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Sensor applications
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Abstract—Continuous monitoring of breathing flow is an essential but often poorly utilized predictor that is causing poor
patient outcome. A low-cost, light-weight, easy-to-use, reliable, and disposable breathing sensor is required to bypass the
limitations of existing conventional sensors, which are bulky, expensive, and often require experts to handle. In this article,
a low-cost, inkjet-printed graphene sensor on a disposable glossy photo-paper substrate is presented for breathing-rate
monitoring. The sensor architecture consists of a graphene nanoparticle based thin functional layer on top of a silver
nanoparticle based interdigitated conductive pattern. A standard office inkjet-printer was configured with nanoparticle inks
and a printed circuit board design software was utilized for the layouts. The sensor was tested in a laboratory environment,
and its data were analyzed for different breathing patterns. An empirical model of the sensor was developed using the
Cole–Cole impedance model. Test results showed successful detection of breathing rates for different breathing patterns.
The prototype sensor provides a low-cost, disposable, and practical solution for frequent breathing pattern recognition.

Index Terms—Sensor applications, breathing flow, graphene, inkjet-printing, paper substrate, breathing monitor, sensor.

I. INTRODUCTION

Breathing rate, in coordination with heart rate and blood tempera-
ture/pressure, is an essential vital sign when monitoring human health.
A change in breathing pattern is a strong predictor of disease progres-
sion for chronic diseases such as cardiac arrest, chronic kidney disease,
and muscular dystrophy [1]–[3]. In addition, an abnormal breathing
pattern indicates risk of some underlying disease. For a healthy adult, a
typical resting breathing frequency is 12–15 times/min. The associated
carbon dioxide (CO2) concentration during exhalation is 4%–5.3%,
which is less than 1%, compared with inhalation. The difference in
exhaled CO2 concentrations at respiratory rates above or below nor-
mal conditions is correlated with the degree of physical discomfort or
a health disorder [4]–[6].

Monitoring breathing rates both in and out of the hospital environ-
ment can enable early detection of abnormalities and subsequently
trigger the timely initiation of emergency measures, ultimately sav-
ing lives. Fieselmann et al. [16] reported that a respiratory rate of
27 breaths/min (bpm) or more was the most important predictor of
cardiac arrest in hospital wards. Cretikos et al. [17] found that just
more than half of all patients suffering from a serious adverse event
on the general wards (such as a cardiac arrest or ICU admission) had
a respiratory rate greater than 24 bpm. Furthermore, it was also found
that abnormal breathing rates could have been identified up to 24 h
before the event.

Most current breathing measurements use pressure sensors to de-
termine breathing patterns and function. They measure the difference
between chest volumes during inhalation and exhalation. More pres-
sure is exerted on the sensor during inhalation compared with exha-
lation [7]–[9]. The main drawback of pressure sensor measurements
is the need for an additional equipment to suppress external forces
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(vibration, patient movement, etc.) that might interfere with the mea-
surement. The resulting bulky setup typically results in patient discom-
fort and makes long-term continuous monitoring difficult. In addition,
the cost limits widespread deployment and usage of pressure sensor
measurements. An alternative method would be the use of acoustic
sensors, which are low cost and easy to deploy [10], [11]. However,
acoustic sensors are affected by noisy surroundings such as patients’
coughs and inner-body sounds that may obscure the sensor signal.

This letter proposes a low-cost, light-weight, and disposable two-
layer sensor that is printed on a glossy photo-paper substrate. The
first layer uses a silver (Ag) nanoparticle ink to realize the interdig-
itated electrode pattern on photo-paper substrate. The second layer
is a thin coating of graphene ink. The latter is sensitive to breathing
temperature. The slight temperature difference between inhalation and
exhalation creates a conductivity modulation of the graphene layer that
can be monitored by external device. This simple structure provides
a stable, low-cost, and easy-to-fabricate method of respiratory rate
monitoring. The entire testing system consists of a breathing sensor
tube (BST) with a printed sensor on the interior and a tablet/computer
for data acquisition, breathing-pattern recognition, and display. The
system level block diagram is shown in Fig. 1. A commercial office
inkjet-printer was retrofitted with customized nanoparticle ink car-
tridges. Standard printed circuit board (PCB) design software was
used to print the sensor onto glossy photo-paper.

The organization of this article is as follows. Sensor materials and
structure are discussed in Section II. Sensor characterization using the
Cole–Cole impedance model is discussed in Section III. Experimen-
tal results of the sensor testing and the conclusion are presented in
Sections IV and V, respectively.

II. PROTOTYPE INKJET-PRINTED SENSORS

Printing electronics on flexible substrates are rapidly developing
because of the ability to design multiplane electronics for functional
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Fig. 1. Schematic overview of a breathing-rate monitoring system for
remote usage. The inset shows the inkjet-printed graphene sensor
mounted within the BST.

networks and low-cost fabrication. A printable sensor typically con-
sists of three basic elements: 1) printing materials; 2) circuit structure;
and 3) flexible substrates [12].

In general, the printing materials can be divided into three subcate-
gories: 1) conductors; 2) semiconductors; and 3) dielectrics [14], [15].
In this article, superconducting nanoparticle silver (Ag) was chosen as
the first (lower) layer because of its high thermal conductivity and low
resistivity on photo-paper substrate. Silver has one valence electron
that freely and easily moves into the holes of positively charged Ag
atoms, thus resulting in extremely low resistance to current flow.

Semiconducting graphene was used as the second (upper) layer.
Graphene is a single layer of sp2-hybridized carbon atoms, where
interacting atoms form two covalent hydrogen bonds. This causes
extraordinarily high thermal and electrical conductivity. It has the
thickness of an atom, which means it is transparent (< 3% visible
light absorption), light, and flexible. Graphene has high carrier mobil-
ity [103– 106cm2/(V × s)], density, conductivity (102–106 S/m), zero
band gap, and very low resistivity. It is very sensitive to the surrounding
environment based on its huge surface-to-volume ratio (2600 m2/g).
Even a single gas molecule can be detected by adsorption or release.

Standard PCB technology works well for most applications since
high resolutions can be attained. Such technology is integrated into
most modern circuits. There are several fundamental flaws of current
PCBs. First, the physical realization of this technology is limited to
a bulky and small-area device. As a result, post fabrication revisions
are difficult to implement. Second, the manufacturing of PCBs is time
consuming and costly. However, inkjet-printed circuits (iPC) open the
field to more design freedom because of substrate flexibility, ease of
editing/reprinting, wide array of ink materials, and low costs. While
there are many potential applications of this emerging technology,
there are many aspects of iPC performance that need improvement
such as registration, electrode alignment, resolution, leakage current,
and roll-to-roll processing [19].

Conductive inks are developed and characterized by material scien-
tists and chemists. The ink is typically a mixture of metal nanoparticle,
solvent, and surfactant. The surfactant serves to prevent the ink from
coagulating and clogging the printer’s nozzle head. Other proper-
ties of interest when developing these inks are liquid viscosity and
surface tension. Quality of ink conductivity is affected by how the ink
is spread on the substrate, which depends on droplet volume (print-
ing resolution) in addition to wettability of the liquid [19]. A ring
effect could occur as the ink dries, causing nonuniform dispersion and
impaired conductivity [18]. These conditions are kept in mind while
designing the inks and must be held to high standards of stability and
performance for this emerging technology to flourish.

Fig. 2. Prototype inkjet-printed sensor. An interdigitated pattern is
printed using silver nanoparticle ink and a thin coating of graphene ma-
terial is utilized as a functional layer for sensing different environmental
parameters.

Fig. 3. Circuit schematic of second-order Cole–Cole model.

Prototype Fabrication: Flexible photo-paper was used as the sen-
sor substrate in order to achieve low-cost, light-weight, and ease-of-
fabrication goals. A standard desktop Brother printer, MFC-J5910,
was configured by replacing the standard ink contents found in
LC75 and LC27 cartridges with conductive metallic ink. The pro-
totype inkjet-printed sensor is shown in Fig. 2. The sensor’s dimen-
sions were 1.9 cm × 1.5 cm; the covered graphene’s dimensions were
1.9 cm × 1.0 cm, and the silver line width was 1.6 mm. Conductive
metallic inks were procured from Millipore Sigma and then placed
into emptied standard printer cartridges. A commercial PCB layout
software, Easy-PC 12, was used to draw the structure layout. The
layer thickness of each of the printed metallic inks was controlled
by selecting different printing modes from the Brother printer util-
ity software. In the prototype sensor investigated here, the silver and
the graphene layers were printed using photo-print and ink-save print
modes, respectively. This custom setup for inkjet-printing metallic
inks obviates the need for expensive material printers (costing ap-
proximately $50 K or more) usually used for inkjet-printing process.

III. MODELING AND CHARACTERIZATION OF
PROTOTYPE SENSOR

The Cole–Cole impedance model is a widely popular method for
determining the dielectric constant and impedance characteristics of
biomaterials. The prototype sensor can be represented by Cole–Cole
impedance model. A circuit schematic of the Cole–Cole impedance
model [13] is shown in Fig. 3.



VOL. 3, NO. 2, FEBRUARY 2019 6000104

Fig. 4. Impedance diagram under pure nitrogen. The data labels show
different frequencies.

Fig. 5. Impedance diagram under atmosphere containing nitrogen and
2% CO2. The data labels show different frequencies.

The total impedance Z of the electrical equivalent circuit model is
given as follows:

Z (ω) = Rs + Rp
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vironmental condition constitute the Cole–Cole impedance plots.
The sensor impedance was measured using an HP 4396B impedance

analyzer. The measured frequencies ranged from 700 MHz to 1.3 GHz.
The sensor was exposed to pure nitrogen and nitrogen with 2% CO2,
and the corresponding Cole–Cole plots are shown in Figs. 4 and 5, re-
spectively. In both cases, the prototype sensor was followed a second-
order Cole–Cole model, as shown in Fig. 3. All the experiments were
conducted at room temperature (20 ◦C). In Figs. 4 and 5, apparent
dual loop semicircles were visible from the measured data points. For
example, in Fig. 5, for 910 MHz to 1.30 GHz, a second semicircle was
formed, which corroborated the second-order Cole–Cole model of the
prototype sensor. The presence of atmosphere containing pure nitrogen

Fig. 6. Test setup of the prototype inkjet-printed sensor with a com-
mercial spirometer. A student volunteer performed constant-volume-
breathing by observing the spirometer reading, and the corresponding
sensor resistance variations were recorded by the source-meter.

or CO2 changed the dielectric constant and conductivity, thus shifting
the center of the semicircle. The Rs and Cs components (see Fig. 3)
made the shifts in x-direction and y-direction, respectively. The Rp

and Cp components had significant contributions to the change in
radius of the semicircle.

IV. TEST RESULTS

The prototype sensor was mounted inside a transparent plastic tube
with openings at both ends to ensure smooth breathing-air flow. The
plastic tube was approximately 3 inch long and 1 inch in diameter,
and is referred to in this letter as “BST” (see Fig. 1). The prototype
sensor was glued to the interior wall of the tube while keeping the
printed nanoparticle layers exposed to the internal tube air. The two
copper wires connected to the sensor were drawn out of the tube and
connected to the probe leads of a measuring device. The BST was
attached to a commercial spirometer (see Fig. 6) to monitor the sensor
performance with constant-volume breathing pattern.

A high-precision source-meter, Keithley 2635 A, was used to mon-
itor impedance variations of the graphene sensor in coordination with
the breathing rate. A TSP Express software interface was utilized to
directly acquire the data from source-meter to Excel file. A student
volunteer breathed through the BST, and the corresponding data were
recorded in the Excel files. A voltage limit of 12 V was set up in
the source-meter to allow current flow through the prototype sensor,
and the corresponding resistance change was measured by the source-
meter device.

Short-Term Breathing Test: Since the prototype sensor is sensitive
to both temperature and humidity, the volunteer breathed through the
BST approximately 3 inch away from the prototype sensor. The BST
was attached to the breathing tube of a commercial spirometer, and the
student volunteer breathed repetitively for a fixed duration with a near-
constant breathing-volume by observing the spirometer reading. All
the breathing tests were conducted for a duration of 50 s. The student
volunteer performed the tests for three different breathing-volumes,
and the corresponding test results are shown in Fig. 7. As is evident
from the figure, for different constant-volume breathing patterns, the
prototype sensor successfully detected the breathing rates.

Long-Term Breathing Test: For long-term stability and reliability
assessment of the sensor, the prototype sensor in this article was used
for two weeks: twice a day and for 20 min each time. A Keithley
2635 A high-precision source-meter was used to measure the current
through the sensor. For the test, the DC voltage limit of the source-
meter was 12 V, and the room temperature was approximately 20 ◦C.
The resistance variation of the sensor with time is shown in Fig. 8.
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Fig. 7. Test results of sensor resistance variation for repetitive breath-
ings of different constant volumes of atmospheric air.

Fig. 8. Test result of sensor resistance variation with time for different
volumes of breathing patterns.

The test also combined three different constant-volume breathing pat-
terns. During the test period, the sensor had been reset before every test
by a small puff (2–3 s) of hot air having 100 ◦C or more temperature.
After every reset, the prototype sensor returned to normal operating
mode while going through three to seven transition periods. The sensor
was intended for disposable and short-duration operation. As shown in
Fig. 8, even without reset, the sensor successfully performed for more
than 200 s, which is good enough for any breathing test. Based on the
test results, the sensor accurately identified each breathing pattern af-
ter prolonged use. The experimental results showed that the prototype
inkjet-printed graphene sensor can work reliably for extended periods.

V. CONCLUSION

In this article, a silver and graphene nanoparticle based sensor
for breathing-rate monitoring is demonstrated by inkjet-printing on
glossy photo-paper. Fabricated using a standard office inkjet-printer,
the prototype sensor offers a low-cost, light-weight, and environment-
friendly sensor for mass-scale deployment and multiple applications.
Test results showed stable performance of the sensor under different

breathing patterns. The Cole–Cole model verified the impedance char-
acteristics of the prototype sensor. The prototype sensor offers reduced
manufacturing costs in the lab environment, ease of integration, and
user comfort for wearable device development.
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