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(7) ABSTRACT

A method of measuring signals from a surface. The method
comprises: placing on the surface a flexible sensing device
having an array of coated electrodes, wherein at least one
electrode of the array is metallic and is at least partially
coated by a polymer; and collecting signals from the sensing
device.
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31
print metallic electrodes on a flexible substrate to form an array

32
attach a double sided adhesive film to the flexible substrate

33
apply plasma coating to the electrodes

34
attach an electrical coupler {o the electrodes
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FIG. 2
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SENSING ELECTRODE AND METHOD OF
FABRICATING THE SAME

RELATED APPLICATION

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application No. 62/260,563 filed on
Nov. 29, 2015, the contents of which are incorporated herein
by reference in their entirety.

[0002] The work leading to this invention has received
funding from the European Research Council under the
Furopean Union’s Seventh Framework Programme (FP7/
2007-2013)/ERC grant agreement no. 306707.

FIELD AND BACKGROUND OF THE
INVENTION

[0003] The present invention, in some embodiments
thereof, relates to sensing of physiological data and, more
particularly, but not exclusively, to a sensing electrode and
method of fabricating the same.

[0004] Skin electrodes are a common noninvasive tool
used to record chemical and electrical-activity from the
surface of the body. Electrical activity applications include
electroencephalography (EEG), electromyography (EMG),
electrocardiography (ECG) and Electrooculography (EOG).
Surface EMG (sEMG) in particular has been suggested for
a very wide range of applications such as brain-machine
interfacings and facial sSEMG to record emotions [Nicolelis,
Nature, 2001, 409, 403-407, O’Doherty, et al., 2011, Nature
479, 228-231, Hardyck et al., 1966, Science 154, 1467-
1468, Zajonc, 1985, Science 228, 15-21]. By identifying
specific muscle activation during facial expressions, facial
sEMG can indeed distinguish between mood states includ-
ing between a Duchenne (genuine) and a non-Duchenne
(fake) smile [Johnson et al., 2010, Cognition & Emotion 24,
299-321]. SEMG recording can be used for quantifying and
reporting elementary emotions exceeding the reliability of
self-reporting, or image analysis.

[0005] Screen printing is a technique that forms a print
film comprising ink, paste, or the like on the surface of a
material to be printed using a printing plate [see, e.g., U.S.
Pat. No. 6,065,398]. Screen-printed electrodes (SPEs) on
temporary tattoo film were reported for epidermal pH moni-
toring [Bandodkar et al., 2013, Analyst 138, 123-128].
Screen-printed disposable electrodes have been used in the
field of chemical and biological sensing (Cugnet et al., 2009,
Sensors and Actuators, B-Chemical 143(1): 158-163, Mal-
zahn et al., 2011, Analyst 136(14): 2912-2917, Li et al,,
2012, Analytica Chimica Acta 734: 31-44, Bareket 2010,
Bioelectrochemistry, 77(2): 94-99, Mu et al., 2012, Analyst
137(14): 3220-3223, and Yan et al., 2012, Biosensors &
Bioelectronics 38(1): 355-361].

SUMMARY OF THE INVENTION

[0006] According to an aspect of some embodiments of
the present invention there is provided a method of measur-
ing signals from a surface. The method comprises: placing
on the surface a sensing device having an array of dry
electrodes, such that there is a direct contact between the
electrodes and the surface, and collecting signals from the
sensing device.

[0007] According to an aspect of some embodiments of
the present invention there is provided a method of measur-
ing signals from a surface. The method comprises: placing
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on the surface a flexible sensing device having an array of
coated electrodes, wherein at least one electrode of the array
is metallic and is at least partially coated by a polymer; and
collecting signals from the sensing device.

[0008] According to some embodiments of the invention
the collecting is executed continuously or intermittently over
a time period of at least a few hours without detaching the
sensing device from the surface.

[0009] According to some embodiments of the invention
the collecting is executed continuously or intermittently over
a time period of at least a few hours while a signal to noise
ratio of the signals is not reduced by more than 10%.
[0010] According to some embodiments of the invention
the sensing device comprises a double sided adhesive film,
wherein the coated electrodes are attached to one side of aid
film and the surface is attached to an opposite side of the
film, and wherein the film comprises a plurality of opening
to expose a sensing portion of each electrode to the surface.
[0011] According to some embodiments of the invention
the electrodes are printed electrodes.

[0012] According to some embodiments of the invention
the signals are EMG signals.

[0013] According to some embodiments of the invention
the signals are EEG signals.

[0014] According to some embodiments of the invention
the signals are ECG signals.

[0015] According to some embodiments of the invention
the signals are EOG signals.

[0016] According to an aspect of some embodiments of
the present invention there is provided a method of fabri-
cating a sensing device. The method comprises: printing
metallic electrodes on a flexible substrate to form an array;
and applying plasma coating to the metallic electrodes, to
induce polymerization of a monomer to a polymer onto the
electrodes, wherein the plasma coating is characterized by a
monomer vapor pressure of less than 1 mbar.

[0017] According to some embodiments of the invention
the plasma coating is characterized by plasma power of
10-100 W.

[0018] According to some embodiments of the invention
the method comprises attaching the substrate to one side of
a double sided adhesive film, and forming a plurality of
opening in the film to expose a sensing portion of each
electrode at an opposite side of the film.

[0019] According to some embodiments of the invention
the printing comprises screen printing.

[0020] According to some embodiments of the invention
the printing comprises inkjet printing.

[0021] According to some embodiments of the invention
the printing comprises carbon nanotube transfer.

[0022] According to some embodiments of the invention
the metallic electrode is comprises carbon.

[0023] According to some embodiments of the invention
the metallic electrode is comprises a metal selected from the
group consisting of carbon, silver and silver chloride.
[0024] According to some embodiments of the invention
the polymer is a plasma polymerized monomer that is
selected from the group consisting of a thiophene, a pyrrole,
an aniline, and substituted derivatives thereof.

[0025] According to some embodiments of the invention
the thiophene is 3,4-ethylenedioxythiophene.

[0026] According to some embodiments of the invention
the surface is a surface of a biological material.
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[0027] According to some embodiments of the invention
the surface is a surface of a natural tissue.

[0028] According to some embodiments of the invention
the surface is a surface of an ex-vivo natural tissue.

[0029] According to some embodiments of the invention
the surface is a surface of an in-vivo natural tissue.

[0030] According to some embodiments of the invention
the surface is a surface of an artificial tissue.

[0031] According to some embodiments of the invention
the surface is a surface of an ex-vivo artificial tissue.
[0032] According to some embodiments of the invention
the surface is a surface of an in-vivo artificial tissue.
[0033] According to some embodiments of the invention
the surface is a skin of a subject.

[0034] According to some embodiments of the invention
the surface is a surface of an internal organ of a subject.
[0035] According to some embodiments of the invention
the surface is a surface of a cell culture.

[0036] According to some embodiments of the invention
the method is employed for sleep analysis.

[0037] According to an aspect of some embodiments of
the present invention there is provided a sensing device. The
device comprises an array of coated electrodes, wherein at
least one electrode of the array is metallic and is at least
partially coated by a polymer, and wherein the polymer is a
plasma polymerized monomet.

[0038] According to some embodiments of the invention
the device wherein the monomer is selected from the group
consisting of a thiophene, a pyrrole, an aniline, and substi-
tuted derivatives thereof.

[0039] Unless otherwise defined, all technical and/or sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to which
the invention pertains. Although methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of embodiments of the invention,
exemplary methods and/or materials are described below. In
case of conflict, the patent specification, including defini-
tions, will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be
necessarily limiting.

[0040] Implementation of the method and/or system of
embodiments of the invention can involve performing or
completing selected tasks manually, automatically, or a
combination thereof. Moreover, according to actual instru-
mentation and equipment of embodiments of the method
and/or system of the invention, several selected tasks could
be implemented by hardware, by software or by firmware or
by a combination thereof using an operating system.
[0041] For example, hardware for performing selected
tasks according to embodiments of the invention could be
implemented as a chip or a circuit. As software, selected
tasks according to embodiments of the invention could be
implemented as a plurality of software instructions being
executed by a computer using any suitable operating system.
In an exemplary embodiment of the invention, one or more
tasks according to exemplary embodiments of method and/
or system as described herein are performed by a data
processor, such as a computing platform for executing a
plurality of instructions. Optionally, the data processor
includes a volatile memory for storing instructions and/or
data and/or a non-volatile storage, for example, a magnetic
hard-disk and/or removable media, for storing instructions
and/or data. Optionally, a network connection is provided as
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well. A display and/or a user input device such as a keyboard
or mouse are optionally provided as well.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

[0042] Some embodiments of the invention are herein
described, by way of example only, with reference to the
accompanying drawings. With specific reference now to the
drawings in detail, it is stressed that the particulars shown
are by way of example and for purposes of illustrative
discussion of embodiments of the invention. In this regard,
the description taken with the drawings makes apparent to
those skilled in the art how embodiments of the invention
may be practiced.

[0043] In the drawings:

[0044] FIG. 1 is a schematic illustration of a sensing
device, according to some embodiments of the present
invention;

[0045] FIG. 2 is a flowchart diagram of a method suitable
for fabricating a sensing device according to various exem-
plary embodiments of the present invention;

[0046] FIGS. 3A-F are schematic process illustrations of
the method of FIG. 2;

[0047] FIGS. 4A-F are schematic illustrations of a process
used for fabricating electrodes in experiments performed
according to some embodiments of the present invention;
[0048] FIGS. 5A-C are images showing the fabricated
array once placed on a hand of a human volunteer in
experiments performed according to some embodiments of
the present invention;

[0049] FIGS. 6A-C show sEMG recording of the first
dorsal interosseous (FDI), as obtained in experiments per-
formed according to some embodiments of the present
invention;

[0050] FIGS. 7A and 7B are SEM images of electrode
surfaces as obtained in experiments performed according to
some embodiments of the present invention;

[0051] FIGS. 8A-C show XPS spectra on glass compared
with an uncoated glass (FIG. 8A), detailed spectra at dif-
ferent plasma deposition power and duration (FIG. 8B), and
XPS spectra on a carbon electrode compared with an
uncoated electrode surface (FIG. 8C), as obtained in experi-
ments performed according to some embodiments of the
present invention;

[0052] FIGS. 9A and 9B show CV scans in PBS of
ppEDOT electrodes under different deposition power (FIG.
9A), and EIS scans at different deposition powers (FIG. 9B),
as obtained in experiments performed according to some
embodiments of the present invention;

[0053] FIGS. 10A-B show images of electrodes of the
present embodiments (FIG. 10A), and commercially avail-
able electrodes (FIG. 10B), placed on the hand above the
FDI, as obtained in experiments performed according to
some embodiments of the present invention;

[0054] FIG. 11 is a schematic illustration of an electrode-
skin equivalent circuit model;

[0055] FIG. 12 shows average electrode-skin impedance
as a function of the frequency, as obtained in experiments
performed according to some embodiments of the present
invention;

[0056] FIGS. 13A-B show images obtained during func-
tional recordings, performed according to some embodi-
ments of the present invention;
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[0057] FIGS. 14A-G show graphs obtained during the
functional recordings;
[0058] FIGS. 15A-D illustrate layouts of carbon nanotube
electrodes, according to various exemplary embodiments of
the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS
OF THE INVENTION

[0059] The present invention, in some embodiments
thereof, relates to sensing of physiological data and, more
particularly, but not exclusively, to a sensing electrode and
method of fabricating the same.

[0060] Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention
is not necessarily limited in its application to the details of
construction and the arrangement of the components and/or
methods set forth in the following description and/or illus-
trated in the drawings and/or the Examples. The invention is
capable of other embodiments or of being practiced or
carried out in various ways.

[0061] In a search for sensing electrode and method of
fabricating sensing electrode, particularly but not exclu-
sively, for EEG, EMG, ECG and/or EOG, the present
Inventors realized that long-term, multi-site recording is
difficult, for example, because of poor signal transmission at
the electrode-skin interfaces and its instability over long
time periods. In conventional application of surface elec-
trodes, skin preparation (wiping the skin with alcohol and
skin abrasion) as well as improved electrode positioning and
the application of an electrolytic gel are desired. The present
Inventors realized that the application of electrode to the
skin is time consuming, demands the presence of a special-
ized technician, uncomfortable and may even be painful.
The present Inventors further realized that gels and adhesive
pastes are typically non-sterile and may cause skin irritation,
and that short circuits between adjacent electrodes due to gel
leakage can also occur. The present Inventors additionally
realized that the signal quality gradually degrades over time
as the skin regenerates and/or the conductive gel dries.
[0062] The present Inventors have therefore devised a
sensing electrode that can optionally and preferably operate
without use of artificial wet, such as, but not limited to,
impedance matching medium or gel, between the electrodes
and the skin. Optionally and preferably, the sensing elec-
trode is manufactured by printing, e.g., by screen-printing or
inkjet printing.

[0063] Screen-printing allows electrode patterning into a
desired electrode shape, a wide range of possible inks (e.g.,
gold, silver, silver chloride, carbon and the like), at relative
high resolution, and flexibility in choosing the substrate
material (e.g., plastic sheets, cloth and the like). In some
embodiments of the present invention an array of the elec-
trodes is mounted on or integrated with a headset, such as,
but not limited to, a headset used during a medical proce-
dure, e.g., a Deep Brain Stimulation procedure, or any other
procedure applied to the head.

[0064] FIG. 1 is a schematic illustration of a sensing
device 10, according to some embodiments of the present
invention. Sensing device 10 comprises an array 12 of
electrodes, optionally and preferably dry electrodes. In some
embodiments of the present invention on or more of the
electrodes of array 12, e.g., all the electrodes of array 12, are
coated. For example, one or more of the electrodes, e.g.. all
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the electrodes, can be a metallic electrode which is coated or
partially coated by a polymer.

[0065] The metallic electrode can be made of any metal,
including, without limitation, gold, silver, platinum, copper,
rhodium, iridium, tungsten, molybdenum, palladium, ruthe-
nium and osmium. More preferred metals include, without
limitation, carbon, silver, and silver chloride.

[0066] The polymer optionally and preferably comprises a
plasma polymerized monomer. Representative examples of
such monomers include, without limitation, a thiophene, a
pyrrole, an aniline, and substituted derivatives thereof.
[0067] Useful thiophenes include unsubstituted and sub-
stituted thiophene, such as those described in U.S. Pat. Nos.
4,959.430 and 4,910,645 the contents of which are hereby
incorporated by reference. A preferred substituted thiophene
includes 3.4-ethylenedioxythiophene.

[0068] Useful pyrroles, include, without limitation, unsub-
stituted pyrrole and the substituted pyrroles such as N-alky-
Ipyrroles, N-arylpyrroles, the monoalkyl to the carbon atoms
or dialkyl substituted pyrroles, and the monohalogen to the
carbon atoms or dihalo-substituted pyrroles. A pyrrole can
be used alone or in combination with others, so that copo-
lymers are formed in incorporated various pyrroles. The
recurring units are optionally and preferably derived pyrrole
in the copolymers essentially of from unsubstituted pyrrole
itself. Substituted pyrroles be used in the production, for this
purpose, the 3,4-dialkyl are pyrroles, in particular those
having 1 to 4 carbon atoms in the alkyl radical, such as
3,4-dimethylpyrrole and 3,4-diethylpyrrole, as well as the
3,4-dihalo pyrroles, and 3,4-dichloropyrrole.

[0069] Useful anilines include, without limitation, p-ani-
sidine, 4'-aminoacetanilide, p-hydroxy-N,N-dimethylaniline
and o-phenylenediamine, p-p'biphenol, 4'-hydroxyaceta-
nilide, p-methoxyphenol, p-anisidine and 4'-aminoaceta-
nilide.

[0070] In some embodiments of the present invention the
electrodes form a pattern of nanostructures.

[0071] The term “nanostructure,” as used herein, refers to
a structure having a highest dimension which is above 1 nm
and less than 100 nm or less than 50 nm, or less than 40 nm,
e.g., from about 3 nm to about 30 nm or from about 5 nm
to about 15 nm.

[0072] As used herein the term “about” refers to +10%.
[0073] Typically, the nanostructure is elongated.
[0074] The term “elongated nanostructure” generally

refers to a three-dimensional body made of a solid sub-
stance, in which one of its dimensions is at least 2 times, or
at least 10 times, or at least 50 times e.g., at least 100 times
larger than any of the other two dimensions. The largest
dimension of the elongated solid structure is referred to
herein as the longitudinal dimension or the length of the
nanostructure, and the other two dimensions are referred to
herein as the transverse dimensions. The largest of the
transverse dimensions is referred to herein as the diameter or
width of the elongated nanostructure. The ratio between the
length and the width of the nanostructure is known as the
aspect ratio of the nanostructure.

[0075] In some embodiments of the present invention the
elongated nanostructure has, at any point along its length, at
least one cross-sectional dimension and, in some embodi-
ments, two orthogonal cross-sectional dimensions less than
1 micron, or less than 500 nanometers, or less than 200
nanometers, or less than 150 nanometers, or less than 100
nanometers, or even less than 70, less than 50 nanometers,
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less than 20 nanometers, less than 10 nanometers, or less
than 5 nanometers. In some embodiments, the cross-sec-
tional dimension can be less than 2 nanometers or 1 nano-
meter.

[0076] Insome embodiments, the elongated nanostructure
has at least one cross-sectional dimension ranging from 0.5
nanometers to 200 nanometers, or from 1 nm to 100 nm, or
from 1 nm to 50 nm.

[0077] The length of an elongated nanostructure expresses
its elongation extent generally perpendicularly to its cross-
section. According to some embodiments of the present
invention, the length of the nanostructure ranges from 10 nm
to 50 microns. In various exemplary embodiments of the
invention the length of the elongated nanostructure is at least
100 nm, or at least 500 nm, or at least 1 um, or at least 2 pm,
or at least 3 pm, e.g., about 4 um, or more.

[0078] The cross-section of the elongated semiconductor
may have any arbitrary shape, including, but not limited to,
circular, square, rectangular, triangular and elliptical. Regu-
lar and irregular shapes are included.

[0079] The width of the elongated nanostructure is pref-
erably less than 1 pm. In various exemplary embodiments of
the invention the width of the nanostructure is from about 5
nm to about 200 nm, more preferably from about 5 nm to
about 100 nm.

[0080] The present embodiments contemplate many any
type of nanostructure.

[0081] For example, in some embodiments of the present
invention the nanostructures are carbon nanotubes (CNTs).
The present embodiments contemplate any type of carbon
nanotube, including without limitation, a single-walled
nanotube (SWNT) which can be considered as a long
wrapped graphene sheet and a multi walled nanotube
(MWNT) which can be considered as a collection of con-
centric SWNTs with different diameters.

[0082] In some embodiments of the present invention, the
nanostructures are organic nanostructures.

[0083] The term “organic nanostructure” refers to a nano-
structure made at least in part of organic substance. As used
herein, the phrase “organic substance” describes any sub-
stance that comprises carbon and hydrogen atoms, with or
without additional elements.

[0084] In some embodiments of the present invention
sensing device 10 comprises a double sided adhesive film
14. In these embodiments, the electrodes of array 12 are
attached to one side of film 14, and the opposite side of film
14 is attachable to a surface (not shown) at which sensing
signals are to be measured. Optionally film 14 comprises a
plurality of opening 20 to expose a sensing portion 22 of
each electrode of array 12. Device 10 optionally and pref-
erably comprises an electrical coupler 52 for connecting the
electrodes of array 12 to a measuring device 54. The
electrical coupler 52 is preferably compatible with a
matched socket 56, e.g., a Low-Insertion Force (LIF) socket
or, more preferably a Zero-Insertion Force (ZIF) socket. An
additional protective layer (not shown) can optionally and
preferably be applied on the passivation film to protect the
electronic parts from liquids.

[0085] Preferably, the sensing electrode of the present
embodiments exhibits low skin-electrode impedance at low
geometric areas. The reduction in impedance is advanta-
geous because it allows efficient and high resolution record-
ing and stimulation. The sensing electrode of the present
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embodiments can be placed on the skin for long duration
(e.g., several hours or days) in a stable manner.

[0086] An electrode array can be formed, for example, by
forming a pattern, e.g., a pattern of nanostructures or other
conductive pattern, on a work substrate, and then transfer-
ring the pattern, e.g., by contact, onto a solid support,
optionally and preferably a flexible solid support, that is
attachable to the skin. The solid support can be for example,
a medical adhesive tape, polydimethylsiloxane (PDMS),
Parylene C, polyimide or the like. The advantage of using a
pattern on one printed layer for the electrodes of the present
embodiments is that such a pattern can form a seamless
circuit in which the risk of delamination and formation of
cracks is reduced or eliminated. These embodiments are
particularly useful for long term use.

[0087] Preferably, the electrode-skin impedance is
improved by a plasma polymerization process which
enhanced the capacitive properties of the electrodes. Plasma
polymerization is preferred because it is a simple, solvent
free, room temperature process that can be used to obtain
ultrathin films onto a variety of substrates. Plasma Polym-
erization involves a glow discharge, generated by applying
an electric field on a monomer gas at low pressure. The
interaction of the monomer fragments with the substrate
results with polymer deposition. The chemical structure of
the final polymer film, the morphology and the physical
properties depends on polymerization conditions (power,
monomer vapor pressure and deposition time). While these
films lack ordered chains. they have many benefits including
the deposition of ultrathin, pinhole-free, uniform films with
high adhesion to a variety of substrates such as polymers,
glass and metal surfaces.

[0088] Preferably, the electrodes are coated by plasma
polymerization under low pressure, for example, below 1
mbar, or below 0.5 mbar, or below 0.25 mbar, or below
0.125 mbar, e.g., 0.1 mbar or less. In some embodiments, the
plasma polymerization is at frequency in a radiofrequency
(RF) range. In experiments performed by the present Inven-
tors a frequency of 13.56 MHz was employed.

[0089] As demonstrated in the Example section that fol-
lows, plasma polymerized film improves the electrode elec-
trochemical capacitance (measured in phosphate-buffered
saline) by 1-2 orders of magnitude, comparable with that of
non-Faradaic porous electrodes with specific capacitance C;
in the range of 2 mFem™ for TiN and 3-10 mFem™ for
carbon nanotube. Further demonstrated is sensitivity of the
sensing electrode to force and facial expression by multi-site
SsEMG recording from the palm and face muscles.

[0090] The sensing electrode of the present embodiments
is preferably a soft and dry and is skin-adhesive. The sensing
electrode of the present embodiments can be used in numer-
ous applications such as, but not limited to, brain-machine
interfacing, muscle diagnostics (e.g., long-term muscle diag-
nostics), post-injury rehabilitation, gaming, neurological
and psychological assessment, bio-feedback, neuro-feed-
back, and the like. It was found by the present Inventors that
high Signal-to-Noise Ratio (SNR) can be achieved without
the need for electrolytic gel, even for nonmetallic electrodes.
This is counterintuitive, since conventional metallic elec-
trodes mandate use of gel for improving the SNR. Without
wishing to be bound to any particular theory, it is believed
that the high signal to noise of the electrodes of the present
embodiments is due to the conformity of the electrode with
the skin’s shape.
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[0091] FIG. 2 is a flowchart diagram and FIGS. 3A-F are
schematic process illustrations of a method suitable for
fabricating a sensing device according to various exemplary
embodiments of the present invention. It is to be understood
that, unless otherwise defined, the operations described
hereinbelow can be executed either contemporaneously or
sequentially in many combinations or orders of execution.
Specifically, the ordering of the flowchart diagrams is not to
be considered as limiting. For example, two or more opera-
tions, appearing in the following description or in the
flowchart diagrams in a particular order, can be executed in
a different order (e.g., a reverse order) or substantially
contemporaneously.  Additionally, several operations
described below are optional and may not be executed.

[0092] The method begins at 30 and optionally and pref-
erably continues to 31 at which metallic electrodes are
printed on a flexible substrate to form array 12. This can be
done, for example, by screen printing as illustrated in FIGS.
3A-C, where FIG. 3A shows a conductive pattern 42 formed
on a work substrate 44 before the pattern 42 is transferred to
a flexible substrate 46, FIG. 3B shows a process in which
contact is established between work substrate 44 and flexible
substrate 46, to transfer pattern 42 to flexible substrate 46,
and FIG. 3C shows the array 12 that is the result of the
transfer. In some embodiments of the present invention
flexible substrate 46 is cut, for example, by laser cutting to
accommodate skin curvature and to prevent or reduce
wrinkles once the device is applied to the skin.

[0093] The method optionally and preferably continues to
32 at which a double sided adhesive film is attached to the
flexible substrate 46. This is illustrated in FIGS. 3D and 3E,
where FIG. 3D shows an adhesive film 14 with a plurality
of openings 20, and FIG. 3E shows adhesive film 14 once
attached to substrate 46, such that the sensing portions 22 of
the electrodes of array 12 are expose at the openings.
Preferably, adhesive film 14 is attached to flexible substrate
46 such that the bases of the electrodes remain exposed, as
illustrated in FIG. 3D.

[0094] The method optionally and preferably continues to
33 at which plasma coating is applied to the metallic
electrodes, to induce polymerization of a monomer to a
polymer onto the electrodes. The plasma coating is option-
ally and preferably characterized by low monomer vapor
pressure, e.g., below 1 mbar, or below 0.5 mbar, or below
0.25 mbar, or below 0.125 mbar, e.g., 0.1 mbar or less. In
some embodiments, the plasma polymerization is at fre-
quency in a radiofrequency (RF) range. In experiments
performed by the present Inventors a frequency of 13.56
MHz was employed. In some embodiments of the present
invention the plasma polymerization is characterized by
plasma power of from about 10 W to about 100 W.

[0095] The method can optionally continue to 34 at which
an electrical coupler is attached to the base of electrodes.
This is illustrated in FIG. 3F, showing electrical coupler 52
connected to array 12. The electrical coupler 52 is preferably
compatible with a matched socket (not shown, see FIG. 1).

[0096] The method ends at 35.

[0097] The present embodiments are useful in many appli-
cations. For example, the device of the present embodiments
can be used for recording signals from the palm (e.g., the
first dorsal interosseous). This is advantageous, for example,
in brain-machine interfacing. As the force applied by the
index finger can be readily derived from the sEMG ampli-
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tude, sEMG data can be conveniently transformed into a
simple communication platform, without the need for a
mechanical device.

[0098] The device of the present embodiments can be used
for recording facial expressions. This is advantageous, for
example, for recording emotions, and for digitizing emo-
tions for clinical and social purposes. It may be used also for
facial muscle rehabilitation and diagnostics, for monitoring
proper muscle activation, and for assessing neurological or
psychological disorders.

[0099] The device of the present embodiments can also be
used for sleep analysis. For example, the device can be used
for recording signals such as, but not limited to, EEG, EOG
and/or EMG signals, and the signals can then be analyzed
for determining one or more sleep stages (e.g., REM sleep)
as disclosed, for example, in U.S. Pat. No. 7,623,912 the
contents of which are hereby incorporated by reference.
[0100] The word “exemplary” is used herein to mean
“serving as an example, instance or illustration.” Any
embodiment described as “exemplary” is not necessarily to
be construed as preferred or advantageous over other
embodiments and/or to exclude the incorporation of features
from other embodiments.

[0101] The word “optionally” is used herein to mean “is
provided in some embodiments and not provided in other
embodiments.” Any particular embodiment of the invention
may include a plurality of “optional” features unless such
features conflict.

[0102] The terms “comprises”, “comprising”, “includes”,
“including”, “having” and their conjugates mean “including
but not limited to”.

[0103] The term “consisting of” means “including and
limited to™.
[0104] The term “consisting essentially of” means that the

composition, method or structure may include additional
ingredients, steps and/or parts, but only if the additional
ingredients, steps and/or parts do not materially alter the
basic and novel characteristics of the claimed composition,
method or structure.

[0105] As used herein, the singular form “a”, “an” and
“the” include plural references unless the context clearly
dictates otherwise. For example, the term “a compound” or
“at least one compound” may include a plurality of com-
pounds, including mixtures thereof.

[0106] Throughout this application, various embodiments
of this invention may be presented in a range format. It
should be understood that the description in range format is
merely for convenience and brevity and should not be
construed as an inflexible limitation on the scope of the
invention. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible
subranges as well as individual numerical values within that
range. For example, description of a range such as from 1 to
6 should be considered to have specifically disclosed sub-
ranges such as from 1 to 3, from 1 to 4, from 1 to 5, from
2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual
numbers within that range, for example, 1, 2, 3, 4, 5, and 6.
This applies regardless of the breadth of the range.

[0107] Whenever a numerical range is indicated herein, it
is meant to include any cited numeral (fractional or integral)
within the indicated range. The phrases “ranging/ranges
between” a first indicate number and a second indicate
number and “ranging/ranges from” a first indicate number
“to” a second indicate number are used herein interchange-
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ably and are meant to include the first and second indicated
numbers and all the fractional and integral numerals ther-
ebetween.

[0108] It is appreciated that certain features of the inven-
tion, which are, for clarity, described in the context of
separate embodiments, may also be provided in combination
in a single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of
a single embodiment, may also be provided separately or in
any suitable subcombination or as suitable in any other
described embodiment of the invention. Certain features
described in the context of various embodiments are not to
be considered essential features of those embodiments,
unless the embodiment is inoperative without those ele-
ments.

[0109] Various embodiments and aspects of the present
invention as delineated hereinabove and as claimed in the
claims section below find experimental support in the fol-
lowing examples.

EXAMPLES

[0110] Reference is now made to the following examples,
which together with the above descriptions illustrate some
embodiments of the invention in a non limiting fashion.

Example 1

[0111] The present Example describe soft carbon screen-
printed electrodes (SPEs), which can be placed on the skin
for a long duration (from several hours to a few days) in a
stable manner, with low electrode-skin impedance, even at
low geometric areas. The impedance reduction is advanta-
geous for high signal to noise ratio (SNR), and high-
resolution recordings. The electrode-skin impedance was
improved by a plasma polymerized 3,4-ethylenedioxythio-
phene (ppEDOT) coating. Plasma polymerization was cho-
sen as a simple, solvent-free, room temperature process.
EDOT was selected owing to its biocompatibility and ionic
conductivity. The present Example demonstrates that the
plasma polymerized film improves the electrode capaci-
tance, yielding a capacitance comparable with conventional
neuronal electrodes. The present Example shows multi-site
sEMG recordings from the hand and face and demonstrates
force and facial expression sensitivity.

Methods

Fabrication of Screen-Printed Electrode Array

[0112] FElectrodes were realized following the scheme
presented in FIGS. 4A-F. The process builds on screen-
printing, combined with laser cutting to make holes in a
double-sided passivation layer, which also serves as a skin-
adhesive material. FIGS. 4A and 4B illustrate screen-print-
ing onto a temporary tattoo sheet, FIG. 4C illustrates elec-
trode array after printing. A double-sided adhesive film was
cut with a laser to form a passivation layer (FIG. 4D). FIG.
4F illustrates the passivation and the electrode array once
aligned and bonded. A plasma coating process was then
applied, and a polyimide film with holes was glued to the
array to fit into a zero insertion force (ZIF) socket (FIG. 4F).
[0113] The electrodes were fabricated using a pre-pat-
terned mesh stencil (Sefar Inc.). Printing was accomplished
by a manual application of a conductive carbon ink (Con-
ductive compounds) on a blank temporary tattoo paper

Nov. 8,2018

(Papilio), which served as a substrate. This was followed by
curing at about 130° C. for about 10 min. The electrical
resistance of the carbon film was about 40Q/J. A double-
sided adhesive layer (Papilio) was used as a passivation
layer. A laser cutter (ELAS Ltd.) was used to define holes for
the exposed electrode area. A two-step process was used to
prevent overheating of the glue layer: (1) laser intensity of
about 400 mW and removal of the passivation upper layer,
followed by (2) intensity of about 800 mW and removal of
the remaining two layers. The adhesive passivation layer
with pre-defined holes and the printed electrode were
pressed together. To mechanically support contact of the
printed electrode array and a ZIF connector (Omnetics), a
polyimide tape (Kapton, 3 M) with pre-defined holes was
added onto the array bonding pads. The holes in the Kapton
film were cut with the same laser cutter with intensity of
about 400 mW.

[0114] EDOT (Sigma) was plasma polymerized using an
RF plasma system (Pico-RF-PC, Diener electronics), opet-
ating at a frequency of about 13.56 MHz and a monomer
vapor pressure of about 0.1 mbar. Plasma power of either
about 12 W or about 90 W for either about 10 or about 60
min was used.

Electrochemical Characterization

[0115] Cyclic voltammetry (CV) and (electrochemical
impedance spectroscopy) EIS were performed in PBS
(Sigma).

[0116] CV measurements were conducted using a poten-
tiostat (263A, Princeton Applied Research) under ambient
conditions, using a three-electrode cell configuration with an
Ag/AgCl reference electrode. DC capacitance was calcu-
lated from the slope of the current versus the scan rate
according to: i=CdV/dt, where 1 is the current, C is the DC
capacitance and dV/dt is the voltage scan rate.

[0117] EIS measurements were conducted under equilib-
rium conditions by applying 10 mV AC signals using a
lock-in amplifier (SR830, Stanford Research Systems) and a
potentiostat (263A, Princeton Applied Research). SPE test
samples (Dropsens) were used for electrochemical charac-
terization in phosphate-buffered saline (PBS).

[0118] Flectrode-skin impedance was measured using an
amplifier evaluation system (RHD2000, Intan). Pregelled
electrodes (Spes Medica) were used for testing (15 by 20
mm) and as reference (35 by 45 mm).

Surface Properties

[0119] X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a 5600 Multi-Technique Sys-
tem (Physical Electronics). Structural characterization of the
printed electrode surface was performed using scanning
electron microscope (SEM) (JEOL ISM-6700 F).

Electrophysiology

[0120] sEMG recordings were performed using an Intan
Technologies amplifier evaluation board (RHD2000). The
skin was cleaned (everi, Spesmedica) and dried prior to
electrode placement. Force calibration measurements were
performed by applying a force against a calibrated spring
using the index finger. Noise RMS levels were calculated
during the muscle’s relaxation time. SNR was calculated by
dividing signal RMS levels (calculated over the period of
activation) by noise RMS (2 s window).
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Experiments on Human Subjects

[0121] All experiments on human skin were conducted on
volunteers in accordance with relevant guidelines and regu-
lations under approval from the Institutional Ethics Com-
mittee Review Board at Tel Aviv University, Israel.
Informed consent was obtained from all subjects.

Results

[0122] FIGS. 5A-C are images showing the fabricated
array once placed on a hand of a human volunteer. Red
arrows highlight the polyimide film (FIG. 5A), ZIF socket
with custom-made printed circuit board (PCB) (FIG. 5B),
and a hole in the passivation layer (F1G. 5C). The conformal
contact allowed stable recordings even for small electrodes
(20 mm?).

[0123] FIGS. 6A and 6B show sEMG recording of the first
dorsal interosseous (FDI) using ppEDOT/carbon electrodes,
where FIG. 6A shows sEMG recording for electrode No. 1
versus electrode No. 3, and FIG. 6B shows sEMG recording
for electrode No. 1 versus electrode No. 6, and. The arrows
indicate: (1) rest position followed by (2) force application
(isometric contractions) on the FDI for 2.5 s and 1 s
(repeated three times). (3) Flexion of the index finger
towards the thumb, (4) from the thumb and (5) pointing up.
The electrodes stability was verified by leaving it on the
hand for an extended duration and repeating the recording
under the same protocol. FIG. 6C show the sEMG recording
obtained for electrode No. 1 versus electrode No. 6 after 3
hours. As shown, recordings remained stable after 3 hours,
with a SNR value of 13 (22 dB).

[0124] FIG. 7A is a SEM images of a ppEDOT coated
carbon electrode surface, and FI1G. 7B is a SEM images of
an uncoated electrode. Scale bar is 50 um. The morphology
the two types of surfaces appeared similar, indicating an
ultrathin coating.

[0125] The plasma polymerization process was character-
ized, focusing on chemical and impedance spectroscopy
analysis. The chemical structure, morphology and physical
properties of the film depends on process conditions (power,
monomer vapor pressure and deposition time). The process
employed in the present Example achieved substantial
impedance reduction. FIG. 8A shows XPS spectra (90 W; 10
min) on glass compared with an uncoated glass, FIG. 8B
shows detailed spectra at different plasma deposition power
and duration, and FIG. 8C shows XPS spectra (90 W; 10
min) on a carbon electrode compared with an uncoated
electrode surface. An increase in sulfur and oxygen compo-
nents from 0.05% to 032% and from 53.3% to 56.6%
respectively indicates ppEDOT deposition (FIG. 8B). The
atomic ratio of sulfur, as well as the concentration of C—S
and S—O components, increased with process time and
power. ppEDOT coated carbon SPEs (FIG. 8C) revealed an
increase in surface oxygen from 15.2% to 18.6%, indicating
the formation of a film incorporating elements from the
monomet, while not retaining the monomer chemical struc-
ture, was likely due to fragmentation in the plasma envi-
ronment.

[0126] For validating the biocompatibility of the coating,
comparative in vitro cell survival tests were conducted.
Primary neurons were cultured on glass coated with ppE-
DOT, and their survival was compared with that of cells
seeded on a poly-D-lysine coating (a cell adhesion promot-
ing protein), and on uncoated surfaces. No significant dif-

Nov. 8,2018

ferences were found in cell survival up to six days. The
electrochemical properties of pristine and ppEDOT SPEs
were explored using CV and FIS in PBS.

[0127] FIGS. 9A and 9B show CV scans in PBS (50
mVs™) of ppEDOT electrodes under different deposition
power (pristine, 12 and 90 W; 10 min) (FIG. 9A), and EIS
scans in PBS at different deposition powers (pristine, 12 and
90 W; 10 min), (FIG. 9B).

[0128] FIGS. 10A-B include an image of the SPE of the
present embodiments (FIG. 10A), and an image of commer-
cially available electrodes (FIG. 10B), placed on the hand
above the FDI, with a ground electrode placed above the
fourth and fifth metacarpals.

[0129] FIG. 11 is an electrode-skin equivalent circuit
model, where R, and C, represent the resistive and capaci-
tive components of the electrode, R_,, C,, and R, represent
the RC elements of the epidermis and dermis layers, R,
represents an effective serial resistance at the interface (e.g.,
gel or sweat).

[0130] FIG. 12 shows average electrode-skin impedance
as a function of the frequency for the commercially available
electrode (n=8), the carbon electrode (n=20), and the carbon/
ppEDOT (90 W for 10 min; n=13) electrode, where n
denotes the number of tested electrodes.

[0131] The CV data (FIG. 9A) revealed featureless curves
for uncoated and coated electrodes (the small oxidation peak
at 0.1 V is typical to carbon ink due to impurities). Current
versus scan rate showed linear dependence in accordance
with a double layer capacitor model. The DC capacitance
was calculated and normalized with the electrode area
(about 12 mm?) to derive the specific capacitance (C,). C,
increased by two orders of magnitude from 0.018 to 1.6+0.1
and 3.3+0.2 mFem™ for coated electrode (12 W and 90 W,
respectively). 1-3 mFem-2 values are comparable with con-
ventional porous titanium nitride and carbon nanotube elec-
trodes (with 2-10 mFem™). The electrode impedance
appears to stabilize, especially the carbon/ppEDOT, at mod-
erate frequencies to a typical value reflecting the PBS
impedance (FI1G. 9B).

[0132] The electrode-skin impedance of SPE and com-
mercially available electrodes were studied under similar
conditions. The skin was abraded (and wiped) prior to
positioning of all electrode types using a designated abrasive
paste. The skin preparation procedure was identical for both
pregelled and dry electrodes. At 1 kHz, coated electrodes
have on average 10 times lower impedance than that of
pristine electrodes, which in turn have about 10 times larger
impedance than that of gelled electrodes. Since the com-
mercially available electrodes have 15 times the area, it
appears that their specific impedance is similar to that of dry
ppEDOT/carbon electrodes of the present embodiments.
[0133] The linear correlation between the impedance and
the inverse of electrode surface area was validated by testing
electrodes at different sizes. To demonstrate the perfor-
mances of the electrodes, two scenarios were considered:
long-term recording from the FDI, and from the zygomati-
cus major (ZM) muscle of the face. FIGS. 13A-B and 14A-G
show images (FIGS. 13A and 14A-C) and graphs (FIGS.
13B and 14D-G) obtained during the functional recordings.
FIG. 13A shows sEMG skin electrodes application for
recording FDI activity, FIG. 13B shows FDI activity at
different forces measured with a calibrated spring, FIGS.
14A-C show electrode array placed above the ZM of the face
during natural (FIG. 14A), smile (FIG. 14B) and sad (FIG.
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14C) expressions, FIGS. 14D and 14E show recorded sig-
nals distinguishing between a wide smile (FIG. 14E) and a
laughing (FIG. 14D) expression, and FIGS. 14F and 14G
show differentiation during neutral, smiling, sad and angry
facial expressions, using electrode Nos. 0 vs 7 (FIG. 14F)
and using electrodes Nos. 3 vs. 4 (FIG. 14G).

[0134] Immediately after placing the array, stable record-
ings were systematically obtained in all electrodes. Fre-
quency analysis generated form the discrete Fourier trans-
form (DFT) of signals recorded with carbon/ppEDOT, and
pregelled electrodes illustrate similar frequency spectra, in
accordance with the expected spectra for muscle activation.
[0135] Typical noise root mean square (RMS) levels were
in the range of 83+20, 66+6 and 74+15 pV for carbon
electrodes with a surface area of 20 mm?, ppEDOT/carbon
electrode array with a surface area of 20 mm” and commer-
cially available pre-gelled electrodes with a surface area of
300 mm-, respectively. Noise RMS levels of the differential
signals were in the range of 2611 uV for uncoated electrode
array, 25+9 nV for the ppEDOT electrode array and 22+9 vV
for the commercially available electrodes. Owing to the high
SNR, it was possible to record force sensitive data from the
FDI at 0.2-0.5 N with a calibrated spring (FIG. 13B).
Interestingly, e The linear correlation between the imped-
ance and the inverse of electrode surface area was validated
by testing electrodes at different sizes. To demonstrate the
performances of the electrodes, two scenarios were consid-
ered: long-term recording from the FDI (FIGS. 13A and
13B), and from the zygomaticus major (ZM) muscle of the
face (FIGS. 14A-G). Electrodes without ppEDOT were not
sensitive enough to pick the 0.2 N,

[0136] Recording from the face was performed to high-
light the true strength of the tattoo array. ZM, which pulls the
corners of the mouth back and up into a smile, is particularly
interesting for emotional expressions and bipolar subjective
valence detection. The arrays were placed on the cheek,
above the ZM (FIGS. 14A-C). A clear electrical response
was observed while laughing and during a wide smile
(FIGS. 14D and 14E), while a weaker response was mea-
sured during a sad expression (FIGS. 14F and 14G), dem-
onstrating the capacity to differentiate between a smile
(observed in the recordings using electrode Nos. 0-7 and
electrode Nos. 3-4), and a sad expression (observed only in
the recordings using electrode Nos. 0-7). Recordings from
the face muscles were conducted on three individuals. The
signals presented in FIGS. 14D-G are typical results
obtained from the same person. Similar differentiation in
response to different facial expressions was observed for
both individuals.

[0137] In this Example, novel dry electrodes for long-term
sEMG recordings according to some embodiments of the
present invention were described. Small (down to 5 mm in
diameter) electrodes allow high SNR recording without the
need for a gel. This is an improvement from a long held view
that asserted otherwise. In fact, many recent efforts to
improve dry electrodes focused on skin penetration. The
sEMG system described in this Example offers many ben-
efits and uses. The electrodes are dry, avoiding the compli-
cations associated with electrolytic gel, such as skin irrita-
tion and gel drying that degrades long-term recordings. The
spatial-resolution allows easy electrode placement that sim-
plifies the recording procedure. The exact position of nerves
and muscles is no longer a challenge, and can be achieved
through different electrode configurations. The integration
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with electronic devices and wireless capabilities is easy and
can be implemented with off-the-shelf electronics.

[0138] An advantage of the present embodiments is the
use of screen-printing technology combined with a newly
developed ppEDOT coating. Screen-printing is cheap and
can be readily implemented in large-scale production. More-
over, different materials can be conveniently implemented to
support the integration of chemical sensing. Another chal-
lenge addressed by the present embodiments is the need for
low-temperature and dry surface modification process. ppE-
DOT was found to enhance the specific capacitance of the
SPEs and contributed to a reduction in noise.

[0139] The preliminary safety studies presented in this
Example reveal that ppEDOT electrodes cause no skin
irritation and can be used for hours without discomfort.
While focusing on sEMG, other bio-signals, such as EEG,
can be collected using the electrodes of the present embodi-
ments. By demonstrating sEMG recordings from the FDI
and the face, the present Example revealed the potential of
these electrodes for other applications.

Example 2

[0140] The device of the present embodiments can also
record signals from rodents. Carbon nanotube based elec-
trodes can be fabricated according to the layouts illustrated
in FIGS. 15A-D. FIG. 15A shows the layout using 1 mm
diameter electrodes, FIG. 15B shows the layout using 2 mm
diameter electrodes, FIG. 15C shows the layout using 3 mm
diameter electrodes, and FIG. 15D shows the layout supet-
imposed on the head of a rodent.

[0141] Although the invention has been described in con-
junction with specific embodiments thereof, it is evident that
many alternatives, modifications and variations will be
apparent to those skilled in the art. Accordingly, it is
intended to embrace all such alternatives, modifications and
variations that fall within the spirit and broad scope of the
appended claims.

[0142] All publications, patents and patent applications
mentioned in this specification are herein incorporated in
their entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be
construed as an admission that such reference is available as
prior art to the present invention. To the extent that section
headings are used, they should not be construed as neces-
sarily limiting.
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1. A method of measuring signals from a surface, the
method comprising:

placing on the surface a sensing device having an array of

dry electrodes, such that the electrodes conform with

the shape of the surface and there is a direct contact

between the electrodes and the surface; and
collecting signals from said sensing device.

2. A method of measuring signals from a surface, the
method comprising:

placing on the surface a flexible sensing device having an

array of coated electrodes such that the electrodes
conform with the shape of the surface and, wherein at
least one electrode of said array is metallic and is at
least partially coated by a polymer; and

collecting signals from said sensing device.

3. The method according to claim 1, wherein said col-
lecting is executed continuously or intermittently over a time
period of at least a few hours without detaching said sensing
device from the surface.

4. The method according to claim 1, wherein said col-
lecting is executed continuously or intermittently over a time
period of at least a few hours while a signal to noise ratio of
said signals is not reduced by more than 10%.

5. The method according to claim 1, wherein said sensing
device comprises a double sided adhesive film, wherein said
coated electrodes are attached to one side of aid film and said
surface is attached to an opposite side of said film, and
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wherein said film comprises a plurality of opening to expose
a sensing portion of each electrode to the surface.

6. The method according to claim 1, wherein said elec-
trodes are printed electrodes.

7. The method according to claim 1, wherein said signals
are EMG signals.

8. The method according to claim 1, wherein said signals
are EEG signals.

9. The method according to claim 1, wherein said signals
are ECG signals.

10. The method according to claim 1, wherein said signals
are EOG signals.

11. A method of fabricating a sensing device, the method
comprising:

printing metallic electrodes on a flexible substrate to form

an array; and

applying plasma coating to said metallic electrodes, to

induce polymerization of a monomer to a polymer onto
said electrodes, wherein said plasma coating is char-
acterized by a monomer vapor pressure of less than 1
mbar.

12. The method according to claim 11, wherein said
plasma coating is characterized by plasma power of 10-100
W.

13. The method according to claim 11, further comprising
attaching said substrate to one side of a double sided
adhesive film, and forming a plurality of opening in said film

to expose a sensing portion of each electrode at an opposite
side of said film.
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14. The method according to claim 11, wherein said
printing comprises screen printing.

15. The method according to claim 11, wherein said
printing comprises inkjet printing.

16. The method according to claim 11, wherein said
printing comprises carbon nanotube transfer.

17. The method according to claim 11, wherein said
metallic electrode is comprises carbon.

18. The method according to claim 11, wherein said
metallic electrode is comprises a metal selected from the
group consisting of carbon, silver and silver chloride.

19. The method according to claim 11, wherein said
polymer is a plasma polymerized monomer that is selected
from the group consisting of a thiophene, a pyrrole, an
aniline, and substituted derivatives thereof.

20. The method according to claim 19, wherein said
thiophene is 3,4-ethylenedioxythiophene.

21. The method according to claim 1, wherein said surface
is selected from the group consisting of a surface of a
biological material, a surface of a natural tissue, a surface of
an ex-vivo natural tissue, a surface of an in-vivo natural
tissue, a surface of an artificial tissue, a surface of an ex-vivo
artificial tissue, a surface of an in-vivo artificial tissue, a skin
of a subject, a surface of an internal organ of a subject, a
surface of a cell culture.

22-30. (canceled)

31. The method according to claim 1, being employed for
sleep analysis.

32-33. (canceled)
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