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Abstract— Ocean acidification monitoring efforts are a crucial
component of tracking the impacts of climate change in marine
ecosystems. However, the high instrument cost presents a major
barrier to the production of scientific knowledge and has resulted
in a highly fragmented understanding of the global progression of
acidification. Our project built upon an existing nearshore marine
pH sensor design which utilizes a Durafet pH electrode. Our goal
was to lower barriers to access by significantly lowering the cost
of, and improving approachability to, the design and use of pH
sensor electronics. We have created a more compact design using
open-source components based on the popular and easy-to-use
Arduino platform that eliminates over $900 from the cost of the
sensor electronics. We demonstrate with lab and field testing that
switching to Arduino-based sensor electronics maintains high data
fidelity. Our design supports open science by allowing more
individuals and research groups to engage in high-quality
oceanographic research.
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I. INTRODUCTION

Ocean acidification occurs when seawater pH declines as a
result of the ocean absorbing anthropogenically produced
carbon dioxide from the atmosphere. Acidification is an
increasingly prevalent environmental stressor with measurable
effects on marine ecosystems, including disrupting trophic
interactions [1] and reducing calcification rates of ecologically
and economically important marine species [2].

Unfortunately, near-shore oceanographic monitoring efforts
largely rely upon commercially available sensors that are bulky
and expensive. These monitoring programs often require large
research budgets to cover the initial equipment purchase, as well
as sustained funding to pay for annual maintenance and
calibration fees. This presents a major barrier to comprehensive
environmental monitoring, as financial support for long-term
monitoring programs is limited [3] and well-funded research
groups are more likely to receive additional funding [4], [5].
With limited research groups able to access the funding to start
and maintain their own oceanographic monitoring programs,
there are consequently few pH sensors deployed in the nearshore
marine environment. This patchy network of sensors contributes
to the current uncertainty on the progression of ocean
acidification in many ecosystems — especially in regions that
have been deemed particularly vulnerable to acidification [6].

Oceanographic research presents an opportunity for
improved accessibility and thus better science with the
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development of lower cost instrumentation. Low-cost, open-
source instrumentation is becoming an increasingly popular
method for environmental sensing in a variety of systems [7]-
[9]. In the marine environment, for example, the Cave Pearl
Project and Oceanography for Everyone have both used open-
source, Arduino-based systems to create inexpensive
alternatives to commercially available environmental
monitoring sensors [10], [11]. The adoption of these methods
increases access to environmental monitoring technologies and
subsequently expands the spatial and temporal coverage of
environmental data [12]. Ocean acidification monitoring
programs would benefit from lower cost instrumentation, as
more deployed sensors would facilitate more comprehensive
measurements characterizing pH variability across time and
space. Increasing access to oceanographic monitoring will
support scientific research to assess the state of our oceans and
predict how future climate scenarios may threaten marine
ecosystems.

Our project sought to improve upon a current pH sensor
design which utilizes a commercially available Honeywell
Durafet ITon Sensitive Field Effect Transistor (ISFET) pH
electrode [13] and is widely used to collect autonomous
intertidal pH measurements [14]-[20]. We used off the shelf
components and an Arduino-based data logger to create an open-
source design that may be built by anyone with access to basic
electronics equipment. We demonstrate that our new data logger
collects seawater pH and temperature measurements
comparable to the old design, at a fraction of the cost.

II. METHODS

A. Design

Our goal was to design an open source data logger that would
read the electrical signals from the Durafet pH electrode and
generate an output comparable to the old data logger design, at
a significantly lower cost and complexity by using an Arduino-
based microcontroller. Our design was motivated by the
following requirements:

¢ Built using low-cost, readily available components

e Operating life span similar to the old data logger design
(at least 6 months)

e Compact footprint to fit neatly in sensor housing
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¢ Interfacing with non-proprietary software and standard
USB connectors

e User-adjustable deployment parameters, such as start
time and sampling interval

e Removable microSD storage

The old sensor design uses the commercially available
VoltX data logger (including a 24-bit ADC) manufactured by
MadgeTech [21], paired with a custom-manufactured voltage
divider (original design by [22]; Fig. 1). MadgeTech offers free,
proprietary software to communicate with the VoltX data logger
in order to configure the logger and download data through a
standard USB-A to Micro USB interface cable. The old design
requires one 9 V LiON battery to power the data logger and two
3.6 V LiON batteries to power the Durafet pH electrode.

In our new design, we used an Adafruit Feather MO
Adalogger (including a 10-bit ADC, not used for sensor
digitization) [23] paired with an Adafruit DS3231 Precision
real-time clock (RTC) [24], an Adafruit ADS1015 12-bit ADC
[25], an Adafruit ADS1115 16-bit ADC [26], and off the shelf
passive components (Fig. 1). Communication with the Arduino
occurs through the free Arduino IDE via a USB-A to Micro USB
cable. The new design eliminates the 9 V LiON battery and only

g

Durafet
electrode

+ Batt+
In Out

12-bit ADC

16-bit ADC

Fig. 1. Top left: Side-by-side comparison of old (MadgeTech, bottom)
and new (open-source, top) sensor electronics. Top right: Packaged sensor
systems concurrently deployed in a dive bag for field deployments in Port
Angeles Harbor, Washington. Bottom: Circuit schematic of the voltage
divider circuits joining the pH electrode to the ADC inputs [22].

requires two 3.6 V LiON batteries to power all sensor
electronics.

The Adalogger’s single-ended 10-bit ADC only provides
1024 sampling levels, and so we added Adafruit 12-bit and 16-
bit ADCs to increase sampling resolution and allow for the
differential signals needed to sample negative voltages. Both
ADCs have programmable gain amplifiers, and so we further
increased sampling resolution by increasing the gain to 8x on the
12-bit ADC (1 least significant bit = 250 uV) and to 4x on the
16-bit ADC (1 least significant bit =31.25 pV).

Additionally, the Adalogger’s on-board crystal oscillator
exhibits temperature-dependent drift and requires external input
to accurately log date and time, and so we used the Adafruit
precision RTC in our design. The precision RTC has a
temperature-compensated crystal with +2 minutes drift per year
[24], making it more suitable for environmental monitoring
applications with long unattended deployment times.

The materials cost for both designs is presented in Table 1.
Documentation and instructions for building the new design are
available on GitHub under the Apache 2.0 license:
https://github.com/ameliaritger/arduino-
ph-sensor.

B. Testing

We compared performance of the new design with the old
design using two Honeywell Durafet II pH electrodes [27]
connected to each data logger design via a Honeywell Cap
Adapter [28].

In order to fairly compare performance of the new and old
data logger designs, we needed to account for the known sensor-
to-sensor offset in each Durafet electrode. We achieved this in
the lab by using two Durafets, each connected to a data logger
of either the new or old design, and repeating the measurements
with the electrode originally connected to the other data logger.
For these “sensor swaps”, we placed sensors in equimolar tris in
artificial seawater (hereafter, “tris”), a buffer with a pH that is
well defined as a function of temperature [29], [30], to draw
comparisons between designs in a solution with a known pH.
Sensors were directly next to each other in the same tris solution
in a 25 °C water bath and collected readings every 15 seconds
for a total of 2 hours. After 1 hour, we swapped the data loggers
between pH electrodes to isolate sensor effects from data logger
effects on pH and temperature measurements. We performed
sensor swaps with the new design and old design data loggers,
in addition to two data loggers of the old design, to isolate

TABLE L COST COMPARISON BETWEEN THE SENSOR
ELECTRONICS OF THE OLD DESIGN, WHICH USES COMMERCIALLY AVAILABLE
AND CUSTOM MANUFACTURED COMPONENTS, AND THE NEW DESIGN, WHICH

USES COMMERCIALLY AVAILABLE AND OFF THE SHELF COMPONENTS.
COMPONENT MANUFACTURERS ARE LISTED IN PARENTHESES.

Item Old design New design
Data logger* $649 (MadgeTech) $67 (Adafruit)
Voltage divider PCB | $400 (Go Tech Corp) | $22 (Adafruit)
Batteries $14 $9
Total cost $1063 $98

2 Electronics required to digitize Durafet analog voltages and store them in local nonvolatile memory
b Excludes fixed costs (e.g., the Durafet and PVC housing) which are the same for both designs
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Fig. 2. Oversampling rate comparison between 256x (yellow) and 64x
(purple) oversampled data, and 1x (black) sampled data for pH (left) and
temperature (right) pins on the new design data logger. Standard deviations
(SD) are displayed for each sampling rate. Each time point represents a 10
second sampling period for a total of 10 minutes.

differences between sensors and data loggers. To reduce noise
and achieve a similar resolution to the old data logger, the new
data logger oversampled the temperature and pH signal 256
times (Fig. 2).

We also evaluated performance of our new design in a real-
world scenario using field deployments to monitor measurement
differences between designs in sifu. Sensors were configured
with either a new design or old design data logger and deployed
in the Port Angeles Harbor (Washington, U.S.) on December 15,
2022, for 24 hours (Fig. 1). We placed sensors immediately next
to each other in a dive bag that was sunk to approx. 1 meter depth
in the harbor. Sensors collected readings every 5 minutes. To
reduce noise and achieve a similar resolution to the old data
logger, the new data logger oversampled the temperature and pH
signal 64 times. We reduced the oversampling rate for field
deployments as a conservative measure to preserve battery life,
because field deployments occurred prior to collecting
measurements on current consumption between oversampling
rates.

Finally, we measured current consumption for each data
logger design using a voltage drop over a 1 Q shunt resistor in
series with each data logger’s battery power supply [31], [32].
Voltage and current measurements were collected on a Keithley
DMM6500 multimeter [33] and Rigol DS1054Z oscilloscope
[34]. We measured the current draw from each design while
sampling and idle, in addition to current draw from the new
design at oversampling rates of 64x and 256x.

C. Analysis

We temperature calibrated sensors using known temperature
readings measured by an Onset HOBO Tidbit water temperature
data logger [35] in an ice bath, at stable room temperature, and
in a 25 °C water bath. We calibrated temperature readings for
each sensor by fitting a line to the mean temperature measured
by the HOBO logger and the difference in temperature readings
between each pH sensor and the HOBO logger. We then tris
calibrated sensors using tris buffer at stable room temperature
(20.3 £ 0.2 °C) and applied calibration values to each unique
Durafet-logger pairing.

To analyze sensor swap data, we calculated the theoretical
difference between data loggers by subtracting the mean
differences in temperature and pH voltage readings between
data loggers before and after the sensor swap, which allowed us
to account for differences attributed to individual pH electrodes.
We then converted voltages to temperature and pH units and
determined differences between data loggers by subtracting the
mean temperature and pH readings before and after the sensor
swap, and then averaging those values between time periods. We
converted voltages to pH and temperature values using
equations found in [13].

All data were analyzed and visualized using R version 4.1.1.

III. RESULTS

A. Sensor swap

The average difference in temperature voltage readings
between new and old design sensors before and after the swap
was 1.7 and 1.4 mV, respectively. The average difference in pH
voltage readings between sensors before and after the swap was
32.1 and 32.0 mV, respectively. We therefore estimate the
average difference between the new and old design data loggers,
after accounting for pH electrode variation, was between 0.2 and
0.3 mV (Fig. 3), which corresponds to an approx. difference of
0.5 °C and 0.002 pH units. In comparison, the old design data
loggers measured temperature voltage readings with average
differences of 0.05 and 0.12 mV before and after the swap,
respectively. The average difference in pH voltage
measurements before and after the swap were 31.6 and 32.3 mV,
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Fig. 3. Differences in temperature (top) and pH (bottom) voltage
measurements collected by the new (blue) and old (red) data logger designs
sensor swaps in a 25 °C water bath. Voltage measurements do not exclude
differences attributed to individual Durafet electrodes.
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Fig. 4. Differences in temperature (top) and pH (bottom) voltage
measurements collected by two old design (#1: orange; #2: green) data
loggers during sensor swaps in a 25 °C water bath. Voltage measurements
do not exclude differences attributed to individual Durafet electrodes.

respectively. We therefore estimate the old design data loggers
measure average differences between 0.1 and 0.7 mV (Fig. 4),
which corresponds to an approx. difference of 0.4 °C and 0.01
pH units.

B. Field deployment

During the field deployment, both data loggers measured
similar trends in temperature and pH voltage readings after the
first 6 hours, with voltage offsets of sizes expected from sensor-
to-sensor variability (Fig. 5). The range of temperature voltage
measurements was 0.7 mV for the new design and 0.8 mV for
the old design, and the range of pH voltage measurements was
3.5 mV for the new design and 4.1 mV for the old design. The
standard deviation of temperature measurements was +0.2 mV
for both the new and old design, and the standard deviation of
pH measurements was 0.9 mV for the new design and +0.8 mV
for the old design. These differences in standard deviation
between designs correspond to an approximate difference of
0.02 °C and 7x10"* pH units.

C. Power consumption

While sampling, the old design has an average current draw
of approx. 2 mA and a maximum current draw of approx. 90 mA
over 1 second. The new design has an average current draw of
approx. 12 mA and a maximum current draw of approx. 30 mA
while sampling, which takes 2 seconds when using a 64x
oversampling rate. When not sampling, the old design draws
approx. 1 mA current, whereas the new design has an approx. 2
mA current draw (Fig. 6). Oversampling at 256x increases the
sampling time to 8 seconds; therefore, with the current
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Fig. 5. Temperature (top) and pH (bottom) voltage measurements
collected by the new (blue) and old (red) design data loggers during the
field deployment in December 2022. Shaded areas represent the standard
deviation for each design. Voltage measurements do not exclude
differences attributed to individual Durafet electrodes.

configuration at a sampling rate of 1 sample every 10 minutes,
oversampling at 256x consumes 5% more power than at 64x.

IV. DISCUSSION

This project's aim was to improve the design of a current pH
sensor by lowering costs and making sensor electronics
accessible to a wider audience while maintaining a high level of
measurement accuracy. The measured differences between
sensors were significantly higher than the estimated difference
between data loggers, and the measurements collected by the
new design were comparable to the old design during sensor
swaps. Therefore, we conclude the proposed electronics have a
negligible effect on data fidelity. Our findings demonstrate that
our design, which uses equivalent sensor electronics that cost
$965 less than the original design, is an effective and lower-cost
alternative to measuring seawater pH and temperature.
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Fig. 6. Current readings from the new data logger design during sleep
mode (approx. 2 mA) and while sampling (approx. 12mA).
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Our design uses a more streamlined and customizable
Arduino-based data logger to meet most of the identified project
goals and requirements. Users with access to basic electronics
equipment are able to use our design to build their own low-cost
data logger with off the shelf components, program their own
deployment parameters, and download data without proprietary
software. Our design not only reduces the upfront cost of data
logger electronics, but it also lowers the cost of regular
equipment maintenance and response to catastrophic events
such as flooding of the sensor housing by using a modular design
with inexpensive, easily-replaceable components.

The measured differences in pH and temperature readings
between data logger designs were significantly lower than the
measured differences between pH electrodes, even after
calibration. Differences between the old and new designs are
likely not due to the Adafruit ADCs, as the offset voltages for
both the 12-bit and 16-bit ADC at 3.3 V are approx. -100 pV
[25], [26], which is significantly lower than the observed voltage
differences. Internal sensor differences, however, are a well-
acknowledged phenomenon with autonomous sensors [36],
[37], and sensor differences can be corrected with independent
validation and adjustment to achieve climate quality data [38].

However, in a temperature-controlled water bath during
sensor swaps, we observed two old design data loggers collected
temperature and pH readings that were different by 0.4 °C and
0.012 pH units, whereas the differences between the new design
and the old design were only 0.5 °C and 0.002 pH units. Through
our testing and analysis, we observed degradation of one
Durafet, and we suspect the poor performance of the old design
data loggers was due to sensor failure, rather than data logger
differences. After excluding the degrading sensor data from
analyses, the differences in temperature and pH readings
between the new design and the old design were 0.3 °C and
0.002 pH units, and the differences between the two old design
data loggers were 0.3 °C and 0.001 pH units. Both of these pH
differences are well within the standard uncertainties proposed
by the Global Ocean Acidification Observing Network [38].

A. Considerations

The new design is a considerable improvement over the old
design, given the significant reduction in cost without a
significant effect on data fidelity. Nevertheless, the new design
has room for even more improvements and further optimization
with regards to power consumption. The old design does not
allow users to optimize power consumption, and has periods of
high current draw while not sampling (presumably, waking up
to check for the sampling time). In contrast, our design can be
programmed to sleep until the sampling time, which can
maximize power savings.

However, our design currently has significantly higher
power consumption than the old design, due to the elevated
current draw while in idle mode. The current sleep configuration
only lowers the current draw to 2 mA, although there is evidence
that microcontroller sleep modes may achieve current
consumptions as low as 1 pA [39]. As most of the power
consumption occurs while the device is in sleep mode (e.g.,
during sampling intervals of 10 to 30 minutes during field
deployments), reducing the current draw an order of magnitude
would vastly improve and outperform the lifespan of the old

design. With the current power consumption and sampling
configuration, the new design’s two 3.6V LiON batteries each
have a capacity of 2400 mAh and therefore we expect an overall
system lifetime of 49 days before the battery that powers the data
logger needs to be changed or recharged.

Our decision to use a removable microSD card, in order to
increase ease of use for data storage and retrieval, may be one
main source of the elevated power consumption while in idle
mode. The use of a microSD card increases power requirements
during card initialization and operations [40], which likely
corresponds to the high current draw events we observed during
sampling (Fig. 6). Moreover, microSD cards may be a source of
current leakage between sampling intervals, increasing current
draw while the microcontroller is in idle mode by an order of
magnitude [41]. However, there is evidence that slight hardware
and software modifications may circumvent this and other
sources of power loss [10].

B. Recommendations

Oversampling with the new design enhances the resolution
of data to more closely match the 24-bit ADC of the current
design. For our tests, we used both 64x and 256x oversampling
rates. Although both oversampling rates allowed us to achieve
pH errors well below climate quality thresholds [38] and
oversampling at 256x had a negligible overall power
consumption increase, the reduced measurement variation at
256x only has a minor effect on temperature and pH
measurements (approx. 2x10- and 3x107, respectively; Fig. 6).

Additionally, our new design uses off the shelf passive
components with higher tolerances than the surface mount
components of the old design. To achieve temperature and pH
uncertainties equivalent to the original design and reinforce
comparability across designs, we recommend using components
with equivalent (1%) tolerances. It is also possible to account for
variability in component values during data processing by
applying real resistor values to conversion equations [13].
Although passive component values are only directly applied to
the temperature calculation, calculations of pH are affected by
temperature and consequently pH is indirectly also affected by
the resistor values. Therefore, we recommend measuring resistor
values before soldering components to ensure accurate
calculations of pH and temperature from measured voltages for
each sensor.

V. CONCLUSION

We have demonstrated a field-deployable temperature and
pH sensor system that can collect data with high accuracy using
off the shelf components that are open-source, reconfigurable,
and less expensive than the current state-of-the-art. Using an
Arduino-based data logger reduces the prohibitive cost barrier
to oceanographic research and enables individuals and groups
with modest research budgets to monitor ocean pH conditions.
Increasing the number of researchers able to access
oceanographic equipment supports more comprehensive
tracking of ocean acidification and other climate stressors in the
marine environment.
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