2017/1221'78 AT I 00 I 00O O 0

<

W

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

20 July 2017 (20.07.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/122178 Al

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
A61B 5/01 (2006.01) GO1P 15/08 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
B8IC 1/00 (2006.01) DO, DZ, EC, EE, EG, ES, F1, GB, GD, GE, GH, GM, GT,

. . HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,

(21) International Application Number: KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,

PCT/IB2017/050202 MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,

(22) International Filing Date: NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
13 January 2017 (13.01.2017) RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,

TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,

(25) Filing Language: English ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (uniess otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
62/278,545 14 January 2016 (14.01.2016) Us GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, 8z,

TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

(71) Applicant: KING ABDULLAH UNIVERSITY OF SCI- TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
ENCE AND TECHNOLOGY [SA/SA]; 4700 King Ab- DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
dullah University of Science and Technology, Thuwal, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
23955-6900 (SA). SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

(72) Inventors: NASSAR, Joanna Mohammad; 4700 King GW, KM, ML, MR, NE, SN, TD, TG).

Abdullah University of Science and Technology, Thuwal, Declarations under Rule 4.17:
23955-6900 (SA). SEVILLA, Galo Andres Torres; 4700 __ as to applicant'’s entitlement to apply for and be granted a
King Abdullah University of Science and Technology, atent (Rule 4.17(i)
Thuwal, 23955-6900 (SA). HUSSAIN, Muhammad p ’
Mustafa; 4700 King Abdullah University of Science and Published:
Technology, Thuwal, 23955-6900 (SA). —  with international search report (Art. 21(3))
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

(54) Title: PAPER BASED ELECTRONICS PLATFORM

(a)

Temperature

FIG. 1(a)

(57) Abstract: A flexible and non-functionalized low cost paper-based electronic system platform fabricated from common paper,
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PAPER BASED ELECTRONICS PLATFORM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of and priority to U.S. Provisional
Application Serial No. 82/278,545, having the title *PAPER BASED ELECTRONICS
PLATFORM,” filed on January 14, 2016, the disclosure of which is incorporated herein

in by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure generally relates to paper based elecironics.

BACKGROUND

{0003} Paper is a universally widespread material that is available in every
househoid due o iis fow-cost and necessity for everyday use. One of the advantages of
using paper substrates for sensors applications is s porosity and its larger interfacial
area that promotes both high sensitivity and fast response. To daie, several works have
used paper as a host platform or a sensing material for building various types of
devices, ranging from flexible actuators to displays and paper-based MEMS
electronics'®. Advancernents in the field of paper electronics are rapidly growing, where
major focus has been directed toward using flexible cellulose paper for the fabrication of
various types of sensors, such as hurnidity, touch, pH, and gas sensors™'°. However,
these approaches still use sophisticated and often expensive nano-malerials based
functionalization, vacuum manufacturing processes and printing technigues, wherse
paper Is still ofien chemically treated and solution-processed’™".

[0004] Flexdble artificial skin advances have also paved their way in the literature,

aiming for sofi skins for robotic applications through the means of pressure and
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ifemperature sensors integrated on polyethylene terephthalate (PET) or polyimide (P
subsirates' . However, the existing approaches are still far from being commercialized
due to their fairly expensive manufacturing processes and complex integration. Although
flexible plastic substrates are relatively cheap (PET = 2 cenis.dm™ & Pi = 30 cenis.dm™
V), the price of paper is substantially lower (= 0.1 cent.dm™)®. Developmenis in artificial
skin integration have shown possibilities for strain, humidity, pressure and temperaiure

sensing®™™!

. There continues {0 be a need, however, for cheaper allernatives.
SUMMARY

(00057 We provide a flexible and non-functionalized low cost electronic system
platform fabricated from common paper. In various aspecis we display both in-plane
and 3[D-integration of various sensors for health monitoring, for example, for real-time
monitoring of temperature, sweat, burn effect, breathing, heart rate and blood pressure.
Additionally we show computational, radio communication, light steering and lasing
ability.

[0008% We provide herein a cheaper alternative to the widespread artificial skin
systems. In various aspecis, we provide paper-based sensors employing common
fabrication tools in which we do not functionalize or treat the paper in any way, nor use
any microfabrication processes such as sputtering, shadow mask, or solution etching
techniques. Cur fabrication process allows for household manufacturing of the sensors,
making them accessible for anyone, at any age and regardless of financial status.

[0007]  In various aspects, we provide a 3D stacked “Paper Skin” array (for example
a 6x6 array) for simultansous sensing. The array can be manufaciured from household
resources such as paper, 3M™ adhesive tape, aluminum/copper foil, kitchen sponge,
tissue fabric {napkins), and pencil. Although aluminum foil is sufficient Tor interconnects
and contacting pads, we can also use, for example, a silver conducive ink, such as the

sitver conduciive ink pen “Circuit Scribe™?, for scalability and arraying purposes. We can
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use off-the -shelf materials {o fabricate and integrate the sensors such as pressure,
{femperature, humidity, pH, and flow sensors including tactile and proximity detection.

(0008} Unlike artificial skin platforms aiming for high-end sensitivitiss, in an aspsct
we disciose herein a low-cost and multi-functional paper-based sensors network
providing sufficient functionality and ease of access o monitoring and awareness
systems. The ability to capture pressure, tactile, proximity and motion positions
unexpectedly enables more intuitive human-computer interactions, in a much more
accessible way than before. Our “paper skin” can be employed in varicus household
and healthcare applications, ranging from food qualily examination, to atmospheric
monitoring, and basic real-time symptoms and illness detection.

[0009] In an embodiment, a method of producing a paper based sensor is
provided. The method can comprise the steps of. a) providing a conventional paper
product {0 serve as a subsirate for the sensor or as an active material for the sensor or
both, the paper product not further freated or functionalized; and b) applying a sensing
element to the paper subsirate, the sensing element selected from the group consisting
of a conductive material, the conductive material providing contacts and interconnects,
sensitive material film that exhibits sensitivity to pH levels, a compressive and/or porous
material disposed between a pair of opposed conductive elements, or a combination of
two of more said sensing elements.

{00107 In any one or more aspecis of the method the conventional paper product
can be selected from the group consisting of cellulose fiber based porous structures.
The sensing element can be a temperature sensor, humidity sensor, pH sensor, gas
sensor, pressurefforce sensor, tactile sensor, proximity sensor and/or a combination of
two or more of said sensors. The sensing element can be made using a metal foil, a
conductive ink, material that exhibits an amount of compressibility, a microfiber wipe, a
sponge, a graphite composition, or a combination thereof. The sensor can be either a

temperature sensor or a humidity sensor and the sensing element can be formed of a
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metal foil or a conductive ink or both. The sensor can be a pH sensor and the sensitive
material that exhibits sensitivity to pH can be formed of a graphile composition. The
sensor can be a pressurefiactile sensor and the sensing element can be formed of a
pair of conductive elemenis and a material that exhibits an amount of compressibility
(for example a microfiber fabric or a sponge material) disposed belween the pair of
conductive elements. The sensor can be formed of an array of temperaiure sensors,
humidity sensors and pressure sensors stacked, the arrays stacked one on top of the
other on the paper substrate.

[0011] In an embodiment a method of sensing is provided. The method can
comprise the steps of: a) providing a conventional paper product io serve as a subsirale
for the sensing or as an active material for the sensing, the paper product not further
ireated or funclionalized, b) applying a sensing element to the paper substrate, the
sensing element selected from the group consisting of any kind of conductive material
serving as confacts and interconnects, any Kind of sensitive material films that exhibit
sensitivity to pH levels, a compressive and/or porous material disposed between a pair
of opposed conductive elements, or a combination of two of more said sensing
elements; ¢} and measuring, using the sensing element, a change in resistance, a
change in voltage, a change in current, a change in capacitance, or a combination of
any two or more thereof,

[0012] Inany one or more aspects of the method of sensing the conventional paper
product can be selected from the group consisting of cellulose fiber based porous
structures. The sensing element can create a sensor, such as a temperalure sensor, a
humidity sensor, pH sensor, gas sensor, pressure/fforce sensor, a iaclile sensor, a
proxdmity sensor, or a combination of two or more of said sensors. The sensing element
¢an be formed of a metal foil, 2 conductive ink, a material that exhibits an amount of
compressibility, a microfiber wipe, a spongs, a graphiie composition, or a combination

thereof. The conductive material can be selecied from the group consisting of a metal
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foil or a conductive ink. The sensitive material that exhibils sensitivity o pH can be a
graphite composition. The sensing element can form either a temperature sensor or a
humidity sensor and the sensing element can be formed of a metal foil or a conductive
ink or both. The sensing element can form a pH sensor and the sensing element can be
formed of a graphite composition. The sensing element can form a pressurefiactile
sensor and the sensing element can be formed of pair of conductive elements and a
material that exhibits an amount of compressibility (such as a microfiber fabric or a
sponge materialy disposed between the pair of conductive elements. The sensing
element can form an array of temperature senseors, humidity sensors and
pressurefforceftactile/proximity sensors stacked, the arrays stacked one on top of the
other on the paper substrate or integrated in a plane.

[0013}] In an embodiment, a paper based sensor is provided. The paper based
sensor can compiise: 1) a conventional paper product {0 serve as a substrate for the
sensor or as an aclive material for the sensor or both, the conventional paper product
not further treated or functionalized; and b) a sensing element on or applied to the paper
substrate, the sensing element selected from the group consisting of a conductive
material, the conductive material providing contacts and interconnects, sensitive
material film that exhibits sensitivity to pH levels, a compressible and/or porous material
disposed between a pair of opposed conductive elements, or a combination of twg of
more said sensing elements.

[0014] In any one or more aspecis of the paper based sensor, the conventional
paper product can be selected from the group consisting of cellulose fiber based porous
structures. The sensing element can be a temperature sensor, humidity sensor, pH
SeNnsor, gas sensor, pressurefforce sensor, tactile sensor, proximity sensor and/or a
combination of two or more of said sensors. The sensing elemeni can be made using a
metal foil, a conductive ink, material that exhibiis an amount of compressibility, a

microfiber wipe, a sponge, a graphite composition, or a combination thereof. The sensor
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can be either a temperature sensor or a humidity sensor and the sensing element can
be formed of a metal foil or a conductive ink or both. The sensor can be a pH sensor
and the sensilive material that exhibils sensilivity to pH formed of a graphite
composition. The sensor can be a pressurefactile sensor and the sensing element
formed of pair of conductive elemenis and a microfiber fabric or a sponge material
disposed between the pair of conductive elements. The sensor can be formed of an
array of temperature sensors, humidity sensors and pressure sensors stacked, the
arrays stacked one on top of the other on the paper substrate,

[0015] Other systems, methods, features, and advantages of the present
disclosure will be or become apparent to one with skill in the art upon examination of the
following drawings and detailed description. It is intended that all such additional
systems, methods, features, and advantages be included within this description, be
within the scope of the present disclosure, and be protected by the accompanying

¢laims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Many aspects of the disclosure can be better understood with reference fo
the following drawings. The componenis in the drawings are not necessarily {0 scale,
emphasis instead being placed upon clearly illustrating the principles of the present
disclosure. Moreover, in the drawings, like reference numerals designate corresponding
parts throughout the several views.

00177 Figs. 1{a)-(e) depict a fabrication process of various paper sensors of the
present disclosure: Fig. 1(a} is a schematic of temperature sensors using silver ink pen
and aluminum foll; Fig. 1 (b) shows a capacitive design of humidity sensor using Fost
it™ paper as sensing malerial; Fig. 1 (¢} depicts a representalive capacitive based
disposable pH sensor; Fig. 1 (d) depicis a pressure sensor using a parallel-plate

structure and two different sensing materials: microfiber wipe and a sponge; and Fig. 1
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{e) depicts a schematic of a second pressure sensor design based on an air-gap
structure.

(0018} Figs. 2(a)-(d) depict a sensor array: in which Fig. 2(a) shows a flexible paper
skin; Fig. 2(b) a flexible 6 x & "Paper 3Skin” wrapped around an arm; Fig. 2(¢) a
schematic of a 3D stacked paper skin structure composed of pressure, temperature and
hurnidity sensors; and Fig. 2(d) a schematic of an in-plane integration of paper skin with
inset zoomed on 2 pixels configuration.

[0019] Figs. 3{(a)-(d) depict structural material properties of housshold resources: in
which Fig. 3(a) is scanning electron microscopy (SEM) of Post-i™ paper coated with 2
nm ridium (I reflecting the porosity of the paper through its cellulose fiber structure;
Fig. 3(b is an SEM image of the foamed polyester sponge highlighting its porous and
deformable nature through a system of hexagonal microstructures; and Figs. 3 (¢} and
3{dy are SEM images of the dleanroom wipe, displaying randomiy oriented microfibril
threads with varying densities across the film.

(00207 Figs. 4{a)-(T) depict material properties of silver {Ag) ink pen on Post-it™
paper: in which Figs. 4(a), (), and (©) are scanning electron microscopy (SEM) of silver
ink on paper, at room temperature (T = 25°C). The zoomed-in imagss show the uniform
distribution of distinct Ag hexagonal microstructures, with slight separation in between;
and Figs. 4(d), (&), and () are SEM images of the same silver ink structure gfier heating
at 100°C and left to cool down at room temperature. The Ag microstructures have
expanded and superimposed, vielding 1o a much denser and uniform film.

[0021] Fig. 5 depicts the resistance variation of heated silver ink film. Resistance of
sitver ink film on paper is shown with respedt to different heating temperatures. Heated
measurements are collected after the structure is cooled down to room temperature.

(0022} Figs. 8{a) and (b) depict a comparative study of silver ink versus aluminum

foil based temperature sensors: Fig. 8(a) shows temperature sensitivity of an aluminum
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foil-based sensor, displaying a sensitivity of 0.00115 Q/°C; and Fig. 8{(b) is a plot of a
silver ink based temperature sensor, ilustraling a sensitivity of 0.0107 Q/°C.

[0023} Figs. 7(a)-(c} depict realtime temperature monitoring: in which Fig. 7(a)
shows {otal response and recovery times due to human touch stimulus; Fig. 7(b) shows
spike response time originating from human breath heat; and Fig. 7(c) shows peak
response behavior with fast response time to flame temperature,

[0024] Figs. 8{a)-(i) depict single pixel real-time temperature and humidity sensing:
in which Fig. 8(a) is a digital photograph showing external stimuli from human touch,
exerting a temperature of around T = 37°C; Fig. 8(b) shows a real-time temperature
response to human touch, displaying a Gaussian/Lorentzian profile for 3 consecutive
cycles; Fig. 8(¢c) is a digital photo showing external stimuli from human exhaled breath
{around 42°C); Fig. 8(d) is a realtime temperature response for 2 cycles of exhaled
breath over a period of 30 seconds; Fig. 8(e) is a digital photo showing exdernal stimulus
exarted from the flame of a lighter (T= 85°C), positioned 10 om away from the surface of
the sensor; Fig. 8(f) shows a realtime response for 5 cycles of applied stimuli over a
period of 80 seconds; Fig. 8(g) shows a real-lime response to humidity levels detecled
from 4 cycles of human breath; Fig. (h) is a realtime humidity profile showing a null
response to the fan breeze {reference plot), and a positive response due to water vapor
detection; and Fig. 8() is a digital photo illusirating the wind tunnel setup used to
properly redirect the vapor on top of the humidity sensor.

[0025] Figs. 9(a)-(d) depict real-time humidity monitoring: in which Fig. 8(a) is &
sensitivity plot displaying linear change in capacitance as humidity levels increase; Fig.
9{b) shows peak response displaying an exponential increase in capacitance with
detected breath humidity, Fig. 8(c) is a response profile due to water vapor humidity
detection; and Fig. 9(d) is a photograph demonstrating the experimental setup for
applying water vapor on the surface of the humidity sensor.

(0026} Figs. 10(a)-() depict pH and real-time pressure maasurements: in which Fig.

8
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10(a) shows a study of pH sensor behavior using 2 ml of coffee, water, and backing
soda solutions; Fig. 10(b) shows a comparative study of pressure-sensing behaviors
between cleanroom wipe and sponge; Fig. 16{c} is a C-V measurement of an airgap
based pressure sensor, under various pressure loads; Fig. 10{d) is a sensing behavior
plot of an air- gap pressure sensor (scale bar of inset digital pholo is 3 cmy; Fig. 10{e)
shows a real -time capacitance change in response 1o applied 12 kPa, exerted with the
bottom of a pen (scale bar of inset digital photo is 1 cmy; Fig. 106 shows a peak
behavior in response to 12 kFa load; Fig. 10{g) shows a realtime sensing of 32 touch-
release cycles within a time of 50 s (Scale bar of inset digital photo is 1 omy; and Fig.
10{(h} shows a mutual capacitance effect in response to iouch; and Fig. 10() shows a
sysiolic pressure response when finger touch is pressed further against the sensor.

(00277 Figs. 11(a)-(c) depict real-time pressure flow monitoring: in which Fig. 11(a)
shows pressure behavior to airflow at an applied normal velocity of vigme = 3 0vs; Fig.
11(b) shows pressure response o different flow orientations (0°, 45° and 907, for two
velocity values: 2 nvs and 8 m/s; and Fig. 11(C) is a pressure sensitivity plot at fixed flow
velocities.

[0028] Figs. 12(a) and (b) depict out-of-plane proximity sensing: in which Fig. 12(a)
shows real-time moniforing of out-of plane proximity sensing, where the finger
approaches the sensor in g perpendicular manner (proximity sensing detected at 13 om
away from the sensor); and Fig. 12(b) shows capacitance decreases exponentially as
the finger gradually approaches the sensor. Scale bar of inset digital pholos is 2 om.

(00291 Figs. 13(a)-(h) depict a “Paper Skin" spatial and temporal mapping: in which
Fig. 13(a) shows a temperature array pixel distribution, showing Pixel R1- C1 damaged,
Fig. 13(b) is a spatial mapping of temperature generated from human touch exeried on
pixels R3-C3 and RS-C§; Fig. 13(c) shows a humidily amray pixelkto-pixel uniformity; Fig.
13(d} shows a spatial mapping of humidily in response o human breath exerted

simultaneously on pixels R2-C3, R2-C4, R3-CZ, R3-C§, R4-C2, R4-C5, R3-C3, and R5-
8
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C4; Fig. 13{(e) shows a pressure array pixel uniformity; Fig. 13{f) shows a spatial
mapping of pressure in a “Chess-board” patiern; Fig. 13(g) is a 3D bars representation
corresponding (o localized 8 kPa loads on pixels R1-C2 and R6-C5; and Fig. 13(h) is a
simultaneous temporal and spatial mapping of motion sensing from 4 pixels.

(00307 Figs. 14(a)-(h) depict simultanecus body vitals monitoring: in which Fig.
14(a} is a digital photo showing a setup for heart rate monitoring by carefully taping the
paper skin on the chest; Fig. 14(b} is a hearti rate pressure profile before exercise, with
comparative digital photo inset taken from Samsung 35 “S Health” application; Fig.
14(c) shows a heat rale deleclion afler exercise, with inset from S Health” moniforing
application; Fig. 14(d) is a digital photo showing paper skin wrapped around the wrist for
complete body vilals detection; Fig. 14 (&) is a radial artery puilse waveform detected
throughout a period of 30 5, and band pass filtered between 1 and 7 Hz for noise
elimination; Fig. 14(f) shows a heart rate detection from arterial pulse monitoring; Fig.
14(g} shows blood pressurs and arterial stiffness detection from resocivable peaks of the
radial artery waveform; and Fig. 14(h} is a histogram displaying simultansous sensing of

body temperature and skin humidity before and after exercise.

DETAILED DESCRIPTION

{0031} Described below are various embodiments of the present systems and
methods for a paper based electronics platform. Aklhough particular embodiments or
examples are described, they are mere exemplary implementations of the system and
method. One skilled in the art will recognize other embodiments are possible. All such
embodimenis or examples are intended to fall within the scope of this disclosure.
Moreover, all references cited herein are infended to be and are hereby incorporated by
reference into this disclosure as if fully set forth herein. While the disclosure will now be

described in reference to the above drawings, there is no intent to limit # to the
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embodiments disclosed hergin. On the contrary, the intent is to cover all alternatives,

modifications and equivalents included within the spirit and scope of the disclosure.

Discussion

[0032] Before the present disclosure is described in greater detail, it is to be
understood that this disclosure is not limited {0 particular embodiments described, as
such may, of course, vary. i is also to be understood that the terminclogy used herein
is for the purpose of describing particular embaodiments only, and is not intended 1o be
limiting, since the scope of the present disclosure will be limited only by the appended
claims.

[0033] Where a range of values is provided, it is understood that each intervening
value, {o the ienth of the unil of the lower Hmit (unless the contexd clearly dictates
otherwise}, between the upper and lower limit of that range, and any other stated or
intervening value in that stated range, is encompassed within the disclosure. The upper
and lower limits of these smaller ranges may independently be included in the smaller
ranges and are also encompassed within the disclosure, subject to any specifically
excluded limit in the stated range. Where the siated range includes one or both of the
limits, ranges excluding either or both of those included limits are also included in the
disclosure.

[0034] uUniess defined otherwise, ali technical and scientific ferms used herein have
the same meaning as commonly understood by one of ordinary skill in the ar 1o which
this disclosure belongs. Although any methods and materials simifar or equivalent to
those described herein can also be used in the praclice or testing of the present
disclosure, the preferred methods and materials are now described.

[0035] Al publications and patents cited in this specification are herein
incorporated by reference as if each individual publication or patent were specifically
and individually indicated to be incorporated by refersnce and are incorporated herein

by reference to disclose and describe the methods and/or materials in connection with
11
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which the publications are cited. The cilation of any publication is for its disclosure prior
{o the filing date and should not be construed as an admission that the present
disclosure is not eniitied to aniledate such publication by virlue of prior disclosure.
Further, the dates of publication provided could be different from the actual publication
dates that may need {0 be independently confirmed.

[0038] As will be apparent to those of skili in the art upon reading this disclosure,
each of the individual embodiments described and Hiustrated herein has discrele
componenis and features which may be readily separgted from or combined with the
features of any of the other several embodiments without departing from the scope or
spirit of the present disclosure. Any recited method can be carried out in the order of
events recited or in any other order that is logically possible.

(00377 Embodiments of the present disclosure will employ, unless otherwise
indicated, techniques of chemistry, synthetic inorganic chemistry, analytical chemistry,
and the like, which are within the skill of the art. Such techniques are explained fully in
the literature,

{0038} The following examplas are put forth so as to provide those of grdinary skill
in the art with a complete disclosure and description of how to perform the methods and
use the compositions and compounds disclosed and claimed herein. Efforts have been
made to ensure accuracy with respect {0 numbers {(e.g., amounts, temperature, efo.),
but some errors and deviations should be accounied for. Unless indicated otherwise,
parts are parts by weight, temperature is in °C, and pressure is in bar. Standard
temperature and pressure are defined as 0 °C and 1 bar. However, we may use
pressure units in the form of Pa or kPa.

[00387 it is to be understood that, unless otherwise indicated, the present
disclosure is not limited 1o particular materials, reagenis, reaction malerials,
manufaciuring processes, or the like, as such can vary. & is aiso to be understood that

the terminology used herein is for purposes of describing particular embodiments only,
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and is not intended to be limiting. [t is also possibie in the present disclosure that steps
can be execuled in difierent seguence where this is logically possible.
[0040% It must be notad that, as used in the specification and the appended claims,

Hou

the singular forms “a,” “an,” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a supporl’ includes a plurality of
supports. In this specification and in the claims that follow, reference will be made o a
number of terms that shall be defined to have the following meanings uniess g contrary
intention is apparent.
Description

{00411 In an embodiment, we provide various electronics platforms using paper as
a substrate. In various aspects the paper can be selected from cellulose fiber based
porous structures. The paper can be any conventional or commonly available paper,
such as household paper, and can be generalized to any Kind of celiulose fiber based
paper. The paper can be a commercially avallable paper, such as Post-it® Notes,
stationary paper, all-purpose papers used in printing or for documenis, business cards,
envelopes, magazines, eic. The paper does nol need to be further treated or
functionalized for use herein. The paper does not need io be treated or funclionalized
beyond the condition of the conventional or commonly available paper as received or
purchased. Paper as commoniy produced can be used herein without being subjected
o treatment or functionalization subsequent 1o ifs production. Thus, for example, it is not
necessary to impregnate the as received paper, such as by application of an emulsion,
or to coat the paper for use herein. In any one or more aspects, the paper can be an
untreated paper by which we mean a paper having an untreated surface that is dull and
unreflective. In any one or more aspects, an unireated paper as used herein can be a
conventional or commonly available as received paper that has not been subjected to a
freaiment 1o impregnate the paper or subject the operative surface of the paper to

coating or varish treatment. In any one or more aspects, the as received paper is an
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untreated paper in the form of a thin fibrous sheet laid down from a suspension of
pulped fibers (typically cellulosic fibers) which may contain various amounts of non-
fibrous ingredients, such as in a conventional paper-making process.

[0042% Characteristics that can affect from the choice of paper used are its porosity
and surface roughness. These parameters can affect the uniformity of the metal
interconnects and the sensitivity of the humidity sensor. However, our sensors
integration is not limited {o the choice of the paper type. Any paper platform can be used
for fully functional sensors, and changes in the paper type will only result in changes in
the sensitivities of the sensors built on it. The paper can provide a flexible substrate for
the platform. Cther characteristics of the paper such as porosity and celiulose and fiber
structure do not restrict most the sensor's functionality, except for humidity sensing,
where porosity of the paper can affect the sensitivity and response time of the sensor,
but does not restrict the functioning of the sensor. The paper-based platform can
provide various sensor designs.

[00437 A metal foil (such as aluminum foily or a conductive ink (such as a metallic
ink, for example a silver ink) can be used for the contact pads and interconnects of the
sensor. A spectrum of materials and structures can be used for the sensing film in order
{0 achieve the desired performance and application. Table 1 provides g list of some
materials that can be used for various sensors of the present disclosure, highlighting

thelr important characteristics.
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Table 1

Household material properties
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[0044} In varicus aspects, our paper-based electronics platform can show any kind
of sensor functionality, including but not restricted to, iemperature sensors, a humidity
sensors, pH sensors, pressurefiaciile sensors, proximity sensors and combinations
thereof. Both temperature and pH sensors have a resistive functionality, whereas
humidity and pressureftactile sensors both rely on a capacilive based sensing.
Exemplary detailed design and process flow of the sensors are illustrated in Figs. 1{a}~
{e} and Figs. 2{a)-{d}, and discussed in the Examples below. Further information about
each sensor's principle of operation and choice of material is explained below.

[0045] In various embodiments for temperature sensors, we can use a simple
resistive structure, either cut out of aluminum foil or drawn with a conductive ink, such
as the silver conductive pen on the Post-it™ paper (see, e.g., Fig. 1a). The aluminum
foil has an electrical resistivity of 3.83 = 10° Q.m, whereas the silver pen on paper has a
resistivity in the inlerval of 0.05 - 0.2 Q/n. This slight variation in the electrical

conductivity is due to the variability in filling densily. The resistance of the sensor will
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vary with temperature due to phonon vibrations in the lattice struciure of the metal,
which will increase the spacing between aioms and reduce the ability of the material to
properly conduct the electrical current, causing an increase in resistance. The relative
resistance change vs. temperature f7T)= AR/R of temperature resistors (RTDs) is
commeonly represented by the value of the temperature coefficient of resistance (TCR).

The TCR is defined as the siope of the AR/R = f{T) curve and can be expressed by:

~ FABN 5
TCR = i\—? iR
AT S

e
ot
S

Where TCR is the temperature coefficient of resistance fin C-1}, AR {in Q] is the
changs in resistance corresponding to AT {in OC] the change In temperaturs, and R
fin 0} is the initial resistance of the sensor. The theorgtical TOR of silver and

aluminum at 200C are respectively, 0.0038 0C-1 and 0.003g o¢c-1 51

[0046] In various embodiments, for capacitive humidity sensors (See, e.g., Fig.
1{b}). paper withholds an advaniageocus property for measuring humidity due {o its
porous cellulose-fiber nature, and the adsorplion and desorption of moisiure on paper
relative to humidity levels is a well-known phenomenon®®?. Paper can, thus, serve as an
active material for humidity sensing. Since paper is hygroscopic, as humidity level
increases, more water molecules adsorb to the hydroxyl groups on the surface of the

paper, changing the relative permittivity and altering in turn the capacitance of the
sensor. Water has a relative permittivity of Sremseer = 80,1 at 20°C, thus the permittivity
of paper is expected {0 increase, leading 1o an increase in capacitance as

humidity levels rise (Eguation 2}

Where “C” is the capacitance of the sensor {in Fl, fo is the vacuum permittivity
(5o = 8854 x YO WS g s the relative permittivity of the dielectric
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material in  between the two conductive fingers, and “d” is the separation
between the parallel conductive plates [in m]. For further electrical stability and

reduction of measurement fluctuations, we have covered the sensor structure with a

sheet of “‘KIMTECHTM wipe” * which shows to reduce electrical discharges, and has

a relative permittivity very close to that of air, as calculated in Table 1.

[0047] In varous embodiments for pH sensors, pencil of grade HB can act as the
sensing film (see, e.g., Fig. 1{c)). HB grade pencil has 88% carbon and 26% clay®® and
the electrical resistivity is calculated to be # = 185 ¥ 167 Qm_ Note that 2 is highly
dependent on the content of carbon, and decreases as the percentage of carbon
increases. The principle of operation relies on measuring the change in resistance upon
exposure to different pH levels. Since paper substrate s sensitive o moisture, once
exposed o a solution (regardless of the pH level), moisture level in the paper will
increase and saiurate, increasing the elecirical conductivity of the paper, and
inducing a change in the resisiance of the sensor. Nevertheless, this resistivily
dependence on humidity is constant for all solutions under study, and is therefore taken
as a reference. The paper effect is negligible compared to the high conductivity
introduced by the pencil layer. The dominant effect is the redox reaction ocourring
between the graphite and hydroxyl ions in the corresponding aqueous solutions. An
acidic solution has higher concentration of hydrogen ions H* than water, and a basic
solution has higher concentration of hydroxide ions OH'. The sensing film can exhibit
changing resistivity or conductivity based on the amount of hydroxyl groups reacted.
The sensing mechanism can be explained by the adsorbed ions (hydroxonium ions
H.O" and hydroxyl ions OH). When exposed to an alkaline solution, the carbonyl
functional group goes through a reduclion step (gaining eleclrons &), eventually
transforming into methane (CH,) the most highly reduced siate, decreasing the
resistance with respect to neutral solution resistance. Conversely, when exposed o an
acidic solution, the carbon-based film goes through an oxidation step (loses g7,

17



WO 2017/122178 PCT/IB2017/050202

eventually becoming CO,, which is the most highly oxidized state, increasing the
measured sensor's resistance.

[0048% In various embodiments for pressurs sensors, such as shown in Fig. 1(d),
the principle of operalion can be described in Equation 2. As the applied pressure
increases, the dielectric thickness decreases, increasing the outpui capacitance of the
sensor. In fact, due 1o the elastic deformation and porous properties, the sponge will
vary in thickness as it is exposed to varicus exiernal forces. Similarly, the cleanroom
wipes are composed of multilayer microfiber construction; this texdure allows for high
sensitivity and deformation under mechanical stimuli. In order to further improve the
sensor’s response o lower pressure regimes, an airgap based desigh was
implementad, as shown in Fig. 1{e}. This device geometry will allow for greater
sensitivity due 1o the ulira-high compressibility and deformation of air. in fact, it has
been shown that electrical signals from vibrations are dramatically ampiified when an air
gap of few micrometers in size is implemented in the sensor's structure®.

[0049% In varicus embodiments, we can combine two or more of the sensors into a
single paper-based platform. For example, in an aspect, we built a 6 = € artificial "Paper
Skin® through the superposition of multiple layers, for example three layers, of sensors
networks, as shown in Figs. 2{a}-{¢}. The pressure-sensing platform provides mulli-
functionality for force, ifouch, mgtion, direction and proximity sensing. This stacking
configuration allows for simultanecus localized sensing of various external stimuli per
pixel, bringing together exiensive sensing functionalities in a low-cost and sustainable
manner. This stacking arrangement has the advantage of having compact and localized
pixels, which is beneficial for sensing surrcunding behaviors. However, for human vitals
detection, an in- plane integration of the sensors may be desired (Fig. 2{d)) 1o insure

direct contact with the skin for more accurate measurements.
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Material Characterization

(00507 Thickness, electrical resistivity and relative permittivity are material
properties that can be given consideration in fabricating our devices and understanding
their behavior. Some of these characteristics are provided in Table 1. Thickness was
obtained through a high-accuracy digital micrometer; electrical resistivity using a four-
point probe resistivity measurement, and relative permittivily was calculated from the
measured capacitance of a 3 » 1 om® capacitor, using the studied material as the
dielectric. Additional material characiterization was performed on the Post-it™ paper, the
sponge and the microfiber cleanroom wipe, in order {o examine their surface topography
and verify their porosity through scanning electron microscopy (SEM).

{00511 For studying the surface fopography and porosity of the different materials,
we performed scanning electron microscopy (SEM). For sample preparation of the FPost-
it™ note, the piece of paper was blow-dried with nitrogen (Np) to remove dust particies,
and then coated with 2 nm layer of Iridium (i) to prevent charging during imaging. The
SEM image in Fig. 3{a) reflecis the fiber structure of the Post-it™ paper through the
apparent mesh of celiulose microfibrils. Cellulose is hydrophilic and insoluble in water,
which makes it perfect for our humidity sensing purposes.

[D052] As for the sponge and the microfiber cleanroom wipe, the samples were
sputtered with a 2 nm layer of Ir o prevent charging. SEM images in Figs. 3{b} and 3{c}
confirm the porous nature of our chosen malerials. This porosity allows more
compressibility and deformation; an advaniageous property for improved low-pressure
sensitivity™®. We notice that the sponge exhibits a different structure than the cleanroom
wipe, where it displays a network of hallow hexagonal microstructures {pores), whereas
the polypropylens wipe illusirates a network of randomly oriented microfibril threads. As
shown in Figs. 3{e} and 3{d}, different areas of the wipe reveal larger separations
between the microfibrils. This lower density fransiates inlo higher sensitivity 1o small

loads. In fact, the synthetic sponge is made out of foamed polyester (PES), which is
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rugged, stiffer, and has higher density than the polvpropylene (PP} found in the

[Der = D910 Done = 138 glec)e - ion i '
(e B L 8 gfeeh . Besides, elongation is much higher

2

¢

cleanroom wipes
for PP, which gives better elasticity and thus more compressibilily. Thergfore, it is
expected that the cleanroom wipe based sensor will demonstrate a higher sensiiivity o
pressure, whereas the sponge-based sensor will be able to have a wider range of
operation in the high pressure regime, due to its larger thickness.

[0053% In an embodiment silver ink was used for designing temperaturs sensors.
We studied the stability of the silver ink interconnects at high femperatures. We
performed SEM on the same silver ink sheet, before and afier heating the sample {o
100°C. Resistance values were exracted for both cases only afier the temperature of
the surface came back {o room temperature. Figs. 4{a}-{c) show SEM images of the
silver (Ag) ink particles before heating, where we can clearly distinguish the fairly
uniform distribution of Ag hexagoenal microstructures. After heating, room temperature
images in Figs. 4{d)}-{f} indicate that the silver-based gel-ink pen has expanded and the
enlarged Ag microstructures have superimposed. The diffusion temperature of pure Ag
is determined to be above 630°C%, however the circuit scribe conductive pen
composition is like that of any commercial gelink pen, except the color pigments in the
pen have been replaced by silver particles. This being said, a gel medium exhibits a
high liguid viscosily, described by the dynamic viscosity (i), where the viscosity of the
medium tends to decrease as temperature increases, translating into a liquefied
medium that promotes the superposition of Ag particles. The dynamic viscosity ‘W is

exponentially dependent on temperature by Reynolds’ model

Where T is temperature [in °C], u is the viscosity of the liquid [in Pa.s], and “u0” and “p°
are empirical coefficients of the model. Moreover, at elevated temperatures the silver

particles have undergone thermal expansion, in which their volume expands in
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response to temperature through heat transfer. The volumetric thermal expansion

coefficient %, of any medium is generally described by:

1 8%y
o

?ia

&,

Qy =

ot

Where 'V’ is the medium’s volume [m°], “T” the temperature [K] and 'p’ indicates that the
pressure is held consiant during expansion. The linear thermal expansion coefficient of
sitver is aay = 18 x 10° K7 P and since silver is an isotropic material, then the area
thermal expansion coefficient becomes 2a,, and the volumetric expansion coefiicient is
3 Opg.

[0054] The results display an irreversible process where the sheet resistance of
silver ink interconnects decreases due {o an improvement in film density. Fig. &
illustrates the decrease in resistance afier the silver ink is heated o temperatures up to
100°C. Resistance decreases from 4.75 Q at room temperaiure (25°C) down 1o 2.83 &
after heating to ~ 95°C. Note that for each measurement, the resistance value was
taken after the condudctive ink cooled down 1o room temperature, and not while heated.
Electrical Characterization and Analysis

[0085] Provided below is an electrical characterization and analysis of various
sensors that can be made using our paper-based electronics platform. Each sensor
characterization begins with the study of the behavior and sensitivity of the sensor, and
then we record the response and performance of the sensors in a temporal study where
the sensors undergo different exiernal stimull.

Temperature sensing

[00568] We evaluated the temperature sensor behavior, comparing a silver ink
based sensor with an aluminum foil based sensor. To compare the silver ink based
sensor with the one made out of aluminum foil, the silver ink based sensor was used
after it was heated to 100°C and cooled down. Then, we characterized sach sensor on

a thermal chuck manual probe siation, where the chuck is heated from 25°C up fo
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100°C with steps of 10°C. For precision, the temperature on the surface of the sensor
was measured using a thermocouple and the resistance value collected using a digital
multimeter. Figs. 6{a} and (b} that both sensors exhibit a linear behavior where
resistance increases with respect to temperature. The calculated temperature coefficient
of resistance (TCR} for aluminum foil and silver ink pen are respectively TCR.p 4 =
0.00383/°C and TCRup, ag= 0.00372/°C. Cur experimental values very closely match the
materials’ theoretical TCR values of TCRy, 4= 0.0038/°C with a relative % error of 1.8%
and TCRy, ag= 0.0038/°C with a relative % error of 2.1%"".

[005T] As for real-time sensing, Fig. 7{a} shows the Gaussian/Lorenizian profile of
the sensor's response to human touch. The maximum change in voltage is AV = 1.38
mYy comresponding to a change in temperature of AT = 12°C relative to room
iemperature. The toial response time of the sensor is 7.37 seconds and the total time
for the sensor {0 recover #s initial stale is 10.32 seconds The recovery takes the shape

of an exponential decay from which we can relrieve the rate of decay by extraciing the

mean lifetime T or half-life {,, of the sensor, corresponding 1o the time required for the
sensor o fall back to half of its initial value. In this case, the haif-life of the sensor was
determined to be #;, = 1.88 seconds. For breath temperature detection (Fig. 7{b}}, the
maximum change in voltage is AV = 2.34 mV corresponding 10 a change in temperature
of AT = 20°C relative to room temperature. The sensor exhibits a spike response time of
421 ms, with a total recovery time of 7.16 seconds. For the final test, we position the
flame of a lighter about 10 cm away from the surface of the sensor. Fig. 7{c) shows the
ariginated change in voltage in response to the flame’s heat. The peak change recorded
is AV = 858 mV corresponding to AT = 60°C. The total response time is about 1.88
seconds, with the fastest total recovery time of 5.27 seconds.

[0058] The results demonstrate that the silver ink based sensor can be 9 timss

more sensitive than the aluminum foil based temperature sensor, with respective
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sensitivities S4g = 0.0107 /°C and SA/ = 0.00115 Q /°C, as shown in Figs. 6{(a) and
{b}.

[0059% For arraying purposes, we continuad our studies with the silver ink based
sensor. We performed temporal study measurements, where we exposed the sensor to
very common external stimuli that we encounter in everyday life. We tested the
temperature sensor’s reaktime response to human touch (7 = 37°C) (Fig. 8{a)), human
exhaled breath {around 42°C) (Fig. 8{c}), and from a lighier flame positioned 10 om
away from the sensor (T ~ 85°C) (Fig. 8{e}). Comprehensive results are shown in Figs.
&{a}-{i} and Figs. 7{a}-{c}.

{00607 Our paper-based temperature sensors show high sensitivity to the point of
detecting the spectroscopic behavior of the exhaled breath (Fig. 8d). This signal
originates from the pulsating nature of our breathing process, controlled by our heart
rate®. We report ultra - fast response and recovery times of 421 ms and 527 s
respectively, compared 1o 20 s response and 30 s recovery time reported in the
previously published literature®.

Humidity sensing

(00617 We studied the behavior of the humidily sensor by exposing it to three
different values of known humidity levels: room temperature (46%), human breath
(76%), and water vapor (87%). Fig. %{d} is a pholograph of the experimental setup for
applying water vapor on the surface of the humidity sensor. These humidity values were
determined using a commercial humidily sensor. As expecied, Fig. 9{a) shows a nearly
linear increase in the capacitance as humidity level increases. The maximum calculated
sensitivity is 0.18%/% RH, which is quite low compared o values reported in the

iiterature®-*°

, but still we show a very repeatable behavior with fast adsorption and
desorption times. Temporal study was conducted for the different external stimull. See,

e.q. Figs. 8{g)}-{i}.
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(0062} For realtime breath humidity experiment, Fig. 9{b} shows an increase of
0.025pF in capaciiance as a response 1o 76% relative humidity. We show a very fast
total response time of 2 seconds, with an exceptional growth behavior with half-life time
fio = 0.34 seconds. As for the recovery of the sensor, the desorption foliows a
Bolizmann profile, with total recovery time of 1.33 seconds. For the water vapor
experiment, the time study in Fig. %{c) demonstrates that the activation of the wind
tunnel! fan has no effect on the response of our sensor, quaranteeing that the behavior
seen is solely from the vapor humidity. In this case, the sensor has a total response time
of 1.2 seconds and g recovery time of 3.2 seconds.

[0063] On average, although the sensitivity reporied is not so high, however we
report very fast response and recovery times of ~1 s and 1.33 s respectively, nearly 10
times faster than the ones found in the literature using complex fabrication processes
and expensive materials® %
pH sensing

{0064} For pH sensor evaluation, we used three different solutions with distinct pH
ievels as follows: water (pH = 7), diluted baking soda solution (pH = 8.5), and Nescafé™
coffee (pH = 4.5), where pH values were collected using pM test strips. Plotting the
current vs. voltage plot for every solution, we retrieved the associated resistance value.
We first measured the reference resistance of the sensor then we drop 2 mi of studied
solution on the pH sensing film. During experimentation, we noticed that the paper was
absorbing fluid afler some time and was not sunviving two consecutive measurements.
Thus, we decided to report it as a disposable sensor, valid for one-time use. Therefore,
we drew three similar pH sensors and used each one of them for one testing solution.
The initial reference resistance was recorded for each sensor (R}, then the final

resistance (R} was measured after solution exposure, and we evaluaie the change in

resistance ARw = |Rr— Rif corresponding to a change in pH level. Fig. 10{a} shows the
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plot of resistance versus pH level. The resistance shown is the average resistance
calculated from the addition ARy, to a common reference resistance Ry

[0065] The decrease in resistance as pH level increases (Fig. 18{a}) is in
accordance with the behavior reported in the literature for graphite-based pH sensors®®
2 The resistance respectively increases 1o 355 Q at pH= 4.5 and decreases to 150 Q at
pH= 8.5, with respedt 10 the reference resistance value at pH= 7, shown in Fig. 10{al.
The reporied pH sensor is disposable and valid for one- time use; useful for detecting
whether a solution is an acid or a base, associaled {o sither an increase or decrease in
the reference resistance of a neutral solution.
Pressure/Force sensing

[0066] We also compared the pressure sensing behavior of a sponge-based
sSensor versus a cleanroom wipe based sensor (Fig. 10{d}). The comparative resulis
between sponge and cleanroom wipe based sensor are shown in Fig. 10{b). Ve
observe two linear regimes where the pressure sensitivities in the low-pressure interval
[0 — 190 Pa] are S;sponge = 0.09 pFkPa and S, .0 = 0.5 pF/kPa respectively for the
sponge and wipebased sensor. As for the high-pressure regime above 200 Pa, 5, g0nge
= 0.045 pF/kPa and Spuipe = 0.15 pF/kPa. As predicied by our material analysis, the
cleanroom wipe exhibils higher-pressure sensitivity due o its microfibril structure that is
more sensitive 1o smaller deformations. Then, we tested both sensors for maximum load
detection, and we observed that the sponge-based sensor had a larger window for high-
pressure detections, with sensing capabilities up to 90 kPa before saturation. Whereas
the cleanroom wipe-based sensor entered the saturation mode after 8 kPa of applied
pressure.

(0067 Results in Fig. 18{b} show that the spange offers 10 times wider high-
pressure detection window, whereas the cleanroom wipe offers 6 to 8 times higher
sensitivities in the lower pressure regimes due to its highly deformable microfibil

structure.
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{0068} We characterized the second pressure struciure fabricated for the paper
skin (Fig. 1{e}). First, we studied the sensitivity of the sensor by applying small weight
loads of PDMS (Fig. 18{c}), and then we performed real-time analysis in response {o
different external stimuli such as: high pressure exerted with the bottom of a pen {12
kPa) (Fig. 10{e}), touch/aclile detection (3 kPa) (Fig. 108{g}, and low- pressure
detections from air flow exposure (down 10 8 Pa) (see, Figs. 11(a)-{ch).

[0069] We characterized the sscond air-gap struciure of pressure sensor. Fig.
10{d} shows an exponential growth in response {o pressure. The plot can be divided
into two linear regimes where the pressure sensitivity is S§; = 0.81 pF/kPa in the low-
pressure interval [0 — 190 Pa), and S, = 0.25 pF/kPa in the high-pressure regime above
200 Pa. To exert higher pressures, we study in Fig. 18{e} the realtime response of the
sensor due an applied force of 12 kPa, exeried with the bottom of a pen. The pressure
response time is measured to be 130 ms and the total recovery time is 13.67 seconds
with an ultra-fast half-life time measured to be #,, = 360 ms (Fig. 10{f).

[0070% We recorded very fast response and recovery times, with pressure
sensitivities of 0.11 kPa” and 0.044 kPa' (Fig. 10{d)), comparable or even greater
values compared to reporied flexible capacitive pressure sensors: 0.23 kPa™' ¥, 0.0004
kPa ! B 0.0002 kPa' YL Qur response time could have been measured to be faster,
but was fimited to 130 ms due o our sampling rate fimitations.

[0071] Furthermore, we studied the effect of a light human touch, which is about &
couple of kPa. Fig. 18{g} shows repetitive cycles of touch and release, where the
capacitance exponentially decreases once the sensor is touched. This capacitive touch
effect is described by the mutual capacitance phenomenon where our finger interferes
with the electric field around the capacitor {cross-talk caused by fingern and transfers
part of the charge into our conductive and grounded body, hence decreasing the charge
collected by the capacitor. Fig. 10{h} illusirates a sharp response to touch, with a total

response time AT= 911 ms and a total recovery time of 651 ms. And when further
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pressure is applied with finger (~ 3.5 kPa}, the capacitance goes up again as depicted in
Fig. 10{), iollowing a pulsating behavior. The waveform seen reflects the pulsating
breathing effect, and highlights the efficiency of our device in applications for blood
pressure monitoring through the arterial pulses on our wrist,

[0072] Sharp tactile detection was possible through the mutual capacitance
phenomenon and characterized by a decrease in capacitance in response to touch, as
seen in Figs. 108{g}-{h). Sysiclic pressure was detecled in Fig. 10{) through touch
pressure, highlighting the efficiency of our device in applications for blood pressure
monitoring.

[0073] To evaluate the sensor efficiency in detecting lower pressure regimes, we
applied air pressures with different flow wvelocities. Fig. 11{a} shows the pressure
behavior to airflow at vieme = 3 /s, The total response time is as fast as 1.04 seconds,
and the total recovery time is only 2.34 seconds. Based on the detected change in
capacitance, our pressure sensor successfully detected an exerted pressure of 82 Pa.
Fig. 11({b) shows the pressurs respense to differant flow orientations (0°, 45° and 90%,
for two velocity values: 2 m/s and 8 mv/s. The sensor successfully detected a pressure
change even when the air was blown in a tangential manner (0° orientation), with &
calculated pressure as low as 9 Pa for a velocity flow of 2 mis. As expecied, the
detected pressure increases as the vector orientation comes closer to the normal
direction (Fig. 11{c}), where gl the force veciors become concentrated towards the
normal surface of the sensor. Note that our pressure response time was limited to 130
ms due to our sampling rate limitation in our measurement ool In reality, the response
fime could be measured to be much faster. Figs. 11{a}-{c} show the ability to detact air
pressures as low as 9 Pa, with sensitivity to different speeds and flow orientations.

[0074] We also demonstrated the proximity sensing capabilities of our capacitive
pressure sensor. The magnetic field generated around the capacitor is further enhanced

due to the paramagnetic properties of aluminum foll, allowing a great extension of the
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field. Thus, as the human finger or body gets closer to the capaciior, the magnetic field
is disturbed from a far range and the tolal charge gels redirected from the capacitor
{owards the detected conductor (in this case our body), correspondingly decreasing the
measured device capacitance. Fig. 12{a) shows that as we approach the sensor at a
constant rale, the capacifance respectively decreases in an exponential fashion. C-V
data was then collected separately for specific distances away from the sensors. Fig.
12{b; illusirales the exponential decrease in capaciiance with decreased detection
range, with maximum change in capacitance AC = (.55 pF corresponding to a detection
range down to 0.5 om. Qur pressure-sensing device demonstrated outstanding
proximity sensing capabilities, with 13 om detection limit as shown in Figs. 12{ga)} and
{b}.

[0075}] Our paper based pressure sensor exhibits exceptional mulii-funclionality,
with notable sensing poteniials for pressure, touch, proximity, and directionality. The
distinct responses received for pressure and touch/proximity allow for improved
differentiation between multiple mechanical stimuli, enhancing user recognition for
touchless control panel applications.

Paper Skin Spatial and Temporal Mapping

[0076] One major atiribute of human skin is simultaneous sensing. To mimic such
behavior and for proof -of-concept in large-scale monitoring  applications, we
demonstrate the spatial real-time mapping of the fabricated 3D stacked paper skin, Ye
simuitaneously resobved spatial and temporal information from exdernal stimuli such as
fouch, pressure and humid breath, in order to test the skin-like sensing capabilities.
Pressure, temperature and humidity mapping have all shown robust and concise
simuitaneous and localized responses (Figs. 13{a}-{h}}.

[0077} To conduct realtime simultanecus sensing on the paper skin, we first
started by applying localized human touch, on pixels R3-C3 and R5-C6 and monitored

the response from body heat generation. Mapping was done by applying a bias current
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of 10 mA, and temperature was calculated from the measured resistance change per
pixel. Fig. 13{b}) shows the capability of our paper-based electronic skin to detect the
{femperature distribution on the pixels generated from the localized finger touch. Real-
time temperature monitoring identifies a generated heat of around 34°C on pixels R3-C3
and R5-C8, which is very close to the {emperature of the human body. Some of the
suyrrounding pixels have exhibited a slight increass in temperature {at most + 1°C),
which is expected due {0 heat radiation from the finger.

[0078] For a second experiment, we simultaneously blew human breath on
localized pixels of the paper skin in order {0 siudy the capability of identifying separale
humidity positions. In order io confine the flow to singular pixels, we used a siraw o
exert flow on the foliowing pixeils: R2-C3, R2-C4, R3-02, R3-C5, R4-C2, R4-C5, R5-C3,
and R5-C4. Fig. 13{d} shows the spatial imaging of the humidity levels detecied. We
can clearly distinguish high humidity levels ranging from 85% 1o 75% RH, corresponding
{0 the stimulaled pixels. As room conditions correspond {0 46% RH, we notice thai the
surrounding pixels were slighlly affected with a detected humidity up to 53%RH, 8 7%
increase in humidity level Nevertheless, our sensors showed very good performance
with an accurate spatial mapping for temperature and humidity.

[0079] To conduct pressure mapping using the whole array, we applied PDMS
weights (0.19g/piece) on specific pixels, ordered in a patlern similar to that of a "chess
board”. Fig. 13{f} displays the spatial mapping of pressure detection exerted by the
PDOMS loads. Sensed pressures ranged from 0.7 kPa to 1 kPa. This varigtion in
measured pressure values is mainly due 1o the non-uniformity of the pressure sensing
film, underiining the non-uniformity of our array. Fig. 13{e} shows the distribution of pixel
uniformity in the pressure array. VWe observe that the capacitance values vary among
pixels from 1.5 pF up io nearly 4 pF, where the majority falls under a capacitance of
around 3.5 pF. Moreover, since the sensing film consisted of a common dielectric for all

pixels, when one pixel is pressed, neighboring pixels slightly varied. To better illustrate
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this effect, we plot the 3D bars representation corresponding to localized stimuli (8 kPa
ioad) applied on pixels R1-C2 and R&6-C5. Fig. 13{g) displays the 3D mapping image,
where we can clearly identify detected pressures in the interval of 0.1 ~ 0.4 kPa in the
neighboring pixels. This is a very negligible variation ranging from 1 % to 5 % of the total
applied pressure load, highlighting the effective location and load detection of our array.

[0080] Additionally, we demonsirated the temporal recording of the paper skin and
its ability to effectively detect motion direction. This was executed by connecting 4 pixels
of the pressure sensor io an “Arduine Uno® microcontroller, interfaced with ‘Matlab’
software through ancther code that helped only in reading out the processed information
from the serial port. This successfully allowed us {o generate and display a real-time
histogram plot of the detected movement. Fig. 13{h} illusirates the triggered pixels with
fime during motion, where we can clearly distinguish separate responses at consecutive
fimes. We successiully demonstrated a pressure -sensing platform efficiently mapping
out applied pressure, fouch, motion, and proximity, over a large surface area using only
paper, cleanrcom wipes, and aluminum foil,

[0081% Direct comparison beiween this work and several of the artificial skin

olatforms being developed by pioneers in the fielg'® ! #2328.293750:81

, shows that our
Paper Skin maintains the desirable high performance of sensors, while displaying more
valuable features through the integration of various functionalities with the most
affordable materials possible. Paper skin shows o be the most inexpensive and
advantageous option preserving the required high performance of sensors platform. The
demonstrated “paper skin” could simultaneously measure a variely of external stimuli
with great precision. The integration of the proposed sensors did not affect the

neighboring sensor's ability to independently distinguish external stimuli, which is

{ranslated into negligible external effects on sensor sensitivity.
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Body-Vitals Monitoring

(0082} To demonstrate the "paper skin” potential for wearable health sensing, two
pixels of the paper skin array were employed to simultaneously measure heart rate,
blood pressure, body iemperature and skin hydration. In order 1o maximize the accuracy
of our readings, we have used the in-plane array design, where all the sensors are
integrated next o one ancther. Highly sensitive pressure sensors enable realtime
monitoring of arierial blood pulses as well as heart rate measurement from pressure and
time-resobved responses.

[0083] Heari rate detection before and afier exercise was detected from the direct
heart pulses, positioning the paper skin on the right side of the chest, as seen in Fig.
1d{a). Measurements were then compared to the buill-in heart monitor of Samsung S5
smariphone, clearly displaying a normal average resting heart rale belween 61 and 78
bpm {beais per minute}, and an after exercise rate interval between 98 and 166 bpm.
Our device accurately collected heart raie measurements with 82 bpm before exercise
(Fig. 14{b}) and 95 bpm after 10 minules of physical exercise (Fig. 14{c}). Heart heal
dynamics can reveal many things including real- time personalized emotional responses
and stress detection. Stress can be measured through the change in the interval
between heartbeats, known as hearl rate varigbility (HRV) characlerized by pressure
peak-to-peak time®. Heart rate variability is one of the most robust, non-invasive
measures of stress response and is designated by a reduction in HRVY (i.e. monoione
beats frequency).

[0084] To detect biood pressure, the paper skin was positioned around the left-
hand wrist in order {o detect radial artery pulses, as shown in Fig. 14{d}. Under normal
resting conditions, we were able o identify the radial artery pulse waveform over a
period of 30 s (Fig. 14{e}), as well as efficiently displaying a heart rate of 72 bpm {Fig.
14{}), consisteni with the expected results. The arterial waveform is characterized by

clearly resolvable peaks P1, P2, and P3, respectively corresponding to early sysiolic
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blood pressure (SEP), lale sysiolic augmentation shoulder (lale SBF), and early
diastolic blood pressure (early DBP) which is preceded by a Dicrotic notch (closure of
aortic valve) (Fig. 14{g)) . The observed three waves within the pulse envelope
respectively correspond 10 an incident wave generated by blood flow (P1) and two
reflected waves, one from the hand region (P2) and a later-arriving wave from the fower
body (F3)Y. These variations are caused by constitution of the blood pressure from the
lefi ventricle contracts and reflective waves from the lower body. A key advantage of
acquiring the complete arterial pulse waveform is that several hemodynamic parameters
can be directly calculated or estimated in real time such as arterial indexes, stroke
volume variation, and cardiac outpul, enabling a profound porirayal of a patient’s
cardiovascular health and well-being®®. Arterial stiffness is one of the major health
concerns leading to arterial clogging, diabetes, and hypertension. Thus, it is established
as a highly reliable predictive parameter for cardiovascular diseases. Arterial stiffness
can be identified from the peaks positions in the radial artery waveform. As the elastic
arteries become stiffer, pulse wave velocity (PWV) increases and the reflected wave
from the lower body returns earlier to the radial artery, migrates up the pressure wave
fowards peak systolic pressure, and thus causes a decrease in TDVP (digital volume
nulse time) and an increase in arterial stiffness index Alr *°. Arterial stiffness can thus be
analyzed from the arterial augmentation stiffness index (Alr), diastolic augmentation

index (DAIlN, digital volume pulse (DVP), and PVWV (Equation 1)

Al = P2/Pt {1.1)
DAL = P3/P1 {1.23
Alpee = fpo — ¥ s {1.3]
PWYV = badylength{{ tsap — tpppr /s {1.41

From the measured radial artery waveform, we calculate an average Al = 0.52 (52%;),

DAL, =0.37(37%), &Towrs = 270 ms with DVP= 583 mis, and PWV= 6.07 m/s (Fig.

32



WO 2017/122178 PCT/IB2017/050202

14{g}). These numbers are highly related to the age of people, and show ic be
consistent for a healthy young male in his twenties®. Note that for PWV and DVP
caiculations, the path length is approximated {o the person’s height. The time difference
113 between the arrival of the primary systolic pulse (P1) and the reflection pulse (P3) is
also a measure of arterial stiffness that tracks changes in arierial puise pressure and
beat-by-beat frequencies, and is measured {0 be 1,= 520 ms Fig. 14{g)) .

[0085] Simultansously, body temperature and relative humidity of the skin were
collected before and after exercise. We observed a resting body temperature of 36.45°C
with a slight rise of nearly 0.5°C directly after exercise, atiributed to the loss of heat from
the 70% of energy powering our muscles. The relative humidity of the skin before
exercise is measured 1o be 35% RH at an ambient humidity of 46% and temperature of
23°C (Fig. 14{h}). This resuli is in agreement with the expected values described in the
iiterature for normal skin hydration levels®™. After exercise, our heart pumps the heat in
the biood from the muscles {0 the skin, leading to sweat. This highlights the observed
increase in relative skin humidity up 1o 85% (Fig. 14{h}). Our results demonstrate that
the subile differences in biood pulses, body temperature and skin humidity, could be
precisely resolved with the presented “Paper Skin®, indicating #s potential {o serve as a
low-cost wearable device for mobile health monitoring and remote diagnostics
applications.

Conclusion

[0086] Using only off-the shelf resources, we provide a paper-based skin capable
of detecting temperature, humidity, pH, pressure, touch, motion and proximity at a
record -breaking distance of 13 cm. The fabricated sensors show reliable and consistent
results, and the pressure amay displayed exceptional capability in differentiating multiple
external stimull. The simplistic fabrication process and low- cost materials used in this
work make this flexible platform the lowest cost and accessible {0 anyone, without

affecting performance, in terms of response and sensitivity. We further show that our
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“paper skin® can efficiently resolve arterial and heart rate pulse waveforms, providing
deep information about a patient’s well-being. Additionally, the proximity and motion
features obtained in this work illusirate the possibility for paper-based fouchless motion
systems, bringing the user-to- computer interface experience o a whole new level
Paper Skin is an affordable all-in ~one flexible sensing platform, applicable for emerging
applications, such as health monitoring, 3D touchscreens, and human-machine
interfaces, where sensing diversily, surface adaptability, and large-area mapping are all
essential. Future works include analysis of performance characteristics and reliability of
the fabricated skin under varicus mechanical deformation (flexing, stretching, etc)).
Although further sophistication is possible, at the prasent stage the demonsirated “paper
skin” integrates the maximum sensory functions of a human skin and shows cost
effective health monitoring for wide deployment.
EXAMPLES
Fabrication Process of Sensors

[00B7] Temperature sensors: We draw 1 x 1 om’ resistive temperature sensors
using silver ink pen (Circuit Scribe) on g Post-it™ Note. The resistor has line width of 1
mm and 1 mm line separation. For the aluminum foil based temperature sensor, we cut
a 3 x 1 om? aluminum foll sheet in the shape of a resistor, with 2 mm line width and 2
mimn line separation.

[0088] Humidity sensors: Post- '™ paper acts as the sensing fim and the
subsirate. We draw 1 x 1 om® interdigitated electrodes structure using silver ink pen,
with 2 mm finger width and 1 mm finger separation. Then we protect the surface with a
1.5 x 1.5 cmv* sheet of Kimtech™ wipe, taping the edges on the paper substrate using
3M™ adhesive tape.

100891 pH sensor: In this case, Post-it™

note acts only as the flexible substrate.
interdigitated electrodes are outlined with the silver conductive pen, with 3 mm finger

width and 2 mm finger separation. After it’s completely dried, we draw on top 8 3 x 3
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cm® sheet of sensing film using a simple graphite pencil of grade HB. We make sure
that the lavyer is uniformiy distributed and colored.

[0080% Pressure sensors: Ws have implamented two pressurs designs. The first
design is a simple parailel plate capachor structure. First, we use the post-it paper as a
substrate for keeping the final structure flat and stable. Then, we deposit the first metal
tayer, a 1 x 1 om? sheet of aluminum foil, taped on the paper using 1 x 1 em? sheet of
double-sided adhesive fape. Then, we proceed by depositing another layer of double-
sided tape (dfape = 90 um) in order 1o gttach the dielectric material on top. in this case,
we use two different types of dielectric materials: a porous sponge (Uspenge = 8.7 o1y and
100% polypropylene microfiber cleanroom wipe (Grerwipe = 600 um) (Berkshire™ PRO -
WIPE ™ 880). Finally, we deposit once again a layer of double-sided adhesive tape to
fix the 1 x 1 em® aluminum foil top electrode. As for the secand pressure sensor design,
we introduce a 90 um air gap into the original capacitive pressure structure described
above. The air gap is created through the placement of anchors on either side of the
sensor: afler depositing the first metal electrode, we place two double-sided tape stripes
of 2 mm width on the edges of the capacitor. Then we proceed with the sieps as
described in the first design, using microfiber cleanroom wipe (Uuerwipe = 800 pmy for the
dielectric material.

[0081] Paper Skin Array: For the 6 x 6 “paper skin” assembly, we overlay three
layers of sensors arrays on top of each cther. Each layer is comprised of one sensor
type, with 1 o pixel size and 1 mm pixel separation. The first bottom array consists of
air-gap based pressure sensors, where the bottom electrode acts as a common ground
for ali pixels, and the shared dielectric consists of a large 11 x 11 cn¥® cleanroom wipe
sheet. The second layer consists of an array of silver ink based temperature sensors,
and finally the third layer is an array of humidilty sensors with an optional protective
KIMTECH™ wipe on top. The three layers are stacked in such a way that pressure,

femperature and humidily pixels are exactly on top of each other. For each laver, we
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have one sensor per pixel, giving specific information independently from the rest of the
array. Ewvery single pixel can be accessed, ultimately allowing for simulianeous
localized sensing.
Proximity Sensing Methods

[0082] Maxweil's equations provide a compiete description of the interactions
among charges, currents, electric fields, and magnetic fields. All the properties of the
fields can be oblained by mathematical manipulations of these equations. If the
distribution of charges and currenis is given, then these equations uniguely delermine
the corresponding fields. When a magnetic field moves through a conductor {aluminum
foily, eddy cuirents are induced on the surface of the aluminum foill due to the magnetic
field's movement. Applying an AC voltage with high frequency to a parsllel plate
capacitor generates internal electric and magnetic fields in between the two conductive
plates. The setup can be regarded as a parallel circuit of a resisior with resistance R
and a capacitor with capacitance C. In the most general case, the surface spanned by
the integration path of the magnetic field can infercept current and electiic flux, and is

described by

Where ¥z the electric flux through the surface, B is the magnetic field flux, | is the

generated current, Q is the tolal charge of the capacitor, and A the area of the parallel

plates. The electric field between the capacHor plates is equal o @E(‘{), and the electric

fiux through the capaciior is therefore equal to:

AV qiref ey

. AV ST
pp(t) = AB{t) = ——————
T

The charge on the capacitor can be thus described by:

36



WO 2017/122178 PCT/IB2017/050202

e T ¥ Sﬁ“%g‘;@ s
gify =Vt = — sinf{wi)
a
And the total current is therefore equal to:
. e e ray « s S S - £gila S
Gt} = Igle} + A8 = ¥y igsmn,m,; + p cas{wi } i
ak 2

The magnetic field lines inside the capacitor will form concentric circles. The path

integral of the magntic field around a circle of radius r is egual {o;

P
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And the strenthg of the magnetic field can be finally defined by

g F L gErw i \3
B(rY= = %.s’g_{—;g sinfewt) + ——vcos{wt) ]
LI SiFad i T4

Elsctrical Characterization Setup

(0083} Real-time resistive measurements: For resistive time study, sensors were
tested using Keithley 4200™ inlerface capable of real-time measurements and a semi-
automated cascade probe station. To characterize temperature sensors, we apply a
current bias of 10 mA and we sample voliage readings every 130 ms, for a total
sampling number of 400, This sampling rate was limited by our tool given that we were
running in *Quiet” mode in order 1o reduce noise interference. Voltage change is thus
monitored with respect {0 time, while current is maintained constant. Resistance change
can be calculated by Chim's law:

b o 3
i} ViV
ind

R = —
i fiin 4}

frnnnny

Simultaneous sensing of pixels for spatial mapping was achieved through the probing of
several pixels and collection of measuremenis simultaneously through the Keithley

software.
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(00841 Real-time capacitive measurements: Capacitive time study was
performed for both humidity and pressure sensors. Again, we use Keithley 4200™
interface with CV measurements capabilily, at an applied 1 MMz modulation frequency
and 100 mV AC voltage. In this manner, we can define the capacitive reactance (X¢, in
Q) which is inversely proportional {o the frequency {w, in radians/sec, or f, in Hz) and
capacitance (C, in Farads) by:

. i —i frad _
Ay = = = s F; i

j L3 € fed, 4o g

&

And the {otal charge Q (in Coulombs) siored on a capaciior's plates described by:

p=Cv

£

oy

F.v]

Where V is the applied voltage across the device.

[0085] Humidity _sensing: _For measuring capacitance associated to different

humidity levels, we perform a CV plot by sweeping voltage from OV 1o 5V with a step of
(0.05 V. Finally, time study is performed by sampling 400 points every 130 ms. Cur
temporal resolution is limited by our sampling rate in “Quiet mode”. As for the water
vapor experiment, we boiled {ap water in a beaker glass and brought it in proximity o
our sensor (Fig. ${d}). In order {o direct the water vapor towards the sensor, we use a
wind tunnel setup in which the fan is installed in a2 way to suck the air from the sensor
side towards the wind tunnel in a laminar manner, allowing the vapor 1o flow across the
surface of our sensor (Fig. 3i). For spatial mapping of humidity in response {0 human
breath, exiernal stimulus was exerled simultaneously on different pixels through a
drinking straw, and data was collected through the Keithley setup. This allows to
properly confine the humid breath into one pixel.

[0096] Pressure/Force sensing. We prepare polydimethyisiioxane (PDMS) (Syigard

184™ Dow Corning) welghis with mass 0.19 g/piece, 1o use them as pressure loads for
festing the sensitivity of our devices. Correspondingly, capacitance - voltage

measurements are performed with a sweeping voltage from -5 V io 5 V at 1 MHz
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frequency. And reallime sensing is performed in the same manner as Tor the humidity
Sensor.

[0097Y Flow pressure detection was performed by flowing compressed air through
a 1 mm in diameter nozzie. Normal flow velocities were measured using a digital
anemometer of 0.1 m/s accuracy. The specified velocity magnitudes are that of a
normat velooity vector, normal to the sansor's plane (80° orientation). For different flow
arientations, we use a protracior in order 1o evaluate the angle of the flow with respect
o the plane of our pressure sensor.

[0058] Finally, proximity sensing was evaluated using the same exact real-time
sensing parameters as previously. For distance referencing, we vertically install g ruler
in proximity of the probe station chuck. We make sure that the zero value of the ruler
corresponds o the surface level of our pressure sensor. Then we carefully collect real-
fime measurements while slowly approaching the tip of an index finger along the length
of the ruler.

[0088] Body vitals monitoring. Measurements were executed as described in the
above section. However in this case, we have changed the sampling rate down to 30
ms time step. This was necessary mostly o capture heart beals afler exercise. This was
only possible by operating in “fast mode” which has introduced a lot of noise. Therefore,
for the afier exercise heart rate plot, we ran a Fast Fourier Transform (FFT) fo identify
the available and necessary range of frequencies. Based on our resulis, we post-
processed the original plot using band bass filtering for frequencies in the interval of [1-7
Hzl.

Capacitance sensing code principle for ‘Arduine Uno’ microconirolier
100100% Charging the capacitor stores energy in the electric field between the
capacitor plates. The rate of charging is typically described in terms of a time constant

RC as follows:
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Thus, change in capacitance (C) can be measured by measuring the change in time
constant of RC with known value of resistance (R). As R generates lofs of noise in
circuits, it's not g preferred method o measure small changes in C especially in the
range of pF. Therefore, we have used swilched capacitance technique to reliably
measure small changes in capacitance using Arduino UNO. This technique is similar o
standard RC time constant technique in the way that R is virtually replaced by the
combination of a swilch and unknown C sensed by the sensor (Cgen). A constant value
of integrating C {C;) is used to siore the charge in multiple swiiching cycles. One
complete swiiching cycle consists of charging the C.., keeping the Ci in high
impedance state followed by transferring the charge from O, 1o Gy, This switching
sequence effectively transfers charge from applied voltage V. 10 Ci. The number of
switching cycles required to charge C, 10 a certain voltage depends upon the value of
Ceen (01 equivalent Rge,) and were measured using Arduino UNO in our case. Higher
number of switching cycles corresponds o smaller value of C,, and vice versa. Also
R was used to calibrate the circuit while P2 represents an analog pin which compares
Ci voltage with a pre-defined reference (V.. P1, P3 and P4 are digital pins being
conirolled by the controller program {o alter between the charging and transfer modes of
a switching cycle. This circuit was replicated 4 times to simultanecusly demonstrate
motion detection from the change in capacitance of multiple pixels on the smart skin.

1801011 Ratios, concentrations, amounts, and other numerical data may be
expressed in a range format. it is to be undersiood that such a range format is used for
convenience and brevity, and should be interpreted in a flexible manner {0 include not
only the numerical values explicitly recited as the limits of the range, but also to include

all the individual numerical values or sub-ranges encompassed within that range as if
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each numerical value and sub-range is explicilly recited. To #llustrate, a concentration
range of “about 0.1% to about 5%” should be interpreted to include not only the explicitly
recited concentration of about 0.1 % io about 5 %, but also include individual
concenirations {e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%,
3.3%, and 4.4%) within the indicated range. In an embodiment, the term “about” can
include fraditional rounding according io significant figure of the numerical value. In
addition, the phrase “about 'K to v includes “about X to about 'y,

[00102] it should be emphasized that the above-described embodiments are merely
examples of possible implementations. Many varigtions and modifications may be made
io the above-described embodiments withoul depariing from the principles of the

present disclosure. All such maodifications and variations are intended io be included

herein within the scope of this disclosure and protecied by the following claims.
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CLAIMS

Therefore, the following is claimed:

1. A method of producing a paper based sensor, comprising the steps of:

ay providing a conventional paper product to serve gs a substrate for the sensor
or as an active material for the sensor or both, the paper product not further
freated or functionalized; and

by applying a sensing element {o the paper substrate, the sensing element
selecied from the group consisting of a conductive material, the conductive
material providing contacts and interconnects, sensitive material film that
exhibits sensitivity 1o pH levels, a compressibie and/or porous material
disposed between a pair of opposed conductive elements, or a combination
of two of more said sensing elements,

2. The method of claim 1, wherein the conventional paper product is selecied from
the group consisting of celiulose fiber based porous structures.

3. The method of claim 1 or 2, wherein the sensing element is a temperature
sensor, humidity sensor, pH sensor, gas sensor, pressurefforce sensor, tactile
sensor, proximity sensor and/or a combination of two or more of said sensors.

4. The method of any of claims 1-3, wherein the sensing element is made using a
metal foil, a conductive ink, a material that exhibits an amount of compressibitity,
a microfiber wipe, a sponge, a graphite composition, or a combination thereof.

5. The method of any of claims 1-3, whergin the sensing element is gither a
temperature sensor or a8 humidity sensor and the sensing element is formed of a

metal foil or 8 conductive ink or both.
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6. The method of any of claims 1-3, whergin the sensing elemeant is a pH sensor
and the sensitive material that exhibits sensitivily to pH is formed of a graphite
composition.

7. The method of any of claims 1-3, wherein the sensing elementis a
pressure/ftaciile sensor and the sensing element is formed of pair of conductive
elements and a microfiber fabric or a sponge material disposed between the pair
of conductive elementis.

8. The method of any of claims 1-7, wherein the sensing element is formed of an
array of temperature sensors, humidity sensors and pressure sensors stacked,
the arrays stacked one on top of the other on the paper subsiraie.

8. A method of sensing, comprising the steps of:

a) providing a conventional paper produci o serve as a substrate for the
sensing or as an active material for the sensing, the paper product not further
treated or funclionalized;

D) applying a sensing element to the paper substrate, the sensing element
selected from the group consisting of any kind of conductive material serving
as contacts and interconnects, any kind of sensitive maternial films that exhibit
sensitivity to pH levels, a compressible and/or porous material disposed
between g pair of opposed conductive elements, or a combination of two of
more said sensing elements; and

¢} measuring, using the sensing slement, a change in resistance, a change in
voltage, a change in current, a change in capacilance, or a combination of
any two or more thereof.

10. The method of claim 8, wherein the conventional paper product is selected from

the group consisting of celiulose fiber based porous structures.
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11

12.

13.

14.

15.

16.

17.

18.

The method of claim @ or 10, wherein the sensing element creates a sensor,
such as a {emperature sensor, a humidily sensor, pH sensor, gas sensor,
pressure/fiorce sensor, a taclile sensor, a proximity sensor, or a combination of
two or more of said sensors.

The method of any of claims 9-11, wherein the sensing element is formed of a
metal foil, a conductive ink, a material that exhibils an amount of compressibility,
a microfiber wipe, a sponge, a graphite compaosition, or a combination thereof.
The method of claims 8-11, wherein the conductive material is selecied from the
group consisting of a metal foil or a conductive ink.

The method of any of claims 8-11, wherein the sensitive material that exhibits
sensitivity to pH is a graphite composition.

The method of any of claims 8-11, wherein the sensing element forms either a
temperature sensor or a humidity sensor and the sensing element is formed of a
metal foil or a conductive ink or both.

The method of any of claims 9-11, wherein the sensing element forms a pH
sensor and the sensing element is formed of a graphite composition.

The method of any of claims 9-11, wherein the sensing element forms a
pressureftactile sensor and the sensing element is formed of pair of conductive
elements and a microfiber fabric or a sponge material disposed between the pair
of conductive elements.

The method of any of claims 9-17, whergin the sensing element forms an array
of temperature sensors, humidity sensors and pressure/force/tactile/proximity
sensors stacked, the arrays stacked one on top of the other on the paper

substrate or integrated in a plane.
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18. A paper based sensor comprising:

ay a conventional paper product to serve as a substrate for the sensor or as an
active material for the sensor or both, the conventional paper product not
further treated or funclionalized; and

by asensing element on or applied to the paper substiraie, the sensing element
selected from the group consisting of a conductive material, the conductive
material providing contacts and inlerconnects, sensitive material film that
exhibits sensitivity 1o pH levels, a compressible and/or porous material
disposed between a pair of opposed conductive elements, or a combination
of two of more said sensing elements.

20. The paper based sensor of claim 19, wherein the sensing element is a
temperature sensor or a humidity sensor, or both, and the sensing element is
formed of a metal foll or a conductive ink or both, or a pH sensor and the
sensitive material that exhibits sensitivity to pH is formed of a graphite
composition, a pressure/tactile sensor and the sensing element is formed of pair
of conductive elements and a microfiber fabric or a sponge material disposed
between the pair of conductive elements, oris formed of an array of temperature
sensors, humidity sensors and pressure sensors stacked, the arrays stacked

one on top of the other on the paper subsirate.
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