assembly and testing 

tasks. Assembling systems in sections is a widely adopted practice in most manufacturing 

sectors. Production systems use subsystem allocation on assembly lines with a focus of 

specific tasks to be executed at one or more workstations to efficiently create the final 

product [364]. Subsystem assembly lines most commonly consist of a straight-line layout 

however different shapes are used in industry such as parallel line or U-shape line are also 

used [365,366].  
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4.1.3 Mitigating Risks and Identifying Failure Points in the Design Phase 

Before deploying sensing instrumentation in the field, it is essential to test every subsystem 

and integrated system correctly to identify any issues and validate the design. Identifying 

single points of failure (SPOFs) in the sensor design can inform where specific attention 

must be paid to when testing the functionality of the sensor prototype in preparation for in 

field deployments. SPOFs are defined as key features or functionalities or the system which 

if they were the failure the entire system would be non-functioning. SPOF identification 

gives a good indicator of risk to inform fault management strategies. In 2021, the James 

Webb telescope was launch by NASA who reported that the entire design had a total of 344 

SPOF [367] which outlines the high complexity and risk associated.. This approach allows 

for risk to be mitigated to ensure the sensor remains durable and functioning for longer 

periods of deployments.  

 

4.1.4 Calibration and Validation of In Situ Environmental Sensors 

There are a series of international standards and guidelines for environmental sensor data 

validation. ISO 15839:2003 [368] outlines specification and performance tests for the 

validation of data obtained for water quality from sensors and equipment. Performance 

parameters are outlined in this ISO document which can be applied to verify the sensor unit’s 

measurement performance in the lab. The key definitions outlining performances parameters 

for sensors measuring target analytes in water, from ISO 15839, is tabulated in Table 4-1. 

These parameters must be incorporated into a validation procedure to observe the statical 

performance of the optical measurement cycle of the sensor. In relationship to the generation 

of linear calibration curves from in lab known standards for each sensor unit, ISO 8466-

1:2021 [369] which relates to the analytical methods of calibration and evaluation with the  

linear calibration function for water quality measuring devices can be applied. This ISO 

provides a guide to determining the key statistical parameters of performance outlined in 

ISO 15839 relating to linearity and calibration. In  Table 4-2 the parameters and their 

outlined determination method as per ISO 8466 are presented. 
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Table 4-1 Summary of performance parameters for sensors as required in the ISO 15839 [368]. 

Performance 

Parameters 
Definitions (EN ISO 15839: 2003) 

Response time 

Time interval between the moment when the online sensor/analysing 

equipment is subjected to an abrupt change in determinant value and the 

moment when the readings cross the limits of (and remain inside) a band 

defined by 90% and 110% of the difference between the initial and final 

value of the abrupt change. 

Linearity (range 

of application) 

 

Condition in which measurements made on calibration solutions (or 

surrogate tools when standard or certified values are not available) having 

determinant values spanning the stated range of the on-line sensor have a 

straight-line relationship with the calibration solution determinant values 

(or surrogate tools when standard or certified values are not available). 

Coefficient of 

variation 

 

Ratio of the standard deviation of the on-line sensor to the working range 

of the sensor 

Limit of 

detection (LoD) 

 

Lowest value, significantly greater than zero of a determinant that can be 

detected.  

Limit of 

quantification 

(LoQ) 

Lowest value of determinant that can be determined with an acceptable 

level of accuracy and precision. 

Repeatability 

(same day) 

 

Precision under repeatability conditions where independent test results are 

obtained with the   method on identical test items in the same laboratory 

by the same operator using the same sensor and reagents within short 

intervals of time (e.g., 24-h).  

Day-to-day 

repeatability 
Precision under day-to-day repeatability conditions. 

Short time drift 

 

Slope of the regression line derived from a series of measurements carried 

out on the same calibration solution during laboratory testing and 

expressed as a percentage of the measurement range over a 24-h period.  

Long-time drift 

Slope of the regression line derived from a series of differences between 

reference and measurements values obtained during field testing, 

expressed as a percentage of the working range over a 24-h period.  

Bias (100%- 

bias=trueness) 

Consistent deviation of the measured value from an accepted reference 

value.  

Availability or 

up-time 

Percentage of the full measurement period during which the measurement 

chain is available for making measurements.  

Robustness, 

memory effect 

Temporary or permanent dependence of readings on one or several 

previous values of the determinant  

Robustness, 

interference 

Undesired output signal caused by a property(ies)/substance(s) other than 

the ones being measured 
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Table 4-2 Summary of determination methods from ISO 8466-1 [369]. 

Parameter Determination method 

Linearity 
Check for linearity according to ISO 8466-1 using the data 

set (xi, yi,1) where i=1 to 7.  

Coefficient of variation 

Calculate the coefficient of variation according to ISO 

8466-1 using the data set (xi, yi,1) where i=1 to 7. Express 

the result as a percentage. It can be compared to 

coefficients of variation of other on-line sensors.  

Limit of detection (LoD) 
Calculate the limit of detection as three times the standard 

deviation of the measurements y1, j for j=1 to 6.  

Limit of quantification 

(LoQ) 

Calculate the limit of quantification as ten times the 

standard deviation of the measurements y1, j for j=1 to 6. 

 

4.1.5 Accounting for Matrix Effects in the Aquatic Environment 

Marine and fresh waters can be cocktail of chemical, biological, and physical components. 

Measuring target analytes optically when in the open environment is much more challenging 

than under lab conditions. The broad and unpredictable mix of elements in the water column 

can affect the accuracy and precision of optical measuring devices significantly. For 

fluorescence, absorption or scatter measurement modes, interference from factors such as 

temperature, intramolecular deactivation, turbidity and pH [370]. A prominent issue with 

fluorescence measurements can be caused by high turbidity in the area being sampled 

[371,372]. By measuring turbidity and fluorescence together this interference can be 

accounted for and corrected [370].   

 

4.1.6 Aims and Objectives 

The primary aim of this chapter is to build the optical sensor developed in Chapter 3 at scale, 

producing a total of ten replicate units and validate them for in situ deployments. This can 

be achieved by: 

1. The development of a systematic protocol of production for assembling of multiple 

units in a research laboratory environment at low cost. The focus of this protocol 

will be on the logistics, procurement and assembly methods required to build the 

sensor units efficiently and at low cost. 
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2. The use of protocols to check the quality of systems produced being consistent and 

deemed robust for deployment. SPOFs of the system must be identified and test 

protocols developed to ensure the constructed sensor units are robust mechanically 

and electronically.  

 

3. The optical measurement performance analytically proven to be robust and accurate. 

Adhering to the ISO 15839: 2003 standard, the sensors must be shown to produce 

stable and reliable data. The sensors limit of detection (LOD) will be ascertained 

experimentally for each selected target analyte. Within the LODs for each 

parameter, a study is required to show other parameters do not interfere significantly 

to which the calibration curve can be deemed adequate within a region of certainty. 

 

4. The calibration of the sensor units to produce quantifiable real-world data on key 

target analytes in the marine environment. Chl-a, turbidity and temperature were 

identified in Section 1.3 as key targets for measurement in the marine environment. 

Having compared well with the measurements of a commercial sensors in the lab as 

presented in the Section 3.3.4, the three target analytes are the focus for calibration 

in this study. With the fabrication of a total of 10 sensor units, each required 

validation steps to generate calibration curves for both Chl-a and turbidity. 
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4.2 Materials and Methods 

The materials and methods for scaling up assembly of ten sensor unit prototypes, testing the 

built prototypes and validating the optical measurements are presented in this section. Table 

4-3 outlines the details of each of the sensor units built and the version of components used. 

The version of the sensor enclosure and manufacturing method of the optical head are 

presented in Section 3.3.1 Likewise, the electronics underwent an iterative design process 

producing a total of three versions as presented in Section 2.3.2. The sensor units were built 

in two batches. The first batch of units (units 1-3) built are noted as Design Version 3 in 

Table 4-3. The second batch consisted of the assembly of the remaining seven sensor units 

(units 4-7) noted as Design Version 4 in Table 4-3. This division of assembly into batches 

was done to allow the first three units to inform the assembly process and through testing 

inform the improvements needed to optimise the remaining sensor units as described in 

Sections 3.4.1 and 2.3.2. Once tested to be functioning correctly, all ten sensor units were 

calibrated together. 
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Table 4-3 Table detailing the build of each sensor unit, manufacturing method and component 

versions. 

 



 

199  

4.2.1 Scale up Assembly of Sensor Units 

4.2.1.1 Logistics and Planning for Scaling up Sensor Unit Build 

Figure 4-2 outlines the decomposition of the overall system into smaller sections and 

identifies required fabrication methods. The sensor design was split into three distinct 

systems which are broken down further into subsystems (description seen in Figure 3-1). 

The first system was the electronics which consisted of four separate circuits that in the final 

system all combine to provide the measurement and data output functionalities of the sensor. 

The fabrication of the electronic circuit boards were all outsourced with the final assembly 

processes requiring surface mounted (SMD) reflow soldering as well as through hole (THT) 

component soldering. The soldering processes needed were dependent on the components 

used on the circuit board. The soldering and assembly of the PCBs was done in house. The 

second system category was the main body enclosure. Computer numerical control (CNC) 

machining larger components was not feasible in house, outsourcing was required for both 

the main enclosure and the top cap. The 3D printed components of the internal frame were 

outsourced to save additional time. The final category of system is the optical sensor head. 

This section was the most critical as the assembly influenced the optical measurement setup 

which needed to be standardised for each sensor unit. The selective lase sintering (SLS) 3D 

printing of the optical head was outsourced. The insertion of the optical lenses into the 

optical head was an intricate and delicate process requiring exact assembly steps. The prior 

knowledge from assembly of previous prototypes meant it was more reliable to assembly 

this step in-house to ensure the lenses were mounted correctly with a watertight seal.  
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Figure 4-2 Decomposition of sensor design identifying systems, subsystems and assigning 

fabrication methods required. 

 

Figure 4-3 shows the structured flow diagram of the process of assembly. On the right is the 

macro view of the full system assembly processes used. Each subsystem was combined in 

the final assembly of subsystem stage. The fully assemble sensor unit then underwent full 

testing. The left depicts the micro view of the subsystem assembly process used. This was 

done for each subsystem outlined in the full system process. Component procurement and 

outsourced fabrication of components flow into the subsystem assembly task. Component 

and manufacturing lead times had to be considered before the subsystem assembly step to 

ensure all components were available. All in-house assembly was done during the assembly 

step. Once the assembly for the subsystem was carried out, that subsystem was then tested 

for functionality before being passed to the full system assembly stage.  

 

Figure 4-3 Sensor subsystem and full system assembly processes. 
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4.2.1.2 Scaled Up Assembly of the Sensor Units 

The research laboratory the assembly was being carried out in was not designed to facilitate 

the assembly of multiple prototypes. The lab space as shown in Figure 4-4 was laid out in a 

more efficient way.  

 

Figure 4-4 Sensor unit assembly line layout with subsystems assembled in stages at allocated benches 

progressing from Bench 1 to Bench 4 with final assembly of all subsystems done at Bench 5. 

 

The electronics systems were assembled in the first stage moving between Bench 1 and 

Bench 2. For each sensor unit, eight separate circuit boards were needed. There were two 

separate stages to soldering the different components to the boards. The first is shown in 

Figure 4-5 which outlines the reflow soldering processes for soldering the surface mounted 

components to the main control board. The first step (Figure 4-5a) was to apply the solder 

paste to the board using a steel stencil with the component pads cut out (supplied by 

Betalayout with the PCBs). The solder was applied to the pads as shown in Figure 4-5b. The 

second stage (Figure 4-5c) was component placement, a set of tweezers was used to pick 

and place the components on their corresponding locations using the PCB design layout as 

reference. It was ensured that the specific orientation of the component matched the outline 

on the PCB. The final step in the process is shown in Figure 4-5d which was the reflow 

soldering. A reflow oven (RK-10590 sourced from Betalayout Ltd) with temperature profile 

controller  was used. Figure 4-5e shows the completed set of surface mounted components 

soldered to the PCBs.  
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Figure 4-5 Surface mounted components placement and reflow process (a) applying solder paste to 

board using stencil (b) PCB will solder paste applied (c) component placement d.) components 

placed and PCB placed in reflow oven for reflow soldering e.) completed reflow soldered surface 

mount components onto PCBs.  

 

The second stage of the soldering process was to solder the THT components to the boards 

as outlined in Figure 4-6. This involved hand soldering the components to the board using a 

soldering iron (Weller WS 81 Analogue Soldering Station 80W sourced from Radionics 

Ltd). The orientation of each component was considered to ensure correct alignment. Figure 

4-6a shows the through hole component soldered to the control board. Figure 4-6b shows 

how that was done using the soldering iron and vice holder. Figure 4-6c shows the through 

hole header connectors being soldered to the CMOS spectrometer mounting board. Finally, 

Figure 4-6d shows the completed set of PCBs. The PCBs were required by the next two 

subsystem assembly steps and were moved to both Bench 3 and Bench 4. 
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Figure 4-6 Through hole components hand soldered to PCBs (a) THT components solder to main 

control board d.) Soldering components to boards (c) THT components soldered to CMOS mounting 

boards d.) Completed PCBs SMD and THT components soldered. 

 

Figure 4-7 shows the subsystems of the sensor with prepared components for Benches 3 and 

4 as well as the assembly lines setup in the lab. Two engineering interns assisted with the 

assembly, Mr. Adam Worthington, and Mr. Harry Beggy; each managed the assembly of a 

particular subsystem (Figure 4-7c). The optical sensor head was constructed at Bench 3 with 

the optical lenses inserted into the optical head and the sensor, light source and connector 

PCBs mounted to the internal mounting platform (Figure 4-7b and e). The main body 

enclosure was constructed at Bench 4 with the internal structural frame and electronics 

mounting system constructed (Figure 4-7a and d). The main control electronics were 

mounted to the frame and the top cap connectors were inserted. Both subsystems from Bench 

3 and Bench 4 flow into the final stage at Bench 5. This stage was where all the subsystems 

were put together to form the completed sensor unit.  
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Figure 4-7 Assembly line and stations of sensor unit assembly method (a) mounting controller circuit 

boards to internal frame structures (b) SLS printed optical heads before optical components are 

mounted (c) Assembly line in the laboratory with different assembly stations for each subsystem 

outlined. d.) Internal frames assembled before insertion into the marine sensor enclosure and 

electronics mounted. e.) Optical electronics mounting tray for optical head before measuring 

electronics are mounted. 

 

4.2.1.3  Sensor Units Bill of Materials 

The bill of materials of the hardware components and fabrication used to construct the 

enclosure of the sensor units is presented in Table 4-4. The bill of materials for the 

electronics components and fabrication of the PCBs is shown in Table 4-5. 
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Table 4-4 Bill of materials of hardware components and fabrication of components for the sensor 

units.  

 Component Material Fabricator/Supplier Quantity 
Unit 

cost (€) 
Total 

Cost (€) 

Top Cap 

CNC Machined Top 
Cap 

POM-C 3DHubs 1 36.80 36.80 

MCBH6M Subconn 
connector 

Brass/Chloroprene 
rubber 

MacArtney 1 88.23 88.23 

Enclosure Air Valve 
and Plug 

7075-T6 Anodized 
Aluminum 

BlueRobotics 1 10.00 10.00 

Sensor 
Body 

Hard Anodized Black 
4” O-Ring Flange  

6061-T6 
Aluminum 

BlueRobotics 2 32.13 64.26 

Flange O-Rings Set 
Nitrile Rubber 

(NBR70) 
BlueRobotics 2 3.57 7.14 

CNC Machined 
Enclosure Body 

POM-C P&T Engineering 1 141 141 

FDM 3D Printed 
Frame Base 

PETG 3DHubs 1 8.00 8.00 

FDM 3D Printed 
Frame Electronics 

Mounts 
PETG 3DHubs 2 8.38 16.76 

Optical 
Head 

SLS Printed Optical 
Head 

PA2200 Nylon BetaLayout, Ireland 1 265.28 265.28 

FDM 3D Printed 
Sensor Mounting 

Tray 
PETG 3DHubs 1 9.58 9.58 

Other Fasteners  316 Stainless Steel  Inox - - 21.80 

Component and fabrication costs as of July 2021 Total Cost €668.85 
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Table 4-5 Bill of materials of electronic components and fabrication of circuit boards for the sensor 

units. 

 Component Part number Supplier Quantity 
Unit 

cost (€) 
Total 

Cost (€) 

Optics 

Colimitation Lens 36689 Edmund Optics, UK 1 85.05 85.05 

Plano-convex lens 48668 Edmund Optics, UK 3 70.21 249.00 

Lens Tube SM1L03 ThorLabs, UK 1 11.95 11.95 

Light Source 

280 nm LED 
XBT-1313-UV-A130-

AA280-00 
Mouser Electronics, 

Ireland 
7 1.76 12.32 

310 nm LED CUD1GF1A Digikey, Ireland 1 7.26 7.26 

360 nm LED ATS2012UV365 
Mouser Electronics, 

Ireland 
1 2.19 2.19 

380 nm LED ATS2012UV385 
Mouser Electronics, 

Ireland 
1 1.56 1.56 

430 nm LED KP-2012MBC Farnell, Ireland 1 0.86 0.86 

565 nm LED SML-LX0805SGC-TR 
Mouser Electronics, 

Ireland 
1 0.25 0.25 

660 nm LED SML-LXF0805SRC-TR 
Mouser Electronics, 

Ireland 
1 0.23 0.23 

850 nm LED VSMY1850X01 
Mouser Electronics, 

Ireland 
1 0.71 0.71 

Sensors 

CMOS, 
photodetector 

C12880MA 
Hamamatsu 

Photonics, UK 
2 200 400 

Photodiode MT03-021 Digikey, Ireland 1 13.16 13.16 

Temperature 
Probe 

CELSIUS-SENSOR-R1-
RP 

BlueRov-Solutions 1 67.35 67.35 

Current Sensor INA226AIDGST Digikey, Ireland 1 2.71 2.71 

Electronic 
Components 

Teensy 3.2 
Microcontroller 

DEV-13736 Digikey, Ireland 1 18.05 18.05 

5V LDO Voltage 
Regulator 

L7805ACD2T-TR Digikey, Ireland 1 0.49 0.49 

Adjustable LDO 
Voltage Regulator 

LM317D2TR4GOSCT-
ND 

Digikey, Ireland 1 0.66 0.66 

Op Amp MCP601 Digikey, Ireland 3 0.31 0.93 

Digital Buffer MC74VHCT125AD Digikey, Ireland 1 0.30 0.30 

LED Driver TLC59116FIPWR Digikey, Ireland 1 1.92 1.92 

RS-232 to TTL 
Converter 

MAX323 Digikey, Ireland 1 1.20 1.20 

NP Channel 
MOSFET 

NTJD1155LT2G Digikey, Ireland 1 0.27 0.27 

Power Diode SBR3U30P1DICT-ND Digikey, Ireland 1 0.33 0.33 

Connectors Picoblade/JST XH/IDC - - - 26.61 

Custom PCBs 

LED Array Board - Betalayout, Ireland 1 14.95 14.95 

CMOS Mounting 
Board 

- Betalayout, Ireland 2 8.11 16.22 

Photodiode 
Mounting Board 

- Betalayout, Ireland 1 7.98 7.98 

UV LED Mounting 
Board 

- Betalayout, Ireland 2 8.11 16.22 

Connection Board - Betalayout, Ireland 1 15.18 15.18 

Control Board - Betalayout, Ireland 1 25.70 25.70 

Component and fabrication costs as of July 2021 Total Cost €963.24 
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4.2.2 Sensor Unit Quality Control Test Procedures 

The testing procedures which were carried out to verify the subsystems and the full sensor 

systems were functioning correctly are outlined in this section. The tests were carried out on 

the subsystems post the assembly step and before the final assembly step. The single points 

of failure of the system were identified by analysis the resulting effect the failure would have 

on the overall functionality of the system as a while.  

 

4.2.2.1 Electronic System Tests 

The first test conducted on the PCBs after assembly was a visual inspection and continuity 

test using a multimeter (Fluke 117 Handheld Digital Multimeter sourced from Radionics 

Ltd). This screening test post soldering was done to ensure no misplaced solder or 

misconnected pin caused a short. If any solder bridge was found, a soldering iron and solder 

wick was used to remove the excess solder from the connections. Once this test was 

completed the boards could receive power without the risk of damaging components. 

 

The second test carried out was to power on the mainboard and uploading test firmware to 

the microcontroller board. The current draw of the system while idle (not performing any 

tasks) is 70 mA as known from a known working PCB. The using the multimeter in current 

measurement mode in series with the benchtop power supply, the current draw of the system 

was measured., A normal current draw indicates there are no electronic faults in the system. 

The firmware upload was done via USB connection to a PC computer. A simple program 

was uploaded initially which outputs a string via the serial port from the microcontroller to 

the PC. This is read via a serial monitor and displayed on the PC. This test indicated that the 

microcontroller was functioning correctly and could be uploaded with the sensor test 

firmware for further testing. 
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Figure 4-8 Visual inspection of all LEDs functioning correctly using phone camera. 

 

An additional visual inspection was done on the LED Array with all LEDs power on using 

a known working controller PCB. This was done to ensure that the LEDs were in their 

correct position and orientation before being placed in the sensor. Figure 4-8 shows power 

supplied to the LEDs to illuminate them. The wavelength range of the LEDs spanned beyond 

the visible spectrum so some of the LEDs were not visible with the human eye. A phone 

camera was used with a wider detection range, to inspect that all the eight LEDs are 

functioning correctly. 

 

A diagnostic program was written in the firmware using the current monitoring IC on the 

main controller board (see Section 2.3.2.1). The current measurement was used to validate 

the onboard current draw of components and the overall system. This was an indicator of 

whether the system was functioning correctly. The expected current draw of each component 

was tabulated (see Table 4-6) based on a known working system and component 

manufacturer datasheets. The sensor units diagnostic current draw output was compared to 

Table 4-6 to evaluate that all components are operating normally. 
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Table 4-6 Table of known current draw of each component in system for validation of new sensor 

unit electronic performance. 

Component Current Draw 

LED 1: 280 nm 18.0 mA 

LED 2: 310 nm 17.2 mA 

LED 3: 365 nm 17.6 mA 

LED 4: 385 nm 18.0 mA 

LED 5: 430 nm 18.2 mA 

LED 6: 565 nm 17.7 mA 

LED 7: 660 nm 17.8 mA 

LED 8: 880 nm 17.6 mA 

UV LEDs on Photodiode Board 32.3 mA 

UV LEDs on Spectrometer Board 1 32.7 mA 

UV LEDs on Spectrometer Board 2 32.6 mA 

Optical Head Sensors Total 18.2 mA 

 

A test program was written to test the functioning of the photodetectors by allowing 

continuous measurements to be output to a serial monitor on the connected PC (see firmware 

in Appendix B, Section B.1). The firmware was uploaded to the microcontroller and a series 

of test measurements in response to difference levels of light was made for each 

spectrometer and the photodiode. If the photodetector did not respond to different light 

intensities, there was a fault with either the detector itself, the control circuitry, or the signal 

processing circuitry. A multimeter was used to measure voltages at the different stages of 

the circuit while the malfunctioning photodetector was operating to locate the fault. 

 

4.2.2.2 Enclosure Water Tightness Tests 

The primary approach for testing the watertightness of a built sensor prototype was to 

submerge the sensor unit in a body of water for a period and inspect the interior to check if 

water had penetrated the exterior seals. Figure 4-9 shows the initial tests conducted in the 

early stages of the sensor unit design to test the viability of the components and housing 

selected. The unit was left fully submerged in the bucket of water overnight. This test gave 

a “yes/no” result on whether the housing is or is not watertight.  
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Figure 4-9 Sensor watertightness test by submersion underwater overnight. Visual inspection of the 

inside of the sensor housing is conducted post submersion for visual inspection of moisture inside. 

 

A second test to identify the location of leaks was used. An air valve (as described in Section 

3.2.2.3) was installed in the top cap (Figure 4-10b). A Mityvac BR-100297 Hand Pump 

sourced from Blue Robotics Inc was used to pressurise the sensor unit to 50kPa as seen in 

Figure 4-10a. If leaks were present, they could be detected visually via a stream of bubbles 

exiting the sensors enclosure while the sensor unit was submerged as seen in Figure 4-10c. 

If a leak was detected at a specifical location the assembly and seals of the sensor were 

inspected. Seals were replaced if seen to be visually damaged. A 12 hr pressure test was also 

conducted to detect minor or slow leaks. The sensor was pressurised to 50 kPa and left for 

the 12 hrs, a significant drop in pressure after this time would indicate the sensor is not 

completely airtight.  
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Figure 4-10 Sensor air pressure tests using air pump (a) Pressuring sensor unit to 50 kPa (b) Pressure 

hose connected to sensor air valve (c) submerged pressure tests to identify leaks via air bubbles. 

 

4.2.3 Validation and Calibration of Sensor Units 

The sensor validation experiments were conducted with the assistance of Dr Ciprian Briciu-

Burghina and Dr Chloe Richards. They assisted with the preparation of the test analytical 

solutions. For the validation, calibration and optical performance experiments conducted, 

Table 4-7 gives the lab standard dyes and reagents used. The integration times used by the 

spectrometers for the series of experiments in this section were as determined in Section 

3.3.4.1 outlined in Table 3-4. 

 

Table 4-7 Lab standards and reagents used for validation experiments. 

Standard/Reagent Supplier 

Basic Blue 3 (BB3) (CAS: 33203-82-6; 

359.89 g/mol; 25 % dye content) 
Sigma Aldrich, Ireland 

Reagecon CRS-4000-100 (4000 NTU) Fisher Scientific, UK 

Reagecon CRS-800-100 (800 NTU) Fisher Scientific, UK 

 

For the testing of the sensor units in the lab, a vessel was required to hold the test sample 

large enough to hold the volume required to submerge the sensors optical head and ambient 

light block to ensure proper measurement. Figure 4-11 shows a sensor unit placed into the 

measurement sample holding vessel. The vessel is FDM 3D printed using matte black PLA 
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filament on the Lulzbot Taz6 3D printer. The vessel can hold up to 1 litre of sample if 

required.  

 

 

Figure 4-11 Sensor calibration 1 L vessel, 3D printed with matte black polylactic acid (PLA) 2.85 

mm diameter filament with 80% infill on a Lulzbot Taz6 printer. 

 

4.2.3.1 Calibration of C12880MA Spectrometer for each Sensor Unit 

The spectrometers used in the sensors were configured for each sensor unit built. As 

described in Section 2.2.6 each spectrometer unit came with a series of calibration constants 

which were component specific to calibration the 288 pixels with their respective 

wavelength output. An excel spreadsheet was setup to allow the conversion to be done 

automatically by entering the corresponding constants into Equation 2-1 to output the 

wavelengths for that specific spectrometer unit. Each sensor unit used two spectrometers 

with the spreadsheet tracking which spectrometers are installed in which sensor units by 

their serial numbers as seen in Table 4-3. The Figure 4-12 gives a sample of the pixel to 

wavelength conversion and table of the constants for C12208MA spectrometer 20L00254. 
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Figure 4-12 Sample pixel to wavelength conversion and table of calibration constants for C12880MA 

spectrometer 20L00254. 

 

4.2.3.2 Sensor Measurement Stability Study 

An experiment was conducted to study the sensors optical measurement stability over longer 

periods. This was done to ensure the LEDs, photodetectors as well as the electronic system 

recorded the data consistently. An absorption scan and a scatter scan were conducted every 

10 min over 2.5 days. The sensor was placed in a dark controlled area where no ambient 

light or change of conditions would interfere with the sensor readings. In total 330 scans 

were recorded over this time period, representing a total of 7920 individual spectra. 

Statistical data analysis was performed on the scatter and absorption signals, except for the 

IR LED as there was an issue with the signal retrieved and the 280 nm UV LED as this was 

outside the range of the spectrometer for reliable results. The average and standard deviation 

for each pixel was calculated, while the standard error and coefficient of variation was 

calculated for the peak of each LED signal. 

 

4.2.3.3 Interference Turbidity and Fluorescence Experiment  

The effect of suspended particles on the fluorescence measurement of Chl-a was investigated 

with the measurement of three separate concentrations of BB3 dye at high, medium, and low 

levels of turbidity. The set turbidity levels are 7.14 NTU (Low), 13.74 NTU (Medium) and 
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26.9 NTU (High). Sensor unit 10 (see Table 4-3) was selected for the experiment. The set 

region of BB3 fluorescence measurement was between 0 mg/L and 1 mg/L at set 

measurements points of 0 mg/L, 0.1 mg/L, 0.5 mg/L and 1 mg/L concentrations.  

 

4.2.3.4 Determination of Sensor Unit’s Optical Limits of Detection for Target Analytes 

The determination of the limits of detection for both Chl-a and turbidity was conducted by 

serially increasing the concentration of the target analytes in DI water to the point of 

saturation using the integration times outlined in Table 3-4. The measurement mode used 

for turbidity measurements is scatter using the 850 nm LED and an integration time of 0.2 s 

is used for the spectrometer sensitivity. Using BB3 dye as an equivalent for Chl-a, the 

measurement mode used for the detection of BB3 was fluorescence, using the 380 nm LED 

and an integration time of 2 s. This gave the lowest and highest point of measurement to 

outline the limit of detection in both directions for this set series of experiments within the 

fixed parameters of the set integration times. For turbidity, Reagecon CRS-4000-100 (4000 

NTU) and Reagecon CRS-800-100 (800 NTU) turbidity standards were used. The sensor 

unit selected for testing was sensor unit 10. Using serial dilution of the BB3 to DI water a 

saturation limit was found. The fluorescence experiment is then repeated with algae diatoms 

of known concentration within the same limits of detection of the sensor. Using the 

calibration curve generated from the BB3 response and of the sensor response to the 

fluorescence from the diatoms, an equivalent comparison was made as a correction factor 

for the use of BB3 as a stand in equivalent for the calibration of sensors from Chl-a. 

  

4.2.3.5 Calibration Methods for Chlorophyll a  

The validation of Chl-a was completed using equivalent BB3 on replicate sensor units. A 

100 mg/L BB3 (Stock 1) and 10 mg/L BB3 (Stock 2) stock solution was prepared from BB3 

dye in DI water (18 MΩcm-1). Following on from the results of the LOD tests, five BB3 

standard solutions in the range of 0 – 1 mg/L were prepared from the 100 mg/L BB3 stock 

solution (Table 4 8). Each standard solution was run on the sensor unit, with a background 

scan performed at 0 mg/L. For each concentration of BB3 the measurement was done in 

triplicate with the sensor output averaged over the three measurements. 

Table 4-8 Summary table of volumes added for Basic Blue 3 (BB3) standard solutions used 

for calibration. Stock 1 = 100 mg/L BB3; Stock 2 = 10 mg/L BB3. 
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Solution ID Stock 1 (mL)) Stock 2 (mL) Concentration (mg/L) 

1 0 0 0 

2 1 0 0.1 

3 2 0 0.2 

4 6 0 0.6 

5 10 0 1 

 

4.2.3.6 Calibration Methods for Turbidity  

The validation of turbidity was completed using standards, Reagecon CRS-4000-100 (4000 

NTU) and Reagecon CRS-800-100 (800 NTU) on replicate sensor unit systems as follows. 

All units (Unit 2 – 10) were validated for turbidity. Five turbidity standard solutions in the 

range of 0 – 60 NTU were prepared from the 4000 NTU turbidity stock solution (Table 4-9). 

Each standard solution was run on the sensor, with a background scan performed at 0 NTU. 

Solutions were read at 850 nm (LED 1) For each turbidity concentration the measurement 

was done in triplicate with the sensor output averaged over the three measurements. 

 

Table 4-9 Summary table of volumes added for Reagecon standard solutions used for calibration. 

Stock 1 = 4000 NTU; Stock 2 = 800 NTU. 

Solution ID Stock 1 (mL)) Stock 2 (mL) Concentration (NTU) 

1 0 0 0 

2 1.25 0 10  

3 2.5 0 20 

4 5 0 40 

5 7.5 0 60 

 

4.2.3.7 Data collection 

Communication software, Arduino and Teensyduino were used to interact with the sensor 

unit system over USB. Arduino was used to verify communications between the laptop and 

sensor by navigating to the ‘Serial Monitor’ command in the Tools tab of Arduino. Excel, 

with COM add-in, Data Streamer, was used to collect fluorescence readings from the sensor 

unit. The data channels were changed to 288 in the settings tab of the Excel file. The ‘Data 

Out’ tab was used to control the commands on the sensor unit. The command ‘RB’ was used 

to record a background signal, with ‘RW3’ being used to run fluorescence, absorption, and 

scatter signals (n = 3). Data collected was viewed in the ‘Data In’ tab and saved as a CSV 

file.   
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4.3 Results and Discussion 

The results from the assembly and validation of the ten sensor units are presented in this 

section. The analysis of the results is conducted with the aim of evaluating the sensor unit’s 

readiness for deployment in the marine environment and to produce robust quantitative data 

on the selected target analytes. 

 

4.3.1 Fabrication and Assembly of Sensor Units 

A total of ten sensor units were assembled successfully. The decision to build the sensor 

units is two batches allowed significant improvements to be made to the sensor design. The 

test batch of three sensors were available for testing to inform the design of the remaining 

sensor units to ensure there were no issues with the design that would have to be modified. 

By assembling a lower number of sensors first this allowed for improvements to the 

assembly process to speed up the assembly of the remaining sensor units by making the 

stages of assembly more efficient. The learnings from the build of the first three sensors 

were that it was more efficient to break the sensor build into subsystems and assign the task 

of building each subsystem for all the sensors to a block of time. This meant that the 

subsystems could be built quicker as more repetition was involved in the process and the 

final stage of the sensor assembly only consisted of putting the subsystems together. The 

progress of the assembly process can be seen Figure 4-13. In Figure 4-13a shows the internal 

frames were constructed from FDM printed components and four M3 and two M5 stainless 

steel rods and fasteners. A design bottle neck was found with the difficulty of using the M3 

steel rods which were complicated to attach the 3D printed electronic mounts at the correct 

distance. This led to the design change which is described in Section 3.2.2.4. Figure 4-13b 

shows the assembled internal subsystems of the optical head and the main enclosure with all 

electronics ready for testing. The remaining seven sensor units were assembled over the 

course of a month and were completed by the end of August 2021. Figure 4-14 shows the 

fully assembled sensors lined up on the top of the figure as well as the arranged subsystems 

for each sensor. The assembly of the seven remaining units was conducted in a single month 

showing an efficient and streamlined production method was successfully implemented. 
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Figure 4-13 Assembly of the first three prototype sensor units (units 1-3) as design version 3. (A) 

FDM 3D Printed internal frames using M3 steel rods as spacers. (B) Assembled internal systems of 

the sensor.  

 

Figure 4-14 Assembly of final stage design of sensor units. Below are the assembled subsystems 

ready to be integrated into the full sensor unit. On top is the completed remaining seven sensor units.  
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4.3.1.1 Cost of Materials 

Cost of Electronics and Optics 

To produce the PCBs, a fabricator was selected which would produce low cost and high-

quality circuit boards with as quick as possible, delivery times. Many fabricators were 

considered based on the cost, delivery time and quality parameters. Fabricators based in 

China such as JLCPCB and PCBWay provide quick turnover circuit boards at a very low 

cost. Operating at a large scale and producing low quantity PCBs in batches with other 

orders, JLCPCB is able to offer two layered PCBs from $2 [373]. PCBWay offer up to ten 

1-2 layer PCBs printed with a 24hr turnover [374]. However, given the timelines required 

for delivery and import duty costs associated, fabricators from China would be impractical 

for low scale high quality PCBs. European PCB fabricators are also considered given their 

closer proximity to Ireland reducing delivery times and import tax issues. Eurocircuits are a 

large-scale PCB fabricator based in Europe with a production plant located in Germany 

[375]. They can provide high quality low quantity batches of PCBs. The PCB costs are 

higher when compared to Chinese fabricators with an order of ten 100 mm x 80 mm PCBs 

priced at around €15 per PCB [375] compared to $5 price offered by PCBWay [374]. As a 

compromise and to obtain faster delivery times, Irish based PCB manufactures are 

considered. ECS Circuits LTD are an Irish based PCB manufacturing company which offer 

prototype, small batch to medium batch scales as well as PCB design layout assistance. 

However, the cost per PCB from ECS was too high. Betalayout Ltd are a European PCB 

manufacturer which are based in county Clare in Ireland. They offer a good compromise 

between high quality PCBs at lower quantities cost (around €17 per PCB for batch of ten 

100 mm x 80 mm sized boards) and delivery times [376].       

 

The bill of materials (BOM) for the electronic and optical components can be seen in Table 

4-5. The table of components is broken up into the different categories with components, 

manufacturer, suppliers, quantity, and costs. The optics section includes the required optical 

components such as the lenses and mounting components. The primary suppliers of optical 

components are Newport Corp., Edmund Optics Ltd and Thor Labs Inc. For the collimation 

and plano-convex fused silica lenses, quotes were obtained from all three suppliers for 

comparison. For a quote of thirty 12 mm plano-convex lenses and ten 25 mm collimation 

lenses, Edmund Optics offered the best cost with €71 and €85 per lenses, respectively. 

Compared to Edmunds, Newport quote was €153 and €168 per lens and Thor Labs offered, 
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€85 and €97 per lens. The light source section gives the LEDs used on the light source. Many 

LEDs required were available from Mouser Electronics with specific LED components 

sourced from both Farnell Ireland and Digikey Ltd. The sensors section gives the 

photodetectors, temperature probe and current sensing components. Hamamatsu are the 

manufactures of the C12880MA spectrometer and provided a quote for €200 per 

spectrometer compared to secondary distributors such as Farnell Ireland with a price of near 

€400 [377].  The temperature sensor probe manufactured by Blue Robotics Ltd, was sourced 

from their European distributors BlueRov-Solutions. The additional cost from the European 

distributor was negated by the import duty on from products from the United States. The 

electronic components section details the general electronics used for the PCBs. The 

photodiode, current sensor and electronic components were sourced from Digikey Ltd. The 

details of the custom PCBs which were fabricated is given in the final section of the table.  

 

Cost of Sensor Enclosure 

The fabrication of many of the required components for the enclosure and optical head 

needed to be outsourced. Fabricators were selected based on quoted cost and delivery times. 

The main enclosure is the largest component that needed to be fabricated from POM-C. A 

local fabrication company. P&T Precision Engineering was the only fabricator that was able 

to offer a quote for the fabrication of the enclosures. The top cap also required POM-C to be 

machined however due to a smaller size other fabricators were able to give a quote. 3DHubs 

was selected to machine the top cap due to a lower quote. Additionally, 3DHubs offered 

FDM 3D printing for the internal frame and optical head sensor mounting components. Due 

to the complex geometry of the optical head, SLS 3D printing was selected for the 

fabrication method, Betalayout Ltd were selected to manufacture the optical heads as they 

also offered post processing procedures to waterproof the components.  

 

The total cost of the enclosure components and materials is shown in Table 4-4. A 

combination of off the shelf components and custom fabricated components amounted to 

less than €700 per sensor unit. The sensor design and dimensions are based around certain 

off the shelf components which allowed the cost to be reduced, primary components that 

were sourced off the shelf are the 4” O-Ring Flanges that could be sourced from ROV 

component supplier component Blue Robotics. This strategy for low scale prototype 
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production allows for high-cost manufacturing of metal components to be avoided and relies 

on the supply for another larger producer.  

Total Cost 

The combined cost of the electronics/optical components (Table 4-5) and the hardware 

components and materials (Table 4-4) amounted to a total material cost of €1632.09 per 

sensor unit. For the quantity built, custom design and the multiparameter optical 

measurement capabilities of the sensor this shows a low-cost construction process was 

achieved. Given the nature of prototype production, there is high cost associated with 

materials and manufacturing due to lower quantities [356]. With higher minimum order 

quantities for larger scale product the materials cost to produce the sensors can be reduced 

significantly [378].  

 

4.3.2 Sensor Units Quality Control Tests  

4.3.2.1 Identification of Single Points of Failure of the System 

The single points of failure SPOFs were identified to which areas of the design particular 

attention should be paid to. There were two primary categories of failure points: 1) 

mechanical failure and 2) electronic malfunction. Table 4-10 outlines the SPOFs of the 

sensor design and a description of how failure of this components would prevent the sensor 

from functioning.  
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Table 4-10 Identification of the sensor’s single points of failure. 

 SPOF Component Description 
M

ec
h

a
n

ic
a
l 

S
P

O
F

s 

Air Valve Penetration If the watertight interface O-Ring between the air valve 

penetrator and top cap fails, the sensor’s watertightness 

will be compromised. 

Bulkhead Connector If the bulkhead connector were damages power and 

communications to the sensor would be compromised and 

the O-ring seal with the top cap would allow water to enter 

the sensor. 

Flanges Face O-Ring Two flanges are used with two face O-rings interfacing 

the top cap and the optical head with the flanges. If the O-

Ring is compromised water will be able to enter the 

sensor. 

Flanges Radial O-

Rings 

The two flanges use two radial O-rings each to interface 

with the sensor body which if compromised will allow 

water to enter the sensor.  

Internal Frame The internal frame is structurally necessary to keep the top 

and bottom flanges from being pulled out of the sensor 

body if under tension. If this were to fail the sensor’s 

structure would be compromised.  

Optical Lenses Seals Four optical lenses are installed in the optical head with 

epoxy seals interfaces which is not fully seals allow water 

to enter the sensor. 

Temperature Probe 

Penetrator 

The temperature probe penetrator interfaces with the 

optical head using a face O-Ring which is fails allows 

water to enter the system. 

E
le

ct
ro

n
ic

 S
P

O
F

s Microcontroller If the microcontroller were to be damaged the sensor 

would not be able to function. 

Voltage Regulators If the voltage regulators were to be damaged the system 

would not receive the correct power and would not be able 

to function. 

MAX232 IC  If the serial output from the microcontroller is not 

converted to RS-232 no communications between sensor 

and external systems would function. 

SPOF – Single Point of Failure, IC – integrated circuit 

 

4.3.2.2 Analysis of System and Subsystem Quality Control Tests 

A test plan, schedule and checklist were drawn up with operation procedures to test each 

sensor unit with pass/fail criteria. The electronic systems tests allowed for faults caused 

during the soldering processed to be identified and addressed before permanent damage to 

the circuit board or sensing component could be done. Shorts were commonly detected after 

the reflow process with the case being noted as excess solder applied which allowed pints 

and contacts to be bridged while the solder was in a liquid state. The measurement of the 
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current draw of the system and components allowed for faults not visible with inspection to 

be identified. Faults with the LEDs were commonly found due to the polarity of the LED 

being reversed due to a placement error. The submersion overnight test to identify leaks in 

the sensor enclosure were successful in identifying which sensors were not watertight. 

However, the difficulty of identifying the location of leaks in the sensor housing structure 

led to a design change with the addition of an air valve on the top cap as described in Section 

3.2.2.3. The addition of the air valve allowing the sensor to be pressuring was critical in 

identifying the exact positions of leaks in the sensor enclosure. The most common locations 

of leaks found while testing the sensors units were the 3D printed optical head, the epoxy 

surrounding the optical lenses, and the flanges on the top and bottom. All three points were 

identified as single points of failure, and an increased focus is given to them during testing. 

 

Table 4-11 shows the initial results from the test procedures conducted on the ten sensor 

units after their construction in September 2021. The sensor units with fails are deemed not 

fully validated or ready for field deployments. The issues found by the performance tests 

require addressing and the sensor units will be retested. Initial issues with the electronics 

systems were found on the circuits boards of sensor 3 and sensor 9 with LEDs not turning 

on and above normal current draw the issues respectively. Sensor units 3, 5, 7 and 10 all 

failed the watertightness tests. Sensor 3 leaked after being submerged in a water tank 

overnight indicating a significant leak while sensor units 5,7 and 10 failed the air pressure 

test at 50 kPa after a 12-hour period which a slight pressure drop was observed indicated a 

slow leak either through the optical lenses or the O-ring seals of the housing. Due to either 

electronic issues or the housing not being deemed watertight the validation of optical 

configuration could not be carried out on those sensors until the relating issues are resolved. 

  



 

223  

Table 4-11 Sensor units initial performance tests after construction in September 2021 

Sensor 

unit 

Validation of optical 

configuration 

Electronic 

system test 

Water tightness  Testing status 

1 
Pass Pass Pass Validation 

Completed 

2 
Pass Pass Pass Validation 

Completed 

3 
Not Yet Tested Fail Fail Validation Not 

Completed 

4 
Pass Pass Pass Validation 

Completed 

5 
Not Yet Tested Pass Fail Validation Not 

Completed 

6 
Pass Pass Pass Validation 

Completed 

7 
Not Yet Tested Pass Fail Validation Not 

Completed 

8 
Pass Pass Pass Validation 

Completed 

9 
Not Yet Tested Fail Pass Validation Not 

Completed 

10 
Not Yet Tested Pass Fail Validation Not 

Completed 

 

4.3.3 Validation and Calibration of Sensor Units Results 

4.3.3.1 Sensor Optical Measurement Stability Analysis 

Absorption 

Figure 4-15 shows an example absorption spectra signal over the 2-and-a-half-day period 

for each LED. The R LED at 660 nm also must be disregarded at it is saturating in absorption 

mode. The difference in peak wavelength for each LED was due to different integration 

times being used and LED emission strengths differing between LED packages on the LED 

array. 
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Figure 4-15 Mean absorption signal intensity of each LED averaged over 330 scans. 

 

Table 4-12 shows statistical data calculated at the peak of each LED over the 300 

measurements. For each LED the standard error, standard deviation and coefficient of 

variation were quite small indication that the LEDs and spectrometer are stable and can be 

relied upon for consistent data in absorption mode. The signals for each LED remain very 

stable over this period of acquisition of data, indicating good reliability. Figure 4-16 gives 

the peak wavelength sensor intensity measured over the total period. The standard error, 

standard deviation, and coefficient of variation for all LEDs are relatively small which 

indicates the sensor measurements in absorption are highly stable.  

 

Table 4-12 Statistical data calculated at the peak of each LED over 300 measurements in absorption 

mode. 

 IR G B3 B2 B1 UV2 

Standard Error 8.111 6.570 5.518 12.776 11.724 4.569 

Mean Value 24753.5 10286.5 8569.8 19757.4 15483.6 9295.2 

Standard Deviation 147.3 119.4 100.2 226.4 213.0 83.0 

Coefficient of Variation 0.006 0.012 0.012 0.011 0.014 0.009 
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Figure 4-16 Peak signal for each LED in absorption mode over the full course of the data 

acquisition totally over 330 data points. 

 

Scatter 

The same method was applied to the scatter mode measurement which uses the second 

spectrometer in a 90-degree orientation to the light source. The IR 850 nm LED was not 

included due to low signal in this measurement mode. Figure 4-17 shows the averaged 

spectral scans of each LED in scatter mode. There is a disparity between the LED’s signal 

intensities due to the different integration times used as shown in Table 3-4 for scatter 

measurements. 
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Figure 4-17 Mean scatter signal intensity of each LED spectra recorded by sensor averaged over 

330 scans. 

 

Table 4-13 shows the statistical results for the scatter mode measurements over the 2-and-

a-half-day period. There is an increase in variation between scatter and absorption however 

this is due to the lower signal strength measurement by the spectrometer from the LEDs 

output in scatter mode. The peak intensity for each LED is plotted over the duration of the 

experiment for scatter mode in Figure 4-18. The signal strength is much lower and closer to 

the noise floor which increases variance in the results. As the measurement mode relies on 

particles of scatter to be present to detect a strong signal this baseline measurement is not 

significant.  
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Table 4-13 Statistical data calculated at the peak of each LED over 300 measurements in scatter 

mode. 

 R G B3 B2 B1 UV2 

Standard Error 4.508012 4.571711 2.911876 4.156092 3.5603 4.523243 

Mean Value 2822.979 1077.209 1090.4 439.6364 340.9212 629.9394 

Standard 

Deviation 
81.89211 83.04925 52.89685 75.49915 64.82914 82.1688 

Coefficient of 

Variation 
0.029009 0.077097 0.048511 0.171731 0.190159 0.130439 

 

 
Figure 4-18 Peak signal for each LED in absorption mode over the full course of the data 

acquisition totally over 330 data points. 

 

4.3.3.2 Interference Turbidity and Fluorescence Experiment Results  

The three separate fluorescence measurement experiments at different spiked levels of 

turbidity can be seen in Figure 4-19. Figure 4-19a is the fluorescence measurements at a low 

turbidity, Figure 4-19b the measurement at medium turbidity and Figure 4-19c is the 

measurement at a high turbidity level. From Figure 4-19 and Table 4-14 of the data with the 
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base line subtracted there does not appear to be any clear interference caused by the level of 

turbidity on the fluorescence measurement.  

 

Table 4-14 Sensor response of increasing concentrations of BB3 with low, medium, and high 

levels of turbidity. Both turbidity and fluorescence measurements are unaffected by matrix effects. 

 Scatter 850 nm  Fluorescence 665 nm 

BB3 (mg/L) Low Medium High Low Medium High 

0 11893.67 16372 23671.67 8330.33 8332.667 8478.33 

0.1 12188.33 16351 23168.67 11952.67 11611.67 11935 

0.5 12063 15984 23126 18479 17384.33 18157.67 

1 12035 15407 23395 20000.33 18788.67 19657 
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Figure 4-19 Sensor response measuring fluorescence emission of basic blue 3 spiked with low (a), 

medium (b) and high (c) levels of turbidity. The fluorescence and turbidity spectra measured by the 

sensor are overlaid. The turbidity measurements remain consistent while the fluorescence 

measurement at the different concentrations for each turbidity level are unaffected. 
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4.3.3.3 Determination of Sensor Unit’s Optical Limits of Detection for Target Analytes 

Figure 4-20 shows the measurement of BB3 fluorescence emission by the sensor over a 

range of concentrations using the 380 nm LED and a fixed integration time of 2s. Figure 

4-20a is the spectral response of fluorescence at the different concentrations. The point of 

saturation was found at 1 mg/L for this integration time as seen of the spectral response at 

the peak of the 1.125 mg/L measurement. The sensor response at 1.125 mg/L levels out at 

the peak wavelength which is an indication of saturations of the system. The fluorescence 

response measured by the system was plotted as a scatter plot as seen in Figure 4-20b. The 

sensor response corresponding to the point of 665 nm or the peak fluorescence emission 

wavelength of BB3 was plotted. A linear fit was applied giving a 0.9987 R2 value. A slope 

of 24044.72 sensor units (AU) per 1 mg/L of BB3 was determined from the linear fit and a 

standard error of 216.47 showing high reliability between the measurement data points and 

the linear fit applied.  
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Figure 4-20 Calibration curve for BB3 generated by the spectral measurement of the fluorescence 

emission taking the sensor response of the pixel intensity corresponding to the peak wavelength of 

fluorescence emission at 665nm. Excitation light was from a 380 nm LED. Saturation point of 

detector found at 1.125 mg/L. Conducted on sensor unit 10 (n = 3) with 2 s integration time.  

 

Figure 4-21 shows the sensor response of the measurement of fluorescence from extracted 

Chl-a form diatoms. The method for extracted is described in Section 2.2.6.3. Using the 

same measurement setup as with BB3 the saturation point at 59.89 g/L can be seen from 

the spectral response on the left. This gives a maximum measurement range of 44.92 g/L 

of Chl-a. Figure 4-21b is the linear fit applied to the corresponding 665 nm sensor response. 

The linear fit at this wavelength produces an R2 of 0.9958 showing good linearity. The slope 

of the linear line gives 546.2 sensor response units (AU) for every 1 g/L of Chl-a. Applying 

Equation 3-2 shown in Section 3.3.4, the sensor resolution is calculated to be 0.0275 g/L 

for this range using the 2 s integration time. A standard error of 14.4725 is shown which 
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indicates a strong relationship between the measured concentrations and the linear fit. A 

correction factor can be calculated from the two calibration slopes generated for BB3 and 

Chl-a by applying Equation 4-1.  

 𝐶𝐹𝐵𝐵3 𝑡𝑜 𝐶ℎ𝑙−𝑎 =  
𝑆𝑙𝑜𝑝𝑒𝐶ℎ𝑙−𝑎

𝑆𝑙𝑜𝑝𝑒𝐵𝐵3
 4-1 

 

Where 𝐶𝐹𝐵𝐵3 𝑡𝑜 𝐶ℎ𝑙−𝑎 is the correction factor to convert BB3 calibration to Chl-a 

equivalence. 𝑆𝑙𝑜𝑝𝑒𝐶ℎ𝑙−𝑎 is the slope from the calibration curve generated from extracted 

Chl-a in AU/ g/L. 𝑆𝑙𝑜𝑝𝑒𝐵𝐵3 is the slope generated from the calibration curve from BB3 in 

AU/g/L which gives 240.44 AU/g/L of BB3. This results in a correction factor of 2.271 

which gives for every 1 g/L of Chl-a is the equivalent to 2.271 g/L of BB3. 

 

Figure 4-21 Calibration curve for algae diatoms generated by the spectral measurement of the 

fluorescence emission of Chl-a taking the sensor response of the pixel intensity corresponding to 

the peak wavelength of fluorescence emission at 665 nm. Correction factor calculated for BB3 

standard equivalent. Saturation point of detector found at 59.89 g/L. Excitation light was from the 

380 nm LED. Conducted on sensor unit 10 (n = 3) with 2 s integration time.  
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The determined limit of detection of the measurement of turbidity using scatter IR can be 

seen in Figure 4-22. Using turbidity standards, the peak NTU value measured before 

saturation at the 0.2s integration time was 32.34 NTU as seen by the levelling out of sensor 

response at the peak wavelength.  Figure 4-22b is the scatter plot with linear fit of the sensor 

response at 850 nm. The linear fit produces an R squared value of 0.99677. The slope of the 

linear fit is 301.25 sensor response units (AU) for every NTU value. Using Equation 3-2, 

the sensor resolution is calculated to be 0.00022 NTU within this range using the 0.2 s 

integration time.  

 

Figure 4-22 Calibration curve for turbidity using NTU standards generated by the spectral 

measurement of the scatter taking the sensor response of the pixel intensity corresponding to the 

peak wavelength of scatter emission at 850 nm from the IR LED. The saturation peak was found at 

64.68 NTU giving the upper limit of detection. Conducted on sensor unit 10 (n = 3) with 0.2 s 

integration time. 
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4.3.3.4 Sensor Units Calibration for Chl-a and Turbidity  

For the calibration of the ten sensor units, due to project requirements Unit 1 was unavailable 

for calibration as it was used as a data output testing platform by the projects industrial 

partner TechWorks Marine for testing of their data acquisition platform in preparation of in 

situ deployments.  

 

Chl-a Calibration 

The calibration curves generated for Chl-a using BB3 as the equivalent in fluorescence 

emission for the nine available sensors can be seen in Figure 4-23 including a table of the 

line equation of the linear fit applied. A good linear relationship is seen for all sensors with 

R2 values above 0.99. Unit 2 demonstrated the lowest sensitivity with a slope of 10372 with 

Unit 3 having a slope of 16719. The design version 4 sensors produced slopes between 

18080 and 22764 with unit 10 the outlier with a slope of 15231. This shows variation in 

slopes between sensors with a number of factors potentially effecting the calibrations. There 

is a distinction in sensor sensitivity between the design version 3 units (units 2 and 3) and 

the design version 4 units (units 4-9) with unit 10 being the outlier. Each sensor was 

assembled by hand including the optical head and electronics which may contribute to 

variability. Variations in concentrations when mixing solutions may also be a factor in the 

variability or the distribution of dye in the solution during testing. Each sensor has a unique 

response in the measurement of fluorescence which will need to be considered when used 

in producing quantitative data in the marine environment.  
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Figure 4-23 Calibration curves generated for Chl-a sensor units 2 to 10 measuring fluorescence of 

BB3 dye (Chl-a equivalent standard) concentrations between 0 and 1 mg/L (n = 3) with table of 

linear line equations. 

 

Turbidity Calibration 

The calibration curves for turbidity for the nine sensor units can be seen in Figure 4-24.  The 

calibration curves are generated between 0 and 60 NTU for each sensor. A good linear 

response is seen for all sensor units tested with unit 3 having the lowest R2 value of 0.9636, 

all other units are above 0.98. As was the case with the fluorescence BB3 calibration curves, 

unit 2 demonstrates the lowest sensitivity. There is a distinction between the units built as 

design version 3 (units 2 and 3) and design version 4 (units 4-10) in sensitivity with units 
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built as design version 4 showing higher sensitivity in turbidity measurements. Once again, 

the variability in slopes for each unit may be down to the assembly of the units or human 

error in making the solutions, or variability in the distribution of suspended particles in the 

mixture varying the amount of light scattered. 

 

 

Figure 4-24 Calibration curves generated for turbidity for all sensor unit 2 to 10 over concentration 

range of 0 - 60 NTU (n = 3) measuring scatter at 90 degrees with 850 nm LED with table of linear 

fit line equations. 
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4.4 Conclusion  

The aim of the work presented in this chapter was to scale up the assembly of ten sensor 

units at low cost, test their readiness for in situ deployments and validate the optical 

measurements to produce robust quantitative data. An efficient prototype production method 

was developed for the low scale fabrication and assembly of multiple optical sensors in a 

research laboratory. The sensor units were produced at a low materials cost for small scale 

product. A systematic testing protocol was developed ensuring checks on each system and 

subsystem built during assembly to guarantee fully functioning sensor units. The sensor 

units’ optical measurements were validated to provide stable, robust, and calibrated data 

output for key environmental parameters.  

 

The objective of building multiple sensor units consistently was achieved with an efficient 

approach to developing a production line to scale up assembly of prototypes. The 

decomposition of a design into subsystem proved to be highly effective in allowing quick 

and consistent assembly of full systems. The use of a test batches to assembly first gave key 

insights into bottlenecks in the assembly process which were modified to make assembly 

easier for larger batches. Testing each subsystem as the sensor units were being assembled 

allowed minor flaws to be detected early which saved time overall. The total cost of 

materials to produce each sensor was €1632.09 with potential to be reduced at larger scale 

production. 

 

The generation of accurate calibration curve for each individual unit for both turbidity and 

Chl-a was accomplished with an effective validation protocol. This protocol is applicable 

for any target analyte the sensor units can optically measure allowing for standardised 

quantified data to be applied to any sensor unit at scale. This is a novel approach in sensor 

unit validation which has not been conducted in any known literature as the writer’s 

knowledge. The application of this method can help contribute to scaled up product of lower 

cost, high resolution next generation in situ sensors for deployment at scale as dense sensor 

networks while providing uniform data sets from the localised deployment sites. Pre-

calibration tests confirmed the sensors measurement stability over extended periods which 

gives confidence in the electronic optical system design’s ability provide dependable data 

during deployments. The limits of detection of the sensor for both Chl-a and turbidity. Basic 

blue 3 dye was shown to be a suitable calibration standard for fluorescence of Chl-a allowing 
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for a less resource intensive calibration process at scale eliminated the need for algae 

cultures. Turbidity levels were known not to affect fluorescence measurement. The 

calibration curves generated for all sensors showed a variation between each sensor unit 

show a unique performance specific to each individual unit built. Table 4-15 shows the 

sensor unit’s performance relative to typical resolution and detection ranges for turbidity 

and chl-a. The sensor demonstrates a high resolution compared to state of the art 

requirements. The range is limited due to the calibration requirements however the dynamic 

capabilities of the spectrometers with use of the integration time being able to be changed 

allows for the range to be extended for any target analyte. Future work is required to develop 

the method for adapting the sensor response for calibrated response over a dynamic range.  

 

Table 4-15 Comparison of performance of developed sensor with typical commercial sensor 

performance for environmental parameters of turbidity and chlorophyll-a. 

Developed Sensor Performance 

Environmental Parameter Resolution Range of Detection Reference 

Turbidity 0.00022 NTU 0-64.68 NTU - 

Chl-a 0.0275 g/L 0-44.92 ug/L - 

Typical Commercial Sensor Performance Ranges 

Environmental Parameter Resolution Range of Detection Reference 

Turbidity >0.02 NTU 0-400 NTU [89,101] 

Chl-a 0.007 – 0.1 g/L 0 – 400 g/L [341,348] 

 

 

In summary, the key outcome of this work is a total of ten optical sensors ready to be 

deployed able to generate accurate environmental data. The sensor units developed highlight 

a unique and advanced optical sensing approach and are shown to produce precise analytical 

data of target analytes. The sensors were produced at a low cost which given their potential 

for multiparameter measurement produce a disruptive technology that could be adopted at 

large scale to revolutionise the way sensor networks monitor coastal and ocean 

environments. The methods and protocols for scaled up assembly, testing and validation 

demonstrated are novel in research level sensor prototyping. There is major potential for 

application to other research-based sensor design projects to bridge the gap between lab 

developed prototypes and commercially achievable environmental sensors. To achieve the 

overall goal of the thesis, the sensors must now be tested in the marine environment through 

long term deployments to further evaluate their performance and reliability in real-world 

conditions.  
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DATA ANALYSIS 
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5.1 Introduction 

There is a pressing demand for an increase in operational architectures (autonomous and in 

situ) at regional and global scales for monitoring coastal and oceanographic zones. Coastal 

sensor networks for real-time decision support and marine networks for ocean observations, 

are instrumental in our understanding of waterbodies biochemistry, the impacts of 

anthropogenic pollutions and what mitigation strategies should be implemented. The high 

spatial and temporal variability of oceanic signals make monitoring ocean biogeochemistry 

and biology extremely challenging with long-term trends masked by major short-term 

natural variability [379]. It is also logistically and economically difficult to cover both short-

term and long-term changes in the right locations given the size of the oceanic environment. 

Regional-to-global in situ oceanic observing networks have been established in response to 

this challenge such organisations include the Global Ocean Observing System (GOOS) [19], 

the Ocean Observatories Initiative(OOI) [20] and the U.S Integrated Ocean Observing 

System(IOOS) [23]. However, using current sensing technologies, the networks must 

compromise to either have greater spatial coverage limited and lower temporal coverage or 

vice versa [311].  The requirement for higher spatial and temporal resolution combined has 

led to a paradigm shift of focus in ocean science and engineering to build lower cost and 

lower power in situ sensors at larger scales. [13,311]. 

 

The main drawback to establishing large scale sensor networks to date has been the capital 

costs of the sensor units themselves and costs related to deploying and maintaining the 

sensors in the field, their limitations of detection and length of time they can be deployed 

for. The average in situ ocean sensor costs in the region of ∼$10k which is prohibitive to 

any national or environmental monitoring body looking to deploy a fleet of sensors to 

monitor a wider area. The maintenance costs are also steep (up to 80% of deployment costs) 

given the limitation of the sensors to remain operational in the field for extended periods of 

time [380]. The nature of the harsh environment the sensors are being placed in required 

robust materials and design, accurate and reliable electronic sensing components and 

inherent low scale production numbers cause the price of commercial ocean sensors to be 

expensive. Reasons for the sensors needing maintenance or to be withdrawn from the field 

can be anything from reliability issues, component failure, damage to moorings or biofouling 

build up on the sensor causing drift and reducing accuracy of the instrument [26,380,381]. 

Limitations of detection can consist of both electrical response capabilities of sensing 
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components available, and the hardware complexities involved in implementing them, as 

well as software challenges of implementing algorithms to extract quantitative 

measurements from raw data within limited ranges. Transmitting data from the sensors to a 

network while in remote locations (telecommunications, data limits and transmittance 

ranges) can pose significant logistic challenges in turns of power and range requirements 

[18].  Another factor which can limit the length of deployment of the sensors is power 

consumption, especially for remotely deployed sensors which rely on battery power built 

into the sensor or provided by a buoy or mooring [382].  

 

Scaling up to larger numbers of sensors in a high-density network requires deployment 

platforms to attach sensors and instruments to provide infrastructure to operate them, 

provide power and telemetry for data transfer. Many deployment platforms exist for this 

purpose in different forms and for different locations which are capable of providing 3D 

spatial resolution at high temporal frequencies which are covered in depth in the following 

reviews [19,383,384]. State of the art autonomous surface platforms (gliders, floats), AUVs, 

fixed location moorings, buoys, and the use of boats of opportunity have made deployment 

of sensors more cost-effective and more practical. This is in part due to the decrease in 

payloads driven by recent advancements in the miniaturisation of sensing technologies. 

 

5.1.1 Deployment Hardware and Moorings 

When deploying in situ, sensors must be fastened securely to ensure they do not drift from 

the point of measurement. Figure 5-1 below shows examples of different mooring methods 

and structures. Maintaining a stable position is crucial for the sensor to provide accurate and 

consistent data on a localised area. High strength clamps, cages, ropes and chains can be 

used to secure the sensor to a mooring under harsh marine conditions [385]. Clamps and 

cages (Figure 5-1c and d) directly secure the sensor to provide protection and structural 

support. These components are fabricated from corrosion resistant, marine grade materials 

to withstand prolonged exposure to sea water. Ropes and chains also provide a method of 

attaching sensors to a stable mooring point such as buoy (Figure 5-1b and c), ship or fixed 

structure such as a harbour wall or jetty (Figure 5-1a). The mooring used in dependent on 

the location of the measurement site and the depth of the sampling area.  
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Figure 5-1 Example of sensor mooring systems. (a) Pier mounted enclosure housing multiple sensors 

[386]. (b) Schematic diagram of a shallow water mooring modified from Benson et al. (2008)[387]. 

(c) NexSens CB-25 Data Buoy with sensor mounting cage beneath [388]. (d) Stainless steel 

mounting cage for the SBE 19plus SeaCAT [389]. 

 

5.1.2 Deployment Communication Hardware 

To operate sensors in situ, external hardware is required to interface with the sensor and 

collect data in the field. Dataloggers are commonly used to retrieve and store data from 

sensors in the field where access is limited, or timespan of deployments are impractical to 

remain on site. The datalogger for this application needs to be, portable, able to provide 

power to the sensor, switch the power on and off to the sensor as well as reliably 

communicate with the sensor. Commercial datalogging devices are often manufacture 

specific, use closed hardware that can be modified for custom application and are relatively 

expensive [390]. There are many examples of researchers developing their own “low-cost” 

and open source dataloggers taking advantage of inexpensive hardware components [391–

393].  
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Specific cables and connectors are also required for any hardwire connections made between 

devices in the marine environment [394]. There are two separate categories of connection 

types for underwater applications: dry-mate and wet-mate (see Figure 5-2). The connection 

between dry-mate connectors and cables must be made before the assembly is submerged. 

Whereases, wet-mate connection assemblies allow for connections to be made underwater. 

The benefit to these types of wet-mate connectors/cables is that they are impervious to 

moisture while they are connected [395]. It is required for marine cables to have a 

watertightness rating of IP68 to insure complete isolation of the electrical connections from 

the environment [396]. Marine cables are durable using robust materials in their 

construction. Rubber moulded connectors are most commonly used typically made from 

neoprene or polyurethane [394]. The rubber moulded around the electronic contacts creates 

a watertight seal between the male and female connectors. The cables can withstand more 

force, while the integrated strain relief takes additional pressure off the wet-mate connector 

giving a much more durable and rugged connection [394]. This is done by using a rigid shell 

or bulkhead assembly which surrounds the rubber body allowing for a strong mechanical 

coupling [394,397].  

 

 

Figure 5-2 Examples of dry-mate connectors ( on the left) and wet-mate connectors (on the right) 

sourced from Remouit et al.,2017 [398].  

 

5.1.3 Aims and Objectives 

The aim of the work presented in this chapter will be to assess the robustness of the design 

and capabilities of the built sensors to provide reliable environmental data in situ. This will 
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be done through multiple deployments of the sensor units in different aquatic environments. 

The objectives required to achieve this aim are: 

1. An assessment of the sensors' power will be conducted, and a method to optimize 

power usage for longer-term, battery power-dependent deployments will be 

developed. 

 

2. A large-scale deployment will be conducted using multiple sensor units to be 

deployed in a total of five different locations across Dublin Bay, Co. Dublin over the 

course of 3 months. This deployment will be conducted in collaboration with the 

project's industrial partner TechWorks Marine (TWM). Data integration and 

management protocols will be required to interface the sensor with TWM’s 

preexisting deployment infrastructure. The outcome of this deployment will give 

valuable insights into the sensor unit’s suitability for long-term deployments in harsh 

conditions as well as the sensor unit’s ability to monitor environmental changes in 

the marine environment. 

 

3. A second series of deployments in a freshwater environment (Owenmore River, Co. 

Sligo) will be conducted to explore the versatility of the multispectral measurement 

capabilities of the sensor design. The development of custom deployment hardware 

will be required to operate, power, and retrieve the data from the sensor over longer 

periods while deployed. 
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5.2 Materials and Methods 

5.2.1 Deployment Materials  

The cable provided power to the sensor and data communication between the sensor and the 

external hardware device. Table 5-1 outlines the pin connections required by the sensor to 

be powered and communicate with external hardware over the RS-232 protocol. 

 

Table 5-1 Table of pin connections from sensor to external hardware.  

Pin Function 

1 Ground 

2 Reserved 

3 Reserved 

4 Vin (12v) 

5 RS-232 (Tx) 

6 RS-232 (Rx) 

 

The components of the cable assembly were, a male bulkhead connection which was 

attached to the sensor unit, a female cable end connector and the cable itself. MacArtney 

Underwater Technologies were selected to supply the cable assembly. The MCBH6M 

Subconn connector, seen in Figure 5-3a, was selected at the bulkhead connector. This mates 

with the corresponding female cable connector, MCIL6F (Figure 5-3b). A locking sleeve, 

MCDLS-F, (Figure 5-3d) fitted over the MCIL6F and threaded over the MCBH6M bulkhead 

to ensure secure connection was maintained. The cable (Power/signal cable - Type 2009/B) 

selected consisted of two twisted pairs for data communication and two solid core power 

wires. The cross section of this cable is shown in Figure 5-3c. A custom cable length of 11 

m was selected to account for multiple deployment scenarios and setups. The cable 

configuration matched up with the pin configuration outlined in Table 5-1. The total cost of 

the cable assembly per sensor was €251.89. 
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Figure 5-3 Sensor cable component images. (a) MCBH6M Subconn Bulkhead connector. (b) 

MCIL6F Female Cable connector. (c) Cross section view of type 2009/B Power/signal cable with 

two twisted pairs and two solid core power wires. (d) MCDLS-F locking sleeve. Images are provided 

by MacArtney Underwater Technology (https://www.macartney.com).  

 

The components of the datalogger were protected by a watertight enclosure, Raaco Solid 

sourced from Radionics Ltd. An enclosure to house the delicate electronics was 3D printed 

from PLA filament on a Creality CR-200B Printer. An Arduino Mega sourced from 

Radionics Ltd was used as the microcontroller board. An Arduino compatible datalogger 

shield by Adafruit was used sourced from Digikey Electronics Ltd which allowed for a SD 

card and a real time clock (RTC) to be interfaced with the Arduino. The Bluetooth 

transceiver used was the BlueSMiRF Gold board sourced from SparkFun Electronics. This 

board utilizes the RN-41 Bluetooth module manufactured by Roving Networks which 

allowed for low power Bluetooth with a transmission range of over 100m. To communicate 

with the sensor over the serial protocol RS-232 a MAX232 breakout board sourced from 

SparkFun Electronics was used. This board converted the transistor-transistor logic (TTL) 

serial output from the Arduino Mega serial port to the RS-232 protocol. A RS Pro 12V lead 

acid battery with a 24 Ah capacity was sourced from Radionics Ltd. A low side driver N-

Channel Mosfet was used to switch power to the sensor via a signal from the Arduino Mega. 
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Male and female connectors with 6 contacts and waterproof rated were selected to allow 

connection between the sensor cable and the datalogger. A Binder 680 series 6 contact panel 

mounted circular female connector was used as the cable connection from the sensor to the 

datalogger. The male connector was a Binder 680 series 6 contact plug and cable connector. 

Both were sourced from Radionics Ltd. The complete bill of materials for the datalogger is 

presented in Table 5-2. 

 

Table 5-2 Bill of materials for datalogger. 

Component Component Number Supplier Cost (€) 

Arduino Mega 2560 R3 A000067 Radionics Ltd 40.99 

Adafruit Datalogger Shield 1141 Digikey Ireland 12.85 

BlueSMiRF Gold Bluetooth 

Modem 
WRL-12582 

SparkFun 

Electronics 
31.33 

MAX3232 Transceiver Board 
BOB-11189 

SparkFun 

Electronics 
5.99 

Vishay 1 A, 100 V, N-

Channel Mosfet 
IRLD110PBF Radionics Ltd 1.12 

RS PRO 12V T12 Sealed 

Lead Acid Battery, 24Ah 
150-1559 Radionics Ltd 73.15 

Verbatim 16 GB SD Card 44082 Radionics Ltd 9.63 

RS PRO SPST Rocker Switch 419-750 Radionics Ltd 1.80 

Binder 680 Series 6 pin 

Socket Connector 
09-0324-00-06 Radionics Ltd 6.12 

Binder 680 Series 6 pin Plug 

Connector 
09-0321-00-06 Radionics Ltd 8.59 

Raaco Waterproof Plastic 

Case, 125 x 275 x 175 mm 
136754 Radionics Ltd 17.19 

                                                                                                           Total 

Cost 

208.76 

 

5.2.2 Datalogger Design 

The datalogger enclosure was placed in a more robust protective hard case (52.0 cm length 

x 41.9 cm width x 19.0 cm height) (see Figure 5-4). Holes were drilled into the protective 

case and datalogger enclosure to allow for the cable and connectors to be installed. The cable 

connector was spliced with the MacArtney 2009/B Power/signal cable and connections were 

made corresponding to the connections outlined in Table 5-1 were made to the datalogger.  
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Figure 5-4 Datalogger deployment setup. The datalogger and electronics are protected inside a robust 

case with a large capacity lead acid 12V battery providing power for long durations.  

 

The firmware for the datalogger was written to allow the datalogger to receive commands 

to set up the deployment which can be seen in Appendix B Section B.4. The firmware was 

written in C++ using the Arduino IDE. The flow chart of the firmware can be seen in Figure 

5-5 showing how the datalogger handled input commands and interfaces with the sensor 

connected. A deployment cycle was controlled periodically by the datalogger by switching 

the sensor on and sending the read sequence command (“RW”) to the sensor (see Table 5-4 

for description of commands used to control sensor). The data was retrieved by the data 

logger and stored on an onboard SD Card. The data for each measurement cycle was stored 

on the SD card as a separate text file. The formatting of the text files was as follows: 

“DXXRXXXX.txt”. The “D” represented the current deployment followed by the current 

deployment number (0-99). The “R” represented the number of readings or measurements 

taken during that deployment (0-1000).  

 



 

249  

 

Figure 5-5 Datalogger firmware operational flow diagram. BB or black box refers to the datalogger 

electronics.  

 

A python script (see Appendix B Section B.3) was written to extract the data from each text 

file stored on the SD card after the deployment. The program exported the data as a csv file 

combining all the data from a deployment and sorting it based on timestamp which allowed 

for analysis of time-based data series. This program extracted the data using key headers 

and organised the corresponding data into columns. The data points which were extracted 

are shown in Table 5-3. 

 

Table 5-3 Data points and format of data extracted from datalogger SD card. 

Data Point Format 

Timestamp 
yyyy-mm-dd hh:mm:ss 

 

Battery Voltage 
Given in volts 

 

Optical Measurement Response 

Specific LED responses from pixel values of 

the target wavelength as returned by the sensor. 

 

Temperature Given in degrees Celcius 
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5.2.3 Sensor Power Management 

A power profile of the sensor unit was taken by identifying time-on and power consumption 

values during the deployment cycle. The time taken by the sensor to perform a full 

measurement cycle (MC) and anti-fouling cycle (AFC) was measured. The MC is as 

described in Section 5.2.4.2 and the AFC described in Section 3.2.4.1. The current draw of 

the system was measured using a Fluke 179 Digital Multimeter.  

 

5.2.4 Data Integration with External Industrial Networks 

5.2.4.1 Commands to Operate Sensor during Deployment via External Hardware 

A sequence of commands were used which corresponded to the sensor carrying out different 

functions. This allowed for the timing of the MC and AFC to be controlled by the network 

controller. The firmware written to operate the sensor in deployment mode can be seen in 

Appendix B Section B.2.1. Figure 5-6 shows the flow chart of command responses of the 

sensor when deployed. The “Mini Buoy” (MB) was the external controller built by TWM. 

The MB controlled power to the sensor and was connected to the sensor via RS-232 serial 

port. The sensor booted upon switching on power and responded with sensor information 

and ready status. Once booted the sensor awaits input commands from the controller. 

 

 

Figure 5-6 Flow chart of sensor firmware operation and sensors response to input commands from 

external controller/network. 
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Table 5-4 presents the serial commands used to operate the sensors functions via a serial 

connection with an external controller. The two main commands used during deployments 

were the “R” command and the “A” command. The “R” command was used in conjunction 

with a parameter character which specified which measurement mode the sensor should 

operate in. Once received the sensor would conduct the measurement and return the data to 

the external controller. The “A” command initiated the sensor’s antifouling protocol which 

turned on the UV LEDs at a set PWM duty cycle and for a set length of time as per the 

settings saved in the sensor’s memory. The settings stored internally on the sensor for 

integrations times and antifouling parameters could be checked and changed if necessary. 

The final command which was used was the diagnostic command initiated by sending the 

character “D”. The sensor was programmed to use the current monitor IC to check the 

current draw of each sensing component and output the readings to the external hardware 

for analysis on any faults.  

 

Table 5-4 Serial commands to operate sensor via external hardware. 

Command 

Type 

Serial 

Command 

Parameter Value Function 

Sensor 

Measurement 
R 

W – Whole MC 

L – Abs + Sct 

F – Flr 

T – Temp 

- 
Returns Data from 

sensor operation 

Antifouling 

Cycle 
A - - 

Starts the UV LED 

antifouling cycle at set 

PWM duty cycle and 

time.  

Settings Query  
SQ  

 
- - 

Returns current settings 

of the sensor 

Setting 

Change 
SC  

I + A, S, or F 

(abs, sct or flr).  – 

Int Time 

Array 

LEDIntTimes[8] 

Changes the selected 

setting parameter with 

the new value/values 
D – AF Duty 

Cycle 

 

value % 

between 0 and 

100 

 

T – AF Time On Time in min 

Diagnostics  D - - 

Sensor runs self-

diagnostics (on board 

component current 

measurements) 

MC – measurement cycle (optical measurements and temperature measurements), Abs- 

absorption measurement, Sct – scatter measurement, Flr- fluorescence measurements, Temp – 

temperature measurement, UV – Ultraviolet, PWM – pulse width modulation, Int time – 

integration time of spectrometer, LED – Light Emitting Diode, AF – Antifouling 
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5.2.4.2 Sensor Data Output and Format 

The formatting of the sensors data output from a measurement is shown in Figure 5-7. The 

measured data was broken in three main sections which are: 1.) the absorption, scatter, and 

backscatter data, 2.) the fluorescence data and 3.) the temperature data. Indicator phrases 

and characters were used to indicator the start and end of a measurement, the LED used for 

the measurement and the measurement mode the data is related to.  

 

 

Figure 5-7 Sensor full measurement cycle data output formatting including start and end indicator 

phrases and structured measurement data from sensor response.  

 

5.2.4.3 Sensor Raw Data Conversion using Calibration Curves 

Each of the sensors were given a calibration decoder which used the slope of individual 

systems to retrieve validated signal readings for Chl-a and turbidity which was generated in 

the work from Section 4.3.3.4. Two data signals were collected per LED by the sensor. The 

LED was powered on for the raw data signal and powered off for the background data, with 

the integration time of the spectrometer being constant for each LED. The sensor’s 

fluorescence response was converted to Chl-a concentration by applying Equation 5-1. 
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 𝐶ℎ𝑙 𝑎 (µg 𝐿−1) =  
𝑆𝑅

𝐶𝑎𝑙 𝑆 × 𝐶𝑎𝑙 𝐵𝐵3
 

5-1 

 

Where SR is the sensor response at the Chl-a pixel correspondent to 680 nm from the 

fluorescence measurement. Cal S is the slope generated by the calibration curve from the 

sensor’s response to BB3 concentrations and Cal BB3 is the correction factor for BB3 to 

Chl-a concentration conversion derived experimentally in Section 4.3.3.3 Note this 

relationship is site/season specific, provided here is the ratio found in the laboratory with 

cultured diatoms, followed by Chl-a extraction. 

 

 𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 (NTU) =  
𝑆𝑅

𝐶𝑎𝑙 𝑆 
 

5-2 

 

Equation 5-2 is applied used to normalise the sensor response using the calibration data for 

turbidity. SR is the sensor response at the pixel value corresponding to 850 nm from the 

scatter measurement. Cal S is the slope generated from the calibration curve of the sensor in 

response to concentrations of NTU levels.  

 

 𝑖𝑓(𝐵 > 𝑆𝐵) 𝑆𝑅 =  𝑅𝑆𝑅 − 𝐵 5-3 

 𝑒𝑙𝑠𝑒 𝑆𝑅 =  𝑅𝑆𝑅 − 𝑆𝐵 5-4 

 

The sensor response (SR) used by equations 5-1 and 5-2 is calculated depending on the logic 

outcome of equations 5-3 and 5-4. A background measurement (B) is taken by the sensor 

along with LED measurement (RSR). Additionally, during calibration a sample blank 

measurement (SB) was taken in the lab. To improve accuracy and ensure the calibration 

curve slope is valid, the background must be larger than the sample blank measurement to 

be subtracted from the RSR. Otherwise, the sample blank is used as the reference 

background. This method accounts for changing ambient light conditions in the 

environment.  

 

 𝑖𝑓 ( (𝑅𝑆𝑅 − 𝐵) < 𝑆𝐵)  𝑟𝑒𝑡𝑢𝑟𝑛 0; 5-5 

 

Equation 5-5 was also applied to the decoder algorithm to avoid negative numbers if the 

ambient light is severely interfering the sensor and generating negative values which would 
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be nonsensical. Zero is returned if the sensor response minus the background is still less than 

the sample blank which indicated the calibration curve would no longer be valid.  

5.2.4.4 Network Data Transfer and Storage 

Figure 5-8 gives a schematic overview of how data was handled from the sensor with the 

TWM’s infrastructure. The data was immediately transmitted by the sensor over its serial 

port once acquired and did not store any data beyond a single scan. The output data from the 

sensor was read and was stored locally on the MB where it underwent a decoding process to 

quantify data as described in the previous section. During deployments data was transmitted 

using MQTT as the data broker to AWS DynamoDB for storage and displayed on the 

TWM’s CoastEye platform. 

 

 
Figure 5-8 Schematic of how the data was handled and manipulated between the sensor and Mini 

Buoy 

 

The data on the DynamoDB databased was extracted by TWM for use on their CoastEye 

platform and the raw data was provided to the DCU team in JSON format for analysis. A 

python script was written using Visual Studio Platform to convert the CSV files with the 

data in JSON format into usable data files. The code was written with the assistance of Dr 

Louis Free. The Pandas python library was used to manipulate the data using the 

corresponding header variables (Table 5-5) in the JSON data. Each subset under the header 

was then manipulated into a column to allow for the data to analysed using graphing 

software. 
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Table 5-5 Headers relating to the JSON conversions of data from the DynamoDB Database. 

JSON Header Data Header Relates To 

Timestamp Time of measurement represented in EPOCH time format 

Date The converted EPOCH timestamp to Y-m-d H:M:S format. 

SctLED1 The raw sensor response at 850 nm of the IR LED 

bgSctLED1 The raw background sensor response at 850 nm 

Turb-NTU 
Quantified turbidity measurement from the sensors raw data 

after the decoding algorithm is applied. 

FlrLED5 
The raw sensor response at 680 nm from the fluorescence 

measurement. 

bgFlrLED5 
The raw background sensor response at 680 nm fluorescence 

measurement. 

Chl-a 
Quantified Chl-a measurement from the sensor’s raw 

fluorescence data after decoding algorithm is applied.  

Temp The temperature response from the sensor in degrees Celsius. 

 

5.2.5 Dublin Bay Deployment  

For the deployment in Dublin Bay, the sensor was given the acronym AWaMS (Advanced 

Water Monitoring System) and will be referred to as this in relation to this deployment. 

 

5.2.5.1 Site Locations 

Figure 5-9 shows the chosen deployment locations for the five sensors units. Table 5-6 gives 

the site coordinates of each sensor deployment location. The Howth and Dun Laoghaire 

locations were positioned inside sheltered harbours. The sensors at Poolbeg and St. Patricks 

were located at the mouth of the Liffey in brackish water. The Clontarf deployment location 

was positioned at the estuary of the Liffey.  
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Figure 5-9 Site locations for the deployment of the sensors in Dublin Bay.  

 

Table 5-6 Location and site coordinates of the sensor deployments in Dublin Bay 

Site Location  Site Coordinates 

Howth: 53°23.3474 N, 006°3.944 W 

Clontarf 53°21.018 N, 006°11.202 W 

Poolbeg: 53°20.649 N, 006°13.072 W 

St. Patrick's  53°20.719 N, 006°13.695 W 

Dun Laoghaire 53°17.9122 N, 006°7.5835 W 

 

5.2.5.2 Deployment Site Setups 

Two separate deployment hardware setups were used to mount the AWaMS in situ 

depending on the location. The first was the MB which positioned the sensor at a 1-meter 

depth below the surface underneath the body of the buoy. The second hardware used was a 

stainless-steel cage structure positioning the AWaMS at a 1-meter depth. The cage was held 

in place to the mooring using chains and ropes. The AWaMS were clamped to the structures 

used a series of heavy-duty cable ties. Figure 5-10 shows the deployment setup for the 

Howth location. The buoy is moored off a pontoon in Howth marina. The deployment setup 

for the sensor located at Clontarf is shown in Figure 5-11. The data buoy is attached to a 

mooring buoy. Figure 5-12 shows the deployment setup for the sensor located at Poolbeg 
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marina. A Seabird HydroCAT-EP and one sensor prototype was deployed on a frame off the 

side of a pontoon at the Poolbeg Yacht Club marina. The frame was tied to a secure point 

on the marina and the associated battery, solar panel and components were secured to the 

same platform. Permission was received from Keith Kelleher, the Marina Manager. The 

deployment setup for the sensor deployed at St. Patricks Rowing club can be seen in Figure 

5-13. The frame was deployed on the western end of the pontoon. Permission was received 

from John Doyle, the club's Chairperson. Figure 5-14 shows the deployment setup of the 

sensor deployed in Dun Laoghaire harbour. The AWaMS sensor was deployed using a TWM 

MB. This was attached to an existing mooring of the National Yacht Club, Dun Laoghaire.  

  

 

Figure 5-10 Image of Mini Buoy deployed off a pontoon at Howth marina and a map of the 

deployment location. 
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Figure 5-11 Image of Mini Buoy attached to the mooring buoy off Clontarf with damaged solar panel 

and a map of the deployment location. 

 

Figure 5-12 Image of AWaMS deployed off pontoon at Poolbeg marina and a map of the deployment 

location. 
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Figure 5-13 Image of the AWaMS Frame at St. Patricks Rowing Club and a map of the deployment 

location. 

 

Figure 5-14 Image of the Mini Buoy in Dun Laoghaire Harbour and a map of its location. 



 

260  

5.2.6 Freshwater Deployment  

5.2.6.1 Deployment Site Location 

The location of the site selected for the freshwater sample deployment can be seen in Figure 

5-15. The site was located at 54°08'39.9"N 8°33'07.9"W in the Owenmore River, Co. Sligo. 

A weather station run by the OPW is located 50 meters up stream of the deployment site at 

the Owenmore bridge. Sensor Unit 8 was selected for this deployment, see Table 4-3 for 

details of sensor assembly. 

 

 

Figure 5-15 Site deployment in the Owenmore River (54°08'39.9"N 8°33'07.9"W). The sensor site 

is located 50 m downstream from the Owenmore Bridge weather station.  

 

5.2.6.2 Deployment Site Setup 

The deployment site setup can be seen in Figure 5-16. The deployments were conducted 

with the assistance from Mrs Lisa Cronin and Dr Chloe Richards. The DCU sensor and YSI 

Sonde were attached to stainless-steel cages using a clamps and cable ties. Both cages were 

anchored to the riverbed using ropes. Both sensors were positioned beside each other, 5 

meters from the shoreline to ensure they are in the main flow of the river and remained 

submerged even at low water levels. Public data on the water level and temperature of the 

river were retrieved from the OPW for data station 32014 

(https://waterlevel.ie/0000032014).  

https://waterlevel.ie/0000032014
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Figure 5-16 Image of the deployment setup. (a) the sensor is deployed attached to a stainless-steel 

deployment cage (b) Sensor Unit 8 and the YSI Sonde are positioned alongside each other on the 

riverbed midstream.  

 

A series of deployments were planned, and Unit 8 settings were configured differently each 

time. The Unit 8 unit was selected for the deployment. The YSI Sonde was fitted with the 

turbidity measurement probe able to produce turbidity measurements in calibrated NTU 

values. The following table outlines the sensor system setup for each deployment conducted: 
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Table 5-7 Owenmore River sensor deployment setup methods. 

Deployment 

Number 

Dates of 

deployments 
Method and AWaMS Setup 

1 26/03/2023 to 

05/04/2023 

The 850 nm LED was used for scatter with 0.2s int 

time and sensor response at corresponding 850nm 

pixel value was returned by sensor. The 380 nm LED 

was used for fluorescence with 3 s int time and sensor 

response at corresponding 450 nm pixel value was 

returned by sensor.  

2 17/04/2023 to 

20/04/2023 

Int times of fluorescence measurement were adjusted 

using a water sample taken from river on retrieval of 

sensor. The scatter measurement was unchanged. The 

380 nm LED integration time was reduced to increase 

the measurement range for fDOM to 0.6 s. Sensor 

response at pixels corresponding to both 450nm and 

680 nm were returned to measure both fDOM and Chl-

a from the single fluorescence scan. 430 nm LED was 

used to measure absorption, 1.8 ms int time was used 

and corresponding sensor response at 430 nm was 

returned by sensor. The sensor also returned the 

temperature measurement.  

LED – light emitting diode, Int time – integration time of spectrometer, fDOM – 

fluorescent dissolved organic matter, Chl-a – chlorophyll a 
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5.3 Results and Discussion 

5.3.1 System Power Consumption Reduction 

5.3.1.1 Power Consumption of Sensor System 

With the power profile of the system, methods to reduce to overall power requirements of 

the system while in operations were evaluated. Methods to reduce the power consumption 

of the system that were tested are outlined in Table 5-8. The methods were selected based 

on the following criteria: 1.) Functionality was redundant for the application of measurement 

or anti-fouling or 2.) being turned off or reduced time-on did not affect performance of the 

sensor. 

 

Table 5-8 Methods used to reduce the power consumption of the system. 

Power Consumption Reduction Method Description 

Reduce processor speed 

MCU processor speed was tested at 96 

MHz and compared to 24 MHz for 

reduced power consumption. 

 

Remove unnecessary hardware 

Components were switched off when 

not in use or disabled entirely. 

 

Change AFC frequency 

The AFC duty cycle was reduced to less 

on time. 

 

Sleep Mode 
The MCU was put into sleep mode 

when not in use. 

MCU – Microcontroller Unit, LED – Light Emitting Diode, AFC – Anti-fouling Cycle 

 

Table 5-9 shows the measurements of the current draw of the main circuitry blocks of the 

sensor’s electronic systems. The main two power intensive functions the system performs 

were the MC and AFC. The frequency of the full cycle was set to every 15 min. The power 

supply was set at 12 V. The MC was measured to last approx. 69 s to complete, and the 

system drew an average of 100 mA during this time. The AFC lasted 60 s and the system 

drew an average current amount of 150 mA in total.  
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Table 5-9 Current draw of main circuitry sections of the sensor electronics system. 

Component Current Draw (mA) 

Microcontroller @ 96 MHz speed 50 

LEDs (average) 20 

AF UV LEDs (PWM 75 %) 100 

Sensors 40 

AF – Antifouling, UV – Ultraviolet, PWM – Pulse Wide Modulated 

 

Applying Equation 5-6, the charge (Q) in Coulombs, was calculated for each cycle by 

multiplying the current draw (in Amps) by the duration of time (T). This gave a charge draw 

of 6.9 C for the MC and 9 C for the AFC. 

 

 𝑄 =  𝐼 ×  𝑇 5-6 

 

Using Equation 5-7, the total charge (Q) of the sensor was calculated as 15.9 C with 𝑄1 as 

the MC charge and 𝑄2 the AFC charge. 

 

 𝑄 =  𝑄1 + 𝑄2 5-7 

 

By using the Equation 5-8 below the average current draw (𝐼𝑎𝑣𝑔) of the sensor was 

calculated. At a sampling frequency (F) of every 15 min or 900 s. The average current draw 

of the system was 0.01767 A or approx. 17.7 mA. Using a 12 V supply this equates to a 

power consumption of 210 mW.  

 

 
𝐼𝑎𝑣𝑔 =  

𝑄

𝐹
 

5-8 

 

5.3.1.2 Reduction in Power Consumption 

The calculated percentage improvements based on power consumption reduction methods 

tested (Table 5-8) in decreased power usage are presented in Table 5-10.  
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Table 5-10 Table of calculated power reduction percentages with applied methods. 
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Reducing the microprocessor speed from 96 MHz to 24 MHz was found to have a 16.23 % 

reduction on the charge used by the system during the deployment cycle. This reduction is 

reaffirmed by a study by Wu et al., (2021) [399] who found a significant power consumption 

reduction with the lowering of a microprocessors processing speed. They study also found 

a reduction at higher processing speeds due to a reduction of on time required for processing. 

The study was conducted using a STM32F407 microprocessor which is based on the ARM 

Cortex M4 as is the processor used on the Teensy 3.2 (MK20DX256). As the microprocessor 

is not used for any significant processing during the MC or AFC the reduction has no 

significant effect on the overall performance or on-time of the sensor in carryout it required 

functions. Further reductions in the CPU speed are possible with the Teensy 3.2 capable of 

operating at speeds between 2 MHz to 120 MHz However, the USB communication 

functionality only operates from 24 MHz and above hence why it was selected as the lowest 

speed for testing. The electronics of the sensor are enclosed within the sensor body, the 

onboard LED which has the function of indicating the Teensy board is receiving power, was 

not needed. Disabling this component was found to have a 4.06% reduction of charge used 

by the system.  

 

The reducing of the AFC duty cycle had a major percentage improvement on the reduction 

of charge drawn by the system. By reducing the on-time of the UV antifouling LEDs by a 

factor of 4, over 42% of charge was found to be reduced during the deployment cycle by 

using a duty cycle of 1:59 instead of 1:14. A study by MacKenzie et al., 2019 [400] reported 

that duty cycles of 1:30 and 1:60 did reduce biofouling build up. However, the study also 

found that some growth still occurred at the higher duty cycles. Another study by Whitworth 

et al. (2022) [401] , using a 280 nm UV light source, found that a duty cycle of 12.5% was 

required to reduce growth however a duty cycle of 2.5% had an effect and also increased the 

lifespan of the UV LEDs significantly. The duty cycle of the AFC has a significant effect 

on the rate of growth of microorganism [212,400,401] but also on the reduction of power 

consumed.  The trade-off between biofouling reduction and prolonged LED life and battery 

power dependent deployments was considered based on the deployment duration and 

location. 

 

As described in Section 2.2.3.1, for the AFC, the I2C command to the LED driver is the only 

required input from the microcontroller board. The LED Driver controlled the PWM signal 

to the UV LEDs meaning the. microcontroller could enter sleep mode for this duration. In 
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sleep mode the microcontroller consumed less than 1mA of current. A watchdog timer was 

used to wake the microcontroller up after the set AFC time of 60 s. A second interrupt was 

set on the Rx pin of the microcontroller to allow a rising edge from an incoming serial input 

to also wake the sensor. This was incorporated as a failsafe as the sensor is non-responsive 

when in sleep mode. A 13.96% reduction was found in the charge used with the original 

AFC duty cycle of 1:14 was seen. The sensors, (photodetectors and temperature probe) 

consume 40mA (see Table 5-9) even when not in use. During the AFC they were turned off 

using a high-side transistor by the MCU as described in Section 2.2.3.1. Turning the sensors 

off for the duration of the AFC with a duty cycle of 1:14 was found to have a 15.09% 

reduction of the power consumed over the system total cycle.  

 

The application of all methods combined produced a reduction of charge consumed by the 

system during the total cycle of 9.63 C or a 60.57% reduction from 15.9 C. The calculated 

total reduction factored in the compounded effect of methods on other methods such as the 

reduction of time of the AFC, decrease of the MCU power consumption and the power 

reduction caused by sensors powered off and the MCU in sleep mode. Applying Equation 

5-8 and a sampling frequency of 15 min, this gives an average current consumption of 6.97 

mA. Based on a 12 V power supply this equated to 80 mW power consumption with a 130 

mW power consumption reduction from the initial operating mode. 

 

Table 5-11 Power consumption comparison between commercial in situ sensors based on a 15 min 

sampling frequency powered by a 12 V supply. 

Sensor Unit Current 

Draw 

(mA) 

Time On per 

Measurement 

(s) 

Avg. Power 

Consumption 

(mW) 

Fouling 

Prevention 

Method 

Ref. 

SeaBird HydroCAT-EP 

V2 with Wiper 
140 33 61.6 

Wiper/Bleach 

Injection 
[341] 

 YSI EXO3s 

Multiparameter Sonde 

(4 Sensors + 1 Central 

Wiper) 

100 4 5.33 Wiper [402] 

Aqua TROLL® 600 

Multiparameter Probe 
45 5 3 Wiper [403] 

 

Table 5-11 above shows the comparison between commercially available sensors power 

consumption with a 15 min sampling frequency. All three commercial sensors have a much 
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lower average power consumption than the AWaMS. It should be noted the power 

consumption and times information of the antifouling measures implemented by the sensors 

were not made available by the suppliers. The measurement times and current draw for each 

sensor presents the best-case scenario. The time on per measurement times were estimations 

based on the highest sampling frequency the sensor could operate at. The length of the MC 

used by AWaMS is drastically longer than the commercial sensors which is contributing to 

longer time-on and higher power consumption. The AWaMS uses eight LEDs and three 

separate measurement modes which in total result in a 69 s MC however the measurements 

can be fine-tuned based on deployment requirements with only necessary measurements 

being made during the cycle. The integration times required for the fluorescence 

measurements plus the same length of time to measurement the background is the most 

significant time period (34 s) used in the MC. Optimising the fluorescence measurements 

will reduce the power consumption further for future deployments.  

 

5.3.2 Dublin Bay Sensor Deployment 

5.3.2.1 Sensor Data Integration Analysis 

Each full measurement cycle using all detection modes and LEDs (as produced by the 

firmware shown in Appendix B Section B.2.1) produced 37kB of data per measurement. 

Due to this large amount of data per scan the output of the sensor needed to be reduced for 

the Dublin Bay deployment to be used with TWM’s communication infrastructure. The 

output from the sensor was reduced to only using the LED 1 scatter measurement and 

fluorescence measurements of LEDs 5-8 (see Table 3-3 for LED details) which. The relating 

background measurements were included as well as the temperature measurement. The 

altered firmware for the sensor can be seen in Appendix B Section B.2.2. This reduced the 

data output from the sensor to 16kB per scan. The raw data from the sensor measurements 

was stored on board TWM’s datalogger via an SD card. The calibration decoder was applied 

by the datalogger, and the calibrated values of the target parameters were transmitted via the 

MQTT protocol to the AWS Dynamo DB database. The data retrieved from the sensors was 

successfully transmitted to the DynamoDB database and was displayed for each sensor on 

TWM’s website CoastEye. Figure 5-17 below shows a screenshot from the CoastEye 

website of the data from the AWaMS10 sensor deployed at the Clontarf deployment site. 

The data was retrieved from the DynamoDB database using the python script and was 

organised for analysis. 



 

269  

 

Figure 5-17 Screenshot of CoastEye platform showing AWaMS7 data at Clontarf deployment site 

15/08/25 - 25/08/2022. 

 

5.3.2.2 Deployment Data Analysis 

Table 5-12 below tabulates the deployment and recovery times, days deployed, days data 

collected, and total number of measurements (Chl-a. turbidity and temperature) gathered of 

each sensor during the deployment in Dublin Bay. The sensor located at Dun Laoghaire 

collected data for a total of 56 days without failure with a total of 16126 measurements 

made. The sensors located at Poolbeg and St-Patricks were able to collect data for 38 days 

(10944 measurements) and 31 days (8928 measurements) respectively. The AWaMS8 was 

deployed at Poolbeg was accompanied by a commercial sensor the Seabird HydroCAT-EP 

V2 which collected data on turbidity, Chl-a, and temperature. AWaMS system located in 

Clontarf was replaced due to a damaged sensor. AWaMS5 was replaced by AWaMS10 on 

the 16th of August which collected data for a total of 22 days (6336 measurements). The 

analysis of the issues with the AWaMS system is discussed in Section 5.3.2.4. The sensor 

deployed in Howth (AWaMS7) collected data for 27 days totally 7776 measurements 

collected. During this deployment, a total of 50112 measurements were made by the sensors 

on Chl-a, turbidity, and temperature in five different locations in Dublin Bay. 
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Table 5-12 Date of deployment and recovery for each of the AWaMS sensors along with their 

monitoring duration and data collected.   

Site 

Name 

Sensor Unit Deployment 

(DD/MM/YY

) 

Recovery 

(DD/MM/YY

) 

Duratio

n (days) 

Data 

Collecte

d (days) 

Number of 

Measurement

s  

Howth AWaMS7 12/08/22 08/09/22 27 27 7776 

Clontarf 
AWaMS10

* 
11/08/22 08/09/22 28 22 6336 

Poolbeg 
AWaMS8*

* 
18/08/22 29/09/22 42 38 10944 

St. Pats 

RC 
AWaMS3 18/08/22 29/09/22 42 31 8928 

Dun 

Laoghair

e 

AWaMS9 15/08/22 27/10/22 73 56 16128 

*Replacement sensor for AWaMS5. **Deployed with the SeaBird HydroCAT-EP 

Sensor. RC – Rowing Club 
 

 

Poolbeg Marine Deployment Data 

The correlation of the AWaMS unit with the HydroCAT-EP is shown in Figure 5-18, for 

Chl-a and Figure 5-19 for temperature. From Figure 5-18 it can be seen that no major change 

in the Chl-a levels in the deployment site occurred with the sampling time period. Spikes in 

Chl-a levels measured by the HydroCAT match those measured by the AWaMS. One outlier 

event saw a spike of chl-a occurring on the 23rd of August which was detected by the 

HydroCAT but not the AWaMS. Figure 5-19 shows a close match between the two sensors’ 

temperature measurements throughout. Interpolation between the two temperature datasets 

gave a Pearsons correlation coefficient of 0.95 showing high correlation between the two 

sensors. The data for turbidity from this location returned a value of 0 throughout the 

deployment period implementation of Equation 5-5. This is a consequence of the calibration 

decoder and the error associated with measuring the sample blank. When the water is clean, 

the sensor operates in the noise region of ± 300 AU and would otherwise return slightly 

negative values. The decoder assigned a value equal to 0 to any negative results. From Figure 

5-20 it can be seen from the HydroCAT turbidity measurements that the turbidity levels in 

the location were incredibly low during the deployment. Figure 5-20 also shows that the raw 

data (scatter LED 1) closely resembles the response from the HydroCAT-EP sensor. 
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Implementation of a spike filtration algorithm or a data averaging algorithm of adjacent pixel 

values would reduce the noise and fix the problem. The low levels of Chl-a and turbidity in 

the deployment site makes it difficult to draw any significant comparison between the two 

sensors. The AWaMS system matched the fluorescence measurements of the HydroCAT in 

the lab-based experiments shown in Section 3.3.4.5 and the is observed to match data for 

Chl-a, turbidity (at low levels) and temperature as seen from this in situ deployment. This 

would suggest the measurements of the AWaMS are tentatively deemed valid in the marine 

environment by comparison with a commercially available in situ sensor. 

 

 

Figure 5-18 Poolbeg deployment Chl-a measurements of AWaMS8 (green) with commercial sensor 

(HydroCAT-EP)(blue) for comparison of performance between 21/08/2022 and 29/08/2022. 
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Figure 5-19 Poolbeg deployment temperature measurements of AWaMS8 (green) with commercial 

sensor (HydroCAT-EP) (blue) for comparison of performance between 21/08/2022 and 29/08/2022. 

 

 

Figure 5-20 Poolbeg deployment turbidity measurements of AWaMS8 (blue) showing raw sensor 

response of scatter measurement and commercial sensor (HydroCAT-EP) measurements (black) for 

comparison of performance between 21/08/2022 and 29/08/2022. 
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Howth Deployment Data 

Data from the Howth Deployment is shown in Figure 5-21. A potential primary production 

event is highlighted which is characterised by an increase in water temperature, turbidity 

and Chl-a levels [404–407]. With phytoplankton growth, both scatter and fluorescence are 

increasing and show a good correlation with temperature data. Detection of such events 

demonstrate that the sensor can distinguish between for example the on-set of an algal bloom 

(where both Chl-a and turbidity are expected to increase [406]) and a run-off event (where 

only turbidity is expected to increase [340]).  It can be seen for both the turbidity and 

fluorescence measurement that the decoder algorithm produced zero values for the majority 

of the deployment. Again, as in the Poolbeg data this would indicate that the sensor was 

measuring in clean water with low levels of both turbidity and Chl-a.  

 

 

Figure 5-21 Data from AWaMS7 deployed in Howth showing temperature (blue), Chl-a (green) and 

turbidity (black) between 12/08/2022 and 30/08/2022. Potential primary production event 

highlighted in a red box with all three parameters spiking over same time period. 

 

Clontarf Deployment Data 

Data retrieved from the AWaMS sensor deployed at Clontarf is shown in Figure 5-22. The 

Chl-a time-series matches closely with the temperature time-series data, and shows a diurnal 
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cycle driven by tides or sunlight. There are 2 maximum and 2 minimum values (temperature 

and Chl-a) present over a 24 h period which coincides with the tidal cycle. Temperature 

increases during the ebb current with a maximum reached at low tide and decreases during 

the flood current reaching a minimum at high tide. A gradual trend in turbidity is seen from 

24/08/2022 until saturation of the detection begins on 27/08/2022. This was caused by a 

build up a suspended sediment in the water column and is confirmed by images seen in 

Figure 5-31 taken upon retrieval of the sensor. Figure 5-31 shows significant sediment 

deposits on the sensor and Figure 5-31b shows a layer of sediment covering the lenses. The 

turbidity data between the 24th up to the 26th of August before the sensor reached saturation 

show five clear peaks which all correspond with a low tide in the area. This is shown in 

Figure 5-23 with the sensor’s turbidity measurement plotted against tidal water levels. The 

tidal level data was obtained from the Irish National Tide Gauge Network (INTGN) [408]. 

This is a possible explanation and would suggest a build-up of sediment in the sensor’s 

optical detection zone possible cause by lack of flow through the sensor guard.  

 

 

Figure 5-22 Data from AWaMS10 deployed in Clontarf showing temperature (blue), Chl-a (green) 

and turbidity (black) between 19/08/2022 and 31/08/2022. 
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Figure 5-23 Clontarf deployment site data of AWaMS10 turbidity measurements (black) against tidal 

water level measurement (red) (data obtained from in the Irish National Tide Gauge Network) 

between 24/08/2022 12:00 and 26/08/2022. Low tides directly correlates with spikes in turbidity 

measured.  

 

St Patricks Deployment Data 

Data coming from the St. Patricks deployment is shown in Figure 5-24. Data is presented 

from the 30/08/2022 and 20/09/2022. Throughout, there is a significant amount of activity 

with major spikes in temperature, Chl-a, and turbidity readings from the sensor. A 

reoccurring event can be seen in all three measurement parameters. The pattern of the event 

consists of a turbidity spike followed by a significant drop in turbidity and temperature. Such 

high NTU values are usually present during sediment resuspension events [330,409]. The 

temperature drop suggests water column mixing of the colder bottom layers with the top 

warm layers [410,411] and substantiates the resuspension assumption.  The data beyond the 

6th of September shows a clear upwards trend in turbidity until reaching saturation. As the 

in deployment in Clontarf, this may be due to a build-up of debris in the optical head and 

guard structures which can be confirmed on inspection of the sensor unit post deployment 

as seen in Figure 5-30. Deposits of clay-like mud can be seen in the optical head, inner and 

outer sensor guard which would have caused the increased scatter. 
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Figure 5-25 shows the AWaMS sensor response over a shorter period. The data shown is 

from midnight on the 30th of August to noon on the 1st of September. Within this time there 

are five distinct resuspension and mixing events labelled a-e. This periodic event may be 

caused by the tidal activity with the location of the deployment site at the mouth of the river 

Liffey. Tidal movement would cause a change in the water column as sea water and fresh 

water mix a low tide [412,413]. It may also be caused by the movement of large shipping 

vessels in the area who perform a turnabout before docking as was found to be the case by 

a case study in Dublin Port by Briciu-Burghina et al., (2014) [414]. Marine traffic in ports 

is known to cause sediment suspension events due to the action of vessel propellers while 

the vessel is manoeuvring close to the seabed [415].  Peaks of Chl-a are also seen after such 

events. It is reported  by O’Higgins and Wilson (2005) [416] of the impact of the river Liffey 

discharge of nutrient-rich waters mixing with saline water of the bay caused chlorophyll 

concentrations to spike. 

 

 

Figure 5-24 Data from AWaMS3 deployed in St Patricks showing temperature (blue), Chl-a (green) 

and turbidity (black) between 30/08/2022 and 20/09/2022. 
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Figure 5-25 AWaMS3 data from St Patricks Rowing Club between 30/08/2022 00:00 and 

01/09/2022 12:00 temperature (blue), Chl-a (green) and turbidity (black). Five resuspension and 

mixing events are highlight occurring at (a) 30th August at 6am, (b) 30th August at 6pm, (c) 31st 

August 6:30am, (d) 31st August 7:30 pm and (e) 1st September 6:45am.  

 

Dun Laoghaire Harbour Deployment Data 

Figure 5-26 shows the data retrieved and organised from the sensor deployed in Dun 

Laoghaire Harbour. This was the longest in time dataset collected by the AWaMS sensors 

during the deployment from the 16th of August to the 27th of September 2022. The longer 

dataset allows for more long-term trends as the site to be observed and shows the AWaMS 

is capable of longer-term deployments. Similar with Clontarf deployment the Chl-a time-

series matches closely the temperature time-series data, and shows a diurnal cycle driven by 

tides. A spike in turbidity up to 18 NTU can be seen on the 20th of August. This is followed 

by a spike in Chl-a 2 days later on the 22nd. This may represent the onset of a primary 

production event [407], phytoplankton bloom [406] with a lag between turbidity seen and 

Chl-a detected [417,418]. There is a negative trend in temperature measured shows the 

seasonal transition from warmer to cooler waters moving from summer to autumn months 

[419].  The water temperature reduces by 2 degrees Celsius over the course of the 

deployment.  
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Figure 5-26 Data from AWaMS9 deployed in Dun Laoghaire showing temperature (blue), Chl-a 

(green) and turbidity (black) between 18/08/2022 and 28/09/2022.  

 

5.3.2.3 Sensor Units Post Deployment Analysis 

The long-term marine deployment of the novel sensor unit designs allowed for new 

information on the sensors design aspects. As seen in this section, the deployment of 

multiple sensors in different locations for prolonged periods of time produced a wide range 

of results. Images were taken of the sensors and deployment hardware post while being 

retrieved by TechWorks Marine. The sensors units were then taken back to the lab to inspect 

in more detail. The AWaMS units were all intact upon retrieval and remained securely 

attached to the deployment mounts.  

 

AWaMS7 Post Deployment 

AWaMS7 is seen mounted to the deployment hardware post deployment in Howth Harbour 

after 27 days in Figure 5-27. A thin layer of slime and grass-like or algae macro-fouling 

growth can be seen on all surfaces, apart from the Trilux 33 painted external sensor guard.  
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Figure 5-27 Images of post deployment AWaMS7 mounted to Mini Bouy after 27 days deployed at 

Howth provided by TechWorks Marine. A layer of slime and seaweed growth can be seen on all 

surfaces except the sensor guard. 

 

Figure 5-28 shows the post deployment images of AWaMS7 upon closer inspection back in 

the lab. A small amount of moisture was found inside the optical head which caused some 

minor corrosion of the electronic components, however the sensor remained fully 

functioning. Figure 5-28a and d show the body and optical head of the sensor with the growth 

of seaweed, algae and other vegetation on the enclosure body and guard clamp. The sensor’s 

guard is free of fouling due to the anti-fouling paint coating (Figure 5-28a and b). The 

internal detection area seen in Figure 5-28b shows little fouling inside the optical detection 

zone and on the lenses. This would support that the UV LED anti-fouling strategy had an 

effect. The surfaces not receiving the UV light appear to have macro fouling build up 

occurring.  
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Figure 5-28 Images of AWaMS7 post deployment in lab upon retrieval from Howth Harbour. (a) 

Full sensor view showing growth of seaweed on the enclosure body and guard clamp but no fouling 

occurring on the antifouling paint coated sensor guard. (b) Bottom view of optical head showing 

clear lenses with growth seen outside of the optical detection zone where UV antifouling LEDs had 

no affect. (c) Top view of the internal guard showing low amounts of sediment and a juvenile crab 

found inside the guard. (d) View of the optical head showing sediment and seaweed/algae growth on 

the surfaces. (e) Top view of the external sensor guard showing little debris or biofouling. 

 

AWaMS3 Post Deployment 

The images of the AWaMS3 system post deployment can be seen in Figure 5-29 after being 

deploying in St-Patricks Rowing Club site for 42 days. White deposits are noticed on the top 

cap section which was also seen in a previous deployment described in Section 3.3.3.2. The 

primary cause of this is galvanic corrosion with the stainless steel of the fastener interfacing 

with aluminium flanges causing an electron transfer weakening the aluminium [224]. This 

will require a design change to prevent with either aluminium fasteners or stainless-steel 

flanges to be used to avoid the material difference causing galvanic corrosion. The layer of 

sediment or mud suggests a highly turbulent deployment site which can observed in the data 

collected by the AWaMS as seen in Figure 5-24. No fouling growth is observed on either 

the copper tape layer on the sensor body or the sensor guards showing the copper and Trilux 

33 antifouling paint was effective. Seaweed growth can be seen on the mounting frame. 
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Figure 5-29 Images of post deployment of AWaMS3 deployed at St Patricks Rowing Club for 42 

days provided by TechWorks Marine. White deposits can be seen forming around the fasteners on 

the top cap section. A layer of mud or sediment can be seen deposited on the top cap. The copper 

tape applied to AWaMS3 shows no signs of fouling growth. Likewise, the sensor guard appears clear 

of fouling. Seaweed growth can be seen on the deployment cage structure.  

 

Images from a visual inspection of the AWaMS3 after its return to the lab from deployment 

in St Pats can be seen in Figure 5-30. The sensor was deployed for a total of 42 days. This 

sensor unit was the only unit with copper tape applied to the enclosure body to prevent 

fouling. From Figure 5-30a this was highly effective in the prevention of macrofouling build 

up and the green oxidisation of the copper can be seen. The sensor’s external guard is also 

free of any fouling which was coasted with an anti-fouling copper-based paint. Figure 5-30 

b,c,d, and e, all show there was a significant build-up of debris in the guard and optical head. 

The deployment site is located at the mount of the river Liffey with mixing of sandy and 

silty mud present. The positioning of the mud deposits all to one side (Figure 5-30c, d, and 

e) would indicate the flow of the river or tide deposited the mud within the guard structures. 

This large number of debris would majorly affect the optical measurements of the sensor 
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unit. This confirms the upward trend of turbidity measurements seen in Figure 5-24 was due 

to a build-up of debris. 

 

 

Figure 5-30 Images of AWaMS3 post deployment in lab upon retrieval from St Patricks Rowing 

Club. (a) Full sensor view showing oxidation of the copper tape on the main enclosure. (b) View of 

optical head with sediment deposits on surfaces. (c) View on the internal sensor guard with large 

build-up of debris. (d) Bottom view of optical head showing further deposits of debris and sediment 

coasting the lenses. (e) Top view of the external sensor guard showing build-up of debris. 
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AWaMS10 Post Deployment 

No post deployment images were taken of AWaMS10 in Clontarf. The AWaMS10 can be 

seen in Figure 5-31 after its deployment in Clontarf. The system was deployed for 28 days 

having replaced the AWaMS5 system which failed, failure analysis of this sensor is 

conducted in Section 5.3.3.3. The sensor collected data for a total of 22 days in total without 

any electronic or mechanical issues. It was reported by TWM that the Mini-Bouy received 

damage after a collision with the mooring buoy it was tied to. No damage was identified on 

the sensor unit due to the impact. Figure 5-31a shows the sensor body with minor fouling of 

barnacles and seaweed. Figure 5-31c and d show a high amount of sediment settling to on 

the surfaces of the internal guard and optical head, respectively. Figure 5-31b shows a layer 

of sediment built up on the lenses. This build-up would explain the positive trend in turbidity 

seen in the dataset presented in Figure 5-22.  

 

 

Figure 5-31 5-32 Images of AWaMS10 post deployment in lab upon retrieval Clontarf. (a) Full 

sensor view showing minor build-up of fouling on the surfaces (b) View of optical head with 

sediment deposits on lenses and build-up of grasses on internal wall surfaces. (c) View on the internal 

sensor guard showing deposits of sediment on surfaces (d) View of optical head showing sediment 

and macrofouling deposited on surfaces (e) Top view of the external sensor guard showing minor 

amounts of sediment on surfaces. 
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AWaMS8 Post Deployment 

Images of the AWaMS8 sensor and HydroCAT sensor post deployment in Poolbeg Marina 

can be seen in Figure 5-33. The sensors were deployed for a total of 42 days. The visual 

inspection of AWaMS8 post deployment in Poolbeg Marine can be seen in Figure 5-34. No 

leaks or moisture build up were detected inside the sensor housing. Figure 5-34a, b and e 

show a build-up of macro fouling attached to the enclosure bodies surface. Barnacle and 

tubeworms can be seen which have adhered to the sensor’s surfaces. As with the other sensor 

units, the guard does not have any fouling occurring on its surface showing the anti-fouling 

paint had a significant effect. Figure 5-34c and d show that the UV antifouling strategy was 

also successful as the detection zone and lenses are mostly free of any fouling while the 

surrounding untreated areas have high amounts of macrofouling from tubeworms.  

 

 

Figure 5-33 Images of post deployment AWaMS8 and HydroCAT-EP sensor mounted to cage 

deployed in Poolbeg for 42 days provided by TechWorks Marine. 
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Figure 5-34 5-35 Images of AWaMS8 post deployment in lab upon retrieval Poolbeg Marina. (a) 

Full sensor view showing macro fouling growth and orange rust deposits (b) Closer view of sensor 

enclosure showing growth of tubeworms and barnacles on the surface. (c) Bottom view of optical 

head showing clear lenses with minor fouling around the detection zone. (d) Top view of internal 

guard showing minor fouling and juvenile crab species (e) View of optical head with build-up of 

macro fouling on surfaces. 

 

AWaMS8 Post Deployment 

The MB with AWaMS9 attached can be seen post deployment in Figure 5-36. The systems 

were deployed for a total of 72 days. High levels of slime and grass-like seaweed growth 

can be seen on the body of the Mini-Buoy. Figure 5-37 shows images of AWaMS9 in the 

lab post retrieval from the Dun Laoghaire Harbour deployment. No leaks or moisture build-

ups were detected within the sensor and the unit output data for a total of 56 days. The 

difference in deployment days and operational days were due to downtime maintenance 

carried out by TWM on their MB system. A greater amount of macro-fouling can be seen 

on the body (Figure 5-37a), optical-head (Figure 5-37b), and internal guard (Figure 5-37c 

and d) compared to the other sensor units. A thick layer of slime, algae, acorn barnacles, 

tunicates and bryozoan growth can be seen to have formed on all components of the sensor. 

No discernible growth was found on the external guard except on the contact points between 

the guard and the mounting clamp (Figure 5-37e).  Figure 5-37d shows that the UV anti-

fouling cycle kept the lenses clear of any organic matter building up.  
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Figure 5-36 Images of post deployment of AWaMS9 and Mini Buoy platform deployed in Dun 

Laoghaire for 73 days provided by TechWorks Marine. High levels of seaweed growth are seen on 

the Mini Buoy structure.  

 

Figure 5-37 Images of AWaMS9 post deployment in lab upon retrieval from Dun Laoghaire 

Harbour. (a) Full sensor view showing large build-up of fouling on the surfaces. (b) View of optical 

head with macro fouling on surfaces. (c) Top view of internal guard showing fouling growth. (d) 

Bottom view of optical head showing clear lenses with build-up of fouling around the detection zone. 

(e) Top view of the external sensor guard showing minor amounts of fouling with a juvenile crab. 
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The overall result of this long-term deployment is the sensors demonstrate a robust design 

capable of remaining operational for months at a time. No discernible damage due to impact 

or abrasion could be seen to have damaged the sensor units. Apart from AWaMS5, all 

systems remained watertight throughout with only minor build ups of moisture inside the 

sensor bodies observed. The galvanic corrosion occurring due to the interface of steel 

fasteners and the aluminium flanges will need to be addressed. Stainless steel flanges or 

aluminium fasteners would resolve this issue when used in marine deployments. The 

antifouling strategies all worked to some degree. The copper tape used on AWaMS3 was 

effective with no fouling able to occur on the sensor body in contract with the other four 

sensors which all had some degree of fouling build up on the sensor body. The Trilux 33 

antifouling pain applied to the external sensor guard was incredibly effective with not 

fouling build up occurring on any guard in any deployment site. The UV antifouling LEDs 

proved a success in the prevention of biological growth occurring in the optical detection 

zone. The approach however could not prevent sediment from building up and coating the 

lenses which may solicit the requirement of a physical wiper system for high sediment sites. 

Additionally, the design of the internal guard for the reduction of ambient light needed to be 

redesigned to allow additional flow as sediment and fouling is observed to have built up 

more prominently inside the guard.  

 

5.3.2.4 Sensor Unit Failure Analysis 

AWaMS5 which was deployed at the Clontarf site experienced a major breach allow 

extensive amounts of water to enter the enclosure as seen in Figure 5-38b. The sensor was 

deployed on the 11th of August 2022. Issues with the data appeared within hours of the 

deployment as seen on TWM’s CoastEye platform. The sensor began returning an ‘ovf’ 

(meaning overflow) in place of the temperature value indicating a stack overflow. This 

suggested that the temperature probe was outputting non-sensical values or out of bounds 

values. As the temperature probe communicates over a digital protocol (I2C), moisture 

damage affected the data more prominently before the entire system failed to operate acting 

as a warning flag in the data. Moisture sensors inside the sensor housing can be used to more 

effectively flag an increase of moisture, an example of this design has been done by 

BlueRobotics for detecting leaks in their ROVs [420]. Figure 5-38 presents a visual 

inspection of the sensor on its return to the lab to identify the cause. All watertight seals and 

joins in the sensor were identified as single points of failure. A focus of inspection was put 
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on the O-rings on the flanges (Figure 5-38c), the face seal O-ring of the flange (Figure 5-38f) 

and the optical head lens seals (Figure 5-38d and e). The radial O-rings on the top flange 

were found to have cracking with a visible notch of exposed aluminium seen in Figure 5-38c. 

Using the air pressure test as described in Section 4.2.2.2, it was found that either the face 

O-ring of the flange and the top cap or the radial O-rings of the flange and the sensor body 

(see Figure 3-8 for how the flange O-rings create a watertight seal at both interfaces) did not 

form a complete seal which allowed a significant amount of air out during pressurisation.  

 

 

Figure 5-38 Visual inspection images of AWaMS5 which failed while deployed in Clontarf. (a) View 

of sensor body with no obvious signs of damage. (b) View inside sensor enclosure showing large 

volume of sea water. (c) View of the top flange and O-Rings with a small silver notch visible in the 

flange indicating possible damage. (d) Bottom view of the optical head showing no signs of damage. 

(e) Internal top view inside the optical head showing moisture with white deposits around the brass 

thread inserts. (e) Inspection image of the top flange showing discolouration of the external surface 

of the black anodised coating.  
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The effect of the water damage on the electronics can be seen in Figure 5-39. Any exposed 

metal connection is damaged by corrosion and oxidation. The silicon coating was applied to 

the main control board which it can be seen protected some of the electronics (Figure 5-39d 

and e) however some areas were missed as seen by the areas corroded.  

 

 

Figure 5-39 Inspection images of the AWaMS5 electronic components after flooding event. (a) 

image of the photodiode board showing oxidisation of connection pins. (b) View of the mounting 

board of the spectrometer showing black discolouration and oxidisation of exposed pins. (c) Front 

view of the spectrometer and UV LED board showing damage to the CMOS spectrometer. (d) Top 

view of the control board showing oxidation of exposed pins not coated with silicon spray. (e) 

Bottom view of control board showing minor corrosion of connection pins. (f) View of damaged 

bulkhead to control board connector. (g) View of LED Array board with oxidised connections. (h) 
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Side view of electronics mount and connector board showing addition oxidation of copper 

connections. 

Further inspection of the radial O-rings was done as seen in Figure 5-40. Clear cracking can 

be seen in both O-rings. From the literature there are several causes of degradation of nitrile 

rubber which results in cracking. Ozone cracking is a common cause highlighted [421–423]. 

The exposure of rubber to ozone present in the air can cause to oxidative degradation which 

leads to cracking of the nitrile rubber. Insufficient silicon lubricant applied may have been 

a contributing factor leading to this. Another causing of cracking is mechanical stress (in 

tension or compression) [424,425] which deforms the rubber causing microcracking which 

overtime leads to larger cracks forming. The O-Rings were left on the flanges for a sustained 

period of time in tension having been constructed in August 2021 and only deployed in 

August 2022. This prolonged period under mechanical stress may have led to the 

degradation of the O-rings. In summary, the sensor unit failed due to lack of maintenance. 

Maintenance of each sensor will need to be conducted pre and post deployments with the O-

rings being regularly checked and replaced if needed. 

 

 

Figure 5-40 Closer inspection of the radial O-rings of AWaMS5 top flange. Cracking can be seen 

forming in the nitrile-rubber.  

 

5.3.3 Freshwater Sensor Deployment  

This deployment was the first test of the sensor units developed in a freshwater environment. 

The deployments demonstrate the broad capabilities of the design to be used in multiple 

different aquatic environments.  
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5.3.3.1 First Deployment in Owenmore River 

The data plotted in Figure 5-41 shows the turbidity measurement by the Unit 8 sensor, the 

YSI Sonde and the water level of the river between the 27th of March and the 4th of April. 

The datalogger developed was successfully able to operate and power the Unit 8 sensor as 

well as store the data over the duration of the deployment. Fluorescence measurements to 

detect fDOM were made by the Unit 8 sensor but the concentrations of fDOM were too high 

and saturated the detector throughout the deployment. The response from the sensor at 850 

nm pixel value for the scatter measurement was converted to NTU values using the 

calibration curve generated for Unit 8 (see Section 4.3.3.4). From the data the sensor unit 

matched the readings from the YSI probe closely. From the data supplied by the OPW 

weather station, it can be seen that the water levels spikes on two occasions. The first which 

occurs 29th of March caused a spike of turbidity followed by a sharp decreased which in turn 

was followed by another larger spike of turbidity in both sensors. This event may be in line 

with a rainfall event with runoff from the land entering the waterway [426,427]. The second 

high water event does not cause any change in the turbidity values read by either sensor. 

 

 

Figure 5-41 Turbidity data from the DCU sensor and the commercial YSI sonde sensor with water 

levels measured by the weather station upstream overlayed. 
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5.3.3.2 Second Multiparameter Measurement Deployment in the Owenmore River 

The sensor was redeployed on the 17th of April 2023 for a total of three days. The sensor 

performed a multiparameter measurement cycle using three different LEDs and three 

different measurement modes. The application of the spectrometer showed its advantages as 

the integration time for the detection of fDOM in the fluorescence measurement mode was 

easily altered. Figure 5-42 shows the measurement of the sample taken by the sensor with 

the new settings. The fluorescence measurement (in red) shows the fluorescence at 450 nm 

is within the limits of detection of the detector. The addition of the 430 nm LED 

measurement transmittance is also added (in blue) along with the 850 nm measurement in 

scatter.  

 

 

Figure 5-42 A sample measurement taken by the sensor from the sample collected from the 

Owenmore River with all three measurements overlaid. The black line showing the scattered signal 

from the 850 nm LED, the red showing the 385 nm LED signal as well as a potential fluorescence 

peak at 450nm and the blue line showing the 430 nm LED signal transmittance. 
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The data retrieved from the sensor is plotted in Figure 5-43. Along with the measurement 

taken by the AWaMS, the water level data was also included. Both the fluorescence response 

of the sensor at 450 nm and the transmission response at 430 nm show a negative trend. 

Additionally, the water levels measured during this period also fell by 6 cm. The water levels 

compared to those measured during the first deployment are lower with no spikes or rainfall 

events. This would indicate a dry period.  There is a slight increase in turbidity levels as seen 

in the scatter data at 850 nm. There is no change in the sensor’s response at 680 nm 

fluorescence.  Periodical temperature measurements correspond to the day and night cycle 

with peak temperatures recorded after noon and minimum temperature after midnight. 

Overall, a longer deployment is needed to see any long-term trends or short-term rainfall 

events.  

 

 

Figure 5-43 Data from the three-day deployment is shown in addition to the temperature 

measurement from the sensor’s temperature probe and the water levels data from the nearby weather 

station. The signal intensity at 850 nm was used for scatter, for fluorescence 450 nm (fDOM 

emission) and 680 nm (Chl-a. emission) intensities were plotted and the signal intensity at 430 nm 

was taken for transmittance. 
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This setup demonstrates the sensors potential to measure optical response in all three 

measurement modes (transmittance/absorption, scatter, and fluorescence) using multiple 

different light sources (UV, Blue and IR LEDs). Two target analytes can be measured in a 

single fluorescence scan using the spectrometer as shown in the monitoring of both fDOM 

and Chl-a. This multiparameter measurement ability allows for correlation and trends to be 

identified between multiple different spectral parameters in the water column. The 

multiparameter sensor design has significant potential to be expanded even further with the 

use of the eight LEDs spanning from the UV to the IR able to be measured by two 

spectrometers and a photodiode in absorption/transmission, scatter/backscatter, and 

fluorescence modes. The sensor design has been shown to be able to produce data from 

multiple different parametric perspectives to give a holistic view of the status of the water 

column being measurement. With further deployments and an expansion of the 

measurements this would have many applications in aquatic environmental monitoring. This 

approach is used by remote sensing technologies for the identification of eutrophication 

processes in coastal regions [428]. Holistic evaluations and multiparametric approaches for 

water qualities in rivers and freshwater assessments are commonly required in EU states 

with the Water Framework Directive 2000/60/EC [37] aiming to improve ecological 

qualities [429]. Further work is required to expand the sensors analytical measurement 

capabilities and data processing and trend recognition software. Additional deployments are 

also required to validate the sensors measurement potential be used a multiparametric 

measurement tool.  

 

5.3.3.3 Datalogger Performance Analysis 

Figure 5-44 presents the voltage drop of the battery as measured by the datalogger every 15 

min over the course of the deployment. A linear fit is applied to the data which gives a 

voltage drop of 0.0545 V per day. From the datasheet of the battery, the floating voltage of 

the battery when fully charged is between 13.5 V and 13.8 V. The cut off voltage the battery 

can safely operate to is 11.6 V. By applying Equation 5-9 the measured voltage drop of 

0.0545 V per day (𝑉𝑑𝑟𝑜𝑝), 13.4 V as the measured fully charged float voltage (𝑉𝑓𝑢𝑙𝑙) and 

11.6 V as the fully discharged voltage (𝑉𝑑𝑖𝑠), a total operational time (T) can be calculated 

as 35 days which highlights the maximum deployment which can be achieved using the 

datalogger developed.  
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 𝑇 =  
𝑉𝑓𝑢𝑙𝑙 −  𝑉𝑑𝑖𝑠

𝑉𝑑𝑟𝑜𝑝
 5-9 

 

 

Figure 5-44 Measured battery voltage powering the datalogger and sensor during the deployment in 

the Owenmore River between 26/03/2023 17:19:40 and 05/04/2023 18:03:42. An applied linear fit 

to the data (red line) gives a slope of -0.0545 V per day. 

 

The low-cost datalogger functioned sufficiently to allow for long term deployments. The 

material costs of the datalogger were only €200. The datalogger was able to autonomously 

operate the sensor, provide power, collect, and store the data. However, a shortcoming of 

the datalogger was its ability to capture the full spectral scans from the sensor. Data 

collisions were common, and the sensor had to be reprogramed to provide pixel values at 

select wavelengths. This can be addressed with more robust software and data handling. A 

handshake system and error check can be implemented to ensure the data transfer is done 

correctly in future deployments. As is done with commercial sensors such as the YSI EXO3 

Sonde [402] and Aqua TROLL 600 Multiparameter Sonde [403] the datalogging functions 

and power supply can be built into the sensor itself  
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5.4 Conclusion 

The work presented in this chapter was successful in demonstrating the developed sensor 

units operating fully, reliably and at scale in the intended environment. The deployments 

conducted were successful in showing the design to be suitable for long term and repeatable 

in situ measurements. A unique aspect of the deployment in Dublin Bay was the scale of the 

deployment in terms of number of sensor units, duration and data generated. This repeated 

and scaled use of a research developed in situ optical sensor design, to the writer’s 

knowledge, has not been demonstrated in the research field before and contributes to the 

advancement of new sensing technologies and optical sensor deployment methods. The 

sensor units throughout the deployments were able to measure multiple environmental 

events giving key insights into the locations they were deployed in. In all scenarios they 

compared well with commercial sensors (YSI EXO2 Probe and HydroCAT V2) which cost 

a magnitude in order more. 

 

The deployment of multiple sensors in multiple locations in Dublin Bay for up to 72 days 

displayed the robust design and measurement capabilities of the design collecting over 

50,000 data points over the duration of the deployment. The AWaMS sensors operated 

between 27 and 72 days in a marine environment, with only one sensor failure due to a 

maintenance issue. The necessity of regular maintenance was highlighted. All data from 

AWaMS was successfully transmitted and stored on the DynamoDB server, showing the 

designs capabilities with integrating with preexisting industrial hardware systems for sensor 

network deployments. The sensor deployed in Poolbeg alongside a commercial HydroCAT 

sensor performed comparable which validated the sensor design to be able to produce 

valuable environmental data comparable with current state of the art commercial sensors. 

The sensors provided valuable environmental data, validating their accuracy and reliability. 

Events like primary production and tidal activity were effectively monitored, underscoring 

the sensors’ utility in detecting key environmental and pollution events. The sensor guard 

designs, while effective against ambient light, require modification to prevent debris buildup 

for prolonged deployments in locations with high levels of suspended debris. The 

implementation of UV LEDs for fouling prevention effectively prevented biofouling on 

optical lenses in all cases, though additional strategies are needed for high sediment locations 

to prevent sediment build up.  
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The deployment of a sensor unit in the Owenmore River displayed the versatility of the 

sensor’s multiparameter measurements to operate in a wide range of different aquatic 

environments. The first deployment in this location alongside a commercial sensor (YSI) 

sonde demonstrated the sensor’s comparability with a commercial sensor in detecting 

rainfall associated turbidity events. The second deployment was successful in demonstrating 

the sensors’ multiparameter versatility in measuring fDOM alongside Chl-a, turbidity, and 

temperature. This initial demonstration of the use of multiple LEDs and multiple optical 

measurement modes shows potential to be used to provide holistic data of the aquatic 

environment using technology and measurement approaches not currently used by 

conventional in situ optical sensors. Future work is required to fully expand on the sensors 

holistic measurement approach, akin to the strategies applied by remote multiparameter 

sensing [17,428], to develop trend recognition software algorithms to combine all the optical 

measurement parameters measurements by the sensor for a whole image of the changing 

environment.  

 

The development of a low-cost custom datalogger facilitated the ability to do deployments 

without the need for preexisting infrastructure which allowed the deployment in the 

Owenmore River to be carried out. The system was built for a total of €210 which is deemed 

low cost while adding significant value to the sensor design. It was noted that the 

functionality of the datalogger could be built into the sensor design as is done with other 

commercial sensors in a future iteration. Independent power and datalogging capabilities 

would add significant versatility into the sensors’ applications. The implemented of power 

optimisation strategies on the sensor system resulted in a total combined reduction of 60.5% 

which brought the power usage of the during a deployment cycle of 15-min sampling 

frequency down to 80mW from 210 mW. This reduction in power allowed for longer 

deployments when relying on battery power. The analysis of the datalogger built for the 

Sligo deployments showed the setup had a 33-day deployment time.  

 

In summary, the novel multiparameter optical sensors developed performed beyond 

expectations. The potential of the measurement technology has been demonstrated in a 

varied range of aquatic environments. The mechanical design of the sensor proved to be 

robust for longer term deployments. The optical measurements produced by the sensor units 

offered good insights in the areas of deployment and a wide range of parameters were shown 



 

298  

to be measured accurately. The sensors unique multiparameter design utilising an advanced 

optical measurement technology.  
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The aim of this thesis was to go beyond state of the art in situ sensor which applies the latest 

advancements in optical measurement components and manufacturing methods to develop 

a next generation in situ. This was accomplished in the design, build and validate at scale, 

of a robust, reliable, and relatively low cost multiparameter optical sensor unit. The design 

leveraged recent developments in optical and electronic technologies, manufacturing 

methods and materials to address an identified technological and research gap in the field of 

aquatic environment monitoring. The work was successful in producing a novel next 

generation multiparameter in situ optical sensor using state of the art optical sensing 

technologies as well  low-cost and robust material selection and manufacturing methods. 

This work addresses the requirement of low-cost, smart in situ sensors to be used by the next 

generation of state of the art technologies to achieve greater scale in sensor networks for 

greater temporal and spatial resolutions in monitoring the aquatic environments. 

 

A total of ten sensor units were produced and tested both analytically in the lab and in situ 

in the intended environment (Chapters 4 and 5). The sensor design was shown to perform to 

a high standard analytically using an innovative optical measurement system utilising a 

unique multispectral light source design, two mini-spectrometers and photodiode in an exact 

orientation. The optical measurement system was demonstrated to be capable of 

multiparameter measurements using absorption, transmittance, scatter, backscatter, and 

fluorescence measurement modes over a UV to IR spectral range (Chapters 2 and 3). The 

design was taken beyond the prototyping phase to small scall production using an efficient 

production and validation method in the research lab environment (Chapter 4) showing the 

possibilities in the research field to bridge the gap between research development and 

commercial opportunity. The thesis concludes with the validation of the sensor units through 

multiple deployments in different aquatic environments producing large datasets on the 

deployment locations and providing valuable insights in the environmental changes 

(Chapter 5). The sensors were deployed in a total of six separate locations throughout the 

work of this thesis. A large-scale deployment of five sensors in Dublin Bay in August 2021 

to October 2021 showed the robust design able for repeated use in the intended environment 

over long durations. A separate series of deployments in the Owenmore River in March 2023 

to August 2023 displayed the versatility of the sensor design for freshwater applications 

fully utilising the multiparameter measurement capabilities to identify environmental 

changes and produce insightful datasets.  
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In Chapter 1, the need for and role of in situ sensors in monitoring the aquatic environments 

is outlined. In situ sensors deployed in a network can provide spatial and temporal data at a 

resolution and accuracy which cannot be achieved and can be combined with other 

monitoring technologies such as remote sensing and submersible vehicles. The status of 

state-of-the-art technology in in situ sensors is investigated for both interface-based sensors 

and wet chemistry systems. The simplicity of interface sensors lend to a lower cost in 

production and optical interface in situ sensors provide multiparameter measurement 

capabilities. The outcome of this research gave way to the focus of the thesis being on 

developing a novel optical in situ sensor capable of multiparameter measurements at low 

cost which could scale to be deployed in dense sensor networks to provide the resolution of 

data required to monitor the aquatic environments. A further in-depth review revealed the 

key target analytes for optical detection that give holistic data into the understanding of 

environmental conditions and changes over varying temporal ranges. The measurement 

techniques and sensor technologies to perform these measurements were identified and 

assessed for their suitability to produce an advanced disruptive measurement technology 

capable of addressing the requirement of interface-based sensing technology for monitoring 

the aquatic environment.  

 

In Chapter 2, the investigation and ideation of the concept of an advanced optical 

multiparameter measurement system were furthered by a proof-of-concept benchtop 

prototype development. The optimum optical sensing components and configuration were 

selected and tested analytically through an iterative design process on a benchtop system. A 

unique multispectral light source was designed and optimised combined with two compact 

C12880MA mini spectrometers and a board-range photodiode. This setup poses a significant 

innovation for the application of in situ optical sensors allow wide range multispectral 

measurements from the UV to the IR which can also be spectrally resolved to provide 

holistic optical measurement capabilities. The optical detection system was shown be 

capable of multi-measurement modes using transmittance, absorption, scatter, backscatter, 

and fluorescence measurements in the quantification of multiple different lab standards and 

target analytes. The outcome from this chapter was a full proof of concept of the unique and 

novel design of an optical detection system capable of multiparameter analytical 

measurements of in lab and field samples. This optical measurement system is unique in its 

design and has not been produced elsewhere in the research or commercial space for in situ 

marine sensing. The novelty of this optical measurement system has the potential to be 
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applied in the next generation of in situ aquatic measurement technologies for state of the 

art environmental monitoring. 

 

In Chapter 3, the goal of producing a robust deployable sensor with the full integration of 

the optical measurement system designed in Chapter 2 was achieved by the iterative 

marinisation design. The iterative design approach allowed for optimisation of the housing 

design through a cycle of ideation, design, prototyping and testing phases with material 

selection, material testing, robust mechanical design, and the application of low-cost 

manufacturing methods. The advancements of additive manufacturing methods including 

fused deposit modelling and selective laser sintering processes were utilised to achieve more 

geometrically intricate components such as the optical head design allowed for optimised 

sensing component placement. Custom component design was also combined with off the 

shelf components to provide a lower-cost and more practical sensor design using metal-

based components such as the O-ring flanges sourced from a larger manufacturer of 

submersible equipment to save costs in manufacturing. Materials were selected based on 

their mechanical, fouling prevention and chemical properties for suitability for the intended 

environment. A compromise between corrosion resistance lower cost polymers and high 

mechanical strength of metal-based components was made on a component-to-component 

basis to optimise robustness but reduce overall material and manufacturing costs. The 

integrated fouling prevention strategies of copper-based materials, antifouling paints and 

UV light proved to be effective fouling prevention methods as seen in this chapter and 

presented post deployment in Chapter 5. Through testing a limitation to the sensors 

fluorescence measurement capability was identified in the form of saturation due to excess 

ambient light in the open environment. This was addressed by an additional design iteration 

with an ambient light blocking system developed consisting of two sensor guards, an 

external and internal design which block all ambient light which through lab and field testing 

were proved highly effective in reducing ambient light. The sensor design showed promising 

analytical performance for the quantification of multiple target analytes including quinine 

sulfate (DOM equivalent), naphthalene (petroleum equivalent) turbidity and chl-a. A 

calibration curve generated for chl-a measurement comparing closely with a commercial 

sensor the Hydrocat EP V-2. The sensor in all cases was shown to produce high resolution 

linear measurements of concentrations of different target analytes showing a promising 

potential as a in situ monitoring tool. The outcomes of this work were a comprehensive 

review and recommendations for applicable materials for in situ sensor design for the marine 
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environment as well as fouling prevention strategies, robust mechanical design of enclosures 

and electronics integration and manufacturing techniques. 

 

In Chapter 4, the finalised design from Chapter 3 was scaled up to produce multiple sensor 

units and a method for validating and calibrating the sensor measurement data output. The 

scaling up of production of the design involved the development of an efficient, low-cost, 

and streamlined method allowed for the multiple prototype units to be produced in the 

research lab in a short space of time. This method of scaling up production of a protype 

environmental sensor has not been seen in the literature according to the writer’s knowledge 

and contributes to a novel development of techniques allowing for higher scale prototype 

production for testing and evaluating sensor designs. The material and manufacturing costs 

required to produce the sensors units amounted to €1600 per sensor which presents a major 

opportunity to reduce the cost of in situ sensors particularly multiparameter interface-based 

sensors for the increased scaling of sensor networks for monitoring at greater spatial 

resolutions in larger water bodies such as coastal regions. The validation experiments on the 

sensor’s data output show the system to be stable and able to produce linear responses to 

concentration-based target analytes. The limits of the detection at fixed spectrometer 

integration times of the sensor systems were identified for chl-a and turbidity. The sensor’s 

comparative analytical performance against currently available commercial multiparameter 

sensor is good in terms of sensitivity and resolution (0-44.92 g/L with a resolution of 

0.0275 g/L for chl-a and for turbidity 0-32.34 NTU with a resolution of 0.0303 NTU). The 

potential to increase the range of detection was identified with the spectrometer detector’s 

programable integration time allowing for ranges (by increasing or lowering the integration 

time) to be set based on the environment and expected levels of target analytes. This would 

give the sensor design a dynamic range in theory with future work required to fully explore 

this capability. A large-scale calibration process was conducted on each of the ten sensor 

units for chl-a (using BB3 as equivalent standard) and turbidity. The method developed for 

the preparation for deployment of multiple sensor units is a novel approach and unique 

among literature in its scale to produce calibration curve for two separate target analytes for 

multiple sensors. This method offers a repeatable standardisation of sensor response 

approach for larger scale sensor development. The developed method is applicable to the 

next generation of in situ sensors for any measurable optical target analytes in the 

environment. This gives way to larger numbers of uniform data producing and 
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interchangeable  sensors system to be deployed at scale in denser networks for increasing 

spatial and temporal monitoring of critical aquatic environments. The calibration curves 

produced by the sensors also highlight a variance in the sensor’s performance highlighting 

the need for sensor specific calibration to normalised differences in sensor operation. 

In Chapter 5, the culmination of all the work presented in the previous chapters in 

developing, scaling up and preparing multiple sensor units for deployment in the aquatic 

environment was achieved through the successful deployments of the sensor units in the 

aquatic environment. The sensors were validated in the intended environment at scale 

through multiple and repeated long duration deployments in marine, brackish water, and 

freshwater sites. The data integration of the sensor units was demonstrated to work both with 

a preexisting infrastructure in the deployments in Dublin Bay and with a custom made 

datalogger allowing for additional deployments in the Owenmore River. Over 50,000 

measurements were made by the five sensors deployed in Dublin Bay over the period of 3 

months showing the potential of senso units for large scale deployments to produce high 

levels of data for monitoring environmental changes. The full measurement cycle of the 

sensor was found to produce 37 kB of data per scan. This includes all the LEDs cycled for 

each optical measurement mode (absorption, scatter, and fluorescence) as well as 

temperature. The sensor output was shown to be able to be optimised on a deployment-to-

deployment bases as shown in the Dublin Deployment with the firmware altered to produce 

targeted datasets focused on the deployment objectives for chl-a, turbidity, and temperature 

measurements. This adaption of sensor output parameters was also demonstrated with 

alterations for the freshwater deployment in the Owenmore River with a more expansive 

dataset output from the sensor utilising the multiparameter measurement capabilities of the 

sensor for a more expansive optical measurement cycle. Key deployment requirements were 

also taken into consideration with a limitation found in the sensor’s performance due to its 

high-power requirements during a battery dependent deployment. An extensive assessment 

of the sensor’s power usage was carried out and strategies were implemented to improve the 

sensors operation efficiency to reduce its power consumption while in deployment mode. 

The output of this work reduced the overall power usage by over 60% reducing the total 

operation power requirements from 210 mW to 80 mW. A comparison with commercially 

available sensor’s using the same sample frequency of 15 min show the sensor compared 

reasonably well with further work required to reduce the power consumption further. A 

further assessment of the power usage performance of the sensor and datalogger in Sligo 

concluded the system had a total deployment length of 33 days using a 12 V 24 ah battery. 
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The sensor’s robust design was proven over the multiple long duration deployments with 

only a single sensor failing due to a maintenance error of the O-rings compromising the 

water tightness of the system. This was a learning to maintain the O-ring seals on each sensor 

and replace the O-rings more frequently. However, the sensors proved to be suitable for long 

term deployments and repeated use, after two years of use during the work presented in this 

thesis, they are still functioning correctly and being deployed frequently. 

 

This is the first demonstration of a comprehensive approach to developing a novel, beyond 

state of the art and low-cost in situ sensor technology for the next generation of in situ 

sensors. The work is demonstrated from idea to scaled up production which is unique within 

the research field. The iterative design process generated a unique optical sensor design 

which was proven repeatedly to be a valuable, robust, and reliable environmental monitoring 

tool. The sensor design has been demonstrated to be suitable for small-scall production and 

validation offering a methodology to the research field for bridging the gap between 

academic research based technology developments and full-scale commercial applications. 

In summary, the contribution of this work is a sensing technology able to address the gap of 

aquatic environmental monitoring requirements as well as a demonstration of a scaling 

approach for academic research technology development. The development of the sensor 

can be furthered in future work with the full potential of the optical measurement capabilities 

explored. The highlighted potential of the detection system is to produce a fully dynamically 

changeable in situ, multispectral and multiparameter measuring device. The full commercial 

scale up of the sensor design can be achieved with further design iterations with larger scale 

manufacturing design inputs and further in situ deployments to demonstrate the systems 

potential.  
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Appendix A Sensor Electronic Design Schematics 

 

Figure A-1 Schematic design of the final version sensor control board printed circuit board. 
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Figure A-2 Schematic design of final version of the connector, LED array, photodiode, spectrometer 

mounting, and UV LED stacked circuit boards used in the sensor. 



 

 A-4   

Appendix B Software and Firmware Code 

B.1 Benchtop Electronics Testing Firmware 
//Libraries Included 

/************************************************************************

******/ 

//Teensy Sleep Mode Library 

#include <Snooze.h> 

#include <SnoozeBlock.h> 

 

//ADC Libraries 

#if defined(CORE_TEENSY) 

#include <ADC.h> /* https://github.com/pedvide/ADC */ 

#else 

#include <elapsedMillis.h> 

#endif 

 

 

//I2C Library 

#include <Wire.h> 

 

//Spectrometer Library 

#include "C12880MA.h" 

 

//Temp Sensor Library 

#include "TMP_TSYS01.h" 

 

//Current Monitor Library 

#include "INA.h" 

 

 

//LED Driver 

#include "LD_TLC59116.h" 

LD_TLC59116 ledDriver(0); 

 

/************************************************************************

******/ 

//Sleep Mode 

SnoozeDigital digital; 

SnoozeBlock config_teensy32(digital); 

#define sleepInterruptPin 11 

 

/************************************************************************

******/ 

//mySerial Comms 

#define mySerial Serial         // Communicatge with USB 

//#define mySerial Serial1        // Hardware mySerial, communicate with RX,TX bins (0,1) 

to other microcontroller 

#define SERIAL_TX             1 // Serial transmission 

#define SERIAL_RX             0 // Serial receiving 
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#define BAUDRATE         9600 // 2000000 works likely also 

 

// Variables for main loop 

char   inBuff[] = "----------------"; 

int    bytesread; 

 

/************************************************************************

******/ 

//Low Power Control 

#define headSwt 12   //set high to turn optical sensors on 

 

boolean headOn = false; //only turn on when needed: when spectrometers/temp sensors are 

required 

/************************************************************************

******/ 

 

/************************************************************************

******/ 

 

//Current Monitor Sensor 

INA226 ina; 

bool CU_ON = false; 

void CS_Setup() { 

  ina.begin(); 

 

  // Configure INA226 

  ina.configure(INA226_AVERAGES_16, INA226_BUS_CONV_TIME_140US, 

INA226_SHUNT_CONV_TIME_140US, INA226_MODE_SHUNT_BUS_CONT); 

 

  // Calibrate INA226. Rshunt = 0.01 ohm, Max excepted current = 4A 

  ina.calibrate(0.12, 0.3); 

} 

 

 

/************************************************************************

******/ 

//UV Antifouling 

const int PWM_Pins[8] = {0, 1, 10, 11, 12, 13, 14, 15}; //sensor UV LEDs, LED 310nm and 

280nm on Array 

const double dc_p = 0.75; 

const int pwm_Res = 255; 

const int duty_cycle = pwm_Res * dc_p; //duty cycle of the PWM 

 

void UV_ON(String on) { 

  if (on == '1') { 

    mySerial.println("Antifouling UV LEDs ON"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(PWM_Pins[i], duty_cycle); 

    } 

  } 
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  else { 

    mySerial.println("Antifouling UV LEDs OFF"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(PWM_Pins[i], 0); 

    } 

  } 

} 

 

/************************************************************************

******/ 

 

// LED Array 

const int ledHigh = 255; 

const int ledLow = 0; 

 

 

const int LED[8] = {7, 6, 5, 4, 3, 2, 1, 0}; 

//850nm,660nm,565nm,430nm,385nm,365nm,310nm,280nm 

 

//Cycle through LEDs in Array 

void LEDArrayTest(String sLED) { 

  if (sLED == 'T') { //cycle through LEDs and test current 

    float bgI = 0; //background current 

    float fI = 0; //whole current with LED on 

    float ledI = 0; //LED current 

 

    mySerial.println("LED Array Test"); 

    for (int i = 0; i < 8; i++) { 

      //Take Current Reading before LED is turned on 

      bgI = ina.readShuntCurrent(); 

      ledDriver.analogWrite(LED[i], ledHigh); 

      delay(100); 

      //Take Current Reading While LEd is on 

      fI = ina.readShuntCurrent(); 

      //Subtract background from current with LED on and convert to mA 

      ledI = (fI - bgI) * 1000; 

 

      mySerial.print("LED "); mySerial.print(i + 1); 

      mySerial.println(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 

 

      ledDriver.analogWrite(LED[i - 1], ledLow); 

      delay(100); 

      if (i == 7) ledDriver.analogWrite(LED[7], ledLow); 

    } 

  } 

 

  if (sLED == 'A') { // turn all LEDs on 

    mySerial.println("LED Array Test"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(LED[i], ledHigh); 
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    } 

    ledDriver.analogWrite(LED[7], ledHigh); 

  } 

 

  else if (sLED == 'N') 

  { 

    mySerial.println("LEDs OFF"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(LED[i], ledLow); 

    } 

  } 

  else { 

    int iLED = sLED.toInt(); 

    mySerial.print("LED " + sLED); mySerial.println(" ON"); 

    for (int i = 0; i < 8; i++) { 

      if ( i == iLED - 1) ledDriver.analogWrite(LED[i], ledHigh); 

      //else digitalWrite(LED[i],LOW); 

    } 

  } 

} 

 

/************************************************************************

******/ 

 

//Spectrometer 

#define SPEC_CLK         23 

 

//Spec 1: 20D00472 

 

#define SPEC_TRG          11 

#define SPEC_ST1          7 

#define SPEC_VIDEO1       15 

 

 

//Spec 2: 20D00473 

 

#define SPEC_TRG         11 

#define SPEC_ST2         8 

#define SPEC_VIDEO2      14 

//IC 

bool contSpec = false; 

int CMOS_ON = 0; 

 

uint16_t data[C12880_NUM_CHANNELS]; 

uint16_t data2[C12880_NUM_CHANNELS]; 

C12880_Class spec1(SPEC_TRG, SPEC_ST1, SPEC_CLK, SPEC_VIDEO1); 

C12880_Class spec2(SPEC_TRG, SPEC_ST2, SPEC_CLK, SPEC_VIDEO2); 

 

 

// Function to calculate corresponding wavelengths for spectrometer coefficients 
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float integrationTimes1[8] = {2.3, 0.25, 4, 0.78, 0.023, 0.04, 2, 4}; //default int times for 

each LED 880nm -> 280nm 

 

 

//WATER 

//float integrationTimes2[8] = {0.01,0.001,0.012,0.003,0.0001,0.0001,0.001,0.01};  

//default int times for each LED 880nm -> 280nm 

 

//AIR 

float integrationTimes2[8] = {0.017, 0.003, 0.002, 0.001, 0.00001, 0.00001, 0.0005, 0.001}; 

//default int times for each LED 880nm -> 280nm 

 

 

float integ_time1 = 0.01; 

float integ_time2 = 0.01; 

 

void specBegin() { 

  spec1.begin(); 

  spec2.begin(); 

  spec1.set_integration_time(integ_time1); 

  spec2.set_integration_time(integ_time2); 

 

  pinMode(SPEC_CLK, OUTPUT); 

  pinMode(SPEC_ST1, OUTPUT); 

  pinMode(SPEC_ST2, OUTPUT); 

  digitalWrite(SPEC_CLK, LOW); 

  digitalWrite(SPEC_ST1, LOW); 

  digitalWrite(SPEC_ST2, LOW); 

 

 

} 

 

/************************************************************************

******/ 

 

 

//Photodiode 

bool PD_ON = false; 

const int PDInput = A2; 

//int PD1 = 0; 

int PD_120 = 0; 

//Runing Average variables 

const int numReadings = 25; 

int readings[numReadings];      // the readings from the analog input 

int readIndex = 0;              // the index of the current reading 

int total = 0;                  // the running total 

int average = 0;                // the average 
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/************************************************************************

******/ 

//Temperature Sensor 

bool TMP_ON = false; 

TSYS01 tempSensor; 

float tempC = 0; 

/************************************************************************

******/ 

 

 

/************************************************************************

******/ 

 

 

//Timers 

unsigned long waits; 

unsigned long seconds; 

 

void componentSetup() { 

  specBegin(); 

  CS_Setup(); 

  ledDriver.begin(); 

  Wire.begin(); 

  analogReadResolution(16); 

  tempSensor.init(); 

 

 

 

  //pinMode(SERIAL_TX,      OUTPUT); 

  //pinMode(SERIAL_RX,      INPUT); 

  pinMode(headSwt,        OUTPUT); 

 

  pinMode(LED_BUILTIN,     OUTPUT); 

 

  digital.pinMode(sleepInterruptPin, INPUT, FALLING);//pin, mode, type 

 

 

  digitalWrite(LED_BUILTIN,     HIGH); 

  digitalWriteFast(headSwt,     LOW); 

 

  //digitalWriteFast(SERIAL_TX,   LOW); 

 

  contSpec = false; 

  PD_ON = false; 

  TMP_ON = false; 

} 

 

/************************************************************************

******/ 
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void setup() { 

  while (millis() < 3000); 

  mySerial.begin(BAUDRATE); 

  mySerial.setTimeout(1);                              // Serial read timeout 

  printHelp(); 

#if defined(CORE_TEENSY) 

#endif 

  componentSetup(); 

 

} 

 

/************************************************************************

******/ 

int period = 100; 

unsigned long time_now = 0; 

bool bg_Scan = false; 

String bg_spec, bg_led; 

 

 

void loop() { 

 

  SerialRead(); 

  if (millis() >= time_now + period) { 

    time_now += period; 

    if (PD_ON == true) PDread(); 

    if (TMP_ON == true) TMPread(); 

    if (contSpec == true) SpecR(CMOS_ON); 

    if (bg_Scan == true) specCL(bg_spec.toInt(), bg_led.toInt()); 

    if (CU_ON == true) aveCurr(); 

    SerialRead(); 

  } 

} 

/************************************************************************

******/ 

//Serial Interface 

/************************************************************************

******/ 

//Loop Serial Read Function 

void SerialRead() { 

  if (mySerial.available()) { 

    bytesread = mySerial.readBytesUntil('\n', inBuff, 16); // Read from serial until CR is read 

or timeout exceeded 

    inBuff[bytesread] = '\0'; 

    String instruction = String(inBuff); 

    processInstruction(instruction); 

  } 

} 

 

//Print User Interface to Serial Monitor 
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/************************************************************************

******/ 

void printHelp() { 

  mySerial.println("      Optical Sensor Controller"); 

  mySerial.println("==========================================="); 

  mySerial.println("Turn optical head on/off.....O + 1..ON..O + 0..OFF"); 

  mySerial.println("==========================================="); 

  mySerial.println("Turn UV LEDs on/off.....U + 1..ON..U + 0..OFF"); 

  mySerial.println("==========================================="); 

  mySerial.println("LED Array Test..........LT"); 

  mySerial.println("All LEDs ON.............LA"); 

  mySerial.println("Select LED ON...........L1,L2...L8"); 

  mySerial.println("Turn LEDs Off...........LN"); 

  mySerial.println("==========================================="); 

  mySerial.println("Set CMOS Integration Time.....................SI + 1 or 2 + Int Time"); 

  mySerial.println("Request Reading from CMOS.....................SR + 1 or 2"); 

  mySerial.println("Calibrate Spectrometer Int Times..............SC + 1 or 2"); 

  mySerial.println("Full Cycle Spectrometer Read..................SF + 1 or 2"); 

  mySerial.println(""); 

  mySerial.println("Set CMOS in Continous Reading Mode............C + 1 or 2"); 

  mySerial.println("Both CMOS in continous mode...................C + A"); 

  mySerial.println("CMOS continous mode with background removed...C + D + 1 or 2 

(CMOS) + 1 to 8 (LED)"); 

  mySerial.println("Turn Continous Mode Off.......................C"); 

  mySerial.println("==========================================="); 

  mySerial.println("Request Reading from Photodiode.....PR"); 

  mySerial.println("Continous Reading from Photodiode...PC"); 

  mySerial.println("==========================================="); 

  mySerial.println("Request Reading from Temp Sensor.....TR"); 

  mySerial.println("Continous Reading from Temp Sensor...TC"); 

  mySerial.println("==========================================="); 

  mySerial.println("Read current monitor.............I"); 

  mySerial.println("Current Monitor continous mode...IC"); 

  mySerial.println("==========================================="); 

  mySerial.println(""); 

} 

 

/************************************************************************

******/ 

//Function to process user input 

 

void processInstruction(String instruction) { 

  String value    = "0.01"; 

  String command2    = "o"; 

  String value2 = "0.01"; 

  String command  = "o"; 

 

 

 

  int instructionLength = instruction.length(); 
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  if (instructionLength > 0) { 

    command = instruction.substring(0, 1); 

  } 

  if (instructionLength > 1) { 

    value = instruction.substring(1, 2); 

  } 

  if (instructionLength > 2) { 

    command2 = instruction.substring(2, 3); 

  } 

  if (instructionLength > 3) { 

    value2 = instruction.substring(3, instructionLength); 

  } 

 

  //Sleep Mode 

 

  if (command == 'Z') { 

    mySerial.println("Going to Sleep..."); 

    delay(200); 

    Snooze.deepSleep( config_teensy32 ); 

  } 

  //Current Monitor 

 

  if (command == 'I') { 

    if (value == 'C') { 

      CU_ON = true; 

    } 

    else { 

      CurrRead(); CU_ON = false; 

    } 

  } 

 

  if (command == 'T') { 

    if (value == 'C') { 

      if (command2 == '1') { 

        TMP_ON = true; 

        mySerial.println("Temp Sensor Continous Mode On"); 

      } 

 

      else { 

        TMP_ON = false; 

        mySerial.println("Temp Sensor Continous Mode OFF"); 

      } 

    } 

 

    else if (value == 'R') { 

      TMPread(); 

    } 

  } 

 

  if (command == 'P') { 
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    if (value == 'C') { 

      if (command2 == '1') { 

        PD_ON = true; 

        mySerial.println("Phododiode Continous Mode On"); 

      } 

 

      else { 

        PD_ON = false; 

        mySerial.println("Phododiode Continous Mode OFF"); 

      } 

    } 

 

    else if (value == 'R') { 

      PDread(); 

    } 

  } 

 

  if (command == 'O') { 

    if (value == '1') { 

      mySerial.println("Optical Head Sensors ON"); 

      digitalWrite(headSwt, HIGH); 

 

    } 

    else if (value == '0') { 

      mySerial.println("Optical Head Sensors OFF"); 

      digitalWrite(headSwt, LOW); 

 

    } 

 

  } 

 

  if (command == 'U') { 

    UV_ON(value); 

  } 

 

 

  if (command == 'C') { 

    if (value == '1') { 

      CMOS_ON = 1; 

      contSpec = true; 

      mySerial.println("Spec 1 Cont Mode"); 

    } 

    else if (value == '2') { 

      CMOS_ON = 2; 

      contSpec = true; 

      mySerial.println("Spec 2 Cont Mode"); 

    } 

 

    else if (value == 'A') { 

      CMOS_ON = 3; 
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      contSpec = true; 

      mySerial.println("Spec 1 and 2 Cont Mode"); 

    } 

 

    else if (value == 'D') { 

      bg_Scan = true; 

      bg_spec = command2; 

      bg_led = value2; 

      mySerial.print("Minus Background CMOS Scan, CMOS:  "); mySerial.print(bg_spec); 

mySerial.print(" LED: "); mySerial.println(bg_led); 

 

    } 

 

 

    else { 

      contSpec = false;  bg_Scan = false; CMOS_ON = 0; 

      mySerial.println("Continous Mode OFF"); 

    } 

  } 

 

  //LED Controls 

  if (command == 'L') { 

    LEDArrayTest(value); 

  } 

 

 

  //Spectrometer Commands 

  if (command == 'S') { 

    //Read from Spectrometer 

    if (value == 'R') { 

      if (command2 == '1') { 

        mySerial.println("CMOS 1 Readout"); 

        spec1.read_into(data); 

        for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

          mySerial.print(data[i]); 

          mySerial.print(','); 

          if (i == 286) mySerial.println(' '); 

        } 

      } 

      else if (command2 == '2') { 

        mySerial.println("CMOS 2 Readout"); 

        spec2.read_into(data); 

        for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

          mySerial.print(data[i]); 

          mySerial.print(','); 

          if (i == 286) mySerial.println(' '); 

        } 

      } 

    } 

    //Set Integration Time 
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    else if ( value == 'I') { 

      if (command2 == '1') { 

        mySerial.println(" Set S1 Int Time to: " + value2); 

        integ_time1 = value2.toFloat(); 

        spec1.set_integration_time(integ_time1); 

        if ((integ_time1 < 0.0) || (integ_time1 > 9999.99)) { 

          mySerial.println("Integration time out of valid Range"); 

        } 

      } 

 

      if (command2 == '2') { 

        mySerial.println(" Set S2 Int Time to: " + value2); 

        integ_time2 = value2.toFloat(); 

        spec2.set_integration_time(integ_time2); 

        if ((integ_time2 < 0.0) || (integ_time2 > 9999.99)) { 

          mySerial.println("Integration time out of valid Range"); 

        } 

      } 

    } 

 

    else if ( value == 'C') { 

      if (command2 == '1') { 

        mySerial.println(" Calibrate CMOS: 1"); 

        cmosCal(1); 

 

      } 

      else if (command2 == '2') { 

        mySerial.println(" Calibrate CMOS: 2"); 

        cmosCal(2); 

      } 

 

    } 

    else if ( value == 'F') { 

      if (command2 == '1') { 

        mySerial.println(" Full Spectrum Read CMOS: 1"); 

        fullSpec(1); 

 

      } 

      else if (command2 == '2') { 

        mySerial.println(" Full Spectrum Read CMOS: 2"); 

        fullSpec(2); 

      } 

 

      else if (command2 == 'A') { 

        mySerial.println(" Full Spectrum Read"); 

        fullSpec(3); 

      } 

 

    } 
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    else if ( value == 'V') { 

      mySerial.print("LED Variance Check, CMOS:  "); mySerial.print(command2); 

mySerial.print(" LED: "); mySerial.println(value2); 

      ledVar(command2.toInt(), value2.toInt()); 

 

    } 

 

  } 

  if (command == 'M') { 

    mySerial.println(" "); 

    printHelp(); 

    mySerial.println(" "); 

    mySerial.println(" "); 

    mySerial.println(" "); 

    mySerial.println(" "); 

  } 

  else { // invalid input, display status 

    // printHelp(); 

  } // end if else switch 

} 

 

 

/************************************************************************

******/ 

//Spectrometer Functions 

/************************************************************************

******/ 

 

void SpecR(int spec) { 

  if (spec == 1) { 

    spec1.read_into(data); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

      mySerial.println(data[i]); 

    } 

  } 

  else if (spec == 2) { 

    spec2.read_into(data); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

      mySerial.println(data[i]); 

    } 

  } 

  else { 

    spec1.read_into(data); 

    spec2.read_into(data2); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

      mySerial.print(data[i]); mySerial.print(","); mySerial.println(data2[i]); 

    } 

  } 

} 
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/************************************************************************

******/ 

//Calibration Function 

// Range to be between 50 and 60 thousand bits 

 

const int upperLimit = 61000; //highest data point should be lower than this limit 

const int lowerLimit = 550000; //lower data point should be higher than this limit 

 

void cmosCal(int spec) { 

  int led = 1; 

  int i = 0; 

  boolean Calibrated = false; 

  int dataPoint = 0; 

  uint16_t max = 0; 

 

 

  if (spec == 1) { 

    mySerial.println("Calibrating Second Spectrometer"); 

 

    for (i = 0; i < 8; i++) { //For loop to cycle through LED array (8 in total) 

      led = i; 

      for (int j = 0; j < 8; j++) {               //Sets the current LED HIGH, turns the others off 

        if ( j == led) ledDriver.analogWrite(LED[led], ledHigh); 

        else ledDriver.analogWrite(LED[led], ledLow); 

      } 

 

      mySerial.print("Calibrating LED: "); mySerial.println(led + 1); 

 

      while (Calibrated == false) {                         //While loop to check if cmos response is 

within set range response, exits when response is inside the set range 

        delay(10); 

        spec1.set_integration_time(integrationTimes1[led]); //set new int time 

        delay(1); 

        spec1.read_into(data); 

        delay(1);//Read in data 

        /* for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

          mySerial.println(data[i]); 

          }*/ 

        delay(1); 

 

        max = 0; 

        for (int k = 0; k < C12880_NUM_CHANNELS; k++) { //Loop through the data to find 

maximum value 

          delay(1); 

          if (data[k] > max) { 

            max = data[k]; dataPoint = k; 

          } 

 

        } 

        if (max > upperLimit) { 
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          integrationTimes1[led] = integrationTimes1[led] - 0.00001; Calibrated = false;  //if 

max is over limit 

          //mySerial.println(integrationTimes2[led],5); mySerial.print("Upper Limit Exceeded: 

"); mySerial.println(max); mySerial.println("Data point max located at: "); 

mySerial.println(dataPoint); 

        } 

 

 

        else if (max < lowerLimit) { 

          integrationTimes1[led] = integrationTimes1[led] + 0.00001; Calibrated = false; //if 

max is under limit 

          //mySerial.println(integrationTimes1[led],4); mySerial.print("Lower Limit Exceeded: 

");mySerial.println(max); mySerial.println("Data point max located at: "); 

mySerial.println(dataPoint); 

        } 

 

        else if (max < upperLimit && max > lowerLimit) { 

          Calibrated = true; //mySerial.println("Calibrated!!!"); 

        } //if max within limit 

 

 

      } 

      Calibrated = false; 

 

    } 

    mySerial.println("Spectrometer 1 Calibrated"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(LED[i], ledLow); 

    } 

  } 

 

  else if ( spec == 2) { 

    mySerial.println("Calibrating Second Spectrometer"); 

 

    for (i = 0; i < 8; i++) { //For loop to cycle through LED array (8 in total) 

      led = i; 

      for (int j = 0; j < 8; j++) {               //Sets the current LED HIGH, turns the others off 

        if ( j == led) ledDriver.analogWrite(LED[led], ledHigh); 

        else ledDriver.analogWrite(LED[j], ledLow); 

      } 

 

      mySerial.print("Calibrating LED: "); mySerial.println(led + 1); 

 

      while (Calibrated == false) {                         //While loop to check if cmos response is 

within set range response, exits when response is inside the set range 

        delay(10); 

        spec2.set_integration_time(integrationTimes2[led]); //set new int time 

        delay(1); 

        spec2.read_into(data); 

        delay(1);//Read in data 
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        /*for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

          mySerial.println(data[i]); 

          }*/ 

        delay(1); 

 

        max = 0; 

        for (int k = 0; k < C12880_NUM_CHANNELS; k++) { //Loop through the data to find 

maximum value 

 

          if (data[k] > max) { 

            max = data[k]; dataPoint = k; 

          } 

 

        } 

        if (max > upperLimit) { 

          integrationTimes2[led] = integrationTimes2[led] - 0.00001; Calibrated = false;  //if 

max is over limit 

          mySerial.println(integrationTimes2[led], 5); mySerial.print("Upper Limit Exceeded: 

"); mySerial.println(max); mySerial.println("Data point max located at: "); 

mySerial.println(dataPoint); 

        } 

 

 

        else if (max < lowerLimit) { 

          integrationTimes2[led] = integrationTimes2[led] + 0.00001; Calibrated = false; //if 

max is under limit 

          mySerial.println(integrationTimes2[led], 5); mySerial.print("Lower Limit Exceeded: 

"); mySerial.println(max); mySerial.println("Data point max located at: "); 

mySerial.println(dataPoint); 

        } 

 

        else if (max < upperLimit && max > lowerLimit) { 

          Calibrated = true; //mySerial.println("Calibrated!!!"); 

        } //if max within limit 

 

 

      } 

      Calibrated = false; 

 

    } 

    mySerial.println("Spectrometer 2 Calibrated"); 

    for (int i = 0; i < 8; i++) { 

      ledDriver.analogWrite(LED[i], ledLow); 

    } 

  } 

} 

 

/************************************************************************

******/ 
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//Cycle through each led/ assign corresponding int time/ take background reading/ take 

reading with led on/ minus background from data/ print 

uint16_t background[C12880_NUM_CHANNELS]; 

 

void fullSpec(int spec) { 

  int i; 

  int led; 

  if (spec == 1) { 

    for (i = 0; i < 8; i++) { //cycle through 8 LEDs 

      led = i; 

      //Set Int Time 

      delay(10); 

      spec1.set_integration_time(integrationTimes1[led]); //set new int time 

      delay(1); 

      //Take background reading 

      spec1.read_into(background); 

      delay(1);//Read in data 

 

      //Turn LED on 

      for (int j = 0; j < 8; j++) {               //Sets the current LED HIGH, turns the others off 

        if ( j == led) ledDriver.analogWrite(LED[j], ledHigh); 

      } 

      //Take actual reading 

      spec1.read_into(data); 

      delay(1);//Read in data 

      for (int i = 0; i < 8; i++) { 

        ledDriver.analogWrite(LED[i], ledLow); 

      } 

      //Print data minus background 

      mySerial.print("Reading for LED: "); mySerial.println(led + 1); 

      for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

        mySerial.print(data[i] - background[i]); 

        mySerial.print(' '); 

        if (i == 286) mySerial.println(' '); 

 

      } 

    } 

 

  } 

  else if (spec == 2) { 

    for (i = 0; i < 8; i++) { //cycle through 8 LEDs 

      led = i; 

      //Set Int Time 

      delay(10); 

      spec2.set_integration_time(integrationTimes2[led]); //set new int time 

      delay(1); 

      //Take background reading 

      spec2.read_into(background); 

      delay(1);//Read in data 
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      //Turn LED on 

      for (int j = 0; j < 8; j++) {               //Sets the current LED HIGH, turns the others off 

        if ( j == led) ledDriver.analogWrite(LED[led], ledHigh); 

        else ledDriver.analogWrite(LED[j], ledLow); 

      } 

      //Take actual reading 

      spec2.read_into(data); 

      delay(1);//Read in data 

      for (int i = 0; i < 8; i++) { 

        ledDriver.analogWrite(LED[i], ledLow); 

      } 

      //Print data minus background 

      mySerial.print("Reading for LED: "); mySerial.println(led + 1); 

      for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

        mySerial.print(data[i] - background[i]); 

        mySerial.print(' '); 

        if (i == 286) mySerial.println(' '); 

 

      } 

    } 

  } 

  //Return two CMOS readings at the same time 

 

  else if (spec == 3) { 

    //Set Up data storage arrays for second cmos 

    uint16_t background2[C12880_NUM_CHANNELS]; 

    uint16_t data2[C12880_NUM_CHANNELS]; 

 

 

    for (i = 0; i < 8; i++) { //cycle through 8 LEDs 

      led = i; 

      //Set Int Time 

      delay(10); 

      spec1.set_integration_time(integrationTimes1[led]); 

      delay(1); 

      spec2.set_integration_time(integrationTimes2[led]); //set new int time 

      delay(1); 

      //Take background reading 

      spec1.read_into(background); 

      delay(1); 

      spec2.read_into(background2); 

      delay(1);//Read in data 

 

      //Turn LED on 

      for (int j = 0; j < 8; j++) {               //Sets the current LED HIGH, turns the others off 

        if ( j == led) ledDriver.analogWrite(LED[led], ledHigh); 

        else ledDriver.analogWrite(LED[j], ledLow); 

      } 

      //Take actual reading 

      spec1.read_into(data); 
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      delay(1); 

      spec2.read_into(data2); 

      delay(1);//Read in data 

      for (int i = 0; i < 8; i++) { 

        ledDriver.analogWrite(LED[i], ledLow); 

      } 

      //Print data minus background 

      mySerial.print("Reading for LED: "); mySerial.println(led + 1); 

      mySerial.print(" CMOS 1 "); mySerial.println(" CMOS 2"); 

      mySerial.println("------------------"); 

 

      for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

        mySerial.print("    "); mySerial.print(data[i] - background[i]); mySerial.print(" , "); 

mySerial.println(data2[i] - background2[i]); 

 

      } 

    } 

  } 

} 

 

/************************************************************************

******/ 

//continous spectrometer with led, minus dark 

 

void specCL(int spec, int led) { 

  led = led - 1; //convert for led pin array 

  if (spec == 1) { // function using spec 1 

    ledDriver.analogWrite(LED[led], ledLow); 

    spec1.read_into(background); 

    delay(1);//Read in data 

    ledDriver.analogWrite(LED[led], ledHigh); 

    delay(1); 

    spec1.read_into(data); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

      mySerial.println(data[i] - background[i]); 

    } 

 

  } 

  else if (spec == 2) { // function using spec 2 

    ledDriver.analogWrite(LED[led], ledLow); 

    spec2.read_into(background); 

    delay(1);//Read in data 

    ledDriver.analogWrite(LED[led], ledHigh); 

    delay(1); 

    spec2.read_into(data); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

      mySerial.println(data[i] - background[i]); 

    } 

 

  } 
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} 

/************************************************************************

******/ 

//LED Variance Check 

void ledVar(int spec, int led) { 

  led = led - 1; //convert for led pin array 

  uint16_t curr_val = 0; 

  uint16_t prev_val = 0; 

  uint16_t highest = 0; 

  int wavelength = 0; 

  int samples = 100; 

 

  if (spec == 1) { // function using spec 1 

    spec1.set_integration_time(integrationTimes1[led]); 

    for (int k = 0; k < samples; k++) { 

      spec1.read_into(background); 

      delay(1); 

      ledDriver.analogWrite(LED[led], ledHigh); 

      delay(3); 

      spec1.read_into(data); 

      for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

        curr_val = data[i] - background[i]; 

        if (curr_val > prev_val) { 

          highest = curr_val; 

          wavelength = i; 

          prev_val = curr_val; 

        } 

 

      } 

 

      mySerial.print(highest); mySerial.print(","); mySerial.println(wavelength); 

      ledDriver.analogWrite(LED[led], ledLow); 

      delay(50); 

    } 

 

  } 

  else if (spec == 2) { // function using spec 1 

    spec2.set_integration_time(integrationTimes2[led]); 

    for (int k = 0; k < samples; k++) { 

      spec2.read_into(background); 

      delay(1); 

      ledDriver.analogWrite(LED[led], ledHigh); 

      delay(3); 

      spec2.read_into(data); 

      for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

        curr_val = data[i] - background[i]; 

        if (curr_val > prev_val) { 

          highest = curr_val; 

          wavelength = i; 



 

 A-24   

          prev_val = curr_val; 

        } 

 

      } 

      mySerial.print(highest); mySerial.print(","); mySerial.println(wavelength); 

      ledDriver.analogWrite(LED[led], ledLow); 

      delay(50); 

    } 

 

  } 

 

} 

/************************************************************************

******/ 

//Photodiode Functions 

/************************************************************************

******/ 

//Function to read averaged photodiode 

 

void PDread() { 

  int PD1 = 0; 

 

  PD_120 = 0; 

 

  for (int i = 0; i < numReadings; i++) { 

    PD1 = PD1 + analogRead(PDInput); 

    waits = millis(); 

    while (millis() < waits + 5) {} 

  } 

  PD1 = PD1 / numReadings; 

 

  mySerial.println(PD1); 

  PD_120 = PD1; 

} 

 

 

void PDreadCycle() {} 

 

/************************************************************************

******/ 

//I2C function to read temperature sensor 

/************************************************************************

******/ 

void TMPread() { 

 

  tempSensor.read(); 

 

  tempC = tempSensor.temperature(); 

  mySerial.println(tempC, 3); 

} 
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/************************************************************************

******/ 

//I2C function to read current sensor 

/************************************************************************

******/ 

void CurrRead() { 

  mySerial.print("Bus voltage:   "); 

  mySerial.print(ina.readBusVoltage(), 5); 

  mySerial.println(" V"); 

 

  mySerial.print("Bus power:     "); 

  mySerial.print(ina.readBusPower(), 5); 

  mySerial.println(" W"); 

 

 

  mySerial.print("Shunt voltage: "); 

  mySerial.print(ina.readShuntVoltage(), 5); 

  mySerial.println(" V"); 

 

  mySerial.print("Shunt current: "); 

  mySerial.print(ina.readShuntCurrent(), 5); 

  mySerial.println(" A"); 

  mySerial.println(""); 

} 

 

//take average current measurment 

void aveCurr() { 

 

  float PD1 = 0; 

 

 

  for (int i = 0; i < numReadings; i++) { 

    PD1 = PD1 + ina.readShuntCurrent(); 

    waits = millis(); 

    while (millis() < waits + 5) {} 

  } 

  PD1 = PD1 / numReadings; 

 

  mySerial.println((PD1 * 1000), 5); 

} 

 

 

 

 

B.2 Sensor Deployment Firmware 
 

B.2.1 Sensor Deployment Firmware Full Scan Measurements 
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B.2.2 Sensor Firmware for Deployment in Owenmore River, Co Sligo 

 

// Sensor Firmware for deployment in Owenmore River to measure fDOM, Turbidity, Chl-

a, and Temperature 

// Code Written by Sean Power, Dublin City University, 23/03/2023 

 

// Calibration Values for Sensor 9 

// Turbidity Calibration Values 

const int pixelT = 260; 

const float TurbSlope = 171.09; 

const float sampleBlankTurb = 3207; 

 

// Chlorophyll Calibration Values 

const int pixelC = 154; 

const float ChlSlope = 18.164; 

const float sampleBlankChl = 86.67; 

const float BB3Conv = 22.71; 

 

// Other Pixel Values 

const int pixelCDOM = 60; 

const int pixelLED5 = 50; 

 

// Libraries Included 

// Including necessary libraries for various functionalities 

#include <Snooze.h> 

#include <SnoozeBlock.h> 

#include <Wire.h> 

#include <EEPROM.h> 

#include "C12880MA.h" 

#include "TMP_TSYS01.h" 

#include "INA.h" 

#include "LD_TLC59116.h" 

 

// Including specific libraries based on the core definition 

#if defined(CORE_TEENSY) 

    #include <ADC.h> // ADC library for Teensy 

#else 

    #include <elapsedMillis.h> // Fallback to elapsedMillis if not on Teensy 

#endif 

 

// Sensor Information 

// Various information related to the sensor 

const int SensorSerialNo = 10; 

double FirmwareVersion = 1.4; 

String CMOS2_Serial = "2OL00267"; // Absorption Serial Number 

String CMOS1_Serial = "2OL00268"; // Fluorescence + Scatter Serial Number 
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// Sleep Mode Configuration 

// Configuration for sleep mode of the Teensy microcontroller 

SnoozeDigital digital; 

SnoozeTimer timer; 

SnoozeBlock config_teensy32(digital, timer); 

#define sleepInterruptPin 11 

#define headSwt 12 

 

// Serial Communication Configuration 

// Configurations related to serial communication 

#define mySerial Serial1 

#define SERIAL_TX 1  

#define SERIAL_RX 0  

#define BAUDRATE 9600 

 

char inBuff[] = "----------------------------------------------------------------"; 

int bytesread; 

 

// Current Monitor Sensor Configuration 

// Setup for the Current Monitor Sensor 

INA226 ina; 

bool CU_ON = false; 

 

void CS_Setup() { 

  ina.begin(); 

  ina.configure(INA226_AVERAGES_16, INA226_BUS_CONV_TIME_140US, 

INA226_SHUNT_CONV_TIME_140US, INA226_MODE_SHUNT_BUS_CONT); 

  ina.calibrate(0.12, 0.3); 

} 

 

// UV Antifouling Configuration 

// Configuration for the UV antifouling 

const int PWM_Pins[8] = {0, 1, 10, 11, 12, 13, 14, 15};  

float dc_p; 

int pwm_Res = 255; 

unsigned int AF_Length; 

 

// LED Array Configuration 

// Configuration for the LED array used in the sensor 

const int LED[8] = {7, 6, 5, 4, 3, 2, 1, 0};  

 

// Spectrometer Configuration 

// Configuration for the spectrometer used in the sensor 

#define SPEC_CLK 23 

#define SPEC_TRG 11 

#define SPEC_ST1 7 

#define SPEC_VIDEO1 15 

#define SPEC_ST2 8 

#define SPEC_VIDEO2 14 
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bool contSpec = false; 

int CMOS_ON = 0; 

 

C12880_Class spec1(SPEC_TRG, SPEC_ST1, SPEC_CLK, SPEC_VIDEO1);  

C12880_Class spec2(SPEC_TRG, SPEC_ST2, SPEC_CLK, SPEC_VIDEO2);  

 

float integrationTimesA[8]; 

float integrationTimesS[8]; 

float integrationTimesF[8]; 

 

void specBegin() { 

  spec1.begin(); 

  spec2.begin(); 

} 

 

 

/************************************************************************

******/ 

// Photodiode Configuration 

// Configuration and variables for Photodiode operations. 

bool PD_ON = false; // Variable to check if Photodiode is ON or OFF 

const int PDInput = A2; // Assigning the analog pin A2 for Photodiode input 

int PD_120 = 0; // Variable to store some Photodiode value 

 

// Running Average Variables 

// Variables for calculating the running average. 

const int numReadings = 25; // Number of readings to consider for average 

int readings[numReadings]; // Array to store the readings from the analog input 

int readIndex = 0; // Index of the current reading 

int total = 0; // Variable to store the running total 

int average = 0; // Variable to store the average of readings 

 

// Temperature Sensor Configuration 

// Configuration and variables for Temperature Sensor operations. 

bool TMP_ON = false; // Variable to check if Temperature Sensor is ON or OFF 

TSYS01 tempSensor; // Object for Temperature Sensor operations 

float tempC = 0; // Variable to store temperature in Celsius 

 

// EEPROM Functions 

// Functions for handling EEPROM operations. 

 

// EEPROM Addresses 

// Defined constants for EEPROM addresses. 

const int absorbInts = 0; 

const int scatterInts = 32; 

const int flourInts = 64; 

const int AF_dutyCycle = 96; 

const int AF_cycleLength = 100; 

 

// Sensor Query Function 
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// Function to query the sensor and print out the current integration times  

// and antifouling cycle parameters from the EEPROM. 

void sensorQuery() { 

  // Print Sensor Details 

  printSensorDetails(); 

 

  // Get and Print Current Absorption Integration Times 

  EEPROM.get(absorbInts, integrationTimesA); 

  mySerial.print("Current Absorption Int Times are: "); 

  for (int i = 0; i < 8; i++) { 

    mySerial.print(integrationTimesA[i], 6); 

    if (i != 7) mySerial.print(','); 

  } 

  mySerial.println(); 

 

  // Get and Print Current Scatter Integration Times 

  EEPROM.get(scatterInts, integrationTimesS); 

  mySerial.print("Current Scatter Int Times are: "); 

  for (int i = 0; i < 8; i++) { 

    mySerial.print(integrationTimesS[i], 6); 

    if (i != 7) mySerial.print(','); 

  } 

  mySerial.println(); 

 

  // Get and Print Current Fluorescence Integration Times 

  EEPROM.get(flourInts, integrationTimesF); 

  mySerial.print("Current Fluorescence Int Times are: "); 

  for (int i = 0; i < 8; i++) { 

    mySerial.print(integrationTimesF[i], 6); 

    if (i != 7) mySerial.print(','); 

  } 

  mySerial.println(); 

 

  // Get and Print Current Antifouling Duty Cycle 

  EEPROM.get(AF_dutyCycle, dc_p); 

  mySerial.print("Current antifouling duty cycle is: "); 

  mySerial.println(dc_p); 

 

  // Get and Print Current Antifouling Cycle Length 

  EEPROM.get(AF_cycleLength, AF_Length); 

  mySerial.print("Current antifouling cycle length is: "); 

  mySerial.println(AF_Length); 

} 

 

// Sensor Change Function 

// This function is responsible for changing sensor settings based on the provided values. 

void sensorChange(String value3, String value4, String value5) { 

  // If the first value is "I", change integration times. 

  if (value3 == "I") { 

    if (value4 == "A") { 
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      for (int i = 0; i < value5.length(); i++) { 

        integrationTimesA[i] = getValue(value5, ',', i).toFloat(); 

      } 

      EEPROM.put(absorbInts, integrationTimesA); 

    } else if (value4 == "S") { 

      for (int i = 0; i < value5.length(); i++) { 

        integrationTimesS[i] = getValue(value5, ',', i).toFloat(); 

      } 

      EEPROM.put(scatterInts, integrationTimesS); 

    } else if (value4 == "F") { 

      for (int i = 0; i < value5.length(); i++) { 

        integrationTimesF[i] = getValue(value5, ',', i).toFloat(); 

      } 

      EEPROM.put(flourInts, integrationTimesF); 

    } else { 

      mySerial.println("No matching command found for integration time settings change"); 

    } 

  }  

  // If the first value is "D", change the duty cycle. 

  else if (value3 == "D") { 

    EEPROM.put(AF_dutyCycle, value4.toFloat()); 

  }  

  // If the first value is "T", change the cycle length. 

  else if (value3 == "T") { 

    EEPROM.put(AF_cycleLength, value4.toInt()); 

  }  

  // If no matching command found, print an error message. 

  else { 

    mySerial.println("No matching command found for settings change"); 

  } 

} 

// Get Value Function 

// This function retrieves a value from a comma-separated string based on the given index. 

String getValue(String data, char separator, int index) { 

  int found = 0; 

  int strIndex[] = {0, -1}; 

  int maxIndex = data.length(); 

 

  for (int i = 0; i <= maxIndex && found <= index; i++) { 

    if (data.charAt(i) == separator || i == maxIndex) { 

      found++; 

      strIndex[0] = strIndex[1] + 1; 

      strIndex[1] = (i == maxIndex) ? i + 1 : i; 

    } 

  } 

  // Return the found value, or an empty string if not found. 

  return found > index ? data.substring(strIndex[0], strIndex[1]) : ""; 

} 

 

// Component Setup Function 
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// This function initializes various components of the system. 

void componentSetup() { 

  // Begin various components and set initial configurations. 

  specBegin(); 

  CS_Setup(); 

  ledDriver.begin(); 

  Wire.begin(); 

  analogReadResolution(16); 

  tempSensor.init(); 

  pinMode(headSwt, OUTPUT); 

 

  // Set initial states for pins and variables. 

  digital.pinMode(sleepInterruptPin, INPUT, FALLING); // pin, mode, type 

  digitalWriteFast(headSwt, LOW); 

  contSpec = false; 

  PD_ON = false; 

  TMP_ON = false; 

} 

 

// Setup Function 

// This function initializes the system. 

void setup() { 

  // Wait for the serial communication to be established. 

  while (!mySerial) { 

    ; 

  } 

 

  // Begin serial communication with the defined baud rate and set timeout. 

  mySerial.begin(BAUDRATE); 

  mySerial.setTimeout(1); 

 

  // Call the component setup function to initialize various components. 

  componentSetup(); 

 

  // Print the sensor details. 

  printSensorDetails(); 

 

  // Notify that the sensor is ready. 

  mySerial.println("Sensor Ready"); 

} 

 

// Main Loop Function 

// This function continuously checks for serial input and processes it. 

void loop() { 

  // Call the SerialRead function to check for and process serial input. 

  SerialRead(); 

} 

 

// Serial Interface Section 
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// Serial Read Function 

// This function checks for available serial input and processes it. 

void SerialRead() { 

  // Check if serial input is available. 

  if (mySerial.available()) { 

    // Read from serial until a newline character is read or timeout is exceeded. 

    bytesread = mySerial.readBytesUntil('\n', inBuff, 64); 

     

    // Terminate the input buffer string. 

    inBuff[bytesread] = '\0'; 

     

    // Convert the input buffer to a string for processing. 

    String instruction = String(inBuff); 

     

    // Process the received instruction. 

    processInstruction(instruction); 

  } 

} 

 

// Print Sensor Details Function 

// This function prints the details of the sensor to the serial monitor. 

void printSensorDetails() { 

  mySerial.print("Sensor No: DCUS"); 

  mySerial.println(SensorSerialNo); 

  mySerial.print("Baud Rate: "); 

  mySerial.println(BAUDRATE); 

  mySerial.print("Firmware Version: "); 

  mySerial.println(FirmwareVersion); 

  mySerial.print("CMOS 1 Serial No: "); 

  mySerial.println(CMOS1_Serial); 

  mySerial.print("CMOS 2 Serial No: "); 

  mySerial.println(CMOS2_Serial); 

} 

 

// Process Instruction Function 

// This function processes the instruction received from the serial monitor. 

void processInstruction(String instruction) { 

  // Initialization of variables to store various parts of the instruction. 

  String value1 = "0"; // Outlines overall command branch (R, A, S, D) 

  String value2 = "0"; // Second identifier for R and S (R -> W, L, F, T, B)(S -> Q, C) Adding 

RB for background scan 

  String value3 = "0"; // Third identifier for SC (I, F, D, T) 

  String value4 = "0"; // Fourth indication for SCI (1 or 2) or Value or array of values for SC 

  String value5 = "0"; // Fourth indication for SCI (1 or 2) or Value or array of values for SC 

   

  int instructionLength = instruction.length(); 

 

  // Assign values based on the length and content of the instruction. 

  if (instructionLength > 0) value1 = instruction.substring(0, 1); 

  if (instructionLength > 1) value2 = instruction.substring(1, 2); 
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  if (instructionLength > 2) value3 = instruction.substring(2, 3); 

  if (value3 == "F" or value3 == "D" or value3 == "T") value4 = instruction.substring(3, 

instructionLength); 

  else if (instructionLength > 4) value4 = instruction.substring(3, 4); 

  if (instructionLength > 4) value5 = instruction.substring(4, instructionLength); 

 

  // Sensor Reading Cycle 

  if (value1 == "R") { 

    // Full reading cycle 

    if (value2 == "W") deployScan(); 

    // Command not recognized 

    else mySerial.println("No matching command found for Sensor Reading Cycle"); 

  } 

  // Antifouling Cycle 

  else if (value1 == "A") { 

    mySerial.println("Antifouling Cycle Start"); 

    antiFoulingProgram(); 

    mySerial.println("Antifouling Cycle End"); 

  } 

  // Settings 

  else if (value1 == "S") { 

    // Query Current Settings 

    if (value2 == "Q") { 

      mySerial.println("Sensor Settings: "); 

      sensorQuery(); 

    } 

    // Change Settings 

    else if (value2 == "C") { 

      mySerial.println("Change Sensor Settings"); 

      sensorChange(value3, value4, value5); 

    } 

    // Command not recognized 

    else mySerial.println("No matching command found for Settings"); 

  } 

  // Diagnostics 

  else if (value1 == "D") diagnosticProgram(); 

  // Command not recognized 

  else mySerial.println("No matching command found"); 

} 

 

// Diagnostic Program function 

void diagnosticProgram() { 

  // Initialize current variables 

  float bgI = 0; // Background current 

  float fI = 0;  // Current with device on 

  float ledI = 0; // LED current measurement 

   

  // Start the LED driver 

  ledDriver.begin(); 
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  // Perform LED Array Check 

  mySerial.println("LED Array Current Measurement"); 

   

  // Turn on the head switch 

  digitalWriteFast(headSwt, HIGH); 

  delay(10); 

   

  // Loop through each LED to measure current 

  for (int i = 0; i < 8; i++) { 

    // Take Current Reading before LED is turned on 

    bgI = ina.readShuntCurrent(); 

     

    // Turn on the LED 

    ledDriver.analogWrite(LED[i], ledHigh); 

    delay(100); 

     

    // Take Current Reading While LED is on 

    fI = ina.readShuntCurrent(); 

     

    // Calculate LED current and convert to mA 

    ledI = (fI - bgI) * 1000; 

 

    // Output the current of each LED 

    mySerial.print("LED "); 

    mySerial.print(i + 1); 

    mySerial.print(" Current: "); 

    mySerial.print(ledI); 

    mySerial.println("mA"); 

 

    // Turn off the previous LED 

    ledDriver.analogWrite(LED[i - 1], ledLow); 

    delay(100); 

  } 

   

  // Ensure the last LED is turned off 

  ledDriver.analogWrite(LED[7], ledLow); 

  delay(100); 

 

  // Perform UV LEDs Check for different boards 

  mySerial.println("UV LED Current Measurement"); 

  checkUVLEDCurrent(); 

   

  // Perform Optical Head Sensor Check 

  mySerial.println("Optical Head Current Measurement"); 

  checkOpticalHeadCurrent(); 

   

  // Perform Idle Check 

  mySerial.println("System Power Measurement"); 

  checkSystemPower(); 

} 
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// Helper function to check UV LED current for different boards 

void checkUVLEDCurrent() { 

    float bgI, fI, ledI; 

  // ... Other necessary UV LEDs checks 

   

  // Example for PD Board 

  bgI = ina.readShuntCurrent(); 

  ledDriver.analogWrite(PWM_Pins[2], ledHigh); 

  ledDriver.analogWrite(PWM_Pins[3], ledHigh); 

  delay(100); 

 

  fI = ina.readShuntCurrent(); 

  ledI = (fI - bgI) * 1000; 

 

  ledDriver.analogWrite(PWM_Pins[2], ledLow); 

  ledDriver.analogWrite(PWM_Pins[3], ledLow); 

 

  mySerial.print("UV LEDs PD Board "); 

  mySerial.print(" Current: "); 

  mySerial.print(ledI); 

  mySerial.println("mA"); 

  delay(100); 

} 

 

// Helper function to check Optical Head current 

void checkOpticalHeadCurrent() { 

    float bgI, fI, ledI; 

   

  digitalWriteFast(headSwt, LOW); 

  delay(100); 

  bgI = ina.readShuntCurrent(); 

  digitalWriteFast(headSwt, HIGH); 

  delay(100); 

 

  fI = ina.readShuntCurrent(); 

  ledI = (fI - bgI) * 1000; 

  digitalWriteFast(headSwt, LOW); 

 

  mySerial.print("Optical Head "); 

  mySerial.print(" Current: "); 

  mySerial.print(ledI); 

  mySerial.println("mA"); 

} 

 

// Helper function to check System Power 

void checkSystemPower() { 

  // Output bus voltage 

  mySerial.print("Bus voltage:   "); 

  mySerial.print(ina.readBusVoltage(), 5); 
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  mySerial.println(" V"); 

 

  // Output bus power 

  mySerial.print("Bus power:     "); 

  mySerial.print(ina.readBusPower(), 5); 

  mySe 

rial.println(" W"); 

 

  // Output shunt voltage 

  mySerial.print("Shunt voltage: "); 

  mySerial.print(ina.readShuntVoltage(), 5); 

  mySerial.println(" V"); 

 

  // Output shunt current 

  mySerial.print("Shunt current: "); 

  mySerial.print(ina.readShuntCurrent(), 5); 

  mySerial.println(" A"); 

} 

 

//Reading measruement from temperature sensor 

void temp() { 

  mySerial.println("Temperature Reading Start"); 

  digitalWriteFast(headSwt, HIGH); 

  tempSensor.read(); 

  tempC = tempSensor.temperature(); 

  mySerial.println(tempC, 3); 

  digitalWriteFast(headSwt, LOW); 

  mySerial.println("Temperature Reading End"); 

} 

 

//Reading measruement from photodiode sensor 

int PDread() { 

  int PD1 = 0; 

 

  for (int i = 0; i < numReadings; i++) { 

    PD1 = PD1 + analogRead(PDInput); 

    waits = millis(); 

    while (millis() < waits + 5) {} 

  } 

  PD1 = PD1 / numReadings; 

 

  return PD1; 

 

} 

 

//UV LEDs for Antifouling cycle 

void antiFoulingProgram() { 

  unsigned long AF_interval; 

  unsigned long current_time; 

  AF_interval = EEPROM.get(AF_cycleLength, AF_Length) * 60000; 
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  UV_ON(); 

 

  current_time = millis(); 

  while (millis() < current_time + 1000) { 

    SerialRead(); 

  } 

 

  timer.setTimer(AF_interval); // milliseconds 

  Snooze.deepSleep(config_teensy32); 

  UV_OFF(); 

  current_time = millis(); 

  while (millis() < current_time + 1000) { 

    SerialRead(); 

  } 

  mySerial.flush(); 

 

} 

 

//Turn UV LEDs ON 

void UV_ON() { 

  EEPROM.get(AF_dutyCycle, dc_p); 

  int duty_cycle = pwm_Res * (dc_p / 100); //duty cycle of the PWM 

  for (int i = 0; i < 8; i++) { 

    ledDriver.analogWrite(PWM_Pins[i], duty_cycle); 

  } 

} 

 

//Turn UV LEDs OFF 

void UV_OFF() { 

  for (int i = 0; i < 8; i++) { 

    ledDriver.analogWrite(PWM_Pins[i], 0); 

  } 

} 

 

 

//Measurement Cycle  

void deployScan() { 

  mySerial.println("Calibrated Data Reading Start"); 

 

  //digitalWriteFast(headSwt,     HIGH); 

  //Set Up data storage arrays absorbtion and scatter 

  uint16_t backgroundF[C12880_NUM_CHANNELS]; 

  uint16_t dataF[C12880_NUM_CHANNELS]; 

 

  uint16_t backgroundS[C12880_NUM_CHANNELS]; 

  uint16_t dataS[C12880_NUM_CHANNELS]; 

 

  uint16_t backgroundA[C12880_NUM_CHANNELS]; 

  uint16_t dataA[C12880_NUM_CHANNELS]; 
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  //Introduce dummy scan to discharge CMOS 1 

  uint16_t dummy[C12880_NUM_CHANNELS]; 

 

  

/************************************************************************

********************/ 

  //Turbidity Scan// 

  

/************************************************************************

*******************/ 

  digitalWriteFast(headSwt, HIGH); 

  int led = 0; 

  EEPROM.get(scatterInts, integrationTimesS); 

  spec1.set_integration_time(integrationTimesS[led]); 

  delay(1); 

  spec1.read_into(dummy); 

  delay(5); 

 

  for (int j = 0; j < 8; j++) { //Sets the current LED HIGH, turns the others off 

    if (j == led) ledDriver.analogWrite(LED[led], ledHigh); 

    else ledDriver.analogWrite(LED[j], ledLow); 

  } 

  delay(5); 

  spec1.read_into(dataS); 

  delay(5); 

 

  for (int i = 0; i < 8; i++) { 

    ledDriver.analogWrite(LED[i], ledLow); 

  } 

 

  delay(5); 

  spec1.read_into(backgroundS); 

  delay(5); 

  digitalWriteFast(headSwt, LOW); 

  //Print Scan 

  

/************************************************************************

*******************/ 

  mySerial.println("Turbidity Reading"); 

  mySerial.println("*****************"); 

  mySerial.println("Scan with LED On"); 

 

  printData(dataS); 

 

  mySerial.print("Turb value at pixel "); 

  mySerial.print(pixelT); 

  mySerial.print(" is: "); 

  mySerial.println(dataS[pixelT]); 

  mySerial.println(" "); 
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  mySerial.println("Background Scan"); 

  printBlanks(); 

  printData(backgroundS); 

 

  mySerial.print("Turb BG value at pixel "); 

  mySerial.print(pixelT); 

  mySerial.print(" is: "); 

  mySerial.println(backgroundS[pixelT]); 

  mySerial.println("*****************"); 

  printBlanks(); 

 

  

/************************************************************************

********************/ 

  //Flr Scan// 

  

/************************************************************************

*******************/ 

  digitalWriteFast(headSwt, HIGH); 

  led = 4; 

  EEPROM.get(flourInts, integrationTimesF); 

  spec1.set_integration_time(integrationTimesF[led]); 

  delay(1); 

  spec1.read_into(dummy); 

  delay(5); 

 

  for (int j = 0; j < 8; j++) { //Sets the current LED HIGH, turns the others off 

    if (j == led) ledDriver.analogWrite(LED[led], ledHigh); 

    else ledDriver.analogWrite(LED[j], ledLow); 

  } 

  spec1.read_into(dataF); 

  delay(5); 

 

  for (int i = 0; i < 8; i++) { 

    ledDriver.analogWrite(LED[i], ledLow); 

  } 

 

  spec1.read_into(backgroundF); 

  delay(5); 

  digitalWriteFast(headSwt, LOW); 

  delay(10); 

  //Print Scan 

  

/************************************************************************

*******************/ 

  mySerial.println("Chl Reading"); 

  mySerial.println("*****************"); 

  mySerial.println("Scan with LED On"); 

  // printBlanks(); 
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  printData(dataF); 

  printBlanks(); 

 

  mySerial.print("CHL value at pixel "); 

  mySerial.print(pixelC); 

  mySerial.print(" is: "); 

  mySerial.println(dataF[pixelC]); 

  printBlanks(); 

  mySerial.print("CDOM value at pixel "); 

  mySerial.print(pixelCDOM); 

  mySerial.print(" is: "); 

  mySerial.println(dataF[pixelCDOM]); 

  mySerial.println("*****************"); 

  printBlanks(); 

  //Background 

 

  mySerial.println("*****************"); 

  printBlanks(); 

  mySerial.println("Background Scan Flr"); 

  printData(backgroundF); 

 

  mySerial.print("CHL BG value at pixel "); 

  mySerial.print(pixelC); 

  mySerial.print(" is: "); 

  mySerial.print(backgroundF[pixelC]); 

  printBlanks(); 

  mySerial.print("FLR CDOM BG value at pixel "); 

  mySerial.print(pixelCDOM); 

  mySerial.print(" is: "); 

  mySerial.println(backgroundF[pixelCDOM]); 

  mySerial.println("*****************"); 

  printBlanks(); 

 

  

//************************************************************************

*// 

  //Absorbtion// 

  led = 3; 

  digitalWriteFast(headSwt, HIGH); 

  EEPROM.get(absorbInts, integrationTimesA); 

  spec2.set_integration_time(integrationTimesA[led]); 

  delay(5); 

 

  for (int j = 0; j < 8; j++) { //Sets the current LED HIGH, turns the others off 

    if (j == led) ledDriver.analogWrite(LED[led], ledHigh); 

    else ledDriver.analogWrite(LED[j], ledLow); 

  } 

  spec2.read_into(dummy); 

  delay(10); 

  spec2.read_into(dataA); 
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  delay(5); 

 

  for (int i = 0; i < 8; i++) { 

    ledDriver.analogWrite(LED[i], ledLow); 

  } 

  delay(5); 

  spec2.read_into(backgroundA); 

  delay(5); 

 

  digitalWriteFast(headSwt, LOW); 

  delay(10); 

  

//************************************************************************

*// 

  //Absorbtion// 

  

//************************************************************************

*// 

  mySerial.println("CDOM Scan Abs"); 

  mySerial.println("*****************"); 

  printBlanks(); 

  mySerial.println("Scan with LED On"); 

 

  printData(dataA); 

 

  mySerial.print("Abs CDOM value at pixel "); 

  mySerial.print(pixelLED5); 

  mySerial.print(" is: "); 

  mySerial.println(dataA[pixelLED5]); 

  printBlanks(); 

 

  mySerial.println("Background Scan Abs"); 

 

  printData(backgroundA); 

 

  mySerial.print("Abs CDOM BG value at pixel "); 

  mySerial.print(pixelLED5); 

  mySerial.print(" is: "); 

  mySerial.println(backgroundA[pixelLED5]); 

  mySerial.println("*****************"); 

  printBlanks(); 

 

  double Turb, Chl, CDOM_Flr, CDOM_Abs; 

 

  Turb = dataS[pixelT] - backgroundS[pixelT]; 

  Chl = dataF[pixelC] - backgroundF[pixelC]; 

  CDOM_Flr = dataF[pixelCDOM] - backgroundF[pixelCDOM]; 

  CDOM_Abs = dataA[pixelLED5] - backgroundA[pixelLED5]; 

  tempSensor.read(); 

  tempC = tempSensor.temperature(); 
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  mySerial.println("Turb Chl CDOM Flr  CDOM Abs Temp"); 

  mySerial.print(Turb, 0); 

  mySerial.print(","); 

  mySerial.print(Chl, 0); 

  mySerial.print(","); 

  mySerial.print(CDOM_Flr, 0); 

  mySerial.print(","); 

  mySerial.print(CDOM_Abs, 0); 

  mySerial.print(","); 

  mySerial.print(tempC, 2); 

  mySerial.println(" "); 

  mySerial.println("*****************"); 

  printBlanks(); 

 

  mySerial.println("Calibrated Reading End"); 

  digitalWriteFast(headSwt, LOW); 

} 

 

//Print a line of 288 blank values 

void printBlanks() { 

  for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

    mySerial.print(" "); 

    if (i != C12880_NUM_CHANNELS - 1) mySerial.print(" "); 

    else mySerial.println(" "); 

  } 

  mySerial.flush(); 

} 

 

//Print spectromter values 

void printData(uint16_t data[]) { 

  for (int i = 0; i < C12880_NUM_CHANNELS; i++) { 

    mySerial.print(data[i]); 

    if (i != C12880_NUM_CHANNELS - 1) mySerial.print(","); 

    else mySerial.println(" "); 

  } 

  mySerial.flush(); 

} 

 

B.2.3 Sensor Deployment Firmware Reduced Data for Dublin Bay Deployment 

// Sensor Firmware for deployment in Owenmore River to measure fDOM, Turbidity, Chl-

a, and Temperature 

// Code Written by Sean Power, Dublin City University, 16/07/2022 

 

//Sensor Firmware for Dublin Bay Deployment reducing data produced by reducing LEDs 

used in scans 

//No absorption, only LED 1 for Turbidity Scatter, LEDs 5 to 8 for FLR 

 

 

//Libraries Included 
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/************************************************************************

******/ 

//Teensy Sleep Mode Library 

#include <Snooze.h> 

#include <SnoozeBlock.h> 

 

//ADC Libraries 

#if defined(CORE_TEENSY) 

#include <ADC.h> /* https://github.com/pedvide/ADC */ 

#else 

#include <elapsedMillis.h> 

#endif 

 

 

//I2C Library 

#include <Wire.h> 

 

//Spectrometer Library 

#include "C12880MA.h" 

 

//Temp Sensor Library 

#include "TMP_TSYS01.h" 

 

//Current Monitor Library 

#include "INA.h" 

 

 

//LED Driver 

#include "LD_TLC59116.h" 

LD_TLC59116 ledDriver(0); 

 

 

//EEPROM Library 

#include <EEPROM.h> 

 

 

/************************************************************************

******/ 

//Sensor Info 

 

const int SensorSerialNo = 3; 

double FirmwareVersion =   1.2; 

 

String CMOS2_Serial = "2OL00267"; //Absorbtion 

String CMOS1_Serial = "2OL002648"; //Flourescemce + Scatter 

 

 

/************************************************************************

******/ 

//Sleep Mode 
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SnoozeDigital digital; 

SnoozeTimer timer; 

SnoozeBlock config_teensy32(digital, timer); 

#define sleepInterruptPin 11 

 

#define headSwt 12 

 

 

/************************************************************************

******/ 

//mySerial Comms 

#define mySerial Serial         // Comms with USB 

 

//#define mySerial Serial1        // Hardware mySerial, communicate with RX,TX bins (0,1) 

to other microcontroller 

#define SERIAL_TX             1 // Serial transmission 

#define SERIAL_RX             0 // Serial receiving 

#define BAUDRATE           9600 

 

// Variables for main loop 

char   inBuff[] = "----------------------------------------------------------------"; 

int    bytesread; 

 

/************************************************************************

******/ 

 

//Current Monitor Sensor 

INA226 ina; 

bool CU_ON = false; 

void CS_Setup(){ 

    ina.begin(); 

 

  // Configure INA226 

  ina.configure(INA226_AVERAGES_16, INA226_BUS_CONV_TIME_140US, 

INA226_SHUNT_CONV_TIME_140US, INA226_MODE_SHUNT_BUS_CONT); 

 

  // Calibrate INA226. Rshunt = 0.01 ohm, Max excepted current = 4A 

  ina.calibrate(0.12, 0.3); 

  } 

 

/************************************************************************

******/ 

//UV Antifouling 

const int PWM_Pins[8] = {0,1,10,11,12,13,14,15}; //sensor UV LEDs, LED 310nm and 

280nm on Array 

float dc_p; 

int pwm_Res = 255; 

unsigned int AF_Length; 
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/************************************************************************

******/ 

 

// LED Array 

const int ledHigh = 255; 

const int ledLow = 0; 

 

const int LED[8] = {7,6,5,4,3,2,1,0}; 

//850nm,660nm,565nm,430nm,385nm,365nm,310nm,280nm 

   

/************************************************************************

******/ 

 

//Spectrometer  

#define SPEC_CLK         23 

 

//Spec 1: 20D00472 

#define SPEC_TRG          11 

#define SPEC_ST1          7 

#define SPEC_VIDEO1       15 

 

//Spec 2: 20D00473 

#define SPEC_TRG         11 

#define SPEC_ST2         8 

#define SPEC_VIDEO2      14 

//IC 

bool contSpec = false; 

int CMOS_ON = 0; 

 

C12880_Class spec1(SPEC_TRG,SPEC_ST1,SPEC_CLK,SPEC_VIDEO1); //Scatter and 

Flourescence 

C12880_Class spec2(SPEC_TRG,SPEC_ST2,SPEC_CLK,SPEC_VIDEO2); //Absorbtion 

 

//integration times sets (Absorbtion -> CMOS 2    Scatter, Flourecence -> CMOS 1) 

 

//Int Time Set values are stored in MCU EEPROM memory 

 

//CMOS 2 Absorbtion Int Set 

float integrationTimesA[8]; 

 

//CMOS 1 Scatter Int Set 

float integrationTimesS[8]; 

 

//CMOS 1 Flourescense Int Set 

float integrationTimesF[8]; 

 

void specBegin(){ 

  spec1.begin(); 

  spec2.begin(); 

  } 
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/************************************************************************

******/ 

//Photodiode 

bool PD_ON = false; 

const int PDInput = A2; 

//int PD1 = 0; 

int PD_120 = 0; 

//Runing Average variables 

const int numReadings = 25; 

int readings[numReadings];      // the readings from the analog input 

int readIndex = 0;              // the index of the current reading 

int total = 0;                  // the running total 

int average = 0;                // the average 

 

 

/************************************************************************

******/ 

//Temperature Sensor 

bool TMP_ON = false; 

TSYS01 tempSensor; 

float tempC = 0; 

/************************************************************************

******/ 

//EEPROM Functions 

 

//addresses 

const int absorbInts = 0; 

const int scatterInts = 32; 

const int flourInts = 64; 

const int AF_dutyCycle = 96; 

const int AF_cycleLength = 100; 

 

/*unsigned int AF_cycleLength = flourInts  + sizeof(integrationTimesF); 

unsigned int AF_dutyCycle = AF_cycleLength  + sizeof(AF_Length);*/ 

 

void sensorQuery(){ 

 

      //Serial.println( "Read custom object from EEPROM: " ); 

      //Print Sensor Serial Number First 

 

      printSensorDetails(); 

 

      EEPROM.get( absorbInts, integrationTimesA); 

      mySerial.print("Current Absorbtion Int Times are: "); 

        for(int i = 0; i < 8; i++){ 

        mySerial.print(integrationTimesA[i],6); if(i != 7)mySerial.print(',');} 

        mySerial.println(""); 
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        EEPROM.get( scatterInts, integrationTimesS); 

      mySerial.print("Current Scatter Int Times are: "); 

        for(int i = 0; i < 8; i++){ 

        mySerial.print(integrationTimesS[i],6);if(i != 7) mySerial.print(',');} 

        mySerial.println(""); 

 

        EEPROM.get(flourInts, integrationTimesF); 

      mySerial.print("Current Flourescence Int Times are: "); 

        for(int i = 0; i < 8; i++){ 

        mySerial.print(integrationTimesF[i],6); if(i != 7) mySerial.print(',');} 

        mySerial.println(""); 

 

       EEPROM.get( AF_dutyCycle, dc_p); 

      mySerial.print("Current antifouling duty cycle is: "); mySerial.println(dc_p); 

       

        EEPROM.get( AF_cycleLength, AF_Length); 

      mySerial.print("Current antifouling cycle length is: "); mySerial.println(AF_Length); 

  } 

 

 void  sensorChange(String value3, String value4, String value5){ 

if(value3 == "I"){ 

  if(value4 == "A"){ 

    for(int i = 0; i < value5.length();i++){ 

      integrationTimesA[i] = getValue(value5,',', i).toFloat(); 

      } 

    EEPROM.put(absorbInts, integrationTimesA); 

    } 

         

  else if(value4 == "S"){ 

     for(int i = 0; i < value5.length();i++){ 

      integrationTimesS[i] = getValue(value5,',', i).toFloat(); 

      } 

    EEPROM.put(scatterInts, integrationTimesS); 

      } 

  else if(value4 == "F"){ 

        for(int i = 0; i < value5.length();i++){ 

          integrationTimesF[i] = getValue(value5,',', i).toFloat(); 

      } 

    EEPROM.put( flourInts, integrationTimesF); 

      } 

   else {mySerial.println("No matching command found for integration time settings 

change");} 

  } 

else if(value3 == "D"){ 

      EEPROM.put( AF_dutyCycle, value4.toFloat()); 

    } 

     

else if(value3 == "T"){ 

        EEPROM.put( AF_cycleLength, value4.toInt()); 

        } 
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else {mySerial.println("No matching command found for settings change");} 

 } 

 

       

// String  var = getValue( StringVar, ',', 2); // if  a,4,D,r  would return D         

String getValue(String data, char separator, int index) 

{ 

    int found = 0; 

    int strIndex[] = { 0, -1 }; 

    int maxIndex = data.length(); 

 

    for (int i = 0; i <= maxIndex && found <= index; i++) { 

        if (data.charAt(i) == separator || i == maxIndex) { 

            found++; 

            strIndex[0] = strIndex[1] + 1; 

            strIndex[1] = (i == maxIndex) ? i+1 : i; 

        } 

    } 

    return found > index ? data.substring(strIndex[0], strIndex[1]) : ""; 

}  // END 

/************************************************************************

******/ 

 

//Timers 

unsigned long waits; 

unsigned long seconds;  

 

void componentSetup(){ 

  specBegin(); 

  CS_Setup(); 

  ledDriver.begin(); 

  Wire.begin(); 

  analogReadResolution(16); 

  tempSensor.init(); 

  pinMode(headSwt,        OUTPUT);   

  digital.pinMode(sleepInterruptPin, INPUT, FALLING);//pin, mode, type 

  digitalWriteFast(headSwt,     LOW); 

 

  contSpec = false; 

  PD_ON = false; 

  TMP_ON = false; 

  } 

 

/************************************************************************

******/ 

 

void setup() { 

  while (!mySerial) {;} 

  mySerial.begin(BAUDRATE); 

  mySerial.setTimeout(1);   



 

 A-49   

  componentSetup(); 

  printSensorDetails(); 

  mySerial.println("Sensor Ready"); 

} 

 

/************************************************************************

******/ 

 

 

void loop() { 

 

  SerialRead(); 

 

} 

 

/************************************************************************

******/ 

//Serial Interface 

/************************************************************************

******/ 

//Loop Serial Read Function 

void SerialRead(){ 

        if (mySerial.available()) { 

       bytesread=mySerial.readBytesUntil('\n', inBuff, 64); // Read from serial until CR is read 

or timeout exceeded 

       inBuff[bytesread]='\0'; 

       String instruction = String(inBuff); 

       processInstruction(instruction); 

    } 

  } 

 

 

//Print User Interface to Serial Monitor 

/************************************************************************

******/ 

void printSensorDetails() { 

  mySerial.print("Sensor No: DCUS");     mySerial.println(SensorSerialNo); 

  mySerial.print("Baud Rate: ");        mySerial.println(BAUDRATE); 

  mySerial.print("Firmware Version: "); mySerial.println(FirmwareVersion); 

  mySerial.print("CMOS 1 Serial No: "); mySerial.println(CMOS1_Serial); 

  mySerial.print("CMOS 2 Serial No: "); mySerial.println(CMOS2_Serial); 

} 

 

// Process Instruction 

void processInstruction(String instruction){ 

  String value1 = "0"; //outlines overall command branch (R,A,S,D) 

  String value2 = "0"; //second identifier for R and S (R -> W,L,F,T,B)(S -> Q,C) Adding 

RB for background scan 

  String value3 = "0"; //Third identifier for SC (I,F,D,T)  

  String value4 = "0";  //Fourth indication for SCI (1 or 2) or Value or array of values for SC 
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  String value5 = "0";  //Fourth indication for SCI (1 or 2) or Value or array of values for SC 

 

   

  int instructionLength = instruction.length(); 

  if (instructionLength > 0) {   value1 = instruction.substring(0,1); }  

   

 

  if (instructionLength > 1) {   value2 = instruction.substring(1,2); }  

 

  if (instructionLength > 2) {   value3 = instruction.substring(2,3); } 

 

     

  if(value3 == "F" or value3 == "D" or value3 == "T") {value4 = 

instruction.substring(3,instructionLength);} 

  else if(instructionLength > 4) { value4 = instruction.substring(3,4); } 

   

  if (instructionLength > 4) {   value5 = instruction.substring(4,instructionLength); } 

 

//Sensor Reading Cycle 

  if(value1 == "R"){ 

    //Full reading cycle 

    if(value2 == "W"){ 

     // mySerial.println("Full Cycle Reading Start"); 

      fullReading(); 

      } 

 

    //Absorbtion + Scatter Reading 

    else if(value2 == "L"){ 

      //mySerial.println("Abs + Scat Reading Start"); 

      Ab_Sc(); 

      } 

 

    //Flourescence Reading 

    else if(value2 == "F"){ 

     // mySerial.println("Abs + Scat Reading Start"); 

      flour();} 

 

    //Temperature Reading 

    else if(value2 == "T"){ 

      //mySerial.println("Abs + Scat Reading Start"); 

      temp(); 

      } 

          //Background Scan 

    else if(value2 == "B"){ 

      BGscan(); 

      } 

 

 

    //Command not recognised 

    else{mySerial.println("No matching command found for Sensor Reading Cycle");} 
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    } 

 

//Antifouling Cycle 

  else if(value1 == "A"){ 

    mySerial.println("Antifouling Cycle Start"); 

    antiFoulingProgram(); 

    mySerial.println("Antifouling Cycle End"); 

    } 

 

//Settings 

  else if(value1 == "S"){ 

     //Query Current Settings 

    if(value2 == "Q"){ 

      mySerial.println("Sensor Settings: "); 

      sensorQuery();} 

 

    //Change Settings 

    else if(value2 == "C"){ 

      mySerial.println("Change Sensor Settings"); 

      //mySerial.print(value3); mySerial.print(value4); mySerial.println(value5); 

      sensorChange(value3,value4,value5); 

      } 

 

    //Command not recognised 

    else{mySerial.println("No matching command found for Settings");} 

     

    } 

 

//Diagnostics 

   

  else if(value1 == "D"){  

    diagnosticProgram(); 

    } 

 

//Command not recognised  

  else { mySerial.println("No matching command found");} 

   

  } 

 

 void diagnosticProgram(){ 

    float bgI = 0; //background current 

    float fI = 0; //current with device on 

    float ledI = 0; //Current measurement 

    ledDriver.begin(); 

 

  //LED Array Check 

    mySerial.println("LED Array Current Measurement"); 

    digitalWriteFast(headSwt,     HIGH); 

    delay(10); 

    for(int i = 0; i<8; i++){ 



 

 A-52   

     //Take Current Reading before LED is turned on 

         bgI = ina.readShuntCurrent(); 

    ledDriver.analogWrite(LED[i], ledHigh); 

    delay(100); 

    //Take Current Reading While LEd is on 

         fI = ina.readShuntCurrent(); 

    //Subtract background from current with LED on and convert to mA 

      ledI = (fI-bgI)*1000; 

       

    mySerial.print("LED "); mySerial.print(i+1);  

    mySerial.println(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 

 

    ledDriver.analogWrite(LED[i-1], ledLow); 

    delay(100); 

    if(i == 7) ledDriver.analogWrite(LED[7], ledLow); 

      } 

delay(100); 

  //UV LEDs Check 

  //LEDs to check are the two on the PD and 2 CMOS boards 10 + 11 on PD board, 12 + 13 

on CMOS 1, 14 + 15 on CMOS 2 

    mySerial.println("UV LED Current Measurement"); 

     

      bgI = ina.readShuntCurrent(); 

      ledDriver.analogWrite(PWM_Pins[2], ledHigh); ledDriver.analogWrite(PWM_Pins[3], 

ledHigh); 

      delay(100); 

       

      fI = ina.readShuntCurrent(); 

      ledI = (fI-bgI)*1000; 

       

      ledDriver.analogWrite(PWM_Pins[2], ledLow); ledDriver.analogWrite(PWM_Pins[3], 

ledLow); 

       

      mySerial.print("UV LEDs PD Board "); 

      mySerial.print(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 

      delay(100); 

 

      bgI = ina.readShuntCurrent(); 

      ledDriver.analogWrite(PWM_Pins[4], ledHigh); ledDriver.analogWrite(PWM_Pins[5], 

ledHigh); 

      delay(100); 

       

      fI = ina.readShuntCurrent(); 

      ledI = (fI-bgI)*1000; 

       

      ledDriver.analogWrite(PWM_Pins[4], ledLow); ledDriver.analogWrite(PWM_Pins[5], 

ledLow); 

 

      mySerial.print("UV LEDs CMOS Board 1 "); 

      mySerial.print(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 
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      delay(100); 

 

     

      bgI = ina.readShuntCurrent(); 

      ledDriver.analogWrite(PWM_Pins[6], ledHigh); ledDriver.analogWrite(PWM_Pins[7], 

ledHigh); 

      delay(100); 

       

      fI = ina.readShuntCurrent(); 

      ledI = (fI-bgI)*1000; 

       

      ledDriver.analogWrite(PWM_Pins[6], ledLow); ledDriver.analogWrite(PWM_Pins[7], 

ledLow); 

       

      mySerial.print("UV LEDs CMOS Board 2 "); 

      mySerial.print(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 

      delay(100); 

 

     

  //Optical Head Sensor Check 

   mySerial.println("Optical Head Current Measurement"); 

    

      digitalWriteFast(headSwt,     LOW); 

      delay(100); 

      bgI = ina.readShuntCurrent(); 

      digitalWriteFast(headSwt,     HIGH); 

      delay(100); 

 

      fI = ina.readShuntCurrent(); 

      ledI = (fI-bgI)*1000; 

      digitalWriteFast(headSwt,     LOW); 

 

 

      mySerial.print("Optical Head "); 

      mySerial.print(" Current: "); mySerial.print(ledI); mySerial.println("mA"); 

       

       

 

  //Idle Check 

  mySerial.println("System Power Measurement"); 

  mySerial.print("Bus voltage:   "); 

  mySerial.print(ina.readBusVoltage(), 5); 

  mySerial.println(" V"); 

 

  mySerial.print("Bus power:     "); 

  mySerial.print(ina.readBusPower(), 5); 

  mySerial.println(" W"); 

 

 

  mySerial.print("Shunt voltage: "); 
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  mySerial.print(ina.readShuntVoltage(), 5); 

  mySerial.println(" V"); 

 

  mySerial.print("Shunt current: "); 

  mySerial.print(ina.readShuntCurrent(), 5); 

  mySerial.println(" A"); 

  mySerial.println(""); 

   

 } 

 

 void fullReading(){ 

  mySerial.println("Full Cycle Reading Start"); 

  //BGscan(); 

  Ab_Sc(); 

  flour(); 

  delay(10); 

  temp(); 

  delay(100); 

  mySerial.println("Full Cycle Reading End"); 

  } 

 

 

//Removing Absorption and all but LED 1 scatter   

 void Ab_Sc(){ 

    digitalWriteFast(headSwt,     HIGH); 

    mySerial.println("Scat Reading Start"); 

 

    uint16_t dataS[C12880_NUM_CHANNELS]; 

 

    //Introduce dummy scan to discharge CMOS 1 

    uint16_t dummy[C12880_NUM_CHANNELS]; 

 

    int photoDiodeBackground; 

    int photoDiodeData; 

 

   // EEPROM.get( absorbInts, integrationTimesA); 

    EEPROM.get( scatterInts, integrationTimesS); 

    spec1.set_integration_time(integrationTimesS[0]); 

    delay(1); 

    spec1.read_into(dummy); 

    //delay(10); 

    //spec2.read_into(dummy); 

    delay(10); 

     

 

    spec1.set_integration_time(integrationTimesS[0]); 

 

    spec1.read_into(backgroundS); 

 

    //Turn LED on 
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    for(int j = 0; j<8; j++){                   //Sets the current LED HIGH, turns the others off 

    if( j == 0) ledDriver.analogWrite(LED[0], ledHigh); 

    else ledDriver.analogWrite(LED[j], ledLow); 

        } 

 

    //Take actual reading 

    spec1.read_into(dataS); 

    //delay(1); 

    photoDiodeData = PDread(); 

     

    delay(1);//Read in data 

     for(int i = 0; i<8; i++){ 

        ledDriver.analogWrite(LED[i], ledLow); 

        } 

         

    delay(10); 

    //Print data minus background  

    mySerial.print("Reading for LED: "); mySerial.println(0 + 1); 

     

         

     mySerial.print("Sct: "); 

     mySerial.print("Int time: "); mySerial.println(integrationTimesS[0],6); 

     delay(100); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(dataS[i]); 

    if(i != C12880_NUM_CHANNELS-1) mySerial.print(","); else mySerial.println(" "); 

    delay(5); 

        } 

         

 

     mySerial.print("Sct BG: "); 

     mySerial.print("Int time: "); mySerial.println(integrationTimesS[0],6); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(backgroundS[i]); 

    if(i != C12880_NUM_CHANNELS-1) mySerial.print(","); else mySerial.println(" "); 

    delay(5); 

        } 

 

    mySerial.println("Scat Reading End"); 

    digitalWriteFast(headSwt,     LOW); 

     

  } 

 

   

 void flour(){ 

    mySerial.println("Fluorescence Reading Start"); 

    digitalWriteFast(headSwt,     HIGH); 

 

        //Set Up data storage arrays absorbtion and scatter  

    uint16_t backgroundF[C12880_NUM_CHANNELS]; 
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    uint16_t dataF[C12880_NUM_CHANNELS]; 

     

    //Introduce dummy scan to discharge CMOS 1 

    uint16_t dummy[C12880_NUM_CHANNELS]; 

     

    EEPROM.get( flourInts, integrationTimesF); 

    spec1.set_integration_time(integrationTimesF[4]); 

    delay(1); 

    spec1.read_into(dummy); 

    delay(10); 

     

       for(int i = 4; i<8; i++){ //cycle through 8 LEDs 

    int led = i; 

  //Set Int Time 

    delay(1); 

    spec1.set_integration_time(integrationTimesF[led]); 

 

    delay(1); 

    ////Take background reading 

    spec1.read_into(backgroundF); 

    delay(1); 

    //Turn LED on 

    for(int j = 0; j<8; j++){                   //Sets the current LED HIGH, turns the others off 

    if( j == led) ledDriver.analogWrite(LED[led], ledHigh); 

    else ledDriver.analogWrite(LED[j], ledLow); 

        } 

     delay(1);  

    //Take actual reading 

    spec1.read_into(dataF); 

    delay(1); 

 

     for(int i = 0; i<8; i++){ 

        ledDriver.analogWrite(LED[i], ledLow); 

        } 

    //Print data minus background  

    mySerial.print("Reading for LED: "); mySerial.println(led + 1); 

    mySerial.print("Flr: "); 

    mySerial.print("Int time: "); mySerial.println(integrationTimesF[i],6); 

     

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    //mySerial.print(dataF[i] - backgroundF[i]); if(i != C12880_NUM_CHANNELS-1) 

mySerial.print(","); else mySerial.println(" "); 

    mySerial.print(dataF[i]); if(i != C12880_NUM_CHANNELS-1) mySerial.print(","); else 

mySerial.println(" "); 

        } 

     mySerial.println(" "); 

 

           //Background of FLR LED Reading 

    mySerial.print("Flr BG: "); 
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    mySerial.print("Int time: "); mySerial.println(integrationTimesF[i],6); 

 

     for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(backgroundF[i]); if(i != C12880_NUM_CHANNELS-1) 

mySerial.print(","); else mySerial.println(" "); 

        } 

     mySerial.println(" "); 

        

      } 

 

    mySerial.println("Fluorescence Reading End"); 

    digitalWriteFast(headSwt,     LOW); 

   

  } 

 

 void BGscan(){ 

      mySerial.println("Background Reading Start"); 

    digitalWriteFast(headSwt,     HIGH); 

 

        //Set Up data storage arrays absorbtion and scatter  

    uint16_t backgroundF[C12880_NUM_CHANNELS]; 

    uint16_t backgroundA[C12880_NUM_CHANNELS]; 

    uint16_t backgroundS[C12880_NUM_CHANNELS]; 

     

    EEPROM.get( absorbInts, integrationTimesA); 

    EEPROM.get( scatterInts, integrationTimesS); 

    EEPROM.get(flourInts, integrationTimesF); 

     mySerial.println("Background Reading for ABS and SCT"); 

    for(int i = 0; i<8; i++){ //cycle through 8 LEDs 

    int led = i; 

    for(int i = 0; i<8; i++) ledDriver.analogWrite(LED[i], ledLow);   

  //Set Int Time 

    delay(10); 

    spec2.set_integration_time(integrationTimesA[led]); //set new int time 

    delay(10); 

    spec1.set_integration_time(integrationTimesS[led]); 

 

    delay(10); 

    spec2.read_into(backgroundA); 

    delay(10); 

    //Take background reading 

    spec1.read_into(backgroundS); 

 

    delay(10); 

     

    //Print data minus background  

    mySerial.print("Background reading for LED: "); mySerial.println(led + 1); 

     

 

//Flipped order of abs and sct 
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    mySerial.print("Abs BG: "); 

    mySerial.print("Int time: "); mySerial.println(integrationTimesA[i],6); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(backgroundA[i]); if(i != C12880_NUM_CHANNELS-1) 

mySerial.print(","); else mySerial.println(" "); 

    delay(5); 

        } 

 

     delay(200); ///////delay between sct and abs 

     mySerial.print("Sct BG: "); 

     mySerial.print("Int time: "); mySerial.println(integrationTimesS[i],6); 

     delay(100); 

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(backgroundS[i]);  

    if(i != C12880_NUM_CHANNELS-1) mySerial.print(","); else mySerial.println(" "); 

    delay(5); 

        } 

         

      } 

 

     

    //CMOS 1 Flr BG Scan 

       for(int i = 3; i<8; i++){ //cycle through 8 LEDs 

    int led = i; 

  //Set Int Time 

    //delay(1); 

    spec1.set_integration_time(integrationTimesF[led]); 

     for(int i = 0; i<8; i++) ledDriver.analogWrite(LED[i], ledLow); 

      

   delay(1); 

    //Take background reading 

    spec1.read_into(backgroundF); 

    delay(1); 

 

    //Print data minus background  

    mySerial.print("Reading for LED: "); mySerial.println(led + 1); 

    mySerial.print("Flr BG: "); 

    mySerial.print("Int time: "); mySerial.println(integrationTimesF[i],6); 

     

    for (int i = 0; i < C12880_NUM_CHANNELS; i++){ 

    mySerial.print(backgroundF[i]); if(i != C12880_NUM_CHANNELS-1) 

mySerial.print(","); else mySerial.println(" "); 

    delay(5); 

        } 

     mySerial.println(" "); 

      } 

 

    mySerial.println("Background Reading End"); 

    digitalWriteFast(headSwt,     LOW); 

  } 
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 void temp(){ 

      mySerial.println("Temperature Reading Start"); 

      digitalWriteFast(headSwt,     HIGH); 

      tempSensor.read(); 

      tempC = tempSensor.temperature(); 

      mySerial.println(tempC,3); 

      digitalWriteFast(headSwt,     LOW); 

      mySerial.println("Temperature Reading End"); 

  } 

   

int PDread(){ 

    int PD1 = 0;  

     

    for(int i = 0; i < numReadings; i++){ 

      PD1 = PD1 + analogRead(PDInput); 

      waits = millis(); 

      while (millis() < waits + 5) {} 

    } 

    PD1 = PD1/numReadings; 

 

    return PD1; 

 

     

    } 

 

   

void antiFoulingProgram(){ 

      unsigned long AF_interval; 

      unsigned long current_time; 

      AF_interval = EEPROM.get(AF_cycleLength,AF_Length) * 60000; 

      UV_ON(); 

       

      current_time = millis(); 

      while(millis() < current_time + 1000){ 

        SerialRead();  

        } 

       

      timer.setTimer(AF_interval);// milliseconds 

      Snooze.deepSleep( config_teensy32 ); 

      UV_OFF(); 

      current_time = millis(); 

      while(millis() < current_time + 1000){ 

        SerialRead();  

        } 

     mySerial.flush(); 

 

  } 

 

void UV_ON(){ 

    EEPROM.get( AF_dutyCycle, dc_p); 



 

 A-60   

    int duty_cycle = pwm_Res * (dc_p/100); //duty cycle of the PWM 

    for(int i = 0; i<8; i++){ 

    ledDriver.analogWrite(PWM_Pins[i],duty_cycle); 

      } 

  } 

     

void UV_OFF(){ 

          for(int i = 0; i<8; i++){ 

    ledDriver.analogWrite(PWM_Pins[i],0); 

        } 

      } 

  

 

 

B.3 Dublin Bay Deployment Data Retrieval & Sorting Software 

 

//Code written to organise Dublin Bay deployment data from AWS Dynamo DB provided 

by TechWorks Marine, extract data from JSON format and organise into excel columns for 

analysis. 

//Code written by Sean Power and Louis Free, Dublin City University 
 
import pandas as pd 
import csv 
import json 
import matplotlib.pyplot as plt 
import datetime 
import fnmatch 
 
KEYWORD = 'AWAMS1' 
 
headers = ['Timestamp', 'Date', 'SctLED1', 'bgSctLED1', 'Turb-NTU', 
          'FlrLED5', 'bgFlrLED5', 'Chl-A', 'Temp'] 
 
data = pd.DataFrame(columns = headers) 
 
def add_to_DataFrame(ts,t,s,bgs,tur,f,bgf,c,tmp): 
    global data 
    data = data.append({'Timestamp':ts,'Date':t, 'SctLED1':s,  
                    'bgSctLED1':bgs, 'Turb-NTU':tur,'FlrLED5':f, 
                    'bgFlrLED5':bgf, 'Chl-A':c, 'Temp':tmp}, 
ignore_index=True) 
 
def extract(pload, index, end)->str: 
    return(pload[index].split(':')[1][2:len([1])-end]) 
 
def data_values(payload, data): 
    timestamp = int(extract(payload,11,3)) 
    time = datetime.datetime.fromtimestamp(timestamp).strftime('%Y-%m-%d 
%H:%M:%S')  
    sctLED1 = int(extract(payload,5,2)) 
    bgsctLED1 = int(extract(payload,7,2)) 
    TurbNTU = float(extract(payload,9,4)) 



 

 A-61   

    FlrLED5 = int(extract(payload,4,2)) 
    bgFlrLED5 = int(extract(payload,8,2)) 
    ChlA = float(extract(payload,6,2)) 
    temp = float(extract(payload,6,2)) 
    add_to_DataFrame(timestamp,time,sctLED1,bgsctLED1,TurbNTU,FlrLED5,bgFlrL
ED5,ChlA,temp) 
    #print(data) 
     
     
def sort(p): 
    if KEYWORD in p: 
        p = p.split(',') 
        data_values(p,data) 
 
for i in range(1,11): 
    if i < 10:    
        df = pd.read_csv(f"MB100{i}-1656637200_1666054800.csv") 
    else: 
        df = pd.read_csv(f"MB10{i}-1656637200_1666054800.csv") 
    payload = df['Payload']#[0].split(',') 
 
    for p in payload: 
        sort(p)  
    if i < 10:  
        data.to_excel(f'MB00{i}.xlsx') 
    else: 
        data.to_excel(f'MB0{i}.xlsx') 

 

 

B.4 Datalogger Sensor Operation Firmware 
 

//Code written for Datalogger using Arduino Mega, adafruit datalogger, BlueSmirf BT 

Transceiver to control DCU Optical Sensor. 

//Code written by Sean Power, Dublin City University 

//Changes made to stop sensor reading cycle repeating and tidying up syntax of output to 

make more usable. Add in string identifier to catch sensor start up 

 

//Include Libraries 

/* ---------------------------------------------------- */ 

//SD Card Storage Libraries 

#include <SPI.h> 

#include <SD.h> 

 

//EEPROM Library 

#include <EEPROM.h> 

 

//Sleep Mode Library 

#include <Sleep_n0m1.h> 

 

//RTC Library 

#include "RTClib.h" 
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/* ---------------------------------------------------- */ 

//Variables 

/* ---------------------------------------------------- */ 

//Variable String to flag end of sensor reading 

String stopFlag = "Sensor Ready"; 

int startOK = 0; //when true command can be sent to sensor. 

//Function to waiting until stopFlag found before sending a command to the sensor 

int Contains(String s, String search) { 

  int max = s.length() - search.length(); 

  int lgsearch = search.length(); 

 

  for (int i = 0; i <= max; i++) { 

    if (s.substring(i, i + lgsearch) == search) return 1; 

  } 

 

  return 0; 

} 

 

 

//General Variables 

//Voltage Divider Resistor Values 220k, 110k 

const int battV = A7; //voltage divider to monitor battery capacity flag before 10.8Vs 

 

//EEPROM Storage Variables 

unsigned int n; //counter for the read files 

unsigned int m; //counter for deployment 

const int readCntAdrs = 0; //address of read counter, reset to 0 each deployment setting 

const int dplyCntAdrs = 5; //address for deployment, increments each deployment. 

 

//RTC Variables 

RTC_PCF8523 rtc; 

int Year, Month, Day, Hour, Minute, Second; 

int lastY, lastM, lastD, lastH, lastMin, lastS; 

 

//SD CARD Variables 

const int chipSelect = 10; 

File myFile; 

char file[50]; 

char lastFile[50]; 

char* diaFile = "diaFile.txt"; 

 

//Sleep Mode Variables 

Sleep sleep; 

 

unsigned long sleepDeviceTime = 900000; //Period between readings 900000 is 15 mins 

unsigned long sleepUVTime = 60000; //Period between readings 60000 is 1 min 

 

boolean UVTime = false; 

 

//Sensor Control Variables 
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const int sensorSwitch = 5; //pin to turn mosfet power switch on to power sensor 

 

//commands to sensor 

//char fullReadCMD[2] = ; //whole reading cycle 

String sensorCommand; 

 

bool blackBoxStatusB = false; 

bool blackBoxDataB = false; 

bool fullReadingB = false; 

bool deploymentB = false; 

 

bool snglReading = false; 

 

bool sPassthrough = false; 

 

// Comms Variables 

#define btSerial    Serial //Serial port for BT comms 

#define btBaudRate  115200 //BT Baud Rate 

//btBuffer Read Variables 

char   btInBuff[64]; //reading sensor data buffer 

int    btBytesRead; 

int bytesPerReading; 

 

//Comms for sensor are on main Serial 

#define sSerial    Serial2 //Serial port for BT comms 

#define mainBaudRate 9600 //Baud rate of Sensor 

 

//main serial buffer read variables 

char   inBuff[1727]; //reading sensor data buffer 

int    bytesread; 

 

double RWbytes = 100; 

int Dbytes = 100; 

 

//Reading timeouts 

double readTimeOut = 3000; 

unsigned long started_waiting_at; 

int serialCounter = 0; 

bool timeout = false; 

 

unsigned long sensorStartDelay = 6000; 

 

/* ---------------------------------------------------- */ 

//Functions 

/* ---------------------------------------------------- */ 

 

//EEPROM Functions 

void setCrntDplymtFile() { 

  EEPROM.get(readCntAdrs, n); 

  EEPROM.get(dplyCntAdrs, m); 
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  snprintf(file, sizeof(file), "D%02dR%04d.txt", m, n); 

  btSerial.print("New File: "); btSerial.println(file); 

} 

 

void setLastCrntDplymtFile() { 

  int N; 

  int M; 

  EEPROM.get(readCntAdrs, n); 

  EEPROM.get(dplyCntAdrs, m); 

 

  Serial.print("lastY: "); Serial.println(lastY); 

  if (n == 0) N = 0; 

  else N = n - 1; 

  if (m == 0) M = 0; 

  else M = m - 1; 

 

  snprintf(lastFile, sizeof(lastFile), "D%02dR%04d.txt", M, N); 

 

  Serial.print("Last File: "); Serial.println(lastFile); 

} 

 

 

void resetN() { 

  EEPROM.put(readCntAdrs, 0); 

  EEPROM.get(readCntAdrs, n); 

  Serial.print("N = "); Serial.println(n); 

} 

 

void resetM() { 

  EEPROM.put(dplyCntAdrs, 0); 

  EEPROM.get(dplyCntAdrs, m); 

  Serial.print("M = "); Serial.println(m); 

} 

 

 

//RTC Functions 

 

void rtcBegin() { 

  if (! rtc.begin()) { 

    btSerial.println("Couldn't find RTC"); 

    btSerial.flush(); 

    abort(); 

  } 

 

  //rtc.adjust(DateTime(F(__DATE__), F(__TIME__))); 

 

} 

 

 

String rtcTimeStamp() { 
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  char message[120]; 

  DateTime timestamp = rtc.now(); 

  Year = timestamp.year(); 

  Month = timestamp.month(); 

  Day = timestamp.day(); 

  Hour = timestamp.hour(); 

  Minute = timestamp.minute(); 

  Second = timestamp.second(); 

 

  sprintf(message, "%d-%d-%d %02d:%02d:%02d", Month, Day, Year, Hour, Minute, 

Second); 

 

  return message; 

} 

 

//SD CARD Functions 

void SDcardSetup() { 

  pinMode(SS, OUTPUT); //SPI pin 

 

  //Initilise SD Card 

  if (!SD.begin(chipSelect)) { 

    btSerial.println("initialization failed!"); 

    return; 

  } 

  btSerial.println("initialization done."); 

} 

 

void writeSDcard(String input, int ln, String command) { 

 

  if (command == "RW")myFile = SD.open(file, FILE_WRITE); 

  else if (command == "D") myFile = SD.open(diaFile, FILE_WRITE); 

 

  if (myFile) { 

    myFile.print(input); 

    if (ln == 1) { 

      myFile.println(" "); 

    } 

    // close the file: 

    myFile.close(); 

  } 

  else {    // if the file didn't open, print an error: 

    btSerial.print("error opening "); btSerial.println(myFile); 

  } 

 

} 

 

void readSDcard(String command) { 

  if (command == "RW") { 

    setLastCrntDplymtFile(); 

    btSerial.println(lastFile); 
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    myFile = SD.open(lastFile); 

  } 

 

  else if (command == "D") { 

    myFile = SD.open(diaFile); 

  } 

 

  if (myFile) { 

    btSerial.println(lastFile); 

 

    // read from the file until there's nothing else in it: 

    while (myFile.available()) { 

      btSerial.write(myFile.read()); 

    } 

    // close the file: 

    myFile.close(); 

  } 

 

  else { 

    // if the file didn't open, print an error: 

    btSerial.println("error opening test.txt"); 

  } 

 

} 

 

// Sensor Control Functions 

void SensorControlSetup() { 

  pinMode(sensorSwitch, OUTPUT); 

  digitalWrite(sensorSwitch, LOW); 

} 

 

//Comms Functions 

 

void commSetUp() { 

  sSerial.begin(mainBaudRate); 

  sSerial.setTimeout(5000); 

  while (!sSerial) { 

    ; 

  } 

  btSerial.begin(btBaudRate); 

  while (!btSerial) { 

    ; 

  } 

  btSerial.println("Starting BT Serial"); 

} 

 

#include <avr/power.h> 

 

void lowPowerSetup() { 
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  for (int i = 0; i <= 53; i++) { 

    pinMode(i, OUTPUT); 

    digitalWrite(i, LOW); 

  } 

 

  power_usart3_disable(); 

  power_usart1_disable(); 

} 

 

//Setup Function 

void deviceSetup() { 

  commSetUp(); 

  lowPowerSetup(); 

  SensorControlSetup(); 

  SDcardSetup(); 

  rtcBegin(); 

 

} 

 

int UVCounter = 0; 

void setup() { 

  deviceSetup(); 

  deploymentB = true; 

} 

 

//static unsigned long timeLastInput = 0; 

//unsigned long now; 

const long TIME_OUT =  4500L; 

 

 

String command; 

int idleTime = 10000; 

unsigned long time_now = 0; 

 

void loop() { 

 

  btSerialRead(); 

 

 

  if (fullReadingB == true) { 

    deploymentB = true; 

    snglReading = true; 

    fullReading(); 

    snglReading = false; 

    deploymentB = false; 

  } 

 

  else if (blackBoxDataB == true) { 

 

    blackBoxData(); 
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  } 

  else if (blackBoxStatusB == true) { 

    deploymentB = true; 

    blackBoxStatus(); 

    deploymentB = false; 

  } 

 

  else if (deploymentB == true) { 

 

    deployment(); 

 

  } 

 

  else if (sPassthrough == true) { 

 

    if (sSerial.available()) {      // If anything comes in Serial (USB), 

      btSerial.write(sSerial.read());   // read it and send it out Serial1 (pins 0 & 1) 

    } 

 

    if (btSerial.available()) { 

      char stopSPT = 'x'; 

      char inChar = (char)btSerial.read();// If anything comes in Serial1 (pins 0 & 1) 

      if (inChar == stopSPT) { 

        btSerial.println("Stopped Serial Passthrough"); 

        digitalWrite(sensorSwitch, LOW); 

        sPassthrough = false; 

      } 

      else sSerial.write(inChar); 

    } 

 

  } 

} 

 

void btSerialRead() { 

  if (btSerial.available()) { 

    btBytesRead = btSerial.readBytesUntil('\n', btInBuff, 64); // Read from serial until CR is 

read or timeout exceeded 

    btInBuff[btBytesRead] = '\0'; 

    String instruction = String(btInBuff); 

    btSerial.println(String(btInBuff)); 

    processInstruction(instruction); 

  } 

} 

 

void sensorSerialRead() { 

  startOK = 0; 

  while (startOK == 0) { 

    if (sSerial.available()) { 
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      bytesread = sSerial.readBytesUntil('\n', inBuff, 1727); // Read from serial until CR is 

read or timeout exceeded 

      inBuff[bytesread] = '\0'; 

      btSerial.println(String(inBuff)); 

      startOK = Contains(String(inBuff), stopFlag); 

    } 

  } 

  startOK = 0; 

} 

 

//process commands sent from BT device 

void processInstruction(String instruction) { 

  //commands to operate sensor will be the same as the commands being sent to the sensor 

  // RW, RL, RF, RT, D, A, SQ 

  String value1 = "0"; //outlines overall command branch (R,A,S,D) 

  String value2 = "0"; //second identifier for R and S (R -> W,L,F,T)(S -> Q,C) 

  String value3 = "0"; //Third identifier for SC (I,F,D,T) 

  String value4 = "0";  //Fourth indication for SCI (1 or 2) or Value or array of values for SC 

  String value5 = "0";  //Fourth indication for SCI (1 or 2) or Value or array of values for SC 

 

  int instructionLength = instruction.length(); 

  if (instructionLength > 0) { 

    value1 = instruction.substring(0, 1); 

  } 

 

 

  if (instructionLength > 1) { 

    value2 = instruction.substring(1, 2); 

  } 

 

  if (instructionLength > 2) { 

    value3 = instruction.substring(2, 3); 

  } 

 

 

  if (value3 == "F" or value3 == "D" or value3 == "T") { 

    value4 = instruction.substring(3, instructionLength); 

  } 

  else if (instructionLength > 4) { 

    value4 = instruction.substring(3, 4); 

  } 

 

  if (instructionLength > 4) { 

    value5 = instruction.substring(4, instructionLength); 

  } 

 

  //Black Box Commands 

  //notated by starting with B 

 

  if (value1 == "B") { 
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    //Black Box Status check 

    //will give battery capacisty, deployment info, RTC time check 

    if (value2 == "S") { 

      btSerial.println("Check Black Box Status"); 

      //blackBoxStatus(); 

      blackBoxStatusB = true; 

      blackBoxDataB = false; 

      fullReadingB = false; 

      deploymentB = false; 

    } 

 

    //request data stored on sd card 

    else if (value2 == "R") { 

      btSerial.println("Retrieving data from SD storage"); 

      //blackBoxData(); 

      blackBoxDataB = true; 

      blackBoxStatusB = false; 

      fullReadingB = false; 

      deploymentB = false; 

 

    } 

    //Command not recognised 

    else { 

      btSerial.println("No matching command found for Black Box"); 

    } 

  } 

 

  //Sensor Commands 

  //Sensor Reading Cycle 

  else if (value1 == "R") { 

    //Full reading cycle 

    if (value2 == "W") { 

      btSerial.println("Full Cycle Reading Start"); 

      EEPROM.get( readCntAdrs, n); //get current deployment number 

 

      writeSDcard("Deployment: ", 0, "RW" ); writeSDcard(String(n), 1, "RW"); 

      //fullReading(); 

      fullReadingB = true; 

      blackBoxDataB = false; 

      blackBoxStatusB = false; 

      deploymentB = false; 

    } 

 

    //Command not recognised 

    else { 

      btSerial.println("No matching command found for Sensor Reading Cycle"); 

    } 

  } 

 

  else if (value1 == "N") { 
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    resetN(); 

    btSerial.println("Read Number Reset to 0"); 

  } 

  else if (value1 == "M") { 

    resetM(); 

    btSerial.println("Deployment Number Reset to 0"); 

  } 

 

  //Deployment Mode with continous readings perdiodically 

  else if (value1 == "F") { 

    deploymentB = true; 

    fullReadingB = false; 

    blackBoxDataB = false; 

    blackBoxStatusB = false; 

    resetN(); 

    EEPROM.get(dplyCntAdrs, m); 

    m++; 

    EEPROM.put(dplyCntAdrs, m); 

    btSerial.println("Deployment Cycle Started"); 

  } 

 

  else if (value1 == "Z") { 

    deploymentB = false; 

    fullReadingB = false; 

    blackBoxDataB = false; 

    blackBoxStatusB = false; 

    btSerial.println("Deployment Stopped"); 

  } 

 

 

  else if (value1 == "P") { 

    sPassthrough = !sPassthrough; 

 

    if (sPassthrough == true) { 

      btSerial.println("Passthrough to Sensor Enabled"); 

      digitalWrite(sensorSwitch, HIGH); 

      //turn on sensor for passthrough to work 

    } 

 

    else 

    { btSerial.println("Passthrough to Sensor Disabled"); 

      digitalWrite(sensorSwitch, LOW); 

    } 

  } 

 

  //check RTC Functions 

  else if (value1 == "T") { 

    btSerial.println(rtcTimeStamp()); 

  } 
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  else if (value1 == "S") { 

    Serial.println("Device going to sleep"); 

    btSerial.println(rtcTimeStamp()); 

    delay(5); 

    deviceSleep(sleepDeviceTime); 

    delay(5); 

    btSerial.println(rtcTimeStamp()); 

    Serial.println("Device awake"); 

  } 

  //UV MODDE 

  else if (value1 == "U") { 

 

    uvMode(); 

 

  } 

  //Command not recognised 

  else { 

    btSerial.println("No matching command found"); 

  } 

} 

 

void uvMode() { 

  btSerial.println("Starting UV Mode"); 

  digitalWrite(sensorSwitch, HIGH); 

  delay(1000); 

  sSerial.write("A"); sSerial.write("\n"); 

  sSerial.flush(); 

  delay(10); 

  btSerial.println(rtcTimeStamp()); 

  delay(5); 

  deviceSleep(sleepUVTime); 

  delay(5); 

  btSerial.println(rtcTimeStamp()); 

  btSerial.println("Device awake"); 

  digitalWrite(sensorSwitch, LOW); 

} 

 

void deployment() { 

  fullReading(); 

 

  UVCounter++; 

  if (UVCounter > 3) { 

    UVCounter = 0; 

    UVTime = true; 

    uvMode(); 

  } 

  btSerial.print("UV Counter at: ");  btSerial.println(UVCounter); 

 

  btSerial.println("Entering Idle Mode"); 

  time_now = millis(); 
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  if (UVTime == true) { 

    UVTime = false; 

 

    btSerial.println(rtcTimeStamp()); 

    delay(5); 

    btSerial.println(sleepDeviceTime - sleepUVTime); 

    deviceSleep(sleepDeviceTime - sleepUVTime); 

    delay(5); 

    btSerial.println(rtcTimeStamp()); 

    btSerial.println("Device awake"); 

  } 

  else deviceSleep(sleepDeviceTime); 

 

  /* 

    while (millis() < time_now + sleepTime) { 

    btSerialRead(); 

    if (deploymentB == false) break; 

    }*/ 

 

  btSerial.println("End of Idle Mode"); 

} 

 

void fullReading() { 

  btSerial.println("Full Reading Cycle Started"); 

  //Set up file name 

  if (snglReading == true) { 

    m++; 

    EEPROM.put(dplyCntAdrs, m); 

  } 

  else { 

    n++; //interate 

    EEPROM.put(readCntAdrs, n); 

  } 

  setCrntDplymtFile(); 

  btSerial.print("File name for data to be stored: "); btSerial.println(file); 

  //Turn on Sensor 

  digitalWrite(sensorSwitch, HIGH); 

  btSerialRead(); 

  sensorSerialRead(); 

  btSerial.print("Timestamp: ");  btSerial.println(rtcTimeStamp()); 

  writeSDcard("Timestamp: ", 0, "RW" ); writeSDcard(rtcTimeStamp(), 1, "RW"); 

  writeSDcard("Battery: ", 0, "RW" ); writeSDcard(String(readBattery()), 1, "RW");  

  sSerial.write("RW\n"); 

  sSerial.flush(); 

  delay(100); 

 

  int ln; 

  command = "RW"; 

  bytesPerReading = 0; 

  bytesread = 0; 
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  //Reading response into text file on SD card 

  while (bytesPerReading < 32000) { 

    unsigned long now = millis(); 

    static unsigned long timeLastInput = now; 

    btSerialRead(); 

    if (deploymentB == false) break; 

    if (sSerial.available()) { 

      bytesread = sSerial.readBytesUntil('\n', inBuff, 2727); // Read from serial until CR is 

read or timeout exceeded 

      timeLastInput = now; 

      inBuff[bytesread] = '\0'; 

 

      if (bytesread < 2727) { 

        ln = 1; 

      }//btSerial.println(bytesread);} 

      else ln = 0; 

 

      bytesPerReading = bytesPerReading + bytesread; 

      writeSDcard(inBuff, ln, command); 

 

      // btSerial.print("Byte Count: "); btSerial.println(bytesPerReading); 

      btSerial.println(String(inBuff)); 

 

    } 

 

    if (now - timeLastInput > TIME_OUT) { 

      btSerial.println("Time out"); 

      //btSerial.print("now - timeLastInput "); btSerial.println(now - timeLastInput); 

      break; 

    } 

  } 

 

  bytesPerReading = 0; 

 

  //Catch when read cycle is complete 

  btSerial.println("Flag end of Sensor Reading Cycle"); 

 

  //Turn off sensor and enter sleep mode for set period 

  digitalWrite(sensorSwitch, LOW); 

 

  fullReadingB = false; 

  /* sleep.pwrDownMode(); //set sleep mode 

    sleep.sleepDelay(sleepTime); //sleep for: sleepTime*/ 

  //Repeat until command breaks cycle or BB switched off 

 

} 

 

void diagnosticProgram() { 

  btSerial.print("File name for diagnostics to be stored: "); btSerial.println(diaFile); 
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  //Turn on Sensor 

  btSerialRead(); 

  digitalWrite(sensorSwitch, HIGH); 

  delay(100); 

  /*btSerial.println("Wait Start"); 

      started_waiting_at = millis(); 

      while(millis() < started_waiting_at + sensorStartDelay){ 

       //sSerial.read(); 

     btSerialRead(); 

     if(deploymentB == false) break; 

    } 

    btSerial.println("Wait Stop"); 

    sSerial.flush(); 

 

    writeSDcard("Timestamp: ", 0, "D" ); writeSDcard(rtcTimeStamp(),1,"D"); 

  */ 

  sensorSerialRead(); 

  sSerial.write("D\n"); 

 

 

  delay(100); 

 

 

  int ln; 

  command = "D"; 

  bytesPerReading = 0; 

  bytesread = 0; 

 

  while (bytesPerReading < 570) { 

    unsigned long now = millis(); 

    static unsigned long timeLastInput = now; 

    btSerialRead(); 

    if (deploymentB == false) break; 

    if (sSerial.available()) { 

      bytesread = sSerial.readBytesUntil('\n', inBuff, 988); // Read from serial until CR is read 

or timeout exceeded 

      timeLastInput = now; 

      inBuff[bytesread] = '\0'; 

 

      if (bytesread < 988) { 

        ln = 1; 

      } //btSerial.println(bytesread);} 

      else ln = 0; 

 

      bytesPerReading = bytesPerReading + bytesread; 

      writeSDcard(inBuff, ln, command); 

 

      // btSerial.print("Byte Count: "); btSerial.println(bytesPerReading); 

      btSerial.println(String(inBuff)); 
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    } 

 

    if (now - timeLastInput > TIME_OUT) { 

      btSerial.println("Time out"); 

      //btSerial.print("now - timeLastInput "); btSerial.println(now - timeLastInput); 

      break; 

    } 

  } 

  //Catch when read cycle is complete 

  btSerial.println("Flag end of Sensor Reading Cycle"); 

 

  //Turn off sensor and enter sleep mode for set period 

  digitalWrite(sensorSwitch, LOW); 

  blackBoxStatusB = false; 

} 

 

void blackBoxData() { 

  btSerial.println("Black Box Data Start"); 

  btSerial.println("Retrieving Last Deployment Reading"); 

  readSDcard("RW"); 

 

  btSerial.println("Diagnostic Reading"); 

  readSDcard("D"); 

  blackBoxDataB = false; 

} 

 

void blackBoxStatus() { 

  btSerial.println("Black Box Status Start"); 

  //Check status of BB and Sensor 

  EEPROM.get(readCntAdrs, n); 

  btSerial.print("Current Deployment is: "); btSerial.println(n); 

 

  btSerial.print("Current file is: "); btSerial.println(file); 

  btSerial.print("Battery Voltage: "); btSerial.print(readBattery());  btSerial.println("V"); 

  //sensor wake up sequence 

  //Set up file name 

  diagnosticProgram(); 

} 

 

float readBattery() { 

  int inputVoltage = analogRead(battV); 

  float batteryV = inputVoltage * (5.00 / 1023.00) * 3.5; 

  return batteryV; 

} 

 

void deviceSleep(long sleepTime) { 

 

  sleep.pwrDownMode(); //set sleep mode 

  //sleep.sleepPinInterrupt(intPin, LOW); 

  sleep.sleepDelay(sleepTime); //sleep for: sleepTime 
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} 

void printDirectory(File dir, int numTabs) { 

  // Begin at the start of the directory 

  dir.rewindDirectory(); 

 

  while (true) { 

    File entry =  dir.openNextFile(); 

    if (! entry) { 

      // no more files 

      //Serial.println("**nomorefiles**"); 

      break; 

    } 

    for (uint8_t i = 0; i < numTabs; i++) { 

      btSerial.print('\t');   // we'll have a nice indentation 

    } 

    // Print the 8.3 name 

    btSerial.print(entry.name()); 

    // Recurse for directories, otherwise print the file size 

    if (entry.isDirectory()) { 

      btSerial.println("/"); 

      printDirectory(entry, numTabs + 1); 

    } else { 

      // files have sizes, directories do not 

      btSerial.print("\t\t"); 

      btSerial.println(entry.size(), DEC); 

    } 

    entry.close(); 

  } 

} 

 

B.5 Sligo Deployment Data Sorting Software 
import os 

import csv 

import re 

 

# define folder path containing text files 

folder_path = '/Users/seanpower/Documents/Sligo Data/seanssensordata220423' 

 

# define regular expression pattern to match sensor data 

data_pattern = r"Turb Chl CDOM Flr CDOM Abs Temp\s+(\d+),(\d+),(\d+),(\d+),([\d.]+)" 

 

 

# define regular expression pattern to match timestamp 

timestamp_pattern = r"Timestamp: (\d+-\d+-\d+ \d+:\d+:\d+)" 

 

# define regular expression pattern to match battery voltage 

battery_pattern = r"Battery: (\d+\.\d+)" 

 

# define CSV header 
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header = ['Timestamp', 'Turb', 'Chl', 'CDOM Flr', 'CDOM Abs', 'Temp', 'Battery'] 

 

# initialize list to store extracted values 

data = [] 

 

# get list of filenames sorted by filename 

filenames = sorted(os.listdir(folder_path)) 

 

# loop through all text files in the folder in order 

for filename in filenames: 

    if filename.endswith('.TXT'): 

        filepath = os.path.join(folder_path, filename) 

        with open(filepath, 'r') as f: 

            # read text file contents 

            print(filename) 

            contents = f.read() 

             

            # extract timestamp using regular expression pattern 

            timestamp_match = re.search(timestamp_pattern, contents) 

            if timestamp_match: 

                print("timestamp match") 

                timestamp = timestamp_match.group(1) 

             

            # extract battery voltage using regular expression pattern 

            battery_match = re.search(battery_pattern, contents) 

            if battery_match: 

                print("battery match") 

                battery = battery_match.group(1) 

             

            # extract sensor data using regular expression pattern 

            data_match = re.search(data_pattern, contents) 

            if data_match: 

                print("data match") 

                turb, chl, cdom_flr, cdom_abs, temp = data_match.groups() 

 

                 

                data.append([timestamp, turb, chl, cdom_flr, cdom_abs, temp, battery]) 

             

# write extracted values to CSV file 

with open('SligoData.csv', 'w', newline='') as f: 

    writer = csv.writer(f) 

    writer.writerow(header) 

    writer.writerows(data) 

 

print('Done.') 

 
 


