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Abstract— This paper reports the development of a compact,
portable prototype for the determination of gaseous oxygen in
breath. This system is fully wearable; it can be worn by the user
as an armband where the electronics are placed, i.e., connected
to a mouthpiece where the breath is sensed. The prototype is
based on an optical luminescent sensor consisting of a stabilized
porphyrin dye directly deposited onto a color detector. The
sensor response, when it is optically excited, is quenched by the
surrounding oxygen. The intensity of the generated
luminescence is registered by means of a digital color detector
whose output data correspond to the coordinates of the RGB
color space. For this particular optical sensor, the red
coordinate is directly related to the concentration of O2, and it is
sent to a remote device such as a smart phone or tablet by a
Bluetooth link. An application for Android operative system has
also been developed for data visualization and analysis.
Employing this novel system, a high resolution in the range of
few parts per billion in the determination of oxygen can be
achieved.

Index Terms— Oxygen, optical sensor, color detector, breath,
wearable instrumentation, Android.

I. INTRODUCTION

Gaseous oxygen (02) consumption is the amount of
oxygen taken up and utilized by the body per minute. The
oxygen taken into the body at the level of the lungs is
ultimately transported by the cardiovascular system to the
systemic tissues and is used for the production of ATP in the
mitochondria of our cells. Because most of the energy in the
body is produced aerobically, the oxygen consumption

Oxygen consumption is dependent on four factors: i) the
ability of the heart to pump out blood, ii) the ability of the
tissues to extract oxygen from the blood, iii) the ability to
ventilate, and iv) the ability of the alveoli to extract oxygen
from the air. The measurement of the body oxygen
consumption has been used as a tool for clinic diagnosis since
many years ago [1]-[3], and lately it is also been applied to
sports [4], [5]. Breath monitoring has proved to be an useful
tool for the oxygen consumption measurement, since it offers
a rapid response in real-time analysis. Using this technique,
the concentration of oxygen is evaluated in both breath in and
breath out air in a non-invasive way. Moreover, the difference
could be directly related to the whole body 02

consumption [6], [7]. A wide variety of gaseous oxygen

sensors have been applied to the measurement of O2 in
breath: fiber-optic sensors, electrochemical sensors,
paramagnetic sensors, zirconium oxide sensors, acoustic
sensors or Mass and Raman spectrometers techniques [8]. In
the last two decades, optical techniques for measuring oxygen
in breath gas are gaining wider acceptance [10]-[13]. These
sensors are based on materials that change their optical
properties in the presence of either gaseous or dissolved
oxygen. The most common optical properties employed for
oxygen sensing are absorption and luminescence. A new
strategy for oxygen that has received much attention in recent
years is luminescence based colorimetric sensing, in which
the change in color characteristics concomitant to
luminescence quenching is used as the analytical property,
thus combining the advantages of both luminescence and
absorption-based devices [14]. Traditional systems for breath
analysis consists on complex stations including computers,
ventilators, pumps, vacuum valves, large tubes or even lamps
[15]-[18]. Using these techniques, the patient or subject
under evaluation needs to be completely connected to the
instrumentation thus reducing his mobility and comfort. This
issue becomes more critical in the case where the subject must
be monitorized practicing some physical exercise, since a
limited mobility can affect the results of the experience. In
addition, the evolution of the gas concentration within the
breath is not captured in real-time, because, for the majority of
commercially available systems, it is not possible to locate the
sensor directly in the breath flow.

Although some portable systems have been reported
earlier in the literature, they also need a physical connection
to the computer to present the results [19], [20]. In previous
works, the authors presented portable instrumentation for the
determination of gaseous oxygen based on the quenching of
the luminophore Platinum octaethylporphyrin, which
luminescence was acquired using digital devices such as CCD
cameras or color detectors [21]-[23]. In this work, we
propose a full noninvasive wearable system for the
monitoring of breath-by-breath oxygen concentration where a
compact sensing unit is implemented by depositing the
oxygen sensitive membrane directly on the surface of a high
resolution digital color detector. Full description and
performance of this system will be detailed below.
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II. EXPERIMENTAL

A. Reagents

The chemicals used were platinum octaethylporphyrin
complex (PtOEP, Porphyrin Products Inc., Logan, UT, USA),
1,4-Diazabicyclo[2.2.2]octane (DABCO; 98%),
tetrahydrofuran (THF) and polystyrene (PS, average MW
280,000, Tg: 100 °C, GPC grade), all three supplied by
Sigma—Aldrich Quimica S.A. (Madrid, Spain).

B. Instruments and Softwares

For the electrical characterization of the prototype,
the following instrumentation was used: a mixed signal
oscilloscope (MSO7104A, Agilent Technologies, USA), a
62 digit multimeter (34410A, Agilent Technologies, USA), a
15 MHz waveform generator (33120A, Agilent
Technologies, USA) and a DC power supply (E3630A,
Agilent Technologies, USA). A user interface made in Visual
Basic© was used in a computer for calibration purposes. All
chemicals were weighed using a DV215CD scale (Ohaus Co.,
Pine Brook, NJ, USA) with a precision of +0.01 mg. The
standard mixtures for instrument calibration and
characterization were prepared using N2 as the inert gas by
controlling the flow rates of the different high purity gases O2
and N2, which entered a mixing chamber using a
computer-controlled mass flow controller (Air Liquid Espaiia
S.A., Madrid, Spain) operating at a total pressure of 760 Torr
and a flow rate of 500 cm3 min—1.

C. System Description

1. Membrane Preparation: The optical oxygen sensor has
been developed and used by the authors in the last years, and a
full detailed description can be found in previously published
works [24], [25]. The sensing channel was prepared by
casting the oxygen sensitive membrane directly on the surface
of the digital color detector (2.6x3.9 mm2) using a
spin-coating technique under ambient atmospheric
conditions. In order to increase reproducibility in membrane
preparation, in this work the spin coating technique was used
instead of just simply deposition. The solution was cast at 500
rpm for 30 seconds, obtaining approximately the same
thickness of the membrane as previous works, about 80 pum,
but homogeneity was improved. The cocktail for preparing
the oxygen-sensitive membrane was made by dissolving 0.5
mg of PtOEP and 12 mg of DABCO in 1 mL of a solution of
5% (w/v) PS in freshly distilled THF. The sensitive
membrane was cast by placing a volume of 10 pL of the
cocktail on a quartz crystal. After depositing the sensing
membrane, the device containing it were left to dry in
darkness in a THF atmosphere for 1 h. The obtained
membrane was homogeneous, transparent and pink. When it
is not in use it must be kept in the dark in order to extend its
lifetime.
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Fig. 1. Scheme of the sensing module.

2) Description of the Instrument: The luminescence generated
by the oxygen sensitive luminophore, when it is optically
excited at the wavelengths of 383 and 537 nm, is emitted at a
wavelength of 645 nm that corresponds to the red color. Both
the intensity and life-time of this luminescence are directly
dependent on the concentration of the surrounding oxygen.
Therefore, it is possible to determine the O2 by quantifying
the red (R) component of the luminescence [21], [22]. This
strategy for the quantification of light intensity has proven to
be highly sensitive and allows discarding external
interferences [26], [27]. Christo Ananth et al. [9] discussed
about an eye blinking sensor. Nowadays heart attack patients
are increasing day by day."Though it is tough to save the heart
attack patients, we can increase the statistics of saving the life
of patients & the life of others whom they are responsible for.
The main design of this project is to track the heart attack of
patients who are suffering from any attacks during driving and
send them a medical need & thereby to stop the vehicle to
ensure that the persons along them are safe from accident.
Here, an eye blinking sensor is used to sense the blinking of
the eye. spO2 sensor checks the pulse rate of the patient. Both
are connected to micro controller. If eye blinking gets stopped
then the signal is sent to the controller to make an alarm
through the buffer. If spO2 sensor senses a variation in pulse
or low oxygen content in blood, it may results in heart failure
and therefore the controller stops the motor of the vehicle.
Then Tarang F4 transmitter is used to send the vehicle number
& the mobile number of the patient to a nearest medical
station within 25 km for medical aid. The pulse rate
monitored via LCD .The Tarang F4 receiver receives the
signal and passes through controller and the number gets
displayed in the LCD screen and an alarm is produced through
a buzzer as soon the signal is received.

The developed prototype is aimed to be a fully-wearable
system, meaning that users can carry the instrumentation
attached to their clothes. It is complemented with commercial
portable smart devices for the visualization of the data. With
this purpose, a simple electronics for the detection,
quantification and visualization of the data has been
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developed. It consists of a sensing module placed directly in
the breath flux and connected to a processing electronics
board. This board is located in an armband to be carried on
the arm of the user during the monitoring procedure. For the
visualization and analysis of the measured data, a Bluetooth
communication is implemented to send the data in real-time to
one or several portable devices such as smart phones or
tablets that can be also carried by the user or any external
observer.

a) Sensing module: The sensing module of the prototype
consists of three main elements: light source, O2 sensitive
membrane and digital color detector, as depicted in Figure 1.
Although the same elements have been used in a previous
work [22], in this case the oxygen sensor has been deposited
directly on the surface of the color detector ,thereby
generating an operating unit produced by the integration of an
optical chemical sensor and an optoelectronic detector. This
scheme has previously proven to present advantages such as
better performance than other arrangement techniques in the
sensing structure in oxygen measurement systems [25].

The optical excitation of the membrane is carried out using
an InGaN/Sapphire LED (UV3TZ-395-30, Bivar Inc.,
U.S.A.) with peak emission at 390 nm that is placed facing the
color detector, being aligned the LED, the sensor and the
detector. The excited luminophore emits a luminescence at
645 nm in response to the ultraviolet excitation. This emission
is registered by means of a digital color detector model S9706
(Hamamatsu Photonics, Japan). This device is a digital color
sensor sensitive to red (Ap = 615 nm, the wavelength of
maximal sensitivity), green (Ap = 540 nm), and blue
(Ap=465nm)spectral regions, which makes possible the
simultaneous measurement of RGB color coordinates. The
detected light is coded byte digital detectorinto36-bitwords,
which makes it possible to connect directly the sensors to the
microcontroller. When the system is optically isolated to
avoid external light interference, the R value corresponds
exclusively to the luminescence generated by the PtOEP
complex and its value depends on the intensity of this
emission and, therefore, on the O2 concentration. Although,
the use of an ultraviolet LED avoids the influence of the light
source, the intensity of the UV LED could be also quantified
using the B coordinate. However, in this case, just the R
coordinate is used, simplifying the analysis carried out by the
system. In addition, this color detector has been selected not
only for its high resolution and direct digital interface, but
also because the integration time can be selected by software
in the range 10 ps to 100 s so it can be set to a value low
enough in order to take a high number of oxygen
measurements to obtain a breath-by-breath concentration
profile.

The sensing module is completed with a precision
temperature sensor model LM35 (Texas Instruments, U.S.A)
which offers an accuracy of 0.5 °C and a sensitivity of 10

mV/°C for compensation of temperature drifts of the oxygen
Sensor response.

This sensing unit is enclosed in a cylindrical plastic capsule
of small size (2 cm radius, 4 cm height) that allows isolation
from external light and atmosphere. To avoid influence of the
partial pressure of the oxygen in breath on the O2 sensitive
membrane, the sensing module shown in Figure 1 has been
disposed in the opposite direction of the breath flux, that is,
the color detector is not facing the mouthpiece. In this way,
the encapsulation of the color detector and the small piece of
printed circuit board (PCB) where it is placed act as a shield
thus preventing the membrane form the direct contact of the
breath flux, and the PCB where the LED is connected has the
same function with the flux of inhaled air. A small aperture
has been practiced to allow the exchange of air in the
inspiration and expiration processes. At the opposite side a
mouthpiece is inserted for the canalization of the breath from
the mouth directly to the sensing module. The module is
connected to the external reading electronics through an
8-wire cable.

b) Processing electronics: Color detector outputs and the
temperature sensor are directly connected to the input pins of
the microcontroller model PICI8F2550 (Microchip
Technology Inc., USA) which reads the value of the red, blue
and green (R, G, B) components of the luminescence and the
temperature in the sensing module. This low-cost
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Fig. 2. Block diagram of the wearable instrument.

microcontroller was selected because of its versatility and
because it includes both Universal Serial Bus (USB) module
to allow communication with a computer, that is useful for
calibration purposes, and enhanced USART module for the
transmission of data to a Bluetooth peripheral. The calibration
curves are programmed in the microcontroller, so a prediction
of the oxygen concentration in the breath flux is generated
from the data of the measured R component and temperature.
This prediction is sent through the serial communication to
the Bluetooth HC-05 module (Shenzhen Efortune Itd., China).
This device establishes a wireless data link through Bluetooth
protocol with one or several external compatible devices to
send the value of O2 prediction in real-time. The LED is
current-biased using a stabilized current source that has been
implemented in the processing electronics to generate a
selectable current in the range 0.12 — 20 mA. The typical
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forward current of the LED UV used in this work is 15 mA.
This range allows to bias the LED with a proper current to
generate a luminance intensity high enough to obtain a high
luminescence of the oxygen sensor, but without reaching the
saturation of the color detector for the red coordinate. The
design of the current source is based on the operational
amplifier OPA357 (Texas Instruments, U.S.A). This device
can provide a very high output current, up to 100 mA, that
covers the desired range for the biasing of the LED. In
addition, this is a rail-to-rail amplifier that allows to use a
reduced voltage supply range, and it also counts with an
enable signal input. This signal is driven by the
microcontroller to generate not a continuous biasing current
but a current pulse train in order to avoid the heating of the
LED, since it may produce a drift in the luminescent intensity.
The pulsed current is sent to the LED which is located in the
sensing unit through one wire of the connecting cable.

The whole system is battery-powered. Two rechargeable
batteries AA are serially connected to generate 2.4 V and a
charge of 1200 mAh. For the power supply of the instrument a
power line of 5 V is needed. This is obtained from the 2.4 V
signal though a commercial DC/DC boost converter model
LM2623 (Texas Instruments, U.S.A), that can reach up to
90% of regulation efficiency. In the Figure 2 a block diagram
of the complete instrument is presented, where solid arrows
represent data lines and dashed arrows are power lines.

¢) Android application: An application based on Android
operative system has been developed in order to allow real
time access to the results by the user or any external observer.

In order to implement the application, Eclipse v22.3.0 was
chosen as the integrated development environment(IDE)
since the plugin needed to integrate Android is more
developed than for other IDEs and, also, a phone emulator can
be used for debugging purposes. The application establishes a
wireless communication through Bluetooth protocol with the
Bluetooth peripheral HC-05 connected to the microcontroller
to receive the data to be processed before showing the oxygen
concentration to the user. The application allows to represent
the data after carrying out a moving average of the
measurements in order to smooth out some fluctuations and
storage of data in a database to further analysis.

III.

Figure 3 presents a photography of the complete system
wore by a user. As it can be seen, the prototype is fully
wearable thanks to its reduced size which is due to the simply
method of measurement based on the use of digital color
detectors. This scheme simplifies the electronics required for
oxygen determination over other traditional strategies such as
registration of currents or phase shifts that require additional
processing electronics. As it has been explained above, with
this measuring scheme only the breath from the mouth is
monitored. This strategy has been widely applied in systems

RESULTS AND DISCUSSION

for oxygen monitoring in breath [5], [16], [19], [28]. Other
approaches make use of different breath collecting systems,
such as masks that canalize the breath from both mouth and
nose [29] or even no canalization at all [30]. In this work the
oxygen content in breath is measured by the described sensor
unit that is found in the gray capsule held by the user and
throughout which the breath flows when he inhales or exhales
through the mouth.

Instrument Calibration: The measurement procedure for
the determination of oxygen concentration is carried out as
follows: the UV LED is biased with a pulsed current of 15
mA, 100 kHz of frequency and a duty cycle of 90%, so it is
emitting during 9 ps and turned off during the following ps. In
this way, temperature drifts of the LED are reduced. The
integration time of the color detector is set to 1 ms, therefore
the measurement is fast enough to sample the breath profile.
After the incident light is collected, the color detector sends
the data corresponding to the red component to the
microcontroller which generates a prediction of the O2 from
this data.
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Fig. 4. Calibration curve.

The prediction is based on the relationship found between
oxygen concentration and the R coordinate value, which is
presented in Figure 4, where a calibration from 10 to 30% of
02 is depicted. Although the oxygen sensor allows to measure
the concentration of O2 beyond the limits presented here, for
this purpose is not necessary since the oxygen in breath varies
within the range 15 to 23% [31]. In Figure 4 it is not shown the
absolute value of the R coordinate, but the normalization to
the maximum value reached in the calibration curve which
corresponds to the lower concentration of O2. These data
include six replicas at room temperature (21 °C). Even though
the standard deviations of the measurements are included in
this figure, the error bars are imperceptible. As it can be seen
from the fitting curve of the data, the prediction of oxygen can
be calculated as:

[02] = & - RF

Being a and B fitting parameters, in this case 0. =10.030 and
B =— 1.564 (12 =0.9994). The theoretical resolution of this
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system can be derived from the fitting curve of Equation (1)
by taking derivatives in both sides and approximating these
derivatives to increments

AO> =a-B-RFFIAR

From Equation (2), and taking into account that the
resolution of the digital color detector is 12 bits for each
coordinate, a theoretical error in the determination of oxygen
of 13 parts per billion (ppb) at 15% of O2 and 25 ppb at 21%
02 are reached. As it can be seen, and so it was proven in
previous work [22], the use of high resolution digital detector
allows reaching very good levels of resolution in the
determination of oxygen. It is well known that luminescence
is temperature dependent, and therefore the sensing strategy
used here is adapted to correct the temperature-caused drifts
of the measurements. This fact has been discussed in previous
works [24],[25].In this prototype ,the temperature
dependence has also been evaluated and modeled in the fitting
parameters of Equation (1) o and B.

As it has been exposed above, the sensing module counts
with a temperature sensor that provides, for every
measurement of the R coordinate, a temperature value that
allows correcting the fitting parameters in order to obtain a
compensated value of R and, therefore, a temperature
corrected prediction of O2. Additionally, the authors proved
in a previous work the insensitivity of the oxygen sensor to
humidity [32]. This characteristic is of vital importance to this
application, since breath can contain different humidity
percentage so it is eliminated the necessity to monitor this
parameter or the use of techniques to control it.

All Rights Reserved © 2016 JARMATE

ISSN (ONLINE): 2454-9762

Available online at www.ijarmate.com

International Journal of Advanced Research in Management, Architecture, Technology and

2 M W K

0, (%)

P

0 10 20 30 40 50 &0

t(s)

15

1 I
| n i I|
f' (- ‘
AUV VLY
: \

Ul

0 2 4 3 & o 12 14

t(s)

0, (%)

Fig. 5. Oxygen concentration in breath at a rate of 4 (A) and 40 (B) bpm.

A. Breath Monitoring

The system has been tested on a healthy subject under
different physical stress situations, when the air is breathed in
and out exclusively through the mouth and therefore the air is
sensed in real-time in both the inspiration and expiration. In
Figure 5A the concentration of oxygen in breath in a relaxed
situation is presented. As depicted, at a low rate of 4 breaths
per minute (bpm), the system is fast enough to reach stable
states in a short time during the inspiration and expiration
processes. The curve is a square where the maximum values
correspond to an oxygen concentration of 21%, which means
that this section of the graphic represents the monitoring of
the inhaled air; the minimum values correspond to the exhaled
breath where the oxygen concentration is reduced to about
16% because of the oxygen consumption in the body. In
Figure 5B the oxygen in breath of the same subject has been
evaluated under intense physical activity when the rate
reaches 40 bpm.
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This fast breathing is transduced in a train of successive
peaks alternating between the same values of oxygen
concentration. The measured rise time for this graphics is 0.35
ms, while the fall time is 0.21 ms. From the results shown in
Figure 5, it is evident that the oxygen profile in breath consists
on a pulsed signal that alternates between the oxygen
concentration at open air (21%) and exhaled air (16%). The
respiratory rate can be obtained from Figure 5, and it can be
related with other physiological rates such as alveolar
ventilation, if the tidal volume of the subject is known [33], or
heart rate and systolic pressure variability’s [34]. From the
point of view of the consumed oxygen in breathing, the
monitoring of the inspired air is not relevant when the
monitoring is carried out at open air, since the concentration
of oxygen in this case is well known and does not provide any
additional information. Therefore, another experience has
been carried out with the goal of analyzing only the
concentration of oxygen in the exhaled air after the breathing
process. In this case, the subject is taking air through the nose,
and breathing out through the mouthpiece where the optical
sensor is encapsulated. Results of this experiment are
presented in Figure 6. In this case, the output signal presents
only one stable state that corresponds to the concentration of
the expelled air. This state is alternating with rising peaks that
represent the variation in the oxygen concentration when the
subject is inhaling; in this situation, the surrounding air
penetrates into the capsule by diffusion and the concentration
of O2 rises for a short time.

IV. DATA REPRESENTATION

As stated before, an Android application has been
developed to enable data transmission via Bluetooth in order
to get the data displayed in portable devices such as smart
phones and tablets. The data are represented in real time
during the experience and correspond to the prediction of O2
concentration generated by the microcontroller from the
measurements. The application uses a moving average to
remove fluctuations of the measurements using the
unweighted mean of the previous 2 data for each represented
value. In Figure 7 a sample of the graph shown in a smart
phone model Samsung Galaxy S2 during a breath monitoring
experience is presented. In this case, it is represented a period
of low respiration rate followed by a short period with an
increase in bpm due to some kind of exercise. Due to the
wireless data transmission, it is possible to communicate the
prototype with several external devices, as established in the
Bluetooth protocol. In this way, not only the user can be
watching the measured oxygen profile during the experience,
but also other observers can be also analyzing the data at the
same time, all of them in real-time.

Fig. 7.

Visualization of the data in a portable device.

The application could integrate further information and
equations if it is needed in order to relate the oxygen
concentration with the whole body O2 consumption in
different scenarios.

V. CONCLUSION

In this work a full wearable system for the
monitoring of oxygen concentration in breath has been
developed and characterized. This instrument is suitable to be
applied in all fields where an evaluation of the oxygen
concentration in breath is required for the estimation of the
oxygen consumption or other related parameters. This
includes target users such as athletes, hospital patients or even
in animal care applications.

The authors propose a novel measuring technique
that consists of deposition of the oxygen sensitive membrane
directly on the surface a high resolution digital color detector
and the excitation with an UV LED. In this way, the intensity
of the luminescence on the stable excitation state is registered
with high efficiency and related to the concentration of the
surrounding gaseous oxygen. This approach consisting of the
integration of chemical sensors and optoelectronic detectors
leads to O2 measurements with a resolution in the order of
ppb. In addition, very reduced processing electronics is
required; this fact allowed to develop a lightweight, portable
instrument. The data logging is carried out in a portable
device through Bluetooth protocol making use of a custom
developed application for Android operative system. This
strategy presents two advantages: first, a real-time
visualization of the oxygen measurement is provided to the
user and second, the prototype does not require additional
memory to store data, thus reducing even more the
electronics. In addition, it allows several observers to receive
the data at the same time for simultaneous analysis.
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