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1. Section 1: Multisensory Marine Platform 

1.1.   Temperature, Depth and Salinity Recording  

While oceans have been relatively stable in response to climatological changes, with an 

effective increase of 0.1 oC for the 0.6 oC global average temperature in the past century,1 marine 

ecosystems are highly sensitive to moderate changes in temperature. Quantifying temperature 

monitoring gives a measure of the habitability and growth profiles. The change in the temperature 

profile over time can allow estimation of sea level increase and storm formation from warmer 

surface water dissipation into vapor, and other factors evaluated in calculating impact risks from 

climate change.  

Furthermore, small variations in ocean surface salinity (i.e. concentration of dissolved salts) can 

have dramatic effects on the water cycle and ocean circulation.2 Evaporation of ocean water and 

formation of sea ice, both increase the salinity of the ocean. However, this increase factor is 

continuously counterbalanced by processes that decrease salinity such as input of fresh water from 
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rivers, precipitation of rain, and melting of ice. Since 86% of global evaporation and 78% of global 

precipitation occur over the ocean,2 ocean surface salinity is a key variable for understanding how 

fresh water input and output affects ocean dynamics. By tracking ocean surface salinity we can 

directly monitor variations in the water cycle: land runoff, sea ice freezing and melting, and 

evaporation and precipitation over the oceans. Additionally, ocean circulation is primarily driven by 

changes in seawater density, which is determined by salinity and temperature. Salinity along with 

temperature, can be used to calculate the density of seawater. The ocean stores more heat in the 

uppermost 3 meters than the entire atmosphere. Thus density-controlled circulation is key to 

transporting heat in the ocean and maintaining Earth's climate.2 Studies suggest that seawater is 

becoming fresher in high latitudes and tropical areas dominated by rain, while in sub-tropical high 

evaporation regions, waters are getting saltier. Such changes in the water cycle could significantly 

impact not only ocean circulation but also the climate in which we live.3 Salinity variations are 

closely connected with the cycling of freshwater around the planet and provide scientists with 

valuable information on how the changing global climate is altering global rainfall patterns. Slight 

changes in the ocean currents can lead to major consequences such as hurricane formation, droughts 

and heat waves. Hence, the study of both salinity and temperature are critical to understand and 

predict the impact of global climate change.  

Depth also plays a vital role in determining changes in water temperature and density. As we go 

deeper in the ocean, seawater density increases sharply down to 1000 m, beyond which the value 

saturates.4 Moreover, pressure determination reveals the depth of the tagged animal and in turn 

gives information on diving ranges and resurface/feeding patterns of organisms. In fact, different 

marine species occupy distinct depth zones. For example, tuna fish mostly remain in seawater less 

than 200 meters deep. Either way, the data collected can be used for commercial, conservation and 

scientific research, to locate marine organisms, determine animal spatial movements, and to gain 

knowledge of animal behavior such as migration between foraging, breeding and nursery grounds. 
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1.2. Marine Skin Materials and Processes 

We use materials such as Titanium/Gold (Ti/Au), Polyimide (PI), and Polydimethylsiloxane 

(PDMS). Although Au is relatively expensive compared to its counterparts (e.g. Aluminum and 

Copper), is important for its role in reducing stress experienced by the PI layer, which in turn 

reduces curling and facilitates transfer in subsequent fabrication processes. Moreover, gold as a 

noble metal offers heightened resistance to corrosion, meaning longer survival in the saline harsh 

conditions of the marine environment. 10 µm PI was used as a non-stretchable but flexible support 

for metal films deposition in order to prevent instabilities generated from the development of cracks 

that commonly show up when metals are directly deposited on PDMS. In this manner, the 

stretchability of the metal on PI is a geometric feature rather than an intrinsic material based 

stretchability. This feature further promotes stability of our structure under flexing, bending and 

twisting. The choice of materials along with the architecture gives our design a unique flexibility by 

design (viz. wavy patterns) as well as stretchability through naturally flexible materials (viz. 

PDMS).  

The temperature sensor consists of a thin-film based resistive temperature detector (RTD), 

where temperature change is reflected through a linear change in resistance. The sensor structure 

consists of a wavy Ti/Au (10nm/180nm) metal structure. The adopted serpentine design maximizes 

area for thermal exposure, but also minimizes strain induced resistance changes. The sensitivity of 

the sensor will be reflected through the temperature coefficient of resistance (TCR) which is 

specific to the material used. A simple thin film RTD design is chosen since it does not require high 

power supply, and shows to be very repeatable with high linearity, accuracy of  < ± 0.1 ºC, and long 

term stability and durability.  
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As for depth detection, the integrated pressure sensor will be measuring the hydrostatic 

pressure. Hydrostatic pressure of submerged objects is a measure of the buoyant force uplifting the 

object. Relative changes in hydrostatic pressure Phydrostatic scales linearly as: 

Phydrostatic = ρ × g × h          (1) 

Where ‘ρ’ is the water density, ‘g’ is the Earth-surface gravitational acceleration, and ‘h’ is the 

measure of depth of the object (or height from the surface of the water). Total pressure ‘P’ 

experienced by the object is the sum of partial pressures, P = P0 + Phydrostatic, where P0 

(atmospheric/barometric pressure) at sea level is about 1.01325 bar = 14.696 psi on average.  Most 

conventional pressure sensors have high sensitivity, but limited operating range, precluding their 

use in marine sensors. The sensors must sustain an approximate 10 kPa per meter depth total 

pressure increase underwater, where at 100 m depth the pressure is 10 times atmospheric pressure. 

For this reason capacitive pressure sensors using parallel plate capacitive structure was chosen, 

using Ti/Au (10 nm/180 nm) as top and bottom electrodes, and PDMS (50 µm thick) for the 

compressive pressure-sensing dielectric rubber (Fig. 2(11)).  Capacitive sensors o�er advantages in 

frequency response, repeatability with use (longer shelf-life), and a linear relationship with 

pressure. The thickness of the PDMS dielectric was optimized by balancing two main criteria:  (1) 

flexibility and stretchability, (2) and signal saturation. Thinner PDMS layers can be more flexible, 

but will lead to faster saturation of the sensor under extreme pressures, whereas thicker layers of 

PDMS can withstand higher pressures as they have more room for compression/deformation, but 

can be limited with their flexibility. Considering a curing temperature of T = 100 oC (which is 

slightly higher than our curing temperature), PDMS would be roughly characterized by a Young’s 

modulus of E ~ 2 MPa with an average failure load of 112.5 kN,5 while the compressive properties 

are characterized by a compressive modulus of 148.9 MPa 5. To derive the additional mechanical 

properties of shear modulus and bulk modulus for the cured PDMS, Equation 2 relates the Young’s 

modulus to both the shear and bulk moduli via Poisson’s ratio (ν) by:  
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E = 2G (1 + ν) = 3K (1 − 2 ν)        (2) 

Considering the Poisson’s ratio of Sylgard 184 is ranging from 0.45–0.5,5 the hardness properties of 

PDMS cured at T = 100 oC are approximately defined by shear modulus of G = 0.68 MPa and bulk 

modulus by K = 3.42 MPa.5 These mechanical parameters for PDMS are essential for us to 

understand the limitations of both our compressive dielectric material and the packaging integrity 

when it is exposed to high underwater pressures. 

As for the salinity sensor, we simply used the concept of conductivity measurement. The 

conductivity sensor measures the ability of a solution to conduct an electric current between two 

electrodes. Hence, our structure consists of two electrodes (Ti/Au), separated by a 2 mm gap, as 

shown in the inset of (Fig. 1). In presence of an ionic conductive solution (such as sea water), 

resistance between the two electrodes decreases as the solution becomes more conductive (viz. 

higher salinity content). 

For system integration, a system on chip (SoC) with battery were conformally integrated with 

the rest of the sensors through conformally printed connections (Fig. 2(13)), and the whole sensory 

system (with the exception of the intentional gap for the conductivity sensor) was made waterproof 

and resistant to salinity through a complete encapsulation in a soft PDMS package (Fig. 2(14)). 

(100 µm thick from the bottom and 150 µm thick from the top, retaining the resistive sensors in the 

neutral plane of the structure). Finally, since PDMS displays poor adhesion with Au, the whole 

sensory structure was released from the rigid Si wafer through simple peeling, as seen in (Fig. 

2(15)). The detailed process flow and system integration of the “Marine Skin” platform can be 

found in (Fig. 2). 

2. Section 2: Results and Discussion 

2.1. Integrity of Encapsulation in Seawater  
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Conductivity increases as more electron carriers become present. Solution of increased salinity 

are more conductive, and are capable of increased ion mobility, hence leading to a decrease in 

resistance. Exposed metal interconnects risk not only corruption of data dependent on continuous 

resistance changes, but also corrosion due to reduction/oxidation reactions which can weaken 

materials and destroy the sensors. Therefore, long term integrity experiments on our encapsulation 

is performed by immersing our sensors in Red Sea water (40 PSU) over a period of 20 days, at fixed 

depth and water temperature values. Results in Fig. S1 demonstrate our long term experimentation 

on encapsulation reliability and integrity, by immersing our sensors in Red Sea water (40 PSU) over 

a period of 20 days. Devices were placed at a fixed depth of 10 cm with fixed water temperature of 

around 21oC.  Fig. S1a shows the temperature sensors response over time, comparing the packaged 

versus the unpackaged situation. This test clearly shows that without encapsulation the resistance 

drops about 53% within only 1 day of testing, then after 10 days, the resistance starts increasing 

again by 65% throughout the final 5 days of the test. In contrast, the packaged sensor demonstrates 

negligible resistance change in sea water (taken directly from the Red Sea) as a function of time, 

with resistance stability within ± 3 %. Overall, we show that unlike the instabilities seen in the 

unpackaged sensors, the packaged tag demonstrates exceptional integrity in sea water with great 

stability over time.   

Similarly, we test the integrity of the pressure sensor when placed in the sea water solution. 

Results in Fig. S1b show some fluctuations of σ = ± 11% around the mean value of capacitance 

over the 20 days of testing. These variations are not related to packaging integrity since the 

resistance test clearly shows that our encapsulation was not compromised. Sea water acts as a 

partially conductive object coming near the capacitor’s plate, the mutual capacitance changes the 

oscillator frequency. This change is detected and translated into a change in the readout capacitance. 

Since the ions flowing in the water are continuously in motion, the distance between our sensor and 

the conductive object (i.e. the ions/electron charges) can fluctuate as days go by, hence the electric 
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field distributed around the capacitor experiences a change. And although PDMS has low solubility 

in ionic solutions, making it an excellent choice of material encapsulation, protecting the devices 

from salinity and fluid penetration, it does not act as an electromagnetic shield. Therefore, the latter 

fluctuations seen reflect a disturbance in the electric field strength generated around the capacitor, 

induced from the ions flow in the conductive seawater. 

These initial salinity tests assess the reliability of the whole sensory system in sea water for a 

period of 20 days. These initial results seem very promising and highlight the efficacy of our soft 

PDMS packaging for proper encapsulation and endurance of flexible devices in marine 

environments. 

2.2. Temperature and Depth Calibration  

2.2.1. Temperature Calibration 

In order to retrieve a correct quantification of sensitivity and a true response towards changes in 

water temperature, a calibration between the actual temperature seen on the surface of the sensor 

versus surrounding water temperature has been performed Fig. S2a where water temperature was 

measured using a commercial thermocouple from Fluke 289. The calibration plot performed at a 

depth of 10 cm shows a linear relationship between both temperatures, with ΔTwater = 0.92 ΔTsensor, 

where water temperature translates to be slightly higher than what the sensor is seeing. This is 

explained because of a non-ideal case of heat transfer, where heat is dissipated through the PDMS 

packaging material, with PDMS having a specific heat of c PDMS = 1.46 kJ/ kg.K.6 

2.2.2. Heating/Cooling Water Temperature Profiles 

Heating of the water was generated using a hot plate and a magnetic agitator, while cooling was 

performed by gradually placing ice cubes in the water tank. In order to properly monitor the heating 

and cooling profile of the water, we continuously logged the temperature values of the surrounding 

water using Fluke 289 thermocouple in direct proximity with the sensor.  Fig. S2b shows real-time 
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plots of both the temperature sensor and the thermocouple’s response to continuous heating and 

cooling of the surrounding sea water. From the thermocouple’s response, we distinguish a heating 

rate of rheating = 0.01 oC/s from 20.5 oC to 41 oC and a cooling rate of rcooling = 0.0096 oC/s from 41 oC 

down to 20.1 oC. The heating and cooling profile detected using the commercial thermocouple is 

perfectly matched with our temperature sensor’s response to changes in water temperature, 

highlighting precise correlation between temperature measured from the thermocouple and 

resistance values read from the sensor. 

2.2.3. Pressure/Depth Calibration 

The correlation between underwater pressures and corresponding depth values generally varies 

depending on the salinity and density of the water. In fresh water applications, depth can be 

calculated using the approximation in Equation 3:  

Depth (meters) = pressure (dBar) * ρ fresh water      (3) 

Where the density of water is approximated to ρ fresh water = 1.019716 g/m3. However, in marine 

applications, the density of seawater varies with temperature and salinity of the water. As 

temperature increases, density decreases, and as salinity of the water increases, density also 

increases. Generally, the density of seawater at the surface of the ocean varies from 1,020 kg/m3 to 

1,029 kg/m3 at 4 °C.7 In our experiment, our tested depth range is within d = [0 - 100 m], defined as 

the “Pynocline” where density of seawater increases as depth increases. After the 100 m limit, 

density is approximated as stable with regard to pressure. Nevertheless, although density of 

seawater varies at different points in the ocean, a good estimate of its density at the ocean's surface 

is 1025 kg/m3 at 4 °C, and its specific gravity is therefore 1.025.8 Our association between depth and 

underwater pressures was therefore correlated through empirical measurement of depth value and 

underwater pressure calculations (Fig. S2c). Based on a water salinity of 40 PSU (average salinity 

of Red Sea water) and water temperature of T = 21 oC, the density of seawater used is calculated to 
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be about ρ seawater = 998.053 kg/m3. For temperatures in the range of T = [15 oC – 40 oC], seawater 

density would range from 999.160 kg/m3 to 992.277 kg/m3, which will be translated into negligible 

fluctuations in the total underwater pressures calculated. Fig. S2c shows the linear relationship 

retrieved between depth and underwater pressures, with a slope of 102.3 cm/dBar. This empirical 

relationship is an approximation based on an average temperature of 21 oC and water salinity of 40 

mg/L, hence a seawater density of ρ seawater = 998.053 kg/m3. 

2.3. Temperature Recording  

Fig. 3a studies temperature sensor’s response under different bending radii when immersed in 

seawater of 40 PSU and at a depth of 15 cm.  We observe a perfectly linear response towards water 

temperatures ranging from 17.5 oC up to 40 oC, with an average sensitivity of Stemp, avg = 22.66 mΩ/ 

oC, and a slight standard deviation of  σ ± 0.77 mΩ/oC attributed to different cases of tensile 

bending conditions. Experimentally, we retrieve the resolution of our measurement setup (Keithley 

4200- SCS) to be about  0.0006780 Ω, from which we calculate the temperature sensor’s resolution 

to be around 0.03 oC, given that sensor resolution [in oC] = (tool detection resolution [in 

Ω])/(sensitivity of the sensor [in oC/Ω]). 

Real-time measurements were then conducted at a fixed depth of d = 10 cm and a time step of 

Δt = 100 ms, under controlled heating and cooling profiles between 20.5 oC and 41 oC, discussed in 

section 2.2 in SI.  To assess response and recovery times of the sensor, Fig. S3a displays the real-

time profile of the sensor’s response to continuous increase and decrease in water temperature. Inset 

plot in Fig. S3b depicts a response rate of around 13 mΩ/min with a response time of t ΔT =0.5 
o

C = 50 

s for a change of ΔT = 0.5 oC from T = 21 oC to T = 21.5 oC, which translates into a perceived rate 

of 0.01oC/s. However, the response to 0.5 oC change in temperature is mainly attributed to the 

delayed and slow heating rate of water temperature (r heating = 0.01 oC/s), which perfectly matches 

the response rate of our sensor, meaning that the sensor’s response time to slight changes in water 

temperature is almost instantaneous. Similarly, we assess the recovery rate of our sensor to be about 
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13.3 mΩ/min with a recovery time of t ΔT =0.5 
o
C = 49 s for a change of ΔT = 0.5 oC from T = 21.5 oC 

back to T = 21 oC, which again matches the cooling rate of water (r cooling = 0.0096 oC/s), which 

correlates to an almost instantaneous recovery of the sensor. Therefore, given predetermined 

heating/cooling profiles, results in Fig. S3 show an almost instantaneous sensor response and 

recovery to continuous changes in temperatures, perfectly matching the heating and cooling rate 

profiles of seawater.  

2.4. Depth Logging 

The sensor’s depth resolution [in mm] was obtained by dividing tool detection resolution of 0.1 

pF by the pressure sensor’s sensitivity [in pF/cm], from which we determine a depth sensor’s 

resolution of about 0.14 mm.  

Real-time depth logging was then performed in order to assess the repeatability and recovery of 

the sensor, with time step of Δt = 100 ms. Fig. S4a and b show the sensor’s real-time response to 

incremental changes of Δd = 5 cm in underwater depths, at fixed temperature of T = 21 oC. Both 

plots exhibit highly consistent and precise responses, reflected through constant changes in 

capacitance (ΔC) corresponding to fixed changes in depths (Δd = 5 cm), all the way down to 80 cm 

(Fig. S4b). This is also revealed through a precise recovery of the sensor from d = 25 cm to d = 20 

cm, as observed in Fig. S4a. Same real-time logging experiment is then repeated under different 

bending radii to confirm stability of our marine sensors (Fig. S4c). The test was performed using an 

acrylic tank filled with 80 cm of seawater (40 PSU), and the marine sensor was fixed on a platform 

with different bending conditions, then dropped down to distinct underwater depths with the help of 

ropes (Fig. S4d). Fig. S4c shows consistency with the results discussed in Fig. 3b. We observe 

slight shift up in the absolute values, however the response trend seems to be consistent regardless 

of the bending condition of the platform. Response and recovery times of the pressure sensor are 

displayed in Fig. S5, recording underwater depth response when sensor is pushed down and back up 

in between d = 3 cm and d = 13.5 cm. From inset plot in Fig. S5b, we determine very fast total 
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response and recovery times of t response = 321.9 ms and t recovery = 429.2 ms respectively, 

corresponding to a change of 10.5 cm in depth. Again these numbers are slightly affected by how 

fast we were able to push down the sensor down to 13.5 cm. Nevertheless, as we look into the 

continuous response trend towards the smooth transition in depth values, the sensor shows to 

instantaneously respond and recover back to its initial position.  

2.5. Sensors Selectivity 

We start by studying water temperature variations on the behavior of the pressure sensors. 

Marine Skin was immersed in seawater, at fixed water temperatures of 20 oC, 30 oC, 40 oC and 50 

oC, then pressure response was recorded as we push down the tag at different depths from 2 cm to 

10 cm (Fig. 3d). Temperature variations did not show major effects on the performance of the 

pressure sensors, with an overall average sensitivity of Sdepth, T_avg = 2.67 pF/cm ± 0.27 pF/cm and a 

standard deviation of σ = ± 0.62 pF/cm around the mean value owing to temperature variations. 

However, considering a fixed depth value, changes in water temperature did lead to fluctuations of 

around ± 10 % to ± 13 % in the absolute value of the capacitance. This is more clearly illustrated in 

Fig. S7a where we plot the pressure response to temperature variations at different depths values. 

Indeed, we perceive an upward shift in the plot as we go deeper underwater, but interestingly we do 

notice a trend where pressure response initially increases with temperature rise from 20 oC to 30 oC, 

then experiences a slight drop as the temperature keeps increasing up to 50 oC. Nevertheless, these 

heat induced instabilities are minor disparities characterized by an average deviation of σ d_avg = ± 

3.94 pF, corresponding to extensive temperature variations. 

We then look into how the temperature sensor behaves when immersed down to discrete 

underwater depths. Fig. 3e shows the real-time response to water temperature logging as we 

gradually alter the position of the sensor to higher then lower depths values. We record the 

incremental increase in depth from 2 cm, to 6 cm, then 10 cm, along with the gradual recovery back 

to 2 cm, clearly illustrating an accurate recovery of the response back to its initial position (Fig. 3e). 
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This experiment was also conducted by generating a wide range of temperature values, from 1.5 oC 

up to 40 oC, covering the whole spectrum of possible seawater temperatures to be encountered. Fig.  

S8 further highlights the stability of sensor recovery through a real-time influence of pressure on 

temperature response, for a fixed T =21 oC. The recovery is slightly drifted from the response value 

by Δ1 ~ 2.7 mΩ and Δ2 ~ 5 mΩ, respectively for depths from 2 cm to 6 cm, and 6 cm to 10 cm. 

Nonetheless, Fig. 3f shows that temperature performance is not predefined by the depth at which 

the sensor is placed. We calculate an average temperature sensitivity of Stemp, d_avg = 49.4 mΩ/oC ± 

5.11 mΩ/oC, with an estimated standard deviation of σ = 8.63 mΩ/oC, attributed to alterations in 

depth (from 2 cm, to 10 cm). Also, as expected, a slight ± 3% increase in absolute resistance was 

observed due to accumulated strain in the metal Fig. 3f. As we go deeper, higher pressures are 

experienced by the sensor, causing strain propagation in the metal film, and hence leading to an 

increase in the structure’s resistance. This is further analyzed in Fig. S7b where we plot resistance 

changes against depth, under various underwater temperatures. Regardless of temperature value, we 

depict a perfectly linear increase in resistance caused by pressure induced strain, and characterized 

by shift T_avg = 0.0648 Ω/oC and an insignificant temperature linked deviation of σ = 0.0078 Ω/oC. 

3. Section 3: Low Power System Interface 

This PSoC used is a state of the art solution for electronics interface as it has built-in Op-Amps 

and capacitance sensing elements, thereby eliminating the need of any external IC other than the 

PSoC. BLE has a wide bandwidth and lower power consumption than WiFi on the expense of 

reduced range. We developed an algorithm to take readings from all three sensor types, and store 

their values in the PSoC’s internal flash memory (256 - KB). With a logging frequency of 1 Hz, our 

system operates from 1.7 - 3.3 V, thus we were able to power it using a 3V coin cell battery. To 

reduce power consumption, the algorithm was designed in such a way that the system reads data 

from sensors in < 50 ms and goes to sleep during each logging cycle. The transceiver is kept off 

while in water and only when the system senses that animal is out of water (using readings from 
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both the pressure and salinity sensor), transmission mode becomes active. The steady current 

consumption in sleep mode is 50 µA, active (reading sensors) mode is 8 mA, and wireless 

transmission mode is 12 mA. 

Since our resistive sensors were made out of gold, conventional methods of detecting changes 

in resistance, like resistive dividers and Wheatstone bridge, consumed large currents thereby 

reducing the operational lifetime of the system.9,10 Sometimes, complex interface circuits 11,12 are 

needed to get readings from resistive sensors which increases the size and complexity of the 

interface. By using internal Op-Amp of PSoC, we created a current source that fed a fixed small 

amount of current (< 300 µA) directly into the resistive sensors and the resulting voltage changes 

were detected by inbuilt ADC. This method, compared to conventional methods, consumes 10 times 

less power and no additional reference resistors are needed. Normally, an additional IC of 

Capacitance-to-Digital convertor 13 is used to read capacitance of capacitive sensors but we were 

able to configure PSoC’s engrained Capsense™ technology to directly read capacitance of the 

pressure sensors. 

By making intelligent use of the PSoC internals, we were able to avoid the need of using any 

additional components other than the BLE chip itself for both capacitive and resistive readings, and 

in-turn reduced the power consumption drastically.  

4. Section 4: Underwater System Integrity Test 

Fully packaged Marine Skin with integrated system is tested in seawater. System integrity and 

performance testing under 70 cm depth is shown in Fig. 4b. Real-time logging plot over a period of 

3 mins shows the depth pattern of immersing the system down to 70 cm and pulling it back up to 

the water surface (with depth 0 cm < dsurface < 1 cm). The second repeated cycle shows consistency 

in response and recovery, and hence repeatability. Fig. 4c highlights the small steps of Δd = 5 cm 

that we took as we went down to 70 cm and back up to the surface. From 70 cm back to 50 cm, the 
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5 cm steps are well resolved since the time delay taken between each step is 1 s, whereas in other 

areas the sensory system was continuously moved without stopping it at defined depths. 

Data retrieved from the system is denoted as “raw output” which corresponds to uncalibrated 

data directly retrieved from the capacitive sensing interface. In order to correlate the raw output to 

corresponding capacitance values, we conducted a calibration test where we used our integrated 

system to measure already known capacitance values of off-the-shelf capacitors (Fig. S9a. We then 

plot the raw output as a function of the system’s capacitance Csystem (Fig. S9b), displaying a linear 

relationship that correlates “raw output” and readout capacitance values through a slope of 297.825 

pF-1. The retrieved equality is thereafter used to back-calculate system’s capacitance and hence 

underwater depth values. 

 

5. Section 5: Tattoo-like Attachment Alternative 

For crustaceans, their hard shell permits the use of superglue for attachment, however, for 

testing on a wider range of marine animals, especially mammals (e.g. Dolphins), biocompatible 

adhesives should be used as an alternative for a sturdy and non-invasive attachment method. 

Although we did not have the opportunity to test on (hairy) mammals yet, we did look into 

appropriate tattoo-like adhesives that are waterproof and biocompatible, but robust enough to 

withstand quick movements and the harsh underwater environment. We propose to use a Scapa 

Soft-Pro® Skin Friendly Adhesive which is composed of a highly breathable double coated 

polyethylene film.14 One side is coated with an acrylic adhesive while the other side is coated with a 

silicone gel adhesive. The acrylic side would be placed in contact with the skin since it offers a 

strong, secure bond to skin15 and is ideal for long wear applications. Whereas the silicone side 

would be perfect for ideal adherence to the silicone based PDMS packaging of the marine skin tag. 

This adhesive has a tattoo-like sheer feel and a secure fit around body contours. The tag shows to 
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have excellent adhesion when tested on human skin with long wear time of at least 4 days of 

aggressive underwater testing in the Red Sea. Also, it is easily removable, minimizing skin trauma 

and discomfort to the marine animals.15 
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Figure S1 | Packaging reliability & integrity. a, Resistance vs. time plot of the resistive sensor immersed in 
sea water (PSU 40) for a period of 4 weeks. b, Capacitance vs. time plot of capacitive sensor immersed in sea 
water for a period of 4 weeks.  
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Figure S2 | Temperature & pressure calibration plots. a, Plot comparing water temperature measured 
using a commercial thermocouple from Fluke 289 versus the actual seen temperature at the surface of our 
sensor. b, Real-time plot displaying the sensor’s response with respect to continuous heating of the 
surrounding sea water with 0.01oC/min rate, followed by recovery through water cool down. c, Calibration 
plot between measured/applied pressure and the corresponding depths values. 
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Figure S3 | Real-time temperature variation detection. a, Real-time response due to continuous change in 
underwater temperature, at fixed depth of d = 10 cm. b, Inset plot shows the response time for small water 
temperature variations, and the recovery time between two specific water temperature values. 
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Figure S4 | Real-time pressure/depth detection. a, Pressure response to incremental changes in underwater 
depths, at fixed temperature of T = 21 oC. b,  Pressure response to distinct underwater depths, at fixed 
temperature, with steps of 5 cm down to 80 cm. c, Depth recognition with steps of 5 cm down to 80 cm, under 
different bending condition of the Marine Skin platform. d, Digital photo of the setup in which the Marine 
sensors have been characterized down to 80 cm depths underwater.  
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Figure S5 | Response & Recovery of Depth Recognition. a, Underwater depth response when sensor is 
pushed down and back up in between depths of around 3 cm to 13.5 cm. a, Inset plot displaying the response 
and recovery times for depth recognition.  
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Figure S6 | Real-time Salinity plots. a, Incremental response to specific concentrations of KCl mixed in tap 
water, at fixed temperature. b, Real-time logging of salinity, with distinct decrease in resistance in response of 
20 PSU detection underwater. 
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Figure S7 | Cross-sensitivity plots. a, Capacitance versus Temperature plot under various underwater 
pressures, demonstrating the effect of water heat on the pressure sensor structure. b, Resistance versus depth 
plot under various underwater temperatures, depicting the linear shift in the resistance induced by strain 
applied on the structure as pressure increases. 
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Figure S8 | Depth effect on temperature detection. Response of fixed underwater temperature (T = 21oC) 
when sensor undergoes an incremental increase in depth, then corresponding pressure recovery.  
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Figure S9 | Marine System calibration plots. a, Calibration real-time plot displaying the system’s Raw 
Output in response to incremental steps of capacitance values. a, System calibration plot displaying linear 
relationship between Raw output values and capacitance readout value “Csystem”. 

 

 


