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Flexible electronics has attracted tremendous attention in recent years. The essential requirements for flexible electronics include excellent electrical properties, flexibility and stretchability. By introducing special structures or using flexible materials, electronic devices can be given excellent flexibility and stretchability. In this paper we review the realization of flexible electronics from the perspective of structural design strategies and materials; then, healthcare application of flexible electronic systems was introduced. Finally, a brief summary and outlook are presented.
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INTRODUCTION
Flexible electronics has attracted tremendous attention in recent years. Development of flexible and stretchable devices, which are the basis of flexible electronics, has recently become one of the research focuses (Wong et al., 2009; Yao et al., 2016; Trung and Lee, 2017; Long et al., 2012; Liu et al., 2017; Li et al., 2016; Boutry et al., 2015). Flexible electronic devices use organic or inorganic electronic materials on flexible substrates (Gates, 2009). Flexible electronic devices have been developed since the early 20th century. The first flexible electronic device was a radio tuner composed of graphite paste (Seymour, 1927). The discovery of conductive polymers (Shirakawa et al., 2003) increased the attention paid to development of flexible electronics. Recent use of materials including graphene and carbon nanotubes in flexible sensing and optoelectronic devices has greatly promoted the development of flexible electronics (Shen and Fan, 2016). Flexible electronics has received widespread attention because of its excellent stretchability while maintaining electrical properties and have application prospects in various fields such as flexible transistors (Sirringhaus et al., 2000; Forrest, 2004; Sandström et al., 2012) pressure sensors (Chang et al., 2009), light-emitting diodes, and so on.
Much current research on flexible electronics focuses on integrating flexible electronic devices, and on developing flexible semiconductor materials that have high chemical stability, high electrical conductivity and low price. Organic semiconductors such as pentacene are the first to be considered due to their good compatibility with flexible substrates. However, the chemical and electrical properties of organic semiconductors need to be further improved. Compared with organic flexible electronics, inorganic rigid electronics with special structure have good electrical properties. Here, we review development of materials and processes to realize flexible electronic devices; then we survey healthcare applications of typical flexible electronic devices.
BASIC STRUCTURE OF FLEXIBLE ELECTRONIC DEVICES
Generally, flexible electronic devices include at least four parts: electronic components, flexible substrates, cross-linked conductors, and sealing layers (Wong et al., 2009). The parts are combined using an adhesive layer, so the adhesive must be sufficiently strong, flexible, and chemically stable. However, choice of adhesive must consider the manufacturing process. For example, transfer printing is required in the production process of inorganic flexible electronics (detailed introduction in From the Perspective of Structural Design). The transfer process exploits the difference in adhesion between the device, the stamp and the substrate, and this usage imposes requirements on the characteristics of the adhesive layer. Also, some electronic components are sensitive to water and oxygen, so they must be protected using a special sealing layer.
Electronic Components
Electronic components can realize functions such as information storage and calculation. Unlike traditional electronic components, flexible electronic components can be composed of organic materials. Unlike traditional electronic components, flexible electronic components can be composed of organic materials and can be directly distributed on a flexible substrate. For example, thin film transistors have excellent flexibility, so they can maintain their electrical characteristics under certain external forces. However, the stability and electrical characteristics of organic material transistors are inferior to those of silicon transistors. Electronic components made of inorganic semiconductor materials such as silicon are brittle, so they will break when flexed. Special structures to achieve flexibility have been fabricated, such as island-interconnect design (Kim et al., 2012). We will introduce them in detail in the following sections.
Flexible Substrate
Flexible substrates are the biggest difference between flexible electronics and rigid electronics. Flexible substrates must also be insulative and inexpensive. Therefore, development of flexible electronics imposes strong constraints on material selection and on the process of manufacturing the substrate. At present, flexible substrates are mainly divided into two categories: polymer substrates and stainless-steel foil substrates (detailed introduction in Flexible Substrate).
Flexible substrates have advantages. They are not structurally damaged or broken by application of external forces. Different flexible substrates can be chosen according to the usages of the device. For example, PDMS is used as the substrate for electronic skin, whereas PET is used as a flexible substrate in flexible electronic displays. Flexible substrates are also thin and light: to achieve the required flexibility, they have been made as thin as possible. This trait reduces the weight of the device and the cost of materials. Flexible substrates are also compatible with roll-to-roll production, and therefore have potential for industrial mass-production.
Flexible substrates also have shortcomings. Their surfaces are relatively rough. Also most polymer substrates decompose when exposed to air or certain chemical agents. Both of these traits degrade the electrical characteristics of devices that use the flexible substrates.
Cross-Linked Conductor
In the island-interconnect structure (detailed introduction in Island-Interconnect Design), each electronic component exists as in an isolated device island, and cross-linked conductors connect the electronic components to form a complete flexible circuit. At present, metal conductors are the most common conductors; among them, copper foil is most widely used due to its low price, good conductivity and good ductility. Rolled copper foil and electrolytic copper foil are the two most common types of copper foil; of the two types, rolled copper foil has better conductivity and ductility (Table 1).
TABLE 1 | Main properties of copper foil.
[image: Table 1]Sealing Layer
The sealing layer is used to protect flexible electronic devices from damage by dust, water, gases, and mechanical forces. The sealing layer must maintain good electrical stability when subjected to large bending deformations, and this requirement constrains the choice of materials used. Acrylic resin, epoxy resin, and polyimide are commonly used, but their chemical stability is insufficient to ensure adequate service life of flexible devices.
The sealing layer also affects the stretchability and flexibility of flexible electronic devices. Therefore, the structural design of the sealing layer must be optimized so that the electronic components can be located on the mechanically-neutral surface of the sealing layer. For example, in the island-interconnect structure, appropriate design of the structure of the sealing layer (Yoon et al., 2007): can reduce the stress on the edge of the cell island to increase the mechanical toughness of the flexible device, and prevent separation of electronic components and flexible substrates to extend the service life of flexible devices.
Flexible electronic devices in different applications have different requirements for the sealing layer. For example, organic light-emitting diodes (OLEDs) have high requirements for sealing, but thin film transistor (TFT) devices and liquid crystal displays (LCDs) devices have low requirements for sealing. Different flexible electronic devices have different requirements for air and water permeability of the encapsulation layer. Water and oxygen can ruin the performance of OLEDs, LEDs and solar cells, so the water and oxygen permeability of the encapsulation materials in these devices should be very low. For instance, the water vapor transmission rates (WVTR) should be less than 10−6 g/m2/day and the oxygen transmission rates (OTR) should be less than 10−5 ml/m2/day for OLEDS with a service life greater than 10,000 h. However, in order to relief the discomfort caused by the accumulation of water vapor on the skin surface, encapsulation materials need possess high water and oxygen permeability for wearable flexible electronic devices. The common WVTR is around 100–1,000 g/m2/day, which meets the WVTR requirements of normal skin (240–1920 g/m2/day) (Li et al., 2020). The encapsulation of flexible electronics cannot use traditional methods and requires the use of thin-film encapsulation, which can meet the requirements of the device for flexibility. For equipment with high sealing requirements, the sealing can be improved by increasing the film density and adopting a multi-layer structure.
FLEXIBLE REALIZATION
The discovery of conductive polymers is regarded as the beginning of organic electronics, and since that event, organic semiconductors have been intensively studied. Various organic small molecules and polymer semiconductors have been applied to thin film transistors (Dadvand et al., 2013; Li et al., 2017). So far, the mobilities of p-type and n-type polymer semiconductor films have exceeded 35 cm2/(V·s) and 5 cm2/(V·s), respectively. However, the carrier mobility, switching ratio and stability of organic semiconductors must be further improved, because flexible electronics based on inorganic materials have advantages in electrical properties. The concept of stretchable and flexible electronics (Khang et al., 2006) has stimulated research on flexible electronics. Next, we will introduce the realization of flexible electronics from two aspects: materials and process technology.
Flexible Material
To obtain flexibility and integrity of the entire device, conductor materials, semiconductor materials and dielectric layer materials must all be sufficiently flexible.
Flexible Substrate
The choice of substrate material is critical to the flexibility of the device. The most commonly-used flexible substrates are composed of polymers, such as polyethylene terephthalate (PET) (Phan et al., 2017), polyethylene-2, 6-naphthalate (PEN) (Fleischhaker et al., 2010; Kwon et al., 2014), polydimethyl siloxane (PDMS) (Bae et al., 2013; Amjadi et al., 2014; Pal et al., 2018), and polyimide (PI). The flexibility of the substrate or device can be evaluated by measuring its mechanical stability under upward or downward arch deformation (Jedaa and Halik, 2009). The flexibility of the substrate increases as its thickness decreases.
A flexible substrate should also tolerate reasonably high temperatures. For example, PI can withstand a temperature of 450°C. In some special applications, the substrate must have good biocompatibility.
Flexible Conductor
Flexible conductors include electrodes of flexible electronic devices, and wires that are used to connect devices. Common flexible conductor materials include silver nanowires (Lee P et al., 2012; Amjadi et al., 2014), carbon nanotubes (Lipomi et al., 2011), graphene (Chen et al., 2011; Feng et al., 2016), carbon grease (Pelrine et al., 2000), conductive polymer (Groenendaal et al., 2000), and liquid metal (Park et al., 2012). In theory, all of these materials can be used as electrodes for devices, but different conductors will produce different carrier injections; therefore, when selecting materials, a conductor material that matches the semiconductor should be preferred. Metal conductors are prone to break when they are deformed, but their flexibility can be improved by appropriate design, for example, a fractal structure (Rogers et al., 2010). Graphene is widely used as an electrode material in batteries and supercapacitors, because it has excellent electrical and optical properties. Redox graphene has been used to prepare flexible capacitors that retain excellent electrical properties even after a 180° bend (Jiang et al., 2019). Soft lithography has been used to fabricate capacitive pressure sensing skins with liquid alloys as electrodes (Wong et al., 2012).
Flexible Semiconductors
Flexible semiconductor materials can be divided into three categories: inorganic, organic, and metal oxide.
Inorganic semiconductor materials have excellent piezoelectric properties and are widely used in flexible sensors (Kim and Rogers, 2008). Indium zinc oxide (IZO) films have high carrier mobility and high light transmittance, so they are used in liquid crystal displays and solar cells. However, solutions of inorganic semiconductor materials are difficult to prepare, and the processing procedure is complicated.
Use of intrinsically flexible organic semiconductors is superior to use of inorganics. Flexible organic semiconductors are divided into two small-molecule type and high-polymer type. Triphenylamine and fullerene are typical small-molecule organic semiconductor materials. Copolymers are typical polymer semiconductor materials. The stability and electrical properties of organic semiconductors must be improved; the use of inorganic nanomaterials to modify organic semiconductors can significantly improve their electrical properties (Zheng et al., 2014).
Flexible Dielectric Layer
Dielectric materials are generally divided into inorganic materials and organic materials. Compared with inorganic materials, organic dielectric materials are easy to process and have excellent flexibility, showing great prospects in the field of flexible electronics. Styrene ethylene butylene styrene (SEBS) (Zhang et al., 2014b; Su et al., 2017), Poly (vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) (Zhang et al., 2014a; Zheng et al., 2016), and Poly (methyl methacrylate) (PMMA) are common organic dielectric layer materials.
The structure and properties of the dielectric layer have a significant effect on the electrical properties. of the device. When the surface roughness of the dielectric increases, the p bonds on the surface of the dielectric layer overlap and thereby restrict the injection of carriers and reduce their mobility (Jung et al., 2008; Jung et al., 2010). Jung et al. spin-coated a layer of Poly (2, 5-bis (3-alkylthiophen-2-yl) thieno[3, 2-b]thiophene) (pBTTT) on the dielectric layer to reduce the roughness of the dielectric layer, which Improve the electrical properties of the device (Jung et al., 2008). The dielectric constant ε is also a very important indicator. Increased dielectric constant of a dielectric increases the charge that a given gate voltage can induce, so the electrical properties of the device is significantly improved. Although organic dielectrics have low operating voltages, they also have other drawbacks, such as unstable properties, high switching ratios, and low ion mobility. These problems can be lessened by amending the polymer with adjuvants such as x-PVP/OTS, Ta2O5/PMMA, and PDMS:BaTiO3.
Natural biological materials have good biological properties and degradability. In field effect transistors (FETs) that used pentacene and C60 and albumen as a dielectric layer, the capacitance of the albumen dielectric layer was 12.45∼13.25 nF/cm2, which is greater than that of PMMA (7.0∼7.9 nF/cm2) The FETs’ other electrical characteristics were also good (Figure 1). Use of critically dried flower petals as a medium layer material yielded high-performance piezoelectric electronic skin (Wan et al., 2018). The use of natural plant materials broadens the choice of flexible electronic materials; furthermore, plant materials have excellent biocompatibility, so they are applicable in implantable devices.
[image: Figure 1]FIGURE 1 | The electrical properties of FETs with albumen dielectrics (Chang et al., 2011). Reproduced with permission.
Flexible Electronics Processing Technology
At present, the processing methods of flexible electronics are mainly divided into two categories: making flexible materials into flexible electronic components; and preparing inorganic flexible electronics by structural design.
From the Perspective of Materials
Progress in materials science has yielded many intrinsically flexible materials that can be used in organic electronics (Nathan et al., 2012; Dodabalapur 2006). For example, use of pentacene as a semiconductor in a grid-like pressure sensor achieved drain current that maintained excellent stability when a 25% strain was applied to the device (Someya et al., 2005). Furthermore, the pressure and temperature sensors prepared by the same method were successfully integrated into the grid, and the whole system realized temperature and pressure sensing. Organic thin film transistors that had been fabricated in a double-layer structure using a laminating method (Figure 2) with polydimethylsiloxane as dielectric and polyisoindigodithiophene-siloxane as semiconductor (Schwartz et al., 2013) could work in a sub-threshold state, and had significantly improved sensitivity (8.4 kPa−1), response time (<10 mn) and working power (<1 mW). By adjusting the microstructured PDMS, the damage to the device by the external force can be significantly reduced, so after 15,000 pressure cycles, the electrical properties of the device was not significantly reduced.
[image: Figure 2]FIGURE 2 | Schematic diagram of sensor structure. It is made by laminating two layers. The first contains the bottom source-drain electrodes and the semiconducting polymer, and the second contains the gate electrode and the microstructured dielectric. The thin PDMS layer on top of the semiconductor ensures a homogeneous dielectric interface and provides protection during the lamination step (Schwartz et al., 2013). Reproduced with permission.
The physical and chemical properties of materials are very different at the nanometer scale than at the bulk scale (Baca et al., 2008; Yang and Li, 2007). This principle has been exploited to realize a polymer semiconductor that exploits the nano-confinement effect (Xu et al., 2017).
A conjugated-polymer/elastomer process to induce elasticity by phase separation to prepare nano-constrained semiconductors can prevent cracks. DPPT - TT was used as a polymer semiconductor and SEBS was used as an elastomer; the diameter of the polymer fiber was <50 nm when the content of SEBS was 70%. When 100% stretching was applied, the electrical properties of the film were not significantly reduced, and remained three orders of magnitude larger than the film without SEBS; the film also did not show significant cracks after 100% stretching. Thin film transistors that had carbon nanotubes as electrodes and nano-constrained semiconductors retained good stability after 10,000 stretches to 25%, so they can withstand the usage scenarios of most wearable devices.
Inorganic materials can be used to demonstrate flexible electronics both directly and indirectly. The conductive inks can be printed on the flexible substrates directly to form the functional layers. Alternatively, the inorganic materials can be transferred onto the flexible substrates by transfer printing as well.
Inorganic conductive materials such as metal nanoparticles (Dearden et al., 2005; Shen et al., 2014; Öhlund et al., 2015; Woo et al., 2009; Kang et al., 2014), graphene, and carbon nanotubes (Kordás et al., 2006; Wei et al., 2007) have been made into conductive inks for printing flexible electronic devices. Printed electronics technology refers to fabrication of electronic devices by patterning with conductive ink. Printed electronics are mainly divided into two categories: contact printed and non-contact printed. Screen printing, compensation printing, and gravure printing are all contact printing, but their accuracy is difficult to control and the operation is complicated. Non-contact printing has incomparable advantages and has been widely used in the preparation of flexible electronics (Arias et al., 2008; Deganello et al., 2010; Nambiar and Yeow, 2011). For example, inkjet printing has been used to prepare thin film transistors on flexible (Lee S. K. et al., 2012). Non-contact printing technology is mainly divided into three categories: inkjet printing, electrohydrodynamic printing (EHD) and aerosol jet printing. Inkjet printing is to uses pressure to eject the ink to complete the printing process; common driving methods are the piezoelectric method and the thermal bubble method (Le, 1998). The accuracy of inkjet printing is easily affected by the surface tension and viscosity of the ink, so the parameters must be strictly controlled when printing. Electrohydrodynamic printing is a printing technology that has high precision (Park et al., 2007). It uses an electric field force: under the action of the electric field force, the ink droplet forms a Taylor cone at the nozzle; at the same time, due to the high electric potential at the nozzle, the ink droplet is subjected to electric shearing force, and when the electric field force exceeds the surface tension, the ink droplet exits the nozzle (Basaran, 2002). Aerosol jet printing is different from inkjet printing. The ink droplets are vaporized into small particles <5 μm, which are carried by high-speed airflow to the nozzle to complete the printing process. Aerosol printing has been widely adopted in the field of flexible electronics, such as for production of photovoltaic devices (King and Ramahi, 2009) and printing of optical waveguide devices (Reitberger et al., 2015).
Transfer printing is an emerging processing technology that is compatible with other micro-nano processing technologies and has been widely used in flexible electronics (Wang et al., 2017; Linghu et al., 2018; Huang et al., 2019). The typical transfer process includes four steps: 1) a special silicon wafer with a sacrificial layer need be prepared; 2) functional components are prepared on top by the traditional microelectronic processing technology; 3) the sacrificial layer is etched away; 4) the electronic components are finally peeled off from the rigid substate and transferred to the flexible substrate. The transfer processes involve multiple interfaces and thus are diverse, including speed separation, surface microstructure, tape transfer, and sacrificial layer.
From the Perspective of Structural Design
Flexibility of inorganic semiconductor devices can also be achieved by special structural design. The typical structure design is mainly divided into four categories: 1) Buckled Nanoribbons; 2) Island-Interconnect Design; 3) Serpentine-Interconnect Design; 4) Other Designs.
Buckled Nanoribbons
Inorganic materials have a certain degree of stretchability when they are thin enough, and their bending strength and bending strain increase as the film thickness decreases (Khang et al., 2009). A buckled nanoribbon structure was designed to exploit these characteristics; it uses sinusoidal nanoribbons that can be adapted to the strain applied to the plane by adjusting the wavelength and height of the convex portion. This buckling structure can be achieved by depositing a metal or silicon film on a prestrained PDMS elastic film; the specific contact between silicon nanoribbons and PDMS is achieved by -O-Si-O- bonds (Meitl et al., 2006; Sun et al., 2006; Sun and Rogers, 2007). For example, manufactured silicon nanobelts can be transferred from the silicon wafer surface to the PDMS by using a transfer-printing process (Khang et al., 2006) (Figure 3A); when this prestrain is released, the silicon nanobelt assumes a sinusoidal buckling structure (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of the process for fabricating buckled wavy single-crystal silicon ribbons on a PDMS substrate. (B), (C) SEM images of stretchable nanoribbons and stretchable nanomembranes (Song et al., 2009). Reproduced with permission.
The same principle can be applied to a two-dimensional plane: when prestrains in the X-axis and Y-axis directions are simultaneously applied to the PDMS, a herringbone buckling structure can be produced (Figure 3C). Interestingly, compressibility and scalability show opposite trends with the magnitude of prestrain in this structure: as the prestrain increases, the compressibility decreases and the scalability increases; when the prestrain is 13.4%, the scalability and compressibility are equal.
To improve the stretchability of the device, the buckling structure of the nanoribbons has been optimized using pre-lithographic PDMS (Sun et al., 2006). The activated area (Figure 4A, purple area) can be tightly combined with the nanobelt, whereas in the unactivated area, the combination of the nanobelt and PDMS is easily broken (Figure 4A). When the prestrain is released, the PDMS at the activated part is tightly combined with the nanobelt and forms a buckled structure in the unactivated part (Figure 4C). The wavelength of the buckling nanobelt can be controlled by selective photolithography of PDMS. The contour lines of GaAs nanoribbons differ under different strains when the width of the activated area is 10 mm and the width of the inactive area is 190 mm (Figure 4E). The buckling structure greatly improves the stretchability of inorganic materials. For example, a sinusoidal silicon nanobelt can withstand a strain of ∼20% before breaking. Theoretical analysis and experiments show that for some specific materials, the buckling structure can increase its stretchability to 30%. The buckling process is compatible with traditional processes that use silicon wafers, so the buckling structure has been applied in flexible electronic devices (Kim et al., 2008a). However, although the buckled nanoribbons greatly improve the stretchability of rigid semiconductor materials, excessive prestrain affects the electrical properties of semiconductor materials.
[image: Figure 4]FIGURE 4 | (A) Prestrained PDMS with periodic activated and inactivated patterns. (B) Thin film parallel to the pre-strain direction is attached to the prestrained and patterned PDMS substrates. (C) Relaxation of the pre-strain in the PDMS leads to buckles of the nanoribbons. (D) SEM image of buckled GaAs nanoribbons formed using (A)–(C). (E) Buckled GaAs thin films on patterned PDMS substrate for different prestrain levels. Red line: calculations; blue line: experimental data (Song et al., 2009). Reproduced with permission.
Island-Interconnect Design
The island-interconnect structure (Kim et al., 2012) solves the problem that excessive prestrain affects the electrical properties of semiconductor materials. The island-interconnect structure (Figure 5) is produced by transferring a pre-lithographic mesh structure to a biaxially-stretched PDMS, then the prestrain is released to bend the interconnecting conductors. Some parts develop weak bonds (Figure 5, green areas) and some develop strong bonds (Figure 5, cyan areas). The device adjusts the connecting conductor (Figure 5 green area) to adapt to the external force applied to the device and almost no deformation occurs on the islands (Figure 5 cyan areas). The stretchability of the structure depends on its degree of pre-strain, and the maximum stretch of the device is the degree before the strain is released (Figure 5, top frame). The compressibility and stretchability of electronic devices increase as the length of the interconnecting conductor increases; the flexibility of the structure can be controlled by adjusting the length of the conductor.
[image: Figure 5]FIGURE 5 | Schematic illustration of the process for fabricating electronics with the island–interconnect mesh designs on an elastomeric substrate (Song et al., 2009). Reproduced with permission.
Application of this structure has been extended to curved surfaces (Figure 6) (Ko et al., 2009). First, a PDMS film was cast on a curved surface, cured, and then removed. Second, radial stretching was applied to the PDMS film to convert the curved surface to a plane, then a pre-made circuit was transferred onto the strained PDMS. Third, the strain was released then the PDMS was fitted to a curved surface and the edges of the PDMS were removed. Due to the influence of the curved surface, the strain varies over the film. For example, the strain at the center position is 0 and the strain at a point on the outermost circumference is close to 60%. Therefore, after the strain is released, the shapes of the interconnection wires differ: one single arch structure is formed in the circumferential direction, a multi-arch structure is formed in the radial direction, and the interconnection wire at the center position is not deformed.
[image: Figure 6]FIGURE 6 | Schematic illustration of the steps for using silicon membrane circuits in mesh layouts (i.e., arrays of islands interconnected by narrow strips) and elastomeric transfer elements to wrap electronics onto substrates with complex curvilinear shapes, such as the dimpled surface of the golf ball shown here (Ko et al., 2009). Reproduced with permission.
The compressibility and stretchability of the island-interconnect structure increase with increase in the interconnection distance (Jiang et al., 2007). The requirement for a long interconnection limits the application of this structure in highly-arrayed devices. PDMS fabricated by soft lithography can be used as a substrate to fabricate a trench-type interconnection structure, with electronic components placed on raised islands (Figure 7) (Lee et al., 2011). This structure can autonomously control the location of islands and achieve a height array. After soft lithography, islands with a length of 800 μm and a width of 200 μm are separated by trenches that have a width of 156 μm (Figure 7A). In this structure, the island is less sensitive to the strain than the groove is: 20% strain applied to the PDMS is divided into 123% strain in the groove and 0.4% strain in the island (1/300 times the strain in the groove).
[image: Figure 7]FIGURE 7 | Optical microscopy images and FEA calculations of deformation of a slab of PDMS and schematic illustrations of the steps in the fabrication of stretchable GaAs photovoltaic modules with SEM images of a completed device. Cross-sectional optical microscopy images (top) and FEA (bottom) of a slab of PDMS in (A) relaxed and (B) stretched states, with a square array of raised islands separated by recessed trenches, designed as a platform for (C) stretchable inorganic photovoltaics with high areal coverages. (D) Releasing the prestrain and pressing on the entire array using a flat plate of glass deform the interconnects into arc shape, in a vertical downward orientation, into the trench regions of the PDMS substrate. (E) In a final step, a thin, uniform layer of PDMS is bonded on the top, as an encapsulant to protect the system from the environment. (F) and (G) SEM images of a completed module (Lee et al., 2011). Reproduced with permission.
Serpentine-Interconnect Design
The design of non-coplanar, serpentine metal interconnection can effectively solve the limitations of pre-stretching (Kim et al., 2008b). When the applied stretch reaches the prestrain, a serpentine metal can be further stretched by out-of-plane distortion. In a CMOS transistor that has a serpentine interconnect structure (Figure 8A), the serpentine structure is composed of a stack of polymer/metal/polymer materials. For a system with a prestrain of 35%, the serpentine structure can be stretched to 70%; at the same time, finite element analysis shows that the deformation peaks of the interconnecting metal and the metal in the island are 0.2% and 0.5%, respectively (Figures 8B,C). When the degree of prestrain is further increased, the stretchability of the structure can exceed 100%. This high degree of deformation is reversible; the electrical properties of the device do not change significantly after more than 10,000 stretches (Kim et al., 2008). Non-coplanarity is very important for serpentine interconnect structure; without prestrain, 60% stretching will cause 6.8% strain on coplanar structures (which will cause damage to the components on the island) and 0.18% strain on non-coplanar structures (Gray et al., 2004).
[image: Figure 8]FIGURE 8 | (A) SEM image of an array of stretchable CMOS inverters with noncoplanar bridges that have serpentine layouts (left) and magnified view (right). (B) Optical images of stretching tests in the x - and y -direction. (C) FEM simulation before (35% prestrain) and after (70% applied strain) stretching (Kim et al., 2008). Reproduced with permission.
Combining the advantages of the serpentine interconnects structure and the buckling structure can develop an ultrastretchable electronic system. Serpentine interconnect structure can be combined with to the prestrained PDMS (Figure 9A), and after the strain is released, the structure in the direction perpendicular to the tension (every corner of the serpentine structure) is compressed (Figure 9C). This structure can resist large strains by engaging in out-of-plane motion at the corners of the serpentine structure (Gray et al., 2004; Brosteaux et al., 2007; Gonzalez et al., 2008; Huyghe et al., 2008; Ershad et al., 2019). Without prestrain, the structure can withstand a maximum of 120% of stretching, whereas if a prestrain of 85% is applied, the serpentine interconnect structure can withstand a maximum of 280% of stretching. At the same time, the device has good reversibility, and the structure remained intact after 25,000 stretches of 185%.
[image: Figure 9]FIGURE 9 | (A) Schematic illustration of the prestrain strategy for fabricating serpentine interconnects with enhanced levels of stretchability. (B) SEM image of the serpentine structures before releasing the prestrain of the substrate. (C) SEM image of the serpentine interconnect after releasing the prestrain of the substrate (Zhang et al., 2014). Reproduced with permission.
Other Designs
The fractal structure can increase the areal coverage of device by increasing the orders of fractal bridges (Song et al., 2016). The first-order fractal bridge has a serpentine structure and the higher-order fractal bridge has a similar structure to the previous one. Each fractal bridge is determined by six parameters: the width w and thickness t of the bridge, basic length l, fractal order n, the number of unit cells m, and the height/spacing ratio η. The width of the fractal bridge is an important parameter. For example, the scalability of the fractal bridge increases by nearly 8 times (from 2.3% to 17.6%) when w/l is reduced from 0.8 to 0.2. In addition, the fractal order n is the most important parameter. The elastic stretchability of the fourth order fractal bridge is 2,140%, which is nearly 20 times than that of the first order fractal bridge (10.7%). However, it is worth mentioning that the above-mentioned improvement in stretchability is for the fractal bridge, and this structure has limited improvement in the stretchability of the whole device. For example, when the fractal bridge with a stretchability of 1,000% covers 90% of active devices, the stretchability of the entire system is only 50%.
Direct patterning on the flexible substrate can omit the transfer printing process and thus simplify the production process (Cao et al., 2018). A special network polysulfide can be generated by tricyclic [5.2.1.02,6] dimethyl diacrylate and pentaerythritol tetrakis (3-mercaptopropionate) under the catalysis of triethylamine. Hydrogen peroxide can oxidize the sulfide and its glass transition temperature changed from 9°C to 63°C. Therefore, the oxidized substance is glassy and the non-oxidized substance is rubbery at room temperature. Based on this principle, the sulfide substrate is oxidized in a controlled manner and then the active device is fabricated at the oxidized position. As a result, the device prepared in this way can isolate the strain from the active region. When the flexible temperature sensor made in this way stretches to 40% of the entire device, the maximum strain of the protected area is only 0.15%. compared to the situation without protection, the strain at all positions is 5% when a 5% stretch is applied.
The strategy of using flexible materials to prepare flexible electronics is relatively simple, but the electrical properties and stability of the device needs to be further improved; although the production of flexible inorganic electronics is complicated, it maintains excellent electrical properties, and the stretchability of inorganic electronics has been increased to 300% in the past ten years (Wang S. et al., 2015). Flexible electronics is an interdisciplinary field including electronics, materials science, chemistry and mechanics. We believe that with the development of research in related fields, the electrical properties and stretchability of flexible electronics will be further improved and the production cost will be further reduced.
APPLICATIONS OF FLEXIBLE ELECTRONICS
The development of flexible electronics overcome the disadvantage that inorganic electronics cannot be integrated on curved surfaces, so applications of electronic products have been greatly expanded. Flexible transistors, flexible capacitors and flexible sensors are typical flexible electronic components; all have been integrated into complex circuits for applications in health care (Ray et al., 2019; Chung et al., 2020; Hanna et al., 2020; Jin et al., 2020; Ma et al., 2020; Madhvapathy et al., 2020; Sun et al., 2020; Zhou et al., 2020).
Flexible Supercapacitors
Flexible energy storage devices such as flexible lithium electronics (Seng et al., 2011; Kwon et al., 2012; Pu et al., 2015; Dong et al., 2016), flexible sulfur batteries (Wang C. et al., 2015; Gao et al., 2017; Sun Q. et al., 2017), and flexible supercapacitors have been developed because traditional rigid energy devices cannot be used as energy supply materials for flexible electronic devices. Supercapacitors have characteristics of fast charging and long service life, so they have been integrated into flexible substrates and widely used as energy-supply materials. Symmetrical fibrous supercapacitors (FSCs) have been fabricated by winding conductive polymer on a flexible substrate (Wang et al., 2018); they can be integrated into a bracelet to power an electronic watch.
Polymers can also be used to interconnect FSCs without the need for metals, so fabrication process of the devices is greatly simplified.
Supercapacitors are also useful to achieve information security. Using software to encrypt key chips is extremely insecure; in contrast, directly damaging the chip is a safer strategy. The instantaneous current released by the supercapacitor can detonate the energetic membrane, and the energy generated can destroy confidential components such as chips. The use of capacitors and energy-containing membranes to directly destroy stored data is safe and convenient, which are vital requirements in the field of information security.
Integrated Flexible Sensor
Flexible electronic devices with integrated sensors can detect tiny physiological signals and have been used to monitor human health. A patch sensor that can be used to detect blood glucose concentration (Chen et al., 2017), is composed of two parts: a flexible paper battery patch and a biosensor patch (Figure 10). Paper battery patches can disrupt the balance of tissue fluid in the body through electrochemical twin channels (Figure 10A), promote the re-collection of arterial glucose and the penetration of glucose into the skin surface. The biosensor patch is used to detect the blood glucose concentration induced by the paper battery patch (Figure 10B), and the design uses dual electrodes to ensure the accuracy of detection of low blood glucose concentration. The blood glucose concentration measured by the blood glucose meter and the current measured by the sticker sensor show similar trends (Figure 10E); this result demonstrates the accuracy of the sensor.
[image: Figure 10]FIGURE 10 | (A) Scheme of the ETCs; (B) the paper battery attached to the skin surface; (C) scheme of the skin-like biosensor multilayers; (D) the biosensor completely conforms to the skin surface; (E) results of hourly glucose monitoring in 1-day period by using a glucometer (red) and skin-like biosensor (blue) (Chen et al., 2017). Reproduced with permission.
Long-term exercise can result in inflammation and cause damage to the wrist and knee joints of the human body. The wearable flexible temperature sensor can determine whether inflammation occurs by monitoring the changes in body temperature at the joints in real time. A temperature sensor integrated on a rigid programmable polymer substrate can achieve stable measurement of body temperature at the joint. The temperature change measured by the sensor in a static state is small (0.01–0.07°C), and even during the cyclic movement, the temperature change measured is still less than 0.1°C. The change in body temperature is greater than 1°C when joint damage or inflammation occurs, which ensures that the temperature sensor can monitor joint damage (Cao et al., 2018).
The electrical potential on the surface of the heart is important in the treatment of many diseases. Signal acquisition depends on the close connection between the sensor and tissue cells, so traditional rigid detectors cannot detect the potential inside the heart. A multifunctional balloon catheter system with serpentine interconnects structure (Kim et al., 2012) includes two parts: contact sensors and multi-electrodes. High electrode density on the balloon catheter can ensure complete signal acquisition from the whole heart. This new technology enables monitoring of heart activity while causing little harm.
Biomaterials have good biocompatibility and have been widely used as substrate materials in flexible electronics. A flexible mesh electrode with silk protein as a substrate has been attached to a cat’s brain to collect brain signals (Kim et al., 2010); when the protein is dissolved by the body fluid, electrode attaches closely to the brain tissue due to capillary action. The mesh brain electrode can complete real-time scanning of the brains of cats. These devices provide options for treatment of brain diseases and realization of brain-computer interconnections.
Flexible Electronic Skin
Skin is an extremely complex sensing system that can sense external signals such as temperature and pressure, and has an important function in the interaction between humans and the environment. Electronic skin that mimics the skin function has realized the skin’s sensory function (Kaltenbrunner et al., 2013; Wang X. et al., 2015; Chortos et al., 2016). An electronic skin that includes several types of sensor can detect and conduct a variety of signals and has shown a wide range of application prospects in flexible wear, medical monitors (Kim et al., 2019) and intelligent robots (Lai et al., 2018).
One electronic skin integrates stress sensors, temperature sensors and electrical-signal detectors. This flexible electronic skin system can also further integrate transistors and radio-frequency induction coils, thereby realizing physiological signal monitoring, signal adjustment and wireless charging functions. The discomfort brought by electronic skin to the skin can be eliminated by optimizing the mechanical properties, so optimized electronic skin can be attached to a newborn's skin for intensive care (Figure 11) (Chung et al., 2019).
Real-time monitoring on the temperature and pressure changes of the prosthesis and skin interface is very important for amputation patients. An electronic skin system that can continuously measure physiological signals at the skin and prosthetic interface is prepared. This system includes three parts: a flexible integrated sensor, a wireless receiving module, and an independent display device (such as a mobile phone or a tablet). The pressure sensor adopts a three-dimensional structure design and can be integrated into a wireless platform with a built-in temperature sensor. The wireless receiving module provides wireless power to the sensor. This special electronic skin system eliminates the dependence of sensor on the power supply, and realizes the wireless connection with standard consumer electronic products. This system can measure the temperature and pressure of the prosthesis and skin interface of amputee patients under the conditions of standing, sitting and walking, and has the advantages of small hysteresis and high linearity (Kwak et al., 2020).
Biocompatibility (including compatibility in mechanics, physics and chemistry) must be considered when electronic skin is to be used for a long time. From a mechanical point of view, electronic skin cannot cause discomfort to the skin; from a physical point of view, electronic skin must have suitable air permeability to prevent liquid accumulation on the body surface; from a chemical point of view, electronic skin cannot cause skin allergic reactions. A semi-permeable membrane is has selective permeability, and can therefore block large molecules but can pass small molecules. An electronic skin containing a commercial semi-permeable membrane has been used to test body temperature (Chen et al., 2015), this electronic skin has five components: encapsulation layer, adhesive layer, functional layer, base layer and adhesion layer. Serpentine interconnects are used in the functional layer, and the base layer and encapsulation layer are made of commercial semipermeable membranes; due to its outstanding properties, the semi-permeable membrane can prevent external contaminants while allowing perspiration escape as a vapor.
Electronic skin also has application prospects in intelligent robots. As proof of concept, an artificial tactile nerve has been used to control movement of a cockroach (Kim et al., 2018). The artificial nerve is mainly composed of a pressure sensor that is mainly used to collect external pressure; a ring oscillator that can convert the pressure signal to an electric signal; and synaptic transistors that can integrate electrical signals and generate action potentials. The artificial nerve can convert the pressure signal from the pressure sensor to an oscillating signal, which can activate the muscles of the cockroach’s legs. This work provides inspiration for development of sensitive intelligent robots.
SUMMARY AND OUTLOOK
This review has considered materials and processes used to manufacture of flexible electronic devices. Organic materials have been widely used in flexible electronics because of their excellent inherent flexibility, compatibility with flexible substrates and simple manufacturing processes. Although the electrical properties of organic materials can be improved by simple chemical modification, the stability and electrical properties of electronic devices that use on organic materials must be further improved. Rational structural design has been used to apply rigid inorganic materials in various stretchable and flexible electronics. Buckled Nanoribbons, Island-Interconnect design, Serpentine-Interconnect design, and other designs are typical inorganic electronic structures. In the past ten years of development, the stretchability of inorganic electronics has been increased from 30% to 300%. Flexible electronics is an interdisciplinary subject, including electronics, materials science and mechanics and other fields. Future research directions should seek ductile composite materials with excellent electrical properties and high stability, and develop corresponding method to processing flexible electronic devices.
Flexible electronics will improve the level of medical care and even change the existing medical model. Bio-integrated flexible sensors and electronic skin can monitor the physiological signals of the heart and brain in real time; at the same time, flexible electronic devices can integrate communication equipment and drug delivery devices to achieve intelligent drug delivery treatment. However, most of the flexible electronic devices including medical flexible electronics are in the laboratory stage. We believe that development of technology and increase in used demand for flexible electronic equipment will accelerate the process from laboratory to industrialization.
[image: Figure 11]FIGURE 11 | (A) Multifunctional electronics with physical properties matched to the epidermis. (B) Wireless multifunctional epidermal electronic systems for neonatal intensive care (Chung et al., 2019). Reproduced with permission.
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