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ABSTRACT

In light of the importance of and challenges inherent in realizing a wearable healthcare platform
for simultaneously recognizing, preventing, and treating diseases while tracking vital signs, the
development of simple and customized functional devices has been required. Here, we suggest a
new approach to make a stretchable light waveguide which can be combined with integrated
functional devices, such as organic photodetectors and nanowire-based heaters, for multifunctional
healthcare monitoring. Controlling the reflection condition of the medium gave us a solid design
rule for strong light emission in our stretchable waveguides. Based on this rule, the stretchable
light waveguide (up to 50% strain) made of polydimethylsiloxane was successfully demonstrated
with strong emissions. We also incorporated highly sensitive organic photodetectors and silver
nanowire-based heaters with the stretchable waveguide for the detection of vital signs, including
heart rate, deep breathing, coughs, and blood oxygen saturation. Through these multifunctional
performances, we have successfully demonstrated that our stretchable light waveguide has a strong

potential for multifunctional healthcare monitoring.
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Recent advances in wearable clinical and healthcare technologies are creating a new opportunity
in self-care for recognizing, preventing, and treating diseases while tracking vital signs for health
outcomes.'® The new form factor of hybrid platforms in stretchability and conformity is enabling
the real wearable environment to adapt to the human body using rough and/or soft curvilinear
geometry.”® The emission and absorption of light as non-destructive monitoring in the human
body have attracted the attention of researchers seeking to give multiple opportunities for
monitoring vital signs to realize personalized photo-medicine.”!° The photochemical and
photophysical effects of light on tissues affect various biological changes through phototherapy,
including complicated electron transfer in electronically excited states in tissues leading to the
acceleration of wound healing in mitochondrial metabolism, adenosine triphosphate (APT)
production, and skeletal muscle regeneration.!'"!* In light transmit applications, pulsed oximetry
has been used as a non-invasive monitoring system to measure the heart rate and arterial blood
oxygen concentration and has been commercially implemented in smart instruments (e.g., smart
phones, watches, bands). Two kinds of light-emitting diodes (LEDs) with the reverse response
characteristics of oxy- and deoxyhemoglobin in the blood are used as the emitter, and one
photodetector is detected to determine how many photons are vertically transmitted through the
tissue by the different volume of blood. This ratio of oxy- and deoxyhemoglobin gives the arterial
blood oxygen saturation.'* On the other hand, the recent requirement for real-time monitoring of
the human body has been facing the other side of novel applications; people are focusing on
needing to know something more meaningful for their health. As a result, commercial applications
of monitoring platforms have not yet been able to apply stretchable and wearable environments
and simultaneous real-time tracking of the human body, which are significant challenges to

realizing wearable healthcare.!>°
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Here, we demonstrate a simple but unique approach to making a stretchable waveguide that can
be easily integrated into other functional devices, including micro LEDs, organic photodetectors,
and heaters. Each component plays a specific role. For example, LEDs emit light to interact with
our body, detectors work as reading information from the body, and the metal heaters reflect and
increase the volume of blood vessels. The new platform presents multi-functional wearable
photomedical devices as non-destructive monitoring devices. Using our device, we successfully
confirmed that a finger strap-based pulse oximeter could measure human vital signals, such as
heart rate, arterial oxygen saturation (S.02), respiratory rate, and emotional and physical variations
(i.e., sigh, cough). We believe that our study suggests a new type of approach for realizing a real-

time monitoring healthcare system.

Results and Discussion

Conventional pulsed oximetry consists of two parts: micro-LEDs and photo sensors, which can be
arrayed as either reflection or transmission types. To improve the sensitivity and reduce the signal-
to-noise ratio during the measurement, the large area light emission with multiple LEDs, multi-
photo sensor arrays, or noise-reduction algorithms can be considered, but these approaches can
increase production costs.!”!® Thus, we constructed a new type of light guide plate based on
polydimethylsiloxane (PDMS) for the large area emissive pulsed oximetry with a photothermal
therapy function (Figure 1). We examined the effect of the micro structures of the light guide plate
(LGP) with PDMS using the simulation shown in Figure 1A and 1B. Cone-based microstructures
confirmed that emission light on the side of the p-LED was effectively delivered to the top side,
perpendicularly. The effect of micropatterns on the emission characteristics of devices was

analyzed using two-dimensional finite-difference time-domain (2D FDTD) simulations. The
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electric field intensities (|E|) showed that most of the field was guided inside PDMS film by total
internal reflection (Figure 1A), as the critical angle is around 45° at the interface between PDMS
(n = 1.41) and air (n = 1.0), which is comparable to the beam angle of the LED source. On the
other hand, it was clearly shown that the portion of the electric field radiated above the film was
significantly increased, because of the 54.7°-slanted facets of the micropatterns (Figure 1B). This
is also substantiated from the relative intensities of the energy flux along the z-direction (|P]),
which is perpendicular to the direction of light propagation. Based on the simulation, we fabricated
different shapes of LGP films with two cone-based lines (width 100 um x length 12,000 pm x
height 100 pm x spacing 100 um; width 200 pm x height 200 um x length 12,000 pm x spacing
200 pm), random shapes, and cone structures (width 200 um x length 200 um x height 200 um x
spacing 100 pm), and the conditions were shown, sequentially (Figure 1C). The cone-based line
structures showed the best light emission in our conditions. To apply them to wearable instruments,
we performed a strain test of LGP films under the strain values ranging from 0-50% (Figure 1D).
The light emission performance showed no degradation under the 50% strain (Figure S1). All
conditions showed good emissions, and it was highly expected that the same would be true when
applied to the finger or any portion of the human body. In addition, we embedded AgNWs to apply
thermal energy beyond only the monitoring platform, which can either accelerate phototherapy or
give extra functions while working as the reflector to enhance the light emission (Figure S2). The
temperature was increased up to a maximum of ~55°C (Figure 1E), and it was possible to apply
infrared or blue light therapy with thermal addition for effective treatment.

The light sources of pulsed oximetry consisted of red and NIR regions to calculate the fraction of
oxy-hemoglobin relative to deoxy-hemoglobin in the blood.!” Red and NIR regions also easily

ensure effective transmission to arterial blood and tissues.?” In the photodetector part, the high
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sensitivity of the two light regions is essential for calculating SpO». Here, we constructed easily
and simply processed organic photodetectors with the bulk-heterojunction polymers of poly[2,7-
(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-

benzothia diazole)] (PDTP-DFBT) with [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) as
an acceptor (Figure 2A-C).?! Organic photodetectors have also attracted researchers’ attention for
flexible sensor applications due to their high flexibility. The bandgap of PDTP-DFBT is as low as
1.7 eV, which can be applied to the light absorption of the NIR region, which even covers
wavelengths up to 900 nm, as shown in Figure S3 (here, we used an p-LED with the wavelength
of 850 nm). External quantum efficiency (EQE) showed 21.0%, 24.9%, and 29.4% at the 450, 630,
and 850 nm wavelengths using monolithic LED light sources while demonstrating broad spectrum
ranges from 350 to 900 nm (Figure 2D). The magnitude of photocurrent versus dark current
reached over 10* at the photo power density of 1 mW cm, regardless of the light source (Figure
2E). The photoresponse measurement of the device was also conducted at 450 nm to apply

bilirubin photo-oxidation for jaundice treatment.??

The performance of the photodiode was
evaluated using responsivity (R), detectivity (D*), linear dynamic range (LDR), and quantum
efficiency. We measured the noise current to calculate the exact detectivity value, which was
relatively higher than the shot noise level (Figure S4). The detectivity was calculated using the

Noise Equivalent Power (NEP) as follows:

* (AdB)l/Z

b in/R

)

where Ay is the effective area of the detector, B is the electrical bandwidth, and i, is the noise
current. The responsivity, R, is proportional to the quantum yield of the photodetector and is the
key factor of the phototransistor’s evaluation, requiring a high conversion ratio between the

incident photons to photoexcited electrons and holes to realize the high external quantum
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efficiency (EQE). Finally, ¢ is the elementary charge (1.602 x 107 C). The detectivity and
responsivity reached 1.1 x 108 Jones and 0.21 A W', respectively, at the light illumination of 850
nm with a photo power density of 1 mW cm™. The values of detectivity were also shown in 1.0 x
10® and 1.4 x 10® Jones, respectively, at the illumination light of 450 and 630 nm, which showed
good photosensitivity at broad spectrum ranges. The value of LDR is proportional to the linearity
of the photosensitivity as light intensities increase. LDR can be determined by

LDR = 20log(p/laar) ()

where I, is the photocurrent, measured at a light intensity of 1 mW cm. The LDR and quantum

efficiency (QE) response of the PDTP-DFBT:PC7:BM photodetector were calculated within the
power density range from 8.0 x 107 to 4.3 mW cm (calculated incident photon flux density range
from 2.5 x 10° to 1.8 x 10'® numbers™! cm) at 850 nm (Figure 2F). The LDR showed linearity as
an increase of the photon flux density; the QE also showed constant values of 0.43+0.11. The
calculated LDR and QE of the device were 129 dB and 0.32, respectively, at 0 V.

Figure 3A shows the integration of stretchable LGP with the AgNWs matrix, p-LEDs, and an
organic photodetector. In order to maintain contact with the finger, an organic photodetector was
also embedded in the PDMS template. All parts were then put in the bandage as shown in the
picture. As the principle of reading oxygen saturation via optoelectronic devices is based on the
difference between the absorption of oxygenated hemoglobin (HbO2) and deoxygenated
hemoglobin (Hb) at two different wavelengths, we incorporated two different wavelength LEDs
into our device platform to track the oxygen saturation in the blood. Considering the absorption
property of HbO; and Hb, 630 nm and 830 nm wavelengths were chosen as they have clear
differences in absorption properties (Figure S5). As shown in Figure 3B, the photoplethysmogram

(PPG) signals were acquired clearly under both the 630 nm and 850 nm wavelengths. Figure S6
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shows the entire system during the measurement. As the PPG indicates the blood volume chances,
understanding PPG gives useful diagnostic information, including arterial oxygen saturation
(S202). SaOzcan be calculated by using the molar absorptivity of deoxy- and oxy-hemoglobin in
the red (A=630 nm) and NIR (41=850 nm) regions and the ratio of light transmission to red and NIR,
as shown in the following equation'®:

ENIR,Hb —(SRED Hb Xm)
’ 97 In(Tyn RED)

Sa02(Rys) =

In(Tn,RED)

3
ln(Tn,NIR)> 3)

(enirHD —€N1R,Hb02)+<(€RED,Hb02 —€RED,Hb)X

ENIRHb> ERED,Hb> ENIR,HbO,» aNd EREp ppo, are the molar absorptivity of the deoxy-hemoglobin at

NIR and red, respectively. The ratio of ln(Tn, N ,R)/ln(Tn,R ED) can be calculated by the normalized
transmitted light intensities. The calculated S.O» indicated an average 98-99% for a normally
healthy person. In addition to oxygen saturation, determining how the wavelet transforms with the
respiratory rate is a critical issue in accidents and emergencies. The respiratory rate change was
examined through our devices as the volume of blood vessels can be tracked by the change in light
interacting with the body. The typical respiratory rate for a healthy adult at rest is 12 breath/min
on average.”> Based on our experiment, the participant showed normal status as 11 breaths/min
(Figure 3C), which indicates that our device effectively read the respiratory rate.

In addition, while tracking the respiratory rate, we observed another pattern in the signal, which
was interesting. The different signatures occurred when the participant tried to give specific
behavior patterns, such as sighs and coughs. For example, when the participant sighed, the baseline
of the signal decreased for about 10 sec. It then slowly recovered until being close to the normal
status as the breathing condition returned to normal.>* As the sigh rate and respiratory variability
are strongly related to mental load and sustained attention, this kind of tracking of the sigh signal

could be adapted as a simple and objective screening for major depressive disorder in a real-time
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monitoring platform, although the exploration of a detailed mechanism should be addressed in
future research. In the case of coughs, the signal showed a distorted signature, regardless of the
number of times, due to the abrupt change in respiratory functioning. However, the distorted
signature of coughs may not be distinguishable from strong motion artifacts, so further studies are
warranted in terms of the qualitative comparison of motion signals. This parameter would
undoubtedly be useful as another indicator for tracking health conditions (Figure 3D). Figure 3E
shows the different response signals of non-heat (blue, below line) and heat (red, upper line) at a
temperature of ~50°C (Figure S7).

As the signal is much weaker than the signal coming from the respiratory rate, the transimpedance
amplifier was connected to the devices. To increase the temperature, AGNWs were embedded in
the LGP. Thermotherapy is a popular treatment for improving the symptoms of osteoarthritis,
improving circulation and relaxing muscles, and promoting pain relief with the increment of blood
flow.?> As a result, the change to the baseline in the PPG signal indirectly recorded the effect of
thermal treatment in the tissue. To demonstrate the complete system for transmitting the PPG
information, we also prepared the customized pulsed oximetry with wireless communication to the
tablet and obtained fine signals of respiratory and heart rate as well as SpO». As shown in Figure
4A and 4B, an analog front-end (AFE4490) for pulse oximeters and Bluetooth SoC (nRF51822)
were utilized to extract real-time recording through wireless communication. The detailed circuit
designs are included in Figures S8—-S10. Through the wireless communication system, the same
quality of PPG information was obtained on our mobile screen without any noticeable noise when
tracking the health condition (Figures 4C and 4D). We also compared our device with a state-of-
the-art multifunctional healthcare platform in Table 1.

Conclusion
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In summary, we introduced wearable, photonic-detectable, and stimulus healthcare platforms

using stretchable PDMS LGP, organic PDs, and AgNWs, exploring nanomaterials and fabrications.

We utilized the principle of absorption difference for two different wavelengths to track oxygen
concentration in hemoglobin and the change in blood vessel volume to provide information on
several physiological phenomena, such as breathing condition. Based on the platform, we
successfully demonstrated the communication of the PPG information, including heart rate,
oxygen saturation, respiratory rate, coughs, and sighs. This information could give new indicators
for determining a detailed health status beyond conventional information. In addition, we
incorporated the platform with a wireless communication system to transmit information outside
of the devices for actual applications. We believe that this new type of approach could be a useful

platform for tracking vital signs to maintain a healthy life.

Experimental Section

Materials

SYLGARD 184 silicone elastomer kits were purchased from Ellsworth Adhesives (Germantown,
WI, USA) for PDMS LGPs. Blue, red, and infrared p-LEDs (A=450, 630, and 850 nm) were
purchased from Mouser Electronics, Inc. (Mansfield, TX, USA). [6,6]-Phenyl C7i-butyric acid
methyl ester was purchased from Nano-C (Westwood, MA, USA). 1,2-dichlorobenzene was
purchased from Sigma-Aldrich (St. Louis, MO, USA). AgNWs with an average diameter and
length of around 90 nm and 30 pum, respectively, were obtained from Blue Nano Inc. (Charlotte,
NC, USA).

Fabrication of Si mold with trench structures

ACS Paragon Plus Environment
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We started with silicon wafer (100) orientation, aligning the trenches to <110> flats. Silicon nitride
(1 pm) was deposited in the KOH etch mask layer using plasma-enhanced chemical vapor
deposition (PECVD) (STS, MESC Multiplex PECVD). After the deposition, the silicon wafer was
baked until dehydration (120°C for 10 min), followed by HMDS vapor coating for 10 min.
Photoresist AZ5214 was spin-coated at 3000 rpm for 30 sec and soft-baked at 100°C for 2 min.
The wafer was selectively exposed to a UV mask aligner (Karl Suss, MA6) using a photomask
with rectangular openings for the trenches (100 pm). The wafer was exposed to UV for 10 sec and
then developed using AZ300K in DI water (1:4) for 60 sec. Using patterned photoresist as the etch
mask, silicon nitride was dry-etched in RIE (STS, MESC Multiplex AOE) to reveal the silicon
surface. The wafer with the patterned nitride layer was etched in 30% KOH in DI water at 80°C
until the etching stopped. Trenches with a sharp tip were etched at a 54° angle and in multiple
dimensions of rectangular openings. As a result, pyramid trenches were etched in multiple
dimensions. The silicon mold was treated with HMDS before pouring PDMS for easy release of
the film.

Fabrication of PDMS LGP

Mixtures of Sylgard 184 elastomer base and curing agent (10:1) were thoroughly mixed. Wired p-
LEDs were placed perpendicularly into a petri dish containing the Si master, and the mixture was
poured, degassed in a vacuum desiccator, and cured at 70 C for Sh. Afterwards, the PDMS LGPs
with p-LEDs were carefully removed from the Si masters. For the AgNW heater preparation,
diluted AgNW solutions were coated onto PDMS with a brush and were pre-baked at 70°C.
Fabrication of organic photodetectors

The patterned ITO substrate was sequentially washed with isopropanol, acetone, and distilled

water. The pre-cleaned patterned ITO substrates were first treated with UV-ozone for 15 min.
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PEDOT:PSS layers were spin-coated on the ITO substrates at 2000 rpm for 60 sec. PDTP-
DFBT:PC7:BM (1:2) was dissolved in 1,2-dichlorobenzene at a concentration of 7.5 mg mL! and
was spin-coated on the ITO/PEDOT:PSS at 5000 rpm for 30 sec. The samples were transferred
into the evaporation chamber for fabricating the Al electrodes (100 nm) at a base pressure below
5 x 107 Torr, and the active area was fixed at 0.1 cm?.

Fabrication of silver nanowire (AgNW) for a stretchable heater

AGNWs with an average diameter of 90 nm and an average length of 30 um were purchased from
Blu Nano Inc. (Charlotte, NC, USA). AgNWs were dispersed in ethanol with a concentration of
2.5mg/mL and were spun on PDMS at a speed of 2000 rpm. They were cured at around 80°C for
1 h and worked as a stretchable heater.

Simulation of stretchable LGP

The electric field profiles were calculated using 2D FDTD simulations (FDTD solutions,
Lumerical, Vancouver, Canada). Randomly polarized electric dipole sources surrounded by
slanted mirrors were employed in the simulation as a source to mimic the LED source with the
beam angle of 54.7° used in the experiment. The dimension of the device was scaled down to the
film thickness of 80 um and the pattern width of 8 pm in the simulation, due to limitations in
computation resources. The qualitative analysis derived from the scaled dimension was still valid
because the realistic and scaled dimensions were both in the ray optics regime.

Development of Android-based software and circuits

Integrated analog front-end for pulse oximeters (AFE4490, Texas Instrument, Texas, USA) was
used to process the signals and power control of photodiode and two LEDs. To process signals
with wireless communication, an ultra-low power 2.4 GHz wireless system on chip (nRF51822,

Nordic Semiconductor, Oslo, Norway) was integrated. The nRF51822 (Multiprotocol Bluetooth
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low energy/2.4 GHz RF system on chip) SoC was used for the main processor, and the circuit

design was made by Eagle CAD. For the software, BLE system API of Android was used as

oNOYTULT D WN =

communication codes for Bluetooth energy. All the data were visualized by open source-based

10 GraphView through Github.
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Table I. Summary of multi-functional healthcare platforms research.

Purpose Active Material Mechanism Stimulus Communication Ref.
Saliva analysis Graphene Resistance change Bacteria RFID 26
Ammonia,
Odor analysis CNT, Polymer Resistance change Acetic acid, ZigBee wireless 27
Acetone,
Etahnol
Oxygen. Organic materials nght. attenuation Oxygen. None 15
concentration difference concentration
Wound Carbon ink pH change Uric acid RFID/NFC 28
monitoring detection
. pH, lactate,
Swea rate CoClo, pHEMA Optical chloride, NEC 29
monitoring colorimetry
glucose
Sodium&Potassium Electrochemical- Glucose, .
Sweat sensor ISEs, Ag/AgCl potentiometry Lactate Wireless FPCB 30
) Resistance
De];li}:i?tgsn’ PEDOT, Grapehen, change, Humidity, Bluetooth 31
. PANi Electrochemical glucose, pH
monitoring
amperometry
Sodium ISEs Electrochemical- Glucose,
Tontophoresis ’ potentiometry and sodium, Wireless FPCB 32
Ag/AgCl .
amperometry chloride
He?:;ts r?;aezosrpOl Organic Light attenuation con(ze):(gt%ztrzon
P Y photodetector, - difference, N Bluetooth Our work
phototherapy, LED hotooxidation Changes in
phototherapeutic P Blood volume
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30 Figure 1. Stretchable PDMS LGP with AgNW matrix. The simulation results of light traces and
32 flux density of LGP (A) without patterns and (B) with micro patterns (W100 pm x HI00 pm)
34 according to the u-LED emission. (C) Emissive images and mapping of light guide plates with two
cone-based lines (width 100 um x length 12,000 um x height 100 um x spacing 100 pm; width
37 200 pm x height 200 pm x length 12,000 pm x spacing 200 pm), random shapes, and cone
39 structures (width 200 pum x length 200 um x height 200 um x spacing 100 pm.). (D) Strain tests of
light guide plates with the strain values ranging from 0-50%. (E) IR image of light guide plate

embedded with AgNW heater, and the temperature was increased to ~55°C.
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Figure 2. Organic photodetectors. (A) The schematic of the organic photodetector. (B) PDTP-
DFBT and PC7:BM were blended and used as the active layer. (C) The band structure of the
organic photodetector. The low bandgap polymer PDTP-DFBT showed the HOMO and LUMO
levels of -3.6 eV and -5.3 eV, respectively. (D) The measured external quantum efficiency of
PDTP-DFBT:PC71BM photodetector and the electroluminescence of p-LEDs with blue (4=450
nm), red (4=630 nm), and IR (1=850 nm). The EQE covers wavelengths ranging from 320 to 920
nm and is compatible with desired p-LED lights. (E) The current-voltage characteristics of PDTP-
DFBT:PC7:BM photodetector under the 450, 630, and 850 nm wavelengths at the photo power
density of ImW cm™. (F) The linear dynamic range (LDR) performance and quantum efficiency

at the 850 nm wavelength. The LDR and QE are 129 dB and 0.32 at 0 V.
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25 Figure 3. Stretchable LGP-based pulsed oximetry. (A) The design schematic of stretchable pulsed
57 oximetry is integrated with a stretchable AgNWs heater and p-LEDs embedded in PDMS LGP
28 and PDTP-DFBT:PC71BM photodetectors. (B) PPG signal acquired using pu-LEDs with 630 and
30 850 nm and calculated S.O; indicating 98-99%. (C) The respiratory rate signal was acquired for
32 60 s and showed 11 breaths min™! at rest. (D) The PPG signal tracking was acquired under
nonspecific behaviors in terms of a deep sigh and two coughs. The baseline changed significantly
35 when the participant made a deep sigh, and the signature showed a big spike during a cough. (E)
37 The change in the blood flow rate was confirmed by increasing the temperature of the finger using
39 the AgNWs heater (~40°C), which indicated the increment of voltage level of about 3 times from

the expansion of capillary blood flow.
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Figure 4. Bluetooth information communication (A) Artwork and (B) actual board image of PCB
with all chips. 1 and 2 indicate analog front-ed (AFE4490) for pulse oximeters and Bluetooth SoC
(nRF51822), respectively. (C, D) Operation of pulsed oximetry with stretchable PDMS LGP.

ACS Paragon Plus Environment

18

Page 18 of 24



Page 19 of 24

oNOYTULT D WN =

ACS Sensors

ASSOCIATED CONTENT

Supporting Information. Absorptivity of oxy- and deoxy-hemoglobin and the position of applied
u-LEDs, noise current measurement of photodetectors, FT-IR spectrum of bilirubin for pre- and
photo-treatment, induced temperature of AgNW heater, circuit design and actual instrument
operation of pulsed oximeter platform are included. This material is available free of charge via

the Internet at http://pubs.acs.org.
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