Biomedical Materials & Devices (2023) 1:256-268
https://doi.org/10.1007/s44174-022-00018-z

REVIEW q

Check for
updates

Skin-Attachable Sensors for Biomedical Applications
Jiangbo Hua' - Jiean Li" - Yongchang Jiang' - Sijing Xie? - Yi Shi’ - Lijia Pan’

Received: 14 June 2022 / Accepted: 8 August 2022 / Published online: 3 October 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC 2022

Abstract

With the growing concern about human health issues, especially during the outbreak of the COVID-19 pandemic, the demand
for personalized healthcare regarding disease prevention and recovery is increasing. However, tremendous challenges lie
in both limited public medical resources and costly medical diagnosis approaches. Recently, skin-attachable sensors have
emerged as promising health monitoring platforms to overcome such difficulties. Owing to the advantages of good comfort
and high signal-to-noise ratio, skin-attachable sensors enable household, real-time, and long-term detection of weak physi-
ological signals to efficiently and accurately monitor human motion, heart rate, blood oxygen saturation, respiratory rate, lung
and heart sound, glucose, and biomarkers in biomedical applications. To further improve the integration level of biomedical
skin-attachable sensors, efforts have been made in combining multiple sensing techniques with elaborate structural designs.
This review summarizes the recent advances in different functional skin-attachable sensors, which monitor physical and
chemical indicators of the human body. The advantages, shortcomings, and integration strategies of different mechanisms
are presented. Specially, we highlight sensors monitoring pulmonary function such as respiratory rate and blood oxygen
saturation for their potential usage in the COVID-19 pandemic. Finally, the future development of skin-attachable sensors

is envisioned.
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Introduction

With the rise of mobile health and the increase in people's
health awareness, intelligent and continuous health moni-
toring is of great significance in improving the standard of
living, disease prevention, and monitoring during the reha-
bilitation process. Meanwhile, the outbreak of the COVID-
19 pandemic requires real-time physiological monitoring
such as respiratory rate for early diagnosis due to its fast
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spreading [1-3]. Traditional medical instruments in the hos-
pital pose challenges under such requirements, since they are
complicated to operate and can hardly realize continuous
monitoring. Health monitoring functions are thus integrated
into commercial wearable devices, such as smart watches
and headbands [4], enabling real-time detection and online
analysis. However, currently available wearable devices are
rigid devices that cannot conformally fit the skin, causing
discomfort during long-term usage and inevitable signal
noise from the surroundings. The idea of skin-attachable
sensors is therefore proposed and has become one of the
hottest research fields in recent years. Skin-attachable sen-
sors feature unprecedented wearing comfort and data reli-
ability by utilizing biocompatible and flexible materials with
ultrathin and stretchable structural designs. These advan-
tages make them important in household, real-time, and
long-term health monitoring and disease diagnosis [5-9].
Skin-attachable sensors mainly include physical and
chemical sensors in biomedical applications (Fig. 1).
Physical sensors are based on electrical and optical mecha-
nisms to measure physiological signals, including motion,
heart rate, oxygen saturation, respiratory rate, and lung
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Fig. 1 Monitoring indicators of skin-attachable sensors for biomedi-
cal applications. Telemedicine. Reprinted with permission from Ref.
[8]. Copyright 2020 American Chemical Society. Health monitoring.

and heart sound. Motion sensors are usually used to moni-
tor human behavior [10-12]. In particular, the monitoring
of body posture can effectively reduce the risk of falls
and assess the behavioral disorders of the elderly [13, 14].
Skin-attachable heart rate, respiration, and oxygen satura-
tion sensors provide real-time monitoring of cardiovas-
cular and respiratory disease conditions [15]. The early
diagnosis of cardiovascular and cardiopulmonary issues
through skin-attachable sensors is significant consider-
ing their high mortality rate and high correlation with the
symptoms of the COVID-19. Traditional chemical sen-
sors require invasive acquisition of blood to evaluate the
concentration of glucose and other biomarkers in human
body. Skin-attachable chemical sensors are mostly based
on electrochemical and optical mechanisms, which enable
non-invasive real-time monitoring through body fluids.
For diabetic patients, skin-attachable chemical sensors can
provide real-time feedback on the patient's blood glucose
level, facilitating their self-management [16, 17].

Disease diagnosis

Reprinted with permission from Ref. [7]. Copyright 2022 Elsevier.
Disease diagnosis. Reprinted with permission from Ref. [9]. Copy-
right 2020 Elsevier

Nevertheless, to outperform traditional biomedical
devices in practical applications, challenges arise when bal-
ancing wearability and functionality. To this end, researchers
have focused on both material and structural optimizations
in recent skin-attachable sensors. Nanomaterials and con-
ductive polymers could be easily fabricated into thin films or
wires and maintain stable electrical and mechanical charac-
teristics under strain, making them ideal functional sensory
components [18-20]. Structurally, the integration of multi-
ple functions to collect comprehensive biomedical informa-
tion while minimizing device complexity is favored. In addi-
tion, wireless powering and self-powering techniques are
also leveraged to reduce the power consumption, achieving
improved durability and portability [21, 22]. In this review,
we will introduce the advances of skin-attachable sensors
from the perspective of sensor functions including novel
ones for use in the COVID-19 pandemic, as well as consider-
ations in choosing different sensing sensory materials, struc-
tures, and sensing mechanisms. First, we introduce sensors
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that monitor the physical signals of the human body, such as
human motion, heart rate, and respiratory rate. Next, chemi-
cal sensors are summarized, including glucose and other bio-
markers that reflect human health status. After that, methods
of implementation and research progress of multifunctional
sensors are presented. Finally, the potential research direc-
tions for skin-attachable sensors are prospected.

Physical Sensor

Physical sensors have been applicated in various biomedi-
cal fields, including the monitoring of human motion, heart
rate, oxygen saturation (SpO,), respiratory rate, and lung
and heart sound. By converting the changes of physical
quantities such as mechanical deformation and temperature
into electrical signals, key health status indicators can be
acquired and long-term monitored.

Motion
Human motion monitoring plays an important role in sports

and disease risk appraisal. It can obtain data to help assess
the physical activity and sports posture of athletes. For

elderly individuals, motion monitoring is valuable in esti-
mating their falling risk and providing timely alerts on their
physiological state. Human motions usually cause changes
in stress and strain on body. Skin-attachable strain sensors
are, therefore, suitable for long-term motion monitoring.
The measurement mechanisms of the sensors are mainly
piezoresistive, piezoelectric, and triboelectric mechanisms.
Sensitivity, response range, and resistance to environment
are important indicators for skin-attachable motion sensors.

For piezoresistive sensors, sensitivity and stretchability
are often conflicting. Hybrid structural design can solve
performance problems of piezoresistive sensors [23]. Chen
et al. [24] used freeze and drying thermal imidization
techniques to fabricate a polyimide (PI)/carbon nanotube
(CNT) composite aerogel sensor with ultrahigh sensitiv-
ity of 11.28 kPa~!, wide sensing range of 80% strain, and
long-term stability for 1000 cycles (Fig. 2a). Combining
the advantages of PI and CNT, the proposed device can be
applied to monitor finger movements and walking and other
motions. He et al. [25] developed a fiber sensor based on
multi-walled carbon nanotube (MWCNT) and thermoplas-
tic polyurethanes (TPU). This fiber sensor achieved high
stretchability and sensitivity by combining the merits of
TPU and MWCNT sensing unit.

$=0.30 kPa™

80 4

od 7/ S=11.28kPa™

ARRO

3420

30.78

2730

- 2388
2040

[ L 1695
13.50

oAy

1008
6.600
1150

-0.3000

T T T
0 10 20 30

T T T
40 50 60

Stress (kPa)

ZnS:Cu/PDMS

~ PDMS Ag NWs

Fig.2 a Optical images of PI/CNT composite aerogels and AR/R0O
as a function of compressive stress. The fabricated skin-attachable
sensor responded with high sensitivity to pressure. Reprint with per-
mission from Ref. [24]. Copyright 2019 American Chemical Society.
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Triboelectric sensors can be used as self-powered sen-
sors but are susceptible to environmental conditions. The
structural design and material selection of the triboelectric
layer are critical. Dong et al. [26] combined conventional
textiles with triboelectric nanogenerators (TENG). Through
a three-dimensional five-directional braided structure, a 3D
braided TENG was designed to improve the output and sens-
ing capability of the triboelectric sensor. Zhang et al. [27]
used silver nanowires and PDMS to make a contact-sepa-
rated TENG with a mechanoluminescent layer, proposing a
self-powered triboelectric-mechanoluminescent electronic
skin (STMES) that can detect human mechanical motion
using electrical and optical signals without additional power
supply (Fig. 2b). Wang et al. [28] used polyacrylamide/poly-
acrylic acid/graphene/poly(3,4-ethylenedioxythiophene):p
oly(styrenesulfonate) (PEDOT:PSS) hydrogel incorporated
with CNTs and polydimethylsiloxane (PDMS) to fabricate
TENG, which can be used to monitor human activities and
harvest energy from human motion. Piezoelectric sensors
mostly require inorganic materials to synthesize piezoelec-
tric composites to improve their performance, which is still
a major challenge. The shortcomings of the single mecha-
nism are expected to be overcome through a combination
of mechanisms, such as piezoelectric and triboelectric [29].

Compared to piezoelectric and triboelectric self-powered
sensors, recently developed sensors based on Schottky con-
tact can directly convert mechanical stimuli into DC elec-
trical outputs without additional rectifiers, which is more
conducive to the miniaturization of sensors [30]. Yang et al.
[31] fabricated a self-powered sensor based on polypyrrole
(PPy)/Al Schottky contact. The sensor adopted a sandwich
structure with three layers, respectively, PPy-coated fabric,
Ni-coated fabric, and Al plastic film. This work indicates the
potential application of Schottky contact for human motion
sensing. Liu et al. [32] proposed a flexible Schottky gen-
erator based on AI/PEDOT:PSS Schottky contact, which is
expected to be applied in skin-attachable sensors (Fig. 2c).

Heart Rate

Long-term monitoring of cardiovascular signals, such
as heart rate (HR), is crucial for the early prevention and
screening of cardiovascular disease which has a high mor-
tality rate [15, 33]. Traditional monitoring devices such as
electrocardiogram monitor require professionals to operate.
Moreover, frequent and long-term contact between elec-
trodes and skin can cause cutaneous anaphylaxis [34]. Skin-
attachable sensors that can be worn comfortably for long
periods of time are gaining widespread interest. Currently,
skin-attachable heart rate sensing is mainly performed via
bioelectric (e.g., electrocardiography) and photoelectric
approaches (e.g., photoplethysmography). In addition, strain

and pressure sensors can also enable HR monitoring in joint
sites [35].

The most popular bioelectrical method is to obtain elec-
trocardiogram (ECG) by electrocardiography. ECG is peri-
odic signals where the heart rate can be derived from the
interval of R-R peaks. When collecting ECG signals, the
biocompatibility and skin contact impedance of electrodes
are critical factors that influence the performance of the sen-
sors. Conventionally, there are dry and wet electrodes, but
they affect wearing comfort to varying degrees. Wet elec-
trodes need conductive gel to fit the skin, which can cause
allergies. Dry electrodes fit poorly to the skin and obtain
ECG signals with low signal-to-noise ratio (SNR). Elec-
trodes with biocompatible materials as substrate and confor-
mal serpentine or kirigami conductive network designs can
overcome the dilemma between wearing comfort and contact
impedance of conventional electrodes. Wang et al. [36] used
cellulose and polyvinyl alcohol as substrates to design flex-
ible polyvinyl alcohol/cellulose/PEDOT:PSS(PCPP) com-
posite electrode (Fig. 3a). By adjusting the 3,4-ethoxylene
dioxy thiophene (EDOT) content, the PCPP film can obtain
clear ECG signals with excellent flexibility. Won et al. [37]
utilized kirigami approach to realize transparent stretchable
electrodes, which can achieve strains of over 400%.

The photoelectric method is usually photoplethysmog-
raphy (PPG). Since heart activity causes changes in arterial
blood volume, the intensity of the transmitted or reflected
light changed accordingly, which can be detected to monitor
the heart rate. Although PPG heart rate sensors consisting
of a photodetector (PD) and several pairs of light-emitting
diodes (LEDs) are now commercially available [38], the per-
formance of PD imposes restrictions on the improvement
of wearable PPG heart rate sensors in broader application
scenarios. To achieve better photoresponse of flexible PDs,
Simdes et al. [39] proposed a flexible organic photodetec-
tor (OPD) by incorporating a bulk heterojunction and inte-
grating PEDOT:PSS and perylene diimide amino N-oxide
interfacial layers (Fig. 3b). Zhang et al. [40] developed a 3D
hydrogenated amorphous silicon germanium radial junction
PD on Al foil substrates, which allowed good signal moni-
toring at the wrist.

Oxygen Saturation (SpO0,)

Oxygen saturation (SpO,) is the concentration of oxygen in
blood. It represents the amount of oxygenated hemoglobin
in blood as a percentage of the volume of all available bound
hemoglobin. The saturation level of blood oxygen reflects
health conditions and predicts diseases such as chronic
obstructive pulmonary disease [41]. Generally, low SpO,
indicates insufficient oxygen supply, while high SpO, could
result in aging of cells in the body [42].
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Fig.3 a Schematic diagram of the preparation process of PCPP films. Reprint with permission from Ref. [36]. Copyright 2021 Springer Nature.
b Optical images of OPD chip and schematic of OPD structure. Reprint with permission from Ref. [39]. Copyright 2022 John Wiley & Sons

The main method of monitoring SpO, is PPG, which
is similar to the mechanism of heart rate monitoring by
PPG. Usually, two different wavelengths of light are used
in pulse oximeter. PD is capable of transducing changes
in optical properties into electrical signals since oxygen-
ated hemoglobin and non-oxygenated hemoglobin in
vessels have different absorption rates for specific wave-
lengths of light [43—-45]. Current skin-attachable oxime-
ters have major problems with power consumption and
size. Lee et al. [46] proposed an ultralow power reflec-
tive patch pulse oximeter (Fig. 4a). The average power of

the proposed oximeter head decreased to 24 pW through
a special design based on flexible organic light-emitting
diodes (OLEDs) and organic photodiodes. The minia-
turization of sensors further promoted the application of
skin-attachable oximeter. Kim et al. [47] reported a sens-
ing system capable of wirelessly capturing quantitative
information about blood oxygen, heart rate, and heart rate
variability (Fig. 4b). This system is battery-free and minia-
turized. Han et al. [48] proposed an ambient light oximetry
to address the impact of driving LEDs on the overall size
of the sensor. The use of LEDs is avoided by combining
spectral filters with OPD.
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Fig.4 a Schematic of the organic pulse oximeter and the OLED,
OPD structure used for the oximeter. Reprint with permission from
Ref. [46]. Copyright 2018 American Association for the Advance-
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Respiratory Rate

Respiratory diseases have become a serious health haz-
ard in recent years due to atmospheric pollution and the
outbreak of the COVID-19. During quarantine, healthcare
workers and patients need to monitor their respiratory sys-
tem status in real time. In the clinic, polysomnography
(PSQ) is frequently utilized for respiratory monitoring.
The PSG monitoring instrument is usually connected to
electrodes in multiple places on the body, which seriously
affects daily activities of the patients. This shortcoming
can be effectively overcome by skin-attachable respiratory
rate sensor.

The first type of skin-attachable respiratory rate sen-
sors is based on respiratory gas temperature and humidity.
Taking temperature sensing as an example, the sensors are
mainly attached to the nasal cavity or under the nose. The
temperatures of the inhaled and exhaled gases are close
to body temperature and room temperature, respectively.

Fig.5 a Schematic illustrating the structure of the flexible sensor,
with the SHIC bendable to attach the human facial skin for respira-
tory monitoring. Reprint with permission from Ref. [51]. Copyright
2020 John Wiley & Sons. b Schematic diagram of the SANES struc-

Respiratory rate can be accessed by measuring the tem-
perature change of the inhaled and exhaled gases.

Metal oxides and nanomaterials are mainly used for
respiratory humidity and temperature monitoring [49, 50].
Sufficient hydrophilic groups and high specific surface area
enable graphene oxide (GO) to monitor humidity. Zhu et al.
[49] fabricated diamine-based GO/mesoporous silica nano-
spheres. They introduced the decoration of diamino acid to
improve the hydrophilic properties of graphene oxide, and
used mesoporous structure of mesoporous silica nanospheres
to tune the adsorption and desorption of water molecules,
resulting in a more rapid response and higher sensitivity.
There are also studies of integrated systems for long-term
monitoring. Chen et al. [51] fabricated a skin-attachable
sensor integrating flexible sensors and commercial chips
for respiratory monitoring (Fig. 5a). These skin-like hybrid
integrated circuits (SHICs) performed respiratory moni-
toring through detecting changes in the temperature of the
breathing gas. SHICs can be used independently for signal
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processing and wireless transmission and extended with
multiple sensors for functionality.

The second method is to detect body posture changes and
skin stretching during human breathing. Skin-attachable res-
piratory sensors typically exist in the form of patches or belts
to detect changes in the body shape of chest and abdomen.
Peng et al. [52] developed a TENG-based self-powered all-
nanofiber e-skin (SANES) for real-time respiratory signal
monitoring by electrospinning technique (Fig. 5b). SANES
utilized Au-coated polyamides 66 and polyacrylonitrile
nanofibers as top and bottom electrification layers of TENG,
respectively. The porous structure between the nanofibers
allowed higher sensitivity and power output of SANES.

Lung and Heart Sound

In the detection of cardiovascular and respiratory diseases,
lung and heart sound signals can reflect the health status of
relevant organs. Clinical trials have shown that abnormal
heart sound is closely related to heart failure and other
diseases [53]. Mechanical stethoscopes are mainly used to
collect heart and lung sound signals, which are bulky and
easily disturbed by the environment, making it unlikely to
obtain scientific records and diagnoses in real-time moni-
toring and remote healthcare. Gupta et al. [54] combines
the features of accelerometers and contact microphones
to propose sensors that can simultaneously monitor res-
piratory rate, heart sound, and lung sound. Inspired by

the human auditory system, Yan et al. [55] reported ther-
mally woven fabrics with stretched composite piezoelec-
tric fibers which enable auscultation (Fig. 6a). The fabric
acted as a tympanic membrane, converting pressure waves
into mechanical vibrations of the membrane. With a fiber
optic transducer that output electrical signals similar to
that of the cochlea, the skin-attachable fabric can effec-
tively detect audible sounds with performance comparable
to that of commercial microphones. For skin-attachable
stethoscopes, noise between the sensor and skin contact
can affect diagnostic results. Lee et al. [56] utilized differ-
ent biocompatible adhesives to optimize motion artifacts
and a wavelet denoising algorithm to improve SNR, allow-
ing clinical applications of skin-attachable stethoscopes
(Fig. 6b).

Chemical Sensor

In the biomedical applications of skin-attachable sensors,
monitoring of chemical molecules is also crucial. The con-
tent and type of biomolecules in human sweat and saliva
are closely related to health. However, traditional moni-
toring of chemical molecules is often invasive. Wearable
skin-attachable sensor can more easily and quickly achieve
non-invasive detection of biomolecules such as glucose
and other biomarkers.
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Fig.6 a Schematic illustrating the structure and principle of the fab-
ric microphone. Twaron yarns and cotton yarn were arranged at right
angles to mimic the structure of a tympanic membrane. Reprint with
permission from Ref. [55]. Copyright 2022 Springer Nature. b Sche-
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Glucose

In recent years, the incidence of diabetes has been increas-
ing due to changes in people’s living habits. The number of
people with diabetes has doubled in the last 20 years [57],
making the disease a global human health challenge. There
is a growing demand to monitor blood glucose in real time,
especially for diabetic patients [58].

Traditional methods of blood glucose monitoring mostly
use invasive blood tests, which can be physically and men-
tally taxing to patients who need to monitor their blood glu-
cose frequently [59]. Since the glucose of body fluids such
as sweat correlates with the concentration in the blood, skin-
attachable sensors use non-invasive biological fluids such
as sweat and saliva to detect glucose [60]. Skin-attachable
glucose sensors minimize the pain and inconvenience of
puncturing the skin, enabling non-invasive long-term glu-
cose monitoring.

The main non-invasive mechanisms of measuring glu-
cose are optical and electrochemical mechanisms, while the
complexity of the readout and processing circuits limits the
application of optical sensors [61]. Electrochemical methods
have the longest history and mainly use enzyme-based meth-
ods to oxidize the substance to hydrogen peroxide, which
is then catalyzed by nanomaterials. This method is highly
specific and provides accurate detection results. Myndrul
et al. [62] developed a skin-attachable enzyme-based glu-
cose sensor based on ZnO tetrapods (TPs)/MXene. MXene
nanoflake-decorated ZnO combines the best of the high rela-
tive surface area of ZnO TPs and the excellent conductivity
of MXene nanoflakes, allowing the sensor to have a high
sensitivity of 29 pAM~! cm~2 and mechanical stability under
30% strain.

Although enzyme-based devices have high selectivity
and sensitivity, the inherent instability of enzyme mol-
ecules under changes in pH, temperature, and humidity is
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Fig.7 a Schematic diagram of the fabrication process and structure
of the non-enzymatic glucose sensor. The laser-induced graphene
electrode is covered with electroless plating Au and Ni. Reprint with

unfavorable for wearable applications. The non-enzymatic
glucose sensors are based on replacing biological enzymes
with modified materials on electrodes to enhance electroca-
talysis, which can overcome the drawbacks of enzyme mol-
ecules. The sensitivity of the non-enzymatic glucose sensor
was controllably enhanced by plating Ni and Au on porous
laser-induced graphene by Zhu et al. [63] (Fig. 7a). Zhang
et al. [64] used electroless deposition process to prepare
Cu nanoparticles anchored on laser-induced graphene (Cu
NPs-LIG) (Fig. 7b). Benefiting from the matrix Cu, a highly
sensitive non-enzymatic glucose sensor was proposed. The
sensor’s response time of less than 0.5 s and low detection
limit of 0.39 pM reveal the possibility of further applications
for non-enzyme glucose sensors.

Biomarker

Biomarkers are biochemical indicators that can mark pos-
sible changes in organ and tissue structures and functions.
They can be used to determine the degree and stage of dis-
ease [65]. For example, cortisol could provide information
on the biological state of the heart. Cancer biomarkers can
be used to guide the treatment of tumor [66]. Non-invasive
biofluids (e.g., sweat, saliva, urine and tears) remain the pre-
ferred route for detecting biomarkers. However, low levels
of biomarkers in body fluids make detection very difficult,
and the correspondence between the levels of biomarkers in
non-invasive biofluids and in blood remains uncertain. The
selectivity of receptors and the improvement of sensitivity
could increase the potential for future applications of skin-
attachable sensors.

Various kinds of biomarkers can be detected by skin-
attachable sensors at present. Bandodkar et al. [67] devel-
oped a sensing platform by integrating microfluidics with
an embedded colorimetric assay (Fig. 8a). Combining the
advantages of electronic and microfluidic functions allowed

permission from Ref. [63]. Copyright 2021 Elsevier. b Schematic dia-
gram of the Cu NPs-LIG sensor fabrication process. Reprint with per-
mission from Ref. [64]. Copyright 2019 Elsevier
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the monitoring of pH, lactate, glucose, and chloride in sweat.
Liu et al. [68] fabricated flexible In,0; nanoribbon field
effect transistor (FET) arrays to detect small molecule neu-
rotransmitters. By attaching nucleic acid aptamers to In,0;
nanoribbons, detection limits of 10 fM for dopamine and
serotonin can be achieved. Wang et al. [69] developed a flex-
ible transistor biosensor array that utilized cortisol aptamers
coupled to In,O; FETs to achieve low detection limit cortisol
monitoring (Fig. 8b). Cortisol levels could be recognized by
the aptamer and converted into electrical signal on the FET.

Multifunctional Sensor

Although diverse sensors detecting individual physiologi-
cal parameters have been proposed, it is difficult to meet
individual needs in real-world applications with a single
function. Meanwhile, the diagnosis of disease generally
requires consideration of different physiological indicators.
For example, COVID-19 may exacerbate hyperglycemia
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along with abnormal pulmonary function [70]. Multifunc-
tional sensors can detect multiple physiological indicators
based on a same sensing mechanism, or integrating sensors
with different mechanisms to achieve multifunctional health
detection and disease treatment. Thus, multifunctional sens-
ing can be implemented using layered structural designs of
different sensors or single materials with different sensing
functions.

Multifunctional sensors with a single structural design
generally lead to a simple fabrication process but are not con-
ducive to signal decoupling. Luo et al. [71] utilized MXene
to fabricate a superhydrophobic and breathable textile-based
multifunctional skin-attachable sensor to solve the problem
of mechanical stability and environmental stability of the
sensor under harsh environments (Fig. 9a). The textile exhib-
ited excellent strain and temperature sensing properties by
constructing a multiple core—shell structure. In contrast, the
integration of multiple sensors can reduce signal interference
and promote signal reliability but requires a complex struc-
tural design. Inspired by fingerprint, Zhu et al. [72] proposed
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Fig.9 a Schematic diagram of the fabrication process and structure
of MXene-based textile. The textile can attach to the skin of the joints
for motion and temperature monitoring. Reprint with permission
from Ref. [71]. Copyright 2020 Elsevier. b Schematic of the skin-
attachable patch, including the acoustic and electrochemical com-

a multifunctional sensor for pressure and temperature sens-
ing using a region-partition strategy. Interferences between
sensing units were effectively reduced by the strain isolation
structure. Sempionatto et al. [73] combined ultrasound and
electrochemical sensors to develop a skin-attachable patch
that could simultaneously monitor blood pressure(BP) and
heart rate(HR) as well as multiple biomarkers (Fig. 9b). BP
and HR were monitored using ultrasound sensors, and bio-
marker levels were measured by electrochemical sensors.
The integration of custom piezoelectric zirconate titanate
ultrasonic sensors and printed polymer composites through
a solvent-soldering process overcame the difficulties of inte-
grating sensors with different sensing modalities.

Conclusion and Outlook

In this review, we summarize the mechanisms and recent
advances of skin-attachable sensors for biomedical and
healthcare applications. The current skin-attachable sensors
for biomedical applications are mainly physical and chemi-
cal sensors, and they can non-invasively monitor respira-
tory rate, blood oxygen saturation, glucose, and biomarkers.
Conformal fit of the sensor to the skin improves wearing
comfort and data accuracy. Meanwhile, multifunctional
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ponents of the sensor. The skin-attachable patch can access BP, HR
and electrochemical signals to monitor a person's physiological sta-
tus. Reprint with permission from Ref. [73]. Copyright 2021 Springer
Nature

skin-attachable sensor that monitors multiple indicators is
an important direction for future development.

Skin-attachable sensor is an interdisciplinary and fast-
growing subject under increasing demand for household
healthcare and the outbreak of the pandemic in recent years.
In the future, skin-attachable sensor still has some important
development directions.

(1) Currently, the types of biomolecules measured are
limited. Multifunctional and integrated sensors are
still the trend. With the development of research, skin-
attachable sensor will integrate more different types of
sensors, enabling uninterrupted long-term and diverse
monitoring of physiological indicators.

(2) Few skin-attachable sensors are currently commercially
available. Performance testing in experimental envi-
ronment and the complexity of the process hinder the
practical applications of the sensors. Further research
is needed to improve the tolerance of skin-attachable
sensors to the external environment and process com-
patibility to increase the potential for large-scale appli-
cations.

(3) Skin-attachable sensors can continuously monitor
biomedical characteristics, which will obtain a large
amount of data. How to process and analyze these data
to achieve practical applications in medical care is still

@ Springer
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a major problem. The combination of big data, artificial
intelligence, and advanced processing algorithms can
improve the accuracy of data and provide a comprehen-
sive analysis of an individual’s health status.
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