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DRUG DELIVERY MONITORING SYSTEM
PRIORITY DATA

[0001] This application claims priority to U.S. provisional patent application no.
62/988,014, filed March 11, 2020 and entitled “DRUG DELIVERY MONITORING SYSTEM,”

which is hereby incorporated by reference in its entirety.

TECHNICAL FIELD OF THE DISCLOSURE

[0002] The present invention relates to the field of capacitive sensing, in particular
to a capacitive sensor for measuring contents of a container, such as a syringe used in a drug

delivery system.

BACKGROUND

[0003] In some automated drug delivery systems, a drive system automatically
pushes a plunger of a syringe containing a drug to push the drug out of the syringe. Current
methods for monitoring the amount of the drug that has been delivered and/or the amount
of drug remaining in the syringe involve using an electro-mechanical gearing system to
monitor the rotation of the drive shaft that pushes the plunger. This is an indirect
measurement of the drug delivered, and it is subject to manufacturing issues and
mechanical failures. For example, failures or breakdowns of the mechanical links between
the motor, plunger rod, and stopper can affect measurements, as can shifts in motor
rotations and gearing tolerances during manufacturing or after repeated usage of the

delivery system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] To provide a more complete understanding of the present disclosure and
features and advantages thereof, reference is made to the following description, taken in
conjunction with the accompanying figures, wherein like reference numerals represent like

parts, in which:
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[0005] FIG. 1 is a side view of a cylindrical container having a capacitive sensor,
according to some embodiments of the present disclosure;

[0006] FIG. 2 is a side view of a syringe having a capacitive sensor, according to some
embodiments of the present disclosure;

[0007] FIG. 3 is a cross-section of a portion of a container with a capacitive sensor,
according to some embodiments of the present disclosure;

[0008] FIG. 4 is a cross-section of a portion of a syringe with a capacitive sensor,
according to some embodiments of the present disclosure;

[0009] FIG. 5 is a side view of a container with rectangular electrodes, according to
some embodiments of the present disclosure;

[0010] FIG. 6 is a side view of a container with tapered electrodes, according to
some embodiments of the present disclosure;

[0011] FIG. 7 shows the container of FIG. 6 with the stopper at a different position,
according to some embodiments of the present disclosure;

[0012] FIG. 8 is a side view of a syringe with a plunger rod inner electrode, according
to some embodiments of the present disclosure;

[0013] FIG. 9 is a side view of a syringe with a tapered outer electrode and a stopper
inner electrode, according to some embodiments of the present disclosure;

[0014] FIG. 10 is a side view of a syringe with two tapered outer electrodes and a
stopper inner electrode, according to some embodiments of the present disclosure;

[0015] FIG. 11 is a perspective view of a pair of shielded electrodes, according to
some embodiments of the present disclosure;

[0016] FIG. 12 is a cross-section showing the shielded electrodes shown in FIG. 11,
according to some embodiments of the present disclosure;

[0017] FIG. 13 is a cross-section showing shielded electrodes in which the electrode
shields are driven by a buffer driver, according to some embodiments of the present
disclosure;

[0018] FIG. 14 is a cross-section showing shielded electrodes in which the electrode

shields are grounded, according to some embodiments of the present disclosure;
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[0019] FIG. 15 is a cross-section of a container with shielded electrodes in which the
electrode shields are driven by a different voltage source from the electrodes, according to
some embodiments of the present disclosure;

[0020] FIG. 16 is a perspective view of a sensor electrode with inner and outer
electrode shields, according to some embodiments of the present disclosure;

[0021] FIG. 17 is a cross-section of a container with the inner and outer electrode
shields, according to some embodiments of the present disclosure;

[0022] FIG. 18 is a cross-section showing inner and outer electrode shields in which
the inner shields are driven by a buffer driver and the outer shields are grounded, according
to some embodiments of the present disclosure;

[0023] FIG. 19 is a cross-section showing inner and outer electrodes in which the
inner shields are driven by a different voltage source from the electrodes and the outer
shields are grounded, according to some embodiments of the present disclosure;

[0024] FIG. 20 is a block diagram showing a drug delivery system according to some

embodiments of the present disclosure.

DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE DISCLOSURE

[0025] Overview

[0026] The systems, methods and devices of this disclosure each have several
innovative aspects, no single one of which is solely responsible for all of the desirable
attributes disclosed herein. Details of one or more implementations of the subject matter
described in this specification are set forth in the description below and the accompanying
drawings.

[0027] A capacitive sensor for measuring contents of a container includes a pair of
electrodes forming a capacitor and one or more layers of shielding. For example, a
capacitive sensor can be used to directly measures the amount of drug within the syringe.
Two electrodes may be positioned along the wall of the container. Alternatively, one
electrode may be positioned along the wall, and another electrode positioned within the
container, e.g., on the rod or stopper of a syringe. The capacitance between the two

electrodes varies based on the contents of the container, e.g., the amount of drug or other
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substance inside the container. In a drug delivery system, the capacitance between the
electrodes may vary based on the amount of drug remaining in the syringe, so the
capacitance measurement directly correlates to the amount of drug remaining.

[0028] Conforming electrode shields around the container prevent or eliminate
external interference from noise sources in proximity to the capacitive sensor, e.g., to
femto-farad levels. In some embodiments, the electrode shields are held to a fixed
potential, such as a ground. In some embodiments, a sensor system includes multiple layers
of electrode shields, e.g., an inner electrode shield that has the same voltage that is applied
to the measurement electrodes, and an outer electrode shield that is held to a fixed
potential.

[0029] Embodiments of the present disclosure provide a sensor for measuring
contents of a container, the sensor including a voltage source to generate a first voltage, a
pair of electrodes coupled to the voltage source, a measurement circuit, an inner shield, and
an outer shield. The pair of electrodes applies an electric field extending through at least a
portion of an interior of the container. The measurement circuit measures a capacitance
across the pair of electrodes. The inner shield partially encloses the pair of electrodes and
has a second voltage. The outer shield partially encloses the outer shield, and the outer
shield has a third voltage.

[0030] Further embodiments of the present disclosure provide a sensor for
measuring the contents of a container, the sensor including a voltage source, a pair of
electrodes, a measurement circuit, and a pair of electrode shields. The voltage source
generates a variable voltage source. The pair of electrodes are coupled to the voltage
source and apply an electric field extending through at least a portion of an interior of the
container. The measurement circuit measures a capacitance across the pair of electrodes.
The pair of electrode shields partially encloses the pair of electrodes, and the pair of
electrode shields are set to a fixed voltage potential.

[0031] Additional embodiments of the present disclosure provide a drug delivery
system that includes a syringe holder, a stopper actuator, and a sensor. The syringe holder
holds a syringe containing a drug for delivery to a patient. The stopper actuator is couplable

to the syringe and controls delivery of the drug to the patient. The sensor includes a voltage
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source to generate a first voltage, the first voltage applied to a pair of electrodes to apply an
electric field extending through at least a portion of the syringe; a measurement circuit to
measure a capacitance across the pair of electrodes; and a processor to generate an
instruction to the stopper actuator to deliver the drug to the patient, the instruction based
on the measured capacitance.

[0032] As will be appreciated by one skilled in the art, aspects of the present
disclosure, in particular aspects of a capacitive sensor for measuring contents of a syringe or
other container, described herein, may be embodied in various manners (e.g., as a method,
a system, a computer program product, or a computer-readable storage medium).
Accordingly, aspects of the present disclosure may take the form of a hardware
embodiment, a software embodiment (including firmware, resident software, micro-code,
etc.), or an embodiment combining software and hardware aspects that may all generally be

n

referred to herein as a “circuit,” “module” or “system.” Functions described in this
disclosure may be implemented as an algorithm executed by one or more hardware
processing units, e.g. one or more microprocessors, of one or more computers. In various
embodiments, different steps and portions of the steps of each of the methods described
herein may be performed by different processing units. Furthermore, aspects of the
present disclosure may take the form of a computer program product embodied in one or
more computer-readable medium(s), preferably non-transitory, having computer-readable
program code embodied, e.g., stored, thereon. In various embodiments, such a computer
program may, for example, be downloaded (updated) to the existing devices and systems
(e.g. to the existing perception system devices and/or their controllers, etc.) or be stored
upon manufacturing of these devices and systems.

[0033] The following detailed description presents various descriptions of specific
certain embodiments. However, the innovations described herein can be embodied in a
multitude of different ways, for example, as defined and covered by the claims and/or select
examples. In the following description, reference is made to the drawings where like
reference numerals can indicate identical or functionally similar elements. It will be

understood that elements illustrated in the drawings are not necessarily drawn to scale.

Moreover, it will be understood that certain embodiments can include more elements than
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illustrated in a drawing and/or a subset of the elements illustrated in a drawing. Further,
some embodiments can incorporate any suitable combination of features from two or more
drawings.

[0034] The following disclosure describes various illustrative embodiments and
examples for implementing the features and functionality of the present disclosure. While
particular components, arrangements, and/or features are described below in connection
with various example embodiments, these are merely examples used to simplify the present
disclosure and are not intended to be limiting. It will of course be appreciated that in the
development of any actual embodiment, numerous implementation-specific decisions must
be made to achieve the developer’s specific goals, including compliance with system,
business, and/or legal constraints, which may vary from one implementation to another.
Moreover, it will be appreciated that, while such a development effort might be complex
and time-consuming; it would nevertheless be a routine undertaking for those of ordinary
skill in the art having the benefit of this disclosure.

[0035] In the Specification, reference may be made to the spatial relationships
between various components and to the spatial orientation of various aspects of
components as depicted in the attached drawings. However, as will be recognized by those
skilled in the art after a complete reading of the present disclosure, the devices,
components, members, apparatuses, etc. described herein may be positioned in any desired
orientation. Thus, the use of terms such as “above”, “below”, “upper”, “lower”, “top”,
“bottom”, or other similar terms to describe a spatial relationship between various
components or to describe the spatial orientation of aspects of such components, should be
understood to describe a relative relationship between the components or a spatial
orientation of aspects of such components, respectively, as the components described
herein may be oriented in any desired direction. When used to describe a range of
dimensions or other characteristics (e.g., time, pressure, temperature, length, width, etc.) of
an element, operations, and/or conditions, the phrase “between X and Y” represents a
range that includes X and Y.

[0036] Other features and advantages of the disclosure will be apparent from the

following description and the claims.
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[0037] Capacitive Sensor Overview

[0038] FIG. 1 is a side view of a cylindrical container having a capacitive sensor,
according to some embodiments of the present disclosure. The container 100 has two
interior chambers 110 and 120, which are separated from each other by a stopper 130. For
example, the container 100 is a syringe, and one of the chambers 110 holds a drug or other
substance for delivery to a patient. The other chamber 120 is an air chamber. In the
orientation shown in FIG. 1, the stopper 130 moves towards the right to eject the contents
of the chamber 110, e.g., through a needle (not shown) attached to the syringe. The
stopper 130 may be connected to a plunger rod, as shown in FIG. 2, that controls the
position of the stopper 130. Alternatively, the position of the stopper 130 may be
controlled by air pressure in the air chamber 120 or another mechanism.

[0039] The chambers 110 and 120 are enclosed by a wall 140, which may be glass,
plastic, or another material. An inner side of the wall 140, referred to as an inner wall, is in
contact with the chambers 110 and 120 and the stopper 130. A pair of electrodes 150
extend along an outer side of the wall 140, referred to as an outer wall. Alternatively, the
electrodes 150 may extend along an inner side of the wall 140, referred to as the inner wall,
or the electrodes 150 may be arranged within the walls 140 of the container. The
electrodes 150 are on opposite sides of the wall 140; in the orientation shown in FIG. 1, one
electrode 150a is along the bottom of the container 100, and the other electrode 150b is
along the top of the container 100. In alternate embodiments, the container 100 includes a
single chamber and no stopper 130 (e.g., the container 100 is a vial for holding a substance).

[0040] The electrodes 150 create an electric field within the container 100. The
contents of the container 100 (i.e., the contents of the chambers 110 and 120 and the
stopper 130) and the wall 140 are dielectric materials between the electrodes 150. These
dielectric materials and the electrodes 150 form a capacitor. Capacitance varies based on
the permittivity of dielectric material between the electrodes. If the stopper 130 moves left
to right through the container 100, e.g., to push a drug out of a syringe, the volume of
material in the chamber 110 decreases while the volume of material in the chamber 120
increases. In particular, if the stopper 130 pushes a drug out of a syringe, the amount of

drug between the electrodes 150 decreases, and its volume is replaced with air in the other
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chamber 120. If the contents of the two chambers 110 and 120 have different
permittivities, the measured capacitance corresponds to a change in the relative volumes of
the two chambers 110 and 120. Typically drugs have a higher permittivity than air, so the
measured capacitance decreases as the drug is pushed out of the container 100 and the
volume of air between the electrodes 150 increases.

[0041] Two cross-sections, A-A’ and B-B’, are noted in FIG. 1. These two cross-
sections, located on different sides of the stopper 130, may be similar but for the different
contents of the chambers. In particular, the two cross-sections A-A’ and B-B’ have the same
structure, but during use of the container 100, the two chambers 110 and 120 may be filled
with different materials having different permittivities, e.g., chamber 110 is filled with air
and chamber 120 is filled with a drug. FIG. 3, discussed below, represents an example of the
cross-sections A-A’ and B-B’.

[0042] FIG. 2 is a side view of a syringe 200 having a capacitive sensor, according to
some embodiments of the present disclosure. The syringe 200 includes a chamber 210,
similar to the chamber 110 in FIG. 1, for holding a drug or other substance. The syringe 200
includes an air chamber 220, similar to the chamber 120 in FIG. 1. A stopper 230, similar to
the stopper 130 in FIG. 1, separates the two chambers 210 and 220. A plunger rod 260 is
coupled to the stopper 230 to control the position of the stopper 230. A needle or other
outlet (not shown in FIG. 2) may be on the right side of the chamber 210, opposite the
stopper 230. When the plunger rod 260 pushes the stopper 230 towards the right, the
stopper 230 expels material from the chamber 210 and through the needle or other outlet.

[0043] The syringe 200 further includes a wall 240, which is similar to the wall 140,
and at least one electrode 250 along an outer side of the wall 240. In some embodiments,
the syringe 200 includes two electrodes 250 along the outer wall, similar to the electrodes
150a and 150b shown in FIG. 1. As noted with respect to FIG. 1, in other embodiments the
electrodes 250 may extend along an inner side of the wall 240, or the electrodes 250 may be
arranged within the walls 240 of the container. In some embodiments, the stopper 230
and/or plunger rod 260 includes an electrode, e.g., the plunger rod 260 is a conductive
material that forms an electrode, or the stopper 230 is wrapped by a conductive material

that forms an electrode. A plunger rod or stopper electrode is referred to as an inner
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electrode, e.g., an electrode inside the syringe 200, and the electrode 250 is referred to as
an outer electrode, e.g., an electrode external to the syringe 200. In some embodiments,
the syringe 200 includes two outer electrodes and an inner electrode.

[0044] Two cross-sections, C-C" and D-D’, are noted in FIG. 2. An example of the
cross-section C-C’, which includes the plunger rod 260, is shown in FIG. 4, discussed below.
An example of the cross-section D-D’, which does not include the plunger rod 260, is shown
in FIG. 3.

[0045] FIG. 3 is a cross-section of a portion of a container with a capacitive sensor,
according to some embodiments of the present disclosure. The cross-section includes a
container wall 310, which may correspond to the wall 140 or 240. The wall 310 surrounds a
chamber 320, which may correspond to any of the chambers 110, 120, or 210 discussed
above. On the outside of the wall 310 are two electrodes 330a and 330b. The electrodes
330a and 330b are positioned on opposite sides of the wall 310. The electrodes 330a and
330b may be physically attached to the wall 310. For example, the electrodes 330a and
330b may be metal strips that are pasted or 3D printed to the wall 310. The electrodes 330a
and 330b may have electrical connections configured to connect to a drug delivery
monitoring system, e.g., wires or conductive patches. Alternatively, the electrodes 330a
and 330b may be incorporated into a drug delivery device that can hold and dispense drugs
from the syringe 200, or other another type of device for holding the container 100. When
the container 100 or syringe 200 is loaded into the device, the electrodes 330a and 330b are
positioned relative to the container 100 or syringe 200 as illustrated in FIGs. 1-4. In the
embodiment shown in FIG. 2, if the plunger rod 260 and/or stopper 230 include an
electrode, one of the electrodes 330a or 330b may be removed and only one electrode 330
is along the outer wall; this embodiment is described further with respect to FIGs. 4 and 9.

[0046] The electrodes 330a and 330b are electrically coupled to a voltage source
340. The voltage source 340 generates a voltage signal that is applied across the electrodes
330a and 330b. The voltage signal creates an electric field 360 between the electrodes 330a
and 330b. The electric field 360 extends across at least a portion of the chamber 320. In
this example, the voltage source 340 is a square wave source that generates a square wave

voltage signal that is applied across the electrodes 330a and 330b. In other examples, other
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voltage stimulus signals, such as a sinusoidal or triangle voltage wave, may be used. The
voltage signal may be a periodic signal with a fixed amplitude and frequency. Alternatively,
the amplitude and/or frequency of the voltage signal may vary, e.g., based on instructions
from a processor connected to the voltage source 340. While the electric field 360 is
depicted by electric field lines that span from electrode 330a to 330b, it should be
understood that the direction of the electric field may change based on the voltage signal
applied by the voltage source 340.

[0047] The electrodes 330a and 330b are also electrically coupled to a measurement
circuit 350. The measurement circuit 350 measures a capacitance across the electrodes
330a and 330b. Different contents of the chamber 320 have different permittivities, which
affect the electric field 360 between the electrodes 330a and 330b. The capacitance
measurement captured by the measurement circuit 350 reflects the contents of the
chamber 320. In some embodiments, the measurement circuit 350 and voltage source 340
are incorporated on a single chip or device.

[0048] FIG. 4 is a cross-section of a portion of a syringe with a capacitive sensor,
according to some embodiments of the present disclosure. The cross-section includes a
container wall 410, which corresponds to the wall 240. The wall 410 surrounds a chamber
420, which corresponds to the air chamber 220 in FIG. 2. On the outside of the wall 410 is a
first outer electrode 430a. In some embodiments, a second outer electrode 430b (shown
with a dashed line) may be arranged on an opposite side of the wall 410 from the first outer
electrode 430a. The electrodes 430a and 430b are similar to the electrodes 330a and 330b
described with respect to FIG. 3. A plunger rod 440 within the chamber 420 corresponds to
the plunger rod 260 shown in FIG. 2. The plunger rod 440 is an inner electrode that can
form a capacitor with the first outer electrode 430a. The plunger rod 440 is located within
the inner side of the wall 410. In embodiments with the second outer electrode 430b, the
plunger rod 440 can also form a capacitor with the second outer electrode 430b. For
example, a voltage source 455 can apply a voltage difference between the plunger rod 440
and the first outer electrode 4304, or between the plunger rod 440 and the second outer

electrode 430b.
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[0049] The outer electrodes 430a and 430b and plunger rod 440 are electrically
coupled to a measurement circuit 450, which in this example includes a voltage source 455.
The voltage source 455 is similar to the voltage source 340, and the measurement circuit
450 is similar to the measurement circuit 350. In this example, an electric field 460 extends
between the first outer electrode 430a and the plunger rod 440. The electric field 460
extends across a portion of the chamber 420, as illustrated in FIG. 4.

[0050] Example Electrode Configurations

[0051] FIG. 5 is a side view of a container with rectangular electrodes, according to
some embodiments of the present disclosure. In this example, two electrodes 510 and 520
are arranged on opposite sides of the container. The electrodes 510 and 520 have
rectangular shapes, and are curved to conform to the cylindrical container. If the container
holds different materials on different sides of the stopper 530 (e.g., a drug 540 on one side
and air 550 on the other side), as the stopper 530 moves through the container, the
measured capacitance between the two electrodes 510 and 520 varies linearly with
position. Thus, the measured capacitance indicates the amount of drug remaining in the
container.

[0052] FIG. 6 is a side view of a container with tapered electrodes, according to
some embodiments of the present disclosure. Relative to rectangular electrodes shown in
FIG. 5, tapered electrodes that taper toward the discharge end of the container lead to a
sharper drop in capacitance as the material in the container is pushed out. In FIG. 6, two
electrodes 610 and 620 are arranged on opposite sides of the container. The electrodes 610
and 620 are each tapered, having a narrow end at the right side and a wider end at the left
side. In this example, the electrodes 610 and 620 are triangular, but in other examples, the
electrodes 610 and 620 may be trapezoidal or have another tapered shape.

[0053] The capacitance between the electrodes 610 and 620 varies based on the
material between the electrodes and the overlapping area of the electrodes 610 and 620. In
particular, capacitance is proportional to both the overlapping area between the electrodes
and the relative permittivity of the dielectric between the electrodes. The electrodes 610
and 620 are at their widest at the left side of the container in the orientation shown in FIG.

6. This portion of the electrodes 610 and 620 has the largest overlapping area. By contrast,
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the right side of the container has the narrowest portion of the electrodes 610 and 620, and
this portion has the smallest overlapping area. At the position of the stopper 630 shown in
FIG. 6, the capacitance measurement is relatively high, since the portion of the container
having the higher-permittivity drug 640 extends nearly to the highest-overlap portion of the
electrodes 610 and 620. The portion of the container holding the air 650 contributes a
relatively small amount of capacitance to the overall capacitance between the electrodes
610 and 620.

[0054] FIG. 7 shows the container of FIG. 6 with the stopper at a different position,
according to some embodiments of the present disclosure. The electrodes 710 and 720
correspond to the electrodes 610 and 620, and the stopper 730 corresponds to the stopper
630. The stopper 730 has been pushed to the right in the orientation shown in FIG. 7, such
that the volume of the drug 740 in the container is less than the volume of the drug 640 in
FIG. 6, and the volume of air 750 in the container is greater than the volume of the air 650 in
FIG. 6. In this example, the volume of the drug 740 in FIG. 7 is half of the volume of the drug
640 in FIG. 6. The capacitance for the portion of the electrodes 710 and 720 surrounding
the drug 740 is less than half of the capacitance for the portion of the electrodes 610 and
620 surrounding the drug 640. This is because the area of the electrodes 710 and 720
surrounding the drug 740 is relatively small due to their tapered shape; the area of the
electrodes 610 and 620 surrounding the drug 640 is more than twice the area of the
electrodes 710 and 720 surrounding the drug 740.

[0055] Furthermore, while the position of the stopper 730 is the same as the
position of the stopper 530 in FIG. 5, the overall capacitance measurement across the
electrodes 710 and 720 is less than the overall capacitance across the electrodes 510 and
520. If the stoppers 530 and 730 were all the way to the left in their containers, e.g., the
containers in FIGs. 5 and 7 were full of the drug 540 and 740, the capacitance
measurements for the containers are the same if the overall areas of the electrodes 510,
520, 710, and 720 are equal. Thus, the electrode arrangement shown in FIGs. 6 and 7
results in a steeper capacitance curve relative to the arrangement shown in FIG. 5. This may

improve the precision of a volume measurement based on measured capacitance.
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[0056] FIG. 8 is a side view of a syringe with a plunger rod inner electrode, according
to some embodiments of the present disclosure. In this example, an electrode 810 is
arranged on an outer wall of the container. The electrode 810 has a rectangular shape, but
in other embodiments, the electrode 810 may be tapered or have another shape. A plunger
rod 820 is a second electrode. The plunger rod 820 is connected to a stopper 830 at a first
position 830a. The plunger rod 820 moves through the container to push the stopper 830,
e.g., to eject a drug or other material from the container. A second example stopper
position 830b is shown in FIG. 8. In this example, the wall of the syringe and air in the air
chamber form the dielectric between the two electrodes 810 and 820; the drug or other
substance held by the syringe is not between the electrodes 810 and 820 and capacitance
through the drug is not measured.

[0057] As the plunger rod 820 and stopper 830 move within the container, the
amount of overlap between the plunger rod 820 and outer electrode 810 increases. For
example, at the stopper position 830b, the area of overlap between the plunger rod 820 and
the outer electrode 810 is twice their area of overlap at stopper position 830a. Because the
measured capacitance between electrodes 810 and 820 is proportional to their overlapping
area, the measured capacitance increases in a linear manner as the plunger rod 820 and
stopper 830 move through the container. Thus, the measured capacitance indicates the
amount of drug remaining in the container.

[0058] FIG. 9 is a side view of a syringe with a tapered outer electrode and a stopper
inner electrode, according to some embodiments of the present disclosure. In this example,
an electrode 910 is arranged on an outer wall of the container. The electrode 910 is
tapered, with its width varying along the length of the container. A stopper 930 forms a
second electrode. For example, the stopper 930 may contain a conductive material or
conductive coating. The position of the stopper 930 is controlled by a plunger rod 920,
which may or may not be conductive, and may or may not form a portion of the inner
electrode. The plunger rod 920 electrically couples the stopper 930, or the electrode
portion of the stopper 930, to a voltage source and measurement circuit, e.g., the

measurement circuit 450 of FIG. 4. In this example, the wall of the syringe is the dielectric
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between the two electrodes 910 and 920; the drug or other substance held by the syringe is
not between the electrodes 910 and 920 and capacitance through the drug is not measured.

[0059] Two example stopper positions 930a and 930b are shown in FIG. 9. As the
plunger rod 920 and stopper 930 move within the container, the amount of overlap
between the stopper 930 and outer electrode 910 decreases, due to the varying width of
the electrode 910. In particular, the overlapping area between the stopper 930a and the
outer electrode 910 is represented as shaded area 940a, and the overlapping area between
the stopper 930b and the outer electrode 910 is represented as shaded area 940b, which is
smaller than shaded area 940a. Because the measured capacitance between electrodes 910
and 930 is proportional to their overlapping area, the measured capacitance decreases as
the plunger rod 920 and stopper 930 move through the container. Thus, the measured
capacitance indicates the position of the stopper 930 in the container, which correlates to
the amount of drug remaining in the container.

[0060] FIG. 10 is a side view of a syringe with two tapered outer electrodes and a
stopper inner electrode, according to some embodiments of the present disclosure. This
embodiment includes an outer electrode 1010 similar to the outer electrode 910, a plunger
rod 1020 similar to the plunger rod 920, and a stopper 1030 similar to the stopper 930. As
in the embodiment of FIG. 9, the position of the stopper 1030 is controlled by the plunger
rod 1020, which may or may not be conductive, and may or may not form a portion of the
inner electrode.

[0061] This embodiment further includes a second outer electrode 1040 is on the
opposite side of the container from the first outer electrode 1010. In this example, the
second outer electrode 1040 is tapered in an opposite direction from the first outer
electrode 1010. The voltage source and measurement circuit may be configured to take
capacitance measurements between different pairs of electrodes, e.g., one measurement
between the inner electrode 1030 and the first outer electrode 1010, and another
measurement between the inner electrode 1030 and the second outer electrode 1040.
Taking capacitance measurements between the inner electrode 1030 and two outer
electrodes 1010 and 1040 improves utility of the sensor. For example, at the stopper

position 1030a, the measurement to the first outer electrode 1010 may be more accurate,
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because the overlap between the stopper 1030 and the first outer electrode 1010 is larger
than the overlap between the stopper 1030 and the second outer electrode 1040, whereas
at the stopper position 1030b, the measurement to the second outer electrode 1040 may
be more accurate.

[0062] It should be understood that the electrode configurations shown in FIGs. 5-10
are illustrative, and other electrode configurations may be used. For example, in the
examples shown in FIGs. 8 and 9, a second outer electrode matching the shape and
arrangement of the first outer electrode 810 or 910 may be arranged on the opposite side
of the syringe from the first outer electrode 810 or 910. A measurement system may obtain
capacitance measurements from alternating pairs of electrodes, e.g., alternating between
the inner electrode and one outer electrode and between the inner electrode and the other
outer electrode; alternating between an inner electrode and an outer electrode and
between the two outer electrodes; or alternating between all three electrode pairs.

[0063] Electrode Shields

[0064] The capacitive sensors described above apply a voltage difference to a pair of
electrodes to generate an electric field across the electrodes, and measure the capacitance
across the pair of electrodes. Outside disturbances to the electric field, such as other
medical devices, cell phones, other devices, the patient, medical staff, etc. can affect the
accuracy of the capacitance measurement. The capacitive sensors described above can
incorporate conforming electrode shields to protect the capacitive sensor from such outside
disturbances to the electric field.

[0065] FIG. 11 is a perspective view of a pair of shielded electrodes, according to
some embodiments of the present disclosure. Two electrodes 1110a and 1110b correspond
to any of the electrodes shown in the prior figures, e.g., any of electrodes 150, 250, 330, or
430. While the electrodes 1110 are shown as being rectangular, the electrodes 1110a and
1110b may have any of the shapes described with respect to FIGs. 5-10. One electrode
shield 1120a partially encloses the electrode 1110a, and another electrode shield 1120b
partially enclose the other electrodes 1110b. The electrode shields 1120 may be composed
of a conductive substance, such as a metal. A time-varying voltage may be applied across

the electrode shields 1120a and 1120b, or the electrode shields may be set to a fixed
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potential, as described with respect to FIGs. 13-15. The electrode shield 1120a is separated
from the electrode 1110a by an insulating layer 1130a, and the electrode shield 1120b is
separated from the electrode 1110b by an insulating layer 1130b. The insulating layers
1130 are formed from a nonconductive material.

[0066] FIG. 12 is a cross-section of a container with the shielded electrodes shown in
FIG. 11, according to some embodiments of the present disclosure. FIG. 12 shows
cross-sections of the electrodes 1210a and 1210b, which are similar to the electrodes 1110a
and 1110b; electrode shields 1220a and 1220b, which are similar to the electrode shields
1120a and 1120b; and insulating layers 1230a and 1230b, which are similar to the insulating
layers 1130a and 1130b. A container wall 1240 is arranged within the electrodes 1210,
insulating layers 1230, and electrode shields 1220. Two viewing windows 1250a and 1250b
provide visual access to the container between gaps in the electrodes 1210, insulating layers
1230, and electrode shields 1220. The viewing windows 1250 separate the pairs of
electrodes 1210a and 1210b, insulating layers 1230a and 1230b, and electrode shields
1220a and 1220b.

[0067] The electrode shields 1220 and insulating layers 1230 extend across a larger
arc than the electrodes 1210. Extending the electrode shields 1220 beyond the arc of the
electrodes 1210 increases the amount of shielding provided, which leads to a more accurate
capacitance measurement. However, extending the electrode shields 1220 and insulating
layers 1230 reduces the size of the viewing windows 1250. In other embodiments, a single,
cylindrical electrode shield and a single insulating layer may wrap fully around the
electrodes 1210a and 1210b and the wall 1240. This may provide superior shielding to the
arrangement shown in FIG. 12, however, it eliminates visual access to the container.

[0068] While the examples shown in FIGs. 11 and 12, and the examples shown in
FIGs. 13-19 and described below, show a sensor system with two outer electrodes on the
wall of a container or syringe, similar shielding arrangements with electrode shields
separated by viewing windows may be used in containers with one inner electrode and one
outer electrode. For example, in the arrangement of FIG. 12, the second electrode 1210b
may be omitted, and the insulating layer 1230b is adjacent to the wall 1240. The insulating

layer 1230b may be thicker than the insulating layer 123043, so that the electrode shields
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1220a and 1220b are the same distance from the wall 1240. It should be understood that
any of the arrangements in FIGs. 11-19 can be similarly adapted for use in containers with
one outer electrode and an inner electrode.

[0069] If the plunger rod is used as an inner electrode, the electrode shields may
extend the length of the outer electrode plus the length of the plunger rod when the
plunger rod is positioned at the syringe’s fullest position. For example, for the syringe
shown in FIG. 2, the electrode shields may extend from the left side of the syringe by the full
length of the plunger rod 260.

[0070] FIGs. 13-15 show example electrical configurations of the measurement
electrodes and electrode shields. FIG. 13 is a cross-section showing shielded electrodes in
which the electrode shields are driven by a buffer driver, according to some embodiments
of the present disclosure. FIG. 13 includes a pair of electrodes 1310a and 1310b, a pair of
electrode shields 1320a and 1320b, and a pair of insulating layers 1330a and 1330b. The
electrodes 1310 are coupled to a voltage source 1340, which may be similar to the voltage
source 340 described with respect to FIG. 3. The electrodes 1310 are also coupled to a
measurement circuit 1350, which may be similar to the measurement circuit 350 described
with respect to FIG. 3.

[0071] The voltage source 1340 has two terminals, one coupled to a first electrode
1310a and another coupled to a second electrode 1310b. Each of the terminals of the
voltage source 1340 are coupled to a respective buffer circuit 1360a and 1360b. The buffer
circuits 1360 are represented as amplifiers with a gain of one. The buffer circuits 1360a and
1360b are further coupled to the electrode shields 1320a and 1320b, respectively, to apply
the same voltage difference to the electrode shields 1320 that is applied across the
electrodes 1310. In other words, in the absence of interfering signals, the first electrode
shield 1320a has the same voltage as the first electrode 1310a, and the second electrode
shield 1320b has the same voltage as the second electrode 1310b. The buffer circuits 1360
replicate the voltage signal from the voltage source 1340 while protecting the voltage signal
applied to the electrodes 1310a and 1310b. If a stray electric field affects the voltage levels
of the electrode shields 1320, the buffer circuits 1360 prevent the voltage levels from

affecting the voltage difference applied to the electrodes 1310. In other embodiments, the
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sensor system includes one buffer circuit, e.g., if one electrode (e.g., electrode 1310a) and
one electrode shield (e.g., electrode shield 1320a) are grounded, or if the buffer circuit can
buffer a differential voltage signal.

[0072] FIG. 14 is a cross-section showing shielded electrodes in which the electrode
shields are grounded, according to some embodiments of the present disclosure. FIG. 14
includes a pair of electrodes 1410a and 1410b, a pair of electrode shields 1420a and 1420b,
and a pair of insulating layers 1430a and 1430b. The electrodes 1410 are coupled to a
voltage source 1440, which may be similar to the voltage source 340 described with respect
to FIG. 3. The electrodes 1410 are also coupled to a measurement circuit 1450, which may
be similar to the measurement circuit 350 described with respect to FIG. 3. In this example,
the electrode shields 1420a and 1420b are coupled to a ground 1460. For example, the
ground 1460 may be a ground of the measurement circuit 1450 and/or voltage source 1440.
Grounding the electrode shields 1420 may provide less effective shielding than the buffer-
driven shields 1320 shown in FIG. 13. However, connecting the electrode shields 1420 to a
ground 1460 allows for a simpler circuit with fewer parts, which may reduce size and
expense. Furthermore, the circuit of FIG. 14 may be more robust, e.g., it may have a longer
life or lower chance of failure than the circuit of FIG. 13.

[0073] In certain use cases, such as where doses are applied over long period of
time, or minor dosing or measurement errors are not unsafe for the patient, the shielding
provided by the electrode shields 1420 may be sufficient. Furthermore, for applications that
are not time sensitive, a sensor system may be programmed to take multiple measurements
to reduce the likelihood of measurement error caused by an errant electric field. For
example, the sensor system may be programmed to capture multiple capacitance
measurements at different times (e.g., two measurements 1 minute apart) while holding the
stopper stationary and, if the measurements differ by at least a threshold amount, repeat
the capacitance measurements at periodic intervals until a stable measurement is obtained.

[0074] FIG. 15 is a cross-section showing shielded electrodes in which the electrode
shields are driven by a different voltage source from the electrodes, according to some
embodiments of the present disclosure. FIG. 15 includes a pair of electrodes 1510a and

1510b, a pair of electrode shields 1520a and 1520b, and a pair of insulating layers 1530a
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and 1530b. The electrodes 1510 are coupled to a first voltage source 1540, which may be
similar to the voltage source 340 described with respect to FIG. 3. The electrodes 1510 are
also coupled to a measurement circuit 1550, which may be similar to the measurement
circuit 350 described with respect to FIG. 3. In this example, the electrode shields 1520a
and 1520b are coupled to a second voltage source 1560. The second voltage source 1560
may apply a fixed or variable voltage difference across the electrode shields 1520. For
example, the second voltage source 1560 may apply the same waveform as the first voltage
source 1540, at the same amplitude or at a different amplitude. As another example, the
second voltage source 1560 may apply a fixed potential to one or both electrode shields
1520a and 1520b, e.g., a supply voltage of the measurement circuit 1550 and/or voltage
source 1540. In some embodiments, the second voltage source 1560 applies a voltage
potential to one of the electrode shields (e.g., electrode shield 1520a), and the other
electrode shield (e.g., electrode shield 1520b) is grounded.

[0075] Guarded Electrode Shields

[0076] In certain implementations, the electrode shields described above may not
provide sufficient shielding. For example, certain equipment, such as magnetic resonance
imaging (MRI) machines, or certain environments, such as helicopters, have higher amounts
of electric field disturbance, and sensor systems used in such environments can benefit from
enhanced shielding. Furthermore, more accurate measurements may be desirable for
certain use cases. For example, if the capacitive sensor is measuring a chemotherapy drug
or other toxic drug where an excessive dose can be dangerous for the patient, a high
assurance of accuracy is desired. To provide additional protection from outside electric
fields, additional layers of electrode shields may be incorporated. For example, an inner,
active electrode shield may be guarded by an outer electrode shield.

[0077] FIG. 16 is a perspective view of a sensor electrode with inner and outer
electrode shields, according to some embodiments of the present disclosure. An electrode
1610 corresponds to any of the electrodes shown in FIGs. 1-10, e.g., any of electrodes 150,
250, 330, or 430. While the electrode 1610 is shown as being rectangular, the electrode
1610 may have any of the shapes described with respect to FIGs. 5-10. The electrode 1610

is partially enclosed by a first insulating layer 1620, an inner electrode shield 1630, a second
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insulating layer 1640, and an outer electrode shield 1650, which are jointly referred to as a
guarded electrode shield. The electrode shields 1630 and 1650 may be composed of a
conductive substance, such as a metal. The insulating layers 1620 and 1640 are formed
from a nonconductive material.

[0078] FIG. 17 is a cross-section of a container with the inner and outer electrode
shields, according to some embodiments of the present disclosure. FIG. 17 shows
cross-sections of the electrodes 1710a and 1710b, which are examples of the electrode
1610; insulating layers 1720a and 1720b, which are examples of the insulating layer 1620;
inner electrode shields 1730a and 1730b, which are examples of the electrode shield 1630;
insulating layers 1740a and 1740b, which are examples of the insulating layer 1640; and
outer electrode shields 1750a and 1750b, which are examples of the outer electrode shield
1650. A container wall 1660 is arranged within the electrodes 1710 and guarded electrode
shields 1720-1750. Two viewing windows 1770a and 1770b provide visual access to the
container between gaps in the electrodes 1710 and guarded electrode shields 1720-1750.
The viewing windows 1770 separate the pair of electrodes 1710 and the pair of guarded
electrode shields.

[0079] FIG. 18 is a cross-section showing inner and outer electrode shields in which
the inner shields are driven by a buffer driver and the outer shields are grounded, according
to some embodiments of the present disclosure. FIG. 18 includes a pair of electrodes 1810a
and 1810b and a pair of guarded electrode shields 1820a and 1820b. Each guarded
electrode shield 1820 includes an inner electrode shield 1830 and an outer electrode shield
1840. The electrodes 1810 are coupled to a voltage source 1850, which may be similar to
the voltage source 340 described with respect to FIG. 3. The electrodes 1810 are also
coupled to a measurement circuit (not shown) as described above.

[0080] The voltage source 1850 has two terminals, one coupled to a first electrode
1810a and another coupled to a second electrode 1810b. Each of the terminals of the
voltage source 1850 are coupled to a respective buffer circuit 1860a and 1860b, which are
similar to the buffer circuits 1360a and 1360b described with respect to FIG. 13. The buffer
circuits 1860a and 1860b are further coupled to the inner electrode shields 1830a and

1830b, respectively, to apply the same voltage difference to the inner electrode shields
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1830 that is applied across the electrodes 1810. The outer electrode shields 1840 are
coupled to a ground 1870. For example, the ground 1870 may be a ground of the
measurement circuit and/or voltage source 1850.

[0081] As described with respect to FIG. 13, in the presence of an outside electric
field, electrode shields 1320a and 1320b with a buffered voltage absorb much of the stray
charge, so the electric field between the two electrodes 1310 used to obtain the
capacitance measurement is minimally affected. When stationary external electric fields (or
no external fields) are present in the environment of the sensor, replicating the voltages of
the electrodes 1310 at the electrode shields 1320 results in no current flow between the
electrodes 1310 and the electrode shields 1320. However, a variable external charge (e.g., a
smartphone moving nearer to a drug delivery device implementing the capacitance sensor)
that is absorbed by the electrode shields 1320 causes the voltages of the electrode shields
1320 to temporarily be different from the electrodes 1310, causing current to flow between
the electrode shields 1320 and the electrodes 1310. This current can impact accuracy of the
impedance measurement between the electrodes 1310 until the circuit can restore the
correct voltages on the electrode shields 1320.

[0082] The guarded electrode shields 1820 shown in FIG. 18 prevent current flow
between the inner electrode shields 1830 and the electrodes 1810. The outer electrode
shields 1840 protect the inner electrode shields 1830, which minimizes stray current
between the inner shields 1830 and the electrodes 1810. If a stray charge reaches an inner
electrode shield (e.g., inner electrode shield 1830a), a current flows from the inner
electrode shield 1830a to the grounded outer electrode shield 1840a, rather than from the
inner electrode shield 1830a to the electrode 1810a. This minimizes stray currents on the
electrodes 1810, which maintains the integrity of the capacitance measurement across the
electrodes 1810.

[0083] FIG. 19 is a cross-section showing inner and outer electrodes in which the
inner shields are driven by a different voltage source from the electrodes and the outer
shields are grounded, according to some embodiments of the present disclosure. FIG. 19
includes a pair of electrodes 1910a and 1910b and a pair of guarded electrode shields 1920a
and 1920b. Each guarded electrode shield 1920 includes an inner electrode shield 1930 and
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an outer electrode shield 1940. The electrodes 1910 are coupled to a voltage source 1950,
which may be similar to the voltage source 340 described with respect to FIG. 3. The
electrodes 1910 are also coupled to a measurement circuit (not shown) as described above.

[0084] In this example, the inner electrode shields 1930a and 1930b are coupled to a
second voltage source 1960. The second voltage source 1960 may apply a fixed or variable
voltage difference across the inner electrode shields 1930. For example, the second voltage
source 1960 may apply the same waveform as the first voltage source 1950, at the same
amplitude or at a different amplitude. As another example, the second voltage source 1960
may apply a fixed potential to one or both inner electrode shields 1930a and 1930b. In
some embodiments, the second voltage source 1960 applies a voltage potential to one of
the inner electrode shields (e.g., inner electrode shield 1930a), and the other inner
electrode shield (e.g., inner electrode shield 1930b) is grounded.

[0085] The outer electrode shields 1940 are coupled to a ground 1970. For example,
the ground 1970 may be a ground of the measurement circuit and/or voltage source 1950.
In some embodiments, the second voltage source 1960 is a ground, e.g., both the inner
electrode shields 1930a and 1930b and the outer electrode shields 1940a and 1940b are
coupled to the ground 1970.

[0086] While the example containers shown in FIGs. 1-19 are cylindrical, it should be
understood that the capacitive sensors and electrode shields described herein may have
different shapes. For example, the container may have an oval, square, or rectangular
cross-section. In some embodiments, the cross-section of the container may vary along its
length, e.g., the container may be tapered towards one end. The shape of the electrodes
and the shape of the electrode shield may be adapted to conform to the shape of the
container. Furthermore, while the examples described above generally show a container
with a stopper, such as a syringe, the capacitive sensors described herein may be used for
vials or other containers that do not include a stopper, e.g., to measure the volume of a
drug filled into a vial or removed from a vial.

[0087] While the examples described above generally discuss dispensing a drug or
other material from a container and measuring the remaining drug as it is delivered, the

capacitive sensors described above may be used in a similar matter to measure a drug or
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other material being loaded into a syringe or other container, e.g., to measure a volume of
drug filled into a syringe.

[0088] Drug Delivery System

[0089] Any of the capacitive sensors described with respect to FIGs. 1-19 can be
used in a drug delivery system to automatically dispense a drug from a container, e.g., a
syringe. FIG. 20 is a block diagram showing a drug delivery system according to some
embodiments of the present disclosure. The drug delivery system includes a syringe holder
2010, a control circuit 2030, and a stopper actuator 2070. The syringe holder 2010 holds a
syringe 2020 controlled by a plunger rod 2025. The control circuit 2030 includes a voltage
source 2040, a processor 2050, and a measurement circuit 2060. In alternative
configurations, different, fewer, and/or additional components may be included in the drug
delivery system from those shown in FIG. 20. Furthermore, the functionality described in
conjunction with one or more of the components shown in FIG. 20 may be distributed
among the components in a different manner than described.

[0090] The syringe holder 2010 is configured to hold a syringe containing a drug.
The syringe holder 2010, the syringe 2020, and/or the plunger rod 2025 provide a capacitive
sensor and conforming electrode shields, e.g., any of the capacitive sensors described with
respect to FIGs. 1-10, and any of the conforming electrode shields described with respect to
FIGs. 11-19. In some embodiments, the syringe holder 2010 is configured to hold one or
more standard syringes, e.g., a syringe of a particular standard size and shape. In some
embodiments, the syringe holder 2010 includes a capacitive sensor and conforming
electrode shields, which fit around the syringe 2020 when the syringe 2020 is inserted into
the syringe holder 2010. For example, the syringe holder 2010 can be designed to accept
existing FDA-approved syringes. In other embodiments, the syringe 2020 (and in some
embodiments, the plunger rod 2025) includes the capacitive sensor and conforming
electrode shields, and the syringe holder 2010 includes electrical contacts for coupling the
capacitive sensor and electrode shields to the control circuit 2030. In some embodiments,
the syringe 2020 and, optionally, the plunger rod 2025 includes the capacitive sensor, and
the syringe holder 2010 includes the conforming electrode shields along with electrical

contacts to the electrodes of the capacitive sensor.
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[0091] As used herein, a drug is any substance suitable for delivery via a syringe,
such as a biopharmaceutical, synthesized pharmaceutical, blood or blood product, saline,
etc. The drug has a different permittivity than air, so the change in measured capacitance
corresponds to a change in the relative volumes of drug and air between the electrodes.
Typically, drugs have a higher permittivity than air, so the measured capacitance decreases
as the drug is pushed out of the syringe and the volume of air between the electrodes
increases. In the example in which one of the electrodes is the plunger rod, as the plunger
rod moves through the syringe, the size of the capacitor (i.e., the amount of overlap
between the electrode on the wall of the syringe and the conductive plunger) increases,
which increases the measured capacitance.

[0092] The voltage source 2040 connects to the capacitive sensor to apply a voltage
to the electrodes. The voltage source 2040 may be the voltage source 340, voltage source
455, or any of the voltage sources shown in FIGs. 13-15 or FIGs. 18-19. In some
embodiments, the control circuit 2030 includes a second voltage source for the electrode
shields, e.g., as shown in FIGs. 15 and 19.

[0093] The stopper actuator 2070 can be coupled to the plunger rod 2025 to
physically control the position of the plunger rod 2025 and, by extension, the position of the
stopper in the syringe 2020. The processor 2050 sends instructions to the stopper actuator
2070 to move the plunger rod 2025. For example, the processor 2050 may send an
instruction to the stopper actuator 2070 to apply a particular force to the plunger rod 2025,
or to apply force to the plunger rod 2025 for a particular duration.

[0094] The processor 2050 further determines the amount of drug remaining in the
syringe. In particular, the measurement circuit 2060 connects to the electrodes of the
capacitive sensor and determines a capacitance measurement, e.g., based on a measured
charge. The measurement circuit 2060 provides the capacitance measurement to the
processor 2050, and the processor 2050 determines, based on the measured capacitance,
the amount of drug remaining in the syringe. The processor 2050 may have calibration data
indicating, for a given drug, the amount of remaining drug that corresponds to different
capacitance levels. Alternatively, the processor 2050 may store a formula for converting the

measured capacitance to an amount of remaining drug.
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[0095] In some embodiments, the drug delivery system controls the movement of
the stopper based on the amount of the drug that has been delivered or that remains in the
syringe. For example, the processor 2050 receives an instruction to deliver a specific
volume of the drug to a patient. The processor 2050 instructs the stopper actuator 2070 to
move by a specific amount, e.g., a first portion of the instructed volume. The processor
2050 obtains periodic capacitance measurements from the measurement circuit 2060 and
calculates the volume of drug that has been delivered to the patient. If the volume to be
delivered has not been delivered, the processor 2050 sends further instructions to the
stopper actuator 2070 to move the plunger rod 2025. The processor 2050 continues this
process and determines to stop instructing the stopper actuator 2070 to push the drug out
of the syringe after the instructed volume has been delivered.

[0096] In some embodiments, the processor 2050 may output the amount of
remaining drug in the syringe 2020. For example, the drug delivery system may have a
display screen for displaying the amount of remaining drug and/or the amount of drug that
has been delivered. The drug delivery system may be in wireless or wired communication
with one or more other devices, and transmit the amount of remaining or delivered drug to
the other device(s).

[0097] Further Applications of Capacitive Sensor

[0098] The capacitive sensors described herein can be used for additional
applications relating to drug delivery and drug monitoring. For example, a capacitive sensor
can determine a type of drug within a syringe, or confirm if a drug in a syringe is an expected
drug. In particular, different drugs may have different relative permittivities. To identify a
particular drug, a syringe or other container (e.g., a vial) containing the drug is placed in a
capacitive sensing system having the capacitive sensor described above. The capacitive
sensing system can determine the permittivity of the drug in the container based on the
measured capacitance. The permittivity may be compared to a database of permittivities
for different drugs to identify the drug. Alternatively, if a particular drug is expected, the
permittivity is compared to a permittivity for the expected drug to confirm if the expected

drug is present in the container.
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[0099] As another example, the permittivity of a drug can be measured and used to
confirm whether a drug has fouled. In this example, if a drug has been improperly stored
(e.g., not refrigerated), has been kept for too long, has been contaminated, or has otherwise
changed composition, the permittivity of the drug may change. The drug may be tested
before use by measuring its permittivity and confirming that the permittivity indicates that
the drug has not fouled.

[0100] As another example, the permittivity of a drug can be measured and used to
determine the concentration of the drug. A given drug at different concentrations may have
different relative permittivities. The drug may be tested before use by measuring its
permittivity and confirming that the permittivity indicates that the drug is at the correct

concentration.

[0101] Other Implementation Notes, Variations, and Applications

[0102] It is to be understood that not necessarily all objects or advantages may be
achieved in accordance with any particular embodiment described herein. Thus, for
example, those skilled in the art will recognize that certain embodiments may be configured
to operate in a manner that achieves or optimizes one advantage or group of advantages as
taught herein without necessarily achieving other objects or advantages as may be taught or
suggested herein.

[0103] In one example embodiment, any number of electrical circuits of the figures
may be implemented on a board of an associated electronic device. The board can be a
general circuit board that can hold various components of the internal electronic system of
the electronic device and, further, provide connectors for other peripherals. More
specifically, the board can provide the electrical connections by which the other
components of the system can communicate electrically. Any suitable processors (inclusive
of digital signal processors, microprocessors, supporting chipsets, etc.), computer-readable
non-transitory memory elements, etc. can be suitably coupled to the board based on
particular configuration needs, processing demands, computer designs, etc. Other
components such as external storage, additional sensors, controllers for audio/video

display, and peripheral devices may be attached to the board as plug-in cards, via cables, or
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integrated into the board itself. In various embodiments, the functionalities described
herein may be implemented in emulation form as software or firmware running within one
or more configurable (e.g., programmable) elements arranged in a structure that supports
these functions. The software or firmware providing the emulation may be provided on
non-transitory computer-readable storage medium comprising instructions to allow a
processor to carry out those functionalities.

[0104] It is also imperative to note that all of the specifications, dimensions, and
relationships outlined herein (e.g., the number of processors, logic operations, etc.) have
only been offered for purposes of example and teaching only. Such information may be
varied considerably without departing from the spirit of the present disclosure, or the scope
of the appended claims. The specifications apply only to one non-limiting example and,
accordingly, they should be construed as such. In the foregoing description, example
embodiments have been described with reference to particular arrangements of
components. Various modifications and changes may be made to such embodiments
without departing from the scope of the appended claims. The description and drawings
are, accordingly, to be regarded in an illustrative rather than in a restrictive sense.

[0105] Note that with the numerous examples provided herein, interaction may be
described in terms of two, three, four, or more components. However, this has been done
for purposes of clarity and example only. It should be appreciated that the system can be
consolidated in any suitable manner. Along similar design alternatives, any of the illustrated
components, modules, and elements of the FIGS. may be combined in various possible
configurations, all of which are clearly within the broad scope of this Specification.

[0106] Note that in this Specification, references to various features (e.g., elements,
structures, modules, components, steps, operations, characteristics, etc.) included in “one

VAN (4 VAN (4 VAN (4 VAN (4

embodiment”, “example embodiment”, “an embodiment”, “another embodiment”, “some
embodiments”, “various embodiments”, “other embodiments”, “alternative embodiment”,
and the like are intended to mean that any such features are included in one or more
embodiments of the present disclosure, but may or may not necessarily be combined in the

same embodiments.
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[0107] Numerous other changes, substitutions, variations, alterations, and
modifications may be ascertained to one skilled in the art and it is intended that the present
disclosure encompass all such changes, substitutions, variations, alterations, and
modifications as falling within the scope of the appended claims. Note that all optional
features of the systems and methods described above may also be implemented with
respect to the methods or systems described herein and specifics in the examples may be
used anywhere in one or more embodiments.

[0108] In order to assist the United States Patent and Trademark Office (USPTO)
and, additionally, any readers of any patent issued on this application in interpreting the
claims appended hereto, Applicant wishes to note that the Applicant: (a) does not intend
any of the appended claims to invoke paragraph (f) of 35 U.S.C. Section 112 as it exists on
the date of the filing hereof unless the words “means for” or “step for” are specifically used
in the particular claims; and (b) does not intend, by any statement in the Specification, to

limit this disclosure in any way that is not otherwise reflected in the appended claims.
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CLAIMS:

1. A sensor for measuring contents of a container, the sensor comprising:

a voltage source to generate a first voltage;

a pair of electrodes coupled to the voltage source, the pair of electrodes to apply an
electric field extending through at least a portion of an interior of the container;

a measurement circuit configured to measure a capacitance across the pair of
electrodes;

an inner shield partially enclosing the pair of electrodes, the inner shield having a
second voltage; and

an outer shield partially enclosing the inner shield, the outer shield having a third

voltage.

2. The sensor of claim 1, the inner shield comprising a first portion and a second
portion, the first portion partially enclosing a first of the pair of electrodes, the second
portion partially enclosing a second of the pair of electrodes, and the second voltage is a

voltage difference between the first portion and the second portion.

3. The sensor of claim 2, the voltage difference between the first portion and the
second portion of the inner shield equal to a voltage difference applied by the voltage

source to the pair of electrodes.

4. The sensor of claim 2, the outer shield comprising a first portion and a second
portion, the first portion of the outer shield partially enclosing the first portion of the inner
shield, the second portion of the outer shield partially enclosing the second portion of the
inner shield, and the third voltage is a fixed voltage applied to both the first portion of the

outer shield and the second portion of the outer shield.

5. The sensor of claim 1, further comprising an insulating layer between the inner

shield and the outer shield.
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6. The sensor of claim 1, wherein a first electrode of the pair of electrodes extends
along a wall of the container, a second electrode of the pair of electrodes extends along the

wall of the container on an opposite side of the container to the first electrode.

7. The sensor of claim 6, wherein the first electrode and second electrode are
separated by a pair of viewing windows to provide visual access to contents of the

container.

8. The sensor of claim 6, wherein the first electrode and the second electrode are

rectangular.

9. The sensor of claim 6, wherein the first electrode is tapered towards a first end of

the container, and the second electrode is tapered towards the first end of the container.

10. The sensor of claim 9, wherein the first electrode and the second electrode are

triangular.
11. The sensor of claim 1, wherein a first electrode of the pair of electrodes extends
along a wall of the container, and a second electrode of the pair of electrodes is within the

container.

12. The sensor of claim 11, wherein the container is a syringe, and the second

electrode of the pair of electrodes comprises a plunger rod of the syringe.

13. The sensor of claim 11, wherein the container is a syringe, and the second

electrode of the pair of electrodes comprises a stopper of the syringe.

14. The sensor of claim 11, wherein the first electrode is rectangular.
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15. The sensor of claim 11, wherein the first electrode is tapered toward an end of

the container.

16. The sensor of claim 11, further comprising a third electrode extending along the

wall of the container on an opposite side of the container to the first electrode.

17. The sensor of claim 16, wherein the first electrode is tapered towards a first end
of the container, and the third electrode is tapered towards a second end of the container

opposite the first end of the container.

18. A sensor for measuring contents of a container, the sensor comprising:

a voltage source to generate a variable voltage;

a pair of electrodes coupled to the voltage source, the pair of electrodes to apply an
electric field extending through at least a portion of an interior of the container;

a measurement circuit configured to measure a capacitance across the pair of
electrodes; and

a pair of electrode shields partially enclosing the pair of electrodes, the pair of

electrode shields set to a fixed voltage potential.

19. The sensor of claim 18, wherein the pair of electrode shields are coupled to a

ground voltage.

20. The sensor of claim 18, further comprising a pair of insulating layers between the

pair of electrodes and the pair of electrode shields.

21. The sensor of claim 18, wherein a first electrode of the pair of electrodes extends
along a wall of the container, a second electrode of the pair of electrodes extends along the

wall of the container on an opposite side of the container to the first electrode.
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22. The sensor of claim 21, wherein the first electrode and second electrode are
separated by a pair of viewing windows to provide visual access to contents of the

container.

23. The sensor of claim 21, wherein the first electrode and the second electrode are

rectangular.

24. The sensor of claim 21, wherein the first electrode is tapered towards a first end

of the container, and the second electrode is tapered towards the first end of the container.

25. The sensor of claim 24, wherein the first electrode and the second electrode are

triangular.
26. The sensor of claim 18, wherein a first electrode of the pair of electrodes extends
along a wall of the container, and a second electrode of the pair of electrodes is within the

container.

27. The sensor of claim 26, wherein the container is a syringe, and the second

electrode of the pair of electrodes comprises a plunger rod of the syringe.

28. The sensor of claim 26, wherein the container is a syringe, and the second

electrode of the pair of electrodes comprises a stopper of the syringe.

29. The sensor of claim 26, wherein the first electrode is rectangular.

30. The sensor of claim 26, wherein the first electrode is tapered toward an end of

the container.

31. The sensor of claim 26, further comprising a third electrode extending along the

wall of the container on an opposite side of the container to the first electrode.
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32. The sensor of claim 31, wherein the first electrode is tapered towards a first end
of the container, and the third electrode is tapered towards a second end of the container

opposite the first end of the container.

33. A drug delivery system comprising:

a syringe holder to hold a syringe containing a drug for delivery to a patient;

a stopper actuator couplable to the syringe and to control delivery of the drug to the
patient; and

a sensor comprising:

a voltage source to generate a first voltage, the first voltage applied to a pair
of electrodes to apply an electric field extending through at least a portion of the
syringe;

a measurement circuit to measure a capacitance across the pair of
electrodes; and

a processor to generate an instruction to the stopper actuator to deliver the

drug to the patient, the instruction based on the measured capacitance.

34. The drug delivery system of claim 33, the syringe holder comprising the pair of
electrodes and a shield partially enclosing the pair of electrodes, the shield having a second

voltage.
35. The drug delivery system of claim 34, wherein the shield is a pair of inner shields,
the syringe holder further comprising a pair of outer shields partially enclosing the pair of

inner shields, the outer shields having a third voltage.

36. The drug delivery system of claim 35, the sensor further comprising a buffer driver

to generate the second voltage, the second voltage equal to the first voltage.

37. The drug delivery system of claim 35, wherein the third voltage is a fixed voltage.
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38. The drug delivery system of claim 34, wherein the shield comprises a pair of
electrode shields partially enclosing the pair of electrodes, the second voltage is fixed voltage

applied to each of the pair of electrode shields.
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