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SENSOR, METHOD FOR FORMING THE SAME, AND
METHOD OF CONTROLLING THE SAME

Cross-Reference To Related Application .

[0001] This application claims the benefit of priority of US provisional application
No. 61/748,184, filed 2 January 2013, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a sensor, a method for forming the sensor and a

method of controlling the sensor.

Background

[0003] Biological sensors found in nature have some of the best designs with

" incomprehensible features. Biomimetic sensor development involves learning various

design features, sensing phenomenon, and material aspects. from nature, and utilizing
them to uniquely engineer or benefit man-made artificial sensors.
[0004] Knowledge obtained from the natural systems could significantly benefit the

engineering of artificial devices. Bio-inspired studies try to look outside traditional

domains into natural environmental processes to find key inspiration in order to result in

‘novel designs for engineering systems. In the past, many researchers have shown

substantial interest in developing bio-inspired systems, both in the macro- and micro-
levels: for example piezoelectric inchworm motor inspired by the inchworms, flow
sensors inspired by the cercal wind-receptor hair-like structures in crickets, materials
capable_of leg-less motion inspired by ihe locomotion of terrestrial limbless animals,
mussel inspired adhesive materials, etc. |

[0005] Blind cave fish are a unique fish species that afé capabnle of éwimming at high

speeds in water without colliding with any underwater obstacles around them in spite of
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being blind. The blind cave fish accomplishes this surprising feat just by relying on arrays
of flow and pressure-gradient sensors bresent on its body. An artificial analogue of
similar arrays of flow and pressure sensors could greatly benefit underwater vehicles to
visualize their surroundings and enable them to perform energy-efficient maneuvering.
Individual biological sensors present on and under the skin of the blind cave fish are
called neuromasts. These neuromasts consist of a gelatinous cupula with encapsulated
cupular fibrils that support the soft cupular material that extends into the flow.

[0006] FIG. 1A shows a photograph 100 of a blind cave characin fish 102. In spite of
being blind, the blind cave characin fish 102 displays an uncanny ability to swim at high
speeds without collision with any underwater obstacles. It relies on two types of
biological sensors present on and inside its skin to derive information about flows around
its body called the superficial neuromasts and the canal neuromasts. In FIG. 1A, the
dotted line 104 represents a lateral line of canal neuromasts on the body of the blind cave
characin- fish 102.

[0007] The canal neuromasts (CNs) are enclosed in fluid-filled canals present sub-
deﬁnally and are exposed to external water through pores in the skin of a blind cave
characin fish. The body of the fish has more or less equally.sp_aced CNs, each of which is
located between two canal pores 112 on the over-enclosing canal as seen in the SEM
images 110, 120 of FIGS. 1B and 1C. '

[0008] The superﬁéial f;euromasts (SNS) are spatially distributed on the body of a blind
cave characin fish and respond to the net movements between the fish and the
surrounding water. Therefore, the SNs are responsible for flow velocity sensing and they

respond slowly. FIG. 1D shows a schematic cross-sectional view of a superficial

~neuromast 130 of a blind cave characin fish, illustrating the sensing mechanism of the

superficial neuromast 130. The morphology of individual superficial neuromasts 130
consists of bundles of haircells 132 encapsulated in a gelatinous cupula 134. External
flow of water‘ as represented by 140, past the cupula 134 generates a frictional force on
the cupula 134 causing the cupula 134 to bend and thereby the halrcells 132 embedded
inside the cupula 134 -are stlmulated The cupular structure 134 acts as a mechanical
coupler between surrounding water flow and the haircells 132 and increases the drag on

the haircells 132 (or enhances the drag force exerted on the haircells 132) due to the
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increased surface area facing the flow. The cupuIa 134 consists of fibers called ‘cupula‘r

fibrils 136 that extend from the base of the cupula 134 to its distal tip. The cupular

fibrils 136 act as an internal structural support to the cupula 134, as a scaffold supporting

_the soft cubular material. The cupular fibrils 136 also allow the cupula 134 to grow much

taller to reach beyond a boundary layer associated with the fish. The term “boundary
layer” may refer to a layer of stationary or stagnant fluid in an immediate vicinity of a
surface of the fish which may attenuate the velocity of fluid motion about the surface.

[0009] The canal neuromasts (CNs) are actuated only when there is a pressure difference -
between consecutive pores between thosé an individual CN is located in. The CNs
therefore do not contribute to flow velocity sensing but perform acceleration sensing.

[0010] In the past, a few research groups worked towards developing a biomimetic
hydrogel cupula to enhance the performance of a flow sensor. For example, flow sensors
were developed with SU-8 hair-cells fabricated on thin silicon cantilever beams. A
hydrogel cupula was formed by drop-casting polyethylene glycol (PEG) polymer on the
SU-8 haircells. However, developing high-aspect ratio pillars by SU-8 processing is a
very éumbersofne process. There may also be issues related to the shape of very tall SU-8

pillars..

Summary

[0011] According to an einbOdiment, a sensor for determining a flow parameter of a fluid

is provided. The sensor may include a polymer membrane, an elongate microstructure
extending from the polymer membrane, and a hydrogel coupled to at least a portion of the -
elongate microstructure, wherein the hydrogel and the elongate microstructure are
arranged to cooperate to cause a displacement of the polymer membfane in response to a
fluid flowing and interacting with the sensor, and wherein the sensor is configured to
provide a measurement indicative of a flow parameter of the fluid based on the
displacement of the polymer membrane.

[0012] According to ah embodiment, a method for forming a sensor for _detennining a
ﬂbw’parameter of a fluid is prox}“ided. The method rhay include prOviding a polymer

membrane, forming an elongate microstructure extending from the polyrher membrane,
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and forming a hydrogel ‘coupled to at least a portion of the elongate microstructure,

wherein the hydrogel and the elongate microstructure are arranged to cooperate to cause a
displacement of the polymer membrane in response to a. fluid flowing and interacting
with the 'sensor, and wherein fhe sensor is configured to provide a measurement
indicative of a flow parameter of the fluid based on the displacement of the polymer
membrane. |

{0013] According to an embodiment, a methc;d of controlling a sensor is provided. The
method may include positioning a sensor in a flowing fluid, wherein an elongate
microstructure extending from a polymer membrane of the sensor and a hydro gel coupled
to at least a portion of the elohgate microstructure cooperate to cause a displacement of
the polymer membrane in response to the ﬂowing fluid interacting with the sensor, and
providing a measurement indicative of a flow parameter of the flowing fluid based on the

displacement of the polymer membrane.

Brief Description of the Drawings

[0014] In the drawings, like reference characters generally refer to like parts. throughout

- the different views. The drawings are not necessarily to scale, emphasis instead generally

being placed upon' illustrating the principles of -the invention. In the following
description, various embodiments of the invention are described with reference to the
following drawings, in which: ’

[0015] FIG. 1A shows a photograph of a blind cave characin fish.

[0016] FIG. 1B shows a scanniﬁg electron ‘microscope (SEM) image of a lateral-line
showing a single row of canal neuromasts on the body of a blind cave characin fish.
[0017] FIG. 1CG-shoews a scanning electron microscope (SEM) irﬁage of canal pores on
various regidns on a head of a blind cave characin fish.

[0018] FIG. 1D shows a schematic cross-sectional view of a superficial neuromast of a

blind cave characin fish.

.[001-9] FIG. 2A shows a schematic cross-sectional view of a sensor for determining a

flow parameter of a fluid, according to various embodiments.
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[0020] FIG. 2B shows a flow chart illustrating a method for forming a sensor for

determining a flow parameter of a fluid, according to various embodiments.

[0021] FIG.-2C shows a flow chart illustrating a method of controlling a sensor,
according to various embodiments.

[0022] FIG. 3A shows a perspective viéw of a sensor, according to various embodiments.
[0023] FIG. 3B shows an exploded view of the sensor of the embodiment of FIG. 3A. ‘
[0024] FIG. 4A shows, as cross-sectional views, various stages of a method fo‘r
processing a liquid crystal polymer (LCP) membrane, according to various embodiments.
[0025] FIG. 4B shows, as cross-sectional views, various stages of a method for

processing a liquid crystal polymer (LCP) membrane, according to various embodiments.

: [0026] FIG. 5 shows a three-dimensional optical microscope image of Si60 haircells

fabricated by a stereolithography process. ‘
[0027] FIG. 6A shows an optical microscope image of a 90° angle view of a haircell
mounted on a liquid crystal polymer (LCP) membrane. |

[0028] FIG. 6B shows a photograph of a naked haircell sensor with a Si60 pillar mounted
at the center of a liquid crystal polymer (LCP) membrane.

[0029] FIG. 7 shows anvelectrdspinning set-up used to form nanofibrils, according to
various embodiments. | \

[0030] FIGS. 8A to 8C show scanning electron microscope (SEM) images of fibers
deposited on a flat aluminium foil duﬁng a nanofiber electrospinning optimisation

process.

[0031] FIG. 9A shows a scanning electron microscope (SEM) image of a side view of a

device after nanofiber electrospinning.
[0032] FIG. 9B shows an optical microscope image of an angle view of a device after .
n:;inoﬁber electrospinning. |

[0033] FIG. 10 shows high speed camera images. durin‘g drop-casting of a hydrogel
material, o , '

[0034] FIG. 11 vs_hows a three-dimensional microscope image of a biomimetic cupula
sensor fabricated without employing nanofibrils during the drop-casting process.

[0035] FIGS. 12A and 12B show microscope images of a vsensor after a photo-

polymerization and swelling process.
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Detailed Description -

. [0036] The following detailed description refers to the accompanying drawings that

show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilizéd and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments. _

[0037] Embodiments described in the context of one of the methods 6r devices are
analogously valid for the other method or device. Similarly, embodiments described in
the context of a method are analogously valid for a device, and vice versa.

[0038] Features that are-described in the context of an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments. Features that are
described in the context of an embodiment may correspondingly be applicable to the
other embodiments, even if not explicitly described in these other einbodiments.
Furthermore, additions and/or combinations and/or alternatives as described for a feature
in the context of an embodiment may correspondingly be applicablc: to the same or
similar feature in the other embodiments. |

[0039] In the context of various embodiments, the articles “a”, “an” and “the” as used
with regard to a feature or element includes a reference to one or more of the features or
elements. v

[0040] In the context of various embodiments, the phrase “at least substantially” may
include “exactly” and a reasonable variance. _ v
[0041] In the context of various embodiments, the term “about” or “approximately” as
applied to-a numeric value encompasses the exact value and a reasona‘Ble variance.

[0042] As used hereiﬁ, the term “and/dr;"includes any and all combin_ations) of one or

more of the associated listed items.
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10043] As used herein, the phrgée of the form of “at least one of A or B” may includ.eAA
or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
or C”, or including further listed items, may include any and all combinations of one or -
more of the associated listed items. | |
[0044) Various embodiments may relate to a flexible pressure sensor array and airflow
sensors. Further, various embodiments may relate to bio-inspired nanofibril encapsulated
hydrogel cupulae for ultra-sensitive MEMS (Micro electro mechanical systemé) flow
sensor development. |

[0045] Various erﬁbodiments may provide biomimetic microsensors using micro electro
mechanical systems (MEMS) technology that may be capable of performing fish-like
passive underwater sensing, utilizing materials and a sensing principle similar to the
biological sensors on blind cave fish. The biomimetic éensors of various embodiments are
inspired from the superficial neﬁromast sensors present on the bbdy of the blind cave fish
that respond to net movements between the fish and the surrounding water and act as
flow sensors. As shown in FIG. 1D, each superficial neuromast 130 consists of a
gelatinous cupula 134 that couples the sﬁrrounding flow to the encapsulated haircells 132.
The cupula 134 enhances the sighal transduction to the mechanosensing haircells 132 by
imposing a higher drag force generated due to its larger surface area.

[0046] Various embodiments may provide for development of a sensor that wears on or
employs a biomimetic cupulé and which may perform flow sensing funétionality similar
to a biological cupula. 'Various émbodiments may provide a MEMS sensor that may be
functional in sensing flows in fluids.

[0047] Various embodiments may adopt design strategies involved in the biological flow

sensors present on the body of the blind cave fish so as to engineer MEMS artificial flow.

‘sensors by employing micro/nano fabrication technologies. As non-limiting examples, the

sensor or device may be fabricated from polymers. Aa high-aspcct ratio haircell (e.g. an
elongate microstructure) may be fabricated by employing stereolifhographic sculpting of
a Si60 material. Bior'ﬁimetic cupular fibrils may be deposited by electrospinning a
solution of PolyL'—laétide/s‘-caprolactone (PLC) to form nanofibrils. Fér' example, the
nanofibrils may be fabricated by using a solution of PolyL—Iactide/s-caprolactdne (PLC):

acetone in a 1:6 ratio. Pyramid-shaped nanofibrils formed around the haircell may act as a
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“scaffold for drop-casting of a Hyaluronic acid-Mefhacrylic anhydride (HA-MA‘) hydrogel |

cupula. As an example, a hydrogel precursor solution of Hyaluroﬁic.acid-methacrylic
anhydride (HA-MA) (10° Da) of approximately 1% ‘concentration with approximately
0.1% I 2959 initiator may be used for the drop-casting process. The nanofibrils, similar to
the cupular fibrils, may function as a structural support matrix for the cupula and may aid

in coupling signal to the embedded haircell. Results obtained from testing the sensor of

“various embodiments in a wind tunnel and a water tunnel relating to its flow sensing

performance show that the biomimetic cupula may enhance the sensitivity of the naked
haircell sensor (without nanofibrils and cupula) by approximately 5 times and
approximately 3.5 times for air flow sensing and water flow sensing respectively.

[0048] In the conventional approach, an SU-8 haircell was employed. However,
developing high-aspect ratio pillars by SU-8 processing is a very cumbersome process.
Also, fabrication of very tall SU-8 pillars is often associated with tapered side-walls
leading to mushroom shaped pillars. It is important in flow sensor applications to develop
tall yet robust pillars in order to ensure that the haircell extends beyond the stagnant
boundary layer generated by flow. In various embodiments, high-aspect ratio haircells
may be formed by ‘employing stereolithography technology. In various embodiments,
Si60 pillars of an aspect-ratio of approximately 7.25 may be defined. Further, various
embodiments may provide a biomimetic polymer MEMS flow sensor that truly mimics
the superficial neuromast sensofs on the blind cave fish. The design also includes cupular

fibrils that may support a gelatinous cupula, enabling drop-casting of a hydrdgel on the

haircell to form the cupula, without creeping onto a liquid crystal polymer (LCP) sensing

membrane. In addition, the cupular fibrils may help in increasing the surface area of the
cupula and may offer mechanical strengthy to the soft cupula td sustain the cupula in high
velocity flows. In various embodimehts,’ the fabrication process may combine MEMS
micro-fabrication techniques with = wet chemistry approach which includes
ultraviolet (UV) photo-polymerization to form the hydrogel cupula. _

[0049] In various embodiments, the length of the elongate microstructure of the sensors
of various eml;odiments may’be higher than haircells employed in conventional sensors.
In the design of various embodiments, the height of the elongate microstructufe may be

designed by considering the boundary layers generated by flow on the sensor structure.
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Taller elongate microstructures may be developed for sensors of Vaﬁous embodiments,
which may extend beyohd the Boundary layers generated. by the flow (for various air and
water flow velocities which the sensors may be operable) and which may enhance the
sensitivity of the flow sensors.

[0050] In various embodiments, drop-casting and addition of the hydrogel may be carried
out so as to increase the surface area of the cupula, forming a prolate spheroid shaped
hydrogel structure, which may enhance the sensitivity of the sensors. This may ensure
that the steady-state flow velocities of fluid that the sensor structure may withstand may
be far hi;her as compared to conventional sensors as the cupula in the sensors of various

embodiments may be supported by an embedded haircell far until the distal tip.of the

- cupula.

[0051] FIG. 2A shows a schematic cross-sectional view of a sensor 200 for determining a

flow parameter of a fluid, according to various embodiments. The sensor 200 includes a

~ polymer membrane 202, an elongate microstructure 204 extending from the polymer

membrane 202, a hydrogel 206 coupled to at least a portion of the elongate
microstructure 204, wherein the hydrogel 206 and the elongate microstructure 204 are
arranged to cooperate to cause a displacement of the polymer membrane 202 in response
to a fluid flowing and interacting with the sensor 200, and wherein the sensor 200 is
configured to provide a measurement indicative of a ﬂow parameter of the fluid based on
the displacement of the polymer membrane 202.

[0052] In other words, a sensor 200 may be provided. The sensor 200 may have a
membrane 202 that may include a polymer. The membrahe 202 may act as a sensing

membrane. The sensor 200 may further include an elongate microstructure (e.g. a

pillar) 204 extending from the polymer membrane 202, for example extending from a

surface of the polymer membrane 202. The elongate microstructure 204 may act as a
haircell. The sensor 200 may further include a hydrogel 206 on at least a portion of the
elongate microstructure 204. The hydrogel 206 may act as a cupula. In various
embodiments, when a ﬂdwing fluid interaéts with the sensor 200, the hydrogel 206 and
the elongate microstructure 204 may cooperate to cause a diéplacement of :the polymer
membrane 202. The ﬂowing. fluid may interact with at least one of the hydrogel 206 or

the elongate microstructure 204. Based on the displacement of the polymer
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membrane 202, the sensor 200 may providé a measurement indicative of a flow
parameter of the fluid.

[0053] In the context of various embodiments, the flow parameter may include a flow
velocity of the fluid. At least one of a magnitude or a direction of the flow of the fluid
may be determined. |

[0054] In the context of various embodiments, the elongate microstructure 204 may
include a stereolithographically defined elongate microstructure. _
[0055]) In various embodiments, the hydrogel 206 may at least substantially surround the
portion of the elongate microstructure 204.

[0056] In various embodiments, the sensor 200 may further include a plurality of
nanofibers at least substantially encapsulated by the hydrogel 206. The plurality of
nanofibers may act as a support matrix or a scaffold for the hydrogel 206. The nanofibers
may act as nanofibrils. The plurality of nanofibers may be coupled to the portion of the
elongate microstructure 204. In various embodiments, the hydrogel 206 may have a ball-
like structure or shape. |
[0057] In various embodiments, the sensor 200 may further include at least one sensing
element configured fo provide the measurement indicative of the flow parameter of the
fluid. The at least one sensing element may be coupled to the polymer membrane 202.
The at least one sensing element may be formed or defined (e.g. by lithography and
patterning) on the polymer membrane 202.

[0058] In various embodiments, the sensor 200 may further include a carrier coupled to
the polymer' membrane 202. The carrier may inclﬁde at least one of silicon (Si) or a

polymer, e.g.-a liquid crystal polymer (LCP).

~ [0059] FIG. 2B shows a flow chart 220 illustrating a method for forming a sensor for

determining a flow parameter of a fluid, according to various embodiments.

| [0060] At 222, a polymer membrane is prbvided.

| [0061] At 224, an elongate microstructure is formed extending from th:e‘ polymer

membrane.

- [0062] At 226, a hydrogél is formed coupléd to at least a portion of the elongate

microstructure, wherein the hydrogel and the elongate microstructure are arranged to

10
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cooperate to cause a displacement of the polymer membrane in response to a fluid

flowing and interacting with the sensor.

[0063] In various embodiments, the sensor is configured to provide a measurement
indicative of a flow parameter of the fluid based on the displacement of the polymer
membrane. ‘

[0064] In various embodiments, at 224; the elongate microstructure m.ay be
stereolithographically defined. ‘ ‘
[0065] In various embodiments, at 226, the hydrogel rhay be formed to. at least
substantially surround the portion of the elongate microstructure.

[0066] In various embodiments, at 226, a hydrogel precursor solution may be drop-casted
onto the elongate microstructure to form a gel-like material on the portion of the elongate
microstructure, and the gel-like material may be converted into the hydrogel. In various
embodiments, for converting the gel-like material into the hydrogel, the gel-like material
may be subjected to an optical (e.g. ultraviolet, UV) stimulus, and thereafter, the gel-like
material may be wetted to form the hydrogel. By undergoing wetting, the gel-like
material may swell as water is absorbed into the gel-like material to form the hydrogel.
[0067] In various erhbodiments, the method may further include forming a plurality of
nanofibers, wherein the hydrogel may be formed at least substantially encapsulating the
plurality of nanofibers. This may mean that the hydrogel may completely encapsulate the
plurality of nanofibers. In various embodiments, for fofming the plurality of nahoﬁbers, a
spinniné solution may be deposited ‘onto the elongate microstructure by means of
electrospinning, where the spinning solution includes a material constituting the plurality

of nanofibers. The plurality of nanofibers may form a pyramidal shape extending from a

tip of the elongate microstructure in a direction towards the polymer membrane. In this

way, a pyramid-shaped nanofiber scaffold may be formed. In various embodiments, the
pyramid-shaped structure of the electrospun nanofibers (nanofibrils) may act as a scaffold
for a hydrogel (cupula) drop-casting process. In various embodiments, the
electrospinning process may be performed in the absence of a focusing element (e.g. a
focusing ring) that may focus and/or re-direct the spinning solution toward$ the elongate

microstructure.

11
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[0068] In_varioﬁs embodiments, the plurality of nanofibers may be formed prior to
forming the hydrogel. After forming the plurah'ty of nanofibers, a hydfogel_ precursdr
solution may be drop-casted onto the plurality of nanofibers. In this way, the plurality of
nanofibers may act as a scaffold, guiding the drop-casting process. The plurality of

nanofibers may be in the form of a pyramidal-shaped structure or scaffold.

'[0069] In. various embodiments, the method may further include forming at least one

sensing element configured to provide the measurement indicative of the flow pafameter
of the fluid. The at least one sensing element may be formed by means of a lithography
process. -

[0070] In various embodiments, the method may further include coupling a carrier to the
polymer membrane. - v o
[0071] FIG. 2C shows a flow chart 240 illustrating a method of controlling a sensor,
according to various embodiments.

[0072] At 242, a sensor is positioned in a flowing fluid, wherein an elongate
microstructure extending from a polymer membrane of the sensor and a hydrogel coupled

to at least a portion of the élongate microstructure cooperate to cause a displacement of

~ the polymer membrane in response to the flowing fluid interacting with the sensor.

[0073] At 244, a measurement indicative of a flow parameter of the flowing fluid is
provided based on the displacement of the polymer membrane.

[0074] In various embodiments, the measurement may include a change in a resistance
associatéd with t}}e sensor.

[0075] In various embodiments, the flow parameter may include a flow velocity of the
flowing fluid. For example, at least one of a magnitude or a direction of the flow of the
fluid may be determined. ‘ _

[0076] While the methods described above are illustrated and described as a series of
steps or events, it will be appreciafed that any ordefing of such steps or events are not to
be interpreted in a limiting sense. For example, some steps may occur in different orders
and/or concurrently with other steps or events apart from those illustrated and/or
described herein. In addition, not all illustrated steps may be required to implement one
or more aspects or embodiments described herein. Also, one or more of the steps depicted

herein may be carried out in one or more separate acts and/or phases.

12
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- [0077] In the context of various embodiments, the at least one sensing element may’

include a strain gauge. The strain gauge may include a serpentine (or meander) shape
arranged at least substantially surrounding the elongate microstructure (e.g. 204), for
example surrounding a baée of the elongate microstructure. The serpentine shape may be
defined by a plurality of first elements ektending radially from the elongate
microstructure, and a plurality of second elements, wherein a respective second element
of the plurality. of second elements may be arranged in between adjacent or neighbburing
first elements of the plurality of first elements. bThe first elements may be radial elements,
while the second elements may be tangential elements. The first and second elements
may define resistor or resistive elements. Each first element may have a length that is
larger than a length of each second element. In this way; each first element may have a
higher associated resistance than each second element. Each first element may have a
width that is smaller than a width of each second element. In this way, each first element
may have a higher associated resistance than each second element.

[0078] In the context of various embodiments, the strain gauge may be a single strucfure.
[0079] In the context of various embodiments, the strain gauge may include a metal,
e.g. including but not limited te gold (Au), nickel (Ni), nickel-chromium (NiCr),
aluminium (Al), or platinum (Pt).

[0080] In the context of various embodiments, the strain gauge may have a thickness of
between about 50 nanometers (nm) and about 150 nanometers (nm), for example between
about 50 nm and about 100 nm, betweeh about 100 nm and about 150 nm, of between
about 80 nm and about 120 nm. _ »

[0081] In the context of various embodiments, the strain gauge may change its resistance
in response to the displacement:of the polymer membrane (e.g. 202). In this way, the
strain gauge inay act as a piezoresistor. The change in the resistance may be read out as a
voltage.change by a circuit. For example, the circuit may include a Wheatstone bridge
circuit. In various embodiments, ‘the circuit may be external to the sensor (e.g. 200).
[0082] In the context of various embodiments, the polymer membrane (e.g. 202) may

have a thickness of between about 10 micrometers (um) and about 150 micrometers

(um), for example between about 10 um and about 100 pwm, between about 10 pm and .

13



10

15

20

25

about 50 pm, between about 50 um and about 150 pm, between about 100 um and about

150 pm, or between about 40 pm and about 80 pm.

[0083] In the context of various embodiments, the polymer membrane (e.g. 202) may

have a Young's modulus of between about 1 GPa and about 3 GPa, for example between
about 1 GPa and about 2 GPa, or between about 2 GPa and about 3 GPa. |
[0084] In the context of various embodiments, the polymer membrane (e.g. 202) may
include a liquid crystal polymer (LCP). | ‘
[0085] In the context of various embodiments, the polymer membrane (e.g. 202) may be
free of the hydrogel (e.g. 206). '

[0086] In the context of various embodiments, the elongate microstructure (e.g. 204) may
extend at least substantially perpendicular from a surface of -the polymer membrane
(e.g. 202). |

[0087] In the context of vaﬁous embodiments, the elongate microstructure (e.g. 204) may
at least substantially contact the polymer membrane (e.g. 202).

[0088] In the context of various embodiments, the elongate microstructure (e.g. 204) may
have a cylindrical structure.

[0089] In the context of various embodiments, the elongate microstructure (e.g. 204) may
be arranged at the center of the polymer membrane (e.g. 202).

[0090] In the context of various embodiments, the elongate microstructure (e.g. 204) may
include a polymer, e.g. Si60 polymer.

[0091] In the context of various embbdiments, the elongate microstructure (e.g. 204) may
have an aspect ratio of between about 6 and about 10, for examplé between about 6 and
about §, 6r between about 8 and about 10. v
[0092] In the context of various embodiments,‘the elongate microstructure (e.g. 204) may
have a length of bétween about 2.5 millimetérs (mm) (i.e. 2500 um) and about
4 millimeters (mm) (i.e. 4000 um), for example between ‘about 2500 pm and about
3500 pum, between aboﬁt 3000 pm and about 4000 um, or between about 2800 pfn and
about 3200 pm. | - B ‘
[0093] In the context of Val‘ioﬁs embodiments, the elongate microstructure (e.g. 204) may

have a width or diameter of between about 250 micrometers and about 400 micrometers, -

14
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for example between about 250 um and about 350 pm, between about 300 pm and about

400 pm, or between about 280 pm and about 320um. | ’
[0094) In the context of various embodiments, the elongate niicrostructure (e.g. 204) may .
have a Young's modulus of between about 2 GPa and about 5 GPa, for example between
about 2 GPa and about 3 GPa, befween about 3 GPa and about 5 GPa, or between about
2.5 GPa and about 3.5 GPa. | ‘ |
[0095] In the context of various embodiments, the hydrogel (e.g. 206) may include
hyalufom'c acid, e.g. Hyaluronic acid-Methacrylic anhydride (HA-MA). -
[0096] In the context of various embodiments, each nanofiber of the plurality of
nanofibers may include caprolactone (e.g. PolyL-lactide/s-caprolactone (PLC)), or
polyvinylidene fluoride (PVDF), or lead zirconate titanate (PZT) (e.g. Pb(Zry.5:Ti045)O03).
[0097] In the context of various embodiments, each nanofiber of the plurality of
nanofibers may have a diameter of between abeut 500 nm and about 1000 nm, for
example between about 500 nm and about 800 nm, between about 500 nm and about
600 nm, between about 700 nm and about 1000 nm, or between about 600 nm and about
800 nm. _

[0098] In the context of various embodiments, the sensor (e.g. 200) may be a flow
sensor. '

{0099] In the context of various embodiments, the term “fluid” may refer to at least one
of air, gas or water.

[0100] In the context of various embodimenfs, the measurement indicative of the flow
parameter of the fluid or flowing fluid may include a change in a resistance associated
with the sensor. In the context of various embodiments, the measurement may include a
change in a voltage ‘associa,ted’ with the sensor. The change in the Veltage may be a result "
of a change in a resistance associated with the sensor. For exainple, a change in a
resistahee associated with the sensor may be read out as a change in voltage, for example
by means of a circuit (e.g. a Wheatstone bridge circuit). As non-limiting examples, for
1 ms™ air flow, the measurement may include a voltage change of between about 1.2 mV
and about 8 mV (i.e. sens1t1v1ty of between about 1.2 mV/ ms™ and about 8 mV/ ms™),
for example between about 1.2 mV and about 6 mV, between about 1.2 mV and about

4 mV, or between about 3 mV and about 6 mV. For 1 ms™ water flow, the measurement
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* may include a voltage change of between about 0.03 V_and about 0.12 V (i.e. sensitivity

of between about 0.03 V/ins™ and about 0.12 V/ms™), for example between about 0.03 V

and about 0.08 V, between about 0.05 V and about 0.12 V, or between about 0.05 V and

about 0.1 V. | __ |

[0101] Further, various embodiments may provide a sensor for determining a flow

parameter of a fluid. The sensor may include a polymér membrane (e.g. a liquid crystal

polymer (LCP) membrane), and an elongate microstructure extending from the polymer

membrane, wherein the elong‘ate microstructure is arfanged to cause a displacement of
the polymer membrane in response to a fluid flowing and interacting with the sensor, and

wherein the sensor is configured to provide a measurement indicative of a flow parameter

of the fluid based on the displacement of the polymer membrane. In this way, a naked

haircell sensor may be provided. The sensor may be as des‘cribed in the context of the

sensor 200 (FIG. 2A), for example in terms of materials and/or parameters related to a -
feature, and/or additional features or elements.

[0102] The sensor structure and design of the sensors of various embodiments will now

be described by way of the following non-limiting example with reference to FIGS. 3A

and 3B.

[0103] FIG. 3A shows a perspective view of a sensor (e.g. a flow sensor) 300, according
to various embodiments, illustrating the structure of the device 300 and the materials
employed in the device fabrication. FIG. 3B shows an exploded view of the sensor 300 of
the embodiment of FIG. 3A, showing a fabrication scheme illustrating the major steps
involved in the sensor fabrication.

[0104] The structure of the flow sensor 300 includes a liquid crystal polymer' (LCP)

..sensing membrane 302. The LCP. membrane 302 may be a 25 pm thick circular LCP

sensing membrane with a diameter of about 2000 pm. A strain gauge 310 may be
deposited on a periphery of the membrane 302 and may be pattemed into a serpentine
shape. The strain gauge 310 may be a 150 nm thick gold (Au) stfain gauge.

[0105] The design of the sensor 30v0vmay include one or more radial strain. gauges that
may be placed at the periphery'; of the menibrané 302 Where maximum stress may be »
generated due to pressure on the membrane 302. As shown in FIG. 3A, a zig-zag or

serpentine pattern of resistors in the form of long radial elements 312 and short tangéntial
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elements 314 connecting neighbouring radial elements 312 may be defined for the strain
gauge 310. The strain gauge 310 may be electrically coupled to a pair of contact
pads 316, 318. A non-limiting example of the design parameters of the LCP sensing
membrane 302 and its characterization may be as des:cribed in [A. G. P. Kottapalli, C. W. ‘
Tan, M. Olfatnia, J. M. Miao, G. Barbastathis and M. Triantafyllou, “A liquid crystal
polymer membrane MEMS sensor for flow rate and flow difection sensing applications,”
J. Micromech. Microeng., vol. 21, p. 085006 , 2011], the entire disclosure of which is
incorporated herein by reference.

[0106] The LCP membrane 302 may be coupled or bonded to a carrier (e.g. a silicon
carrier or wafer) 320 via an intermediate layer (e.g. an SU-8 layer) 322. A cavity or
recess 324 may be defined in the carrier 320, for example by etching, below an area of
the LCP membrane 302 at a position that at least substantially overlaps with the strain
gauge 310. v

[0107] An elongate rriicrostructure (e.g. a polymer pillar) 304 mimicking a haircell may
be mounted approximately at the center of the LCP membrane 302. As a non-limiting
example, the polymer pillar 304 may be a Si60 haircell. In various embodiments, the

dimensions (e.g., aspect ratio) of the haircell 304 fabricated may be larger than those of

bequivalent haircells in the cupula of a blind cave fish. In other words, the haircell 304

may be a high aspect ratio haircell. This increased haircell design may ensure that the
sensor 300 has a good sensitivity to flow and also to ensure that the pillar 304 may extend
beyond the vstagnant boundary layer for all flow velocities that the sensor 300 rﬁay be
employed for. In contrast, pillars of low aspect ratio may cause the sensitivity of a sensor
to drop drastically and, in addition, low aspect ratio pillars may pose a challenge during a

hair cell mounting process. ' | | '
[0108] Biomimetic cﬁpular fibrils or nanofibers 308 may be deposited in the shape of a

pyramid connecting a distal end of the pillar 304 that extends into the flow towards a

circumference of the sensor die. A hydrogel precursor solution may be drop-casted on top °
of the nanofibers 308 which act as a scaffold for the hydrogel precursor solution. The
hydrogel precursor solution may then be processed.to form a soft polymer cupula or
hydrogel 306. The hydrogél 306 may at least vsubstantially encapsulate the nanofibers 308

and may at least substantially surround a portion of the elongate microstructure 304. As a
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non-limiting example, the hydrogel 306 may be a Hyaluronic acid-methacrylic
anhydride (HA-MA) hydrogel.. | |

[0109] When the sensor 300 or a naked haircell sensorl (without the cupula 306 and
nanofibers 308) is inti‘oducéd into a ﬂuid flow, the haircell 304 may bend or be displaced
in response to the drag force exerted by the fluid flow. Displacement of the haircell 304
may in turn cause a displacement of the LCP membrane 302. The buckling of the LCP
membrane 302 may cause a change in a resistance of the strain gauge 310 which may
then be read out as a voltage change, for example by means of an external Wheafstone
bridge circuit that may be electrically coupled to the strain gauge 310.

[0110] Materials and device. fabrication will now be described by way of the following
non-limiting examples. Device fabrication mainly includes four major processing steps.
The first step is to fabricate a LCP MEMS sensing membrane with gold strain gauges.
The second step is to fabricate a haircell by stereolithography and to mount the haircell
on the LCP membrane by precision X-Y-Z controlled motion. The third step is to form
nanofibers on the haircell using an electrospinning process. The last step is to drop-cast a
hydrogel precursor solution on the nanofiber scaffold, followed by photo-polymerization
and wetting to initiate swelling to form a hydrogel. The fabrication process mdy be as
illustrated in FIG. 3B. 4

[0111] The processing step relating to the LCP sensing membrane will now be described.
This step commences with bdnding a 25 um thick LCP 3908 layer cut into the shape of a |
4-inch diameter circle onto a 4 inch, 200 pm thick silicon wafer carﬁer via a 5 um thick
SU-8 2002 intermediate adhesive layer. Approx1mately 150 nm thick gold layer may then

be deposited on the top side of the LCP layer with a 20 nm titanium or chromlum

‘adhesion layer. Serpentine shaped metal strain gauges may be patterned from the gold

layer by a lift-off process on the top side of the LCP layer. Circular cavities may be

 etched into the silicon carrier aligned with the strain gauges on the top side by means of a_

deep reactive ion etching (DRIE) process. In various embodiments, gold (Au) metal may

~ be employed for the strain gauge because it has more conformal deposition than other

" metals such as nickel (Ni), nickel-chromium (NiCr) or aluminium (Al), which allows

electrical continuity across edges of the membrane. In addition, gold has a high gauge
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factor. Non-limiting examples of processing of the LCP sensing membrane will be
described below with reference to FIGS. 4A and 4B.

[0112] FIG. 4A shows, as cross-sectional views, various stages of a method for

| processing a liquid crystal polymer (LCP) membrane, according to various embodiments.

[0113] A thin film of LCP 3908 302a of thiokness of about 25 um may be employed.
There may be approximately 18 um thick copper cladding on both sides of the LCP thin
film 302a, which may be etched away to expose fresh surfaces of the LCP thin film 302a.
The fabrication process commences With bonding the 25 pm thick LCP 3908 film 302a to
a 300 pm thick silicon (Si) wafer carrier 320 by using an intermediate adhesion layer of a
2 pm thick SU-8 2002 322a spin-coated on the silicon carrier 320 and a 2 um thick SU-8
2002 322b spin-coated on the LCP film 302a. In order to be able to spin-coat SU-8 on a
flexible film like LCP, the LCP film 302a may be temporarily bonded to a silicon (Si)
support wafer 450. A film of about 5 um thick photoresist (not shown) may be coated on
the temporary support wafer 450 and the LCP film 302a may be bonded onto it.

[0114] The SU-8 coated faces of the silicon carrier 320 and the LCP layer 302a may then
be exposed to oxygen plasma in a reactive ion etching (RIE) chamber for about 60 s to
improve the bonding quality. Immediately after that, the SU-8 faces of both the LCP
film 302a and the silicon carrier 320 may be brought into contact. The wafer pair may be
subjected to a pre-optimized thermal cycle to harden the SU-8 intermediate adhesive
layer (coll.ectively represented as 322) and enhance the bond strength between the silicon
carrier 320 and the LCP film 302a. The thermal cycle may include increasing the
temperature in steps, starting at about 45°C for about 20 min, then at about 90°C for
about 10 min, followed by a temperature of about 150°C for about 50 min. The
temperature may fheo be slowly rémped down to ambient temperature. A uniform
pressure of 5 kPa may be applied throughout the bonding cycle on the wafer pair 460.
The intermediate SU-8 layer bonding process may provide excellent bonding between the
LCP and silicon carrier surfaces. The thin conformal layer 322 of SU-8 binds the LCP
film 302a and the silicon carrjer 320 together.

[0115] The silicon temporafy support wafer 450 may then be remoVed by dipping in
acetone which rapidly etches away the photoresist bonding the temporary suppor“c
wafer 450 and the LCP film 302a, but does not attack SU-8.
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[0116] Thereafter, a 5 pm photoresist (PR) 452 may be spin-coated on the LCP film 302a

and patterned for a subsequent lift-off process. Chromium (Cr) and gold (Au) in the form

- -of Cr (20 nm)/Au (100 nm) layer 454 may then be sputter-deposited. A thin intermediate

layer of Cr may enhance the adhesion of Au on the LCP film 302a. A lift-off process may
be performed to forrh gold piezoresistors 456, which may be part of a strain gauge. A
DRIE through-hole 324, aligned with the resistors 456 on the LCP film 302a on the top
side, may be etched through the silicon carrier 320 from the back side, which may
therefore release the LCP membrane 302 defined from the LCP film 302a.

[0117] FIG. 4B shows, as cross-sectional views, various stages of a method for
processing a liquid crystal polymer (LCP) membrane, according to various embodiments.
The entire device fabrication process may involve very low temperatures of <130°C. As
a result, the processing scheme may be realized on various substrate materials such as
silicon (Si1), glass and polymers such as LCP, Parylene, SU-8, etc.

[0118] A 25 pum thick LCP 3908 film 302a may be employed. There may be
approximately 18 pm thick copper cladding on both sides of the LCP thin film 302a, -
which may be etched away completely, leaving fresh LCP surfaces of the film 302a.
[0119] The first step is LCP-silicon wafer bonding, for example bonded by using an
SU-8 intermediate adhesion layer. While very good bonding may form between a silicon
wafer and a LCP film by direct bonding using a wafer bonder, there may be a large stress
between the wafers causing the wafer-pair to buckle after bonding. The buckling is a
result of a 1arge mismatch between the respective coefficients of thermal expansion of
silicon (3.2 ppm°C™") and LCP (18 ppm°C'1), causing the silicon wafer to break into
pieces during the procéss of dicing. Therefore, an SU-8 intermediate layer -may be used
for bonding silicon to LCP, where the bonding process may be cérried out at low
températures on a hotplate. ' | | _

[0120] Before spin coating SU-8, a silicon wafer carrier 320 may be cleaned in a piranha
solution to avoid particle contamination and the wafer carrier 320 may then be
dehydrated on a hotplate at about 130°C for abd_ut 20 min to improve the adhesion of an ‘ |
SU-8 layef. SU-8 2005 may then be spin coated at about 2500 rpm for abouf 30 s on the
silicon carrier 320 to form a 5 pm thick SU-8 layer 322. Then, a LCP film 302a cut into

the shape of the silicon carrier 320 may be carefully placed on the silicon carrier 320,
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which is coated with the SU-8 layer 322. The silicon carrier 320 and the LCP film 302a

| may be pressed together by placing a uniform load, ensuring that no air bubbles are

trapped at the interface. The wafer-pair 460 may then be heat treated to enhance the bond
strength. The bonded wafer-pair 460 may be initially heated at lower temperatures for a
longer time before ramping to higher temperatures to avoid heat generated stress and
trepped air bubbles at the interface as the solvent in SU-8 of the layer 322 evaporates.
During the beating process, a uniform pressure of about 5 kPa may be maintained by
placing uniform circular metal wafers on the bonded wafer-pair 460. The wafer-pair 460
may be heat treated by increasing the temperature in steps starting at about 45°C for
about 20 min, then at about 80°C for about 10 min, followed by a temperature at about
120°C for about 20 min. During the heating process, the SU-8 layer 322 hardens and
enhances the bond strength between the silicon carrier 320 and the LCP film 302a.

[0121] A DRIE hole 324 may then be etched on the other side of the silicon carrier 320 in
order to release the LCP ‘diaph‘ragmuor membrane 302 defined from the LCP film 302a. In
order to protect the LCP film 302a during DRIE etching, a protection silicon wafer (not |
shown) spin-coated with a 7 um resist may be bonded on the other side of the LCP
film 302a, with the fesist acting as an adhesive layer. The protection silicen wafer may
then be easily removed by dipping in acetone fof a few minutes after etching the DRIE
hole 324. During this step, the LCP-silicon carrier bonding still remains intact because
the SU-8 intermediate layer 322 is already hardened by heat treatment and is not attacked
by acetone.

[0122] From the pr_dcessing point of view, LCP membranes have an advantage of
uniformity of thickness. Since the LCP membrane thickness may not be defined by any
etching process, the thickness may be very uniform énd_ does not involve any non-
Unifonriify errors that may be caused by the etching precess. ‘ |

[0123] The neXt step includes forming one or more thin film resistors on the diaphragm
surfaee Gold (Au) may be. employed for forming the resistor(s), which may be part of a
stram gauge AS pm or 7 pm thick resist 452 may be spin coated on the LCP film 302a
for lift-off. A mask containing the serpentlne re51stor features may be aligned with the
DRIE hole 324 using backside ahgnment The re51st 452 may be exposed and patterned

A 100 nm Au layer (w1th a 10 nm Cr layer to enhance Au adhesion) 454 may then be
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sputter deposited on the patterned resist 452. The next step is to lift off part of the Au
layer 454 by etching the sacrificial resist layer 452 undereath. The wafer may be dipped
in an acetone solution and ultrasonically agitated for about 20 s. Therefore, Au
resistors 456 may be formed.

[0124] The processing step relating to micro-pillars as haircells, formed using a micro-

stereolithography process, will now be described. Micfo-stereolithography is a micro

. manufacturing process that may build three-dimensional (3D) ‘micro structures, for

example by generating a plastic part directly from a CAD (computer-aided design)
program or computer model. Micro-stereolithography may enable building of a micro
component by solidifying a liquid monomer on a layer by layer fashion. As compared to
an SU-8 or a LIGA (German acronym that stands for Lithographie, Galvanik und
Abformung, or equivalently Lithography, Electroplating, and Molding) process, the
micro-stereolithographic process may build sophisticated 3D miérostructufes with great
ease and in a mﬁch lower fabrication time.

[0125) The micro-pillar haircells 304 may be fabricated from a Si60 polymer material on
a built-in high resolution stereolithography (SLA) machine. Initially, a 3D model of the
haircell 304 may be created with the required dimensions according to the device design.
The designed 3D model may then be sliced into a series of two-dimensional (2D) layers
of equal thicknesses which may be executed to control an X-Y stage containing a
UV (ultraviolet) curable Si60 solution. High-aspect micro-pillars 304 may be formed by
scanning a 355 nm UV beam having a spot size of about 0.01 mm on alliquid monomer
Si60 resin, curing the resin into a solid polymer structure layer by layer, and stacking all
the layers together.

[0126] One or more cylindrical haircells 304 with a circular cross-section of a diameter
of about 400 pm ar‘xd.a height of about 2500 pm niay be fabricated. FIG. 5 shoWs a three-
d‘imensional optical microscope image 500 of the Si60 haircells (two of which indicated
as 304) fabricated by the stereolithography process. The Young’s modulus of the Si60

haircells 304 is determined to be about 2.5 - 3 GPa through experimental analysis carried

‘out using a nano- -indentation technique.

[0127] A fabricated haircell- 304 may then be mounted at the center of an LCP

membrane 302 using a prec1se X-Y-Z controlled translation stage. A micro-drop of EPO-
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TEK-H70E non-conducting epoxy is carefully positioned at the center of the
membrane 302 using a micropipette under a microscope. The pillar 304, held at one end
with a micro-tip tweezer may then be carefully mounted oh the drop of epoxy. As the
pillar 304 is moved approaching the membrane 302, the positioning of fhe pillar 304 may
be observed through a high-speed camera. By repeating the process several tinleé, the
optimum quantity of epoxy required to ensure good strength of the pillar-LCP root
connection while avoiding any epoxy scumming at the circumference of the pillar root
may be determined. The structure may then be heat-treated for about 12 hours at about
55°C to ensure that the epoxy is completely cured to form a strong contact between the
haircell 304 and the LCP membrane 302.

[0128] FIG. 6A shows an optical microscope image 600, taken using a 3D microscope, of
a 90° angle view of a haircell 304 mounted on a hquid crystal polymer (LCP)
membrane 302, illustrating the dimensions of the pillar‘ 304. FIG. 6B shows a
photograph 602 of a naked haircell sensor 604 with a Si60 pillar 304 mounted at the

. center of a liquid crystal polymer (LCP) membrane 302, taken with a high-speed camera.

Also shown in FIG. 6B is a strain gauge 310. The haircell 304 shown in FIGS. 6A and 6B

may have a height of about 2500 pm.

[0129] The processing step relating to nanofibers, formed using an electrospinning

process, will now be described. Biomimetic cupular fibrils may be formed by an

electrospinning process generating nanofibers by electrostatically ejecting a polymer

 solution from a capillary tube under an applied electric field. In various embodiments, a

solution of PolyL-lactide/e-caprolactone (PLC): acetone in a 1:6 ratio may be used to
form the fibers. |

[0130] FIG. 7 shows an ele_ctrdépinning set-up 700 used to form na"nbﬁbrils, according to
various embodiments, illustrating the spinning process. A naked haircell sensor 604 may
be placed on a plate 702. A syringe 704 containing a PLC polymer solution 706 may bé
positioned abbve and spaced apart from the naked haircell sensor 604. A high voltage of |
about 17-kV may be applied between the syringe 704 and the plate 702, creating an
electric field that may eject a thin fiber 308 of PLC from the PLC pylmer solution 706
from the syririge needle 705 of about 0.5 mm diameter, where the PLC fiber may be
deposited on the haircell 304 that may be placed approximately 15 cm away. |

23



10

15

20

25

30

[0131] Initially, before depositing the fibers 308 on the haircell 304, the fiber diameter

may be optimized by varying the process parameters (e.g. voltage, etc.), each time.

"~ FIG. 8A shows a scanning electron microscope (SEM) image 800 of PLC fibers

deposited on a flat aluminium (Al) foil during a nanofiber electrospinning optimisation
process. FIG. 8B shows a SEM image 802 bf a zoom-in view showing the nanofibers in
greater details. FIG. 8C shows a SEM image 804 of a further zoom-in view showing a
single nanofiber of a diameter of about 500 - 600 nm.

[0132] FIGS. 9A and 9B show microscopy images illustrating the formation of the
biomimetic nanofibrils on the device. FIG. 9A shows a scanning electron
microscope (SEM) image 900 of a side view of a device showing the LCP membrane 302
with metal piezoresistors 956 of a strain gauge and a Si60 pillar 304 covered with
nanofibers 308. These fibers 308 may act as a scaffold 902 during the hydrogel drop-
casting process to be subsequently carried out. As shown in FIG. 9A, the scaffold 902 of
nanofibrils 308‘ formed on the haircell 304 may be of a pyramidal shape. FIG. 9B shows
an optical microscope ‘image 910 of an angle view of the device, illustrating the
uniformity of the pyramid-shaped nanofibril formation on'thé device. As shown in
FIGS. 9A and 9B, uniform fibers 308 of a diameter of about 500 nm to about 550 nm
may be formed from the distal tip of the haircell 304 to the base. The high-aspect
pillar 304 may prevent the fibers 308 from being deposited on the LCP membrane 302. In
other words, the fibers 308 may be deposited in a pyramid shape with uniform fibers
from the distal tip of the haircell 304 to the perimeter of the device.

[0133] The processing step relating to a soft polymer cupula, formed by hydrogel drop-
casting, will now be described. In this process, the haircell 304 and the nanofibers 308
may be encapsulated into a viscous hydrogel capsule (cupula). The cupﬁla may eﬁhance ‘
the flow sensing capabilities in many ways. For.example', it may increase the overall
surface area exposed to a ﬂow past the haircell 304, thereby increasing the sensitivity of
the sensor due to an increased drag force. The hydrogel material may enhance the signal
absorption due_to the enhanced friction factor associated with the material. Moreover, the
presence of the hydrogél may increase the effective height of the haircell 304 allowing
the overall haircell height to reach much Beyond the stégnant boundary layer; thereby

-~ further enhancing the sensitivity of the sensor.
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[0134] As. a non-limiting example, Hyaluronic acid-methacrylic anhydride (HA-MA)
hydrogel (10° Da) of approximately 1% concentr?tion with approximately 0.1% I 2959
initiator may be used for the drop-casting process. A syringe with a 0.1 mm diameter
needle containing a‘hydrogel precursor solution for forming the hydrogel may be fixed to
a three-axis micropositioner. Several drops of HA-MA may be precisely dropped on a
haircell 304 of a sensor. The HA-MA may creep or flow down over the nanofibers 308
due to gravity..The nanofibrils 308 mimic the cupular-fibrils in the biological neuromast,
and in terms of the device, the nanofibrils 308 may render mechanical strength to the Soft
hydrogel material. In addition, the nanofibrils 308 may function as a scaffolding
structure, supporting the viscous hydrogel material during the drop-casting process.
[0135] FIG. 10 shows high speed camera images during drop-casting of a hydrogel
material. The artificial cﬁpula may be fabricated, as shown by the image 1000 of FIG. 10,

| by drop-casting HA-MA hydrogel micro-drops 1002 through a needle 1004 that ié

precisely positioned on top of a pillar or haircell 304. As shown in the image 1010 of
FIG. 10, the hydrogel micro-drop 1002 may contract and encapsulate the nanofibrils
(nanofibers) 308 as it creeps down the pillar 304 due to‘ gravity. Image 1020 of FIG. 10
shows an image of the hydrogel material at least substantially encapsulating the
nanofibrils 308. The fibrils 308 may ensure conformal cupula coverage on the
haircell 304 and may prevent the hydrogel material from reaching the LLCP sensing base
or membrane 302.

[0136] FIG. 11 shows a three-dimensional microscope .image 1100 of a biomﬁnetic
cupula sensor fabricated without employing nanofibrils (i.e. no nanofibril scaffold)
during the drop-casting process. The hydrogel material 1102 may reach the LCP
membrane 302 due to gravity and may effectively add weight onto the membrane 302
and may locally change (increase) the thickness of the méihbrane 302. _

[0137] UV-photopolymerization of the hydrogel cupu'la 1002 may be performed by
exposing the devices for about 5 minutes to UV light to initiate cross-linking in the
hydrogel material 1002. The sensors may be placed in water for about 24 hours to 1n1t1ate"
swelling and further increase the sur face area of the cupula.

[0138] FIGS. 12A and 12B show microscopic images of a hydrogel cupula MEMS

sensor fabricated using a pyramid-shaped nanofibril structure as a scaffolding structure,
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- when the drop-casting and swelling process is complete. FIG. 12A shows a microscope

image 1200 of a sensor 1201 after the photo-polymerization and swelling process. As
may be observed, a hydrogel 306 is formed, where the nanofibers 308 may be completely
encapsulated inside the hydrogel 306. As shown in FIG. 12A,‘ the hydfogel 306 does not
drop onto the LCP membrane 302. Also shown in FIG. 12A is a piezoresistor 1256 of a
strain gauge 310. FIG. 12B shows a microscope image 1210 of a zoom-in view of the
sensor 1201, showing the encapsulated nanofibers 308 within the hydrogel 306.

{0139] Results relating to the sensors of various embodimehts will now be described. The
sensors are tested for flow sensing at two stages of the sensor developmeht, on the naked
haircell sensors (before forming the cuplila) (e.g. sensor 604, FIG. 6B) and on the
compléte biomimetic cupula sensor (after forming the hydrogel cupula 306) 300, 1201.

The sensors are tested for both air and water flow velocity sensing in a wind tunnel and a

water tunnel respectively. The output of the respective sensors may be connected to an

external Wheatstone bridge circuit that may convert a resistance change of the sensor into

a voltage change. No amplification or signal processing is used in collecting the sensor

output. The outputs may be acquired USing a data acquisition card and recorded using a

software. The naked haircell sensors may demonstrate ulira-high sensitivities of
approximately 0.4 mV/ms™ — 1.4 mV/ms™ (e.g. about 0.9 mV/ms™") and approximately

0.015 V/ms"' — 0.03 V/ms” (e.g. about 0.022 V/ms™') for air and water flow sensing

respectively. Addition of the biomimetic cupula may further 'enhance the sensitivity of the

sensors by about 3 — 5.5 (e.g. about 5) times for air flow and about 2 — 4 (e.g. about 3.5) |
times for water flow respectively. | ' ‘

[0140] As described above, various embodiments provide for development of a soft

.polymer based MEMS sensor from inspiration gained from biological neuromast sensors

present on/inside the body of the blind cave characin fish. The design fundamentally
employs very similar structural features as for the biological neuromasts, and benefits
from utilizing such biomimetic design in an artificial flow sensor to provide enhanced
sénsitivity and high resolution for flow sénsing applications. Fabrication techniques as
described herein may be efnployed in developing the device or sensor. The devices -

developed may be of low-cost, light weight and may be easy to fabricate.
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[0141] Although in the past a few researchers have focused their attention towards

developing artificial sensors mimicking the superficial neuromast sensor of the fish, a

~ complete biomimetic device involving the cupular fibrils that is capable of real-time flow

sensing was not developed. For example, prior art ultra-sensitive MEMS haircell sensors
that are capable of flow sensing achieved ‘sensitivities of about 0.24 mV/ms" and
0.01 V/m_s'1 for air and water flow velocity sensing respectively using naked haircell
sensors. In contrast, the naked haircell sensors developed in this work may demonstrate
sensitivities of approximately 0.9 mV/ms’ (~ 4 times higher) and approximately
0.022 V/ms™ (~ 2.2 times higher) for air and water flow sensing respectively.

[0142] Various embodiments also provide for the development of biomimetic nanofibrils

- encapsulated into a hydrogel cupula. Although the neuromasts in the blind cave fish

possess fibers embedded within the 'cubula, the biomimetic MEMS device developed in
the past did not incorporate these fibers in the artificial cupula. As described herein, in an
artificial device, these nanofibrils (similar to the cupular fibrils encapsulated in a cupula),
may act as structural support networks for the cupula, allowing various advantages. The
cupular fibrils or nanofibers may help in enhancing the aspect ratio of the haircell,
allowing the haircell to extend into the surrounding flow further beyond the boundary
layer, thereby making the device or sensor highly sensitive. These fibers may enhance the
coupling of the haircell (e.g. Si60 haircell) to the cupula (hydrogel). The fibers may offer
additional mechanical strength to the soft cupula to withstand high velocity flows in
water. | _

[0143] During device fabrication, the pyramid-shaped structure of the nanoﬁbrils may act
as a scaffold for the hydrogel drop-casting process. These fibrils may prevent the gel
from dropping onto the membrane, which may effectively add weight and increase the

thickness of the membrane, which may cause a reduction in the sensitivity of the device.

~ This may affect the initial device calibration conducted on the LCP membrane prior to

forming any haircell on the membrane.
[0144] The biomimetic cupula (without encapsulated fibers) developed in the past had

! as compared to a much

only been tested to a maximum flow velocity of 350 mms’
higher flow velocity of about 500 mms™ conducted for the sensors of various

embodiments. The artificial cupula sensors of various embodiments were tested to
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withstand a water flow velocity as high as about 650 mms™'. The addition of the artificial
cupula on the naked haircells show a drastic increase in the sensitivity by about 5 times
for air flow sensing and about 3.5 times for water flow sensing. Addition of the .
biomimetic cupula may also reduce random fluctuations in the sensor output, thereby
increasing the éccuracy of flow sensing_.’ The sensors of various embddiments may detect
air flow as low as approximately 0.01 ms™.

[0145] The sensing membrane of various embodiments uses a polymer material called

| liquid crystal polymer (LCP), which offers various advantages over silicon (Si) that is a

commonly used structural material for fabricating MEMS sensors. Using silicon as a
structural material for flow sensing presents some fundamental limitations. Silicon
material has a lower mechanical yield strain and hence is not robust to large fluctuations
in the flow, causing sudden impact on the microstructure. In various embodiments, LCP
is used as a structural material of the sensor. The LCP material may offer a much higher
sensitivity over silicon as a structural material for flow sensing due to its much lower
Young’s modulus, without compromising too much on the response of the Sensor.
Therefore, more reliable, robust (due to higher fracture limit) and highly sensitive (due to
low Young’s modulus) pressure sensors or flow sensors may be developed at low
fabrication costs employing LCP as the structural material, over silicon. Comparing a
silicon membrane sensor and a LCP membrane pressure sensor with the same membrane
dimensions and thickness, the LCP sensor may be more sensitive than the silicon
membrane sensor. Further, LCP has a very low moisture absorption capability and is
highly resistant to chemicals, which make the sensor robust for applications in harsh

environments, e.g. atmospheric wind and water flow monitoring purposes.

-[0146] The Si60- polymer haircells fabricated by stereolithography may offer an

advantage of achieving much higher aspect ratios than that is possible by SU-8
fabrication. Stereolithography offers the flexibility of polymer material choice that méy .

be used for the haircell fabrication. Moreover, the fabrication process may be much

..simpler as compared td processing thick layers of SU-8 and performing optical

lithography. ‘
[0147] The selection of materials for the sensor fabrication is done taking into

consideration the water condition(s) in which the sensors may be operable in. As non-
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limiting examples, liquid crystai polymer (LCP), as a sensing membrane, and a
polycarbonate Si60 pillar may be employed for fabrication of the sensors. These materials
may have a high hermeticity and may be suitable for underwater applications. In contrast,
silicon (Si) is not an ideal material for underwater sensing applications, for example due
to its lower mechanical yield strain. Moreover, using LCP may enhance the sensitivity of
the sensor as compared to a silicon material. | '

[0148] The sensors of various embodiments may cater to the flow sensing industry. Flow
sensors -are essential for a wide range of diverse fields such as, but not limited to,
environmental air flow sensing, water flow sensing in massive water bodies, pipe lines,
drinking water flow monitorihg, water consumption monitoring at individual units, gas
flow moriitoring from very small chemical gas pipes used in laboratory machines to huge
pipe lines transferring large volumes of gas. The fechnology developed for the sensors of
various embodiments may also be of interest to areas that need sensing on underwater or
surface water marine vehicles. Arrays of these sensors may be used on the surfaces of
autonomous underwater vehicles (AUVs) to detect flows around the body of the vehicles,
which may enable an energy-efficient maneuvering of the vehicles. Moreover, the sensors
may also detect objects around the vehicle and generate an artificial vision for the
vehicle. _

[0149] Various modifications may be made to the sensors. Miniaturization of the
dimensions of the entire device to much smaller scales may be carried out. For example,
the device size may be reduced to approximately 2 mm x 2 mm. Further, circuitry
external to the sensor may be added, to perform noise filtering, signal amplification and
post-processing tb make the sensor more user friendly for commercial flow sensing
applications. - .

[0150] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood By thosé skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended ciaims. The scope of the invention is
thus indicated by the appended.‘ claims and all chénges which come within the meaning

and rahge of equivalency of the claims are therefore intended to be embraced.
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CLAIM>

L. A sensor for determining a flow parameter of a fluid, the sensor comprising:

a polymer membrane;

an elongate microstructure extending at least substantially perpendicularly from a
surface of the polymer membrane; and

a strain gauge formed on the polymer membrane;

wherein the elongate microstructure is arranged to cause a displacement of the
polymer membrane in response to a fluid flowing and interacting with the sensor, and

wherein the strain gauge is configured to provide a measurement indicative of a

flow parameter of the fluid based on the displacement of the polymer membrane.

2. The sensor as claimed in claim 1, wherein the strain gauge is formed on the

surface of the polymer membrane.

3. The sensor as claimed in claim | or 2, wherein the strain gauge comprises a
serpentine shape and is arranged at least substantially surrounding the elongate

microstructure.

4. The sensor as claimed in claim 3, wherein the serpentine shape is defined by a
plurality of first elements extending radially from the elongate microstructure, and a
plurality of second elements arranged -circumferentially around the -elongate
microstructure,

wherein each respective second element of the plurality of second elements is
arranged in between respective adjacent first elements of the plurality of first elements

and connects the respective adjacent first elements.

5. The sensor as claimed in claim 4, wherein each first element has a radial length

that is larger than a circumferential length of each second element.
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6. The sensor as claimed in claim 4 or 5, wherein each first element has a width that

is smaller than a width of each second element.

7. The sensor as claimed in any one of claims 1 to 6, wherein the elongate

microstructure has a length of between about 2500 um and about 4000 pm.

8. The sensor as claimed in any one of claims 1 to 7, wherein the elongate

microstructure has an aspect ratio of between about 6 and about 10.

9. The sensor as claimed in any one of claims 1 to 8, wherein the elongate

microstructure comprises a stereolithographically defined elongate microstructure.

10.  The sensor as claimed in any one of claims 1 to 9, wherein the elongate

microstructure comprises a polymer.

11.  The sensor as claimed in any one of claims 1 to 10, wherein the elongate

microstructure has a cylindrical structure.

12.  The sensor as claimed in any one of claims 1 to 11, wherein the polymer

membrane comprises a liquid crystal polymer.

13. The sensor as claimed in claim 12, wherein the liquid crystal polymer has a

circular shape.

14.  The sensor as claimed in any one of claims 1 to 13, further comprising a hydrogel
coupled to at least a portion of the elongate microstructure, the portion being an end of

the elongate microstructure distal to the polymer membrane.

15.  The sensor as claimed in claim 14, further comprising a plurality of nanofibers at

least substantially encapsulated by the hydrogel.
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16. The sensor as claimed in claim 15, wherein each nanofiber has a diameter of

between about 500 nm and about 1000 nm.

17. A method for forming a sensor for determining a flow parameter of a fluid, the
method comprising:

providing a polymer membrane;

forming an elongate microstructure extending at least substantially
perpendicularly from a surface of the polymer membrane;

forming a strain gauge on the polymer membrane;

wherein the elongate microstructure is arranged to cause a displacement of the
polymer membrane in response to a fluid flowing and interacting with the sensor, and

wherein the strain gauge is configured to provide a measurement indicative of a

flow parameter of the fluid based on the displacement of the polymer membrane.

18.  The method as claimed in claim 17, wherein forming an elongate microstructure

comprises stereolithographically defining the elongate microstructure.

19.  The method as claimed in claim 17 or 18, further comprising forming a hydrogel
coupled to at least a portion of the elongate microstructure, the portion being an end of

the elongate microstructure distal to the polymer membrane.

20.  The method as claimed in claim 19, further comprises forming a plurality of

nanofibers,

wherein forming a hydrogel comprises forming the hydrogel at least substantially

encapsulating the plurality of nanofibers.
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