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The development of wearable sensors is aimed at enabling continuous real-time health monitoring, which leads to timely

and precise diagnosis anytime and anywhere. Unlike conventional wearable sensors that are somewhat bulky, rigid, and

planar, research for next-generation wearable sensors has been focused on establishing fully-wearable systems. To attain

such excellent wearability while providing accurate and reliable measurements, fabrication strategies should include (1)

proper choices of materials and structural designs, (2) constructing efficient wireless power and data transmission

systems, and (3) developing highly-integrated sensing systems.
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1. Introduction

Wearable sensors have attracted significant interest due to their potential ability to provide continuous, real-time health

monitoring of various physiological parameters . Such ability provides real-time feedbacks on daily diets,

activities, and physiological conditions, allowing timely and appropriate control and treatments . However, current

commercial wearable devices such as smartwatches, wristbands or glasses, are usually just miniaturized forms of

conventional electronics that consist of rigid, bulky, and planar components. Such rigidity and bulkiness could not only

make the devices obtrusive and disturbing but also restrict the conformal contact of the devices to the human body. In

particular, this incomplete contact might result in inaccurate measurements and large noises affected by body movements

and environmental conditions .

Current research has focused on constructing fully-wearable sensing systems, as depicted in Figure 1. To establish such

systems, soft materials, wireless technologies, and high integrity are important factors. There has been significant

progress in soft, stretchable, and flexible conducting materials, and this has stimulated the development of wearable

devices. Soft conducting materials could enhance the compliance of the device to the human body; therefore, they can

not only mitigate the disturbance and obtrusiveness on human skin but also enhance the operational reliability .

Wireless power supply and data transmission technologies have also been developed significantly and attempt to

incorporate those technologies have been made extensively . Wireless power transfer has advantages in that they only

require a simple antenna circuit on the power receiving device, which offers a wide selection of materials and structures.

Energy harvesters using tribo- and piezoelectric mechanisms enable the charging of electricity through body movement,

thus provides an easy way of charging irrespective of the environmental conditions . Progress in wireless

communication technologies and electronic engineering facilitates the data processing-transmission procedure with a

miniaturized single electronic chip. Among various wireless communication protocols, near-field communication (NFC)

and Bluetooth low energy (BLE) have been used most commonly in wearable devices. Their high compatibility with

commercial electronic devices, such as smartphones enables easy and simple data recording without any other display

devices attached to the sensor . Combining all the functional components with varying functions, properties, and

shapes into small, compact devices should involve careful and elaborate methodological approaches. The integration

should form a configuration suitable for each platform and target function such that they can offer convenient and reliable

diagnostics.
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Figure 1. Schematics illustrating the recent progress in wearable devices for non-invasive diagnosis. (top: reprinted with

permission from . Copyright 2020 American Association for the Advancement of Science; meddle: reprinted with

permission from . Copyright 2019 John Wiley and Sons; bottom: reprinted with permission from . Copyright 2019

MDPI)

2. Nano/Microfabrication Techniques

Various nano/microfabrication techniques including physical vapor deposition (PVD), chemical vapor deposition (CVD),

electrodeposition, lithography, and printing have been extensively studied and used for the fabrication of wearable

devices. We recommend the readers refer to the following review papers to find more detailed descriptions on the

processes and properties of the techniques .

PVD including thermal evaporation, electron-beam (e-beam) evaporation, and sputtering is widely used for the deposition

of metal and metal oxide-based materials into thin films on substrates . Polymer solutions and dispersions of

various conducting materials such as metal particles, metal wires, or graphene can be deposited onto diverse matrices

and substrates using techniques such as spin-coating, vacuum filtration, and spraying . The adhesion between

the deposited materials and the matrices is achieved by chemisorption or physisorption, and to enhance the adhesion and

compatibility between them, surface treatments including O  plasma and silane coupling reaction are widely exploited 

. Electrodeposition is a process of forming thin films of metal-based materials or polymers by applying electric current

onto a conductive material that is immersed in a solution containing precursors such as metal salts, monomeric or

polymeric materials . Processing temperatures, chemical resistances of substrates and the deposited materials,

the required thickness and the uniformity of the deposition, and the geometrical properties of the substrate matrices are

various factors to consider for the selection of deposition techniques. For instance, many flexible or stretchable substrates

such as PDMS are susceptible to thermal expansion and contraction under temperature variations, which may cause

damages on the deposited metal layers, thus favoring low-temperature processes .

For the patterning of deposited layers, photolithography that consists of UV exposure, wet etching or dry etching steps,

and e-beam lithography are the most widely used techniques . These techniques allow high-resolution patterning

with nm scale feature sizes for e-beam lithography and tens of nm to µm scale feature sizes for photolithography but have

disadvantages of high-cost and small patterning area [90]. E-beam lithography provides low throughput compared with

other fabrication techniques. Printing techniques such as screen printing, roll-to-roll printing, and inkjet printing are also

extensively used for the nano/microfabrication of flexible and stretchable devices . In screen printing, inks are

deposited and spread on to the mask that is placed and aligned onto a substrate, thus resulting in a selective and

templated deposition of the ink onto the desired sites of the substrates . The screen printing technique is compatible

with diverse matrices including textiles, elastomers, and paper, and the minimum feature sizes that can be obtained using

the technique are usually tens of µm, but highly dependent upon the composition of ink and particle sizes . Direct

writing and 3D printing enable the patterning of various materials onto substrates of diverse geometries and compositions

. Park et al. demonstrated high-resolution and reconfigurable 3D printing of liquid metal using direct printing as

shown in Figure 2i . The resolution of printing was controlled by the diameter of nozzles, and the minimum line width of

1.9 µm was obtained reliably. The printed liquid metal could be lifted-up and relocated by the nozzle tip to form 3D

structures. Soft lithography uses elastomeric molds and stamps that are patterned and engraved into desired patterns to

produce patterns of various materials as shown in Figure 2h, which allows relatively simple and quick replication, large

pattern areas, and low-cost processing .
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Figure 2. (a) Schematic Illustration of an e-beam evaporation system (reprinted with permission from . Copyright 2004

American Vacuum Society); (b) Schematic illustrations of the successive spin coating ofITO, AgNWs, and ZnO

dispersions (reprinted with permission from . Copyright 2015 Royal Society of Chemistry); (c) Schematic illustration

showing the electrodeposition of palladium nanoparticles (PdNPs) (reprinted with permission from . Copyright 2019

John Wiley and Sons); (d) Schematic illustrations showing the process of screen printing using a silicon stencil and a

pristine graphene ink (reprinted with permission from . Copyright 2015 John Wiley and Sons); (e) (Left) Schematic

illustrations of roll-to-roll rotary screen printing of electrodes for sweat sensing patches and (right) an optical image of the

as-fabricated sensing electrode patterns (reprinted with permission from . Copyright 2019 The American Association for

the Advancement of Science); (f) Schematic illustrations of inkjet printing and patterning of AgNPs using laser sintering

(reprinted with permission from . Copyright 2017 John Wiley and Sons); (g) Schematic illustrations demonstrating the

fabrication process of high-resolution gold patterns onto elastomer using spin-coating, e-beam lithography and etching

(reprinted with permission from . Copyright 2018 Springer Nature); (h) Schematic illustrations of soft lithography

involving PMDS molding, metal deposition and metal pattern transfer (reprinted with permission from . Copyright 2017

MDPI); (i) (Left) Schematic illustrations of the 3D direct printing system and (right) printing, lift-up and relocation steps

(reprinted with permission from . Copyright 2019 The American Association for the Advancement of Science).

3. Sensors

Various physical properties of the body can be recorded through the different physical variables presented in the external

organs of the body. Highly flexible and stretchable bioelectronics that can have conformal contact with the soft, dynamic,

and deformable portions of the body are used as wearable sensors for multi-purpose diagnoses of the human body.

These sensors have one or more sensing components that can receive various signals of physical, electrophysiological,

and biochemical significance for the long-term monitoring of various health conditions. These sensors are devised to be

region-specific, and they experience little interference due to the movement of the body.

3.1. Physical Sensors

One of the fundamental conventional parameters of the body that have strong diagnostic significance are physical

parameters such as movement-induced strain and temperature. These physical parameters vary temporally and spatially,

hence the issues of specificity and accuracy are important when devising such physical sensors. In addition, such

parameters are recorded primarily from the skin or they can be incorporated into clothing and artificial epidermal substrate

for sensing purposes. Other research has focused on bodily kinetics and muscle activity to study the effect of various

diseases that affect the movement of the body, such as cerebral palsy.

The promising aspect of physical sensors is that the devices have stretchable electronics that can detect human motions

and perform surface strain calculations. These devices can be incorporated intrinsically into clothing or directly onto the

surface of the skin to detect the strain derived from bodily motion. Yamada et al. demonstrated a wearable sensor of

single-walled carbon nanotubes that was capable of measuring strains up to 280% . Figure 5a show a photograph of

the actual device on synthetic clothes. This sensor can differentiate various aspects of human motion, such as movement,
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breathing, speech, and typing. This paves the way for an additional wide range of wearable electronics for non-invasive

physical sensors. Another work that demonstrates the potential of detecting bodily movement using a wearable sensor

was presented by Wang et al. using an ionic liquid microband, as shown in Figure 5b . This intrinsically-stretchable

pressure sensor uses nanomaterials and a flexible semiconductor to fabricate a rubber band-like stretchable pressure

sensor that is light and thermally sensitive. The use of a non-volatile material also reduces the complexity of the

fabrication, and the device showed the detection of strains in the range of 0.1% to 500%, even during multiple repeating

cycles. This device can be integrated seamlessly into woven commercial bracelets for the detection of hand gestures, and

it even can identify wrist pulses. Work to develop epidermal electronics for a non-invasive physical sensor is a novel

component of non-invasive wearable electronics. Tattoo electronics are key devices of such classes due to the seamless

infrastructure when they are integrated for application. The work reported by Kim et al. introduced a conformal, contact-

based system that shows the great applicability of epidermal tattoo electronics . When incorporated with various sensor

systems, the epidermal device can detect various physical variables of the skin, such as temperature and strain.

Figure 5. (a) A photograph of stretchable carbon nanotube strain sensor attached to clothing to detect physical motion

(reprinted with permission from . Copyright 2011 Springer Nature); (b) Ionic liquid-based sensor patch of cervical

movement detection for directional strain calculation of skin during neck movement (reprinted with permission from .

Copyright 2014 Royal Society of Chemistry); (c) Commercial epidermal tattoo with the integrated circuit at its backside for

multifunctional application (reprinted with permission from . Copyright 2011 American Association for the Advancement

of Science); (d) Photo of the patient using exoskeleton assisted knee extension on an instrumented treadmill (reprinted

with permission from . Copyright 2017 Spring Nature); (e) (Top) EEG electrode with a tripolar concentric ring with an

integrated capacitive design. (Bottom) Images of ring electrodes on the skin for EEG measurement (reprinted with

permission from . Copyright 2015 National Academy of Sciences); (f) (Left) A photograph of plasticized silk electrode on

human forearm for EMG measurement. (Right) EMG signals obtained by silk electrode during muscle movement with

comparison to commercial gem electrodes (reprinted with permission from . Copyright 2018 John Wiley and Sons); (g)

(Left) Colorimetric detection reservoirs for water lactate, glucose, creatinine, pH, and chloride ions in a wearable

microfluidic device. (Right) Images of epidermal microfluidic electrochemical sensor after injection of artificial sweat

(reprinted with permission from . Copyright 2016 The American Association for the Advancement of Science); (h)

Glucose detecting mechanism schematics of a skin-like sensor using an electrochemical twin channel (reprinted with

permission from . Copyright 2017 The American Association for the Advancement of Science).

To reinforce the concept of the physical sensor, work to integrate physical sensors for the training and rehabilitation of

muscles also shows signs of increasing importance. Fiber-shaped strain sensors can be integrated into woven textile

materials for real-time mechanical feedback of surface strain detection. These stretchable sensors can be used to monitor

sports activity when attached to an athlete’s body . Work to improve the usability of these surface strain sensors was

developed further by integrating them into the exoskeleton. The knee extension-assisted exoskeleton developed by

Lerner et al. shows that the device can help rehabilitate patients with cerebral palsy and weakened muscle activity .

With the onset of cerebral palsy commonly occurring during childhood, the importance of addressing the implication of

such disease comes early. The work that has been presented shows evidence of improvement in the dynamic gait posture

and the rehabilitative impact of limb joint mechanics in patients using the robotic exoskeleton. The demonstration of the

actual rehabilitation process using this device is shown in Figure 5d. The deep mechanical analysis of patient movement

during the rehabilitation process also shows promising insight into the study and clinical modeling of cerebral palsy. With

these mechanical physical sensors, the long-term investigation of disease and mechanical rehabilitation can be conducted

non-invasively.
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3.2. Electrophysiological Sensors

Another variety of non-invasive sensors are the electrophysiological sensors that collect bodily electrical signals, such as

the ECG , electroencephalogram (EEG) , and electromyography (EMG) . The capability of continuous

physiological monitoring is needed for the treatment and diagnosis of medical conditions. The issue related to the

acquisition, filtering, amplification, and radio frequency (RF) transmission of data must be optimized for precise

electrophysiological characterization. Hence, epidermal sensors have been developed that can seamlessly access the

physiological data of the body. These sensors usually are composed of a soft, stretchable substrate with a biocompatible

electrode that has a curvilinear structure.

The study of the bioelectrical signals of the body has been extremely important in the early diagnosis of disease and its

symptoms. In the case of cardiovascular diseases, the abrupt and random occurrences of heart attacks may require

constant recording and monitoring of electrophysiological signals. Most commercial devices require hospitalization and

the use of an invasive diagnostics device that can cause secondary complications. Lee et al. developed a thin electronic

device that, when placed on the epidermis, is capable of self-adhesion . This device is integrated with commercial

electronic components and uses carbon nanotubes to retain conformal contact with the wrinkles of the skin without any

motion artifacts. The use of carbon nanotubes has resulted in a drastic lowering of the overall modulus of the device. This

enhanced flexibility of the device enables the collection of reliable ECG data, and it has an overall performance that is

superior to that of the rigid, capacitive-type electrode. Xu et al. also demonstrated the use of a low-modulus, elastic,

epidermal sensor for recording ECGs . They used controlled mechanical buckling and soft microfluidics to fabricate

ultra-low modulus devices that are intrinsically stretchable. They also demonstrated the concept of collecting data

wirelessly, which is very important for the inconspicuous operation of epidermal electrophysiological sensors.

Recent advances in non-invasive EEG devices have shown long-term operation and minimal loading contact. EEG

devices, in particular, are mounted onto the auricle and mastoid surface, which requires minimal thermal, mechanical, and

electrical damage to the skin. In addition, the high irregularity of the surface of the auricle requires detailed structural

planning for the bending and stretching of these EEG devices. The non-invasive epidermal EEG developed by Norton et

al. has a wearable EEG sensor that remains mounted conformally during vigorous exercise . Figure 5e shows the

conformal attachment of the device to the skin when the device is mounted. The device has shown the features of non-

invasive interfaces to the skin that show reliable EEG recording and the possibility of wireless integration. Admittedly,

there is room for the amplification of the signal and improved accuracy since EEG signals usually are small and difficult to

trace. To detect detection the electrical activity produced by a skeletal muscle, EMG signals usually are recorded on the

surface of the skin directly above the targeted muscle. Chen et al. showed an example of an EMG skin device that used

silk protein substrate for a soft and stretchable sensor device that could be integrated seamlessly, as shown in Figure 5f

. The device had high electrical performance and conformality when it was used as an epidermal electronic sensor.

3.3. Biochemical Sensors

Another category of the non-invasive sensor is the chemical analysis of ions, biomolecules, electrolytes, and proteins

present in bodily fluids. The modern clinical examination uses blood samples for biochemical assessment for various

diseases and conditions. But for non-invasive sensors, sweat and its ionic composition are the main targets for

quantitative biochemical analysis. This almost completely removes the need for the invasive collection of samples that can

cause psychological trauma or problematic infections. Such electrochemical sensors usually are composed of soft,

stretchable, microfluidic systems with specialized receptors that interact with the target ions. These receptors are usually

enzymes or antibodies that have a specific color or a change in pH when they react with the target ions.

The characterization and biochemical analysis of biofluids, such as sweat, can be deemed to have high clinical value

when complemented with other physical characteristics. Due to the relative ease of non-invasive sample collection, sweat

is a representative biofluid that is full of intricate biomarkers. Koh et al. demonstrated a soft, wearable microfluidic device

that was capable of capturing and storing sweat for electrochemical analysis . The device, which is shown in Figure 5g,

allows the quantitative collection of sweat rates, pH variations, and changes in the concentrations of biomarkers. The

changes in the biomarkers are analyzed by colorimetry, and the test is conducted during a controlled fitness cycle. The

epidermal microfluidic device can evaluate the performances of athletes while monitoring various other markers of health

status. Key markers, such as creatinine, lactate, chloride, glucose, and pH, are evaluated without the device losing its

adhesion to failing to operate correctly. Another perspiration-based biochemical sensor was developed by Emaminehad et

al., and it evaluates the variables related to cystic fibrosis for diagnostic purposes . The electrolyte contents of the

sweat of cystic fibrosis patients were obtained through non-invasive methods using sweat collected by the sensor. The

device is composed of a miniaturized iontophoresis interface that delivers stimulating agonist to sweat glands via an

electrical current. The correlation between the concentration of the drug and the rate of sweating has been demonstrated
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for clinical modeling with reliable stability of the device and user conformality. It also introduced a preliminary study of

metabolic glucose content between sweat and blood. The culmination of the sweat profiles of individuals can enable

future integration into large-scale clinical investigations for more extensive biomedical modeling. Another notable work that

utilizes sweat for non-invasive recording is the textile-based potentiometric sensor developed by Parrilla et al. for the

analysis of multiple ions in sweat . The incorporation of a polyurethane-based, ion-selective membrane with a

stretchable ink electrode strengthens the conductivity and biocompatibility of the textile-based sensors. The integration of

stretchable ink and components with serpentine design has greatly enhanced the durability of tensile stress. Despite the

practicality of sweat-based sensors, there are issues related to the uncertainties associated with the device due to the

presence of other biofluids and markers because they limit the impact of the biomedical applications for non-invasive

sampling.

To supplement the mentioned uncertainty associated with monitoring sweat, Chen et al. developed a skin-like, non-

invasive sensor for the highly-accurate monitoring of glucose in blood . The device has integrated subcutaneous

channels that drive intravascular blood glucose to the surface of the skin. The epidermal glucose detecting mechanism is

shown in Figure 5h. This additional augmentation does not comprise the conformality of the device, and it provides

prospects for high standard clinical application. When the reliability of the device is optimized to the medical-grade

standard, the potential possibility of insulin therapy will be opened with further expansion of the application prospective of

non-invasive electrochemical sensors.
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