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1
SURFACE SENSOR ARRAYS USING
IONICALLY CONDUCTING MATERIAL

RELATED APPLICATIONS

This application claims priority from, and the benefit of
35 USC 119(e) in relation to, U.S. application No. 62/347,
601 filed 8 Jun. 2016, which is hereby incorporated herein
by reference in its entirety.

TECHNICAL FIELD

The invention relates to pressure sensors incorporating
ionically conductive materials used for a variety of appli-
cations. Particular embodiments provide surface sensor
arrays comprising pluralities of sensors arranged in various
topologies over the surface (or a working region correspond-
ing to the surface) for detecting pressure (e.g. providing a
pressure map) over the surface.

BACKGROUND

Pressure sensing, such as touch sensing, has applications
in various fields and industries. For example, touch sensors
(an example of a type of pressure sensor) have been used in
electronic devices, such as display or input devices and
wearable or implantable electronic devices, and have appli-
cations in medical or healthcare industries. Touch sensors
are tactile sensors and acquire information through physical
touch with another object, such as a human finger. Existing
touch sensors include capacitive, piezo-resistive, piezoelec-
tric, inductive or optoelectronic sensors. Typically, these
touch sensors require additional energy input, such as by
way of an electrical signal applied to the sensor, to detect the
touch. There is a desire to develop new or improved pressure
sensors, including, by way of non-limiting example, touch
SEensors.

There is a general desire to provide pressure sensors for
detecting characteristics (e.g. the presence, location and/or
magnitude) of pressure applied to a two-dimensional sensing
surface.

Moisture sensing has applications in various fields and
industries. By way of non-limiting example, moisture sen-
sors may be used in medical applications (e.g. to detect
bodily fluids), in water management applications (e.g. to
detect leakage), in building systems such as HVAC systems
(e.g. to detect condensation and/or leakage) and/or the like.
There is a general desire to provide moisture sensors for
detecting characteristics (e.g. the presence, location and/or
magnitude) of moisture on a two-dimensional sensing sur-
face.

The foregoing examples of the related art and limitations
related thereto are intended to be illustrative and not exclu-
sive. Other limitations of the related art will become appar-
ent to those of skill in the art upon a reading of the
specification and a study of the drawings.

SUMMARY

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
and methods which are meant to be exemplary and illustra-
tive, not limiting in scope. In various embodiments, one or
more of the above-described problems have been reduced or
eliminated, while other embodiments are directed to other
improvements.
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2

The invention has a number of non-limiting aspects.
Non-limiting aspects of the invention provide the following:
1. A flexible sensor array for detecting pressure at one or
more locations over a sensing surface, the sensor array
comprising:

a first plurality of conductive electrodes distributed over
a working region adjacent the sensing surface, each of
the first plurality of electrodes elongated in an x-direc-
tion that is generally tangential to the sensing surface
and a second plurality of conductive electrodes distrib-
uted over the working region, each of the second
plurality of electrodes elongated in a y-direction, the
y-direction generally tangential to the sensing surface
and non-parallel with the x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of piezoionic polymer
interposed between, and in conductive contact with, the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction,
wherein the corresponding region of piezoionic poly-
mer exhibits ionic conductivity which generates a cor-
responding first electrical signal at the one of the first
plurality of electrodes relative to a first electrical signal
reference and a corresponding second electrical signal
at the one of the second plurality of electrodes relative
to a second electrical signal reference, the first and
second corresponding electrical signals depending on a
state of deformation of the corresponding region of
piezoionic polymer.

2. A sensor array according to aspect 1 or any other aspect
herein wherein the piezoionic polymer comprises a
contiguous layer of piezoionic polymer interposed
between the first plurality of electrodes and the second
plurality of electrodes in the z-direction and each
corresponding region of piezoionic polymer is part of
the contiguous layer.

3. A sensor array according to aspect 1 or any other aspect
herein wherein the first electrical signal reference is
associated with one of the first plurality of electrodes
assigned to be a reference electrode.

4. A sensor array according to any one of aspects 1 to 3
or any other aspect herein wherein, for each overlap
region between one of the first plurality of electrodes
and one of the second plurality of electrodes, the
corresponding electrical signal at the one of the first
plurality of electrodes relative to the first electrical
signal reference comprises a voltage difference
between the one of the first plurality of electrodes and
the first electrical signal reference, the voltage differ-
ence depending on the state of deformation of the
corresponding region of piezoionic polymer.

5. A sensor array according to any one of aspects 1 to 4
or any other aspect herein wherein, for each overlap
region between one of the first plurality of electrodes
and one of the second plurality of electrodes, the
corresponding electrical signal at the one of the first
plurality of electrodes relative to the first electrical
signal reference comprises a current flow between the
one of the first plurality of electrodes and the first
electrical signal reference, the current flow depending
on the state of deformation of the corresponding region
of piezoionic polymer.
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6. A sensor array according to aspect 4 or any other aspect
herein wherein, for each overlap region between one of
the first plurality of electrodes and one of the second
plurality of electrodes, the first electrical signal refer-
ence is another one of the first plurality of electrodes.

7. A sensor array according to aspect 6 or any other aspect
herein wherein the another one of the first plurality of
electrodes is common for a least a sub-plurality of the
first plurality of electrodes.

8. A sensor array according to aspect 4 or any other aspect
herein wherein, for each overlap region between one of
the first plurality of electrodes and one of the second
plurality of electrodes, the first electrical signal refer-
ence is an adjacent one of the first plurality of elec-
trodes.

9. A sensor array according to aspect 4 or any other aspect
herein wherein, for each overlap region between one of
the first plurality of electrodes and one of the second
plurality of electrodes, the first electrical signal refer-
ence is a reference one of the second plurality of
electrodes.

10. A sensor array according to aspect 4 or any other
aspect herein wherein, for each overlap region between
one of the first plurality of electrodes and one of the
second plurality of electrodes, the first electrical signal
reference 1s the one of the second plurality of elec-
trodes.

11. A sensor array according to any one of aspects 1 to 10
or any other aspect herein comprising a sensing circuit
connectable to amplify the first electrical signal for
each overlap region and one or more multiplexers for
connecting, for each overlap region, the one of the first
plurality of electrodes and the first electrical signal
reference to inputs of the sensing circuit to thereby
cause the sensing circuit to amplify the first electrical
signal.

12. A sensor array according to aspect 11 or any other
aspect herein comprising a controller connected to
provide control signals to the one or more multiplexers
and configured to output control signals which control
the one or more multiplexers to iteratively scan over the
overlap regions in the working region and, for each
overlap region, to effect the connections of the one of
the first plurality of electrodes and the first electrical
signal reference to the inputs of the sensing circuit.

13. A sensor array according to aspect 12 or any other
aspect herein wherein, for each overlap region, the
controller is configured to determine a pressure esti-
mate for the overlap region based at least in part on the
first electrical signal.

14. A sensor array according to any one of aspects 12 to
13 or any other aspect herein wherein the controller is
configured to effect an iteration of a scan over the
overlap regions in the working region with a frequency
in a range of 10 Hz-20 Hz.

15. A sensor array according to any one of aspects 1 to 14
or any other aspect herein wherein the sensing surface
comprises a surface of a bed.

16. A sensor array according to aspect 15 or any other
aspect herein wherein the sensor array is used to
estimate one or more of heart rate, respiratory rate,
body configuration and location of a person atop the
bed.

17. A sensor array according to any one of aspects 15 to
16 or any other aspect herein wherein the sensor array
is used to estimate body configuration and location of
a person atop the bed and is used to trigger one or more
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actuators to provide tactile stimulus to the patient in the
hospital bed, the triggering of the one or more actuators
based at least in part on the estimated body configu-
ration and location.

18. A sensor array according to any one of aspects 1 to 14
or any other aspect herein wherein the sensing surface
comprises a surface of a chair and the sensor array
detects pressure associated with a person sitting in the
chair.

19. A sensor array according to any one of aspects 1 to 14
or any other aspect herein used in a garment wearable
by a human and the sensing surface is a surface of the
garment in contact with the human.

20. A sensor array according to aspect 19 or any other
aspect herein wherein the sensing surface is adhesively
bonded into contact with the human.

21. A sensor array according to aspect 19 or any other
aspect herein wherein the garment is elastically
deformable, is deformably expanded and permitted to
restore at least partially to provide contact between the
surface and the human.

22. A sensor array according to any one of aspect 12 to 13
or any other aspect herein wherein the controller is
configured to effect a scan iteration over the overlap
regions in the working region with a frequency in a
range of 60 Hz-120 Hz.

23. A sensor array according to any one of aspects 1 to 13
and 22 or any other aspect herein wherein the sensing
surface comprises a surface of an electronic device and
the sensor array detects pressure associated with a
person interacting with the electronic device.

24. A sensor array according to any one of aspects 1 to 23
or any other aspect herein wherein the sensor array is
in force-transmitting contact with the sensing surface.

25. A sensor array according to any one of aspects 1 to 24
or any other aspect herein wherein the sensing surface
is non-planar.

26. A sensor array according to any one of aspects 1 to 25
or any other aspect herein wherein the first plurality of
electrodes and second plurality of electrodes are sub-
stantially transparent at visible light wavelengths.

27. A sensor array according to any one of aspects 1 to 26
or any other aspect herein wherein each electrode of the
first and second pluralities of electrodes have transmis-
sivities of over 90% at visible light wavelengths.

28. A sensor array according to any one of aspects 1 to 27
or any other aspect herein wherein at least one elec-
trode of the first and second pluralities of electrodes is
elastically deformable

29. A sensor array according to any one of aspects 1 to 28
or any other aspect herein wherein at least one of the
first and second pluralities of electrodes is fabricated
from at least one of: a metal mesh; silver nanowires,
carbon nanotubes and one or more conducting poly-
mers.

30. A sensor array according to any one of aspects 1 to 29
or any other aspect herein wherein each electrode of the
first and second pluralities of electrodes is fabricated
from ionically conductive hydrogel.

31. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of conductive electrodes distributed over
a working region adjacent the sensing surface, each of
the first plurality of electrodes elongated in an x-direc-
tion that is generally tangential to the sensing surface
and a second plurality of conductive electrodes distrib-
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uted over the working region, each of the second
plurality of electrodes elongated in a y-direction, the
y-direction generally tangential to the sensing surface
and non-parallel with the x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of piezoionic polymer
interposed between, and in conductive contact with, the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction;

for each overlap region:

detecting at least one electrical signal wherein the at least
one electrical signal depends on a state of deformation
of the corresponding region of piezoionic polymer; and

estimating a pressure value for the overlap region based at
least in part on the at least one electrical signal.

32. A method according to aspect 31 or any other aspect
herein wherein, for each overlap region, detecting the at
least one electrical signal comprises detecting a voltage
difference between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes.

33. A method according to aspect 31 or any other aspect
herein wherein, for each overlap region, detecting the at
least one electrical signal comprises detecting a current
flow between the one of the first plurality of electrodes
and the one of the second plurality of electrodes.

34. A method according to any one of aspects 31 to 33 or
any other aspect herein comprising, for each overlap
region, estimating a corresponding pressure based on
an empirically determined relationship between the at
least one electrical signal and the corresponding pres-
sure.

35. A method according to aspect 34 or any other aspect
herein wherein the empirically determined relationship
is based at least in part on one or more of: a relationship
between the at least one electrical signal and a differ-
ence in radius of curvature between a surface of the
corresponding region of piezoionic polymer in contact
with the one of the first plurality of electrodes and an
opposing surface of the corresponding region of
piezoionic polymer in contact with the one of the
second plurality of electrodes; a relationship between
the difference in radius of curvature and a strain of the
corresponding region of piezoionic polymer; a relation-
ship between the strain of the corresponding region of
piezoelectric polymer and the stress on the correspond-
ing region of piezoelectric polymer; and a relationship
between the stress of the corresponding region of
piezoelectric polymer and the pressure on the corre-
sponding region of piezoelectric polymer.

36. A method according to any one of aspects 31 to 35 or
any other aspect herein wherein, for each overlap
region, estimating a pressure value for the overlap
region based at least in part on the at least one electrical
signal comprises subjecting the at least one electrical
signal to a thresholding process and, if the at least one
electrical signal is less than a threshold, setting the
pressure value for the overlap region to be equal to a
reference pressure.

37. A method according to aspect 36 or any other aspect
herein wherein setting the pressure value for the over-
lap region to be equal to a reference pressure comprises
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setting the pressure value for the overlap region to be
equal to atmospheric pressure.

38. A method according to aspect 31 or any other aspect
herein wherein, for each overlap region, detecting the at
least one electrical signal comprises:

detecting a first electrical signal at the one of the first
plurality of electrodes relative to a first electrical signal
reference; and

detecting a second electrical signal at the one of the
second plurality of electrodes relative to a second
electrical signal reference;

wherein the first and second electrical signals depend on
a state of deformation of the corresponding region of
piezoionic polymer.

39. A method according to aspect 38 or any other aspect
herein

wherein, for each overlap region, detecting the first elec-
trical signal comprises at least one of: detecting a
voltage difference between the one of the first plurality
of electrodes and the first electrical signal reference;
and detecting a current flow between the one of the first
plurality of electrodes and the first electrical signal
reference.

40. A method according to any one of aspects 31 to 39 or
any other aspect herein comprising any of the features,
combinations of features and/or sub-combinations of
features of any one or aspects 2 to 30.

41. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of conductive electrodes distributed over
a working region adjacent the sensing surface, each of
the first plurality of electrodes elongated in an x-direc-
tion that is generally tangential to the sensing surface
and a second plurality of conductive electrodes distrib-
uted over the working region, each of the second
plurality of electrodes elongated in a y-direction, the
y-direction generally tangential to the sensing surface
and non-parallel with the x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of piezoionic polymer
interposed between, and in conductive contact with, the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction;

for each one of the first plurality of electrodes detecting a
first electrical signal at the one of the first plurality of
electrodes relative to a first electrical signal reference;

for each one of the second plurality of electrodes detect-
ing a second electrical signal at the one of the first
plurality of electrodes relative to a second electrical
signal reference;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, estimating a pressure value for the overlap
region based at least in part on: the first electrical signal
corresponding to the one of the first plurality of elec-
trodes; and the second electrical signal corresponding
to the one of the second plurality of electrodes.

42. A method according to aspect 41 or any other aspect
herein wherein detecting the first electrical signal at the
one of the first plurality of electrodes relative to the first
electrical signal reference comprises detecting a volt-
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age difference between the one of the first plurality of
electrodes and the first electrical signal reference.

43. A method according to aspect 41 or any other aspect
herein wherein detecting the first electrical signal at the
one of the first plurality of electrodes relative to the first 5
electrical signal reference coniprises detecting a current
flow between the one of the first plurality of electrodes
and the first electrical signal reference.

44. A method according to any one of aspects 41 to 43 or
any other aspect herein comprising: 10
estimating a first average pressure corresponding to each
one of the first plurality of electrodes based at least in
part on the first electrical signal at the one of the first
plurality of electrodes relative to the first electrical
signal reference; 15
estimating a second average pressure corresponding to
each one of the second plurality of electrodes based at
least in part on the second electrical signal at the one of
the second plurality of electrodes relative to the second
electrical signal reference; and 20
wherein, for each overlap region between one of the first
plurality of electrodes and one of the second plurality

of electrodes, estimating the pressure value for the
overlap region comprises estimating the pressure value
based on at least in part on the first average pressure 25
corresponding to the one of the first plurality of elec-
trodes and on the second average pressure correspond-
ing to the one of the second plurality of electrodes.

45. A method according to aspect 44 or any other aspect
herein wherein, for each overlap region between one of 30
the first plurality of electrodes and one of the second
plurality of electrodes, estimating the pressure value
based on at least in part on the first average pressure
corresponding to the one of the first plurality of elec-
trodes and on the second average pressure correspond- 35
ing to the one of the second plurality of electrodes
comprises:

scaling the first average pressure corresponding to the one

of the first plurality of electrodes by a first scaling
factor that depends on the second average pressure 40
corresponding to the one of the second plurality of
electrodes, to thereby obtain a first scaled value;

scaling the second average pressure corresponding to the
one of the second plurality of electrodes by a second
scaling factor that depends on the first average pressure 45
corresponding to the one of the first plurality of elec-
trodes, to thereby obtain a second scaled value; and
averaging the first and second scaled values to thereby
obtain the pressure value for the overlap region.

46. A method according to aspect 45 or any other aspect 50
herein wherein, for each overlap region between one of
the first plurality of electrodes and one of the second
plurality of electrodes, the first scaling factor comprises
aratio of: the second average pressure corresponding to
the one of the second plurality of electrodes; and a sum 55
of the second average pressures over the second plu-
rality of electrodes.

47. A method according to any one of aspects 44 to 46 or
any other aspect herein wherein estimating the first
average pressure corresponding to each one of the first 60
plurality of electrodes based at least in part on the first
electrical signal at the one of the first plurality of
electrodes relative to the first electrical signal reference
comprises, for each one of the first plurality of elec-
trodes, the first average pressure based on an empiri- 65
cally determined relationship between the first electri-
cal signal and the corresponding first average pressure.

8

48. A method according to any one of aspects 44 to 47 or
any other aspect herein comprising, for each one of the
first plurality of electrodes, subjecting the detected first
electrical signal at the one of the first plurality of
electrodes relative to the first electrical signal reference
to a thresholding process and, if the detected first
electrical signal is less than a threshold, setting the first
average pressure corresponding to the one of the first
plurality of electrodes to be equal to a reference pres-
sure.

49. A method according to aspect 48 or any other aspect
herein wherein setting the first average pressure corre-
sponding to the one of the first plurality of electrodes to
be equal to a reference pressure comprises sefting the
first average pressure to be equal to atmospheric pres-
sure.

50. A method according to any one of aspects 41 to 49 or
any other aspect herein comprising any of the features,
combinations of features and/or sub-combinations of
features of any one or aspects 2 to 30.

51. A flexible sensor array for detecting pressure at one or
more locations over a sensing surface, the sensor array
comprising:

a first plurality of ionically conductive electrodes distrib-
uted over a working region adjacent the sensing sur-
face, each of the first plurality of electrodes elongated
in an x-direction that is generally tangential to the
sensing surface and a second plurality of ionically
conductive electrodes distributed over the working
region, each of the second plurality of electrodes elon-
gated in a y-direction, the y-direction generally tangen-
tial to the sensing surface and non-parallel with the
x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of a deformable dielec-
tric interposed between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes in the z-direction;

wherein, for each overlap region between one of the first
plurality of electrodes and one of the second plurality
of electrodes, a capacitance between the one of the first
plurality of electrodes and the one of the second
plurality of electrodes depends on a state of deforma-
tion of one or more of the one of the first plurality of
electrodes, the one of the second plurality of electrodes
and the corresponding region of deformable dielectric.

52. A flexible sensor array according to aspect 51 or any
other aspect herein wherein, for each overlap region
between one of the first plurality of electrodes and one
of the second plurality of electrodes, the corresponding
region of deformable dielectric interposed between the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction has
spatially varying stiffness/deformability within the cor-
responding region of deformable dielectric.

53. A flexible sensor array according to any one of aspects
51 to 52 or any other aspect herein wherein, for each
overlap region between one of the first plurality of
electrodes and one of the second plurality of electrodes,
the corresponding region of deformable dielectric is
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spaced apart from the corresponding regions of deform-
able dielectric associated with other overlap regions in
the array.

54. A flexible sensor array according to any one of aspects
51 to 52 or any other aspect herein wherein the deform-
able dielectric comptrises a contiguous layer of deform-
able dielectric interposed between the first plurality of
electrodes and the second plurality of electrodes in the
z-direction and each corresponding region of deform-
able dielectric is part of the contiguous layer.

55. A flexible sensor array according to any one of aspects
51 to 54 wherein, for each overlap region between one
of the first plurality of electrodes and one of the second
plurality of electrodes, at least one of a capacitance and
a resistance between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes depends at least in part on an amount of
moisture present in a vicinity of the corresponding
region of deformable dielectric.

56. A flexible sensor array according to aspect 55 or any
other aspect herein wherein for each overlap region
between one of the first plurality of electrodes and one
of the second plurality of electrodes, at least one of a
capacitance and a resistance between the one of the first
plurality of electrodes and the one of the second
plurality of electrodes depends on an amount of mois-
ture present in the corresponding region of deformable
dielectric.

57. A flexible sensor array according to aspect 55 or any
other aspect herein wherein for each overlap region
between one of the first plurality of electrodes and one
of the second plurality of electrodes, at least one of a
capacitance and a resistance between the one of the first
plurality of electrodes and the one of the second
plurality of electrodes depends on an amount of mois-
ture absorbed in the corresponding region of deform-
able dielectric.

58. A sensor array according to any one of aspects 51 to
57 or any other aspect herein comprising a sensing
circuit connectable to output a sensing circuit signal
corresponding to the capacitance between the one of
the first plurality of electrodes and the one of the second
plurality of electrodes for each overlap region and one
or more multiplexers for connecting, for each overlap
region, the one of the first plurality of electrodes and
the one of the second plurality of electrodes to inputs of
the sensing circuit to thereby cause the sensing circuit
to output the sensing circuit signal.

59. A sensor array according to aspect 58 or any other
aspect herein comprising a controller connected to
provide control signals to the one or more multiplexers
and configured to output control signals which control
the one or more multiplexers to iteratively scan over the
overlap regions in the working region and, for each
overlap region, to effect the connections of the one of
the first plurality of electrodes and the one of the second
plurality of electrodes to the inputs of the sensing
circuit.

60. A sensor array according to aspect 59 or any other
aspect herein wherein, for each overlap region, the
controller is configured to determine a pressure esti-
mate for the overlap region based at least in part on the
capacitance between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes.

61. A sensor array according to aspect 60 or any other
aspect herein wherein, for each overlap region, the
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controller is configured to determine the pressure esti-
mate based on an inversely correlated relationship
between the capacitance between the one of the first
plurality of electrodes and the one of the second
plurality of electrodes and the pressure estimate.

62. A sensor array according to any of aspects 51 to 61
comprising any of the features, combinations of fea-
tures or sub-combinations of features of any of aspects
14 to 30.

63. A flexible sensor array for detecting pressure at one or
more locations over a sensing surface, the sensor array
comprising:

one or more piezoresistive ionically conductive elements
distributed over a working region adjacent the sensing
surface;

for each piezoresistive ionically conductive element, a
pair of conductive electrodes in conductive contact
with the piezoresistive ionically conductive element at
spaced apart locations;

wherein for each piezoresistive ionically conductive ele-
ment, a resistance between the pair of opposed con-
ductive electrodes depends on a state of deformation of
the piezoresistive ionically conductive element.

64. A sensor array according to aspect 63 or any other
aspect herein comprising a plurality of piezoresistive
ionically conductive elements distributed over the
working region and wherein at least one of the pair of
conductive electrodes is shared between at least two of
the piezoresistive ionically conductive elements.

65. A sensor array according to aspect 63 or any other
aspect herein wherein the one or more piezoresistive
ionically conductive elements comprise:

a first plurality of piezoresistive ionically conductive
elements distributed over the working region, each of
the first plurality of piezoresistive ionically conductive
elements elongated in an x-direction that is generally
tangential to the sensing surface and a second plurality
of piezoresistive ionically conductive elements distrib-
uted over the working region, each of the second
plurality of piezoresistive ionically conductive ele-
ments elongated in a y-direction, the y-direction gen-
erally tangential to the sensing surface and non-parallel
with the x-direction;

each of the first plurality of piezoresistive ionically con-
ductive elements overlapping each of the second plu-
rality of piezoresistive ionically conductive elements in
a z-direction generally normal to the sensing surface at
a corresponding overlap region; and

for each overlap region between one of the first plurality
of piezoresistive ionically conductive elements and one
of the second plurality of piezoresistive ionically con-
ductive elements, a corresponding region of a deform-
able insulator interposed between the one of the first
plurality of piezoresistive ionically conductive ele-
ments and the one of the second plurality of piezore-
sistive ionically conductive elements in the z-direction.

66. A flexible sensor array according to aspect 65 or any
other aspect herein wherein the deformable insulator
comprises a contiguous layer of deformable insulator
interposed between the first plurality of piezoresistive
ionically conductive elements and the second plurality
of piezoresistive ionically conductive elements in the
z-direction and each corresponding region of deform-
able insulator is part of the contiguous layer.

67. A flexible sensor array according to aspect 65 or any
other aspect herein wherein, for each overlap region
between one of the first plurality of piezoresistive
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ionically conductive elements and one of the second
plurality of piezoresistive ionically conductive ele-
ments, the corresponding region of deformable insula-
tor is spaced apart from the corresponding regions of
deformable insulator associated with other overlap
regions in the array.

68. A sensor array according to any one of aspects 65 to
67 or any other aspect herein comprising a sensing
circuit connectable to output a sensing circuit signal
which depends on the resistance between a pair of its
inputs and one or more multiplexers for connecting, for
each piezoresistive ionically conductive element, each
pair of conductive electrodes in conductive contact
with the piezoresistive ionically conductive element to
the inputs of the sensing circuit to thereby cause the
sensing circuit to output the sensing circuit signal for
the piezoresistive ionically conductive element.

69. A sensor array according to aspect 68 or any other
aspect herein comprising a controller connected to
provide control signals to the one or more multiplexers
and configured to output control signals which control
the one or more multiplexers to iteratively scan over the
one or more piezoresistive ionically conductive ele-
ments in the working region and, for each piezoresis-
tive ionically conductive element, to effect the connec-
tions of the pair of electrodes in conductive contact
with the piezoresistive ionically conductive element to
the inputs of the sensing circuit.

70. A sensor array according to aspect 69 or any other
aspect herein wherein, for each overlap region between
one of the first plurality of piezoresistive ionically
conductive elements and one of the second plurality of
pieroresistive ionically conductive elements, the con-
troller is configured to determine a pressure estimate
for the overlap region based at least in part on a first
resistance of the one of the first plurality of piezore-
sistive ionically conductive elements and a second
resistance of the one of the second plurality of piezore-
sistive ionically conductive elements.

71. A sensor array according to any of aspects 63 to 70
comprising any of the features, combinations of fea-
tures or sub-combinations of features of any of aspects
14 to 30.

72. A flexible sensor array for detecting pressure at one or
more locations over a sensing surface, the sensor array
comprising:

a piezoresistive ionically conductive element distributed
over a working region adjacent the sensing surface;

a plurality of three or more conductive electrodes in
conductive contact with the piezoresistive ionically
conductive element at spaced apart locations;

wherein a resistance between any pair of the plurality of
conductive electrodes depends on a state of deforma-
tion of the piezoresistive ionically conductive element
in a region between the pair of the plurality of conduc-
tive electrodes.

73. A sensor array according to aspect 72 or any other
aspect herein comprising a sensing circuit connectable
to output a sensing circuit signal corresponding to the
resistance between a pair of its inputs and one or more
multiplexers for connecting pairs of the plurality of
conductive electrodes to the inputs of the sensing
circuit to thereby cause the sensing circuit to output the
sensing circuit signal for each connected pair of the
plurality of conductive electrodes.

74. A sensor array according to aspect 73 or any other
aspect herein comprising a controller connected to
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provide control signals to the one or more multiplexers
and configured to output control signals which control
the one or more multiplexers to iteratively scan over a
plurality of pairs of the plurality of conductive elec-
trodes and for each pair of the plurality of conductive
electrodes, to effect the connections of the pair of
electrodes to the inputs of the sensing circuit.

75. A sensor array according to aspect 74 or any other
aspect herein wherein the controller is configured to
determine a pressure map over the sensing surface
based at least in part on the resistances corresponding
to the plurality of pairs of the plurality of conductive
electrodes.

76. A sensor array according to any of aspects 72 to 75
comprising any of the features, combinations of fea-
tures or sub-combinations of features of any of aspects
14 to 30.

77. A flexible sensor array for detecting moisture at one or
more locations over a sensing surface, the sensor array
comprising:

a first plurality of ionically conductive electrodes distrib-
uted over a working region adjacent the sensing sur-
face, each of the first plurality of electrodes elongated
in an x-direction that is generally tangential to the
sensing surface and a second plurality of ionically
conductive electrodes distributed over the working
region, each of the second plurality of electrodes elon-
gated in a y-direction, the y-direction generally tangen-
tial to the sensing surface and non-parallel with the
x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of deformable dielectric
interposed between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes in the z-direction;

wherein, for each overlap region between one of the first
plurality of electrodes and one of the second plurality
of electrodes, at least one of a capacitance and a
resistance between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes depends on an amount of moisture present in
a vicinity of the corresponding region of deformable
dielectric.

78. A flexible sensor array according to aspect 77 or any
other aspect herein wherein, for each overlap region
between one of the first plurality of electrodes and one
of the second plurality of electrodes, at least one of the
capacitance and the resistance between the one of the
first plurality of electrodes and the one of the second
plurality of electrodes depends on an amount of mois-
ture present in the corresponding region of deformable
dielectric.

79. A flexible sensor array according to any one of aspects
77 to 78 or any other aspect herein wherein, for each
overlap region between one of the first plurality of
electrodes and one of the second plurality of electrodes,
at least one of the capacitance and the resistance
between the one of the first plurality of electrodes and
the one of the second plurality of electrodes depends on
an amount of moisture absorbed in the corresponding
region of deformable dielectric.
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80. A flexible sensor array according to any one of aspects
77 to 79 or any other aspect herein wherein, for each
overlap region between one of the first plurality of
electrodes and one of the second plurality of electrodes,
the corresponding region of deformable dielectric is
spaced apart from the corresponding regions of deform-
able dielectric associated with other overlap regions in
the array.

81. A flexible sensor array according to any one of aspects
77 to 79 or any other aspect herein wherein the deform-
able dielectric comprises a contiguous layer of deform-
able dielectric interposed between the first plurality of
ionically conductive electrodes and the second plurality
of ionically conductive electrodes in the z-direction and
each corresponding region of deformable dielectric is
part of the contiguous layer.

82. A flexible sensor array according to any one of aspects
77 to 81 or any other aspect herein wherein the sensor
array is in moisture-transmitting contact with the sens-
ing surface.

83. A sensor array according to any one of aspects 77 to
82 or any other aspect herein comprising a sensing
circuit connectable to output a sensing circuit signal
corresponding to an impedance between the one of the
first plurality of electrodes and the one of the second
plurality of electrodes for each overlap region and one
or more multiplexers for connecting, for each overlap
region, the one of the first plurality of electrodes and
the one of the second plurality of electrodes to inputs of
the sensing circuit to thereby cause the sensing circuit
to output the sensing circuit signal.

84. A sensor array according to aspect 83 or any other
aspect herein comprising a controller connected to
provide control signals to the one or more multiplexers
and configured to output control signals which control
the one or more multiplexers to iteratively scan over the
overlap regions in the working region and, for each
overlap region, to effect the connections of the one of
the first plurality of electrodes and the one of the second
plurality of electrodes to the inputs of the sensing
circuit.

85. A sensor array according to aspect 84 or any other
aspect herein wherein, for each overlap region, the
controller is configured to determine a moisture level
estimate for the overlap region based at least in part on
the impedance between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes.

86. A sensor array according to any one of aspects 84 to
85 or any other aspect herein wherein, for each overlap
region, the controller is configured to determine a
pressure estimate for the overlap region based at least
in part on the impedance between the one of the first
plurality of electrodes and the one of the second
plurality of electrodes.

87. A sensor array according to any of aspects 77 to 86
comprising any of the features, combinations of fea-
tures or sub-combinations of features of any of aspects
14 to 30.

88. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of ionically conductive electrodes distrib-
uted over a working region adjacent the sensing sur-
face, each of the first plurality of electrodes elongated
in an x-direction that is generally tangential to the
sensing surface and a second plurality of ionically
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conductive electrodes distributed over the working
region, each of the second plurality of electrodes elon-
gated in a y-direction, the y-direction generally tangen-
tial to the sensing surface and non-parallel with the
x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of deformable dielectric
interposed between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes in the z-direction;

for each overlap region:

detecting a capacitance which depends on a state of
deformation of one or more of the one of the first
plurality of electrodes, the one of the second plurality
of electrodes and the corresponding region of deform-
able dielectric; and

estimating a pressure value for the overlap region based at
least in part on the detected capacitance.

89. A method according to aspect 88 or any other aspect
herein comprising, for each overlap region, estimating
a corresponding pressure based on an empirically deter-
mined relationship between the detected capacitance
and the corresponding pressure.

90. A method according to any one of aspects 88 to 89 or
any other aspect herein wherein, for each overlap
region, estimating a pressure value for the overlap
region based at least in part on the detected capacitance
comprises subjecting the detected capacitance to a
thresholding process and, if the detected capacitance is
greater than a threshold, setting the pressure value for
the overlap region to be equal to a reference pressure.

91. A method according to aspect 90 or any other aspect
herein wherein setting the pressure value for the over-
lap region to be equal to a reference pressure comprises
setting the pressure value for the overlap region to be
equal to atmospheric pressure.

92. A method according to any one of aspects 88 to 91 or
any other aspect herein comprising any of the features,
combinations of features and/or sub-combinations of
features of any one or aspects 2 to 30.

93. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

one or more piezoresistive ionically conductive elements
distributed over a working region adjacent the sensing
surface;

for each piezoresistive ionically conductive element, a
pair of conductive electrodes in conductive contact
with the piezoresistive ionically conductive element at
spaced apart locations; and

for each piezoresistive ionically conductive element:

detecting a resistance between the pair of opposed con-
ductive electrodes in conductive contact with piezore-
sistive ionically conductive element wherein the resis-
tance depends on a state of deformation of the
piezoresistive ionically conductive element; and

estimating at least one pressure value for a region of the
sensing surface overlapping the piezoresistive jonically
conductive element in a z-direction generally normal to
the sensing surface based at least in part on the detected
resistance.
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94. A method according to aspect 93 or any other aspect
herein wherein providing the flexible sensor array
comprises providing:

a first plurality of piezoresistive ionically conductive
elements distributed over the working region, each of
the first plurality of piezoresistive ionically conductive
elements elongated in an x-direction that is generally
tangential to the sensing surface and a second plurality
of piezoresistive ionically conductive elements distrib-
uted over the working region, each of the second
plurality of piezoresistive ionically conductive ele-
ments elongated in a y-direction, the y-direction gen-
erally tangential to the sensing surface and non-parallel
with the x-direction;

each of the first plurality of piezoresistive ionically con-
ductive elements overlapping each of the second plu-
rality of piezoresistive ionically conductive elements in
the z-direction at a corresponding overlap region; and

for each overlap region between one of the first plurality
of piezoresistive ionically conductive elements and one
of the second plurality of piezoresistive ionically con-
ductive elements, a corresponding region of a deform-
able insulator interposed between the one of the first
plurality of piezoresistive ionically conductive ele-
ments and the one of the second plurality of piezore-
sistive ionically conductive elements in the z-direction;

and wherein the method further comprises:

for each one of the first plurality of piezoresistive ioni-
cally conductive elements detecting a first resistance of
the one of the first plurality of piezoresistive ionically
conductive elements;

for each one of the second plurality of piezoresistive
ionically conductive elements detecting a second resis-
tance of the one of the second plurality of piezoresistive
ionically conductive elements;

for each overlap region between one of the first plurality
of piezoresistive ionically conductive elements and one
of the second plurality of piezoresistive ionically con-
ductive elements, estimating a pressure value for the
overlap region based at least in part on: the first
resistance of the one of the first plurality of piezore-
sistive ionically conductive elements; and the second
resistance of the one of the second plurality of piezore-
sistive ionically conductive elements.

95. A method according to aspect 94 or any other aspect
herein comprising:

estimating a first average pressure corresponding to each
one of the first plurality of piezoresistive ionically
conductive elements based at least in part on the first
resistance of the one of the first plurality of electrodes;

estimating a second average pressure corresponding to
each one of the second plurality of piezoresistive
ionically conductive elements based at least in part on
the second resistance of the one of the second plurality
of piezoresistive ionically conductive elements; and

wherein, for each overlap region between one of the first
plurality of piezoresistive ionically conductive ele-
ments and one of the second plurality of piezoresistive
ionically conductive elements, estimating the pressure
value for the overlap region comprises estimating the
pressure value based on at least in part on the first
average pressure corresponding to the one of the first
plurality of piezoresistive ionically conductive ele-
ments and on the second average pressure correspond-
ing to the one of the second plurality of piezoresistive
ionically conductive elements.
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96. A method according to aspect 95 or any other aspect
herein wherein, for each overlap region between one of
the first plurality of piezoresistive ionically conductive
elements and one of the second plurality of piezoresis-
tive ionically conductive elements, estimating the pres-
sure value based on at least in part on the first average
pressure corresponding to the one of the first plurality
of piezoresistive ionically conductive elements and on
the second average pressure corresponding to the one
of the second plurality of piezoresistive ionically con-
ductive elements comprises:

scaling the first average pressure corresponding to the one
of the first plurality of piezoresistive ionically conduc-
tive elements by a first scaling factor that depends on
the second average pressure corresponding to the one
of the second plurality of piezoresistive ionically con-
ductive elements, to thereby obtain a first scaled value;

scaling the second average pressure corresponding to the
one of the second plurality of piezoresistive ionically
conductive elements by a second scaling factor that
depends on the first average pressure corresponding to
the one of the first plurality of piezoresistive ionically
conductive elements, to thereby obtain a second scaled
value; and

averaging the first and second scaled values to thereby
obtain the pressure value for the overlap region.

97. A method according to aspect 96 or any other aspect
herein wherein, for each overlap region between one of
the first plurality of piezoresistive ionically conductive
elements and one of the second plurality of piezoresis-
tive ionically conductive elements, the first scaling
factor comprises a ratio of: the second average pressure
corresponding to the one of the second plurality of
piezoresistive ionically conductive elements; and a sum
of the second average pressures over the second plu-
rality of piezoresistive ionically conductive elements.

98. A method according to any one of aspects 95 to 97 or
any other aspect herein wherein estimating the first
average pressure corresponding to each one of the first
plurality of piezoresistive ionically conductive ele-
ments based at least in part on the first resistance of the
one of the first plurality of piezoresistive ionically
conductive elements comprises, for each one of the first
plurality of piezoresistive ionically conductive ele-
ments, the first average pressure based on an empiri-
cally determined relationship between the first resis-
tance and the corresponding first average pressure.

99. A method according to any one of aspects 95 to 98 or
any other aspect herein comprising, for each one of the
first plurality of piezoresistive ionically conductive
elements, subjecting the detected first resistance of the
one of the first plurality of piezoresistive ionically
conductive elements to a thresholding process and, if
the detected first resistance is less than a threshold,
setting the first average pressure corresponding to the
one of the first plurality of piezoresistive ionically
conductive elements to be equal to a reference pressure.

100. A method according to aspect 99 or any other aspect
herein wherein setting the first average pressure corre-
sponding to the one of the first plurality of piezoresis-
tive ionically conductive elements to be equal to a
reference pressure comprises setting the first average
pressure to be equal to atmospheric pressure.

101. A method according to any one of aspects 93 to 100
or any other aspect herein comprising any of the
features, combinations of features and/or sub-combi-
nations of features of any one of aspects 2 to 30.



US 10,401,241 B2

17

102. A method for generating a moisture map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of ionically conductive electrodes distrib-
uted over a working region adjacent the sensing sur- 3
face, each of the first plurality of electrodes elongated
in an x-direction that is generally tangential to the
sensing surface and a second plurality of ionically
conductive electrodes distributed over the working
region, each of the second plurality of electrodes elon-
gated in a y-direction, the y-direction generally tangen-
tial to the sensing surface and non-parallel with the
x-direction;

each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec- 20
trodes, a corresponding region of deformable dielectric
interposed between the one of the first plurality of
electrodes and the one of the second plurality of
electrodes in the z-direction;

for each overlap region: 25
applying a frequency swept AC signal to the one of the
first plurality of electrodes to determine a frequency
response, over a range of frequencies, of the combina-
tion of the one of the first plurality of electrodes, the
one of the second plurality of electrodes and the 30
corresponding region of deformable dielectric, the fre-
quency response dependent at least in part on the
amount of moisture present in the corresponding region

of deformable dielectric;

estimating a moisture value for the overlap region based 35
at least in part on the frequency response.

103. A method according to aspect 102 or any other aspect
herein wherein the sensing surface is in moisture-
transfer contact with the sensor array.

104. A method according to any one of aspects 102 to 103 40
or any other aspect herein wherein, for each overlap
region, estimating the moisture value for the overlap
region comprises:

curve fitting the frequency response to a frequency
response of a representative RC circuit, to determine a 45
representative resistance R and representative capaci-
tance C that fit the frequency response;

using empirically determine relationships between the
representative resistance R, the representative capaci-
tance C and moisture to estimate the moisture value for 50
the overlap region.

105. A method according to any one of aspects 102 to 103

or any other aspect herein comprising generating a
pressure map of the sensing surface, wherein generat-
ing the pressure map of the sensing surface comprises, 55
for each overlap region, estimating a pressure value for
the overlap region based at least in part on the fre-
quency response.

106. A method according to aspect 105 or any other
aspects herein wherein, for each overlap region, esti- 60
mating the pressure value for the overlap region and
estimating the moisture value for the overlap region
comprise:

curve fitting the frequency response to a frequency
response of a representative RC circuit, to determine a 65
representative resistance R and representative capaci-
tance C that fit the frequency response;
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using empirically determine relationships between the
representative resistance R, the representative capaci-
tance C, moisture and pressure to estimate the moisture
value and the pressure value for the overlap region.

107. A method according to any one of aspects 102 to 106
or any other aspect herein comprising any of the
features, combinations of features and/or sub-combi-
nations of features of any one or aspects 2 to 30.

108. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a piezoresistive ionically conductive element distributed
over a working region adjacent the sensing surface;

a plurality of three or more conductive electrodes in
conductive contact with the piezoresistive ionically
conductive element at spaced apart locations;

wherein a resistance between any pair of the plurality of
conductive electrodes depends on a state of deforma-
tion of the piezoresistive ionically conductive element
in a region between the pair of the plurality of conduc-
tive electrodes;

for each of a plurality of pairs of excitation electrodes
from among the plurality of conductive electrodes,
obtaining a corresponding measured voltage contour
by:

applying a current signal between the pair of excitation
electrodes; and

measuring a voltage difference between a plurality of
pairs of other electrodes;

determining the corresponding measured voltage contour
based on the measured voltage differences;

estimating the pressure map over the sensing surface
based on the plurality of measured voltage contours
corresponding to the plurality of pairs of excitation
electrodes.

109. A method according to aspect 108 or any other aspect
herein wherein estimating the pressure map over the
sensing surface based on the plurality of measured
voltage contours corresponding to the plurality of pairs
of excitation electrodes comprises superposing the plu-
rality of measured voltage contours to obtain a super-
posed voltage contour and estimating the pressure map
over the sensing surface based on the superposed
voltage contour.

110. A method according to aspect 109 or any other aspect
herein wherein estimating the pressure map over the
sensing surface based on the superposed voltage con-
tour comprises: dividing the superposed voltage con-
tour by the applied current signal to obtain an imped-
ance contour and determining the pressure map from
the impedance contour based on an empirically deter-
mined relationship between the impedance and pres-
sure for the piezoresistive ionically conductive ele-
ment.

111. A method according to any one of aspects 108 to 110
or any other aspect herein comprising any of the
features, combinations of features and/or sub-combi-
nations of features of any one or aspects 2 to 30.

112. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a piezoionic ionically conductive element distributed over
a working region adjacent the sensing surface;

a plurality of conductive electrodes in conductive contact
with the piezoionic ionically conductive element at
spaced apart locations;
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wherein a voltage between any pair of the plurality of
conductive electrodes or at any one of the conductive
electrodes relative to some voltage reference depends
on a state of deformation of the piezoionic ionically
conductive element; 3

obtaining a corresponding measured voltage for each of
the plurality of conductive electrodes;

meshing the sensing surface using a plurality of notional
intersecting straight mesh lines, each mesh line extend-
ing between a corresponding pair of the plurality of
conductive electrodes;

determining voltage values for a plurality of intersections
between the mesh lines based on the measured voltages
for the conductive electrodes between which the inter-
secting mesh lines extend; and

estimating the pressure map over the sensing surface
based at least on part on the plurality of voltage values
corresponding to the plurality of intersections.

113. A method according to aspect 112 or any other aspect
herein wherein determining voltage values for the
plurality of intersections comprises: for each mesh line,
assuming a model of the change of voltage between the
conductive electrodes between which the mesh line
extends; and for each intersection between a pair of 25
mesh lines, combining values predicted by the models
for each of the intersecting pair of mesh lines to obtain
the voltage value for the intersection.

114. A method according to aspect 113 or any other aspect
herein wherein assuming the model of the change of
voltage between the conductive electrodes between
which the mesh line extends comprises assuming that
the voltage changes linearly between the conductive
electrodes between which the mesh line extends.

115. A method according to any one of aspects 113 to 114
or any other aspect herein wherein combining values
predicted by the models for each of the intersecting pair
of mesh lines comprises at least one of: determining a
sum of the values predicted by the models for each of 49
the intersecting pair of mesh lines to be the voltage
value for the intersection; and determine an average of
the values predicted by the models for each of the
intersecting pair of mesh lines to be the voltage value
for the intersection; and

116. A method according to any one of aspects 112 to 115
or any other aspect herein comprising: determining a
fine mesh between intersecting mesh lines based on the
voltage values for the plurality of intersections of the
mesh lines; determining fine mesh voltage values for
fine mesh intersections between fine mesh lines; and
determining the pressure map based at least in part on
the fine mesh voltage values.

117. A method according to any one of aspects 112 to 116
or any other aspect herein comprising any of the
features, combinations of features and/or sub-combi-
nations of features of any one or aspects 2 to 30.

118. A flexible sensor array for detecting pressure at one
or more locations over a sensing surface, the sensor
array comprising:

a piezoionic ionically conductive element distributed over
a working region adjacent the sensing surface;

a plurality of three or more conductive electrodes in
conductive contact with the piezoionic ionically con-
ductive element at spaced apart locations;

wherein a voltage between any pair of the plurality of
conductive electrodes or at any one of the conductive
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electrodes relative to some voltage reference depends
on a state of deformation of the piezoionic ionically
conductive element.

119. A sensor array according to aspect 118 or any other
aspect herein comprising any of the features, combi-
nations of features and/or sub-combinations of features
of any one or aspects 2 to 30.

Other aspects of the invention provide sensor arrays
comprising any feature, combination of features, or sub-
combinations of features of any of the embodiments
described herein and/or in the accompanying drawings.

Other aspects of the invention provide methods for detect-
ing pressure, pressure maps of sensing surfaces, moisture
and/or moisture maps of sensing surfaces comprising any
feature, combination of features, or sub-combinations of
features of any of the embodiments described herein and/or
in the accompanying drawings

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study
of the following detailed descriptions.

BRIEF DESCRIPTION OF DRAWINGS

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative
rather than restrictive.

FIG. 1A is a schematic cross-sectional view of a pressure
sensor comprising piezoionic ionically conductive material
according to one embodiment of the invention. FIGS. 1B
and 1C are schematic illustrative cross-sectional views of
the FIG. 1A sensor during use. FIG. 1D is a schematic
depiction of a pressure sensor comprising piezoresistive
ionically conductive material according to an example
embodiment of the invention. FIG. 1E is a schematic cross-
sectional depiction of a capacitive pressure sensor compris-
ing ionically conductive material according to an example
embodiment of the invention. FIG. 1F is a schematic top
plan view of a sensor array according to one embodiment of
the invention. FIG. 1G is a schematic electrical circuit which
may be used to detect the voltage difference between a pair
of electrodes and to thereby probe the FIG. 1F sensor array
according to one embodiment of the invention. FIG. 1H is a
schematic electrical circuit which may be used to detect a
voltage that is representative of the current between a pair of
electrodes and to thereby probe the FIG. 1F a sensor array
according to one embodiment of the invention.

FIG. 2A is a block diagram of a method for creating a
pressure map over a sensing surface according to one
embodiment of the invention. FIG. 2B is a block diagram of
a method for creating a pressure map over a sensing surface
according to another embodiment of the invention. FIG. 2C
is a block diagram of a method for scaling average pressure
values according to one embodiment of the invention. FIG.
2D is a schematic depiction of an example scaling/contour-
ing process for a particular row of a sensor array according
to one embodiment of the invention. FIG. 2E is a schematic
depiction of an example of the scaling process used in the
method of FIG. 2C.

FIG. 3A is a schematic top plan view of a sensor array
according to another embodiment of the invention. FIG. 3B
is a schematic top plan view of a sensor array according to
another embodiment of the invention. FIG. 3C is a sche-
matic electrical circuit which may be used to detect the
voltage difference between a pair of electrodes and to
thereby probe the FIG. 3A or FIG. 3B sensor arrays accord-
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ing to another embodiment of the invention. FIG. 3D is a
block diagram of a method for creating a pressure map over
a sensing surface according to another embodiment of the
invention.

FIG. 4A is a schematic top plan view of a sensor array
according to one embodiment of the invention. FIG. 4B is a
schematic top plan view of a sensor array according to one
embodiment of the invention. FIG. 4C 1s a schematic
electrical circuit which may be used to detect the voltage
difference between a pair of electrodes and to thereby probe
the FIG. 4A or 4B sensor arrays according to another
embodiment of the invention. FIG. 4D is a schematic
electrical circuit which may be used to detect the voltage
difference between a pair of electrodes and to thereby probe
the FIG. 4A or 4B sensor arrays according to another
embodiment of the invention. FIG. 4E is a block diagram of
a method for creating a pressure map over a sensing surface
according to another embodiment of the invention. FIG. 4F
is a block diagram of a method for creating a pressure map
according to another embodiment of the invention.

FIG. 5A shows a schematic view of a model circuit
illustrating the impedance between a pair of overlapping
electrodes in the sensor arrays of FIGS. 3A and 3B accord-
ing to one embodiment of the invention. FIG. 5B is a
graphical representation of the amplitude component of a
variety of typical exemplary frequency response curves for
a pair of overlapping electrodes in the sensor arrays of FIGS.
3A and 3B.

FIG. 6A is a schematic top plan view of a sensor array
according to one embodiment of the invention.

FIG. 7 is an example data graph showing representative
voltage responses to pressure in a sample sensor material
according to one embodiment of the invention.

FIG. 8A is a schematic top plan view of a sensor array
according to one embodiment of the invention. FIG. 8B is a
graphical representation depicting current responses of a
sample sensor of the FIG. 8A sensor array according to one
embodiment of the invention.

FIG. 9A depicts a sensor array for sensing the pressure
over a sensing surface according to another particular
embodiment. FIG. 9B schematically depicts a meshing
process used to generate a pressure map of the FIG. 9A
sensor array according to a particular embodiment.

FIG. 10A schematically depicts a readout circuit that may
be used for measuring the impedance of the individual
sensor elements (i.e. an overlap region (X,y,)) of the sensor
arrays shown in FIGS. 3A and 3B according to a particular
embodiment. FIG. 10B shows an example of a method for
determining pressure and moisture maps of a sensing surface
using the sensor arrays shown in FIGS. 3A and 3B according
to a particular embodiment.

FIG. 11A schematically depicts a superposition (tomog-
raphy) method for determining a pressure map of a sensing
surface using the sensor array of FIG. 4B according to a
particular embodiment. FIG. 11B schematically depicts a
probing circuit that may be used for implementing the
method of FIG. 11A according to a particular embodiment.
FIGS. 11C-11F show example measure voltage contours
obtained in the method of FIG. 11A. FIG. 11G shows an
example impedance contour obtained from the measured
voltage contours of FIGS. 11C-11F.

DESCRIPTION

Throughout the following description specific details are
set forth in order to provide a more thorough understanding
to persons skilled in the art. However, well known elements
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may not have been shown or described in detail to avoid
unnecessarily obscuring the disclosure. Accordingly, the
description and drawings are to be regarded in an illustra-
tive, rather than a restrictive, sense.

Pressure sensors according to particular embodiments
comprise ionically conductive material. lonically conduc-
tive materials can be used to transmit or otherwise impact
electrical signals based on ion movement within the ioni-
cally conductive material. Advantageously, ionically con-
ductive materials can be made from materials that are
transparent, deformable, biocompatible and inexpensive.

There is a general desire to estimate, or otherwise detect,
characteristics (e.g. presence, location and magnitude) of the
pressure applied at one or more regions on a sensing
surface—e.g. to provide a “pressure map” over the sensing
surface. By way of non-limiting example, it may be desir-
able to implement a sensor array on a sensing surface located
in or on a mattress of a bed (e.g. in a bed sheet), to detect
a pressure map associated with anyone located on top of the
bed. As another non-limiting example, it may be desirable to
implement a sensor array on a sensing surface corresponding
to the display surface of an electronic device, so that the
electronic device may be configured to respond to “gestures”
incorporating pressures at one or more locations on the
sensing surface and possibly to differential pressures at
different locations on the surface.

A number of different types of pressure sensors incorpo-
rating ionically conductive materials are disclosed in:

Patent Cooperation Treaty (PCT) application No. PCT/

CA2015/051265 (the *265 application) filed 3 Dec.
2015 and entitled FLEXIBLE TRANSPARENT SEN-
SOR WITH IONICALLY-CONDUCTIVE MATE-
RIAL, which is hereby incorporated herein by refer-
ence; and

PCT application No. PCT/CA2016/050238 (the 238

application) filed 4 Mar. 2016 and entitled METHOD
AND SENSOR FOR PRESSURE SENSING BASED
ON ELECTRICAL SIGNAL GENERATED BY
REDISTRIBUTION OF MOBILE IONS 1IN
PIEZOIONIC LAYER, which is hereby incorporated
herein by reference.

Pressure sensors incorporating ionically conductive mate-
rials may estimate pressure based on electrical characteris-
tics of the sensors and/or their ionically conductive materials
which vary with applied pressure, corresponding deforma-
tion and/or the like. Such pressure-dependent electrical
characteristics may include capacitance, resistance, voltage,
current and/or the like. Sensors according to particular
example embodiments and/or aspects of the invention may
comprise piezoresistive components comprising ionically
conducting materials, whose resistance varies with applied
pressure, corresponding deformation and/or the like. Sen-
sors according to particular example embodiments and/or
aspects of the invention may comprise components com-
prising ionically conductive materials, whose capacitance
varies with applied pressure, corresponding deformation
and/or the like. Sensors according to particular example
embodiments and/or aspects of the invention may comprise
piezoionic components which generate voltages and/or cur-
rents in response to applied pressure, corresponding defor-
mation and/or the like. Some embodiments and aspects of
the invention comprise methods of operating and/or fabri-
cating any such sensors.

One aspect of the invention provides a method for sensing
one or more characteristics (e.g. presence, location, magni-
tude and/or the like) of pressure applied to a sensing surface.
The method comprises: monitoring an electrical signal gen-
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erated by redistribution of mobile ions in a piezoionic layer
comprising, or in force-transmitting contact with, the sens-
ing surface, wherein the redistribution of mobile ions in the
piezoionic layer is induced by an externally applied local
pressure at a portion of the layer; and determining one or
more characteristics (e.g. presence, location, magnitude or
the like) of pressure being applied to the sensing surface
based on the monitored electrical signal. The redistribution
of mobile ions in the piezoionic layer may be induced by an
externally applied local pressure without application of an
external electrical signal to the piezoionic layer, although an
external electrical signal could be applied in some embodi-
ments. It may be determined that pressure is being applied
to the sensing surface at a location proximate to the portion
of the piezoionic layer. The electrical signal may be moni-
tored through at least two electrodes in conductive contact
with the piezoionic layer at different locations. The elec-
trodes may be conductively connected to the piezoionic
layer on a side of the piezoionic layer opposite to a side of
the sensing surface, although this is not necessary. The
electrical signal generated by redistribution of mobile ions
may comprise a voltage or current, or both, between a first
electrode at a first one of the locations and a second
electrode at a second one of the locations.

Another aspect of the invention provides a piezoionic
sensor array. The sensor array senses the pressure on a
sensing surface. The sensor comprises a piezoionic layer
comprising, or disposed in force-transmitting contact with,
the sensing surface such that an externally applied local
pressure on a portion of the sensing surface causes detect-
able redistribution of mobile ions in the piezoionic layer;
and a plurality of electrodes in conductive contact with the
piezoionic layer, the plurality of electrodes outputting an
electrical signal generated by the redistribution of mobile
ions in the piezoionic layer. The redistribution of mobile
ions in the piezoionic layer may be induced by an externally
applied local pressure and detectable without application of
an external electrical signal to the piezoionic layer, although
an external electrical signal could be applied in some
embodiments. The electrodes may be in conductive contact
with the piezoionic layer at different (e.g. spaced apart)
locations. The electrodes may be conductively connected to
the piezoionic layer on a side of the piezoionic layer
opposite to a side of the sensing surface.

Another aspect of the invention provides a piezoresistive
ionically conductive sensor array. The sensor array senses
the pressure on a two dimensional sensing surface. The
Sensor array comprises one or more piezoresistive ionically
conductive elements that are distributed over the sensing
surface. In some embodiments, the sensor array comprises,
or is disposed in force-transmitting contact with, the sensing
surface such that an externally applied local pressure on a
portion of the sensing surface causes changes in resistance
to the piezoresistive ionically conductive elements. A plu-
rality of electrodes are in conductive contact with the
piezoresistive ionically conductive elements at different
(e.g. spaced apart) locations for measuring resistance(s) of
the piezoresistive ionically conductive elements.

Another aspect of the invention provides a method for
sensing one or more characteristics (e.g. presence, location,
magnitude and/or the like) of pressure applied to a two
dimensional sensing surface. The method comprises moni-
toring resistances of one or more piezoresistive ionically
conductive elements that comprise or are in force-transmit-
ting contact with, the sensing surface. Pressure applied to the
sensing surface changes the resistance(s) of the one or more
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piezoresistive ionically conductive elements and these resis-
tances are used to estimate pressure over the two-dimen-
sional sensing surface.

Another aspect of the invention provides a capacitive
ionically conductive sensor array. The sensor array senses
the pressure on a two dimensional sensing surface. The
sensor array comprises a plurality of capacitive ionically
conductive sensor elements distributed in a working region
adjacent to the sensor surface. Fach capacitive ionically
conductive sensor element may comprise a pair of electrodes
fabricated from ionically conductive materials and may have
a dielectric material therebetween. In some embodiments,
the sensor array comprises, or is disposed in force-transmit-
ting contact with, the sensing surface such that an externally
applied local pressure on a portion of the sensing surface
causes changes in capacitance to the capacitive ionically
conductive sensor elements. The capacitive ionically con-
ductive sensor array may additionally or alternative detect
moisture over the sensing surface.

Another aspect of the invention provides a method for
sensing one or more characteristics (e.g. presence, location,
magnitude and/or the like) of pressure applied to a two
dimensional sensing surface. The method comprises moni-
toring capacitances of a plurality of capacitive ionically
conductive sensor elements that comprise or are in force-
transmitting contact with, the sensing surface. Pressure
applied to the sensing surface changes the capacitances of
the plurality of capacitive ionically conductive sensor ele-
ments and these capacitances are used to estimate pressure
over the two-dimensional sensing surface.

Another aspect of the invention provides a method for
sensing one or more characteristics (e.g. presence, location,
magnitude and/or the like) of moisture over a two dimen-
sional sensing surface. The method comprises monitoring
impedances of a plurality of ionically conductive sensor
elements that comprise or are in moisture-transmitting con-
tact with, the sensing surface. Moisture present on the
sensing surface changes the impedances of the ionically
conductive sensor elements and these impedances are used
to estimate moisture over the two-dimensional sensing sur-
face.

Tonically conductive materials used in sensors described
herein may include gels such as hydrogels, ionic polymers,
porous polymers, membranes such as cationic membranes or
anionic membranes, IPNs, polyethylene oxides, and the like.
Cellulose or paper materials may also be used, which can be
transparent. The ionically conductive material may be flex-
ible, stretchable and transparent. For example, the ionically
conductive material may be a polymer, such as an ionically
conductive hydrogel, which may be formed from a poly-
acrylamide or a polyurethane. The hydrogel may include an
electrolyte for providing conducting ions. In some applica-
tions, a salt such as NaCl or KCl, may be included in the
hydrogel for providing conducting ions. The electrolyte may
be dissolved in a solvent such as water. Depending on the
polymer used for the hydrogel, other solvents including
propylene carbonate, acetonitrile and other organic solvents
may also be suitable. In some applications, a pure ionic
liquid may be used to provide the electrolyte, in which case
a solvent may not be necessary. Suitable ionic liquids may
include 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (EMI TFSI). Suitable ionically conductive
materials also include Nafion (asulfonated tetrafluoroethyl-
ene based fluoropolymer-copolymer), Flemion (perfluori-
nated carboxylic acid membrane), agar, cationic and anionic
membranes, and gels including natural gels based on chito-
san. Suitable cationic ion exchange membranes include
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Aciplex k-192, Selemion CMV, Nafion, FKS, Flemion,
FKD, CR61-CMP, Ralex CM-PES, PC-SK, Morgane CDS,
Neosepta CM1, TWCED or the like. Suitable anionic ion
exchange membranes include Aciplex A-192, Selemion
AMYV, FAS, FAB, Ralex MH-PES, Morgane ADP, Neosepta
AMI1, TWEDG, or the like.

Some aspects of the invention provide sensors incorpo-
rating piezoionic pressure sensors and methods of operating
and fabrication of same. FIG. 1A schematically illustrates a
piezoionic pressure sensor 1100 according to an example
embodiment. Sensor 1100 includes a piezoionic layer 1102
(made up of ionically conductive material), having a first
side 1104 and an opposite second side 1106. For ease of
description it is assumed that first side 1104 of piezoionic
layer 1102 is itself the sensing surface 1105; however, in
some embodiments, sensing surface 1105 may be in force-
transmitting contact with first side 1104 of piezoionic layer
1102. Two electrodes 1108 and 1110 are in conductive
contact with piezoionic layer 1102 (e.g. on second side
1106).

Piezoionic layer 1102 may be fabricated using any suit-
able piezoionic material that provides mobile ions that are
capable of being displaced within the material as a result of
local stress or compression, where different types of mobile
ions have different mobility. The piezoionic material may be
selected so that the expected external pressure to be detected
will generate a detectable electrical potential difference over
the distance between electrodes 1108 and 1110. The
piezoionic material may include a suitable polymer or
hydrogel material. Electrodes 1108 and 1110 may be fabri-
cated using any suitable conductive materials, such as met-
als, metal alloys, other electronic conductors or ionic con-
ductors. Other materials that are known to be suitable for use
as electrodes or conductors may also be used. Further details
of possible piezoionic materials, electrode materials and
characteristics thereof are described, for example, in the
*238 application.

Touch sensor 1100 may be fabricated any suitable process
which can include conventional processing techniques for
preparing the component materials including piezoionic
layer 1102 and electrodes 1108, 1110, and for attaching
electrodes 1108, 1110 to piezoionic layer 1102.

For illustration purposes only, the expected movements
and distribution of the ions before and during an application
of pressure to first side 1104 of sensor 1100 are schemati-
cally illustrated in FIG. 1B and FIG. 10. It should be
understood that the depiction in FIGS. 1B and 10 is sche-
matic and illustrative and does not represent actual move-
ment or distribution of the ions in practice.

As shown in FIG. 1B, it can be expected that before
sensing surface 1105 of first side 1104 is touched, or
otherwise depressed or disturbed, the ions in the region
proximate to electrode 1108 are evenly distributed and
balanced. The potential difference between electrodes 1108
and 1110 is zero or minimal. When sensing surface 1105 is
touched and depressed as shown in FIG. 10, the changes in
the material framework/backbone cause a charge re-distri-
bution. It is assumed, for illustration purposes, that in this
example the cations in the material are less mobile and
largely remain in the region near the touch location, and
more anions are displaced away from the region above
electrode 1108. It is possible that some cations will also
move away from the applied pressure, but their movement
is assumed to be slower than that of the anions in the FIG.
10 example. It is possible that an individual mobile ion will
not travel the full distance between electrodes 1108, 1110,
but it is assumed that the collective movement of the mobile
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ions caused by the touch will result in redistribution of ionic
charges and detectable changes of ionic charge concentra-
tions at regions proximate to electrodes 1108 and 1110. As
can be appreciated, the mobility of different ions may
depend on a number of factors such as charge polarity, ion
size, concentration, solvation sphere, backbone structure and
charge property, and other factors. For example, in a polar
solvent such as water, the solvent molecule is electrostati-
cally attracted to both the cation and the anion of the salt,
resulting in a solvation shell/sphere surrounding the ion.
This makes the ion effectively larger in diameter and hence
less mobile due to increased drag. Thus, it is possible to
select the piezoionic material with a suitable combination of
the backbone or gel material and the electrolyte material to
provide mobile ions with different mobility. The selective
displacement of mobile ions and charge redistribution gen-
erates a non-zero potential difference between electrodes
1108, 1110, which can be detected as an electrical signal
using a readout circuit (not shown in FIGS. 1B and 10).

Some aspects of the invention provide sensors incorpo-
rating piezoresistive pressure sensors and methods of oper-
ating and fabrication of same. Piezoresistive sensors may
exhibit a change in resistance due to application of pressure
to and/or corresponding deformation of the ionically con-
ductive piezoresistive sensor material. Accordingly, a local
change in resistance can be used to detect touch or other
pressure. FIG. 1D schematically illustrates a piezoresistive
sensor 1900 according to an example embodiment. Sensor
1900 includes a piezoresistive element 1902 comprising
ionically conductive material. Piezoresistive element 1902
may be fabricated from any of the ionically conductive (and
have any of the properties of the ionically conductive
materials) described in connection with piezoresistive sen-
sors herein, in the 265 application or in the *238 application.
Sensor 1900 may be configured and connected to detect a
change in resistivity in ionically conductive piezoresistive
element 1902. Suitable electrodes (not shown in FIG. 1D)
may be conductively coupled to piezoresistive element
1902.

An alternating-current (AC) may be passed through con-
ductive element 1902, and its resistivity can be measured.
When pressure is applied to conductive element 1902 and
conductive element 1902 is deformed by an external object
such as a human finger, the resistance of conductive element
1902 changes. This change in resistance may be detected by
detecting a change in either the current through conductive
element 1902, or the voltage drop across a load resistor, by
a signal processing circuit (not shown) connected to an
amplifier (not shown).

Some aspects of the invention provide sensors incorpo-
rating capacitive pressure sensors incorporating ionically
conductive materials and methods of operating and fabrica-
tion of same. Such capacitive pressure sensors exhibit a
change in capacitance due to the application of pressure to
and/or corresponding deformation of ionically conductive
material used to provide the capacitors. FIG. 1E schemati-
cally depicts a capacitive sensor 2000 incorporating ioni-
cally conductive material according to an example embodi-
ment. Sensor 2000 comprises a pair of ionically conductive
elements 2004, 2006 disposed on either side of a dielectric
layer 2002 to form a capacitor 2000A. Electric contacts,
electrodes, or wires (not shown in FIG. 1E) may be provided
to apply an electrical voltage and transmit electric signals
from sensor 2000 to a readout circuit.

Tonically conductive elements 2004, 2006 may be fabri-
cated from any of the ionically conductive materials (and
may have any of the properties of ionically conductive
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materials) described herein or described in connection with
any of the capacitive sensors in the *265 application or the
*238 application. Dielectric layer 2002 may be fabricated
using any suitable dielectric material. In selected embodi-
ments, dielectric 2002 is fabricated from a flexible and
transparent insulating polymer. By way of non-limiting
example, dielectric 2002 may be fabricated from an acrylic
elastomer, such as VHB™ 4005 available from 3M™, A
polydimethylsiloxane (PDMS) may be used to fabricate
dielectric layer 2002. Dielectric 2002 may also be fabricated
using an elastomer, such as a transparent dielectric elasto-
mer. Examples of suitable elastomers include elastic poly-
ester materials, silicone-based elastomers, natural or syn-
thetic rubbers, or the like. Dielectric 2002 may also be
formed of a fabric material such as one based on nylon,
wool, cotton, or polyester, or other fibrous materials.

Sensor 2000 may be configured and connected to a
readout circuit (not shown) configured to detect both
increase and decrease in capacitance of capacitor 2000A. If
pressure is applied to sensor 2000 which physically deforms
ionically conductive elements 2004, 2006 and/or dielectric
layer 2002 of sensor 2000, the thickness of dielectric layer
2002 decreases under compression. As a result, the capaci-
tance of sensor 2000 increases. Thus, when an increase in
capacitance is detected, it can be determined that pressure
has been applied to sensor 2000.

Sensors, such as the sensors illustrated in FIGS. 1A-1E
may be provided in arrays comprising pluralities of indi-
vidual sensing elements (or taxels) that span a sensing
surface for which a pressure map is desired. In some
embodiments, these pressure sensors may be distributed
over a working region adjacent to (e.g. in force-transmitting
contact with) the sensing surface for which a pressure map
is desired.

FIG. 1F depicts a sensor array 100 for sensing the
pressure over a sensing surface 110 according to a particular
embodiment. By way of non-limiting example, sensing
surface 110 may comprise or be provided on or adjacent to
the surface of a bed sheet or mattress on which a person may
be located (e.g. the surface of a hospital bed). The FIG. 1F
sensor array 100 comprises an array of piezoionic sensing
elements comprising ionically conductive material. In the
illustrated FIG. 1F embodiment, sensing surface 110 (e.g.
the surface being mapped) is shown as being generally
planar for ease of explanation, but this is not necessary and
sensing surface 110 may generally have any shape to suit a
corresponding application. In the FIG. 1F embodiment,
sensor array 100 is distributed over a working region 106
that is adjacent to (e.g. in force transmitting contact with)
surface 110. Because sensor array 100 has some depth
(shown as being in the z direction in the illustrated view of
FIG. 1F), sensor array 100 is not technically distributed over
a surface. However, in this description and any accompa-
nying claims and/or aspects, references to sensors arrays
and/or elements of sensor arrays being distributed over, on,
relative to or otherwise in relation to a sensing surface or a
surface to be mapped should be understood to refer to a
working region adjacent to (e.g. in force transmitting contact
with) the sensing surface (e.g. working region 106 adjacent
to sensing surface 110), unless the context clearly dictates
otherwise.

Sensor array 100 of the FIG. 1F embodiment comprises a
piezoionic layer 102 with an array of row electrodes 104A
attached to the top (positive Z) side of piezoionic layer 102
and an array of column electrodes 104B attached to the
bottom (negative Z) side of piezoionic layer 102. In some
embodiments, the electrodes (collectively, electrodes 104)
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on the same side of piezoionic layer 102 are not paired.
Electrodes 104 on each (positive Z and negative Z) side of
the piezoionic layer may be uniformly spaced. During use,
the voltage between each row electrode 104A and each
column electrode 104B may be monitored without applying
any external electrical signal, such as voltage. A reference
electrode is not necessary for the use of sensor 100. When
sensor array 100 is touched at a location that is proximate to
a particular top (positive 7) electrode 104A and a particular
bottom (negative Z) electrode 104B, the voltage between
these two particular electrodes 104 is expected to be larger
than the voltages between other pairs of top and bottom
electrodes 104.

In the illustrated embodiment, sensor array 100 comprises
a first plurality of electrically conductive electrodes 104 A
and a second plurality of electrodes 104B (collectively,
electrodes 104) which are distributed over working region
106. Electrodes 104 may be fabricated from suitable metals
or other electrically conductive materials. Flectrodes 104A
of the FIG. 1F embodiment have an elongated shape which
extends in an x-direction. Because of this elongated shape,
electrodes 104A may be referred to herein as x-electrodes.
Similarly, electrodes 104B of the FIG. 1E embodiment are
elongated in a y-direction and may be referred to herein as
y-electrodes. To help with the explanation, x-electrodes
104A are also labelled x1, x2, x3 . . . x, and y-electrodes
104B are also labelled and referred to herein as yl,
2,¥y3...y,, where n and m are any suitable positive
integers, it being appreciated that the number of n of
x-electrodes 104A and the number m of y-electrodes 104B
may vary for particular sensing surfaces 110 and/or particu-
lar applications.

In the particular case of the FIG. 1F illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 1F. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 1F illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 1F may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 1F. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

Sensor array 100 comprises a layer of deformable ioni-
cally conductive polymer 102 which is interposed between
the array of x-electrodes 104 A and the array of y-electrodes
104B and acts as a piezoionic layer as described herein.
Piezoionic ionically conductive polymer layer 102 may be
fabricated from suitable piezoionic ionically conductive
materials, such as, by way of non-limiting example, any
suitable piezoionic ionically conductive materials disclosed
herein, in the *265 application or in the ’238 application.
Each of x-electrodes 104A overlaps a corresponding region
of piezoionic (ionically conductive) layer 102 and each of
y-electrodes 104B in the z-direction. In this description and
any accompanying claims and/or aspects, two objects or
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portions of objects may be said to be overlapping in a
particular direction or to overlap one another in a particular
direction, when a line oriented in the particular direction (at
least locally) could be drawn to intersect the two objects or
portions of objects. Accordingly, it can be seen from FIG.
1F, that each of x-electrodes 104A overlaps a corresponding
region of piezoionic (ionically conductive) polvmer layer
102 and each of y-electrodes 104B in the z-direction. The
region in which particular pair of electrodes 104A and 104B
overlap one another in the z-direction may be referred to
herein as an overlap region 108 and the corresponding
region of piezoionic (ionically conductive) polymer layer
102 which overlaps with the pair of electrodes 104A and
104B in the z-direction may be referred to herein as the
corresponding overlap region of piezoionic (ionically con-
ductive) polymer layer 102. For ease of reference, the
overlap region 108 between a particular pair of electrodes
104A and 104B may be referred to herein by the indices of
the electrodes. For example, the overlap region between the
x2 and y3 electrodes may be referred to as overlap region x2,
y3. While sensor 100 may typically be operated by probing
pairs comprising one x-electrode 104A and one y-electrode
104B, this is not necessary and pairs of electrodes 104 on the
same side of piezoionic layer 102 may also be sensed in
some embodiments.

A pressure sensing element may be implemented by a pair
of electrodes arranged to detect electrical characteristics
(e.g. a voltage between the electrodes and/or a current
through the electrodes) wherein the electrical characteristics
are associated with the deformation of ionically conductive
polymer to which the electrodes are connected. See, for
example, FIG. 7. FIG. 7 shows representative measured
voltage data (amplitude response) for a pair of electrodes
104 during an application of pressure (varying at 0.1 Hz) in
an overlap region corresponding to the two electrodes 104.
The FIG. 7 data indicates that the test sensor response
(detected voltage) was substantially linear with input force
amplitude.

FIG. 1G shows an example electrical circuit 120 which
may be used to detect the voltage difference between a pair
of electrodes 104 of sensor 100. As will be appreciated by
those skilled in the art, circuit 120 is a voltage amplification
circuit comprising an operational amplifier 122, where the
voltage V_ , 1s proportional the ratio of resistors R2 and R1
multiplied by the voltage difference (V2-V1) between the
input connections to the sensor array (e.g. a pair of elec-
trodes 104 of sensor array 100)—i.e.

Ry
Vour o R_I(V2 -V

The output voltage V_, from circuit 120 may be provided to
controller 126. It will be appreciated by those skilled in the
art that circuit 120 may comprise a variety of signal condi-
tioning elements and/or circuitry (not shown) between out-
put voltage V_,, and controller 126. By way of non-limiting
example, such signal conditioning circuitry may comprise
buffers, amplifiers, filtering elements, inverters, analog to
digital converters and/or the like. Controller 126 may incor-
porate or otherwise have access to memory in which the
output values of V_ , may be stored. In some embodiments,
the input nodes V1 and V2 shown in the FIG. 1G circuit 120
may be connected to any pair of electrodes 104 in the FIG.
1F sensor array 100. In some embodiments one of the input
nodes V1 or V2 shown in the FIG. 1G circuit 120 may be
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connected to one of the electrodes 104 and the other one of
the input nodes V1 and V2 may be connected to any suitable
voltage reference (e.g. a ground reference or a DC voltage
reference). Such connections may be effected by one or
more suitable time division multiplexing (TDM) switching
multiplexers (MUX) 124A, 124B which may be controlled
by a suitable controller 126. In the illustrated embodiment,
MUX 124A makes connections between sensor array 100
(e.g. any electrode 104 of sensor array 100 or any suitable
reference voltage) and node V1 and MUX 124B makes
connections between sensor array 100 (e.g. any electrode
104 of sensor array 100 or any suitable reference voltage)
and node V2. The operation of MUXs 124A, 124B will be
understood to those skilled in the art. In some embodiments,
MUXs 124A, 124B may be implemented by a single MUX.
Electrical circuit 120 is merely one example of a voltage
amplification circuit suitable for determining a voltage dif-
ference between a pair of electrodes 104 in sensor array 100
or between an electrode 104 in array 100 and a suitable
voltage reference. In some embodiments, other voltage
amplifying circuits may be used to detect the voltage dif-
ference between a pair of electrodes 104 in array 100 or
between an electrode 104 in array 100 and a suitable voltage
reference.

FIG. 1H shows an example electrical circuit 140 which
may be used to detect a voltage V,,,, that is representative of
the current between a pair of electrodes 104 in array 100. As
will be appreciated by those skilled in the art, circuit 140 is
a type of charge amplification circuit comprising an opera-
tional amplifier 142. Resistor R2 may be selected to be
suitably large, such that the current through feedback loop
(comprising capacitor C2 and resistor R2) is principally
attributed to a ratio between C2 and the impedance between
the positive and negative input leads to amplifier 142.
Consequently, the voltage output signal V,, is proportional
to this current multiplied by output resistor Rout. The output
voltage V_,, from circuit 140 may be provided to controller
126. 1t will be appreciated by those skilled in the art that
circuit 140 may comprise a variety of signal conditioning
elements and/or circuitry (not shown) between output volt-
age V_,, and controller 126. By way of non-limiting
example, such signal conditioning circuitry may comprise
buffers, amplifiers, filtering elements, inverters, analog to
digital converters and/or the like. Controller 126 may incor-
porate or otherwise have access to memory in which the
output values of V,  may be stored. For the current ampli-
fier circuit 140 of FIG. 1H, it may be shown that the Laplace
domain transfer function may be given by:

Vour(s) _ sR2Ciy (1)

Vi(s) ~ 1+5RyCo

H(s) =

where V, (s) and C,, are respectively the voltage and capaci-
tance between a pair of electrodes 104 in sensor array 100
(or between an electrode in array 100 and a voltage refer-
ence) which may be connected to nodes V1 and V2. C,, will
be relatively constant (and is experimentally determinable or
calibratable) for various pairs of electrodes 104 in sensor
array 100. Accordingly, the equation (1) transfer function
may be used to determine V,,, (i.e. the voltage between a pair
of electrodes 104 in sensor array 100) by measuring V_ .. In
some embodiments, the input nodes V1 and V2 shown in the
FIG. 1H circuit 140 may be connected to any pair of
electrodes 104 in the FIG. 1F sensor array 100. In some
embodiments one of the input nodes V1 or V2 shown in the
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FIG. 1H circuit 140 may be connected to one of the
electrodes 104 and the other one of the input nodes V1 and
V2 may be connected to any suitable voltage reference (e.g.
a ground reference or a DC voltage reference). Such con-
nections may be effected by one or more suitable time
division multiplexing (TDM) switching multiplexers
(MUX) 144A, 144B which may be controlled by a suitable
controller 126. In the illustrated embodiment, MUX 144A
makes connections between sensor array 100 (e.g. any
electrode 104 of sensor array 100 or any suitable reference
voltage) and node V1 and MUX 144B makes connections
between sensor array 100 (e.g. any electrode 104 of sensor
array 100 or any suitable reference voltage) and node V2.
The operation of MUXs 144A, 144B will be understood to
those skilled in the art. In some embodiments, MUXs 144A,
144B may be implemented by a single MUX. Electrical
circuit 140 is merely one example of a charge amplification
circuit suitable for determining a current flow between a pair
of electrodes 104 in sensor array 100 or between an elec-
trode 104 in array 100 and a suitable voltage reference (and
an output voltage V_ , corresponding to this current flow). In
some embodiments, other charge amplifying circuits may be
used to detect current flow between a pair of electrodes 104
in sensor array 100 or between an electrode 104 in array 100
and a suitable voltage reference (and an output voltage V.,
corresponding to this current flow).

FIG. 2A is a schematic illustration of a method 200 for
reading out the electrical characteristics from pairs of indi-
vidual electrodes 104 in the FIG. 1F sensor array 100 to
obtain a pressure map over sensing surface 110 according to
a particular embodiment. Method 200 may be implemented
(or at least controlled) by controller 126 (see FIGS. 1G and
1H). Method 200 involves detecting voltages between pairs
of electrodes 104 that overlap one another in the z-direction.
More particularly, in method 200 of the FIG. 2A embodi-
ment, a pressure is obtained for each overlap region (x,,y))
corresponding to the overlap region between an x-electrode
x; and a y-electrode y,. It will be appreciated that when a
force is applied to surface 110 in a vicinity of overlap region
(X,¥,), the deformations of the corresponding electrodes x,
and y; may be different from one another. For example, if a
curvature is applied to the array in a vicinity of an overlap
region (x,,y,), then, because of the thickness of the array
structure, the two surfaces of the array structure will have
different radii of curvature. Typically, piezoionic (ionically
conductive) layer 102 will be bonded or otherwise adhered
to electrodes 104, such that piezoionic (ionically conduc-
tive) layer 102 and electrodes 104 may experience the same
local strain. Accordingly, the differential deformation
between the corresponding surfaces of piezoionic (ionically
conductive) layer 102 may also be different, thereby altering
the ion distribution in the overlap region (x,,y,) of piezoionic
(ionically conductive) layer 102 and generating detectable
voltage and/or current characteristics as described above in
relation to FIGS. 1C and 1D. The Applicant has demon-
strated that these electrical characteristics are at least
approximately linearly related to the applied force (and/or
the applied pressure), at least under certain conditions—see,
for example, FIG. 7. Without wishing to be bound by theory,
the voltage between an x-electrode x; and a y-electrode y, in
an overlap region (x,,y,) may be demonstrated to be at least
approximately linearly related to the difference in radius of
curvature hetween the x-electrode x; and a y-electrode y,. If
the x-y area of the taxel (overlap region (x,,y,)) is sufficiently
small then this difference in radius of curvature may be
approximately linearly related to the strain of the corre-
sponding region of piezoionic layer 102, which may be in
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turn linearly related to the stress (force) on the region of
piezoionic layer 102 (assuming that the material is at least
approximately elastic) and this stress force may be linearly
related to the pressure in the overlap region (x,y,) in
dependence on the area of the overlap region (x,,y,). Note
that the totality of this relationship (between voltage
between an x-electrode x, and a y-electrode y; in an overlap
region (X,,y;) and the pressure on the ovetlap region (x,,y;))
need not be linear and this relationship may, in general, be
empirically or experimentally determined.

After commencing in block 202, method 200 of FIG. 2A
proceeds to block 204 which involves initializing the loop
indices i and j, which correspond respectively to the x-elec-
trode and y-electrode indices, to i=j=1. In the FIG. 2A
embodiment, it is assumed that the total number of x-elec-
trodes 104A is m and the total number of y-electrodes is n.
It will be appreciated as discussed above, that m and n are
arbitrary positive integers which may vary for particular
sensing surfaces 110 and/or particular applications. Method
200 then proceeds to block 206 which involves obtaining a
voltage difference between the x and y electrodes 104
corresponding to the current overlap region (X,y;)—i.e.
between the x-electrode x, and y-electrode y,. Block 206
may be effected (using voltage amplification circuit 120 of
FIG. 1G or some other suitable voltage amplification circuit)
by causing MUX 124 to effect connections to x-electrode x;
and y-electrode y, and measuring V,,,=(v,,~v,,). Addition-
ally or alternatively, as discussed above, block 206 may be
effected (using voltage amplification circuit 120 of FIG. 1G
or some other suitable voltage amplification circuit) by
causing MUX 124 to effect connections which measure the
voltage on x-electrode x; relative to a known or common
reference and the voltage on y-electrode y; relative to a
known or common reference and then removing the refer-
ence voltage from each signal and subtracting the difference
to arrive at (v,,~v,;). Block 206 may additionally or alter-
natively involve current measurements in respect of the
current overlap region (xi,yi) using charge amplification
circuit 120 of FIG. 1H or some other suitable charge
amplification circuit.

Method then proceeds to block 208 which involves an
inquiry as to whether the measured voltage difference (v, -
v,,) 1s above some suitable cut-off threshold, which may be
configurable and/or calibratable for particular embodiments
and/or applications. The block 208 threshold may be a
threshold designed to eliminate false positive readings due
to noise, variations in atmospheric pressure, variations in
temperature and/or the like. If the block 206 measured
voltage difference (v,,-v,,) is less than this threshold (block
208 NO result), then method 200 proceeds to block 210. In
block 210, method 200 assigns a nominal differential radius
of curvature to the current overlapping x and y electrodes
(X,y;)- This nominal differential curvature may be zero. If
the block 206 measured voltage difference (v,-v,,) is
greater than the threshold (block 208 YES result), then
method 200 proceeds to block 212 which involves estimat-
ing a difference in radii of curvature between the current x
and y electrodes corresponding to the current overlap region
(X,,y;)- As discussed above, the voltage difference (v,-v,;)
may be at least approximately related to this difference in
radii of curvature. Determining the difference in radii of
curvature in bock 212 may comprise applying a suitable
scaling factor o to the block 206 current measured voltage
difference (v ,~v,,). The scaling factor & may be experimen-
tally determined for particular embodiments or otherwise
calibrated for particular embodiments and/or applications. It
is not strictly necessary that determining the difference in
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radii of curvature in bock 212 involve only scaling. Other
relationships, between the block 206 measured voltage
difference (v,,~v,;) and the radii of curvature, the applied
force and/or the applied pressure at the current overlap
region (x,y,), may be experimentally determined and then
used in block 212 to determine the radii of curvature, the
applied force and/or the applied pressure at the current
overlap region (x,y,).

Whether via block 210 or block 212, method 200 pro-
ceeds to block 214 which involves an inquiry as to whether
the current x-electrode index i is equal to the maximum
number m of x-electrodes. If the block 214 inquiry is
negative, the x-electrode index i is incremented in block 220
before looping back to block 206 with a new x-index. If the
block 214 inquiry is positive, the y-electrode index j is
incremented in block 218 before looping back to block 206
with a new y-index, unless the current y-electrode index j is
equal to the maximum number n of y-electrodes (block 216
NO branch) in which case method 200 ends in block 222. It
will be appreciated from the logic of method 200 that
method 200 involves looping through the x-electrodes x;,
X5, X5 - . . X, for a given y-electrode y; and then incrementing
the y-electrode and repeating the x-electrode loop, until all
of the overlap regions (x;,y;) have been assigned an esti-
mated difference in radii of curvature a map for sensing
surface 110 of this radii of curvature difference is obtained.
Method 200 then proceeds to block 219, where the map of
radii of curvature over sensing surface 110 is converted into
a map of strain (e.g. depression) over sensing surface 110
which is then correlated to the applied pressure to obtain a
pressure map corresponding to sensing surface 110. Method
200 then proceeds to block 222 which may involve saving
the pressure map to a memory accessible to controller 126
or otherwise further processing the pressure map obtained
by method 200.

Method 200 may be repeated with any suitable frequency
for determining pressure maps of interest. For example, in
one particular embodiment, where sensing surface 110 may
comprise or be provided on or adjacent to the surface of a
bed sheet or mattress on which a person may be located (e.g.
the surface of a hospital bed), it may be desirable to detect
pressure fluctuation corresponding to a heart rate and/or a
respiratory rate of a person located on the mattress. In such
cases, it may be desirable to repeat method 200 with a
frequency that is suitably fast to detect a maximum desired
heart rate. For example, a suitable sampling frequency may
be on the order of 10-20 Hz. As another example, in one
particular embodiment, where sensing surface 110 may
comprise the surface of electronic device where pressure
may be used to interact with a graphical user interface, it
may be desirable to detect pressure changes at higher rates
corresponding to rates at which a person may move their
fingers relative to surface 110. For example, a suitable
sampling frequency may be on the order of 60-120 Hz.

FIG. 2B is a schematic illustration of another method 250
for reading out the electrical characteristics from individual
electrodes 104 in the FIG. 1F sensor array 100 to obtain a
pressure map over sensing surface 110 according to another
particular embodiment. Method 250 may be implemented
(or at least controlled) by controller 126 (see FIGS. 1G and
1H). As will be described in more detail below, method 250
involves: detecting voltages between individual x and y
electrodes 104 and reference x and y electrodes and then
using those voltages to determine a pressure estimate or for
each overlap region (X.y;) corresponding to the overlap
region between an x-electrode x, and a y-electrode y,.
Without wishing to be bound by theory, the inventors have
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determined that the voltage between an x-electrode x, or a
y-electrodey, is telated to the total force applied in a vicinity
of the x-electrode x; or the y-electrode y,—see the discussion
of FIG. 7 herein.

Method 250 of FIG. 2B is now explained. After com-
mencing in block 252, method 250 of FIG. 2B proceeds to
block 254 which involves initializing the loop index i to i=2.
In the FIG. 2B embodiment, it is assumed (for ease of
explanation and without loss of generality) that the number
x-electrodes and y-electrodes is the same and is equal to m.
In the first portion of method 250, the index i may be used
to index both the x and y electrodes. Method 200 then
proceeds to block 256 which involves setting a reference
x-electrode (e.g. x,) and a reference y-electrode (e.g. y,) to
be at a reference (e.g. zero) potential—e.g. setting v_,=v_,=0
or to some other suitable reference. This may be done, by
way of non-limiting example, by ensuring that for a par-
ticular application or geometry, the pressures applied at the
reference electrodes are likely to be at, or close to, atmo-
spheric or to some other reference pressure (e.g. the refer-
ence electrodes are located in some location (relative to the
desired sensing region of sensing surface 110, where they
are unlikely to experience, and/or are physically isolated
from, varying external pressure). Additionally or alterna-
tively, this may involve connecting the reference electrodes
to a ground of the sensing circuitry or to some other
reference voltage source at a particular reference potential.

Method 250 then proceeds to block 257 which involves
obtaining two voltage differences—a first voltage difference
v,,—V,, between the current x-electrode x, and the reference
x-electrode x,; and a second voltage difference v,,~v,,
between the current y-electrode y; and the reference y-elec-
trode y,. Block 257 may be effected (using voltage ampli-
fication circuit 120 of FIG. 1G or some other suitable
voltage amplification circuit) by: causing MUX 124 to effect
connections to x-electrodes x,, X, and measuring V_,,=(v,;-
v,,); and causing MUX 124 to effect connections to y-elec-
trodes y,, y, and measuring V,, =(v,,=v,,). Block 257 may
additionally or alternatively involve current measurements
in respect of the current between the current x-electrode X,
and the reference x-electrode x; and the current between the
current y-electrode y, and the reference y-electrode y, using
charge amplification circuit 120 of FIG. 1H or some other
suitable charge amplification circuit.

Method 250 then proceeds to block 258 which involves an
inquiry as to whether the measured voltage differences
(V~vy) and/or (v,,-v,,) are above some suitable cut-off
threshold, which may be configurable and/or calibratable for
particular embodiments and/or applications. The block 258
threshold may be a threshold designed to eliminate false
positive readings due to noise, variations in atmospheric
pressure, variations in temperature and/or the like. If the
block 257 measured voltage differences (v,,-v,;) and/or
(v,~v,,) are less than this threshold (block 258 NO result),
then method 250 proceeds to block 260 for that electrode. In
the illustrated embodiment, block 260 involves the assump-
tion that there is no average external pressure above the
reference pressure associated with electrodes x,, v, (e.g. no
average pressure above atmospheric) in a region correspond-
ing to the current x-electrode x, and/or in a region of the
current y-electrode y,. If the block 257 measured voltage
differences (v,,-v,,) and/or (v,-v,,) are greater than the
threshold (block 258 YES result), then method 250 proceeds
to block 262 for that electrode. Block 262 involves deter-
mining the average pressure in the region between the
current x-electrode x, and the reference x-electrode X,

(which may be referred to herein as P,,, ) and/or deter-
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mining the average pressure in the region between the
current y-electrode y, and the reference y-electrode y,
(which may be referred to herein as P, ). As discussed
elsewhere herein, the inventors have determined that the
voltage between an x-electrode x, or a y-electrode vy, is
related to the total force applied in a vicinity of the x-elec-
trode x, or the y-electrode y,—see above discussion of FIG.
2A. The total force divided by the total cross-sectional area
vields the average pressure P, ., P, .. Using this rela-
tionship, the average pressures in a vicinity of the current
x-electrode x, or a y-electrode y, may be determined from the
voltage differences (v,,-v,,) and (v,-v,)). The relation-
ships, between the block 257 measured voltage differences
(Vy=Vy) and (v,~v ) and the applied force (and/or the
average applied pressures P, ., and P, ) in the current
x-region (x,-X,) and the current y-region (y,-y,), may be
experimentally or empirically determined and then used in
block 262 to determine the average pressures P, ., and
P, The procedures of blocks 258, 260 and 262 are
shown in FIG. 2B as occurring for both the current x-elec-
trode x, and the current y-electrode y, at the same time.
However, in practice, these blocks may be performed sepa-
rately for the current x-electrode x, and the current y-elec-
trode y,. For example, the current x-electrode x; may end up
in block 260, whereas the y-electrode y, may end up in block
262.

Whether via block 260 or block 262, method 250 pro-
ceeds to block 264 which involves an inquiry as to whether
the current electrode index i is equal to the maximum
number m of electrodes 104. If the block 264 inquiry is
negative, the electrode index i is incremented in block 266
before looping back to block 257 with a new electrode
index. If the block 264 inquiry is positive, then method 250
proceeds to block 266 which involves initializing another
pair of loop indices p, q to be p=g=1 before proceeding to
block 268. Block 268 involves determining a pressure
estimate P, _ for a taxel (region) corresponding to the current
x index (x=p) and current y index (y=q) based at least in part
on the average row and column pressures determined in
blocks 260, 262. The details of one particular, non-limiting
implementation of block 268 are described in more detail
below. It will be appreciated, however, from the logic of
blocks 270, 272, 274, 276, that method 250 loops through
the regions (e.g. taxels) corresponding to each overlapping
pair of electrodes 104 and determines a pressure P,  for
p=1,2...mand g=1, 2 . .. m. When each such pressure
estimate P, _ is determined and a pressure map for sensing
surface 110 is obtained, method 250 concludes in block 278.
Block 278 may involve saving the pressure to a memory
accessible to controller 126 or otherwise further processing
the pressure map obtained by method 250. Like method 200
described above, method 250 may repeated with any suit-
able frequency for determining pressure maps of interest.

One particular, non-limiting implementation of block 268
is now explained in more detail. FIG. 2C illustrates a method
for implementing block 268 according to a particular
embodiment. After commencing in block 280, method 268
proceeds to block 282 which involves using the average
y-electrode pressures (P, .., for q=1,2. .. m) to scale (e.g.
contour) the average x-electrode pressures (P, ., for p=1,
2 ...m). FIG. 2D illustrates an example of this block 282
scaling/contouring process for a particular row x=2. As
discussed above, the average pressure in row x=2 (P, ,) is
determined in block 262 (or to be atmospheric in block 260).
In block 282, this average pressure in row x=2 is contoured
for each taxel (x=2, y=q for q=1, 2 . . . m) by scaling the
average pressure in row x=2 (P, ») by a scaling factor
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which depends on the average pressure in a corresponding
column y=q (P, ) for =1, 2 . . . m. In some embodi-
ments, this scaling factor is a ratio of the average pressure
in a corresponding column y=q (P,,, ) forg=1,2 ... m
over sum of the average pressures over all columns (Z,_,"

P, ¢ yo)—i-€. the scaling factor for column y=q is given by

Panqu

m
2 Pavgyg
g=1

In block 282, this procedure is implemented for each row
x=p for p=1, 2 . . . m. Method 268 then proceeds to block
284 which involves using the average x-electrode pressures
(Pargp Torp=1,2 ... m) to scale (e.g. contour) the average
y-electrode pressures (P, .. for g=1, 2. .. m). This block
284 may be similar to the block 282 procedure, except the
rows are used to scale the column values in block 284
(whereas the column values were used to scale the row
values in block 282).

The output of blocks 282 and 284 is shown in FIG. 2E. In
particular, blocks 282 and 284 result in two pressure values
for each taxel corresponding to x=p,y=q: one value that
results from the block 282 scaling of each row by each
column (shown in the right hand side of FIG. 2E); and one
value that results from the block 284 scaling of each column
by each row (shown in the left hand side of FIG. 2E).
Method 268 may then proceed to block 286 which involves
estimating the pressure for a particular taxel corresponding
to x=p,y=q to be the average of the value determined in
block 282 and the value determined in block 284—i.e. the
average of the two maps shown in FIG. 2E.

Method 248 (and block 248) may be summarized by the
equation:

)]

P

Pave.s Povep
avg,p

+P,
p B 3 Pavg, y] g’”(Z Pavg, x
final(x=p,y=q) = 5

where: Py 1 p,—p 15 the final output of block 248 (and
method 250) for the taxel (x=p,y=q); P, ., and P, . have
the meanings discussed above; and the sums are taken over
all rows and columns. In some embodiments, the pressures
P, for particular taxels (regions) determined according to
the FIG. 2C embodiment may be further processed (e.g.
scaled, offset and/or otherwise calibrated) to obtain modified
pressures P, , for particular taxels which more closely rep-
resent actual pressure values. Such further processing tech-
niques can be determined experimentally.

The above-described implementation of block 268 is not
necessary. In other embodiments, other techniques may be
used to estimate the local pressures P, , for taxels (regions)
corresponding to the current x index (x=p) and current y
index (y=q) based at least in part on the average row and
column pressures (e.g. those average pressure determined in
blocks 260, 262).

FIG. 3A depicts a sensor array 300 for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. By way of non-limiting example,
sensing surface 110 may comprise or be provided on or
adjacent to the surface of a bed sheet or mattress on which
a person may be located (e.g. the surface of a hospital bed).
The FIG. 3A sensor array 300 comprises an array of capaci-
tive sensing elements comprising ionically conductive mate-
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rial. In the illustrated FIG. 3A embodiment, sensing surface
110 being mapped is shown as being generally planar for
ease of explanation, but this is not necessary and sensing
surface 110 may generally have any shape to suit a corre-
sponding application. In the FIG. 3A embodiment, sensor
array 300 is distributed over a working region 306 that is
adjacent to (e.g. in force-transmitting contact with) sensing
surface 110. Because sensor array 300 has some depth
(shown as being in the z direction in the illustrated view of
FIG. 3A), sensor array 300 is not technically distributed over
a surface. However, in this description and any accompa-
nying claims and/or aspects, references to sensors arrays
and/or elements of sensor arrays being distributed over, on,
relative to or otherwise in relation to the surface to be
mapped should be understood to refer to a working region
adjacent to (e.g. in force-transmitting contact with) the
surface (e.g. working region 306 adjacent to sensing surface
110), unless the context clearly dictates otherwise.

Sensor array 300 comprises a first plurality of ionically
conductive electrodes 304A and a second plurality of ioni-
cally conductive electrodes 304B (collectively, electrodes
304) which are distributed over working region 306. Elec-
trodes 304 may be fabricated from suitable ionically con-
ductive materials, such as, by way of non-limiting example,
any suitable ionically conductive materials disclosed herein,
in the *265 application or in the 238 application. Electrodes
304A of the FIG. 3A embodiment have an elongated shape
which extends in an x-direction. Because of this elongated
shape, electrodes 304A may be referred to herein as x-elec-
trodes. Similarly, electrodes 304B of the FIG. 3A embodi-
ment are elongated in a y-direction and may be referred to
herein as y-electrodes. To help with the explanation, x-elec-
trodes 304A are also labelled x1, x2, x3 . . . x, and
y-electrodes 304B are also labelled and referred to herein as
yl,2,¥3...y,, where n and m are any suitable positive
integers, it being appreciated that the number of n of
x-electrodes 304A and the number m of y-electrodes 304B
may vary for particular sensing surfaces 110 and/or particu-
lar applications.

In the particular case of the FIG. 3A illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 3A. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 3A illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 3A may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 3A. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

Sensor array 300 of the FIG. 3A embodiment comprises
a contiguous dielectric layer 302 which is interposed
between the array of ionically conductive x-electrodes 304A
and the array of ionically conductive y-electrodes 304B.
Dielectric layer 302 may be fabricated from suitable mate-
rials, such as, by way of non-limiting example, any suitable
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deformable dielectric materials disclosed herein, in the 265
application or in the "238 application. Each of x-electrodes
304A overlaps a corresponding region of dielectric layer 302
and each of y-electrodes 304B in the z-direction. The region
in which particular pair of electrodes 304A and 304B
overlap one another in the z-direction may be referred to
herein as an overlap region 308 and the corresponding
region of dielectric layer 302 which overlaps with the pair of
electrodes 304 A and 304B in the z-direction may be referred
to herein as the corresponding overlap region of dielectric
layer 302. For ease of reference, the overlap region 308
between a particular pair of electrodes 304A and 304B may
be referred to herein by the indices of the electrodes. For
example, the overlap region between the x2 and y3 elec-
trodes may be referred to as overlap region x2, y3.

FIG. 3B depicts a sensor array 300" for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. Sensor array 300" is similar to sensor
array 300 in many respects and similar reference numerals
are used to describe features of sensor array 300" which are
similar to those of sensor array 300. Like sensor array 300,
the FIG. 3B sensor array 300' comprises an array of capaci-
tive sensing elements comprising ionically conductive mate-
rial. Sensor array 300" of FIG. 3B differs from sensor array
300 of FIG. 3A primarily in that the dielectric layer of sensor
array 300" is spatially divided into a plurality of spaced apart
dielectric layer elements 302'. Each dielectric layer element
302" is located in a vicinity of a corresponding overlap
region and is interposed between a corresponding ionically
conductive x-electrode 304A and a corresponding ionically
conductive y-electrode 304B, such that an x-electrode 304A,
a y-electrode 304B and a dielectric layer element 302'
overlap each other in the z-direction in each overlap region.
In other respects, sensor array 300" is similar to sensor array
300 and, unless the context dictates otherwise, the portion of
this description applicable to sensor array 300 should be
considered to be applicable to sensor array 300",

As discussed above in connection with FIG. 1E, a capaci-
tive pressure sensing element may be implemented by a
capacitor comprising a pair of ionically conductive elec-
trodes, wherein there is an estimatable relationship between
the capacitance of the capacitive sensing element and the
deformation of the capacitor (e.g. deformation of the ioni-
cally conductive polymer layers and/or the deformable
dielectric) and a corresponding relationship between the
capacitance of the capacitive sensing element and the pres-
sure in a vicinity of the capacitive sensing element. Without
wishing to be bound by theory, a derivation is presented to
demonstrate that, under certain assumptions, the capacitance
between an x-electrode x, and a y-electrode y, of sensor array
300 is a function of (e.g. inversely correlated with) the
pressure in a vicinity of the overlap region between x-elec-
trode x, and y-electrode y; (i.e. overlap region (x,y;)). Con-
sider an overlap region (x,.y,) having a dielectric region with
a nominal thickness t, (in the z-direction) and a cross-
sectional area A (in the x and y directions). The pressure P
on the overlap region is given by P=F/A where F is the
external force. The Young’s modulus Y associated with a
change in thickness At of the dielectric region is given by:
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The capacitance of a capacitor generally is given by:

1D

where € is the dielectric constant of the dielectric material
and t is the time varying thickness of the dielectric layer.
Recognizing that t=t_-At, equations (10) and (11) may be
combined to obtain:

A

g

C= 12

1:10 -

Equation (12) demonstrates that in this example, the capaci-
tance is inversely correlated with the pressure applied in a
vicinity of the overlap region (x,,y;) by a first order linear
equation. In general, however, the relationship between the
capacitance and pressure in an overlap region is not limited
to this exemplary derivation and this relationship may be
determined (e.g. experimentally) for any particular applica-
tions.

FIG. 3C shows an example electrical circuit 340 which
may be used to detect a voltage V_, that is representative of
a capacitance between an ovetlapping pair of electrodes
(X,y;) in array 300 (FIG. 3A) or array 300" (FIG. 3B). Like
circuit 140 described above, circuit 340 is a type of charge
amplification circuit comprising an operational amplifier
342. Circuit 340 is driven by AC power supply 348 which
drive a signal onto the electrodes of sensor array 300, 300",
Resistor R2 may be selected to be suitably large, such that
the current through feedback loop (comprising capacitor C2
and resistor R2) is principally attributed to a ratio between
C2 and the impedance between the positive and negative
input leads to amplifier 342. Consequently, the voltage
output signal V_ _ is proportional to this current multiplied
by output resistor R,,,. The output voltage V_,, from circuit
340 may be provided to controller 126. It will be appreciated
by those skilled in the art that circuit 340 may comprise a
variety of signal conditioning elements and/or circuitry (not
shown) between output voltage V_,,, and controller 126. By
way of non-limiting example, such signal conditioning
circuitry may comprise buffers, amplifiers, filtering ele-
ments, inverters, analog to digital converters and/or the like.
Controller 126 may incorporate or otherwise have access to
memory in which the output values of V_,, may be stored.
For the current amplifier circuit 340 of FIG. 3C, it may be
shown that the Laplace domain transfer function may be
given by:

out

Vou(s) sk G,
Vin(s) 1 +5R,Cy

H(s) = 13

where C,, is the capacitance between a pair of electrodes in
sensor array 300 which may be connected to AC signal
source 348 by MUX 344B and V,, is the voltage from AC
signal source 348. Knowing this transfer function and the
characteristics of the signal V,, provided by AC signal
source 348, it will be appreciated that it is possible to
determine C,, (i.e. the capacitance between a pair of elec-
trodes in sensor array 300, 300") by measuring V.

out*
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In some embodiments, AC signal source 348 and node V1
may be connected to any pair of electrodes 304 in sensor
array 300, 300". In some embodiments one of AC signal
source 348 and node V1 shown in the FIG. 3C circuit 340
may be connected to an x-electrode x, and the other one of
AC signal source 348 and node V1 may be connected to a
y-electrode y,. Such connections may be effected by one or
more suitable time division multiplexing (TDM) switching
multiplexers (MUX) 344A, 344B which may be controlled
by a suitable controller 126. In the illustrated embodiment,
MUX 344A makes connections between sensor array 300,
300" (e.g. any electrode 304 of sensor array 300, 300') and
node V1 and MUX 344B makes connections between sensor
array 300, 300" (e.g. any electrode 304 of sensor array 300,
300" and AC signal source 348. The operation of MUXs
344A, 344B will be understood to those skilled in the art.
Electrical circuit 340 is merely one example of a charge
amplification circuit suitable for determining a current flow
between a pair of electrodes 304 in sensor array 300, 300’
(and an output voltage V_,, corresponding to this current
flow). In some embodiments, other charge amplifying cir-
cuits may be used to detect current flow between a pair of
electrodes 304 in sensor array 300, 300" (and an output
voltage V_,,, corresponding to this current flow).

FIG. 3D is a schematic illustration of a method 200" for
reading out the electrical characteristics from pairs of indi-
vidual electrodes 304 in sensor array 300 of FIG. 3A (and/or
sensor array 300" of FIG. 3B) to obtain a pressure map over
sensing surface 110 according to a particular embodiment.
Method 200" may be implemented (or at least controlled) by
controller 126 (see FIG. 3C). Method 200' is similar in many
respects to method 200 (FIG. 2A) described above and
similar reference numerals are used to describe similar
operational blocks). Method 200" differs from method 200
primarily in that method 200" involves determining capaci-
tances in block 206' (rather than voltages in block 206)
between pairs of electrodes 304 that overlap one another in
the z-direction. This detection of capacitances performed in
block 206' of method 200" may be determined in accordance
with the equation (13) of charge amplifying circuit 340 or
the transfer function of any other suitable sensing circuit
which may be used in addition to or in the alternative to
circuit 340. More particularly, in block 206' of the FIG. 3D
embodiment, a capacitance and corresponding pressure are
obtained for each overlap region (x,,y,) corresponding to the
overlap region between an x-electrode x, and a y-electrode

V.

’ Method 200" of FIG. 3D also differs from method 200 in
the block 208' thresholding process. Although the purpose of
this thresholding step is similar in both method 200 and
method 200", in method 200" this thresholding process
involves comparing the block 206' capacitance to a suitable
capacitance threshold. Further, the capacitance actually
decreases with increased pressure. Consequently, the block
206' inquiry involves determining whether the block 206'
capacitance is less than a suitable threshold. If the block 206'
capacitance is above this threshold (block 208' NO output),
then method 200" proceeds to block 210", where the pressure
is determined to be a reference pressure (e.g. atmospheric).
If the block 206' capacitance is below this threshold (block
208' YES output), then method 200" proceeds to block 212",
Block 212' of method 200" also differs from block 212 of
method 200 in the sense that block 212' involves using the
block 206' capacitance (rather than the block 206 voltage)
between x-electrode x; and y-electrode y; to determine the
pressure at overlap region (x,,y,) and there is no additive or
integrative use of previous iterations. It will be appreciated



US 10,401,241 B2

41

from the discussion above that when a pressure is applied to
surface 110 in a vicinity of ovetlap region (x,y), the
deformations of the capacitive sensor element changes its
capacitance and that this change in capacitance is correlated
in an at least approximately predictable way with the change
in pressure. In some embodiments, bock 212' may use the
equation (12) relationship to determine the pressure from the
block 206' capacitance. In some embodiments, block 212'
may involve using a different relationship (e.g. an experi-
mentally or empirically determined relationship) between
measured capacitance and estimated pressure for a particular
overlap region (x,,y,). Method 200" also differs from method
200 in that the pressure map is determined directly from the
various iterations of block 210" and 212—i.e. there is no
need in method 200" for converting radii of curvature to
pressure and so there is no equivalent to block 219 in method
200'.

It will be appreciated from the logic of method 200" that
method 200" involves looping through the x-electrodes x;,
X5, X3 . . . X, fora given y-electrode y; and then incrementing
the y-electrode and repeating the x-electrode loop, until all
of the overlap regions (x;,y;) have been assigned an esti-
mated pressure and a pressure map for surface 110 is
obtained. Block 219 or block 222 may involve saving the
pressure map to a memory accessible to controller 126 or
otherwise further processing the pressure map obtained by
method 200'. Like method 200 described above, method
200" may repeated with any suitable frequency for deter-
mining pressure maps of interest.

In other respects, method 200" of FIG. 3D may be similar
to method 200 of FIG. 2A and method 200" may incorporate
any features of and modifications to method 200 which are
described herein.

FIG. 4A depicts a sensor array 400 for sensing the
pressure over a surface 110 according to another particular
embodiment. By way of non-limiting example, sensing
surface 110 may comprise or be provided on or adjacent to
the surface of a bed sheet or mattress on which a person may
be located (e.g. the surface of a hospital bed). The FIG. 4A
sensor array 400 comprises an array of piezoresistive sens-
ing elements comprising piezoresistive ionically conductive
material. In the illustrated FIG. 4A embodiment, sensing
surface 110 being mapped is shown as being generally
planar for ease of explanation, but this is not necessary and
sensing surface 110 may generally have any shape to suit a
corresponding application. In the FIG. 4A embodiment,
sensor array 400 is distributed over a working region 406
that is adjacent to (e.g. in force transmitting contact with)
sensing surface 110. Because sensor array 400 has some
depth (shown as being in the z direction in the illustrated
view of FIG. 4A), sensor array 400 is not technically
distributed over a surface. However, in this description and
any accompanying claims and/or aspects, references to
sensors arrays and/or elements of sensor arrays being dis-
tributed over, on, relative to or otherwise in relation to the
surface to be mapped should be understood to refer to a
working region adjacent to (e.g. in force transmitting contact
with) the surface (e.g. working region 406 adjacent to
sensing surface 110), unless the context clearly dictates
otherwise.

Sensor array 400 comprises a first plurality of ionically
conductive elements 404A and a second plurality of ioni-
cally conductive elements 404B (collectively, ionically con-
ductive elements 404) which are distributed over working
region 406 and which are connected for use in a piezore-
sistive sensing mode. lonically conductive elements 404
may be fabricated from suitable ionically conductive mate-
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rials, such as, by way of non-limiting example, any suitable
materials disclosed herein, in the 265 application or in the
*238 application. Tonically conductive elements 404B of the
FIG. 4A embodiment have an elongated shape which
extends in a y-direction. Because of this elongated shape,
ionically conductive elements 404B may be referred to
herein as y-elements. Similarly, ionically conductive ele-
ments 404A of the FIG. 4A embodiment are elongated in a
x-direction and may be referred to herein as x-elements. To
help with the explanation, x-elements 404A are also labelled
x1,x2,x3 . .. x, and y-elements 404B are also labelled and
referred to herein as y1, 2, y3 . . . y,,, where n and m are any
suitable positive integers, it being appreciated that the num-
ber of n of x-elements 404 A and the number m of y-elements
404B may vary for particular surfaces 110 and/or particular
applications. The ends of ionically conductive x-elements
404A may be provided with electrically conductive elec-
trodes 412A and the ends of ionically conductive y-elements
404B may be provided with electrically conductive elec-
trodes 412B. Electrodes 412A, 412B (collectively, elec-
trodes 412) may be fabricated from suitable metals, alloys of
metals and/or the like. Electrodes 412A are located at
opposing (in the x-direction) edges of ionically conductive
x-elements 404A and may be referred to herein as x-elec-
trodes 412A and electrodes 412B are located at opposing (in
the y-direction) edges of ionically conductive y-elements
404B and may be referred to herein as y-electrodes 412B. To
help with the explanation, opposed x-electrodes 412A are
also labelled X, 4, X1z} Xa4s Xog Xag: Xap - - - X, X,z and
opposed y-electrodes 412B are also labelled and referred to
herein as 1, Y15 Yo Ya5) Yaur Yag - - - Yomas Yz Where n
and m are any suitable positive integers, it being appreciated
that the number of n of x-electrodes 412A and the number
m of y-electrodes 412B may vary for particular surfaces 110
and/or particular applications.

In the particular case of the FIG. 4A illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 4A. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 4A illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 4A may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 4A. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

Sensor array 400 comprises an insulating layer 402 which
is interposed between the array of ionically conductive
x-elements 404A and the array of ionically conductive
y-elements 404B. Insulating layer 402 may be fabricated
from suitable materials, such as, by way of non-limiting
example, any suitable dielectric materials described herein,
in the *265 application or in the *238 application. A piezore-
sistive pressure sensing element may be implemented by the
ionically conductive elements 404, wherein there is an
estimatable relationship between the pressure experienced



US 10,401,241 B2

43

by the piezoresistive pressure sensing element 404 and the
resistance of the piezoresistive pressure sensing element
404. Without wishing to be bound by theory, a derivation is
presented to demonstrate that, under certain assumptions,
there is a relationship between the resistance of ionically
conductive elements and the pressure exerted in a region of
such ionically conductive elements. If we assume an ioni-
cally conductive x-element 404 A, a change in resistance AR
relative to a nominal resistance R, may be assumed to be
given by:

AR Ax AA (14)

R A

Ex—(g,+E +€, &)
xO

where A is the area (having dimensions y,z) that is cross-
sectional to the x-extension of x-clement 404A, Ax is a
change in the x dimension, X, is a nominal x dimension, AA
is a change in the x dimension, A, is a nominal cross-
sectional area and

is a strain for any dimension a. For a pressure P_ in the
z-direction:

P, (15

If we assume that the Poisson’s ration u=0.5, then
€,~€,=0.5 €,. Using this assumption, we may combine
equations (14) and (15) to obtain a relationship between the
equation (14) change in resistance AR/R,, and the equation
(15) pressure P,. This derivation demonstrates that under
these example conditions and assumptions, there is a rela-
tionship between the resistance of ionically conductive
elements 404 and the pressure exerted in a region of such
ionically conductive elements 404. In general, however, this
relationship between the resistance of ionically conductive
elements 404 and the pressure exerted in a region of such
ionically conductive elements 404 is not limited to this
exemplary derivation and this relationship may be deter-
mined (e.g. experimentally) for any particular applications.

FIG. 4B depicts a sensor array 440 for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. By way of non-limiting example,
sensing surface 110 may comprise or be provided on or
adjacent to the surface of a bed sheet or mattress on which
a person may be located (e.g. the surface of a hospital bed).
Like FIG. 4A sensor array 400 described above, the FIG. 4B
sensor array 440 operates using a piezoresistive principle
using piezoresistive ionically conductive material. In the
illustrated FIG. 4B embodiment, sensing surface 110 being
mapped is shown as being generally planar for ease of
explanation, but this is not necessary and sensing surface
110 may generally have any shape to suit a corresponding
application. In the FIG. 4B embodiment, sensor array 440 is
distributed over a working region 446 that is adjacent to (e.g.
in force transmitting contact with) sensing surface 110.
Because sensor array 440 has some depth (shown as being
in the z direction in the illustrated view of F1G. 4B), sensor
array 440 is not technically distributed over a surface.
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However, in this description and any accompanying claims
and/or aspects, references to sensors arrays and/or elements
of sensor arrays being distributed over, on, relative to or
otherwise in relation to the surface to be mapped should be
understood to refer to a working region adjacent to (e.g. in
force transmitting contact with) the surface (e.g. working
region 446 adjacent to sensing surface 110), unless the
context clearly dictates otherwise.

Sensor array 440 comprises a piezoresistive ionically
conductive layer 444 which spans at least a majority of
working region 446. Piezoresistive ionically conductive
layer 444 may be fabricated from suitable ionically conduc-
tive materials, such as, by way of non-limiting example, any
suitable materials disclosed herein, in the *265 application or
in the '238 application. Sensor array 440 comprises a
number of electrodes 442A, 442B (collectively electrodes
442) distributed about the edges of piezoresistive ionically
conductive layer 444. Electrodes 442 are electrically con-
ducting and may be fabricated from suitable metals, metal
alloys or the like. Electrodes 442A are located at opposing
(in the x-direction) edges of ionically piezoresistive conduc-
tive layer 444 and may be referred to herein as x-electrodes
442A and electrodes 442B are located at opposing (in the
y-direction) edges of piezoresistive ionically conductive
layer 444 and may be referred to herein as y-electrodes
442B. To help with the explanation, opposed x-electrodes
442A are also labelled X, 4, X 55 Xs4s Xogs KXo X35 - + - Xas
X,z and opposed y-electrodes 442B are also labelled and
referred tohereinas y, 4, ¥y, Vo0 Y25, Yaus Y35+ - - Yoo Ymsrs
where n and m are any suitable positive integers, it being
appreciated that the number of n of x-electrodes 442A and
the number m of y-electrodes 442B may vary for particular
sensing surfaces 110 and/or particular applications.

In the particular case of the FIG. 4B illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 4B. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 4B illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 4B may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 4B. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

A piezoresistive pressure sensing array may be imple-
mented by piezoresistive ionically conductive layer 444. For
example, a resistance may be measured between opposing
x-electrodes 442A of sensor array 440 (e.g. between elec-
trodes X,,, X,z OF X5, X;5z) and may be responsive to
pressure exerted on sensing surface 110 and corresponding
deformation of piezoresistive ionically conductive layer 444
in a region between the opposing x-electrodes 442A that is
analogous to the resistive change of an ionically conductive
x-element 404A of the FIG. 4A sensor array 400. Similarly,
a resistance may be measured between opposing y-elec-
trodes 442B of sensor array 440 (e.g. between electrodes
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Vi Yiss OF Vau Vsp) and may be responsive to pressure
exerted on sensing surface 110 and corresponding deforma-
tion of piezoresistive ionically conductive layer 444 in a
region between the opposing y-electrodes 442B that is
analogous to the resistive change of an ionically conductive
y-element 404B of the FIG. 4A sensor array 400. Measuring
resistance between pairs of electrodes 442 in the FIG. 4B
embodiment is not limited to opposing x-electrodes 442A or
opposing y-electrodes 442B. In some embodiments, a resis-
tance may be measured between any pair of electrodes 442
in sensor array 440 (e.g. a pair of electrodes 442 comprising
any pair of x-electrodes 442A and y-electrodes 442B) to
detect pressure exerted on sensing surface 110 and corre-
sponding deformation of piezoresistive ionically conductive
layer 444 in a region between the pair of electrodes 442.
FIG. 4C shows an example electrical circuit 460 which
may be used to detect the resistance between a pair of
opposed x-electrodes X, ,, Xiz Xss Xop, Xsy X35 - - -
X,,.1» X,z and/or opposed y-electrodes ¥, 1, Y1 51 Y20 Va5 Va0
Vg - - - Yous Yz from either of sensor arrays 400, 440 of
FIGS. 4A and 4B (e.g. for any pair of electrodes 412 of
sensor array 400 of FIG. 4A or any pair of electrodes 442 of
sensor array 440 of FIG. 4B) according to a particular
embodiment. Circuit 460 is a voltage amplification circuit
comprising an operational amplifier 462 and a voltage
source 464 (which is shown as being an AC source 464, but
which is not limited to being an AC source). The voltage
V.. 1s proportional the ratio of resistors R2 and R1 multi-
plied by the voltage difference (V2-V1) between the input
connections to the sensor array (e.g. sensor array 100}—i.e.

R
(e.g. sensor array 100) - f.e. Vo R—T(VZ -V

Where V2 is tied to ground, as is the case with the illustrated
embodiment, V,_

The output voltage V_,,, from circuit 460 may be provided to
controller 126. It will be appreciated by those skilled in the
art that circuit 460 may comprise a variety of signal condi-
tioning elements and/or circuitry (not shown) between out-
put voltage V_,, and controller 126. By way of non-limiting
example, such signal conditioning circuitry may comprise
buffers, amplifiers, filtering elements, inverters, analog to
digital converters and/or the like. Controller 126 may incor-
porate or otherwise have access to memory in which the
output values of V_,, may be stored. As shown in FIG. 4C,
the “B” electrodes of the sensor array (e.g. x-electrodes x, z,
Xop Xap - -+ X5 and y-electrodes ¥, 5, Yoz, Yap - - + » Yoz OF
array 400 or array 440) may be tied to ground and the “A”
electrodes of the sensor array (e.g. x-electrodes x,,
Xo4y X3y - - - X,z and y-electrodes v, 4, Yo, Yau - - - 5 Yo OF
array 400 or array 440) may be switched by MUX 466
(under the control of controller 126) to connect to node V1.
In this manner, the voltage from source 464 at node V1 is a
voltage divider between R, -and R, where R, is the
resistance between a particular pair of opposing electrodes
(e.g. opposed x-electrodes X, , X,z Xop Xop Xsu
Xsp - - - X,4s X, OF Opposed y-electrades ¥, 4, V155 Yous Yoz
Vi Vag - « - Yoas Ymz)- Accordingly, since the relationship
between R, and V1 is known and the relationship between
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V1andV,,, is known, R, can be determined by controller
126 based on the voltage V.. It will be appreciated that
electrical circuit 460 is merely one example of a voltage
amplification circuit suitable for determining a resistance
between a pair of opposed x-electrodes X, , X;z; X5 Xoz;
X34 X3p - - - X, 4, X, a0d/or opposed y-electrodes v, 4, V5
Vo Yoz Vaus Yoz - - - Youur Vs from either of sensor arrays
400, 440. In some embodiments, other voltage amplifying
circuits may be used to detect these parameters. As discussed
above, the pairs of electrodes 442 for which the resistance is
measured in sensor array 440 (FIG. 4B) is not limited to
opposing pairs of electrodes 442.

FIG. 4D shows an example another electrical circuit 480
which may be used to detect the resistance between a pair of
opposed x-electrodes X, , X,z Xo45 Xogs Xas Xaz - - - Xas
X,z B and/or opposed y-electrodes y, 4, ¥,z Yo Yaz) Vi
Vg - - - Yous Yp from either of sensor arrays 400, 440 of
FIGS. 4A and 4B (e.g. for any pair of electrodes 412 of
sensor array 400 of FIG. 4A or any pair of electrodes 442 of
sensor array 440 of FIG. 4B) according to a particular
embodiment. Circuit 480 is a wheatstone bridge amplifica-
tion circuit comprising a differential amplifier (also known
as an instrumentation amplifier) 482 and a voltage source
484 (which is shown as being an AC source 484, but which
is not limited to being an AC source). The voltage V, , is
proportional the difference between the voltages at nodes V1
and V2 (e.g. V,,x(V,=V,)). The output voltage V_,, from
circuit 480 may be provided to controller 126. It will be
appreciated by those skilled in the art that circuit 480 may
comprise a variety of signal conditioning elements and/or
circuitry (not shown) between output voltage V_,, and con-
troller 126. By way of non-limiting example, such signal
conditioning circuitry may comprise buffers, amplifiers,
filtering elements, inverters, analog to digital converters
and/or the like. Controller 126 may incorporate or otherwise
have access to memory in which the output values of V_,,
may be stored. As shown in FIG. 4D, the “B” electrodes of
the sensor array (e.g. x-electrodes Xz, X5z, X35 - - - X,z and
y-electrodes ¥, z, Yoz Yaz - - - » Ymp OF array 400 or array 440)
may be tied to ground and the “A” electrodes of the sensor
array (e.g. x-electrodes X 4, X5 4, X34 - - . X,,, and y-electrodes
Vg Your You - - -5 ¥,y Of array 400 or array 440) may be
switched by MUX 486 (under the control of controller 126)
to connect to node V1. In this manner, the voltage from
voltage source 484 at node V1 is a voltage divider between
R,., and R, where R, is the resistance between a
particular pair of opposing electrodes (e.g. opposed x-elec-
trodes X, 4, X1z} Xau: Xogi Xa40 Xap - « - X140 X, OF Opposed

y-electrodes ¥, 4, Y155 Your Yous Yaus Y3z « +  Yomds Yms)

Similarly, the voltage from voltage source 484 at node V2 is
a Voltage (.1ivider betweer} R, and R,eﬂcg,), where R, qcp)
is an ionically conductive polymer resistance reference
which may be continually subjected only to atmospheric
pressure. R _..» may be implemented as part of sensor
array 400 or 440, but may be located in a location where 1t
will not experience pressure (other than atmospheric) in use.
Other than being subjected only to atmospheric pressure,
R, 1cpy may have characteristics similar to the resistive
elements between any opposed pair of electrodes in sensor
arrays 440, 440 (e.g. opposed x-electrodes X ,, X, 55 X545 X275
Xy Xsp - - - X, 45 X, 5 OF Opposed y-electrodes y, 4, V55 Voo
Yoz Yaus Yag - - - Vs Ymp)- Since the relationship between
R,,,, and V1 is known and the relationship between R, -,
and V2 is known, any difference between R, and R, 0
resulting from pressure applied to the resistive element
between the electrodes corresponding to R, will result in

sens?

a corresponding difference between V1 and V2 and a
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corresponding difference at V.. cons (OF the
difference between R q.p and R, ) can be determined
from V. It will be appreciated that electrical circuit 480 is
merely one example of a bridge circuit suitable for deter-
mining a resistance between a pair of opposed x-electrodes
Xyp X155 Xogs Xogs Xags Xap - - - Xy, X5 and/or opposed
y-electrodes ¥, ¥15: Vau Yozi Vo Yaz - - - Ymar Yo fTOM
either of sensor arrays 400, 440. In some embodiments,
other bridge circuits may be used to detect these parameters.
As discussed above, the pairs of electrodes 442 for which the
resistance is measured in sensor array 440 (FIG. 4B) is not
limited to opposing pairs of electrodes 442.

FIG. 4E is a schematic illustration of a method 500 for
using the resistive elements of either sensor array 400 or
sensor array 440 and reading out the resistances of indi-
vidual resistive elements using the voltage amplification
circuit 460 of F1G. 4C to obtain a pressure map over sensing
surface 110 according to another particular embodiment.
Method 500 may be implemented (or at least controlled) by
controller 126 (see FIG. 4C). As will be described in more
detail below, method 500 involves: detecting resistances
between pairs of electrodes 412, 442 in sensor arrays 400,
440 (e.g. opposed x-electrodes X, ,, X,z Xsys Xops Xay,
X5 - - - X,.45 X, 5 OF Opposed y-electrodes v, 4, V 5} Vaus Yag
Viu Vag - - - Youus Yup) and then using those resistances to
determine a pressure estimate for corresponding regions or
taxels (x,y,). Method 500 is similar in many respects to
method 250 (FIG. 2B) described above and similar reference
numerals are used to describe similar functional blocks or
steps.

After commencing in block 252, method 500 of FIG. 4E
proceeds to block 254" which differs from block 254 in that
block 254" involves initializing the loop index 1to i=1. In the
FIG. 4E embodiment, it is assumed (for ease of explanation
and without loss of generality) that the number opposed
x-electrodes and opposed y-electrodes is the same and is
equal to m (e.g. opposed x-electrodes X, 4, X1 55 X545 X055 X345
X535 - - - X0 X5 and opposed y-electrodes ¥, 4, V155 Vaur Yoi
Ys.ur Yz - - - Youss Ymz)- 10 the first portion of method 500, the
index i may be used to index both the opposed pairs of x and
y electrodes. Method 500 then proceeds to block 257 which
differs from block 257 in that block 257" involves determin-
ing the resistances (R, 5 from the pair of opposed x-elec-
trodes and R, , ., from the i pair of opposed y-electrodes)
rather than voltage differences. Block 257" may be effected
(using voltage amplification circuit 460 of FIG. 4C or some
other suitable voltage amplification circuit) by causing
MUX 466 to effect connections to particular “A” x-elec-
trodes and “A” y-electrodes (e.g. x-electrodes x,,
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array 400 or array 440).

Method 500 then proceeds to block 258' which involves
a thresholding inquiry similar to block 258 described above,
except that the block 258' thresholding inquiry may be
conducted in the resistance domain. The purpose and effect
of the block 258' thresholding process may be similar to the
purpose and effect of the above-discussed block 258 thresh-
olding process. If either of the x or y resistances determined
in block 257" is less than some suitable cut-off resistance
threshold, which may be configurable and/or calibratable for
particular embodiments and/or applications (block 258' NO
output), then method 500 proceeds to block 260'. Block 260’
is analogous to block 260 described above and involves the
assumption that there is no average external pressure above
a pressure reference (e.g. above atmospheric pressure) in the
region between the current opposed x-electrodes X, Xz
and/or in the region between the current opposed y-elec-

55

60

65

48

trodes y, ..y, If either of the x or y resistances determined
in block 257" is greater than the resistance threshold (block
258'YES output), then method 500 proceeds to block 262'
which involves determining the average pressure in the
region between the current opposed x-electrodes x,,.X,;
and/or in the region between the current opposed y-elec-
trodes y,,.y,; (which may be referred to herein as P,
and/or P, ). The relationship between the resistance in the
region between the current opposed x-electrodes X, X,
and/or in the region between the current opposed y-elec-
trodes y,,,y;» and the corresponding pressures (P, ., and
P .0,:) may be determined and or calibrated experimentally
for given geometries and/or conditions (e.g. temperature).
The procedures of blocks 258', 260" and 262" are shown in
FIG. 4E as occurring for both the current opposed x-clec-
trodes x, ,,X,5 and the current opposed y-electrodes y, ,,y,5 at
the same time. However, in practice, these blocks may be
performed separately for the current opposed x-electrodes
X, 4,X,;z and the current opposed y-electrodes v, ,,y,5. For
example, the current opposed x-electrodes x, ,,X,; may end
up in block 260', whereas the opposed y-electrodes y, ..y,
may end up in block 262"

Whether via block 260" or block 262', method 500 pro-
ceeds to block 264. From block 264 through the remainder
of method 500, method 500 is analogous to method 250
described above, with the exception that the overlapping (in
the z-direction) electrodes 104 and interposed piezoionic
ionically conductive material 102 of sensor array 100 are
replaced with opposed pairs of x-electrodes x,,,X,; and/or
opposed pairs of y-electrodes vy, ,y,s and corresponding
regions of piezoresistive ionically conductive polymer 404,
444 arranged between the opposed electrodes in sensors
400, 440.

FIG. 4F is a schematic illustration of a method 510 for
using the resistive elements of either sensor array 400 or
sensor array 440 and reading out the resistances of indi-
vidual resistive elements using the bridge circuit 480 of FIG.
4D to obtain a pressure map over sensing surface 110
according to another particular embodiment. Method 510
may be implemented (or at least controlled) by controller
126 (see FIG. 4D). As will be described in more detail
below, method 510 involves: detecting resistances between
pairs of electrodes 412, 442 in sensor arrays 400, 440 (e.g.
opposed x-electrodes X, 4, X1 5! Xa.45 Xo 55 Xa4s X35 - - - X5 X5
or opposed y-electrodes ¥1.s, Y15 You: Y25 Yaur Y3z - - - Yo
v,z and then using those resistances to determine a pressure
estimate for cotresponding regions or taxels (x,,y;). Method
510 is similar in many respects to method 250 (FIG. 2B) and
method 500 described above and similar reference numerals
are used to describe similar functional blocks or steps.

After commencing in block 252, method 510 of FIG. 4F
proceeds to block 254" which differs from block 254 in that
block 254" involves initializing the loop index ito i=1. In the
FIG. 4F embodiment, it is assumed (for ease of explanation
and without loss of generality) that the number opposed
x-electrodes and opposed y-electrodes is the same and is
equal to m (e.g. opposed x-electrodes X, 4, X, 55 X045 Xop; X345
Xsp - - - X Xp a0d opposed y-electrodes ¥, 4, V155 Vaour Yoz
Yy Yz « - - Youas Yomz)- 10 the first portion of method 510, the
index i may be used to index both the opposed pairs of x and
y electrodes. Method 510 then proceeds to block 257" which
differs from block 257 in that block 257" involves deter-
mining the resistances (R, ;5 from the i” pair of opposed
x-electrodes and R, . from the i pair of opposed y-elec-
trodes) rather than voltage differences. These resistances
(R4 from the i pair of opposed x-electrodes and

R4,z from the i pair of opposed y-electrodes) are
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referred to as R, in the description of circuit 480 of FIG.
4D above. Block 257" may be effected (using bridge circuit
480 of FIG. 4D or some other suitable voltage amplification
circuit) by causing MUX 486 to effect connections to
particular “A” x-electrodes and “A” y-electrodes (e.g.
x-electrodes X, 4, X5 4, X34 - - - X, and y-electrodes y, 4, V,.,
Vag- .., Y,. of array 400 or array 440).

Method 510 then proceeds to block 258" which involves
a thresholding inquiry similar to block 258 described above,
except that the block 258" thresholding inquiry may be
conducted in the resistance domain. The purpose and effect
of the block 258" thresholding process may be similar to the
purpose and effect of the above-discussed block 258 thresh-
olding process. If either of the x or y resistances determined
in block 257" is less than some suitable cut-off resistance
threshold, which may be configurable and/or calibratable for
particular embodiments and/or applications (block 258" NO
output), then method 500 proceeds to block 260". Block
260" is analogous to block 260 described above and involves
the assumption that there is no average external pressure
above a pressure reference (e.g. above atmospheric pressure)
in the region between the current opposed x-electrodes
X, X,z and/or in the region between the current opposed
y-electrodes v,,,y,5 If either of the x or y resistances
determined in block 257" is greater than the resistance
threshold (block 258" YES output), then method 500 pro-
ceeds to block 262" which involves determining the average
pressure in the region between the current opposed x-elec-
trodes X,,.X;; and/or in the region between the current
opposed y-electrodes y,,.y,s (which may be referred to
hereinas P, ;and/or P, ). The relationship between the
resistance in the region between the current opposed x-elec-
trodes X ,.X,; and/or in the region between the current
opposed y-electrodes v, ,,y,5 and the corresponding pres-
sures (P, and P, ) may be determined and or cali-
brated experimentally for given geometries and/or condi-
tions (e.g. temperature). The procedures of blocks 258",
260" and 262" are shown in FIG. 4F as occurring for both
the current opposed x-electrodes x,,.X,; and the current
opposed y-electrodes y, ..y, at the same time. However, in
practice, these blocks may be performed separately for the
current opposed x-electrodes X, ,,X,; and the current opposed
y-electrodes y,,.y,z For example, the current opposed
x-electrodes X, X,z may end up in block 260", whereas the
opposed y-electrodes y, v, may end up in block 262".

Whether via block 260" or block 262", method 510
proceeds to block 264. From block 264 through the remain-
der of method 510, method 510 is analogous to method 250
described above, with the exception that: overlapping (in the
z-direction) electrodes 104 and interposed piezoionic ioni-
cally conductive material 102 are replaced with opposed
pairs of x-electrodes x,,,X,5 and/or opposed pairs of y-elec-
trodes y,,.y,5 and corresponding regions of piezoresistive
ionically conductive polymer 404, 444 arranged between the
opposed electrodes in sensors 400, 440.

FIG. 6A depicts a sensor array 600 for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. By way of non-limiting example,
sensing surface 110 may comprise or be provided on or
adjacent to the surface of a bed sheet or mattress on which
a person may be located (e.g. the surface of a hospital bed).
The FIG. 6A sensor array 600 comprises an array of resistive
sensing elements comprising ionically conductive material.
In the illustrated FIG. 6 A embodiment, sensing surface 110
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application. In the FIG. 6A embodiment, sensor array 600 is
distributed over a working region 606 that is adjacent to (e.g.
in force transmitting contact with) sensing surface 110.
Because sensor array 600 has some depth (shown as being
in the z direction in the illustrated view of FIG. 6A), sensor
array 600 is not technically distributed over a surface.
However, in this description and any accompanying claims
and/or aspects, references to sensors arrays and/or elements
of sensor arrays being distributed over, on, relative to or
otherwise in relation to the surface to be mapped should be
understood to refer to a working region adjacent to (e.g. in
force transmitting contact with) the surface (e.g. working
region 606 adjacent to sensing surface 110), unless the
context clearly dictates otherwise.

Sensor array 600 comprises a first plurality of electrically
conductive electrodes 604A and a second plurality of elec-
trically conductive electrodes 604B (collectively, electrodes
604) which are distributed over working region 606. Elec-
trodes 604 may be fabricated from suitable metals, metal
alloys or other electrically conductive materials. Electrodes
604 A of the FIG. 6 A embodiment have an elongated shape
which extends in an x-direction. Because of this elongated
shape, electrodes 604A may be referred to herein as x-elec-
trodes. Similarly, electrodes 604B of the FIG. 6A embodi-
ment are elongated in a y-direction and may be referred to
herein as y-electrodes. To help with the explanation, x-elec-
trodes 604A are also labelled x1, x2, x3 . . . x, and
y-electrodes 604B are also labelled and referred to herein as
vl, 2, y3 ...y, where n and m are any suitable positive
integers, it being appreciated that the number of n of
x-electrodes 604A and the number m of y-electrodes 604B
may vary for particular sensing surfaces 110 and/or particu-
lar applications. The region in which particular pair of
electrodes 604A and 604B overlap one another in the
z-direction may be referred to herein as an overlap region
608. For ease of reference, the overlap region 608 between
a particular pair of electrodes 604A and 604B may be
referred to herein by the indices of the electrodes. For
example, the overlap region between the x2 and y3 elec-
trodes may be referred to as overlap region x2, y3.

In the particular case of the FIG. 6A illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 6 A. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 6A illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 6 A may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 6A. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

Sensor array 600 comprises a plurality of ionically con-
ductive piezoresistive elements 602. Each ionically conduc-
tive piezoresistive element 602 is located in a vicinity of,
and interposed between, a corresponding overlap region
(between an x-electrode 604A and a y-electrode 604B), such
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that an x-electrode 604A, a y-electrode 604B and ionically
conductive piezoresistive element 602 overlap each other in
the z-direction in each overlap region.

Sensor array 600 comprises piezoresistive elements 602
between the overlapping x and y electrodes in an overlap
region (X,,y,). For example, where the pressure on surface
110 in a vicinity of overlap region (X,,y,) increases, then the
resistance R, , between the corresponding electrodes ought
to decrease. Sensor array 600 may be read out using circuits
similar to the circuits described above for reading out other
sensor arrays comprising piezoresistive ionically conductive
materials. For example, a slightly modified version of circuit
460 (FIG. 4C) can be used to probe sensor 600. To enable
the FIG. 4C circuit 460 to read out from sensor array 600,
the modification would be that MUX 466 would be con-
nected to the x-electrodes 604A (rather than to the “A”
electrodes) and the y-electrodes 604B (rather than the “B”
electrodes) would be tied to ground. As another example, a
slightly modified version of the circuit 480 (FIG. 4D) can be
used to probe sensor 600. To enable the FIG. 4D circuit 480
to read out from sensor array 600, the modification would be
that MUX 486 would be connected to the x-electrodes 604 A
(rather than to the “A” electrodes) and the y-electrodes 604B
(rather than the “B” electrodes) would be tied to ground.

A method for generating a pressure map using sensor
array 600 could be based on a slightly modified version of
method 200" (FIG. 3D). In such a modified version of the
FIG. 3D method 200", block 206' would be modified to
obtain resistance measurements R,; . (rather than voltage
differences) from the current overlap region (x,y,). Block
208" would also be modified to be an inquiry as to whether
the measured resistance R, , for the current overlap region
(x.y,) was less than a suitable threshold. Block 212" of
method 200" would also be modified for use on sensor array
600 by determining the pressure at the current overlap
region (x;,y;) based on the measured resistance R, (rather
than based on the measure voltage). In some embodiments,
suitable cross-talk mitigation techniques may be used to
minimize cross-talk between sensor elements of sensor array
600.

FIG. 8A depicts a sensor array 700 for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. By way of non-limiting example,
sensing surface 110 may comprise or be provided on or
adjacent to the surface of a bed sheet or mattress on which
a person may be located (e.g. the surface of a hospital bed).
The FIG. 8A sensor array 700 comprises an array of
piezoionic sensing elements comprising ionically conduc-
tive material. In the illustrated FIG. 8 A embodiment, sensing
surface 110 being mapped is shown as being generally
planar for ease of explanation, but this is not necessary and
sensing surface 110 may generally have any shape to suit a
corresponding application. In the FIG. 8A embodiment,
sensor array 700 is distributed over a working region 706
that is adjacent to (e.g. in force transmitting contact with)
sensing surface 110. Because sensor array 700 has some
depth (shown as being in the z direction in the illustrated
view of FIG. 8A), sensor array 700 is not technically
distributed over a surface. However, in this description and
any accompanying claims and/or aspects, references to
sensors arrays and/or elements of sensor arrays being dis-
tributed over, on, relative to or otherwise in relation to the
surface to be mapped should be understood to refer to a
working region adjacent to (e.g. in force transmitting contact
with) the surface (e.g. working region 706 adjacent to
sensing surface 110), unless the context clearly dictates
otherwise.
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Sensor array 700 comprises a plurality of piezoionic
ionically conductive elements 704 which are distributed
over working region 706 and which are connected for
measuring changes in voltage. Piezoionic ionically conduc-
tive elements 704 may be fabricated from suitable ionically
conductive materials, such as, by way of non-limiting
example, any suitable piezoionic materials disclosed herein,
in the *265 application or in the *238 application. Piezoionic
ionically conductive elements 704 of the FIG. 8 A embodi-
ment have an elongated shape which extends in a y-direc-
tion. To help with the explanation, piezoionic ionically
conductive elements 704 are labelled and referred to herein
as 704-1, 704-2, 704-3, 704-4, 704-5 . . . 704-m, where m is
any suitable positive integer, it being appreciated that the
number m of y piezoionic ionically conductive elements 704
may vary for particular surfaces 710 and/or particular appli-
cations. The ends of piezoionic ionically conductive ele-
ments 704 may be provided with electrically conductive
electrodes 712. Electrodes 712 may be fabricated from
suitable metals, metal alloys or the like. Electrodes 712 are
located at opposing (in the y-direction) edges of piezoionic
ionically conductive elements 704. To help with the expla-
nation, electrodes 712 are labelled and referred to herein as
712-1A, 712-1B; 712-2A, 712-2B; 712-3A, 712-3B; 712-
4A, 712-4B; T12-5A, T12-5B; . . . 7T12-mA, 712-mB, where
m is any suitable positive integers, it being appreciated that
the number m of electrodes 712 may vary for particular
surfaces 710 and/or particular applications.

In the particular case of the FIG. 8A illustration, where
second surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
tations shown in FIG. 8 A. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 8A illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 8 A may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 8A. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

During use, each electrode 712 is connected (e.g. through
a MUX) to a suitable voltage readout circuit (not shown in
FIG. 8A) for measuring the electrical signal between pairs of
electrodes 712 at opposing ends of piezoionic ionically
conductive elements 704 (e.g. electrode pair 712-1A, 712-
1B, electrode pair 712-2A, 712-2B . . . ). When a region on
sensing surface 110 is touched or otherwise subjected to
pressure, mobile ions are redistributed in the affected
piezoionic ionically conductive element 704 and the effect
of the redistribution spreads from the location of the touch,
such that a voltage across the pair of electrodes 712 corre-
sponding to any affected piezoionic ionically conductive
element 704 changes. For example, if a portion of sensing
surface 110 is touched corresponding to the piezoionic
ionically conductive element 704-1, it is expected a electri-
cal signal (e.g. current and/or voltage) would be generated
between electrodes 712-1A, 712-1B. It is expected that the
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amplitude of the current/voltage generated is greater as the
touch (pressure) is located further from a location on
piezoionic ionically conductive element 704-1 that is equi-
distant between electrodes 712-1A, 712-1B. Moreover,
touches (pressure) located near one electrode (e.g. electrode
712-1A) may cause a positive current/voltage while touches
located near the other electrode (e.g. electrode 712-1B) may
cause a negative current/voltage. This can be seen from FIG.
8B which depicts a graphical representation of changes in
current for touches/pressure located along an exemplary
piezoionic ionically conductive element 704 having elec-
trodes 712A and 712B. Thus, the location of the touch/
pressure along a particular piezoionic ionically conductive
element 704 may be determined based on detecting current
changes at electrodes 712. Further, a location of the touch
may be determined in two-dimensions by identifving which
piezoionically ionically conductive element 704 was
touched to achieve a location in the x direction and by
detecting voltage/current changes at electrodes 712 of the
touched piezoionic ionically conductive element 704 to
determine a location in the y direction. It may also be
possible, by using a suitable signal processing technique, to
separately identify two touches occurring at the same time
but at different locations, as the detected signals may be
considered a superposition of the separate signals.

In some embodiments, sensor array 700 may be modified
to include piezoionic ionically conductive elements 704
extending in the x direction as well as the y direction, similar
to the embodiment depicted in FIG. 4A. In such an embodi-
ment, the ionically conductive elements 704 can also pro-
vide two dimensional location information of one or more
touches on sensing surface 110.

As will be appreciated by those of skill in the art, any
suitable circuit may be implemented to detect the voltage
difference between electrodes 712 in sensor array 700. As a
non-limiting example, the electrical circuits of FIG. 1G or
1H could be used to detect the voltage difference between a
pair of electrodes 712.

FIG. 11A schematically depicts a superposition (tomog-
raphy) method 900 for determining a pressure map of a
sensing surface 110 using the sensor array 440 of FIG. 4B
according to a particular embodiment. Method 900 may be
implemented by a suitably configured controller—e.g. con-
troller 126 (FIG. 11B). Method 900 comprises applying a
current signal between a first pair of electrodes 442 (e.g. an
adjacent pair of electrodes 442 in the case of the illustrated
embodiment) and then detecting the output voltage between
a plurality of other pairs of electrodes (e.g. a plurality of
adjacent electrodes 442 in the case of the illustrated embodi-
ment). Then, the current signal is applied to a different pair
of electrodes 442 and the process of detecting the output
voltage at a plurality of other electrode pairs is repeated.
This process of exciting a first pair of electrodes and
measuring the output voltage at a plurality of other electrode
pairs repeats several times and the results are superposed to
obtain a pressure map. Method 900 shown in FIG. 11A uses
the index i to refer to the first excited electrode (i.e. the first
electrode on which a current signal is applied) and the index
J to refer to the first measured electrode (i.e. the first
electrode on which an output voltage is measured).

Method 900 starts in block 902 which initializes the
indices. Then, method 900 proceeds to block 904 where AC
current is applied between the electrodes 442 indexed by 1
and i+1. This is an adjacent pair of electrodes 442 in the
illustrated embodiment. Method 906 then proceeds to block
906 which involves measure the voltage between electrodes
442 indexed by j and j+1. These are adjacent electrodes 442
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in the illustrated embodiment. In the first iteration of block
906, these electrodes 442 will be the electrodes 442 adjacent
to the excited electrodes i and i+1. By way of j-incrementing
block 916 and inquiry 908, this process of measuring the
output voltage between electrodes 442 indexed by j and j+1
is repeated for other pairs of electrodes 442. In the illustrated
embodiment, this process measuring the output voltage
between electrodes 442 indexed by j and j+1 is repeated for
all pairs of adjacent electrodes 442 (except for the excited
electrodes 1 and i+1), although this is not necessary. When
this loop reaches the excited electrodes i and i+1, the block
908 inquiry is positive and method 900 proceeds to block
910.

In block 910, method 900 determines a measured voltage
contour for the corresponding pair of excited electrodes i
and i+1. FIG. 110 schematically depicts an example of a
block 910 measured voltage contour, where regions of
brighter colors correspond to larger voltage drops and the
lines between colors correspond to isopotential lines (i.e.
lines having the same potential). Electrodes 442 of FIG. 4B
are enumerated 1-16 in the FIG. 110 example, but the
principles of FIG. 110 are independent of the actual number
of electrodes and could be used with the 20 electrodes shown
in the exemplary FIG. 4B sensor array 440. Assuming that
piezoresistive layer 444 (FIG. 4B) is uniform and the applied
pressure is uniform, then the isopotential lines shown in
FIG. 110 can be mathematically modelled based on the
geometry of piezoresistive layer 444 and the locations of the
electrodes 442. Accordingly, the isopotential lines shown in
FIG. 110 can be predetermined for a given sensor array 440.
It can be seen from FIG. 110 that the measured voltage is
generally larger for pairs of measure electrodes that are
closer to the excited electrodes. However, between elec-
trodes 9 and 10 shown in FIG. 110, pressure 130 has been
applied to sensing surface 110 and, consequently, a larger
than expected voltage (corresponding to a larger resistance)
is measured between electrodes 9 and 10. Such a measure-
ment is suggestive of relatively high pressure 130 being
applied to sensing surface 110 in a space between electrodes
9 and 10.

Via inquiry block 912 and incrementing block 918, mea-
sured voltage contours are determined in block 910 for a
plurality of pairs of excitation electrodes. In the illustrated
embodiment of method 900, each adjacent pair of electrodes
for the given sensor array is used to generate a correspond-
ing measured voltage contour in block 910. However, this is
not strictly necessary and, in some embodiments, a subset of
the available electrode pairs could be used to excite the
sensor and to generate corresponding measured voltage
contours in block 910. FIGS. 110-11E show a number of
representative block 910 measured voltage contours when
relatively high pressure 130 is applied in one region of
sensing surface 110.

After block 910 measured voltage contours are deter-
mined for all of the excitation electrodes 442 of interest,
method 900 exits from block 912 to block 914, where all of
the previously obtained block 910 voltage contours are
superposed to obtain a superposed voltage contour. The
block 914 superposed voltage contour can optionally be
filtered in 920 to smooth out discontinuities. In block 922,
the block 914 superposed voltage contour (optionally fil-
tered in block 920) can be used to generate an impedance
contour. This may be done by dividing the superposed
voltage contour by the current used to excite the various
electrodes in the preceding loop. FIG. 11F schematically
depicts the block 922 impedance contour resulting from the
superposition of a sensor array having relatively high pres-
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sure 930 applied to a particular region of sensing surface
110. The block 922 impedance contour may then be con-
verted to pressure using an empirically determined relation-
ship between pressure and impedance for the particular
piezoelectric material 444 used in sensor array 440.

FIG. 11B schematically depicts a circuit 940 which may
be used to implement method 900. Circuit 940 comprises a
pair of excitation MUXs 942 which may be selectively
connected to any pair of electrodes 442 in sensor array 440
to thereby deliver a signal from current source 944. Circuit
940 also comprise a pair of measurement MUXs 946 which
may be selectively connected to any pair of electrodes 442
in sensor array 440 to measure a voltage signal V,, which
may be provided to controller 126. It will be appreciated by
those skilled in the art that circuit 940 may comprise a
variety of signal conditioning elements and/or circuitry (not
shown). By way of non-limiting example, such signal con-
ditioning circuitry may comprise buffers, amplifiers, filter-
ing elements, inverters, analog to digital converters and/or
the like. Controller 126 may incorporate or otherwise have
access to memory in which various input or output values of
may be stored. Electrical circuit 940 is merely one example
of a circuit suitable for use with method 900 and sensor array
440. In some embodiments, other circuits may be used.

FIG. 9A depicts a sensor array 800 for sensing the
pressure over a sensing surface 110 according to another
particular embodiment. By way of non-limiting example,
sensing surface 110 may comprise or be provided on or
adjacent to the surface of a bed sheet or mattress on which
a person may be located (e.g. the surface of a hospital bed).
The FIG. 9A sensor array 800 operates using a piezoionic
principle using piezoionic layer 804 comprising ionically
conductive material. In the illustrated FIG. 9A embodiment,
sensing surface 110 being mapped is shown as being gen-
erally planar for ease of explanation, but this is not necessary
and sensing surface 110 may generally have any shape to
suit a corresponding application. In the FIG. 9A embodi-
ment, sensor array 800 is distributed over a working region
806 that is adjacent to (e.g. in force transmitting contact
with) sensing surface 110. Piezoionic layer 804 of the FIG.
9A embodiment spans at least a majority of working region
806. Piezoionic layer 804 may be fabricated from suitable
piezoionic materials, such as, by way of non-limiting
example, any suitable materials disclosed herein, in the *265
application or in the ’238 application. Sensor array 800
comprises a number of electrodes 802A, 802B (collectively
electrodes 802) distributed about the edges of piezoionic
layer 804. Electrodes 802 are electrically conducting and
may be fabricated from suitable metals, metal alloys or the
like. Electrodes 802A are located at opposing (in the x-di-
rection) edges of piezoionic layer 804 and may be referred
to herein as x-electrodes 802A and electrodes 802B are
located at opposing (in the y-direction) edges of piezoionic
layer 804 and may be referred to herein as y-electrodes
802B. To help with the explanation, opposed x-electrodes
802A are also labelled x1A, x1B; x2A, x2B; x3A, x3B . ..
xnA, xnB and opposed y-electrodes 802B are also labelled
and referred to herein as y1A, y1B; y2A, y2B; y3A, y3B .
.. ymA, ymB, where n and m are any suitable positive
integers, it being appreciated that the number of n of
x-electrodes 802A and the number m of y-electrodes 802B
may vary for particular sensing surfaces 110 and/or particu-
lar applications.

In the particular case of the FIG. 9A illustration, where
sensing surface 110 is shown as being planar, the x and y
directions may be considered to have generally constant
spatial orientations which are the Cartesian x and y orien-
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tations shown in FIG. 9A. However, where sensing surface
110 is a general (e.g. non-planar) surface, the orientations of
the x and y directions may vary in space and may be
understood to be locally tangential to sensing surface 110
and non-parallel to one another so as to span sensing surface
110. In some embodiments, the x and y directions may be
mutually orthogonal at any given point on sensing surface
110. Similarly, in the particular case of the FIG. 9A illus-
tration, where sensing surface 110 is shown as being planar,
the z direction shown in FIG. 9A may be considered to have
generally constant spatial orientation which corresponds to
the Cartesian z orientations shown in FIG. 9A. However,
where sensing surface 110 is a general (e.g. non-planar)
surface, the orientation of the z direction may vary in space
and may be understood to be locally normal to sensing
surface 110. In some embodiments, the z direction may be
orthogonal to the x and y directions at any given point on
sensing surface 110.

A piezoionic pressure sensing array may be implemented
by piezoionic layer 804. For example, voltages may be
measured between opposing x-electrodes 802A of sensor
array 800 (e.g. between electrodes x1A, x1B; or x3A, x3B)
and may be responsive to pressure exerted on sensing
surface 110 and corresponding deformation of piezoionic
layer 804 in a region between the opposing x-electrodes
802A. Similarly, voltages may be measured between oppos-
ing y-electrodes 802B of sensor array 800 (e.g. between
electrodes y1A, y1B; or y3A, y3B) and may be responsive
to pressure exerted on sensing surface 110 and correspond-
ing deformation of piezoionic layer 804 in a region between
the opposing y-electrodes 802B. Measuring voltages
between pairs of electrodes 802 in the FIG. 9A embodiment
is not limited to opposing x-electrodes §02A or opposing
y-electrodes 802B. In some embodiments, voltages may be
measured between any pair of electrodes 802 in sensor array
800 (e.g. a pair of electrodes 802 comprising any pair of
x-electrodes 802 A and y-electrodes 802B) to detect pressure
exerted on sensing surface 110 and corresponding deforma-
tion of piezoionic layer 804 in a region between the pair of
electrodes 802.

Sensor array 800 of FIG. 9A may be used to generate a
pressure map for sensing surface 110 using a superposition
(tomography) method similar to that method 900 described
in FIG. 11A. Unlike the piezoresistive case described in
method 900, piezoionic sensor array 900 does not need to be
excited (although it can be in some embodiments). A super-
position method implemented on sensor array 800 involves
obtaining a plurality of independent voltage measurements
corresponding to a plurality of electrodes 802 located around
sensor array 800. Such voltage measurements could be
measurements of voltages at individual ones of electrodes
802 measured relative to some reference voltage (e.g.
ground) or differential voltage measurements between pairs
of electrodes 802 (e.g. adjacent pairs of electrodes). In
general, using a larger number of independent voltage
measurements distributed around piezoionic layer provide
finer resolution. A circuit like the circuits 1G or 1H
described elsewhere herein could be used to obtain these
voltage measurements. These measurements may then be
used to solve for a voltage at each considered electrode 802.

Once these voltages are known for each considered elec-
trode 802, sensing surface 110 may be meshed between
electrodes 802. Any suitable meshing pattern could be used
to parse up the sensing surface 110 between electrodes 802
into a mesh of intersecting lines between electrode pairs. A
non-limiting example is shown in FIG. 9B. Then, based on
the voltages measured at each electrode 802, the each mesh
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line may be assumed to have a linear potential drop between
the electrodes 802. For example, in the FIG. 9B illustration,
a linear voltage drop may be assumed on the mesh line 870
between the voltages at electrodes 802/ and 802/. This
assumption allows the prediction of specific voltages any-
where each mesh line between a corresponding pair of
electrodes. Then, at intersections between mesh lines (e.g. at
intersection 872 between mesh line 870 and mesh line 874,
each intersection may be assigned a value based on a
combination (e.g. a sum or average) of the values for the
intersecting mesh lines. According to this technique, voltage
values may be assigned for each mesh line intersection. If
desired, finer meshes may be created between groups of
mesh line intersections and the process can be repeated to
obtain finer resolutions. An example of such a finer mesh
876 between a plurality of intersecting lines of the original
mesh is shown in FIG. 9B. Once again, this finer mesh can
be designed in any suitable manner that results in a plurality
of intersecting finer mesh lines. Finally, once voltages are
known for a plurality of mesh line intersections (and/or finer
mesh line intersections) this voltage map maybe converted
to a pressure map based on empirically determined relation-
ship between voltage and pressure for piezoionic layer §04.

Sensor arrays 300, 300' shown in FIGS. 3A and 3B
(collectively referred to hereinbelow as sensor array 300,
unless the context dictates otherwise) may additionally or
alternatively be used to estimate moisture maps correspond-
ing to a sensing surface 110 (e.g. where the sensing surface
1s in moisture-transmitting contact with the sensor array). As
discussed above, sensor arrays 300 comprise ionically con-
ductive electrodes 304 disposed on either side of a dielectric
material 302. Dielectric material 302 may be selected to be
breathable or to be otherwise capable of absorbing (at least
temporarily) moisture, including, by way of non-limiting
example, liquid water and/or water vapor. The presence of
localized moisture in the dielectric layer 302 will have an
impact on the local dielectric constant of the dielectric
material 302 and, consequently, will impact the impedance
of the sensor elements in corresponding overlap regions
(x¥,)- In particular, the presence of moisture in dielectric
layer 302 in a vicinity of an overlap region (x,y; may
increase both the capacitance and the resistance as between
the overlapping electrodes (X,,y,).

Methods for determining a moisture map may comprises
estimating the impedance (e.g. the resistance R, , and/or the
capacitance C,, ,) between individual pairs of overlapping
electrodes (x,y,) of sensor 300. Estimating the impedance
between individual pairs of overlapping electrodes (x,.y,)
may comprise, for each individual pair of overlapping
electrodes (x,,y,), subjecting the pair of overlapping elec-
trodes (x,,y,) to a variable frequency input signal and obtain-
ing a frequency response for the pair of overlapping elec-
trodes (x;,y;). FIG. SA shows a model circuit between a pair
of overlapping electrodes (x,,y,) in the sensor arrays 300,
300" of FIG. 3A. The impedance of this FIG. 5A circuit in
the Laplace domain is given by

R
%0 = TT5CR

where s is the Laplace variable s=jm, where w is the angular
frequency and j=V=T. It can be seen from this impedance
formula, that at frequencies close to zero, the impedance will
be equal to R, since the capacitor is open circuited and that
at high frequencies the capacitor C will dominate the imped-
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ance. The amplitude component of a variety of typical
frequency response curves for a pair of overlapping elec-
trodes (x,,y,) are shown in FIG. 5B. Determining values for
R and C for a pair of overlapping electrodes (x,y,) may
comprise subjecting the pair of overlapping electrodes (x,,y,)
to a variable frequency input signal, obtaining the frequency
response and then performing a curve fitting operation to
ascertain values for R and C that will best approximate the
measured frequency response. Any suitable curve fitting
technique, such as, by way of non-limiting example, a
Levenberg-Marquardt algorithm, may be used for this pur-
pose.

Tt can be seen from the shape of the FIG. 5 curves that for
low frequencies, the impedance magnitude approaches the
value R. Consequently, it may be possible to determine the
quantity R (and the corresponding moisture content) without
subjecting the pair of overlapping electrodes (x,,y,) to a full
range of variable frequency input signals and/or without
performing a complete curve fitting technique to the fre-
quency response. In some embodiments, a variable fre-
quency input signal is not required and the values of R and
C may be determined for example using a DC signal and a
single frequency and/or a step response or the like. For a
given sensor geometry, a relationship between the moisture
content level in a portion of the dielectric layer 302 corre-
sponding to an overlap region (x;y;) and a resistance
between the corresponding pair of overlapping electrodes
(X,y;) may be experimentally determined and stored in a
look up table or the like which is accessible to a suitable
controller (e.g. controller 126 described herein). In this
manner, determining the resistance R for a pair of overlap-
ping electrodes (x,,y,) may be used to estimate the moisture
content in a region of sensing surface 110 corresponding to
overlap region (X,,y,) and a moisture map corresponding to
sensing surface 110 can thereby be determined by traversing
the various overlap regions (x,,y,) of a sensor array.

With the value of R known from the low frequency
response (as discussed above), the curve fitting technique
used to fit the measured frequency response of a pair of
overlapping electrodes (x,,y,) may be performed to ascertain
the value of the capacitance C. Once the capacitance C is
known, it may be desirable to interpret this capacitance,
since the capacitance can vary with both pressure (as dis-
cussed above) and moisture content. One method by which
the impact of pressure and moisture content may be distin-
guished (e.g. to determine the pressure from the measured
capacitance C) may comprise having a plurality of look up
tables which relate a measured capacitance C to pressure,
with each look up table having an associated moisture
content. Such look up tables can be determined experimen-
tally, for example. Since the moisture content is determin-
able from the low frequency response and the resistance
value R, as described above, it is possible to determine
which look up table to select for the purposes of selecting a
pressure corresponding to the measured capacitance.

Another method for by which the impact of pressure and
moisture content may be distinguished (e.g. to determine the
pressure from the measured capacitance C) may comprise
interpreting the known moisture content to modify the
dielectric constant E. For instance, if it is determined from
the moisture level that 50% of by volume of the dielectric
material 302 is filled with water, then the dielectric constant
€ may be to have a new value (e.g. to set E=40, where &=1
corresponds to air and €=80 corresponds to water) and then
the thickness t of the dielectric layer can be computed
according to equation (11). The thickness t determined from
equation (11), which is actually the deformed thickness
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t=t,—At, can then be used with equation (10) to determine the
pressure for the ovetlap region (x,y,). In some embodi-
ments, a look up table may be experimentally determined
and used by a suitable controller (e.g. controller 126) to
determine the relationship between the measured moisture
content and the dielectric constant €.

In some embodiments, it is desirable to implement surface
moisture sensing independently of pressure sensing in which
case sensor array 300 can be used for moisture sensing. In
some embodiments, it may be desirable to implement mois-
ture sensors within a surface sensor array so that moisture
can be detected separately from pressure (e.g. by having
moisture sensors with a lower spatial frequency than pres-
sure sensors). For example, every i overlap region (where
i can be any suitable integer) may be dedicated to moisture
measurement, whereas the other overlap regions can be used
for pressure. In some embodiments, any of the above
described pressure measurement techniques may be cali-
brated to take moisture into account by a process similar to
that described above for discerning the capacitive effect of
pressure from moisture.

FIG. 10A schematically depicts a readout circuit 360 that
may be used for measuring the impedance of the individual
sensor elements (i.e. an overlap region (x;y,)) of sensor
arrays 300, 300" shown in FIGS. 3A and 3B according to a
particular embodiment. Circuit 360 is described with refer-
ence to sensor array 300 without loss of generality. Circuit
360 comprises a first MUX 362 capable of effecting con-
nections to any of the ionically conductive row electrodes
304A and a second MUX capable of effecting connections to
any of the ionically conductive column electrodes 304B.
MUXs 362, 364 may be controlled by controller 376 (al-
though, for simplicity, such control is not explicity shown in
FIG. 10A). Circuit 360 comprises a frequency sweeping AC
(e.g. sinusoidal) power source 366 for exciting each overlap
region of sensor array 300 with AC signals of different
frequencies, so that controller 126 can determine the fre-
quency response of each overlap region. Circuit 360 com-
prises a first operational amplifier 368 which functions as a
driving amplifier for power source 366 and supplying AC
signal to MUX 362, a second operational amplifier 370
which is a unity gain amplifier for delivering the voltage
output from MUX 364 to controller 126 and a third opera-
tional amplifier 372 which functions as a current to voltage
converter by outputting a voltage v to controller 126, where
the voltage v is proportional to the current i output from
MUX 364 according to v=-iR,.. Controller 126 may then use
the ratio of the voltage output from op-amp 370 and the
voltage (which is representative of the current) output from
op-amp 372 as the impedance of the current overlap region.

It will be appreciated by those skilled in the art that circuit
360 may comprise a variety of signal conditioning elements
and/or circuitry (not shown) between amplifiers 370, 372
and controller 126. By way of non-limiting example, such
signal conditioning circuitry may comprise buffers, ampli-
fiers, filtering elements, inverters, analog to digital convert-
ers and/or the like. Controller 126 may incorporate or
otherwise have access to memory in which various input or
output values of may be stored. Electrical circuit 360 is
merely one example of a voltage amplification circuit suit-
able for determining impedances of overlap regions in
sensor arrays 300, 300". In some embodiments, other imped-
ance measuring circuits may be used.

FIG. 10B shows an example of a method 380 for deter-
mining pressure and moisture maps of a sensing surface 110
using the sensor arrays 300, 300" shown in FIGS. 3A and 3B
according to a particular embodiment. Method 380 may be
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implemented by controller 126. Method 380 is explained in
connection with sensor array 300 without loss of generality.
It will be appreciated that method comprises a loop over the
overlap regions (x,,y,) in sensor array 300, which is imple-
mented by initialization block 382, index increment blocks
392, 396 and inquiry blocks 390, 394. For each overlap
region (x,,y;) in sensor 300, method 380 obtains a frequency
dependent impedance response 7,.. The frequency dependent
impedance response may be obtained by circuit 360 (FIG.
10A) described above, for example. FIG. 5B shows a
number of examples of these frequency dependent imped-
ance responses. For each overlap region (x,,y,) in sensor 300,
method 380 then proceeds to block 386, where the block 384
frequency response s fit to the frequency response curve of
a representative RC circuit (e.g. the RC circuit shown in
FIG. 5) to yield resistance and capacitance values R, ., C,.,;
for the overlap region (x,,y,). For each overlap region (x,,y,)
in sensor 300, method 380 then proceeds to block 388 which
involves estimating the pressure P, ; and moisture M., ; for
the current overlap region (x,y,). Block 380 may involve
solving a system of equations of the form

€A _dp)

d(pP) T o(PA’

where M is the moisture, P is the pressure, e(M) is the
permittivity of the dielectric (which is a function of the
moisture M), d(P) is the thickness of the dielectric (which is
a function of the pressure P), and o(P)_is the conductivity of
the overlap region (which is a function of moisture M). The
relationships (M), d(P) and/or o(P) may be empricially or
experimentally determined and may be stored in look-up
tables in a memory accessible to controller 126, for example.
Once the pressure P and moisture M are known for all of the
overlap regions in sensor array 300, then method 380 exits
the loop and proceeds to block 398 where the pressure and
moisture maps spanning sensing surface 110 may be
assembled and stored or displayed, for example.

One non-limiting example of where the surface sensor
arrays described herein may be employed is on a surface
located in or on a mattress of a bed (e.g. in, on or adjacent
to a bed sheet), to detect a pressure map and/or a moisture
map associated with anyone located on top of the bed. Other
similar examples where surface sensor arrays described
herein may be used include in, on or adjacent to seats or
chairs (e.g. vehicle (automobile) seats, wheel chairs and/or
the like). A pressure sensor array implemented in, on or
adjacent a mattress of a bed or in, on or adjacent to chair or
seat may be monitored and used for a variety of applications.
Such applications include, without limitation, monitoring
body weight and pressure distribution, detecting and moni-
toring heart rate, detecting and monitoring respiratory rate,
detection of restless leg syndrome (RLS), detection of
seizures, detecting tremors associated with Parkinson’s dis-
ease, sonic signals associated with organ activity (e.g. heart
(phonocardiogram) and/or lung (phonorespirogram)) and/or
the like. Some such applications may involve sensing char-
acteristic frequencies of various types of events. Some
embodiments may be tuned to provide increased accuracy at
such frequency ranges and/or to discriminate various fre-
quency ranges from one another. Moisture may additionally
or alternatively be monitored by such sensor arrays to detect
urination, perspiration and/or the like. Surface sensor arrays
implemented in or on a mattress of a bed can be used in
conjunction with suitable actuators to remind an individual
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to move and/or to actually move the individual. Such
actuators may be triggered based on body weight and
pressure distribution information detected using the sensor
array—i.e. to strategically trigger particular actuators. Such
reminders and/or physical movement can be used to help
minimize bed sores, ulcers, RLS, sleep apnea and/or the like.

A sensor or array of sensors disclosed herein may be used
in flexible electronics and hand held devices, or in an
artificial skin for robotics applications. The sensors may be
made biocompatible by selecting specific ionically conduc-
tive hydrogels as the conductive elements and using NaCl as
the salt for the electrolyte. It is expected that suitable
materials can be selected to embed such sensors into an
artificial skin for replacing a human skin. The sensors may
also be applied to the surface of the skin for medical
applications or for entertainment applications. For example,
pressure sensors described herein can be used as part of a
drug dispensing patch to enable user or physician input for
control of dosage. It may be used as an arm-band for
interactions with users of a mobile music system such as an
iPod™ or phone. With the use of biocompatible materials, it
is expected that sensors disclosed herein can find various
applications in the medical field.

A possible medical application of a ionically conductive
sensor array disclosed herein is to use the sensor as part of
a layer that conforms to a human body such as in an artificial
skin. For example, artificial skin patches may be used to
detect force, temperature, skin conductance, and other
physiological parameters. Thin film transistor circuits or
micro-fabricated electronics may be integrated in a thin
adhesive film, which can be attached to a robotic or human
body. A ionically conductive sensor array of the types
disclosed herein may be imbedded in such thin film or skin
patches to provide further flexibility, compliance, biocom-
patibility, and tune-ability of materials, to accommodate
different body parts (even in vivo), possible integration with
a therapeutic system such as drug pumping. Potential physi-
ological parameters that may be detected or measured with
an ionically conductive sensor based smart patch include:
cardio-seismography derived heart rate, electrocardiogram,
blood pressure, respiratory rate based on chest movements,
respiration depth, tidal volume, oxygen saturation, electro-
encephalogram, vigilance, relaxation, digestion, emotion
and stress level, or the like.

For example, an ionically conductive sensor may be
provided in a wearable stethoscope. Patients may discretely
attach such sensor patches on their chests such that the
ionically conductive sensor in the patch can transduce
acoustic and seismographic profiles continuously, enabling
diagnosis of certain medical conditions, such as various
heart conditions including mitral regurgitation, aortic regur-
gitation, arrhythmia, and etc. The wearable patch may
contain an RF (radio frequency) transmitter so that signals
can be wirelessly transmitted to a separate computer for
processing. An ionically conductive sensor disclosed herein
may be able to detect signals with a dynamic frequency
range suitable for both the bell-mode (low frequency:
breathing sounds) operation and the diaphragm-mode (high
frequency: heart murmurs, blood perfusion) operation of a
typical stethoscope.

Other non-limiting applications for surface sensor arrays
described herein include, for example, on the floors of
buildings to detect wet floors and the potential for human
injury and/or to detect patterns of human movement atop the
floor. For example, the floor of a retail outlet or subway
station could be monitored to see how many people traverse
a section of the floor in a given day or in a given hour. Other
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non-limiting applications for surface sensor arrays of the
type described herein include, for example, in so-called
“G-suits” to help astronauts and/or pilots by monitoring
gravitational forces experienced by the astronauts or pilots
and possibly to take supportive action in a case where the
gravitational forces are ascertained to be too high.

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative
rather than restrictive.

While a number of exemplary aspects and embodiments
are discussed herein, those of skill in the art will recognize
certain modifications, permutations, additions and sub-com-
binations thereof. For example:

A number of the embodiments described herein comprise
traversing various elements of sensor arrays in particu-
lar orders. This is not generally necessary. In some
embodiments, the orders in which the elements of
sensor arrays are traversed may be varied.

In some embodiments or applications, it is not necessary
to traverse every sensor element. In some embodi-
ments, a sensor array can be undersampled.

In some of the embodiments described above, various
measure parameters (e.g. voltages, capacitances, resis-
tance, pressures and/or the like) are described as being
compared to reference parameters. In some instances,
the reference parameters may be set to zero for con-
venience (e.g. because for many applications relative
pressure may be more important than having a precise
measurement of absolute pressure), but this is not
necessary. In some instances, the reference parameters
may be set to non-zero values and relative parameters
may be obtained relative to these non-zero reference
values. In some embodiments, the reference parameters
may be static or may be associated with particular
sensor elements. This is not necessary, however. In
some embodiments, the reference parameters may be
changed or the sensor elements used as reference
sensor elements may be changed dynamically. In some
such embodiments, a detected parameter for any taxel
may comprise a differential parameter relative to that of
the reference element/taxel. In such cases, it may be
desirable to integrate the detected differential param-
eter relative to the reference parameter of the reference
element/taxel to ascertain an absolute value of the
parameter for the current taxel. Such integration tech-
niques may be used for example in the methods of 2A
and/or 2B.

Sensing surface 110 described in the embodiments above
may be implemented as a wearable surface, which may
be operatively connected to a wearer. Such operative
connection may involve adhesively connecting to a
wearer (e.g. an adhesive patch and/or the like), elasti-
cally deformation to fit over a portion of a wearer’s
body and then connecting to the wearer by restorative
deformation (e.g. a tensor bandage, compression gar-
ments and/or the like), connecting to the wearer’s body
using a closure mechanism (e.g. a zipper, snap mecha-
nism or the like), connecting to a wearer by pressure of
wearer’s body (e.g. footbeds in a shoe, clothing worn in
bed and/or the like).

In some embodiments, dielectric materials used in the
sensor arrays described above may comprise spatially
varying stiffness/deformability within the overlap
regions. These microstructured spatial variations can
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enhance deformability (for given pressures) and result
in greater output (e.g. voltage) variation for a given
pressure variation.

While a number of exemplary aspects and embodiments
have been discussed above, those of skill in the art will
recognize certain modifications, permutations, additions and
sub-combinations thereof. It is therefore intended that the
following appended claims and claims hereafter introduced
are interpreted to include all such modifications, permuta-
tions, additions and sub-combinations as are consistent with
the broadest interpretation of the specification as a whole.

What is claimed is:

1. A flexible sensor array for detecting pressure at one or
more locations over a sensing surface, the sensor array
comprising:

a first plurality of conductive electrodes distributed over

a working region adjacent the sensing surface, each of
the first plurality of electrodes elongated in an x-direc-
tion that is generally tangential to the sensing surface
and a second plurality of conductive electrodes distrib-
uted over the working region, each of the second
plurality of electrodes elongated in a y-direction, the
y-direction generally tangential to the sensing surface
and non-parallel with the x-direction;

each of the first plurality of electrodes overlapping each of

the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality

of electrodes and one of the second plurality of elec-
trodes, a corresponding region of piezoionic polymer
interposed between, and in conductive contact with, the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction,
wherein the corresponding region of piezoionic poly-
mer exhibits ionic conductivity which generates a cor-
responding first electrical signal at the one of the first
plurality of electrodes relative to a first electrical signal
reference and a corresponding second electrical signal
at the one of the second plurality of electrodes relative
to a second electrical signal reference, the first and
second corresponding electrical signals depending on a
state of deformation of the corresponding region of
piezoionic polymer.

2. A sensor array according to claim 1 wherein the
piezoionic polymer comprises a contiguous layer of
piezoionic polymer interposed between the first plurality of
electrodes and the second plurality of electrodes in the
z-direction and each corresponding region of piezoionic
polymer is part of the contiguous layer.

3. A sensor array according to claim 1 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, the
corresponding electrical signal at the one of the first plurality
of electrodes relative to the first electrical signal reference
comprises at least one of: a voltage difference between the
one of the first plurality of electrodes and the first electrical
signal reference, the voltage difference depending on the
state of deformation of the corresponding region of
piezoionic polymer; and a current flow between the one of
the first plurality of electrodes and the first electrical signal
reference, the current flow depending on the state of defor-
mation of the corresponding region of piezoionic polymer.

4. A sensor array according to claim 3 wherein, for each
overlap region between one of the first plurality of elec-
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trodes and one of the second plurality of electrodes, the first
electrical signal reference is another one of the first plurality
of electrodes.

5. A sensor array according to claim 3 herein wherein the
another one of the first plurality of electrodes is common for
a least a sub-plurality of the first plurality of electrodes.

6. A sensor array according to claim 3 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, the first
electrical signal reference is an adjacent one of the first
plurality of electrodes.

7. A sensor array according to claim 3 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, the first
electrical signal reference is a reference one of the second
plurality of electrodes.

8. A sensor array according to claim 3 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, the first
electrical signal reference is the one of the second plurality
of electrodes.

9. A sensor array according to claim 1 comprising a
sensing circuit connectable to amplify the first electrical
signal for each overlap region and one or more multiplexers
for connecting, for each overlap region, the one of the first
plurality of electrodes and the first electrical signal reference
to inputs of the sensing circuit to thereby cause the sensing
circuit to amplify the first electrical signal.

10. A sensor array according to claim 9 comprising a
controller connected to provide control signals to the one or
more multiplexers and configured to output control signals
which control the one or more multiplexers to iteratively
scan over the overlap regions in the working region and, for
each overlap region, to effect the connections of the one of
the first plurality of electrodes and the first electrical signal
reference to the inputs of the sensing circuit.

11. A sensor array according to claim 10 wherein, for each
overlap region, the controller is configured to determine a
pressure estimate for the overlap region based at least in part
on the first electrical signal.

12. A sensor array according to claim 10 wherein the
controller is configured to effect an iteration of a scan over
the overlap regions in the working region with a frequency
in a range of 10 Hz-20 Hz.

13. A sensor array according to claim 12 wherein the
sensing surface comprises a surface of a bed.

14. A sensor array according to claim 13 wherein the
sensor array is used to estimate one or more of heart rate,
respiratory rate, body configuration and location of a person
atop the bed.

15. A sensor array according to claim 13 wherein the
sensor array is used to estimate body configuration and
location of a person atop the bed and is used to trigger one
or more actuators to provide tactile stimulus to the patient in
the hospital bed, the triggering of the one or more actuators
based at least in part on the estimated body configuration and
location.

16. A sensor array according to claim 12 wherein the
sensing surface comprises a surface of a chair and the sensor
array detects pressure associated with a person sitting in the
chair.

17. A sensor array according to claim 1 used in a garment
wearable by a human and the sensing surface is a surface of
the garment in contact with the human.
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18. A sensor array according to claim 10 herein wherein
the controller is configured to effect a scan iteration over the
overlap regions in the working region with a frequency in a
range of 60 Hz-120 Hz.

19. A sensor array according to claim 18 wherein the
sensing surface comprises a surface of an electronic device
and the sensor array detects pressure associated with a
person interacting with the electronic device.

20. A sensor array according to claim 1 wherein the sensor
array is in force-transmitting contact with the sensing sut-
face.

21. A sensor array according to claim 1 wherein the
sensing surface is non-planar.

22. A sensor array according to claim 1 wherein each
electrode of the first and second pluralities of electrodes
have transmissivities of over 90% at visible light wave-
lengths.

23. A sensor array according to claim 1 wherein at least
one electrode of the first and second pluralities of electrodes
is elastically deformable.

24. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of conductive electrodes distributed
over a working region adjacent the sensing surface,
each of the first plurality of electrodes elongated in
an x-direction that is generally tangential to the
sensing surface and a second plurality of conductive
electrodes distributed over the working region, each
of the second plurality of electrodes elongated in a
y-direction, the y-direction generally tangential to
the sensing surface and non-parallel with the x-di-
rection;

each of the first plurality of electrodes overlapping each
of the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a corre-
sponding overlap region;

for each overlap region between one of the first plu-
rality of electrodes and one of the second plurality of
electrodes, a corresponding region of piezoionic
polymer interposed between, and in conductive con-
tact with, the one of the first plurality of electrodes
and the one of the second plurality of electrodes in
the z-direction;

for each one of the first plurality of electrodes detecting a

first electrical signal at the one of the first plurality of

electrodes relative to a first electrical signal reference;

for each one of the second plurality of electrodes detect-
ing a second electrical signal at the one of the first
plurality of electrodes relative to a second electrical
signal reference;

for each overlap region between one of the first plurality

of electrodes and one of the second plurality of elec-
trodes, estimating a pressure value for the overlap
region based at least in part on: the first electrical signal
corresponding to the one of the first plurality of elec-
trodes;

and the second electrical signal corresponding to the one

of the second plurality of electrodes.

25. A method according to claim 24 comprising;

estimating a first average pressure corresponding to each

one of the first plurality of electrodes based at least in
part on the first electrical signal at the one of the first
plurality of electrodes relative to the first electrical
signal reference;

estimating a second average pressure corresponding to

each one of the second plurality of electrodes based at
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least in part on the second electrical signal at the one of
the second plurality of electrodes relative to the second
electrical signal reference; and

wherein, for each overlap region between one of the first

plurality of electrodes and one of the second plurality
of electrodes, estimating the pressure value for the
overlap region comprises estimating the pressure value
based on at least in part on the first average pressure
corresponding to the one of the first plurality of elec-
trodes and on the second average pressure correspond-
ing to the one of the second plurality of electrodes.

26. A method according to claim 25 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, esti-
mating the pressure value based on at least in part on the first
average pressure corresponding to the one of the first
plurality of electrodes and on the second average pressure
corresponding to the one of the second plurality of elec-
trodes comprises:

scaling the first average pressure corresponding to the one

of the first plurality of electrodes by a first scaling
factor that depends on the second average pressure
corresponding to the one of the second plurality of
electrodes, to thereby obtain a first scaled value;
scaling the second average pressure corresponding to the
one of the second plurality of electrodes by a second
scaling factor that depends on the first average pressure
corresponding to the one of the first plurality of elec-
trodes, to thereby obtain a second scaled value; and
averaging the first and second scaled values to thereby
obtain the pressure value for the overlap region.

27. A method according to claim 26 wherein, for each
overlap region between one of the first plurality of elec-
trodes and one of the second plurality of electrodes, the first
scaling factor comprises a ratio of: the second average
pressure corresponding to the one of the second plurality of
electrodes; and a sum of the second average pressures over
the second plurality of electrodes.

28. A method according to claim 25 wherein estimating
the first average pressure corresponding to each one of the
first plurality of electrodes based at least in part on the first
electrical signal at the one of the first plurality of electrodes
relative to the first electrical signal reference comprises, for
each one of the first plurality of electrodes, the first average
pressure based on an empirically determined relationship
between the first electrical signal and the corresponding first
average pressure.

29. A method according to claim 25 comprising, for each
one of the first plurality of electrodes, subjecting the
detected first electrical signal at the one of the first plurality
of electrodes relative to the first electrical signal reference to
a thresholding process and, if the detected first electrical
signal is less than a threshold, setting the first average
pressure corresponding to the one of the first plurality of
electrodes to be equal to atmospheric pressure.

30. A method for generating a pressure map of a sensing
surface comprising:

providing a flexible sensor array comprising:

a first plurality of conductive electrodes distributed over

a working region adjacent the sensing surface, each of
the first plurality of electrodes elongated in an x-direc-
tion that is generally tangential to the sensing surface
and a second plurality of conductive electrodes distrib-
uted over the working region, each of the second
plurality of electrodes elongated in a y-direction, the
y-direction generally tangential to the sensing surface
and non-parallel with the x-direction;
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each of the first plurality of electrodes overlapping each of
the second plurality of electrodes in a z-direction
generally normal to the sensing surface at a correspond-
ing overlap region;

for each overlap region between one of the first plurality
of electrodes and one of the second plurality of elec-
trodes, a corresponding region of piezoionic polymer
interposed between, and in conductive contact with, the
one of the first plurality of electrodes and the one of the
second plurality of electrodes in the z-direction;

for each overlap region:

detecting at least one electrical signal wherein the at least
one electrical signal depends on a state of deformation
of the corresponding region of piezoionic polymer; and

estimating a pressure value for the overlap region based at
least in part on the at least one electrical signal;

wherein, for each overlap region, detecting the at least one
electrical signal comprises:

10

68

detecting a first electrical signal at the one of the first
plurality of electrodes relative to a first electrical signal
reference; and

detecting a second electrical signal at the one of the

second plurality of electrodes relative to a second
electrical signal reference;

wherein the first and second electrical signals depend on

a state of deformation of the corresponding region of
piezoionic polymer.

31. A method according to claim 30 wherein, for each
overlap region, detecting the at least one electrical signal
comprises detecting at least one of: a voltage difference
between the one of the first plurality of electrodes and the
one of the second plurality of electrodes; and a current flow
between the one of the first plurality of electrodes and the
one of the second plurality of electrodes.
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