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COMPLIANT, LIGHTWEIGHT, NON-INVASIVE, STANDALONE TAGGING

SYSTEM FOR MARINE EXPLORATION AND METHOD

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority and benefit from U.S. Provisional Patent
Application No. 62/532,462, filed on July 14, 2017, for “Compliant Lightweight Non-
Invasive Standalone ‘Marine Skin’ Tagging,” the content of which is incorporated in

its entirety herein by reference.

BACKGROUND
TECHNICAL FIELD
[0002] Embodiments of the subject matter disclosed herein generally relate to
multi-sensory equipment for measuring various parameters of a marine environment,
and more specifically, to methods and systems for making such multi-sensory

equipment and attaching it to various marine organisms.

DISCUSSION OF THE BACKGROUND

[0003] Marine ecosystems are experiencing worldwide anthropogenic-driven
change, including extensive overfishing, run-off population, pollution, and increasing
global warming (see Duarte (2014) and Halpern (2008)). The ability to monitor and
record various environmental and population parameters allows greater
understanding of human impact, enhanced mitigation strategies, and the opportunity
for systematic feedback to shape policy implementation. In this context, rapid

advancements in electronic tagging and tracking tools have enabled the research
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community to remotely study a broad array of variables, to monitor marine
ecosystem health, and how changes in the environment affect marine animals.
Electronic tagging of marine life has provided information on animal behavior,
environmental conditions and geographical position (see, Block (2011), Costa
(2012), Cooke (2008), Humphries (2012), and Miller (2011)). At the same time,
marine tags should not weight more than 2% of the dry body weight of the tagged
animal to maintain normal behavior, physiology and survival of the tagged individual
(see, Bridger (2003) and Jepsen). Yet, most devices in the market are unsuitable for
young specimens, invertebrates, or small species, because the tag exceeds this
tenet (see, Cooke (2004) and Brown (1999)).

[0004] While many studies have focused on larger species, such as
Cetaceans, Dolphins, and Sirenians, attachment methods for the existing monitoring
systems are invasive. As an example, standard attachment techniques include
using a shotgun or crossbow to insert tags into the animal’s tissue, or cutting tools
and bolts to fix a tag to the dorsal fins (see Walker (2012)).

[0005] Such techniques often lead to infection of the tagged area, or over
sensitivity of the skin. For other animals, internal or external sensor attachment can
be done through capture and short term sedation (see Geraldi (2011)). However, in
both cases, the invasiveness of the procedures could stress the tagged individuals
and compromise the animal’s health. Several studies have been conducted
analyzing the repercussions of marine tagging, and they showed that the extra
carried weight and the design of the tag can negatively affect diving patterns, mating,
nesting behavior, and swimming drag (see Broderick (1999), Shorter (2014),

Hammerschlag (2014), Jones (2013)).



WO 2019/012346 PCT/IB2018/054175

[0006] Therefore, the current size of marine sensors limit the diversity of
species that could be studied, and further technological developments are required
to provide more comfortable animal-friendly tagging devices that are not invasive
and can conform to the animal’s morphology.

[0007] Despite the advances made on marine electronic tagging research
(see Broadbent (2010), Broadbent (2012), and SMRU-Instrumentation), there are
still major areas of the marine sensors that need improvement, including prolonged
tag lifetime, increased sensor capabilities, better attachment techniques, and tag
conformity to promote natural and unrestricted movement. Marine tag design should
include animal comfort without compromising the performance, data validity and
endurance of the system. Also, the sensor cost should not exceed current market
standards to be considered commercially effective.

[0008] Therefore, there is a need for a compliant and stretchable marine tag,
which should be lightweight, non-invasive, durable, bio-compatible and capable of
monitoring the marine environment while retaining high performance and resolution

standards.
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SUMMARY
[0009] According to an embodiment, there is a multi-sensor system for
monitoring water parameters. The system includes a first metallic layer; a dielectric
layer formed on the first metallic layer; a second metallic layer formed on the
dielectric layer; a power source electrically connected to the second metallic layer; a
computing device electrically connected to the second metallic layer; and a
stretchable outer layer that encapsulates the first metallic layer, the dielectric layer,
the second metallic layer, the power source and the computing device. The multi-
sensor system is stretchable and flexible.
[0010] According to another embodiment, there is a multi-sensor system for
monitoring water parameters. The system includes a temperature sensor for
measuring a temperature of an ambient; a pressure sensor for measuring a pressure
of the ambient; a salinity sensor for measuring a salinity of the ambient; a computing
device having a temperature sensing unit configured to read a temperature from the
temperature sensor, a pressure sensing unit configured to read a pressure from the
pressure sensor, a salinity sensing unit configured to read a salinity from the salinity
sensor, a memory configured to store the temperature, the pressure and the salinity,
and a low power Bluetooth transmitter configured to send the stored temperature,
pressure and salinity to an external device; and a power source for supplying power
to the computing device. The multi-sensor system is stretchable and flexible.
[0011] According to yet another embodiment, there is a method of forming a
multi-sensor system for monitoring water parameters. The method includes forming

a first metallic layer, forming a dielectric layer on the first metallic layer, forming a
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second metallic layer on the dielectric layer, attaching a power source to the second
metallic layer, attaching a computing device to the second metallic layer, and
encapsulating in a stretchable outer layer the first metallic layer, the dielectric layer,
the second metallic layer, the power source and the computing device. The multi-

sensor system is stretchable and flexible.
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BRIEF DESCRIPTON OF THE DRAWINGS

[0012] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:

[0013] Figure 1 illustrates various known devices, which can be attached to
marine animals for monitoring water parameters;

[0014] Figure 2 illustrates a new multi-sensor system that is attached to
marine life organisms for monitoring various parameters of the water;

[0015] Figure 3 illustrates the various elements of a multi-sensor system that
is flexible and stretchable;

[0016] Figure 4 illustrates a salinity sensor of the system of Figure 3;

[0017] Figure 5 illustrates physical and logical elements of a multi-sensor
system that is flexible and stretchable;

[0018] Figures 6A-6C illustrate various steps of forming a multi-sensor system
and Figure 6D illustrates the resultant multi-sensor system;

[0019] Figures 7A and 7B illustrate the steps of a method for forming a multi-
sensor system that is flexible and stretchable;

[0020] Figures 8A to 8F illustrate various characteristics of a multi-sensor
system that is flexible and stretchable;

[0021] Figures 9A and 9B illustrate the response of a multi-sensor system that

is flexible and stretchable as it moves up and down under water; and
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[0022] Figures 10A and 10B illustrate a multi-sensor system, which is flexible
and stretchable, being attached to a crab and the response measured as the crab

moves up and down in the water.
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DETAILED DESCRIPTION
[0023] The following description of the embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify
the same or similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims.
The following embodiments are discussed, for simplicity, with regard to a marine skin
multi-sensor system that includes pressure, temperature and salinity sensors.
However, other type of sensors may be added to the system.
[0024] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in
an embodiment” in various places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular features, structures or
characteristics may be combined in any suitable manner in one or more
embodiments.
[0025] With advances in state-of-the-art miniaturized electronics and
capitalizing on the emergence of flexible and stretchable form factors to integrate life,
device, data and processes through Internet of Everything (see Nassar (2016),
Shaikh (2017), and Hussain (2015)), a waterproof ultra-lightweight (in one
application the system weights less than 2.4 grams), fully conforming (physically
flexible and stretchable), standalone wireless multi-sensory (conductivity,

temperature, depth) “Marine Skin” sensor system is built. In one application, a size
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of this multi-sensor system is 55 mm x 55 mm x 0.3 mm. In one embodiment the
length may be between 25 and 75 mm and the width may be between 25 and 75
mm. This ultra-light weight multi-sensor system has non-invasive application, high
performance multi-sensing, constant data logging with significantly lower cost.
Integrated arrays of temperature, pressure and conductivity sensors may
simultaneously monitor the animal’'s diving patterns, and the surrounding
environmental conditions. Such integrated arrays are now discussed with reference
to the figures.

[0026] Existing multi-sensory platforms allow data collection which can predict
changes in behavior, population size, and range/distribution of marine species.
However, available designs do not respond to changes in an animal’s air/water flow
dynamics (see Hussey (2015)). Conductivity (i.e., salinity), temperature and depth
provide a basic description of the ocean’s environment, allowing characterization of
water masses and the niche used by marine animals.

[0027] Hence, efforts in the development of marine sensors are mainly
focused on these environmental parameters (see Hooker (2003)). Yet, one of the
greatest challenges for effective monitoring and experimentation is the physical size
of equipment, weight, and attachment invasiveness. In this regard, Figure 1
illustrates various known marine sensors and their characteristics. It is noted that
most of the sensors are heavier than the recommended 2% threshold discussed
above. Thus, these sensors make very uncomfortable the life of those animals to
which they are attached. For those marine sensors that are below the 2% threshold
discussed above, their method for attaching the sensor to the marine animals is

invasive, which is also undesirable.
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[0028] With these goals in mind, the present inventors have designed a multi-
sensory system 200, see Figure 2, that includes at least one temperature sensor
202, at least one pressure sensor 204, and at least one salinity sensor 206. These
sensors are located in a packaging material 210, which is later discussed in more
detail. The packaging material may also house a power source 214 and a
computing device 218. Multi-sensory system 200 may be attached, as discussed
later, to the skin of a mammal 220 or other marine life organism through a procedure
that is not harmful to the organism (e.g., by gluing). The computing device 218
receives the measured information from the various sensors and store it in a local
memory. When a condition is triggered (e.g., the sensor is at the water surface), the
computing device 218 may transmit the stored information to an external harvester
device (not shown), for example, using a low consumption Bluetooth transceiver
located in the computing device. The harvester device may be a smartphone,
laptop, tablet or other similar device.

[0029] Because effective marine sensors need to survive the particularly
corrosive saline aqueous environment (35-40 practical salinity unit, PSU) and
maintain high sensitivity and repeatability, the selected packaging material 210 has
been selected to be a compliant packaging material that takes into consideration
biocompatibility, toxicology, cost, endurance in saline environments, temperature
and pressure working ranges, and degradation with time. The selected packaging
material 210 complies with the soft elasticity of the hosting surface, minimizing any
kind of discomfort caused when the system is placed on the asymmetric surface
(often soft) of marine animals, and supporting freedom of movement without any

restrictions.
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[0030] In one embodiment, the “Marine Skin” multi-sensory system used on
Polydimethylsiloxane (PDMS) Sylgard 184 ™, as the conformal packaging material,
among other available flexible and stretchable polymeric counterparts (e.g.
Ecoflex®). The PDMS is hydrophobic, non-toxic and non-irritating to the skin, does
not decompose under high heat or halogenation, and unlike Ecoflex, no major
reduction concern is seen under minimal biofouling. In addition, PDMS is effective
for the current cause due to its ease of flow integration and compatibility with CMOS
processes using state-of-the-art industry equipment. The PDMS may be considered
to be a water proof, biocompatible soft encapsulating material. Other materials may
accomplish this function.

[0031] Figure 3 shows a cross-section of a multi-sensor system 300. It
includes a first stretchable layer 320, which is part of the packaging material 210
(also called stretchable outer layer) shown in Figure 2, a first flexible layer 322, a first
metallic layer 324, a dielectric layer 326, a second flexible layer 328, a second
metallic layer 330, and a second stretchable layer 332 (also part of the packaging
material 210), each layer formed on top of the other in the order indicated in the
figure. The first and second stretchable layers 320 and 332 form the packaging
material 310 (i.e., a stretchable outer layer that encapsulates all the other layers),
discussed as element 210 in Figure 2. According to this embodiment, a layer or
device or system is considered to be stretchable if a length of the layer, e.g., along a
longitudinal axis X, can increase between 5 and 25% of its original length when a
force is applied, without damaging the layer. The first and second stretchable layers
320 and 332 may be made, in one embodiment, out of PDMS. Other materials may

be also be used. A thickness of the first and second stretchable layers may be
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between 100 and 200 um. In one embodiment, the first stretchable layer has a
thickness of 100 um and the second stretchable layer has a thickness of 150 um.
Other dimensions may be used.

[0032] The first flexible layer 322 is formed, in one application, directly on top
of the first stretchable layer 320. The first flexible layer 322 may not be stretchable.
In one application, the first flexible layer 322 may have a thickness of 10 um and
may be made of Polyimide. Other thickness and materials may be possible. The
second flexible layer 328 may have the same size and composition as the first
flexible layer 322. The second flexible layer 328 is formed, in one embodiment,
directly on top of the dielectric layer 326.

[0033] The first metallic layer 324 is formed, in one embodiment, directly on
top of the first flexible layer 322. The first metallic layer 324 may include two or more
sub-layers. For example, in one embodiment, the first metallic layer 324 includes a
first layer 324A of titanium (Ti) and a second layer 324B of gold (Au). In one
embodiment, the first layer 324A of Ti has a thickness of 10 nm and the second layer
324B of Au has a thickness of 180 nm. Other combinations of metals may be used.
[0034] The dielectric layer 326 is formed, in one embodiment, directly on top
of the first metallic layer 324. The dielectric layer 326 can be made of any dielectric
material that is appropriate for forming the dielectric of a capacitor because this
layer, after being patterned as discussed later, would serve as part of one or more
capacitors that form the pressure/depth sensor. Further, the dielectric material
should be a pressure sensitive material, i.e., it changes at least one size when a

pressure acts on this material. In one application, the dielectric layer 326 is formed
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of PDMS or another pressure sensitive rubber. In one application, a thickness of the
dielectric layer 326 is about 50 um.

[0035] The second metallic layer 330 is formed, in one embodiment, directly
on top of the second flexible layer 328. The second metallic layer 330 may have the
same composition as the first metallic layer 324 and the same sizes. However, other
materials and sizes may be used.

[0036] One or more temperature sensors 302 (202 in Figure 2) are formed in
the second metallic layer 330 through a process that is discussed later. The
temperature sensor includes a thin-film based resistive temperature detector (RTD),
where a temperature change is reflected through a linear change in the sensor’s
resistance. The temperature sensor structure may include, as illustrated in Figure 2,
a wavy (serpentine) Ti/Au (e.g., 10nm/180nm thickness layers) metal structure. The
adopted serpentine design maximizes the area for thermal exposure, but also
minimizes strain induced by resistance changes. In addition, the serpentine design
makes the entire metallic layer stretchable. The sensitivity of the temperature sensor
302 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 in one
embodiment because it does not require high power supply, and shows to be very
repeatable with high linearity (e.g., accuracy of < + 0.1 °C) and long term stability
and durability. In one embodiment, the second metallic layer includes an array of
temperature sensors that form a net as shown in Figure 2. Each temperature sensor
may be formed on a side of a square (or other shapes) and plural squares form the

net.
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[0037] For the depth detection, a pressure sensor 304 is constructed between
the first and second metallic layers 324 and 330 to measure the hydrostatic
pressure. The hydrostatic pressure of submerged objects is a measure of the
buoyant force uplifting the object. Relative changes in hydrostatic pressure Phydrostatic
scales linearly as given by equation:

Phydrostatic = P x g x h (1)
where ‘p’ 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). A
total pressure ‘P’ experienced by the object underwater is the sum of partial
pressures, P = Po + Phydrostatic, where Po (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, a capacitive pressure sensor using parallel
plate capacitive structure was chosen. The pressure sensor 328, which is
schematically illustrated in Figure 3, thus has the two plates made of portions of the
first and second metallic layers 324 and 330 (e.g., using Ti/Au (10 nm/180 nm) as
top and bottom electrodes) and, for the compressive pressure-sensing dielectric
rubber, a portion of the dielectric layer 326 (e.g., PDMS of about 50 pm thick). In
one embodiment, as illustrated in Figure 2, an array of pressure sensors are formed
between the first and second metallic layers. The pressure sensors may be located
at an intersection of four different temperature sensors, i.e., at the corners of each

square of the net shown in Figure 2.
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[0038] Capacitive sensors offer advantages in the frequency response,
repeatability with use (longer shelf-life), and a linear relationship with pressure. In
one application, the thickness of the PDMS dielectric is optimized by balancing two
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 they can be limited with
their flexibility. In one application, considering a curing temperature of T = 100 °C for
the PDMS layer (which is slightly higher than a curing temperature disclosed later in
regard to a method of making the multi-sensor system), the PDMS would be roughly
characterized by a Young’s modulus of E ~ 2 MPa, with an average failure load of
112.5 kN, while the compressive properties are characterized by a compressive
modulus of 148.9 MPa. To derive the additional mechanical properties of shear
modulus and bulk modulus for the cured PDMS, equation (2) below relates the
Young’s modulus to both the shear and bulk moduli via Poisson’s ratio (v) by:
E=2G(1+Vv)=3K(1-2V) 2)
[0039] Considering the Poisson’s ratio of Sylgard 184 is ranging from 0.45—
0.5, the hardness properties of PDMS cured at T = 100 °C are approximately defined
by shear modulus of G = 0.68 MPa and bulk modulus by K = 3.42 MPa.
[0040] For the salinity sensor 306, the multi-sensory system 300 uses the
concept of conductivity measurement. The salinity sensor measures the ability of a
solution to conduct an electric current between two electrodes. Thus, such a
structure includes two electrodes (e.g., made of Ti/Au) separated by a gap (in one

application the gap is 2 mm, but other values may be used), as shown in Figure 4.
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Note that a part of the PDMS 332 that is formed over the second metallic layer 330
(which includes the salinity sensor 306) has been removed so that the two
electrodes 306A and 306B are in direct contact with the water. In this regard, note
that Figure 3 shows the salinity sensor 306 to be in direct contact with the
environment 340. The gap G between the two electrodes 306A and 306B extends in
the plane of the second metallic layer 330. The two electrodes 306A and 306B
shown in Figure 4 are formed in the second metallic layer 330 in Figure 3. In one
embodiment, one electrode is electrically connected to a temperature sensor (see
Figure 2) and the other electrode is electrically connected to the computing device
218 or power source 214.

[0041] In presence of an ionic conductive solution (such as sea water), a
resistance between the two electrodes 306A and 306B decreases as the solution
becomes more conductive (viz. higher salinity content).

[0042] Returning to Figure 3, the multi-sensor system 300 may also include a
power source 314 that is electrically connected to the second metallic layer 330.
The entire power source 314 is covered by the second stretchable layer 332 to
protect if from the negative influences of the environment (e.g., corrosive action of
the seawater). The power source 314 may be, for example, a coin cell battery. The
coin cell battery may be a 3V coin cell battery. In one embodiment, the power
source is a piezoelectric element that generates energy due to the changes in
ambient pressure as the marine animal moves up and down. Other mechanism may
be used to generate power.

[0043] The multi-sensor system 300 may also include a computing device

318, also formed/attached to the second metallic layer 330. The computing device
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318 is encapsulated in the second stretchable layer 332 to prevent damage from the
environment. While Figure 3 shows the computing device 318 formed as a unit that
is electrically attached/connected to the second metallic layer 330, in one
embodiment it is possible to have the components of the computing device (e.g.,
transistors, resistors, capacitors, diodes, etc.) formed in the first and second metallic
layers 324 and 330 or even formed in additional metallic layers (not shown in the
figure). In other words, the components of the computing device may be distributed
over the system 300 in one or more layers.

[0044] The computing device 318 may include a Programmable System-on-
Chip (PSoC) 318A with integrated Bluetooth transceiver 318B, which uses a low
power Bluetooth technology (BLE)). PSoC 318A, which may include passive
components and antenna, may be mounted on a 10 mm x 10 mm Printed Circuit
Board (PCB). The PSoC may have a 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 a
reduced range. An algorithm run on the processor of the computing device is
capable to take readings from all three sensor types, and store their values in the
PSoC’s internal flash memory 318C (e.g., 256 KB). With a logging frequency of 1
Hz, system 300 operates from 1.7 - 3.3 V, and thus the power supplied by a 3V coin
cell battery is enough. 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 the animal is out of water (using readings from both the

pressure and salinity sensor), the transmission mode becomes active. The steady
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current consumption in sleep mode may be 50 pA, active (reading sensors) mode
may be 8 mA, and wireless transmission mode may be 12 mA.

[0045] As the resistive sensors are made out of gold, conventional methods of
detecting changes in resistance, like resistive dividers and Wheatstone bridge,
consume large currents, thereby reducing the operational lifetime of the system.
Sometimes, complex interface circuits are needed to get readings from resistive
sensors which increases the size and complexity of the interface. By using an
internal Op-Amp of PSoC, a current source is created that feeds a fixed small
amount of current (e.g., less than 300 pA) directly into the resistive sensors and the
resulting voltage changes were detected by inbuilt analog-to-digital convertor (ADC).
This approach, compared to conventional methods, consumes 10 times less power
and no additional reference resistors are needed. Traditionally, an additional
integrated circuit (IC) of Capacitance-to-Digital convertor is used to read capacitance
of capacitive sensors, but the PSoC’s engrained Capsense™ technology is
configured to directly read the capacitance of the pressure sensors.

[0046] By making intelligent use of the PSoC internals, system 300 is 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.

[0047] Figure 5 is a schematic diagram of a multi-sensor system 500 that
shows both physical and logical components and how they interact to collect the
temperature, pressure and salinity data. System 500 includes at least one
temperature sensor 302, at least one pressure sensor 304, and at least one salinity

sensor 306. Those skilled in the art would understand that more sensors of the
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same type may be present. Temperature sensor 302 is associated with a
temperature sensing unit 552, hosted by the PSoC microcontroller 518A.
Temperature sensing unit 552 is connected to the temperature sensor 302 and
current source 550 (which is part of the PSoC microcontroller 518A) and includes
software instructions for reading the voltage and current across the temperature
sensor 302. Based on the resistance calculated from the sensed voltage and
current, a temperature of the ambient is determined and stored in storage element
318C, which can be a flash memory. Pressure sensing unit 554 (which is also part
of the PSoC microcontroller 518A) is connected to pressure sensor 304 for sensing a
capacitance of the sensor. The capacitance is then translated into a distance
between the two plates of the capacitor forming the pressure sensor 304, which is
correlated with a depth of the pressure sensor in water. In this way, the pressure
and/or depth of the sensor is determined. The pressure and/or depth is then stored
in the storage element 318C. Similarly, a salinity sensing unit 556 (which is also part
of the PSoS microcontroller 518A) is connected to salinity sensor 306 and determine
a salinity value, as discussed above. This value is then stored in the storage
element 318C.

[0048] Data may be continuously logged at 1 Hz in the PSoC'’s internal flash
memory 318C, and only when the animal emerges out of water, data is wirelessly
collected, via BLE, at a harvesting device 560 (e.g., a smartphone) as depicted in
Figure 5.

[0049] A method of forming the system 300 or 500 is now discussed with
regard to Figures 6A-6D and Figures 7A and 7B. Figures 7A and 7B illustrate a

method 700 that starts with a step 702 of providing a first wafer on which a flexible
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layer 322 (e.g., polyimide PI layer, see Figure 6A, step b) is formed in step 704 (see
also Figure 6A, step a). The wafer may be a Si (100) wafer on top of which a 10 um
thick polyimide film (PI-2611) is coat spin. The various sizes, temperature and other
parameters provided in these methods are for enabling one skilled in the art to make
the system 300 or 500. However, those skilled in the art would understand that
variations of these parameters are possible without affecting the efficiency of the
invention. In other words, the present method is not intended to limit the invention
with the specific values of the parameters noted herein.

[0050] In step 706, a soft bake of the Pl layer at T = 90 °C for 90 s is
performed, followed by a second bake at T = 150 °C for 90 s. Final curing is
performed by ramping the hot plate temperature from 150 °C to 350 °C at a rate of
240 o/hour, and leaving the first wafer to cure for 30 minutes at T =350 °C. This step
is shown in Figure 6A, step c.

[0051] In step 708, a second Si (100) wafer is provided, on top of which a thin
film of Au is sputtered (see Figure 6B, steps 1 and 2). The Au film is used because it
has low bonding energy with PDMS, and hence it will act as a good intermediate
layer to ease the final release process. A first stretchable layer 320 is spin coated in
step 710 on the second wafer (see Figure 6B, step 3). The first stretchable layer 320
may be 100 um thick PDMS (Sylgard 184™) and may be cured at T = 90 °C for 30
minutes. The first stretchable layer will act as the bottom encapsulation layer of the
outer layer 310. This step is then followed by a step 712 of Oz plasma treatment for
2 mins, which will temporarily make the PDMS layer hydrophilic, to improve its

adhesion to the subsequent layer.
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[0052] In step 714, the Pl layer 322 is peeled from the first wafer (see arrow
between Figures 6A and 6B) and carefully transferred on top of the treated PDMS of
the second wafer (see Figure 6B, step 4). To pattern the Pl layer 322, an Aluminum
(Al) hard mask (see Figure 6C, step 6) is used for its selectivity to Pl etching gases.
The Pl layer is first treated with oxygen plasma at low power (30 W) for 2 mins in
step 716 (see Figure 6B, step 5). This step is applied to improve the adhesion of the
metal films on top of the Pl layer and avoid delamination issues. Then, in step 718,
a first mask is formed on top of the Pl layer 322, as illustrated in Figure 6C, step 6.
The first mask is obtained by sputtering 200 nm of Al. The first mask is patterned in
step 720 as shown in Figure 6C, step 7.

[0053] In step 722, another oxygen plasma is applied on top of the patterned
Pl layer (see Figure 6C, step 8) and then the first metallic layer 324 (e.g., 10 nm/180
nm Titanium/Gold (Ti/Au) layers) is sputtered in step 724 on top of the patterned Pl
layer (see Figure 6C, step 9). The first metallic layer 324 is then patterned in step
726 using a second mask (see Figure 6C, step 10). The first metal layer includes, as
discussed above with reference to Figure 3, the bottom contacts of the
pressure/depth sensors 304. In step 728, a pressure sensitive rubber layer is
deposited (see Figure 6C, step 11), which corresponds to the capacitive layer 326 in
Figure 3. This layer can be deposited as a 50 pum thick PDMS cured at T = 75 °C for
75 minutes. A second metallic layer 330 (e.g., Ti/Au (10 nm/180 nm)) is then
deposited in step 730 by repeating the steps 4 to 10 in Figures 6B and 6C, which
were performed to create the first metallic layer 324. These repeated steps begin
with a second transfer of another Pl layer 328, all the way to the end by sputtering

and patterning the second metallic layer 330 in step 732 (see Figure 6C, step 12).
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This second metallic layer may include the top contacts of the depth sensors 304,
the temperature sensors 302, as well as the conductivity/salinity sensors 306. More
than two metallic layers may be built for this system.

[0054] The system-on-chip integration is performed in step 734 (see Figure
6C, step 13), during which the power supply 314 and the computing device 318 are
electrically connected to the second metallic layer. The built system is encapsulated
in step 736 by adding a second stretchable layer 332, which connects to the first
stretchable layer 320, so that the entire system 500 is encapsulated in PDMS. As
previously discussed, the salinity sensor 306 in Figure 3 needs to be in direct contact
with the environment. Thus, a portion of the first or second stretchable layers (i.e.,
the PDMS encapsulation) is removed to form an opening for the salinity sensor(s)
306. Step 736 may be performed by spin coating a 150 um thick PDMS and curing it
at T = 90 °C for 30 minutes (see Figure 6C, step 14). In step 738 the completely
packaged Marine Skin system 300 or 500 is released from the second wafer, for
example, using a tweezer as illustrated in Figure 6C, step 15. Note that the steps
shown in Figures 7A and 7B may be performed in a different order. Also, some of
the steps are optional. In other words, not all the steps shown in Figures 7A and 7B
need to be performed to achieve the system 300 or 500.

[0055] The final system 300 or 500 is shown in Figure 6D. Note that the
system is mostly transparent, the various sensors are visible inside the system, the
system is flexible (i.e., it can be bent to any angle) and stretchable (i.e., it can be
stretched to change a selected size at least between 5 and 25% of the selected

size).
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[0056] Due to the advances in the art of miniaturized electronics applied in the
method of Figures 7A and 7B, the system produced by this method is waterproof,
ultra-lightweight (less than 2.4 grams in water), fully conforming (physically flexible
and stretchable), standalone (wireless multi-sensory capable of measuring
conductivity, temperature, depth) and very small (e.g., the entire system may
measure 55 mm x 55 mm x 0.3 mm or less). This ultra-light weight and small multi-
sensor system has non-invasive application, high performance multi-sensing, and
constant data logging with significantly lower cost. The integrated arrays of
temperature, pressure and conductivity sensors may simultaneously monitor the
animal’s diving patterns, and the surrounding environmental conditions.

[0057] The “Marine Skin” multi-sensor system discussed above is
advantageous over the existing systems because it is physically flexible and
stretchable, and displays multi-sensory capability with simultaneous sensing and
selectivity. The system exhibits an ultra-thin net-shape construction, and can be
easily integrated in an intimate fashion on curved animal surfaces, a quality which
none of the existing system possess. The wavy network pattern of the metallic
layers (see Figure 6D) was designed for optimal two-dimensional expansion, with
inherent elasticity and twisting capability, enabled through intrinsic PDMS elasticity
and the geometry of thin metal routings. The packaged system dimensions shown in
Figure 6D are 55 mm x 55 mm x 0.3 mm. However, these sizes can be downscaled
by decreasing the array size. Thus, contrary to the existing marine tags that are
generally constrained by the bulky size of their systems and packaging, the
packaged system 300 or 500 is compact (21 mm x 10 mm) and conformal (less than

4 mm in height; the system shown in Figure 3 has a height of 3.5 mm). The system
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described above includes at least one of each of the temperature, pressure and
salinity sensors. Those skilled in the art would understand that the system may be
built to include large arrays of capacitive pressure sensors and resistive temperature
detectors (RTD) incorporating individual salinity sensors based on electrodes
separated by a given gap.

[0058] Various designs can be implemented to achieve a variety of sizes and
elastic deformation. The “net” architecture shown in Figure 2 allows the system to
conform to the body of the animal and stretch/contract with their movements,
ensuring comfort and adhesion under any circumstance. The fabrication process of
this system is conducted using a low-cost CMOS compatible approach, allowing
ease of scalability, batch fabrication, and precision. Detailed integration strategy of
the “Marine Skin” system described with regard to method 700 shows compliant 3D
integration of the SoC on top of the sensory array, accompanied with conformal
encapsulation and release of the final flexible system.

[0059] The system discussed above has been tested under various conditions
for evaluating the temperature, pressure and salinity sensitivity as for other factors.
Effect of salts on electrode performance is important for marine systems
development. Therefore, long term experiments (over 20 days) were performed to
test the integrity of the encapsulation packet of the system. The test was conducted
in Red Sea water (~ 40 PSU). The results indicated a durable flexible packaging.
[0060] As the “Marine Skin” system is targeted for conformal placement on
marine animals of irregular sizes and shapes, the sensors’ functionalities need to be
tested under diverse mechanical bending conditions to assess their performance and

stability when employed on curved surfaces. Measurements were conducted in
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seawater (40 PSU) under varying depth and water temperatures, as illustrated in
Figures 8A-8F. Figure 8A shows the system’s resistive response to water
temperature variations under various bending conditions, Figure 8B shows the
capacitive response of the pressure sensor to increased underwater pressure/depth
under various bending conditions, Figure 8C shows the salinity response of the
system to increase salinity, Figure 8D shows the effect of the depth on the salinity
sensor at various temperatures, Figure 8E shows the dynamical resistance
fluctuations of the system under difference thermal conditions, and Figure 8F shows
the effect of immersion on the temperature sensor’s performance.

[0061] The temperature sensor’s response in Figure 8A, under different
bending radii, shows that the sensor’s sensitivity stayed intact with an average
sensitivity of Stemp, avg = 22.66 mQ/ °C and a temperature resolution of 0.03 °C,
sufficient to detect desirable fluctuations of 0.1 °C in the ocean’s temperature. Minor
strain-induced increase of 0.61% in absolute resistance value is observed under
bending. The effect of strain would be generally greater. However, the implemented
wavy design, along with the sensors’ placement in the neutral plane of the
packaging, minimizes stress and strain propagation in the structures.

[0062] Similarly, Figure 8B show the pressure sensor’s stability under different
bending conditions, with an average linear sensitivity of Saepth, avg = 0.35 nF/dBar =
0.056 cm-, a standard deviation of 6 + 8.3 x 104 cm! attributed to variations in
platform curvature, and an estimated high depth resolution of 0.14 mm. The testing
setup was limited to an 80 cm depth range, which is considered shallow for marine
tagging applications. For this depth range, the “Marine Skin” system’s sensors

display high resolution with great linearity, without any signs of signal saturation or
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attenuation. These findings show high performance functionality under higher
pressures, and can be used to predict sensory behavior for extended depths.

[0063] Salinity detection was analyzed in Figure 8C, which displays the
measured resistance generated from the produced ion channel versus salinity levels.
For water temperature of 21 °C, salinity levels ranging from 20 PSU (practical salinity
unit) to 41 PSU are respectively translated into conductivities from 29.56 mS/cm to
56.3 mS/cm. As salinity levels increase, the water solution becomes more
conductive, and hence the resistance decreases. It is observed a fairly linear
behavior of the sensor with a sensitivity of Ssainity = 6.2 kKQ/PSU = 0.00466 /PSU and
a high salinity resolution of 0.016 PSU. These values make the salinity sensor
capable of distinguishing slight variations in ecologically-relevant changes in ocean’s
salinity (see Talley (2002)). Response and recovery times were then analyzed
through continuous logging at T = 21 °C in incremental PSU solutions. For a fixed
salinity of 20 PSU, a total response time was determined to be tsaiinity response= 38 §
and a total recovery time of tsalinity_recovery = 45s. In this regard, note that

conductivity sensors are also sensitive to changes in water temperature and
conditions, where thermal conductivity of water is K water = 0.611 W/m.K (see
ChemWorx (2009)). Higher temperatures lead to faster ions movement in water,
increasing the conductivity. However, because the present system also contains a
temperature sensor, this information can be accounted for and calibrations can be
performed in order to retrieve temperature-corrected salinity values.

[0064] The selectivity of the sensors towards changes in the marine
environment is related to the sensor’s performance. The plots in Figures 8D-8F

show the effect of temperature variations on pressure sensitivity and the effect of
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depth on the water temperature sensitivity. Nevertheless, the “Marine Skin” system
integrates sensory multifunctionality, with pressure and temperature values
continuously being recorded and dependent on one another. Each sensor is highly
selective to its targeted stimuli and no significant performance change was observed
from cross-sensitivity via water temperature and depth variations. The observed
disparities and strain-induced changes follow well-defined trends that can be easily
compensated for.

[0065] The efficient lightweight system discussed in Figures 3 and 5 made it
possible to perform underwater experiments for longer periods of time without
hindering the animal’s usual movement. The fully packaged Marine Skin system
weights an incomparable < 6 g in air and < 2.4 g in water, and has a battery lifetime
of up to 1 year assuming a logging rate of 2 s. Tests of the system integrity in
seawater are illustrated in Figures 9A and 9B, which display continuous and
repeatable responses.

[0066] Figure 9A shows a real-time logging plot over a period of 3 mins. The
collected data shows the depth pattern 900 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 902 shows consistency in response and recovery, and hence
repeatability. Figure 9B highlights the small steps of Ad = 5 cm that were performed
as the system went down to 70 cm and back up to the surface. From 70 cm back to
50 cm, the 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.
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[0067] 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,
a calibration test was conducted, where the integrated system was used to measure
already known capacitance values of off-the-shelf capacitors. The raw output was
plotted as a function of the system’s capacitance Csystem, displaying a linear
relationship that correlates “raw output” and readout capacitance values through a
slope of 297.825 pF-'. The retrieved equality is thereafter used to back-calculate
system’s capacitance and hence underwater depth values.

[0068] Data retrieval when the animals surface is appropriate for air-breathing
animals (marine mammals and reptiles). For continuously submerged animals, the
data can be collected by using a pop-up device (see Hoolihan (2011)).

[0069] The system discussed above has been field tested on crustaceans —
specifically on a swimming crab (Portunus pelagicus) captured along the east coast
of the central Red Sea. The “Marine Skin” system was conformally and non-
invasively attached on the crab’s shell using superglue, as illustrated in Figure 10A.
For testing on a wider range of marine animals, especially mammals (e.g. dolphins),
biocompatible adhesives should be used as an alternative to superglue for a sturdy
and non-invasive attachment method.

[0070] In this regard, according to an embodiment, a Scapa Soft-Pro® Skin
Friendly Adhesive may be used. This adhesive is composed of a highly breathable
double coated polyethylene film. 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 skin and is
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ideal for long wear applications, whereas the silicone side would provide 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 system shows
excellent adhesion when tested on human skin with long wear time of at least 4 days
of aggressive underwater exposure in the Red Sea. Also, it is easily removable,
minimizing skin trauma and discomfort to the marine animals.

[0071] The crab to which the system was attached was monitored in sea
water using a logging frequency of 1 Hz. The depth pattern logged is shown in
Figure 10B and depicts continuous and active tracking of the crab’s diving and
resurfacing patterns for 6 mins. Using a 1 Hz logging frequency, the system
consumes low power, yielding an operation life of 5 months. Battery life can be
further extended by optimizing the operating conditions and reducing sampling
intervals. As for temperature logging, the current system can detect changes of 0.2
mV, which translates into 0.5 °C resolution. The portable system can be further
optimized to detect changes of 0.437 uV, and hence improve the detection resolution
up to 0.001°C, but this would translate into higher power consumption and the need
for a bigger and heavier battery.

[0072] To put in perspective the advancements and possibilities created by
the Marine Skin sensory system, the benchmark table illustrated in Figure 1
compares the most notable developments in marine tags, including commercial and
academic projects. Tags that exhibit similar functionalities to system 300 or 500
were compared, not only based on their form factor, weight, performance, and
resolution, but also based on battery lifetime (hereafter referred to as Tag

Deployment Lifetime “TDL”), which was normalized according to the respective
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sampling rate of each project. Performance or resolution never seems to be an
issue with sensing based projects, since current technology advancements are used
to come up with the best sensing solution. However, improving TDL and reducing
form factor are the major challenges that require focus. The form factor has a
significant effect on the underwater behavior and stress of tagged animals. Devices
extruding off from an animal skin create drag, which forces marine animals to make
extra effort in order to move, altering their natural behavior. The extra carried weight
and tag design affect diving patterns, mating, nesting behavior, swimming drag,
movement capacity, and performance ability of marine animals. Tagged marine
animals are samples of a bigger population and the ecosystem as a whole, therefore
the incorporation of telemetric devices should not alter their natural performance,
behavior, physiology or survival.

[0073] When compared to the system illustrated in Figure 1, the Marine Skin
system overcomes this concern owing to its extremely lightweight design and
compliant form factor made specifically to adapt to different animal sizes and
shapes, while maintaining a long lifetime. In this regard, in one embodiment, the
Marine Skin system has a length of 55 mm, a width of 55 mm, and a height of 3.5
mm, with the sensor patch having a height of 0.3 mm. The weight of the system in
this embodiment is less than 6 g in air and about 2.4 g in water. The TDL in days is
about 152 and the fastest possible sample is 5 ms. The temperature working range
is about 1.5 to 40 °C with a temperature resolution of about 0.03 °C. The depth
range of the system was tested up to 80 cm (11 dBar) with a pressure resolution of
0.14 mm. The conductivity range is about 29.5 to 56.3 mS/cm and the salinity

resolution is about 0.016 PSU. In contrast to this system, currently available
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solutions have proven to be unsuitable for tagging young specimens, invertebrates,
or small species due to their rigid design, heavy weight and bulky form factor.

[0074] Therefore, compliant sensory systems (e.g., system 300 or 500) that
are non-invasively attached to marine animals can enhance the quality of aquatic life
while advancing scientific exploration. The present embodiments have shown a
waterproof, flexible, stretchable, Bluetooth enabled standalone Marine Skin system
capable of operating under vast pressure, temperature and salinity regimes. The
system is easily adaptable to a diversity of animals of any size and shape. The
system is focused on maintaining animal comfort and movement through a compliant
and cost-effective design. Unlike anything else, the Marine Skin system is non-
invasive and lightweight (e.g., less than 2.4 g), exhibiting a long deployment lifetime
without compromising performance and resolution.

[0075] The disclosed exemplary embodiments provide methods and systems
for monitoring various ocean parameters while the system is attached to a marine life
organism. It should be understood that this description is not intended to limit the
invention. On the contrary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are included in the spirit and
scope of the invention as defined by the appended claims. Further, in the detailed
description of the exemplary embodiments, numerous specific details are set forth in
order to provide a comprehensive understanding of the claimed invention. However,
one skilled in the art would understand that various embodiments may be practiced
without such specific details.

[0076] Although the features and elements of the present exemplary

embodiments are described in the embodiments in particular combinations, each
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feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements
disclosed herein.

[0077] This written description uses examples of the subject matter disclosed
to enable any person skilled in the art to practice the same, including making and
using any devices or systems and performing any incorporated methods. The
patentable scope of the subject matter is defined by the claims, and may include
other examples that occur to those skilled in the art. Such other examples are

intended to be within the scope of the claims.
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WHAT IS CLAIMED IS:

1. A multi-sensor system (300) for monitoring water parameters, the system
comprising:

a first metallic layer (324);

a dielectric layer (326) formed on the first metallic layer (324);

a second metallic layer (330) formed on the dielectric layer (326);

a power source (314) electrically connected to the second metallic layer (330);

a computing device (318) electrically connected to the second metallic layer
(330); and

a stretchable outer layer (310) that encapsulates the first metallic layer (324),
the dielectric layer (326), the second metallic layer (330), the power source (314)
and the computing device (318),

wherein the multi-sensor system is stretchable and flexible.

2. The system of Claim 1, wherein a size of the multi-sensor system changes

between 5 and 25% of its original length.

3. The system of Claim 1, wherein a weight of the system is less than 6 g in

air.

4. The system of Claim 1, wherein a height of the system is between 1 and 4

mm.
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5. The system of Claim 1, wherein a length of the system is about 25 to 75

mm and a width of the system is about 25 to 75 mm.

6. The system of Claim 1, wherein the stretchable outer layer (310) is

attached with glue to a marine life organism.

7. The system of Claim 1, further comprising:
a first flexible layer (322) formed between a first stretchable layer of the

stretchable outer layer and the first metallic layer.

8. The system of Claim 7, further comprising:
a second flexible layer (328) formed between the dielectric layer and the

second metallic layer.

9. The system of Claim 1, wherein the first and second metallic layers each
includes a first layer of gold and a second layer of titanium, the first and second
flexible layers are formed of polyamide, and the stretchable outer layer if formed of a

water proof, biocompatible soft encapsulating material.

10. The system of Claim 1, further comprising:

a temperature sensor formed as a resistor in the second metallic layer.
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11. The system of Claim 1, further comprising:
a pressure sensor formed as a capacitor, wherein a first plate of the capacitor
is formed in the first metallic layer, a second plate of the capacitor is formed in the

second metallic layer, and a dielectric of the capacitor is the dielectric layer.

12. The system of Claim 1, further comprising:
a salinity sensor formed as two electrodes separated by a gap in the second

metallic layer.

13. The system of Claim 12, wherein the two electrodes are exposed to the

environment.

14. A multi-sensor system (500) for monitoring water parameters, the system
comprising:
a temperature sensor (302) for measuring a temperature of an ambient;
a pressure sensor (306) for measuring a pressure of the ambient;
a salinity sensor (306) for measuring a salinity of the ambient;
a computing device (518) having,
a temperature sensing unit (552) configured to read a temperature from
the temperature sensor,
a pressure sensing unit (554) configured to read a pressure from the
pressure sensor,
a salinity sensing unit (556) configured to read a salinity from the

salinity sensor,
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a memory (318C) configured to store the temperature, the pressure
and the salinity, and
a low power Bluetooth transmitter configured to send the stored
temperature, pressure and salinity to an external device; and
a power source (550) for supplying power to the computing device,

wherein the multi-sensor system is stretchable and flexible.

15. A method (700) of forming a multi-sensor system (300) for monitoring
water parameters, the method comprising:

forming (724) a first metallic layer (324);

forming (728) a dielectric layer (326) on the first metallic layer (324);

forming (730) a second metallic layer (330) on the dielectric layer (326);

attaching (734) a power source (314) to the second metallic layer (330);

attaching (734) a computing device (318) to the second metallic layer (330);
and

encapsulating (736) in a stretchable outer layer (310) the first metallic layer
(324), the dielectric layer (326), the second metallic layer (330), the power source
(314) and the computing device (318),

wherein the multi-sensor system is stretchable and flexible.

16. The method of Claim 15, wherein the multi-sensor system is stretchable
when a size changes between 5 and 25% of its original length under an applied

force.
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17. The method of Claim 15, wherein a height of the system is between 1 and

4 mm.

18. The method of Claim 15, further comprising:

attaching the stretchable outer layer (310) with glue to a marine life organism.

19. The method of Claim 15, further comprising:

forming a temperature sensor as a resistor in the second metallic layer;

forming a pressure sensor as a capacitor, wherein a first plate of the capacitor
is formed in the first metallic layer, a second plate of the capacitor is formed in the
second metallic layer, and a dielectric of the capacitor is the dielectric layer; and

forming a salinity sensor as two electrodes separated by a gap in the second

metallic layer.

20. The method of Claim 19, wherein the two electrodes are exposed to the

environment.
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