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ABSTRACT

Photoplethysmography (PPG) sensors, which utilize light to detect blood volume changes in the skin, offer advantages over tradi-
tional methods by being non-contact, avoiding electrical stimulation, and integrating seamlessly with wearable devices. However,
conventional PPG sensors are primarily composed of rigid, inorganic materials, limiting their flexibility and causing discomfort
during prolonged use. To overcome these challenges, recent research has focused on flexible PPG sensors using organic, per-
ovskite-based, and other stretchable materials. These sensors exhibit improved mechanical adaptability, biocompatibility, and
comfort while maintaining high accuracy in detecting vital signs such as heart rate and oxygen saturation levels. This review
demonstrates recent progress in the materials and fabrication techniques for flexible PPG sensors, emphasizing the potential of

these devices for long-term, real-time health monitoring in everyday applications

Key Words: Flexible photoplethysmography (PPG) sensor, Wearable healthcare, Non-invasive monitoring, Organic materials,
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Fig. 1. (a) Schematic image of two different mode of PPG measuring methods: transmission mode (TM-mode) and
reflection mode (RM-mode) (b) Analysis for each part of PPG signal. (c) Molar absorptivity of deoxy-he-
moglobin and oxy-hemoglobin with wavelength variation. Adapted with permission from [15]. Copyright 2021,

Applied Science.
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Fig. 2. (a) Schematic image of various constituent layers of the NFC-enabled pulse oximeter device. (b) Block diagram
of the NFC-enabled pulse oximeter device. (c) Device attachment on the fingernail and (d) relative value of
red, IR PPG signal, (¢) calculated SpO, from the fingernail. (f) Device attachment on the ecarlobe and (g)
relative value of red, infrared PPG signal, (h) calculated SpO, from the earlobe Adapted with permission from

[16]. Copyright 2021, Science Advances.
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Fig. 3. (a) Schematic image of the GaAs-based attachable pulse sensor. (b) Enlarged image of the fabricated attachable
pulse sensor and (c) attachment test on a human forearm sustaining a mass of 50 g. (d) Extracted PPG signals
on the forearm before and after exercise. Adapted with permission from [17]. Copyright 2017, ACS Applied
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Fig. 5. (a) Schematic cross-sectional image of the perovskite PPG sensor structure. (b) Bending state of the fully
fabricated sensor and the circuit diagram of the PPG measurement method. (c) Photograph of the PPG sensor
in the nonworking (top) and working (bottom) conditions. Extracted PPG signals under different illumination

intensities at (d) 8 mW/ecm® and 0.055 mW/cm’. Adapted with permission from [20]. Copyright 2024,
Advanced Materials Technologies.
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stretchable device with a wavy configuration by transfer-printing. (b) Schematic image of the device structure
of quantum-dot perovskite photodiode with a wavy configuration. (¢) PPG sensor and (d) PPG signal
measurement result based aon QD-LED and QD-PD on skin. PPG signal measurement result. Adapted with
permission from [21]. Copyright 2017, Amerian Chemical Society.
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Fig. 7. (a) Schematic of light scattering during body movement. (b) Schematic of stretchable PPG sensor placed on the
skin of the inner wrist. (c) PPG signal of stretchable PPG sensor without an OPA pair (left) and with an OPA
pair (right) during movement. Adapted with permission from [24]. Copyright 2022, Science Advances. (d)
Photograph of near-IR photodetector under finger (left) and enlarged image (right) (e) PPG signal from near-IR
photodetector for 10 s under 851 nm near-IR light (left) and power spectrum analyzed by fast Fourier trans-
form (FFT) signal processing (right). Adapted with permission from [25]. Copyright 2022, iScience. (f) Sche-
matic diagram of ultra-flexible white OLED. (g) Images of ultra-flexible white OLEDs operating at 5 V at
strains of 0—100%. Adapted with permission from [26]. Copyright 2023, InfoMat. (h) Schematic diagram of
stretchable OLED (left) and Top view of a stretchable OLED (right). (i) Images of 3x3 array of stretchable
OLEDs with kirigami interconnections. (j) Images of the stretchable OLED module with stretching from 10% to
50% (top) and dipping, stretching, and crumpling (bottom). (k) Images of a stretchable OLED under stretching
up to 95%. Adapted with permission from [27]. Copyright 2024, npj Flexible Electronics.
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HRYV: Heart rate variability

PPG: Photoplethysmography

ECG: Electrocardiogram

Si: Silicon

GaAs: Gallium arsenide

LED: Light-emitting diode

PD: Photodetector

UV: Ultraviolet

DC: Direct current

AC: Alternating current

NFC: Near field communication
IPD: Inorganic photodetector

PI: Polyimide

SEAPVD: Selective area pulsed vapor deposition
QD: Quantum dot

PEN: Polyethylene naphthalate

MA: Motion artifact

OLED: Organic light-emitting diode

OPD: Organic photodetector

QD: Quantum dot

OPA: Orthogonal polarizer-analyzer
RH: Relative humidity

ACKNOWLEDGEMENTS

Author Contributions

JHK, JJB, HKL, DYK, SJP were involved in
analysis and discussion. JHK, JJB, HKL,DYK, SJP
drafted the manuscript. All authors read and approved

the final manuscript.

Funding

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (Grant No. RS-2023-00213089),
National Research Foundation of Korea(NRF) grant
funded by the Ministry of Education (Grant No. RS-
2023-00220077), "Leaders in Industry-University Coo-
peration 3.0" Project, supported by the Ministry of
Education and National Research Foundation of Korea
(Grant No. 1345370640). This work was also sup-
ported by the Technology Innovation Program (Grant
No. RS-2022-00154781) funded by the Ministry of
Trade, Industry & Energy (MOTIE, Korea), 2024 Re-
gional Industry-linked University Open-Lab Develop-
ment Support Program through the Commercializations
Promotion Agency for R&D Outcomes (COMPA)
funded by MSIT (Grant No. 1711199984), MSIT,
Korea, under the ITRC (Information Technology Research
Center) support program (Grant No. IITP-2023-2020-
0-01461) supervised by the IITP (Institute for Infor-

mation & communications Technology Planning &

175



[UQIMHXISESX], 20243 128, M3H HM2&, pp. 163-178
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 163-178

-,
e %\\/

Evaluation), Bio-convergence Technology Education
Program through the Korea Institute for Advancement
Technology (KIAT) funded by the Ministry of Trade,
Industry and Energy (Grant No. P0017805), Korea
Basic Science Institute (National research Facilities
and Equipment Center) grant funded by the Korea
government (MSIT) (No. RS-2024-00403163).

Declarations of Competing Interests
No potential conflict of interest relevant to this

article was reported.

AUTHORS
Uy
2017~2022: Of=Ciatm  MAFZ &t}
= A
T 2023~TXf: OffOHSY K|SYHEAF
N BHI} AAHY
“' h (IS0} $7] HTA U S8, 99
- AR}, L AK] 2 AXE
HH
2019~2024H: OfFCHsty HMXtZ st}
StA}
2024~3X: OFSCHSIM RISHREAB

S AARIEY
[ZHHE01 97| BURX o S8 AXt
QUIAKL L AR) U A%}

>

Ol&d+t
2019~2xH: OFFCHefy HXIZ8Ht 8

i RSP
L [BAR0H HEEAIIOE  EHYFX|,

HEBATI0|E S AKX, QUM

ey

Az

2019~31Kh: ORECEHD RIXIB3t 8
Al—]__l-Iﬁ

[RH4201] Q7| EIYTIK| & S8 AX,

FHAA, LA 5 AKX

=
UNE

2005~2010: OF=LHSILW AMAXHZESE
1} spAb

2010~2011: ZF0et7|&2 AAXY
Bt AL

2011~2016'F: L5l |2 AAXY
B e

2016~20183: AUE Emergent Soft System Research
Team Center for Emergent Matter Science, RIKEN &}
N

2017~20193: Y& Department of Electrical and Electro-
nic Engineering, The University of Tokyo Y& A3

2018~2020: ANEE|& Jﬂ%!ﬁ?

2021~3Kf: OF=INEHT MAIZREIYAIS
mES

[RAE0] MBSV SUNAR o 88 4%, R71X
Jletet EHAIAH H & AL 77| HYHA H S8
AN, FEAAL LA S AKX}

AP XSSkt

Sl

REFERENCES

[1] He, J.; Ou, J.; He, A.; Shu, L.; Liu, T.; Qu, R. et
al. A New Approach for Daily Life Blood-
Pressure Estimation Using Smart Watch. Biomed.
Signal Process. Control. 2022, (75), 103616.

[2] K. Sel; D. Osman; N. Huerta; A. Edgar; R. L
Pettigrew; R. Jafari. Continuous Cuffless Blood
Pressure Monitoring with a Wearable Ring
Bioimpedance Device. Npj Digit. Med. 2023, 6
(1), 59.

[3] Zhang, X.; Tang, S.; Ma, R; Chen, Z.; Zhuo, J;
Cao, L. et al. High-Performance Multimodal Smart

176



[UQIMHXISESX], 20243 128, M3H HM2&, pp. 163-178
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 163-178

Textile for Artificial Sensation and Health Moni-
toring. Nano Energy, 2022, 103, 107778.

[4] Zhang, T.; Ling, C.; Wang, X.; Feng, B.; Cao, M,;
Xue, X. et al. Six-Arm Stellat Dendritic-PbS
Flexible Infrared Photodetector for Intelligent
Healthcare Monitoring. Adv. Mater. 2022, 7 (8),
2200250.

[5] Lee, H.; Kim, E.; Lee, Y.; Kim, H.; Lee, J.; Kim,
M. et al. Toward All-day Wearable Health Moni-
toring: An Ultralow-power, Reflective Organic
Pulse Oximetry Sensing Patch. Sci. Adv. 2018, 4
(11), eaas9530.

[6] Lochner, C. M.; Khan, Y.; Pierre, A.; Arias, A. C.
All-organic Optoelectronic Sensor for Pulse Oxi-
metry. Nat. Commun. 2014, 5 (1), 5745.

[7] Kim, H. G.; Cheon, E. J.; Bai, D. S.; Lee, Y. H,;
Koo, B. H. Stress and Heart Rate Variability: A
Meta-Analysis and Review of the Literature. Psy-
chiatry Investig. 2018, 15 (3), 235.

[8] Stein, P. K.; Pu, Y. Heart Rate Variability, Sleep
and Sleep Disorders. Sleep Med. 2012, 16 (1),
47-66.

[9] Park, S.; Heo, S. W.; Lee, W.; Inoue, D.; Jiang,
Z.; Yu, K. et al. Self-powered Ultra-flexible Elec-
tronics Via Nano-Grating-Patterned Organic Photo-
voltaics. Nature. 2018, 561 (7724), 516-521.

[10] Nam, Y.; Shin, D.; Choi, J. G.; Lee, 1.; Moon, S.;
Yun, Y. et al. Ultra-Thin GaAs Single-Junction
Solar Cells for Self-Powered Skin-Compatible
Electrocardiogram Sensors. Small Methods. 2024,
2301735.

[11] Yin, J.; Wang, S.; Tat, T.; Chen, J. Motion
Artefact Management for Soft Bioelectronics.
Nat. 2024, 1-18.

[12] Sun, Y.; Thakor, N. Photoplethysmography Revi-
sited: From Contact to Noncontact, From Point to
Imaging. IEEE Trans. Biomed. Eng. 2015, 63 (3),
463-477.

[13] Kim, K. B.; Back, H. J. Photoplethysmography in
Wearable Devices: A Comprehensive Review of
Technological Advances, Current Challenges, and
Future Directions. Electron. 2023, 12 (13), 2923.

[14] Yan, T.; Li, Z.; Cao, F.; Chen, J.; Wu, L.; Fang,
X. An All-Organic Self-Powered Photodetector
with Ultraflexible Dual-Polarity Output for Bio-
signal Detection. Adv. Mater. 2022, 34 (30),
2201303.

[15] Lee, L.; Park, N.; Lee, H.; Hwang, C.; Kim, J. H,;
Park, S. Systematic Review on Human Skin-com-
patible Wearable Photoplethysmography Sensors.
Appl. Sci. 2021, 11 (5), 2313.

[16] Kim, J.; Sal, G.; Ara, H.; Chi, A.; Xie, Z.; Ban,
A. et al. Battery-Free, Stretchable Optoelectronic
Systems for Wireless Optical Characterization of
the Skin. Sci. Adv. 2016, 2 (8), e1600418.

[17] Kim, J.; Kim, N.; Kwon, M.; Lee, J. Attachable
Pulse Sensors Integrated with Inorganic Optoele-
ctronic Devices for Monitoring Heart Rates at
Various Body Locations. ACS Appl. Mater.
Interfaces. 2017, 9 (31), 25700-25705.

[18] Yan, J.; Ye, Z.; S. Fan.; Dai, Y.; Yang, L.; Wu,
J. et al. Reflection-type Photoplethysmography
Pulse Sensor based on an Integrated Optoelec-
tronic Chip with a Ring Structure. Biomed. Opt.
Express 2021, 12 (10), 6277-6283.

[19] Kwon, O.; Moon, S.; Yun, Y.; Nam, Y. H.; Kim,
N. H.; Kim, D. et al. Highly Efficient Thin-Film
930 nm VCSEL on PDMS for Biomedical Appli-

177



[UQIMHXISESX], 20243 128, M3H HM2&, pp. 163-178
Journal of Flexible & Printed Electronics, December 2024, Vol. 3, Issue 2, pp. 163-178

cations. Scientific Reports, 2023, 13 (1), 571.

[20] Xu, Z.; Pan, X.; Lu, H.; Lu, Q.; Lia, Y.; He, Z.
et al. Surface Energy-Assisted Patterning of
Vapor Deposited All-Inorganic Perovskite Arrays
for Wearable Optoelectronics. Adv. Sci. 2024, 11
(25), 2402635.

[21] Kim, T.; Lee, C.; Kim, S.; Hur, J.; Lee, S.; Shin,
K. et al. Fully Stretchable Optoelectronic Sensors
Based on Colloidal Quantum Dots for Sensing
Photoplethysmographic Signals. ACS Nano. 2017,
11 (6), 5992-6003.

[22] You, R.; Nou, M.; Pan, I. Adaptive Cancellation
of Motion Artifact in Wearable Biosensors. IEEE.
2012, 2004-2008.

[23] R. W. C. G. R. Wij,; Mis, M.; Aar, M. R. Redu-
ction of Periodic Motion Artifacts in Photop-
lethysmography. IEEE Trans. Biomed. Eng.
2017, 64 (1), 196-207.

[24] Lee, G.; Kan, H.; Chu, J.; Lee, Y.; Yoo, H.; Jeo,
S. Stretchable PPG Sensor with Light Polarization
for Physical Activity-Permissible Monitoring.
Science Adv. 2022.

[25] Eun, H.; Lee, H.; Shi, Y.; Seo, G.; Lee, A.; Par,
J. et al. Strain-durable Dark Current in Near-
Infrared Organic Photodetectors for Skin-Confor-

mal Photoplethysmographic Sensors. iScience.

2022, 25 (5).

[26] Yao, L. Q.; Qin, Y.; Li, X. C.; Xue, Q.; Liu, F;
Che, T. et al. High-efficiency Stretchable Organic
Light-Emitting Diodes based on Ultra-flexible
Printed Embedded Metal Composite Electrodes.
Infomat. 2023, 5 (5), e12410.

[27] Nam, M.; Cha, J.; Kim, H.; Son, Y.; Jeon, Y.;
Kwon, J. et al. Highly Reliable and Stretchable
OLEDs Based on Facile Patterning Method:
Toward Stretchable Organic Optoelectronic De-
vices. NPJ Flex. Electron. 2024, 8 (1), 17.

[28] Polat, E. O.; Mercier, G.; Nikitskiy, I.; Puma, E.;
Galan, T.; Gupta, S. et al. Flexible Graphene
Photodetectors for Wearable Fitness Monitoring.
Sci. Adv. 2019, 5 (9), eaaw7846.

[29] Madevska Bogdanova, A.; Koteska, B.¢ Vicentic,
T.; ¢, S.; Tomi¢. M.; Spasenovic. M. Blood
Oxygen Saturation Estimation with Laser-Induced
Graphene Respiration Sensor. J. Sens. 2024 (1),
4696031.

[30] Kang, B. H.; Park, K.; Hambsch, M.; Hong, S.;
Kim, H. T.; Choi, D. H. et al. Skin-conformable
Photoplethysmogram Sensors for Energy-Efficient
Always-on Cardiovascular Monitoring Systems.
Nano Energy, 2022, 92, 106773.

178



