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Abstract: Self-powered sensors are gaining a lot of attention in recent years due to their possible
application in the Internet of Things, medical implants and wireless and wearable devices. Human
breath detection has applications in diagnostics, medical therapy and metabolism monitoring. One
possible approach for breath monitoring is detecting the humidity in exhaled air. Here, we present an
extremely sensitive, self-powered sensor for breath humidity monitoring. As a power source, the
sensor uses electromagnetic energy harvested from the environment. Even electromagnetic energy
harvested from the human body is enough for the operation of this sensor. The signal obtained using
the human body as a source was up to 100 mV with an estimated power of 1 nW. The relatively low
amount of energy that could be harvested in this way was producing a signal that was modulated by
an interdigitated capacitor made out of electrochemically activated aluminum. The signal obtained
in this way was rectified by a set of Schottky diodes and measured by a voltmeter. The sensor was
capable of following a variety of different respiration patterns during normal breathing, exercise
and rest, at the same time powered only by electromagnetic energy harvested from the human body.
Everything happened in the normal environment used for everyday work and life, without any
additional sources, and at a safe level of electromagnetic radiation.

Keywords: self-powered sensor; breath detection; electromagnetic harvesting; aluminum-air battery;
interdigitated capacitor

1. Introduction

Human respiration can be used for the detection of overall health status [1-3]. There
are hundreds of different substances present in exhaled breath [3]. Monitoring these
substances in the exhaled air can provide data about the health condition and functioning
of the body as a whole. Nevertheless, the presence of humidity is also important for the
body’s functioning. In a healthy individual, the relative humidity of the exhaled breath is
95%. In the case of certain illnesses, this value can go down [3]. For this reason, monitoring
humidity in human respiration can indicate specific health conditions. At the same time,
detecting humidity in the exhaled air can serve as a respiration monitoring approach [1-4].
The field of wearable health monitoring systems is developing rapidly with new solutions
emerging almost every day [5].

There is a wide variety of methods and devices that can be used to measure humidity
in air. Itis a very popular topic and some of the recent developments include graphene [6,7],
optical microfiber [8], luminescent metal-organic frameworks [9], Mn,Oj3 particles [10],
TiO, modified by Au nanoparticles [11], cellulose [12] and paper-based sensors [13]. The in-
troduction of flexible humidity sensors brings specific advantages in emerging applications
such as armband-shaped sensing devices or smart textiles with incorporated sensors [14].
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Additionally, self-powered humidity sensors are of key importance for the transition to
wearable devices [15].

Self-powered sensors are ideally suited for battery-operated systems, the Internet of
Things (IoT), medical implants, wireless devices [16,17] and wearable applications [1,18].
A self-powered device harvests energy available from the environment in order to power
the sensing element. Mainly, triboelectric and piezoelectric nanogenerators (TENG and
PENG) are utilized as a power source [19,20]. In the field of self-powered humidity
sensors, one approach is to generate electricity directly from moisture and use it as a
humidity detector [21-29], even though this approach can only provide the ability to
detect the difference between very high and very low humidity levels. Other examples are
based on TiO, nanowire networks [15,30] and the aluminum-air battery principle [31,32].
Aluminum-air batteries represent a specific example of the much wider class of the so-called
“metal-gas” batteries [33].

It has already been shown that the structure of an interdigitated capacitor made out
of activated aluminum can serve as a humidity sensor and, at the same time, as a power
source [31]. It was shown that this structure reacted in the presence of high humidity levels,
close to 100% RH [31]. It was also proven [32] that the signal from this kind of structure
was a consequence of the electrochemical reaction between aluminum and water on the
surface of the sensor. In this work, the concept of a sensor based on activated aluminum is
extended by adding electromagnetic (EM) harvesting and an electronic rectifier in order to
modulate the output from the EM antenna. In this way, a very sensitive, self-powered and
wearable breath-monitoring sensor was obtained, capable of monitoring human respiration
in various situations during exercise and rest. Self-powered respiration monitoring is gain-
ing significant interest in the scientific community due to various important applications
such as health monitoring and exercise tracking, but with less reliance on conventional
power sources, since the power is derived from the environment where the measurement
is performed [1,20,30].

EM harvesting can be utilized as a power source in applications with very low power
demands [5,34-39]. For the first time, it is shown in this work that it is possible to harvest
EM energy by using the human body as an antenna and to modulate the obtained voltage
by using a humidity sensor with activated aluminum electrodes in order to detect human
breathing. The concept of an aluminum-air battery with mono-material electrodes and
signal rectification with added EM harvesting is used to form a self-powered humidity
sensor with the capability of extremely sensitive monitoring of human respiration. The
sensor is based on a unique coupling between the EM-harvested energy and the electro-
chemical process on the surface of the activated aluminum electrodes. In this way, the
voltage obtained from EM energy is modulated by the electrochemical energy coming from
the aluminum-air battery formed by the sensor electrodes. So far, human body energy has
been harvested by thermal, mechanical and chemical processes [40]. EM energy has also
been harvested from the human body, but with the use of specially designed devices for
that purpose [40,41]. Here, it is shown for the first time that EM energy can be harvested
directly from the human body without additional devices, and used in a self-powered
humidity sensor that, in turn, enables human respiration monitoring. It is important to
mention that the EM radiation in the lab during the experiments was at the normal level,
acceptable for everyday work or living. No extra EM sources were needed to enable the
operation of this sensor set-up.

2. Materials and Methods
2.1. Fabrication

The sensor was made on a silicon wafer, 3” in diameter, single side polished, n-type,
3-5 Qe resistance, <100> orientation, Figure la(i-vii). Thermal SiO, was grown on top
of the Si wafer by thermal oxidation until a 600 nm thick oxide layer was formed. The
wafer was then coated with a 700 nm thick layer of aluminum-silicon alloy (Al-1%Si) by
sputtering (Sputtersphere, MRC, Orangeburg, NY, USA). Subsequently, the wafer was
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coated with 500 nm thick photoresist (AZ 1505, MicroChemicals, Ulm, Germany) by spin
coating. Afterwards, the wafer was exposed to laser light by using a laser writer (LW405,
MicroTech, Palermo, Italy) in vector mode, so that the designed pattern was polymerized
in photoresist. The photoresist was developed, thus forming the designed structure. The
final structure in Al-1%S5i was formed by wet etching, using a mixture of H3PO4 80%
(volumetric), HNOj3 5%, CH3COOH 5% and H,O 10%. The remaining photoresist was
removed using acetone. The wafer was diced and the best chips were glued to TO-8
housings. Electrical connections were made by wire bonding. The 3D design of the sensor
chip on the TO-8 housing is given in Figure 1b. The photograph of the finished sensor is
given in Figure 1c,d. The micrograph of the finished sensor is given in Figure le, as seen by
using a 3D stereo microscope. A single chip contains one humidity sensor battery. Figure 1f
shows a detail of the finished structure. The clearance between the digits was measured
from the micrograph in Figure 1g, and estimated at 0.005 mm, while the width of the digits
was 0.015 mm.

Figure 1. Fabricated sensor: (a) Schematic illustration of the fabrication process: (i) Untreated silicon
wafer; (ii) Thermal oxidation; (iii) Aluminum thin film deposition by sputtering; (iv) Photoresist spin
coating; (v) Optical lithography by direct laser writing; (vi) Aluminum wet etching; (vii) Photoresist
removal. (b) Design of the chip on the housing, made by using 3D software (FreeCAD). (c) Photograph



Chemosensors 2023, 11, 51

4 of 14

Antenna

of the finished sensor mounted on a TO-8 housing and wire bonded; the diameter of the TO-8 housing
is 13 mm, while the size of the diced chip is 3.8 mm. (d) Photograph of the finished sensor (scale bar is
5 mm). (e) Zoom into the sensor chip with a single battery, magnified by 3D stereo microscope (scale
bar is 1 mm). (f) Zoom into the sensor digits magnified by optical microscope (scale bar is 0.1 mm).
(g) Micrograph of the sensor surface by which the width of the digits was estimated at 0.015 mm,
while the clearance between the digits was estimated at 0.005 mm (scale bar is 0.04 mm).

2.2. Activation

The method of aluminum activation described here is a novel method, discovered and
used for the first time for aluminum-battery-based sensor activation [31,32]. Other methods
have been used for aluminum activation [42,43]. The sensor was connected to a constant
current source (Keithley 220, Programmable Current Source, Beaverton, OR, USA). A single
drop of demineralized water was deposited onto the electrodes. A current of 0.001 mA
was then applied. The voltage at the sensor contacts was monitored. The voltage signal
exhibited a specific behavior, which recurred at all activated sensors. The voltage value
increased steadily towards the saturation value. At a specific point in time, the voltage
suddenly dropped, which was recognized as the surface oxide removal. After this point,
the sensor was activated and ready for deployment.

2.3. Longevity

The longevity was tested by placing the aluminum-based sensor in a closed glass flask
(250 mL) with a small amount of demineralized water (3 mL) at the bottom. The test has
been run for more than 15 months now (Dec., 2022). The strength of the electrochemical
signal has been stable through this period with no signs of fading away.

2.4. Concept of the Sensor Operation

A typical EM harvesting system consists of an antenna, a matching circuitry and a
rectifier [35], Figure 2a. In the literature, this kind of a system is called a rectenna [36].
The harvested energy will then be used to power a useful device, such as a sensor or
detector [37]. The amount of harvested EM energy is typically very small [38], which is the
main limiting factor for applications in many fields. It is always in question whether the
harvested energy is enough to power a useful device.

Modulated rectenna

------------------------------------------ 5

: Antenna water vapor

|

Matching : L

circuitry

Rectifier |——| Rectifier

Load Sensor

(a) (b)

Figure 2. Concept of the sensor operation: (a) EM harvesting by rectenna: basic structure; (b) The
modified rectenna used in this work for humidity and breath detection. The signal that is harvested by
the antenna is modulated by humidity using an interdigitated capacitor made out of activated aluminum.

In the approach presented in this paper, we actually modulate the output from a
rectenna by applying various levels of humidity, Figure 2b. Instead of harvesting EM
energy and leading the energy to the humidity sensor, the rectenna system is a humidity
sensor itself, Figure 2b. The matching circuitry from Figure 2a is now replaced with an
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interdigitated capacitor made out of activated aluminum. In this way, we achieve humidity
sensing where the same task would be much harder to accomplish by using a typical EM
harvesting system and a humidity sensor powered by it.

The sensor housing, Figure 3a, was connected to the harvesting antenna. The EM
harvesting was tested by using two separate antennas, (1) a wire connected to the building
foundation and (2) the human body. In the case of the human body, the volunteer had an
antistatic wrist strap around his arm by which the signal harvested from his own body was
connected to the sensor housing. In the case of the building foundation, a wire (copper,
10 mm?) was connected from the set-up in the lab to the building foundation iron bars
in the basement, thus acting as an antenna and providing the most effective harvesting
of the EM energy from the environment. In both cases, the collected EM energy was
transferred from the sensor housing, through the layer of adsorbed water vapor, to the
interdigitated electrodes made out of electrochemically active aluminum thin film. The
activated aluminum facilitated water vapor adsorption on the surface of the electrodes
due to the electrochemical reaction between aluminum and water. At the same time,
the sensor’s output signal was formed by combining the voltage obtained by EM energy
harvesting and the voltage generated by the electrochemical process occurring on the
aluminum electrodes. The signal was then passed through the rectifier consisting of four
Schottky diodes (STPS1150) [44]. The rectified signal was measured by a DC voltmeter
(Keysight 34461A, Santa Rosa, CA, USA).
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Figure 3. (a) Illustration of the breath humidity sensor powered by EM energy harvested from
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the human body; (b) Equivalent schematic of the sensor together with the antenna, rectifier and
voltmeter; (c) Rectification of the voltage obtained by EM energy harvesting using a wire connected
to the building foundation (left) and histogram of the recorded signal (right); (d) Rectification of the
voltage coming from the EM energy harvested from the human body using an antistatic wrist strap
(left) and histogram of the recorded signal (right); (e) Direct breath-blow on the sensor surface and
signal from the voltmeter. The EM harvesting was realized by using a wire connected to the building
foundation; (f) Direct breath-blow on the sensor surface and the signal from the voltmeter. The EM
energy was sourced from the human body by using an antistatic wrist strap. The ambient humidity
during all measurements was 35% RH.

Figure 3b shows the equivalent circuit of the sensor connected to the rectifier and
voltmeter. The element Cb is the capacitor formed by the interdigitated electrodes. The
element Rb is the resistor formed by the thin water layer on the surface of the sensor.
The element Eb represents the electromotive force generated by the aluminum-water
reaction. The element Ca is the capacitor formed by the layer of adsorbed water between
the electrodes and the sensor housing. The element Ra is the resistor formed by the layer
of adsorbed water between the electrodes and the sensor housing. The sensor housing is
connected to the EM harvesting antenna, which, in this work, could be a wire connected to
the building foundation or human body. The voltage output measured by the voltmeter is
0.6 V lower than that produced by the harvesting system since the signal needs to cross
two diodes, where each diode is producing a 0.3 V voltage drop [44]. Without the EM
harvesting antenna connected to the sensor housing, the output signal measured by the
voltmeter is very faint and indistinguishable from the noise due to the presence of the 0.6 V
voltage drop introduced by the diodes. With EM harvesting from the sensor housing and
the building foundation antenna, the output signal can reach up to 500 mV depending
on the humidity applied. With EM harvesting from the human body, the output signal
can reach up to 100 mV. The cables between the rectifier and the voltmeter were shielded
and the shield was grounded. The voltmeter was also grounded in order to avoid EM
interference from external sources.

2.5. EM Energy Harvesting Quantification

In order to quantify the influence of EM energy harvesting on the sensor’s output sig-
nal, the voltage from the EM harvesting antenna was rectified using the full bridge Schottky
rectifier, whose output was connected to the input of the voltmeter, Figure 3c,d. The same
procedure was performed for the EM energy harvesting realized by using a wire connected
to the building foundation, Figure 3¢, and the EM energy harvesting from the human body
using an antistatic wrist strap on the volunteer’s arm, Figure 3d. The signal harvested
from the building foundation has a histogram with the average value of 540 mV, and stan-
dard deviation of 4 mV (statistics calculated based on 10,000 measurements). The signal
harvested from the human body, using an antistatic wrist strap as a contact between the
sensor housing and the volunteer’s body, has a histogram with the average value of 99 mV,
and standard deviation of 4 mV (statistics calculated based on 10,000 measurements). The
power obtained by EM harvesting in this way was up to 30 nW for the building foundation
and around 1 nW for the human body harvesting. It is clear that the signal harvested from
the building foundation was much stronger than the signal harvested from the human
body, but nevertheless, even the human body can be used as an antenna for EM harvesting
in this set-up. Here, it is important to mention that there was no special EM source in the
lab provided for these measurements. The EM radiation came from the sources which are
normally present in the lab on a daily basis. The measurements performed by using an
oscilloscope (Siglent SDS5032X, Shenzhen, China) revealed that most of the EM harvesting
came from the power network operating at 50 Hz. At the same time, the EM field measured
by the field meter (Mastfuyi, FY8812, Guangdong, China) at the point of the sensor and the
place of the volunteer showed zero V/m intensity.
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2.6. Direct Breath Blow Test

In order to test the responsiveness of the sensor system, a test with direct breath blow
on the sensor surface was performed for the EM harvesting coming from the building foun-
dation, Figure 3e, and, separately, for the EM harvesting coming from the volunteer’s body,
Figure 3f. The volunteer was blowing directly on the sensor surface from a distance of about
10 cm. The breath blow pattern was examined for the short blow, as well as for the longer
ones. The sensor can clearly discern between different phases of the breath blow, at the
same time having a speed of response high enough to follow humidity adsorption and des-
orption from the sensor’s surface. The ambient humidity in the lab during this experiment
was 35% RH, measured by a humidity meter (Testo 440, Titisee-Neustadt, Germany).

In the case of EM harvesting from the building foundation, the signal during direct
breath blow reached values equal to 500 mV, which was the average value of the histogram
in Figure 3c. This means that the voltage drop between the sensor housing and the inter-
digitated (ID) electrodes was practically zero, i.e., the impedance was very low. This could
be the consequence of the aluminum ID electrodes adding OH™ ions into the adsorbed
water and the electrochemical reaction adding energy into the process of EM harvesting.
For a dry sensor, the impedance between the housing and the chip electrodes was 10 MQ)
at 50 Hz frequency, measured using an LCR meter (GW Instek, LCR-6200, Taipei, Taiwan).
For a humid sensor, this impedance was as low as 10 kQ), which is less by a factor of 1000.

In the case of EM harvesting from the human body using a wristband, the signal
during a direct breath blow reached values equal to 100 mV, which was the average value
of the histogram in Figure 3d. Even though the signal was lower than in the case of EM
harvesting from the building foundation, it showed no signs of quality deterioration. The
sensor was still capable of clearly following the sequence of water vapor adsorption and
desorption from the surface, at the same time following direct blow patterns, long and
short breath sequences, the duration of each breath blow and its intensity. This experiment
shows that even the relatively low amount of EM energy that could be harvested in this
way is enough for the sensor’s operation. This opens up a door for wearable applications
of this breath-detection set-up.

2.7. Software

All diagrams were prepared using “Sci Davis” software (Sci Davis, version 1.22,
International). Illustrations were made using “Inkscape” software (Inkscape, version 1.1, In-
ternational). All figures were edited using “Fast Stone” (FastStone Soft, version 7.5, Alberta,
Canada) and “GIMP” software (Spencer Kimball, Peter Mattis and the GIMP Development
Team, version 2.10.28, International). The aluminum crystal lattice and molecular structures
were modeled using “Jmol” software (Jmol, version 14.32, International) [45]. 3D modeling
was carried out using “FreeCAD” software (FreeCAD, version 0.19, International).

3. Results
3.1. Mask Breathing and Respiration Monitoring

The sensor connected to EM harvesting and signal rectification was utilized as a
breath-detection device. The sensor was placed at the end of a flexible tube, while the other
end was connected to the breathing mask, normally used for a patient’s oxygen supply
(Idunmed, Ningbo, China), Figure 4a. The sensor was positioned inside of the tube, so
that the inhaled and exhaled air could have an unobstructed flow through the tube and
across the sensor’s surface, Figure 4a (inset). The experiment was conducted using nose
breathing. The volunteer was breathing using the mask while sitting at rest and simulating
fast and normal breathing. The EM energy for the sensor operation was harvested from
the building foundation, Figure 4b. The output from the sensor after signal rectification
is given in Figure 4c—e. The signal from the sensor was recorded by the voltmeter with a
time resolution of 20 ms. Breathing detection was examined at various speeds: 17 cpm
(cycles per minute), which is normal breathing, Figure 4c, 22 cpm (slightly faster than
normal breathing), Figure 4d, and 52 cpm (very fast breathing) Figure 4e. In the second
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a)

run of the experiment, the EM energy for the sensor operation was harvested from the
volunteer’s body using the wristband, Figure 4f. The breathing detection was examined at
three speeds: 19 cpm, which is normal breathing, Figure 4g, 22 cpm (slightly faster than
normal breathing), Figure 4h, and 52 cpm (very fast breathing), Figure 4i. It is clear that
the sensor was capable of resolving and following the breathing process in all cases. The
experiment with the building foundation as an EM source gives a higher signal level, since
the harvested EM power is higher than in the case of the wristband. Nevertheless, the
signal with the human body EM harvesting using the wristband was strong and clear
enough, which makes wearable applications possible.
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energy line &

Sensor

Sensor
signal line
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Figure 4. The sensor test on breathing with a mask: (a) The mask used for the breathing test with the
sensor connected to the EM harvesting using a wristband. The sensor fixture (inset); (b) Schematic
of the sensor test with mask breathing using building foundation as an EM source. The maximum
signal was up to 400 mV; (c) Breath speed 17 cpm; (d) 22 cpm; (e) 52 cpm; (f) Schematic of the sensor
test with mask breathing using human body as an EM source. The maximum signal was up to 80 mV;
(g) Breath speed 19 cpm; (h) 22 cpm; (i) 52 cpm.



Chemosensors 2023, 11, 51

9of 14

3.2. Wearable Applications

In order to assess the usability of the sensor for wearable applications, a test with
respiration monitoring while exercising was performed. An exercise bicycle was used by
the volunteer in order to carry out a cycling exercise while breathing through the mask with
the sensor attached, Figure 5a,b. The sensor was connected to the EM harvesting through
the wristband, thus using the body of the volunteer as a source of power. By this approach,
a truly wearable respiration monitoring was performed. In Figure 5c,d, the results of the
measurement are shown. The respiration rate of the volunteer was measured starting from
the rest, cycling on various loads and speeds and resting again. In Figure 5c, the respiration
for load 3 on the bicycle and the speed of 21 km/h is shown. In Figure 5d, the respiration
was recorded for load 8 and the speed of 27 km/h. The load on the bicycle increased from 1
to 8. The sensor was capable of following the respiration of the volunteer with the antistatic
wrist strap in all situations. The increase in noise visible in Figure 5¢,d during cycling is
associated with the influence of the exercise, as it had an EM control of the load exerted on
the driver. The load on the volunteer was not enough to produce a significant difference
in the breathing pattern but it was important to see that the sensor was applicable in this
specific case of exercise.

Breathing

a) b)

Load 3; Speed 21 km/h

80 “”"""""'H”"”"'c'y'cli'n'g'“"l"""“"'“'”“'“”'”"
—
260 Rest Rest
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a7 ' |
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Figure 5. The use of the sensor with human body EM harvesting in the case of cycling exercise:
(a,b) The volunteer with antistatic wrist strap carrying out cycling exercise; (c) The output of the
sensor for load 3 on exercise bike and the speed of 21 km/h; (d) The output of the sensor for load 8
on exercise bike and the speed of 27 km /h. The load increased from 1 to 8. The pronounced noise
during cycling is the consequence of the EM interference coming from the exercise bike, since the
bike used EM-based load exerted on a driver.
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3.3. SEM and EDS Characterization of Activated and Non-Activated Samples

The activated and non-activated sensor surfaces, made out of aluminum thin film,
were tested using scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS). The system used was an SEM FEI Scios2 Dual Beam System (Thermo Fisher Scientific,
Waltham, MA, USA), Figure 6a,b.

o——12[0K] | o212
; B oA f / f f f

(a) (b)
Figure 6. SEM EDS characterization: (a) Non-activated Al surface; (b) Activated Al surface.

Table 1 gives the percentage of counts for various elements found on the chip’s surface.
It is interesting to note that the oxygen content increased after the process of activation. One
possible scenario is that the aluminum oxide was removed from the digits’ surface, but the
exposed activated aluminum attracted CO; from the atmosphere, thus forming aluminum
carbonate [46]. According to the chemical formula of aluminum carbonate, Al;(CO3)s3 it
is clear that each carbon atom will hold three oxygen atoms. In this scenario, we would
expect that the increase in oxygen content on the chip’s surface would follow the increase in
carbon content, but with a factor of three. From the data in Table 1, the percentage of counts
associated with oxygen at the non-activated sample was 15.76%, while for the activated
sample it was 18.35%. The difference is 2.59%. For carbon, the values were 1.549% for the
non-activated and 2.401% for the activated sample. The difference is 0.852%. The ratio
between the increase in oxygen and the increase in carbon is 2.59/0.852 = 3.03, which fits in
the proposed scenario.

Table 1. Results of EDS scan over the surface visible in Figure 6a,b.

Non-Activated Activated
Element Counts Percentage Counts [%] Counts Percentage Counts [%]
C 3230 1.549 5089 2.401
@) 32,869 15.76 38,892 18.35
Al 157,694 75.64 152,960 7217
Si 14,666 7.035 14,985 7.071
Total 208,459 100 211,926 100

4. Discussion
4.1. Electrochemical Activity of the Thin Film

The sensor based on activated aluminum adds electrochemical energy to the EM
harvesting system by using the energy from the reaction of aluminum and water.
One option for energy addition comes from the general aluminum-air battery
equations [47]:
Anode: Al(s) + 30H™ (aq) — AI(OH)3(s) + 3e™ (1)

Cathode: Oy(g) + 2H,O(l) + 4e~ — 4OH™ (aq) 2)
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Overall: 4Al(s) + 30,(g) + 6H,O(1) — 4AI(OH);3(s). (©)]
Another possibility is the reaction without involving O, [48,49]:
Anode: Al(s) + 30H™ (aq)— AI(OH)3(s) + 3e™ 4)
Cathode: 2H,O(l) + 2e~ — 20H™ (aq) + Ha(g) 5)
Overall: 2Al(s) + 6H,O(l) — 2AI(OH)3(s) + 3H(g). (6)

The energy of the reaction is —300 kJ/mol. The theoretical electromotive force (EMF)
of the reaction is 1.5 V. In this case, the reaction is occurring without oxygen, with the
production of molecular hydrogen.

Figure 7 shows a possible mechanism responsible for energy addition to the EM
harvesting for the sensor signal. The OH™ ions could be generated on both electrodes,
since the sensor was made with mono-material electrodes. The OH™ ions can flow to the
opposite electrode in order to react with aluminum, or they can come back to the same
electrode and react with aluminum. This brings an uncertainty in the polarity of the signal
because, at one moment, one electrode could play the role of an anode and, at another
moment, the opposite electrode could become the anode. The accumulation of OH™ ions
at one of the electrodes can produce an electric field strong enough to repel OH™ ions
from another electrode. At any moment in time, one electrode could have significantly
more OH™ ions than the other one. This produces the changeable polarity. In the case of
coupling with EM harvesting, the changeable polarity can oscillate in the same frequency
as the EM harvested signal. This can add energy to the EM harvesting. For this reason,
EM harvesting plus electrochemical enhancement can increase the overall output from the
sensor. More work will be needed in order to exactly quantify the ratio of energy added by
electrochemistry with respect to EM harvesting.

# Oxygen
*  Hydrogen
Aluminum

Figure 7. Illustration of the electrochemical process described by Equations (1)—(3). Incoming electrons
on one of the electrodes will take part in the reaction between water and oxygen. As a result of
this reaction, the hydroxyl group (OH™) is formed and diffuses through the water until it reaches
the opposite electrode. At the opposite electrode, the hydroxyl group reacts with aluminum, thus
forming aluminum hydroxide. At the same time, electrons are released on the aluminum electrode.
The electrons drift through outer circuitry. Images of aluminum crystal lattice and molecules were
generated using the software Jmol [45].
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4.2. Comparison with Other Respiration Monitoring Solutions Based on Humidity Detection

All solutions used for breath detection based on humidity measurements need to have
a fast enough response to high humidity levels, in order to correctly monitor the respiration
process. This essentially means that the rise-time and relaxation of the sensor needs to
be around a few seconds. Many of these developments are compared in [3]. From the
experiment presented in Figure 4, we see that our sensor has a rise-time and relaxation of
1 s or less, which makes it faster than most of the developments presented in [3].

4.3. Opportunity for Fully Independent Operation

The humidity sensor presented in this work is self-powered, meaning that the energy
for its operation is harvested from the environment. This is yet not enough to make it fully
independent, in the sense that the data needs to be transmitted, processed and displayed.
This requires much more energy than it is possible to obtain through the EM harvesting
presented here. One possible solution is to accumulate the harvested energy using large
capacitors or other devices and subsequently use that energy for measuring humidity and
also for data transmission. This will be the subject of our further work.

Supplementary material related to this article can be found online [50,51]. The supple-
mentary material contains all figures in high resolution, raw data [50] and a short video [51]
describing the process of measurements.

5. Conclusions

This work has shown that a self-powered, fully wearable, miniaturized breath-detection
sensor is feasible, and can be realized by using the EM energy harvested from the human
body. The key concept of the system operation is utilization of the interdigitated capacitor
made out of an activated aluminum layer, which modulates the EM signal coming from the
antenna that is harvesting EM energy from the environment. The system is so sensitive that
even the human body can be used as an antenna, which is an advantage in the sense that
no special devices or suits are needed. The unique concept of modulation of EM energy by
humidity forms an exquisitely sensitive and versatile method for utilizing a low-power EM
harvesting set-up as a humidity detector and thus, a wearable respiration monitoring system.
The sensor fills the gap in self-powered human diagnostics, and provides an opportunity
for other developments in wearable sensing. The system is capable of following human
respiration in various situations with normal and fast breathing, including the cases of
exercise and rest. This is the first development of this kind in the world. Further work will
be in the direction of exactly quantifying the ratio of energy added by electrochemistry with
respect to EM harvesting. For this purpose, materials other than aluminum will be tested in
a similar experimental set-up.

Supplementary Materials: Supplementary material related to this article can be found online [50,51].
The supplementary material contains all figures in high resolution, raw data [50] and a short video [51]
describing the process of measurements.
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