polymers
Review

Flexible Sensory Systems: Structural Approaches
Chan Park , Byeongjun Lee , Jungmin Kim , Haran Lee
Jonghyeon Ban, Chiwon Song and Seong J. Cho *

, Jeongbeom Kang, Jongwon Yoon

,

Department of Mechanical Engineering, Chungnam National University (CNU), 99 Daehak-ro, Yuseong-gu,
Daejeon 305-764, Korea; cksdl4608@naver.com (C.P.); michael489@naver.com (B.L.); kjm5301@naver.com (J.K.);
ktten55@naver.com (H.L.); wjdqjarkd@naver.com (J.K.); jongwon3498@naver.com (J.Y.);
haze1013@naver.com (J.B.); song7367@naver.com (C.S.)
* Correspondence: scho@cnu.ac.kr; Tel.: +82-42-821-5648

Abstract: Biology is characterized by smooth, elastic, and nonplanar surfaces; as a consequence,
soft electronics that enable interfacing with nonplanar surfaces allow applications that could not
be achieved with the rigid and integrated circuits that exist today. Here, we review the latest
examples of technologies and methods that can replace elasticity through a structural approach; these
approaches can modify mechanical properties, thereby improving performance, while maintaining
the existing material integrity. Furthermore, an overview of the recent progress in wave/wrinkle,
stretchable interconnect, origami/kirigami, crack, nano/micro, and textile structures is provided.
Finally, potential applications and expected developments in soft electronics are discussed.
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1. Introduction
Generally, biology is characterized by smooth, elastic, and nonplanar surfaces [1–6].
Therefore, soft electronics that enable interfacing with nonplanar surfaces will allow applications that cannot be achieved with the rigid planar integrated circuits that exist today [7–12].
For example, they range from diagnostic tools that attach to the skin for measuring signals,
to sensors that accomplish various functions inside the human body [7–12]. Some recently
published images representing a diverse range of these flexible devices are depicted in
Figure 1 [13–18].
Owing to the vast range of uses of flexible electronic devices, flexibility requirements
are very diverse; flexible devices must be capable of undergoing deformation, and simultaneously, functional properties and electronic performance parameters must be unaffected
by the straining process. For example, the electrical resistance of a flexible electrode should
be kept at a constant low value from low to high deformation [19–21]. Similarly, in the case
of flexible solar cells and piezoelectric devices, they should exhibit high efficiencies within
acceptable deformation [22–26].
Several advantages are associated with soft electronics, which enable interfacing with
nonplanar surfaces. First, the intimate contact between the device and the nonplanar object
minimizes noise; this contact increases the effective contact area without any gap between
the surfaces. Therefore, signal noise is low, and standard data can be obtained. The contact
area is reduced with traditional rigid electronics, potentially introducing noise and artifacts,
which compromise signal quality. Second, flexible electronic devices have flexible mechanical properties, thus representing a key technology enabling continuous health management,
by minimizing irritation to the skin of the human body. Flexible sensing technology has
shown a huge application value in motion monitoring and physiological signal detection.
In addition, flexible electronics show good performance in applications for human motion
monitoring, such as limb flexion and rotation, as well as muscle strengthening. Finally,
flexible, stretchable, and foldable devices have many applications in the internet of things
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and for monitoring technology. Improving the measurement range is important for many
applications: in particular, it can show excellent performance in condition monitoring
applications, such as for folding and bending objects.
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Figure 2. (a) Schematic
bucklingview
mode:
andmode:
local buckling
oflocal
PDMS
substrate
and Si substrate
ribbon bilayer [31]. (b) Schematic view of bonded (left) and controlled delamination film
ribbon bilayer [31]. (b) Schematic view of bonded (left) and controlled delamination film (right) wrinwrinkle structures and SEM micrograph of a natural rubber/Au bilayer (left), as well as SEM
kle structures and SEM micrograph of a natural rubber/Au bilayer (left), as well as SEM micrograph
of a PDMS substrate/GaAs and Si ribbon (right) [28,32]. (c) Graph of wrinkle structure wavelength,
amplitude of theoretical and experimental value as a function of pre–strain, and wrinkle structure
fabricated with Si (100 nm) ribbon on PDMS substrate. As shown, graph small deformation theory
is accurate according to an experimental value at below 5% strain, and finite deformation theory is
accurate according to an experimental value at above 5% strain [33]. (d) Schematic view of ordered
wrinkle structure using prepatterning and compressive stress distribution of direction (x,y) [34].
(e) Schematic view of ordered wrinkle structures using relief structures that control stress distribution
and stress distribution (σx , σy ) graph as function of x [35]. (f) Schematic view of ordered wrinkle structures using pre–strain that controls stress distribution through adjusting stretch releasing direction
and sequence [36]. (g) Schematic view of ordered wrinkle structures using mold patterning [37–39].
(h) Schematic view of ordered wrinkle structures using a photo–softening effect that changes the
Young’s modulus and stress distribution through photoisomerization [40,41]. (i) Microscope images
of wrinkle structure application as a topographic guidance of neural growth [42].
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Furthermore, wrinkle/wave patterns generated by local buckling have a controllable
micro/nanostructure, generally applied to soft electronics, biology, and other fields; thus,
this chapter focuses on local buckling wave/wrinkle structures.
In a bilayer system, when an expanded elastic substrate returns to the original volume,
compressive stress is generated in the rigid layer during the release process; these kinds of
stresses generate mechanical instability, which is relaxed by out–of–plane deformations,
which generate a wave/wrinkle pattern; thus, reaching a new equilibrium [27,28].
Wave/wrinkle structures can be classified into bonded, and controlled delamination
film (rigid layer), according to the bonding method: elastic layer substrates in the first case,
and rigid layer film in the latter. In the case of bonded film wrinkle structures, a rigid layer
is completely bonded on an elastic substrate, and the elastic substrate surface deforms to
generate wave/wrinkle structures with rigid layers (Figure 2b, left) [28]. In the case of
controlled delamination wrinkle structures, part of the rigid layer is strongly bonded to the
elastic substrate, due to the patterned surface activation (Figure 2b, right) [32].
2.1.1. Wave/Wrinkle Generation
In the case of bonded film wrinkle structures in a bilayer system, the rigid layer attached to the surface of an elastic substrate deforms to form a wrinkled structure (Figure 2b,
left). Both the period and amplitude are predicted by minimizing the total elastic energy
at small deformation (small deformation theory); this theory affirms that amplitudes and
periods are affected by pre–strain, geometrical characteristics, and mechanical properties [28,29,33]. However, as the pre–strain increases, experimental values differ from the
small deformation theory, which assumes a small deformation approximation and a linear
stress–strain behavior (as shown in Figure 2c, this theory does not apply to experimental
values >5%). On the contrary, large strain theory (finite strain theory), which assumes
a nonlinear stress–strain behavior (geometrical nonlinearity) at finite deformation (large
deformation) of bilayer systems, can predict theoretical values close to the experimental
values at large deformations (as shown in Figure 2c, ~>5%) [30,33,43].
A controlled delaminated film wrinkle structure is a bilayer system, in which part of
the rigid layer is strongly bonded to the flexible substrate, due to patterned surface activation, while the nonactivated part is delaminated to form a wrinkled structure (Figure 2b,
right) [44,45]. A controlled delamination wrinkle is able to generate the following process:
a patterned mask is attached to the expanded elastic substrate, and a patterned surface
activation region is generated through oxygen plasma treatment or ultraviolet/ozone(UVO)
irradiation. After attaching a rigid layer on the elastic substrate, the elastic substrate relieves volume deformation; as a result, the volume of the elastic substrate shrinks to the
original, and compressive stresses occur in the rigid layer. This stress is relaxed by causing
delamination between the rigid film and the substrate in the inactivated region, to form a
wrinkle. As a result of the delamination wrinkle structures, the bilayer system reaches a
new equilibrium state [46]. Furthermore, the theoretical amplitude and period values of
controlled delamination wrinkles are affected by the inactivated and activated regions and
pre–strain [46,47].
In the wrinkle structures described above, the wrinkle amplitude and period are
changed by the applied strain [33]. If it reaches a value equal to εp + εc (εp is pre–strain and
εc is critical strain), the amplitude becomes 0. If the applied strain is increased more than
εp + εc , the deformation is applied directly to the rigid layer. If the applied strain reaches a
value equal to εp + εc + εf (εf is the fracture strain of rigid layer), the rigid layer is fractured.
If a compressive strain is applied, fractures occur when the peak strain reaches the fracture
strain. Under tensions and compressions, the applied strain can exhibit stretchability and
compressibility. As the two values are opposite, depending on the value of the pre–strain,
it is possible to design a structure with appropriate stretchability and compressibility by
controlling pre–strain [30].
Materials for elastic substrates that can be used for the fabrication of wrinkled structures in bilayer systems include polydimethylsiloxane [48], azo–containing poly (PDO3) [40],
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and liquid crystal polymer (reactive mesogen) [49]. Regarding elastic substrate expansion,
mechanical stretching [48,50], thermal expansion [35,51,52], and solvent swelling [53] can
be used. Materials for the rigid layers used in bilayer systems include Au/Pd (Gold
and palladium) [54,55], CNT [56], GaAs [57], grapheme [58], SiNMs [59], SiNWs [60],
PZT [61], oxygen–plasma–treated [62] and ultraviolet/ozone (UVO)–oxidated elastic substrate surfaces [63], and ZnO [64]. Rigid layer materials are deposited onto an elastic
substrate, to form a bilayer using sputtering [54], transfer [60], electroless plating [65],
chemical vapor deposition [35], surface cross linking through plasma treatment [52], or
UVO irradiation [66,67].
Controllable wrinkle structures with stretchability and compressibility have been applied to various fields (e.g., flexible electronic devices sensor, circuit, biology, etc.). A strain
sensor with a wave/wrinkle structure has been reported as an example for applying controllable stretchability and compressibility to detect motion monitoring. The unstructured
sensor has a lower strain range (8%), whereas the wrinkle structure strain sensor, generated
by pre–strain, improved the strain range (12–65%). Sensors with improved stretchability
have been applied to humans and robots, to detect various movements, such as the wrist,
leg muscles, and facial expressions [68]. As another example, the wave/wrinkle structure is
used as electronics path that is applicable to flexible electronics device. These wrinkle paths
are made up of GaAs and Si and have up to ~100% stretchability, ~25% compressibility,
and bendability, with a radius of curvature down to ~5 mm. Stretchable, compressible
metal–semiconductor–metal photodetectors (MSMPDs) have been fabricated through metal
deposition on a wrinkle path [32].
2.1.2. Wave/Wrinkle Structure Patterning
Generally, the wrinkle/wave structures naturally generated in bilayer structures
cannot be created in a pattern with a specific direction or shape, due to random properties.
However, various applications (e.g., microfluidic system, the direction of nerve cell growth,
etc.) of wave/wrinkle structures use controlled patterns.
Pre–patterning [34,69,70], stress distribution control [35,36,48,71], mold patterning [37–39],
and molecular control [41,49,72] are methods for controlling the random wrinkle structure
in the bilayer structure, for creating a specific pattern, including a one–directional wrinkle, herringbones [48], mazes, dots, radial (radially concentric, spoked radial) [66], and
hierarchical wrinkles [73].
In particular, pre–patterning is a wrinkle control method that applies controlled
buckling due to differences in bending stiffness (Figure 2d). Generally, a patterned mask
is attached to an elastic substrate and is exposed to UVO irradiation and oxygen plasma
treatment; the exposed region has a relatively higher bending stiffness. On the contrary,
the unexposed area is constrained by the difference in bending stiffness in the direction
perpendicular to the boundary and has lower bending stiffness; this generates compressive
stress in the direction perpendicular to the unexposed region and forms wrinkles in the
direction parallel to the boundary during the shrinkage process to the original volume of
the elastic substrate. During shrinkage to the bilayer’s original volume, buckling in the
high bending stiffness region expands to the low bending stiffness region, relieving the
compressive stress and forming a wrinkle perpendicular to the boundary [34,69,70]. The
wrinkles are difficult to precisely align compared to other wrinkle generation methods;
however, pre–patterning has the characteristic of being able to produce more complex
patterns. By controlling the stress distribution during the wrinkle formation, patterned
wrinkles can be formed on the bilayer surface. Methods for controlling wrinkling through
stress distribution include forming a relief structure on an elastic substrate (Figure 2e) [35]
and controlling the direction and sequence of pre–strain (Figure 2f) [36,48,71]. When using
pre–strain, the wrinkle direction is determined by the distribution of compressive stresses
in the rigid layer that occur upon release, while the wrinkle wavelength proceeds in a larger
stress direction. For example, in the case of a bilayer system, which is uniaxially tensioned
in the x–axis, a compressive stress can be induced in the x–axis upon release and an x–axis
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progressive wrinkle pattern is generated. In the case of biaxial tension in the x and y axes,
patterns such as herringbones can be produced by adjusting the order and force of the
release axes (Figure 2f) [36,40]. Wrinkles, which can be produced by controlling the stress
distribution through deformation, have a simple production process and low cost, while
the wrinkle pattern is limited. However, several ordered and complex wrinkle patterns can
be produced by controlling the stress distribution in the desired direction, by applying a
relief structure to an elastic substrate (Figure 2e) [35].
Mold patterning is a wrinkle generation method that applies physical self–assembly,
by mechanical stress using a patterned mold; its contour, attached over the bilayer system,
allows controlling the mechanical stress and generate an ordered wrinkle pattern [37].
These wrinkles are affected by the period of the line–and–space pattern of the mold and
the adhesive force between the mold and the bilayer. If the difference between the intrinsic
wavelength of the buckling and the period of the line–and–space pattern on the mold is
small, a sinusoidal wave appears (e.g., mold line–and–space: 2 µm, intrinsic wavelength:
2.6 µm). If the difference is large, various non–sinusoidal waves appear (Figure 2g, left)
(e.g., mold line–and space: 6.3 µm, intrinsic wavelength: 3.4 µm) [38]. Furthermore,
depending on the adhesion of the mold, the convex and the concave wrinkles can be
adjusted (Figure 2g, right) [39]. This mold patterning can generate sophisticated wrinkle
structures and various patterns. However, mold patterning has a high cost for creating a
short period pattern mold, and because the rigid layer and the mold are in direct contact,
the possibility of damage to the rigid layer during the removal process of the mold exists
(Figure 2g, right).
Molecular control–patterned wrinkles can be generated using the control of stress
distribution, the photo–softening effect by molecular isomerization [40,41], and the elastic
anisotropy induced through the control of molecular orientation alignment of the bilayer
materials [72]. Molecular isomerization alters the Young’s modulus of pre–generated wrinkles through a photo–softening effect and changes in stress distribution. This effect is a
phenomenon in which the modulus changes when light of a specific wavelength is applied
to isomerization property materials; the modulus varies depending on the ratio of the stable
trans–state to the metastable cis state [41]. In addition, rapidly reversible trans–cis isomerization generates forces, which change the stress distribution [40]. Changes in Young’s
modulus and stress distribution of the bilayer in random wrinkles can be patterned by
deleting the previously created wrinkles or aligning them (Figure 2h). Characteristics of
a liquid crystal polymer can be aligned during molecular orientation. The orientation
of molecules causes elastic anisotropy, with different elasticities depending on the direction [72]. Elastic anisotropy generates directionally varied compressive stresses during the
expansion and shrinkage of a bilayer system and ordered wrinkles. Molecular direction
control is used only for materials that can switch their direction by a specific method
(e.g., rubbing and photoalignment). Moreover, sophisticated wrinkle structure control and
various patternings are possible in a small specific area.
A wrinkle/wave structure in bilayer systems can be used in various fields, such as
soft electronics, nano/microstructure fabrication, and biology, by using the adjustability of
the maximum stretchability and compressibility of the rigid layer, structural characteristics,
component material properties of the wrinkle structure, and various patterning possibilities
(Figure 2i). Some applications include dry adhesives [71], capacitors [74], stretchable and
compressible circuits [75], cell culture platforms [42], crack–based sensors [76], diodes [35],
MESFETs [51] (metal semiconductor field effect transistor), photodetectors [77], pressure
sensor [65], and QR CODEs [49].
2.2. Stretchable Interconnect
A stretchable interconnect is an interconnect for connecting rigid components in equipment that requires stretchability [78–83]. Rigid and bulky components can be connected
with no change in electrical conductivity, even with high deformation, due to the design
structure or pattern. Research is underway to change the pattern or structure of the intercon-
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nect, so that the electrical properties do not change when the device is stretched or bent. The
interconnect printed on the substrate is designed in a pattern, such as serpentine or fractal,
or the structure is changed to an arc, spiral, or helix. In this way, it is possible to increase
the device’s stretchability and maintain stable performance in the case of deformation.
2.2.1. Pattern Design
Interconnects break due to the tensile strength or bending of the equipment. To prevent
such damage, research is underway to fabricate interconnects printed on the substrate
in various patterns that have been designed so that the interconnect is twisted, rotated,
and buckled during tension [78]. Due to this deformation, the interconnect can have a
stretchability that does not break, even in tension. Currently, stretchable interconnects are
being manufactured using patterns such as serpentine and fractal designs [7,14,84–108].
The most representative pattern in stretchable interconnects is the former [84,94,102–108],
in which two semicircles are repeatedly connected in a straight line.
Changes in parameters, such as radius of curvature (R), width (w), angle (α), and arm
length (l), to the shape shown in Figure 3a, cause lowering of the stress applied during
tension. Through theoretical analysis and simulation, it is possible to check the influence of
various variables on the serpentine structure. Interconnects with small w/R, large l/R, and
large α are flexible and stretchable, with a few rare exceptions. In addition, stretchability
can be greatly improved as the I/R approaches infinity. In addition to the theoretical
analysis, FEA was used to confirm the deformation of the interconnect due to strain in the
top, front, right, and three–dimensional (3D) view [108]. Based on this, it was confirmed
that the serpentine pattern rotates and buckles when tensioned, thereby reducing the stress
applied to the interconnect. The stress applied to a serpentine pattern interconnect differs
depending on the presence or absence of encapsulation [84]; buckling occurred, and large
deformation (26%) was possible when it was not performed. However, buckling did not
occur; hence, even a small deformation (9%) received a large stress. Therefore, it can be seen
that the serpentine pattern interconnect is capable of greater deformation when buckling
occurs. Therefore, the interconnect with a serpentine pattern is a stretchable interconnect
that is easy to use, as confirmed by previous studies.
A self–similar structure is a pattern inspired by fractals, as it shows a resemblance
to the whole including itself when a part is enlarged [85–88]. Research is underway to
increase the stretchability, by increasing the fractal order [107,108]. Figure 3b is a schematic
diagram of fractal–inspired interconnect geometry [86]. This study shows that, as the fractal
order of the interconnect is increased from 1 to 4, the stretchability can be improved by
~200 times. Through this, the self–similar structure has greater stretchability compared to
the existing serpentine structure. In addition to the serpentine structure, various patterns
can be selected and utilized for the self–similar structure. In one study, a self–similar
structure was designed using Koch, Peano, Hilbert, Moore, Vicsek, and Greek crosses [88].
The results illustrated the diversity of possibilities with the finite element method and
an experimental demonstration. Therefore, by studying the basic patterns of self–similar
structures, stretchable interconnects with higher performance can be developed.
A mesh refers to a pattern in which a shape is constantly connected [89]. The interconnect can be designed with a regular mesh pattern, to improve electrical and optical
performance [7,89–93,95]. Figure 3c shows meshes of square, hexagonal, zigzag, and serpentine design; the distribution of plastic strain with respect to tension was simulated for
these structures [89]; thus, confirming that the zigzag and serpentine meshes were capable
of greater deformation compared to the square and hexagonal meshes. In addition, studies
on meshes of various patterns, such as triangular, honeycomb, and kagome, have been
conducted [92], confirming that interconnects with a mesh pattern can be practically used
in stretchable electronic systems.
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A self–similar structure is a pattern inspired by fractals, as it shows a resembla
Interconnects with improved stretchability through pattern design are being used
the whole including itself when a part is enlarged [85–88]. Research is underway
in various fields, such as wearable devices and biomonitoring [14,96–101]. The device
crease the stretchability, by increasing the fractal order [107,108]. Figure 3b is a sche
shown in Figure 3d has improved stretchability, with a serpentine pattern interconnect [96].
diagram of fractal–inspired interconnect geometry [86]. This study shows that, as the
This device was attached to the skin and utilized for human monitoring. Moreover, a
tal order of the interconnect is increased from 1 to 4, the stretchability can be improv
study in which electrophysiological data were collected by attaching to the skin through
~200 times. Through this, the self–similar structure has greater stretchability compa
an interconnect of a self–similar serpentine pattern was confirmed [100]. In addition,
the existing serpentine structure. In addition to the serpentine structure, various pa
stretchable interconnect was used for heart monitoring [14,101]. A serpentine pattern
can be selected and utilized for the self–similar structure. In one study, a self–similar
interconnect was used to connect various components, from actuators for electrical, thermal,
ture was designed using Koch, Peano, Hilbert, Moore, Vicsek, and Greek crosses [88
and optical stimulation, in a moving heart to sense pH, temperature, and mechanical
results illustrated the diversity of possibilities with the finite element method and a
deformation. In this way, the signal from the sensor does not change when the heart
perimental demonstration. Therefore, by studying the basic patterns of self–similar
moves. This method will be used in more diverse fields if the performance can be improved
tures, stretchable interconnects with higher performance can be developed.
through additional research.
A mesh refers to a pattern in which a shape is constantly connected [89]. The
connect can be designed with a regular mesh pattern, to improve electrical and o
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2.2.2. 3D Structural Design
In addition to the method of designing the pattern printed on the substrate, research
on stretchable interconnects that improve stretchability by utilizing various 3D–shaped
structures is being conducted [13,32,109–131]. By designing the geometry of the interconnect, the stress applied through spatial deformation during tension is reduced. Accordingly,
there is little or no change in the electrical performance of the interconnect, even if there
is a deformation in the device. The studies conducted so far show that fractures due to
deformation can be prevented using arc, spiral, and helix structures.
The former represents a 3D structure interconnect [121–123,128–130]; the components
are connected by interconnects bent vertically from the substrate [129]. This was manufactured based mainly on the principle of buckling the interconnect by stretching the
substrate in advance and then releasing it again. Furthermore, arc structure interconnects
fabricated in this way can be theoretically analyzed regarding several variables [129]. The
arc structure can have various shapes, depending on the design. As shown in Figure 3e,
the shape of the interconnect can be changed by adjusting the buckling [109]. In addition,
studies have been conducted to create a new arc structure by utilizing a concave structure
between the components or buckling the interconnect in a serpentine pattern, rather than a
straight arc [122,130]. Therefore, a more stretchable interconnect can be manufactured by
designing patterns and structures at the same time.
In a wave structure, the surface of the substrate and the interconnect appear together
in a wavy shape [13,113,116,119]. As shown in Figure 3f, after the substrate is pre–stretched
and relaxed, the interconnect and substrate surface together generate a surface wave [13].
During tension, the substrate and interconnect are stretched simultaneously, and the electrical performance is not affected up to the pre–strained length. However, if the length of
the pre–strain is exceeded, fracture occurs and the electrical performance is affected [119].
A wave structure can be produced without pre–strain through a photolithography process [116]; it has no pre–strain stress, and the size and direction of the structure can be
adjusted. Therefore, wave structure interconnect performance can be further improved
through changes in the manufacturing process.
The stretchability of the device can be improved using a spiral structure interconnect [110,118,120,121,131], which is shown in Figure 3g [110]. A spiral structure was
applied to achieve high stretchability in monolithic monocrystalline silicon with excellent
mechanical and electrical properties. Measured stretches were as high as ~1000% for single
helices, while domain extensions were as high as 30 times in the array. Furthermore, it has
been confirmed that the spiral structure is highly reversible and does not break up to 412
cycles [118].
A stretchable interconnect was designed with a 3D helix structure [111,114,115,117,125],
whose shape is shown in Figure 3h. Currently, helix structures are generally manufactured
using buckling; however, other methods have also been proposed. A two–dimensional (2D)
micro/nanostructure can be converted into a helix structure by compressing and buckling a
certain pattern [111], as shown in Figure 3h. In addition, depending on the buckling pattern,
helixes of various structures, such as single, dual, and nested helixes, can be manufactured.
In addition to the method cited above, some studies fabricated the helix structure in other
ways. For example, using a screw as a template, a helical–structured board was fabricated,
and CuNW was transferred to the board to fabricate an interconnect [125]. Here, it was
confirmed that the helix structure interconnects had a high elasticity of 700%, without
lowering the electrical resistance.
Devices with improved stretchability through various 3D structural interconnect designs are being used in various fields [112,126,127]. As an example, soft electronics that
can be attached to the human body were manufactured using a helix–structure interconnect [127]. The stretchability of this device was improved by the helix structure compared
to a 2D serpentine pattern. In addition, it was confirmed that signals from sensors, such
as electrocardiogram (ECG), electromyography (EMG), electrooculography (EOG), and
electroencephalography (EEG), can be measured in this way. Research on fabricating
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multifunctional implantable devices with improved stretchability using a wave structure
has also been conducted [112]; a device was attached directly to the tissue, as shown in
Figure 3i. This monitored cell proliferation and differentiation and acted as an electrical
stimulator and an electrophysiological sensor in vivo. Therefore, it can be used in various
applications that require stretchability of the stretchable interconnect with a 3D structure.
2.3. Origami/Kirigami
The origins of origami and kirigami are in ancient papercraft techniques that involve
folding and cutting the substrate and extending the use of materials from papers to a
broad range of alternatives. Both structures provide a way to apply flat thin planes
into 3D structures for various engineering fields, in which a broad range of materials is
needed, such as electronics [132–136], optics [137,138], biomedical sensing [15,135,139],
robotics [140–143], and flexible device [134–136,138,144,145] applications. Owing to their
characteristics, which can modulate the material simply and easily, origami and kirigami
structures have been fabricated with various materials, such as metals [133,144,146–148],
polymers [144,147,149–152], graphene [153,154], and hydrogels [142], from the scale of
meter to micro/nanometer size.
Origami and kirigami structures are similar, as they divide a single substrate into
flexible (crease patterns in the former and linkage patterns in the latter) and rigid parts
(thin panel without any deformation); while both structures have significant distinctive
characteristics from their manner of fabricating structures, as origami folds the plane of a
thin film into smaller 3D structures, and kirigami cuts the film into larger extended planes
or into 3D structures.
2.3.1. Origami
Origami structures, which are basically folded structures, consist of rigid panels and
crease patterns, where the structure is mostly deformed. As a matter of fact, rigid panels are
not deformed under bending, stretching, or twisting stress. Crease patterns are designed to
be deformed as they are mathematically foldable and have a lower rigidity than other parts
of the panel. The rigid panel, which is a standing or base part of the structure, shows less,
or no, deformation under stress.
Many crease patterns are used in origami structures; the most common is called the
Miura pattern, which has a unique but simple geometry for fabricating structures. This
was first designed by Kyoro Miura [155]; all the geometrical properties in Miura origami
are determined in the vertex by the lengths (a and b), plane angle (ß), and folding angle
(ø), as shown in Figure 4a [156]. The Miura pattern has many mechanical properties,
such as tunable Poisson’s ratio, stiffness, and panel directions; thus, being used in various
fields, such as flexible electronics [135,136], artificial muscles [157], solar cells [133], and
batteries [158], by changing the pattern’s properties as desired.
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The fabrication process of these origami structures mainly utilizes photolithography and
etching, due to their high accuracy of patterning; they are sometimes used in 3D printing
techniques, with materials such as hydrogel [142] and cellulose [164].
There have been many developments in folding methods for the designing and fabrication process of patterns and structures, and the folding forces used at macroscale in
the past cannot be applied to micro/nanoscale structures, due to the scale effect. Thus,
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origami structures at micro/nanoscale usually use self–folding methods with various stimuli, including capillary force [165], residual stress [140,144,159,163] (Figure 4b,c), light [152],
and heat [166,167]. Moreover, there has been research using ‘4D printing’ [168,169] that
self–folds with time sequences.
2.3.2. Kirigami
Kirigami structures are basically related to the cutting of a thin substrate into linkages
and rigid panels. The linkage pattern is positioned between panels, which changes the
deformation depending on its characteristics. Unlike origami, kirigami structures’ deformation behavior changes depending on the composition ratio of panels and linkages;
when linkages occupy a higher portion, deformation occurs along linkages and panels
under stress. However, when the linkage occupies a smaller portion, the linkage parts are
deformed easily, while the panel parts remain rigid. Kirigami structures are more likely to
be in 2D and become 3D, depending on the material’s mechanical properties.
Two–dimensional kirigami structures are usually rigid, meaning zero curvature, both
before and after the desired stresses; thus, preventing the plane from deforming. The
inverse design framework method [160] can be used to design patterns in kirigami, as
shown in Figure 4d. This method enables the standard patterns to be changed to more
generalized patterns; that is, the desired design of various kinds of deployed states can be
calculated by a program that considers important variables, such as length and angle.
Most of the 2D kirigami pattern is designed to be more stretchable than the original
substrate material with negative Poisson’s ratios. Among the various kinds of patterns
used in kirigami, the self–similar concept is a remarkably effective way of enhancing the
stretchability; this design is called hierarchical kirigami [161], as units are hierarchically
divided into smaller units with similar morphology, and the same cut patterns are repeated.
In hierarchical kirigami design, smaller units start to expand when the larger ones are
expanded to their limit. When the units become smaller, from level 0 to 3, the stretchability
of the film increases more than 70%, as shown in Figure 4e.
As the kirigami structure depends on the proportion of linkages and panels, 3D
kirigami structures can be obtained using the inverse design. In 3D kirigami structures,
where the deployed states are obtained in 3D, the linkage design is more critical than in
2D structures. When the panel is flexible enough to be deformed, a 3D kirigami structure
can be obtained with simple linkage patterns; however, when the panel is too rigid and
stiff to be deformed, linkage patterns enable the structure to be fabricated in 3D, without
panel deformation.
Although origami and kirigami structures can be easily used to configure the 3D
structures of various materials, there are some problems to overcome. Recently, origami
and kirigami structures have been combined to solve the conventional problem, and
maximize their advantages, as both methods are simply obtained in thin film. Linkage
patterns in kirigami play a vital role; however, they are also vulnerable to being torn off,
as they should be thin and narrow for high flexibility. In cut and fold structures [162], the
linkage of kirigami is combined with origami crease patterns, as shown in Figure 4f. The
combined design enables the expanded angle to be smaller; thus, adding more stability to
the structures. Furthermore, with a combined design, the crease pattern can be changed
with higher stretchability, while maintaining the pattern’s basic morphology; thus, enabling
a larger variety of applications. Unlike combined patterns of origami and kirigami in a
single substrate simultaneously, there are many applications of hybrid origami and kirigami
structures on different substrates [147,163]. For example, two or more substrates can be
assembled for various applications, as shown in Figure 4g, such as self–deploying and
self–folding designs, using different materials and stimuli.
2.4. Cracks
Arthropods have evolved over a long period of time to have a sensitive sensory
system [170–173]. Representatively, the spider slit organ consists of a roughly parallel
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fissure–shaped sensory lyriform organ for extremely sensitive monitoring of the vibrations
of the spider web (Figure 5a) [174]. In recent years, efforts to mimic these organs have
changed the perception of cracks, which are now being utilized as another parameter in
flexible electronic devices, rather than as material defects due to device failure [175–177].
From mimicking external shapes to internal mechanisms, researchers have developed
mechanical sensors with high sensitivity, low power consumption, and high reproducibility [175,178,179]. However, there are still many challenges to comprehensively understand
the existing sensors [180].
Figure 5b provides a predictive mechanism for stretchable electronics [181]. The
resistance increases linearly with the applied strain during the first stretching cycle, as
the metal film fractures into locally transverse cracks. Both lateral and transverse cracks
open at 10% strain. The contact area between the islands is minimized, which significantly
lengthens the conduction penetration path through the network. Thus, the resistance
increases. When stretched further, the lateral Poisson compression closes the lateral cracks,
which in turn reduces the penetration path, resulting in a decrease in electrical resistance.
By controlling the path of electrical penetration through the metal film, the crack can
provide a strain function for the strain sensor.
Finite element simulations showed that the substrate delocalizes the strain, so that
the metal film can be extended indefinitely, limited only by rupture of the polymer substrate [182]. However, a discrepancy between experiment and theory may arise due to the
influence of the very small particle size and inadequate interfacial adhesion [183]. Since
debonding plays an important role in this failure mechanism, an adhesive layer that improves adhesion between the film and substrate causes strain localization and cracking of
the copper film. Figure 5c shows that, in the presence of a Cr layer, the deviation between
the measured resistance and the theoretical prediction of the entire experimental range
is reduced.
Crack–based flexible electrodes can continuously measure cardiac contractility and
monitor drug–induced changes in contractility without changing the gage coefficient
for up to 26 days (>5 million heart rates) (Figure 5d). Furthermore, when made from
stretchable electronic materials, crack sensors can be integrated into clothing or attached
directly to the body (Figure 5e); this applies to materials such as Ag [184,185], Au [186],
graphene [187–190], ITO [191,192], and CNT [193,194], allowing for different strain detection ranges and use cases. Wearables and stretchable devices made from thin films of
aligned carbon nanotubes break the nanotube films into fissures and islands when stretched,
creating bundles that connect the fissures; this mechanism allows the film to act as a strain
sensor capable of measuring strains up to 280% (50 times greater than traditional metal
strain gages) with high durability, fast response, and low creep (Figure 5f) [193].
In addition, by controlling and optimizing the nanocrack structure, it is endowed
with a high linearity and sensitivity and wide operating range [195,196]. It has been
confirmed that various human body movements can be detected, including subtle skin
deformations, such as joint movements and pulsations [16,197–199]. As mentioned earlier,
the sensitivity of crack–based sensors can be further improved through control of the crack
geometry [180–183,200–207]. The sensor gage factor generally increases with increasing
relative crack depth (Figure 5g) [200]. The depth of the crack can be controlled using a
variety of methods, including patterning the existing substrate, applying additional tensile
forces after the initial crack is created, and controlling the rate of withdrawal of crack
propagation; and it can be easily increased, without changing other geometric parameters
(Figure 5h) [196].
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Generally, polymer materials have limitations in Young’s modulus and viscoelastic
properties, which prevent the performance of polymer–based sensors from reaching biological sensing systems [208]. Studies that applied nano– to micro–sized structure arrays
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2.5. Nano/Micro Structured Array
Generally, polymer materials have limitations in Young’s modulus and viscoelastic
properties, which prevent the performance of polymer–based sensors from reaching biological sensing systems [208]. Studies that applied nano– to micro–sized structure arrays to
polymers have received much attention, to overcome this issue; the structure array provides
the sensor with features that depend on its geometric shape. Previous studies have shown
that performance is improved by utilizing arrays of nano/microstructures of basic 3D
shapes, such as pyramids [209,210], domes [211,212], cones [213], and pillars [17,214,215].
These arrays are commonly applied to polymers such as PDMS [212,216–219]. In a recent
study, a high sensitivity, wide detection range, long–term stability, and fast response time
were achieved through basic structure modification and multilayer design. In this section,
research using the basic type of nano or microstructure arrays are introduced, as well as
the improvements achieved by recent studies.
A unique advantage of integrating nano/microstructure arrays in sensors is to decrease the mechanical Young’s modulus of the system, thereby increasing the change in
electrical signal. Common principles for converting mechanical stimuli into electrical signal are piezoelectric [220], piezo–resistive [221], capacitive [216,217,222], and triboelectric
techniques [223,224]; all of these detect stimuli due to the polymer deformation of the
system. The 3D geometry of a nano/microstructure array achieves the reduction of Young’s
modulus by changing the contact area and mechanical strength of the system with various
designs. Polymers with nano/microstructure arrays have a smaller contact area with
electrodes than planar polymers, due to the three–dimensional geometry of the structure;
thus, inducing stress concentration, leading to a greater structure deformation, which in
turn causes a change in the conductive path between the electrode and the polymer.
Figure 6a shows a simulation of the relationship between strain and pressure caused
by a basic nano/microstructure array [216]; Figure 6b shows the change in contact area
for each structure in a polymer [225]. Polymers with nano/microstructure arrays have a
different pressure sensitivity depending on the structure. The dome structure showed the
greatest linear pressure sensitivity among all pressure ranges, which was ~50 times higher
than that of planar polymers in a medium pressure range (1–10 kPa).
The structure strength was adjusted using several geometric designs [226]. Figure 6c,d
show a porous pyramid and a high aspect ratio structure with lowered mechanical strength
through the design of structures constituting a nano/microstructure array [227,228]. The
porous structure contributed to the realization of a capacitive sensor with a sensitivity
of 44.5 kPa−1 and a resistive sensor with a sensitivity up to 449 kPa−1 at low pressure,
as shown in Figure 6c [227]. High aspect ratio structures have a lower bending strength,
using the characteristics of the pillar structure with a high aspect ratio; nano/micropillar
arrays have been used for flow rate [215,229], gas [230], pressure [17,231], and tactile sensors [232,233]. Figure 6d provides a nano/microstructure array–based capacitive pressure
sensor using a tilted pillar structure [228]; the inclined pillar dielectric layer allows the
structure to be more easily bent when pressure is applied to the electrode. Simultaneously,
the corresponding deformation mechanism realizes a robust structure, with no air gap
between the dielectric layer and the counter electrode interface and high sensor sensitivity.
The sensor provided a high pressure sensitivity of 0.42 kPa−1 and a small pressure detection
of 1 Pa.
Research applying nano/microstructure arrays has advanced into multiaxial force
sensing [234–236], signal linearity [237–239], and response time improvement [211]. Multi–
axis force sensing is essential in robotics and many other applications [240]. Sensors
with typical pyramidal and dome–shaped nano/microstructures have differences in sensitivity, because the Young’s modulus varies with the strain range, due to the structure’s geometry; this means that the signal exhibits nonlinearity; thus, typical structure
nano/microstructure arrays are unsuitable for applications that require linearity. In addition, the nano/microstructure array of the monolayer is still affected by the viscoelasticity
of the material, as a mechanism by which the electrical signal change occurs due to the me-
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chanical deformation of the polymer. Thus, viscoelasticity causes a delayed response, which
phenomena of sensors composed of a single nano/microstructure
array layer.
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in the number of small protrusions in contact; thus, causing the contact area to change
almost linearly with pressure. The sensor exhibited a very linear, high sensitivity output
of 8.5 kPa−1 over a pressure range of 0–12 kPa. An interlocking structure, which was constructed with two microstructure arrays facing each other, was reported as one way to overcome viscoelastic properties [225,242–244]. In addition, it has been reported that an interlocking structure exhibits higher sensitivity compared to single–layer nano/microstructure
arrays, and it is possible to distinguish electrical signals from various mechanical stimuli [245,246]. Figure 6g provides a sensor implemented with an interlocking structure [211].
In the interlocking structure, the deformation of the nano/microstructure array, and the
change in distance and contact area between the microstructures of the two layers, affects
the electrical signal. In particular, the distance between the nano/microstructures located
in different layers depends on the tensile force acting on the system. The mechanism
using the distance change between different layers reduces the influence of viscoelastic
properties, enabling fast response output and reduced hysteresis. Furthermore, it can solve
the problem of temperature–induced signal change, with a higher sensitivity than single–
layer nano/microstructure arrays. Moreover, the distance between two layers of structure
reveals different paths, depending on the type of force acting on it. Thus, pressure, shear,
torsion, and bending signals can be distinguished. Recently, research has been conducted
to improve sensor performance, by simulating various hierarchical [247,248] and natural
structures [239] and basic structures. In addition, research on a sensor capable of simultaneously measuring a mechanical stimulus and a temperature [249,250] or a magnetic
field [251], beyond distinguishing the stimulus, is in progress.
2.6. Textile Structure
Textiles, one of the essential elements of human daily life, started with the purpose
of protecting the body and has now been developed into an element that enhances individuality and quality of life. Textile can be divided into fiber (nm–µm), yarn (µm–mm),
fabrics (cm), and products (m); the durability and elasticity of textile increases from fiber to
product [252] (Figure 7a). In the early days of textiles, products with different textures were
produced using various materials; however, in the 1980s, textile products using conductive materials were manufactured using conductive materials in the MIT (Massachusetts
Institute of Technology) laboratory, making it possible to manufacture clothes with various
functions [253]. Conductive textiles use the principle that an external force causes a deformation of the length of the textile, and the electrical resistance of the conductive material
changes due to this deformation [254].
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restricts the movement of the user. To improve this first attempt, the research team of van
Langenhove and T.T Institute proposed a conductive textile using Ag that does not limit
the user’s movement; moreover, the wiring is not exposed on the outside of the fabric [262].
Hence, the discomfort of human movement was reduced, and a form of conductive textile
developed from this first attempt was exhibited in terms of aesthetics, due to its high
similarity to clothing.
Conductive textiles have conductive fibers or yarns that use metal [263–267] or carbon [268–270] as fiber–type materials. In addition, conductive polymers such as polyaniline
can be used as wiring in textiles [261–274]. The above conductive materials can provide
electrical conductivity [275,276], tensile strength [277,278], and mechanical and thermal
stability [279] to the conductive textile. For example, aligned multiwall CNT sheets synthesized through chemical vapor deposition were closely wound on elastic rubber fibers in a
precisely designed shape. Depending on the angle at which the CNT was wound on the
elastic rubber fiber, a fiber with 100% elasticity and a resistance of 0.0886 k ohm/cm was created [255]. Additionally, regarding the production of silver superelastic conductive fibers,
T. Ghosh et al. aligned multiwall CNTs attached to highly pre–strained rubbery fibers; thus,
confirming that the super–elastic conductive fiber had a maximum elasticity of 1320% and
little change in electrical conductivity, even after several thousand cycles of stretching [280].
This study showed that aligned multiwall CNTs can be utilized as conductive fibers and
wearable devices, even after thousands of cycles of stretching (Figure 7c).
Afterwards, a fiber–type supercapacitor, in the form of a fiber wrapped with graphene,
was developed in the form of a fiber, by twisting two silver FG@3D–G electrodes. Supercapacitors prepared using H2 SO4 –PVA gel showed a stable area–to–area capacitance of
1.2–1.7 mF/cm2 after bending 500 times [279]. Moreover, a supercapacitor showed 50%
and 200% performance for compression and stretching, respectively, while maintaining
the electrochemical characteristics; it also showed that the tensile modulus of the fiber
increased when using a larger number of electrodes [255].
2.6.2. Weaving and Knitting
Weaving and knitting are methods of processing fibers using manufactured yarns.
There are two vertical and separate tread systems in weaving, in which each fiber is
closely connected to form a rigid fabric [280–282]. In knitting, yarning is a method of
manufacturing a fabric with a loop structure, which has the potential to be easily deformed
(Figure 7d,e) [256,283–285].
Fabrics with woven, knitted construction are made using twist or wrap yarns and
have excellent elasticity and durability compared to a single fiber. These exhibit advantages
in strain and stress depending on their structure. In the case of knitted fabrics, they have
a large elongation value compared to woven fabric, as they have an open and loop–like
structure [286,287].
A flexible humidity sensor for human respiration analysis was developed using an
open structure, which is an advantage of fabrics with a knitted construction. The flexible
humidity sensor made of a fabric coated with graphene oxide showed an ~160% improvement in performance, in terms of hygroscopicity and breathability, which are the
limitations of the existing humidity sensors; it was confirmed that this was not affected by
the breathing rate [288]. On the contrary, when studying fabricating wearable sensors and
heaters using in situ polymerization of pyrrole on knitted cellulose fabric, knitted fabric
coated with electrically conductive polypyrrole (PPy) showed an electrical conductivity of
3030 ohm/sq and demonstrated its potential use as a strain sensor, due to its high sensitivity
to various operating activities. In addition, it was confirmed that the role of a wearable
heater can be performed by using the Joule heating effect after an additional non–wettable
treatment [284].
Knitting and weaving have distinct advantages, but also disadvantages, as they show
clear limitations. In order to overcome these limitations, a pressure sensor that integrates
a woven fabric layer on a knitted fabric layer has been developed. The pressure sensor,
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manufactured by using a mixture of the two methods, showed a response time of less than
0.4 s in various pressure directions, with a wide sensing range of up to 100 kPa, and a
sensitivity up to 0.73 kPa [289] (Xie, Juan et al.). Through this study, the first fabric that
integrates knitting and weaving was developed, and it has been applied for the sensing of
temperature, pressure, and strain.
2.6.3. Smart Textiles Products
The various advantages of these fabrics have been applied to industry [260,290,291]
and energy harvesting [292–295], and, in particular, have led to the development of smart
textiles for healthcare monitoring [256,296–298].
A wearable pressure sensor capable of sensing and responding to environmental
stimuli was applied to monitor human movement and check health factors, such as pulse.
Figure 7f shows the successful implementation of a large–area full fiber–based pressure
sensor array on a common fabric substrate. The textile sensor unit achieved a high sensitivity (14.4 kPa−1 ), low detection limit (2 Pa), fast response (≈24 ms), low power consumption
(<6 µW), and mechanical stability under harsh deformations. Thanks to these merits, the
textile sensor was demonstrated to be able to recognize finger movement, hand gestures,
acoustic vibrations, and real–time pulse waves [257].
In other industrial fields, energy harvesting using PNA/PMA composite fibers using
dry–wet spinning has been studied. The developed PNA/PMA composite fiber was
applied to convert the movement of the human body into electric power. The strain sensing
function of PNA/PMA fibers was used to monitor the movement of the human body, and
a triboelectric nanogenerator (TENG) fabric woven with PNA/PMA composite fibers was
shown to allow remote monitoring, by converting mechanical kinetic energy into electrical
power [258] (Figure 7g).
A single–layer soft smart textile for monitoring all physiological parameters during
sleep and health management for healthcare fields was studied by Zhihao Zhou et al.
A high pressure sensitivity of 10.79 mV/Pa, wide operating frequency bandwidth of 0
to 40 Hz, excellent stability, and washable fabrics enabled dynamic changes in sleeping
posture, subtle breathing, and cardio ballistics (BCG); thus, monitoring for the reduction of
sleep apnea. This was used in a system capable of diagnosing respiratory syndrome [259]
(OSAGS) (Figure 7h).
Last, research on smart textiles that detect harmful gases in industry or daily life is
being conducted; it was confirmed that a smart textile, which optically detects dyes reacting
to harmful gases, can detect ammonia and hydrogen chloride vapors commonly found
in cleaning products, fertilizers, and chemical processes, in the range of 50–1000 ppm. In
addition, the difference in sensing performance was ~2% after washing. The possibility of
intelligent clothing was confirmed through the manufactured smart textiles [260], which
are expected to be applied to multifunctional smart textiles, which are essential in daily life,
health monitoring, and industries (Figure 7i).
3. Conclusions and Future Perspectives
In this review, we have discussed the different materials that make up the structural
design methods. We have provided information regarding soft electronics by summarizing various structural design approaches in parallel, such as wave/wrinkle structure,
stretchable interconnect, origami/kirigami, crack, nano/microstructure, and textiles. As a
result, various structural design approaches enable interfacing with non–planar surfaces
and have shown excellent performance in various fields. Our research is expected to serve
as a guide for exploring soft electronics through examples of the latest flexible materials
and developed technologies.
Various structure designs have been utilized to fabricate soft electronics. Devices (sensors) having structures such as wave/wrinkle, stretchable interconnect, origami/kirigami,
crack, nano/microstructure, and fiber structure were fabricated; and depending on the
purpose, high stretchability, repeatability, and sensitivity in performance was provided.
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A wave/wrinkle structure is manufactured for the purpose of controlling stretchability
and compressibility using a bilayer system and is applied to various applications, such
as flexible circuits and biology [42,74]. A wave/wrinkle structure in a polymer surface,
it is easy to change the material and shape of the structure; therefore, many applicable
properties have been studied [35,51,59,65,73,74]. However, compared to lithography, it has
limitations for making elaborate patterns. Therefore, research in various fields, such as
flexible devices, biology, and optics, is being conducted, by patterning sophisticated and
complex structures in smaller areas and applying them [34,42,43,62,63,65,67–71,75].
Stretchable interconnects are used in various fields, such as wearable devices and
bioelectronics [96,97,112,126]. A stretchable interconnect structure is essential in the field
of soft electronics, because it has a structure that facilitates the connection of components
of the sensor. However, there are limitations, due to the fact that nanoscale patterns and
available materials are both limited. Therefore, various studies are being conducted to
improve the performance of stretchable interconnects.
Origami/kirigami methods are considered to be good candidates, as their fabrication
methods are applicable in micro/nanoscale and the possibility of using various materials
that could not to be used due to property limitations. Since origami/kirigami structures
are easy to configure, they have been developed and applied in various fields, such as
electronics [132–136], optics [137,138], biomedical sensing [15,135,139], robotics [141–143],
and flexible devices [134,136,138,144,145]. Self–folding methods using lights, heat, capillary
force, and residual stresses are being applied to fabricate the structures to be folded in
origami structures; however, they still limit the use of materials in their properties. Origami
and kirigami structures and their fabrication methods will be developed, as ongoing
research is progressing in the field of algorithms with 3D nanoscale structures and cost–
effective and precise fabrication methods to fix the problems that have been encountered.
A crack sensor aims to increase the sensitivity and operating range of the sensor
through material innovation, and increasing durability through crack control [200,204–207].
It is easy to manufacture a sensor with high sensitivity and a simple process method.
However, as the reproducibility of the sensor is low, research to increase the reproducibility
of these sensors is being conducted, using various process methods.
Nano/microstructure arrays are applied to pressure and tactile sensors and are studied for the purpose of increasing the performance of the sensor, such as sensitivity and
hysteresis, without changing the material [214,234,235,237–240]. However, when two or
more stimuli act simultaneously, studies on the discrimination of stimuli are insufficient,
and additionally, there are limitations due to mass production difficulties and low durability. Therefore, studies on structures having a high durability and mass production using
microstructures of various shapes are in progress [299,300].
Textile structures are intended to manufacture a wearable device using a conductive
material. There are various shapes, from fibers to fabric products, and they have high stretchability and strength with strains caused by human movement or shape change [274,293,298].
However, they have a limitation, which is their weakness against external contamination
and moisture. Therefore, research on a structure capable of maintaining high durability,
even in a harsh environment is being conducted [258,260,276].
Structure designs with these various advantages can improve their performance
through various studies, to overcome their limitations. Human–machine interface production through improved research is expected to be utilized in the fields of e–skin, wearable
devices, and healthcare monitoring.
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Yilmaz, M.; Aydoğan, Ş. The effect of Pb doping on the characteristic properties of spin coated ZnO thin films: Wrinkle structures.
Mater. Sci. Semicond. Processing 2015, 40, 162–170. [CrossRef]
Gao, N.; Zhang, X.; Liao, S.; Jia, H.; Wang, Y. Polymer Swelling Induced Conductive Wrinkles for an Ultrasensitive Pressure
Sensor. ACS Macro Lett. 2016, 5, 823–827. [CrossRef]
Chung, J.Y.; Nolte, A.J.; Stafford, C.M. Diffusion-controlled, self-organized growth of symmetric wrinkling patterns. Adv. Mater.
2009, 21, 1358–1362. [CrossRef]
Efimenko, K.; Rackaitis, M.; Manias, E.; Vaziri, A.; Mahadevan, L.; Genzer, J. Nested self-similar wrinkling patterns in skins. Nat.
Mater. 2005, 4, 293–297. [CrossRef]
Zou, Q.; Zheng, J.; Su, Q.; Wang, W.; Gao, W.; Ma, Z. A wave-inspired ultrastretchable strain sensor with predictable cracks. Sens.
Actuators A Phys. 2019, 300, 111658. [CrossRef]
Chen, C.-M.; Reed, J.C.; Yang, S. Guided wrinkling in swollen, pre-patterned photoresist thin films with a crosslinking gradient.
Soft Matter 2013, 9, 11007. [CrossRef]
Chan, E.P.; Crosby, A.J. Fabricating Microlens Arrays by Surface Wrinkling. Adv. Mater. 2006, 18, 3238–3242. [CrossRef]
Lin, P.-C.; Vajpayee, S.; Jagota, A.; Hui, C.-Y.; Yang, S. Mechanically tunable dry adhesive from wrinkled elastomers. Soft Matter
2008, 4, 1830. [CrossRef]
Kang, S.H.; Na, J.H.; Moon, S.N.; Lee, W., II; Yoo, P.J.; Lee, S.D. Self-organized anisotropic wrinkling of molecularly aligned liquid
crystalline polymer. Langmuir 2012, 28, 3576–3582. [CrossRef] [PubMed]
Huck, W.T.S. Hierarchical wrinkling. Nat. Mater. 2005, 4, 271–272. [CrossRef] [PubMed]
Qi, D.; Liu, Z.; Liu, Y.; Leow, W.R.; Zhu, B.; Yang, H.; Yu, J.; Wang, W.; Wang, H.; Yin, S.; et al. Suspended Wavy Graphene
Microribbons for Highly Stretchable Microsupercapacitors. Adv. Mater. 2015, 27, 5559–5566. [CrossRef]
Cantarella, G.; Vogt, C.; Hopf, R.; Münzenrieder, N.; Andrianakis, P.; Petti, L.; Daus, A.; Knobelspies, S.; Büthe, L.; Tröster, G.;
et al. Buckled Thin-Film Transistors and Circuits on Soft Elastomers for Stretchable Electronics. ACS Appl. Mater. Interfaces 2017,
9, 28750–28757. [CrossRef]
Choi, S.; Lee, S.; Lee, B.; Kim, T.; Hong, Y. Selective crack formation on stretchable silver nano-particle based thin films for
customized and integrated strain-sensing system. Thin Solid Film. 2020, 707, 138068. [CrossRef]
Guo, Q.; Fang, Y.; Zhang, M.; Huang, G.; Chu, P.K.; Mei, Y.; Di, Z.; Wang, X. Wrinkled Single-Crystalline Germanium Nanomembranes for Stretchable Photodetectors. IEEE Trans. Electron Devices 2017, 64, 1985–1990. [CrossRef]
Yin, L.; Lv, J.; Wang, J. Structural Innovations in Printed, Flexible, and Stretchable Electronics. Adv. Mater. Technol. 2020, 5, 2000694.
[CrossRef]
Wang, S.; Huang, Y.; Rogers, J.A. Mechanical Designs for Inorganic Stretchable Circuits in Soft Electronics. IEEE Trans. Compon.
Packag. Manuf. Technol. 2015, 5, 1201–1218. [CrossRef]
Xue, Z.; Song, H.; Rogers, J.A.; Zhang, Y.; Huang, Y. Mechanically-Guided Structural Designs in Stretchable Inorganic Electronics.
Adv. Mater. 2020, 32, 1902254. [CrossRef]
Nassar, J.M.; Rojas, J.P.; Hussain, A.M.; Hussain, M.M. From stretchable to reconfigurable inorganic electronics. Extrem. Mech.
Lett. 2016, 9, 245–268. [CrossRef]
Dang, W.; Vinciguerra, V.; Lorenzelli, L.; Dahiya, R. Printable stretchable interconnects. Flex. Print. Electron. 2017, 2, 013003.
[CrossRef]
Wang, B.; Bao, S.; Vinnikova, S.; Ghanta, P.; Wang, S. Buckling analysis in stretchable electronics. NPJ Flex. Electron. 2017, 1, 5.
[CrossRef]
Li, K.; Cheng, X.; Zhu, F.; Li, L.; Xie, Z.; Luan, H.; Wang, Z.; Ji, Z.; Wang, H.; Liu, F.; et al. A Generic Soft Encapsulation Strategy
for Stretchable Electronics. Adv. Funct. Mater. 2019, 29, 1806630. [CrossRef]
Zhang, Y.; Fu, H.; Su, Y.; Xu, S.; Cheng, H.; Fan, J.A.; Hwang, K.C.; Rogers, J.A.; Huang, Y. Mechanics of ultra-stretchable
self-similar serpentine interconnects. Acta Mater. 2013, 61, 7816–7827. [CrossRef]

Polymers 2022, 14, 1232

86.
87.
88.
89.

90.

91.
92.
93.

94.
95.
96.
97.

98.
99.
100.
101.

102.
103.
104.
105.
106.
107.
108.
109.
110.

111.

25 of 32

Zhang, Y.; Fu, H.; Xu, S.; Fan, J.A.; Hwang, K.C.; Jiang, J.; Rogers, J.A.; Huang, Y. A hierarchical computational model for
stretchable interconnects with fractal-inspired designs. J. Mech. Phys. Solids 2014, 72, 115–130. [CrossRef]
Xu, S.; Zhang, Y.; Cho, J.; Lee, J.; Huang, X.; Jia, L.; Fan, J.A.; Su, Y.; Su, J.; Zhang, H.; et al. Stretchable batteries with self-similar
serpentine interconnects and integrated wireless recharging systems. Nat. Commun. 2013, 4, 1543. [CrossRef]
Fan, J.A.; Yeo, W.H.; Su, Y.; Hattori, Y.; Lee, W.; Jung, S.Y.; Zhang, Y.; Liu, Z.; Cheng, H.; Falgout, L.; et al. Fractal design concepts
for stretchable electronics. Nat. Commun. 2014, 5, 3266. [CrossRef]
Zhang, C.; Khan, A.; Cai, J.; Liang, C.; Liu, Y.; Deng, J.; Huang, S.; Li, G.; Li, W. Di Stretchable Transparent Electrodes with
Solution-Processed Regular Metal Mesh for an Electroluminescent Light-Emitting Film. ACS Appl. Mater. Interfaces 2018,
10, 21009–21017. [CrossRef]
Chang, T.; Tanabe, Y.; Wojcik, C.C.; Barksdale, A.C.; Doshay, S.; Dong, Z.; Liu, H.; Zhang, M.; Chen, Y.; Su, Y.; et al. A General
Strategy for Stretchable Microwave Antenna Systems using Serpentine Mesh Layouts. Adv. Funct. Mater. 2017, 27, 1703059.
[CrossRef]
Chen, X.; Yin, Y.; Yuan, W.; Nie, S.; Lin, Y.; Guo, W.; Su, W.; Li, Y.; Yang, K.; Cui, Z. Transparent Thermotherapeutic Skin Patch
Based on Highly Conductive and Stretchable Copper Mesh Heater. Adv. Electron. Mater. 2021, 7, 2100611. [CrossRef]
Jang, K.I.; Chung, H.U.; Xu, S.; Lee, C.H.; Luan, H.; Jeong, J.; Cheng, H.; Kim, G.T.; Han, S.Y.; Lee, J.W.; et al. Soft network
composite materials with deterministic and bio-inspired designs. Nat. Commun. 2015, 6, 6566. [CrossRef] [PubMed]
Lee, Y.K.; Jang, K.I.; Ma, Y.; Koh, A.; Chen, H.; Jung, H.N.; Kim, Y.; Kwak, J.W.; Wang, L.; Xue, Y.; et al. Chemical Sensing Systems
that Utilize Soft Electronics on Thin Elastomeric Substrates with Open Cellular Designs. Adv. Funct. Mater. 2017, 27, 1605476.
[CrossRef] [PubMed]
Widlund, T.; Yang, S.; Hsu, Y.Y.; Lu, N. Stretchability and compliance of freestanding serpentine-shaped ribbons. Int. J. Solids
Struct. 2014, 51, 4026–4037. [CrossRef]
Chen, H.; Zhu, F.; Jang, K.I.; Feng, X.; Rogers, J.A.; Zhang, Y.; Huang, Y.; Ma, Y. The equivalent medium of cellular substrate
under large stretching, with applications to stretchable electronics. J. Mech. Phys. Solids 2018, 120, 199–207. [CrossRef]
Wang, C.; Cai, M.; Hao, Z.; Nie, S.; Liu, C.; Du, H.; Wang, J.; Chen, W.; Song, J. Stretchable, Multifunctional Epidermal Sensor
Patch for Surface Electromyography and Strain Measurements. Adv. Intell. Syst. 2021, 3, 2100031. [CrossRef]
Xu, H.; Gao, L.; Zhao, H.; Huang, H.; Wang, Y.; Chen, G.; Qin, Y.; Zhao, N.; Xu, D.; Duan, L.; et al. Stretchable and anti-impact
iontronic pressure sensor with an ultrabroad linear range for biophysical monitoring and deep learning-aided knee rehabilitation.
Microsyst. Nanoeng. 2021, 7, 92. [CrossRef]
Van Den Brand, J.; De Kok, M.; Koetse, M.; Cauwe, M.; Verplancke, R.; Bossuyt, F.; Jablonski, M.; Vanfleteren, J. Flexible and
stretchable electronics for wearable health devices. Solid-State Electron. 2015, 113, 116–120. [CrossRef]
Huang, Z.; Hao, Y.; Li, Y.; Hu, H.; Wang, C.; Nomoto, A.; Pan, T.; Gu, Y.; Chen, Y.; Zhang, T.; et al. Three-dimensional integrated
stretchable electronics. Nat. Electron. 2018, 1, 473–480. [CrossRef]
Xu, S.; Zhang, Y.; Jia, L.; Mathewson, K.E.; Jang, K.-I.; Kim, J.; Fu, H.; Huang, X.; Chava, P.; Wang, R.; et al. Soft Microfluidic
Assemblies of Sensors, Circuits, and Radios for the Skin. Science 2014, 344, 70–74. [CrossRef]
Xu, L.; Gutbrod, S.R.; Bonifas, A.P.; Su, Y.; Sulkin, M.S.; Lu, N.; Chung, H.-J.; Jang, K.-I.; Liu, Z.; Ying, M.; et al. 3D multifunctional
integumentary membranes for spatiotemporal cardiac measurements and stimulation across the entire epicardium. Nat. Commun.
2014, 5, 3329. [CrossRef] [PubMed]
Lin, G.G.; Scott, J.G. Microstructures and applications in elastomer-supported ultra-stretchable electronics with high areal
coverage. Soft Matter 2012, 100, 130–134. [CrossRef]
Yang, S.; Ng, E.; Lu, N. Indium Tin Oxide (ITO) serpentine ribbons on soft substrates stretched beyond 100%. Extrem. Mech. Lett.
2015, 2, 37–45. [CrossRef]
Lee, J.W.; Xu, R.; Lee, S.; Jang, K.I.; Yang, Y.; Banks, A.; Yu, K.J.; Kim, J.; Xu, S.; Ma, S.; et al. Soft, thin skin-mounted power
management systems and their use in wireless thermography. Proc. Natl. Acad. Sci. USA 2016, 113, 6131–6136. [CrossRef]
Brosteaux, D.; Axisa, F.; Gonzalez, M.; Vanfleteren, J. Design and fabrication of elastic interconnections for stretchable electronic
circuits. IEEE Electron Device Lett. 2007, 28, 552–554. [CrossRef]
Vanfleteren, J.; Gonzalez, M.; Bossuyt, F.; Hsu, Y.Y.; Vervust, T.; De Wolf, I.; Jablonski, M. Printed circuit board technology inspired
stretchable circuits. MRS Bull. 2012, 37, 254–260. [CrossRef]
Zhou, Y.; Fei, Q. Evaluating deformation modes of sandwich serpentine structures for high stretchability. Thin-Walled Struct. 2020,
157, 107087. [CrossRef]
Su, Y.; Ping, X.; Yu, K.J.; Lee, J.W.; Fan, J.A.; Wang, B.; Li, M.; Li, R.; Harburg, D.V.; Huang, Y.A.; et al. In-Plane Deformation
Mechanics for Highly Stretchable Electronics. Adv. Mater. 2017, 29, 1604989. [CrossRef]
Wang, S.; Xiao, J.; Song, J.; Ko, H.C.; Hwang, K.C.; Huang, Y.; Rogers, J.A. Mechanics of curvilinear electronics. Soft Matter 2010,
6, 5757–5763. [CrossRef]
Huang, K.; Dinyaril, R.; Lanzaraw, G.; Kim, J.Y.; Feng, J.; Vancura, C.; Peumans, P.; Huang, W. An Approach to Cost-Effective,
Robust, Large-Area Electronics using Monolithic Silicon. In Proceedings of the 2007 IEEE International Electron Devices Meeting,
Washington, DC, USA, 6–8 December 2007; pp. 7–10.
Xu, S.; Yan, Z.; Jang, K.; Huang, W.; Fu, H.; Kim, J.; Wei, Z.; Flavin, M.; Mccracken, J.; Wang, R.; et al. Assembly of micro/nanomaterials into complex, three-dimensional architectures by compressive buckling. Science 2014, 172, 232–240. [CrossRef]

Polymers 2022, 14, 1232

26 of 32

112. Kim, S.J.; Cho, K.W.; Cho, H.R.; Wang, L.; Park, S.Y.; Lee, S.E.; Hyeon, T.; Lu, N.; Choi, S.H.; Kim, D.H. Stretchable and Transparent
Biointerface Using Cell-Sheet-Graphene Hybrid for Electrophysiology and Therapy of Skeletal Muscle. Adv. Funct. Mater. 2016,
26, 3207–3217. [CrossRef]
113. Lacour, S.P.; Jones, J.; Wagner, S.; Li, T.; Suo, Z. Stretchable Interconnects for Elastic Electronic Surfaces. Proc. IEEE 2005,
93, 1459–1466. [CrossRef]
114. Zhao, Y.; Yang, W.; Tan, Y.J.; Li, S.; Zeng, X.; Liu, Z.; Tee, B.C.K. Highly conductive 3D metal-rubber composites for stretchable
electronic applications. APL Mater. 2019, 7, 031508. [CrossRef]
115. Liu, Y.; Yan, Z.; Lin, Q.; Guo, X.; Han, M.; Nan, K.; Hwang, K.; Huang, Y.; Zhang, Y.; Rogers, J.A. Guided Formation of 3D
Helical Mesostructures by Mechanical Buckling: Analytical Modeling and Experimental Validation. Adv. Funct. Mater. 2016,
26, 2909–2918. [CrossRef]
116. Park, C.W.; Jung, S.W.; Lim, S.C.; Oh, J.Y.; Na, B.S.; Lee, S.S.; Chu, H.Y.; Koo, J.B. Fabrication of well-controlled wavy metal
interconnect structures on stress-free elastomeric substrates. Microelectron. Eng. 2014, 113, 55–60. [CrossRef]
117. Farahani, R.D.; Dalir, H.; Le Borgne, V.; Gautier, L.A.; El Khakani, M.A.; Lévesque, M.; Therriault, D. Direct-write fabrication of
freestanding nanocomposite strain sensors. Nanotechnology 2012, 23, 085502. [CrossRef]
118. Qaiser, N.; Damdam, A.N.; Khan, S.M.; Shaikh, S.F.; Hussain, M.M. Design, mechanics, and operation of spiral-interconnect
based networked sensor for stretchable electronics. Appl. Phys. Lett. 2019, 115, 181904. [CrossRef]
119. Lacour, S.P.; Jones, J.; Suo, Z.; Wagner, S. Design and performance of thin metal film interconnects for skin-like electronic circuits.
IEEE Electron Device Lett. 2004, 25, 179–181. [CrossRef]
120. Rojas, J.P.; Arevalo, A.; Foulds, I.G.; Hussain, M.M. Design and characterization of ultra-stretchable monolithic silicon fabric.
Appl. Phys. Lett. 2014, 105, 154101. [CrossRef]
121. Ko, H.C.; Shin, G.; Wang, S.; Stoykovich, M.P.; Lee, J.W.; Kim, D.H.; Ha, J.S.; Huang, Y.; Hwang, K.C.; Rogers, J.A. Curvilinear
electronics formed using silicon membrane circuits and elastomeric transfer elements. Small 2009, 5, 2703–2709. [CrossRef]
122. Lee, J.; Wu, J.; Shi, M.; Yoon, J.; Park, S., II; Li, M.; Liu, Z.; Huang, Y.; Rogers, J.A. Stretchable GaAs photovoltaics with designs
that enable high areal coverage. Adv. Mater. 2011, 23, 986–991. [CrossRef] [PubMed]
123. Wu, S.; Yao, S.; Liu, Y.; Hu, X.; Huang, H.H.; Zhu, Y. Buckle-Delamination-Enabled Stretchable Silver Nanowire Conductors. ACS
Appl. Mater. Interfaces 2020, 12, 41696–41703. [CrossRef] [PubMed]
124. Lv, C.; Yu, H.; Jiang, H. Archimedean spiral design for extremely stretchable interconnects. Extrem. Mech. Lett. 2014, 1, 29–34.
[CrossRef]
125. Won, Y.; Kim, A.; Yang, W.; Jeong, S.; Moon, J. A highly stretchable, helical copper nanowire conductor exhibiting a stretchability
of 700%. NPG Asia Mater. 2014, 6, e132. [CrossRef]
126. Ko, H.C.; Stoykovich, M.P.; Song, J.; Malyarchuk, V.; Choi, W.M.; Yu, C.J.; Geddes, J.B.; Xiao, J.; Wang, S.; Huang, Y.; et al.
A hemispherical electronic eye camera based on compressible silicon optoelectronics. Nature 2008, 454, 748–753. [CrossRef]
[PubMed]
127. Jang, K.I.; Li, K.; Chung, H.U.; Xu, S.; Jung, H.N.; Yang, Y.; Kwak, J.W.; Jung, H.H.; Song, J.; Yang, C.; et al. Self-assembled three
dimensional network designs for soft electronics. Nat. Commun. 2017, 8, 15894. [CrossRef] [PubMed]
128. Shin, G.; Jung, I.; Malyarchuk, V.; Song, J.; Wang, S.; Ko, H.C.; Huang, Y.; Ha, J.S.; Rogers, J.A. Micromechanics and advanced
designs for curved photodetector arrays in hemispherical electronic-eye cameras. Small 2010, 6, 851–856. [CrossRef]
129. Song, J.; Huang, Y.; Xiao, J.; Wang, S.; Hwang, K.C.; Ko, H.C.; Kim, D.H.; Stoykovich, M.P.; Rogers, J.A. Mechanics of noncoplanar
mesh design for stretchable electronic circuits. J. Appl. Phys. 2009, 105, 123516. [CrossRef]
130. Kim, D.H.; Song, J.; Won, M.C.; Kim, H.S.; Kim, R.H.; Liu, Z.; Huang, Y.Y.; Hwang, K.C.; Zhang, Y.W.; Rogers, J.A. Materials and
noncoplanar mesh designs for integrated circuits with linear elastic responses to extreme mechanical deformations. Proc. Natl.
Acad. Sci. USA 2008, 105, 18675–18680. [CrossRef]
131. Qaiser, N.; Khan, S.M.; Hussain, M.M. In-plane and out-of-plane structural response of spiral interconnects for highly stretchable
electronics. J. Appl. Phys. 2018, 124, 034905. [CrossRef]
132. Leong, T.G.; Randall, C.L.; Benson, B.R.; Bassik, N.; Stern, G.M.; Gracias, D.H. Tetherless thermobiochemically actuated
microgrippers. Proc. Natl. Acad. Sci. USA 2009, 106, 703–708. [CrossRef] [PubMed]
133. Tang, R.; Huang, H.; Tu, H.; Liang, H.; Liang, M.; Song, Z.; Xu, Y.; Jiang, H.; Yu, H. Origami-enabled deformable silicon solar cells.
Appl. Phys. Lett. 2014, 104, 083501. [CrossRef]
134. Someya, T.; Kato, Y.; Sekitani, T.; Iba, S.; Noguchi, Y.; Murase, Y.; Kawaguchi, H.; Sakurai, T. Conformable, flexible, largearea networks of pressure and thermal sensors with organic transistor active matrixes. Proc. Natl. Acad. Sci. USA 2005,
102, 12321–12325. [CrossRef] [PubMed]
135. Li, Y.; Liu, W.; Deng, Y.; Hong, W.; Yu, H. Miura-ori enabled stretchable circuit boards. NPJ Flex. Electron. 2021, 5, 3. [CrossRef]
136. Gao, Y.; Yi, H.; Li, F.; Tao, K.; Wu, J.; Miao, J.; Fu, Y.; Chang, H.; Yuan, W. Miura-Origami-Structured W-Tube Electret Power
Generator with Water-Proof and Multifunctional Energy Harvesting Capability. In Proceedings of the 2021 IEEE 34th International
Conference on Micro Electro Mechanical Systems (MEMS), Gainesville, FL, USA, 25–29 January 2021; Volume 2021, pp. 728–731.
137. Cho, J.-H.; Keung, M.D.; Verellen, N.; Lagae, L.; Moshchalkov, V.V.; Van Dorpe, P.; Gracias, D.H. Nanoscale Origami for 3D Optics.
Small 2011, 7, 1943–1948. [CrossRef] [PubMed]
138. Lin, C.-H.; Tsai, D.-S.; Wei, T.-C.; Lien, D.-H.; Ke, J.-J.; Su, C.-H.; Sun, J.-Y.; Liao, Y.-C.; He, J.-H. Highly Deformable Origami Paper
Photodetector Arrays. ACS Nano 2017, 11, 10230–10235. [CrossRef]

Polymers 2022, 14, 1232

27 of 32

139. Li, Y.; Yu, H. A Planar Developable Double Corrugation Surface Enabled Stretchable Heart Rate Sensing System. IEEE Sens. J.
2021, 21, 16275–16281. [CrossRef]
140. Malachowski, K.; Jamal, M.; Jin, Q.; Polat, B.; Morris, C.J.; Gracias, D.H. Self-folding single cell grippers. In Proceedings of the
Food, Pharmaceutical and Bioengineering Division. 2015. (2 VOLS) Core Programming Area at the 2015 Aiche Annual Meeting,
Salt Lake City, UT, USA, 8–13 November 2015; Volume 1, pp. 104–110.
141. Onal, C.D.; Wood, R.J.; Rus, D. Towards printable robotics: Origami-inspired planar fabrication of three-dimensional mechanisms.
In Proceedings of the 2011 IEEE International Conference on Robotics and Automation, Shanghai, China, 9–13 May 2011;
pp. 4608–4613.
142. Palleau, E.; Morales, D.; Dickey, M.D.; Velev, O.D. Reversible patterning and actuation of hydrogels by electrically assisted
ionoprinting. Nat. Commun. 2013, 4, 2257. [CrossRef]
143. Ai, C.; Chen, Y.; Xu, L.; Li, H.; Liu, C.; Shang, F.; Xia, Q.; Zhang, S. Current Development on Origami/Kirigami-Inspired Structure
of Creased Patterns toward Robotics. Adv. Eng. Mater. 2021, 23, 2100473. [CrossRef]
144. Leong, T.G.; Benson, B.R.; Call, E.K.; Gracias, D.H. Thin Film Stress Driven Self-Folding of Microstructured Containers. Small
2008, 4, 1605–1609. [CrossRef]
145. Bertoldi, K.; Vitelli, V.; Christensen, J.; van Hecke, M. Flexible mechanical metamaterials. Nat. Rev. Mater. 2017, 2, 17066.
[CrossRef]
146. Brittain, S.T.; Schueller, O.J.A.; Wu, H.; Whitesides, S.; Whitesides, G.M. Microorigami: Fabrication of Small, Three-Dimensional,
Metallic Structures. J. Phys. Chem. B 2001, 105, 347–350. [CrossRef]
147. Stoychev, G.; Turcaud, S.; Dunlop, J.W.C.; Ionov, L. Hierarchical Multi-Step Folding of Polymer Bilayers. Adv. Funct. Mater. 2013,
23, 2295–2300. [CrossRef]
148. Chalapat, K.; Chekurov, N.; Jiang, H.; Li, J.; Parviz, B.; Paraoanu, G.S. Self-Organized Origami Structures via Ion-Induced Plastic
Strain. Adv. Mater. 2013, 25, 91–95. [CrossRef] [PubMed]
149. Zhao, Z.; Wu, J.; Mu, X.; Chen, H.; Qi, H.J.; Fang, D. Origami by frontal photopolymerization. Sci. Adv. 2017, 3, 1–8. [CrossRef]
150. Zhang, Q.; Wommer, J.; O’Rourke, C.; Teitelman, J.; Tang, Y.; Robison, J.; Lin, G.; Yin, J. Origami and kirigami inspired self-folding
for programming three-dimensional shape shifting of polymer sheets with light. Extrem. Mech. Lett. 2017, 11, 111–120. [CrossRef]
151. Na, J.-H.; Evans, A.A.; Bae, J.; Chiappelli, M.C.; Santangelo, C.D.; Lang, R.J.; Hull, T.C.; Hayward, R.C. Programming Reversibly
Self-Folding Origami with Micropatterned Photo-Crosslinkable Polymer Trilayers. Adv. Mater. 2015, 27, 79–85. [CrossRef]
152. Liu, Y.; Shaw, B.; Dickey, M.D.; Genzer, J. Sequential self-folding of polymer sheets. Sci. Adv. 2017, 3, e1602417. [CrossRef]
153. Chen, H.; Zhang, X.-L.; Zhang, Y.-Y.; Wang, D.; Bao, D.-L.; Que, Y.; Xiao, W.; Du, S.; Ouyang, M.; Pantelides, S.T.; et al. Atomically
precise, custom-design origami graphene nanostructures. Science 2019, 365, 1036–1040. [CrossRef]
154. Blees, M.K.; Barnard, A.W.; Rose, P.A.; Roberts, S.P.; McGill, K.L.; Huang, P.Y.; Ruyack, A.R.; Kevek, J.W.; Kobrin, B.; Muller, D.A.;
et al. Graphene kirigami. Nature 2015, 524, 204–207. [CrossRef]
155. Miura, K.; Zetacore, S.W. ISAS Report/Institute Sp; Aeronautics and Astronautics University of Tokyo: Tokyo, Japan, 1972; Volume
37, p. 137.
156. Lv, C.; Krishnaraju, D.; Konjevod, G.; Yu, H.; Jiang, H. Origami based Mechanical Metamaterials. Sci. Rep. 2015, 4, 5979. [CrossRef]
[PubMed]
157. Xu, Y.; Fang, Q.; Li, H. Kinematic and quasi-static analysis model of a novel variable stiffness pneumatic artificial muscle. Sens.
Actuators A Phys. 2021, 329, 112815. [CrossRef]
158. Song, Z.; Ma, T.; Tang, R.; Cheng, Q.; Wang, X.; Krishnaraju, D.; Panat, R.; Chan, C.K.; Yu, H.; Jiang, H. Origami lithium-ion
batteries. Nat. Commun. 2014, 5, 3140. [CrossRef] [PubMed]
159. Bircan, B.; Miskin, M.Z.; Lang, R.J.; Cao, M.C.; Dorsey, K.J.; Salim, M.G.; Wang, W.; Muller, D.A.; McEuen, P.L.; Cohen, I.
Bidirectional Self-Folding with Atomic Layer Deposition Nanofilms for Microscale Origami. Nano Lett. 2020, 20, 4850–4856.
[CrossRef]
160. Choi, G.P.T.; Dudte, L.H.; Mahadevan, L. Programming shape using kirigami tessellations. Nat. Mater. 2019, 18, 999–1004.
[CrossRef] [PubMed]
161. Yang, S.; Choi, I.-S.; Kamien, R.D. Design of super-conformable, foldable materials via fractal cuts and lattice kirigami. MRS Bull.
2016, 41, 130–138. [CrossRef]
162. Tang, Y.; Li, Y.; Hong, Y.; Yang, S.; Yin, J. Programmable active kirigami metasheets with more freedom of actuation. Proc. Natl.
Acad. Sci. USA 2019, 116, 26407–26413. [CrossRef]
163. van Manen, T.; Janbaz, S.; Ganjian, M.; Zadpoor, A.A. Kirigami-enabled self-folding origami. Mater. Today 2020, 32, 59–67.
[CrossRef]
164. Ji, S.; Hyun, B.G.; Kim, K.; Lee, S.Y.; Kim, S.-H.; Kim, J.-Y.; Song, M.H.; Park, J.-U. Photo-patternable and transparent films using
cellulose nanofibers for stretchable origami electronics. NPG Asia Mater. 2016, 8, e299. [CrossRef]
165. Mastrangeli, M. The Fluid Joint: The Soft Spot of Micro- and Nanosystems. Adv. Mater. 2015, 27, 4254–4272. [CrossRef]
166. Tolley, M.T.; Felton, S.M.; Miyashita, S.; Aukes, D.; Rus, D.; Wood, R.J. Self-folding origami: Shape memory composites activated
by uniform heating. Smart Mater. Struct. 2014, 23, 094006. [CrossRef]
167. Rahmad, R.; Shigemune, H.; Ishii, H. An Approach to Sequential Self-folding of Planar Sheet using Aluminium. In Proceedings
of the 2021 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM), Delft, The Netherlands, 12–16
July 2021; Volume 2021, pp. 1141–1146.

Polymers 2022, 14, 1232

28 of 32

168. Sydney Gladman, A.; Matsumoto, E.A.; Nuzzo, R.G.; Mahadevan, L.; Lewis, J.A. Biomimetic 4D printing. Nat. Mater. 2016,
15, 413–418. [CrossRef] [PubMed]
169. Yang, C.; Boorugu, M.; Dopp, A.; Ren, J.; Martin, R.; Han, D.; Choi, W.; Lee, H. 4D printing reconfigurable, deployable and
mechanically tunable metamaterials. Mater. Horiz. 2019, 6, 1244–1250. [CrossRef]
170. Barth, F.G.; Lirera, W. Ein atlas der spaltsinnesorgane von Cupiennius salei keys. Chelicerata (Araneae). Z. Morphol. Der Tiere
1970, 68, 343–369. [CrossRef]
171. Barth, F.G. Spider senses—Technical perfection and biology. Zoology 2002, 105, 271–285. [CrossRef] [PubMed]
172. Fratzl, P.; Barth, F.G. Biomaterial systems for mechanosensing and actuation. Nature 2009, 462, 442–448. [CrossRef] [PubMed]
173. Zhang, C.; Zhang, J.; Chen, D.; Meng, X.; Liu, L.; Wang, K.; Jiao, Z.; Sun, T.; Wang, D.; Niu, S.; et al. Crack-based and Hair-like
Sensors Inspired from Arthropods: A Review. J. Bionic Eng. 2020, 17, 867–898. [CrossRef]
174. Kang, D.; Pikhitsa, P.V.; Choi, Y.W.; Lee, C.; Shin, S.S.; Piao, L.; Park, B.; Suh, K.-Y.; Kim, T.; Choi, M. Ultrasensitive mechanical
crack-based sensor inspired by the spider sensory system. Nature 2014, 516, 222–226. [CrossRef]
175. Ye, J.; Yang, T.; Zhang, Y.; Lin, L. Single-Crack-Activated Ultrasensitive Impedance Strain Sensor. Adv. Mater. Interfaces 2018,
5, 1800616. [CrossRef]
176. Han, Z.; Liu, L.; Zhang, J.; Han, Q.; Wang, K.; Song, H.; Wang, Z.; Jiao, Z.; Niu, S.; Ren, L. High-performance flexible strain sensor
with bio-inspired crack arrays. Nanoscale 2018, 10, 15178–15186. [CrossRef]
177. Wu, Y.; Liu, H.; Chen, S.; Dong, X.; Wang, P.; Liu, S.; Lin, Y.; Wei, Y.; Liu, L. Channel Crack-Designed Gold@PU Sponge for Highly
Elastic Piezoresistive Sensor with Excellent Detectability. ACS Appl. Mater. Interfaces 2017, 9, 20098–20105. [CrossRef]
178. Hong, S.; Yang, S.; Cho, S.; Jeon, H.; Lim, G. Development of a Waterproof Crack-Based Stretchable Strain Sensor Based on PDMS
Shielding. Sensors 2018, 18, 1171. [CrossRef] [PubMed]
179. Koh, A.; Kang, D.; Xue, Y.; Lee, S.; Pielak, R.M.; Kim, J.; Hwang, T.; Min, S.; Banks, A.; Bastien, P.; et al. A soft, wearable
microfluidic device for the capture, storage, and colorimetric sensing of sweat. Sci. Transl. Med. 2016, 8, 366ra165. [CrossRef]
180. Wang, X.; Dong, L.; Zhang, H.; Yu, R.; Pan, C.; Wang, Z.L. Recent Progress in Electronic Skin. Adv. Sci. 2015, 2, 1500169. [CrossRef]
[PubMed]
181. Graz, I.M.; Cotton, D.P.J.; Lacour, S.P. Extended cyclic uniaxial loading of stretchable gold thin-films on elastomeric substrates.
Appl. Phys. Lett. 2009, 94, 071902. [CrossRef]
182. Lu, N.; Wang, X.; Suo, Z.; Vlassak, J. Metal films on polymer substrates stretched beyond 50%. Appl. Phys. Lett. 2007, 91, 221909.
[CrossRef]
183. Sakorikar, T.; Kavitha, M.K.; Vayalamkuzhi, P.; Jaiswal, M. Thickness-dependent Crack Propagation in Uniaxially Strained
Conducting Graphene Oxide Films on Flexible Substrates. Sci. Rep. 2017, 7, 2598. [CrossRef] [PubMed]
184. Gong, S.; Yap, L.W.; Zhu, Y.; Zhu, B.; Wang, Y.; Ling, Y.; Zhao, Y.; An, T.; Lu, Y.; Cheng, W. A Soft Resistive Acoustic Sensor Based
on Suspended Standing Nanowire Membranes with Point Crack Design. Adv. Funct. Mater. 2020, 30, 1910717. [CrossRef]
185. Lee, C.-J.; Park, K.H.; Han, C.J.; Oh, M.S.; You, B.; Kim, Y.-S.; Kim, J.-W. Crack-induced Ag nanowire networks for transparent,
stretchable, and highly sensitive strain sensors. Sci. Rep. 2017, 7, 7959. [CrossRef]
186. Kim, T.; Lee, T.; Lee, G.; Choi, Y.; Kim, S.; Kang, D.; Choi, M. Polyimide Encapsulation of Spider-Inspired Crack-Based Sensors for
Durability Improvement. Appl. Sci. 2018, 8, 367. [CrossRef]
187. Wang, C.; Li, X.; Gao, E.; Jian, M.; Xia, K.; Wang, Q.; Xu, Z.; Ren, T.; Zhang, Y. Carbonized Silk Fabric for Ultrastretchable, Highly
Sensitive, and Wearable Strain Sensors. Adv. Mater. 2016, 28, 6640–6648. [CrossRef] [PubMed]
188. Roh, E.; Hwang, B.; Kim, D.; Kim, B.; Lee, N. Stretchable, Transparent, Ultrasensitive, and Patchable Strain Sensor for HumanMachine Interfaces Comprising a Nanohybrid of Carbon Nanotubes and Conductive Elastomers. ACS Nano 2015, 9, 6252–6261.
[CrossRef] [PubMed]
189. Xiao, Y.; Jiang, S.; Zhao, X.; Jiang, H.; Zhang, W. Crack-enhanced mechanosensitivity of cost-effective piezoresistive flexible strain
sensors suitable for motion detection. Smart Mater. Struct. 2018, 27, 105049. [CrossRef]
190. Xiao, Y.; Jiang, S.; Li, Y.; Zhang, W. Highly sensitive printed crack-enhanced strain sensor as dual-directional bending detector.
Smart Mater. Struct. 2020, 29, 045023. [CrossRef]
191. Pu, J.-H.; Zhao, X.; Zha, X.-J.; Li, W.-D.; Ke, K.; Bao, R.-Y.; Liu, Z.-Y.; Yang, M.-B.; Yang, W. A strain localization directed crack
control strategy for designing MXene-based customizable sensitivity and sensing range strain sensors for full-range human
motion monitoring. Nano Energy 2020, 74, 104814. [CrossRef]
192. Lee, T.; Choi, Y.W.; Lee, G.; Pikhitsa, P.V.; Kang, D.; Kim, S.M.; Choi, M. Transparent ITO mechanical crack-based pressure and
strain sensor. J. Mater. Chem. C 2016, 4, 9947–9953. [CrossRef]
193. Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K. A stretchable carbon
nanotube strain sensor for human-motion detection. Nat. Nanotechnol. 2011, 6, 296–301. [CrossRef]
194. Cheng, Y.; Wang, R.; Sun, J.; Gao, L. A Stretchable and Highly Sensitive Graphene-Based Fiber for Sensing Tensile Strain, Bending,
and Torsion. Adv. Mater. 2015, 27, 7365–7371. [CrossRef]
195. Lee, E.; Kim, T.; Suh, H.; Kim, M.; Pikhitsa, P.V.; Han, S.; Koh, J.S.; Kang, D. Effect of metal thickness on the sensitivity of
crack-based sensors. Sensors 2018, 18, 2872. [CrossRef]
196. Lee, T.; Choi, Y.W.; Lee, G.; Kim, S.M.; Kang, D.; Choi, M. Crack-based strain sensor with diverse metal films by inserting an
inter-layer. RSC Adv. 2017, 7, 34810–34815. [CrossRef]

Polymers 2022, 14, 1232

29 of 32

197. Park, B.; Kim, J.U.; Kim, J.; Tahk, D.; Jeong, C.; Ok, J.; Shin, J.H.; Kang, D.; Kim, T. Strain-Visualization with Ultrasensitive
Nanoscale Crack-Based Sensor Assembled with Hierarchical Thermochromic Membrane. Adv. Funct. Mater. 2019, 29, 1903360.
[CrossRef]
198. Gong, S.; Yap, L.W.; Zhu, B.; Zhai, Q.; Liu, Y.; Lyu, Q.; Wang, K.; Yang, M.; Ling, Y.; Lai, D.T.H.; et al. Local Crack-Programmed
Gold Nanowire Electronic Skin Tattoos for In-Plane Multisensor Integration. Adv. Mater. 2019, 31, 1903789. [CrossRef] [PubMed]
199. Hua, Q.; Sun, J.; Liu, H.; Bao, R.; Yu, R.; Zhai, J.; Pan, C.; Wang, Z.L. Skin-inspired highly stretchable and conformable matrix
networks for multifunctional sensing. Nat. Commun. 2018, 9, 244. [CrossRef] [PubMed]
200. Park, B.; Kim, J.; Kang, D.; Jeong, C.; Kim, K.S.; Kim, J.U.; Yoo, P.J.; Kim, T. Dramatically Enhanced Mechanosensitivity and
Signal-to-Noise Ratio of Nanoscale Crack-Based Sensors: Effect of Crack Depth. Adv. Mater. 2016, 28, 8130–8137. [CrossRef]
[PubMed]
201. Kim, D.-S.; Choi, Y.W.; Shanmugasundaram, A.; Jeong, Y.-J.; Park, J.; Oyunbaatar, N.-E.; Kim, E.-S.; Choi, M.; Lee, D.-W. Highly
durable crack sensor integrated with silicone rubber cantilever for measuring cardiac contractility. Nat. Commun. 2020, 11, 535.
[CrossRef]
202. Dalstein, O.; Gkaniatsou, E.; Sicard, C.; Sel, O.; Perrot, H.; Serre, C.; Boissière, C.; Faustini, M. Evaporation-Directed CrackPatterning of Metal-Organic Framework Colloidal Films and Their Application as Photonic Sensors. Angew. Chem. 2017,
129, 14199–14203. [CrossRef]
203. Jung, H.; Park, C.; Lee, H.; Hong, S.; Kim, H.; Cho, S.J. Nano-Cracked Strain Sensor with High Sensitivity and Linearity by
Controlling the Crack Arrangement. Sensors 2019, 19, 2834. [CrossRef]
204. Li, W.; Yu, M.; Sun, J.; Mochizuki, K.; Chen, S.; Zheng, H.; Li, J.; Yao, S.; Wu, H.; Ong, B.S.; et al. Crack engineering for the
construction of arbitrary hierarchical architectures. Proc. Natl. Acad. Sci. USA 2019, 116, 23909–23914. [CrossRef]
205. Phillips, K.R.; Zhang, C.T.; Yang, T.; Kay, T.; Gao, C.; Brandt, S.; Liu, L.; Yang, H.; Li, Y.; Aizenberg, J.; et al. Fabrication of Photonic
Microbricks via Crack Engineering of Colloidal Crystals. Adv. Funct. Mater. 2020, 30, 14787. [CrossRef]
206. Seghir, R.; Arscott, S. Controlled mud-crack patterning and self-organized cracking of polydimethylsiloxane elastomer surfaces.
Sci. Rep. 2015, 5, 1–16. [CrossRef]
207. Dubois, V.; Niklaus, F.; Stemme, G. Crack-Defined Electronic Nanogaps. Adv. Mater. 2016, 28, 2178–2182. [CrossRef]
208. Stassi, S.; Cauda, V.; Canavese, G.; Pirri, C.F. Flexible tactile sensing based on piezoresistive composites: A review. Sensors 2014,
14, 5296–5332. [CrossRef] [PubMed]
209. Zhang, C.; Ye, W.B.; Zhou, K.; Chen, H.Y.; Yang, J.Q.; Ding, G.; Chen, X.; Zhou, Y.; Zhou, L.; Li, F.; et al. Bioinspired Artificial
Sensory Nerve Based on Nafion Memristor. Adv. Funct. Mater. 2019, 29, 1808783. [CrossRef]
210. Lin, L.; Xie, Y.; Wang, S.; Wu, W.; Niu, S.; Wen, X.; Wang, Z.L. Triboelectric active sensor array for self-powered static and dynamic
pressure detection and tactile imaging. ACS Nano 2013, 7, 8266–8274. [CrossRef] [PubMed]
211. Park, J.; Lee, Y.; Hong, J.; Lee, Y.; Ha, M.; Jung, Y.; Lim, H.; Kim, S.Y.; Ko, H. Tactile-Direction-Sensitive and Stretchable Electronic
Skins Based on Human-Skin-Inspired Interlocked Microstructures. ACS Nano 2014, 8, 12020–12029. [CrossRef]
212. Thouti, E.; Chauhan, K.; Prajesh, R.; Farman, M.; Maurya, R.K.; Sharma, P.; Nagaraju, A. Improved Fabrication of Flexible
Capacitive Pressure Sensors Using Microdome Like Structured Polydimethylsiloxane Dielectric Layers. Sens. Actuators A Phys.
2022, 335, 113393. [CrossRef]
213. Chen, M.; Li, K.; Cheng, G.; He, K.; Li, W.; Zhang, D.; Li, W.; Feng, Y.; Wei, L.; Li, W.; et al. Touchpoint-Tailored Ultrasensitive
Piezoresistive Pressure Sensors with a Broad Dynamic Response Range and Low Detection Limit. ACS Appl. Mater. Interfaces
2019, 11, 2551–2558. [CrossRef]
214. Alfadhel, A.; Kosel, J. Magnetic micropillar sensors for force sensing. In Proceedings of the 2015 IEEE Sensors Applications
Symposium, Zadar, Croatia, 13–15 April 2015; Volume 4, pp. 18–21. [CrossRef]
215. Alfadhel, A.; Li, B.; Zaher, A.; Yassine, O.; Kosel, J. A magnetic nanocomposite for biomimetic flow sensing. Lab Chip 2014,
14, 4362–4369. [CrossRef]
216. Tee, B.C.K.; Chortos, A.; Dunn, R.R.; Schwartz, G.; Eason, E.; Bao, Z. Tunable flexible pressure sensors using microstructured
elastomer geometries for intuitive electronics. Adv. Funct. Mater. 2014, 24, 5427–5434. [CrossRef]
217. Mannsfeld, S.C.B.; Tee, B.C.K.; Stoltenberg, R.M.; Chen, C.V.H.H.; Barman, S.; Muir, B.V.O.; Sokolov, A.N.; Reese, C.; Bao, Z.
Highly sensitive flexible pressure sensors with microstructured rubber dielectric layers. Nat. Mater. 2010, 9, 859–864. [CrossRef]
218. Mu, J.; Hou, C.; Wang, G.; Wang, X.; Zhang, Q.; Li, Y.; Wang, H.; Zhu, M. An Elastic Transparent Conductor Based on Hierarchically
Wrinkled Reduced Graphene Oxide for Artificial Muscles and Sensors. Adv. Mater. 2016, 28, 9491–9497. [CrossRef] [PubMed]
219. Wang, J.; Jiu, J.; Nogi, M.; Sugahara, T.; Nagao, S.; Koga, H.; He, P.; Suganuma, K. A highly sensitive and flexible pressure sensor
with electrodes and elastomeric interlayer containing silver nanowires. Nanoscale 2015, 7, 2926–2932. [CrossRef] [PubMed]
220. Wang, Z.L.; Song, J. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. Science 2006, 312, 242–246. [CrossRef]
[PubMed]
221. Choong, C.L.; Shim, M.B.; Lee, B.S.; Jeon, S.; Ko, D.S.; Kang, T.H.; Bae, J.; Lee, S.H.; Byun, K.E.; Im, J.; et al. Highly stretchable
resistive pressure sensors using a conductive elastomeric composite on a micropyramid array. Adv. Mater. 2014, 26, 3451–3458.
[CrossRef]
222. Yao, S.; Zhu, Y. Wearable multifunctional sensors using printed stretchable conductors made of silver nanowires. Nanoscale 2014,
6, 2345–2352. [CrossRef]

Polymers 2022, 14, 1232

30 of 32

223. Fan, F.R.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z.L. Transparent triboelectric nanogenerators and self-powered pressure
sensors based on micropatterned plastic films. Nano Lett. 2012, 12, 3109–3114. [CrossRef]
224. Fan, F.R.; Tian, Z.Q.; Lin Wang, Z. Flexible triboelectric generator. Nano Energy 2012, 1, 328–334. [CrossRef]
225. Park, J.; Kim, J.; Hong, J.; Lee, H.; Lee, Y.; Cho, S.; Kim, S.-W.; Kim, J.J.; Kim, S.Y.; Ko, H. Tailoring force sensitivity and selectivity
by microstructure engineering of multidirectional electronic skins. NPG Asia Mater. 2018, 10, 163–176. [CrossRef]
226. Kim, Y.; Yang, H.; Oh, J.H. Simple fabrication of highly sensitive capacitive pressure sensors using a porous dielectric layer with
cone-shaped patterns. Mater. Des. 2021, 197, 109203. [CrossRef]
227. Yang, J.C.; Kim, J.O.; Oh, J.; Kwon, S.Y.; Sim, J.Y.; Kim, D.W.; Choi, H.B.; Park, S. Microstructured Porous Pyramid-Based Ultrahigh
Sensitive Pressure Sensor Insensitive to Strain and Temperature. ACS Appl. Mater. Interfaces 2019, 11, 19472–19480. [CrossRef]
228. Luo, Y.; Shao, J.; Chen, S.; Chen, X.; Tian, H.; Li, X.; Wang, L.; Wang, D.; Lu, B. Flexible Capacitive Pressure Sensor Enhanced by
Tilted Micropillar Arrays. ACS Appl. Mater. Interfaces 2019, 11, 17796–17803. [CrossRef] [PubMed]
229. Chun, S.; Son, W.; Choi, C.; Min, H.; Kim, J.; Lee, H.J.; Kim, D.; Kim, C.; Koh, J.S.; Pang, C. Bioinspired Hairy Skin Electronics for
Detecting the Direction and Incident Angle of Airflow. ACS Appl. Mater. Interfaces 2019, 11, 13608–13615. [CrossRef] [PubMed]
230. Han, H.; Baik, S.; Xu, B.; Seo, J.; Lee, S.; Shin, S.; Lee, J.; Koo, J.H.; Mei, Y.; Pang, C.; et al. Bioinspired Geometry-Switchable Janus
Nanofibers for Eye-Readable H2 Sensors. Adv. Funct. Mater. 2017, 27, 1701618. [CrossRef]
231. Shao, Q.; Niu, Z.; Hirtz, M.; Jiang, L.; Liu, Y.; Wang, Z.; Chen, X. High-performance and tailorable pressure sensor based on
ultrathin conductive polymer film. Small 2014, 10, 1466–1472. [CrossRef]
232. Alfadhel, A.; Kosel, J. Magnetic Nanocomposite Cilia Tactile Sensor. Adv. Mater. 2015, 27, 7888–7892. [CrossRef]
233. Guo, S.-Z.; Qiu, K.; Meng, F.; Park, S.H.; McAlpine, M.C. 3D Printed Stretchable Tactile Sensors. Adv. Mater. 2017, 29, 1701218.
[CrossRef]
234. Liang, G.; Wang, Y.; Mei, D.; Xi, K.; Chen, Z. Flexible Capacitive Tactile Sensor Array with Truncated Pyramids as Dielectric Layer
for Three-Axis Force Measurement. J. Microelectromechanical Syst. 2015, 24, 1510–1519. [CrossRef]
235. Choi, D.; Jang, S.; Kim, J.S.; Kim, H.J.; Kim, D.H.; Kwon, J.Y. A Highly Sensitive Tactile Sensor Using a Pyramid-Plug Structure for
Detecting Pressure, Shear Force, and Torsion. Adv. Mater. Technol. 2019, 4, 1800284. [CrossRef]
236. Zhang, J.; Zhou, L.J.; Zhang, H.M.; Zhao, Z.X.; Dong, S.L.; Wei, S.; Zhao, J.; Wang, Z.L.; Guo, B.; Hu, P.A. Highly sensitive flexible
three-axis tactile sensors based on the interface contact resistance of microstructured graphene. Nanoscale 2018, 10, 7387–7395.
[CrossRef]
237. Bae, G.Y.; Pak, S.W.; Kim, D.; Lee, G.; Kim, D.H.; Chung, Y.; Cho, K. Linearly and Highly Pressure-Sensitive Electronic Skin Based
on a Bioinspired Hierarchical Structural Array. Adv. Mater. 2016, 28, 5300–5306. [CrossRef]
238. Lee, Y.; Park, J.; Cho, S.; Shin, Y.E.; Lee, H.; Kim, J.; Myoung, J.; Cho, S.; Kang, S.; Baig, C.; et al. Flexible Ferroelectric Sensors with
Ultrahigh Pressure Sensitivity and Linear Response over Exceptionally Broad Pressure Range. ACS Nano 2018, 12, 4045–4054.
[CrossRef] [PubMed]
239. Zhao, T.; Yuan, L.; Li, T.; Chen, L.; Li, X.; Zhang, J. Pollen-Shaped Hierarchical Structure for Pressure Sensors with High Sensitivity
in an Ultrabroad Linear Response Range. ACS Appl. Mater. Interfaces 2020, 12, 55362–55371. [CrossRef] [PubMed]
240. Chuang, C.-H.; Liou, Y.-R.; Chen, C.-W. Detection system of incident slippage and friction coefficient based on a flexible tactile
sensor with structural electrodes. Sens. Actuators A Phys. 2012, 188, 48–55. [CrossRef]
241. Chen, X.; Shao, J.; Tian, H.; Li, X.; Tian, Y.; Wang, C. Flexible three-axial tactile sensors with microstructure-enhanced piezoelectric
effect and specially-arranged piezoelectric arrays. Smart Mater. Struct. 2018, 27, 025018. [CrossRef]
242. Cao, Y.; Li, T.; Gu, Y.; Luo, H.; Wang, S.; Zhang, T. Fingerprint-Inspired Flexible Tactile Sensor for Accurately Discerning Surface
Texture. Small 2018, 14, 1703902. [CrossRef] [PubMed]
243. Park, J.; Lee, Y.; Hong, J.; Ha, M.; Jung, Y.-D.; Lim, H.; Kim, S.Y.; Ko, H. Giant Tunneling Piezoresistance of Composite Elastomers
with Interlocked Microdome Arrays for Ultrasensitive and Multimodal Electronic Skins. ACS Nano 2014, 8, 4689–4697. [CrossRef]
[PubMed]
244. Park, J.; Lee, Y.; Lim, S.; Lee, Y.; Jung, Y.; Lim, H.; Ko, H. Ultrasensitive Piezoresistive Pressure Sensors Based on Interlocked
Micropillar Arrays. Bionanoscience 2014, 4, 349–355. [CrossRef]
245. Hasan, S.; Jung, Y.; Kim, S.; Jung, C.-L.; Oh, S.; Kim, J.; Lim, H. A Sensitivity Enhanced MWCNT/PDMS Tactile Sensor Using
Micropillars and Low Energy Ar+ Ion Beam Treatment. Sensors 2016, 16, 93. [CrossRef]
246. Pang, C.; Lee, G.-Y.; Kim, T.; Kim, S.M.; Kim, H.N.; Ahn, S.-H.; Suh, K.-Y. A flexible and highly sensitive strain-gauge sensor
using reversible interlocking of nanofibres. Nat. Mater. 2012, 11, 795–801. [CrossRef]
247. Lee, Y.; Myoung, J.; Cho, S.; Park, J.; Kim, J.; Lee, H.; Lee, Y.; Lee, S.; Baig, C.; Ko, H. Bioinspired Gradient Conductivity and
Stiffness for Ultrasensitive Electronic Skins. ACS Nano 2021, 15, 1795–1804. [CrossRef]
248. Ha, M.; Lim, S.; Park, J.; Um, D.-S.; Lee, Y.; Ko, H. Bioinspired Interlocked and Hierarchical Design of ZnO Nanowire Arrays for
Static and Dynamic Pressure-Sensitive Electronic Skins. Adv. Funct. Mater. 2015, 25, 2841–2849. [CrossRef]
249. Park, J.; Kim, M.; Lee, Y.; Lee, H.S.; Ko, H. Fingertip skin-inspired microstructured ferroelectric skins discriminate static/dynamic
pressure and temperature stimuli. Sci. Adv. 2015, 1, e1500661. [CrossRef] [PubMed]
250. Zhang, Y.; Zhao, Y.; Zhai, W.; Zheng, G.; Ji, Y.; Dai, K.; Mi, L.; Zhang, D.; Liu, C.; Shen, C. Multifunctional interlocked e-skin based
on elastic micropattern array facilely prepared by hot-air-gun. Chem. Eng. J. 2021, 407, 127960. [CrossRef]
251. Ding, L.; Pei, L.; Xuan, S.; Fan, X.; Cao, X.; Wang, Y.; Gong, X. Ultrasensitive Multifunctional Magnetoresistive Strain Sensor Based
on Hair-Like Magnetization-Induced Pillar Forests. Adv. Electron. Mater. 2020, 6, 1900653. [CrossRef]

Polymers 2022, 14, 1232

31 of 32

252. Ghosh, T. Stretch, wrap, and relax to smartness. Science 2015, 349, 382–383. [CrossRef]
253. Mann, S. Smart Clothing: The Shift to Wearable Computing. Commun. ACM 1996, 39, 23–24. [CrossRef]
254. Acar, G.; Ozturk, O.; Golparvar, A.J.; Elboshra, T.A.; Böhringer, K.; Yapici, M.K. Wearable and Flexible Textile Electrodes for
Biopotential Signal Monitoring: A review. Electronics 2019, 8, 479. [CrossRef]
255. Yang, Z.; Deng, J.; Sun, X.; Li, H.; Peng, H. Stretchable, Wearable Dye-Sensitized Solar Cells. Adv. Mater. 2014, 26, 2643–2647.
[CrossRef]
256. Maziz, A.; Concas, A.; Khaldi, A.; Stålhand, J.; Persson, N.-K.; Jager, E.W.H. Knitting and weaving artificial muscles. Sci. Adv.
2017, 3, e1600327. [CrossRef]
257. Liu, M.; Pu, X.; Jiang, C.; Liu, T.; Huang, X.; Chen, L.; Du, C.; Sun, J.; Hu, W.; Wang, Z.L. Large-Area All-Textile Pressure Sensors
for Monitoring Human Motion and Physiological Signals. Adv. Mater. 2017, 29, 1703700. [CrossRef]
258. Shuai, L.; Guo, Z.H.; Zhang, P.; Wan, J.; Pu, X.; Wang, Z.L. Stretchable, self-healing, conductive hydrogel fibers for strain sensing
and triboelectric energy-harvesting smart textiles. Nano Energy 2020, 78, 105389. [CrossRef]
259. Zhou, Z.; Padgett, S.; Cai, Z.; Conta, G.; Wu, Y.; He, Q.; Zhang, S.; Sun, C.; Liu, J.; Fan, E.; et al. Single-layered ultra-soft washable
smart textiles for all-around ballistocardiograph, respiration, and posture monitoring during sleep. Biosens. Bioelectron. 2020,
155, 112064. [CrossRef] [PubMed]
260. Owyeung, R.E.; Panzer, M.J.; Sonkusale, S.R. Colorimetric Gas Sensing Washable Threads for Smart Textiles. Sci. Rep. 2019,
9, 5607. [CrossRef] [PubMed]
261. Marculescu, D.; Marculescu, R.; Zamora; Stanley-Marbell; Park, K.; Jung, J.; Weber, L.; Cottet, K.; Grzyb; Troster; et al. Electronic
textiles: A platform for pervasive computing. In Proceedings of the 2003 Proceedings Fifth IEEE Workshop on Mobile Computing
Systems and Applications, Monterey, CA, USA, 9–10 October 2003; Volume 91, pp. 1993–1994. [CrossRef]
262. van Langenhove, L. Smart Textiles for Medicine and Healthcare: Materials, Systems and Applications; van Langenhove, L., Ed.; Elsevier:
Amsterdam, The Netherlands, 2007; ISBN 1845692934/9781845692933.
263. Xue, C.-H.; Chen, J.; Yin, W.; Jia, S.-T.; Ma, J.-Z. Superhydrophobic conductive textiles with antibacterial property by coating
fibers with silver nanoparticles. Appl. Surf. Sci. 2012, 258, 2468–2472. [CrossRef]
264. Dhanawansha, K.B.; Senadeera, R.; Gunathilake, S.S.; Dassanayake, B.S. Silver nanowire-containing wearable thermogenic smart
textiles with washing stability. Adv. Nano Res. 2020, 9, 123–131. [CrossRef]
265. Cui, H.-W.; Suganuma, K.; Uchida, H. Highly stretchable, electrically conductive textiles fabricated from silver nanowires and
cupro fabrics using a simple dipping-drying method. Nano Res. 2015, 8, 1604–1614. [CrossRef]
266. Ramachandran, T.; Vigneswaran, C. Design and Development of Copper Core Conductive Fabrics for Smart Textiles. J. Ind. Text.
2009, 39, 81–93. [CrossRef]
267. Li, L.; Wang, K.; Jia, W.; Hou, C.; Zhang, Q.; Li, Y.; Yu, H.; Wang, H. Continuous preparation of dual-responsive sensing fibers for
smart textiles. J. Colloid Interface Sci. 2021, 597, 215–222. [CrossRef]
268. Li, L.; Fan, T.; Hu, R.; Liu, Y.; Lu, M. Surface micro-dissolution process for embedding carbon nanotubes on cotton fabric as a
conductive textile. Cellulose 2017, 24, 1121–1128. [CrossRef]
269. Hu, L.; Pasta, M.; La Mantia, F.; Cui, L.; Jeong, S.; Deshazer, H.D.; Choi, J.W.; Han, S.M.; Cui, Y. Stretchable, Porous, and
Conductive Energy Textiles. Nano Lett. 2010, 10, 708–714. [CrossRef]
270. Shin, Y.-E.; Cho, J.Y.; Yeom, J.; Ko, H.; Han, J.T. Electronic Textiles Based on Highly Conducting Poly(vinyl alcohol)/Carbon
Nanotube/Silver Nanobelt Hybrid Fibers. ACS Appl. Mater. Interfaces 2021, 13, 31051–31058. [CrossRef] [PubMed]
271. Wessling, B. Dispersion as the link between basic research and commercial applications of conductive polymers (polyaniline).
Synth. Met. 1998, 93, 143–154. [CrossRef]
272. Rehnby, W.; Gustafsson, M.; Skrifvars, M. Coating of textile fabrics with conductive polymers for smart textile applications. In
Proceedings of the Ambience 08 International Scientific Conference, Borås, Sweden, 2–3 June 2008; pp. 100–103.
273. Zhou, X.; Hu, C.; Lin, X.; Han, X.; Zhao, X.; Hong, J. Polyaniline-coated cotton knitted fabric for body motion monitoring. Sens.
Actuators A Phys. 2021, 321, 112591. [CrossRef]
274. Zhang, Z.; Wang, G.; Gu, W.; Zhao, Y.; Tang, S.; Ji, G. A breathable and flexible fiber cloth based on cellulose/polyaniline cellular
membrane for microwave shielding and absorbing applications. J. Colloid Interface Sci. 2022, 605, 193–203. [CrossRef]
275. Zhu, S.; Wang, M.; Qiang, Z.; Song, J.; Wang, Y.; Fan, Y.; You, Z.; Liao, Y.; Zhu, M.; Ye, C. Multi-functional and highly conductive
textiles with ultra-high durability through ‘green’ fabrication process. Chem. Eng. J. 2021, 406, 127140. [CrossRef]
276. Lu, X.; Shang, W.; Chen, G.; Wang, H.; Tan, P.; Deng, X.; Song, H.; Xu, Z.; Huang, J.; Zhou, X. Environmentally Stable, Highly
Conductive, and Mechanically Robust Metallized Textiles. ACS Appl. Electron. Mater. 2021, 3, 1477–1488. [CrossRef]
277. Ko, J.; Jee, S.; Lee, J.H.; Kim, S.H. High durability conductive textile using MWCNT for motion sensing. Sens. Actuators A Phys.
2018, 274, 50–56. [CrossRef]
278. Lin, H.; Ramgulam, R.; Arshad, H.; Clifford, M.J.; Potluri, P.; Long, A.C. Multi-scale integrated modelling for high performance
flexible materials. Comput. Mater. Sci. 2012, 65, 276–286. [CrossRef]
279. Meng, Y.; Zhao, Y.; Hu, C.; Cheng, H.; Hu, Y.; Zhang, Z.; Shi, G.; Qu, L. All-Graphene Core-Sheath Microfibers for All-Solid-State,
Stretchable Fibriform Supercapacitors and Wearable Electronic Textiles. Adv. Mater. 2013, 25, 2326–2331. [CrossRef]
280. Schuster, J.; Trahan, M.; Heider, D.; Li, W. Influence of fabric ties on the performance of woven-in optical fibres. Compos. Part A
Appl. Sci. Manuf. 2003, 34, 855–861. [CrossRef]

Polymers 2022, 14, 1232

32 of 32

281. Aprilliyani, R.; Dzagbletey, P.A.; Lee, J.H.; Jang, M.J.; So, J.-H.; Chung, J.-Y. Effects of Textile Weaving and Finishing Processes on
Textile-Based Wearable Patch Antennas. IEEE Access 2020, 8, 63295–63301. [CrossRef]
282. Eom, J.; Heo, J.-S.; Kim, M.; Lee, J.H.; Park, S.K.; Kim, Y.-H. Highly sensitive textile-based strain sensors using poly(3,4ethylenedioxythiophene):polystyrene sulfonate/silver nanowire-coated nylon threads with poly-L-lysine surface modification.
RSC Adv. 2017, 7, 53373–53378. [CrossRef]
283. Paradiso, R.; Caldani, L.; Pacelli, M. Knitted Electronic Textiles. In Wearable Sensors; Elsevier: Amsterdam, The Netherlands, 2014;
Volume 1, pp. 153–174. ISBN 9780124186668.
284. Hao, D.; Xu, B.; Cai, Z. Polypyrrole coated knitted fabric for robust wearable sensor and heater. J. Mater. Sci. Mater. Electron. 2018,
29, 9218–9226. [CrossRef]
285. Seyedin, S.; Uzun, S.; Levitt, A.; Anasori, B.; Dion, G.; Gogotsi, Y.; Razal, J.M. MXene Composite and Coaxial Fibers with High
Stretchability and Conductivity for Wearable Strain Sensing Textiles. Adv. Funct. Mater. 2020, 30, 1910504. [CrossRef]
286. Bonfiglio, A.; DeRossi, D.; Kirstein, T.; Locher, I.R.; Mameli, F.; Paradiso, R.; Vozzi, G. Organic Field Effect Transistors for Textile
Applications. IEEE Trans. Inf. Technol. Biomed. 2005, 9, 319–324. [CrossRef] [PubMed]
287. Linz, T.; Vieroth, R.; Dils, C.; Koch, M.; Braun, T.; Becker, K.F.; Kallmayer, C.; Hong, S.M. Embroidered Interconnections
and Encapsulation for Electronics in Textiles for Wearable Electronics Applications. In Proceedings of the CIMTEC 2008-3rd
International Conference on Smart Materials, Structures and Systems-Smart Textiles, Sicily, Italy, 8–13 June 2008; Volume 60,
pp. 85–94.
288. Wang, Y.; Zhang, L.; Zhang, Z.; Sun, P.; Chen, H. High-Sensitivity Wearable and Flexible Humidity Sensor Based on Graphene
Oxide/Non-Woven Fabric for Respiration Monitoring. Langmuir 2020, 36, 9443–9448. [CrossRef] [PubMed]
289. Xie, J.; Jia, Y.; Miao, M. High sensitivity knitted fabric bi-directional pressure sensor based on conductive blended yarn. Smart
Mater. Struct. 2019, 28, 035017. [CrossRef]
290. Jung, W.T.; Jang, H.-S.; Jeon, J.W.; Kim, B.H. Effect of Oxygen Functional Groups in Reduced Graphene Oxide-Coated Silk
Electronic Textiles for Enhancement of NO2 Gas-Sensing Performance. ACS Omega 2021, 6, 27080–27088. [CrossRef]
291. Jung, W.T.; Jeon, J.W.; Jang, H.-S.; Kim, D.Y.; Lee, H.-K.; Kim, B.H. Commercial silk-based electronic textiles for NO2 sensing. Sens.
Actuators B Chem. 2020, 307, 127596. [CrossRef]
292. Niu, Z.; Qi, S.; Shuaib, S.S.A.; Yuan, W. Flexible, stimuli-responsive and self-cleaning phase change fiber for thermal energy
storage and smart textiles. Compos. Part B Eng. 2022, 228, 109431. [CrossRef]
293. Yang, Y.; Xu, B.; Gao, Y.; Li, M. Conductive Composite Fiber with Customizable Functionalities for Energy Harvesting and
Electronic Textiles. ACS Appl. Mater. Interfaces 2021, 13, 49927–49935. [CrossRef]
294. Mokhtari, F.; Spinks, G.M.; Fay, C.; Cheng, Z.; Raad, R.; Xi, J.; Foroughi, J. Wearable Electronic Textiles from Nanostructured
Piezoelectric Fibers. Adv. Mater. Technol. 2020, 5, 1900900. [CrossRef]
295. Anwar, S.; Hassanpour Amiri, M.; Jiang, S.; Abolhasani, M.M.; Rocha, P.R.F.; Asadi, K. Piezoelectric Nylon-11 Fibers for Electronic
Textiles, Energy Harvesting and Sensing. Adv. Funct. Mater. 2021, 31, 2004326. [CrossRef]
296. Li, X.; Koh, K.H.; Farhan, M.; Lai, K.W.C. An ultraflexible polyurethane yarn-based wearable strain sensor with a polydimethylsiloxane infiltrated multilayer sheath for smart textiles. Nanoscale 2020, 12, 4110–4118. [CrossRef] [PubMed]
297. Vu, C.C.; Kim, J. Highly elastic capacitive pressure sensor based on smart textiles for full-range human motion monitoring. Sens.
Actuators A Phys. 2020, 314, 112029. [CrossRef]
298. Liu, X.; Miao, J.; Fan, Q.; Zhang, W.; Zuo, X.; Tian, M.; Zhu, S.; Zhang, X.; Qu, L. Smart Textile Based on 3D Stretchable Silver
Nanowires/MXene Conductive Networks for Personal Healthcare and Thermal Management. ACS Appl. Mater. Interfaces 2021,
13, 56607–56619. [CrossRef]
299. Yao, G.; Xu, L.; Cheng, X.; Li, Y.; Huang, X.; Guo, W.; Liu, S.; Wang, Z.L.; Wu, H. Bioinspired Triboelectric Nanogenerators as
Self-Powered Electronic Skin for Robotic Tactile Sensing. Adv. Funct. Mater. 2020, 30, 1907312. [CrossRef]
300. Geng, D.; Chen, S.; Chen, R.; You, Y.; Xiao, C.; Bai, C.; Luo, T.; Zhou, W. Tunable Wide Range and High Sensitivity Flexible
Pressure Sensors with Ordered Multilevel Microstructures. Adv. Mater. Technol. 2021, 2101031. [CrossRef]

