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Abstract

In an age where environmental concerns have become a common conversa-
tional topic, many freshwater sources still remain under-sampled and under-
profiled both spatially and temporally, with respect to biological and chem-
ical pollution. To this end, autonomous surface vehicles are excellent tools
for the remote and autonomous monitoring of pollutants. The first objective
of this study was to demonstrate how water sensors can be integrated onto
an autonomous surface vehicle. This was accomplished by the mounting of a
silicon (digital) temperature sensor onto a vehicle and programming the ve-
hicle to conduct autonomous temperature measurements of the campus lake
at the University of Bath. The second objective of this study was to develop
a low-cost and portable heavy metals sensor. An inexpensive and compact
PCB (printed circuit board) potentiostat was designed and pencil graphite
electrodes were used for the determination of Zn2+ via differential pulse an-
odic stripping voltammetry (DPASV). This objective was partially satisfied;
while the sensor and potentiostat were capable of measuring Zn2+ concentra-
tions as low as 0.11g L−1, conventional lab-based measurement techniques
are able to measure concentrations of approximately 800µg L−1 (parts-per-
billion range) and lower. While the designed sensor proved promising, fur-
ther testing needs to be done using other types of electrodes in order to
make accurate comparisons with the performance of conventional lab-based
methods.
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1 Introduction

1.1 Aim, Objectives, and Scope

The aim of my study was to work towards the development of an autonomous
water sampling platform for real-time and remote environmental monitor-
ing. This was achieved by building upon existing autonomous surface vehicle
research already completed at the Department of Electronic and Electrical
Engineering, where a freshwater platform already exists, allowing me to fo-
cus on water sampling and analysis.

The primary objective of the project was to develop water sensors capa-
ble of measuring specific chemical markers that correspond to various water
quality parameters. I chose to pursue this objective by investigating sensors
for the detection and measurement of heavy metal concentration in fresh
water sources. The sensor was designed for the determination of Zn2+ con-
centrations; it comprises a PCB potentiostat and pencil graphite electrodes,
uses the differential pulse anodic stripping voltemmetric (DPASV) method,
and is controllable using the STM32-Nucleo-F302R8 micro-controller.

In investigating the sensors, I placed an emphasis on designing a “mea-
surement rig” that is both portable and low-cost. Portability is an important
trait as it allows the rig to be transported, with minimum fuss, into the field
in order to conduct on-site and real-time sampling. A low overall cost, on the
other hand, allows on-site sampling to be conducted without too much fear
of damaging the rig since damaged components can be more easily replaced.
Furthermore, a low overall cost would also allow the rig to be constructed
and deployed in economically-poor regions.

2 Background

2.1 Water Sampling and Environmental Monitoring

Earth’s many and abundant water resources, including lakes, rivers, coasts,
and lagoons, play a critical role in sustaining life on the planet. Indeed, such
is their importance that the recent increase in public concern regarding the
environment has led to various efforts being undertaken to manage plastic
pollution in these water resources. However, when it comes to chemical and
biological pollution, a majority of these resources still remain vastly under-
sampled and under-profiled both spatially and temporally [11].
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As such, the development of a robust solution that allows for the moni-
toring of these resources would bring about a number of benefits, with the
primary advantage being the ability to develop a better understanding of
water pollutants. This, in turn, allows for better pollution management,
the long-term maintenance of ecosystem-based fisheries, and better conser-
vation of marine life [12, 13]. It is also easier to conduct environmental
impact assessments, on various human activities, in bodies of water that are
well-profiled and well-sampled.

2.2 Water Quality Parameters

Turbidity and Colour

Two of the most obvious visual quality parameters of a body of water are
its colour and turbidity. There are a number of factors that could cause a
change in either parameter, including the presence of clay and silt particles,
discharges of sewage or industrial waste, and the presence of large numbers
of microorganisms [14]. As such, a change in either parameter could indicate
the presence of pollutants.

Aside from their function as indicators of pollution, both colour and
turbidity also affect the amount of light penetrating the body of water [15]
and, thus, may have a significant impact on aquatic life. While it is near
impossible to identify specific causes and pollutants through changes in ei-
ther colour or turbidity, both remain useful water quality parameters as
they can be measured easily and quickly using colorimetry or infrared (IR)
spectroscopy methods.

Temperature

Thermal pollution, as a result of human activity, has been identified as a
cause for concern since the mid-twentieth century [16], and is known to
negatively affect water quality and aquatic life. It is primarily caused by
power plants and industrial reactors, where water is used as a coolant and
discharged at temperatures above the ambient temperature [17]. The re-
sult of this, according to a recent study [18], can be seen in notable rivers
such as the Rhine, which experiences an average temperature increase of ≥
5� throughout the year. It can also be caused, albeit to a lesser degree, by
urban run-off during warm weather, in which storm water passes over hot
urban land areas and flows into streams, rivers, and lakes.
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Nitrogen and Phosphorus

Nitrogenous compounds (in the form of nitrates, nitrites, ammonia, and or-
ganic nitrogen) and phosphorus compounds (in the form of insoluble phos-
phates) may originate from a number of sources, the largest being human
sewage, both raw and treated. Other sources include geological erosions,
nitrogen fixation carried out by algae and aquatic plants, washout of NOx

compounds from the atmosphere, and agricultural fertilizer run-offs [19].

Excessive levels of nitrogenous and phosphorous compounds are often
associated with eutrophication, plant overgrowth, and harmful algal blooms
due to the role of both compounds as nutrients for plants and algae [19].
This has a significant effect on dissolved oxygen (DO) concentration as plant
photosynthesis may cause excessive DO levels during the day and respira-
tion may cause severely low DO levels at night. Furthermore, overgrowths of
plants and algae will cause an increase in the concentration of bi-carbonate
ions, a by-product of photosynthesis, driving up the pH.

Ammonia is also of concern as it is toxic to most aquatic organisms,
because they lack the mechanism to prevent its build-up in the blood-
stream [20].

pH

The pH of a body of water is another key factor involved in sustaining
aquatic life as many biological activities tend to operate within a limited
pH range of 5-8 [14]. Under most circumstances, a change in pH is likely to
only cause a localized effect in oceanic bodies of water due to the natural
buffering capacities of seawater [19]. This may not be the case in freshwater
sources, however, where an increase in sulphur and nitrogen concentrations
may severely depress pH levels to as low as pH 4. On the other hand, an
increase in the concentration of bi-carbonate ions, a by-product of photo-
synthesis, may significantly increase pH levels to beyond pH 10.
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Organic Material/Degradable Wastes

According to Clark [19], most of the pollutants entering coastal waters are
composed of organic materials, originating from urban sewage, agricultural
wastes, food processing wastes, oil spillages, chemical wastes, etc. The or-
ganic materials are broken down over time, mostly by aerobic bacterial ac-
tion, into inorganic compounds such as carbon dioxide, water, and ammonia.
This is an oxidative process, which means that oxygen is consumed as the
materials are degraded [19].

If there is a large enough input of organic materials, the rate of oxy-
gen consumption may exceed the DO supply, causing deoxygenation. In a
deoxygenated environment, further degradation will depend on anaerobic
bacterial action, which is slow and yields more undesirable end-products
such as methane and hydrogen sulphide [19].

The presence of organic material is often quantified by measuring either
the chemical oxygen demand (COD) or the biochemical oxygen demand
(BOD). The BOD is the amount of DO that is needed to breakdown, via
bacterial action, the organic materials present in a water sample at a certain
temperature over a specific time period. The COD is similar to the BOD
but less specific, and is the amount of oxygen needed for all oxidising reac-
tions in a water sample.

Heavy Metals

There are a wide range of naturally occurring metals in many water sources,
mainly due to the weathering of minerals [21]. However, anthropogenic
activities such as mining and quarrying has caused an increase in the con-
centration of heavy metals in many rivers [21]. This is of concern as heavy
metals are non-degradable and often considered very toxic and damaging to
the environment.

One example of this is zinc, which is a common pollutant associated
with the mining of coal, lead, silver, and a number of other metals. Even at
relatively low concentrations, it is considered toxic to many aquatic organ-
isms [22]. Other heavy metal pollutants that can cause severe damage to
the environment include mercury, cadmium, copper, lead, tin, iron, arsenic,
silver, and nickel [19].
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Microbial Population

The monitoring of certain aquatic populations of bacteria, viruses, and par-
asites may be useful for the detection of pathogens, especially in waters that
are used for recreation or as sources of drinking water. One of the most
commonly monitored species of bacteria is Escherichia coli (also known as
E. coli), which is a reliable indicator of human and animal faecal contamina-
tion [23]. Although E. coli is not normally considered pathogenic in natural
waters, it is frequently accompanied by pathogens such as viruses [24].

Some populations of phytoplankton, such as cyanobacteria, dinoflagel-
lates, and diatoms, may form harmful algal blooms when over-populated.
This is often the result of an over-abundance of nutrients in the water. These
algal blooms deplete DO levels, reduce sunlight penetration, and may even
create “dead zones” where neither fish nor plants can survive [25]. Harmful
algal blooms may also produce potent toxins that, when ingested, can be
fatal to humans, land animals, sea mammals, birds, and fish [26].

2.3 Autonomous Surface Vehicles

With the currently growing interest in the monitoring and analysis of water
pollution, there is also a need to increase the quantity and precision of data
available, both spatially and temporally [12]. The availability of such an
archive of data would enable scientist to not only develop a better compre-
hension of individual bodies of water, but also build an understanding of the
behaviour of pollutants with respect to drift over time, seasonal variations,
anthropological activities, weather events, water levels, and their links to
phenomena such as algal blooms and spillages.

The use of a mobile sampling platform for remote sensing and sampling
allows greater flexibility than the current convention of using fixed platforms
and sensors [27]. The platform could be a game-changer as it would greatly
expand the number of possible sampling locations. The possibility of mea-
suring and analysing water samples in-situ would also speed up the time
needed to profile bodies of water.

Another key challenge in the field of water sampling and analysis is that
current sampling and monitoring methods, due to human error, lack the
consistency in sample location, time, or quality. By using an autonomous
sampling platform, the human error aspect can be eliminated, allowing for
greater consistency in the gathering of water samples.
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A number of Autonomous Surface Vehicles have already been developed
over the past two decades for a variety of purposes. The SCOUT (Sur-
face Craft for Oceanographic and Undersea Testing) kayak, developed at
the Massachusetts Institute of Technology, has a hull made of HDPE (high
density polyethylene) and is designed to accommodate a range of payloads
for the collection of hygrographic data [28].

TheDELFIM catamaran was designed by the Instituto Superior Técnico
(Portugal) to collect marine data, and to serve as a support vessel [29]. The
Measuring Dolphin catamaran, built by the University of Rostock (Ger-
many), is capable of high accuracy positioning and track guidance, and
carrying hygrographic sensors [30].

The Springer (University of Plymouth), the Wivenhoe (CSIRO Au-
tonomous Systems Laboratory, Australia), and the Lizhbeth (University
of Zurich, Switzerland) catamarans were designed for the monitoring and
tracing of pollutants [31, 32, 33]. The Charlie catamaran was built by the
CNR-ISSIA Genova (Italy) for the collection of sea surface microlayers [34].

Table 1: Autonomous surface vehicles developed over the past two decades

Autonomous Surface Vehicles Year Function

DELFIM [29] 2000 Acoustic relay

SCOUT [28] 2005 Collection of hygrographic data

Measuring Dolphin [30] 2006 Collection of hygrographic data

Springer [31] 2006 Monitoring of water pollutants

Charlie [34] 2008 Collection of sea surface microlayers

Wivenhoe [32] 2010 Monitoring of water pollutants

Lizhbeth [33] 2013 Monitoring of water pollutants

2.3.1 The Autonomous Water Sampling and Monitoring Plat-
form

The Autonomous Surface Vehicle that has been developed at the University
of Bath’s Department of Electronic and Electrical Engineering is a catama-
ran with foam-based hulls, designed to be able to accommodate interchange-
able payloads. It has two BlueRobotics T100 thrusters, one mounted in the
back of each hull, and is fitted with aluminium struts for holding in place
the payload and other installed components. The thrusters are powered by
two LiPo 3s 11.1V 1.5A batteries.
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Figure 1: The Autonomous Surface Vehicle developed at the Department of
Electronic and Electrical Engineering

The Pixhawk Board

The control of the navigational functions of the vehicle was accomplished by
using a Pixhawk board, the set-up for which is given below. The Pixhawk
is an ”off-the-shelf” high-performance flight controller, capable of providing
control and automation for a variety of vehicles, including fixed-wing and
multi-rotor drones, helicopters, rovers, and boats. It has an internal com-
pass and accelerometer, and can connect to a maximum of 14 PWM outputs.

Table 2 lists the specifications of the Pixhawk board, while Figure 2
presents the layout of the Pixhawk interfaces [8].
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Table 2: Pixhawk board - specifications [8]

Processor
32-bit STM32-F427 ARM Cortex M4 core with FPU

168 Mhz / 256 kB RAM / 2MB Flash

32-bit STM32-F103 failsafe co-processor

Sensors

Invensense MPU6000 3-axis accelerometer/gyroscope

STM L3GD20H 16-bit gyroscope

STM LSM303D 14-bit accelerometer

MEAS MS5611 barometer

Power
Ideal diode controller with automatic failover

Servo rail high-power (max. 10V) and high-current (10A+)
ready
All peripheral outputs over-current protected, all inputs
ESD protected

Interfaces

5× UART (serial ports), one high-power capable, 2 with
HW flow control
Spektrum DSM / DSM2 / DSM-X Satellite compatible in-
put
Futaba S.BUS compatible input and output

PPM sum signal input

RSSI (PWM or voltage) input

I2C, SPI, 2× CAN, USB

3.3V and 6.6V ADC inputs

14



Figure 2: Pixhawk interfaces layout
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Mission Planner

Mission Planner is a free, open-source, Windows-compatible software, sup-
ported by ArduPilot, that functions as a ground control station for the
Pixhawk board. It can be used to both configure the Pixhawk board and
as a dynamic control supplement for the autonomous vehicle. It also allows
for easy plotting of waypoints for autonomous missions using an on-screen
map and a “point-and-click” system.

When configured with appropriate telemetry hardware, the software is
also capable of displaying the status of the vehicle while in operation. Figure
3 shows the user interface of the Mission Planner software.

Figure 3: User interface of the Mission Planner software

The Radio Control System

Manual steering of the vehicle is achieved using a FlySky T4B 4-channel
controller-receiver set. This allows the vehicle to be steered manually, espe-
cially in cases where a GPS lock cannot be acquired or where the use of the
auto-piloting system is not feasible.

Overall Setup

The electronic components required for the control of navigational functions
were connected to the Pixhawk board. The left and right thrusters were con-
nected to “Main Output 1” and “Main Output 3” respectively. An external
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GPS module was connected to the “GPS” and “I2C” ports, a buzzer was
connected to the “Buzzer” port, and a safety switch (functioning as a phys-
ical arm/disarm button) to the “Switch” port. The radio control receiver
was connected to the “RC In” port via a PPM encoder.

In order to be configured, the Pixhawk board was connected via USB to
the Mission Planner application. The latest ArduRover firmware, which is
used for rovers, boats, and ground vehicles, was downloaded and installed on
the board. The compass, accelerometer, radio controller, and flight modes
were then configured and calibrated with the aid of the Mission Planner
application.

Once the firmware had been installed and the individual components
have been properly configured and calibrated, the next step was to mod-
ify a few configuration parameters by navigating to “Config/Tuning �Full
Parameter List”. Table 3 contains a list of the configuration parameters
that were modified. Finally, a FPV radio telemetry set was configured to
allow remote communications between the Pixhawk board and the Mission
Control application.

Table 3: Pixhawk Configuration Parameters

Configuration Parameter Value

FRAME CLASS 2 (boat)

PILOT STEER TYPE 1 (two paddles input)

SERVO1 FUNCTION 73 (throttle left)

SERVO3 FUNCTION 74 (throttle right)

2.4 Temperature Sensing

As discussed above, thermal pollution is one of the many key parameters
that need to be monitored for the purpose of water quality assurance. This
section presents a literature review of the various mainstream temperature
measurement techniques, followed by the selection and design of a simple
temperature sensor to be used, with the Autonomous Surface Vehicle, for
autonomous temperature measurement.

Temperature sensors usually operate by detecting a change in a physical
parameter, such as resistance or voltage, and using an empirical correlation
to determine temperature. In general, temperature sensors can be either
contact or non-contact.
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Platinum Resistance Temperature Detector (RTD)

One of the most commonly used temperature sensors in the bioprocess indus-
try is the platinum resistance temperature detector (RTD) [35]. To measure
temperature, RTDs rely on the use of a resistance wire, which has a precise
resistance-temperature relationship, wound on a suitable former [36]. The
resistance wire typically comprises a metal with a positive temperature co-
efficient; this is most commonly platinum, nickel, tungsten, or copper [1].
Platinum is the preferred material due to its superior accuracy, predictabil-
ity, and stability compared to the other materials[1]. Furthermore, platinum
has a much higher useful temperature range (approx. −270� to 650�)
than the other materials, while also possessing a highly linear resistance
change [9].

Advantages [1]:

� Excellent accuracy and repeatability

� Relatively wide operating temperature ranges

� Low drift over time

� Linear resistance-temperature curves. Figure 4 shows an example of
this.

� Standardised resistance-temperature properties, meaning they are highly
interchangeable

Disadvantages [1, 9]:

� Higher cost than most other temperature sensors due to the materials
used

� Resistive devices undergo a self-heating effect which may compromise
system accuracy, depending on the mass and thermal conductivity of
the device

Table 4: Typical operating temperatures of common RTD element materi-
als [9]

Material Operating Temperature Range

Platinum -270 to 650�

Nickel -100 to 315�

Copper -75 to 150�

Nickel/Iron 0 to 205�

18



Figure 4: Resistance-temperature curve of a thin-film platinum RTD (ice-
point resistance = 100Ω) [1]

Thermistor

Thermistors, like RTDs, rely on materials whose resistances are temperature-
dependent in order to measure temperature, and are classified as either
positive temperature coefficient (PTC) or negative temperature coefficient
(NTC). For PTC thermistors, resistance increases with temperature; NTC
thermistors, on the other hand, display a decrease in resistance as temper-
ature increases. Thermistors are typically constructed using a combination
of metal oxides sintered to a ceramic base while PTC thermistors can also
be made from conductive polymers [1].

Advantages [1]:

� Relatively low cost, since they do not utilise expensive pure metals
such as platinum

� The most sensitive to changes in temperature, compared to other sen-
sors

Disadvantages [1, 36]

� Non-linear resistance-temperature curves, so their operation is limited
to a narrow temperature range to minimise non-linearity

� Lower exposure temperatures compared to RTDs and thermocouples
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because their stability is adversely affected by long-term exposure to
high temperatures

� May fail closed, producing a resistance that can be wrongly interpreted
as a temperature reading

� Like RTDs, thermistors may also struggle with self-heating which af-
fects measurement accuracy

� Non-standardised resistance-temperature properties, so they are not
very interchangeable; resistance-temperature data is usually supplied
by the respective manufacturers

Thermocouple

Thermocouples consist of two electro-conductive wires, made from different
metals or alloys, that are connected at one end of a circuit [9]. The two ends
of the conductors are known as junctions. The end of the conductors that is
exposed to the process temperature is referred to as the measurement (hot)
junction. The other end is known as the reference (cold) junction and is
maintained at a known reference temperature. When the temperature at
two junctions are different, a temperature-dependent millivolt potential is
formed within the conductors [36]. The magnitude of this potential, along
with a knowledge of the reference temperature and the type of thermocouple
used, can then be used to determine the temperature at the measurement
junction.

Advantages [9]:

� Largest operating temperature range compared to other sensing tech-
nologies

� Relatively low-cost, due to their simple design

� Highly durable, can be deployed in many environments

Disadvantages [9, 1]:

� The exposed measurement junction is often susceptible to corrosion
and oxidation

� The use of a thermowell or stainless steel sheath to shield the mea-
surement junction will result in slower thermal response times, lower
accuracy, and higher susceptibility to electromagnetic interference

� Less stable than other sensors at moderate to high temperatures
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Silicon Temperature Sensor

Silicon sensors operate by taking advantage of the bulk electrical resistance
properties of semi-conductive materials, with resistance increasing almost
linearly with temperature at low temperatures [1]. They are highly sen-
sitive, are typically available for operating temperatures that range from
cryogenic to about 200� [1], and are used extensively in integrated circuits
(IC).

Advantages [1]:

� Highly linear resistance-temperature curves

� Cheaper than RTDs

� Suitable for low-temperature operation

Disadvantages [1]:

� Resistance-temperature curves are less linear than that of RTDs

� Less accurate, longer thermal response times, limited operating tem-
perature ranges compared to RTDs, thermistors, and thermocouples

� More costly than thermistors and thermocouples

General Considerations and Comparisons

For the selection of temperature sensors, one key parameter that has to be
considered is the operating temperature range; a comparison of the typical
operating ranges of each type of sensor is listed in Table 5.

Table 5: Operating ranges of different temperature sensors [1]

Temperature Sensor Operating temperatures

RTDs -273.15 to 200�

Thermistors -100 to 500�

Thermocouples -200 to 2315�

Silicon sensors -273.15 to 200�
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The tolerance, accuracy, and sensitivity of the measurements of each
sensor should also be taken into consideration. Tolerance is the total al-
lowable error within a system, typically given as plus or minus a particular
temperature. Accuracy, on the other hand, is the ability of the sensor to
measure the true value of the temperature over a temperature range [9].
Depending on their design, RTDs, thermistors, thermocouples, and silicon
sensors are all capable of maintaining tolerances of less than ±1.7�, while
RTDs generally give the best overall accuracy compared to other sensors [1].

When considering sensitivity, the thermal inertia of the sensor needs to
be taken into account; this is a function of the mass of the sensor as well as
the thermal conductivity of the material used. A summary, including the
general attributes of each type of sensor, can be found in Table 6.

2.5 Heavy Metals Sensing

Another important parameter for the monitoring of water quality is the
concentration of heavy metals. While atomic absorption spectrometry, in-
ductively coupled plasma - atomic emission spectroscopy (ICP-AES), and
inductively coupled plasma - mass spectrometry (ICP-MS) are all techniques
that have been proven to be highly reliable for the determination of trace
metals, they are ill-suited for remote and autonomous monitoring of heavy
metals in water. This is mostly due to these techniques being relatively ex-
pensive, both in terms of resources and equipment, and the need for highly-
trained technicians for the operation of said equipment [7]. The equipment
required for these techniques also tend to be rather bulky and cannot be
easily transported into the field for in-situ measurement.

Recently, there has been a growing trend towards the use of electro-
chemical techniques, such as voltammetry, for the measurement of heavy
metals concentration in water. Yantasee et. al., for example, suggest that
anodic stripping voltammetry could be a highly desirable technique because
of its high detection sensitivity, which is “due to the combination of the
built-in pre-concentration step with powerful voltammetric techniques that
generate an extremely favourable signal-to-noise ratio” [37]. Previous stud-
ies have also shown anodic stripping voltammetry techniques to be economic
and easily used by personnel with minimal training [37, 7, 38, 39].

This subsection will present an overview of common voltammetric tech-
niques currently in use, and their applications.
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Table 6: General attributes of each temperature sensor
Sensor Advantages Disadvantages

RTD

������������������������ Great accuracy and
repeatability

� Excellent stability

� Interchangeable

� Linear resistance-
temperature curves

� Bulkier than other
sensors

� More costly than
other sensors

Thermistor

� Greatest sensitivity

� High resolution

� Short thermal
response times

� Relatively cheap

� Non-linear
resistance-
temperature curves

� Limited operating
temperature range

� May struggle with
self-heating

Thermocouple

� Widest operating
temperature range

� Low cost

� Excellent durability

� Can operate at
extremely high
temperatures

� Susceptible to
corrosive
environments

� Less stable than
other sensors at mid
to high
temperatures

Silicon sensor

� Cheap

� Linear resistance-
temperature curves

� Limited operating
temperature range

� May experience
self-heating
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2.5.1 Basic Theory

The common underlying principle behind all voltammetric techniques is that
they involve applying a potential (E ) to an electrode and monitoring the re-
sulting current(i) that flows through the electrochemical cell. In most cases,
it is desirable to either vary the applied potential or to monitor the current
over a period of time (t) [40].

Most voltammetric techniques employ a three-electrode arrangement,
comprising a working electrode, a counter electrode, and a reference elec-
trode. The working electrode serves as the site at which the redox reactions
take place during analyses. the counter electrode allows current to flow to
and from the working electrode, and is usually made from an inert material,
such as platinum, gold, graphite, or glassy carbon, and does not participate
in the electrochemical reaction.

The reference electrode is a stable electrode with a well-known, constant
potential. It is used as a point of reference in the cell for the control and
measurement of the potential applied on the working electrode. Typical ref-
erence electrodes for aqueous solutions are the saturated calomel electrode
(SCE) and the silver/silver chloride electrode (Ag/AgCl). Ideally, there
should be no current flow through this electrode.

General advantages of voltammetric techniques [40]:

� Excellent sensitivity

� A very wide useful linear concentration range (10−12 to 10−1M) for
both organic and inorganic species

� Analysis times can be as short as mere seconds

� Several analytes can be determined simultaneously

� A wide range of useful solvents and electrolytes

2.5.2 Polarography

Polarography can be said to occupy a special place in history because its
discovery by Jaroslav Heyrovsky in 1922 marked the beginning of the field
of voltammetry. It is also rather unique due to its use of a dropping mercury
electrode (DME) as a working electrode, which consists of a succession of
mercury drops flowing, under gravity, through a glass capillary [40]. As the
drop grows, the current increases with increasing area; conversely, as the
drop falls, the current also falls. Each new drop also provides a clean sur-
face for the redox process to take place. Figure 5 below shows a polarogram,
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Figure 5: Example of a typical polarogram [2]

where the effects of the growth and falling of each drop can be seen. The
plateau current is proportional to the concentration of the analyte, while
the half-wave potential, which is the potential when the current is half the
value of the plateau current, is specific to the analyte’s matrix [40].

The polarography technique has several disadvantages that can limit its
usefulness. Chief among these is that mercury is oxidised at potentials more
positive than +0.2V versus SCE [40], making analyses in the positive poten-
tials impossible. Another disadvantage is that the charging of the electrode
surface, which has a large capacitance, causes residual currents which may
skew the current readings.

2.5.3 Cyclic Voltammetry (CV)

Although rarely used for quantitative applications, cyclic voltammetry (CV)
is often found to be useful for the study redox processes, for understanding
reaction intermediates, and for obtaining stability of reaction products [40].
Cyclic voltammograms are produced by monitoring the current while vary-
ing the applied potential at the working electrode in both the positive and
negative directions, at a fixed scan rate.
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Figure 6: Example of a cyclic voltammogram of various p-aminophenol con-
centrations [3]

CV tends to employ a three-electrode arrangement (working, counter,
and reference electrodes) and is usually carried out in a quiescent solution.
Although mercury film electrodes are traditionally favoured, glassy carbon,
platinum, gold, graphite, and carbon paste are all suitable working elec-
trodes [40].

2.5.4 Pulse Methods

Pulse voltammetric methods were developed with an eye on increasing the
speed and sensitivity of the measurements. These techniques employ a form
of potential modulation, instead of a simple staircase ramp, when scanning
the applied potential in either direction. The three most commonly used
methods are normal pulse, differential pulse, and square-wave voltammetry.
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Figure 7: Example of the normal pulse waveform used for NPV [4], where
Im is the point at which current is measured for each pulse

Normal Pulse Voltammetry (NPV) involves the use of a series of
potential pulses of increasing amplitude, starting at an initial potential, Ei.
Each pulse has a fixed duration, τ , of approximately 1− 100ms and the in-
terval between pulses is set at around 0.1−5s [40]. The current is measured
near the end of each pulse. The voltammogram is obtained by plotting the
measured current (y-axis) against the potential to which the pulse is stepped
(x-axis).

Differential Pulse Voltammetry (DPV) differs from NPV in that
the amplitude of the potential pulses is fixed, typically at around 10 −
100mV [40]. The pulses, however, are superimposed on a slowly changing
base potential. Current is sampled twice per pulse: the first measurement,
i1, is made just before the pulse is applied and the second, i2, at the end of
the pulse. The voltammogram is obtained by plotting the current differen-
tial (i2 − i1) against the base potential.
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Figure 8: Example of the differential pulse waveform used for DPV [5]

Square Wave Voltammetry (SWV) uses a staircase waveform with
a fixed step height and symmetrical square-wave pulses with a fixed ampli-
tude (∆Ep) superimposed on the waveform, so that the forward pulse of
the square wave coincides with the staircase step. The voltammogram is
obtained by plotting the net current (inet = iforward − ireverse - see Figure
9) against the stepped potential (∆Es), with the peak centred on the redox
potential of the analyte and peak height directly proportional to analyte
concentration.
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Figure 9: Example of the square-wave waveform used for SWV, where
iforward and ireverse are points at which current is measured, ∆Es = step
height, and ∆Ep = pulse amplitude [6]

2.5.5 Deposition and Stripping Techniques

Deposition and stripping techniques are often credited with having the
very low detection limits when compared to other electroanalytical tech-
niques [40]; this is mostly due to the pre-concentration (or deposition) step,
where the analyte species in the sample solution is deposited onto the work-
ing electrode. During the subsequent stripping step, the analyte is stripped
from the working electrode using a potential scan and the current is mea-
sured. The stripping of the analytes produce peak currents (ip), which are
proportional to the concentration of each analyte, at different peak poten-
tials (Ep), which are specific to each analyte.

It is possible to use a variety of waveforms during the stripping step (e.g.
linear sweep, differential pulse, square-wave, staircase), although square-
wave and differential pulse waveforms are mostly favoured [40]. The three
most commonly used methods are anodic stripping voltammetry (ASV), ca-
thodic stripping voltammetry (CSV), and adsorptive stripping voltammetry
(AdSV).

Anodic Stripping Voltammetry (ASV) is used extensively for the
detection of trace metals, and has the advantages of having a very low detec-
tion range (parts-per-trillion) and the ability to measure multiple analytes
simultaneously [40]. During the deposition step, a negative potential is ap-
plied to the working electrode, causing metal ions in the sample solution to
be reduced and deposited onto the surface of the working electrode. The
metals are then stripped (or oxidised) away by scanning the applied poten-
tial in the positive direction.
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Figure 10: Typical voltammogram obtained by Honeychurch et al (2018)
for the determination of Zn2+ via Anodic Stripping Voltammetry [7]

Cathodic Stripping Voltammetry (CSV) is normally used to mea-
sure specific ionic species that tend to form insoluble salts at the anode.
CSV functions similarly to ASV, except that a positive deposition potential
is applied to the working electrode and the potential is scanned in the neg-
ative direction during the stripping step.

Adsorptive Stripping Voltammetry (AdSV) is different from both
ASV and CSV in that the analyte is not deposited on the working electrode
by accumulation via electrolysis. Instead, deposition is achieved through
adsorption on the electrode surface or by specific reactions using chemically-
modified electrodes.

2.5.6 Electrodes

The electrodes for the voltammetric cell are also subject to the same re-
quirements as the potentiostat, in terms of cost and portability. Most of the
commonly used electrodes, however, have to be excluded from consideration
as they are relatively expensive and are generally unsuitable for in-situ deter-
mination of trace metals in fresh water sources. For example, mercury-based
electrodes cannot be used since mercury itself is a heavy metal pollutant.
Exposing these costly electrodes directly to polluted waters is also undesir-
able as the electrodes may foul up or get damaged.
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Previous studies have suggested carbon- and graphite-based electrodes
as suitable alternatives to the conventional electrodes used for voltamme-
try [41, 42, 43, 7]. In particular, pencil graphite electrodes have been shown
to be good, low-cost alternative electrodes for the detection of trace metals
via stripping voltammetry [44, 45, 46]. For this reason, and the fact that
graphite is chemically inert with respect to redox reactions, pencil graphite
electrodes were used in this study for both the working and counter elec-
trodes. A graphite pseudo-reference electrode was used in place of the usual
reference electrode, as demonstrated by Honeychurch et. al. [7].

The pencil graphite electrodes were extracted from Staedtler Noris HB
pencils by carefully splitting apart the wooden sleeve and polishing the sur-
face of the pencil graphite on tracing paper.

3 Temperature Sensing

3.1 Design of a Temperature Sensor

In selecting an appropriate type of temperature sensor for the system, a
few things have to be taken into consideration. Firstly, the sensor should
be relatively low cost in order to maintain the feasibility of the project. It
should be able to operate underwater at a temperature range of about -10
to 40�, which should encompass the possible range of UK surface water
temperatures. It should also be fairly sensitive, so as to accurately capture
any spatial and temporal variations in water temperature.

The temperature sensor selected was a Maxim DS18B20 digital tem-
perature sensor, which is a silicon-based sensor packaged in a waterproof
environment. Its features are listed in Table 7. A silicon sensor was chosen
because of its low cost and linear resistance-temperature curve. The limited
operating temperature range of silicon sensors is not of any concern since,
in this case, the measured temperatures will be close to ambient and in a
fairly narrow range.

Table 7: DS18B20 digital temperature sensor features [10]

Feature DS18B20

Price 1 - 3£

Supply Voltage 3.0 - 5.5V (DC)

Accuracy ±0.5�within -10 to 85�

Operating range -55 to 125�
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Figure 11: DS18B20 digital sensor with Pin Configuration

The DS18B20 comes pre-calibrated to provide 9-bit to 12-bit Celsius
temperature measurements. It uses a “1-Wire bus”, which means that
only one data line (and ground) is needed to communicate with a micro-
processor [10]. Furthermore, each DS18B20 possesses a unique 64-bit serial
code; this means that multiple DS18B20s to function on the same “1-Wire
bus”, allowing one micro-processor to control multiple DS18B20s at the same
time [10].

The DS18B20 comes pre-calibrated to provide 9-bit to 12-bit Celsius
temperature measurements. It uses a “1-Wire bus”, which means that
only one data line (and ground) is needed to communicate with a micro-
processor [10]. Furthermore, each DS18B20 possesses a unique 64-bit serial
code; this means that multiple DS18B20s to function on the same “1-Wire
bus”, allowing one micro-processor to control multiple DS18B20s at the same
time [10].

3.2 Integration of the Temperature Sensor with the Autonomous
Surface Vehicle

The design of a real-time remote temperature-sensing platform using the Au-
tonomous Surface Vehicle, while a relatively simple task, is a useful demon-
stration of the capabilities of the vehicle and can provide a helpful indication
of how other sensors can be integrated onto the platform.
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Figure 12: DS18B20 temperature sensor connected to the mbed LPC1768
board

I constructed a simple test-run at the university’s lake by mounting the
payload, containing the DS18B20 temperature sensor, onto the Autonomous
Surface Vehicle and plotting a number of waypoints onto the on-board nav-
igational system (controlled by the Pixhawk board). The vehicle was pro-
grammed, using the Mission Planner application, to carry out its mission
autonomously, loitering at each waypoint for 30 seconds in order to gather
surface temperature readings. Figure 13 provides a visual representation of
the waypoints plotted for the test-run, while Figure 14 shows a chart of the
lake surface temperature, plotted using MATLAB, based on the measured
values.

Figure 13: The plotted waypoints for the test-run at the university’s lake
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Figure 14: Surface temperature chart of the university’s lake based on the
measurement values at each plotted waypoint

3.3 Conclusions and Further Considerations for Future De-
signs

This simple test-run at the university’s lake demonstrates the ease with
which sensors can be integrated onto the Autonomous Surface Vehicle. One
main consideration, however, is the length of time the vehicle spends loiter-
ing at each waypoint. This is, of course, highly dependant on the sensitivity
of the sensor, as a sensor that is more sensitive to change would require a
shorter time to ”adjust” to its new location and obtain an accurate read-
ing. Therefore, when programming a mission for the Autonomous Surface
Vehicle, the loitering time should be long enough to ensure more accurate
readings.

4 Heavy Metals Sensing

4.1 Design of a Novel Heavy Metals Sensor

In order to achieve the aim and objectives outlined in Section 1.1, the design
of a sensor capable of measuring the concentration of heavy metals in water
has to take into account both the cost and portability of the sensor, while
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still maintaining a reasonable level of sensitivity. Portability is a neces-
sary trait to enable remote and autonomous sensing, using the autonomous
surface vehicle discussed in Section 2.3.1. A low-cost sensor can be easily
replaced if it is damaged while conducting in-situ measurements, and also
allows the sensor to be deployed in economically-poor regions.

4.1.1 Potentiostat Design

In voltammetry, the potentiostat is the instrument tasked with applying
a potential to the working electrode and monitoring the current. Most
potentiostats available commercially today tend to be designed for use in
laboratories and can be relatively bulky and expensive. They are, therefore,
rather ill-suited for the purpose of this study.

A cheaper alternative, however, can be produced if the potentiostat is
designed to be controlled by a low-cost embedded micro-controller. For this
study, the STM32-F302R8 micro-controller board was used. Figure 15 shows
the schematic of a potentiostat that was designed and manufactured on a
printed circuit board (PCB). Prior to manufacturing, the PCB design was
simulated and checked using LTspice, an analog electronic circuit simulator
produced by Analog Devices. The PCB was manufactured by an external
manufacturer and has the dimensions of 9cm x 5cm. The overall cost of the
PCB, including components, was approximately £50.

Terminals X1-1 and X1-2 on the PCB are connected to +9V and -9V
sources respectively, which, in this case, are provided by rechargeable 9V
batteries. Terminal X1-3 is connected to the ground pin on the micro-
controller. The op-amp C4 is a transimpedance amplifier which allows cur-
rent to be converted into a voltage signal that can be measured by the
micro-controller.

Since most micro-controllers are only capable of generating potentials of
+0.0 to +3.3V, the op-amp array of C1, C2, and C3 is necessary to allow
negative potentials to be produced. This is achieved by dividing the po-
tential generated by the digital-to-analogue converter (VDAC) on the micro-
controller and amplifying it, using the +3.3V that is generated by the Vout

pin as a reference (see Table 8).
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Figure 15: Potentiostat design, for use with the STM32-F302R8 micro-
controller board
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Table 8: Conversion of the +0.0 to +3.3V potential range generated by the
micro-controller to a -3.3 to +3.3V range by the PCB potentiostat

VDAC Voutput

+3.300V +3.300V

+2.475V +1.650V

+1.650V +0.000V

+0.825V -1.650V

+0.000V -3.300V

4.1.2 Differential Pulse Anodic Stripping Voltammetry (DPASV)

The voltammetric method chosen for this study is anodic stripping voltam-
metry (ASV), using a differential pulse waveform for the potential scan
during the stripping step. As discussed in Section 2.5.5, ASV is the most
widely used technique for the determination of trace metals. The use of
a differential pulse waveform should provide a more selective and sensitive
measurement [7]. The analyte chosen for this study is zinc ion (Zn2+), which
was prepared by dissolving Zn(NO3)2.6H2O (Sigma-Aldrich) in deionised
water.

The applied potential and waveform are generated by the potentio-
stat (Figure 15), which is controlled by a programmable embedded micro-
controller (in this case, the STM32 Nucleo-F302R8 board). An accumulation
potential of -2.9V (vs. C) was used at the deposition step for 75s. The dif-
ferential pulse waveform at the stripping step had a step height of 10mV,
pulse amplitude of 50mV, pulse repetition time of 0.2s, and pulse duration
of 50ms. The potential was scanned from -2.9V to 0.0V during the stripping
step.
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Figure 16: Typical differential pulse anodic stripping voltammogram ob-
tained for 1.76g L−1 Zn2+ using a deposition potential of -2.9V (vs. carbon)
and deposition time of 75s

Figure 16 shows a typical differential pulse stripping voltammogram for
1.76g L−1 Zn2+, obtained by plotting the measured current against the
stepped voltage as described in Section 2.5.5 and Figure 8. Figure 17 shows
a plot of the peak currents (ip) measured at a number of concentrations of
Zn2+ within the range of 0.11 to 1.76g L−1.

A well-defined stripping peak was obtained for 1.76g L−1 Zn2+ with a
peak potential (Ep) of -0.6V (vs. C), and a fairly linear curve was obtained,
which is promising. However, the sensor was unable to reliably measure
Zn2+ concentrations of lower than 0.11g L−1. This is a far-cry from match-
ing the capability of conventional lab-based measurement techniques, which
generally able to measure concentrations of approximately 800µg L−1 (parts-
per-billion range) and lower.
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Figure 17: The peak current (ip) vs. concentration curve obtained for 0.11
to 1.76g L−1 Zn2+

4.2 Conclusions and Further Considerations for Future De-
signs

The work done in this section indicates that the use of pencil graphite elec-
trodes and a PCB potentiostat for the determination of trace metals via
DPASV is a promising idea and deserves further investigation. However,
the concentration range of Zn2+ measured in this study (0.11 to 1.76g L−1)
is rather high compared to lab-based voltammetric methods which can mea-
sure concentrations of approximately 800µg L−1 (parts-per-billion range)
and lower. Hence, further tests should be conducted for lower concentra-
tions before comparing the performance of the pencil graphite electrodes
and PCB potentiostat to standard lab-based equipment.

One obvious limitation of this design is the need for calibration curves
(i.e. peak current vs. concentration), such as Figure 17, to be constructed
before carrying out field tests for the desired analyte. The use of non-
standard electrodes as well as a pseudo-reference electrode means that stan-
dard calibration curves are not very useful. Further designs should take
this into account and careful consideration should be given as to whether
the advantages in cost and portability of this design outweighs the need to
construct calibration curves for each analyte.
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There is also room for improvements and/or adjustments to be made on
the PCB potentiostat design (Figure 15). For example, if a larger poten-
tial range than -3.3 to +3.3V is required, the gain on op-amp C3 can be
increased by changing the values of resistors R7 and R8. The value of resis-
tor R10 can also be increased to provide greater sensitivity of measurements.

5 Conclusions and Future Work

5.1 Temperature Sensing

The work done in Section 3 in integrating the temperature sensor onto the
autonomous surface vehicle was successful in showing the ease at which
sensor ”payloads” can be mounted onto the vehicle. The study was also
successful in demonstrating how autonomous missions can be customised
and programmed for the autonomous surface vehicle.

5.2 Heavy Metals Sensing

In Section 4, the study was partially successful in realising the aim and the
objectives outlined in Section 1.1. While the sensor and potentiostat were
capable of measuring Zn2+ concentrations as low as 0.11g L−1, conventional
lab-based measurement techniques are able to measure concentrations of ap-
proximately 800µg L−1 (parts-per-billion range) and lower.

With an eye on both cost and portability, a compact and inexpensive
PCB potentiostat, that is controlled by an embedded micro-controller board,
was designed. Pencil graphite electrodes were also shown to be promising
alternatives to standard voltammetric electrodes for the determination of
Zn2+, although further investigation is still needed on the electrodes’ ability
to measure minute concentrations of around 800µg L−1 (parts-per-billion
range) and lower.

Further work should also be done with the pencil graphite electrodes
for the measurement of other heavy metals, such as Cu and Hg, as well as
the for the determination of multiple analytes at the same time. For this
design to be viable, the electrodes need to be selective enough to produce
well-defined peak potentials for each analyte when determining multiple an-
alytes simultaneously.
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