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DYNAMIC MAGNETIC SHIELDING AND BEAMFORMING USING FERROFLUID
FOR COMPACT MAGNETOENCEPHALOGRAPHY (MEG)

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial
No. 62/732,791, filed September 18, 2018, which is incorporated herein by reference.
FIELD
The present disclosure is directed to the area of magnetic field measurement
systems using optically pumped magnetometers or other suitable magnetometers. The
present disclosure is also directed to magnetic field measurement systems that include a

shield or beam former that uses a ferrofluid.

BACKGROUND

In the nervous system, neurons propagate signals via action potentials. These are
brief electric currents which flow down the length of a neuron causing chemical
transmitters to be released at a synapse. The time-varying electrical current within the
neuron generates a magnetic field, which propagates through the human body.
Magnetoencephalography (MEG), the measurement of magnetic fields generated by the

brain, is one method for observing these neural signals.

Existing systems for observing or measuring MEG typically utilize
superconducting quantum interference devices (SQUIDs) or collections of discrete
optically pumped magnetometers (OPMs). SQUIDs require cryogenic cooling which is
bulky and expensive and requires a lot of maintenance which preclude their use in mobile

or wearable devices.

Optical magnetometry can include the use of optical methods to measure a
magnetic field with very high accuracy—on the order of 1x10'° Tesla. Of particular
interest for their high-sensitivity, an optically pumped magnetometer (OPM) can be used
in optical magnetometry to measure weak magnetic fields. In at least some embodiments,
the OPM has an alkali vapor gas cell that contains alkali metal atoms in a combination of
gas, liquid, or solid states (depending on temperature). The gas cell may contain a

quenching gas, buffer gas, or specialized antirelaxation coatings or any combination
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thereof. The size of the gas cells can vary from a fraction of a millimeter up to several

centimeters.

BRIEF SUMMARY

One embodiment is a magnetic field measurement system that includes at least
one magnetometer; and a ferrofluid shield disposed at least partially around the at least
one magnetometer, the ferrofluid shield including a microfluid fabric and a ferrofluid

disposed in or flowable into the microfluid fabric.

In at least some embodiments, the microfluid fabric includes a plurality of
ferrofluid channels extending through the microfluid fabric. In at least some
embodiments, the ferrofluid shield further includes a ferrofluid reservoir in fluid
communication with the microfluid fabric and configured to hold at least a portion of the

ferroflwd.

In at least some embodiments, the ferrofluid shield further includes a pressure
fluid disposed in or flowable into the microfluid fabric and configured to facilitate flow or
disposition of the ferrofluid within the microfluid fabric. In at least some embodiments,
the ferrofluid shield further includes a pressure fluid reservoir in fluid communication
with the microfluid fabric and configured to hold at least a portion of the pressure fluid.

In at least some embodiments, the ferrofluid shield further includes a plurality of
ferrofluid channels extending through the microfluid fabric and a plurality of pressure
fluid channels extending through the microfluid fabric. In at least some embodiments, the
ferrofluid channels and pressure fluid channels are arranged so that the pressure fluid can
operated as valves at positions along the ferrofluid channels. In at least some
embodiments, the ferrofluid shield further includes a controller configured to alter

disposition of the ferrofluid within the microfluid fabric using the pressure fluid.

In at least some embodiments, the system includes a plurality of the
magnetometers and the ferrofluid shield and the magnetometers are arranged as part of a
helmet, cap, hat, hood, scarf, wrap, or other headgear. In at least some embodiments, the
ferrofluid shield is configured to generate at least one flux concentrator using the
ferrofluid to concentrate magnetic field lines from a magnetic field source towards the at

least one magnetometer.



10

15

20

25

WO 2020/060652 PCT/US2019/039865

Another embodiment is a magnetic field measurement system that includes at
least one magnetometer; and a ferrofluid shield disposed at least partially around the at
least one magnetometer, the ferrofluid shield including a ferrofluid and a controller

configured to alter an arrangement of the ferrofluid within the ferrofluid shield.

In at least some embodiments, the ferrofluid shield further includes a layer having
one or more ferrofluid channels extending through the layer, wherein the ferrofluid is
disposed within or flowable into the one or more ferrofluid channels. In at least some
embodiments, the ferrofluid shield further includes a ferrofluid reservoir configured to

hold at least a portion of the ferrofluid.

In at least some embodiments, the ferrofluid shield further includes a pressure
fluid configured to facilitate flow or disposition of the ferrofluid within the ferrofluid
shield. In at least some embodiments, the ferrofluid shield further includes a pressure
fluid reservoir configured to hold at least a portion of the pressure fluid. In at least some
embodiments, the ferrofluid shield further includes a layer having one or more ferrofluid
channels and one or more pressure channels extending through the layer. In at least some
embodiments, the ferrofluid channels and pressure fluid channels are arranged so that the
pressure fluid can operated as valves at positions along the ferrofluid channels. In at least
some embodiments, the controller is configured to alter the arrangement of the ferrofluid

within the ferrofluid shield using the pressure fluid.

In at least some embodiments, the system includes a plurality of the
magnetometers and the ferrofluid shield and the magnetometers are arranged as part of a
helmet, cap, hat, hood, scarf, wrap, or other headgear. In at least some embodiments, the
ferrofluid shield is configured to generate at least one flux concentrator using the
ferrofluid to concentrate magnetic field lines from a magnetic field source towards the at

least one magnetometer.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the present invention are
described with reference to the following drawings. In the drawings, like reference

numerals refer to like parts throughout the various figures unless otherwise specified.
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For a better understanding of the present invention, reference will be made to the
following Detailed Description, which is to be read in association with the accompanying

drawings, wherein:

FIG. 1A is a schematic block diagram of one embodiment of a magnetic field

5  measurement system, according to the invention;

FIG. 1B is a schematic block diagram of one embodiment of a magnetometer,

according to the invention;

FIG. 2 shows a magnetic spectrum with lines indicating dynamic ranges of

magnetometers operating in different modes;

10 FIG. 3A is a schematic view of magnetic field lines interacting with a sphere of

ferrofluid;

FIG. 3B is a schematic view of magnetic field lines interacting with a hollow

sphere of ferrofluid;

FIG. 4 is a schematic view of magnetic field lines interacting with a ferrofluid flux

15 concentrator;

FIG. 5 is a schematic side view of one embodiment of a magnetic field
measurement system with magnetometers in a wearable article, as well as an expanded
cross-sectional view of the wearable article with a microfluidic ferrofluid shield,

according to the invention; and

20 FIG. 6 is a schematic block diagram of one embodiment of selected components

of a microfluidic ferrofluid shield, according to the invention.

DETAILED DESCRIPTION

The present disclosure is directed to the area of magnetic field measurement
systems using optically pumped magnetometers or other suitable magnetometers. The
25  present disclosure is also directed to magnetic field measurement systems that include a

shield or beam former that uses a ferrofluid.
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Herein the terms “ambient background magnetic field” and “background magnetic
field” are interchangeable and used to identify the magnetic field or fields associated with
sources other than the magnetic field measurement system and the biological source(s)
(for example, neural signals from a user’s brain) or other source(s) of interest. The terms
can include, for example, the Earth’s magnetic field, as well as magnetic fields from
magnets, electromagnets, electrical devices, and other signal or field generators in the
environment, except for the magnetic field generator(s) that are part of the magnetic field

measurement system.

The terms “gas cell”, “vapor cell”, and “vapor gas cell” are used interchangeably
herein. Below, a gas cell containing alkali metal vapor is described, but it will be

recognized that other gas cells can contain different gases or vapors for operation.

An optically pumped magnetometer (OPM) is a basic component used in optical
magnetometry to measure magnetic fields. While there are many types of OPMs, in
general magnetometers operate in two modalities: vector mode and scalar mode. In vector
mode, the OPM can measure one, two, or all three vector components of the magnetic
field; while in scalar mode the OPM can measure the total magnitude of the magnetic

field.

Vector mode magnetometers measure a specific component of the magnetic field,
such as the radial and tangential components of magnetic fields with respect the scalp of
the human head. Vector mode OPMs often operate at zero-field and may utilize a spin
exchange relaxation free (SERF) mode to reach femto-Tesla sensitivities. A SERF mode
OPM is one example of a vector mode OPM, but other vector mode OPMs can be used at
higher magnetic fields. These SERF mode magnetometers can have high sensitivity but
may not function in the presence of magnetic fields higher than the linewidth of the
magnetic resonance of the atoms of about 10nT, which is much smaller than the magnetic
field strength generated by the Earth. As a result, conventional SERF mode
magnetometers often operate inside magnetically shielded rooms that isolate the sensor

from ambient magnetic fields including Earth’s magnetic field.

Magnetometers operating in the scalar mode can measure the total magnitude of

the magnetic field. (Magnetometers in the vector mode can also be used for magnitude
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measurements.) Scalar mode OPMs often have lower sensitivity than SERF mode OPMs

and are capable of operating in higher magnetic field environments.

The magnetic field measurement systems described herein can be used to measure
or observe electromagnetic signals generated by one or more sources (for example,
biological sources). The system can measure biologically generated magnetic fields.
Aspects of a magnetic field measurement system will be exemplified below using
magnetic signals from the brain of a user; however, biological signals from other areas of
the body, as well as non-biological signals, can be measured using the system. Uses for
this technology outside biomedical sensing include, but are not limited to, navigation,
mineral exploration, non-destructive testing, detection of underground devices, asteroid
mining, and space applications. In at least some embodiments, the system can be a
wearable magnetoencephalography (MEG) system that can be used outside a

magnetically shielded room.

Figure 1A is a block diagram of components of one embodiment of a magnetic
field measurement system 140. The system 140 can include a computing device 150 or
any other similar device that includes a processor 152 and a memory 154, a display 156,
an input device 158, one or more magnetometers 160, one or more magnetic field
generators 162, and, optionally, one or more sensors 164. The system 140 and its use and
operation will be described herein with respect to the measurement of neural signals
arising from signal sources in the brain of a user as an example. It will be understood,
however, that the system can be adapted and used to measure other neural signals, other

biological signals, as well as non-biological signals.

The computing device 150 can be a computer, tablet, mobile device, field
programmable gate array (FPGA), microcontroller, or any other suitable device for
processing information or instructions. The computing device 150 can be local to the
user or can include components that are non-local to the user including one or both of the
processor 152 or memory 154 (or portions thereof). For example, in at least some
embodiments, the user may operate a terminal that is connected to a non-local computing

device. In other embodiments, the memory 154 can be non-local to the user.
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The computing device 150 can utilize any suitable processor 152 including one or
more hardware processors that may be local to the user or non-local to the user or other
components of the computing device. The processor 152 is configured to execute

instructions.

Any suitable memory 154 can be used for the computing device 150. The
memory 154 illustrates a type of computer-readable media, namely computer-readable
storage media. Computer-readable storage media may include, but is not limited to,
volatile, nonvolatile, non-transitory, removable, and non-removable media implemented
in any method or technology for storage of information, such as computer readable
instructions, data structures, program modules, or other data. Examples of computer-
readable storage media include RAM, ROM, EEPROM, flash memory, or other memory
technology, CD-ROM, digital versatile disks (“DVD”) or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other medium which can be used to store the desired information and which can be

accessed by a computing device.

Communication methods provide another type of computer readable media;
namely communication media. Communication media typically embodies computer-
readable instructions, data structures, program modules, or other data in a modulated data
signal such as a carrier wave, data signal, or other transport mechanism and include any
information delivery media. The terms “modulated data signal,” and “carrier-wave
signal” includes a signal that has one or more of its characteristics set or changed in such
a manner as to encode information, instructions, data, and the like, in the signal. By way
of example, communication media includes wired media such as twisted pair, coaxial
cable, fiber optics, wave guides, and other wired media and wireless media such as

acoustic, RF, infrared, and other wireless media.

The display 156 can be any suitable display device, such as a monitor, screen, or
the like, and can include a printer. In some embodiments, the display is optional. In
some embodiments, the display 156 may be integrated into a single unit with the
computing device 150, such as a tablet, smart phone, or smart watch. In at least some

embodiments, the display is not local to the user. The input device 158 can be, for
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example, a keyboard, mouse, touch screen, track ball, joystick, voice recognition system,
or any combination thereof, or the like. In at least some embodiments, the input device is

not local to the user.

The magnetic field generator(s) 162 can be, for example, Helmholtz coils,
solenoid coils, planar coils, saddle coils, electromagnets, permanent magnets, or any other
suitable arrangement for generating a magnetic field. The optional sensor(s) 164 can
include, but are not limited to, one or more magnetic field sensors, position sensors,
orientation sensors, accelerometers, image recorders, or the like or any combination

thereof.

The one or more magnetometers 160 can be any suitable magnetometer including,
but not limited to, any suitable optically pumped magnetometer. Arrays of
magnetometers are described in more detail herein. In at least some embodiments, at
least one of the one or more magnetometers (or all of the magnetometers) of the system is
arranged for operation in the SERF mode. Examples of magnetic field measurement
systems or methods of making such systems or components for such systems are
described in U.S. Patent Application Serial Nos. 16/213,980; 16/405,382; 16/418,478;
16/418,500; and 16/428,871, and U.S. Provisional Patent Applications Serial Nos.
62/689,696; 62/699,596; 62/719,471; 62/719,475; 62/719,928; 62/723,933; 62/732,327,
62/732,791; 62/741,777; 62/743,343; 62/747,924: 62/745,144: 62/752,067; 62/776,895;
62/781,418; 62/796,958; 62/798,209; 62/798,330; 62/804,539; 62/826,045; 62/827,390;
62/836,421; 62/837,574; 62/837,587; 62/842.818; 62/855,820; 62/858,636; 62/860,001;
and 62/865,049, all of which are incorporated herein by reference.

Figure 1B is a schematic block diagram of one embodiment of a magnetometer
160 which includes a vapor cell 170 (also referred to as a “cell”) such as an alkali metal
vapor cell; a heating device 176 to heat the cell 170; one or more light sources 172; and a
detector 174. In addition, coils of a magnetic field generator 162 can be positioned
around the vapor cell 170. The vapor cell 170 can include, for example, an alkali metal
vapor (for example, rubidium in natural abundance, isotopically enriched rubidium,
potassium, or cesium, or any other suitable alkali metal such as lithium, sodium, or

francium) and, optionally, one, or both, of a quenching gas (for example, nitrogen) and a
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buffer gas (for example, nitrogen, helium, neon, or argon). In some embodiments, the
vapor cell may include the alkali metal atoms in a prevaporized form prior to heating to

generate the vapor.

Thee light source(s) 172 can include, for example, a laser to, respectively,
optically pump the alkali metal atoms and probe the gas cell. The light source(s) 172 may
also include optics (such as lenses, waveplates, collimators, polarizers, and objects with
reflective surfaces) for beam shaping and polarization control and for directing the light
from the light source to the cell and detector. Examples of suitable light sources include,
but are not limited to, a diode laser (such as a vertical-cavity surface-emitting laser
(VCSEL), distributed Bragg reflector laser (DBR), or distributed feedback laser (DFB)),
light-emitting diode (LED), lamp, or any other suitable light source.

The detector 174 can include, for example, an optical detector (or an array of
detectors) to measure the optical properties of the transmitted probe light field amplitude,
phase, or polarization, as quantified through optical absorption and dispersion curves,
spectrum, or polarization or the like or any combination thereof. Examples of suitable
detectors include, but are not limited to, a photodiode, charge coupled device (CCD)
array, CMOS array, camera, photodiode array, single photon avalanche diode (SPAD)
array, avalanche photodiode (APD) array, or any other suitable optical sensor array that

can measure the change in transmitted light at the optical wavelengths of interest.

Figure 2 shows the magnetic spectrum from 1 fT to 100 pT in magnetic field
strength on a logarithmic scale. The magnitude of magnetic fields generated by the
human brain are indicated by range 201 and the magnitude of the background ambient
magnetic field, including the Earth’s magnetic field, by range 202. The strength of the
Earth’s magnetic field covers a range as it depends on the position on the Earth as well as
the materials of the surrounding environment where the magnetic field is measured.
Range 210 indicates the approximate measurement range of a magnetometer operating in
the SERF mode (e.g., a SERF magnetometer) and range 211 indicates the approximate
measurement range of a magnetometer operating in a scalar mode (e.g., a scalar
magnetometer.) Typically, a SERF magnetometer is more sensitive than a scalar

magnetometer but many conventional SERF magnetometers typically only operate up to
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about 0 to 200 nT while the scalar magnetometer starts in the 10 to 100 fT range but
extends above 10 to 100 pT.

SERF OPMs can achieve femto-Tesla/Hz"? sensitivities and can detect
magnetoencephalography (MEG). In these OPMs the rate of spin-exchange collisions Rse
among alkali metal atoms, which typically introduce decoherence, is much faster than the
Larmor precession rate mo = y|B|, where 7 is the gyromagnetic ratio of the atom and |B| is
the strength of the magnetic field. In at least some embodiments, the spin-exchange
collision rate can be expressed as Rse = Gsevnal, where, as an example, the cross-section
for SE collisions 0 = 2x10*cm?, the relative thermal speed of two colliding alkali metal
atoms v ~ 10* cm/s at the temperature of 150 °C, and nai denoting the alkali metal vapor
density. In at least some embodiments, SERF is achieved when Rse > 100, which can
occur, for example, at low magnetic fields Bo and large alkali metal vapor densities.
Accordingly, SERF OPMs have conventionally included a rigid, large magnetic shield
enclosure (often using mu-metal) to reduce the Earth’s magnetic field by a factor of at
least 1000X to reliably achieve the SERF mode. However, the size, rigidity, and cost of
this conventional magnetic shielding may make the use of these systems prohibitive for

many applications.

In contrast to these conventional arrangements, systems, arrangements, devices,
and methods, as disclosed herein, can utilize a ferrofluid to produce shielding,
beamforming, or any combination thereof. In at least some embodiments, the ferrofluid is
part of a microfluidic or MEMS (or both) system or arrangement (which may be disposed
within, or form, a soft or hard substrate) to control the shape and distribution of the

ferrofluid in a static or dynamic (or both static and dynamic) configuration.

A ferrofluid is a liquid that becomes strongly magnetized in the presence of a
magnetic field. Examples of suitable ferrofluids include, but are not limited to, colloidal
solutions of particles (in at least some embodiments, nanoscale particles) of magnetite,
hematite, other iron-containing compounds, or other magnetic compounds, or any
combination thereof. The particles are dispersed in a liquid carrier, such as water,
mineral oil, hydrocarbon fluids, or other fluids. In at least some embodiments, the

ferrofluid also includes a surfactant to facilitate dispersal of the particles in the fluid.

-10-
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In at least some embodiments, the systems, arrangements, devices, and methods
disclosed herein can be used in MEG systems (including compact MEG systems) or other
magnetic field measurement systems to produce, at least in some embodiments, a
compact, foldable, or conformal magnetic shield that could be used to shield the OPM
from external magnetic fields. In at least some embodiments, the systems, arrangements,
devices, and methods disclosed herein can be used in MEG systems or other magnetic
field measurement systems to achieve any combination of dynamic magnetic field routing
or beamforming to, for example, enhance the magnetic signal produced by a magnetic
field source (such as neurons) versus the ambient background magnetic field produced by
external noise (for example, the Earth’s magnetic field, magnetic fields from external
magnets, electromagnets, and other electrical devices) and, at least in some embodiments,

irrelevant brain activity.

In at least some embodiments, the systems, arrangements, devices, and methods
disclosed herein can include flexible or conformal magnetic shielding that includes a
ferrofluid. For many applications, including compact MEG systems, it is desirable to
have a magnetic shield that can be easily folded (i.e. flexible) or be conformal (i.e. can
conform to a desired shape - for example the human head). In contrast, conventional
magnetic shields are often based on metals with high permeability (e.g. Mu-metal), which

are generally rigid and non-conformal.

In at least some embodiments, the ferrofluid is used to redirect or concentrate
magnetic fields (for example, the ambient background magnetic field or biological
magnetic fields) within a given region of space to improve the sensitivity of SERF OPMs.
In at least some embodiments, the ferrofluid can also be used in conjunction with scalar

OPMs or to detect MEG.

The ferrofluids can be utilized for magnetic field routing and beamforming. The
spatial and temporal distribution of the ferrofluid around the OPM can be designed to
increase or maximize the intensity of magnetic fields originating from locations of
interest, for example within the user’s brain, while reducing or minimizing the effect of
fields originated from locations that produce interference or unwanted fields (e.g. Earth

field, electric lines, electrical devices, or the like). Figures 3A and 3B illustrate the

-11-
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concentration of magnetic field lines using a ferrofluid to produce magnetically shielded
areas. The ferrofluid can be statically or dynamically arranged, as described above, to
produce areas, such as areas that contain the OPM(s), that are magnetically shielded by
the ferrofluid from the ambient background magnetic field, while maintaining or
enhancing the magnetic field of interest such as the ones produced from neural activity.
For example, in a magnetic field measurement system that takes the form of a helmet,
cap, hood, or the like to fit on the head of a user, the ferrofluid can be arranged to create
magnetically shielded areas that contain the OPMs of the magnetic field measurement
system to reduce or eliminate the ambient background magnetic field at the OPMs. In at
least some embodiments, the distribution and flow of the ferrofluid can be controlled by
one or more processors. In at least some embodiments, the processor can implement
machine learning control or model predictive control to produce or modify the
distribution and flow of the ferrofluid in order to configure the ferrofluid into shielding or

beamforming structures in a dynamic or static manner.

Figure 3 A illustrates magnetic field lines 328 interacting with a region 330
containing a ferrofluid. The field lines are bent into the material and flow through the
region 330 leaving magnetically shielded areas 332 adjacent to the region 330 as well as
an area 334 of increased field strength. In field line plots, the closer the magnetic field
lines, the stronger the field in the region. Conversely, the further apart the field lines, the
weaker the field.

Figure 3B illustrates magnetic field lines 328 interacting with a hollow sphere
336. This arrangement results in similar magnetically shielded regions 332 and regions of
increased field strength 334, but also results in a magnetically shielded region 338 inside
the hollow sphere 336.

Ferrofluids can also be used to generate flux concentrators that use magnetic field
routing and beamforming to direct magnetic fields, such as those arising from the brain or
other biological or nonbiological sources, toward one or more OPMs. Figure 4 illustrates
one embodiment of a flux concentrator 480 formed using a ferrofluid to direct (for
example, to squeeze) some of the magnetic field lines 328 into a tighter, or more

concentrated, region 329. This arrangement is considered to concentrate the magnetic
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field signals so that the magnetic flux density is larger at the exit end 484 of the flux
concentrator 480 than at the entry end 482. In the illustrated example of Figure 4, the
source of the magnetic field lines 328 is to the left and some of the magnetic field lines
are concentrated into region 329 as the magnetic field lines passes through the shaped
flux concentrator 480. The ferrofluid flux concentrator 480 can be used to concentrate,
boost, amplify, or redirect the magnetic field signal from a certain region, such as the
brain. The flux concentrator may also concentrate, boost, amplify, or redirect unwanted
magnetic field signals from the environment (i.e., the ambient background magnetic field)
and, therefore, may be used in conjunction with other passive or active shielding (such as

a ferrofluid shield) to reduce or eliminate the ambient background magnetic field.

Figure 4 illustrates one embodiment of a flux concentrator. The flux concentrator
480 has a trapezoidal or triangular cross-sectional shape in which the entry end 482 has a
larger width, length, or surface area than the exit end 484. At the exit end 484, the
magnetic field signal (or magnetic flux) is significantly increased by the redirection or
concentration of the magnetic field lines by the flux concentrator 480. In three
dimensions, the flux concentrator 480 may have a conical shape or a pyramidal shape
with three or four sides extending from a base, or any other suitable three-dimensional
shape A flux concentrator 480 can have any other suitable shape that provides a desired
redirection of the magnetic field lines. Accordingly, a flux concentrator can be

considered to also be a flux shaper.

Other properties of ferrofluids can also be used in the systems, arrangements,
devices, and methods disclosed herein. For example, the frequency response of
ferrofluids can be used to block low-frequency magnetic fields (such as, for example, the
Earth’s magnetic field), while transmitting high frequencies of interest (i.e. neural
signals). This can be facilitated by selection of the nanoparticle size, the operating
temperature, the liquid hosting the nanoparticles, the surface chemical termination of the
nanoparticles, the surfactant used with the nanoparticles, and the like. The thermal
response, pH response (due to the change in surface chemistry — for example, 1o), or the

like can also be used to dynamically change the properties of the ferrofluid.
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In at least some embodiments, the frequency response of the ferrofluid, y(®), can

be modeled as:

B Xsp +1(D’Exb

|RRT0

x(®)

1 2
TINT _

is the susceptibility of the
3kgT

where 0/27 is the frequency of the applied field; Xep

npgp
3KV

ferrofluid in the superparamagnetic state; Yo~ is the susceptibility of the ferrofluid

in the blocked state; and 1= %N is the relaxation time of the assembly;

KV . . .
TN=ToeXP( kB_T) where 1~ 1s the average length of time that it takes for the

nanoparticle’s magnetism to randomly flip as a result of thermal fluctuations; To is a
length of time, characteristic of the material, called the “attempt time” or “attempt period”
(its reciprocal is called the “attempt frequency™); its typical value is between 10~ and 10
10 seconds; K is the nanoparticle’s magnetic anisotropy energy density;

V is the nanoparticle’s volume; KV is the energy barrier associated with the
magnetization moving from its initial easy axis direction, through a “hard plane”, to the
other easy axis direction; ks is the Boltzmann constant; T is the temperature;

n is the density of the nanoparticle in the sample; Lo is the magnetic permeability of
vacuum; and L is the magnetic moment of a nanoparticle. The time response of

magnetization M to a magnetizing field H (at low field) is governed by:

dM ~ dH
T T M= 1y, e +xspH

Figure 5 illustrates one embodiment of some components of a magnetic field
measurement system 500 (for example, a MEG system) with multiple OPMs 502 or other
magnetic field sensors arranged in wearable article 504 (for example, a helmet, cap, hat,
hood, scarf, wrap, or other headgear or the like) that can fit on the head of a user 505.

The OPMs 502 or other magnetic field sensors can be shielded by (for example,
embedded in) a microfluid fabric 509 that includes a ferrofluid 506 disposed in microfluid

channels 508 and forms a microfluidic ferrofluid shield 510. The microfluid fabric 509 is
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used as an example of a substrate or layer of material that contains microfluid channels
within which the ferrofluid 506 is disposed or flowable into. It will be recognized that
substrate or layers other than fabric can be used including, but not limited to, plastic or

polymer substrate or layers (and particularly flexible or conformal plastics or polymers.)

The arrangement of the microfluid channels 508 and distribution of the ferrofluid
506 in the microfluid channels can provide shielding, one or more flux concentrators, or
any combination thereof. In at least some embodiments, the distribution of the ferrofluid
506 can be static. In other embodiments, the magnetic field measurement system 500 can
dynamically alter the distribution or flow of the ferrofluid 506 within the microfluid
channels 508 to alter the magnetic field response. For example, the magnetic field
measurement system 500 may dynamically alter the distribution or flow of the ferrofluid
506 in response to changes in the ambient background magnetic field or as the user’s
head moves (thereby reorienting the OPMs with respect to the ambient background
magnetic field.) As another example, the magnetic field measurement system 500 may
dynamically alter the distribution or flow of the ferrofluid 506 to generate one or more
flux concentrators to shift the concentration of magnetic flux from one region of the brain

to another.

In at least some embodiments, to alter or determine the distribution of the
ferrofluid 506 within the microfluid channels 508, pressure fluid channels 507 are
distributed within the microfluid fabric 509. As described below, the pressure fluid
channels can operate as valves to alter the flow and distribution of the ferrofluid 506 in
the microfluid channels 508. As an alternative to pressure fluid channels, electrostatic
valves or other suitable valves can be used. As yet other alternative, magnetically or

electrically driven ferrofluid arrangements can be used.

The wearable article 504 can optionally include additional shields 512a, 512b,
such as ferrofluid shields, may also be provided for further shielding. These additional
shields 512a, 512b can also be microfluidic ferrofluid shields or can be a static layer of
ferrofluid or other shielding material such as Mu-metal or Metglas (for example,
Metglas™ 2705 or Metglas™ 2714 (available from Metglas, Inc., Conway, SC, USA) or
Vitrovac™ 6025 X (available from Sekels GmbH, Ober-Moerlen, Germany)).
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Optionally, one or more layers 514 of support material, such as plastic, fabric, metal,
aerogel, or the like or any combination thereof, can be provided for structure to the

wearable article 504.

In at least some embodiments, the systems, arrangements, devices, and methods
disclosed herein can provide flexible or conformal magnetic shielding. In at least some
embodiments, the ferrofluid is placed within a thin, flexible, and stretchable substrate
(such as the microfluid fabric 508) to form a flexible or conformal magnetic shield. The
microfluidic ferrofluid shield 510 or the wearable article 504 described herein can have
any combination of the following properties: compact, flexible, conformal, and

enhancement of the MEG signal-to-noise ratio.

Figure 6 illustrates components of one embodiment of a microfluidic ferrofluid
shield 610 including the microfluid fabric 609, one or more ferrofluid valves and channels
620 (including, for example, the microfluid channels 508 of Figure 5), one or more
pressure fluid valves and channels 622 (including, for example, the pressure fluid
channels 507 of Figure 5), and a microfluid controller 624 (which can be, but is not
necessarily, the computer device 150 of the magnetic field measurement system 140 of
Figure 1A). In at least some embodiments, one or more of the ferrofluid valves/channels
620 or one or more of the pressure fluid valves/channels 622 is disposed outside of the
microfluid fabric 609, but the majority (or all) of these valves/channels 620/622 are
disposed within or on the microfluid fabric to control the placement and flow of the
ferrofluid within the microfluid fabric. The term “microfluid” is often used in
microfabricated fluid systems; however, it will be understood that arrangements with

larger channels (for example, mm-scale and cm-scale channels) can be used.

In at least some embodiments, the term “fabric™ refers to a flexible or conformal
structure that is made of a mix of dissimilar elongated material that are connected to each
other via adhesives or woven together (or any combination thereof) and is not necessarily
restricted to conventional fabrics, such as fibers of plastic, cotton, or the like. In at least
some embodiments, the term “microfluid fabric” refers to a wearable structure that is
made with microfluidic components. The microfluid fabric 609 can be formed of any

suitable polymer, fabric material, or the like or any combination thereof.
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In at least some embodiments, the ferrofluid is stored in at least one ferrofluid
reservoir 625 and a pressure fluid is stored in at least one pressure fluid reservoir 626. In
at least some embodiments, the microfluidic ferrofluid shield 610 is designed such that
the ferrofluid can be moved back and forth to and from the at least one ferrofluid
reservoir 625. In at least some of these embodiments, this movement can shift the

microfluidic ferrofluid shield 610 between an operation mode and a storage mode.

The pressure fluid can be used to pressurize the ferrofluid for delivery of the
ferrofluid through the ferrofluid valves and channels 622. The pressure fluid may also be
used to operate valves that control the distribution and flow of the ferrofluid. The
pressure fluid is preferably a non-magnetic (for example, having a very small magnetic
susceptibility) liquid or gas, such as nitrogen, air, water, or the like or any combination

thereof.

The ferrofluid is channeled through the microfluid fabric 609 in the locations of
interest using a microfluid valving system that includes the ferrofluid valves/channels 620
and pressure fluid valves/channels 622. One example of a microfluid valving system is a
crossbar configuration, where the non-magnetic pressure fluid in the pressure fluid
valves/channels 622 can inflate a zone crossing a ferrofluid channel 506 (Figure 5) and,
acting as a valve, halts the flow of the ferrofluid through the ferrofluid channel 506.
Using the microfluid valving system, the controller 624 can distribute ferrofluid into an
arrangement within the microfluid fabric 609 that provides either 1) the desired magnetic
field shielding for the ambient background magnetic field or ii) one or more flux
concentrators to concentrate magnetic field lines from the magnetic field source of
interest into the OPM 502 (Figure 5) or any combination of shielding and flux

concentrator(s).

As an alternative to the use of a pressure fluid for operating the valves, any other
suitable technology with small magnetic field generation and low susceptibility material
can also be used for the valves to produce dynamic switching. For example, electrostatic
valves (similar to MEMS technologies) can also be used. As another an alternative to
microfluidic and MEMS techniques for managing the ferrofluid, magnetically driven

ferrofluids can be used and, at least in some embodiments, AC magnetic fields may be
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used to reduce interference. Yet another alternative is electrically driven ferrofluids.
Many ferrofluids are highly insulating and have a reasonably large permittivity. Such
ferrofluids could be used in conjunction with electrodes that can produce local electric

fields to drive and control the position and flow of the ferrofluids within the channels.

Accordingly, in at least some embodiments, the systems (for example, the
magnetic field measurement system 500 of Figure 5), arrangements, devices, and methods
disclosed herein can include dynamic magnetic field routing and beamforming using, for
example, the arrangements of ferrofluids illustrated in Figures 3A, 3B, and 4 to redirect or
concentrate the magnetic field. In at least some embodiments, as described above the
ferrofluid is shaped within a microfluidic or MEMS arrangement such that the magnetic
fields produced by brain neural activities with a specific location distribution are
enhanced, increased, or maximized at a desired location outside the tissue using, for
example, the flux concentrator 480 of Figure 4. Such "structural beamforming" can be
particularly useful in MEG applications, where the number and location of magnetic
sensors, such as OPMs, may not be easily changeable, to enhance the magnetic field
produced from a given neural activity (or other magnetic field source). Thus, the desired
magnetic field can be enhanced, increased, or maximized at one or more magnetic sensor
(for example, OPM) location(s) while, in at least some embodiments, the effect of the
field produced by activities in other locations may be reduced or suppressed. Algorithms
can be used to select, generate, enhance, or optimize the shape or arrangement of the
ferrofluid dynamically. In at least some embodiments, such algorithms may include, or
be modified, by machine learning control or model predictive control techniques or

methods.

The above specification provides a description of the invention and its
manufacture and use. Since many embodiments of the invention can be made without
departing from the spirit and scope of the invention, the invention also resides in the

claims hereinafter appended.
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CLAIMS
What is claimed as new and desired to be protected by Letters Patent of the United
States is:
1. A magnetic field measurement system, comprising:

at least one magnetometer; and
a ferrofluid shield disposed at least partially around the at least one magnetometer,
the ferrofluid shield comprising a microfluid fabric and a ferrofluid disposed in or

flowable into the microflud fabric.

2. The magnetic field measurement system of claim 1, wherein the
microfluid fabric comprises a plurality of ferrofluid channels extending through the

microfluid fabric.

3. The magnetic field measurement system of claim 1, wherein the ferrofluid
shield further comprises a ferrofluid reservoir in fluid communication with the microfluid

fabric and configured to hold at least a portion of the ferrofluid.

4. The magnetic field measurement system of claim 1, wherein the ferrofluid
shield further comprises a pressure fluid disposed in or flowable into the microfluid fabric
and configured to facilitate flow or disposition of the ferrofluid within the microfluid

fabric.

5. The magnetic field measurement system of claim 4, wherein the ferrofluid
shield further comprises a pressure fluid reservoir in fluid communication with the

microfluid fabric and configured to hold at least a portion of the pressure fluid.

6. The magnetic field measurement system of claim 4, wherein the ferrofluid

shield further comprises a plurality of ferrofluid channels extending through the
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microfluid fabric and a plurality of pressure fluid channels extending through the

microfluid fabric.

7. The magnetic field measurement system of claim 6, wherein the ferrofluid
channels and pressure fluid channels are arranged so that the pressure fluid can operated

as valves at positions along the ferrofluid channels.

8. The magnetic field measurement system of claim 4, wherein the ferrofluid
shield further comprises a controller configured to alter disposition of the ferrofluid

within the microfluid fabric using the pressure fluid.

9. The magnetic field measurement system of claim 1, wherein the system
comprises a plurality of the magnetometers and the ferrofluid shield and the
magnetometers are arranged as part of a helmet, cap, hat, hood, scarf, wrap, or other

headgear.

10.  The magnetic field measurement system of claim 1, wherein the ferrofluid
shield is configured to generate at least one flux concentrator using the ferrofluid to
concentrate magnetic field lines from a magnetic field source towards the at least one

magnetometer.

11. A magnetic field measurement system, comprising:

at least one magnetometer; and

a ferrofluid shield disposed at least partially around the at least one magnetometer,
the ferrofluid shield comprising a ferrofluid and a controller configured to alter an

arrangement of the ferrofluid within the ferrofluid shield.

12.  The magnetic field measurement system of claim 11, wherein the

ferrofluid shield further comprises a layer having one or more ferrofluid channels
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extending through the layer, wherein the ferrofluid is disposed within or flowable into the

one or more ferrofluid channels.

13.  The magnetic field measurement system of claim 11, wherein the
ferrofluid shield further comprises a ferrofluid reservoir configured to hold at least a

portion of the ferrofluid.

14.  The magnetic field measurement system of claim 11, wherein the
ferrofluid shield further comprises a pressure fluid configured to facilitate flow or

disposition of the ferrofluid within the ferrofluid shield.

15.  The magnetic field measurement system of claim 14, wherein the
ferrofluid shield further comprises a pressure fluid reservoir configured to hold at least a

portion of the pressure fluid.

16.  The magnetic field measurement system of claim 14, wherein the
ferrofluid shield further comprises a layer having one or more ferrofluid channels and one

or more pressure channels extending through the layer.

17.  The magnetic field measurement system of claim 16, wherein the
ferrofluid channels and pressure fluid channels are arranged so that the pressure fluid can

operated as valves at positions along the ferrofluid channels.
18.  The magnetic field measurement system of claim 14, wherein the
controller is configured to alter the arrangement of the ferrofluid within the ferrofluid

shield using the pressure fluid.

19. The magnetic field measurement system of claim 11, wherein the system

comprises a plurality of the magnetometers and the ferrofluid shield and the
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magnetometers are arranged as part of a helmet, cap, hat, hood, scarf, wrap, or other

headgear.

20.  The magnetic field measurement system of claim 11, wherein the
ferrofluid shield is configured to generate at least one flux concentrator using the
ferrofluid to concentrate magnetic field lines from a magnetic field source towards the at

least one magnetometer.
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