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Abstract—Wearable medical devices that would benefit from
mechanical flexibility and new form factors represent a great shift
in direction of research in the field of printed electronics. The
minimal functionality desired from wearable medical devices is
the monitoring of vital signs. Pulse rate and blood oxygenation
are considered primary vital signs that help to evaluate the
general physical health of a person. The methods used to measure
pulse rate and blood oxygenation with sensors based on organic
light-emitting diodes (OLEDs) and organic photodiodes (OPDs)
are reported here. Departing from the conventional practice of
using red (630 nm) and infrared (940 nm) light for measuring
pulse oxygenation, we have successfully implemented solution
processed red (626 nm) and green (532 nm) OLEDs fabricated
from polyfluorene blends in an all-organic optoelectronic pulse
oximeter sensor. The red and green OLEDs operate at 9 V, 1 kHz,
and transmit light through a human index finger. The transmitted
light is sensed by an OPD placed on the opposite side of the finger.
After filtering and amplification, the photoplethysmogram (PPG)
signal is obtained and used to accurately measure pulse rate and
blood oxygenation.

Keywords—Organic light-emitting diodes, Organic photodiodes,
Pulse rate monitoring, Blood oxygenation, Flexible sensors.

I. INTRODUCTION

Wearable medical devices can encourage healthy living by
providing individuals with feedback on personal vital signs.
In-home implementation of these sensors have the potential to
reduce prolonged hospital stays and cut health care costs [1].
Recent advances have led to the development of sensors in
wearable and flexible form factors, capable of measuring body
temperature [2], pulse rate [3], [4], blood pressure [5], and
blood oxygenation [6] in real time. Flexible and printed sensors
are appealing in the biomedical domain because flexibility
combined with large areas can result in an improvement of
the overall sensor performance [7], [8], [9]. In this work, we
focus on using organic light-emitting diodes (OLEDs) and
organic photodiodes (OPDs) as a non-invasive medical sensor
for measuring pulse rate and arterial blood oxygenation. We
discuss the methodology used in pulse oximetry using red and
green light, in addition to the essential circuit components,
specifically, the OLED driver and OPD read circuit for the
oximeter system.

II. PULSE OXIMETRY WITH RED AND GREEN LIGHT

In pulse oximetry two different light wavelengths are used
as the optical source, and the transmitted or reflected light
is collected using a photodiode. The wavelengths are chosen
in the areas of the spectrum where oxy-hemoglobin (Hb0O2)
and deoxy-hemoglobin (Hb) absorb differently. Pulse rate and
oxygen saturation in the blood can be calculated by taking the
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Fig. 1. Optical wavelength considerations for organic pulse oximeter.
(a) Absorptivity of oxy-hemoglobin, HbO2 (purple dashed line) and deoxy-
hemoglobin, Hb (orange solid line) are shown as a function of wavelength.
Three operation regions for oximetry - green, red, and infrared are highlighted.
(b) Ratio of absorptivities: Hb/ HbO2 (blue solid line) and HbO2/Hb (black
dashed and dotted line) are shown. For pulse oximetry, combinations of red and
infrared or red and green light can be used, as there is a contrast between the
absorptivities of Hb and HbO3 at these wavelengths. (¢) Sensed photodiode
current (I pp) during oximetry. The left bar charts show measured Ipp when
excited with green and red OLEDs before an index finger is placed in between,
and the right bar charts show Ipp after the light is attenuated through the
index finger. There is a noticeable attenuation of green light. Nonetheless,
pulse signal can be reconstructed from these attenuated light signals.

ratio of absorption at these wavelengths. Conventionally, pulse
oximeters use red (630 nm) and infrared (940 nm) light as op-
tical sources. Oxy-hemoglobin (HbO5) and deoxy-hemoglobin
(Hb) have different absorption at these wavelengths, as shown
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in Fig. la. Similar absorption difference exists at red and
green wavelengths, which is highlighted in Fig la. These
characteristics become apparent in Fig. 1b, where absorptivity
ratio of Hb and HbO3 (Abs gy 150,) s shown as a function of
wavelength. In the red regime, Abs g,/ 0, ~ 10, while in the
infrared and the green regime, Absgy/mrpo, < 2. Therefore,
the combination of red and infrared or red and green light
can be used. We used red and green OLEDs due to fact that
solution-processable near-infrared OLEDs suffer from lower
efficiencies [10].

In addition to specific wavelengths, light attenuation and
OLED irradiance also need to be taken into account. Green
light is significantly attenuated while traveling through the skin
and tissue whereas red light is more efficiently transmitted. In
Fig. lc, light attenuation through an index finger is shown for
both red and green light. In the case of red light, 2% of the
incident light passes through the finger and is consequently
collected by the photodiode, while only 0.05% green light
passes through the index finger. This results in lower photo-
plethysmogram (PPG) signal intensity for green wavelengths.
This loss due to scattering can be addressed by increasing
the OLED irradiance or boosting the amplifier gain at the
OPD receiver circuit end. Utilizing these strategies, we have
reconstructed the PPG signal for both red and green light.

III. OXIMETRY MEASUREMENT METHODOLOGY AND
SENSOR CIRCUITS

Portable oximeters use microcontrollers for controlling the
sensor probe as well as to process and transmit pulse and
oxygenation data [11]. A commonly used process flow for
oximetry is shown in Fig. 2a. The light sources are placed
on top of the finger and a photodiode is placed at the opposite
end. The OLEDs are controlled using an OLED driver circuit
and the sensed signal is read using an OPD read circuit.
A microcontroller is used as the host data processing and
transmitting unit. Once the PPG signal is acquired, a peak
detection algorithm is applied on the signal to obtain the pulse
rate.

Analytically, blood oxygenation (SO3) is quantified from
the concentration of oxy-hemoglobin Cpo, and deoxy-
hemoglobin Cpy, [12], [13]:

CHbo,

SO, — — CHVO:
? Cuvo, + CHp

)]

In the transmission mode, Beer-Lambert’s law states that
the intensity of light traveling through a medium decreases
exponentially with distance. Transmission 7" is given by,

T = Iy exp(—eCd) 2)

Here, Ij is the incident light intensity, € is the molar ab-
sorptivity with units of L mM~tcm~!, C is the concentration
of the absorbent medium, and d is the optical path length
through the medium.

The absorbance, A, is now defined as,

A:flnzzsc'd A3)
Iy

The ratio of the red and green absorptions, R,s = ﬁ”j can
be obtained from the PPG signal. Arterial oxygen saturation
(8402) can be calculated using Eq. 4. Here, €4 g5 and €4, mp
are the molar absorptivity of deoxy-hemoglobin at red (A = 626
nm) and green (A = 532 nm) wavelengths. Similarly, €,4. 7v0,
and €4, 7,0, are the molar absorptivity of oxy-hemoglobin at
red (A = 626 nm) and green (A = 532 nm) wavelengths.

Erd,Hb — €gr,HbRos

S.02(Rys) =
2(Ros) (€rd, Hb — E€rd, HBO,) + (Egr, HVO, — Egr,Hb)fzqu

Since Beer-Lambert’s Law does not account for scattering
in tissue (versus a glass cuvette), an empirical calibration curve
is then used to calculate blood oxygenation.
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Fig. 2. Pulse oximeter system with organic optoelectronic sensor. (a)

Process flow to acquire photoplethysmogram (PPG) signal by using green
and red organic light-emitting diodes (OLEDs). Green and red OLEDs are
placed on top of the subject’s finger and the transmitted light is collected by
using an organic photodiode (OPD). A microcontroller controls the OLEDs
using an OLED driver circuit, and acquires the PPG signal (OPD current
signal) utilizing an OPD read circuit. PPG data is extracted by processing
both green and red light signals. This information yields heart rate and the
absorption ratio (R,s) data, from which oxygenation can be calculated. (b)
OLED driver circuit. The OLEDs are driven using a 9 V source in a H bridge
configuration. Two PNP bipolar junction transistors (BJTs) handle the OLED
triggering, while two NPN BJTs control the drive current using digital to
analog (DAC) signals from the microcontroller. (¢) OPD read circuit. The
current signal is read and amplified in two stages. In the first stage, both AC
and DC part of the signal is amplified, and at the output side the analog signal
is connected to an analog to digital converter (ADC) for DC level tracking.
The DC level is used in the second stage amplifier for DC level elimination.
In the second stage, just the AC part of the signal is amplified and read using
another ADC. This signal is then used for pulse and oxygenation calculations.

A. OLED Driver Circuit

To achieve the necessary PPG signal intensity, the OLEDs
are driven at 9 V with 20 mA of drive current. Most micro-
controllers operate at 3.3 V, therefore an external OLED driver
circuit is necessary to drive the OLEDs (Fig 2b). The driver
uses H bridge configuration to sequentially operate the red
and green OLEDs at 1 kHz. OLED triggering is controlled
using PNP bipolar junction transistors (BJTs). An additional
level shifter is necessary to translate trigger signal from 3.3 V
to 9 V. On the other hand, two NPN BIJTs control the drive
current using DAC signals from the microcontroller. Here the
level shifter also translates 3.3 V signal to 9 V. The software
controls and varies the OLED intensity so that a minimum
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PPG signal is obtained. This software control ensures that the
system would take into account different skin tones and finger
thickness in order to provide the irradiance needed to collect
the PPG signal.

B. OPD Read Circuit

PPG signals are extracted from the OPD current in two
stages. In the first stage, both the AC (pulsating blood pulse
signal) and the DC (signal from skin, tissue, and bones) parts
of the signal are amplified. A low-pass filter is implemented in
the first stage to reduce unwanted high-frequency noise. At the
output of the first stage, a DC tracker is implemented to track
the DC level of the signal, which is taken out in the second
stage as shown in Fig. 2¢. In the second stage, only the AC
part of the signal is amplified and the DC is taken out using a
digital to analog converter (DAC). Finally, the PPG signal is
recorded using the ADC of the microcontroller.

IV. PULSE OXIMETRY RESULTS

Pulse rate and oxygenation results can be obtained from the
ratio of the red and green absorptions R,s = f{j . The modular
approach in circuit design allows fine control of the OLED
irradiance and the amplifier gain. Therefore, if the received
light signal is low, both OLED drive current and the amplifier
gain can be increased to enhance PPG signal intensity. We
employed both strategies to obtain sufficient signal intensities
from where pulse signal can be resolved. Recorded green
and red PPG signals are shown in Fig. 3 (green and red
curves). The gray curve shows the pulse rate extracted by peak
detection from the red and green PPG signals. The ratio of
red and green absorptions (R,s) is shown in the blue curve,
and the yellow curve shows arterial oxygen saturation (SaQO2)
that is calculated from the calibration curve. These results
were compared to the data collected from a commercially
available oximeter that uses red and infrared solid state LEDs.
We have shown that the organic oximeter probe accurately
measures pulse rate and oxygenation with errors of 1% and
2%, respectively [6].

V. CONCLUSION

In this work, we have described the methodology and
circuit design implemented for an organic oximeter probe. We
used the combination of red and green light instead of the
standard combination of red and infrared light. Photoplethys-
mogram (PPG) signal from red and green OLEDs are acquired,
and are used to extract pulse rate and blood oxygenation rates
on a human volunteer. We have established that higher OLED
irradiance contributes to the enhanced transmission mode PPG
signal; we used 20 mA of drive current at 9 V to obtain
the PPG signal. Additionally, the implementation of higher
transimpedance amplifier gain is essential when increasing the
signal intensity. Overall, we designed and demonstrated an
organic oximeter probe, which accurately measures pulse rate
and blood oxygenation. In a flexible band-aid like form factor
the organic optoelectronic pulse oximetry sensor described
here has the potential to diversify possible sensing locations on
the human body and reduce sensor production cost via large-
area scalability and inexpensive manufacturing.
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Fig. 3. Pulse oximetry results using green and red OLEDs interfaced with
an OPD. The green and red signals depict the obtained photoplethysmogram
(PPG) signal. The peaks resulted from the systolic phases of the cardiac rhythm
and the troughs are from the diastolic phases. The gray curve shows the heart
rate (HR) extracted by peak detection from the PPG signals. The blue signal
is the absorption ratio of red and green, Ros = A;q/Agr. Finally, the yellow
signal shows the calculated oxygenation values. Motion artifacts are observed
in the measurements, which can be reduced by using better probe holder
design.
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