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WEARABLE GRAPHENE SENSORS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Section 111(a) application
relating to and claiming the benefit of commonly owned,
co-pending U.S. Provisional Patent Application No. 62/182,
097, titled “WEARABLE GRAPHENE SENSORS FOR
PHYSIOLOGICAL MONITORING.” having a filing date
of Jun. 19, 20135, which is incorporated by reference herein
in its entirety.

FIELD OF THE INVENTION

[0002] The exemplary embodiments relate generally to
graphene oxide sensors and, more specifically, to graphene
oxide sensors monitoring a condition at a location of the
sensors based on electrical resistance of the sensors at the
time of sensing.

BACKGROUND OF THE INVENTION

[0003] Graphene oxide can be used to fabricate highly
flexible electrically conductive films, which may be useful
in various applications ranging from optoelectronics to
energy storage to biomedical devices. Techniques for inkjet
printing of a dispersed graphene oxide sheet and for subse-
quent reduction thereof to graphene for use as supercapaci-
tor electrodes are described in co-owned U.S. Pat. No.
8,810,996, the entirety of which is incorporated herein by
reference.

SUMMARY OF THE INVENTION

[0004] In an embodiment, a sensing system includes a
sensor including a flexible substrate and a graphene oxide
sensing element deposited on the flexible substrate. The
graphene oxide sensing element has a first side and a second
side opposite the first side. The sensor also includes a first
electrical connector coupled to the first side of the graphene
oxide sensing element and a second electrical connector
coupled to the second side of the graphene oxide sensing
element. The sensing system also includes a power source
coupled to the first and second electrical connectors of the
sensor. The power source is adapted to apply a constant
voltage to the sensor. The sensing system also includes a
measurement element measuring an electrical current in the
graphene oxide sensing element due to the constant voltage
and a calculation element including a non-transitory com-
puter-readable storage medium storing a set of instructions
and a processor operative to execute said set of instructions.
The set of instructions, when executed by the processor,
causes the processor to calculate an electrical resistance of
the graphene oxide sensing element based on the electrical
current and the constant voltage and to calculate a condition
at a location of the sensor based on a relationship between
the electrical resistance and the condition for the graphene
oxide sensing element.

[0005] In an embodiment, the condition is a temperature.
In an embodiment, the processor determines the temperature
based on a linear relationship between a natural logarithm of
the electrical resistance of the sensing element and an
inverse of the temperature. In an embodiment, the flexible
substrate is adapted to be affixed to a person’s skin. In an
embodiment, the processor calculates a plurality of the
temperatures. Each of the temperatures is calculated at a
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corresponding one of a plurality of times. In an embodiment,
the processor determines a pulse rate for the person based on
the plurality of temperatures. In an embodiment, the pro-
cessor generates an electrocardiogram signal for the person
based on at least the temperature.

[0006] Inanembodiment, the condition is a pressure. In an
embodiment, the graphene oxide sensing element includes a
first graphene oxide element and a second graphene oxide
sensing element overlaying the first graphene oxide sensing
element.

[0007] In an embodiment, a method of determining a
condition at a location includes the steps of providing, at a
target location, a sensing element including a graphene
oxide sensing element deposited on a substrate; determining
at least one resistance of the sensing element; and determin-
ing a value of the condition at the target location based on
each of the at least one resistance of the sensing element.
[0008] In an embodiment, the condition is a temperature.
In an embodiment, the step of determining at least one
resistance of the sensing element comprises measuring a
plurality of resistances of the sensing element. Each of the
plurality of resistances is measured at a corresponding one
of a plurality of times. The step of determining a condition
at the target location based on each of the at least one
resistance of the sensing element comprises determining a
plurality of temperatures at the target location. Each of the
plurality of temperatures is determined based on a corre-
sponding one of the plurality of resistances of the sensing
element. In an embodiment, the method also includes the
step of generating a time series based on the plurality of
temperatures and the plurality of times. In an embodiment,
the target location is a portion of a person’s skin and the
method also includes the step of determining a pulse rate of
the subject based on the time series. In an embodiment, the
target location is an electrocardiogram electrode attachment
location on a person’s skin, and the method also includes the
step of generating an electrocardiogram signal based on at
least the time series.

[0009] In an embodiment, the condition is a pressure.
[0010] In an embodiment, a sensor includes a flexible
substrate and a graphene oxide sensing element deposited on
the flexible substrate. The graphene oxide sensing element
has a first side and a second side opposite the first side. The
sensor also includes a first electrical connector coupled to
the first side of the graphene oxide sensing element and a
second electrical connector coupled to the second side of the
graphene oxide sensing element.

[0011] In an embodiment, the flexible substrate is made
from one of a polyester and a polyimide. In an embodiment,
the flexible substrate is a fiber. In an embodiment, the
graphene oxide sensing element is deposited on the flexible
substrate by inkjet printing a graphene oxide solution on the
flexible substrate.

BRIEF DESCRIPTION OF FIGURES

[0012] FIG. 1 is a photograph of a first exemplary sensing
system including a first exemplary graphene oxide sensing
element;

[0013] FIG. 2 is a photograph of a second exemplary
sensing system including a second exemplary graphene
oxide sensing element;

[0014] FIG. 3A is a schematic illustration of a third
exemplary sensing system including a third exemplary gra-
phene oxide sensing element;
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[0015] FIG. 3B is a perspective view of the exemplary
sensing system of FIG. 3A; FIG. 4 is a graph showing the
correlation between resistance and temperature for an exem-
plary sensing element including a graphene oxide thin film
exhibiting negative temperature coeflicient (“NTC”) behav-
ior;

[0016] FIG. 5 is a graph showing analytical modeling of
the temperature-dependence of an exemplary graphene
oxide sensing element exhibiting NTC behavior;

[0017] FIG. 6 is a graph showing resistance plotted against
time when an exemplary graphene oxide sensing element
exhibiting NTC behavior is pinched between a person’s
fingers;

[0018] FIG. 7 is a graph comparing a normalized pulse
signal measured by an exemplary graphene oxide sensing
element exhibiting NTC behavior to that measured by a
commercial pulse oximeter;

[0019] FIG. 8 is a graph showing pulse signals measured
by an exemplary graphene oxide sensing element exhibiting
NTC behavior at three locations on a patient’s body;
[0020] FIG. 9A is a photograph of a fourth exemplary
graphene oxide sensing element, shown from a side that is
adapted to contact a person’s skin;

[0021] FIG. 9B is a photograph of the sensing element of
FIG. 9A, shown from an opposite side;

[0022] FIG. 10 is a graph comparing a electrocardiogram
(“EKG”) signal measured using a plurality of the fourth
exemplary graphene oxide sensing elements as electrodes to
that measured using Ag/AgCl electrodes;

[0023] FIG. 11 is a graph showing a full cardiograph cycle
of an EKG signal measured using a plurality of the fourth
exemplary graphene oxide sensing elements as electrodes;
[0024] FIG. 12A is a perspective rendering of a fifth
exemplary sensing system including a fifth exemplary gra-
phene oxide sensing element;

[0025] FIG. 12B is a cross-sectional view, taken along line
12B-12B, of the sensing system of FIG. 12A;

[0026] FIG. 13 is a graph showing current plotted against
applied pressure for a constant voltage applied to the sensing
system of FIG. 12A;

[0027] FIG. 14 is a schematic illustration of a process for
fabricating a sixth exemplary graphene oxide sensing ele-
ment; and

[0028] FIG. 15 is a photograph of sensing elements fab-
ricated using the process of FIG. 14.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] The exemplary embodiments described herein
relate to sensors based on graphene oxide thin films, which
sensors are operable to sense a condition (e.g., temperature,
pressure) at a sensing location based on the electrical
resistance of the sensors at the time of sensing. In an
embodiment, a sensor including a graphene oxide sensing
element may be used as a temperature sensor based on
negative temperature coeflicient (“NTC”) behavior of gra-
phene oxide. In an embodiment, a sensor including two
graphene oxide sensing elements may be used as a pressure
sensor based a relationship between applied pressure and
contact area between such sensing elements. In an embodi-
ment, a graphene oxide sensing element may be fabricated
using a graphene oxide-containing ink. In an embodiment,
an ink may be formulated by the dispersal of graphene oxide
sheets in water. Such an ink may be used to print micropat-
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terns on a flexible substrate using a commercial inkjet
printer. In an embodiment, the flexible substrate may be
made from a polyester. In an embodiment, the polyester may
be polyethylene terephthalate (“PET”). In an embodiment,
the flexible substrate may be a polyimide. In an embodi-
ment, the polyimide may be poly(4,4-oxydiphenylene-py-
romellitimide), which is sold by E. 1. du Pont de Nemours
and Company of Wilmington, Delaware, under the trade
name KAPTON. Graphene oxide micropatterns printed in
this manner may be subsequently reduced to graphene either
thermally or chemically. Thermal reduction may be con-
ducted at 200-250° C. over a time interval ranging from
minutes to hours using a heat source such as a heat lamp,
oven or hot plate. Chemical reduction may be conducted
with a reducing agent (e.g., hydrazine, etc.) using techniques
that are known in the art. Various parameters of process may
be tuned in order to control the resulting graphene oxide
film’s structure, and, therefore, its electrical resistance.
These may include parameters of the printing process (e.g.,
the spacing between adjacent ink droplets, the number of
printing layers, etc.) and/or parameters of the reduction
process (e.g., the time and temperature of thermal reduc-
tion). In an embodiment, the resistance of a graphene oxide
film may be reduced by spacing ink droplets more closely to
one another and/or by increasing a number of printed layers.
In an embodiment, the response time of a graphene oxide
film (i.e., the time taken for the resistance of a graphene
oxide film to stabilize at a given condition) may be reduced
by decreasing a number of printed layers to produce a
thinner graphene oxide film.

[0030] An exemplary graphene film produced as described
above may behave as a NTC sensing element, exhibiting a
decrease in electrical resistance corresponding to an increase
in temperature. The NTC behavior of such a graphene film
is described in commonly-owned U.S. Patent Application
Publication No. 2014/0103298 to Lee et al., as well as in
Kong et al., “Temperature-Dependent Electrical Properties
of Graphene Inkjet-Printed on Flexible Materials,” Lang-
muir, ACS Publications, American Chemical Society, 28
(2012), pp. 13467-13472, both of which are incorporated
herein by reference in their entireties.

[0031] The exemplary embodiments additionally relate to
the use of such graphene films for human physiological
monitoring purposes. For example, small variations in skin
temperature occur due to heat dissipation from blood flow;
an exemplary NTC sensing element including a graphene
oxide thin film exhibits sufficient sensitivity and sufficiently
fast response time to sense temperature changes on the skin
of a person originating from pulsatile blood flow. In an
embodiment, an exemplary NTC sensing element can sense
such temperature variations while wrapped around a sub-
ject’s finger. In another embodiment, data collected from
multiple sensors at different body locations (e.g., finger,
chest and lower limbs) can be used to infer information
similar to that measured by an electrocardiograph (“EKG”).
In an embodiment, an exemplary NTC sensing element may
be integrated into a wearable object such as a glove, a sock,
a skullcap, or an undergarment. In an embodiment, an
exemplary NTC sensing element is used for physiological
monitoring in a medical application. In an embodiment, an
exemplary NTC sensing element is used for physiological
monitoring in a non-medical application such as a consumer
monitoring device, a military monitoring device, and an
athletic monitoring device.
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[0032] FIG. 1 is a photograph of an exemplary system 100
including a patch-type flexible sensor 110. The flexible
sensor 110 includes a graphene oxide thin film 112 deposited
on a flexible substrate 114. In an embodiment, the flexible
substrate 114 is made from a polyimide. In an embodiment,
the flexible substrate 114 is made from polyethylene
terephthalate. In an embodiment, the graphene oxide thin
film 112 is deposited on the flexible substrate 114 through a
technique including inkjet printing. In an embodiment, the
graphene oxide thin film 112 is deposited on the flexible
substrate 114 through a technique involving drop-casting. In
an embodiment, the graphene oxide thin film 112 is ther-
mally reduced. In an embodiment, the graphene oxide thin
film 112 is chemically reduced. In another embodiment, the
graphene oxide thin film 112 is deposited on the flexible
substrate 114 through another suitable technique. The flex-
ible sensor 110 also includes electrical connectors 116, 118
coupled to opposite sides of the graphene oxide thin film
112. In the embodiment shown in FIG. 1, the electrical
connectors 116, 118 are adapted to be coupled to “alligator
clip” type connectors, but those of skill in the art will
understand that any other suitable type of electrical/me-
chanical connector may be used.

[0033] The flexible sensor 110 is coupled to a wireless
transmitter 120 that is configured to transmit data to a smart
phone 130 using a personal area network connection. In the
embodiment shown in FIG. 1, the wireless transmitter 120 is
an Arduino Uno transmitter manufactured by Arduino, LLC,
of Somerville, Massachusetts, and the personal area network
operates under the IEEE 802.15.1 (i.e., Bluetooth) standard,
but those of skill in the art will understand that these are only
exemplary and that the exemplary flexible sensor 110 may
be coupled to any other type of device suitable to receive and
process the data measured thereby. In an embodiment, the
wireless transmitter 120 is coupled to a voltage divider
circuit that operates as an analog-to-digital converter mea-
suring the change of voltage across the exemplary flexible
sensor. In an embodiment, the smart phone 130 is configured
to calculate the resistance of the flexible sensor 110, which
may then be used to calculate the temperature of an object
(e.g., a portion of a human body) to which the flexible sensor
110 is attached. For example, the smart phone 130 may be
provided with software operative to calculate the resistance
of the flexible sensor 110 based on the measured change of
voltage, and to calculate the temperature based on the model
for the NTC behavior of the flexible sensor 110 to be
described below with reference to FIG. 5.

[0034] FIG. 2 is a photograph of an exemplary system 200
including a smaller circuit board that may be used to reduce
the size of the exemplary system 200 as compared to that of
the exemplary system 100 shown in FIG. 1. The system 200
includes the flexible sensor 110, as described above with
reference to FIG. 1. In the system 200, the flexible sensor
110 is coupled to a microboard 220 (e.g., a small circuit
board), which is coupled to a small standalone battery 230.
The microboard 220 is configured to measure the electrical
resistance of the flexible sensor 110, to compute a tempera-
ture (i.e., the temperature of an object to which the flexible
sensor 110 is attached) based on the measured resistance,
and to display the temperature on an LED screen 240. FIG.
2 also includes a quarter Q shown to indicate the size and
scale of the system 200. In the system 200 shown in FIG. 2,
the microboard 220 is an Arduino Micro microboard manu-
factured by Arduino, LLC, of Somerville, Massachusetts,
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but those of skill in the art will understand that this is only
exemplary. For example, the microboard 220 include hard-
ware, software, firmware, or a combination thereof operative
to calculate the resistance of the flexible sensor 110 based on
the measured change of voltage, and to calculate the tem-
perature based on the model for the NTC behavior of the
flexible sensor 110 to be described below with reference to
FIG. 5.

[0035] FIG. 3A is a schematic illustration of a further
exemplary system 300. The exemplary system 300 includes
a graphene oxide sensing element 310, a battery 320, a
wireless transmission module 330, a plurality of contact
readouts 340, and a display 350, all of which are disposed on
a single flexible substrate 360. In another embodiment, the
contact readouts 340 and/or the display 350 may be omitted
to further reduce the size of the exemplary system 300. FIG.
3B is a perspective view of the exemplary system 300. It will
be apparent to those of skill in the art that the elements of the
exemplary system 300 may be coupled to one another by
appropriate electrical connections.

[0036] FIG. 4 is a graph 400 illustrating the correlation
between resistance and temperature for an exemplary NTC
sensing element including a printed graphene sensor that
may be fabricated according to the above-described tech-
nique. More particularly, the graph 400 includes a first plot
410 showing the relationship of resistance to temperature for
printed graphene oxide and a second plot 420 showing the
relationship of resistance to temperature for drop-casted
graphene oxide. Both the first plot 410 and the second plot
420 show resistance in Ohms along a logarithmic scale 430
plotted against temperature in Kelvin along a scale 440. Tt
may be observed from FIG. 4 that the resistance of the an
exemplary printed graphene film decreases significantly
with temperature.

[0037] FIG. 5 is a graph 500 showing a model fit of the
NTC behavior observed for the exemplary printed graphene
film and exemplary drop-casted graphene film. More par-
ticularly, the graph 500 includes a first plot 510 showing
measured data representing the relationship of resistance to
temperature for printed graphene oxide and a second plot
520 showing measured data representing the relationship of
resistance to temperature for drop-casted graphene oxide.
Both the first plot 510 and the second plot 520 show the
natural logarithm of the resistance in Ohms along a scale 530
plotted against the inverse of the temperature in Kelvin
along a scale 540. The equation

Rr =Ry exp(BTTO_—_TOT)

may be used to model the NTC behavior represented by the
plots 510, 520. In this equation, T is the temperature, T, is
a reference temperature that is 298 K, R, is the electrical
resistance as a function of the temperature T, B is a material
constant that is a measure of temperature sensitivity, and R,
is the resistance at the reference temperature T,. Adapting
this equation to multiple exemplary sensors of the present
invention, it may be determined that B is in the range of 1100
K to 2500 K with respect to the range of electrical resistance
from 10 k€ to 20 MQ.

[0038] Considering the model fit shown in the graph 500
of FIG. 5 in another manner, the model fit may be expressed
as a linear relationship between the inverse of the tempera-
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ture shown along the scale 540 and the natural logarithm of
the resistance as shown along the scale 530. More particu-
larly, for the plot 520 representing the NTC behavior of
drop-casted graphene oxide, such NTC behavior may be
modeled using the equation: y=1112.1x+9.1912. For the plot
510 representing the NTC behavior of printed graphene
oxide, such NTC behavior may be modeled using the
equation: y=1171.5x+10.255. In both of these equations, y is
the natural logarithm of the resistance, in Ohms, of the
graphene oxide sensing element being modeled, and x is the
inverse of the temperature, in Kelvin, resulting in such
resistance.

[0039] FIG. 6 is a graph 600 showing resistance data
collected with an exemplary sensor (e.g., the sensor 110 of
FIG. 1) when the sensor is pinched between a person’s index
finger and thumb. More particularly, the graph 600 includes
a plot 610 showing resistance in Ohms along a scale 620,
plotted against time in seconds along a scale 630. The plot
610 includes a first point 640 at which the person’s finger is
pinched to reduce blood flow thereto and a second point 650
at which the sensor is released from between the person’s
finger. When blood flow is reduced and when the sensor is
released from the person’s finger, the electrical resistance
increases due to the decrease of temperature, as may be
expected due to the NTC characteristics of the sensor. It may
be inferred that small decreases in temperature during this
pinching experiment are caused by pulsatile blood flow in
the person’s fingers.

[0040] FIG. 7 shows a graph 700 comparing heartbeat
measurements recorded with the exemplary system of FIG.
1 to those measured with a commercial pulse oximeter. In
the experiment performed to generate FIG. 7, a subject’s left
index finger was attached to the exemplary sensor 110 of
FIG. 1, while the right index finger was attached to a
commercial heart rate sensor (e.g., a Pulse Sensor Amped
sensor manufactured by Adafruit Industries of New York,
N.Y.). The data collected by the exemplary sensor 110 and
by the commercial heart rate sensor were filtered with a
digital band pass and were normalized to compare the heart
rate measured by the two sensors. The graph 700 includes a
first plot 710 showing the heart rate measured by the
exemplary sensor and a second plot 720 showing the heart
rate measured by the commercial heart rate sensor. Both the
first plot 710 and the second plot 720 are shown in normal-
ized arbitrary units (“a.u.”) along a scale 730, plotted against
time in seconds along a scale 740. It may be observed that
there is about a 6% mismatch between the plot 710 the plot
720. The mismatch between the heart rate as determined by
the commercial heart rate sensor and that measured by the
exemplary system of FIG. 1 was 6%, which remained
constant for heart rates of about 80 beats per minute and
about 130 beats per minute, and which is within the error of
the commercial pulse oximeter.

[0041] FIG. 8 shows a graph 800 illustrating heartbeat
measurements recorded with the exemplary system of FIG.
1 when the exemplary graphene-based sensor 110 is attached
at different body locations. More particularly, FIG. 8
includes a first plot 810 showing data measured when the
exemplary sensor 110 is attached to a subject’s chest, a
second plot 820 showing data measured when the exemplary
sensor 110 is attached to a subject’s fingertip, and a third plot
830 showing data measured when the exemplary sensor 110
is attached to a subject’s wrist. Each of the plots 810, 8§20,
830 represents data that have been filtered using a 0.5-4 Hz
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bandpass filter; each is shown in measured resistance in
Ohms along a scale 840, plotted against time in seconds
along a scale 850. It may be observed that attachment of the
exemplary sensor 110 at the patient’s finger, data from which
attachment is shown in plot 820, provides the most distin-
guishable data as a heart rate detector.

[0042] FIGS. 9A and 9B are photographs of an exemplary
sensor 900 that is adapted for use as an electrode for
electrocardiogram (“EKG”) measurements. FIG. 9A shows
the sensor 900 as viewed looking toward the side of the
sensor 900 that contacts the patient’s skin, while FIG. 9B
shows the sensor 900 as viewed looking toward the side of
the sensor 900 that faces away from the patient’s skin. The
sensor 900, like the exemplary sensors 110 and 120
described above, includes an inkjet-printed graphene oxide
film 910 that has been deposited on a flexible substrate 920.
In another embodiment, the graphene oxide film 920 may be
deposited by a different technique, such as through the use
of drop-casting rather than printing. In an embodiment, the
graphene oxide film 910 may be thermally reduced. In an
embodiment, the graphene oxide film 910 may be chemi-
cally reduced. In an embodiment, the flexible substrate 920
may be made from a polyimide. In an embodiment, the
flexible substrate 920 may be made from polyethylene
terephthalate. The sensor 900 also includes a snap electrode
930, which may be substantially similar to snap electrodes
known in the art. The sensor 900 also includes insulating
cloth medical tape 940 that is positioned so as to insulate the
snap electrode 930 from a subject’s skin when the sensor
900 is adhered thereto (e.g., through the application of
medical tape), thereby ensuring that only the graphene oxide
film 910 collects a signal.

[0043] FIG. 10 shows a plot 1000 comparing an EKG
signal measured using sensors 900 as measurement elec-
trodes to an EKG signal measured using electrodes consist-
ing of an Ag/AgCl electrode surrounded by a conducting
hydrogel adhesive. More particularly, the plot 1000 includes
a first plot 1010 showing an EKG signal measured using
exemplary sensors 900 and a second plot 1020 showing an
BKG signal measured using Ag/AgCl electrodes. Both the
first and second plots 1010, 1020 show data collected using
a commercially available EKG device, and show signal
amplitude 1030, in arbitrary units (“a.u.”), plotted against
time 1040, in seconds. From the plot 1000, it may be seen
that the sensor 900 is suitable for use in EKG measurements.
Moreover, the sensor 900 will not dry out or irritate a
subject’s skin, as will an Ag/AgCl electrode with a conduct-
ing hydrogel, rendering the sensor 900 more suitable for
long-term monitoring.

[0044] FIG. 11 shows a plot 1100 showing a full cardiac
cycle 1110 as measured with the exemplary sensor 900. The
plot 1100 shows signal amplitude 1120, as measured in
arbitrary units (“a.u.”), plotted against the time 1130, as
measured in seconds relative to the R-peak of the cycle 1110.
The cardiac cycle 1110 includes a P-wave 1112, a QRS
complex 1114, and a T wave 1116, all of which are legible
in the cardiac cycle 1110 measured using the exemplary
sensor 900. It may therefore be seen that the sensor 900
measures electrical potential generated by the heart through
direct electrical connection with the skin, and is therefore
functional as an EKG electrode and provides the same
information as traditional EKG electrodes.

[0045] In another embodiment, a sensor including gra-
phene oxide may be adapted to sense pressure based on
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piezoresistive properties of graphene oxide. Such a sensor
may include two separate graphene oxide elements, each of
which is deposited on a corresponding substrate. Because of
the porous structure of graphene oxide (e.g., chemically
reduced graphene oxide), when such graphene oxide ele-
ments are pressed together, the contact surface therebetween
increases, causing a corresponding reduction in electrical
resistance.

[0046] FIGS. 12A and 12B illustrate a perspective view
and a cross-sectional view, respectively, of such a sensor
1200. The sensor 1200 includes first and second graphene
oxide elements 1210 and 1212, which substantially overlap
one another and are therefore shown as one in FIG. 12A.
Each of the graphene oxide elements 1210, 1212 is depos-
ited on a corresponding substrate 1220, 1222. In an embodi-
ment, the substrates 1220, 1222 are made from a polyimide.
In an embodiment, the substrates 1220, 1222 may be made
from polyethylene terephthalate. In an embodiment, the
substrates 1220, 1222 may be made from another suitable
material. In an embodiment, the graphene oxide elements
1210, 1212 may be thermally reduced onto the correspond-
ing ones of the substrates 1220, 1222. In an embodiment, the
graphene oxide elements 1210, 1212 may be chemically
reduced onto the corresponding ones of the substrates 1220,
1222. Each of the graphene oxide elements 1210, 1212 is
coupled to a corresponding electrical connector 1230, 1232.
In an embodiment, the electrical connectors 1230, 1232 are
made from silver. In another embodiment, the electrical
connectors 1230, 1232 are made from another suitable
conducting material. The graphene oxide elements 1210,
1212 are positioned such that they overlay one another and
are sandwiched between casing layers 1240, 1242. In an
embodiment, the casing layers 1240, 1242 are made from a
silicone material. In an embodiment, the silicone material is
polydimethylsiloxane (“PDMS”). In an embodiment, the
casing layers 1240, 1242 are made from a different material
that is capable of conveying an applied pressure to the
graphene oxide elements 1210, 1212 as described herein. In
an embodiment, the casing layers 1240, 1242 are made from
a flexible material.

[0047] Continuing to refer to FIGS. 12A and 12B, the
sensor 1200 may be used by coupling the electrical connec-
tors 1230, 1232 to a power source (e.g., a battery, a power
supply, etc.) that applies a constant voltage. Current flowing
through the graphene oxide elements 1210, 1212 (i.e., via
the electrical connectors 1230, 1232) may be measured by
any standard means. The resistance of the graphene oxide
elements 1210, 1212 may be varied by applying a varying
compressive force to the casing layers 1240, 1242, and the
current resulting from the constant voltage being applied
may vary accordingly. By measuring this current, the pres-
sure being applied to the casing layers 1240, 1242 may
therefore be inferred.

[0048] FIG. 13 is a graph 1300 including a plot 1310
showing the relationship of current to pressure for one
embodiment of the sensor 1200, which included two sensors
similar to the sensor 110, as described above with reference
to FIG. 1, sandwiched together as described above with
reference to FIGS. 12A and 12B. More particularly, the plot
1310 shows current through the graphene oxide elements
1210, 1212, in microamperes (pA), along a scale 1320,
plotted against pressure applied to the casing layers 1240,
1242, in kilopascals (kPa), along a scale 1330. From F1G. 13
it may be seen that that, for one embodiment of the sensor
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1200, the graphene oxide elements 1210, 1212 have a
pressure sensitivity that is between 0.05 and 0.0003 kPa™" at
low pressure. It may be apparent to those of skill in the art
that the sensitivity of a sensor may be tuned by modifying
porosity of the graphene oxide elements 1210, 1212, which
may, in turn, be controlled by modifying the parameters of
the deposition and reduction process as described above.

[0049] In another embodiment, a sensor including gra-
phene oxide may be provided on a flexible substrate having
a fiber form factor, rather than one a flexible substrate having
a patch form factor as described above with reference to
FIGS. 1 and 2. FIG. 14 schematically illustrates stages in a
process 1400 for coating a graphene oxide material onto a
fiber to create a fiber-based sensor. In step 1410, a base fiber
1415 is provided. In an embodiment, the fiber 1415 is made
from nylon. In another embodiment, the fiber 1415 is made
from another suitable natural or synthetic fiber material (e.g.,
cotton, polyester, silk, wool, acrylic, acetate, etc.). In step
1420, a graphene oxide solution 1425 is printed onto the
fiber 1415. In an embodiment, the graphene oxide solution
1425 is inkjet printed onto the fiber 1415 as described above.
In step 1430, the graphene oxide solution 1425 is reduced to
produce a graphene oxide coating 1435. In an embodiment,
the graphene oxide solution 1425 is chemically reduced. In
an embodiment, the graphene oxide solution 1425 is chemi-
cally reduced in an ascorbic acid solution. In step 1440,
electrical connectors 1445 are coated onto the graphene
oxide coating 1435. In an embodiment, the electrical con-
nectors 1445 are manually coated onto the graphene oxide
coating 1435 by the manual application of a conductive
epoxy. In an embodiment, the electrical connectors 1445 are
coated onto the graphene oxide coating 1435 by inkjet
printing of silver nanoparticles. In an embodiment, the
electrical connectors 1445 are made from silver. In an
embodiment, the electrical connectors 1445 are made from
another suitable conductor. In step 1450, a casing layer 1455
is coated onto the graphene oxide coating 1435. In an
embodiment, the casing layer 1455 is made from a silicone
material. In an embodiment, the silicone material is PDMS.
In an embodiment, the casing layer 1455 is made from a
poly(p-xylylene) polymer. In an embodiment, the poly(p-
xylylene) polymer is the poly(p-xylylene) polymer sold by
Specialty Coating Systems, Inc. of Indianapolis, Ind., under
the trade name PARYLENE-D. In an embodiment, the
casing layer 1455 is applied to the graphene oxide coating
1435 by coating a liquid coating onto the graphene oxide
coating 1435, and placing the fiber 1415 into an oven (e.g,,
an oven at 70° C.) to cure.

[0050] The method schematically shown in FIG. 14 may
produce a graphene oxide-based sensor that is sensitive to
temperature in the same manner as described above with
reference to the sensor 110. In an embodiment, the method
schematically shown in FIG. 14 may produce a graphene
oxide-based sensor that is sensitive to pressure through the
use of two graphene oxide elements pressed against one
another as described with reference to FIGS. 12A and 12B.
FIG. 15 is a photograph of three exemplary sensors 1510,
1520, 1530 that have been fabricated as described above
with reference to FIG. 14.

[0051] The exemplary embodiments describe graphene-
oxide based sensors and the fabrication and use thereof.
Such sensors exhibit NTC behavior with high temperature
sensitivity and fast response time, and may be useful for
physiological monitoring applications. In another embodi-
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ment, such sensors are operative to sense pressure applied
thereto. In one embodiment, an exemplary sensor may
measure a subject’s heart rate with error comparable to or
better than a commercially available heart rate sensor. In
another embodiment, an exemplary sensor may be used as
an EKG electrode. Because of the molecular layer thickness
of reduced graphene oxide, sensors fabricated therewith may
be thin, flexible, and transparent, rendering them suitable for
use in wearable sensor applications.

[0052] It should be understood that the embodiments
described herein are merely exemplary in nature and that a
person skilled in the art may make many variations and
modifications thereto without departing from the scope of
the present invention. All such variations and modifications,
including those discussed above, are intended to be included
within the scope of the invention.

We claim:

1. A sensing system, comprising:

a sensor including a flexible substrate; a graphene oxide
sensing element deposited on said flexible substrate,
said graphene oxide sensing element having a first side
and a second side opposite said first side; a first
electrical connector coupled to said first side of said
graphene oxide sensing element; and a second electri-
cal connector coupled to said second side of said
graphene oxide sensing element;

a power source coupled to said first and second electrical
connectors of said sensor, said power source adapted to
apply a constant voltage to said sensor;

a measurement element measuring an electrical current in
said graphene oxide sensing element due to said con-
stant voltage; and

a calculation element including a non-transitory com-
puter-readable storage medium storing a set of instruc-
tions and a processor operative to execute said set of
instructions, said set of instructions, when executed by
said processor, causing said processor to calculate an
electrical resistance of said graphene oxide sensing
element based on said electrical current and said con-
stant voltage and to calculate a condition at a location
of said sensor based on a relationship between said
electrical resistance and said condition for said gra-
phene oxide sensing element.

2. The sensing system of claim 1, wherein said condition

is a temperature.

3. The sensing system of claim 2, wherein said processor
determines the temperature based on a model defining a
linear relationship between a natural logarithm of said
electrical resistance of said sensing element and an inverse
of the temperature.

4. The sensing system of claim 2, wherein said flexible
substrate is adapted to be affixed to a person’s skin.

5. The sensing system of claim 4, wherein said processor
calculates a plurality of the temperatures, each of said
temperatures being calculated at a corresponding one of a
plurality of times.

6. The sensing system of claim 5, wherein said processor
determines a pulse rate for the person based on said plurality
of temperatures.

7. The sensing system of claim 4, wherein said processor
generates an electrocardiogram signal for the person based
on at least said temperature.
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8. The sensing system of claim 1, wherein said condition
is a pressure.

9. The sensing system of claim 8, wherein said graphene
oxide sensing element includes a first graphene oxide ele-
ment and a second graphene oxide sensing element over-
laying said first graphene oxide sensing element.

10. A method of determining a condition at a location, the
method comprising the steps of:

providing, at a target location, a sensing element includ-
ing a graphene oxide sensing element deposited on a
substrate;

determining at least one resistance of said sensing ele-
ment; and

determining a value of the condition at the target location
based on each of said at least one resistance of said
sensing element.

11. The method of claim 10, wherein said condition is a

temperature.

12. The method of claim 11, wherein said step of deter-
mining at least one resistance of said sensing element
comprises measuring a plurality of resistances of said sens-
ing element, each of said plurality of resistances being
measured at a corresponding one of a plurality of times, and
wherein said step of determining a condition at the target
location based on each of said at least one resistance of said
sensing element comprises determining a plurality of tem-
peratures at the target location, each of said plurality of
temperatures being determined based on a corresponding
one of said plurality of resistances of said sensing element.

13. The method of claim 12, further comprising the step
of generating a time series based on said plurality of
temperatures and said plurality of times.

14. The method of claim 13, wherein the target location
is a portion of a person’s skin, and wherein the method
further comprises the step of determining a pulse rate of the
subject based on said time series.

15. The method of claim 13, wherein the target location
is an electrocardiogram electrode attachment location on a
person’s skin, and wherein the method further comprises the
step of generating an electrocardiogram signal based on at
least said time series.

16. The method of claim 10, wherein said condition is a
pressure.

17. A sensor, comprising:

a flexible substrate;

a graphene oxide sensing element deposited on said
flexible substrate, said graphene oxide sensing element
having a first side and a second side opposite said first
side;

a first electrical connector coupled to said first side of said
graphene oxide sensing element; and

a second electrical connector coupled to said second side
of said graphene oxide sensing element.

18. The sensor of claim 17, wherein said flexible substrate

is made from one of a polyester and a polyimide.

19. The sensor of claim 17, wherein said flexible substrate
is a fiber.

20. The sensor of claim 17, wherein said graphene oxide
sensing element is deposited on said flexible substrate by
inkjet printing a graphene oxide solution on said flexible
substrate.
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