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Global ocean circulation, governed by the salinity of seawater, is a key contributor in supporting marine life and
in regulating climate. Biologging has enabled researchers to record in-situ ocean parameters from free-ranging
animals, as they swim through their environment. Current salinity sensors are bulky, expensive, highly intrusive and also susceptible to corrosion and biofouling. We present a four-electrode conductivity cell based on laserinduced graphene (LIG) on a polyimide substrate for salinity measurements. The ﬂexible, lightweight and costefﬁcient sensors operate under various bending conditions with an accuracy of 0.5 psu. The sensors offer a
linear response to salinity, as well as a high sensitivity of 0.85 mS/psu, and they operate over a wide range of
frequencies (10 kHz–100 kHz). These characteristics considerably relax the requirements for the circuit of the
data logger. A four electrodes conﬁguration reduces the dependency on the electrical double layer, since the
electrodes used to drive a current are different from the electrodes measuring the voltage drop. The sensors’
deployment in the Red Sea has revealed its capability to withstand the harsh seawater environment. The mechanical ﬂexibility and low thickness and weight of the conductivity cell allow for a less-intrusive attachment of
this sensor to marine animals, while the versatile fabrication process enables customization of the sensor to a wide
range of applications.

1. Introduction
Human pressures on the marine environment (e.g. climate change,
input of pollutants, habitat destruction) are accelerating and changing
the waters’ chemical compositions [1,2]. The increasing need for monitoring the key ocean properties has led to the development of in situ
sensors, which avoid the process of manual data collection and forwarding to land-based laboratories [3]. The salt concentration is a primary variable in controlling ocean circulation, such that even small
variations in salinity can cause major changes in ocean dynamics as well
as dramatic stress to marine organisms and severe effects on the ecosystems [4]. Currently, research centers all over the world, including
NASA with the Aquarius Mission [5], are investing in sensors and systems
for salinity measurements.
Biologging sensors mounted on marine animals open the possibility to
acquire information on water masses and associated dynamics, such as
frontal dynamics in the ocean [6], thereby reducing the dependence on
expensive research vessels. The attached sensors have to be minimally
intrusive to the animals, lightweight and small in size. The ﬁrst

microscale ocean water salinity sensor was fabricated by Hyldgård et al.
in 2008 [7]. The device was based on standard silicon technology and
capable of measuring pressure, temperature and salinity with an accuracy of 0.05 bar, 0.13  C, and 0.5 psu, respectively. These results were
acceptable for ﬁsh tracking application, but the fabrication required an
expensive multi-step process in a cleanroom. Broadbent et al. fabricated a
partially ﬂexible sensor using a subtractive and additive process on a
liquid crystal polymer substrate [8]. This novel technique allowed
reducing the costs of fabrication but still required multiple steps
involving electroplating, photolithography, and etching of different
metal layers. Another design was presented in 2011 by Birkelund et al.
[9], who developed a silicon conductivity, temperature, depth (CTD)
chip, which included a thermistor, a pressure sensor, a photodiode and a
four-electrode conductivity cell. The salinity was measured with an accuracy of 0.1 psμ. Huang et al. fabricated a conductivity and temperature
sensor using platinum on glass [10]. They proposed a novel design for the
conductivity cell, which was constituted of seven electrodes to reduce
proximity effects and polarization. It achieved an accuracy of 0.03
mS/cm in conductivity, but used expensive materials for fabrication.
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Various commercial products are available to measure salinity. For
example, Star-Oddi's DST CTD devices for salinity, temperature, and
depth monitoring [11] can be attached to marine animals; however, they
are rigid and expensive (>$ US 1000).
In this manuscript, laser-induced graphene (LIG) on a polyimide
substrate is proposed for reliable salinity sensing in harsh seawater environments. LIG offers a combination of mechanical strength and high
electric and thermal conductivities [12][17–20]. The single step fabrication process involves patterning of conductive porous carbon networks
with a high content of graphene sheets on a ﬂexible substrate. Due to its
favourable properties, LIG has already been exploited in various applications as strain sensor [13], microsupercapacitors [14], electrochemical
sensor [15], or artiﬁcial throat [16]. Recently, biofouling independent
salinity sensing was achieved using a two-electrode impedance measurement in the MHz frequency range [21]. While this is a good solution
for applications where long operation times are required, it suffers from a
non-linear response, and the high-frequency design requires a more
complex integrated circuit, tuning, and strategies to tackle electrical
interference noise. In this work, a more classical four–electrode salinity
sensor was realized with low-frequency operation. The ﬂexible, lightweight and cost-efﬁcient conductivity cell shows a linear response and
high sensitivity.

shown in Fig. 1c.
Fig. 1d shows the Raman spectrum of LIG with 3 main peaks D, G and
2D, which involve the presence of two/three layers graphene sheets in
the porous structure. The G peak is associated with sp2 carbon atoms
vibration in the hexagonal plane, while the intensity of mono-layer
graphene is smaller. Defects activate the D peak and double resonance
happens due to intra-valley processes. The 2D peak is the prime one in
monolayer graphene, reducing and widening with growing number of
layers [24].
Meanwhile, the fabrication of gold electrodes requires a multi-step
process. Firstly, the Q300T D sputtering system was used to deposit
100 nm of gold on the PI surface. The excellent adhesion of sputtered
gold on untreated PI has already been studied and proved to be resistant
to solid-state dewetting during annealing [25]. Subsequently, a Yb ﬁber
laser (Universal Laser Systems® PLS6MW) was used to selectively
remove the gold, exploiting a recently developed patterning technique
[26], reproducing the same geometry used for the LIG sensor without
damaging the PI. A single-sided copper tape was manually applied on the
LIG contact pads and conductive silver paint (TED Pella, USA) was used
to stabilize the contacts.

2. Design, fabrication and characterization

To investigate the performance of the conductivity cell, different solutions with 10, 18, 26, 34, 42 and 50 psu (1psu ¼ 1 g/l) were made
mixture the corresponding amounts of NaCl and DI water. These concentrations allowed testing the sensor within the range of salinities that
could be found in both sea and oceans. The cell was rinsed in DI water
and soaked in the solution for 3 min. After measuring its properties, it
was rinsed again in DI water and dried with nitrogen gas to minimize the
contamination of the subsequent solution. An impedance analyzer (Agilent 4294A), in combination with a four alligators ﬁxture (Keysight
16089D Kelvin/Alligator Clip Leads), was used to characterize the
response of the sensors in the frequency range of 10–100 kHz. The phase
and conductance were measured as a function of frequency with an AC
current of 1 mA (rms value). An averaging factor of 10 was used to
improve the stability of the measured values. The device showed a
resistive response, as can be seen in Fig. 2a by the phase values being
close to zero. The transconductance in Fig. 2b is frequency independent
and its value depends on the salinity. This allows differentiating the
transconductance of the solutions across a wide range of frequencies.
The response time of the LIG sensor was tested with 10, 34 and 50 psu
solutions for a sufﬁciently long to guarantee a stable value. To this end,
the sensor was immersed in the solutions and the transconductance was
measured every ten seconds for ﬁve minutes. As shown in Fig. 3a, a stable
value was obtained after ~2 min. The output signal stability was also
tested for 10 h by measuring the conductance every hour, as shown in
Figure S1.

3. Results

The conductance of seawater is directly correlated to the salinity,
therefore it is widely employed for salinity measurements. A conductivity
cell composed of four-electrodes is designed based on the simulation
results reported in Ref. [22]. Two outer electrodes are used to drive an AC
current, whereas two inner electrodes are used to measure the voltage
drop across the water. An AC current is preferred to a DC current, since
the latter induces a constant ions drift towards the electrodes; consequently forming a large potential drop across the electrical double layer
that affects the conductivity measurements. A four-electrode conﬁguration is preferred over a two-electrode conductivity cell, since it substantially reduces the dependence on the electrical double layer [23],
thus being more suited for conductivity measurements in highly
concentrated solutions, i.e. seawater. To compare the performance of LIG
with noble metals (e.g., gold), two sensors with the same shape were
fabricated using laser technology (Fig. 1a and b).
In the ﬁrst case, graphene electrodes were patterned on a polyimide
(PI) sheet (125 μm thick, DuPont, Kapton # IM301449) using a CO2
infrared laser (Universal Laser Systems® PLS6.75) in ambient condition.
The laser parameters were optimized to obtain good adhesion of the
carbon network to the PI substrate. In particular, we used 3.8 mW power,
3cm/s speed, 1000 pulses per inch and 3 mm operational distance. The
laser beam heats the PI substrate and breaks carbon-oxide bonds by
rearranging carbon atoms. The obtained porous morphology of LIG is

Fig. 1. (a) LIG conductivity cell and (b) gold conductivity cell fabricated with laser writing and laser writing plus sputter deposition, respectively. (c) SEM image of the
porous carbon structure that constitutes the LIG d) Raman spectrum of LIG obtained with 473 nm laser wavelength.
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Fig. 2. Electrical characterization of the LIG sensor. (a) The phase as a function of the frequency. (b) The transconductance as a function of the frequency.

Fig. 3. (a) Response time of the LIG conductivity cell while immersed in different saline solutions. (b) and (c) LIG and gold conductivity cells before measurements,
respectively. (c) and (e) sensors after the measurements.

diameter of 2 cm, as seen in Fig. 4b, and characterized following the same
procedure. The response of the conductivity cell was consistent with the
one in Fig. 4a, indicating that the sensor's performance was maintained
upon bending, and operation of the conductivity cell under various mechanical conditions is feasible.
The values of transconductance are not the same as the ones for a
planar sensor because of geometrical factors. Indeed, the porous structure
is stretched, leading to a larger electrodes area exposed to the saline
solution; thus, modifying the geometry of the conductivity cell. In order
to investigate the temperature dependence of the transconductance, a
sensor was left in a 34 psu solution overnight at 4  C and the beaker was
sealed with paraﬁlm to avoid contamination. Then, the temperature was
slowly increased until it reached room temperature, whereby it was

The same analysis of phase and conductance was carried out with the
sensor that had gold electrodes. In this case the outer electrodes used to
drive the AC current were heavily damaged after one measurement,
whereas the LIG electrodes showed excellent stability even after many
cycles, conﬁrming that LIG has outstanding durability, as seen in Fig. 3c
and 3e. Therefore the successive measurements were carried out only
with the conductivity cell made of LIG electrodes. The transconductance
as a function of salt concentration is extracted from Fig. 2b at a frequency
of 20 kHz. Fig. 4a shows the result, which is ﬁt by a linear curve. The
linear ﬁt provides a good approximation which has been used before [8]
and sensitivity of the LIG salinity sensor of 0.85 mS/psu is obtained. To
investigate the response of the ﬂexible LIG conductivity cell under
bending, a sensor was glued on the outer wall of a plastic tube with a

Fig. 4. Characterization of four-electrode conductivity cell. (a) The transconductance as a function of salinity with linear ﬁt. (b) The response of the sensor in the bent
state. (c) Comparison between the theoretical curve and experimental results of conductivity as a function of temperature for the LIG conductivity cell.
3

A. Kaidaorva et al.

Results in Materials 1 (2019) 100009

Fig. 5. (a) The sensors deployment at Al Fahal reef in the Red Sea (geographic coordinates: 22.25285, 38.96123) for the biofouling study. (b) LIG sensor response
before and after deployment in the Red Sea for 7 weeks.

seawater. The single-step fabrication method is a key feature, which
distinguishes this sensor from standard MEMS processes used before
for the fabrication of the electrodes. Beneﬁting from the versatility of
the laser scribing technology, the size of the sensor can be easily
tailored and further reduced to allow integration of the sensor on CTD
devices for small-sized marine animals. The four-electrode conductivity
cell is characterized by a high sensitivity and allows operation in
different conﬁgurations, i.e., planar or bent, with an accuracy of 0.5
psμ. The results show that the conductance can be measured over a
wide range of frequencies (10–100 kHz). Although affected by
biofouling, as opposed to previously reported results [21], the sensor
can withstand prolonged exposure to the harsh marine environment
and still operates after retrieval.

monitored with a commercial temperature sensor, and the transconductance was measured every 0.2  C. Indeed, the temperature affects
salinity measurements, since the mobility of the ions increases with
temperature [27]. Using UNESCO technical guidelines, the experimental
values were ﬁtted to theoretical ones. This ﬁtting requires the introduction of a cell constant K (unit 1/cm), taking into account that the
transconductance G depends on the geometry of the conductivity cell.
The conductivity k is related to the two parameters through
k ¼ KG:

(1)

K is usually calculated dividing the distance between the electrodes
by the effective area of the electrodes. The multiplicative constant
required for ﬁtting the experimental data to the theoretical curve provides the value of K ¼ 1.2 cm1 for the LIG salinity sensor, obtaining the
result reported in Fig. 4c. The experimental data points are in very good
agreement with the theoretical ones, and using the method described
elsewhere [7] for determining the accuracy, a value of 0.5 psu can be
extracted.
Finally, a biofouling study was conducted to investigate biofoulants’
recruitment on LIG and their effect on the sensor performance. To this
end, a sensor was deployed at a coral reef along the central Saudi Arabian
coast of the Red Sea for 7 weeks. This provided an extreme test of
corrosion and biofouling, because of the hypersaline nature of the Central
Red Sea (salinity > 39) and the rapid recruitment and growth of
biofouling organisms characteristic of coral reefs [28]. Fig. 5a shows the
deployment site and setup. This period of time was sufﬁcient for the
fouling process to be substantial. Fig. 5b shows the characteristic curve of
the LIG salinity sensor before and after 7 weeks in the seawater. The
values of transconductance are lower after the seawater exposure by 17%
on averge. This implies that the cell constant became higher; hence, the
area exposed to seawater smaller, which was caused by the attachment of
organisms to the LIG surface (see inset in Fig. 5b). The area covered by
biofoulants is about 22% (measured by ImageJ software). This value is in
agreement with the shift towards lower values of G. In fact, a decrease of
the cell constant should induce approximately the same percentage
decrease of G.
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