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(57) ABSTRACT

A sensing device including film sensor, a second sensor, and
a controller. The film sensor includes a receptor capturing an
intended analyte and an unintended analyte in a fluid
medium to generate a film sensor signal. The receptor has a
receptor cross-sensitivity to the unintended analyte. The
second sensor contacts the fluid medium including the
intended analyte and the unintended analyte to generate a
second sensor signal. The second sensor has a second
cross-sensitivity to the unintended analyte different than the
receptor cross-sensitivity to the unintended analyte. The
controller is programmed to determine a concentration of the
intended analyte in the fluid medium in response to the film
sensor signal, the receptor cross-sensitivity, the second sen-
sor signal, and the second cross-sensitivity.
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SENSING DEVICE COMPENSATING FOR
CROSS-SENSITIVITY TO ANALYTES

[0001] The following application is related to the present
application: U.S. patent application Ser. No. 16/931,855
filed on Jul. 17, 2020 and published as US 2022/0018775 on
Jan. 20, 2022. This application is incorporated by reference
in its entirety herein.

TECHNICAL FIELD

[0002] The present disclosure relates to a sensing device
compensating for cross-sensitivity to analytes.

BACKGROUND

[0003] Calcium (Ca®*) and magnesium (Mg>*) ions are
generally responsible for the hardness of water. Elevated
levels of calcium and magnesium ions in water affect the
performance and maintenance of appliances contacting the
water. Efficiently detecting and monitoring a total hardness
of water may be beneficial to a user, such as helping the user
maintain water quality and improve the performance of
appliances.

SUMMARY

[0004] According to one embodiment, a sensing device
including film sensor, a second sensor, and a controller is
disclosed. The film sensor includes a receptor capturing an
intended analyte and an unintended analyte in a fluid
medium to generate a film sensor signal. The receptor has a
receptor cross-sensitivity to the unintended analyte. The
second sensor contacts the fluid medium including the
intended analyte and the unintended analyte to generate a
second sensor signal. The second sensor has a second
cross-sensitivity to the unintended analyte different than the
receptor cross-sensitivity to the unintended analyte. The
controller is programmed to determine a concentration of the
intended analyte in the fluid medium in response to the film
sensor signal, the receptor cross-sensitivity, the second sen-
sor signal, and the second cross-sensitivity.

[0005] According to another embodiment, a sensing
device includes an optical sensor, a second sensor, and a
controller. The optical sensor detects fluorescence emitted
by an intended analyte and an unintended analyte in a fluid
medium and captured on a receptor to generate an optical
sensor signal. The optical sensor has an optical cross-
sensitivity to the unintended analyte. The second sensor
contacts the fluid medium including the intended analyte and
the unintended analyte to generate a second sensor signal.
The second sensor has a second cross-sensitivity to the
unintended analyte different than the optical cross-sensitiv-
ity to the unintended analyte. The controller is programmed
to determine a concentration of the intended analyte in the
fluid medium in response to the optical sensor signal, the
optical cross-sensitivity, the second sensor signal, and the
second cross-sensitivity.

[0006] According to yet another embodiment, a method of
determining a concentration of an intended analyte in a fluid
medium is disclosed. The method includes receiving a film
sensor signal indicative of the intended analyte and an
unintended analyte in the fluid medium and being captured
on a receptor of a film sensor. The receptor has a receptor
cross-sensitivity to the unintended analyte. The method
further includes receiving a second sensor signal indicative
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of the fluid medium including the intended analyte and the
unintended analyte contacting a second sensor. The second
sensor has a second cross-sensitivity to the unintended
analyte different than the receptor cross-sensitivity to the
unintended analyte. The method also includes determining
the concentration of the intended analyte in the fluid medium
in response to the film sensor signal, the receptor cross-
sensitivity, the second sensor signal, and the second cross-
sensitivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 depicts a schematic diagram of a chemosen-
sor detecting ion concentration using fluorescence-based
detection.

[0008] FIG. 2 depicts a graph of titration curves of a
fluorescence signal as a concentration of an ion is increased.
[0009] FIG. 3A depicts a schematic diagram of a sensing
device according to a first embodiment.

[0010] FIG. 3B depicts a schematic diagram of a sensing
device according to a second embodiment.

[0011] FIG. 4 is a graph of titration curves for calcium
concentration based on different sodium concentrations.
[0012] FIG. 5 depicts a graph including conductivity
curves for a mixture of first and second analytes of calcium
and sodium ions.

[0013] FIGS. 6A and 6B are graphs including calibration
curves for equations (8) and (9) set forth below.

[0014] FIG. 7 depicts a schematic diagram of an ammeter
measuring current between first and second electrodes at a
known voltage difference.

DETAILED DESCRIPTION

[0015] Embodiments of the present disclosure are
described herein. It is to be understood, however, that the
disclosed embodiments are merely examples and other
embodiments can take various and alternative forms. The
figures are not necessarily to scale; some features could be
exaggerated or minimized to show details of particular
components. Therefore, specific structural and functional
details disclosed herein are not to be interpreted as limiting,
but merely as a representative basis for teaching one skilled
in the art to variously employ the embodiments. As those of
ordinary skill in the art will understand, various features
illustrated and described with reference to any one of the
figures can be combined with features illustrated in one or
more other figures to produce embodiments that are not
explicitly illustrated or described. The combinations of
features illustrated provide representative embodiments for
typical applications. Various combinations and modifica-
tions of the features consistent with the teachings of this
disclosure, however, could be desired for particular appli-
cations or implementations.

[0016] Except in the examples, or where otherwise
expressly indicated, all numerical quantities in this descrip-
tion indicating amounts of material or conditions of reaction
and/or use are to be understood as modified by the word
“about” in describing the broadest scope of the invention.
Practice within the numerical limits stated is generally
preferred. Also, unless expressly stated to the contrary:
percent, “parts of,” and ratio values are by weight; the term
“polymer” includes “oligomer,” “copolymer,” “terpolymer,”
and the like; the description of a group or class of materials
as suitable or preferred for a given purpose in connection
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with the invention implies that mixtures of any two or more
of the members of the group or class are equally suitable or
preferred; molecular weights provided for any polymers
refers to number average molecular weight; description of
constituents in chemical terms refers to the constituents at
the time of addition to any combination specified in the
description, and does not necessarily preclude chemical
interactions among the constituents of a mixture once
mixed; the first definition of an acronym or other abbrevia-
tion applies to all subsequent uses herein of the same
abbreviation and applies mutatis mutandis to normal gram-
matical variations of the initially defined abbreviation; and,
unless expressly stated to the contrary, measurement of a
property is determined by the same technique as previously
or later referenced for the same property.

[0017] This invention is not limited to the specific embodi-
ments and methods described below, as specific components
and/or conditions may, of course, vary. Furthermore, the
terminology used herein is used only for the purpose of
describing embodiments of the present invention and is not

intended to be limiting in any way.

[0018] As used in the specification and the appended
claims, the singular form “a,” “an,” and “the” comprise
plural referents unless the context clearly indicates other-
wise. For example, reference to a component in the singular

is intended to comprise a plurality of components.

[0019] Except where expressly indicated, all numerical
quantities in this description indicating dimensions or mate-
rial properties are to be understood as modified by the word
“about” in describing the broadest scope of the present
disclosure.

[0020] The first definition of an acronym or other abbre-
viation applies to all subsequent uses herein of the same
abbreviation and applies mutatis mutandis to normal gram-
matical variations of the initially defined abbreviation.
Unless expressly stated to the contrary, measurement of a
property is determined by the same technique as previously
or later referenced for the same property.

[0021] The term “substantially” may be used herein to
describe disclosed or claimed embodiments. The term “sub-
stantially” may modify a value or relative characteristic
disclosed or claimed in the present disclosure. In such
instances, “substantially” may signify that the value or
relative characteristic it modifies is within 0%, 0.1%, 0.5%,
1%, 2%, 3%, 4%, 5% or 10% of the value or relative
characteristic.

[0022] Reference is being made in detail to compositions,
embodiments, and methods of embodiments known to the
inventors. However, disclosed embodiments are merely
exemplary of the present disclosure which may be embodied
in various and alternative forms. Therefore, specific details
disclosed herein are not to be interpreted as limiting, rather
merely as representative bases for teaching one skilled in the
art to variously employ the present disclosure.

[0023] Hard water may contain Ca and/or Mg ions. These
ions may cause mineral buildup and/or residue (e.g., calcium
carbonate) in appliances thereby creating poor heat transport
through the appliance. This mineral buildup and/or residue
may be especially problematic in hot water systems (e.g.,
heat exchangers and dishwashers) that rely on thermal flow
to operate effectively. Dissolved calcium ions tend to react
with carbon dioxide at a high temperature to from calcium
carbonate (otherwise referred to as limescale), which is
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thermally insulating. Moreover, this reaction may lead to
film buildup in other appliances (e.g., dishwashers).

[0024] Devices have been proposed to detect the amount
of hard water ions in water. Water softeners have been
proposed to attempt to address the mineral buildup in
appliances. Certain water softeners are added to water at a
concentration and then applied to the appliances to coun-
teract mineral buildup. The concentration of water softener
desired may depend on the amount of Ca, Na, and/or Mg
ions present in the water. Ca ion sensors have been proposed
with a cross-sensitivity to determine an amount of Na ions
present in addition to Ca ions present. What is needed is a
sensing device that detects the amount of first and second
hard water ions in a solution using an ion sensor by
compensating for cross-sensitivity.

[0025] One or more embodiments disclose a sensing
device detecting an amount of first and second analytes (e.g.,
first and second hard water ions) in a fluid medium using ion
sensors and the temperature and/or conductivity of the
solution to compensate for cross-sensitivity. In one or more
embodiments, the sensing device detects the amount of other
analyte groups (e.g., toxic metal groups).

[0026] One approach for ion sensing is fluorescence-based
detection where an ion attaches to a molecule that causes or
quenches a fluorescence. An optical reading (e.g., using a
photodiode) may be used to directly measure an ion con-
centration. FIG. 1 depicts a schematic diagram of chemosen-
sor 10 detecting ion concentration using fluorescence-based
detection. Chemosensor 10 includes anchor 12 serving as a
tethering matrix. The tethering matrix may include, but not
limited to, cellulose microparticles, cellulose films, polym-
ethyl methacrylate (PMMA), polystyrene (PS) micropar-
ticles, polyethlene terephthalate (PET) layers, or silicone.
The tethering matrix may have a size in a range of 1 to 100
um and may be embedded within hydrogels. The hydrogels
may be, but not limited to, polyurethane or poly(2-hydroxy-
ethyl methacrylate) (Poly-HEMA). In addition, the tethering
matrix and the hydrogels may be supported by a polymer
support. The polymer support may be, but not limited to,
PET.

[0027] Chemosensor 10 also includes fluorophore 14 bond
to anchor 12. Fluorophore 14 selectively fluoresces only
when an ion is bound. Fluorophore 14 may be anthracene,
benzene, carbazole, diphenylfurane, naphthalene, 1,8-naph-
thalimide, N,N,N'N'-tetramethylbenzidine, porphyrin, or
pyrene. Chemosensor 10 also includes spacer 16 bound to
fluorophore 14. Non-limiting examples of materials that
may be used as spacer 16 include methylamine and ethyl-
amine. Chemosensor 10 also includes receptor 18 bond to
spacer 16. Receptor 18 may coordinate to analytes (e.g.,
ions) for analyte detection.

[0028] The binding strength of an ion to receptor 18 may
be related to a dissociation constant (e.g., a titration curve)
based on the known equation (1):

K =c0eAOHT (1)

K, is a dissociation constant. c® is a standard reference
concentration (e.g., 1 mol). kT is the Boltzmann constant
times an absolute temperature. AG is a free energy of
binding. The free energy of binding is typically on the order
of =50 to -1000 meV, and equals E-TS, the energy of
binding minus the absolute temperature times entropy. Other
corrections can be added for correlated effects (e.g., the Hill
coeflicient). The binding energy is computed as the total
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energy of the molecule with the ion, minus the total energy
of the molecule and ion separately (e.g., AB,;,.06= B0 sorar—
(Bo motecute*Eo,on), Where E, is the calculated internal
energy that can be obtained from simulation). FIG. 2 depicts
graph 50 with titration curves 52, 54, and 56 of a fluores-
cence signal as the concentration of an ion is increased. The
dissociation constant K, gives sensitivity to different parts of
the concentration range.

[0029] In one or more embodiments, receptor 18, and
optionally other components of the chemosensor molecule
shown in FIG. 1, is immobilized in a polymer thin film.
Receptor 18, and optionally other components of the che-
mosensor molecule shown in FIG. 1, may be sensor-coated
microparticles embedded in one or more thin hydrogel
layers. Other embodiments include a water-soluble sensor
dissolved into the water. The water-soluble sensor may
contaminate the water, thereby making it unavailable for
re-use. One or more embodiments may be applied to any
immobilization architecture used.

[0030] A single receptor may bind more than one type of
ion. For example, a receptor may strongly bind to Ca** and
weakly bind to Na*. A strong binding may represent a very
negative free energy of binding. A small value of K, may
represent strong sensitivity. If there is a relatively low
concentration of sodium ions in solution, then a single
receptor binding to two analytes may not present an issue.
However, it may be desired to distinguish the amounts of
calcium and sodium ions, which are not distinguishable
from a simple fluorescence observation or reading. One or
more embodiments of the present disclosure distinguishes
between the concentrations of first and second analytes (e.g.,
first and second ions).

[0031] Some water handling devices, both industrial and
consumer, typically soften the water before usage. Non-
limiting examples may include dishwashers, whole-home
water softeners, steam ovens, and boilers. The water soft-
ening process typically exchanges divalent ions Ca** and
Mg** with two monovalent Na* ions. This ion exchange
process increases the overall Na™ ion concentration in soft-
ened water (in the interest of reducing the divalent ions that
cause deposits and residue). Therefore, the Na* ions may
present an issue even if they are not present in the freshwater
input (e.g., into a building), as such ions can be added during
the softening process.

[0032] Further, temperature cross-sensitivity may exist
between receptor 18 and temperature. For example, tem-
perature may affect binding strength (e.g., dissociation con-
stant), the fluorophore emission spectrum, and/or the detec-
tor. In embodiments of the present disclosure, a sensing
device including a film sensor (e.g., a fluorescence sensor)
and a conductivity sensor and/or a temperature sensor are
disclosed to compensate for cross-sensitivity. One or more
embodiments recognize that the cross-sensitivity of a film
sensor (e.g., a fluorescence sensor) is distinct from the
cross-sensitivity of a conductivity sensor and/or a tempera-
ture sensor. This distinction can be used to distinguish the
signals to address cross-sensitivity. The use of a conductivity
sensor and/or a temperature sensor to address cross-sensi-
tivity is beneficial due to the relatively low cost of these
types of additional sensors.

[0033] FIG. 3A depicts a schematic diagram of sensing
device 100 according to a first embodiment. Sensing device
100 includes inlet 102 and outlet 104. Inlet 102 admits a
fluid medium (e.g., water). Outlet 104 outlets the fluid
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medium (e.g., water). The fluid medium flows through
conduit 106 situated between inlet 102 and outlet 104.
Conduit 106 (and fluid medium) may be in contact with or
in the vicinity of film sensor 108 and conductivity sensor
110.

[0034] Film sensor 108 may be a chemosensor (e.g.,
chemosensor 10). Excitation source 112 (e.g., excitation
LED) excites fluorescence of fluorophore 14. Film sensor
108 produces the fluorescence, which is exposed to the fluid
medium. Optical detector 114 (e.g., photoresistor or photo-
diode) detects the fluorescence.

[0035] Conductivity sensor 110 may be an ammeter mea-
suring a flow of current of the fluid medium at a fixed
voltage. In another embodiment, conductivity sensor 110
may be an inductive conductivity sensor measuring an
induced current from a known magnetic field, which in turn
is generated from a known voltage. Conductivity sensor 110
is connected to a voltage source (not shown) (e.g., battery or
power grid).

[0036] A controller (not shown) is programmed to receive
a signal from optical detector 114 associated with film
sensor 108 and a signal from conductivity sensor 110.
Controller may be connected to memory and disk storage.
Controller may further be connected to a wired networking
component or wireless networking component to transfer
data (e.g., output signals from optical detector 114 associ-
ated with film sensor 108 and conductivity sensor 110) to a
remote server.

[0037] FIG. 3B depicts a schematic diagram of sensing
device 150 according to a second embodiment. Sensing
device 150 includes inlet 152 and outlet 154. Inlet 152
admits a fluid medium (e.g., water). Outlet 154 outlets the
fluid medium (e.g., water). The fluid medium flows through
conduit 156 situated between inlet 152 and outlet 154.
Conduit 156 (and fluid medium) may be in contact with or
in the vicinity of film sensor 158 and temperature sensor
160.

[0038] Film sensor 158 may be a chemosensor (e.g.,
chemosensor 10). Excitation source 162 (e.g., excitation
LED) excites fluorescence of fluorophore 14. Film sensor
158 produces the fluorescence, which is exposed to the fluid
medium. Optical detector 164 (e.g., photoresistor or photo-
diode) detects the fluorescence.

[0039] Temperature sensor 160 may be in addition to or in
substitute for conductivity sensor 110. In one embodiment,
temperature sensor 160 is a thermistor. In another embodi-
ment, temperature sensor 160 is a bimetallic strip.

[0040] A controller (not shown) is programmed to receive
a signal from optical detector 164 associated with film
sensor 158 and a signal temperature sensor 160. Controller
may be connected to memory and disk storage. Controller
may further be connected to a wired networking component
or wireless networking component to transfer data (e.g.,
output signals from optical detector 164 associated with film
sensor 158 and temperature sensor 160) to a remote server.
[0041] In one embodiment, first and second analytes (e.g.,
Mg and Na ions) are considered. The sensitivity of a sensor
A to a particular analyte is given by the dissociation con-
stant, K, which defines the ratio of a concentration of
unbound to bound receptors, and its reciprocal the associa-
tion constant K . For example, if the first analyte has
dissociation constant of K Y, then K" is calculated
from equation (2) reproduced below:

Kd(Al):Clcunl/Cb ()]
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[0042] c1 is the concentration of the first analyte. c,,,,, is
the concentration of unbound receptors, and c,, is the con-
centration of bound receptors. The total signal (per receptor
molecule) is given by equation (3) reproduced below:

signal = $1Cp + 8o Cunb 3)
Cb + Cun
[0043] s, is the signal when the analyte is bound. s, is the

zero-point signal when the analyte is unbound. The relative
signal signal/s, may resemble graph 50, which is an example
for 5,=100 s,. Equation (4) represents the full formula and
is reproduced below.

) N €151 4
signal _ Kyso
So 1+
Ky

[0044] The analogous formula for first and second ana-
lytes is given as equation (5) reproduced below

14 €151 €252 (&)
Algy A2g
K,
signal , = 4 2
gnal, = ! 2
b =
KL g#m

[0045] FIG. 4 is graph 200 of titration curves for calcium
concentration based on different sodium concentrations. In
this example, the K, of sodium and calcium are 100 mM and
10 mM, respectively, and the signal s, equals s, equals
100s. The curves different based on the sodium concentra-
tion as shown by the titration curves shown in FIG. 4.
[0046] As opposed to the titration curves, the conductivity
of an ion in solution may be given by the Nernst-Einstein
equation (6), as reproduced below.

Z2F? ©
o=——( D, +c_D_)
RT

[0047] o is the conductivity. z is the charge of the ion. F
is Faraday’s constant. R is the gas constant. T is the
temperature in Kelvin. D, or c, are the diffusivity or
concentration of the positively or negatively charged spe-
cies.

[0048] In a case where the only anion is Cl and using
experimental values available at https://doi.org/10.1016/
0304-4203(83)9002-6, and assuming room temperature, the
conductivity is represented by the following equation (7).
The experimental vales are Dy, -, ~=12.12, 7.29, 17.71
(units: 107® cm?/s) respectively.

T 0.065 )
2 _0.065 [Ca] +0.032 [Na]
Sim

[0049] FIG. 5 depicts graph 250 including conductivity
curves for a mixture of first and second analytes of Ca and
Na ions as determined herein.
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[0050] In one embodiment, a controller included with the
sensing device is programmed to combine the conductivity
and fluorescence measurements to extrapolate an actual first
and second analyte concentration where the first and second
analytes may be Ca and Na ions, for example. In one
embodiment, the equation for the conductivity and fluores-
cence measurements reduce to equations (8) and (9) as
shown below.

10+ 100 [Ca] + 10 [Na]
= 7000 + 100 [Ca] + 10 [Na]

®,®

o = 0.0653 [Ca] +0.0317 [Na]

[0051] The calcium concentration may be solved (e.g.,
using computer software such as Wolfram Mathematica) and
presented as shown in equation (10) below.

12.593(.01 — ) + 3.9710(1 — 5) 12.593(.01 —s) +3.971lo(1 —5) (10)
® s—1 s—1

[Ca]

[0052] o is the conductivity in S/m. s is the normalized
fluorescence signal. The calcium concentration can be
plugged back into equation (9) to determine the sodium
concentration.

[0053] In another embodiment, a similar approach is per-
formed using a temperature sensor in combination with a
fluorescence sensor. The temperature sensor may be cali-
brated experimentally. In another embodiment, using the
above equations and aqueous entropies of binding of S, =
24.2 cal/mol K and S,,=8.9 cal/mol K (using the reference
https://dx.doi.org/10.1139/v56-144), the calcium concentra-
tion is calculated using the following equation (11).

1943142679592 (01 —_ 5) + 1.8423T (1 —) an
(s— 1)(10—685664.726/T _ 35_25)

[Ca]

[0054] FIGS. 6A and 6B are graphs 300 and 350 including
calibration curves, respectively, derived from equations (8)
and (9), respectively.

[0055] In another embodiment, the controller included
with the sensing device is programmed to combine fluores-
cence measurements with a cross-sensitivity measurement
in areceptor (e.g., a single receptor chemistry) to extrapolate
an actual first and second analyte concentration where the
first and second analytes may be Ca and Na ions, for
example. For instance, the cross-sensitivity measurement
may be pH cross-sensitivity to pH H* concentration).
[0056] The conductivity sensor measures the ability of a
solution to conduct an electric current between two elec-
trodes (e.g., metals such as platinum, gold, steel, or titanium,
or non-metal materials such as graphite) in contact with the
solution. Current flows through a solution due to ion trans-
port. Therefore, a higher ion concentration (e.g., Na) results
in higher conductivity values. Conductivity (C, units Sie-
mens/cm) is calculated as follows using equation (12):

C=GK. (12)

[0057] G (Siemens) is the conductance of the solution. K,
(cm™") is the cell constant and is calculated by the following
equation (13).

K_=d/A (13)
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[0058] dis the distance between the electrodes and A is the
area of the electrode surface. A potential difference is
applied between the two electrodes. The resulting current is
proportional to the conductivity of the solution. This current
is converted to voltage. An alternating current (frequencies
between <100 Hz up to 50 kHz) may be applied between the
probes to prevent complete ion migration between the two
electrodes, thus preventing complete redox and polarization
effects at the electrodes. Typical conductivity values for
different NaCl concentrations in water are disclosed in the
table below:

NaCl density Conductivity
(WIV) % (mS/cm)
0.1 2.0
0.2 39
0.3 5.7
0.4 7.5
0.5 9.2
0.6 10.9
0.7 12.6
0.8 143
0.9 16.0
1.0 17.6
1.1 19.2
1.2 20.8
1.3 224
1.4 24.0
1.5 25.6
1.6 27.1
1.7 28.6
1.8 30.1
1.9 31.6
2.0 33.0

[0059] The conductivity sensor may be an ammeter. FIG.
7 depicts a schematic diagram of ammeter 400 measuring
current 402 between first and second electrodes 404 and 406
at a known voltage difference.

[0060] The processes, methods, or algorithms disclosed
herein can be deliverable to/implemented by a processing
device, controller, or computer, which can include any
existing programmable electronic control unit or dedicated
electronic control unit. Similarly, the processes, methods, or
algorithms can be stored as data and instructions executable
by a controller or computer in many forms including, but not
limited to, information permanently stored on non-writable
storage media such as ROM devices and information alter-
ably stored on writeable storage media such as floppy disks,
magnetic tapes, CDs, RAM devices, and other magnetic and
optical media. The processes, methods, or algorithms can
also be implemented in a software executable object. Alter-
natively, the processes, methods, or algorithms can be
embodied in whole or in part using suitable hardware
components, such as Application Specific Integrated Cir-
cuits (ASICs), Field-Programmable Gate Arrays (FPGAs),
state machines, controllers or other hardware components or
devices, or a combination of hardware, software and firm-
ware components.

[0061] While exemplary embodiments are described
above, it is not intended that these embodiments describe all
possible forms encompassed by the claims. The words used
in the specification are words of description rather than
limitation, and it is understood that various changes can be
made without departing from the spirit and scope of the
disclosure. As previously described, the features of various
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embodiments can be combined to form further embodiments
of the invention that may not be explicitly described or
illustrated. While various embodiments could have been
described as providing advantages or being preferred over
other embodiments or prior art implementations with respect
to one or more desired characteristics, those of ordinary skill
in the art recognize that one or more features or character-
istics can be compromised to achieve desired overall system
attributes, which depend on the specific application and
implementation. These attributes can include, but are not
limited to cost, strength, durability, life cycle cost, market-
ability, appearance, packaging, size, serviceability, weight,
manufacturability, ease of assembly, etc. As such, to the
extent any embodiments are described as less desirable than
other embodiments or prior art implementations with respect
to one or more characteristics, these embodiments are not
outside the scope of the disclosure and can be desirable for
particular applications.

What is claimed is:

1. A sensing device comprising:

a film sensor including a receptor capturing an intended
analyte and an unintended analyte in a fluid medium to
generate a film sensor signal, the receptor has a receptor
cross-sensitivity to the unintended analyte;

a second sensor contacting the fluid medium including the
intended analyte and the unintended analyte to generate
a second sensor signal, the second sensor has a second
cross-sensitivity to the unintended analyte different
than the receptor cross-sensitivity to the unintended
analyte; and

a controller programmed to determine a concentration of
the intended analyte in the fluid medium in response to
the film sensor signal, the receptor cross-sensitivity, the
second sensor signal, and the second cross-sensitivity.

2. The sensing device of claim 1, wherein the fluid
medium is hard water, the intended analyte is calcium ions,
and the unintended analyte is sodium ions.

3. The sensing device of claim 1, wherein the second
sensor is a conductivity sensor generating the second sensor
signal indicative of a conductivity of the fluid medium
including the intended analyte and the unintended analyte.

4. The sensing device of claim 3, wherein the conductivity
sensor is an ammeter or an inductive conductivity sensor.

5. The sensing device of claim 3, wherein the second
cross-sensitivity is a conductivity cross-sensitivity repre-
sented at least partially by a Nernst-Einstein equation.

6. The sensing device of claim 1, wherein the second
sensor is a temperature sensor generating the second sensor
signal indicative of a temperature of the fluid medium
including the intended analyte and the unintended analyte.

7. The sensing device of claim 6, wherein the temperature
sensor is a thermistor or a bimetallic strip.

8. The sensing device of claim 6, wherein the second
cross-sensitivity is a temperature cross-sensitivity repre-
sented at least partially by aqueous entropies of binding for
the intended analyte and the unintended analyte.

9. The sensing device of claim 1, wherein the receptor
cross-sensitivity is represented at least partially the follow-
ing signal equation:

. $1Cp + S0Cunb
signal = ————
Cp + Cunb
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where S, is the film sensor signal when the intended
analyte and the unintended analyte are captured by the
film sensor, ¢, is a captured concentration of receptors
capturing the intended analyte and the unintended
analyte, s, is a zero-point signal when the intended
analyte and the unintended analyte are unbound, and
C,.» 18 an uncaptured concentration of the intended
analyte and the unintended analyte in an uncaptured
state in the fluid medium.

10. The sensing device of claim 1, wherein the controller
is further programmed to determine a concentration of the
unintended analyte in response to the concentration of the
intended analyte.

11. The sensing device of claim 1, wherein the receptor
cross-sensitivity is represented at least partially by a disso-
ciation constant defined as a ratio of unbound to bound
receptors.

12. The sensing device of claim 1, further comprising a
conduit communicating the fluid medium to the film sensor
and the second sensor.

13. The sensing device of claim 1, wherein the second
sensor is a pH sensor generating the second sensor signal
indicative of a pH of the fluid medium including the
intended analyte and the unintended analyte.

14. The sensing device of claim 13, wherein the second
cross-sensitivity is a pH cross-sensitivity at least partially
represented by a H* concentration.

15. A sensing device comprising:

an optical sensor detecting fluorescence emitted by an

intended analyte and an unintended analyte in a fluid
medium and captured on a receptor to generate an
optical sensor signal, the optical sensor has an optical
cross-sensitivity to the unintended analyte;

a second sensor contacting the fluid medium including the

intended analyte and the unintended analyte to generate
a second sensor signal, the second sensor has a second
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cross-sensitivity to the unintended analyte different
than the optical cross-sensitivity to the unintended
analyte; and

a controller programmed to determine a concentration of

the intended analyte in the fluid medium in response to
the optical sensor signal, the optical cross-sensitivity,
the second sensor signal, and the second cross-sensi-
tivity.

16. The sensing device of claim 15, wherein the fluid
medium is hard water, the intended analyte is calcium ions,
and the unintended analyte is sodium ions.

17. The sensing device of claim 15, wherein the optical
sensor is a photoresistor or photodiode.

18. The sensing device of claim 15, further comprising an
excitation source exciting the fluorescence.

19. A method of determining a concentration of an
intended analyte in a fluid medium, the method comprising:

receiving a film sensor signal indicative of the intended

analyte and an unintended analyte in the fluid medium
and being captured on a receptor of a film sensor, the
receptor has a receptor cross-sensitivity to the unin-
tended analyte;

receiving a second sensor signal indicative of the fluid

medium including the intended analyte and the unin-
tended analyte contacting a second sensor, the second
sensor has a second cross-sensitivity to the unintended
analyte different than the receptor cross-sensitivity to
the unintended analyte; and

determining the concentration of the intended analyte in

the fluid medium in response to the film sensor signal,
the receptor cross-sensitivity, the second sensor signal,
and the second cross-sensitivity.

20. The method of claim 19, wherein the fluid medium is
hard water, the intended analyte is calcium ions, and the
unintended analyte is sodium ions.
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