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ABSTRACT
Current treatment plans for chronic respiratory diseases are limited to single point measurements obtained in the regulated environment of a clinic. Thus, the development of a continual
health and environmental monitoring system would allow for a better understanding of how
external factors are affecting the patient’s respiratory condition and would shift healthcare
into a preventative rather than a reactive system that treats only the symptoms. In addition to
the integrated electrocardiogram (ECG), ozone detector, three-axis accelerometer, and microphone, photoplethysmography (PPG) allows for a more complete physiological understanding
of chronic respiratory conditions. Dual wavelength PPG allows for the measurement of respiratory rate, heart rate and arterial oxygenation (SpO2), and can be used in unison with ECG
to provide an estimation of blood pressure via pulse transit time. Thus, the development of a
robust, biologically compatible optical probe is crucial in achieving accurate results. In this
paper, we offer a plan to develop such a probe. Flexible conformation to the tissue, time multiplexing of the differing wavelengths, protective polymer coating, and overall power consumption are some of the main concerns in our design of the probe. The PPG probe is miniaturized
and manufactured to increase accuracy while maintaining a flexible, lightweight, and energy
efficient device component. With the ability to monitor both heart rate and respiratory rate, it
greatly improves the versatility and accuracy of the overall multifunctional health monitoring
device.

T

he fourth leading cause of death in the
United States is obstructive lung disease.
Obstructive lung disease is the only major
disease that is rising in both prevalence and
mortality [5]. Further, nearly 235 million
individuals currently suffer from asthma (a
common type of obstructive lung disease)
worldwide, and this number is growing at an
alarming rate. In order to combat the rise of
these chronic diseases, monitoring systems
have been proposed for long term individual
analysis. Long term individual analysis is
important because a variety of triggers can
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worsen these chronic conditions. For example, asthma can be triggered by a variety of
environmental factors such as humidity, air
pollution, and temperature changes [6].
Current chronic respiratory monitoring is
done in a health care facility utilizing spirometry, which is limited to single point measurements. These measurements are taken in
a regulated clinical environment without the
variety of environmental factors that may
trigger an asthma attack [1]. Thus, the current monitoring system is inadequate to provide a complete picture of the physiology
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and environmental factors affecting chronic
respiratory illness.
Commercial monitoring systems for
asthma management are limited in sensor
capabilities and in the large power requirements to power these devices that require
frequent power charging by the user [1].
Because of low capabilities and high power
requirements, the current commercial monitoring systems are inconvenient to the user.
In order to increase understanding of the
health and environmental factors that impact
chronic respiratory diseases, a system that
uses a variety of sensors to monitor in realtime is essential. This system is required to
be energy efficient, portable, and provide the
user with continuous, real-time data to better
manage chronic respiratory illness. The photoplethysmograph probe is one component of
a health monitoring system designed to provide these requirements to the user, enabling
a preventative system of chronic respiratory
disease health care [1].
The purpose of the research described here
was to develop a photoplethysmograph probe
that can be used as such a sensor.

rate, respectively. The PPG signal contains
both components of cardiac contraction and
respiration as a result of the simultaneous
absorption of the near infrared light by the
arteries and the veins, which subsequently allows for monitoring of both heart rate and respiratory rate. The PPG on the wristband can
be used in conjunction with the ECG to provide an estimation of the blood pressure via
pulse transit time (PTT) [4]. The PPG on the
chest patch determines a signal corresponding to the respiratory rate.
The research described in this paper is an
extension of the chronic respiratory disease
monitoring system described by Dieffenderfer
and colleagues [1, 2, 3]. Previously only a
concept, in this research I describe the actual
design of a miniaturized, flexible probe to
monitor heart and respiratory rate. The PPG

Device Integration
Combined with integrated electrocardiogram (ECG), ozone detection, three-axis accelerometry, and microphone, the PPG probe
can contribute to a health monitoring system
that provides comprehensive monitoring of
heart and respiratory function and enables
improved management of chronic respiratory
disease. The system is comprised of a wristband with humidity, temperature, and ozone
sensors and a chest patch with integrated
ECG, an accelerometer, and a microphone,
as shown in Figure 1. Bluetooth Low Energy
(BLE) enables the system to be synchronized
between the wristband and chest patch. When
combined with the PPG probe, this system allows for complete and continuous health and
environmental monitoring.
As seen in Figure 1, the PPG probe is integrated into both the wristband and the chest
patch to monitor heart rate and respiratory
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Figure 1. Complete chronic respiratory
health monitoring system as described by
Dieffenderfer and colleagues [1].
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Figure 2. PPG probe and tissue interface as described by Dieffenderfer and colleagues [1].

Figure 3. PPG probe etching process (photo courtesy of author).
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probe was designed, developed, and manufactured in house to meet the design specifications of the chronic respiratory disease
monitoring system.
Method
PPG Development
When developing the photoplethysmograph probe, we considered several design
features. In keeping with the design of the
overall health monitoring device, low power
consumption is required. In order for the
probe to provide user safety and comfort
while maximizing the efficiency of the device, the design provides both flexible conformation to the tissue and a protective polymer coating.
Both respiratory rate and heart rate are
evaluated through a measurement of the
changes in light absorption in an artery. Light
emitting diodes (LED) shine light through
the tissue into the artery, which reflects back
and is measured using a photodiode, a component that turns light into current. This process is shown in Figure 2.
The dual wavelength PPG with time multiplexing (a combination of multiple signals)
of the differing wavelengths allows for the
additional measurement of arterial oxygenation (SpO2). Clear epoxy and Tegaderm,
a thin, waterproof film, encase the circuit
components.

the etching process is complete.
The photodiode (SI1143, Silicon Labs)
and light emitting diodes (LED) with wavelengths of 660nm and 940 nm were soldered
onto the etched copper traces, as shown in
Figure 4. These components were chosen
based on availability and cost as well as overall effectiveness. A ribbon cable connects the
probe to the device integrated circuit in either
the wristband or the chest patch.
A coating of dark liquid electrical tape
insulator followed by a layer of epoxy was
used to electrically insulate the probe and
provide a cushion for the edges of the optical
elements and an optical barrier between the
photodiode and the LEDs.
Several prototypes were designed in the
development of the PPG probe, with size reduction being the major influence in the redesigns. The overall effectiveness of the probe
was determined by how well it addressed the
design needs outlined above, including low
power consumption, flexible conformation to
the tissue, and a having a polymer protective
coating to maximize safety and efficiency.

PPG Fabrication
The PPG probe was manufactured inhouse using a flexible copper covered polyimide substrate. Traces of the circuit were
defined by printing wax ink as a resist and
the copper is etched using an etching solution of hydrochloric acid (HCl) and hydrogen
peroxide (H2O2). The etching process from
resist printed on copper to the copper trace
left on the polyimide substrate is shown in
Figure 3. For a complete etch, the process
took approximately thirty minutes. Note the
flexibility of the polyimide substrate when
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Figure 4. Soldered PPG probe (photo courtesy of author).
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Results and Analysis
PPG measurements can be easily corrupted
by noise due to motion. In order to remove
this noise distortion from motion, the normalized least means square (NLMS) adaptive filtering algorithm was used. This filtering method normalizes the power of the input
and decreases computational complexity.
The simultaneous ECG signals from the integrated electrocardiogram and both the heart
rate PPG signal and respiratory rate PPG signal are illustrated in Figure (5). These actual
signals were obtained during in-vivo preliminary trials. In the preliminary trials, we compared the PPG probe to a commercial heart
rate monitor (not pictured) and ECG from the
chest patch. The direct correlation shown in
Figure 5 between ECG and heart rate exemplifies the PPG probe’s capabilities to produce accurate measurements of heart rate. As
discussed previously, the PPG probe on the
wristband monitors heart rate and is capable
of estimating the blood pressure via pulse
transit time when used in conjunction with
the integrated ECG signal. The PPG probe on
the chest patch monitors respiration rate.
When accurate data were obtained utilizing a PPG probe design that fitted within size
constraints and had the design components of
flexibility, accuracy, and energy efficiency,

the probe was integrated into the chronic respiratory disease monitoring system.
Discussion and Significance
The PPG probe is crucial to attaining accurate results in the chronic respiratory health
monitoring system. The design components
of flexibility, accuracy, and energy efficiency
were attained while miniaturizing the probe.
The resulting simultaneous ECG and PPG
signals exemplify the capabilities of both
heart rate monitoring and estimating blood
pressure via pulse transit time. Respiratory
rate from the PPG probe on the chest patch is
also illustrated and shows the significant capabilities of the PPG probe in the integrated
chronic respiratory health monitoring system.
Overall, the PPG probe greatly improves the
versatility and accuracy of the overall multifunctional health monitoring device.
In addition to current PPG probe capabilities, in future applications the probe would
enable measurement of arterial oxygenation
(SpO2). This would provide a non-invasive
examination of lung function in real-time,
which would further the physiological
knowledge of chronic respiratory conditions.
The next steps in the development of a complete probe include optimizing for successful
arterial oxygenation (SpO2) measurements.

Figure 5. Simultaneous recordings of ECG and PPG signals (photo courtesy of author).
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As noted above, obstructive lung disease, the fourth leading cause of death in
the United States, is rising in prevalence at
an alarming rate [5]. Continuous health and
environment monitoring systems that work
in real-time would increase understanding
of the health and environmental impacts on
chronic respiratory disease and empower individuals to utilize the data and take control
of their respiratory condition. Not only will
this system provide a better understanding
of how external factors are affecting the patient’s respiratory condition, but it can also
shift health care into a preventative system
rather than simply treating the symptoms.
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