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METHOD AND SYSTEM FOR FORCE SENSORS INCLUBING
UPCONVERTING NANOPARTICLES IN A POLYMERIC HOST

STATEMENT ASTO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT
{8681} This invention was made with Government support under contract GM129879 awarded
by the National Institutes of Health and contract DGE-1656518 awarded by The National

Science Foundation. The Government has certain rights in the invention.

CROSS-REFERENCES TO RELATED APPLICATIONS
106621  This application claims priority to United States provisional application number

63/613,919, filed December 22, 2023, which is incorporated by reference.

BACKGROUND OF THE INVENTION
166037 Itis often desirable to measure and track forces and pressures in an in-vivo of in-vitro
environment. For example, being able to measure and track forces in a heart can help to identify
a cause of high blood pressure or other health anomaly. It can also be desirable to measure a
force between an immune cell and an antigen presenting cell. These measurements can be used

for diagnostics, for determining treatroent efficacy, and other purposes.

[0604]  Taking such measurements can be an invasive process, including the use of force or
pressure measurement devices having connections that can include wires or other conduits. For
example, physical connections can be needed to direct a measurerent device 1o a specific region.
Electrical connections can be needed to provide power and recetve data from the measurement
devices. These connections can be made from outside the organism to inside the organism,
thereby passing through a surface of the organism. This can create regions on the organism that
are likely to become infected and can necessitate the removal of the measurement device once

measurements are completed.
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10085] Instead of providing power through a connection, a measurement device can include a
battery. However, such a battery can limit the lifetime of the measurement device to that of the
battery. Alternatively, a batiery can be wirglessly charged, but that can greatly increase the costs

and complexity of the measurement device.

[86066] Thus, there 15 a need in the art for improved torce and/or pressure measurement
sensors, including sensors that can operate without the need for an external connection or power

supply.

SUMMARY OF THE INVENTION
(86677 Embodiments of the present invention relate generally to force measurement devices,
such as force sensors. More specifically, embodiments disclosed heretn include force sensors
that can operate without the need for an external connection or power supply. Merely by way of
example, some embodiments provide a force sensor including one or ruore upconverting
nanoparticles in a host structure. One or more force sensors can be positioned in an organism at
locations at which the organism can apply a force or pressure. The force sensors can provide an

output that can be used to measure and track force applied by the organism.

[0088] Mechanical forces regulate many important biological processes from sten cell
differentiation to digestion. The ability to measure forces on very small physical scales could
help uncover novel biomarkers of disease that go undetected with traditional chemical, optical
and electrical sensing modalities. However, exasting mechanosensing tools, such as atomic force
microscopy of traction force microscopy, are either too large and invasive to operate in vivo,
while others, such as FRET tethers, which operate below 100 pN, are limited in their dynamic

range and propensity to rapidly photobleach.

10069]  Accordingly, erobodirnents of the present juvention can provide force sensors that
include mechanosensitive upconverting nanoparticles (UCUNP). These force sensors can be used
study micronewton scale biological forces because they are small, for example less than 20 nim,
relatively non-toxic, photostable and exhibit a strong anti-Stokes shift that allow them to be
excited in the near-IR biological window (980 nm)}. Embodiments of the present invention can
provide force sensors that include UCNPs that are embedded in polystyrene microbeads. These

force sensors, which can also be referred to as microgauges, exhibit a micronewton colorimetric
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sensitivity to applied compressive force that is linear and robust across multiple compression-
relaxation cycles. These force sensors can be fabricated via an emulsion polymerization and
sized to mimic the natural bacterial food source of the (. elegans worm, thus, they accumulate
readily in the pharyngeal and intestinal lumen when made accessible to a freely feeding worm,
without adversely affecting worm fecundity or pharyngeal pumping rate. This allows for rapid
tmaging at greater than 40 Hz of pharyngeal muscle contraction induced force dynamics in
gently immobilized, actively pumping worms. The resuliing ratiometric changes induced during

the contraction-relaxation cycle are further correlated with the muscle membrane depolarizations

that induce them via a simultaneous electropharvngeogram.

106106]  In a particular embodiment of the present invention, a force sensor includes one or
more upconverting nanoparticles, wherein each of the one or more upconverting nanoparticies
include an emitter, and a host at least partially around the one or more upconverting
nanoparticles, wherein the host is chosen such that its vibrational modes couple with the
electronic modes of the emitter. In another embodiment, a device for use in measuring force or
pressure is provided. The device includes a sensitizer configured to receive energy from first
photons in a first wavelength range, an emitter configured to receive energy from the sensitizer
and to emit second photons in a second waveleongth range and third photons 1u a third wavelength
range, and a host including the sensitizer and the emitter, wherein the vibrational transitions of

the host are capable of coupling to the electronic states of the emitier.

8611} Numerous benefits are achieved by way of the present disclosure over conventional
techniques. For example, embodiments of the present invention can provide force sensors that
can be used to detect forces and/or pressures over short measurement times 1o In-vivo or
intracellular applications. The impact of photobleaching is decreased for embodiments of the
present invention compared to other optical measurernent technigques. Embodiments of the
present invention combine the optical stability, color-based mechanosensitivity and potential
nanometer scale footprint of upconverting nanoparticles within a range of optically transparent,
biocompatible, non-toxic, and readily scalable polymer counstructs to enable local,
nonperturbative mechanosensing with light. Thus, embodiments of the present invention provide
force sensors that are novel optical mechanosensors with a demoustrated sensitivity to

compressive forces in the super-nanoNewton range. The multiphoton process utilized herein
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affords the platform long-term photostability, distinct anti-Stokes shifts, and negligible
autofluorescence background even through millimeters of tissue. These and other embodiments,
along with many of its advantages and features, are described in more detail in conjunction with

the text below and attached figures.

18612} Various embodiments of the present invention can incorporate one or more of these and
the other features described heretn. A belter understanding of the nature and advantages of the
present invention can be gained by reference to the following detailed description and the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
100131 FIG 1A dlustrates an upconverting vanoparticle according to an embodiment of the

present invention.

18614} FIG. 1B illustrates a force sensor including a plurality of upconverting nanoparticies

according to an embodiment of the present tnvention.

[6615] FIG 2A iilustrates a core of an upconverting nanoparticle according 1o an embodiment

of the present invention.
18616} FIG 2B illustrates a crystal lattice that can be used in the core itlustrated in FIG. 2A.

(8617} FIG 3 iilusirates the operation of a force sensor according to an embodiment of the

present invention.

10618} FIG. 4 iilustrates an electron energy level diagram for an upconverting nanoparticle and
a corresponding emission profile according to an embodiment of the present invention.

10019]  FIG. SA 1s aplot 500 of light emission intensity (in arbitrary units) as a function of
energy for a polymeric host according to an embodiment of the present invention.

(6620} FIG 5B is a plot of the peak center of the light emission intensity curve as a function of

pressure for a polymeric host according to an embodiment of the present invention.
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18621} FIG 5Cis a plot of ong of the Raman peaks, corresponding to the aromatic C-H streich
for the polystyrene at three pressures, fit to a Gaussian function according to an embodiment of

the present invention.

166227 FIG. 6 dlusirates an electronic energy level diagram for a force sensor according to an

embodiment of the present invention,

18623} FIG 7illustrates another electronic energy level diagram for a force sensor and a

corresponding emission profiie according to an embodiment of the present invention.

186247 FIG. 8is a plot of light intensity as a function of wavelength for a force sensor

according to an embodiment of the present invention.

10025]  FIG. 91s a plot of the output response of a force sensor according as a function of force

according to an embodiment of the present invention.

(6626} FIG 10 graphically illustrates a method of manufacturing a force sensor according to

an erabodiment of the present invention.

186277 FIG. 11is a Howchart illustrating a method of manufacturing force sensors according to

an embodiment of the present invention.

186287 FIG. 12A 1s a simplified schematic diagram illustrating a test system and operation of a

force sensor according to an ernbodirnent of the present invention,

166297 FIG 128 1s a plot of voltage and the percentage change in intensity ratic as a function

of time for a force sensor according to an embodiment of the present invention.

(8630} FIG. 13 15 a flowchart llustrating a method of using a force sensor according to an

embodiment of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
10631} Embodiments of the present invention relate generally to force measurement devices,
such as force sensors. More specifically, embodiments disclosed herein include force sensors
that can operate without the need for an external connection or power supply. Merely by way of

example, some embodiments provide a force sensor including one or more upconverting
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nanoparticles in a host structure. One or more force sensors can be positioned 1o an organism at
tocations at which the organism can apply a force or pressure. The force sensors can provide an

output that can be used to measure and track force applied by the organism.

16632] FIG. 1A illustrates an upconverting nanoparticle according to an embodiment of the
present invention. Upconverting nanoparticle 100 can include core 110, core shell 140, and
figands 150, Core 110 can be formed of a crystal lattice host 120, doped with sensitizers 130 and
emattters 132, The crystal lattice can be formed of sodium ytirium fluoride (NaYF4), which is
shown further in FIG. 2B, Material for the crystal lattice host 120, including the sensttizers 130
and emitters 132, is available from American Elements of Los Angeles, California. In addition

to NaYF4, other materials can be used to form crystal lattice host 120, including StLiFs, BaFsLi,

MNaGdF, CalluF, Ca¥YF, SeluF, SrYF, BaluF, BaYF, materials including Group 2 elements such

as 5r, Ba, and Ca and a range of lanthanides such as Lu, Yb, Y, etc. Sensitizers 130 and emitters
132 can be dopants in crystal lattice host 120, For example, sensitizers 130 and emitters 132 can
be dopants that can replace sodium or yttrium atoms in crystal lattice host 120 of core 110. For
example, sensitizers 130 can be ytterbium ions (YB*) while emitters 132 can be erbium ions
(BEr'"). Sensitizers 130 and emitters 132 can be other types of dopants, for example they can be
other types of lanthanide dopants. The operation of sensitizers 130 and ernitters 132 1s discussed

more fully in relation to FIGS. 3 - 9 below.

(6633} Although ytterbium and erbium as discussed herein as examples of lanthanides, other
tanthanides including thuliom, holmium, and the hike can be utilized as sensitizers 130 and
emitters 132 and embodiments of the present invention are not limited to the use of ytterbium
and erbium as dopants. Furthermore, in addition or in place of lanthanides, some embodiments
can utilize D-metal dopants, L.e, transition metal dopants such as cobalt or manganese, to impact
the energy transfer between the upconverting nanoparticle and the host described more fully
below. The dopants can be added to either upconverting nanoparticle 100 or a host, such as
polymer host 170 (shown in FIG. 1B} Oune of ordinary skill in the art would recognize many

variations, modifications, and alternatives.

[6634] Upconverting nanoparticle 100 can further include core shell 140, Core shell 140 can
be formed of an undoped material, including the same ceramic or maternial as found in core 110

For example, core shell 140 can be formed of a sodium yitrium fluoride crystal lattice. Core
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shell 140 can completely or partially surround core 110, In some embodiments, core shell 140
can improve the brightness of light produced by upconverting nanoparticle 100. That is, core
shell 140 can act to increase the number of photons produced by the core 110 in response {0

upconversion excitation,

10035} Upconverting nanoparticle 100 can further include ligands 150, for example, oleic acid
figands that are attached to core sheil 140, Hach ligand 150 can have a carboxylic acid terminus

152 attached to core shell 140 and a hydrophobic alkyl chain 154 extending away trom core shell
140, Ligands 150 can cause upconverting nanoparticle 100 to be hydrophobic such that they can

remain suspended in a liquid during formation of the polymer host as shown in FIGS. 10 and 11

[8636] As described more fully below 1n relation to FIG. 3, upconverting nanoparticle 100 can
absorb light 1o a first wavelength range {e.g., 980 nm) and envut light at shorter wavelengths. The
emitted light, particularly, the ratio of light in a second wavelength range to light in a third
wavelength range can be a function of the force applied to a host containing the upconverting
nanoparticle, for instance, a polymeric host including one or more upconverting nanoparticles.
Accordingly, by measuring the characteristics of the light emitted by the upconverting

nanopartticle, force measurements can be made using embodiments of the present invention.

18637} FIG 1B tlustrates a force sensor including a phurality of upconverting nanoparticles
according to an embodiment of the present invention. As illustrated in FIG. 1B, one or more
upconverting nanoparticles 100 can be supported by polymer host 170 to form force sensor 160
Polymer host 170 can have a size on the order of microns. {Note that the nanoparticles in FIG.
1B are not to scale but are enlarge for visibility.} The one or more upconverting nanoparticles
100 are tlustrated in FIG. 1B as a plurality of| i.e, three, upconverting nanoparticles 100.
However, in some embodiments, a single upconverting nanoparticles 100 is supported by

polymer host 170.

(6638} Polymer host 170 can be a biocompatible material. For example, polymer host 170 can
be formed of a polyraer or polymeric material such as polysiyrene. Additionally, polymer host
170 can be formed of other materials, for example, polymer host 170 can be a thin poly (maleic
anhydride-alt-1-octadecene) (PMAQO) shell, polydimethylsiloxane (PDMS) pellets, polyethylene
glycol {(PEG), or other material. In some embodiments, polymer host 170 can be formed of

polyvinyl alcohol hydrogel for lower kilopascal pressure applications, or epoxy resin for higher

7
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gigapascal pressure applications. Polvmer host 170 can be formed completely or partially
around one or more upconverting nanoparticles 100, Polymer host 170 can also tnclude
polvlactic acid (PLA), polymethyl methacrylate (PMMA), acrvlonitrite butadiene styrene (ABS),
softer polymers with different geometries, for example, a thin film of a soft gel (e g alginate,

PAA, or the like), ete.

[8639F Polymer host 170 can interact with emitters 132 in core 110 tllustrated in FIG. 1A
order to increase a sensitivity of upconverting nanoparticles 100, For example, vibrational
modes of polymer host 170 can be coupled to electronic trapsitions in emitter 132 1n
upconverting nanoparticles 100 and can interact with emitters 132 in upconverting nanoparticles
100 to increase a change 1o an amount of photons released by emitters 132 in core 110 when a
force or pressure is applied to force sensor 160, Thus, polymer host 170 can interact with
emitters 132 tn upconverting nanoparticles 100 to cause a change in a ratio of photons at two
different ranges of wavelengths released by emitters 132 in core 110 when a force or pressure is
applied to force sensor 160, An example of the operation of force sensor 160 is discussed more

fully in relation to FIGS. 3 - 9 below.

186408} In these and other embodiments of the present invention, core 110 illustrated in FIG.
1A can be formed of various materials having various structures. An example is shown in the

following figures.

16641} FIG 2A iilustrates a core of an upconverting nanoparticle according 1o an embodiment
of the present invention. As illustrated in FIG. 2A, sensitizers 130 and ernitters 132 are present
in core 110. In this example, the upconverting nanoparticle is NaYo.eYbosEree2Fs surrounded
by a NaYFu shell, though other concentrations can be used in these and other embodiments of the
present tovention. The higher concentration of emitiers 132 tmproves the transfer of energy
from sensitizers 130 to emitters 132, as discussed more fully in relation to FIG. 3. Inthe
example core 110 shown in FIG. 2A, sensttizers 130 and emntiters 132 are fanthanide atoms.
Thus, sensitizers 130 can be formed of a first lanthanide dopant such as ytterbium tons while
emattiers 132 can be formed of a second lanthanide dopant such as erbium ions. In addition to

Yb*" and Er'', other dopants can be utilized including d-metal dopants including Man, Cr, or Fe.
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10642} FIG 2B dlustrates a crystal structure of the core iiustrated in FIG. ZA. The crystal
lattice host 120 shown 1n FIG. 2B can also be referred to as a lattice structure or a crystal

structure,

[6643] Referring to FIG. 2B, a dopant 230 has taken the place of a sodiumy/yitrium atom 210 in
crystal lattice host 120, Fluoride atoms 220 are also included 1n crystal lattice host 120, which
can be a cubic crystal lattice. Dopant 230 can be one of a number of different dopants. For
example, crystal lattice host 120 can include sensitizers 130 and emitters 132 (as shown in FIG.
1A}, represented here as dopant 230 Sensitizers 130 and emitiers 132 can be lanthanide dopants
as discussed above. Sensitizers 130 can have a higher concentration than emitters 132, In other
embodiments, emutters 132 can have a higher concentration than sensitizers 130, In vet other
embodiments, sensitizers 130 and emitters 132 can have equal or substantially equal
concentrations. Merely by way of example, sensitizers 130 can have an 18% concentration while
emitters 132 can have a 2% concentration. Sensitizers 130 can be ytterbium ions while emitters

132 can be erbium ions.

[0044] Although a cubic crystal lattice made of columns of nonahedrons is illustrated in FIG.
2B, this 1s not required by embodiments of the present invention. (ther types of materials
having vartous structures can be employed by these and other embodiments of the present
inventton. One of ordinary skill in the art would recognize many variations, modifications, and

alternatives.

[8045] As described more fully herein, embodiments of the present invention can implement a
force sensor 160 based on a multi-photon upconversion and emission process. For instance,
sensitizers 130 can receive energy, for example from a long wavelength light source producing
infrared light. Sensitizers 130 can absorb this energy and then pass this absorbed evergy to
emitters 132 Emitters 132 can then emit photons in two or more ranges of wavelengths, As
discussed in relation to FIG. 1, elements of core 110, including emitters 132, can be can be
chosen to electronically couple to vibrational modes of polymer host 170, This coupling can
enhance or increase the number of photons emitted from core 110 when a force or pressure 1s
applied to force sensor 160 illustrated 1o FIG. 1B, This coupling can change a ratio of photons

emitted by core 110 at two different wavelength ranges in response to a force or pressure being
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applied to torce sensor 160, An example of these absorption, energy transfer, and optical

ernission processes is shown in the following figure.

[8646] FIG. 3illusirates the operation of a force sensor according to an embodiment of the
present tnvention. In FIG. 3, diagram 300 illustrates the operation of a force sensor, such as
force sensor 160 in FIG. 1B, Photons 310 in a first wavelength range (e.g., infrared photons at
980 nm} can be provided to and received by sensitizers 130, Sensitizers 130 are shown here as
yiterbium ions. Sensitizers 130 can absorb the infrared photons and pass the absorbed energy to
ernitters 132 via energy transter process 330, Emutters 132 are shown here as being erbium fons,
The emitters 132 can emit photons 370 and photons 372 in the green wavelength range and

photons 374 in the red wavelength range.

186477 Electronic transitions of emitters 132 can be coupled to vibrational transitions of
polymer host 170 via energy transter processes 350. This interaction or coupling between
ernitters 132 and polymer host 170 can increase or decrease a number of photons 370, photons
372, and photons 374 that are emitted by emitters 132, In particular, this coupling can increase
or decrease the number of photons 370, photons 372, and photons 374 released by emutters 132
when a force or pressure ts applied to a force sensor including sensitizer 130, emitters 132, and
polymer host 170. This coupling can modify {¢.g., increase) the ratio of photons 374 to photons
370 and photons 372 emitted by emtiters 132 when a force or pressure is applied to the force
sensor. Moreover, this coupling can also modify (e g., decrease) the ratio of photons 374 to
photons 370 and photons 372 emitted by emitters 132 when a force or pressure is removed from

the force sensor. Polymer host 170 can be implemented using polystyrene as shown in FIG. 3.

[0048F Referring to FIG. 3, sensitizer 130 can absorb energy from lower energy (e.g., intrared)
photons having a wavelength of ~980 nm, while emitters 132 can emit visible {e.g., red) photons
having a wavelength of ~660 nm and additional visible {e.g., green} photons having a
wavelength of ~520 nm and ~540 vm. Thus, embodiments of the present wnvention provide the
advantage of using stimulus light that is not visible, thereby allowing the photons emitted by
emitiers 132, 1.¢, the visible light corresponding to the output response of the force sensor, to be
observed more clearly. In other embodiments of the present invention, detectors other than

visible light detectors can be used to receive light emitted by emitters 132, for example light that

10
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ts not in the visible spectrum. This can allow the use of photons in the visible spectrum to be

used as the stimulus photons that are provided to the sensitizer 130

10049]  As shown in FIG. 3, energy from long wavelength photous can be absorbed by
sensitizer 130 {e.g., a first lanthanide such as sensitizers 130 shown in FIG. TA), the absorbed
energy can be transferred to emitters 132 {e.g., a second lanthanide such as enutters 132), and
then, after interaction with polymer host 170, for example, a polystyrene host, visible light at
higher energies can be emitted as an output of the force sensor. This process is shown further in

the following figure.

16650} FIG. 4 dlustrates an electronic energy level diagram for an upconverting nanoparticle
and a corresponding emission profile according to an embodiment of the present invention. The
electronic energy level diagram shown 1n FIG. 4 corresponds to an upconverting nanoparticle
alone, i.¢, that is not vet embedded in a polymer host, such as polymer host 170 shown in FIG
1B. Referring to FIG. 4, sensitizers 130 absorb infrared photouns 410 via an energy trausition 412
corresponding to an electron moving from the “Fr; state to the “Fsastate. Two such energy
transitions are shown as energy transition 414 and energy transition 416, An energy transition
can then occur between sensitizers 130 and emitters 132 to transition an electron in the emitier
from the *I15,2 state to the *Sax state or higher. The energized electron can relax into one of the
*Hii, *San, or *Fyz state. Ernission processes will occur in conjunction with the electrons
returning to the *hisn s including t ission of pl 520 nm {energy transiti

, 2 1o the “hisn state, including the enussion of a green photon at 520 nm (energy transition
420 and ermitied photon 430), the emssion of a green photon at 540 nm (energy transition 422
and emitted photon 432), or the emission of a red photon at 660 nm (energy transition 424 and

ernitted photon 434), respectively.

10051] The corresponding enussion profile for emitied photons represented by emitted photoo
430, emitted photons represented by emitted photon 432, and emitted photons represented by
emitted photon 434 is shown on the right side of FIG. 4. Specifically, the amplitude of the
intensity of the emitted light (in arbitrary units} emitted by the erbium jons includes peak 440 in
the green wavelength (i.e, 520 nim) range, peak 442 in the green wavelength (e, 540 nm)
range, and peak 444 in the red wavelength {i.e., 660 nm) range is plotted as a function of

wavelength in nanometers.
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10652}  As discussed in relation to FIG. 3, force sensor 160 shown in FIG. 1B inclhudes both
upconverting nanoparticle 100 (including sensitizer 130 and emitters 132} and polymer host 170,
Thus, in addition to coupling between sensitizers and emitters as shown in FIG. 3, emitters 132
are also coupled to polymer host 170, This coupling enables the host to couple energy to the
emitter when force sensor 160 18 exposed to force or pressure. This additional energy can
increase an intensity ratio of photons at different wavelength ranges emitted by emitters 132
when force or pressure 1s applied to force seusor 160, An example of a behavior of polymer host

170 when a force or pressure is applied to force sensor 160 is shown in the following figure.

[0083] FIG 5A 15 a plot 500 of light emission intensity {(in arbitrary units} as a function of
encrgy for a polymeric host according to an embodiment of the present tnvention. In this
example, the polymeric host is polystyrene and the light emission corresponds to vibrational
modes of the polymeric host. As shown in FIG. SA, curve 510 15 a Raman spectrum that
represents the Hight emission intensity from the polystyrene for an applied pressure (1.¢., the
pressure applied to the polymeric hosty of 0.0001 GPa. Curve 520 is g3 Raman spectrum that
represents the light emission intensity from the polystyrene for an applied pressure (l.e, the
pressure applied to the polymeric host) of 3.1 GPa. As the applied pressure is increased, the
center energy of the light intensity peak of the light emission wutensity curve for these vibrational

modes shifts to higher energies.

(6654} FIG. 5B is a plot of the peak center of the light emission intensity curve as a function of
pressure for a polymeric host according to an embodiment of the present invention. As shown in
FIGG. 5B, the peak center (i.e,, the center energy of the light intensity peak of the light emission

intensity curve) increases in a substantially linear manuner as the applied pressure (s increased. At
atmospheric pressure, the peak center is ~3058 cm ™' and at a pressure of ~3 GPa, the peak center

is ~3085 cm!

[B885] Fig Scis a plot of one of the Raman peaks, corresponding to the aromatic C-H stretch
for the polystyrene at three pressures, it to a Gaussian function. In this figure, the light emission
intensity peak corresponding to the aromatic C-H streich for the polystyrene at a given pressure
is represented by an idealized curve. In a manner consistent with the shift of the light intensity
peak of the light emission tatensity curve to higher energies at higher applied pressures shown in

FIGS. 5A and 5B, FIG. SC dlusirates peak 570 corresponding to an applied pressure of 0.0001



(¥}

10

30

WO 2025/137477 PCT/US2024/061325

(GPa shifting to become peak 572 corresponding to an applied pressure of 1.3 GPa. Peak 572
then shifts as the pressure 1s increased further to become peak 574 corresponding to an applied
pressure of 3.1 GPa. Thus, as the applied pressure is tncreased, the center energy of the relative

peak energy of the vibrational mode for a polymeric host shifts to higher energies.

[0056] FIG. 6 illustrates an electronic energy level diagram for a force sensor according to an
embodiment of the present invention. As discussed above, emitters 132 {e.g. erbium ions}
receive energy non-radiatively from excited sensitizers 130 {e.g. ytterbium ions excited to
2FS/2), roultiple times, resulting in energy transition 610 and subsequently energy transition 612
moving, for Er3+, an electron from the 4115/2 state to the 4111/2 state, and then from there to the
4F7/2 state. The energized electron can relax into one of the Hiiz, *Saz, or lon state. The
presence of electronic-vibrational coupling between polymer host 170 and emitters 132 in
upconverting nanoparticle 100 can impact the relaxation processes into the “Hyin, *San, or on
states. In particular, as the applied pressure increases, the increased vibrational coupling
between polymer host 170 and the emitter can increase the population at the “Ton level compared
to the populations at the “Hinlevel and the *S3z level. This change in populations decreases the
probability of a green emission at either the 520 nm wavelength represented by energy transition
620 or the 540 nm wavelength represented by energy transition 622, while increasing the
probability of a red emission at the 660 nm wavelength represented by energy transition 624,
Thus, under pressure, the ratio of the percentage of red erissions with respect to the green
emissions (i.e., Yolred/IGreen) increases. As the pressure is decreased, the opposite population
change occurs, with the population at the "To level decreasing compared to the populations at the
‘Huzlevel and the *Ssn level. As a result, as the pressure is decreased, the ratio of the red

emissions with respect to the green emissions (i.¢., IRed/IGreen) decreases.

186577  FIG. 7 illustrates another electronic energy level diagram for a force sensor and a
corresponding emission profiie according to an embodiment of the present invention. In the
more detailed electron energy level diagram shown in FIG. 7, one or more upconverting
nanoparticles are supporied by a host, such as polymer host 170 to forro force sensor 160 as

shown in FIG. 1B.

[0058] Referring to FIG. 7, sensitizers 130 {e.g., ytterbium ions) absorbs infrared photons 410

resulting in energy transition 412 corresponding, for Yb*', to an electron moving from the “Frz

13
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state to the “Fs state. An energy transition can then occur between sensitizers 130 and emitters
132 (e.g., erbium ions) to transition an electron in emitter 132, for Er'’, from the *Tisn state to the
S22 state or higher. Two such energy transitions are shown as energy transition 414 and energy

transition 416. The energized electron can relax into one of the *Hyuz, *Saz, or “Fon state.

[0059] The clectronic-vibrational coupling between the emitter and polymer host 170 (e.g.,
between the upconverting nanoparticle and the polymeric host 1n which the upconverting
nanoparticle 1s embedded) can change the electron populations at the relevant energy levels:
“Hire, *San, and *For. As discussed above, the likelihood of electrons making energy transition
770 to state *For can be increased by the application of pressure via the electrical and vibrational
coupling between the emitter and the host. Emission processes will occur in conjunction with
the electrons returing to the *15 state, including the emission of a green photon at 520 am
{energy transition 720 and enutted photon 730), the enussion of a green photon at 540 run

TN

{energy transition 722 and emitted photon 732}, or the emission of a red photon at 660 om

g ~
) i
i

{energy transition 724 and emitted photon 734), respectively.

0060} Thus, as pressure or force is applied to force sensor 160, the populations at the *Foz
state increase, resulting in additional emission at red wavelengths and the populations at the
“Huz and “S3 states decrease, resulting in reduced emission at green wavelengths., The net-
effect of this variation in population as a function of pressure is that the ratio of the number of
photons emitted at red wavelengths to the number of photons emitted at green wavelengths

increases.

10061} The change in this ratio (i.e., A%lred/Ioreen) can be measured as an output response from
force sensor 160. This cutput response as a function of applied force can then be used to
calibrate the force sensor 160. That is, known forces can be applied to force sensor 160 and the
output measured to determine an output response as a function of force. When force sensor 160
is used in an organism, the output response can be observed and used o determine the force or
pressure applied by the organism to the force sensor 160, Further detatls regarding the output

response of force sensor 160 15 shown in the tollowing figure.

10062] FIG. 81s a plot of light intensity as a function of wavelength for a force sensor
according to an embodiment of the present invention. The data shown in plot 300 can be used o

characterize the output response of force sensor 160 described herein. In plot 800, the light

14
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intensity in arbitrary units is plotied as a function of wavelength in nanometers. The
measurements made in FIG. 8 correspond to a force sensor 160 implemented using Yb°'/BEr" in

a cubic Na¥Y¥F4 crystal [attice as the core 110 tn a polymeric host.

16663} As shown in FIG. B, the upconverting nanoparticles, in response 1o excitation using
near infrared light, emit light in two wavelength bands: green photon emission in the
wavelengths ranges of 520 nm and 540 nm and red photon emission i the wavelength range
around 660 nm and peaks 814 at green wavelengths around 520 nm and 540 nm. These photon
ernissions are shown with force sensor 160 (shown 1n FIG. 1B) operating under two different
pressures, specifically 0.4 GPa and 2.1 GPa. Curve 820 corresponds to the lower pressure and
includes peaks 822 at green wavelengths around 540 nm and peaks 824 at red wavelengths
around 660 nm. When pressure is increased, not only are additional photons emitted, but the
ratio of the intensity of red emussion to green ernission increases. At higher pressure, the
emission intensity corresponds to curve 810, which includes peaks 812 at red wavelengths
around 660 nm and peaks §14 at green wavelengths around 520 nm and 540 nm. In this
example, the increase from 0.4 GPa to 2.1 GPa causes a 0.8% reduction in the lattice constant of

the upconverting nanoparticles 100 (shown in FIG. 1A} in force sensors 160.

18664} As shown in FIG. 8, the number of red photons enutted by force sensor 160 increases
with tncreasing pressure. That ts, the area under curve 810 is larger than the area under curve
820, Accordingly, the intensity of red light produced by force sensor 160 can be used as an
output response froro force sensor 160, Also, the total number of green and red photons enutted
by force sensor 160 increases with increasing pressure. That is, the sum of the area under curve
810 (1.e, peak 812 and peak 814) is larger than the sum of the area under curve 820 (i.e., peak
822 and peak 824). Accordingly, the intensity of the combined light emtited by force sensor 160
can be used as an output response from force sensor 160, Moreover, while the number of red
photons and the number of green photons both increase with increasing pressure, the number of
red photons increases at a faster rate. As a result, the ratio of the intensity of red photons to the
intensity of green photous increases with increasing pressure. Accordingly, this ratio can be used
as an output response from force sensor 160, That is, embodiments of the present invention can
provide methods and systems to measure Ired/loren and compute the correspounding force as the

intensity ratio varies linearly with applied force.
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10065] Using the ratio of the intensity of red photons at 660 nm to the intensity of green
photons at 540 nm and 520 nm as an output response has an advantage in that this output
response can be linear. This output response as a function of pressure, or force per unit area, can
also be hinear. This output response as a function of force can also be linear. An example is

shown in the following figure.

[0866] FIG. 9is a plot of the output response of a force sensor according as a function of force
according to an embodiment of the present invention. The plot 900 shown in FIG. 9, the force
ilfustrated on the abscissa applied to a force sensor is eycled from 0.4 pN to 152 uN at 3.4 uN
intervals, and then back to 0.4 uN. Three cycles, Cycle 1, Cycle 2, and Cycle 3 are illustrated in
FIG. 9. The change in percentage of the ratio of the intensity of photon ermission at red
wavelengths o the intensity of photon emission at green wavelengths is plotted as a function of
force over three cycles, 1.e, cycle 1 960, cycle 2, 962, and cycle 3 964, Data points 930 are
collected during the three cycles. In this example, upconversion luminescence for 12 samples
(N=12} with three replicates at each force point (N=3) was collected at eight different force
conditions over three cycles and averaged to generate the linear output response shown ia the

figure.

10067 The change in the ratio of the intensity of photon enussion at red wavelengths to the
intensity of photon emission at green wavelengths (A% lrea/lareen) 1ncreases Hnearly along line
910 for a first portion of cycle 1 960, cycle 2 962, and cycle 3 964 as the force is increased from
0.4 uNto 15.2 uN. Then, as the force decreases from 15.2 uN to 0.4 pN, the percentage change
i1 the ratio {Rea/lowen decreases linearly along line 920, having identical slope magnitude as line

910, for a second portion of cycles cycle 1 960, cycle 2 962, and cycle 3 964, In some

;
impiementations, force sensors 160 exhibited a response of 0.52% rea/Ioreen per uN, 1.8, 5.6%
per GPa. The force measurements (i.e., 0.52% per ulN) were obtained using a confocal-AFM
procedure described herein. The pressure measurements (i.e., 5.6% per GPa) were obtained
using a diamond anvil cell (DAC) procedure. 1t can also be seen that little or no permanent
offset occurs in the output response after several cycles. That is, force sensor 160 can exhibit a
micronewton colorimetric sensitivity to applied compressive force that 1s linear and robust across

muliiple compression-relaxation cycles.
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10068} FIG. 10 graphically illustrates a method of manufacturing a force sensor according to
an embodiment of the present invention. In the process 1000 illustrated in FIG. 10, one or more
upconverting nanoparticles including sensitizers 130 and emitters 132 are supported in core 110,
titustrated by upconverting nanoparticle 100, described more fully 1n relation to FIG. 1A, canbe
provided. As discussed in relation to FIG. 1A, upconverting nanoparticle 100 can include
ligands 150, Since ligands 150 can be hydrophoebic, the ligands can be suspended in styrene
1054 or other hydrophobic material. Styrene 1054 can be contained in container 1040 with water
1050, An emulsification process 1010 can be used to suspend or emulsify upconverting
nanoparticle 100 in a hydrophobic medium to generate emulsion 1020, Ultrasonic energy can be
applied to the styrene 1054 and water 1050 during a polymerization process 1030 to form
miceles 1062, A thermal inttiator 1060 can then be added to container 1040, The thermal
initiator 1060 can be potassium persulfate. The heat provided can convert the micelles into
polystyrene beads forming hosts 170 around one or more upconverting nanoparticles to form
force sensor 160, That s, the heat provided by thermal initiator 1060 can cause polymerization
of the micelles to form polystyrene hosts around one or more upconverting nanoparticles to form
force sensor 160, As will be evident to one of slall in the art, more than one upconverting
nanoparticle can be included in each force sensor and multiple force sensors can be fabricated.

One of ordinary skill in the art would recognize many vanations, modifications, and alternatives.

186697 FIG. 111s a Howchart iHlustrating a method of manufacturing force sensors according to
an embodiment of the present invention. The method 1100 includes providing cores 110, each
having sensitizers 130 and emitters 132 (1110}, In an embodiment of the present invention, a
thermal decomposition is used to grow an optically active NaYosYbo.1eEroo2F4 core 110, A core
shell 140 1s formed at least partially surrounding each of the cores 110 (1120}, for example,
using a hot injection method to grow an wnert, epitaxial layer of NaYF4 surrounding core 110,
The inert ~3 nm NaYFashell can serve to physically separate the sensitizers 130 and emitters
132 from surface states and vibrational modes of the solvent that would otherwise decrease
upconversion quantum yield (UCQY) by siphoning luminescence via nonradiative energy
transter. In some implementations, the mean core diameter is 10.9 = 0.9 nm and the mean core
shell diameter 1s 17.5+ 1.3 nm. The method 1100 also includes attaching a plurality of olgic
acid ligands 150 to each core shell (1130}, This can complete the method of manufacturing

upconverting nanoparticles 100 for force sensors 160,
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18676} As previously discussed in relation to FIG. 16, an emulsion polymerization method can
be used to package the upconverting nanoparticles in polystyrene microspheres. Hydrophobic

(O A-capped upconverting nanoparticles can be transferred into a styrene micelle in an aqueous
continuous phase. Polystyrene is particularly atiractive as polymer host 170, also referred to as a
host matrix, because its hydrophobicity minimizes agueous infiltration, protecting upconverting
nanoparticles 100 from both water and dissolved electrolytes. By packaging upconverting
nanoparticles 100 at high density in an environment that limits the rate of competing energy
transfer events from upconverting nanoparticles 100 to the aqueous media in the (. elegans
pharyngeal lumen, embodiments of the present invention can achieve a brightness that 13
compatibie with high frame rates (50 Hz) and rapid imaging appropriate to the rapid pharyngeal

pumping dynamics (up to S Hz).

18071} Referring once again to FIG. 11, the method further includes suspending upconverting
nanoparticles 100 in a hydrophobic medium (1140). The hydrophobic medinm can be styrene
1054 or other material. The hydrophobic medium can be contained using a container 1040 and
water 1050, The method also includes applying ultrasonic energy to the hydrophobic medium
{(e.g., styrene 1054 contained by water 1050) to form micelles 1062 (1150). A thermal initiator
{not shown) can then be used {e.g., added to the mucelles} to convert the micelles 1062 1uto force
sensors 160 (1160}, The thermal initiator can be potassium persulfate. The heat provided to the
thermal initiator can convert the hydrophobic medium {e g, styrene) into polystyrene beads

forming hosts 170 arocund one or more upconverting nanoparticles 100 to form force sensor 160,

186727 It should be appreciated that the specific steps illustrated in FIG. 11 provide a particular
method of manufacturing force sensors according to an embodiment of the present invention.
(ther sequences of steps may also be performed according to alternative embodiments. For
example, alternative embodiments of the present invention may perform the steps outlined above
in a different order. Moreover, the individual steps illustrated 1n FIG. 11 may include multipie
sub-steps that may be performed in various sequences as appropriate to the individual step.
Furthermore, additional steps may be added or removed depending on the particular applications.

One of ordinary skill in the art would recognize many variations, modifications, and alternatives.

106731 FIG 12A1s a simplified schematic diagrarm llustrating a test system and operation of a

force sensor according to an embodiment of the present invention. In FIG. 124, light source
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1210 can emit light 1212 toward support 1214, Organism 1216 can be placed on support 1214,
As an exaraple, organism 1216 can be an optically transparent C. efegans worm tmmobilized in

an electropharyngeogram (EPG) chip {not shown).

16674} Force sensor 160 can placed such that organism 1216 can apply a force or pressure on
the force sensor 160, For example, the force sensor 160, which can be one of a plurality of force
sensors 160, can be fed to organism 1216, which can be a . elegans worm or other organtsm.
In some embodiments, to encourage feeding on the force sensors, the host (e g, polystyrene
bead) can have a texture and size that mumics bacteria that a (. efegans worm often consurnes.
As discussed in relation to FIGS. 7 and 9, light 1240, which can include both red and green
wavelengths, can be generated by upconversion and emission in the force sensor 160, Light
1240 can then be separated into ditferent wavelengths ranges by dichroic filter 1220, resulting in
the enussion of green photons 1250 at 520 nm, green photons1252 at 540 nm, and red photons

1254 at 660 nm.

106751  The light intensity at red wavelengths can be measured using camera 1232, which can
be referred to as the red channel. The hight intensity at green wavelengths can be measured using
camera 1234, which can be referred to as the green channel. Thus, the ratio of the intensity of
red emission to the intensity of green emission can be tracked and used to determine a pressure
applied to the force sensor 160 by organtsm 1216, An amplifier 1230 can be connected to
electrodes in the vicinity of organism 1216 to track the electrical signals generated by organism

1216 to produce the force that is measured using force sensors 160,

10876] FIG. 128 is a plot of voltage and the percentage change in intensity ratio as a function
of time for a force sensor according to an embodiment of the present invention. FIG. 12B

iitustrates measurernents that can be taken using the test system dlusirated 1n FIG. 12A

186771 Referning to FIG. 12B, the night ordinate represents the voltage measured at amplifier
1230 as a function of time. The left ordinate represents the percentage change in the ratio of the
intensity of red light to the wntensity of green light emitted by force sensor 160 as a function of
time. As described more fully below, an analysis of the amplifier voltage and the change in the
intensity ratio enables a correlated electrical-mechanical imaging of feeding forces in live

WOrTis.
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10878] Referring to the right ordinate, the voltage 1270 received from electrodes electrically
coupled to organism 1216 {(i.e., an electropharyngeogram) provide information about muscle
activity in organism 1216, The voltage 1270 can increase to a value of ~200 uV at the start of a
bite at ime 1272 (E) to a trough of ~-600 yV at the end of the bite when the muscles relax (R} at
time 1274, Thus, in this example, the release of the bite at time 1274 as the muscles relax (R) 18
defined as time =0 and the start of the bite occurs at ~-80 ms at time 1272 (). Of course, other
baseline times can be utilized as appropriate to the particular application. Thus, the timing of the
bite can be determined by monitoring voltage 1270 as a function of time, i.e., the time between E

and R

100791 Referring to the left ordinate, the intensity ratio 1260 of emission from the region in
which the mouth of the organism is located increases as force is applied by organism 1216 to
force sensor 160, for example during chewing. That is, the intensity ratio increases from a
baseline value of zero to a peak value 1262 of ~10% during the bite and then decreases after the
end of the bite at time 1274, Thus, by considering both the voltage 1270 and the mtensity ratio
1260 as shown in FIG. 12B, 1t is evident that the peak voltage from a bite af time 1274
corresponds to the peak in the intensity ratic 1260, 1.¢, the percentage change in the ratio of the
intensity of red light to the intensity of green light emitted by force sensor 160. Moreover, the
correlation between the elecirical measurements and the optical measurements enables not only
the timing of the bite, but weasurements of the force applied by the orgavism at different imes

during the bite.

186807 FIG. 13 1s a flowchart illustrating a method of using a force sensor according to an
ernbodiment of the present invention. The method 1300 includes providing an organism 1216
{1310} and providing force sensors 160 (1320}, The organism 1216 can be a €. elegans worm or
other organism or to a biological or engineered 3D tissue. Force sensors 160 can each include a
polymer host 170 including one or more upconverting nanoparticles 100. The method also
includes positioning force sensors 160 in a location where organism 1216 can provide a force to

force sensors 160 (1330).

166811 The method further 1ncludes providing light in a first wavelength range to force sensors
160 (1340}, recetving light in a second wavelength range from force sensors 160 (1350}, and

receiving light in a third wavelength range from force sensors 160 (1360). Because the light in
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the first wavelength range can be infrared light {e g., at 980 um), some embodiments can be
utilized in applications where deep penetration into tissue s utilized in order for the light in the
first wavelength range to reach force sensors 160, Thus, operating in a water transparence
window, embodiments of the present invention provide benefits not available using svstems that
utilize visible hight or other wavelengths absorbed by water for sample Hlurnivation. The method
also includes determining an intensity ratic for the intensity of light in the second wavelength
range to the intensity of light in the third wavelength range (1370). The intensity ratio can be

measured and tracked over time.

(6082} It should be appreciated that the specific steps illustrated in FIG. 13 provide a particular
method of using a force sensor according to an embodiment of the present invention. Other
sequences of steps may also be performed according to alternative embodiments. For example,
alternative ernbodiments of the present invention may perform the steps outlined above in a
different order. Moreover, the individual steps iHustrated in FIG. 13 may include multiple sub-
steps that may be performed in various sequences as appropriate to the individual step.
Furthermore, additional steps may be added or removed depending on the particular applications.

One of ordinary skill in the art would recognize many variations, modifications, and alternatives.

10083] Accordingly, ernbodirnents of the present invention can provide force sensors that can
operate without the need for an external connection or power supply. An illustrative
embodiment of the present invention can provide a force sensor including one or more
upconverting nanopariicles in a host structure. One or more force sensors can be positioned in
an organism where the organism can apply a force or pressure. The force sensors can provide an

output that can be used to measure and track force applied by the organism.

[6084] These and other embodiments of the present invention can provide force sensors that do
not require a power source. Instead, each force sensor can include one or more unconverting
nanoparticles. Photons in a first range of wavelengths can be provided to the upconverting
nanoparticles. The photons in the first range of wavelengths can move electrons in the
unconverting nanoparticles to a more energetic state. This energy can be released as photons
having higher energy and shorter wavelengths. For example, the unconverting nanoparticles in a
host can release photons in a second range of wavelengths, the second range of wavelengths

shorter than the first range of wavelengths. The unconverting nanoparticles can release photons
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inn a second range of wavelengths and a third range of wavelengths, the second range of
wavelengths and the third range of wavelengths shorter than the first range of wavelengths, The
unconverting nanoparticles can release photons in a second range of wavelengths, a third range
of wavelengths, and a fourth range of wavelengths, the second range of wavelengths, the third
range of waveleongths, and the fourth range of wavelengths shotter than the first range of
wavelengths. In this way, force sensors can receive photons in the first range of wavelengths and
then upconvert the recetved photons to provide photouns at one ot more energetic wavelengths

without the need of a power supply connection, internal battery, or other power source.

{6085}  In these and other embodiments of the present invention, the force sensors can be
pressure sensitive. That s, the upconverted photons provided by the upconverting nanoparticles
inn a force sensor can vary as a function of force or pressure applied to the upconverting

nanoparticles.

18686} In these and other embodiments of the present invention, the upconverted photong
provided by upconverting nanoparticles in a force sensor can vary in different ways in response
to a force or pressure. For example, when a force or pressure 1s applied to a force sensor, a
number of photons provided by the upconverting nanoparticles at a second range of wavelengths
can increase. When a force or pressure 1s applied to a force sensor, a number of photons
provided by the upconverting nanoparticies at a second range of wavelengths can decrease.
When a force or pressure is applied to a force sensor, a number of photons provided by the
upconverting nanopariicles at a second range of wavelengths and at a third range of wavelengths
can increase. When a force or pressure is applied to a force sensor, a number of photons
provided by the upconverting nanoparticles at a second range of wavelengths and at a third range
of wavelengths can decrease. When a torce or pressure is applied to a force sensor, aratio of a
nurnber of photons provided by the upconverting nanoparticles at a second range of wavelengths
to a number of photons at a third range of wavelengths can increase. When a force or pressure is
applied to a force sensor, a ratio of a number of photons provided by the upconverting
nanoparticles at a second range of wavelengths to a number of photons at a third range of
wavelengths can decrease. These changes in either the number of photons, ratios of photons, or
other relationships among number of photons can vary. These changes, or relationships among

these changes, can be used as an output response for the force sensors.
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18687} In these and other embodiments of the present invention, this variability can be used to
determine a force on a force sensor. For example, forces can be applied to upconverting
nanoparticles, the force can be measured, and the resulting response can be measured. The
output response as a function of applied force can be used to calibrate the force sensors. When
the force sensors are used in an organism, the output response can be observed and used to

determine the force or pressure applied to by the organism to the force sensors.

10088} The relationship between the output response and the force or pressure applied to a
force sensor can vary in different embodiments of the present invention. For example, the
relationship between the output response and the force or pressure applied to a force sensor can
be linear, that is, a change in output response can be proportional to a change in force or pressure
at the force sensor. The relationship between the output response and the force or pressure
applied to a force sensor can be reciprocal, that 15, the output response can follow the reciprocal
of the applied force or pressure. This relationship can be geometrical, exponential, the inverse of

these functions, or other functions or their inverse.

(86891 Various types of nanoparticles and hosts can be employed in these and other
embodiments of the present invention. The upconverting nanoparticles can have a core. The
core can be ceramic or other material. The core can be a sodium ytirium fluoride lattice. The
core can be doped. For example, the core can be doped with lanthanide, though other materials
can be used to dope the core. The core can include a first lanthanide dopant and a second
tanthanide dopant. The first fanthanide dopant can be ytterbium or other material. The second
lanthanide dopant can be erbium or other material. The core can be at least partially surrounded
by a shell. The shell can be formed of an undoped version of the material used for the core.
(Oleic acid ligands can be attached 1o each core shell. Each ligand can have a carboxylic acid
terminus aftached to the core shell and a hydrophobic alkyl chain extending away from the core
shell. Oune or more of these upconverting nanoparticles can be supported in a host. The host can
be tormed of a polymer. That 1s, a polymeric host can be formed around one or more
upconverting nanoparticles. For example, the host can be formed of polystyrene or other

polymer.

(8680} Force sensors provided by these and other embodiments of the present invention can

operate in various ways. For example, a force sensor can include a sensitizer, an ervitier, and a
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polymer host. Energy can be absorbed by the sensitizer. For example, energy from photonsina
first range of wavelengths can be absorbed by the sensitizer. The sensitizer can provide this
energy to the emitter, which can provide photons in a second range of wavelengths and o a third
range of wavelengths. The emitter and polymer host can be electronically-vibrationally coupled
to the polymer host. The polymer bost can increase a sensitivity of the emitter to force or

pressure.

18691} In these and other embodiments of the present invention, the vtterbium dopants in the
core can serve as a sensitizer. The vitertbium dopants can receive energy from mfra-red photons
at or around the 980 nm wavelengths. The ytterbium dopants can provide this energy to the
emitter, which can be formed of erbium dopants o the core. The erbiurn dopants and the host,
which can be implemented as a polymeric host, can be electronically-vibrationally coupled to the
sensor, which can be implemented as a polymeric host. The polymeric host can be formed of
polystyrene or other polymer. The erbium dopanis can provide red photons at or around the 660
nm wavelengths and green photons at or around the 540 nm wavelengths. When the force
sensors experience a force or pressure, the emitters can emit an increased number of green
photons and red photons. The increase in these photons can be used to indicate an amount of
force or pressure on the force sensor. When the force sensors experience a force or pressure, the
ratio of the number of red photons at or around the 660 nm wavelengths to the number of green
photons at or around the 540 rwn wavelengths emitted by the emitter can increase. The tncrease

in this ratio can be used to indicate an amount of force or pressure on the force sensor,

186921 In these and other embodiments of the present invention, sensitizers can receive energy
from infra-red photous at or around the 980 vm wavelengths, while the ernttters can provide red
photons at or around the 660 nm wavelengths and green photons at or around the 540 nm
wavelengths, This has the advantage of using stimulus light that is not visible, allowing the
visible fight of the output response to be observed more clearly. In these and other embodiments
of the present invention other detectors can be used to receive hight from the emitters, for
example light that is not in the visible spectrum. This can allow the stimulus photons provided to

the sensitizers to be in the visible spectrum.

[8693] Embodiments of the present invention can provide various methods of manufacturing

force sensors. For example, matenial for ceraric cores can be provided. These cores can be
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ceramic or other material and can have a first lanthanide dopant and a second lanthanide dopant.
The ceramic core can be sodium yttrium fluoride or other material. The first lanthanide dopant
can be ytterbium or other material. The second lanthanide dopant can be erbium or other

material. The core and dopants can be commercially available.

[00694] The core can be at least partially encased in a shell. The shell can be formed of an
undoped version of the material used for the core. The presence of the shell can increase
brightness, that s, 1t can increase the number of photons emitted by the erbium. Oleic acid
higands can be attached to each core shell. Each ligand can have a carboxylic acid terminus
attached to the core shell and a hydrophobic alkyl chain extending away from the core shell to
complete the formation of the upconverting nanoparticles. These ligands can cause the
upconverting nanoparticles to be hydrophobic such that they can remain suspended in a liquid

during formation of the polymer hosts.

10095]  The upconverting navoparticles can be place 10 styrene, which can be suspended o
water. Ultrasonic energy can be applied to the suspended styrene and the upconverting
nanoparticles to generate micelles. A thermal initiator can be used to convert the styrene

micetles to polystyrene beads. The individual beads can then be used as force sensors.

{8096} These and other embodiments of the present invention can be used in various types of
measurements. For example, an organism can be provided. Force sensors can be provided.
These force sensors can each inchude one or more upconverting nanoparticles in a polymeric
host. The force sensor can be positioned where the organism can provide a force or pressure to
the force sensors. Photons in a first range of wavelengths can be provided to the force sensors.
Photons in a second range of wavelengths can be received, as can photons in a third range of
wavelengths. A ratio of an intensity of Hght in the second range of wavelengths to an intensity
of light in the third range of wavelengths can be found. This ratio can be used to estimate a force
or pressure on the force sensors applied by the organism. A voltage at the organism can be

measured as well, if applicable.

186971 Various embodiments of the present invention can incorporate one or more of these and
the other features described herein. A better understanding of the nature and advantages of the
present tnvention can be gained by reference to the above detailed description and the

accompanying drawings.
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18698} The above description of embodiments of the invention has been presented for the
purposes of ilustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in
light of the teaching above. The embodiments were chosen and desenbed in order to best
explain the principles of the invention and its practical applications to thereby enable others
skilled in the art to best utilize the invention in variocus embodiments and with various
modifications as are suied to the particular use contemplated. Thus, it will be appreciated that
the invention is intended to cover all modifications and equivalents within the scope of the

tollowing claims.
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WHAT IS CLAIMED IS:

1. A force sensor comprising:

one Or more upconverting nanoparticles, wherein each of the one or more
upconverting nanoparticles include an emitter; and

a polymeric host at ieast partially around the one or more upconverting
nanoparticles, wherein the polymeric host exhubits electronic-vibrational coupling with the

emitter in a stress dependent manner.

2. The force sensor of claim 1 wherein the one or more upconverting

nanoparticles comprises one upconverting nanoparticlie.

~

3. The force sensor of claim 1 wherein the one or more upconverting

nanoparticles comprises at least one thousand upconverting nanoparticles.

4, The force sensor of claim 1 wherein at least one of the one or more

upconverting nanoparticles has a diameter between 1 and 100 nanometers.

5. The force sensor of claim 1 wherein each of the one or more upconverting
nanoparticles comprise a ceramic core including:
a crystal lattice;
a first dopant in the crystal lattice, wherein the first dopant 1s operable to receive
energy from photons in a first wavelength range; and
a second dopant in the crystal lattice, wherein the second dopant i3 operable to:
receive energy from the first dopant;
emit a first number of photons 1n a second wavelength range; and
emit a secoud number of photons in a third wavelength range different

from the second wavelength range.

6. The force sensor of claim 5 wherein the crystal lattice comprises a

ceramic,

7. The force sensor of claim 6 wherein the ceramic comprises sodium

yttrium fluoride.

[
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8 The force sensor of claim 5 wherein the first dopant and the second dopant

are lanthanides.

9. The force sensor of claim 5 wherein the first dopant is ytterbium and the

second dopant is erbium.

10 The force sensor of claim 5 further comprising a ceramic shell

surrounding the crystal lattice.

11 The force sensor of claim 10 wherein the ceramic shell is undoped.
12. The force sensor of claim 1 wherein the polymer comprises polystyrene.
13 A device for use in measuring force or pressure, the device comprising:

a sensttizer configured to receive energy from first photons in a first wavelength
range;

an emitter configured to receive energy from the sensitizer and to emit second
photons in a second wavelength range and third photons in a third wavelength range; and

a host including the sensitizer and the emitter, wherein the host is chosen such

that its vibrational modes couple with the electronic modes of the emitter.
14. The device of claim 13 wherein the host is polystyrene.

15, The device of clatim 13 wherein the host interacts with the emitter such
that the emitter emits an increased amount of third photons in the third wavelength range as
compared to an amount of third photons in the third wavelength range that the emitter emits in

the absence of the host.

16. The device of claim 15 wherein the enutter emits an increased amount of
third photons 10 the third wavelength range as compared to an amount of secound photous to the

second wavelength range in response to force applied to the device.
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17, The device of claim 15 wherein the emitter emits an increased amount of
third photons in the third wavelength range relative to second photons in the second wavelength

range in response to force or pressure applied to the device.

18. The device of claim 13 wherein the device is located in a cardiovascular

pressure measuring system.

19, The device of claim 13 wherein the device 1s located in an apparatus

configured to measure a force between an immune cell and an antigen presenting cell.

20. A method of measuring an in-vivo force, the method comprising:

providing an organisin,

providing one or more force sensors, where each force sensor comprises one or
more upconverting nanoparticles positioned in a polymeric host,

positioning the one or more force sensors such that the organism exerts a force on
the one or more force sensors;

iifuminatiog the ove or more force sensors with first photons in a first wavelength
range;

receiving second photons emitted by the one or more force sensors in a second
wavelength range;

recetving third photons emitted by the one or more force sensors in a third
wavelength range;

separating the second photons in the second wavelength range from the third
photons in the third wavelength range; and

determining a ratio of an intensity of light in the second wavelength range to the

intensity of light n the third wavelength range.

21 The method of claim 20 further comprising tracking the determined ratio

for a first duration.

22. The method of claim 20 further comprising measuring a voltage associated

with the force exerted by the organism.
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23. The method of claim 20 wherein each of the one or more upconverting
nanoparticles comprise a ceramic core including:
a crystal lattice;
a first dopant in the crystal lattice, wherein the first dopant is operable to receive
energy from the first photons in the first wavelength range; and
a second dopant 1n the crystal lattice, wherein the second dopant s operable to:
receive energy from the first dopant;

emit second photons in the second wavelength range; and

emit third photons in the third wavelength range different from the second

wavelength range.

24, The method of claim 20 wherein at least one of the one or more

upconverting nanoparticles has a diameter between 1 and 100 nanometers.

25. The method of claim 20 wherein the first wavelength range comprises
infrared wavelengths and the second wavelength range and the third wavelength range comprise

visible or near-infrared wavelengths.

26. A method of manufacturing a force sensor, the method comprising:

providing one of more ceramic cores, the ceramic cores each having a first
lanthanide dopant and a second lanthanide dopant;

suspending the one or more ceramic cores in a hydrophobic medinm;

suspending the one or more ceramic cores and the hydrophobic medium in water;

applying ulirasonic energy to the suspended hydrophobic medium to generate
micelles; and

using a thermal initiator to convert the micelies into force sensing devices.

27. The method of claim 26 wherein providing one or more ceramic cores, the
ceramic cores each having a first lanthamde dopant and a second lanthanide dopant comprises:

for at least one of the one or more ceramic cores, providing a sodium yitrium
fluoride lattice, wherein the first lanthande dopant is yiterbiurm at an 18 percent concentration

and the second lanthanide dopaut is erbium at a 2 percent concentration.

30
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28 The method of claim 26 wherein the hydrophobic medium comprises
styrene.

29. The method of claim 26 wherein the thermal initiator comprises potassium
persulfate.

30. The method of claim 29 wherein the hydrophobic medium is styrene, the

micelles are styrene micelles, and the styrene micelles are converted into polysiyrene beads using

the potassium persuifate.

31 The method of claim 26 further comprising:

hefore suspending the one or more ceramic cores in the hydrophobic medium,
forming a core shell around each of a corresponding one of the one or more ceramic cores; and

attaching a plurality of oleic acid ligands to each core shell, each ligand having a
carboxylic acid terminus attached to the core shell and a hydrophobic alkyl chain extending away

from the core shell.
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Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to
form a single general inventive concept under PCT Rule 13.1. In order for all inventions to be examined, the
appropriate additional examination fees must be paid.

Group I, claims 1-12 , is drawn to a force sensor comprising: the polymeric host exhibits electronic-vibrational
coupling with the emitter in a stress dependent manner.

Group 11, claims 13-19, is drawn to a device for use in measuring force or pressure, the device comprising: a
sensitizer configured to receive energy from first photons in a first wavelength range.

Group I1I, claims 20-25, is drawn to a method of measuring an in-vivo force- the method comprising: providing
an organism.

Group IV, claims 26-31, is drawn to a method of manufacturing a force sensor, the method comprising:
providing one or more ceramic cores.

The inventions listed as Groups I-IV do not relate to a single general inventive concept under PCT Rule

13.1 because, under PCT Rule 13.2, they lack the same or corresponding special technical features for the
following reasons: the special technical feature of the Group I invention: the polymeric host exhibits electronic-
vibrational coupling with the emitter in a stress dependent manner as claimed therein is not present in the
invention of Groups IL, III or IV. The special technical feature of the Group II invention: a sensitizer configured
to receive energy from first photons in a first wavelength range; an emitter configured to receive energy from
the sensitizer and to emit second photons in a second wavelength range and third photons in a third wavelength
range; and a host including the sensitizer and the emitter, wherein the host is chosen such that its vibrational
modes couple with the electronic modes of the emitter as claimed therein is not present in the invention of
Groups L, IIT or IV. The special technical feature of the Group III invention: positioning the one or more force
sensors such that the organism exerts a force on the one or more force sensors; illuminating tie one or more
force sensors with first photons in a first wavelength range; receiving second photons emitted by the one or
more force sensors in a second wavelength range; receiving third photons emitted by the one or more force
sensors in a third wavelength range; separating the second photons in the second wavelength range from

the third photons in the third wavelength range; and determining a ratio of an intensity of light in the second
wavelength range to the intensity of light in the third wavelength range as claimed therein is not present in

the invention of Groups I, II or IV. The special technical feature of the Group IV invention: providing one or
more ceramic cores, the ceramic cores each having a first lanthanide dopant and a second lanthanide dopant,
suspending the one or more ceramic cores in a hydrophobic medium; suspending the one or more ceramic cores
and the hydrophobic medium in water; applying ultrasonic energy to the suspended hydrophobic medium to
generate micelles; and using a thermal initiator to convert the micelles into force sensing devices as claimed
therein is not present in the invention of Groups I- III.

Groups I-IV lack unity of invention because even though the inventions of these groups require the technical
feature of a force sensor comprising: one or more upconverting nanoparticles positioned in a polymeric host,
this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2022/0306888 to Liquid X Printed Metals, Inc. teaches a force sensor comprising: one or more
upconverting nanoparticles positioned in a polymeric host (flexible force sensitive resistors, or force sensors,
that may be directly printed on a flexible substrate, para. 0026. Certain conducting organic polymers are known
to be excellent hosts for metal nanoparticles where cured nanoparticles may be embedded in the polymer matrix,
para. 0113).

Since none of the special technical features of the Group I-IV inventions are found in more than one of the
inventions, unity of invention is lacking.
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Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment
of additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.: 1-12

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest fee
was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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