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57 ABSTRACT

Single-unit EEG sensors contain multiple closely spaced dry

electrodes that can hook onto skin and associated electronic

circuitry such as amplifiers, A/D convertors, wireless trans-

mitters, and a power source such as a battery. The electrodes

can be separated by about 20 mm or less, and the associated

(21) Appl. No.: 15/282,828 circuitry can be situated within a volume defined by the
multiple electrodes. The single-unit sensors hook onto the
skin using a tooth surface so that a rotation of the sensor

(22) Filed: Sep. 30, 2016 secures and electrically connects the sensor to the skin.
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SINGLE-UNIT LEADLESS EEG SENSOR

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/236,013, filed Oct. 1, 2015, which
1s incorporated herein by reference in its entirety.

ACKNOWLEDGMENT OF GOVERNMENT
SUPPORT

[0002] This invention was made with government support
under Grant Nos. EB013174, and NS036888 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

FIELD
[0003] The disclosure pertains to EEG measurement.
BACKGROUND
[0004] In clinical practice, rapid diagnosis of acute neu-

rological diseases from electroencephalographic (EEG)
observations is highly important. But the current method of
affixing EEG electrodes to the scalp is tedious, taking
several minutes for each electrode. In addition, to acquire a
single channel of EEG, at least three electrodes must be
wired (e.g., using electrode leads) to an amplifier. Wires
tangling can cause signal distortion and it make it inconve-
nient to acquire EEG in emergency, mobile, and certain
applications, such as in critical, ambulatory care or sleep
studies. Although there are portable EEG devices available,
these devices still require installation of multiple distinct
electrodes on the scalp and wire connections to individual
electrodes which consume precious time in critical care, and
often cause wire tangling, signal interruption, and friction
noise.

SUMMARY

[0005] The disclosed approaches can provide small, self-
contained sensors to record EEG and wirelessly transmit
data to one or more of a mobile device at the site of care
and/or a remotely located medical service center.

[0006] EEG sensors comprise an electrode assembly that
includes at least three EEG electrodes that are secured with
respect to each other. An amplifier is coupled to the at least
three EEG electrodes, such that first and second electrodes
are coupled to respective differential amplifier inputs and a
third electrode is coupled to the differential amplifier as a
reference so as to produce an output signal associated with
the at least three electrodes. A plurality of hooks is fixed with
respect to the housing and is operable to secure the at least
three EEG electrodes to a surface of a subject. In some
examples, the sensors include an analog-to-digital convertor
(ADC) coupled to an output of the differential amplifier so
as to produce a digital signal corresponding to the differen-
tial amplifier output signal. A transmitter is coupled to the
ADC so as to produce a transmitted signal associated with
the digital signal corresponding to the differential amplifier
output. A battery, for example, a polymer lithium-ion bat-
tery, serves as the power supply for the EEG sensor. Sensor
electrodes can be provided on a disposable disk such as a
plastic disk that retain the battery and can also include clips
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for battery connections and connection to amplifiers and
other EEG circuit coniponents.

[0007] In representative examples, the at least three elec-
trodes have distal surfaces situated to engage a subject’s
scalp surface, and the electrode hooks are situated on the
distal surfaces. In some examples, the electrode hooks
extend at least partially laterally from the distal surfaces or
at least partially axial from the distal surfaces. In typical
examples, the perimeter of the housing is circular, and four
electrodes are utilized in which two opposite electrodes are
connected as the reference input of a differential amplifier,
and the remaining two electrodes are connected to the
differential inputs of the same amplifier. These four elec-
trodes correspond to sections of a cylindrical shell and are
situated adjacent the perimeter of the housing.

[0008] In further examples, the EEG sensors comprise a
switch, in the form of either an electronic or a mechanical
switch, coupled to the at least three electrodes so as to select
the first and second electrodes to be coupled to the differ-
ential amplifier inputs and the third electrodes to be coupled
as the reference. In still additional examples, the EEG sensor
has four electrodes. The switch selects between two con-
figurations in which two opposite electrodes are connected
as the reference, as shown in FIG. 10, and a switch is
coupled to four electrodes so as to select one opposite pair
of electrodes to be coupled to the differential amplifier inputs
and the remaining opposite pair of electrodes to be coupled
as the reference. In representative embodiments, the wireless
transmitter is a radio-frequency transmitter and the diameter
of the EEG sensor is between 1.5 cm and 2 cm.

[0009] Electrode assemblies comprise an electrode sub-
strate and at least three electrodes defined as conductive
sections of a common cylinder and secured to an insulated
electrode substrate. Each of the conductive sections extends
along an axis of the common cylinder, and each of the at
least three electrodes has a toothed distal surface for attach-
ment to a skin surface. In representative examples, the
electrode substrate is a cylindrical substrate and the at least
three electrodes are secured to an internal or external surface
of the cylindrical substrate so that each of the conductive
sections defining the at least three electrodes extends along
an axis of the cylindrical substrate. Typically, the cylindrical
substrate is a hollow cylindrical substrate. In some
examples, the tooth at edge of the electrodes includes a
plurality of teeth, each of the plurality of teeth having a
plurality of gold-coated tooth surfaces. In another embodi-
ment, gold-coated, densely grown nanowires are extended
perpendicularly to the surface of the electrode teeth to
improve electrode contact with the skin. Typically, the teeth,
with or without nanowires, have a tooth depth of less than
0.5 mm.

[0010] Methods comprise securing an electrode assembly
that includes a plurality of electrodes fixed with respect to
each other to a skin surface so as to electrically connect each
of the plurality of electrodes to the skin surface. An electrical
signal associated with at least three of the plurality of
electrodes is processed (typically band-pass filtered) for
transmission, and the processed signal is transmitted. In
some examples, the electrode assembly is secured to the skin
surface by a slight clockwise (or counter-clockwise) rotation
so that a toothed surface engages and penetrates the very top
layer skin surface (stratum corneum), and the electrical
signal is transmitted as a radio-frequency signal.
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[0011] The foregoing and other features, and advantages
of the disclosure will become more apparent from the
following detailed description, which proceeds with refer-
ence to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1illustrates communication of EEG data from
an EEG sensor to a mobile computing device and a wide-
area network (cloud) that is coupled to additional commu-
nication channels and to medical provider networks and
databases.

[0013] FIG. 2 is a schematic diagram of a representative
EEG sensor.
[0014] FIG. 3 is a schematic plan view of a representative

EEG sensor having conductive arc segments that serve as
EEG electrodes.

[0015] FIG. 4 is a schematic side view of a representative
EEG sensor having conductive arc segments that serve as
EEG electrodes.

[0016] FIG. 5 illustrates a portion of an EEG electrode
having microscopic hooks so as to provide electrical and
mechanical coupling to a subject’s skin surface.

[0017] FIGS. 6-7 are schematic plan views of representa-
tive EEG sensors having disk-shaped arc segments, respec-
tively, that serve as EEG electrodes.

[0018] FIG. 8 illustrates wireless communication of EEG
data from an EEG sensor to a mobile computing device.
[0019] FIG. 9 illustrates a representative method of
acquiring EEG data using a remote, subject-mounted EEG
sensot.

[0020] FIG. 10 illustrates an EEG sensor that includes four
electrodes that define a hollow cylinder in which ancillary
electronics can be situated.

[0021] FIGS. 11A-11C are electron micrographs showing
electrode teeth (FIG. 11A), a single tooth (FIG. 11B), and
nanowires on a tooth (FIG. 11C). These stainless steel
microscopic teeth are fabricated using photolithographic
techniques as described in Jia et al., U.S. Patent Application
Publication US2015/0126846, which is incorporated herein
by reference.

[0022] FIG. 12 illustrates disk electrode separation used to
validate the utility of closely spaced EEG electrodes.
[0023] FIGS. 13A-13B illustrate representative EEG
waveforms acquired with a subject in a resting state (FIG.
13A) and with eyes closed (FIG. 13B).

[0024] FIG. 14 contains spectral plots of alpha wave
power for various electrode orientations.

[0025] FIG. 15 illustrates an EEG sensor that includes a
multichannel amplifier, a set of filters, and an A/D circuit.
[0026] FIGS. 16A-16C illustrate an EEG sensor that
includes a disposable disk to which electrodes are secured.
[0027] FIGS. 17-18 illustrate a representative method of
manufacturing sensor electrodes.

[0028] FIG. 19 illustrates electrode selection with respect
to a scalp electric field direction.

[0029] FIG. 20 illustrates an EEG sensor that includes six
electrodes.
[0030] FIG. 21 illustrates electrode switching based on

scalp electric field direction.

[0031] FIG. 22 is a block diagram of a representative
subject-mountable, integrated EEG sensor system.

[0032] FIGS. 23-26 illustrate portions of representative
electrodes suitable for electrical coupling to a skin surface.
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DETAILED DESCRIPTION

[0033] As used in this application and in the claims, the
singular forms “a,” “an,” and “the” include the plural forms
unless the context clearly dictates otherwise. Additionally,
the term “includes” means “comprises.” Further, the term
“coupled” does not exclude the presence of intermediate
elements between the coupled items unless otherwise noted.
[0034] The systems, apparatus, and methods described
herein should not be construed as limiting in any way.
Instead, the present disclosure is directed toward all novel
and non-obvious features and aspects of the various dis-
closed embodiments, alone and in various combinations and
sub-combinations with one another. The disclosed systems,
methods, and apparatus are not limited to any specific aspect
or feature or combinations thereof, nor do the disclosed
systems, methods, and apparatus require that any one or
more specific advantages be present or problems be solved.
Any theories of operation are to facilitate explanation, but
the disclosed systems, methods, and apparatus are not lim-
ited to such theories of operation.

[0035] Although the operations of some of the disclosed
methods are described in a particular, sequential order for
convenient presentation, it should be understood that this
manner of description encompasses rearrangement, unless a
particular ordering is required by specific language set forth
below. For example, operations described sequentially may
in some cases be rearranged or performed concurrently.
Moreover, for the sake of simplicity, the attached figures
may not show the various ways in which the disclosed
systems, methods, and apparatus can be used in conjunction
with other systems, methods, and apparatus. Additionally,
the description sometimes uses terms like “produce” and
“provide” to describe the disclosed methods. These terms
are high-level abstractions of the actual operations that are
performed. The actual operations that correspond to these
terms will vary depending on the particular implementation
and are readily discernible by one of ordinary skill in the art.
[0036] In some examples, values, procedures, or appara-
tus’ are referred to as “lowest”, “best”, “minimum,” or the
like. It will be appreciated that such descriptions are
intended to indicate that a selection among many used
functional alternatives can be made, and such selections
need not be better, smaller, or otherwise preferable to other
selections.

[0037] Examples are described in some cases with refer-
ence to directions indicated as “above,” “below.,” “upper,”
“lower,” and the like. These terms are used for convenient
description, but do not imply any particular spatial orienta-
tion. EEG electrode separations as disclosed herein are
typically less than about 30 mm, 25 mm, 20 mm, 15 mm, 10
mm, or 5 mm as measured center-to-center, but other sepa-
rations can be used.

[0038] In the disclosed examples, two, three, or more
electrodes are fixed with respect to each other for convenient
attachment to subject surface. As used herein, a substrate or
housing refers to a supporting structure to which such
electrodes are fixed. In typical examples, such a supporting
structure also defines a volume in which associated sensor
electronics can be situated. Substrates or housings need not
define such volumes, and electronic circuitry can be secured
to a substrate or housing, or otherwise fixed with respect to
a substrate or housing. However, such electronic circuitry
can be remotely located, although such an arrangement is
generally inconvenient and less desirable.
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[0039] EEG waveforms and data are typically transmitted
from a sensor without a wired connection. As used herein,
radio-frequency transmission includes transmission at fre-
quencies between about 10 kHz and 20 GHz, typically at
frequencies associated with one or more communication
standards such a BLUETOOTH, WIFI, of Near Field Com-
munication (NFC) standard.

[0040] In typical examples, single-unit, ultra-portable
EEG sensors can be provided that are smaller than about 10
mm in height by 19 mm in diameter, permitting rapid,
convenient acquisition of critical point-of-care information
about brain electrical activity. In some examples, a cylin-
drical EEG sensor is twisted and hooked onto a subject’s
skin surface without the need for skin preparation and
electrolyte. Electronic components such as amplifiers, ana-
log-to-digital convertors (ADCs), filters, microcontrollers,
wireless transmitters, receivers, antennas, and other compo-
nents are placed within the sensor. The EEG sensor transmits
EEG data to a data port such as a mobile computing device,
a tablet computer, a lap top computer, a desktop computer,
or other fixed or mobile devices. The transmitted EEG data
can be distributed via the cloud to one or more additional
destinations as may be desired. From the data port, the EEG
waveforms can be observed or further transmitted to a
remotely located server or a cloud platform.

[0041] EEG electrode assemblies typically include three
or more electrodes that are fixed with respect to each other.
The electrodes can be secured to a substrate, a housing, or
other support structure or secured to each other. The elec-
trodes are separated by one or more insulators or are
otherwise electrically selected, and electrodes for a particu-
lar measurement can be selected using a switch such as a
mechanical switch or an analog switch. In some examples,
four electrodes are provided and one opposing pair of
electrodes is electrically coupled to serve as a reference and
a second opposing pair of electrodes is coupled for use in
measurement., For convenience, surfaces of electrodes con-
figured for attachment to a subject are referred to as “distal
surfaces.”

[0042] With reference to FIG. 1, a representative diagnos-
tic system for acquiring EEG waveforms from a subject 102
includes a head-mounted EEG sensor 104 that typically
includes at least three electrodes, amplifiers, buffers, and a
transmitter and other circuitry to process EEG signals for
wireless communication. A mobile device 106 is situated to
receive the communicated EEG waveforms based on pro-
cessor-executable instructions stored in the mobile device
106. A mobile device display 108 is generally arranged to
provide display regions 110, 112, 114 for display of EEG
waveforms, related EEG waveform data or measurement
results, and EEG data acquisition and communication con-
trols such as acquisition duration, electrode selection, wave-
form and data storage, communication destination, and
method of communication (e.g., email, text message, post-
ing to cloud-based server). The mobile device 106 wirelessly
communicates EEG waveform and other data via a wide
area network 120 (“cloud”) to a provider data center 122. In
some cases, EEG waveforms and other data are relayed to a
cellular network 124 or a conventional telephone network
(POTS) 126. EEG data can be encrypted prior to transmis-
sion for privacy, and transmission can be authorized only to
validated addresses such as email addresses, IP addresses, or
other destination identifiers.
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[0043] 1In other examples, the EEG sensor 104 can be
coupled to a mobile device or other data acquisition and
control system using a wired connection, and the mobile
device or data acquisition and control system can commu-
nicate to the cloud 120 using a wired connection such as an
Ethernet connection. Wireless communication can be based
on optical or radio-frequency communications, and suitable
optical emitters (e.g., LEDs), optical detectors, and associ-
ated emitter drivers, detector amplifiers can be provided.
Typically, radio-frequency or other wireless electrical com-
munication is provided as convenient using communication
systems such described by BLUETOOTH, NFC, or ZIG-
BEE wireless communication standards. The EEG sensor
104 typically communicates digitized EEG waveforms, but
transmission of analog EEG waveforms is also possible,
albeit generally less convenient. While FIG. 1 indicates
communications from the EEG sensor 104, the mobile
device 106 can also communicate data acquisition instruc-
tions, communication channel information, or other data or
instructions to the EEG sensor 104.

[0044] Referring to FIG. 2, a representative EEG sensor
200 includes an electrode assembly 202 (typically at least
three electrodes) that is coupled to a signal amplifier 204.
The signal amplifier can filter and amplify EEG signals from
the electrode assembly 202 and direct the processed signals
to an analog-to-digital convertor 206 that produces digital
representations of EEG waveforms. Typically, one or more
filters 205 process the signals prior to the analog-to-digital
convertor 206. The digital representations are coupled to a
transmitter (TX) or transmitter/receiver 208 for communi-
cation to a mobile device or other destination. The electrode
assembly 202 generally includes three or more electrodes
that are fixed with respect to each other so as to be easily
secured to a subject. In some cases, the electrodes are
situated at, on, or proximate a perimeter surface of a housing
or substrate to which the signal amplifier 204, A/D 206, and
transmitter 208 are secured to provide a suitable large (or
maximum) electrode spacing given an overall size of the
EEG sensor 200.

[0045] With reference to FIG. 3, a representative EEG
sensor 300 includes electrodes 302A-302D that are secured
to an interior surface of a housing 306. The electrodes
302A-302D are electrically separated with gaps 304A-
304D. The electrodes 302A-302D can be formed of a wire
mesh, as a conductive coating on the housing 306, or as
discrete conductors, and can be provided as disposable
electrodes. The electrodes 302A-302D are shown in FIG. 3
as extending along a substantial portion of an interior
surface of a housing 306 having a circular cross-section, but
the shape and extent of the electrodes can be selected as
convenient, and the housing 306 can have square, rectan-
gular, polygonal, arcuate or other cross-sections. By placing
electrodes at a housing surface, electrode spacing can be
increased to substantially a housing dimension. The elec-
trodes 302A-302D can also be secured to or defined on a
housing exterior surface.

[0046] A differential amplifier 310 has differential inputs
coupled to electrodes 302A, 302C and a reference input
coupled to electrodes 302B, 302D. An output of the differ-
ential amplifier 310 is coupled to a microcontroller (MCU)
312 for A/D conversion and other processing. The digital
output is coupled to transmitter 315 and an antenna 316 for
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communication. Power is provided to the differential ampli-
fier 310, the MCU 312, and the transmitter 315 with a
battery 318.

[0047] FIG. 4 is side view of an EEG sensor 400 such as
that of FIG. 3. The EEG sensor 400 includes a housing 401
that defines a battery compartment 402 and associated
electronics (not shown in FIG. 4) and electrodes 404, 406
that are situated at an exterior surface of the EEG sensor 400.
The electrodes 404, 406 are typically disposable and are
electrically separated by a gap 408, and each of the elec-
trodes 404, 406 includes a respective plurality 414, 416 of
fasteners such as teeth, hooks, barbs, pins, clips, or others on
respective distal surfaces 410, 412. As used herein, a distal
electrode surface 1s an electrode surface that faces a subject
surface (such as a patient’s hair or skin) as situated to
acquire EEG signals. As shown in FIG. 4, the fasteners 414,
416 extend axially beyond the distal surfaces 410, 412 (i.e.,
along an axis 420) but can extend laterally outwardly or
inwardly (i.e., in directions perpendicular to the axis 420) as
well. The fasteners 414, 416 are generally selected to
provide mechanical and electrical coupling to a subject.
[0048] With reference to FIG. 5, a lateral exterior surface
501 of an electrode 500 includes hooks 502-506 that can be
used to secure the electrode 500 to a subject. In the top down
view of FIG. 5, a clockwise rotation causes the hooks
502-506 to engage so that the electrode 500 (and the EEG
sensor) is mechanically fixed and electrically coupled to the
subject. Electrode gels are not needed, and electrodes can be
placed with a simple rotation. EEG electrodes can also be
provided on lateral or distal surfaces with barbs, needle-like,
dentate or other protrusions, series of stiff wires or other
protrusions that are aligned at an angle with respect to the
distal surface of an electrode. Needles, wires, or other
protrusions can also extend substantially perpendicularly to
distal electrode surfaces. With such protrusions, electrical
contact is made without necessarily providing sufficient
mechanical attachment, and tapes, clips, bands, combs, or
other structures can be used to secure the electrodes.
[0049] Referring to FIG. 6, another representative EEG
sensor 600 includes electrodes 603-606 situated proximate a
perimeter of a circular housing 602. The electrodes 603-606
are coupled to an analog switch 610 that couples selected
electrodes to a differential amplifier 612 to serve as signal
and reference inputs as instructed by a controller 614. A
transmitter 616 is coupled to the controller 614 to commu-
nicate measurement results to a remote mobile station or
other device or network. The electrodes 603-606 are shown
as having circular cross-sections and can be cylindrical
electrodes, but other shapes are possible. Typically, distal
electrode surfaces includes hooks or other mechanical and/
or electrical couplings. While the analog switch 610 can be
controlled to designate electrodes as signal and reference
electrodes, the analog switch 610 can also sequentially step
through some or all combinations and in some cases, dis-
continue stepping after an electrode arrangement that pro-
duces a superior signal level or a superior signal-to-noise
ratio is identified.

[0050] Referring to FIG. 7, yet another representative
EEG sensor 700 includes electrodes 703-706 situated proxi-
mate corners of a rectangular housing 702. In typical
examples, the electrodes 703-706 are disposable. The elec-
trodes 703-706 are coupled to an analog switch 710 that
couples selected electrodes to a differential amplifier 712 to
serve as signal and reference inputs as instructed by an MCU
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714. The electrodes 703-706 can be corner sections situated
within the housing 702. As noted above, distal electrode
surfaces generally include hooks or other mechanical and/or
electrical couplings. The electrodes 703-706 can alterna-
tively be formed along sides of the housing 702, and need
not be corner sections or situated at corners.

[0051] Referring to FIG. 8, an EEG sensor 800 includes
electrodes 802-805 (typically disposable) that are secured to
a housing or substrate 806. In the example of FIG. 8 and
other examples disclosed herein, all the electrodes of an
EEG sensor need not be the same, nor must they be similarly
or symmetrically situated with respect each other or to an
EEG housing. In general, so along as at least two (and
preferably) three electrodes are provided, any geometric
arrangement of electrodes whether or not of the same shape
1s sufficient. As noted above, distal surfaces of electrodes can
include teeth or hooks, and in the example of FIG. 8 such
teeth or hooks can face in common direction and can be
differently oriented with respect so that a sliding motion in
a predetermined direction can secure the sensor 8§00 to a
surface. Typically, such teeth or hooks are arranged so that
a slight rotation such as a clockwise rotation secures the
electrodes.

[0052] The EEG sensor 800 also includes an electronic
assembly 810 such as a circuit board to which amplifier,
processor, A/D, transmitter, battery, and other circuit ele-
ments can be secured. In the example of FIG. 8, a wireless
connection 812 couples the EEG sensor 800 to a mobile
computing device 814 or other computing device. In other
example, an optical fiber or electrical cables can be used to
provide a cabled optical connection. If a cable connection is
used, sensor power can be provided by the mobile comput-
ing device 814 and the connection can be based on, for
example, a Universal Serial Bus.

[0053] As shown in FIG. 8, insulating spacers 822-825 can
be used to fix the electrodes 802-805 to each other, and if
desired, the electronic assembly 810 can be secured to the
electrodes 802-805 and a separate support or substrate is
unnecessary. If a housing is provided, the electrodes 802-
805 generally extend out of the housing at least partially to
aid in skin contact.

[0054] Referring to FIG. 9, a representative method 900
includes securing an electrode assembly such as a disposable
electrode assembly to a subject at 902, typically using
hooks, pin, or barbs on one or more EEG electrodes. At 904,
electrodes are selected as signal and reference electrodes, or
multiple or all combinations are selected for evaluation. In
some cases, some or all combinations are evaluated and a
combination associated with a preferred signal characteristic
such a signal to noise ratio or signal strength is selected. A
remote transmitter such as a mobile computing device can
be used to communicate a selection of electrodes or all (or
predetermined electrode sets) can be used and associated
EEG data transmitted with a suitable header that identifies
the electrode selection. The electrodes can be selected with,
for examples, mechanical or electrical switches, including
analog switches. The mobile computing device can then be
used to display EEG data, so that a user can enter a
command so that a preferred selection is transmitted to the
EEG sensor. If EEG waveform power (such as power in a
one or more spectral bands) is used, an electrode selection
can be made with a power measurement in the EEG sensor
or at an external computing device. At 906, EEG waveforms
are collected and the collected EEG waveforms are condi-
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tioned by filtering or other processes at 907. At 908, data
waveforms or other data associated with the selected elec-
trode combinations is transmitted.

[0055] Referring to FIG. 10, a sensor 1000 includes an
electrode assembly 1002 in which electrodes 1003-1006
define a hollow cylinder. This hollow cylinder is vertically
(i.e., along an axis 1008) decomposed into four electrically
isolated, approximately quarter-circle conductive segments
corresponding to the electrodes 1003-1006. The electrodes
1003-1006 are coupled to a switch 1010 so that two opposite
electrodes (such as 1003, 1005) are connected to differential
inputs of an amplifier 1012, and the other two opposite
electrodes (such as 1004, 1006) are connected to ground and
serve as reference electrodes. The switch 1010 can select
pairs of electrodes to serve as signal or reference electrodes
either automatically or manually so that the differential input
follows a maximum gradient of skin bio-potential for supe-
rior signal-to-noise ratio. In some examples, the electrode
assembly 1002 is 1.0 cm or 4 mm high along the axis 1008
and has a diameter of about 1.9 cm. Typical diameters can
be in the same range as U.S currency such as nickels, dimes,
quarters, or pennies, but other diameters can be used.
Electronics such as the switch 1010 and the amplifier 1012
can be situated in the hollow cylindrical volume.

[0056] As shown in FIG. 10, distal regions of the elec-
trodes 1003-1006 such as distal regions 1014-1016 are
provide with fine teeth or hooks for connection to a top layer
of skin (stratum corneum). The details of such distal regions
are shown in FIGS. 11A-11C. FIG. 11A depicts fine teeth
and FIGS. 11B-11C show nanowires covering the teeth. In
some examples, the nanowires are formed of zinc oxide or
gold. The teeth are designed to secure the sensor on the skin
and electrically connect to the skin. The teeth are generally
made of stainless steel, and gold coated to reduce an
impedance of the skin-electrode-interface. As used herein, a
tooth depth is a tooth dimension associated with a maximum
tooth extension from an untoothed portion of a surface, and
tooth depths of less than 1 mm, 0.5 mm, and 0.25 mm are
preferred.

[0057] In one example, a Texas Instruments ADS1294
multichannel, simultaneous sampling, 24-bit, delta-sigma
(AY) analog-to-digital converter with built-in programmable
gain amplifiers (PGAs) was used for data acquisition, a 16
bit microcontroller (Texas Instruments MSP430) was used
to control data processing and transmission, and an RN-42
Bluetooth module from Roving Networks was used to
transmit data. Other component selections can be made, and
components that are power eflicient and compact are pre-
ferred. In some examples, other suitable signal amplifiers,
microprocessors, and WiFi adapters (for example, IEEE
802.11ac, 802.11a, 802.11b, or 802.11g adapters) can be
used to acquire data, control data processing, and transmit
data.

[0058] Referring to FIG. 15, an EEG sensor 1500 includes
a cylindrical electrode assembly 1502 (that may be dispos-
able) and that includes electrodes 1504-1507 that are sepa-
rated by non-conductive gaps 1514-1517. A distal surface
1518 of the electrode assembly 1502 is provided with teeth
or other skin connections as discussed above. The electrodes
1504-1507 are electrically connected to a multichannel
amplifier and A/D circuit 1520 that includes a set 1524 of
amplifiers 1561-1564, A/Ds 1571-1574, and filters 1551-
1554, and a multiplexer 1522 that selects electrode cou-
plings to the amplifiers and A/Ds. Digitized outputs are
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coupled to an onboard controller 1526 and coupled to a
transmitter 1528 and antenna 1530. Outputs associated with
some or all combination of electrodes as references and
signals can be transmitted as desired. Circuitry, including a
battery, can be situated within the electrode cylinder. If more
convenient, a single electrical cable can be used to commu-
nicate data. For example, a twisted pair or a multi-conductor
cable such as an Ethernet cable can be used, and EEG data
communicated in series or in parallel.

Demonstration Example

[0059] The EEG sensors disclosed herein are generally
particularly advantageous if the EEG sensors are both small
and readily attachable to a subject. While electrodes can be
secured to an EEG sensor so as to extend beyond a sensor
housing, more robust EEG sensors typically have electrodes
within or mounted directly to a sensor housing or other
sensor substrate. In such compact EEG sensors, electrode
separation tends to be smaller than that which is generally
believed necessary for successful EEG measurements. To
demonstrate the utility of small separations, the electrode
arrangement 1200 of FIG. 12 was used. The electrodes
1201-1204 were conventional disc electrodes that were
placed in an occipital region of a male, healthy subject’s
scalp.

[0060] Separations of about 20 mm were selected for
evaluation. The EEG signal is generated by functional neural
substrates within the brain and the EEG signal at the scalp
surface can be associated with volume conduction in
response to current sources at activated neural substrates.
Two of four electrodes 1201-1204 were connected to a
differential amplifier as signal inputs, and the remaining two
electrodes were connected together and further connected to
a reference input of the same amplifier. Since any two of the
electrodes could be used as signal inputs, there were six
ways of connecting these electrodes corresponding to dif-
ferent orientations. It is possible that some of the six ways
provide better signal qualities than others.

[0061] Inter-distances of the electrodes were 20, 22, 22
and 25 mm for electrodes pairs BG, BG, PY, GY, respec-
tively. EEG data were acquired using an instrumentation
amplifier, gain amplifiers and sets of high-pass and low-pass
filters. Data was recorded at a sampling rate of 500 Hz with
16-bit resolution, and recorded data displayed in real-time,
as needed.

[0062] In order to verify that a true EEG signal has been
recorded, signal and noise in the acquired raw data must be
identified. Unfortunately, signal and noise are practically
impossible to entirely separate. Therefore, the alpha wave as
a signature signal is identified from recorded signal to
determine the signal quality. Alpha waves are associated
with alertness and wakefulness and exhibit a definite rhythm
when a subject is relaxed with eyes closed, and almost
disappear for an alert subject with open eyes and alpha wave
frequencies are generally in the range of 8-13 Hz. These
known characteristics of alpha waves allowed their use in
assessing different electrode orientations.

[0063] Raw EEG data was divided into 5 segments of
duration of 5 seconds (2,500 data points) and a Hamming
window with 5-second length was applied to each segment.
Each segment was processed by taking a discrete Fourier
transform (DFT) of the segment padded with zeros so that
DFT length was 4,096. Alpha band energy was defined as
the magnitude squared of DFT within an 8 Hz to 13 Hz
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window. For each electrode orientation/selection, data were
acquired and processed in this manner.

[0064] To confirm that alpha wave acquisition was appro-
priate, waveforms were acquired with the YB electrode pair
use as a reference. The resulting resting state (eves open) and
eyes closed state waveforms are shown in FIGS. 13A-13B,
confirming that the alpha wave was observable. Different
electrode combinations were then investigated with the
subject’s eyes closed and signal power measured as sum-
marized in the table below.

Alpha wave power and peak frequency for various
electrode combinations

Reference  YB GP GY BG BP PY
Connection (1) 2) (3) 4) &) 6)
fpeae @z) 1172 1184 1172 1125 1172 1172
Power -2335 -229 -23.76 -29.86 -2547 -29.14
(dB)
[0065] FIG. 14 contains graphs of averaged spectral power

for all six electrode arrangements, all of which exhibit alpha
waves. As can be observed from the table above, EEG
waveforms can be acquired with closely spaced electrodes,
and selections of different signal and reference electronics
provide different signal powers.

Additional Examples

[0066] Referring to FIGS. 16A-16C, a sensor 1600
includes a housing 1602, shown as a cylindrical housing,
that defines a volume in which circuit components such as
A/D convertors, amplifiers, buffer circuits, microcontrollers,
RF transmitters (or transceivers, analog switches, batteries,
circuit boards, and other components can be situated. A
power switch 1604 (such as push-button switch) is provided
on an end surface 1601 of the housing 1602 at an upper end
and can include an indicator light such as an LED to aid the
user in determining that the sensor 1600 is active. A perim-
eter surface 1603 can be knurled or otherwise provided with
elements, preferably surface features that extent along a
central axis of the housing 1602. Other grip aids or grip
promoting materials can be used instead on in addition to
knurling. The housing 1602 is preferably liquid proof to
permit sterilization. A disposable disk substrate 1605 (typi-
cally a plastic disk) is situated at a distal end of the housing
1602 and attachment electrodes such as representative
attachment electrodes 1610-1612 that include representative
toothed distal surfaces 1620-1622 are secured to the disk
substrate 1605. Each of the attachment electrodes 1610-
1612 is shaped in a boot form to allow slight motion in a
vertical direction so as to conform to a subject scalp surface.
Typically, the electrodes 1610-1612 approximately conform
to the cylindrical shape of the perimeter surface 1603, and
define respective gaps 1630-1632 that separate electrode end
portions form the disk electrode 1605. For example, as
shown in FIG. 16B, the electrode 1611 includes an end
portion 1611B and a portion 1611A that is secured to the disk
substrate 1605, and the gap 1631 is situated between the end
portion 1611B and the disk substrate 1605. Other electrodes
are similarly constructed and secured. This electrode shape
can be referred to as boot-shaped, and permits electrode
flexing to conform to a subject surface. Typically four
electrodes are provided, but for convenient illustration, only

Apr. 6,2017

three electrodes are shown in FIGS. 16A-16B. In some
examples, the electrodes are formed of 25 um thick gold-
plated stainless steel but other conductors and thicknesses
can be used. As noted above, housings need not be cylin-
drical but can have rectangular, polygonal, ellipsoidal or
other cross-sections.

[0067] Referring to FIG. 16C, clip posts 1640-1642 are
fixed to the disposable disk substrate 1605 to retain a battery
such as a coin-shaped battery on either surface of the disk
substrate 1605 and to couple electrical power to sensor
circuitry. The disk substrate 1605 can be provided with
conductors situated to couple each of the electrodes to
suitable circuit elements as discussed above, typically one or
more analog switches and/or amplifiers. The distal surface
1621 of the electrode 1611 can have surface features such as
shown in FIGS. 11A-11C. Typically teeth are formed thatare
30-50 um high at an angle of 2-5 degrees from the plane
defined by the disk substrate 1605, and include a plurality of
nanowires. In the arrangement of FIGS. 16A-16C, the disk
electrodes 1605 can be disposable, and typically the entire
disk assembly of FIG. 16C is disposable.

[0068] FIG. 17 illustrates a method of manufacture elec-
trodes such as described above. Referring to FIG. 17, at
1702 a photoresist layer is applied to a conductive sheet to
sensitize the sheet, and at 1704, the sensitized sheet is
exposed to patterned illumination, by for example, project-
ing a pattern onto the sensitized surface or by contact
printing. In still other examples, patterned photoresist can be
provide by direct writing using, for example, an ink jet
printing process. At 1706, portions of the photoresist layer is
removed, either the exposed or the unexposed portions. At
1707, the conductive sheet is etched to form electrodes. In
some examples, multiple electrodes are defined on a single
conductive sheet as an electrode strip. At 1708, the electrode
strips are separated into individual electrodes. As shown in
FIG. 18, a conductive strip 1800 which defines multiple
electrode strips 1810-1817 can be separated into two, three,
or more electrodes.

[0069] Inclusion of multiple electrodes can permit selec-
tion of preferred electrodes for EEG acquisition. Typically,
electrodes that are opposing with respect to a gradient of
scalp electrical potential (i.e., scalp electric field) are pre-
ferred. This direction is typically variable but changes
relatively slowly. FIG. 19 illustrates an arrangement of
electrodes 1910-1913 with respect to a scalp electric field
direction 1906 to provide superior sensor signal such as
signal magnitude and/or signal to noise ratio. In the arrange-
ment of FIG. 19, electrodes 1910, 1912 are coupled to
amplifier inputs, and electrodes 1911, 1913 are coupled to
serve as a reference. As discussed above, a switch can be
provided to vary these couplings and thus select suitable
couplings for an arbitrary electric field direction. However,
with four electrodes, alignment errors can be significant.
[0070] Superior electrode couplings with respect to an
electric field direction can be provided with additional
electrodes. With reference to FIG. 20, a sensor 2000 includes
electrodes 2010-2015 that are separated by insulating
regions 2020-2025. Such electrodes can be formed on an
interior or exterior surface of a housing, or as conductors
secured to disk substrate as discussed above. The electrodes
2010-2015 need not have the same dimensions and need not
be symmetrically situated as shown in FIG. 20. The elec-
trodes 2010-2015 are coupled to a switch 2004 that couples
one or more electrodes to differential inputs and a reference
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input of an amplifier 2006. A control signal is received by the
switch to select suitable couplings, typically to produce a
preferred signal strength or signal to noise ratio.

[0071] FIG. 21 illustrates a representative arrangement of
electrodes in a sensor 2100. Electrodes 2110-2113 are
coupled to a switch 2120 that selectively couples electrodes
to differential inputs and a reference input of an amplifier
2106. As shown, electrode 2110 can be switched to connect
to a positive input of the amplifier 2016 or the reference
(REF) input. The opposite electrode 2112 can be switched to
connect to a negative input of the amplifier 2106 or the
reference input. Thus, the electrodes 2110, 2112 can be
coupled together to serve as a reference, or coupled to
opposing amplifier inputs, as preferred based on a scalp
electric field direction. Similarly, electrode 2111 can be
switched to connect to a positive input of the amplifier 2016
or the reference input. The opposite electrode 2113 can be
switched to connect to a negative input of the amplifier 2106
or the reference input. Thus, the electrodes 2111, 2113 can
be coupled together to serve as a reference, or coupled to
opposing amplifier inputs, as preferred based on a scalp
electric field direction.

[0072] With reference to FIG. 22, a representative sensor
2200 includes a battery 2202 such as a CR2032 battery
coupled to one more power management circuits including
voltage regulator circuits such as a Texas Instruments TPS
71725 voltage regulator, and a buck-boost convertor such as
a TPS63000 buck-boost converter so as to provide sensor
power. An electrode assembly 2206 is coupled to an elec-
tronic switch 2208 such as an Analog Devices ADG788
quad SPDT switch which is in turn coupled to one or more
preamps 2210 such as an INA103 Burr-Brown instrumen-
tation amplifier and a Texas Instruments ADS1292 opera-
tional amplifier that can produce a differential signal output.
A biopotential circuit 2212 such as a Texas Instruments
ADS1292 that includes A/D convertors, a programmable
gain amplifier (typically used for EKG and sports and fitness
applications) receives the differential signal and couples a
digital signal to a microcontroller 2214 such as a Texas
Instruments CC2541 microcontroller with a wireless trans-
ceiver that implements BLUETOOTH wireless communi-
cation via an antenna 2216 that can include a chip antenna
such as a Johanson 2450AT42A100 ceramic chip antenna
and a balun/filter such as a Johanson 2450BM15A000
impedance matched balun and band pass filter. Sensor
electronics illustrated in FIG. 22 can be implemented using
one or more circuit substrates sized to fit within a housing,
and adjustments to gains, filter frequencies and date flows
can be controlled via a remote computing device such as a
handheld device.

Example Electrode-Skin Interfaces

[0073] With respect to FIG. 23, an electrode 2300 includes
an electrode base 2302 having a distal surface 2303 which
is provided with representative teeth 2305-2306 situated on
an electrode extension 2304. Typically, the distal surface
2303 is a rim of a cylinder and the electrode 2300 conforms
to a cylindrical surface. The electrode extension 2304
extends opposite a direction 2301 along which the teeth
2305-2306 face, i.e., opposite a direction in which the teeth
2305-2306 are moved for attachment to a skin surface. An
upper edge 2308 of the electrode extension 2304 and the
distal surface 2303 define a gap 2312. In addition, the
electrode extension 2304 extends from the electrode base
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2302 so as to define an aperture 2310. As shown in FIG. 23,
the upper edge 2308 of the electrode extension 2304 is
situated at an angle 0 with respect to the distal surface 2303.
The angle 6 is shown as a positive angle and is typically
within a range of 0 to 0.5 degrees, 0 to 1 degree, 0 to 2
degrees, 0 to 5 degrees, or 0 to 10 degrees, but negative
angles can also be used.

[0074] As shown in FIG. 23, the electrode 2300 is shown
schematically and generally not to scale, but the electrode
extension 2304, the gap 2312 and the aperture 2310 are
shown to scale. Only two teeth are shown, but more are
typically provided. Similarly, only a single electrode exten-
sion is depicted, but one or more can be used for each
electrode. The gap 2312 and the aperture 2310 provide
flexibility so that when pressed against a skin surface, the
distal surface 2303 (such as an electrode rim) can conform
to a curvature of a scalp surface and distribute forces more
evenly. This generally permits more teeth to engage a skin
surface and reduces damage to the teeth. This is particularly
useful for relatively large electrodes. Fabrication of an
electrode such as the electrode 2300 can be done with a
photolithography/etching process as discussed above, with
little or no additional cost.

[0075] Referring to FIG. 24, a representative electrode
2400 includes an electrode base 2402 that includes an
electrode extension 2410 situated at a distal surface 2408.
Teeth 2405-2407 extend from the electrode extension 2410
so as to face an attachment direction 2401. An upper edge
2414 of the electrode extension 2410 and the distal surface
2408 define an angle 0 that is typically less than 5 degrees.
The electrode extension 2410 defines a gap 2416 from the
distal surface 2408.

[0076] In another example shown in FIG. 25, a represen-
tative electrode 2500 includes an electrode extension 2510
that defines a gap 2504 and an aperture 2505 from an
electrode base 2502. Teeth 2506-2509 are situated at a distal
surface 2520 of the electrode extension 2510 and face an
attachment direction 2501. An upper surface 2516 of the
electrode extension 2510 and a distal surface 2515 are at an
angle 8 that is typically less than 1, 2, or 5 degrees.

[0077] Referring to FIG. 26, a representative electrode
2600 includes an electrode base 2602 that has representative
teeth 2605-2606 situated at a distal surface 2610 of the
electrode base 2602, The teeth 2605, 2606 face an insertion
direction 2601 and define respective relief regions 2615,
2516. While FIG. 26 is generally not to scale and only a
portion of the electrode 2600 is illustrated, the teeth 2605-
2606 are shown to scale. As with other examples discussed
above, the electrode 2600 and the teeth 2605-2606 can be
formed in a single piece by a photolithography and etching
process, and multiple electrode strips can be formed of a
single electrode substrate. As with other electrodes dis-
cussed above, it is generally convenient to form the teeth and
other electrode portions with a single electrode substrate, but
electrodes and teeth can be formed separately and teeth
attached to the electrode, but this is generally less suitable
than unitary construction.

[0078] In view of the many possible embodiments to
which the principles of the disclosed technology may be
applied, it should be recognized that the illustrated embodi-
ments are only preferred examples of and should not be
taken as limiting the scope of the technology. Rather, the
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scope of the invention is defined by the following claims. We
therefore claim all that comes within the scope and spirit of
these claims.

We claim:

1. An EEG sensor, comprising:

an EEG electrode assembly including at least three EEG
electrodes fixed with respect to each other;

a differential amplifier coupled to the at least three EEG
electrodes such that first and second electrodes are
coupled to respective differential amplifier inputs and a
third electrode is coupled to the differential amplifier as
a reference so as to produce an output signal associated
with the at least three electrodes; and

a plurality of hooks operable to secure at least the three
EEG electrodes to a surface of a subject.

2. The EEG sensor of claim 1, further comprising:

an analog-to-digital convertor (ADC) coupled to an out-
put of the differential amplifier so as to produce a
digital signal corresponding to the differential amplifier
output signal; and

a transmitter coupled to the ADC so as to produce a
transmitted signal associated with the digital signal
corresponding to the differential amplifier output.

3. The EEG sensor of claim 2, wherein the transmitter is

a wireless transmitter.

4. The EEG sensor of claim 1, further comprising a
housing defining a cavity, wherein the amplifier is situated
within the cavity.

5. The EEG sensor of claim 1, wherein the at least three
electrodes have distal surfaces for attachment to the subject
surfaces and the electrode hooks are situated on at least the
distal surfaces of respective electrodes.

6. The EEG sensor of claim 5, wherein the electrode
hooks extend at least partially laterally from the distal
surfaces.

7. The EEG sensor of claim 5, wherein the electrode
hooks extend at least partially axial from the distal surfaces.

8. The FEG sensor of claim 1, wherein the perimeter of
the housing is circular, and the at least three electrodes are
arcuate electrodes situated adjacent the perimeter of the
housing.

9. The EEG sensor of claim 8, further comprising a sensor
housing, wherein the at least three electrodes are situated on
an exterior surface of the sensor housing.

10. The EEG sensor of claim 1, further comprising a
switch coupled to the at least three electrodes so as to select
the first and second electrodes to be coupled to the differ-
ential amplifier inputs and the third electrode to be coupled
as the reference.

11. The EEG sensor of claim 1, wherein the at least three
electrodes include a fourth electrode, and further comprising
an analog switch coupled to the at least four electrodes so as
to select the first and second electrodes to be coupled to the
differential amplifier inputs and the third and fourth elec-
trodes to be coupled as the reference.

12. The EEG sensor of claim 3, wherein the wireless
transmitter is a radio-frequency transmitter and the elec-
trodes are separated by less than 1 cm.

13. The EEG sensor of claim 1, further comprising:

a housing that defines a cavity, wherein the amplifier is

situated in the cavity; and

a substrate secured to the housing, wherein the electrodes
are secured to the substrate and the substrate couples
the electrodes to the amplifier.
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14. The EEG sensor of claim 1, wherein each of the
electrodes is boot shaped so as to be conformable to a scalp
surface.

15. The EEG sensor of claim 14, wherein the electrodes
are fixed to a disposable disk substrate.

16. The EEG sensor of claim 15, further comprising a
housing, wherein the differential amplifier is fixed to the
housing, and the disposable disk substrate is removable
secured to the housing.

17. An electrode assembly, comprising:

an electrode substrate; and

at least three electrodes secured to the electrode substrate,

each of the at least three electrodes having a distal
surface having a toothed surface for attachment to a
skin surface.

18. The electrode assembly of claim 17, wherein the
electrode substrate is a cylindrical substrate and the at least
three electrodes are secured to an internal or external surface
of the cylindrical substrate so that each of the conductive
sections defining the at least three electrodes extends along
an axis of the cylindrical substrate.

19. The electrode assembly of claim 17, wherein the
cylindrical substrate is a hollow cylindrical substrate.

20. The electrode assembly of claim 17, wherein the
electrode substrate is a disk, and the at least three electrodes
are secured to the disk so that each of the conductive
sections defining the at least three electrodes extends parallel
to an axis perpendicular to the disk.

21. The electrode assembly of claim 17, wherein each of
the at least three electrodes includes an attachment portion
coupled to the disc and an extension that extends from the
attachment portion along a disk perimeter and defines a gap
between the electrode and the disk along at least a portion of
the extension.

22. The electrode assembly of claim 17, wherein the
toothed surface includes a plurality of teeth, each of the
plurality of teeth having a plurality of gold-coated nanowires
secured to the tooth surface.

23. The electrode assembly of claim 22, wherein the teeth
have a tooth depth of less than 0.5 mm and the cylindrical
substrate has a diameter of less than 2 cm.

24. A method, comprising:

securing an electrode assembly that includes a plurality of

electrodes fixed with respect to each other to a skin
surface so as to electrically connect each of the plural-
ity of electrodes to the skin surface;

processing an electrical signal associated with at least

three of the plurality of electrodes for transmission; and
transmitting the processed electrical signal from the elec-
trode assembly.

25. The method of claim 24, wherein the electrode assem-
bly is secured to the skin surface by rotation so that a toothed
surface engages the skin surface, and wherein the electrical
signal is processed so as to be transmitted as a digital signal.

26. The method of claim 25, wherein the processed
electrical signal is transmitted as a radio-frequency signal.

27. The method of claim 24, further comprising selecting,
from the plurality of electrodes, first and second electrodes
associated with the electrical signal to be processed for
transmission, and a third electrode as a reference.

28. The method of claim 24, further comprising process-
ing the electrical signal with an amplifier, and selecting,
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from the plurality of electrodes, first and second electrodes
to be coupled to amplifier signal inputs and a third electrode
to provide a reference.

29. The method of claim 28, wherein the electrode selec-
tion is based on a signal magnitude or a signal to noise ratio
of the processed electrical signal.
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