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Abstract—  This paper presents lightweight and flexible sensors for 

conductivity, temperature, and depth (CTD). CTD sensors are heavily 

used in oceanography to determine the salinity, which is a critical 

factor in the determination of density, currents, weather and more.. The 

graphene sensors are fabricated by laser printing on flexible polyimide. 

They combine corrosion resistance with good conductivity and 

piezoresistivity in a robust platform, enabling the detection of 

conductance, temperature, and pressure. The performance of the 

graphene sensor was demonstrated in harsh environments with 

pressures up to 12 MPa and prolonged exposure to highly saline 

seawater. The printed sensors are minimally intrusive and can 

therefore be mounted on a wide range of marine animals. 
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I. INTRODUCTION   

Monitoring of fish migration and behavior in their natural 

environment is crucial to estimate and preserve the population 

of various species[1-3] An effective way to obtain such 

information is by mounting autonomous tags on fish to measure 

different parameters of their surroundings[3,4].  Miniaturized, 

low-powered conductivity, temperature and depth (CTD) 

sensors are becoming strategic devices used for autonomous 

tags and primary research tools for salinity measurements [5,6].  

Currently available CTD devices are bulky, rigid and expensive 

(>$1000), posing limitations to their broad employment by 

marine scientists. 

Graphene as a material has been extensively exploited recently, 

due to its superior properties such as high conductivity, 

flexibility and biocompatibility [7-9]. In this work, we use 

Laser-Induced Graphene (LIG) for facile production of scalable 

and flexible CTD sensors, whose electrodes are made without 

underlying electrode material or additive composites. We 

integrate three different LIG sensors on one patch, leading to 

lightweight, durable, multifunctional and printed sensors 

suitable for marine animal monitoring. The sensitivity and 

dynamic range of LIG CTD sensors can be tailored via the 

substrate and one-step laser printing design. The sensors can 

withstand the harsh environment and extreme pressures of 

marine environments over extended time periods. 

 

II. METHODOLODY 

A. Fabircation and Characterisation 

The sensors were directly patterned on a 125 μm thick PI film 

(DuPont, Kapton # IM301449), while porous conductive 

carbon networks with a high content of graphene sheets 

(40±5µm) were obtained by thermolysis using CO2 laser 

(Epilog Fusion M2 10.6 μm, laser peak power 75 W),  as shown 

in Fig. 1. The main parameters of the laser beam (5 W power, 

10 cm/s speed, 1000 pulses per inch (PPI) and 3 mm working 

distance) were optimized for good adhesion of the carbon 

structure to the film. The laser irradiation of PI film leads to 

breakage of C-O, N-C, and C=O bonds and rearrangement of 

the carbon atoms, leading to the porous graphene, shown in Fig. 

2a. The Raman spectrum (Fig. 2b) of LIG reveals three main 

peaks D, G and 2D at 1360, 1580 and 2720 cm-1, respectively, 

that are in accordance with literature reports [10, 11] and 

indicate the presence of multiple layers of graphene sheets in 

the porous structure.  

 

 

Fig. 1. a) Conductivity cell b) thermistor and c) pressure sensors for 
flexible and miniaturized CTD board. d) All three sensors combined on 
one patch.  



For measurements of the salinity of the seawater, three LIG 

sensors have been employed: conductivity cell, thermistor and 

pressure sensor. The fabrication process was the same for all 

reported sensors, except that the LIG electrodes of thermistor 

and pressure sensors were protected from the interaction with 

ions (shunt circuits) and biofouling via a PDMS coating of 10 

µm thickness (Dow Corning Corp., Slygard® 184).  To provide 

a stable electrical connection to the sensor, through holes of 120 

µm in diameter were created using 30 W of laser power and 20 

cm/s speed, and wires were thread through the holes. 

 

 

Fig.2 a) Cross-section SEM image of the porous carbon network on top 
of polyimide. b) Raman spectrum of LIG obtained with 473 nm laser 
wavelength. 

B. Design 

The design of the CTD platform was driven by several 

objectives:  small size, ease of interfacing to circuit electronics, 

rapid development and prototyping and low manufacturing 

cost.  A conductivity cell is implemented with four-electrodes, 

where the outer electrodes supply an AC current and the inner 

electrodes measure the voltage drop across the medium ( Fig 

1a). Such configuration minimizes capacitive parasitic 

components, due to the electrical double layer (EDL) and 

reduces the effect of lead resistance and inductance errors 

between the cell and the meter [12, 13].  The temperature and 

pressure sensitive components were structured in a meander 

shape to provide a large change in resistance, while keeping the 

minimum electrode width (~150 µm, corresponding to the laser 

spot diameter), as shown in Fig 1b and c.   

III. RESULTS 

The LIG sensors were integrated on the same patch (Fig.1d) and 

tested individually to establish their feasibility for multi-sensor 

autonomous CTD device. 

A. Conductivity cell performance  

 An impedance analyzer (Agilent 4294A) with a four alligators 

fixture (Keysight 16089D Kelvin/Alligator Clip Leads) was 

used to record the response of the sensor by immersing it into 

10, 18, 26, 34, 42 and 50 psu solutions.  As shown in Fig.3, the 

sensor has a linear response to salinity with the sensitivity of 

0.85 mS/psu, and operate over a wide range of frequencies (10 

kHz-100 kHz). These characteristics significantly relax the 

requirements for the circuit of the data storage tags. 

Temperature affects salinity measurements, due to the increase 

of mobility of the ions with temperature. Using UNESCO 

technical guidelines [14], the experimental data points were 

found to be in very good agreement with the theoretical ones 

with an accuracy of 0.5 psu (Fig.4a). A test of the response time, 

carried out with the LIG sensor and a 34 psu solution, confirms 

that the procedure followed was sufficiently long to guarantee 

a stable value. To this end, the sensor is immersed in the 

solution and the conductance is recorded every ten seconds for 

5 minutes. A stable value is achieved after 2 minutes, as shown 

in Fig. 4b. 

 
Fig.3 a) The conductance as a function of salinity and the frequency. 

 

 

 



 

 
Fig.4 a) Theoretical and experimental results of conductivity as a 

function of temperature in 34 psu solution. b) Response time of 

conductivity cell in 34 psu solution. The inset shows the mechanical 

flexibility of the sensor. 

B. Thermistor measurements 

The response of the LIG temperature sensor to a thermal 

stimulus was examined by immersing the sensor into seawater 

and increasing the water temperature via a heater (RCT basic, 

IKA) by 1C every minute and using a thermocouple as 

reference.   A continuous current of 1 mA was applied through 

the graphene thermistor (as in all consecutive experiments) to 

measure the change of electrical resistance.  The LIG thermistor   

had a negative temperature coefficient (NTC) of -0.57* 10-3 / 

oC, which corresponds to the coefficient value of graphite [15].  

There is 1.25% decrease in resistance, when the temperature 

was raised from 18C to 40C (Fig.5) 

     
 Fig.5   Resistance of LIG thermistor as a function of temperature.                 

C. Pressure sensor characteristics 

 The LIG pressure sensor was characterized using a 

compression chamber, which can simulate and control the 

pressure related up to a depth of 2 km (DM-TQ-150-1AL/C, 

Ametek) (Fig. 6a). A metallic cylindrical chamber (3755 PSI, 

OSECO) was filled with water from the Red Sea and the sensor 

was placed inside the chamber, where it was connected with 

waterproof wires for connecting a Keithley source meter. The 

pressure response of the sensor was induced by the deformation 

of the graphene conductive network structure, leading to a 

variation in resistance.  The relative change in resistance has a 

positive trend with increasing pressure with sensitivities of 

2*10-5 kPa-1 from 0 Pa to ~6 MPa and 0.2*10-5 kPa-1 from ~6 to 

~12 MPa, which corresponds to 1.2 km depth in seawater 

(Fig.6b).   

   

 
Fig.6 a) Experimental setup for the high-pressure simulation and real-

time testing in the harsh seawater environment . b) Resistance response 

to pressure. The inset shows the limit of detection. 
 

IV. CONCLUSION  

CTD sensors are presented in this paper, consisting of printed 

LIG on polyimide, which are mechanically flexible, low cost, 

lightweight and can operate under harsh environmental 

conditions.  The single- step fabrication method by direct laser 

scribing is a key feature, which paves the way to prototyping 

and mass fabrication. The process also allows tuning the 

geometry of the sensors to achieve various sensitivities, 

dynamic ranges or sizes and provides a platform for the 

development of miniaturized, flexible and wearable CTD tags.  

The LIG conductivity cell offers a linear response to salinity, 

with a sensitivity of 0.85 mS/psu and an accuracy of ±0.5 psu 

over a wide range of frequencies (10-100 kHz).  A linear 

relation is also found for the PDMS coated LIG thermistor with 

a negative temperature coefficient of 0.57* 10-3 / oC. The coated 

pressure sensor can be deployed down to 1.2 km depth in the 

seawater, where the pressure reaches an extreme value of ~12 

MPa, while maintaining a sensitivity of 2*10-5 kPA-1.  
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