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REFLECTANCE BASED PULSE OXIMETRY
SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application is a continuation of PCT
application PCT/US2015/042107, filed Jul. 24, 2015, which
claims the benefit of U.S. Provisional Patent Application No.
62/028,720, filed Tul. 24, 2014, which are each incorporated
by reference in its entirety for all purposes.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support
under Grant Number DGE-1106400 awarded by the
National Science Foundation. The government has certain
rights in the invention.

BACKGROUND

[0003] The present disclosure provides systems and meth-
ods to measure pulse and blood oxygen saturation in humans
using reflectance spectroscopy.

[0004] A blood oximeter measures oxygen saturation per-
centage in human blood by comparing the amount of light
absorbed by the blood (which has different molar extinction
coeflicients depending on the incident light’s wavelength
and whether or not the hemoglobin is oxygenated or deoxy-
genated) at two different wavelengths. Ideally, the molar
extinction coefficients of oxygenated and deoxygenated
blood will differ substantially at each of the two wavelengths
used. Traditionally, red and infrared light is transmitted
through human tissue (e.g., ear or finger) and detected to
determine oxygen saturation. LEDs are placed on one side
of the tissue and a detector placed on the other side.
Sampling of the transmitted light provides information
about the ratio of oxygenated and deoxygenated hemoglobin
in the blood. Such pulse oximeters, however, tend to be
bulky and rigid and their use limited to certain tissue areas
where sufficient light transmission in the red and IR wave-
lengths can occur.

SUMMARY

[0005] The present disclosure provides systems and meth-
ods to measure pulse and blood oxygen saturation in humans
using reflectance spectroscopy. In certain embodiments, the
systems and methods use solution processed Light Emitting
Diodes (LEDs), such as organic light emitting diodes
(OLEDs) and solution processed photodetectors, such as
organic polymer photodiodes (OPDs). As these organic
materials are solution processable they advantageously
allows for forming arrays of one or more LEDs and photo-
detectors onto flexible substrates. For example, in certain
embodiments, OLEDs and OPDs are printed on a flexible
substrate to form flexible blood oximeters. The flexible
blood oximeters of the present disclosure are advanta-
geously able to fit to a variety of form factors, increasing the
possible applications of blood oximetry and making the
application of monitoring oxygen saturation in a medical
patient (e.g., from the patient’s ear or finger) less sensitive
to motion. Furthermore, the organic LED and photodetector
blood oximeter sensors can be produced in an inexpensive
manner and can be disposable, ideal for use in medical care
environments where sanitation is paramount.

Jun. 8, 2017

[0006] 1In the present blood oximeter embodiments, two
different wavelengths of light (e.g., red and green, or red and
infrared) illuminate, or are input onto, an area of human
tissue by the OLEDs, and reflected light is recorded by the
organic photodetector. The light emitting elements and the
sensor or detector element(s) can be positioned on opposite
sides of the tissue and traditional transmission measure-
ments made, albeit with red and green light, or the light
emitting elements and the detector element(s) can be posi-
tioned on the same side of the tissue wherein reflection
measurements are made. Red and infrared light may be used
in reflectance measurements according to the present
embodiments. The output signal of the detector element is
processed by pulse oximetry circuitry and software, and the
test subject’s pulse waveform and blood oxygen saturation
percentage is output. Embodiments with the sensors and the
light emitting elements positioned on the same side of the
tissue to allow for reflection measurements advantageously
allow for positioning of a sensor virtually anywhere on a
subject’s skin.

[0007] According to an embodiment, a pulse oximeter
device is provided that typically includes a first light emit-
ting element that emits red light, a second light emitting
element that emits green light; and a sensor element that
detects red and green light and that outputs signals repre-
senting detected red and green light. In certain aspects, the
first light emitting element includes a first light emitting
diode (LED), the second light emitting element includes a
second LED, and the sensor element includes a photodetec-
tor. In certain aspects, each of the first and second LEDs
comprises an organic LED, and the photodetector comprises
an organic photodiode. In certain aspects, the pulse oximeter
device further includes a flexible substrate, wherein the first
light emitting element, the second light emitting element and
the sensor element are formed on the flexible substrate. In
certain aspects, the sensor element is configured to detect the
emitted red and green light transmitted through tissue con-
taining blood, and in certain aspects, the sensor element is
configured to detect the emitted red and green light reflected
by tissue containing blood. In certain aspects, the pulse
oximeter device further includes a signal processing element
(e.g., a processor) that receives and processes the signals
representing detected red and green light output by the
sensor element to produce signals representing blood oxy-
genation content.

[0008] According to another embodiment, a pulse oxime-
ter device is provided that includes a plurality of first light
emitting elements that emit red light, a plurality of second
light emitting elements that emit green light; and a plurality
of sensor elements that detects red and green light and that
output signals representing detected red and green light. In
certain aspects, the first light emitting elements comprise
first light emitting diodes (LEDs), the second light emitting
elements comprise second LEDs, and the sensor elements
include photodetectors. In certain aspects, each of the first
and second LEDs comprises an organic LED, and the
photodetectors include organic photodiodes. In certain
aspects, the pulse oximeter device further includes a flexible
substrate, wherein the first light emitting elements, the
second light emitting elements and the sensor elements are
formed on the flexible substrate. In certain aspects, the
sensor elements are configured to detect the emitted red and
green light transmitted through tissue containing blood, and
in certain aspects, the sensor elements are configured to
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detect the emitted red and green light reflected by tissue
containing blood. In certain aspects, the pulse oximeter
device further includes a signal processing element (e.g., a
processor) that receives and processes the signals represent-
ing detected red and green light output by the sensor
elements to produce signals representing blood oxygenation
content.

[0009] According to a further embodiment, a method is
provided for method of measuring blood oxygenation con-
tent of a tissue sample. The method typically includes
applying a flexible pulse oximeter device proximal the tissue
sample, the pulse oximeter device including a flexible sub-
strate, at least one first light emitting element formed on the
substrate that emits red light, at least one second light
emitting element formed on the substrate that emits green
light or infrared light, and at least one sensor element formed
on the substrate that detects red and green light or red and
infrared light and that outputs signals representing detected
red and green light or detected red and infrared light. The
method also typically includes activating the at least one first
light emitting element and the at least one second light
emitting element, detecting red and green light or red and
infrared light reflected by the tissue by the at least one sensor
element, and outputting signals representing the detected
reflected red and green light or the detected red and infrared
light to a signal processing device. In certain aspects, each
of the at least one first and second light emitting elements
comprises an organic LED, and the at least one sensor
comprises an organic photodiode.

[0010] According to yet another embodiment, a method is
provided for mapping blood oxygenation content of a region
of a tissue sample. The method typically includes applying
a flexible pulse oximeter device proximal the tissue sample,
the pulse oximeter device including a flexible substrate, an
array of first light emitting elements formed on the substrate
that emit red light, an array of second light emitting elements
formed on the substrate that emit green light or infrared
light, and an array of sensor elements formed on the sub-
strate that detects red and green light or that detects red and
infrared light and that outputs signals representing detected
red and green light or detected red and infrared light. The
method typically includes activating a first portion of the
array of first light emitting elements and a first portion of the
array of second light emitting elements, detecting red and
green light or red and infrared light reflected by the tissue by
a first sensor element, and outputting signals representing
the detected reflected red and green light or the detected
reflected red and infrared light to a signal processing device.
The method also typically includes repeating steps of acti-
vating, detecting and outputting for a second portion of the
array of first light emitting elements, second light emitting
elements and a second sensor element.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0011] The accompanying drawings incorporated in and
forming a part of the specification illustrate several aspects
of the present disclosure and, together with the description,
serve to explain the principles of the disclosure. In the
drawings:

[0012] FIG. 1 shows an example of a blood oximeter
including a green OLED and a red OLED according to an
embodiment.
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[0013] FIG. 2 shows a side view of the oximeter of FIG.
1.

[0014] FIG. 3 shows an example process for forming an
oximeter device according to an embodiment.

[0015] FIG. 4 illustrates a system level overview of an
oximeter design according to an embodiment.

[0016] FIG. 5 shows a cross-sectional view of an example
of pulse oximeter device according to an embodiment.
[0017] FIG. 6 illustrates an example of a pulse oximeter
device, including an array of elements, applied to an epi-
dermal structure (e.g., subject’s skin) according to an
embodiment.

[0018] FIG. 7A shows a pulse oximetry sensor composed
of two organic light emitting diode (OLED) arrays and an
organic photodiode (OPD) according to an embodiment.
[0019] FIG. 7B shows the light transmission path through
pulsating arterial blood, non-pulsating arterial blood, venous
blood, and other tissues over several cardiac cycles for the
oximeter of FIG. 7A. The AC and DC components of the
blood and tissue are designated, as well as the peak and
trough of transmitted light during diastole and systole,
respectively.

[0020] FIG. 7C shows absorptivity of oxygenated (orange
solid line) and deoxygenated (blue dashed line) hemoglobin
in arterial blood as a function of wavelength. The wave-
lengths corresponding to the peak OLED electroluminesnce
(EL) spectra are highlighted to show that there is a difference
in deoxy- and oxyhemoglobin absorptivity at the wave-
lengths of interest.

[0021] FIG. 7D shows OPD external quantum efficiency
(black dashed line) at short circuit, and EL spectra of red
(red solid line) and green (green dashed line) OLEDs.
[0022] FIG. 8A shows an OLED energy structure.
[0023] FIG. 8B shows current density of red (red solid
line) and green (green dashed line) OLEDs and spectral
power of red (red squares) and green (green triangles)
OLED:s as a function of applied voltage.

[0024] FIG. 9A shows and OPD energy structure.

[0025] FIG. 9B shows light current (red solid line) with
excitation from a 640 nm, 355 uW/cm? light source and dark
current (black dashed line) as a function of applied voltage.
[0026] FIG. 10A shows Photoplethysmogram (PPG)
acquisition using combinations of inorganic and organic
LEDs and photodiodes (PDs); a PPG signal acquired using
inorganic red and green LEDs and an OPD. Green and red
PPG signal amplitudes of 26 mVp-p and 16 mVp-p were
obtained, respectively.

[0027] FIG. 10B shows a PPG Signal acquired using
OLEDs and silicon PD—absence of lensing epoxy and
reduced optical power of the OLEDs bring down signal
magnitude to 16 mVp-p and 6 mVp-p for green and red
excitation.

[0028] FIG. 10C shows a PPG signal acquired using
OLEDs and OPD; although signal magnitudes are reduced
to 3 mVp-p and 2.5 mVp-p, the signal is sufficient for
resolving the PPG waveform and provide light absorbance
ratio information for arterial blood oxygenation calculation.
[0029] FIG. 11A shows an organic optoelectronic pulse
oximetry system, with red and green OLEDs are placed on
subject’s finger and transmitted light is collected with one
OPD pixel placed below the finger.

[0030] FIG. 11B shows a hardware block diagram for the
system setup—a microcontroller acts as the data acquisition
and processing unit. OLEDs are triggered and controlled
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using general-purpose input/output port (GPIO) and digital-
to-analog converter (DAC) pins, and the OPD signal is
recorded using the analog-to-digital converter (ADC) of the
microcontroller. A two-stage amplifier between the OPD and
ADC removes the DC part from the PPG signal and ampli-
fies the pulsating PPG signal.

[0031] FIGS. 11C and 11D shows simultaneous oximetry
measurements with a commercially available inorganic oxi-
meter probe and the organic oximeter probe, respectively.
The PPG signal was obtained using red and infrared light for
the commercially available probe (C), and using red and
green light for the organic probe (D). Heart rate (HR)
(magenta line in C and D) was obtained by timing the
systolic peaks in the PPG signals. The ratio of the transmit-
ted light at two wavelengths (R,,) (blue line in C and D) is
converted to arterial blood oxygen saturation (S,0,) (vellow
line in ¢ and D) using Beer-Lambert’s Law in conjunction
with an empirical correction.

[0032] FIG. 12A shows arterial oxygen saturation (S,0,)
as a function of transmitted light ratio (R ,5); the black solid
line shows the curve generated by Beer-Lambert’s Law for
red (A=660 nm) and infrared (A=940 nm) light. Similarly,
the green solid line shows the curve generated by Beer-
Lambert’s Law for red (A=626 nm) and green (A=532 nm)
light. Calibration curves to overcome limitations of Beer-
Lambert’s Law in scattering tissue (versus a glass cuvette)
are shown by dashed lines. R, values were measured for
various S,0, values.

[0033] FIG. 12B shows an observed 11% offset for the
green light oximeter (green dashed line) from the conven-
tional oximeter (black dashed line).

[0034] FIG. 13A shows OLED and OPD fabrication and
physical device structures with OLEDs fabricated on a glass
substrate using spin coating according to an embodiment.
FIG. 13C shows the OPDs fabricated using blade coating on
a PEN substrate according to an embodiment.

[0035] FIGS. 13B and 13D respectively show the physical
structures of the OLEDs and OPDs according to embodi-
ments.

[0036] FIG. 14A shows area scaling effects of OLEDs and
OPDs, and reducing ambient noise by flexing the OPD
around a finger phantom; OPD current (I,.,,) was observed
for different OLED and OPD active areas, where higher
photo-current resulted with area scaling of the OLEDs and
OPDs.

[0037] FIG. 14B shows OPDs flexed around 5 mm and 9
mm radius phantoms representative of small and large
human fingers; 79% and 93% reduction in ambient noise
were observed for the OPDs flexed around the phantoms,
respectively.

[0038] FIG. 15 shows frequency response of various
organic and inorganic LED and PD configurations; the
inorganic LED and PD showed the best response with a3 dB
cutoff greater than 100 KHz. For the all organic combination
with OLED and OPD, a 10 KHz cutoff was obtained, which
is significantly higher than the 1 KHz operation of the
oximeter. Green (A=532 nm) LEDs and OLEDs were used
with a 5 V peak to peak sinusoidal signal and a DC offset of
2.5V.

DETAILED DESCRIPTION

[0039] The present disclosure provides systems and meth-
ods to measure pulse and blood oxygen saturation in humans
using reflectance spectroscopy. In certain embodiments, the

Jun. 8, 2017

systems and methods use solution processed Light Emitting
Diodes (LEDs), such as organic light emitting diodes
(OLED s) and solution processed photodetectors, such as
organic polymer photodiodes (OPDs). Two different wave-
lengths of light (e.g., red and green, or red and infrared)
illuminate, or are input onto, an area of human tissue by the
OLEDs, and reflected light is recorded by the organic
photodetector. The light emitting elements and the sensor or
detector element(s) can be positioned on opposite sides of
the tissue and traditional transmission measurements made,
albeit with red and green light, or the light emitting elements
and the detector element(s) can be positioned on the same
side of the tissue where the reflection measurements are
made.

[0040] According to one embodiment, an oximeter device
includes a first light emitting element that emits red light, a
second light emitting element that emits green light, and a
sensor element that detects red and green light and that
outputs signals representing detected red and green light.
FIG. 1 shows an example of a blood oximeter device 10
including a green OLED 15 and a red OLED 20 according
to an embodiment. Device 10 includes at least one photo-
detector, and may include an array of multiple photodetec-
tors 25 as shown. The array of photodetectors 25 may
include multiple photodetectors 25 spaced equally around
the OLED elements, or the photodetectors may be spaced
irregularly around the LEDs. FIG. 2 shows a side view of the
oximeter device 10 of FIG. 1.

[0041] Incertain embodiments, a pulse oximeter device 10
includes arrays of OLEDs and OPDs. For example, in one
embodiment, pulse oximeter device 10 includes a plurality
of first light emitting elements 20 that emit red light, a
plurality of second light emitting elements 15 that emit
green light, and a plurality of sensor elements 25 that detects
red and green light and that output signals representing
detected red and green light.

[0042] According to one embodiment, the organic LED
portion of the system includes at least two polymer LEDs
(PLEDs), at least one emitting red light (e.g., 626 nm) and
at least one other emitting green light (e.g., 530 nm). In one
embodiment, a red PLED is made from a blend of poly(9,
9-dioctyl-fluorene-co-n-(4-butylphenyl)-diphenylamine)
(TFB), poly[(9.9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo|2,
1,3]thiadiazol-4,8-diyi)] (F8BT), and poly((9,9-dioctylfluo-
renyl-2,7-diyl)-alt-(4,7-bis(3-hexylthiophen-5-y1)-2,1,3-
benzothiadiazole)-2',2"-diyl) (TBT). The TFB, F8BT, and
TBT components of the blend are mixed in a 25:70:5 ratio
with a 10 mg/mL concentration in o-xylene. A green PLED
is made from a blend of TFB and F8BT with a 1:9 ratio and
10 mg/mL concentration in o-xylene.

[0043] Organic photodiodes (OPDs) are used to detect or
sense the reflected PLED light signal. Examples of two
materials that may be used include: Poly({4,8-bis[(2-ethyl-
hexyl)oxy]benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl}{3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[ 3,4-b]thio-
phenediyl}) (PTB7) is used for sensing visible wavelengths
whereas as a boron-dipyrromethene (BODIPY)-based poly-
mer is used for sensing visible and near infrared (NIR)
wavelengths beyond 750 nm. PTB7 is mixed with phenyl-C
70-butyric acid methyl ester (PC70BM) to a 1:1 weight ratio
in chlorobenzene with additive concentrations of 1,8 dio-
dooctane. The BODIPY-based polymer is mixed with phe-
nyl-C 70-butyric acid methyl ester (PC70BM) to a 1:2
weight ratio in 1,2 dichlorobenzene.
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[0044] FIG. 3 shows an example process 100 for forming
an oximeter device according to an embodiment. In certain
embodiments, both PLED and OPD devices are fabricated
on a substrate material, which in one embodiment includes
a polyethylene naphthalate (PEN) substrate (105). Other
useful substrate materials might include polyethylene
terephthalate (PET). At step 110, a mask is used to cover the
edges of the substrate during an O, plasma treatment at step
115, rendering the un-covered portion of the substrate
hydrophilic (120). A highly conductive formulation, such as
a poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) formulation, is doctor bladed over the sub-
strate at step 125, only coating the hydrophilic portion. At
step 130, a layer of high work function material. e.g.,
PEDOT:PSS, is doctor bladed over the conductive PEDOT:
PSS to increase the work function of the anode. Bus lines,
e.g., Ag lines are printed at step 140. Following this, at step
145, the active layers of the aforementioned PLED and OPD
devices are doctor bladed. At step 150, cathodes are formed,
e.g., lithium fluoride (LiF) and aluminum (Al) are thermally
evaporated through a metal stencil to form the cathode. The
pixels of the cathode are arranged in a linear array and are
connected to external circuitry with the use of flat flexible
cables (FFCs) bonded to the substrate mechanically or with
anisotropic conductive film (ACF).

[0045] In order to eliminate cross-talk between the PLEDs
and OPD array, a vertical (or horizontal) polarizing sheet is
adhered to the PLEDs and a horizontal (or vertical) polar-
izing sheet is adhered to the OPD array in certain embodi-
ments, ensuring only light reflected from the body will
contribute to the OPD signal.

[0046] In certain embodiments, organic light emitting
diodes may be spin-coated or blade-coated to form a reflec-
tance pulse oximeter as described herein. For example, a
spin-coated organic light emitting diode may be fabricated
according to one exemplary embodiment as follows:

[0047] 1. A substrate, e.g., ITO-coated substrate (glass or
plastic), is cleaned via subsequent sonication in soapy DI
water, water, acetone, and IPA. The substrate is then dried
with N2 between each step.

[0048] 2. The substrate is treated via UV-Ozone or Plasma
treatment.
[0049] 3. The hole injection layer (e.g., filtered PEDOT:

PSS AI4083) is spin-coated onto the substrate to form a
thick (e.g., from about 40 nm to about 100 nm) layer.

[0050] 4. The device is plasma treated (e.g., for 5-8 s) in
order to improve the wetting of the PEDOT:PSS layer.

[0051] 5. The electron blocking layer (e.g., polymer such
as TFB) is spin-coated from solution to form a layer (e.g.,
from about 10-15 nm thick).

[0052] 6. Theelectron blocking layer is annealed above its
glass transition temperature, e.g., for about 1 hour.

[0053] 7. The electron blocking layer is rinsed, e.g., by
spinning a solvent on it using a spin coater.

[0054] 8. The electroluminescent polymer solution is spin-
coated onto the electron blocking layer to form a thick
(e.g., on the order of 100 nm or so) film.

[0055] 9. A Ca/Al or LiF/Al cathode is evaporated.

[0056] 10. A UV-curable epoxy and encapsulating glass or
plastic is applied to the finished device.
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[0057] Blade-coated organic light emitting diodes may be
fabricated according to exemplary embodiments as follows:

[0058] A. Top-emission organic light emitting diodes:

[0059] 1. The substrate (plastic) is cleaned via sonication
in IPA.

[0060] 2. A chromium adhesion layer (e.g.. on the order of

about 5 nm) is thermally evaporated onto the substrate.

[0061] 3. A silver anode layer (e.g., on the order of about
100 nm) is thermally evaporated onto the chromium
adhesion layer.

[0062] 4. The Ag anode may or may not be patterned with
a nanometer scale hole array in order to improve the
device efliciency by scattering surface plasmon polaritons
back into the device instead of allowing them to dissipate
into heat on the anode.

[0063] 5. A mixture of PEDOT:PSS and zonyl surfactant
hole injection layer is blade coated onto the silver layer to
form a thick film (e.g., on the order of about 100 nm).

[0064] 6. The device is plasma treated (e.g., for 5-8 s) in
order to improve the wetting of the PEDOT:PSS layer

[0065] 7. The electron blocking layer (polymer such as
TFB) is blade coated from solution to form a thick film
(e.g., on the order of about 10 to 15 nm).

[0066] 8. The electron blocking layer is annealed above its
glass transition temperature, e.g., for about 1 hour.

[0067] 9. The electron blocking layer is rinsed by blade
coating the solvent over it.

[0068] 10. The electroluminescent polymer solution is
blade-coated to form a thick film (e.g., on the order of
about 100 nm) over the electron blocking layer.

[0069] 11.A thin and optically transparent Ca/Al or LiF/Al
cathode is evaporated onto the device. A thin and optically
transparent Ag layer may be evaporated on top of the Al
layer in order to enhance the conductivity of the electrode.
The thickness of each cathode layer may be optimized to
enhance the microcavity effect in the device in order to
narrow the full-width half maximum of the electrolumi-
nescence spectrum. A dielectric material may also be
evaporated over the cathode in order to achieve the
desired microcavity effect.

[0070] 12. A flexible UV-curable epoxy and encapsulating
plastic is applied to the finished device.

[0071] B. Bottom-emission organic light emitting diodes:

[0072] 1. The ITO coated plastic substrate is cleaned via
sonication in IPA.

[0073] 2. PEDOT:PSS AI4083 is blade coated to form a
thick film (e.g., on the order of about 100 nm).

[0074] 3. The device is plasma treated, e.g., for 5-8 s, in
order to improve the wetting of the PEDOT:PSS layer
[0075] 4. The electron blocking layer (polymer such as
TFB) is blade coated from solution to form a thick film

(e.g., on the order of about 10 to 15 nm).

[0076] 5. The electron blocking layer is annealed above its
glass transition temperature, e.g., for about 1 hour.

[0077] 6. The electron blocking layer is rinsed by blade
coating the solvent over it.

[0078] 7. The electroluminescent polymer solution is
blade-coated to form a thick film (e.g., on the order of
about 100 nm) over the electron blocking layer.

[0079] 8. ACa/Al or LiF/Al cathode is evaporated onto the
device.
[0080] 9. A flexible UV-curable epoxy and encapsulating

plastic is applied to the finished device.



US 2017/0156651 A1l

[0081] FIG. 4 illustrates a system level overview of an
oximeter design according to an embodiment. A compact
and modular circuit composed of a Texas Instruments
MSP430 microcontroller is utilized in one design for reliable
data collection and processing. The system is devised in a
segmented approach: including (a) driver circuit for organic
LEDs, (b) data read circuit for organic photodetector, and (c)
data processing circuit for computing blood oxygen satura-
tion and transmitting results to a computer or output device.
Digital to analog converter (DAC) of the microcontroller is
used to control light intensities of the organic LEDs, and an
analog to digital converter (ADC) is used to read data from
the organic photodetector. A drive circuit (e.g., 9 V LED
drive circuit) modulates the red and the green LEDs, and
multiple (e.g 512) samples are taken from each of the LEDs
in a second with a data read circuit for the organic photo-
detector. Blood oxygen saturation is then calculated by
analyzing data from the organic photodetector. Raw signal
from the photodetector is filtered and amplified to ensure
signal integrity. Filters and amplifiers are part of the main
circuit block. The complete system is optimized for OLEDs
and OPD—a voltage shift circuit shifts signal level to 9V to
operate the OLEDs. Additionally, the system is realized on
a flexible printed circuit board (PCB), which improves the
versatility of the system. The printed organic LEDs
(OLEDs) and photodetector (OPD) for pulse oximetry can
be used to monitor the pulse and respiratory health of
medical patients (for both in-hospital and at-home monitor-
ing), military high-altitude aircraft pilots, mountain climbers
and others.

[0082] The flexibility of the sensor system also allows
oximetry to be utilized to diagnose and alert medical care
professionals to the development of bed sores on hospital
patients and bed-ridden nursing home residents. An array of
OLEDs and OPDs can be incorporated into a patch that can
be adhered to the skin, e.g., of people at-risk for bed sore
development. If the oxygen saturation of the tissue covered
by the patch drops below the average value, the person’s
caretaker is notified by external circuitry attached to the
patch and the body can be re-positioned to prevent the full
formation of the bed sore. Similarly, the sensor system could
be used to monitor oxygenation of skin around wounds.
Doctors could use this data to infer how well the wound may
be healing.

[0083] In one embodiment, a method of measuring blood
oxygenation content of a tissue sample, comprises applying
a flexible pulse oximeter device proximal the tissue sample,
wherein the pulse oximeter device includes a flexible sub-
strate, at least one first light emitting element formed on the
substrate that emits red light, at least one second light
emitting element formed on the substrate that emits green
light, and at least one sensor element formed on the substrate
that detects red and green light and that outputs signals
representing detected red and green light. The method also
typically includes activating the at least one first light
emitting element and the at least one second light emitting
element, detecting red and green light reflected by the tissue
by the at least one sensor element, and outputting signals
representing the detected reflected red and green light to a
signal processing device.

[0084] Incertain embodiments, the systems and devices of
the present disclosure are useful for mapping blood oxygen-
ation of regions of a tissue sample containing blood, e.g.,
regions of a patient’s skin. For example, in one embodiment,
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a method of mapping blood oxygenation content of a region
of a tissue sample includes applying a flexible pulse oxime-
ter device proximal the tissue sample, wherein the pulse
oximeter device includes a flexible substrate, an array of first
light emitting elements formed on the substrate that emit red
light, an array of second light emitting elements formed on
the substrate that emit green light, and an array of sensor
elements formed on the substrate that detect red and green
light and that output signals representing detected red and
green light. The method also typically includes activating a
first portion of the array of first light emitting elements and
a first portion of the array of second light emitting element,
detecting red and green light reflected by the tissue by a first
sensor element, and outputting signals representing the
detected reflected red and green light to a signal processing
device. The data and signals received and processed may be
stored to a memory device or unit. The method further
typically includes repeating steps of activating, detecting
and outputting for a second portion of the array of first light
emitting elements, second light emitting elements and a
second sensor element. In certain aspects, the steps of
repeating can occur simultaneously with the initial steps of
activating, detecting and outputting, or can occur after the
steps of activating, detecting and outputting.
[0085] Current blood oximeter technology is limited by
the inflexibility of the sensor component: measurements can
only be reliably taken from finger or earlobe test sites and
are sensitive to motion. By creating a printed sensor on a
flexible substrate that can make reflectance measurements as
opposed to only transmission measurements, new applica-
tions for blood oximetry advantageously become available.
The printed sensor can easily be fabricated in a variety of
sizes, allowing for blood oxygenation monitoring on virtu-
ally any part of the body with blood flow. This will make
oximetry a viable monitoring tool for bed sore development
and wound healing, alongside standard respiratory health.
[0086] The oximeter devices of the present disclosure can
be used to monitor blood oxygen saturation levels via
reflectance measurements in a wide variety of body loca-
tions due to the flexible nature of the sensor. Examples of
applications of the pulse oximeter devices of the present
disclosure include:

[0087] 1. Diabetes monitoring: Monitor blood circulation
in limbs of diabetic patients.

[0088] 2. Reconstructive surgery monitoring: Monitor cir-
culation and oxygenation of skin flap transplant.

[0089] 3. Pressure ulcer monitoring: Monitor circulation
and oxygenation of tissue at risk for pressure ulcer
formation.

[0090] 4. Daily health monitoring: Monitor pulse and
arterial blood oxygenation from the wrist.

[0091] Advantages of the oximeters of the present disclo-
sure compared with current blood oximeters is that they can
be used on more body locations than the finger or ear
because they are flexible and can take reflectance based
measurements instead of only transmission based measure-
ments. The present oximeters can also be inexpensively
made and are disposable compared to the current technol-
ogy.

[0092] The flexible printed sensor portion of the blood

oximeter is electrically connected to the power supply,

driver, data read, and data processing portion of the device.

The sensor is encapsulated in a sanitary and transparent

FDA-approved cling film outer layer before it is adhered to
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a subject’s body with an FDA-approved adhesive. Once
secure contact is made to the body, the device will be turned
on and begin to make reflectance measurements. Data will
be processed by standard processing equipment in order to
calculate and display the blood oxygen saturation value.

[0093] In one embodiment, an oximeter includes a recon-
figurable arrangement of photodiodes, LEDs, biopotential
electrodes, and interconnects printed on a flexible, confor-
mal substrate at very low cost, coupled to a robust wireless
interface and software platform. A fully flexible, fully con-
formable pulse oximetry and biopotential sensors with mini-
mal external circuitry to facilitate continuous, wireless trans-
mission of oxygenation saturation from currently
inaccessible areas. FIG. 4 shows a system level overview of
an oximeter design according to an embodiment: (a) Oxi-
meter probe acquires raw signal using the organic LEDs and
photodetector, (b) the signals from the Photodetector array
are averaged with an adder into one signal which is then
filtered and amplified to ensure signal integrity, (c) thereaf-
ter, blood oxygen saturation is computed by comparing data
from the red and green LEDs acquired by the photodetector,
(d) results are sent to the computer via a serial/wireless link.

[0094] A configurable array of conformable optoelectron-
ics is provided in certain device embodiments. For example,
a sensor board uses flexible printed components, and the
analog front-end and processing board uses solid-state com-
ponents. The sensors are printed on a flexible substrate.
Printed gold traces connect the components to a control
board. The control board hosts the driver electronics for
driving the OLEDs and reading OPD current signals. The
sensor board 1s interfaced with a polyimide flex board that
hosts solid-state electronic components for data processing
and transmission. The control board utilizes a Bluetooth 4.0
compatible microcontroller, antenna, battery, and optional
external memory. The sensor board is connected with the
polyimide control board using anisotropic conductive film
(ACF) or low temperature solder bonding (depicted in FIG.
5). In this manner, the microcontroller and wireless chips
can be used for data processing and data transmission. FIG.
5 shows a cross-sectional view of an example of pulse
oximeter device according to an embodiment. The polyim-
ide flex circuit board (yellow board) is connected to the
sensor board (blue board) by routing out signals from the
flex board and then ACF/low temperature solder bonded to
the sensor board pads. Where the sensor design is applica-
tion specific, the polyimide circuit and rigid components on
it need not be attached to the back of the plastic sensor—
optimum location can be varied depending on the applica-
tion.

[0095] Leveraging the recent advances in flexible and
solution-based electronics, the flexible and wearable sensor
board is composed of a printed electrode array capable of
measuring biopotential/bioimpedance and electrical routing
for integrating sensors. The primary sensor is a pulse oxi-
meter “pixel”, which is utilized to sense oxygen saturation.
The pixel is composed of two organic light emitting diodes
(OLEDs) and a large area organic photodiodes (OPD) with
a configurable number of pixels. Certain embodiments will
have arrays of pixels. The arrangement of the OLEDs and
OPD pixels maximizes reflected light collection. The bio-
potential electrodes, an additional sensing modality, are
placed at the periphery of the board. These connections are
routed to a multiplexer, and the control circuit can extract
specific pairs for reading signal. Electrical connections from
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the sensors are routed to standard flat flex cable (FFC) pads.
Since the optoelectronics and biopotential electrodes are
printed, pixel and biopotential electrode placement can be
optimized for a particular clinical application.

[0096] FIG. 6 illustrates an example of a pulse oximeter
device, including an array of elements, applied to an epi-
dermal structure (e.g., subject’s skin). The array of red and
green OLEDs and OPDs is used to take a 2-D measurement
of blood circulation via reflectance oximetry. The reflectance
oximeter is able to sense areas of blood circulation vs.
non-circulation. Area 1 shows skin cells and capillaries not
receiving circulation. Area 2 senses an area where there is
partial circulation. Area 3 senses an area with full blood
circulation. In areas with full blood circulation, pulse and
arterial blood oxygenation can also be measured.

[0097] Noninvasive pulse oximetry is a ubiquitous medi-
cal sensing method for measuring pulse rate and arterial
blood oxygenation. Conventional pulse oximeters use
expensive optoelectronic components that restrict sensing
locations to finger tips or ear lobes due to their rigid form
and area scaling complexity. Advancement in flexible elec-
tronics could lead to improvements in oxXygenation moni-
toring by allowing ubiquitous placement of wearable sensors
on the human body. In this work, a pulse oximeter sensor
based on organic materials, compatible with flexible sub-
strates, capable of measuring heart rate and arterial oxygen
saturation is disclosed. Green (532 nm) and red (626 nm)
organic light emitting diodes (OLEDs) were used with an
organic photodiode (OPD) sensitive at the aforementioned
wavelengths. The sensor’s active layers were deposited from
solution-processed materials via spin coating and printing
techniques. The all organic optoelectronic oximeter sensor
was interfaced with conventional electronics at 1 KHz to
provide accurate pulse and blood oxygenation measure-
ments. The acquired pulse rate and oxygenation were cali-
brated and compared to a commercially available oximeter;
a 1% error in pulse rate measurements and 2% error in the
oxygenation measurement were found.

[0098] Conventional pulse oximeters non-invasively mea-
sure human pulse rate and arterial blood oxygen saturation
with an optoelectronic sensor composed of two inorganic
light-emitting-diodes (LEDs) with different peak emission
wavelengths and a single inorganic photodiode. The LEDs
are placed on one side of a finger and the light transmitted
through the tissue is subsequently sensed by the photodiode
which is placed on the opposite side of the finger. Sequential
sampling of the transmitted light provides information on
the ratio of oxygenated and deoxygenated hemoglobin in the
blood. This ratio and a calibration curve are used to compute
arterial blood oxygen saturation. Currently, the application
of commercially available pulse oximeters is limited by the
bulk, rigidity, and high large-area scaling cost of conven-
tional inorganic based optoelectronics. Here a pulse oxime-
ter sensor composed of organic polymer light emitting
diodes (OLEDs) and a flexible organic polymer photodiode
(OPD) is disclosed. The organic optoelectronic sensor pro-
vides accurate measurement capability, and application of
such solution processable organic optoelectronics in pulse
oximetry will enable low-cost, disposable, and wearable
medical devices.

[0099] Wearable medical sensors have the potential to
play an essential role in the reduction of health care costs:
they encourage healthy living by providing individuals
feedback on personal vital signs and enable the facile
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implementation of both in-hospital and in-home profes-
sional health monitoring. Consequently, wide implementa-
tion of these sensors can reduce prolonged hospital stays and
cut avertible costs. Recent reports show ample wearable
sensors capable of measuring pressure, biopotential and
bioimpedance, pulse rate, and temperature in real time.
These sensors are developed in wearable and flexible form-
factors using organic, inorganic, and hybrid organic-inor-
ganic materials.

[0100] OLEDs and OPDs have been developed primarily
for use in displays and photovoltaics applications due to the
potential of using additive solution processing, which
enables inexpensive roll-to-roll manufacturing, large area,
and large volumes scalability. These same manufacturing
properties make OLEDs and OPDs attractive candidates for
medical sensors. In addition to economically viable large-
area sensors manufacturing, the mechanical flexibility that is
achieved with organic optoelectronic devices offers a con-
formal fit around the human body, resulting in an improve-
ment of the overall sensor performance. Organic optoelec-
tronics have previously been used to perform pulse
measurements. Here, though, a sensor composed solely of
organic optoelectronics that measures both human pulse and
arterial blood oxygenation is provided. A schematic view of
the sensor is given in FIG. 7A, where two OLED arrays and
one OPD are placed on opposite sides of a finger.

Pulse and Oxygenation With Red and Green Light Emitting
Diodes:

[0101] In contrast to commercially available inorganic
oximetry sensors, which use red and near-infrared LEDs, red
and green OLEDs are included in the present device. Inci-
dent light from the OLEDs is attenuated by pulsating arterial
blood, non-pulsating arterial blood, venous blood, and other
tissue as depicted in FIG. 7B. When sampled with the OPD,
the transmitted light peaks in diastole (the heart’s relaxation
phase) and reaches a minimum during systole (the heart’s
contraction phase), which translates to a pulsatile, AC,
signal—the human pulse. The DC signal resulting from the
nonpulsating arterial blood, venous blood, and other tissue,
is subtracted from the pulsating signal to give the amount of
light absorbed by the oxygenated and deoxygenated hemo-
globin in the pulsating arterial blood. Oxyhemoglobin
(HbO,) and deoxyhemoglobin (Hb) have different absorp-
tivities at red and green wavelengths, as highlighted on the
absorptivity of oxygenated and deoxygenated hemoglobin
plotted in FIG. 7C. The difference in the molar extinction
coeflicient of oxygenated and deoxygenated hemoglobin at
the green wavelength is comparable to the difference at
near-infrared wavelengths (800-1000 nm) used in conven-
tioanl pulse oximeters. In addition, solution-processable
near-infrared OLED materials are not stable in air and show
overall lower efficiencies. Thus green OLEDs are used
instead of near-infrared OLEDs in certain embodiments.

[0102] Using red and green OLEDs and an OPD sensitive
at visible wavelengths (the OLEDs’ emission spectra and the
OPD’s external quantum efficicny (EQE) as a function of
incident light wavelength are plotted in FIG. 7D), blood
oxygen saturation (SQO,) is quantified according to Eq. 1.
Here, Cpy,., and Cyy, are the concentration of oxy-hemoglo-
bin and deoxy-hemoglobin, respectively:
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In transmission mode pulse oximetry, light from LEDs is
directed into the top of the finger and the transmitted light is
sensed at the bottom of the finger by a photodetector.
Beer-Lambert’s law states that the intensity of light travel-
ling through a medium decreases exponentially with dis-
tance. Transmission T is given by,

T=I, exp(-eCd) @3]

Here, 1, is the incident light intensity, € is the molar
absorptivity with units of L mM~'em™", C is the concentra-
tion of the absorbent medium, and d is the optical path length
through the medium. The absorbance, A, is now defined as:

T (©)
A =-ln— =(d
I

Now considering attenuation in skin, tissue, and bones—
represented with the subscript DC, and attenuation in oxy-
hemoglobin and deoxyhemoglobin—represented with the
subscripts HbO, and Hb, the following equations represent
transmission at diastole and systole:

Thighdia=lo eXP(—‘EDCCDcdDC)EXP(—eHbochboff
€55 Crp)ia) (©)

T, sps=1o €Xp(~€pCpcpc)exp (:_EHbOZ Croyt

€11, Cr ) gia) (©)
Light has to pass through the additional optical path Ad at
systole, therefore d, =d,+Ad. Additionally, a normaliza-
tion step (1,,omasized™ L Lnign,aia) 15 required to determine the
normalized systolic transmission. Now Eq. 3 can be rewrit-
ten by superpositioning absorbance of HbO, and HbO at a
specific wavelength:

A=(€750,8,051€1(1-5,0)) (Crp0,+Crpp)Ad (6
Ry, the ratio of absorbed red (A,,) and green (A,)) light,
depends on the normalized transmitted red (T,, ;) and green
(T, ) light intensities. The ratio of the absorbance at red

(rd) and green (gr) light can be found using the following
equation:

- At (Ea150)5a02 + £ (1 = Sa02)( Cripo, + Crip)Ad M
T Ag (24,160, 5a02 + Egrin(1 = 8:02)NChpo, + Cp)Ad

Finally, arterial oxygen saturation (S,0,) can be calculated
using Bq. 8. Here, €, ;, and €, ,;, are the molar absorptivity
of deoxyhemoglobin at red (A=626 nm) and green (A=532
nm) wavelengths. Similatly, €, ,,,, and €., ., are the
molar absorptivity of oxyhemoglobin at red (A= 626 nm) and

green (A=532 nm) wavelengths.

Erd,Hp — EgrHp R 8
SGOQ(ROJ) _ rd, Hb gr,HbRos ( )

(&ra b = E1d, b0, ) + (Egr 80, — Egrtip) Ros

S,0, vs R for both red-infrared and red-green combina-
tions are shown in FIG. 12A. However, empirical correction
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is required to overcome limitations of Beer-Lambert’s Law
in scattering tissue (versus a glass cuvette), which is given
in FIG. 12B. The 11% offset in the calibration curves is
experimentally obtained.

Organic Optoelectronic Oximeter Components:

[0103] OLED and OPD performance are both paramount
to the oximeter measurement quality. The most important
performance parameters are the spectral power of the
OLED:s (FIG. 8B), and the EQE and short circuit current of
the OPD (FIGS. 7D and 8B). As the OLEDs operating
voltage increases, spectral power increases at the expense of
efficiency, as shown by the increase of current with voltage
at a higher rate than spectral power in FIG. 8B. For a pulse
oximeter, this is an acceptable trade-off because higher
spectral power from the OLEDs yields a better measurement
signal.

[0104] Polyfluorene derivatives are selected in certain
aspects as the emissive layer in the OLEDs due to their
environmental stability, relatively high efficiencies, and self-
assembling bulk-heterojunctions that can be tuned to emit at
different wavelengths of the light spectrum. The green
OLEDs were fabricated from a blend of poly(9,9-dioctyl-
fluorene-co-n-(4-butylphenyl)-diphenylamine) (TFB) and
poly((9,9-dioctylfluorene-2,7-diyl)-alt-(2,1,3-benzothiadi-
azole-4,8-diyl)) (F8BT). In these devices, electrons are
injected into the F8BT phase of phase-separated bulk-
heterojunction active layer while holes are injected into the
TFB phase, forming excitons at the interfaces between the
two phases and recombining in the lower energy F8BT
phase for green emission. The emission spectrum of a
representative device is shown in FIG. 7D. The red OLED
was fabricated from a tri-blend blend of TFB, F8BT, and
poly((9,9-dioctylfluorene-2,7-diyl)-alt-(4,7-bis(3-hexylthio-
phene-5-y1)-2,1,3-benzothiadiazole)-2,2-diyl) (TBT) with
an emission peak of 626 nm as shown in FIG. 7D. The
energy structure of the full stack used in the fabrication of
OLEDs, where ITO/PEDOT:PSS is used as the anode, TFB
as an electron blocking layer, and LiF/Al as the cathode, is
shown in FIG. 8A. The OLED’s physical structure is pro-
vided in FIG. 13. The red OLED operates similarly to the
green, with the additional step of excitonic transfer via
Forster energy transfer to the semiconductor with the lowest
energy gap in the tri-blend, TBT, where radiative recombi-
nation occurs. The spectral power at 9 V for both types of
OLEDs, green and red, was measured to be 20.1 mW/cm?
and 5.83 mW/cm? respectively.

[0105] An excellent OPD for oximetry should exhibit
stable operation under ambient conditions with high external
quantum efficiencies (EQEs) at the peak OLED emission
wavelengths (e.g., 532 nm and 626 nm). Additionally, a high
short circuit current is desirable, from which the pulse and
oxygenation values are derived. Thieno[3,4-b]thiophene/
benzodithiophene (PTB7) mixed with [6,6]-phenyl C71-
butyric acid methyl ester (PC,;BM) is a stable donor:
acceptor bulk heterojunction OPD system which yields EQE
as high as 50%. The transparent electrode and active layer of
the OPD are printed on a plastic substrate using a surface
tension assisted blade coating technique. FIG. 9A shows the
energy band structure of the device including the transparent
electrode (a high conductivity/high work function PEDOT:
PSS bilayer) and an Al cathode. The physical device struc-
ture of the OPD is shown in FIG. 13. The EQE at 532 nm
and 626 nm is 38% and 47% respectively at short circuit, as
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shown in FIG. 7D, and the leakage current of 1 nA/em? at
2V applied reverse bias is shown in FIG. 9B together with
the photocurrent when the device is illuminated with a 355
uW/cm? light source at 640 nm.

[0106] Despite the low reverse bias leakage current shown
in FIG. 9B, the OPD was biased at 0V, the short-circuit
condition, in order to sense low photocurrent levels. The
frequency response of both the OPD and OLEDs was also
characterized, since oximetry is usually performed at 1 KHz.
The 3 dB cut-off was found to be at frequencies higher than
10 KHz for the all-organic optoelectronic sensor, which is
significantly higher than oximetry’s operational frequency
(FIG. 15). Notably, the frequency performance of the OPD
is not hampered at short-circuit because the shunt capaci-
tance of organic photodiodes decreases negligibly with
reverse bias, unlike inorganic photodiodes.

[0107] The observed OLED spectral power for both red
and green wavelengths is sufficient for the transmission of
light through the finger and the signal acquired by the
organic photodetector is sufficiently high for resolving the
pulsating photoplethysmogram (PPG) signal shown in FIG.
7B. The pulse waveforms (two cardiac cycles) generated
with a combination of organic and inorganic devices are
shown in FIG. 10. The PPG obtained when a human finger
is illuminated by inorganic LEDs and the transmitted light is
measured with an OPD is shown in FIG. 10A. When the
same measurement is performed using OLEDs and a con-
ventional Si photodiode (FIG. 10B) the magnitude of the
PPG signal is reduced from 26 mVp-p to 16 mVp-p for the
green and 16 mVp-p to 6 mVp-p for the red due to the lower
optical power of the organic LEDs compared to their inor-
ganic equivalent device. Finally both OLEDs and an OPD
are used to obtain a PPG under the same experimental
conditions (FIG. 10C), yielding signal magnitudes of 3
mVp-p for the green and 2.5 mVp-p for the red. It is clear
that the magnitude of the signal is substantially reduced with
the introduction of organic-based devices, but the PPG
obtained at red and green wavelengths yield similar shapes
for all device combinations shown in FIG. 10, which will
result in similar pulse and arterial oxygenation values. The
lower signal magnitude shown by the organic probe is
compensated for by increasing the area of devices, resulting
in higher photocurrents which directly translate into higher
PPG signals, as shown in FIG. 14A.

System Design for an Organic Optoelectronic Pulse
Oximeter

[0108] The organic pulse oximetry sensor composed of
two red and green OLED arrays and an OPD (FIG. 114) is
interfaced with a microcontroller which drives the OLEDs,
measures the OPD signal, and transfers the data to a com-
puter for analysis (FIG. 11B). The obtained signal from the
OPD passes through an analog front-end where the PPG
signal is filtered and amplified. The pulsating part of the
signal yields heart rate and oxygenation according to empiri-
cal correction to Eq. 8. The accuracy of the organic opto-
electronic sensor is characterized and calibrated by compar-
ing pulse and oxygenation measurements taken
simultaneously by the organic optoelectronic sensor and a
commercially available pulse oximeter. The resultant pulse
waveforms, pulse value, ratio of absorbed light, and arterial
blood oxygen saturation from the red and near-infrared
LEDs in the inorganic oximeter and the red and green
OLED:s in the organic oximeter are shown in FIGS. 11C and
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11D, respectively. The OLEDs are powered by a 9 'V battery
and the OPD is biased at 0 V. The AC component of the
signal (FIG. 7B) is essential for visualizing cardiac rhythm
and computing arterial blood oxygen saturation. The OPD
read-out circuit includes two internal operational amplifiers
(op-amps) (FIG. 11B) in which the first stage amplifies the
whole PPG signal from the photodiode. The second stage
only amplifies the pulsating part of the signal and is read by
an analog-to-digital converter (ADC). With two-stage
amplification, a 50-60 mVp-p PPG signal was obtained for
the inorganic probe (FIG. 11C) and a 3-4 mVp-p PPG signal
for the organic probe (FIG. 11D). The heart rate and ratio of
transmitted light at two wavelengths (FIGS. 11C and 11D)
was calculated directly from the PPG signals and the arterial
blood oxygen saturation was derived from the ratio of
transmitted light, as discussed herein. The calculated heart
rate and oxygenation derived from the PPG signals from the
inorganic and organic probes are both 65-70 bpm and
94-96%, respectively (FIGS. 11C and 11D). A 1% error for
pulse rate and 2% error for oxygenation were observed when
comparing the organic optoelectronic sensor to the inorganic
sensot.

[0109] The novel combination of red and green OLEDs, as
opposed to a red and near-infrared LED pair, is successfully
implemented in pulse oximetry because the difference in the
absorptivity of oxygenated and deoxygenated hemoglobin at
the green wavelength is comparable to the difference at
near-infrared wavelengths as seen in FIG. 7C. Green LEDs
have not been used conventionally because shorter wave-
lengths are more efficiently absorbed by the body. However,
the higher spectral power output of the green OLEDs (FIG.
8B) compensates for any absorption losses in non-pulsating
blood and tissue, as can be inferred from the higher green
signal amplitudes in FIG. 10 compared to the red signal
amplitudes. An empirical correction was employed to cal-
culate arterial blood oxygenation from the ratio of transmit-
ted green and red light, a scheme widely used for correcting
for the deviation from Beer-Lambert’s Law (which doesn’t
account for the scattering that occurs in human tissue) in red
and near-infrared pulse oximetry measurements.

[0110] Aside from maximizing OPD EQE and short circuit
photocurrent and OLED spectral power, the OPD’s short
circuit current resulting from excitation by ambient light
should be minimized in order to achieve the best pulse
oximetry signal, as parasitic photodetector current from
ambient light is a contributor to conventional pulse oximetry
failure. The effects of ambient light on the OPD’s short
circuit current were measured using two finger phantoms
with radii of 9 mm and 5 mm, representative of the wide
range of human finger sizes. Flexing the photodiode around
the finger phantom, as opposed to taking the measurement
with the photodiode placed flat, non-flexed, against the
phantom, significantly reduces the parasitic short circuit
current produced by ambient light. Under typical ambient
room light conditions of 72-76 1v4 W/cm?, flexing the OPD
around the 9 mm and 5 mm radii phantoms reduced the
parasitic current from 270 nA to 20 nA and 280 nA to 60 nA,
respectively (FI1G. 14). The ability of the flexible OPD to
conform around the human body therefore improves the
pulse oximeter’s reliability.

[0111] The organic optoelectronic pulse oximetry sensor
described here demonstrates the potential for the application
of organic electronics to thrive in the medical device field.
If implemented in a disposable bandage form factor, an
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organic optoelectronic medical sensor does not face the
stability issues that have hindered organic electronics in
long-term applications such as displays and energy harvest-
ing due to the substantially shorter device lifetime required.
Rather, the large-area scalability, inexpensive processing
and flexibility of organic optoelectronics will allow medical
sensors to be made in new shapes and sizes, diversifying
possible sensing locations on the human body, enabling
medical professionals to better monitor their patients care.

OLED Fabrication and Characterization

[0112] The semiconducting polymers used in the emissive
layer of the OLEDs were supplied by Cambridge Display
Technologies Ltd. The red OLED active layer was made
from a 25:70:5 blend of TFB:F8BT:TBT in a 10 mg/mL
o-xylene solution. The green OLED active layer was made
from a 1:9 blend of TFB:F8BT in a 10 mg/mL o-xylene
solution. Patterned ITO-substrates were cleaned via sonica-
tion in acetone and then isopropyl alcohol. The substrate
surfaces were made hydrophilic with a 2 minute plasma
treatment prior to spincoating a 40 nm layer of Clevios
PEDOT:PSS AI4083. Any remaining moisture was evapo-
rated in a 10 minute annealing step at 120° C. before moving
the samples into a nitrogen glovebox for the remainder of the
fabrication procedure. TFB was spin-coated from a 10
mg/mL o-xylene solution and then annealed at 180° C. for
45 minutes before cooling and spin-rinsing with o-xylene,
producing a 10-20 nm thick electron blocking layer. The
active layer was then spun at 4500 rpm for a 100 nm film
thickness. The LiF (1 nm)/Al (100 nm) cathode was ther-
mally evaporated under vacuum at 4*107° Torr. Finished
devices were encapsulated with UV-curable Delo Katiobond
LP612 epoxy and clean quartz glass. OLED current/voltage
characteristics and spectral power measurements were taken
with an Orb Optronix light measurement system complete
with an Orb Optronix SP-50 spectrometer, integrating
sphere, Keithley 2400 SourceMeter, and Spectral Suite 3.0
software.

OPD Fabrication and Characterization

[0113] OPDs were printed on top of planarized PEN
substrates (DuPont) using a blade coating technique. A layer
of high conductivity PEDOT:PSS (Sigma Aldrich 739316-
25G) was printed by blade coating (200 um blade height at
1.6 cm/s) the solution over a large hydrophilic strip in the
substrate defined by a 10 second plasma treatment through
a stencil. Following a 10 minute anneal at 120° C. a layer of
high work function PEDOT:PSS (Clevios Al4083) was
coated and annealed over the previous print using the same
process. The active layer ink comprised of a 1:1 weight ratio
of PTB7:PC,, BM (Solaris Chem) dissolved to 35 mg/mlL in
chlorobenzene with a 3 vol. % concentration of 1,8-diio-
dooctane and was blade coated (350 pm blade height at 1.6
cmy/s) in a glove box with the substrate heated to 40° C. The
aluminum cathode (100 nm) was thermally evaporated
under vacuum at 4*107° Torr. Finished devices were encap-
sulated with UV-curable Delo Katiobond LP612 epoxy and
Saran wrap after being post-annealed at 120° C. for 10
minutes. All OLED and organic photodiode layer thick-
nesses were measured with a Dektak Profilometer.

Electronic Hardware and Software for Data Acquisition and
Processing

[0114] The Texas Instruments MSP430 microcontroller
was chosen for data acquisition and processing because of
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its built-in analog to digital converters (ADCs) and digital to
analog converters (DACs), which are required for the pulse
oximeter. General purpose input output (GPIO) pins from
the microcontroller control LED switching, ADCs are uti-
lized to read the amplified OPD signal from the multiplexer,
and DACs are used to control LED intensity and in the DC
signal amplification stage. The LEDs are operated in a
sequential approach, so that only one of the LEDs is on at
a particular moment. 512 samples are taken from each of the
LEDs in a second. A software trigger from the microcon-
troller controls a PNP BIJT switch that triggers the LED
on/off. Additionally, DACs are used to control the drive
current for the LEDs using a NPN transistor. For ensuring
compatibility with the organic LEDs, signals from the
microcontroller are shifted to 9 V using general purpose
operational amplifiers (op-amps). Finally, universal asyn-
chronous receiver/transmitter (UART) protocol is used to
send processed data to a computer for visualization. A
modular approach was used by separating the LED driver
circuit and OPD read circuit, simplifying circuit design and
debugging.

[0115] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by
reference and were set forth in its entirety herein.

[0116] The use of the terms “a” and “an” and “the” and “at
least one” and similar referents in the context of describing
the embodiments (especially in the context of the following
claims) are to be construed to cover both the singular and the
plural, unless otherwise indicated herein or clearly contra-
dicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at
least one of A and B”) is to be construed to mean one item
selected from the listed items (A or B) or any combination
of two or more of the listed items (A and B), unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. All methods described herein can be per-
formed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate
the invention and does not pose a limitation on the scope of
the embodiments of the disclosure unless otherwise claimed.
No language in the specification should be construed as
indicating any non-claimed element as essential to the
practice the embodiments of the disclosure.

[0117] Various embodiments are described herein. Varia-
tions of those embodiments may become apparent to those
of ordinary skill in the art upon reading the foregoing
description. The inventors expect skilled artisans to employ
such variations as appropriate, and the inventors intend for
the embodiments to be practiced otherwise than as specifi-
cally described herein. Accordingly, this specification
includes all modifications and equivalents of the subject
matter recited in the claims appended hereto as permitted by
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applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof is
encompassed by the disclosure unless otherwise indicated
herein or otherwise clearly contradicted by context.

1. A pulse oximeter device, comprising:

an array of first light emitting elements that emits red

light;

an array of second light emitting elements that emits

green light; and

an array of sensor elements that detects red and green light

and that output signals representing detected red and
green light.

2. The pulse oximeter device of claim 1, wherein each first
light emitting element comprises a first light emitting diode
(LED), wherein each second light emitting element com-
prises a second LED, and wherein each sensor element
includes a photodetector.

3. The pulse oximeter device of claim 2, wherein each of
the first and second LEDs comprises an organic LED, and
wherein each photodetector comprises an organic photo-
diode.

4. The pulse oximeter device of claim 1, further compris-
ing a flexible substrate, wherein the array of first light
emitting elements, the array of second light emitting ele-
ments and the array of sensor elements are formed on the
flexible substrate.

5. The pulse oximeter device of claim 4, wherein the
flexible substrate comprises polyethylene napthalate (PEN).

6. The pulse oximeter device of claim 1, wherein each
sensor element is configured to detect the emitted red and
green light transmitted through tissue containing blood.

7. The pulse oximeter device of claim 1, wherein each
sensor element is configured to detect the emitted red and
green light reflected by tissue containing blood.

8. The pulse oximeter device of claim 1, further compris-
ing a signal processing element that receives and processes
the signals representing detected red and green light output
by the array of sensor elements to produce signals that
represent blood oxygenation content.

9. A pulse oximeter device, comprising:

a plurality of first light emitting elements that emit red

light;

a plurality of second light emitting elements that emit

green light; and

a plurality of sensor elements that detects red and green

light and that output signals representing detected red
and green light.

10. The pulse oximeter device of claim 9, wherein the first
light emitting elements comprise first light emitting diodes
(LED:s), wherein the second light emitting elements com-
prise second LEDs, and wherein the sensor elements include
photodetectors.

11. The pulse oximeter device of claim 10, wherein the
first and second LEDs comprise organic LEDs. and wherein
the photodetectors comprise organic photodiodes.

12. The pulse oximeter device of claim 9, further com-
prising a flexible substrate, wherein the first light emitting
elements, the second light emitting elements and the sensor
elements are formed on the flexible substrate.

13. The pulse oximeter device of claim 12, wherein the
flexible substrate comprises polyethylene napthalate (PEN).

14. The pulse oximeter device of claim 9, wherein the
sensor elements are configured to detect the emitted red and
green light transmitted through tissue containing blood.
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15. The pulse oximeter device of claim 9, wherein the
sensor elements are configured to detect the emitted red and
green light reflected by tissue containing blood.

16. The pulse oximeter device of claim 9, further com-
prising a signal processing element that receives and pro-
cesses the signals representing detected red and green light
output by the sensor elements to produce signals represent-
ing blood oxygenation content.

17. A method of measuring blood oxygenation content of
a tissue sample, the method comprising:

applying a flexible pulse oximeter device proximal the

tissue sample, the pulse oximeter device including:
a flexible substrate;
at least one first light emitting element formed on the
substrate that emits red light;
at least one second light emitting element formed on
the substrate that emits green light or infrared light;
and
at least one sensor element formed on the substrate that
detects red and green light or red and infrared light
and that outputs signals representing detected red
and green light or detected red and infrared light;
activating the at least one first light emitting element and
the at least one second light emitting element;
detecting red and green light or red and infrared light
reflected by the tissue by the at least one sensor
element; and
outputting signals representing the detected reflected red
and green light or the detected red and infrared light to
a signal processing device.

18. The method of claim 17, wherein each of the at least
one first light emitting element and the at least one second
light emitting element comprises an organic LED, and
wherein the at least one sensor comprises an organic pho-
todiode.

19. A method of mapping blood oxygenation content of a
region of a tissue sample, the method comprising:
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a) applying a flexible pulse oximeter device proximal the

tissue sample, the pulse oximeter device including:

a flexible substrate;

an array of first light emitting elements formed on the
substrate that emit red light;

an array of second light emitting elements formed on
the substrate that emit green light or infrared light;
and

an array of sensor elements formed on the substrate that
detects red and green light or that detects red and
infrared light and that outputs signals representing
detected red and green light or detected red and infrared
light;

b) activating a first portion of the array of first light
emitting elements and a first portion of the array of
second light emitting elements;

¢) detecting red and green light or red and infrared light
reflected by the tissue by a first sensor element; and

d) outputting signals representing the detected reflected
red and green light or the detected reflected red and
infrared light to a signal processing device;

e) repeating steps b)-d) for a second portion of the array
of first light emitting elements, a second portion of the
array of second light emitting elements and a second
sensor element.

20. The method of claim 19, wherein the step e) of
repeating with the second portions is performed after steps
b)-d).

21. The method of claim 19, wherein the step e) of
repeating with the second portions is performed simultane-
ously with steps b)-d).

22. The method of claim 19, wherein each element of the
array of the first light emitting elements and the array of
second light emitting elements comprises an organic LED,
and wherein each element of the array of sensor elements
comprises an organic photodiode.
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