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Systematic Review on Fabrication, Properties, and
Applications of Advanced Materials in Wearable
Photoplethysmography Sensors

Jinu Mathew, Dingchang Zheng, Jianwei Xu,* and Haipeng Liu*

Photoplethysmography (PPG) technology enables the measurement of
multiple physiological and psychological parameters with low-cost wearable
sensors and is reshaping modern healthcare. Advanced materials play a vital
role in improving reliability and accuracy of PPG sensors. Recently, various
advanced materials have been explored to optimize PPG sensor design, while
some challenges exist toward large-scale validation and mass production.
This paper focuses on advanced materials applied in the photodetectors, light
sources, and circuits of PPG sensors. The materials are categorized into four
groups: inorganic, organic, nanomaterials, and hybrid materials. The
properties and fabrication processes are summarized. Other technical details
including the mode of operation, measurement sites, testing, and validation
are discussed. The merits and limitations of the state of the art are
highlighted to provide some suggestions for the future development of PPG
sensors based on advanced materials.

1. Introduction

Wearable sensing technologies have boomed over the past
decade. Nowadays these devices become a part of our bodies
in the form of smartwatches, smartphones, and other smart
garments. Aside from having an aesthetic appearance, wearable
sensing devices are primarily used for regular monitoring of
human health signs like heart rate, blood pressure (BP), body
temperature, respiratory rate, mental stress, and oxygen satu-
ration in blood.[1–5] These devices use various signals including
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mechanical, electrical, optical, and acous-
tic ones to monitor different physiologi-
cal parameters.[6–8]

Photoplethysmography (PPG) based
optical wearable sensing devices are
promising wearable sensors with unique
advantages. One of the main advan-
tages of PPG devices is the extraction of
multiple physiological parameters in re-
lation to the cardiovascular system (e.g.,
heart rate, BP, oxygen saturation, and
arterial stiffness),[9] respiratory system
(respiration rate),[10] and neurological
system (e.g., mental stress and stage
of sleep).[11–14] With the development
of sensor design and signal processing
algorithms, PPG shows great potential in
daily healthcare monitoring and clinical
diagnosis of multiple (cardiovascular,

respiratory, neurological, diabetic, and skin) diseases and psy-
chological disorders, with emerging clinical applications in pa-
tient screening (e.g., COVID-19 and atrial fibrillation) and treat-
ment efficiency evaluation (e.g., dialysis and surgery).[9] PPG
technology is playing an increasingly important role in modern
wearable healthcare. Especially, the recent development of wear-
able electronics is leading revolutionary changes of PPG technol-
ogy toward higher signal quality and clinical applicability based
on biocompatible, high-performance, and ultra-lightweight PPG
devices.[15]

A typical PPG device mainly consists of a light source, a sub-
strate on which the sensing layer (photodetector) is patterned,
and a printed circuit board. As shown in Figure 1a, PPG sen-
sors measure the intensity of light transmitted or reflected with
respect to the changes in the volume of blood flowing through
the blood vessels. Light sources with different wavelengths are
selected based on the mode of operation (transmission or reflec-
tion) and the depth of measurement (Figure 1b).[12] The reflected
or the transmitted light that falls on the photodetector is con-
verted into electric energy and amplified using electrical circuits
to generate the waveform (Figure 1c).[16]

Materials used in the fabrication of PPG devices play a vital role
in making the device more reliable, accurate, and user-friendly.
The substrate of the PPG sensor should be biocompatible, flexi-
ble, and stretchable. The materials for sensing layer (photodetec-
tor) should be sensitive and robust against noises. The electronic
circuit of a preferred PPG device is highly integrated, flexible,
with reliable performance in different strain conditions.[17] Apart
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Figure 1. a) Mode of operation of PPG sensors. b) Different light sources used in PPG. c) PPG hardware.

from these properties, the whole device should be possibly minia-
turized and aesthetic.[18] Therefore, materials used in the fabrica-
tions of PPG devices should be selected carefully to achieve the
best overall performance.

A major limitation of current PPG devices is the sensitivity to
noises including motions and surrounding light, which distorts
the PPG signals and leads to erroneous readings.[19] To address
this issue, many different techniques have been developed, such
as advanced de-noising algorithms,[20–22] multi-wavelength sens-
ing (green, red, visible, infra-red light),[23,24] and using materials
with better biomechanical and optic properties.[17,25–27] Among
them, better materials may provide the fundamental solution and
bring other preferred properties including waterproofing, bio-
compatibility and comfortability.

Some researchers have reviewed the materials used in PPG
sensors, focusing on organic materials used in certain applica-
tions such as oxygen saturation.[28,29] Whereas, there is a scarcity
of comprehensive review on advanced materials in different com-
ponents of PPG sensors with different applications scenarios. In
comparison, some comprehensive review studies are available on
PPG signal processing and multi-wavelength sensing.[12,16,22,23,30]

To address this gap, we reviewed different materials used in
current PPG sensors and classified them into different groups:
organic materials, inorganic materials, nanomaterials, and
hybrid materials. We first summarized the materials, their prop-
erties, and fabrication procedures. We discussed the lab tests,
relevant physiological parameters and applications scenarios of
different materials for PPG devices, and extracted the advantages,
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Figure 2. Literature search and classification strategy.

limitations, and future directions. This systematic review serves
as a valuable guide for developing next-generation PPG sensors
with enhanced performance, leveraging novel materials to
achieve more desired functions.

2. Literature Search Strategy

The literature search strategies used in this paper are presented
in Figure 2. Databases including Web of Science, IEEE Xplore,
ScienceDirect, locate (University library website), and Google
Scholar were used for the literature search. The retrieval time was
from the establishment of the database to 1st July 2023. The lan-
guage was restricted to English. Keywords were combined using
Boolean operators. Synonyms were combined using “OR” oper-
ator in different groups. Then, the three groups were combined
using “AND” operator.

Group 1: “Photoplethysmography” or “PPG” or “Photoplethys-
mograph”.

Group 2: “Organic” or “Inorganic” or “Nanomaterials” or “Hy-
brid”

Group 3: “Wearable” or “Flexible” or “Stretchable”
A total of 110 articles were found in a systematic search. In

the collected papers, 60 literatures were screened out since these
have irrelevant titles, duplicates, review papers, focused on math-
ematical models, or electrical circuits of PPG. After a brief review
of the remaining selected 50 works, they were categorized into
two groups based on materials used and technical aspects of PPG
devices. The publications on the materials used in the PPG sen-
sors are further categorized based on organic, inorganic, nano-
materials and hybrids. A detailed analysis and discussions based
on these categories were done in the following sections of this
review paper.
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Figure 3. a) Materials used in the fabrication of different parts of a PPG device. b) Classification of materials used in PPG devices.

3. Materials in PPG Sensors: Properties and
Fabrications

As aforementioned, the selection of materials of PPG sensor fab-
rication depends on the biomechanical and optical properties.
Figure 3a,b illustrate various materials used in the fabrication of
main parts of PPG devices studied in this paper.

The majority of the off-the-shelf PPG devices are made of in-
organic materials, e.g., silicon (Si), gallium arsenide (GaAs), zinc

oxide (ZnO), and germanium where Si is the commonest since it
is widely available, low-cost, non-toxic, with high electron mobil-
ity and an indirect band gap. Materials having indirect band gaps
allow the PPG sensor to tailor its sensitivity to a certain wave-
length range, primarily red and infrared, and enhance charge
carrier recombination.[31] This wavelength range corresponds to
hemoglobin’s absorption characteristics, making it beneficial for
reliable and accurate PPG signal acquisition. Although widely
used, most inorganic materials in the PPG technology are fragile,
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Figure 4. Different processes involved in the fabrication of PPG sensors (adapted from;[37–41] Thermal evaporation- Reproduced under terms of the
CC-BY license.[37] Copyright 2019, The Authors, published by MDPI; Laser printing- Reproduced under terms of the CC-BY license.[38] The Authors,
published by MDPI; Spin coating- Reproduced under terms of the CC-BY license.[39] The Authors, published by MDPI; Chemical vapour deposition-
Reproduced under terms of the CC-BY license.[40] The Authors, published by MDPI; Photolithography- Adapted under the terms of CC-BY license.[41]

The Authors, published by Hindawi).

sensitive to noise artifacts, not conformable to the skin, and often
require a rigid substrate and layers to produce good responsivity
to blood volume changes.[26,32,33]

To overcome the limitations of inorganic materials, some
researchers explored organic semiconducting materials
and polymers, e.g., Poly ([2,6′-4,8di (5-ethyl hexyl thienyl)
benzo[1,2-b;3,3-b] dithiophene])- thorium (PTB7), PCBM, Poly(3-
hexylthiophene-2,5-diyl) (P3HT), Poly[[2,5-bis(2-hexyldecyl)
-2,3,5,6-tetrahydro- 3,6-dioxopyrrolo [3,4- c] pyrrole-1,4-
diyl]-alt- [2,2′:5′,2″-terthiophene] -5,5″-diyl] (PDPP3T), poly
indacenodithio- phene-pyridyl [2,1,3] thiadiazole- cyclopenta
di-thiophene (PIPCP), 3,3′,5,5′-tetramethylbenzidine: Benzyl
benzoate (TMB:BB), and Poly (N-alkyl diketopyrrolo-pyrrole
dithienylthieno[3, 2-b]thiophene) (DPP-DTT) in various PPG
devices. PCBM and PTB7 are polymers with a wide range of light
absorption and good charge mobility, therefore widely used. In
comparison with inorganic materials, organic materials used in
PPG devices are more biocompatible, economical, and require
a thin substrate, and conformable with skin.[34] However, most
organic material-based PPG sensors have suffered from insta-
bility and limited charge mobility.[29] To compensate for organic
materials’ low charge mobility, appropriate molecules are doped
or sandwiched with high charge mobility materials. However,
these solutions sacrifice the device’s flexibility, thickness, and
complexity in order to achieve improved charge mobility.[35]

Some nanomaterials including lead sulphide (PbS) quantum
dots (QDs), graphene, and ZnO nanoparticles (NPs) have been
used to improve the optic and electronic properties of PPG
photodetectors, such as increasing light absorption at specific

wavelengths, reducing noise in PPG signals, miniaturizing the
sensor, and improving response time to changes in physiological
parameters.[36] The degree of improvement in these attributes
is measure by the nanomaterials employed, the processing
involved, the design of the device, and other manufacturing
parameters. To combine the excellent properties of different
materials, some researchers developed hybrid materials and
applied them in PPG sensors.

The substrate, electrodes, active layer, and encapsulation layer
are the main parts of a photodetector. Similarly, LEDs consist of
a substrate, a light-emitting active layer, and electrodes. Circuits
and interconnects are employed to connect different parts of the
sensor, process the signals, and give the output. Apart from the
materials used, fabrication and assembling processes adopted
in various components of a PPG device play a vital role in the
smooth functioning of the sensor. Photolithography, spin coat-
ing, laser printing, chemical etching, thermal evaporation, and
chemical vapor deposition are a few manufacturing strategies
used in different PPG sensors. The illustrations of these pro-
cesses are demonstrated in Figure 4.

3.1. Materials used in the Fabrication of Photodetector of PPG
Devices

The ability of photodetector to sense reflected or transmitted light
from the measurement sites of physiological parameters is highly
related to the overall performance of a PPG device. Therefore,
many researchers have studied different materials that can be
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used in the photodetectors. Table 1 summarizes various materi-
als and their properties used in the fabrication of photodetectors
of various PPG devices.

3.1.1. Inorganic Materials

GaAs: GaAs is an inorganic semiconductor material with a
direct band gap of 1.4 eV, a high electron mobility of 8500 cm2 V-s,
a high breakdown voltage of 4*105 V cm−1, good thermal insula-
tion and moisture resistance.[42] GaAs is used in many electronic
circuits and devices as a substitute to Si.

Kim et al.[43] developed a PPG device with a GaAs-based
photodetector to monitor the human heart rate from various
body locations including finger, fingertip, and forearm. They uti-
lized the wet chemical etching process for the fabrication of
GaAs. The photodetectors were fabricated in arrays (Figure 5).
An N-doped GaAs contact layer of the photodetector was metal-
deposited followed by wet chemical etching process. Then, with
the help of photolithography and mesa-etching, an active region
of 760 μm × 720 μm was developed. An equivalent sized p-doped
GaAs bottom contact layer was developed by photolithography,
metal deposition and lift-off process. With spin coating, the fab-
ricated contact layers of the GaAs were reinforced by an epoxy
layer in rectangular patterns with holes. Four such reinforced
GaAs photodetectors were fetched by contacting the GaAs sub-
strate with polydimethylsiloxane (PDMS) stamp and the fetched
arrays were printed on polyimide with the help of an adhesive
layer of SU-8. To improve the sensitivity by increasing the pho-
tocurrent, the four printed photodetectors were interconnected
in parallel series.

The top and bottom layers of the fabricated sensor were cov-
ered with layers of tacky silicone elastomer (Ecoflex) to en-
hance skin conformability. The light source used was a red LED
of wavelength 620 nm. It was integrated to the sensor with
the help of sputtered electrical interconnects. The entire sys-
tem was then encapsulated in PDMS layers to make the device
biocompatible.

The flexibility of the fabricated device was evaluated by bend-
ing test and the corresponding J-V characteristics of the sensor
was plotted before, during, and after bending. The curves were al-
most identical in all the cases. Electrical characteristics like short
circuit current and current density- voltage were studied by LED
irradiation and a source measure unit. The fabricated sensor was
validated in different physiological conditions (relaxing and after
running).

Silicon: Si is the most abundant element in the earth’s crust
after oxygen. It is widely available and economically affordable.
Si is a non-toxic semiconductor material having an indirect band
gap of 1.12 eV, high electron mobility (1400 cm2 V-s), high break-
down voltage (3*105 V cm−1), and good thermal conductivity of
1.5 W cm-K.[58] These properties of Si make it the commonest
semiconductor in the photodetectors of PPG devices.

Kim et al.[44] and Kim et al.[46] conducted separate studies to
develop battery-free wireless Si based PPG sensors. In both stud-
ies, commercially bought Si-based PPG sensors were coupled
with Cu coils to achieve near field battery-free wireless commu-
nication with smartphones. Kim et al[44] coupled the PPG sen-
sor with temperature sensor and conducted finite element anal-

ysis on the device layout to achieve best system-level elastic re-
sponses for accommodating large strain deformations. The fab-
ricated device was then used to measure heart rate, oxygen satu-
ration level in blood, color spectroscopic evaluation of skin and
ultraviolet dosimetry. On the other hand, Kim et al. [46] focused
on the miniaturization of the Si-based PPG device to measure
blood oxygenation level, heart rate and heart rate variability from
fingernails and toenails aiming to ensure extended operational
duration with minimal motion artifacts and reduced irritation
for the end user. This was achieved by using a multilayer lay-
out with a bilayer loop antenna and an opaque encapsulation
layer on the outer surface of the photodetector. These two modi-
fications improved the maximum energy efficiency of the device
and provided excellent protection against ambient light and other
noises.

Li et al.[45] designed a new Si-based PPG device to reduce the
brittleness of the Si semiconductor and to boost the adaptabil-
ity of the photodetector to the changes of light intensity induced
by skin deformation. To achieve this, the authors used nanodia-
mond thinning process, specific strain-isolation design, and hy-
brid transfer printing in sensor fabrication. Specific strain iso-
lation was attained by suspending the whole device in a viscous
fluid chamber consisting of cured liquid PDMS and polyurethane
film (Figure 6). As a result, the distance between the LEDs and the
photodetector remained constant even if the device is subjected
to stretching and bending due to body movements. To obtain
an ultrathin photodetector, they used the nanodiamond grind-
ing technique rather than the traditional chemical etching pro-
cess and thereby developed the photodetector with a thickness
of 17.78 μm. Fallica et al.[27] developed a miniaturized Si PPG
sensor coupled with electrocardiograph signals to measure the
heart rate variability of humans. Each probe of the sensor was
inserted in a cuff that can exert adjustable pressure. Also, the
system used a band-pass digital filter to remove the unwanted
signals from the PPG. They focused more on microelectronic
circuits to miniaturize the device and tested it on 12 human
subjects with different ages. Both devices[27,45] used red and in-
frared LEDs, while the Si photodetector operated on the reflection
mode.

3.1.2. Organic Materials

PPG sensors made of different organic materials have recently
gained the attention among many researchers due to numerous
advantages such as low cost, ease of processing for sensor fabrica-
tion, and high flexibility.[17] PTB7-Th, COTIC-4F, PCBM, P3HT,
PDPP3T, PIPCP, TMB:BB, and DPP-DTT are a few organic ma-
terials/polymers that are used in different PPG devices.

PTB7-Th in Combination with COTIC-4F and Y6: PTB7-Th
is a polymer with a wide range of absorption from green to
near infrared (NIR) bands.[59] COTIC-4F is an n-type semicon-
ductor polymer having a narrow bandgap of ≈1.1 eV and ab-
sorption between 700 and 1100 nm.[60] Y6 is a highly conju-
gated electron-accepting organic semiconductor composed of
a fused thienothienopyrrolo- thienothienoindole core base and
2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene) malononi-
trile end units.[61] These organic materials are used in many or-
ganic solar cells and photodetectors as an active material layer.
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Table 1. Materials and their properties used in the fabrication of photodetectors of various PPG sensors.

Materials Properties PPG sensor type & light source Reference

Inorganic GaAs • Semiconductor
• Direct band gap (1.4 eV)
• High electron mobility (8500 cm2 V-s)
• High breakdown voltages (4*10ˆ5 V cm−1)
• Good thermal and moisture resistance

• Reflection mode
• Light source
Red LED

[43]

Silicon • Semiconductor
• Non-toxic
• 2nd most abundant element in earth’s crust
• Indirect band gap (1.12 eV)
• High electron mobility (1400 cm2 V-s)
• High breakdown voltage (3*10ˆ5 V cm−1)
• Good thermal conductivity (1.5 W cm-K)

• Reflection mode
• Light source:
Infrared
Red LED

[44]

• Reflection mode
• Light source: Red LED Infrared

[45]

• Reflection mode
• Light source: Red LED
Infrared

[46]

• Mode: Not mentioned
• Light source:
Red LED
Infrared

[27]

Organic PTB7-Th
& COTIC-4F

• Wide range of absorption (Green to near-infrared (NIR))
• p-type semiconductor
• n-type semiconductor
• Narrow bandgap (1.1 eV)

• Transmission mode
• Light source:
Red LED
Infrared

[26]

PTB7-Th & Y6 films • Wide range of absorption (Green to NIR)
• p-type semiconductor
• n-type semiconductor
• High absorption coefficient

• Transmission mode
• Light source:
Infrared LED

[47]

PCBM & P3HT • n-type fullerene semiconductor
• Electron mobility of 10ˆ−3 cm2 V-s

• Regioregular semiconductor
• Energy band gap of 1.9 eV
• Electron mobility of 0.12 cm2 V-s

• Reflection mode
• Light source: Blue LED
Green LED
Red LED

[48]

PCBM & PDPP3T • n-type fullerene semiconductor
• Electron mobility of 10ˆ−3 cm2 V-s

• Band gap of 1.34 eV
• Hole mobility of ≈0.04 cm2 V-s

• Reflection mode
• Light source: Green LED
Red LED
NIR LED

[49]

PCBM & PIPCP • n-type fullerene semiconductor
• Electron mobility of 10ˆ−3 cm2 V-s

• Regioregular semiconductor
• Narrow band gap (1.5 eV)
• Good solution processibility

• Mode: Not mentioned
• Light source:
Infrared LED

[50]

PCBM & TMB:BB • n-type fullerene semiconductor
• Electron mobility of 10ˆ−3 cm2 V-s

• Colorless visualization reagent
• Colorless and insoluble in water
• Commonly used for medical purposes

• Reflection mode
• Light source:
Red LED
NIR LED

[51]

PCBM & DPP-DTT • n-type fullerene semiconductor
• Electron mobility of 10ˆ−3 cm2 V-s

• p-type semiconductor
• Good air stability
• Good hole mobility (0.5 to 3 cm2 V-S)

• Reflection mode
• Light source
NIR LED

[52]

Nanomaterials PbS QDs & Graphene • Inorganic semiconductor
• Band gap of 1.2 eV
• Chemical inertness and high surface activities
• Honeycomb structure
• Good electrical conductivity (1732 S m−1)
• Excellent mechanical strength (≈125 GPa)

• Transmission mode
• Light source
Blue LED
Green LED
Red LED

[53]

(Continued)
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Table 1. (Continued)

Materials Properties PPG sensor type & light source Reference

• Transmission mode
• Reflection mode
• Light source
Green LED
Ambient light
Red light
NIR

[54]

ZnO NPs • Wurtzite n-type semiconductor
• High exciton binding energy (60 meV)
• Wide band gap (3.37 eV)

• Reflection mode
• Light source
Green LED
Red LED

[55]

Hybrid
materials

IGZO & DPP • Amorphous inorganic n-type semiconductor
• Band gap of 3.05 eV
• Electron mobility of 10 cm2 V-s

• Organic p-type semiconductor
• Widely used as a dye polymer

• Reflection mode
• Light source
NIR LED
Red LED

[56]

Au nanostructure &
PDMS

• Size tunable luminescence
• Plasmon color property
• Organic Si-based polymer
• Non-toxic and non-flammable
• Hydrophobic

• Reflection mode
• Light source
Infrared LED
Red LED

[57]

Simoes et al.[26] fabricated a PPG sensor using a bulk het-
erojunction blend of PTB7-Th and COTIC-4F organic func-
tional material on polyethylene naphthalate (PEN) substrate
with a bottom indium tin oxide (ITO) anode and a top
layer of aluminum cathode (Figure 7a). Interfacial layers of
Poly (3,4-ethylene dioxythiophene) polystyrene sulfonate (PE-
DOT: PSS) and N, N′-Bis (N, N-dimethylpropan-1-amine ox-
ide) perylene-3,4,9,10-tetracarboxylic di-imide (PDINO) were
placed on the bottom and top of the photodetector respec-
tively to suppress the undesired carrier injection. Similarly,
Eun et al.[47] developed an organic PPG sensor by using Y6
instead of COTIC-4F to make the bulk heterojunction ac-
tive layer on a parylene substrate (Figure 7f). ITO and sil-
ver were used as the bottom anode and top cathode lay-
ers, respectively. As the interfacial layers, Eun et al.[47] used
ZnO and molybdenum oxide. Both researchers used differ-
ent technique like spin coating, thermal annealing, and ther-

mal evaporation for the fabrication of different layers of the
photodetectors.

Regarding the derived PPG sensors, Simoes et al.[26] used red
and NIR LEDs, whereas Eun et al.[47] used only one infrared light
source at 851 nm. Simoes et al.[26] measured oxygen saturation in
blood and heart rate from one human subject at rest for 180 s and
the readings were validated with a commercially available PPG
device. Eun et al.[47] measured the heart rate of a healthy human
subject at normal conditions and compared the obtained values
with standard values. Both fabricated PPG devices worked in the
transmission mode.

PCXBM in Combination with P3HT, PDPP3T, PIPCP, TMB:BB,
and DPP-DTT: PCXBM is a fullerene-based electron-accepting
material widely used in organic solar cells. It has an electron
mobility of 10−3 cm2 V-s.[62] CX indicates the type of carbon
fullerene and the most commonly used are C60, C61, and C71.
When PCXBM is used as an electron acceptor in optoelectronic

Figure 5. Schematic illustration of attachable pulse sensor designed by Kim et al. [43] (IPD: Inorganic photodetector; Reprinted with permission.[43]

Copyright 2017, American Chemical Society).

Adv. Electron. Mater. 2024, 2300765 2300765 (8 of 21) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300765 by T
est, W

iley O
nline L

ibrary on [04/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 6. The illustration of an all-in-one suspension structure.[45]

devices, it allows efficient and rapid charge transfer and exciton
dissociation.

P3HT is a regioregular organic electron-donating polymer
with a low energy band gap (≈1.9 eV) and electron mobility of
0.12 cm2 V-s.[63] In addition to good hole mobility and good sol-
ubility, P3HT has good air stability in comparison with other
photosensitive polymers, and this makes P3HT popular in opto-
electronic devices.[64] PDPP3T is an electron-rich polymer with a
good hole mobility of ≈0.04 cm2 V-s and a band gap of 1.34 eV.[65]

PIPCP is a regioregular polymer having a narrow band gap of
1.5 eV.[66] It is used with other electron-accepting polymers to
fabricate the photosensitive layers of optoelectronic devices. TMB
is a colorless polymer commonly used as a visualization reagent
in many enzyme-catalytic reactions. When oxidized, it turns to
blue color, and yellow in the presence of acids.[67] Benzyl ben-
zoate (BB) is an organic compound commonly used in skin care,
medications, and insect repellents. It can alter and impart de-
sired properties of other compounds and polymers.[68] DPP-DTT
is a p-type semiconducting polymer having high hole mobility
(0.5 to 3 cm2/V-s) and good air stability.[69] It is widely used as
a donor material in bulk heterojunction with other polymers in
solar cells, photodetectors, and other sensing applications. The
chemical structures of PCBM, P3HT, PDPP3T, PIPCP, TMB, and
DPP-DTT are shown in Figure 8. Yokota et al.[48], Simone et al.,[49]

Park et al.,[50] Khan et al.,[51] and Xu et al.[52] fabricated different
PPG devices based on PCBM in combination with different poly-
mers and compounds that are mentioned herewith.

Yokota et al.[48] developed an ultra-flexible organic PPG sen-
sor using multi-color polymer LEDs (PLED) and a photodetec-
tor with a blend of PCBM and P3HT. The organic photodetector
was made on a parylene substrate and used ITO as the cathode
electrode (Figure 7b). Then, interfacial layers of thin ethoxylated
polyethyleneimine were deposited by spin coating. On top of it,
the active layer of P3HT: PCBM was spin-coated, followed by ther-
mal evaporation of MoOX and Au as the anode electrode. The
photodetector was passivated by a thick layer of parylene. Simone
et al.[49] developed a PPG array using a blend of PDPP3T and
PC61BM organic photodiodes (Figure 7c). They photolithographi-
cally patterned chromium molybdenum alloy film on a glass sub-
strate to form the bottom anode. The active layer of PDPP3T:
PC61BM was deposited by spin coating on the interfacial layer of
amorphous indium zinc oxide. The top electrode made of MoOX
and Ag was deposited by thermal evaporation on the photodetec-
tor.

The devices developed by Yokota et al.[48] and Simone et al.[49]

operated in a reflection mode to measure blood oxygen satura-

tion levels from fingers. In both cases, the readings were taken
from one human subject, and these were validated using com-
mercial pulse oximeters. Yokota et al.[48] conducted cyclic testing
on the device to assess the mechanical flexibility and stability.
On the other hand, Simone et al.[49] used green, red, and NIR
LEDs up to 950 nm as the light source. Apart from this, Simone
et al.[49] designed the photodetector in small arrays and used the
pixel averaging technique to extract high-quality PPG waveforms
to yield information on the stiffness of the arteries and the quality
of blood circulation.

Park et al.[50] developed a NIR sensitive PPG device incorpo-
rated with a photodetector active layer composed of PIPCP and
PC61BM blend (Figure 7d). The photodetector was made on a
glass substrate spin-coated with a fluorinated polymer layer and
a thin layer of chemical vapor deposited parylene film. Planariza-
tion was obtained by spin coating a 500 nm thick epoxy layer. ITO
and a layer of MoOX and Ag were used as the bottom and the top
electrodes respectively. On the top of ITO, a thin layer of ZnO
layer was spin-coated, and the active layer of PIPCP: PC61BM
was deposited in a glove box. The chemical vapor-deposited pary-
lene layer was used as the passivation layer of the photodetector.
In another example, Khan et al.[51] developed a PPG device hav-
ing photodetectors made from PC71BM and TMB:BB polymers
(Figure 8e). The organic photodetectors were fabricated on a PEN
substrate where PEDOT: PSS was blade coated as the anode. On
the top of the anode, the active layer of PC71BM and TMB: BB
was deposited by blade coating. Then, silver traces were screen
printed as in the fabricated LEDs. Finally, a top layer of the alu-
minum cathode was deposited by thermal evaporation to com-
plete the photodetector stacks. The fabricated LEDs and photode-
tectors were assembled to form a reflective oximeter array in four
rows. The reflective oximeter array consisted of eight photodetec-
tors and eight LEDs (four red LEDs and four NIR LEDs).

Park et al.[50] measured the circuit current, circuit voltage, and
pulse waves from the fingertip of a human subject before and af-
ter severe mechanical deformation on the PPG sensor. Also, they
conducted a bending test on the fabricated device for 1000 cy-
cles. From all these experiments, they showed that their PPG de-
vice was flexible, skin conformal, and mechanically stable. Khan
et al.[51] calculated the blood oxygen saturation with the fabricated
PPG device from the forehead and fingers of a human subject.
The obtained readings were validated by comparing them with
the outputs from a transmission-mode commercial pulse oxime-
ter. Because of the peculiar design of the reflective oximeter array,
they were also efficient to plot a 2D blood oxygen saturation map
under pressure cuff-induced ischemia.

Adv. Electron. Mater. 2024, 2300765 2300765 (9 of 21) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300765 by T
est, W

iley O
nline L

ibrary on [04/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 7. Illustration of the developed PPG organic photodetector fabricated by a) Simoes et al.;[26] b) Yokota et al.;[48] c) Simone et al.;[49] d) Park
et al.;[50] e) Khan et al.[51] (Reproduced under terms of CC-BY license.[51] Copyright 2018, the Authors, published by PNAS); f) Eun et al.[47] (Reproduced
under terms of CC-BY license.[47] Copyright 2022, The Authors, published by iScience).

Xu et al.[52] developed a flexible PPG sensor to measure heart
rate and BP using a photodetector with an active layer of DPP-
DTT: PCBM and a commercial NIR LED. The fabrication process
of the photodetector is illustrated in Figure 9. Si wafer was used
as the sacrificial layer, and the substrate was a thick layer of poly-
imide. The gate electrode and the source/drain electrode, on the
top and bottom of the Al2O3/SiO2 gate dielectric, were made of

gold (Au). The whole photodetector was finally encapsulated with
a layer of polytetrafluoroethylene and parylene subsequently. The
fabricated PPG device had low power consumption and high re-
sponsivity due to the bulk heterojunction active layer and the gate
dielectric structure. The heart rate and BP of a human subject
were measured from the left index finger using the reflection
mode. The obtained values were validated by comparing them

Adv. Electron. Mater. 2024, 2300765 2300765 (10 of 21) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 8. The chemical structures of PCBM, P3HT, PDPP3T, PIPCP, TMB, and DPP-DTT polymers.

with the corresponding values obtained from a commercial PPG
sensor working in reflection mode.

3.1.3. Nanomaterials

Materials with at least one dimension less than 100 nm are clas-
sified as nanomaterials, gaining worldwide attention across all
scientific fields due to their unique optical, electrical, mechani-
cal, and thermal properties. This section will summarize differ-
ent nanomaterials used in the fabrication of PPG devices.

Graphene and PbS QDs: Graphene is a 2D single layer
of carbons arranged in a closely packed honeycomb struc-

ture. Owing to its high surface to volume ratio, outstand-
ing electrical conductivity (1732 S/m), excellent mechani-
cal strength (≈125 GPa), good flexibility, and other excep-
tional optical properties, graphene has been using in nu-
merous optoelectronic devices.[70] On the other hand, PbS
QD is an inorganic semiconductor material with a band
gap of 1.2 eV,[71] high surface activities, chemical inertness,
good tunable emission wavelength photoluminescence proper-
ties, and exceptional stability due to edge effects and quan-
tum confinement. These properties make PbS QD a suit-
able candidate for many thermoelectrical and optoelectronic
devices.

Figure 9. Illustration of steps followed by Xu et al.[52] for the fabrication of the photodetector. (ALD: Atomic layer deposition, CVD: Chemical vapor
deposition).

Adv. Electron. Mater. 2024, 2300765 2300765 (11 of 21) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 10. Steps followed by Kim et al.[53] in the fabrication of a) photodetector b) QD LED (Reprinted with permission.[53] Copyright 2017, American
Chemical Society).

Kim et al.[53] fabricated an optoelectronic device comprising
QD-based LEDs and a PbS QD-based photodetector. Figure 10a il-
lustrates the workflow in the fabrication of QD-photodetector. Af-
ter fabricating the QD-LED and the QD-photodetector, these
were printed onto a pre-strained Ecoflex. Then, the pre-strained
Ecoflex was released to form a regular wavystructured PPG de-
vice. The fabricated device was waterproof, ultrathin, stretchable,
and worked on the transmission mode. It measured the pulse
rate from the forefinger of one male subject and the readings
were compared with the expected values of a healthy human.

Polat et al.[54] developed PPG devices composed of graphene
and PbS QDs photodetectors. They fabricated three photode-
tectors on polyethylene terephthalate (PET), PEN, and poly-
imide. Initially, chemical vapor-deposited graphene was trans-
ferred onto the substrates. Then, a photosensitive layer of PbS
QDs was spin-coated on the graphene. Finally, the entire device
was laminated by a PET cap to avoid mechanical damage caused
by skin interaction. The photosensitivity and the mechanical ro-
bustness of the three devices were tested to compare the mechan-
ical flexibility and light sensitivity. The fabricated devices were
used to measure the heart rate, blood oxygen saturation, respira-
tory rate, and UV skin exposure. The devices were operated in a
reflectance mode using a green LED and transmission mode us-
ing ambient light. The measured readings were validated with a
clinical setting state-of-art PPG sensor, showing high responsiv-
ity and mechanical stability.

ZnO Nanomaterials: ZnO nanomaterial is a wurtzite n-type
semiconductor material with a high exciton binding energy of
60 meV and a wide band gap of 3.37 eV.[72] Because of these prop-
erties, along with a high-surface-to-volume ratio, ZnO nanomate-
rials have garnered extensive research interest for their potential
application in piezoelectric sensors, mechanical actuators, nano-
generators, solar cells, and photodetectors.

Lee et al.[55] fabricated fiber-based QD LEDs and a fiber-based
organic photodetector using ZnO NPs to develop a pulse oxime-
ter. The different steps in the construction of the photodetector

are shown in Figure 12a,b. Fabricated LEDs and the photode-
tector were encapsulated and slit using inorganic/organic nano
laminated-based thin films with Al2O3/ZnO and SiO2 composite
polymer to improve the optical characteristics and the reliability
of the device. The reliability of the device was investigated using
a bending test (8 mm radius of curvature) and an operating life-
time test (stable 8000 h). The developed PPG device consisted of
red and green LEDs functioning in reflection mode to measure
the blood oxygen saturation in a single human subject. The ob-
tained values were validated with a commercial pulse oximetry.

3.1.4. Hybrid Materials

Recently, several studies have been conducted in the field of PPG
where the photodetectors were composed of a combination or a
blend of different types of materials. Here, the term “hybrid ma-
terials” refers to the blend or combination of different materials
to enhance the performance of photodetectors. Most of the PPG
devices fabricated by these materials showed outstanding char-
acteristics compared to conventional PPG devices. This section
will briefly discuss the hybrid materials and fabrication processes
used in PPG devices that incorporate combinations of organic,
inorganic, nanomaterials, or their combinations.

Indium Gallium Zinc Oxide (IGZO) and Diketopyrrolopyrrole
(DPP) Polymer: IGZO is an amorphous n-type semiconducting
material with high transparency and good field effect mobility.
It has a large energy band gap of 3.05 eV and a good electron
mobility of 10 cm2 V-s.[73] IGZO can be prepared with ease us-
ing a simple deposition technique resulting in large area unifor-
mity. DPP is an organic p-type semiconducting polymer that is
widely used in field effect transistors, high-quality pigments, flu-
orescence imaging, and bulk heterojunction solar cells.[74]

Kang et al.[56] developed a skin-conformable PPG sensor us-
ing IGZO/DPP hybrid material as the active layer for measuring
the heart rate and blood oxygen saturation. The structure of the
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Figure 11. a) Structure of the hybrid phototransistor by Kang et al.[56]. b) Illustration of fabrication steps followed by Chen et al.[57].an

fabricated hybrid phototransistor is shown in Figure 11a. Boron-
doped Si wafers and germanium oxide were used as the sacrifi-
cial substrate for the active layer and aluminum was used as the
electrodes. The polyimide film was deposited using spin coating
and cured on the Si substrate. A layer of each of IGZO and DPP
was spin-coated onto the polyimide substrate one after the other
sequentially. After the lift-off process, the entire device was trans-
ferred to an adhesive PDMS substrate.

The fabricated sensor consisted of two LEDs (red and NIR)
along with two hybrid phototransistors. Operating in the reflec-
tion mode, the device measured the heart rate and oxygen sat-
uration during rest and walking, acquiring measurements from
the index finger of 10 human subjects. The accuracy of the ac-
quired data was confirmed through comparison with an off-the-
shelf PPG device.

Gold Nanostructure on PDMS: Au nanomaterials exhibit
many attractive optical, electrical, and catalytic properties. They
offer size-tunable luminescence and plasmonic color properties
rendering them desirable for applications in bio-imaging, bio-
analyses, and optical devices.[75] PDMS are a group of organic
Si-based polymers commonly known for their unusual rheolog-
ical properties. They are generally used as a substrate in many
PPG devices and the manufacturing of contact lenses as they
are non-toxic, non-flammable, inert, hydrophobic, and optically
transparent.[76]

Chen et al.[57] developed an optoelectronic device using a tri-
boelectric nanogenerator made from crumpled Au nanostructure
and PDMS. Ultrathin LEDs and photodetectors were fabricated
to a self-powered PPG device that can measure the blood oxygen
saturation and pulse rate from the thumbnail of a human sub-
ject. The fabrication process of the triboelectric nanogenerator
and the PPG device is illustrated in Figure 11b. Once the LEDs
and the photodetectors were transferred to the crumbled Au layer,
liquid PDMS was spin-coated onto it and cured to form a pro-
tective enclosure. The SiO2 sacrificial layer was then etched with
hydrofluoric acid. The nanogenerators harvest and store energy
from the body motion (finger bending) and supply it to the LEDs
and other signal-processing parts to make the device battery-free.
When there is a body motion where the device is attached, the Au

layer and the PDMS layer come in contact with each other. As a
result, charges are developed on the contact surface. When the
force is released, the electrons will flow from the upper to lower
electrodes and therefore the layers return to their initial states.
Conversely, when pressure is applied to the PPG device, the elec-
trons flow in the opposite direction, generating power for operat-
ing the device. The device worked in reflection mode using a red
LED and an IR LED to measure the blood oxygen saturation. Vali-
dation of the collected data was undertaken using a commercially
accessible oximeter.

3.2. Materials used in the Fabrication of LEDs and Interconnects
of PPG Devices

Majority of the PPG sensors studied herewith used commercial
LEDs. Out of these, Kim et al.,[44] Li et al.,[45] and Xu et al.[52]

used LEDs comprising AlGaAs and/or AlGaInP. Other studies
did not mention about the material of the LED they have used.
However, Yokota et al.,[48] Khan et al.,[51] Kim et al.,[53] and Lee
et al.[55] fabricated their own LEDs for their PPG devices.

Yokota et al.[48] fabricated polymer-based LEDs on parylene
films and ITO, sputtered on the film as transparent electrodes.
Then, a hole injection layer and an interlayer were spin-coated
on top of it, followed by spin coating of an active emissive poly-
mer layer consisting of fluorenes, phenylenes, and other con-
densed aromatic polymers. NaF/Al cathode was deposited on top
of the emissive layer. After the fabrication of the polymer LEDs, a
passivation layer consisting of 5 alternating inorganic SiON and
organic parylene layers were assembled using plasma-enhanced
chemical vapor deposition to improve the stability of the device.
They fabricated both the light source (blue, green, and red) and
the photodetector using polymers. In another example, Khan
et al.[51] fabricated organic LEDs on a PEN substrate patterned
with ITO (Figure 7e). After making the surface hydrophobic, the
substrate was patterned by using plasma for selective etching of
the hydrophobic layer. Then, an interlayer of PEDOT: PSS and
the active emissive layer were blade coated subsequently on the
substrate. On top of it, dielectric and silver traces were screen
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Figure 12. a) Fabrication processes of the photodetector and the LED followed by Lee et al.[55] b) Structure of the photodetector and the LED of Lee
et al.[55] (Reproduced under terms of CC-BY license.[55] Copyright 2023, The Authors, published by npj Flexible Electronics).

printed. Silver traces were used to connect the electrodes of each
array unit, whereas dielectric traces were used to prevent shorts
between the ITO and the silver traces. Finally, a layer of cal-
cium and aluminum was deposited using thermal evaporation
to form the cathode and each developed array was then encapsu-
lated in UV-curable epoxy and a plastic film. Kim et al.[53] used
a combination of CdSe, CdS, and ZnS (core/shell/shell) QDs
for the fabrication of red LED, whereas a combination of CdSe
and ZnS QDs was used for developing green and blue LEDs.
Figure 10b illustrates the workflow in the fabrication of QD-LED.
TiO2 layers and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-
s-butylphenyl)) diphenylamine)] (TFB) were used as the electron
and hole transport layers respectively in the QD- LED. The fab-
ricated LEDs were validated by comparing the readings obtained
by using a commercial ITO-based LED. Lee et al.[55] fabricated
fiber-based QD LEDs using ZnO NPs to develop a pulse oxime-
ter. The steps in the construction of the LEDs are illustrated in
Figure 12a and b.

Electronics is a well-established engineering field and there-
fore different materials with good properties have been used
in the fabrication of electronic circuits for diverse equip-
ment. PPG devices use electronic circuits and inter-connects
to aid supply power, transfer, and process electrical sig-
nals from and to photodetectors. The commonest materi-

als used in the circuits of PPG device are Au, copper,
and silver. Li et al.,[45] Eun et al.,[47] Park et al.,[50] Polat
et al.,[54] and Chen et al.[57] used Au coils/wires for elec-
tronic circuits of their PPG devices. Kim et al.[44] and Kim
et al.[46] used Cu wires, whereas Khan et al.[51] used silver
traces in the electronic circuits of their PPG devices. Kim
et al.[43] used a combination of Au and chromium in the
electronic circuits. Other studies, however, did not mention
about the material used in the electronic circuits of their
PPG sensors. Despite the higher cost of Au in compari-
son with Cu and Ag, it excels in terms of electrical con-
ductivity, resistance to corrosion, and ease of manipulation.
Therefore, most of the PPG devices use Au in the electronic
circuits.

4. Technical Details in Physiological Measurement

Heart rate and blood oxygen saturation are the two prevailing
physiological parameters monitoring with PPG sensors. Apart
from these parameters, recent PPG sensors also measure phys-
iological parameters like respiration rate, mental stress, UV ex-
posure, artery stiffness, and skin color detection by adopting new
designs and modifying technical details such as the light source,
mode of operation, and measurement sites.

Adv. Electron. Mater. 2024, 2300765 2300765 (14 of 21) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 2. Physiological parameters measured by the studied PPG sensors.

PPG-derived Physiological
Parameters

Definition References of the Measured PPG Sensors

Heart rate The number of times heart beats per minute [26,27,43–47,49,50,52–54,56,57]

Blood oxygen saturation The ratio of oxygen bounded hemoglobin to the non-oxygen bounded
hemoglobin in the blood

[26,44–46,48,49,51,54–57]

UV exposure The amount of ultraviolent radiation incident on a subject per unit
area

[44,54]

Respiration rate The number of breaths a subject takes per minute [54]

Skin color detection Detection of the skin color and its changes in pathological conditions [44]

Artery stiffness The rigidity of the arterial wall, often described by the relation
between intra-arterial pressure and lumen cross-sectional area (or
diameter).[77]

[49]

4.1. PPG-Derived Physiological Parameters: Measurement and
Validation

Table 2 lists the PPG-derived physiological parameters in the
reviewed studies. Heart rate and blood oxygen saturation are
the two most common PPG-derived physiological parameters.
Most studies measured and validated human heart rate except
for Yokota et al.,[48] Khan et al.,[51] and Lee et al.[55] Blood oxy-
gen saturation readings were taken by most of the inorganic
and nanomaterial-based PPG devices, but some organic material-
based PPG devices did not measure this. Reading of blood oxygen
saturation of a subject requires a minimum of two LEDs with
different wavelengths, and additional electronics to process the
data.[9] Generally, PPG devices using organic materials are more
complex in structure than inorganic counterparts, which may add
difficulties to oxygen saturation measurement.

Apart from the heart rate and blood oxygen saturation, read-
ings of other physiological parameters like UV exposure, skin
color detection, artery stiffness, quality of blood circulation, and
respiration rate were also done by some of the reviewed PPG de-
vices as shown in Table 2. A modified Si-based PPG device fabri-
cated by Kim et al.[44] measured ultraviolet exposure and color
detection of human skin apart from the heart rate and blood
oxygen saturation. Similarly, the PPG device fabricated by Po-
lat et al.[54] using PbS QDs and graphene is also able to detect
skin color, ultraviolet exposure, heart rate, and blood oxygen sat-
uration. In addition to these, they also measured the respiration
rate of the human subject by in-depth processing and analyzing
the received PPG signals. The PPG sensor fabricated by Simone
et al.[49] using PCBM and PDPP3T also measured artery stiffness
apart from heart rate and blood oxygen saturation. The measure-
ment of artery stiffness was achieved by evaluating the second
derivative of the PPG signal and the time delay between the sys-
tolic and diastolic peaks.

All the reviewed PPG devices took different physiological read-
ings from human subjects. The majority of the researchers vali-
dated the obtained readings from their devices by comparing the
values measured under the same conditions from a state-of-art
pulse oximeter or PPG sensor. In contrast, Kim et al.,[43] Park
et al.,[50] and Eun et al.[47] validated the readings of their PPG de-
vices by comparing them with the standard values of a healthy
human by assuming the subject has no health issues. In another
example, Li et al.[45] validated the readings of their PPG devices

by taking and comparing the readings from different locations of
the tested subjects.

4.2. Mode of Operation, Light Sources, Measurement Sites,
Testing and Validation of Mechanical Properties

The mode of operation of PPG devices depends on the wave-
length of the light sources regardless of the materials used for the
fabrication. Out of 17 studied PPG devices, three studies adopted
transmission of operation,[26,47,53] one study used both modes of
operation,[54] two studies did not mention the mode of opera-
tion for their devices,[27,50] and the remaining studies adopted
reflection mode of operation. The light source used by the PPG
sensors reviewed in this paper is illustrated in Figure 13. Light
sources with higher wavelengths (deep penetration) are required
to achieve a transmission mode of operation. Therefore, red or
infrared-based light sources are preferably used in these PPG de-
vices. On the other hand, for reflection mode PPG devices, blue,
green, red, or infrared light sources are used leading to good PPG
signals. The light source and the photodetector are placed on the
same side, making the device more compact and reliable. How-
ever, such PPG devices are more exposed to noise than the trans-
mission mode-based PPG devices.

To get accurate readings of various physiological parameters
like heart rate and blood oxygen saturation, the measuring sites
should have sufficient blood vessels, arteries, and veins as well
as soft tissues rather than hard tissues and bones. Fingers, nails,
forearms, wrists, forehead, and earlobes were the commonest
measurement sites of PPG signals.[78] Figure 14 shows the mea-
surement sites used in the reviewed studies. More than 70% of
studied PPG devices used finger/fingertip which included rich
microcirculation and small arteries and veins. In addition, the
unique geometry of finger enables both transmission and re-
flection modes in PPG sensing. Another advantage of using fin-
gers/fingertips as the measuring sites is that the PPG device can
adhere to the skin reliably and hence cause less discomfort to the
subjects. Whereas, the finger is flexible, with much motion arti-
fact especially in daily monitoring. The wrist and forearm provide
more ease and comfort for PPG sensing,[79,80] but are also sensi-
tive to motion artefacts.[81] Forehead, earlobes, and nails might
be less prone to motion artifacts.[43,82,83] However, adhering PPG
devices to these sites is difficult and may cause discomfort.[84]
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Figure 13. Light wavelength involved in various PPG devices.

Testing’s and validations of mechanical properties like flexibil-
ity, strength, and structure of the materials can ensure the appli-
cability and reliability of PPG devices. Table 3 summarizes details
of the mechanical tests in the reviewed studies. The mechani-
cal properties of the PPG devices largely depend on the materi-
als especially the substrate.[88] The majority of them have used
the cyclic bending test, as when PPG devices are worn, these de-
vices experience a large bending force in comparison with other
types of forces. Uni-axial testing is also a good mechanical vali-
dation test to measure the stretchability and flexibility of the fab-
ricated PPG sensors. Simoes et al.[26] and Li et al.[45] performed
tensile tests for their PPG devices. A limitation of tensile test is
that the device/specimen to be tested should be within certain
ranges of thickness, width, and length so it can be fixed firmly.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) tests are usually performed to study the struc-
ture, compositions, and defects of nano/micro materials used for
PPG devices. SEM and TEM can reveal materials’ structural and
mechanical properties on a microscopic level but are expensive.
Finite element analysis/ finite element method (FEA/FEM) are
in silico computational simulations that can estimate the strain,
stress, and displacement in different loads. FEA/FEM is a low-
cost approach that can provide reference for the optimization of
the sensor geometry to suit different application scenarios before
any in vitro experiment.

5. Perspectives and Conclusions

The advantages and limitations of the materials in recent PPG
sensors are summarized in Table 4. Organic, nanomaterials or
hybrid materials can enhance the flexibility and stretchability of
the device compared to inorganic materials. PPG sensors com-
prising inorganic materials like Si and GaAs, have a simple de-

sign and can make the device to be ultrathin or miniaturized.
This also enables the integration of PPG device with other mod-
ules to add more functional features like battery-free operation.
But such inorganic devices are more sensitive to motion artifacts.
There is a relative scarcity of research on the fabrication of PPG
devices using nanomaterials and hybrid materials. For many ad-
vanced materials in different types, complex fabrication process
and high costs are common limitation for mass production.

Overall, compared with parallel studies in other wearable
techniques, there are limited advanced materials in PPG de-
vices. Semiconducting organic materials like PCBM, PTB7-Th,
PIPCP, have been proposed as alternatives to inorganic materi-
als to overcome their drawbacks. Various nanomaterials and hy-
brid materials have been investigated in many fields like elec-
tronics and computing industries,[89,90] medical equipment,[91]

transportation,[92] and solar cells.[93] Some eco-friendly, self-
repairing, and energy-harvesting materials are also to be explored
in PPG sensing.[94–96]

Toward next-generation wearable PPG sensors, miniaturiza-
tion with super-thin structure (i.e., tattoo sensor), reliable skin
adhesion, integrated multiwavelength sensing, as well as opaque-
ness and transparency for different components are the ma-
jor challenges. In addition, the high sensitivity and robustness
against motion artefact are to be considered in a balanced per-
spective. The unmet challenges for large-scale healthcare appli-
cations include low-cost materials, simplified fabrication process,
and standardized integration with other devices via internet-of-
things (IoT).[97–99] These challenges introduce higher require-
ments for optic and electronic sensitivities, flexibility, stretcha-
bility, skin adhesion, etc.

Advanced materials could enhance the quality of PPG
signals,[100] reduce the complexity of preprocessing,[101] and en-
able the measurement of multiple physiological parameters
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Figure 14. Various measurement sites used by studied PPG devices (adapted from [83,85–87]) (Earlobe- Reproduced under terms of the CC-BY license.[83]

Copyright 2018, The Authors, published by MDPI; Forearm- Reproduced under terms of the CC-BY license.[85] Copyright 2020, The Authors, published
by Frontiers; Forehead- Reproduced under terms of the CC-BY license.[87] Copyright 2022, The Authors, published by BMJ; Fingers- Reproduced with
permission.[86] Copyright 2021, Elsevier).

Table 3. Various mechanical tests conducted by the studied PPG devices.

Name of the Mechanical Test Objectives Type of Materials References of the Tested
PPG Sensors

Cyclic bending test To measure the fatigue strength of the
device/material under repeated bending.

All types [26,43,48,50,55]

Tensile test To identify the tensile strength and how the
device/material can be stretched before it fails.

All types of materials having enough
thickness, width, and length

[26,45]

Finite element analysis/ finite
element method (FEA/FEM)

A software and mathematical-based test to simulate
how device/material will react to different forces,
vibration, heat, and/or other physical effects.

All types of materials with known
standard properties

[44,45]

Scanning electron microscopy
(SEM)

An instrumental test to examine and analyze the
structure, compositions, and defects of
nano/micro materials through images.

All types of nano/micro materials [45,53,56]

Transmission electron
microscopy (TEM)

An instrumental test to examine and analyze the
structure, compositions, and defects of
nano/micro materials through images.

All types of nano/micro materials [53]

Endurance test To measure the performance of the device when
using constantly.

All types [57]

Compression test To study the device/material’s response when it is
compressed.

All types of materials having enough
thickness, width, and length

[48,50]
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Table 4. Advantages and limitations of different types of materials used in PPG sensors (The materials used by each reference can be identified by
referencing to Table 1).

Inorganic Organic Nanomaterials Hybrid Materials

Advantages

Mechanical flexibility [43,45] [26,47,48,50,51] [53–55] [56,57]

Conformability with skin [43–45] [48,50] [56]

Miniaturized/ultrathin [27,45,46] [50]

Resistance to motion artifacts [27,46] [47] [53,55]

Suppression of dark current [49] [56]

Stretchability [45] [48] [53,55]

Battery-free operation [44,46] [54] [57]

Disadvantages

Noise due to motion artifacts [43,44] [26]

Complex design/process [44–46] [48,49,51] [53,54] [56,57]

High dark current [26,50]

Bulky [27]

including respiratory rate, heart rate, and their variabilities via
demodulation,[102] providing new potentials for early diagno-
sis of cardiovascular, respiratory, neurological, and metabolic
diseases.[103–105]

The future focus of advanced materials in PPG sensing will
be on cutting down the cost, simplifying the fabrication pro-
cesses, as well as exploring more advanced and hybrid mate-
rials. These endeavors in material sciences may achieve reli-
able, accurate, and multiwavelength PPG sensing with robust-
ness against noises and applicability in different cohorts and sce-
narios. Applications of nanomaterials like carbon nanotubes, Si
NPs, graphene, titanium dioxide NPs, Au NPs, silver NPs, and
ZnO NPs have been investigated in flexible electronics with high
computational capacity,[106] advanced medical devices including
miniaturized surgery robot,[107] biodegradable sensors,[108] en-
ergy harvesting.[109] The results of these investigations proved
that nanomaterials could enhance the properties and perfor-
mance of wearable sensors compared with their counterparts in-
organic or organic materials. Therefore, the applicability of these
nanomaterials can also be investigated in the fabrication of PPG
sensors. Materials with high biocompatibility and flexibility can
enable the exploration for sensor miniaturization and long-term
daily monitoring.[110] The potential to integrate PPG sensors with
other devices such as electrocardiograms, blood glucose meters,
and electronic thermometers is a cutting-edge technology for
comprehensive evaluation of physiological status. The large-scale
validation of proposed PPG sensors is also necessary for health-
care applications.

The development of wearable PPG sensors has been acceler-
ating over the last decade with the applications extended to vari-
ous clinical and healthcare scenarios. Advanced materials includ-
ing organic, inorganic, nanomaterials, and hybrid materials have
been applied in different components of PPG sensors, especially
the photodetector, to improve the photoelectric and biomechani-
cal properties. Many physiological parameters and conditions are
detectable using the PPG sensors enhanced by advanced mate-
rials, while many sensors need further large-scale validation. In
future research, more advanced materials can be explored toward
real-world healthcare applications.
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