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DEVICE FOR QUANTITATIVE MEASUREMENT OF PARTICLE
PROPERTIES

CROSS REFERENCE TO RELATED APPLICATIONS

[001] This application claims the benefit of US Provisional Application No.
62/557.585, filed September 12, 2017, the entire contents of which are incorporated by

reference heremn.

BACKGROUND

{0027 Many fluids of mterest may be colloids, where one or more different types of
particles are suspended in the fluid. For example, emulsions generally include particles
{(e.g., droplets) of one liguid in another liguid. The droplets mav not be soluble in the
liquid Emulsions may be used, for example, in beverages, dressings, pant, or other
liquid products. Other colloids may include other types of particles, such as solids. The
colloids may be characterized, for example, by a size and concentration of the particles
which are suspended in the fluid.

{003] Unless otherwise indicated herein, the materials described in this section are not
prior art to the claims in this application and are not adnmutted to be prior art by inclusion

in this section.

SUMMARY

[{004] In af least one aspect, the present disclosure may relate to a microfabricated
system. The microfabricated sysiem may include a well, a mass, a sensor, and a
processor. The well may be contain a test flnd. The mass has a surface which may be
imimersed in the test fluid during operation. The sensor may include a sensing element
which may be immersed in the test Juid during operation. The sensing element may
include a sensor face separated from the surface of the mass by a gap. The sensor may
measure a force on the sensing element relative to the mass. The processor may be

coupled to the sensor and may determine properties of the test fluid based on the force.

[005] In at teast one aspect, the present disclosure may relate to a device. The device
may include a well, a mass, a sensing element, an actuator, and a sensor. The well may

hold a test fluid. The mass may be partially positioned in the well and may include a
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surface configured for contact with the test fhiud. The sensing element may have sensor
face which is positionable a distance from the surface. The actuator may be positioned
outside the well, and may be coupled fo a portion of the mass positioned outside of the
well. The actuator may move the mass to change the distance between the sensor face
and the surface of the mass. The sensor may be posttioned outside the well, the sensor
coupled 1o the sensor tip to determine a force towards the surface of the mass.

{006] In at least one aspect, the present disclosure may relate to a device which may
include a stationary mass, a fluctuating element, and a sensor. The stationary mass may
be positioned 1 a test fluid. The fluctuating element may be positioned in the test Hluid
and at may at least partially define an opering. The stationarv mass may be disposed in
the opening. The sensor may be coupled to the stationary mass and the fluctuating
element and may measure a distance between the stationary mass and the fluctuating
element.

{0071 In at least one aspect, the present disclosure may relate to a method. The method
may include measuring a depletion force induced by particles in a fluid by a sensor. The
method may also include determuning, using at least one processing unit, at least one of
a size, concentration, or distribution of the particles based on the measured depletion
force.

[08] The foregoing summary is iHlustrative only and 1s not intended to be in any way
hmiting. Tn addition to the Hustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will become apparent by reference to

the drawings and the following detailed descripiion.

BRIEY DESCRIPTION OF THE DPRAWINGS

[{009] The foregoing and other features of the present disclosure will become more fully
apparent from the following description and appended claims, taken in conjunction with
the accompanyving drawings. Understanding that these drawings depict only several
examples in accordance with the disclosure and are, therefore, not to be considerad
hmiting of its scope, the disclosure will be described with additional specificity and detail
through use of the accompanying drawings, in which:

{010} Figure 1 1s a schematic diagram of an depletion force measurement sysiem,

arranged in accordance with at least some embodiments described herein;

[RS]
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[011] Figure 2 is a schematic diagram, depicting a sensor signal path arranged in
accordance with at least some embodiments described heremn;

{012] Figure 3 15 a schematic diagram, depicting a position conirol path arranged 1n
accordance with at least some embodiments described herein;

[0313] Figure 4 1g a schematic diagram depicting a micro-fabricated depletion force
sensor arranged in accordance with at least soroe embodiments described herein;

{014} Figure 5 is a schematic diagram depicting a depletion force sensing region
arranged in accordance with at least some embodiments described herein;

[B15] Figure 6 is a schematic diagram depicting a depletion force measurement device
with a wedge shaped mass in accordance with at least some embodiments described
herein;

[016] Figure 7 is a schematic diagram depicting a micro-fabricated depletion force
measurement device with a wedge shaped mass in accordance with at least some
embodimenis described herein;

[017] Figure & is a schematic diagram depicting a region 800 of the micro-fabricated
depletion force measurement device with a wedge shaped mass of Figure 7 in accordance
with at least some embodiments described heremn;

[018] Figure 9 is a schematic diagram depicting a depletion force measurement device
with multiple sensors in accordance with at least some embodiments described herein;

[39] Figure 10 15 a schematic diagram depicting a fluctuating gap depletion force
measurement device in accordance with at least some embodiments described herein;

{020] Figure 11 15 a block diagram illustraiing an example computing device that is
arranged for determining properties of flmids in accordance with at least some
embodiments described herein; and

[021] Figure 12 1s a block diagram depicting a cantilever fluctuating gap depletion force
measurement device in accordance with at least some embodiments deseribed herein,

{022] all arranged m accordance with at least some embodiments of the present

disclosure.
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DETAILED DESCRIPTION

[023] in the following detailed descripiion, reference is made to the accompanying
drawings, which form a part hereof. Tn the drawings, stimilar symbols typically identify
simifar components, unless context dictates otherwise. The illustrative examples
described in the detailed description, drawings, and claims are not meant to be hmiting.
Other examples may be utilized, and other changes may be made, without departing from
the spirit or scope of the subject matter presented herein. It will be readily understood
that the aspects of the present disclosure, as generally described herein, and tllustrated in
the Figures, can be arranged, substituted, combined, separated, and designed in a wide
variety of different configurations, all of which are implicitly conternplated herein.

{024] A variety of dfferent tvpes of colloids may be of interest for a variety of different
applications. it mayv be desirable {o characterize emulsions in order to, for example,
ensure uniformity and size of the particles within the fluid. I may be desirable to
deterroine if the particles fall within a target concentration range. For example,
measurement of particles in a biological fluid (which may contain solid particles such as
proteins and/or liquid particles such as fais) may be used to make a diagnosis and/or
monitor a course of treatment. In another example where an emulsion such as a flavored

everage (which may contain particles such as water insoluble flavorings) is being
produced, it may be desired to monitor the emulsion and change one or more aspects of
the production based on the characterized emulsion. For example, if the flavoring
particles in the beverage fall below a target concentration, additional particles may be
introduced to the emwlsion.

[025] The present disclosure includes examples of devices and/or sysiems including a
sensor that can obtain quantitative measurernents of particle size and concentration in a
test fluid and may be adapted to in-line sensing. The sensor may operate on the principle
of {colloidal} depletion force, an effective attractive force that arises between objects that
are in close proximity {0 each other due to asymmetrical pressures exeried on the objects
by microscopic particles {e.g.. “depletanis”™) that surround the objects. Example micro-
fabricated systems and devices are described herein that may be fabricated specifically

for this purpose.
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{026] In certain embodiments of the present disclosure the results of the sensor may be
used to produce one or more actions (such as adjusting a concentration of particles in the
test fhuid). The device may directly take such actions and/or a coupled system may take
actions based on measurements provided by the device.

{0271 While the examples described herein are not limited or constrained by any
particular theory, some theory of possible operation is described herein to facilitate
appreciation of the technical subject matter. Generally, when two objects are brought
iirio close proximity to each other in a dispersion of small particies (e.g., depletants), an
effective attractive force results when the depletants can no longer fit in the space
between the two objects. The depletion force may be equivalently described in terms of
asymmetric Brownian forces acting on the exterior sides of the objects, which are not
countterbalanced in regions that exclude the depletants, or in terms of entropy -
maximizing the volume accessible to micelles by minimizing naccessible volumes, or
in terms of osmotic effects. Regardless of the physical description, the effective
attractive force may be readily measurable and can be related to micelle size and
concentration via the Asakura-Oosawa model.

{028] Figure 1 is a schematic diagram of a depletion force measurement sysiem,
arranged in accordance with at least some embodiments described herein. The depletion
force measurement system may include a device 100 which includes a well 102, an nlet
104, an outlet 106, a sensor 108, a sensing element 110, amass 112, a gap 114, actuators
115 and 116, a computing systemn 118, readout electronics 120, processor 122,
communication electromics 124, and enclosure 126, The various components described
in Figure | are merely examples, and other variations, including eliminating components,
combining components, and substituting coraponents are all conterplated.

[029] The device 100 includes a well 102 which is fluidly coupled to an inlet 104 and
an outlet 106, One or more test fluids may be introduced to the well 102 through the
inlet 104 and/or removed via the outlet 106 such that the device 100 may be “in-ling’
with a fluid source. The system also includes a sensor 108 with a sensing element 110,
The sensing element 110 may be positioned in the well 102 a distance away from a mass
112, such that there is a gap 114 between the mass 112 and the sensing element 110
Actuator 115 may be coupled to the sensor 108 and/or actuator 116 may be coupled to

mass 112 to selectively vary the size of the gap 114. The sensor 108 may measure a
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force acting on the sensing element 110 towards the mass 112, The sensor 108 and/or
actuators 115, 116 may be coupled to a computing system 118, The computing system
118 may include readout electronics 120 to process signals to/from the sensor 108 and/or
actuators 115, 116, a processor 122 to determine properties of the fluid based on the
signals, and communications electronics 124 to provide the determined properiies off of
the device 100. One or roore components of the device 100 may be positioned in an
enclosure 126.

{036] The device 100 may be configured to operate on a test fluid containing particles.
The test fluid may be an emulsion, or other related fhuds {(eg., a reverse emulsion,
microemulsion, etc). The test flind may be a suspension of nanoparticles and/or
microparticles which may be monodispersad or polvdispersed. The test fluid may be a
complex fluid, which may include particie aggregates, flocculates, supramolecular
assemblies, bicontinuous structures and/or a broad range of other nano- and/or micro-
scale structures. The particles may have various shapes which may include features
which are spherical, crystaliine, quasi-crystailine, amorphous, rod-like, dendritic,
fibrous, etc. The test fluid mav be a biological fluid, which may contain a max of solid
and hiquid particles. The particles may mnclude one or more hiving organisms such as
bacteria, protozoa, plankton, etc. The test fluid may be a colloidal dispersion. In some
embodiments the test fluid may be a mixture of one or more of the types of test fluds
listed above. The particles may be on the size scale of roughly lnm to T, The test
fluid may be concentrated, and may be at least partially opague to light.

{031} The well 102 contains the test fluid in a specific region of the device 100. The
well 102 may be a physical structure such as a microftuidic chanuvel or a microwell. The
well 102 may be formed by coating a region of a surface. For example, if the test fluid
is an aqueous solution, a hydrophilic coating may be used to contain the fluid on a given
region. The well 102 may also be at least partially defined by a coating which rejects the
flud, for example by coating an area of the surface outside of the well 102 with a
hydrophobic coating.  In some embodiments, both tvpes of coating may be used in
different regions of the system. In some embodiments, the well 102 may bounded by a
combination of physical structures and coatings {and coated physical structures). The

well 102 mav be fabricated onto and/or into a silicon wafer,
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{032] Substances which may be characterized using the device 100 described herein
mnclude, but are not limited to, beverages, {oods, paints, biological samples (e g., blood
and other fluids, prepared samples like protemn or DNA suspensions, bacteria / virus
suspensions, eic.), water {(e.g., in a sewage {reatment context, etc ), cosmetics, automotive
and aerospace {e.g., fuel, lubricants, coolant fluid, etc.), soil monitoring, nanoparticle
production for various applications, oil refineries, consumer uses {e.g. cooking,
dishwasher or washing machine sensors, aic.}.

{033} The well 102 may be closed off from, or open to an ambient environment. For
example, the well 102 may be open to the air or fo a bulk supply of the test fhiad. In some
cases, the well 102 may be at least partially surrounded by a fluid (and/or other substance)
which 1s immiscible with the test fluid. Certain components of the device 100 (as shown
in the example of device 100, sensor 108) may extend across a boundary between the
irmuscible fluid and the test fluid. In some examples, the well may be at least partially
surrounded by a physical barrier and at least partially surrounded by an immiscible fluid.

{034} The well 102 may be fluidly coupled to an inlet 104 and/or an outlet 106. The
inlet may receive a test fluid and provide it to the well 102, while the outlet 106 may
drain the well 102, fn some embodiments, the inlet 104 may be coupled to a source of
the test fluid such that the device 100 1s “in-line” with a process {e.g.. production) that
the test flund 1s undergoing. The outlet 106 may also be coupled in-line with the fluid, or
may be coupled to a sink, such as a disposal for the test flurd. In some embodiments, the
well 102 may be selectively coupled to the inlet 104 and/or outlet 106 {(e.g.. by valves}
to control the flow of test fluid into/out of the well 102. In some embodiments, the mlet
104 and outlet 106 may be the same physical structure,

{035] The well 102 may be coupled to a mechanism for delivering the test fluid mnto
{and/or removing the test fluid from) the well 102, For example, the system may include
a microfludic system including microfluidic channels, pumps, valves, etc., a
microdispenser which may directly dispense the test fluid to the well 102, and/or a
channel which passively transports the fluid {e g, with capillary force) In some
embodiments the mechanism for delivering the fluid may be a manual fluid delivery
mechanism, such as a pipette or syringe. In some embodiments, the mechanism mav be

a part of the same structure {e.g.. a silicon or glass wafer) which includes the well 102
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The mechanism may aiso include external components coupled io the inlet 104 and/or

outlet 106 such as pumps, actuators, flutdic connectors, tubing, etc.

{036] The sensor 108 may be positioned such that a sensing element 110 1s in contact
with the test fluid. The sensing element 110 may be any part of the sensor 108 which is
posifioned such that it experiences a depletion force. The sensing element 110 may
mnclude a first surface (a sensor face) which faces the gap 114 between the sensing
element 110 and the mass 112. The sensing element 110 may also include a second
surface which does not face the gap 114. Both the first and second surface may be in
contact with the test lwid.  Based on the size of the gap 114, the second surface may
experience forces from the particles that the first surface does not, which may generate a
depletion force acting on the sensing element 110. The sensing element may 110 may
be positioned in the well 102, and may be immersed in the test fluid when the well 102
contains the test fluid. In some embodiments, the sensing element may be a membrane.

{0371 The surfaces of the sensing component may be coated, treated, and/or
functionalized. For example, the surfaces of the sensing element 110 may be treated to
improve wall smoothness, compatibility with the test flwid, and/or enable measurement
of specific fluid properties, such as surface activitv. The sensing elerent 110 may be
shaped, for example to increase the surface area of the first and/or second surfaces. The
sensing element 110 may be coupled (o the rest of the sensor 108 by a beam or other
connective member,

{038} The sensor 108 may mclude a measurement mechanism coupled to the sensing
element 110. In some embodiments, all or part of the measurement mechanism may be
positioned in the well 102, In some embodiments, the measurement mechanism may be
positioned outside of the well 102, and sensing element oay extend into the well 102
{e.g.. on the end of an arm coupling the sensing element 110 and the measurement
mechanism). The sensor 108 may measwre the force on the sensing element 110, a
displacement of the sensing element 110, and/or a deflection of the sensing elernent 110.
In some embodiments, the sensor 108 may measure a force (or deflection/displacement}
acting on the sensing element in a direction towards the mass 112, The measurement
mechanism may be one or move of electrostatic, pieroelectric, piezoresistive, optical,

and/or magnetic,

o/l
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{039] The mass 112 may have a surface which is in contact with the fluid, and
positioned across a gap {14 from a {ace of the sensing element 110, The mass 112 may
be positioned in the well 102, In some embodiments, only a portion of the mass is
positioned in the well 102, The mass 112 may have a mass which is much greater than
the mass of the sensing element 110 and/or be coupled 1o fixed components of the device
100, Accordingly, the mass may undergo negligible deflection due to the depletion force.
In some embodiments, the mass 112 may be a wall. In some embodiments, the mass 112
may be one of the swrfaces which defines the well 102, One or more surfaces of the mass
may be coated, treated, and/or funciionalized in a manner similar to the swrface(s) of the
sensing element.

{340 A first surface of the sensing element 110 (the sensor face) and a surface of the
mass 112 may be separated by a gap 114. The size of the gap 114 may be determined by
the desired size range of particles that the sensor 108 1s designed to measure. The gap
114 may either be a defined gap or a fluctuating gap. In embodiments with a defined
gap, the size of the gap 114 may be known and/or measured. In some embodiments, the
size of gap 114 may be known due to the fabrication of the device 100, In some
embodiments, the size of the gap 114 may be selectively variable. Either the mass 112
and/or the sensor 108 may be coupled to an actuator which may displace the mass 112
and/or sensor 108 to change the size of the gap 114, As shown, the sensor 108 is coupled
1o actuator 1135, and the mass 112 1s coupled to actuator 116, However, 1t is to be
understood that in some embodiments only one of the sensor 108 or the mass 112 may
be coupled to an actuator, and in some embodimenis naither mav be coupled 1o an
actuator. The actuators 115, 116 may nclude a mechanism for sensing the nominal size
of the gap 114, The actuators 115, 116 may be electrostatic, thermal, and/or
piezoeleciric. In some embodiments, the actuators 115, 116 may be positioned inside the
well 102, ouiside of the well 102, or partially inside and ouiside the well 102, An
example embodiment with a selectively variable gap is described 1n more detail in
Figures 6-8.

[041] In some embodiments, the device 100 mav perform a measurement at nuuiliiple
different sizes of the gap 114, Since the depletion force may be dependent on an
interaction between the size of the particles and the size of the gap 114, by varving the

gap 114 a wider range of particle properties may be determined. In embodiments where

9
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the gap 114 is selectively variable, a measurement may be taken at a given size of the
gap 114, and then the mass 112 and/or sensor 108 may be moved and another
measurement collected. In some embodiments, a plurality of sensors may be provided,
each of which is separated from a mass by a different size of gap. An example
embodiment with multiple sensors, each with a different gap size, is described in more
detail in Figure 9.

{042} In embodiments with a fluctuating gap, the size of the gap 114 may be allowed
to vary over time. For example, the sensing element 110 may be a fluctuating element
suspended in a fluid and allowed 1o have a range of motion along one or more axis. The
sensing element 110 may be constrained such that it moves about {or near) a stationary
mass 112. The sensing element 110 may move such that it varies the distance between
the sensing element 110 and the mass 112. The sensor 108 may determine the forces
acting on the sensing element 110 over time as the gap 114 fluctuates. In some
embodiments with a fluctuating gap, motion of the fluctuating element may be induced,
for example the test fluid surrounding the sensing element 110 may be moved {e.g., by
pumps) to cause the sensing element 110 to move relative {o the mass. In some
embodiments an oscillating flow may be induced in the test fluid  An example
embodiment with a fluctuating gap is described in more detail in Figure 10.

{437 The sensor 108 may produce a signal which is proportional to a depletion force
acting on the sensing element 110, The magnitude of the depletion force may depend on
particle size and concentration as well as the size of the gap 114. As an example of the
relationship between these properties, for monodispersed particles between paraliel

plates, the depletion {orce per umii area may be expressed by Eguation 1, below:

F/A = -(N/Vy*kB*T*(Theta} 2Rs-h}
Egn. 1

{044} where N/V is the number density of the particles in the test fhuid, kB is the
Boltzmann constant, T is the temperature of the test fluid, Theta is the Heaviside function,
Rs 15 the radius of the particles, and h is the gap size. In atest fluid with more complicated
geometries (e.g., non~-parallel plates) and/or particles (e.g., polydisperse}, the relationship

between force, particle size, and gap size may be more complicated. In some

10
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embodiments 1t may be unnecessary to determine an analyviical relationship between
these factors, and one or more empirical relationships (e.g., as determuned by curve
fitting, machine learning, etc.) may be used instead.

HERS Multiple forces may act upon the sensor 108 and sensing element 110, Some of
these forces {e.g., the depletion force) may depend on the gap 114 and/or mass 112,
Other forces {(e.g., thermal fluctuations, flud flow, etc.) may be independent of the gap
114 and/or mass 112. The device 100 may include a reference sensor (not shown in
Figure 1), which may be positioned such that a reference sensing element of the reference
sensor 15 not influenced by the gap 114 and the mass 112, The reference sensor may be
physically identical to the sensor 108, The device 100 may compare measurernents from
the sensor 108 and from the reference sensor to cancel out the influence of forces which
are independent of the gap 114 and the mags 112

{046] in some embodiments, the device 100 may include a plurality of sensors such as
an array of sensors. Fach of the sensors may the same or one or more of the sensors may
be different from each other. The multiple sensors may, for example, increase a
magnitude of the signal provided to the computing svstem 118, In some embodiments,
the mass 112 may be a second sensor with a second sensing element, sirailar to the sensor
108 and sensing element 110. The gap 114 may then be between the sensing element
110 and the second sensing element, and the computing system 118 may recetve a signal
from both the sensor 108 and the second sensor.

{0471 The sensor(s} 108 and the actuators 115, 116 may be coupled to a computing
system 118. The computing system 118 may be positioned on the same chip or structure
as the well 102, or may be separate component. The computing sysiem 118 includes
readout electronics 120, which may be used for acquisition and pre-processing of signals
sent 1o and/or received from the sensor 108 and actuators 115, 116, The readout
electronics 120 may mclude one or more of filter circuits, preamplifier circuits, signal
shaper circutts, threshold circuits, analog-to-digital conversion circuits, digital-to-analog
conversion circuits, and/or memory circuits. The computing svstem 118 may be a
component of the device 100, or the device 100 may be coupled to an external computing
system 118, In some embodiments, certain components of the computing system 118
(e.g., the readout electronics 120) may be part of the device 100, while other components

{e.g., the processor 122 and communications elecironics 124) are external.
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048] The readout electronics 120 may provide the signals to a processor 122 which
may determine one or more properties of the particles based on signals from the sensor
108, For example, the processor 122 may operate in conjunction with software {e.g., the
processor 122 may execute instructions stored inn one or more computer readable media
accessible to the processor 122). While lustrated as a single processor 122, in some
examples, the processor 122 mayv be implermented by one or more processing units,
including one or more processors, processor cores, controllers, microcontrollers, and/or
custom circuitry {e.g., application specific integrated circuit {ASIC) and/or field
programmable gate array (FPGA)). The processor 122 may determine one or more
properties of the particies using the sensor signals. Properties which may be determined
include, but are not limited to, size, density, or concentration of particies.

[49] The processor 122 may direct a measurement procedure by, for example,
changing a size of the gap 114 (e.g.. with actuators 115 and/or 116} and collecting
multiple measurements at different sizes of the gap 114, The measurements may include
guasi-static or equilibrium conditions. The measurements may inchude non-equilibrium
or iransient behaviors. The measurements may include resonant mode analysis to
determine resonance frequency, amplitude, and/or phase.

{050 In some embodiments, the processor 122 mav use machine learning to
characterize the test {huid. For example, the processor may use a neural network, a deep
neural network, and/or may employ curve fitting {0 a theoretical {e.g., physics based)
model. In some embodiments, the machine learning may be frained on a database of raw
or pre-processed sensor data from known test fluids in order to identify an unknown test
fluid. In some embodiments the machine leaming may be trained on pre-processed
sensor data from a variety of known test fluids to generalize results and characterize the
properties of an unknown test fluid.

{051 The processor 122 may identify the test fluid by comparing determined properties
of the test flmd fo one or more known fluids. For example, 10 an application where the
test fluid is being produced, the properties of the test fluid may be compared o known
properties of the desired components as well as likely contaminants of the test lmd. The
processor 122 may determine the identity of components, their amount, and/or other
properties. In some embodiments, the processor 122 may identify the test fluid as a oux

of components, and may determine their relative concentrations within the test fluid.
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[052] The processor 122 may characierize the test fluid by determining one or more
properties of the test fhutd. The processor 122 may characterize properties of the particles
n the test fluid and/or the fluid of the test fluid. Properties of the particles that may be
characterized may include one or more of polvdispersity, surface charge, conceniration,
surface chemistry, shape, size distribution and/or size. Additional fluid (and/or particle)
characteristics that may be characterized may include particle agglomeration or
flocculation, fhind rheology and micro-rheclogy, electrical conductivity, dielactric
properties, semiconducting properties, itonic strength, pH, supramolecular chemustry,
covalent and non-covalent particle interactions, particle mobility, and combinations
thereof.

[053] The computing system 118 may also include communications electronics 124,
which may be used to send or receive information from outside of the device 100. For
example, the communications electronics 124 may include one or more of an electronic
display, a printer, indicator lights, data storage components (e.g.. hard disk, flash drive,
gic.), a wired or wireless communications module, and/or software {0 assist in data
presentation, analysis, comparison, interpretation, etc.

[054] The device 100 may include an enclosure 126, which may contain and/or enclose
one or more of the other components. The enclosure 126 may protect the device 100
from one or more environmental hazards. For example, the enclosure 126 may provide
protection against thermal shock, proiection against mechanical shocks, vibration
resistance, protection from hazardous environmental conditions, prevention of dust
contamination, prevention of electnical shorting. The enclosure 126 may also malke the
system easter to handle. In some embodiments, the enclosure 126 may swrround the other
components of the device 100, In some embodiments the enclosure 126 may be at least
partially open to allow access to one or more components of the device 100,

[055] In some embodimenis, one or more components of the device 100 may be
packaged together. For example, the well 102, mass 112, sensor 108, sensing element
110, and actuators 115, 116 may be fabricated on {and/or attached to) a single chip. The
chip may have connectors for coupling to the computing system 118, In other
embodiments, all of the components shown in Figure 1 may be packaged together In
some embodiments, one or more of the components {e.g., the sensor 108, sensing element

110, and/or actuators 115, 116) may be micro-fabricated. In some embodiments one or
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more of the components of the device 100 may be micro-electromechanical svstem
{(MEMS) devices. The micro-fabricating may include methods such as surface
micromachining on wavers (which may include MEMS processes such as SUMMIT,
SUMMIT V, MUMPS, etc.), bulk micromachining of wafers, soft lithography (e g.,
nanoimprint lithography), addititive microfabrication {e.g., mkjet, 3D printing), top-
down nanofabrication methods such as ebeam lithography, focused ion beam, etc.,
bottom-up nanofabrication methods such as self-assembly, and combinations thereof

{056] In some embodiments the device 100 may be designed for a set number of uses
before disposal. For gxample, the device 100 may be disposable after a single use. In
sorne embodiments, one or more components of the device may be modular. For
example, different sensing elements may be used for different types of fluids. The
different sensing elements may have different geometries and/or coatings to
accoramodate different types of fluds.

{0571 Figure 2 is a schematic diagram, depicting a sensor signal path arranged in
accordance with at least some embodiments described herein. The signal path 200 shows
the coupling of different components that muay be used in the operation of the device 100
of Figure 1. The signal path 200 includes a nanopositioner module 217, a sensor 208, a
reference sensor 230, readout electronics 220, and a processor 222, The various
components described in Figure 2 are merelv examples, and other variations, including
eliminating components, combining components, and substituting components are all
contemplated.

{058] The nanopositioner module 217 may control and/or measure the position of the
components of the system in order to determine the size of the gap between the sensing
clement and the mass (e.g., the gap 114 of Figure 1). The nanopositioner module 217 1s
coupled to the sensor 208. The sensor 208 and the reference sensor 230 each provide
signals to the readout electronics 220, The readout electronics in tum are
communicatively coupled to the processor 222, which provides one or more results, such
as properties of the test fluid {e g , particle size}.

[059] The nanopositioner module 217 mav be a component of a computing system {e.g.,
computing system 118 of Figure 1), or may be a separaie component of a device. The
nanopositioner module 217 may include one or more analog and/or digital circuits. The

nanopositioner may be coupled to processor {e g.. processor 122 of Figure 1} and may
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receive one or more signals which may indicaie a desired size of the gap. The
nanoposifioner may operate one or more actuators (e.g., actuators 115, 116 of Figure 1)
to change the size of the gap. In some embodiments, the nanopositioner module 217 may
provide a signal which indicates that the actuator(s} have achieved a desired position. In
some embodiments the nanopositioner module 217 may include sensors coupled to the
actuators, and may provide a measurement of the position of the actuators.

{060] The sensor 208 and reference sensor 230 may be phvsically identical components
in some examples. The sensor 208 may be positioned such that it experiences a depletion
force. The reference sensor 230 may experience other forces acting on the sensor 208
except tor the depletion force. Fach of the sensor 208 and the reference sensor 230 may
provide a signal proportional to a force acting on a respective sensing element of the
sensor 208 and reference sensor 230. In some embodiments the sensor 208 and reference
sensor 230 may be analog electrical components which provide a voltage and/or current
which is related to the force on the sensor.

[061] The readowt electronics 220 may receive the signals from the two sensors 208 and
230 and condition and/or process the raw signals received. For example the readout
electronics 220 may filter the signals to remove noise and/or amplhify the signals 1o make
them more easily readable by other components. The readout electronics 220 may
provide the signals to the processor 222, In some embodiments, the readout electronics
220 may provide the signals to one or more types of storage media, and the processor
222 may retrieve the signals from the storage media. In some embodiments, the readout
electronics 220 may electronically condition the signal from the sensor 208 based on the
signal from the reference sensor 230 (e.g., by subtracting the signal from the reference
sensor 230 from the signal from the sensor 208).

[062] The processor 222 may use the information from the sensors {as provided by the
readout electronics 220) to characterize the test fluid. The processor 222 may combine
the mformation from the sensors 208 and 230 with other information mn order to
characterize the test thuid. For example, the processor 222 may be coupled to additional
sensors, such as temperature sensors which indicate a current temperature of the test
fluid. The processor may also receive information from the nanopositioner module 217,
which may indicate the size of the gap. The processor 222 may also access one or more

pieces of mformation which may be stored on readable medium such as physical
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constants and/or known properties of the system{e.g

g., the gap size in embodiments where
the gap s fixed).

[063] The processor 222 may perform one or more aperations to characterize properties
of the fluid. For example, the processor 222 may associate one or more of the sensor
signals (e.g., force~displacement curves, etc.} with a quantitative value of a fluid property
{e.g.. concentration and/or density of particles) using a look-up table or other
mathematical relationship. In some embodiments, the processor may use one or more
mathematical models o determine properties of the fluid and/or particles. In some
embodiments, the processor 222 may use machine learning to determine Hluid properties
based on sensor signals. Generally, machine leaming may include using a model to
classify the incoming sensor signals to one or more fluid properties. The model may be
developed, for example, using training {e.g., supervised and/or unsupervised learning
may be used). In some examples, the model may be trained on data obtained from known
fluids and/or fluid properties. For example, the processor may be provided a training set
which includes a variety of force vs. gap size curves, each of which may have been
generated with a variety of different particle sizes, concentrations, size distributions, scan
rates (rates at which the gap size is changed), etc. The processor 222 mav then generate
one or more models (e.g., empirical relationships, weighis for a neural network) based
on the traiming data, and may use these models to classify the mformation received from
the sensor 208 (and/or other sources) into characteristics of the particles.

{064] In some embodiments, the processor 222 may direct a measwrement procedure,
For example the processor 222 may operate a series of instructions, which may be stored
on a non-transitory computer readable medium. In an example operation, the processor
222 may direct the nanopositioner module 217 to establish a particular size of gap, and
then store information recorded by the sensors 208 and 230, The processor 222 may then
instruct the nanopositioner module 217 1o establish a second size of gap and again store
imformation recorded by the sensors 208 and 230. Once measurements have been
collected from a number of a different gap sizes, the processor 222 may then characterize
the test fluid based on a relationship between the different gap sizes and the
measurements.

{065] The processor 222 may be configured to issue instructions for one or roore actions

based on the characterized test fluid. As an example, the processor 222 may provide
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results o communications electronics {e.g., communications electronics 124 of Figure 1)
such that the results may be displaved. In another example, if the determined properties
are outside of a given range (e.g., if the concentration of particles is below a threshold)
the processor may issue instructions to production equipment to increase the amount of
particles added to the test fhud. In addition (or altematively) the processor may activate
an alarm in order to allow for further investigation and/or manual adjustment of the test
flud.

[{066] Figure 3 1s a schematic diagram, depicting a posttion control path arranged in
accordance with at least some embodiments deseribed herein. The control path 300
mcludes a position controlier 332, dniver electronics 334, actuator 316, mass 336, and
position sensor 338, The control path 300 may be used as an implementation of the
nanopositioner module 217 of Figure 2 in some embodiments. The various components
described in Figure 3 are merely examples, and other variations, including elinunating
components, combining components, and substituting components are all contemplated.

[067] The control path 300 may receive a desired movement {e.g., from a processor).
The desired movement may act as positive feedback on the position controller 332. The
position controller 332 may also receive a signal from a position sensor 338, which may
act as negative feedback. Responsive to the desired position and the signal from the
posifion sensor 338, the position controller 332 may provide a control signal to the driver
electronics 334. The driver electronics may translate the control signal info an elecirical
signal {e.g.. a capacitor voltage) and provide it to the actuator 316, In response to the
glectrical signal, the actuator 316 may move. The movement of the actuator 316 may
move the mass 312, which may change the signal provided by the position sensor 338.
The components of the control path 300 may be positioned on the same chip as the rest
of the device {e.g., device 100 of Figure 1) or may be a separate component {e.g., in the
computing system 118 of Figure 1} that the device couples to.

[068] Figure 4 1s a schematic diagramn depicting a mucro-fabricated depletion force
sensor arranged in accordance with at least some embodiments described herein. The
sensor 408 is shown a region 400, which includes other components useful for describing
the operation of the sensor 408. The sensor 408 includes a sensing element 410, a sensor
arm 440, an anchor support 444, a flexible beam 446, and comb electrodes which include

floating combs 442b and fixed combs 442a. Also shown in Figure 4 are a well 402, mass
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412, and gap 414. In some embodiments, the sensor 408 may implement the sensor 108
of Figure 1. The various components described in Figure 4 are merely examples, and
other vanations, including eliminating components, combining coraponents, and
substituting components are all contemplated.

{069] The anchor support 444 may attach the flexible beam 446 to a surface of the
device. The sensor arm 440 may be coupled to the flexible beam 446 such that the sensor
arm 440 is able to move along at least one axis as the flexible beam 446 flexes about the
anchor support 444. The sensor arm is coupled along its length to a pair of comb
glectrodes, each of which includes a fixed comb 442a coupled 1o a stationary component
of the sensor and a floating comb 442b coupled to the sensor arm 440, The sensor arm
440 extends into the well 402, and is coupled to the sensing element 410. The sensing
element 410 is posttioned across a gap 414 from a mass 412, which is positioned along
an edge of the well 402.

{070] The flexible beam 446 may act as a spring coupled between the anchor support
444 and the sensor arm 440. The sensor arm 440 may be a “floating” component, such
that it is free to move except as constrained by the flexible beam 446, The anchor 444
may couple the flexible beam 446 to a fixed point, such as a surface of the device. The
flexible beam 446 may bias the sensor arm 440 to a position such that there is a known
nominal size of the gap 414 between the sensing element 410 and the mass 412,
Depletion forces acting on the sensing element 410 may displace the sensing arm 440
towards the mass 412.

[071] The fixed combs 442a may each be coupled to a fixed point {e.g., the same surface
that the anchor 444 15 coupled to). The floating combs 442b may be coupled to the sensor
arm 440, and may move relative to the fixed combs 442a as the sensor arm 440 1s
displaced. Each of the floating combs 442b and fixed combs 442a may be coupled to
electrodes. The electrodes may measure a change i the electrostatic properties of the
interaction between the floating comb 442b and the fixed comb 442a, as the “teeth’ of
the combs move past each other. The elecirodes may provide a signal as the sensor arm
440 15 deflected along an axis towards the mass 412 by a depletion force acting on the
sensing element 410, In this manner, the electrodes coupled to the combs may provide
a signal which is proportional to the force acting on the sensing element 410, Although

only two pairs of fixed and floating combs 442a, 442b are shown in the example region
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400 of Figure 4, it 1s 1o be understood that more or fewer pairs of combs may be used in
other sensor embodiments.

{072} Figure 5 is a schematic diagram depicting a depletion force sensing region
arranged in accordance with at least some embodiments described herein. The region
500 may be an implementation of part of the sensor 408 of Figure 4 in some
embodiments. The region 500 includes a sensor arra 540, a sensing element 510, a gap
514, a mass 512, and a well 302, The various components described in Figure 5 are
merely examples, and other variations, including eliminating components, combining

components,

B

and substituting components are all contemplaied.

{073} The region 500 of Figure 5 shows an alternative sensor arm 500 which may be
used in some embodiments. The sensor arm 300 is coupled between the rest of a sensor
{not shown} which is positioned outside of the well 502 and the sensing element 510
which is positioned in the well 502, The sensing element 510 1s positioned across a gap
514 from a mass 512, which has at least one surface which may be in contact with a test
fluid in the well 502.

1074] Capillary forces may act on the portion of the sensor arm 540 which extends wnto
the well 502, The sensor arm 540 may be shaped to reduce the effect of the capillary
forces on the measurement. The sensor arm 540 may include one or more beams which
experience captllary forces which are not along (e.g., orthogonal to) the measurement
axis. The sensor arm 540 may include multiple beams which experience opposing
capillary forces in order to cancel out the capillary forces.

{075] As shown in Figure 5, the sensor arm 540 includes four beams arranged in a
rectangle. Three of the beams are positioned outside the well 502, while the fourth beam
extends through the well 302, The beam which extends through the well 502 may
generally be parallel to the mass 512, and thus may be generally orthogonal to the axis
along which the depletion force acts. As shown by the arrows, since the fourth beam
extends across the width the well 302, capillary forces may act on either side of the beam
where the beam crosses a surface of the well 502. Since these two forces are acting in
opposite directions along the fourth beam, and since the beam may generally be
syrametric, the capillary forces may generally cancel each other out.

{076] Figure 6 15 a schematic diagrarn depicting a depletion force measurement device

with a wedge shaped mass in accordance with at least some embodiments described
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herein. In some embodiments, the device 60¢ may be an implementation of the device
100 of Figure 1 with a selectively variable defined gap. The device 600 mclades a well
602, a fimd 603, an inlet 604, an outlet 606, a sensor 608, a sensing element 610, a mass
612, an actuator 616, a computing system 618, readout electronics 620, a processor 622,
communications electronics 624, and an enclosure 626, The various componenis
described in Figure 6 are moerely examples, and other variations, including elinunating
components, combining components, and substituting components are all contemplated.

{077} The device 600 may include many components which are generally similar to
corresponding components of the device 100 of Figure 1. For the sake of brevity,
components which have been previously described will not be described again with
respect to Figure 6. The device 600 has a wedge-shaped mass 612 which is coupled to
an actuator 616. The actuaior 616 displaces the mass 612 along an axis (represented by
a double headed arrow) to change a size of the gap 614 between the sensing element 610
and a surface of the mass 612. The actuator 616 and the sensor #08 may be positioned
outside of the well 602 in a fhud 603, which may be immiscible with a test fhud.

{078] The mass 612 may have a wedge shape. The mass 612 may generally be
triangular or trapezoidal. The surface of the mass 612 which faces the gap 614, may
generally be at an angle (e.g., not parallel to} to the axis that the mass 612 is displaced
along. The sensing elernent 610 has a face on the other side of the gap 614 which may
generally be parallel o the surface of the mass 612, Accordingly, as the mass 612 1
displaced along the axis, the size of the gap 614 may change. Since the surface of the
mass 612 facing the gap 614 is angled relative to the axis of displacement, a relatively
targe displacement along the axis may vield a relatively small change 1n the size of the
gap 614, In this manner, an actuator 616 which is relatively imprecise {(e.g., cannot
accurately produce very small changes in displacement} may stll produce precise
changes to the size of the gap 614.

{079} The angle between the surface of the mass 612 and the displacement axis may
determine the magnitude of change in the size of the gap 614 per umit displacement.
Masses with different angles may be used in different applications. In some
embodiments, the device 600 may include multiple actualors 616, sensors 608, and

masses 612, wherein each of the masses has a different angle between the surface and
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the displacement axis. This may allow for a wide range of gap sizes {0 be produced,
which may allow for a broad range of particles in the test fluid to be characlerized.

{080] In some embodiments, the actuator 616 and/or sensor 608 may be sensitive o one
or more environmental conditions. For example, if the actuator 616 and sensor 608 are
electrostatic in nature, then the dielectric constant of the fluid they are immersed in may
deterroine their operation. The well 602 may be (partially or totally) surrounded by a
fluid 603 which is immiscible with a one or more envisioned test fluids that may be
contained in the well 602. Portions {or all of) the sensor 608 and the actuator 612 may
be positioned ouiside of the well 602 and i the fluid 603, In some embodiments, the
fluid 603 may have known properties (e.g., a known dielectric constant). The fluid 603
may be chosen based on expected properties of the test fluid. For example, if the test
fluid 1s expecied to be aqueous, the fluid 603 may be air, inert gases, organic, solvents,
silicone oils, paraftins, engineered {fluids, perfluorinated flwds, or combinations thereof.
If the test fluid is expected to be non-polar, the fluid 603 may be polar fluids, gases, or
combinations thereof. In some embodiments, the fluid 603 may be a gel.

{081] Figure 7 is a schematic diagram depicting a MEMS depletion force measurement
device with a wedge shaped mass in accordance with at least some embodiments
described herein. The device 700 may be an implementation of the device 600 of Figure
G i some examples. The device 700 includes a well 702, a sensor 708, a sensor anchor
744, comb electrodes 742, a sensing element 710, a mass 712, an actualor 716, actuator
anchors 745, comb actuator 743, comb sensor 747, and a region #00. The various
components described in Figure 7 are merely examples, and other variations, including
ehiminating components, combining components, and substituling components are all
contemplated.

[082] For the sake of brevity, components similar to those previously described wili not
be described again i relation to Figure 7. In particular, the sensor 708 may be generally
sumilar to the sensor 400 of Figure 4.

{083} The mass 712 may be coupled to an actuator 716 which is an electrostatic
actuator. The actuator 716 may include a comb actuator 743 which displaces the mass
712 along an axis, and a comb sensor 747 which measures the displacement of the mass
712. The comb actuator 743 and comb sensor 747 may both be coupled to asystern (e g,

computing system 118 of Figure 1} which may be used to determine accurate positioning
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of the mass 712. The comb actuator 743 and comb sensor 747 may be operated with a
feedback loop similar to the one depicted in Figure 3.

[084] The actuator 716 may include actuator anchors 745, which may couple a portion
of the actuator 716 1o a fixed point. In some embodiments, the actuator anchors 745 and
the sensor anchor 744 may both be attached to the same surface. The comb actuator 743
and comb sensor 747 may each be coupled to two actuator anchors 745,

{085] Each of the comb actuator 743 and the comb sensor 747 may include a fixed
comb and a floating comb. The fixed combs may be coupled to the anchors 745 along
flesible arms. The comb sensor 747 way operate in a similar manner to the comb
electrodes 742 of the sensor 708 or the combs 442a, b described in Figure 4. A charge
may be applied to the comb actuator 743 to move the floating comb relative to the fixed
comb. The mass 712 may be coupled to the floating comb. The floating comb of the
comb actuator 743 mayv be coupled to the floating comb of the comb sensor 747, such
that displacement of the comb actuator 743 also causes a displacement of the comb sensor
737,

{086] Figure 8 is a schematic diagram depicting a region 800 of the MEMS depletion
force measurement device with a wedge shaped mass of Figure 7 in accordance with at
least some embodiments described herein. The region 800 shows the well 702, sensing
element 710, gap 714, mass 712, and a portion of the actuator 716 in more detail. The
vartous components described n Figure 8 are merely examples, and other variations,
including eliminating components, combining components, and substituting componenis
are all contemplated.

{087] The sensing element 710 may be positioned at the end of an arm which couples
the sensing element 710 to a sensor (not shown in Figure 8). The sensing element 710
may be immersed in the well 702, and may be a wadge shaped or triangular member
positioned at the end of the arm. The sensing element 710 has a face adjacent the gap
714 which is generally parallel to a surface of the mass 712.

{088] The mass 712 is coupled by an arm to a floating comb of the actuator 716
{(specifically to a floating comb of the comb actuator 743). The mass 712 and the arm
s attached to may consist of more material than the sensing element 710 and its
respective arm.  This may mean that the roass 712 undergoes relatively little deflection

from the depletion force,
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{089] Figure 9 is a schematic diagram depicting a depletion force measurement device
with mudtiple sensors in accordance with at least some embodiments described herein.
The device 900 includes a well 902, a fluid 903, an nlet 904, an outlet 906, a plurality
of sensors 908a-c, corresponding sensing elements 910a-c, mass 912, gaps 914a-c,
computing svstem 918, readout electronics 920, processor 922, comwnunication
electronics 924, and enclosure 926. The various components described i Figure 9 are
merely examples, and other variations, including eliminating components, combining
components, and substituting componenis are all contemplaied.

{090] The device 900 may be an implersentation of the device 100 of Figure 1 in some
embodiments. The device 900 includes multiple sensors 908a-¢, each of which has a
corresponding sensing element 910a-¢ which is a different distance of gap 914a-c from
the mass 912. Many of the components of the device 900 may generally be similar to
the corresponding components of the device 100 of Figure 1. For the sake of brevity,
these components will not be described again.

[091] In the device 900, the mass 912 and the sensors 908a-¢c may be fixad relative to
each other. The mass 912 may be a wall which 1s affixed to a surface of the device 900.
Each sensing element 910a-c 15 at a fixed nominal distance away from the mass 912,
Since the depletion force may depend on the size of the gap 914a-c compared to size of
the particles in the test fluid, each of the sensing elements 910a-¢ may expernience a
different amount of depletion force from particles of different size ranges. The processor
922 may determine the size of particles in the test fluid and/or the distribution of the
particles by comparing the forces acting on the different sensors 908a-c.

[092] Figure 10 15 a schematic diagram depicting a fluctuating gap depletion force
measurement device in accordance with at least some embodiments described herein.
The device 1000 includes stationary masses 1012, fluctuating elements 1010, gap 1014,
sensing electrodes 1008, insulation 1052, and cover 10534, The various componenis
described in Figure 10 are merely examples, and other vanations, including elinunating
components, combining components, and substituting components are all contemplated.

{093] In some embodiments, the device 1000 may be an implementation of the device
100 of Figure 1. For the sake of clarity, Figure 10 only shows features directly related
to the stationary mass{es) 1012 and fluctuating element(s} 1012. However, it 1s to be

understood that the device 1000 may include other features of the device 100 of Figure
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1 not shown in Figure 10. For example, the device 1000 may inchude an enclosure, inlet,
outlet, well, computing umit, and/or other features/components analogous to those
discussed in regards to the device 100 of Figure 1. The device 1000 1s an erobodiment
with an arrav of sensors masses, each of which has a fluctuating gap. Although an array
of the sensors and masses i1s shown i the example embodiment of Figure 10, it s (o be
understood that the fluctuating gap mass and sensor of Figure 10 could also be utilized
with only a single mass and sensor.

[094] In the device 1000, fluctuating elements 1010 are each posttioned about a
respective stationary mass 1012, The fluctuating elements 1010 are each free to move
along at least one axis such that the size of a gap 1014 between the fluctuating element
1010 and its respective mass 1012 can vary. Each stationary mass 1012 is coupled o a
sensing electrode 1008. The sensing electrodes 1008 are each separated from
neighboring of the sensing electrodes 1008 by insulation 1052, which mav take the form
of an insulating gap between the sensing electrodes 1008, A cover 1054 is positioned
across the array of fluctuating elements 1010 and masses 1012 1n order to at least partially
constrain the motion of each of the fluctuating elements 1010 relative to the mass 1012,

[095] The device 1000 uses a specific geometry 1in which the stationary mass 1012 1s
a post, while the fluctuating element 1010 is a hoop. In other embodimenis other
geometries of the fluctuating element 1010 and/or mass 1012 may be used to achieve a
fhuctuating gap. For example, in one embodiment, the fluctuating element may be a cube,
while the mass 1012 may be a cage which constrains the motion of the cube. In another
embodiment, the fluctuating element may be a log, while the mass may be a channel that
the log can move along. Other geometries are possible in other examples.

[096] The fluctuating element 1010 may be in the shape of a hoop. The hoop may be
generally circular with an open center. The stationary mass 1012 may take the form of
a post, which may be a cylinder with a radius smaller than a radius of the open center of
the fluctuating element 1010, The fluctuating elemnent 1010 may be positioned such that
the stationary mass 1012 1s positioned such that it passes through the open center of the
fluctuating element 1010. The fluctuating element 1010 may thus fravel to a variety of
positions about the stationary mass 1012, up until limtted by contact between the inner
wall of the fluctuating element 1010 and the outer surface of the stationary mass 1012,

The fluctuating elements 1010 may be constrainad in one or more axes by the geometry
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of the device. For example, the cover 1054 and the sensing electrode 1008 may limut
travel of the Huctuating element 1010 along an axis up and down the post of the stationary
mass 1012, This may simplify geometry and/or prevent the fluctuating element 1010
from separating from ifs respective stationary mass 1012, Additional constraints to the
motion of the fuctuating element 1010 may also be infroduced. For example, in the
embodiment of device 1000 where there are an array of fluctuating masses 1010, a group
of the fluctuating elements 1010 may be coupled together. For example, each line (e.g.,
row or column) of the fluctuating elements 1010 may be coupled together,

{097} The gap 1014 may be the distance between the outer wall of the mass 1012 and
an inner wall of the fluctuating elerent 1010, The gap 1014 may be used as an ndicator
of the position of the fluctuating element 1010 about the stationary mass 1012, Because
the fluctuating element 1010 is free to move about the stationary mass 1012, the position
of the fluctuating element 1010 about the mass 1012, and thus the size of the gap 1014,
will fluctuate over time. The fluctuating element 1010 and the stationary mass 1012 may
both be in contact with {e.g., immersed in) the test fluid. In some embodiments, the
fluctuating element 1010 may be allowed to move randomly. In some embodiments the
fluctuating element 1010 may move responsive to a current in the test fluid.  In some
embodiments, a current may deliberately be mduced 1n the test fluid (e.g., with a pump},
such as o induce an cscillating flow across the fluctuating element 1010 and stationary
mass 1012, In some embodiments other forces may be used to influence the fluctuating
elements, such as external vibration, acoustic excitation, etc.

098] As the fluctuating element 1010 moves about the stationary mass 1012, it may
experience a depletion force. In particular, as the size of the gap 1014 changes, particles
may be excluded from the gap 1014 while still having an effect on an outer surface of
the fluctuating element 1010, This may bias the fluctuating element 1010 to positions
where the size of the gap 1014 provides the depletion force. In other words, as the
fluctuating element 1010 travels about the mnass 1012, positions where the gap 1014 1s
small enough may be “sticky” and the fluctuating element 1010 may spend more time in
these positions.

[099] The position of the fluctuating element 1010 relative to the mass 1012 may be
measured over time, and one or more properties of the test fluid determined based on

displacement of the fluctuating element 1010 over time. In particular, the amount of time
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spent at any given position {e.g., the eccentricity of the fluctuating mass’s 1010 center
relative to the mass 1012) mayv be used as an indicator of the depletion forces acting on
the fluctuating element 1010, In the example embodiment of the device 1000, capacitive
sensing 15 used to determine the position of the fluctuating element 1010. The fluctuating
element 1010 and the mass 1012 may both be made of a conductive matenial. The sensing
electrode 1008 may be a conductive material which is coupled to the mass 1012, The
sensing electrode 1008 may be electrically separated from adjacent sensing electrodes by
insulator 1052, The cover 1054 may be an mmsulating material (e.g., mitride). As the
fluctuating element 1010 moves aboul the mass 1012, it may change a capacilance
between the sensing electrode 1008 and adjacent sensing electrodes 1008 (which may
reflect the change in capacitance between adjacent of the masses 1012  Other
measurement modalities, such as optical sensing or magneiic sensing, may be used in
other embodiments.

{0100] Figure 1215 a block diagram depicting a cantilever fluctuating gap depletion force
measuwrement device in accordance with at least some embodiments described herein.
The device 1200 includes a flexable sensor 1208 and a plurality of sensing elements 1210
which are separated from each other by gaps 1214, The vartous components described
in Figure 11 are merely examples, and other variations, including eliminating
components, combining components, and substituting components are all conternplated.

{0101 The device 1200 may be an implemented in the device 100 of Figure 1. The
device 1200 may have fluctuating gaps 1214 similar to the gaps 1014 of Figure 10, except
that in the device 1200 there is no stationary mass, as each pair of fluctuating elements
1210 form a gap 1214 between them. The device 1200 has a plurality of fluctoating
clements 1210 and a plurality of gaps 1214 between them, such that the effects of the
depletion forces acting on each pair of fluctuating elements 1210 may be additive. This
may vield a larger response 1o the depletion forces which may be easier to measure.

[0102] The device 1200 includes a flexible sensor 1208, which may be immersed in a
test fluid {e g . by being positioned in the well 102 of Figure 1). The flexible sensor 1208
may be made of a material which can deform (&.g., bend) in one or more directions. The
flexible sensor 1208 has a plurality of fluctuating elements 1210 positioned along it
Each of the fluctuating elements 1210 may be separated from adjacent fluctuating

elements 1210 by a gap 1214, The gaps 1214 may have a nominal spacing, which may
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change as the flexible sensor 1208 deforms. The deformation of the flexible sensor 1208
may change the size of multiple of the gaps 1214, As the size of the gaps 1214 changes,
the effects of the depletion force acting on each pair of fluctuating elements 1210 may
change, which i twn may affect the deformation of the flexible sensor 1210
Accordingly, the deformation of the flexible sensor 1208 may be measured and those
measurements may be used to charactenze the test fluid {and particles therein).

{0103} As shown in the example embodiment of Figure 12, the flexible sensor 1208 and
fluctuating elements 1210 may generally be ‘comb’ shaped, with the flexible sensor 1208
forming a generally linear element with the fluctuating elements 1210 positioned
generally perpendicular to the long axis of the flexible sensor 1208, The flexible sensor
1208 may bend or curl towards the fluctuating elements 1210 (e.g.. “up’ as illustrated in
Figure 12}, The flexible sensor 1208 may be biased towards an uncurled position {e.g..
straight) and may curl due to randor Huctuations and/or be induced to curl {e.g., by a
current in the test fluid). As the flexible sensor 1208 curls upwards, the size of the gaps
1214 between the fluctuating elements 1210 may generally decrease. Depletion forces
acting on pairs of the fluctuating elements 1210 may act to counter the tendency of the
flexible sensor 1208 to uncurl. Since the force acting against the curl mav be the surn of
the depletion forces acting on each pair of fluctuating elements 1210, the overall force
may be greater {and thus easier to measure) than if the forces on each gap 1214 needad
1o be measured individually,

{0104 The flexible sensor 1208 may be a cantilever, which is fixed on oneend {e.g., the
teft side as tHustrated) and free to move on the other end. The flexible sensor 1208 may
be made of a soft and/or elastic material such as silicone rubber (PDMS). The flexible
sensor 1208 may be made of a pure material or a composite. Example composites may
include nanotube and/or nanowire composites. The composites may add additional
functionality, which may include piezoresistive properiies, enhanced optical properties
(e.g., reflectivity), modifving the elastic behavior, and/or other changes to the properties
of the pure material.

{0105} In some embodiments, the flexible sensor 1208 may include one or more
elements which measures the overall curve of the flexible sensor 1208. The fixed end of
the flexible sensor 1208 may mclude couplings (e.g., electrical connections) which may

link the measuring elements to the system {e g., computing system 118 of Figure 1}, For
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egxample, the curvature may be measured with piezoresistance {e.g., by depositing a
piezoresisiive material onto the base of fexible sensor 1208 and/or by fabricating the
entite flexible sensor 1208 from piezoresistive moaterial), the pieso elecinic effect,
capacitance, or combinations thereof. In some embodiments, the curve of the flexible
sensor 1208 may be measured by one or more components external to the device 1200
For exarople, microscopy, optics, magnetic means, and/or other techniques may measure
the curvature of the flexible sensor 1208,

[0106] The fluctuating elemenis 1210 may be generally positioned such that they have
regular spacing and are positioned along one side of the flexible sensor 1208, In one
exarple erabodiment, the flexible sensor 1208 may be 150um long, and the fluctuating
elements 1210 may be spaced apart (when the flexible sensor 1208 is uncurled) by 1um
The fluctuating elements 1210 may be made of the same material as the flexible sensor
1208, or mav be made of one or more different materials. In some embodiments, the
fluctuating elements 1210 may be made of a stiffer material than the flexible sensor 1210,

{0107] In some embodimentis, the device 1200 may be a unitary body, with the flexible
sensor 1208 and the fluctuating elements 1210 formed from a single piece of material.
For example the device 1200 may be made from an elastorver using soft lithography. A
mold may be made {e.g., on a silicon wafer via micromachining} and the elastomer may
be poured into the mold and cured.  In other embodiments, the device 1200 may be
fabricated from MEMS malterials such as polysilicon using standard MEMS processes
like SUMMIT or MUMPS, or with top-down nanofabrication methods like ebeam
lithography, focused ion beam (FIB), reactive ion eiching (RIE), plasma etching,
chemical wet etching, or combmations thereof.

{0108] In an example operation, a fluid may be flowed across the device 1200 (e.g.,
generally upwards as illustrated). The flexible sensor 1208 may curl upwards, which
may bring the tips of the fluctuating elements 1210 closer {ogether, reducing the size of
the gaps 1214, The depletion force(s) may be determined my momitoring the curvature
of the flexible sensor 1208 over time. For example, if the fluid flow is stopped. the
flexible sensor 1208 may begin to uncurl. The time it takes for the flexible sensor 1208
to uncur! may be determined, at least in part, by the depletion forces acting to reduce the

size of the gaps 1214
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[0109] Figure 11 15 a block diagram illustraiing an example computing device that is
arranged for determuning properties of fwids in accordance with at least some
embodiments described herein. In a very basic configuration 1101, computing device
1100 typically includes one or more processors 1110 and system memory 1120 A
memory bus 1130 may be used for commuricating between the processor 1110 and the
systern roemory 120,

{0110} Depending on the desired configuration, processor 1110 may be of any tvpe
including but not limited to a microprocessor (uP), a microcontroller (uC), a digital
signal processor (DSP), or any combination thereof. Processor 1110 may include one
more levels of caching, such as a level one cache 1111 and a level two cache 1112, a
processor core 1113, and registers 1114, An example processor core 1113 may include
an arithmetic togic unit (ALU}, a floating point unit (FPU), a digital signal processing
core (DSP Core), or any combination thereof. An exarople memory controtler 1115 may
also be used with the processor 1110, or in some implementations, the memory controller
1115 may be an internal part of the processor 1110

[0111] Depending on the desired configuration, the system memory 1120 may be of any
type including but not limited to volatile moemory (such as RAM), non-volatile memory
{such as ROM, flash memory, etc.} or anv combination thereof System memory 1120
may include an operating system 1121, one or more applications 1122, and program data
1124, Application 1122 may include a measurement procedure 1123 that is arranged to
determine a property of a fluid using depletion force sensors as described herein.
Program data 1124 may include machine leaming models, sensor data, mathematical
relationships, physical constants, known or expected properties of the fluid, and/or other
mformation usetful for the implementation of fluid property detection based on depletion
force sensing. In some embodiments, application 1122 may be arranged to operate with
program data 1124 on an operating system 1121 such that anv of the procedures
described herein may be performed. This described hasic configuration is Ulustrated in
FIG. 7 by those components depicted within the dashed line of the basic configuration
1101,

[8112] Computing device 1100 may have additional features or functionality, and
additional interfaces to facilitate communications between the basic configuration 1101

and any required devices and interfaces. For example, a bus/interface controller 1140
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may be used to facilitate communications between the basic configuration 1101 and one
or more storage devices 1150 via a storage interface bus 1141, The storage devices 1150
may be remnovable storage devices 1151, non-removable storage devices 1152, or a
combination thereof. FExamples of removable storage and non-removable storage
devices include magnetic disk devices such as flexible disk drives and hard-disk drives
(HDD), optical disk drives such as compact disk (CD) drives or digital versatile disk
(DVD) drives, solid state drives {(SSD), and tape drives to name a few. Example
computer storage media may include volatile and nonvolatile, 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.

[0113] System memory 1120, removable storage 1151 and non-removable storage 1152
are all examples of computer siorage media. Computer storage media includes, but is
not hmited to, RAM, ROM, EEPROM, flash memory or other memory technology, CI-
ROM, digital versatile disks (DVD) or other optical storage, magnetic casseties,
magnelic tape, magnetic disk storage or other magnetic storage devices, or anv other
medium which may be used to store the desired information and which may be accessed
by computing device 1100. Any such computer storage media may be part of computing
device 1100,

[{0114] Computing device 1100 may also include an interface bus 1142 for facilitating
communication {rom various interface devices {e.g, outpul inter{aces, peripheral
interfaces, and communication interfaces) to the basic configuration 1101 via the
bus/interface controlier 1140.  Example ouiput devices 1160 include a graphics
processing umit 1161 and an audio processing unit 1162, which may be configured to
comumnunicate to various external devices such as a display or speakers via one or more
A/Y ports 1163, Example peripheral interfaces 1170 include a serial interface controller
1171 or a parallel interface controller 1172, which mav be configured to communicate
with external devices such as input devices {e.g., kevboard, mouse, pen, voice input
device, touch input device, etc.) or other peripheral devices (e.g., printer, scanner, efc.}
via one or more /O ports 1173, An example communication device 1180 includes a
network controller 1181, which may be arranged to facilitate communications with one
or more other computing devices 1190 over a network conwnunication link via one or

more communication ports 182,
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[B115] The network communication link may be one example of a communication
media.  Communication media may typically be embodied by computer readable
mstructions, data structures, program modules, or other data in a modulated data signal,
such as a carrier wave or other transport mechanism, and may include anv information
delivery media. A “modulated data signal™ may be a signal that has one or more of iis
characteristics set or changed in such a manuer as to encode information in the signal.
By way of example, and not limitation, communication media may include wired media
such as a wired network or direct-wired connection, and wireless media such as acoustic,
radio frequency (RF), microwave, infrared (IR} and other wireless media. The term
computer readable media as used herein may include both storage media and
communication media.

{0116] Computing device 1100 may be implemented as a portion of a small-form factor
portable {(or mobile) electronic device such as a cell phone, a personal data assistant
(PDA), a personal media player device, a wireless web-watch device, a personal headset
device, an application specific device, or a hybrid device that include any of the above
functions. Computing device 700 may also be implemented as a personal computer
mncluding both laptop computer and non-laptop computer configurations.

{0817]  The present disclosure is not to be linuted in terms of the particular examples
described in this application, which are intended as iltustrations of various aspects. Many
modifications and examples can be made without departing from its spirit and scope, as
will be apparent to those skiiled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those emumerated herein,
will be apparent to those skilled in the art from the foregoing descriptions. Such
modifications and examples are intended to fall within the scope of the appended claims.
The present disclosure is to be linuted onlv by the terms of the appended claims, along
with the full scope of equivalents to which such claims are entitied. H s to be understood
that this disclosure is not limited to particular methods, reagents. compounds
compositions or biological systems, which can, of course, vary. K is also to be
understood that the terminology used herein is for the purpose of describing particular
examples only, and 1s not mtended to be limuting,

[0118]  With respect to the use of substantially any plural and/or singular terms herein,

those having skill in the art can translate from the plural to the singular and/or from the
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singular to the plural as is appropriate to the context and/or application. The various
singular/plural permutations may be expressly set forth herein for sake of clarity.

{0119] | will be undersiood by those within the art that, in general, terms used heren, and
especially m the appended claims (e.g., bodies of the appended claims) are generally
mtended as “open” terms {e.g., the lerm “including” should be interpreted as “including
but not limated 10,” the term “having” should be interpreted as “having at least,” the term
“includes™ should be interpreted as “includes but is not limited 10,” etc.).

{0120] I will be further undersiocod by those within the art that if a specific nuomber of an
introduced claim recitation 15 intended, such an intent will be exphicitly recited in the
claim, and in the absence of such recitation no such infent is present. For example, as an
aid to understanding, the following appended claims may contain usage of the
mtroductory phrases “at least one” and “one or more” to introduce claim recitations.
However, the use of such phrases should not be construed to imply that the introduction
of a claim recitation by the indefinite articles “a” or “an” limits any particular claim
containing such introduced claim recitation to examples containing only one such
recitation, even when the same claim includes the introductory phrases “one or more” or
“at least one” and indefinite articles such as “a” or “an” {e.g., “a” and/or “an’” should be
interpreted to mean “at least one” or “one or more”); the same holds true for the use of
definite articles used to mtroduce claim recitations. In addition, even if a specific number
of an introduced claim recitation is explicitly recited, those skilled in the art will
recognize that such recitation should be interpreted to mean at least the recited number
{(e.g., the bare recitation of “two recitations,” without other modifiers, means at feast two
recitations, or two or more recitations).

{0121]  Furthermore, in those instances where a convention analogous to “at least one of A,
B, and C, etc.” 15 used, in general such a construction is intended in the sense one having
skill in the art would understand the convention (e.g., “a system having at least one of A,
B, and 7 would include but not be himited to svstems that have A alone, B alone, C
alone, A and B together, A and (' together, B and C fogether, and/or A, B, and C together,
gic.}. In those instances where a convention analogous to “at least one of A, B, or C,

etc.” is used, in general such a construction is inlended in the sense one having skill in

the art would understand the convention (e.g., “a system having at least one of A, B, or

C” would include but not be limited to systems that have A alone, B alone, C alone, A
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and B together, A and C together, B and C together, and/or A, B, and C together, eic).
It will be {urther understood by those within the art that virtually any disjunctive word
and/or phrase presenting two or more aliemative terms, whether in the description,
claims, or drawings, should be understood to contemplate the possibilities of including
one of the terms, either of the terms, or both terms. For example, the phrase “A or B”
will be understood to include the possibilities of "A” or “B” or “A and B.”

{0122]  In addition, where features or aspects of the disclosure are described in terms of
Markush groups, those skilled in the art will recognize that the disclosure s also thereby
deseribed 1o terms of anv individual member or subgroup of mernbers of the Markush
group.

{0823]  As will be understood by one skilled in the art, for any and all purposes, such as in
terms of providing a written description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges thereof. Any listed range can
be easily recognized as sufficiently describing and enabling the same range being broken
down nto at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-limiting
example, each range discussed herein can be readily broken down into a lower third,
middle third and upper third, etc. As will also be understood by one skilled in the art all
language such as “up to,” “at least,” “greater than,” “less than,” and the like include the
namber recited and refer to ranges which can be subsequently broken down into
subranges as discussed above. Finally, as will be understood by one skilled in the art, a
range includes each individual member. Thus, for example, a group having 1-3 ttems
refers 10 groups having 1, 2, or 3 items. Similarly, a group having 1-3 items refers to
groups having 1, 2, 3, 4, or 5 items, and so forth

{0124] While the foregoing detailed description has set forth vanous examples of the
devices and/or processes via the use of block diagrams, flowcharts, and/or examples,
such block diagrams, Hlowcharts, and/or examples contain one or more functions and/or
operations, it will be understood by those within the art that each function and/or
operation within such block diagrams, flowcharts, or examples can be implemented,
individually and/or collectively, by a wide range of hardware, software, firmware, or
virtually any combination thereof. In one example, several portions of the subject matter
described herein may be umplemented via Application Specific Integrated Circuits

{ASICs}, Field Programmable Gate Arrays (FPGAs), digital signal processors (ID5Ps),
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or other integrated formats. However, those skilled in the art will recognize that some
aspects of the examples disclosed herein, in whole or in part, can be equivalently
implemented 10 integrated circuils, as one Or more compuier programs running on one
or more computers {e.g., as one of MOre Programs running on one or mofre computer
systems), a4s one or more programs running on oneg or more processors {e.g., as one or
MOTe Programs running on one of 1ore microprocessors), as firmware, or as virtually
any combination thereof, and that designing the circuttry and/or writing the code for the
software and/or firmware would be well within the skill of one of skill in the art in hight
of this disclosure. For example, if a user determunes that speed and accuracy are
paramount, the user may opt for a mainly hardware and/or firmware vehicle; if flexability
is paramount, the user may opt for a mainly sofiware implementation; or. vet again
alternativelv, the user may opt for some combination of hardware, software, and/or
firmware,

{0125]  Inaddition, those skilled in the art will appreciate that the mechanisms of the subject
matier described herein are capable of being distributed as a program product in a variety
of forms, and that an tHustrative example of the subject matter described herein applies
regardless of the particular type of signal bearing medium used to actually carry out the
distribution. Examples of a signal bearing medium include, but are not linited to, the
following: a recordable type medium such as a floppy disk, a hard disk drive, a Compact
Disc (CD), a Digiial Video Disk (DVD), a digital tape, a compuier memory, ete.; and a
transmission type medium such as a digital and/or an analog communication medium
{e.z., a fiber optic cable, a waveguide, a wired communication link, a wireless
commnunication link, etc.).

{0126]  Those skilled in the art will recognize that it is common within the art to descube
devices and/or processes in the fashion set forth herein, and thereafter use engineering
practices 1o integrate such described devices and/or processes into data processing
systems. That is, at least a portion of the devices and/or processes described herein can
be integrated into a data processing sysiem via a reasonable amount of experimentation.
Those having skill in the art will recognize that atypical data processing svstem generally
includes one or more of 3 system unit housing, a video display device, a memory such as
volatile and non-volatile memory, processors such as microprocessors and digital signal

processors, computational entities such as operating systems, drivers, graphical user
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interfaces, and applications programs, one or more inferaction devices, such as a touch
pad or screen, and/or control systems including feedback loops and control motors (e.g.,
feedback for sensing position and/or velocity; control motors for moving and/or adjusting
components and/or quantities). A typical data processing system may be implemented
uttlizing any suitable commercially available components, such as those typically found
in data computing/communication and/or network computing/cornmurnication systens.

{0127]  The herein described subject matter sometimes tHustrates different components
contained within, or connecied with, different other components. H is to be undersiond
that such depicted architectures are merely examples, and that in fact many other
architectures can be implemented which achieve the same functionality. In a conceptual
sense, any arrangement of components o achieve the same functionality 1s effectively
"associated"” such that the desired functionality 1s achieved. Hence, any two componenis
herein combined fo achieve a particular functionality can be seen as "associated with"
each other such that the desired functionality is achieved, irrespective of architectures or
intermedial components. Likewise, anv two components so associated can also be
viewed as being "operably connecied”, or "operably coupled”, to each other {0 achieve
the desired functionality, and any two components capable of being so associated can
also be viewed as being "operably couplable®, to each other to achieve the desired
functionality. Specific examples of operably couplable include but are not limited to
physically mateable and/or physically interacting components and/or wirelessly
interactable and/or wirelessly interacting components and/or logically interacting and/or
fogically interactable components.

[0128] While various aspects and examples have been disclosed herein, other aspects and
exarnples will be apparent to those skilled in the art. The various aspects and examples
disclosed herein are for purposes of iliustration and are not intended to be limiting, with

the +frue scope and spirit  being indicated by the following claims.
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CLAIMS

What is clatmed is:

1. A microfabricated system comprising:

a well configured to contain a test fluid;

a mass having a surface, wherein the surface is configured {o be tmmersed in
the test fluid during operation;

a sensor comprising a sensing element configured o be immersed in the test
fluid during operation, the sensing elewent comprising a sensor face separated from the
surface of the mass by a gap, wherein the sensor 1s configured to measure a force on the
sensing element relative to the mass; and

a processor coupled to the sensor and configured to determine properties of the

test fluid based on the force.

2. The system of claim 1, wherein the test fhiid comprises particles, and wherein
the properties of the lest fluid comprise at least one of a sive of the particles, a

concentration of the particles, and/or a size distribution of the particles.

3. The svstem of claim 1, wherein the well 15 1o fluid communication with a source

of the test fluid.

4, The system of claim 1, wherein the well is configured to be at least partially

surrounded by a fhud which 15 immiscible with the test flud.

5. The system of claim 4, wherein at least a portion of the sensor is configured to

be positioned in the flud.

6. The system: of claim 1, wherein the mass comprises a wall.
7. The system of claim 1, wherein the mass is coupled 10 an actuator configured to

selectively vary a size of the gap.
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8. The system of claim 1, wherein the sensing element is coupled {0 an actuator

configured to selectively vary the size of the gap.

9. The system of claim 1, further comprising a reference sensor comprising a
reference tip positionable in the test fluid away from the mass, the reference sensor

configured to measure a force on the reference tip.

10. The system of claim 9, wherein the processor is coupled to the reference sensor
and further configured {o determine the properties of the test fluid based on a
comparison of the measured force on the sensing element and the measured force on

the reference tip.

11, The syvstem of claim 1, wherein at least one of the surface of the sensing
element and the surface of the mass are treated, include a functionalized surface, or

both.

12, The system of claim 1, wherein the mass 1s coupled 1o a second sensor
configured 1o measure a force on the mass toward the sensor face, and wherein the
processor i3 configured to determine the properties of the test fluid based on the

measured force on the sensing element and the measured {orce on the mass.

13. The system of claim 1, wherein the processor 15 configured to use machine
tearning to determine characteristics of the test fhuid, of particles in the test fhud, or

both.

14. The system of claim 13, wherein the processor is configured to use the machine

learning fo determine the concentration of the particles.

15. The system of claim 13, wherein the processor is configured to use the machine

tearning to determine the size of the particles.
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16. The system of claim 1, further comprising packaging enclosing the well, the

mass, and the sensor.

17. The system of claim 1, further comprising readout electronics coupled between
the sensor and the processor, wherein the readowt electronics comprise filter circuits,
preamplifier circuits, signal shaper circuits, threshold circuits, analog-to-digital

converter Circuits, memory circuits, or combinations thereof.

i8.  The sysiem of claim 1, wherein the sensor comprises a plurality of sensor tips
positionable in the test fluid, each of the sensor tips positioned a different distance from
the surface of the mass, whergin the sensor is configured to measure a force on each of
the sensor tips, and wherein the processor is configured to determine the properties of

the test fluid based on the measured force on each of the sensor tips.

19. A device comprising:

a well configured to hold a test fluid;

a mass partially positioned in the well, the mass coraprising a surface
configured for contact with the test fluid;

a sensing element having a sensor face which is positionable a distance from the
surface;

an actuator positionad outside the well, the actuator coupled to a portion of the
mass positioned outside of the well, the actuator configured to move the mass to change
the distance between the sensor {ace and the surface of the mass;

a sensor positioned outside the well, the sensor coupled to the sensing element

to determine a force towards the surface of the mass.
20.  The device of claim 19, wherein a displacement of the mass along the axis
provides a change in a distance between the sensor face and the surface, wherein the

displacement of the mass is greater than the change in the distance.

21 The device of claim 19, wherein the mass is wedge shaped such that the

actuator moves the mass along an axis other than parallel to the surface of the mass.
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22, The device of claim 19, wherein the sensor and the actuator are configured to be

positioned in a fluid which is immiscible with the test fluid.

23. The device of claim 19, wherein the aclualor comprise an elecirostatic comb

drive.

24. The device of claim 19, whearein the actuator is configured {o establish a

distance between the surface of the mass and the sensor face.

25. The device of claim 19, wherein the sensor face is coupled to a support member

which extends along a direction parallel to the sensor face within the well.

26. A device comprising:

a stationarv mass configured 1o be positioned in a test fhnd;

a fluctuating element configured {0 be posiiioned in the test fluid and at least
partially defining an opening, wherein the stationary mass is disposed in the opening;
and

a sensor coupled o the stationary mass and the fluctuating element, the sensor

configured to measure a distance between the stationary mass and the {luctuating

element.
27. The device of claim 26, wherein the stalionary mass 15 an electrode.
28. The device of claim 26, wherein the fluctuating element is a hoop and the

stationary mass is a post, the hoop positioned such that the post passes through an

opening of the hoop.
29. The device of claim 26, further comprising an array of stationary masses; and a

corresponding plurality of fluctuating elements, wherein each of the array of stationary

masses is disposed i a respective one of the plurality of fluctuating elements.
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30. The device of claim 29, whearein the sensor is coupled to the array of stationary
masses and the plurality of fluctuating elements, and wherein processor is configured to
determune the at least one property of the fluid based on the measwrements from the

array of stationary masses and the plurality of fluctuating elements.

31 The device of claim 29, wherein certain of the plurality of fluctuating elements

are coupled together in a line of fluctuating elements.

32, The device of claim 26, further comprising a pump configured to provide an

oscillating flow of the test fluid across the stationary mass and the fluctuating element.

33. The device of claim 26, further comprising a processor is configured to
deterroine the at least one property of the test fluid based on a time the fluctuating

element 1s disposed at one or more positions about the stationary mass.

34, A method comprising:
measunng a depletion force induced by particles 1o g fluid by a sensor; and
deternuning, using at least one processing unit, at least one of a size,

concentration, or disiribution of the particles based on the measured depletion force.

35 The method of claim 34, wherein said measuring comprises using a micro-

fabricated device.

36. The method of claim 34, further comprising displaying said at least one of a

size, concentration, or distribution of the particles.

37, The method of claim 34, further comprising adding additional particles to the

fluid when the concentration of the particles is below a threshold.
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38. The method of claim 34, wherein a surface of the sensor is positioned a distance
from a mass, and wherein the determining comprises comparing the force on the sensor

to the distance,

39.  The method of claim 38, further comprising varving the distance by moving the

mass relative to the surface of the sensor,

40. The method of claim 34, further comprising measuring the depletion force

mduced by the particles on a plurality of sensors.

41, The method of claim 34, wherein the determining comprises using machine
learning based on a model of at least one of a size, concentration, or distribution of the

particles,

42. The method of claim 34, further comprising measuring a signal from a reference
sensor positioned a greater distance from the mass such that the reference sensor does

not experience the depletion force.

43, The method of claim 42, wherein the determining comprises comparing the
measured depletion force and the signal.



PCT/US2018/050695

WO 2019/055532

112

L Dl

\VQ\
SOI1U0JJ09|T Yas4
uolE2IUNWIWOY
SN Jojenjoy
Jolenoy 9117
lossaoold
losuag sse\
/ 801~ vl
cel 01z 7
$OI1U0J}03|] .
Jnopesy N7/ 40
AN
92/




PCT/US2018/050695

WO 2019/055532

212

¢ 9l

Y

)

10SS920.d

\zzz

$OIU0J}O3|]
Jnopeay

J

\0zz

<

losuag

0104 8oualajey

\0¢z

s)nsoy

ﬁ S|NPON

ﬁ0
ﬁ
e
ﬁ

210 co_.,.m_awn_;u

80z

ﬁ;mco:_woao%z

\9/z

/QQN



PCT/US2018/050695

WO 2019/055532

312

JUSWISAOIA SSBeA

E

|
|

osussg Co_ﬂ_won@

ssel\ _n _ _

\

8ee

Joyenjpy |
92104 oBeloA Janug
J0)10edR)

_mo_cobom_m__u Jajjonuo) ) Emmﬁw\_\,,_o_\,_

-

uonisod

leubis
|oJuoD

+ paJdisaq

cee

v/oom



WO 2019/055532

4i12

Q
N
Ny
<

PCT/US2018/050695

FIG. 4



WO 2019/055532

5112

PCT/US2018/050695

FlG. 5



PCT/US2018/050695

WO 2019/055532

86/12

9 b

\WQQ
AR
S0I1U0J}09|]
uojedUNWWO) [Nopz9 €09 / _ 09
Jojenoy
Jossaoold M A o/ 9
229 v19
019
S0I1U0J}09|] 5
nopeay 079 W 809
n
g9
979
909




WO 2019/055532 PCT/US2018/050695

712




PCT/US2018/050695

WO 2019/055532

82

218

8 D4

=




PCT/US2018/050695

WO 2019/055532

912

6 Ol

V6 —~

CC6~~

026 —~

106
wmm;//
|| soluonosg
uonedIuUNWWo)D €06 £06
Wlé arilé eyl é
) |
[ 7 i 7]
N Josse20ud \»
clé
1| sowonosg
Jnopeay
g4 \ogos— \agos— \egos
926
| 906



WO 2019/055532

10112

1008

PCT/US2018/050695

FIG. 10



PCT/US2018/050695

1112

WO 2019/055532

T#17 sng eoepsiu ebeioig
E 5T H il 1
<5

i
N wwon YV oM

¥

N (s)lod N ssjjosuo 15
o O =) 0rii (anqian”b's) {anaiao 0's)
e (=) Jaionuo) Fe77 ebeiois | | 7577 ebeioig
0GTT S801AS(] UOHEIUNWILIOY) soRyoluySng | | |ejgeaowsy -UoN| | elgercwey
H DoT] Saoina(] abeioiS
NEZTTIOMORUOD |1 | | e R

o

0917 seoimap Inding

7 uonenbyuon oiseg

L EZTT Tedepsiu] Blijied W m 011 sng AIOWep m
$erlsiiog (N 8 i TE A4l !
| O oy FZTTieloRue) o L ssjonuon Aowspy ele( webold M

| ¥ goBpeIl| BLISS = b TE i

|| OZTT seoepeiu] eLeydyuad ﬁm | yIT] sigjsibay Qmm m me& m

m L IETTTdSQNd4/nyY JUSWRINSEBY i

| ETETT i 5100 10558904 . |
1 BN susseooly = 22711 uojeoliddy |
e M w% Py 1 suoen | | ayoen icrl |
w/\% -, 1911 S— ]| c e | Lene weshs Buneiado |

() 1N Buisseooid ! dsaionian LBM/WOY ;

Sondes9 ' | [ D171 10358001 G277 kiowep wajshs | |

{0

e




WO 2019/055532

PCT/US2018/050695

FliG. 12



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings

