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Abstract

Sensors play an important role in information perception during the age of intelligence,
particularly in areas such as environmental monitoring and human perception. To meet the huge
demands for information acquisition in the whole society, the development of elaborated sensor
structures using patterned manufacturing technology is important to improve the performance of
sensors. Creating patterned structures can enhance the interaction between the sensitive material
and target matter, increase the contact area between the sensor and the target matter, amplify the
effect of target matter on the sensor structure, and enhance the density of information sensing by
building arrays. This review presents a comprehensive overview of patterned
micro-nanostructure manufacturing techniques for performance enhancement of flexible
sensors, including printing, exposure lithography, mould method, soft lithography,
nanoimprinting lithography, and laser direct writing technology. Meanwhile, it introduces the
evaluation methods of flexible sensor performance and discusses how patterned structures
influence this performance. Finally, some practical application examples of patterned
manufacturing techniques are introduced according to different types of flexible sensors. This
review also summarises and provides an outlook on the role of these techniques in enhancing
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sensor performance offering valuable insights for future developments in the patterned

manufacturing of flexible sensors.

Keywords: patterned process, flexible sensor, patterned structure, performance enhancement

1. Introduction

Digital construction in the intelligent era is based on inform-
ation perception, information transmission and information
processing [1]. As key devices in the field of information
perception, sensors have been broadening and replacing the
human body’s own level of perception of the surrounding
environment since their birth, and have become an indispens-
able part of modern society [2]. A sensor is a device that con-
verts a signal to be measured into another usable signal with
a certain regularity [3]. According to the mechanical proper-
ties of sensor materials, sensors can be categorised into rigid
and flexible sensors [4]. Rigid sensors are usually based on
rigid materials such as metals, ceramics, and semiconductors.
The device structure is fixed and fails in complex deform-
ations, which limits the application scenarios of traditional
sensors [5]. Flexible sensors are made of flexible materials and
have a flexible structure that can adapt to complex shapes and
dynamic environments. With the increasing demand for wear-
able electronic systems [6] as well as portable medical dia-
gnostic devices [7, 8], enhancing the performance of flexible
sensors has become a growing concern [9].

In the process of information perception, sensors are expec-
ted to reflect the changes in the environment realistically. The
evaluation system of the sensor includes sensitivity, resolu-
tion, response time, relaxation time, and detection range, etc
[10]. Sensitivity represents the ratio of the amount of change
in the output signal to the amount of change in the input signal
when the sensor is operating [11]. Limit of detection (LOD)
represents the minimum amount of change that can be meas-
ured by the sensor [12]. Response time and relaxation time rep-
resent the detection speed of the sensor, which is an important
parameter for real-time sensing [13]. Meanwhile, in order to
ensure the accurate operation of the sensor, the sensor needs
to work in a suitable detection range. Currently, the demand
for information perception in the electronic information soci-
ety is driving the development of flexible sensors toward high
performance, high density, miniaturisation and low cost [14].
Among them, the patterned micro-nanostructure construction
of active materials and structures has become one of the break-
through directions for researchers [15, 16].

The patterning of flexible sensors often focuses on the
sensitive element and electrode materials. The introduction of
finely patterned structures can enhance the interaction between
the material and the measured source [17], amplify the sensor’s
response to the measured signal [18], increase the specific sur-
face area of the material and enhance the contact between
molecules and the material [19], and enhance the mechan-
ical stability of flexible sensors. Additionally, applying the
patterned process to the manufacturing of sensor arrays can

improve the density of information sensing and reduce the
cross-influence of multiple objects to be measured [16, 20].
Thus, a judicious patterned structure design can significantly
improve the performance of the sensor (figure 1).

Compared to traditional rigid sensors, flexible sensors
are applied in more complex and diverse scenarios, and the
processing constraints of flexible materials are more lim-
ited. The patterned micro-nanostructure interacts directly with
the external surroundings, imposing higher requirements on
the patterned manufacturing process of flexible sensors [21].
Common patterning processes typically comprise exposure
lithography [22, 23], printing [24, 25], mould method [26, 27],
soft lithography [28, 29], nanoimprint lithography (NIL) [30,
31], and laser direct writing (LDW) [32, 33]. Over time, the
application of patterned manufacturing processes has become
more finely categorised, with special manufacturing tech-
niques emerging for specific materials involving the sensitive,
structure and electrode parts of the sensor (figure 2) [34-53].
The selection of a specific patterned process often depends
on material properties, processing cost, and difficulty of mass
production [54]. This review provides a detailed overview
of the commonly used manufacturing process for patterned
micro-nanostructures, discusses the significance of patterned
structures for flexible sensor performance enhancement, and
presents practical applications of various patterned manufac-
turing technologies in flexible sensor preparation. Finally, we
summarise the patterned techniques used for flexible sensor
enhancement, and predict future directions in this field.

2. Patterned manufacturing method

Traditional methods for the manufacturing patterned micro-
nanostructures for rigid sensors are compatible with rigid elec-
tronic systems and semiconductor manufacturing processes.
In contrast, the manufacturing techniques applied to flexible
materials usually face challenges such as reduced material
stability, lower temperature tolerance, and increased process
complexity [55]. These constrain the large-scale manufactur-
ing and application of flexible sensors. After decades of devel-
opment, micro-nano processing technology has derived cus-
tomised new process technologies based on traditional pro-
cesses to cope with different usage scenarios and processing
materials. These new process technologies are complex and
have some differences in classification. Here, we summarise
from the level of key processes and introduce six common
manufacturing methods: printing, exposure lithography, soft
lithography, mould method, NIL and LDW. Specific compar-
isons are shown in table 1 [34, 39, 45, 56-99], and we will
describe the various methods in detail next.
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Figure 1. The role of patterned micro-nanostructures in flexible sensor performance enhancement. This mainly includes improved
mechanical stability, enhancement of interaction, increased contact area, constructing sensor arrays, and amplified structural deformation.
Also, common types of processes are listed in the figure for different parts.

2.1. Printing

Similar to traditional graphic printing used in books, the print-
ing technology used in micro-nano processing is also a mater-
ial deposition technology using liquid phase ‘ink’, which is
a type of additive manufacturing technology [100]. Here,
‘ink’ stands not for ordinary ink, but for a category of func-
tional materials, including metal nanoparticle inks, polymer
inks, semiconductor inks, carbon inks, ceramic inks and a
series of liquid-phase functional materials [101]. Depending
on whether a masked version of the process is required or
not, the printing processes include direct writing of patterns
without a mask as well as printing patterns with a mask [102].
It is important to note here that we present scanning probe

lithography separately as a maskless printing technique as
well.

2.1.1. Inkjet printing. Inkjet printing belongs to a kind of
plateless printing, and non-contact printing, through the com-
puter control of the print head movement, with the workt-
able, can be directly nano-size solution sprayed on the rigid
or flexible substrate to form the required pattern [103]. The
inkjet printing device mainly includes an ink cartridge and
an inkjet print head. To obtain suitable and high-resolution
print patterns, the density of the ink, solution surface ten-
sion, ink viscosity, and nozzle diameter need to be considered
[104]. Parameters describing the properties of the ink mainly
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Figure 2. The timing of the large-scale application of the sensor patterning preparation process and the application areas of the process for
sensors. The information in the figure also includes the minimum machining accuracy of the patterned manufacturing process [34-53].

Table 1. Patterned micro-nanostructure manufacturing method.

Patterned preparation method Minimum size Process feature References
Piezoelectric inkjet printing 20-50 pm Room temperature, non-contact [34,79, 80]
Thermal inkjet printing 15-35 pm High temperature, low cost [56, 81]
Laser-assisted printing (LAP) <500 nm Nozzle less [57, 82]
Acoustic printing 7.5-10 pm Nozzle less, biofriendly [58, 83]
Aerosol jet printing (AJP) 10-15 pm Atomised ink [59, 84]
Electrohydrodynamic jet printing (E-Jet) 1-10 pm Electric fields, non-contact [60, 85]
Dielectrophoretic printing 200 nm Applicable to uncharged particles [39]
Screen printing 22 pm High viscosity and low volatility inks [61, 86]
Offset lithography printing 10-50 pm Large-scale preparation, indirect printing [62, 87]
Gravure/relief printing 2 pm Large-scale preparation [63, 88]
Dip-pen nanolithography 5-10 nm Probe, low cleanliness requirements [64]
EUV lithography 3-5nm High resolution, high productivity, high energy [65, 89]
consumption, high cost.
X-ray lithography 15-25 nm 1:1 proximity exposure [45]
Electron beam lithography (EBL) 3 nm Low throughput [66]
Ion beam lithography 10 nm No proximity effect of resist [67, 68, 90]
Microcontact printing (CP) 100 nm Contact process, molecular self-assembly, fast, [69, 91]
low-cost
Replica moulding (REM) 45 nm Easy peeling process [70, 92]
Microtransfer moulding (uTM) 80 nm Easy preparation of high aspect ratio structures [71, 93]
Micromoulding in capillary (MIMIC) 20 nm Spontaneous flow [72, 94]
Solvent-assisted micromoulding (SAMIM) 200 nm No temperature or UV effects. [73, 95]
Sacrificial moulding method 12-100 pm The minimum pattern size is related to the [74,75]
mould.
Reusable moulding method 10-50 pm The moulds are reusable and the sizes are [76,77]
related to lithography and etching
Shadow masks technique ~5nm Reusable and fast [96]
Thermal nanoimprinting lithography 5-10 nm Fast, low cost, heat [97]
Ultraviolet nanoimprinting lithography 5-10 nm Fast, low cost, UV [98]
Laser direct writing 100-300 nm Reduced and modified manufacturing can be [78, 99]
accomplished.
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where v is the liquid flow rate, p is the density of the ink, d is
the nozzle diameter, 7 is the ink viscosity and -y is the solution
surface tension. The printing characteristics of an ink are usu-
ally related to the Z parameter. A synthesis of the data from
related studies has led to the conclusion that 1 < Z < 14 is a
suitable printing interval for inks, which ensures better droplet
outflow and reduces the production of satellite droplets [106].
When the ink containing nanodispersed particles comes into
contact with a substrate, the solutes in the solution will be
deposited on the contact line to form a ring-shaped deposit,
which is the ‘coffee ring effect’ [107]. By using a solvent with
a higher boiling point and heat of vaporisation than water, the
effects of the coffee ring effect can be reduced [108].

According to the ejection mode of ink, inkjet printing can
be divided into continuous inkjet (CIJ) and drop-on-demand
inkjet (DOD) [34]. In the past, CIJ was often used in tra-
ditional printing processes, and DOD was often used in the
field of high-resolution pattern printing due to the control-
lable ink volume. However, in recent years, with the continu-
ous improvement of electric field theory and technology, the
CIJ mode also has high-resolution printing technology, which
is used together with DOD technology in micro-nano manu-
facturing processes [60]. Next, we will introduce a detailed
classification based on the jet actuation method of the inkjet
printhead.

Piezoelectric inkjet printing technology is a room temper-
ature and pressure printing technology that contains piezo-
electric material within the print head (figure 3(a)) [34].
Piezoelectric materials have the inverse piezoelectric effect.
When polarised in an electric field, the material will deform
due to the displacement of the charge centre within the
material [109]. According to the way the piezoelectric mater-
ial drives the ink in the print head, it can be divided into shear
mode, squeeze mode, bending mode, push mode (figures 3(a-
i)—(a-iv)) [110]. When a voltage pulse is applied to the piezo-
electric material within the printhead, it causes a sudden
change in volume within the printhead, which ejects droplets
of ink. The pattern information is converted into a voltage
and input to the piezoelectric material [111]. The deforma-
tion of the piezoelectric material is related to the pattern, and
the ink in the print head is ejected according to a predeter-
mined time and volume. Piezoelectric inkjet printing tech-
nology has the characteristics of fast response speed, strong
anti-electromagnetic interference ability, simple structure and
convenient control. It can control the volume of ejected ink

by accurately controlling the driving voltage to achieve high-
precision printing [112]. But in high-precision printing, the
contradiction between smaller nozzles and nozzle clogging
has always existed. Methods to reduce the solution viscosity
(20-40 mPa s) only limit the types of printable materials [113].
To address the aforementioned issues, Bernasconi et al [114]
designed a piezoelectric-driven print head capable of eject-
ing high-viscosity fluids, and achieved piezoelectric ejection
of solutions with viscosities exceeding 200 cP.

Thermal inkjet printing is a low-cost printing technology.
Its basic principle is to use ink vapour bubbles generated by
heating to eject ink droplets from a chamber (figure 3(b))
[122]. The key to thermal inkjet printing equipment is the print
head, which consists of an ink cartridge, a heater, and an ink
nozzle that stores ink [123]. Through the power input control-
ler, microsecond-level electrical pulses are quickly applied to
the heating resistor, generating a high-temperature pulse of
300 °C [56]. The high-temperature heat flow on the heater
surface will cause the temperature of the nearby ink to rise,
thereby forming high-pressure ink vapour bubbles. As the
bubbles gather and grow, the ink is ejected from the nozzle.
The ejection of ink is accompanied by the collapse of the
bubbles, and the ink is re-injected into the nozzle for the next
printing process [115]. It is commonly believed that the draw-
back of thermal inkjet printing lies in the high temperatures
that can damage the ink components, which limits its applic-
ation in certain scenarios. However, Setti et al [124] found
that thermal inkjet printing technology is compatible with the
deposition of enzyme [-galactosidase and PEDOT: PSS, and
they used inkjet printing technology to fabricate a glucose
biosensor.

Laser-assisted printing (LAP) is a nozzle-less printing tech-
nology that is independent of the ink substrate (figure 3(c)).
The LAP technology is developed based on the method of
laser-induced forward transfer [57]. The printing system con-
sists of a pulsed laser source, a ribbon and a receptor substrate
[125]. The ribbon is usually made of quartz material as the
support material. A metal film is used as the laser absorp-
tion layer, and the ink to be printed is deposited on the sur-
face of the metal film [126]. When the pulsed laser is focused
on the ribbon, the high temperature induces the formation of
bubbles between the support material and the material to be
printed. The bubbles rapidly expand and eject ink downwards
[127]. Compared with conventional inkjet printing techno-
logy, LAP is capable of printing high-viscosity inks. Research
by Makrygianni et al [128] has demonstrated that LAP can
achieve a printing resolution of 30 pm using inks with vis-
cosities ranging from 30 mPa s to 1700 mPa s. Additionally,
the printing resolution can be flexibly adjusted by modu-
lating the laser energy density. With its high precision and
ease of operation, LAP holds significant potential for future
applications [116].

Acoustic printing is a technology that uses sound waves
to push ink jets. Elrod er al [129] and Hadimioglu et al
[130] reported that a focused acoustic beam on the surface
of a liquid can generate droplets with controllable diameters.
This has propelled the development of acoustic inkjet printing
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Figure 3. Printing process schematic. (a) Piezoelectric inkjet printing technology. (i) Squeeze mode. (ii) Bend mode. (iii) Push mode. (iv)
Shear mode. Reprinted from [34], Copyright © 2010 Elsevier B.V. All rights reserved. (b) Thermal inkjet printing. Reprinted from [115],
Copyright © 1997 Published by Elsevier Ltd. (c) Laser-assisted printing (LAP). [116] John Wiley & Sons. © 2021 Wiley-VCH GmbH. (d)
Surface acoustic printing. Reproduced from [58] with permission from the Royal Society of Chemistry. (e) Acoustically driven microfluidic
nozzles. (f) Aerosol jet printing with ultrasonic atomisation. Reproduced from [117]. © 2021 The Electrochemical Society ("ECS”).
Published on behalf of ECS by IOP Publishing Limited. (g) Aerosol jet printing with pneumatic atomisation. [118] John Wiley & Sons. ©
2021 Wiley-VCH GmbH. (h) Electrohydrodynamic jet printing (E-Jet). Reproduced from [60], with permission from Springer Nature. (i)
Dielectrophoretic printing (DEP). [39] John Wiley & Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (j)
Offset lithography printing. Used with permission of [ACM (Association for Computing Machinery) ], from [119]; permission conveyed
through Copyright Clearance Center, Inc. (k) Gravure printing. Reproduced from [120]. © IOP Publishing Ltd. All rights reserved. (1)
Screen printing. Reproduced from [121] with permission from the Royal Society of Chemistry. (m) Dip-pen nanolithography. Reprinted

(adapted) with permission from [64]. Copyright (2020) American Chemical Society.

technology. This printing method does not cause nozzle clog-
ging, thereby getting rid of the limitation of nozzle diameter
[110]. According to the ejection method of sonic wave-driven
droplets, it can be roughly divided into two categories: (1)
using a focused acoustic transducer, the sound waves are

focused on the surface of the ink liquid to overcome the surface
tension of the liquid and achieve liquid ejection (figure 3(d))
[58, 131]. Including acoustic focusing technology using con-
cave acoustic transducers; use ring-shaped electrodes to clamp
a piezoelectric film to form a Fresnel half-wave band source
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to realise the acoustic focusing technology of self-focusing
acoustic transducers [130]; place the acoustic lens in front
of the transducer to achieve acoustic focusing technology;
surface acoustic wave acoustic focusing technique using a
single-phase transducer controlled by electrode width [132,
133]. (2) Using an acoustic microfluidic inkjet printing system
with nozzles. Acoustophoretic or vortex acoustic wave induces
droplet generation at the tip of the capillary tube (figure 3(e))
[134].

Aerosol jet printing (AJP) is a technology that prints ink in
the form of an aerosol. Matters suspended in aerosols can be
directly written in the form of aerosol jets [117]. According to
the aerosol generation method, it can be divided into ultrasonic
atomisation or pneumatic atomisation (figures 3(f) and (g))
[59]. During ultrasonic atomisation, the transducer is placed
in the transmission medium. The electrical signal causes the
transducer to produce high-frequency oscillations, and the
superposition of continuous waves in the ink liquid causes the
ejection of small droplets, and then a carrier gas is used to
eject the aerosol onto the deposition substrate [135]. Bappy
et al [136] utilised AJP technology with ultrasonic atomisa-
tion to fabricate a multimodal sensor integrated with strain and
temperature. In the process of the pneumatic atomisation, the
high-speed carrier gas impacts the top of the ink, and the top
layer of the ink produces a series of dispersed small droplets.
Among them, low-mass small droplets are deposited on the
surface of the deposition substrate along with the carrier gas
in the form of aerosol [118].

Electrohydrodynamic jet printing (E-Jet) is an inkjet print-
ing technology driven by an electric field (figure 3(h)). The
E-Jet system mainly consists of an ink tank, a pressure propul-
sion device, a glass nozzle with metal deposited on the tip, a
substrate, and a high-voltage power supply [137]. The ink is
injected into the glass nozzle tip by the pressure propelling
device. An electric field is applied between the substrate and
the nozzle, and the liquid at the nozzle tip is affected by
gravity, surface tension, electromagnetic forces, and adhesion
forces [138]. Under the combined action of these forces, the
liquid interface forms a cone, which called a Taylor cone [139].
The ink jet is ejected from the Taylor cone surface onto the
substrate. E-Jet printing can realise CIJ and DOD. Constant
DC electric field can realise C1J, and pulsed DC and AC elec-
tric fields can realise DOD [110]. Because the jet size based
on the Taylor cone is much smaller than the nozzle diameter,
the E-Jet printing can achieve high-resolution printing while
reducing the risk of nozzle clogging [60, 140]. Guo et al [141]
employed the E-jet technique to fabricate an array of micro-
structured electrodes that cure under ultraviolet light, con-
structing a capacitive pressure sensor with high sensitivity and
excellent mechanical properties.

Dielectrophoretic printing (DEP) is an improvement over
conventional electric field-driven inkjet printing (figure 3(i)).
E-Jetrelies on charged particles in the suspension, which is not
friendly to ink suspensions composed of uncharged particles,
and it is difficult to control the angle of the jet generated at
the tip of the Taylor cone [142]. A uniform electrostatic field
cannot control uncharged particles in the ink suspension, but
a non-uniform electrostatic field will exert a DEP force on the

particles by affecting the polarisability of the particles, which
is applicable to all particles [143]. By applying pulsed DC
power between the submicron capillary tip and the substrate,
sufficiently large dielectrophoretic forces can result in ejec-
tion of the ink liquid [144]. DEP printing enables on-demand
printing with high precision and controllability [39]. Chen
et al [145] successfully fabricated a CMOS-compatible capa-
citive immunosensor array using DEP assisted manufacturing
methods.

2.1.2. Coating printing. ~ Coating printing is a contact print-
ing method that requires a mask. Compared with inkjet print-
ing, coating printing can achieve large-scale, high-throughput,
and high-speed material printing. According to different print-
ing moulds, coating printing can be divided into four types:
offset lithographic printing, gravure printing, relief printing
and screen printing [119].

Offset lithographic printing is a flat indirect printing tech-
nology. It realises printing based on the principle of water-oil
incompatibility. The offset lithographic printing device mainly
includes a water supply system, an ink supply system, a plate
cylinder, a blanket cylinder and an impression cylinder [119].
The water film first adheres to the blank areas on the print-
ing plate, and then the ink adheres to the patterned areas
on the printing plate. The patterned water-oil film is trans-
ferred from the printing plate cylinder to the rubber cylinder.
And then through the rubber cylinder and impression cylin-
der, the patterned ink is transferred to the substrate to be prin-
ted (figure 3(j)) [62]. Offset lithographic printing technology,
known for its low cost and high speed, is commonly used in
the process of printing books and magazines. It is currently
also applied to the printing of electrode materials on large-
area polymer films. Harrey et al [146] have prepared a capa-
citive humidity sensor, in which the patterned electrode film
is deposited using a high-speed offset lithographic printing
process.

Gravure printing and relief printing are direct printing tech-
nologies based on three-dimensional templates (figure 3(k))
[63]. The roller is a key device in the gravure and letter-
press printing processes. Patterned pits or bumps are usually
prepared using laser engraving, wet etching and dry etching
processes [119]. Their basic printing process includes four
steps: filling a patterned cell with ink; squeegee wipes the
ink; ink is transferred to the substrate; and the ink solidi-
fies on the substrate [120]. Gravure printing and relief print-
ing require inks with low viscosity, high fluidity and fast
drying characteristics [147]. Both of them are suitable for
high-precision and large-scale printing scenarios, but the
cost of preparing high-precision rollers is higher, so their
development is slow [61]. As the demand for disposable
wearable sensors continues to grow, the gravure printing
technology, with its advantages of low cost and high effi-
ciency, has gradually been applied to the preparation of pat-
terned electrodes. Bariya et al [148] used gravure printing
technology to fabricate electrode materials for disposable
electrochemical sensors, which exhibit excellent mechanical
properties.
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Screen printing device consists of a patterned template
screen, a rigid frame that supports the grid, and a matching
scraper (figure 3(1)). During the screen-printing process, ink
is placed on a patterned screen, and the patterned screen is
closely attached to the substrate to be printed. A squeegee is
used to apply shear force to the ink, squeezing the ink through
the patterned screen and depositing onto the substrate [149].
The ink particles of screen-printing include metal particles,
carbon materials, ceramic materials, semiconductor materials,
and polymer materials [121, 150]. The ink solvent needs to
have high viscosity and low volatility properties to ensure that
the ink can be placed on the surface of the patterned screen
without clogging the mesh [61]. Like conventional coating
techniques, screen printing technology also has the advant-
ages of low cost and high efficiency, and is commonly used
in the field of disposable sensor preparation. Beniwal et al
[151] used screen-printing technology to prepare a humidity
sensor based on graphene carbon ink on paper substrates. The
sensor has the advantages of high flexibility, high stability, and
low cost.

2.1.3. Scanning-probe lithography (SPL). SPL is a mask-
less material patterning manufacturing method. With the
advent of scanning probe microscopes (SPMs) and atomic
force microscopes (AFMs), researchers used the nanotips of
probes to pattern the surface of materials. Since then, the
development of SPL in the field of micro-nano structure
preparation has been initiated [152]. Although lithography
is in the name, the basic principle of this technology is to
use probes to affect the physical or chemical structure of
a material’s surface [64, 153]. This technology is mainly
divided into destructive material manufacturing and additive
manufacturing [154]. Damage material manufacturing tech-
nology involves etching, oxidation, and heating of the material
surface by the probe [155-157]. Because the damage manufac-
turing technology is environmentally demanding, difficult to
prepare and involves fewer sensor fields, we will not introduce
too much here and refer to related research articles for details
[158-161]. Here we focus on SPL additive manufacturing.

Dip-pen nanolithography (DPN) is a material deposition
technology. Its basic working process is similar to ink direct
writing, so here we classify it as printing technology. DPN
mainly relies on AFM probes. Ink is applied to the tip of the
probe. When the probe and the substrate are close to each
other, a meniscus is formed between the probe and the sub-
strate for the ink to move [64]. With a computer-controlled
drive, the probe moves in a set path and can complete the
deposition of ink on the surface of the substrate (figure 3(m))
[162]. As a direct writing patterning preparation technique, the
DPN requires minimal ink material. Through the joint manip-
ulation of multiple probes, DPN can achieve large-scale pat-
terned material preparation [153]. Leveraging the advantages
of ultra-high resolution and ultra-low loss, Saban et al [163]
utilised DPN technology to pattern a mixture of glucose oxi-
dase and PMMA into nanoclusters, creating an efficient work-
ing electrode that significantly enhanced the sensitivity of the
Sensor.

2.2. Exposure lithography

Exposure lithography is an image reproduction technique.
The exposure lithography process described in this chapter
refers specifically to the non-contact exposure etching process
of photoresists using a photon sources or energetic particles
sources as the irradiation source. Irradiation sources are irra-
diated on photosensitive materials, causing physical or chem-
ical properties of the materials to change, thereby achieving
patterned preparation of the substrate [164, 165]. The expos-
ure lithography process mainly includes the following nine
steps [166]: substrate cleaning, substrate surface treatment,
spin coating, soft bake, alignment, exposure, post-exposure
bake, stripping, hard bake. The current advanced exposure
lithography technology is mainly based on projection expos-
ure system, which has better process robustness and higher
accuracy [65, 167]. The main development direction based
on projection lithography technology is the continuous reduc-
tion of the resolution limit [65]. The resolution formula is as
follows [168, 169]:

A
R = —_—
klNA Q)

where k; is the constants related to process parameters and
photoresist type, A is the exposure wavelength, N, is the
numerical aperture of the system. Under similar numerical
aperture and process conditions, the shorter wavelength can
bring better resolution [170]. Different radiation sources imply
different wavelengths, and according to the type of radiation
source exposed, exposure lithography can be divided into
photons as a radiation source (photolithography) and energetic
particles as a radiation source [171].

2.2.1. Photon radiation sources. ~ Photon radiation sources
mainly include ultraviolet light, deep ultraviolet light, extreme
ultraviolet light and x-rays. The early photon light source is the
ultraviolet light source generated by a mercury lamp, includ-
ing the G-line at 436 nm, the H-line at 405 nm, and the I-
line at 365 nm [172, 173]. As the demand for high resolution
continues to increase, photon radiation sources have evolved
into deep ultraviolet light sources based on excimer lasers,
including KrF at 248 nm [174], ArF at 193 nm [175], F»
at 157 nm [176], and the combination of immersion techno-
logy with ArF to achieve an equivalent of 134 nm wavelength
[167]. And in the present day, the industry is beginning to
adopt 13.5 nm extreme ultraviolet light sources to produce pat-
terned processes with extremely high precision and resolution
[164, 177]. The basic configuration of the system is shown
in figure 4(a). X-ray lithography is a technology in which the
radiation source is extended to shorter wavelengths, and the x-
ray radiation used corresponds to wavelengths between 0.1 nm
and 10 nm. X-ray has strong penetrability and the refractive
index in materials is close to 1, so x-ray lithography uses a
1:1 proximity exposure technique (figure 4(b)). X-ray litho-
graphy technology can currently reach the ultimate resolution
of 15 nm, and mainly performs patterning processes with high
depth-to-width ratios [45, 178].
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2.2.2. Energetic particles radiation sources. Energetic
particles radiation sources are currently mainly electron beams
and ion beams. Electron beam lithography (EBL) is a mask-
less patterned direct writing technique using a focused elec-
tron beam as a radiation source, often used in the laborat-
ory preparation of ultra-high precision sensors, integrated cir-
cuits and memories [179, 180]. EBL uses an electron gun to
emit electrons, and its direct writing scanning method can be
divided into raster scanning and vector scanning (figure 4(c))
[70]. The electron gun acceleration voltage affects the resol-
ution of EBL and the sensitivity of the resist [65]. Currently,
TEM can achieve an electron beam resolution limit of 0.1 nm.
But due to resist proximity effects and sensitivity, the resolu-
tions close to 3 nm can currently be achieved [66]. Feng et al
[181] employed a two-step EBL nanofabrication technique to
prepare ZnO-based gas sensors with a dense sub-nanometer
structure, which offer the advantages of low power consump-
tion and high resolution. The disadvantage of EBL is that the
throughput is too low, and the main improvement method is to
upgrade the single-beam system to a multi-beam system [182].

Ion beam lithography (IBL) technology achieves patterned
manufacturing based on ion beams (figure 4(d)). The ion beam
generated by the ion source is accelerated and focused through
electric and magnetic fields, and projected onto the surface
of the substrate [183]. Common ion types can be divided
into slow heavy ions and slow heavy ions [184, 185]. IBL
can be divided into focused IBL, proton beam lithography

and ion projection lithography [47]. Because ions are heav-
ier than electrons, matter waves have smaller wavelengths. At
the same time, there is no proximity effect of the resist, so
higher-resolution patterning manufacturing can be achieved
[67, 68]. In addition, to achieve ultra-high resolution and high
aspect ratio micro-nanostructures, researchers have developed
a secondary sputtering lithography technique (SSL) [52]. By
utilizing the secondary sputtering phenomenon during ion
bombardment, 3D ultra-thin layers are prepared (figure 4(e)).
Kang et al [186] used the SSL technique to fabricate SnO,
nanochannels at the 10 nanometer scale, which can achieve
highly sensitive H,S detection.

2.3. Soft lithography

Soft lithography is a non-photolithographic patterning manu-
facturing technique using soft elastomers as moulds or stamps
[73]. Commonly used elastomers are mainly polydimethyl-
siloxane (PDMS) [187], Ecoflex [188], polyurethane (TPU)
[189], perfluoropolyethers (PFPEs) and etc [190]. The soft
lithography process involves the preparation of the elastomer
moulds and the patterning of the substrate using the elast-
omer moulds [191]. Among them, the master mould required
for the elastomer moulds are usually achieved with the help
of a lithography process. Compared with traditional litho-
graphy processes, soft lithography has lower environmental
cleanliness requirements, lower time costs and capital costs.
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At the same time, the elastomer moulds can achieve con-
formal contact with non-flat surfaces, greatly broadening the
types of substrate structures that can be patterned [71, 192]. To
achieve a reasonable classification of patterned manufacturing
processes, soft lithography mainly refers to the micro-nano-
processing technology using elastomers as stamps or moulds,
and mainly contains the following five processes.

2.83.1. Microcontact printing (wCP).  uCP uses an elastomer
stamp with ink to contact the surface of the substrate to form a
patterned, self-assembled monomolecular layer. Inks are lig-
and solutions that can self-assemble with the surface mater-
ial of the substrate. The process is to immerse the elastomer
stamp in ink and then press the stamp on the surface of the
substrate (figure 5(a)) [69]. The raised patterned area of the
stamp adheres the ligand to the substrate, and the contact area
can form a self-assembled molecular layer within 1 s [193].
1CP is fast and low-cost. Du et al [194] used pCP technology
and laser-induced graphene technology to fabricate ultra-thin
graphene films with highly ordered micro-stripe arrays, and
assembled a graphene-based liquid sensor with a sensitivity
of 2.7% pl~'. But the disadvantage of ;CP is that the stamp
will deform during the contact between the stamp and the sub-
strate. At the same time, lateral ink diffusion occurs when ink
is transferred from the elastomer stamp surface to the substrate

surface [195]. These can cause errors in the patterning pro-
cess, which are particularly significant at sub-micron sizes.
Solutions include upgrading the Young’s modulus of the elast-
omer and using high-speed printing strategies [196, 197].

2.3.2. Replica moulding (REM). REM is a technique of
re-moulding using a patterned elastomer mould as a master
mould, where the elastomer mould used as a master is formed
by casting on a rigid mould (figure 5(b)) [192]. The advant-
age of the REM technology is the easy peeling process of the
replica on the elastomer mould [198]. At the same time, by
performing operations such as compression and stretching on
elastomer moulds, it is possible to obtain replica sizes that can
be reduced or enlarged in equal proportions, providing a high
degree of flexibility [199]. Dervisevic et al [200] used REM
technology to fabricate a microneedle array with conductive
recessed microcavities, capable of monitoring urea concentra-
tion in the interstitial fluid of the skin.

2.3.3. Microtransfer moulding (uTM).  TM is a patterned
manufacturing process similar to the reverse mould technique.
The prepolymer is deposited onto the surface of the elasto-
meric mould. Excess prepolymer liquid is then removed by
employing an elastic spatula or by directing a stream of inert
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gas across the mould’s surface. Subsequently, an elastomer
mould filled with the prepolymer solution is placed in contact
with the substrate, and solidified the prepolymer by light or
thermal curing. Finally, the elastomer mould is peeled off to
achieve patterned microstructures on the surface of the sub-
strate (figure 5(c)) [201]. The advantage of uTM is that it
can quickly and conveniently prepare high aspect ratio struc-
tures without special requirements for the substrate surface.
However, a prepolymer film similar to the micro-contact print-
ing process is easy to form on the surface of the substrate,
which affects the subsequent process [71].

2.3.4. Micromoulding in capillary (MIMIC). MIMIC is a
patterned manufacturing technology that utilises spontaneous
flow of capillary phenomena. An elastomer mould with a
recessed structure is brought into conformal contact with the
surface of the substrate and a cavity is formed between the
mould and the substrate. By dropping the prepolymer solu-
tion into the openings of this composite structure, the prepoly-
mer fills the entire cavity structure by capillary action [72].
Subsequently, through curing and peeling of the elastomer
mould, a patterned structure is formed on the surface of the
substrate (figure 5(d)). The processing speed and the quality of
the patterned structure of MIMIC are closely related to the sur-
face tension and the viscosity of the prepolymer liquid as well
as the cavity size [71, 202]. In practice, it is necessary to select
suitable moulding conditions in conjunction with the patterned
structure. Heule and Gauckler [203] employed MIMIC tech-
nology to integrate an array of 12 tin oxide gas sensors on
a single substrate, reducing power consumption while enhan-
cing sensor density.

2.3.5. Solvent-assisted micromoulding (SAMIM).  SAMIM
is a patterning manufacturing technique using elastomer
moulds for embossing. Prior to embossing, the surface of the
elastomer mould is dipped in a solvent that dissolves the poly-
mer on the surface of the substrate. The elastomer mould
is then pressed firmly onto the surface of the substrate. The
solvent dissolves the polymer on the surface while the undis-
solved polymer fills in the cavity of the mould. After stripping
the mould, a patterned structure is formed that complements
the mould (figure 5(e)) [204]. Compared to embossing with
rigid moulds, SAMIM avoids the influence of temperature or
UV light on the material, and at the same time has a better
fit, making it suitable for patterned embossing preparation on
uneven surfaces [73].

2.4. Mould method

Mould method is a widely used class of processes for the pre-
paration of complex structures. It is essentially a pattern repro-
duction technique. The mould method is low cost, simple and
allows for rapid preparation of 2D and 3D patterning [205].
It is also highly compatible with pattern size, from micro-
nano size to metre scale [206, 207]. To differentiate between
the mould method and the photolithography and soft litho-
graphy techniques, here we describe the mould method which

requires only one step of the process for the patterned man-
ufacturing. At the same time, the moulds or masks used are
rigid or sacrificial materials [208]. Common mould methods
are mainly divided into fill-moulding techniques and shadow
masks techniques.

2.4.1. Fill-moulding technique.  Fill-moulding technique is
commonly used for the fabrication of patterned 3D structures,
such as hemispheres, pyramids, cubes, etc., which amplify
the effect of material deformation [209]. The process involves
making a mould with the target structure in advance and pour-
ing the liquid to be prepared into the mould cavity [210]. De-
moulding of the poured material after curing allows for a pat-
terned structure that complements the mould. Depending on
the repetitive characteristics of the mould, it can be divided
into the sacrificial moulding method and the reusable mould-
ing method [211].

Sacrificial moulding method usually uses dissolvable, fus-
ible or volatile mould materials, including water beads, air
bubbles, polymer beads etc. (figure 6(a)) [74, 75, 212]. During
the preparation of micro-nano structures, these micro-nano
scale moulds are usually subjected to liquid surface tension
or intermolecular forces to achieve a regular arrangement.
After the sacrificial mould structure is lined up, the liquid
material is poured, and after the liquid material has cured, the
mould is removed by methods such as heating or high pressure,
thus forming a three-dimensional patterned structure inside the
cured material. This technology requires that the mould can-
not be sacrificed before the pouring material solidifies, and
the disappearing conditions of the mould cannot affect the
solidified material. It is worth noting that Bubble template-
assisted assembly is a patterned manufacturing process that
uses bubbles as templates. The ultrathin interface of the bubble
wall is used as a constrained template for molecular arrange-
ment and distribution [213, 214]. Combining the molecular
solution to be assembled with a surfactant can form an ordered
ultrathin molecular film on the bubble surface [54]. In the pro-
cess of using bubble arrays as patterning templates, to avoid
the influence of the Oswald ripening process, the strategy of
increasing the viscosity of the liquid and using micron arrays
is usually adopted [215]. Bubble template-assisted assembly
can generate ultra-high-precision pattern arrays that are not
inferior to traditional photolithography technology, and the
bubble preparation is simple and the bubble template is easy
to remove (figure 6(b)) [75]. This is a novel sacrificial mould-
ing method for the preparation of molecular level patterned
structures.

Reusable moulding method typically uses rigid mould
machined by lithography and etching processes. The inner
walls of rigid mould cavities are coated with surfactants to
increase the efficiency of the de-moulding process (figure 6(c))
[76]. Common reusable rigid moulds are silicon wafers with
patterned structures prepared on the surface by an etching
process, in addition to metal moulds, 3D printed moulds,
and natural material moulds [17, 27, 77, 217]. The tech-
nology needs to reduce the residue of cured material in
rigid moulds, while the mould is designed to ensure the
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feasibility of de-moulding [211]. Recently, researchers have
developed a technique known as isolated air-pocket litho-
graphy (IAL) [53]. By growing isolated micro-bubbles within
high-precision master mould holes, this method can produce
3D micro-patterns with complex structures and high curvature.
The approach is precise, uniform, and suitable for large-area
production, potentially offering new solutions for the man-
ufacturing of sensor patterned micro-nanostructures in the
future.

2.4.2. Shadow masks technique.  Shadow masks technique
is a two-dimensional patterned structure forming technique.
Shadow masks are typically placed on the surface of a sub-
strate to enable additive or subtractive manufacturing on the
substrate surface using spray, spin, drop, deposition or etch-
ing processes [218-220]. Unlike lithography for the prepar-
ation of disposable mask layers, the shadow masks technique
allows direct completion of patterned material preparation and
the shadow masks can be reused [221].

2.5. NIL

NIL is a contact compression moulding technology. In this
review, we distinguish between NIL and soft lithography. The
concept of NIL that we describe involves only rigid moulds,
and soft lithography uses elastomers as moulds. Compression
moulding is a very old technique of pattern preparation. The

wood, wax and metal stamping are all products of com-
pression moulding [222]. After entering the micro-nano size,
Compression moulding technology is called NIL. NIL consists
of three main processes. First, a polymer coating is applied
to the substrate surface. Subsequently a rigid mould with
patterned structures is brought into contact with a polymer
coating on the surface of the substrate, and special equip-
ment is used to apply uniform pressure to the mould. Finally,
the mould is separated from the polymer coating under high
temperature or UV light conditions, and the polymer on the
substrate surface forms a patterned structure complementary
to the mould structure (figure 6(d)) [223, 224]. NIL is con-
sidered a favourable competitor to lithography due to its fast-
processing speed, low cost and high resolution [225]. Canon’s
latest NIL equipment currently enables the preparation of pat-
terning processes at the 5 nm node. The commonly used NIL
includes thermal NIL (T-NIL) and ultraviolet NIL (UV-NIL).

2.5.1. Thermal NIL (T-NIL). ~ NIL is a high-temperature, high-
pressure compression moulding technique. First, a layer of
thermoplastic polymer resist is spin-coated on the surface of
the substrate, and then the substrate is heated above the glass
transition temperature of the polymer. The mould with the
surface pattern is placed in contact with the surface of the
substrate. Pressure is applied and the pattern on the mould
is pressed into the softened polymer. The patterning transfer
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process is completed when the overall material cools and the
template is removed [226]. Zanut et al [227] utilised T-NIL to
create an array of nanoelectrodes with small dimensions, fab-
ricating a highly sensitive and high-grade biochemical sensor.
This process has been proven to possess high reliability and
repeatability. Currently, the difficulty with NIL is the pattern-
ing of highly viscous polymer films, which is often achieved
by treating the mould surface with a release agent to reduce
polymer adhesion [228].

2.5.2. Ultraviolet NIL (UV-NIL). UV-NIL is a compression
moulding technique at room temperature and low pressure
[222]. Firstly, liquid polymer resist that can be light-cured is
spin-coated on the surface of the substrate, and the transpar-
ent mould is pressed onto the polymer. The resist is gradually
cured by UV light. After removal of the mould, the cured res-
ist exhibits an established patterned structure. The transpar-
ent mould improves alignment accuracy on the one hand and
ensures uniform transmission of UV light on the other.

2.6. LDW

LDW is a non-contact material patterning processing tech-
nology. A laser is essentially an amplification of light by
stimulated radiation, which is a beam of light with good
monochromaticity, good coherence, high brightness and good
directionality [229]. Depending on the wavelength of the laser,
it can be divided into infrared LDW, visible LDW and ultravi-
olet LDW technology. The choice of laser wavelength depends
on the range of light wavelengths that can be absorbed by the
materials and structures to be processed (figure 6(e)) [216].
Depending on the mode of operation, LDW can be classi-
fied as continuous laser processing [230], long-pulse laser pro-
cessing (milliseconds, microseconds) [231], short-pulse laser
processing (nanoseconds) [232] and ultra-short-pulse laser
processing (picoseconds, femtoseconds) [233]. The narrower
the pulse width is, the higher the machining accuracy. In terms
of building patterned structures on the surface of materials,
LDW can complete processes such as surface modification and
surface material etching [234]. Next, each of these two laser
processes will be described.

2.6.1. Laser induced technology. In contrast to conven-
tional thermal methods, lasers have a high peak power that
induces photochemical and photothermal reactions for mater-
ial synthesis [235]. The technology of laser modified mater-
ials usually focuses on the manufacturing of electrodes for
devices, with the fastest development in the preparation of
carbon material [236, 237]. In 2014, Lin et al [238] prepared
patterned porous graphene films on polymer surfaces for the
first time using CO, lasers, which greatly reduced the diffi-
culty of preparing graphene electrode materials. Since then,
laser modification techniques based on a variety of polymer
materials have been developed and are gradually being applied
to sensors [239]. Yang et al [240] used LDW technology to
transform a mixture of self-assembled block copolymers and
resins into porous graphene foam. The sensor exhibits high

sensitivity and selectivity for nitrogen oxides. The patterned
structure obtained directly on the substrate material by laser
modification technology has strong adhesion and good flex-
ibility, which is particularly suitable for the manufacturing of
flexible sensor arrays [241].

2.6.2. Laser etching. Laser etching is a micromachining
technique that utilises a laser beam to remove the surface of
a material [242]. During laser etching, a high-power density
laser beam irradiates the surface of the material, causing loc-
alised areas of the material to heat up, resulting in melting and
evaporation of the material [243]. During the manufacturing
of patterned micro-nanostructure for sensors, short-pulse laser
processing and ultra-short-pulse laser processing techniques
are usually used to ensure the resolution of patterned micro-
nanostructures. At the same time, the reduction of the pulse
width reduces the influence of thermal effects [244], which is
particularly important for the processing of flexible materials.
Laser etching techniques can be used to construct patterned
active materials directly [245] or to assist in the preparation of
patterned structures by constructing patterned templates [246].

3. Comparison of manufacturing methods and
techniques

When selecting a method for manufacturing patterned micro-
nanostructure, several factors must be considered, including
material compatibility, resolution, uniformity, cost, produc-
tion efficiency, scalability and environmental impact. The rel-
ative importance of different factors depends on the perform-
ance requirements of the flexible sensor and the actual applic-
ation scenario. Processes are usually classified and ranked
according to the degree of concern in order to select a suitable
method for the fabrication of patterned micro-nanostructure.
For example, commercial sensor fabrication usually requires
multifactor coordination and mutual compromise to maxim-
ise benefits. Sensor preparation in the laboratory is usually
based on performance as the primary metric, and the appro-
priate fabrication technique is selected with the aim of optim-
izing performance. In the following section, we will analyse
the different patterned manufacturing process in detail from
seven aspects. The relevant analyses are also presented in tab-
ular form for easy reference (table 2).

3.1. Material compatibility

The material compatibility of patterned manufacturing tech-
niques represents the universality of the methods. The materi-
als involved in process mainly include patterning materials and
substrate materials. Among them, the printing methods have
extremely high material compatibility. Based on the mater-
ial requirements of the different sensors, printing inks include
metallic materials [247], carbon materials [248], organic poly-
mer materials [249], semiconductor materials [250], ceramic
materials [251], inorganic metal salts [252] as well as mixtures
of different material compositions, etc., and the physical char-
acteristics of the inks are adjusted according to the process
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Table 2. Comparative analysis of patterned manufacturing processes.

Material Production Environmental
Method compatibility Resolution Uniformity Cost efficiency Scalability impact References
Printing Multi-type Large Standard, Cheap Rapid Large-scale  Eco-friendly [64, 110, 111,
materials resolution influenced by 247-253]
span inks
Exposure Flat surfaces  Ultra-high Ultra-high Exorbitant Slow, and the Large-scale,  Polluting [250, 254-258]
lithography EBL is very  but the EBL
slow and IBL are
limited
Soft PDMS Standard Standard Moderate  Fast Small-scale  Low-impact  [259, 260]
lithography
Mould Depend on Standard Standard Moderate  Fast Medium- Low-impact  [225, 261]
method natural or scale
artificial
moulds
NIL Thermoset or High Ultra-high Expensive Fast Large-scale  Neutral [73, 262-265]
photoset
material,
rigid
substrate
LDW Multi-type High High Expensive Slow Small-scale  Eco-friendly [266-269]
materials

temperature and nozzle diameter. During the manufacturing
of sensors, the ink types may be complex and varied to pre-
pare different functional structures. Ma et al [270] prepared a
fully printed and multiplexed sensing system that enabled con-
tinuous monitoring and analysis of sweat markers. The flex-
ible sensors integrated in the system are prepared by inkjet
printing, for which they have specially designed 11 printable
functional inks. At the same time, the printing process can
be done on both flat and curved surfaces [254]. As a non-
contact processing technology, LDW method can be applied
to a wide range of materials and can even manipulate bio-
molecules and living cells and keep them biologically active
[266]. At the same time, laser-induced technology does not
require precursor materials, and can directly realise patterned
functional material preparation on the substrate material, with
lower material requirements [267]. Other manufacturing tech-
nologies, which have certain requirements on the machinable
material, are suitable for a specific range of machining. NIL
requires that the patterned material be thermoset or photoset.
Meanwhile, the polymer viscosity is low and the coefficient
of thermal expansion of the thermosetting polymer is different
from that of the stamps, and the purpose of these is to improve
processability and processing accuracy [73]. Soft lithography
typically uses PDMS as a mould. Thanks to the better flex-
ibility of PDMS, it has advantage in the curved materials’
patterned manufacturing [259]. In the mould method, the
mould materials are categorised into natural and artificial
materials. Natural materials are simple to obtain but cannot
be customised. Shi et al [271] prepared flexible piezoresist-
ive pressure sensors with micro-nanostructures using lotus
leaves as templates. Artificial materials are usually manufac-
tured by photolithography, printing or LDW techniques and
are available in a wide variety of materials. However, the

materials for reproducing patterns are mainly based on cur-
able materials such as PDMS or PI. Photolithography, EBL
and IBL have high requirements for the processing environ-
ment and processing materials. The substrate material usually
has a flat surface [255]. Photoresist is the key to the expos-
ure lithography process, and it is a photosensitive mixture
with complex composition. According to the type of expos-
ure lithography process, photoresist is mainly categorised into
chemically amplified resists (CAR) and non-CA resist [256].
Its complex material requirements reduce the material com-
patibility of exposure lithography technology.

3.2. Resolution

The resolution is a reflection of the precision of the process and
represents the minimum machining line width of the pattern-
ing process. The higher the resolution is, the more accurate the
patterning structure, which is critical for sensors that are par-
tially based on physical field coupling [272], and the increased
resolution also enhances sensor integration. The photolitho-
graphy process is one of the highest resolution patterning
manufacturing processes available. At the same time, the
EBL technique has high resolution and is commonly used for
mask plate preparation for photolithography and NIL [257].
Manfrinato et al [273] used EBL to achieve an isolated fea-
ture size of 2 nm and a half pitch of 5 nm. EUV photolitho-
graphy, which uses extreme ultraviolet light at a wavelength
of 13.5 nm as a light source, has the smallest resolution cur-
rently available for large-scale commercial production, with a
resolution limit of 3—5 nm [258]. Rigid moulds for NIL are
prepared by photolithography or EBL, resulting in high resol-
ution of NIL. Canon produces commercialised NIL equipment
with a resolution of 5 nm to 10 nm [262], and has become a
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strong contender for photolithography in the field of micro-
nanostructure manufacturing. Soft lithography uses flexible
materials as mould, and flexible mould is prepared using high-
precision rigid mould as masters, resulting in high resolution
of flexible mould. However, there is deformation of the flex-
ible mould during the transfer of the patterned structure, which
greatly reduces the resolution of the soft lithography technique
[260]. Therefore, soft lithography is suitable for patterning
manufacturing of sensors with low resolution requirements
and flexible structures. LDW technology can obtain patterned
structures with submicron resolution, where the heat affected
zone is an important factor affecting the accuracy of laser
processing. By reducing the laser pulse duration and incor-
porating aids such as microlens arrays (MLAs), femtosecond
laser processing can be achieved with feature sizes on the
order of a hundred nanometres [274]. Hong et al [275] fabric-
ated submicron-sized metamaterial terahertz resonant cavities
using femtosecond laser beam irradiation through the MLA,
which can be used for ultrasensitive biosensing. The resolution
of the printing process is generally at the micron level, limited
by the nozzle diameter or the erratic movement of the ink. Fine
control of the ink is required to realise a high-precision print-
ing process. DPN using microscope probes can achieve res-
olutions of 5-10 nm [64]. E-jet and DEP printing can achieve
sub-micron processing accuracy [39, 60]. The resolution of the
mould method is mainly dependent on the machining accuracy
of the mould and the filling capacity of the fluid to be cured.
Therefore, the resolution of mould method spans a wide range,
with a minimum of nanometer resolution achievable.

3.3. Uniformity

Uniformity is the error between the same structures between
different regions during the processing of patterned micro and
nanostructures. The processing uniformity of the manufac-
turing process enhances the ability to prepare sensors on a
large scale, and is critical for sensor integration. Exposure
lithography has extremely high uniformity, high resolution
and high automation, which can realise the preparation of
large-scale patterned structures with high precision. The
LDW technology enables highly uniform patterned micro-
nanostructures to be realised on flat substrate surfaces by rely-
ing on a stable laser light source. NIL is an effective means
of reproducing nanoscale patterns [263]. In contrast to photo-
lithography, NIL has a layer of residual polymer underneath
the stamp after demoulding, which can lead to defects and
affect the uniformity of the micro-nanostructures [264]. The
uniformity of the printing process is strongly influenced by
the ink. The infiltration and movement of ink during the print-
ing process can lead to a coffee ring effect or satellite droplets
that affect the uniformity of the patterned structure [111]. The
state of the ink is usually changed according to the substrate
material for better continuous printing. The uniformity of the
mould method depends mainly on the preparation process of
the mould. Uniform templates can be prepared using photo-
lithography or LDW techniques. At the same time, the process
of material filling and moulding often lacks precise control of

bubble size as well as structure, which can affect the uniform-
ity of the sensor’s micro-nanostructure [268].

3.4. Cost

Cost is an important consideration for commercialised sensor
manufacturing. Photolithography is a high-resolution and
high-cost technology. The high cost of photolithography is
mainly reflected in the high cleanliness requirements of the
production environment, expensive equipment and complex
systems [257]. At the same time, the photolithography process
is always accompanied by the removal of materials, the con-
sumption of such materials is expensive and wasteful [250].
An equally high-cost technique for the manufacturing of pat-
terned micro-nanostructures is LDW. To achieve the highest
resolution fabrication, femtosecond laser equipment is costly.
Also, due to the slow processing speed of LDW techno-
logy, it is relatively more costly in large-area manufacturing.
To reduce environmental, equipment and production costs,
reusable moulds can be processed using lithography or LDW
technology. Currently, NIL, soft lithography, and mould meth-
ods all reduce the cost-per-use in mass production by using
moulds with micro-nanostructures, and have lower process
environmental requirements [261]. The printing process is an
additive manufacturing process with low material loss [110].
Meanwhile, the printing equipment has low cost and low envir-
onmental requirements, which makes it a low-cost patterned
micro-nanostructure manufacturing technology [250].

3.5. Production efficiency

Production efficiency affects the cost of time in sensors pro-
duction. LDW technology is a point-by-point, line-by-line
scanning maskless processing technology with slow pro-
cessing speeds. Scaling of productivity is usually achieved
through parallel processing [266]. High-resolution photolitho-
graphy is a less production efficiency micro-nanostructure
processing technique due to the complex processing steps and
the preparation of a high-clean environment during processing
[254]. The maskless writing of EBL is very slow, and is not
suitable for the preparation of large-area patterns [168]. In
order to solve the problem of low throughput of the above
two processing techniques, high precision moulds are prepared
by high resolution processing technique, which can save pro-
cessing time [261]. Soft lithography, NIL and mould method
technologies transfer high-precision nanoscale patterns to sub-
strate materials quickly and efficiently, making them ideal for
commercial mass production [225]. Printing process is tech-
nically mature, easy to operate, and can integrate thousands of
high-density nozzles for mass production [111].

3.6. Scalability

Scalability represents the ability of a patterned manufacturing
technology to scale up from small-scale laboratory produc-
tion to large-scale commercial production, and is influenced
by cost, production efficiency, and uniformity. Printing pro-
cess has been in commercial use for a long time due to its low
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cost and high-speed production capabilities. However, ultra-
high-resolution SPL has not yet solved the problem of simul-
taneous realisation of high speed, high resolution and low cost,
large-scale manufacturing needs further development [253].
Photolithography has become an important component in the
preparation of patterned micro-nanostructures due to its ultra-
high resolution and great commercial value. EBL and IBL are
less efficient for industrialised mass production due to their
slow speed and complex systems [257]. In order to reduce the
production cost of EUV technology and increase the produc-
tion speed of EBL technology, NIL technology has emerged
as a key candidate for the commercial production of patterned
micro-nanostructures, and has been gradually scaled up to
mass production [265]. Soft lithography and mould methods
are low cost and can be used in the production of flexible
devices, but are more suitable for laboratory use due to the low
level of standardisation in the production process. LDW tech-
nology has high resolution, but is limited by production speed
issues and is not suitable for cost-effective mass production
[254].

3.7 Environmental impact

The environmental impact of process production is mainly
reflected in the emission of pollutants and the waste of
resources during the production process. Exposure lithography
process is a material reduction process for the photoresist, so
the photoresist consumption is high, and the cleaning process
consumes a large amount of DI water and hazardous chemical
solutions, which have a high impact on the environment [254].
Printing and LDW technologies have less surface contamina-
tion than processes involving direct contact between chemicals
and substrate materials [269].

4. Significance of patterned micro-nanostructure
for sensor performance enhancement

4.1 Sensor performance evaluation parameters

4.1.1. Sensitivity. The sensitivity of a sensor is the ability
of the sensor to respond to changes in the measured value,
representing the amount of change in the sensor output signal
when the measured value changes. The generalised formula
for sensor sensitivity is as follows:

AS/So

Sensitivity = i

(6)

where AS is the change value of the output signal, S is the
initial output signal value, and M is signal to be measured. The
units of sensitivity depend on the sensor type and what is being
measured. For example, pressure sensor is typically measured
inkPa~! [10], gas sensors in ppm~! [23], temperature sensors
in °C~! [221], humidity sensors in RH~' [276] and magnetic
sensors in Oe~! [277].

4.12. LOD. LOD refers to the minimum concentration or
amount of the component to be measured that can be detected
by the sensor from the sample to be measured at a given level of
confidence. The LOD is a key technical metric for evaluating
sensors, and can help determine if the output data is of value.
LOD is calculated by counting the measured values where the
output signal is k times the baseline noise value. The value
of k depends on the type of sensor and the usage scenario.
Typically, k takes the value of 3 according to the International
Union of Pure and Applied Chemistry (IUPAC) standard [12].

4.1.3. Response time. In sensors, response time refers to
the time it takes for a sensor to react to changes in external
inputs (such as temperature, pressure, light, biochemical, etc.)
and stabilise to a new output state. Specifically, response time
is often defined as the time required for the sensor’s output to
reach a certain percentage (e.g. 90%, 95%, or 99%) of its final
steady-state value. In different research works, special values
are usually set as the end point of response time calculation.
A shorter response time represents a faster response speed and
better signal processing capability of the system. In evaluating
their prepared fibre optic temperature sensor, Liu et al [278]
defined the response time as the time it took for the output
signal to reach 63% of the total change.

4.1.4. Cycle stability. Cyclic stability in sensors refers to
the ability of a sensor to maintain consistent performance
over multiple repeated operating or working cycles. It meas-
ures the reliability and consistency of the sensor’s response
after being used or tested many times, and whether its out-
put can remain stable throughout repeated cycles. Cyclic sta-
bility is primarily used for assessing long-term performance
retention, evaluating performance degradation, and statistic-
ally analysing differences across various application scen-
arios. Good cyclic stability ensures the reliability and durab-
ility of the sensor in practice [279]. Cyclic stability is tested
by subjecting the sensor to specific operating conditions, then
the signal to be measured is loaded and unloaded in multiple
cycles, and the output signal error is evaluated according to
the application requirements. Usually, the error of a cycle sta-
bility test is determined by the researcher. The self-powered
pressure sensor prepared by Lin et al [280] showed only a
slight degradation of 6.7% in voltage response after 30000
cycle tests, which is in accordance with the design as well as
usage requirements.

4.1.5. Other evaluation parameters. The above four items
are common evaluation indexes for sensors, while some
sensors also have special evaluation systems. The resonance
characteristics of an electromagnetic wave sensor based on
resonance mechanism can be estimated by the quality factor
(Q). Q is defined as follow [281]:

_ [
FWHM

0 (N
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where f is the resonance, FWHM is the full width half max-
imum. Superior preparation of patterned structures results in
sensors that possess high Q. A high Q-factor indicates that the
sensor is very sensitive to changes in frequency and can dis-
tinguish between very close frequencies. The responsivity (R)
and specific detectivity (D*) are the key performance paramet-
ers for the photodetector. The R is the ratio of the power of the
electrical signal output by the photodetector to the power of
the incident light [282]. R is defined as follow [283]:
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R= ¢))

P input

where o0 is the photocurrent, Iy, is the dark current, Piypy
is the incident light power, and its unit is AW~!. R reflects
the efficiency of the photodetector in converting light energy
into electrical energy. The D* is a parameter that measures
the performance of a photodetector, taking into account the
signal-to-noise ratio (SNR) of the sensor, the sensor area and
the operating wavelength. D* is defined as follow [284]:
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v 2elgark

where S is the effective illuminating area, e is the elementary
charge, and its unit is Jones. The high D* means that the sensor
can have good signal detection in low light or high background
noise.

D* = ®

4.2. Significance of patterned micro-nanostructure

The core of the sensor to realise the information perception
is the sensitive material. Sensitive materials convert changes
in physical and chemical signals into changes in electrical or
electromagnetic wave signals. For the patterning of sensors, it
mainly includes the patterned of sensitive layers of individual
devices as well as the patterned of prepared sensor arrays. The
advantages of sensor patterning will be described separately
next.

4.2.1. Change the sensor structure. ~ The deformation cap-
ability of the material is enhanced by building patterned
structures, and structural deformation gradients are construc-
ted. This is mainly reflected in flexible force sensors. Due
to the low compressibility of homogeneous materials, pres-
sure sensors without patterned structures have low sensitiv-
ity and slow response. By building patterned structures on the
material surface, the porosity of the pressure sensor can be
increased significantly, which in turn improves the compress-
ibility of the structure. Yang et al [77] conducted a comparative
study of the enhancement effects of sensor patterning struc-
tures. They prepared smooth graphene electrodes, graphene
electrodes with non-homogeneous structures, and graphene
electrodes with patterned structures, respectively. And three
capacitive pressure sensors were constructed with these three
materials respectively. The capacitive pressure sensor with
patterned structure was tested to have the greatest sensitiv-
ity of 3.19 kPa™!, which is 319 times higher than that of

smooth graphene electrodes and 11 times higher than that
of non-homogeneous structured graphene electrodes, respect-
ively. And it had been demonstrated that a high aspect ratio
structure had many advantages for the improvement of sensor
performance. This suggests that the improvement in material
deformation capability brought about by the patterned struc-
ture of the flexible sensor is the key to the improvement in
sensor performance.

4.2.2. Increase the contact area. By patterning the sur-
face of the sensor, the contact area between the flexible sensor
and the target matter can be increased, thereby improving
the sensitivity and response speed of the sensor. Liu et al
[285] constructed an electrochemical sensor based on a 3D
graphene structure for phenol detection. After testing, it was
found that the three-dimensional 3D graphene structure could
significantly increase the enzyme loading compared to the
planar graphene structure, while enhancing the contact area of
phenol with the material. The sensor achieved a sensitivity of
3.9 nA pM~'-cm~! and a minimum detection concentration
of 50 nM. Therefore, the increase in contact area due to pat-
terned microstructures is important for chemical sensors using
contact sensing.

4.2.3. Enhance the interaction of sensing signals with matter.
This focuses on electromagnetic wave sensors that use electro-
magnetic waves as the sensing signal. Electromagnetic wave
sensors often require reasonable and precise structural design
to enhance the interaction between electromagnetic waves and
matter, amplify changes in electromagnetic wave characterist-
ics, and realise ultra-high precision sensing. Electromagnetic
wave sensors are usually based on metamaterials [286],
photonic crystal structures [22], waveguide structures [287],
and surface plasmon resonance structures for sensing [288].
For these structures, fine patterning designs as well as manu-
facturing processes are essential and enable sensors to sense
molecular weights at the fg level [289].

4.2.4. Improve sensor stability. The ability of flexible
sensors to measure accurately in complex environments is a
key requirement for real-world applications [290]. By con-
structing patterned electron transport materials or structural
materials, it is possible to broaden the applicability range of
the sensors, enhance the robustness and mechanical deforma-
tion stability of the sensors, and reduce the sensing hysteresis
phenomenon due to the increase in resistance [291, 292]. For
example, we have constructed a flexible photodetector based
on a 3D wrinkled-serpentine interconnect structure for finger-
tip physiological signal acquisition. The wrinkled-serpentine
electrode constructed using a shadow masks technology and
a pre-stressed shrinking polymer substrate with outstanding
ductility and structural stability to enable fingertip encapsula-
tion, while having a responsivity of 120.7 mA-W~! at 635 nm
[293].
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4.2.5. Construct patterned sensor arrays. Array prepara-
tion of flexible sensors using a patterned manufacturing pro-
cess enables sensors to leapfrog from one-dimensional sensing
to multidimensional sensing capabilities. For sensors, sens-
ing arrays can realise signal distribution imaging, realise the
perception of regional information, and increase the dimen-
sion of information perception [294]. Meanwhile, by integ-
rating different sensing units, multi-target object sensing or
multi-modal sensing can be realised [20, 295, 296]. In 2024,
Xu et al [297] reported a comprehensive artificial-intelligence-
reinforced electronic skin. The sensing system combines pres-
sure sensors, electrical response sensors, temperature sensors,
and electrochemical biosensors to noninvasively detect three
vital signs in the body and six biochemical markers in sweat.
Meanwhile, combined with machine learning algorithms, it
can classify stressors and enable highly accurate prediction of
anxiety states.

5. Application of patterned manufacturing

The sensing structure of the flexible sensor mainly consists
of substrate layer, electron transport layer, sensitive layer,
and additional layer [298]. The patterning process of sensors
includes the patterning of the sensitive elements, the elec-
tron transport layer, and the structural material. The patterned
structure of the sensitive elements can be directly or indir-
ectly affected by the sensing source, including the structural
changes caused by the sensing source as well as the inter-
action between the sensing source and the particular sensit-
ive structure. Patterning the electron transport layer and the
structural material can improve device stability and assist in
enhancing the sensing performance of the device. In addi-
tion to the patterned construction of individual sensing ele-
ments, the construction of flexible sensing arrays by a pattern-
ing process is also a common method. Patterned flexible sensor
arrays can enhance the integration and resolution of inform-
ation sensing, which are an important means of information
sensing from one-dimensional to two-dimensional and three-
dimensional space [299]. Based on the type of change signal
output from the sensor, the flexible sensors can be classified
into those based on electrical response signals and those based
on electromagnetic wave response signals.

Electrically responsive sensors sense signals based on
changes in electrical characteristics, whose direct readout sig-
nals are current or voltage values [300]. In power supply
systems, changes in electrical parameters include resistance,
capacitance, and chemical reaction in the electrolytic cell. In
systems without an external power source, currents or voltages
are usually generated directly by physical or chemical pro-
cesses, including piezoelectricity, triboelectric, thermoelec-
tricity, and electrochemical reactions in the device [301].
Flexible sensors with electrical characteristics as response sig-
nals are common types of sensors and have the advantage of
low cost and simplicity of principle.

Electromagnetic wave responsive sensor are sensors that
sense changes in electromagnetic characteristics. Based
on wavelength, electromagnetic wave can be classified as

millimetre wave, microwave, infrared light, visible light, ultra-
violet light, x-rays and so on. Electromagnetic wave inter-
acts with matter or structures, changing their amplitude,
phase, wavelength or polarisation characteristics through pro-
cesses such as reflection, scattering, transmission or absorp-
tion. Electromagnetic wave responsive sensors are frequently
utilised as wireless transmissions and are well-suited for
long-distance signal detection in complex and harsh envir-
onments. In 2024, Ma et al [302] presented the inaugural
millimetre-wave wireless sensor capable of continuous oper-
ation at exceedingly high temperatures. The sensor exhibits
sensitivity to aluminium oxide-based 3D photonic crystals and
is capable of functioning in environments exceeding 1000 °C.
The matter to be measured is usually regarded as a dielec-
tric matter, and different types and different concentrations of
the matter change the dielectric properties of the surroundings
[303,304]. Similarly, changes in the physical parameters of the
surrounding environment can alter the surface properties of a
substance or structure, such as temperature, light, and humid-
ity. During the interaction of electromagnetic waves with mat-
ter or structures, the surrounding environment can be sensed
by monitoring the characteristic parameters of electromag-
netic waves. Electromagnetic wave sensors can be categor-
ised into radio frequency sensors, microwave sensors, milli-
metre wave sensors, terahertz sensors and optical sensors and
so on. Rationally designed patterned structures of electromag-
netic wave sensors can enhance wave-matter interaction and
achieve high sensitivity sensing.

Thanks to the continuous progress in the manufacturing
process of patterned micro-nanostructures, electromagnetic
wave sensors based on a variety of high-precision structures
have appeared, constantly refreshing the sensitivity limit of
flexible sensors. Metamaterials are man-made electromag-
netic materials with characteristic dimensions in the sub-
wavelength range, whose properties are related not only to
the nature of the material, but also to the structure of the
metamaterial [305]. The geometric resonant cavity structure
of the metamaterial exhibits local field enhancement under
electromagnetic wave irradiation, which greatly improves the
detection performance of the sensor [306]. To achieve CMOS
compatibility, reduce metal loss, and improve Q, as well as to
solve the problem of high absorption loss of terahertz waves
in water, the waveguide resonant cavity system becomes the
key [287, 307, 308]. Waveguide-coupled resonator terahertz
sensors reduce the loss in the propagation path, while using the
evanescent field on the waveguide surface for solution sensing,
which can overcome the absorption loss of terahertz waves by
water [309, 310]. Photonic crystals are a class of man-made
crystals with a periodic dielectric structure on the optical scale
[311], which can control the interaction of light with matter
at the nanoscale. The period of the photonic crystal is similar
to the wavelength. When the matter to be measured is in the
environment of the photonic crystal, it causes a change in the
refractive index around the photonic crystal, or changes in the
resonant frequency of the resonant cavity of the photonic crys-
tal, thus enabling sensing [312]. Electromagnetic wave sensors
based on surface plasmon resonance are also highly sensitive
techniques for analysing matter [313]. Among them, optical
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excitation methods for surface plasmon excitations are clas-
sified into prism coupling and grating coupling techniques.
Surface plasmon resonance sensors measure changes in the
refractive index of a dielectric near the interface using an evan-
escent field excited by electromagnetic waves at the interface
between the metal and the medium [314]. Therefore, it has an
ultra-high sensitivity to changes in the material at the interface
[315].

Next, we will describe the practical application of the pat-
terned micro-nanostructure manufacturing process based on
the flexible sensor type and process type. We also summarise
all the applications in table 3 to facilitate comparative analysis.
Notably, the patterning structure of a flexible sensor often
exists in multiple parts, and the following presentation focuses
primarily on the patterning part that directly enhances the per-
formance of the sensor. At the same time, since the preparation
of patterned sensor materials often includes a multi-step pro-
cess, the presentation focuses mainly on the key processes for
forming patterned structures.

5.1. Strain sensor

Flexible strain sensor can measure the deformation of an
object due to a force, usually through the deformation of their
own structure to convert the force signals into response sig-
nals. They are mainly categorised as resistive strain sensors,
capacitive strain sensors, piezoelectric strain sensors, tribo-
electric strain sensors and electromagnetic wave strain sensors
[353]. According to the law of resistance, the resistance of
a material is related to the shape and resistivity. Changes in
material conductive pathways and material resistivity caused
by deformation of material geometry and material microstruc-
ture are both sensing mechanisms for resistive strain sensors
[354]. Capacitive strain sensors are based on the parallel-
plate capacitor principle and are associated with changes
in capacitance under strain [355, 356]. Piezoelectric strain
sensors are based on the principle that a piezoelectric mater-
ial generates an electrical charge under mechanical stress,
and are mainly used for dynamic strain measurement [357].
Triboelectric strain sensors exploit the triboelectric effect that
arises from the contact between two distinct materials [358,
359]. Upon contact and subsequent separation, a transfer of
charge occurs on the surface of the materials, resulting in a
potential difference [360]. This potential difference can be
utilised to detect mechanical strain [361], as well as to har-
vest the energy of mechanical motion to build self-powered
sensor systems [362]. Electromagnetic wave sensors change
the properties of the electromagnetic waves they propagate,
such as intensity, phase, state of polarisation, and frequency,
in response to changes in external environmental parameters.
Patterned micro-nanostructures are usually three-dimensional
to amplify the structural deformation effects caused by large
forces. By increasing the contact area, concentrating the stress
region and dividing the deformation space, the LOD and sens-
itivity of the strain sensor is improved [363]. Currently, com-
bined with deep learning algorithms, the flexible strain sensor
system can recognise complex and rapid changes in the human

body, and is expected to be used for practical applications in
areas such as gesture recognition and sign language translation
[364]. In the following sections, we will discuss separately
the application of patterned micro-nanostructure manufactur-
ing methods in the preparation of flexible strain sensors.

5.1.1. Printing.  Printing techniques are commonly used to
construct triboelectric strain sensors. Jing et al [321] con-
structed triboelectric-based strain sensors by printing sil-
ver nanoparticles and polyimide inks on polyimide sub-
strates using AJP. Thanks to the fine comb structure, the
sensor had a sensitivity of 630 xV um~'. We printed silver
AgNWs/thermoplastic polyurethane (TPU) composites on a
substrate using an electrostatic spinning process in a previ-
ous study to form a composite film with a three-dimensional
structure. Flexible capacitive pressure sensors were prepared
by using the 3D AgNWs@TPU composite film as a dielec-
tric layer. Thanks to the construction of an excellent 3D struc-
ture, our sensor exhibits a sensitivity of 1.21 kPa—!, a LOD
of 0.9 Pa, a response time of 100 ms and a stability of more
than 10 000 cycles [322]. The printing process is mainly used
for the fabrication of two-dimensional structures. Therefore,
it is commonly used for the manufacturing of triboelectrical
sensors as well as sensor arrays.

5.1.2. Photolithography. Photolithography technology is
one of the important ways to prepare high resolution, high
uniformity patterned micro-nanostructures. It is usually used
to fabricate patterned electrodes in flexible sensors as well as
fine microstructures. Cai et al [316] used a photolithography
process to prepare SU-8 photoresist-based micro-projections
as well as patterned metal films on the surface of flexible
PDMS. The spatially distributed micro-projections on the
metal films amplify the force-induced out-of-plane compres-
sion into bending deformation, giving the devices pressure-
sensitive properties. The piezoresistive sensor has a linear
response range of <80 kPa, a sensitivity of 2.02 x 10~*kPa~!,
a response time of 100 ms, a recovery time of 200 ms, and no
significant performance degradation after 10 000 cycle stabil-
ity tests.

Strain sensors based on electromagnetic waves as the sens-
ing medium have complex resonance structures, so litho-
graphy process is commonly used for the preparation of such
sensors. The need for remote wireless strain measurement in
industrial production, aerospace and human health has driven
the development of wireless strain sensors using electromag-
netic waves as the sensing medium. The change in resonant
frequency due to structural deformation is the basis for sens-
ing by electromagnetic wave strain sensors. Finely patterned
structures can amplify the deformation, leading to higher sens-
itivity. Since resonant structures have complex shapes, photo-
lithographic processes are the most common patterning pre-
paration method. Melik et al [317] prepared wireless strain
sensors based on flexible metamaterials (figure 7(a)). The
strain sensing units are a split ring resonators (SRRs) prepared



0c

Table 3. Application of patterned process.

Sensor type Patterned process Structures Sensitivity® LOD Response time Cyclic stability References
Piezoresistive strain Photolithography Micro-projections 2.02 x 10 kPa™! 10 kPa 100 ms 10000 [316]
sensor
Metamaterial sensor Photolithography Split ring resonators 0.292 MHz-kgf ™' [317]
Piezoresistive pressure Fill-moulding Pyramid S:10.3 kPa~! 23 Pa 0.2s 400 [318]
sensor
Capacitive pressure Fill-moulding Micro-convex S:131.5 kPa™! 1.12 Pa 43 ms 7000 [319]
sensor
Capacitive pressure Sacrificial moulding Microporous S:0.63 kPa™! 2.42 Pa 40 ms 10000 [212]
sensor method
Capacitive pressure REM Micro-convex S:1.194 kPa™! 0.8 Pa 36 ms 100 000 [320]
sensor
Triboelectric-based AJP Strip structure S: 630 uV pm™! / / / [321]
strain sensors
Capacitive pressure E-Jet 3D nanowire S:1.21kPa~! 0.9 Pa 100 ms 10000 [322]
sensors
Capacitive pressure REM, sacrificial Microsphere protrusion S:30.2 kPa~! 0.7 Pa 28 ms 100 000 [323]
sensor moulding method
Capacitive pressure NIL, sacrificial Porous pyramid S: 445 kPa™! 0.14 Pa 50 ms 5000 [324]
sensor moulding method
Piezoresistive pressure NIL, sacrificial Porous pyramid S: 449 kPa~! 0.14 Pa 9 ms / [324]
sensor moulding method
Triboelectric pressure LDW Array S:0.016 V-kPa™! / / 6000 [325]
sensor array
Flexible tactile sensor LDW Micropyramids 2.78 kPa~! 3 Pa 80 ms 10000 [326]
Capacitive strain sensor uCP Array S:0.42 MPa™! 50 kPa / / [327]
array
Multiplexed Biosensors Inkjet printing Array Triglyceride: Triglyceride: 0.07 mM [328]

7.49 pA-mM~'.cm™2 Glucose: 0.2 mM

Glucose: Lactate: 0.06 mM

5.03 pA-mM~'.cm™2

Lactate:

3.94 pA-mM~! cm™?
Lead electrochemical Dip-pen Nanoclusters / 0.49 ppb / / [329]
sensor nanolithography

(Continued.)
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Table 3. (Continued.)

Metamaterial biosensor
Metamaterial biosensor

Metamaterial biosensor

Metasurface biosensor

Metamaterial biosensor
Solution-gated FET
biosensor
Electrochemical
biosensor

LSPR biosensor
Terahertz Metamaterial
Sensor

SO, sensor

Gas sensor array
NO; sensor

NO, sensor
Nanowire electronic
nose system

Photodetector

GaAs photodetector

EBL
UV photolithography

Photolithography

Photolithography

Shadow mask method

MIMIC

REM

NIL
LDW

Laser direct writing
Inkjet printing
Gravure printing
uTM

MIMIC

E-jet

Printing

Split ring resonators
Spiral-shaped strips

Cut wire resonator and

two split semicircle
resonators

Cut wire resonator and

split-over ring
resonators

Split ring resonators
Strip structure

Micro-bumps

Nanopillar
U-shaped split-ring
resonators

Square box
Array
Microscale stripe
Nanoflowers
Nanowire

Array

Array

BSA: 4.5 nm nM™!
0.37 THz:

0.09 THz-RIU™!
1.13 THz:

0.28 THz-RIU™!

14.3 GHz mmol™!
0.02 mM™!

Low-frequency Fano
resonance:

60 GHz-RIU™
High-frequency EIT:
100 GHz-RIU™
S:0.63 puA-ppm™

/

6.5

218.1

Responsivity: 14.97
AW™!

D% 1.41 x 10 Jones
Responsivity:

10* AW !

D* 10" Jones

10.6 fg ml™!

42.3 pg ml™!

0.35 mmol-I"'

100 ftM

1.0 ng-ml™!

10 ppb 6s

<ppb /

30 ppb 45.1s
25s

1 ppm p-xylene: 10 s
acetone: 12 s
ethanol: 8 s

n-hexane: 10 s

2.5 ms

1000

10000

500

[330]
[331]

[332]

[333]

[334]

[335]

[336]

[337]
[338]

[339]
[340]
[341]
[342]
[343]

[344]

[345]

(Continued.)
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Table 3. (Continued.)

Sensor type Patterned process Structures Sensitivity® LOD Response time Cyclic stability References
Perovskite-based Mould method Array Responsivity: 0.48 s >100 [346]
photodetectors 2.17 AW™!
D*: 9.4 x 10" Jones
Solar-blind Mould method Array Responsivity: 62 AW ™! 6.1 nW-cm ™2 [347]
photodetector
Photodetector array MIMIC Array D*:2.78 x 103 Jones / 3.9 ms / [284]
Responsivity: 1207
AW ™!
Resistive temperature E-Jet Bending electrodes Temperature coefficient:  / / / [348]
sensor 0.000768 7 °C~"
Thermocouple Lithography Bending electrodes S:76.5 uV °C~! / / 1000 [349]
temperature sensor
Temperature sensor Shadow masks Array Temperature response / / / [221]
array technique coefficient: 20.4
Humidity sensor E-jet and mould method ~ Rhombic structure 83% 38s 1000 [350]
Humidity sensor MIMIC Nanowires 0.63 s 1000 [351]
Magnetic sensor Mould method Pyramid 1507.9% mT~! 1 ms 5000 [352]

2 Due to the different evaluation systems of different sensors, the sensitivity column will also include quality factor (Q), Detectivity, Responsivity, Temperature response coefficient, etc. The sensitivity will be expressed

by S.
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using a photolithography process. The sensitivity of this sens-
ing is 0.292 MHz-kgf~!, which is a six-fold increase in sensit-
ivity and a 16-fold decrease in percent error compared to con-
ventional strain sensors.

5.1.3. Soft lithography.  Soft lithography is also commonly
used in the preparation of patterned enhanced strain sensors
because of its inherent advantages in the de-modelling of 3D
structures. Wan et al [320] demonstrated a capacitive pressure
sensor prepared by REM technology using a lotus leaf as a
master mould (figure 7(b)). Rigid PDMS was first used to rep-
licate the surface structure of the lotus leaf, and then standard
PDMS was used to replicate the rigid PDMS surface struc-
ture. PDMS with a microtower structure was used as the bot-
tom electrode substrate layer. Pressure could affect the dis-
tance between the upper and lower electrodes by compress-
ing the PDMS, which in turn caused a change in the capacit-
ance value. The capacitive pressure sensor had a sensitivity
of 1.194 kPa—!, a LOD of less than 0.8 Pa, a response time
of 36 ms, and a stable pressure cycle of more than 100 000
cycles. At the same time, soft lithography also has the abil-
ity of planar pattern manufacturing, which can meet the needs
of the manufacturing of sensor arrays on flexible and rigid
material surfaces. Woo et al [327] prepared capacitive strain
sensor arrays using a process of yCP (figure 7(c)). The pat-
terned structure was a conductive PDMS (CPDMS) mater-
ial. The PDMS mould with the patterned structure was gently
contacted with CPDMS ink to form the patterned electrode
layers. The strain sensor could achieve a minimum detection
limit of 50 kPa, a strain factor of ~0.55 and a sensitivity
of 0.42 MPa~!. Compared to the mould method technology,
which prepares the complementary structure of the mould,
soft lithography can completely replicate the mould structure
through a two-step process, while also preparing flat patterns.

5.1.4. Mould method. The mould method technique is
a common process for the preparation of patterned struc-
tures for strain sensors. The cost is low, the manufactur-
ing process is simple and the environmental impact is low.
Choong et al [318] fabricated a piezoresistive pressure sensor
based on PDMS with a pyramidal structure on the surface
(figure 7(d)). The pyramid-structured PDMS was prepared
using a silicon mould, and then the PDMS surface was con-
formally coated with a layer of elastically conductive poly-
mer consisting of a mixture of PEDOT: PSS and PUD.
The pressure sensor could achieve a maximum sensitivity of
10.3 kPa—!, a LOD of 23 Pa, a response time of 0.2 s and
a cycle stability of 400 cycles. Chhetry et al [319] demon-
strated a capacitive pressure sensor based on iontronic film
with microstructures (figure 7(e)). Composite material based
on the composition of P(VdF-HFP) polymer matrix and 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
polymer electrolyte was spin-coated onto the surface of silicon
carbide abrasive sandpaper which as the mould. The obtained
microstructured iontronic thin film was used as dielectric
materials for pressure sensors. The sensor had a pressure sens-
itivity of 131.5 kPa~! in the low-pressure range of <1.5 kPa,
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a response time of ~43 ms, a LOD of 1.12 Pa and a cycle
stability of 7000 cycles. Preparation of sensitive layer mater-
ials with internally patterned microstructures by the sacrifi-
cial mould method can also enhance the compressibility of the
sensor and achieve pressure amplification effects. Kang et al
[212] used uniformly stacked polystyrene beads as a sacrificial
mould. After filling with PDMS and heated curing, the PDMS
was placed in an organic solvent to dissolve the polystyrene
beads (figure 7(f)). The capacitive pressure sensor based on
a patterned porous PDMS had a sensitivity of 0.63 kPa~!, a
LOD of ~2.42 Pa, a response time of ~40 ms, and achieved
cycle stability of 10000 cycles.

Patterned micro-nanostructures prepared by the mould
method for strain sensors are usually three-dimensional and
have excellent mechanical properties with large height-to-
width ratios. These structures include pyramidal, cylindrical,
hemispherical and porous structures, which have a large strain
response to slight forces and can withstand large deformations.

5.15. LDW. LDW technology is also categorised into addit-
ive and subtractive manufacturing. The surface of the mater-
ial is usually modified to prepare patterned electrode materials
during the preparation of the sensor array. Yan et al [325] pre-
pared flexible triboelectric pressure sensor arrays based on pat-
terned graphene. The patterned graphene arrays were obtained
by direct CO, laser irradiation of a polyimide (PI) film. The
resistance of the graphene films obtained by laser modifica-
tion of the PI surface was as low as 7.0  sq~'. The sensor
array has a sensitivity of 0.016 V kPa~! and maintains cyc-
lic stability of 6000 cycles and bending stability of over 5000
cycles. Zhang et al [326] constructed a highly sensitive flex-
ible tactile sensor (figure 7(g)). The electrodes of the sensor
were gallium-based liquid metals and the dielectric layer was
a double-sided PDMS micropyramids array of super-sparse
metals fabricated using a femtosecond laser. The micropyr-
amids structure fabricated using a femtosecond laser has an
abundance of nanoparticles on the surface, and thus has an
ultra-hydrophobic metal capability, which improves the dur-
ability of the liquid metal electrodes and enhances the pres-
sure sensitivity. The sensor has a sensitivity of 2.78 kPa~!, a
LOD of 3 Pa, aresponse time of 80 ms as well as demonstrated
performance output stability after 10 000 cycles of testing.

5.1.6. Multiple processes. The preparation of patterned
microstructures often involves multiple processes as well.
Xiong et al [323] designed a low-cost capacitive pressure
sensor by combining the sacrificial moulding method and the
REM technique. Liquid PDMS was spin-coated onto a glass
substrate with uniform polystyrene beads on the surface. The
PDMS was heated curing and then immersed in a toluene solu-
tion to obtain a PDMS film with concave arrays by remov-
ing the polystyrene beads. Then, another liquid PDMS was
spin-coated on the cured PDMS with concave arrays to obtain
a PDMS film with convex arrays after heated curing. The
capacitive pressure sensor consisting of two PDMS with con-
vex arrays had a sensitivity of 30.2 kPa~! over a range of
<130 kPa, a minimum detection limit of 0.7 Pa, a response
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Figure 7. Strain sensor. (a) Wireless strain sensors based on flexible metamaterials prepared by photolithography. Reprinted from [317],
with the permission of AIP Publishing. (b) Capacitive pressure sensor prepared by REM technology. [320] John Wiley & Sons. © 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Capacitive strain sensor arrays using a process of yCP. Reproduced from [327]
with permission from the Royal Society of Chemistry. (d) Piezoresistive pressure sensor with pyramidal structures. [318] John Wiley &

Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(e) Capacitive pressure sensor based on moulding method. Reprinted

with permission from [319]. Copyright (2019) American Chemical Society. (f) Capacitive pressure sensor based on sacrificial moulding
method. The polystyrene beads as the sacrificial mould. [212] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (g) Flexible tactile sensor prepared by LDW. Reprinted with permission from [326]. Copyright (2022) American Chemical
Society. (h) Capacitive pressure sensor prepared with NIL and sacrificial moulding method. Reprinted with permission from [324].

Copyright (2019) American Chemical Society.

time of 28 ms, and was stable over 100000 cycles. Yang
et al [324] prepared a capacitive pressure sensor with a por-
ous pyramidal PDMS as the dielectric layer using NIL and
sacrificial moulding method (figure 7(h)). Silicon mould with
pyramidal micropatterns filled with polystyrene microbeads
was placed on the surface of liquid PDMS. After applying
pressure and heat, the cured PDMS was inlaid with poly-
styrene microbeads. It was then immersed in a toluene solution

to remove the polystyrene microbeads to obtain a porous
pyramid-structured PDMS material. The capacitive pressure
sensor has a sensitivity of 44.5 kPa~! at <100 Pa, a LOD of
0.14 Pa, a response time of 50 ms, and remained stable for
5000 cycles. Meanwhile, the researchers designed a piezores-
istive pressure sensor based on a porous pyramid-structured
PDMS, achieving a sensitivity of 449 kPa~!, a response time
of 9 ms and a LOD of 0.14 Pa.
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5.2. Biochemical sensors

In this review, biochemical sensors represent sensors for
the specific detection and concentration sensing of bio-
molecules and chemical molecules in liquid environments.
Biochemical sensors are important in areas such as human
health and water quality monitoring [365]. Meanwhile, the
neuromorphic system constructed on the basis of biochem-
ical sensors has a number of advantages in simulating bio-
logical neural networks, which can be used to optimise
the way and speed of current information processing [366].
The main components of biochemical sensors are biochem-
ical recognition elements and signal transduction elements
[367]. Currently, the main categories are electrochemical
biochemical sensing technology and electromagnetic wave
biochemical detection technology. In electrochemical bio-
chemical sensors, the signal is usually related to the trans-
fer of electrons or ions in a biochemical reaction, including
voltage, current, capacitance, impedance and optical signals
[368, 369]. Electrochemical biosensor technologies involve
amperometry, voltammetry, potentiometry, organic electro-
chemical transistor technology [370], photoelectrochemical
and electrochemiluminescent [371]. In electromagnetic wave
biochemical sensors, biochemical substances can be used
as dielectric substances. Changes in the dielectric constant
can be converted into changes in optical properties by tech-
niques such as metamaterials, surface plasmon resonance, and
surface-enhanced Raman scattering to enable sensing [372].
The development of biochemical sensors with high specificity,
high sensitivity and fast response is the goal of researchers.
Next, we will introduce biochemical sensors based on the pat-
terned preparation process.

5.2.1. Printing.  The printing process is a commonly used
technique for the manufacturing of patterned electrodes.
Electrically responsive sensors generally utilise electrochem-
ical principles of operation. Chemical reactions of biochemical
molecules in the vicinity of the electrode cause changes in the
electronic state of the electrode surface. Thus, the patterned
structures of electrochemical sensors exist mainly in the elec-
trode materials. Li et al [328] prepared multiplexed biosensor
arrays using a multi-nozzle inkjet printing system. The sensor
preparation process takes only ~5 min and can simultaneously
detect glucose, lactate and triglycerides. The sensitivity of
glucose was 5.03 pA mM~! cm~2 with a LOD of 0.2 mM,
lactate was 3.94 A mM~' cm~? with a LOD of 0.06 mM,
and triglyceride was 7.49 A mM~! cm™2 with a LOD of
0.07 mM. Scanning probe lithography, as the highest resol-
ution technique in the printing process, is gradually applied
to prepare electrode materials with micro- and nanostructures.
Yadav et al [329] used DPN to prepare electrochemical sensors
for leading monitoring in water (figure 8(a)). The nanoclusters
on the electrode surface have high specific surface area and can
show high detection sensitivity. The sensor exhibited a detec-
tion limit LOD of 0.49 ppb for leading in water.
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5.2.2. Exposure lithography.  The high resolution of expos-
ure lithography processes has driven the development of bio-
chemical sensors using electromagnetic waves as a sens-
ing medium. Xu et al [330] prepared flexible sensors based
on 30 nm thick metal SRRs on poly (ethylene naphthal-
ate) substrates using an EBL process. The SRRs of the
metamaterial structure exhibited a sensitivity response of up to
436 nm RIU! to strains in the visible-infrared region, local-
ised dielectric environments, and surface chemical variations.
In addition, the sensor exhibits a sensitivity of ~4.5 nm nM~!
for non-specific BSA protein binding. Wang et al [331]
prepared a dual-band flexible terahertz metamaterial sensor
based on a PI film using UV photolithography (figure 8(b)).
The sensitivities to pesticides were 0.09 THz-RIU~! and
0.28 THz-RIU™! at 0.37 THz and 1.13 THz, respectively.
Liang et al [332] prepared metallic metamaterial flexible bio-
sensors with a cut wire (CW) resonator and two split semi-
circle resonators (SCRs) on a PI film by a standard photolitho-
graphy process. At 1.15 THz, the electric field strengths in
the CW and SCR resonators were suppressed due to the phe-
nomenon of interference phase cancellation, and the transpar-
ent windows formed were unusually sensitive to external sub-
stances. Its LOD for detecting aspartic acid was 10.6 fg-ml~".
Yao et al [333] prepared a flexible biosensor based on a metas-
urface using photolithography (figure 8(c)). The patterned
structure is a cut wire resonator (CW) and two split-over ring
resonators (SORR) periodically arranged structures. The LOD
of this sensor for the detection of plant protein molecules was
42.3 pgml~!.

5.2.3. Mould method. In the mould method, shadow masks
are prepared by a high-resolution photolithography process
with high resolution, so they are also commonly used for the
manufacturing of electromagnetic wave-based biosensors. Tao
et al [334] prepared micrometre-sized patterned metamater-
ial resonators on paper substrates using the shadow mask-
ing method, which can achieve high sensitivity for glucose
detection (figure 8(d)). The sensitivity of the system was
14.3 GHz mmol~! and the LOD was 0.35 mmol 17!

5.2.4. Soft lithography. Soft lithography uses flexible
PDMS materials as moulds and is particularly suitable for
the manufacturing of patterned structures on flexible mater-
ial surfaces. At the same time, soft lithography is compat-
ible with the manufacturing of two-dimensional and three-
dimensional structures, which can enhance the contact area
between biochemical molecules and materials in biochemical
sensors and improve the sensitivity of the sensors. He et al
[335] have prepared solution-gated FET based on graphene
materials using MIMIC, which can enable the sensing of bio-
molecules in solution. Patterned graphene structures directly
on a polymer substrate can be conformally attached to the
human skin surface. Its maximum sensitivity to dopamine
was 0.02 mM~!. Kim et al [336] prepared PDMS substrates
with three-dimensional micro-bumps using REM technique



Int. J. Extrem. Manuf. 7 (2025) 032003

Topical Review

(b)

Terahertz
wave /

(e) 3D micro-patterned
elastomer
=

.
Current/pA
>

“

Potential/V
Stretchable electrochemical sensor
S N
S SRR
s \J\\\}’\@%“}E\\;
\% R
e O

3

Au

\COP resin
nanopillar structure

Figure 8. Biochemical sensors. (a) An electrochemical sensor for lead detection prepared using dip-pen nanolithography technique.

Reproduced with permission from [329]. © 2023 The Authors. Small Methods published by Wiley-VCH GmbH. CC BY-NC-ND 4.0. (b)
Dual-band flexible terahertz metamaterial sensor using UV photolithography. Reprinted (adapted) with permission from [331]. Copyright
(2024) American Chemical Society. (c) Flexible biosensor based on a metasurface using photolithography. Reprinted from [333], © 2022

The Author(s). Published by Elsevier B.V. (d) Glucose metamaterial

sensor prepared by shadow masking method. [334] John Wiley & Sons.

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Stretchable electrochemical biosensor prepared by REM
technology. Reprinted from [336], © 2018 Elsevier B.V. All rights reserved. (f) Biosensor based on LSPR prepared by NIL. Reprinted with
permission from [337]. Copyright (2012) American Chemical Society.

(figure 8(e)). Subsequent deposition of metal electrodes onto
the patterned substrate material resulted in a high-performance
and stretchable electrochemical biosensor. The sensor showed
ultra-high biochemical molecular sensing resolution and could
detect TNF proteins below 100 fM. The linear correlation
coefficient was 0.9792 when the results were compared with
those of a commercial assay instrument.

5.2.5. NIL. NIL, as a strong alternative to photolithography,
is suitable for the construction of micro-nanostructures with
high depth-to-width ratios and high resolution for the man-
ufacturing of highly sensitive biochemical sensors based on
surface plasmon resonance. Saito et al [337] designed a bio-
sensor based on localised surface plasmon resonance (LSPR)
(figure 8(f)). Their substructure is a polymer nanopillar

prepared by the NIL process. The LSPR enhances the real-
time change of refractive index at the interface of the
surrounding circuit medium and is therefore sensitive to
the attachment of biomolecules. In the detection of anti-
genic IgG concentration, the sensor has a linear detection
range of 100 pg ml~! and a LOD of 1.0 ng ml~'. Zhu
et al [373] investigated flexible plasma metasurfaces for
the highly sensitive detection of tumour markers in human
serum samples. They prepared periodic arrays of nanocyl-
inders on a polycarbonate substrate using T-NIL followed
by thermal evaporation of metal as the metasurface. The
metasurface was used to excite plasma resonance by coup-
ling incident light, which provided strong detection of car-
cinoembryonic antigen (CEA). The linear correlation coeffi-
cient between its spectral inclination and CEA concentration
was 0.995.
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5.2.6. LDW. The simple process and high resolution of
LDW technology, especially the processing of polyimide
substrates by femtosecond laser etching technology, allows
the construction of electromagnetic wave-based biochem-
ical sensors with high-accuracy micro-nanostructures [374].
Yao et al [338] prepared a terahertz metamaterial sensor
with a flexible substrate using a femtosecond laser etching
technique, which demonstrated a low-frequency Fano reson-
ance and a high-frequency electromagnetically induced trans-
parent resonance. The refractive index sensing sensitivities
based on these two resonances were 60 GHz-RIU~! and
100 GHz-RIU ™!, respectively. At the same time, the ability to
utilise laser modification allows the preparation of carbon elec-
trodes directly on polymer substrates, enabling more conveni-
ent manufacturing of sensor arrays. Yu et al [375] prepared
flexible sensor arrays on PI substrates using a LDW process
that induces porous graphene materials as electrode materi-
als. Functionalizing different sensing units, this sensor array
can detect salty, sweet as well as sour and the output signal
changes with concentration.

5.3. Gas sensors

The gas sensor is a sensor that detects the presence or absence
of a specified gas molecule, or detects the concentration of a
gas within a certain range. Flexible gas sensors mainly include
semiconductor gas sensor, electrochemical gas sensor, col-
orimetric gas sensor and electromagnetic wave gas sensor.
Semiconductor gas sensors work on the principle that gas
molecules adsorb or react on the surface of the material, caus-
ing changes in carrier motion characteristics, which in turn
produce changes in conductivity or volt-ampere characterist-
ics. Electrochemical gas sensors detect the gas concentration
by sensing the current generated by the redox reaction of the
gas at the electrode. In colorimetric gas sensors, the gas under-
goes a redox reaction with the detection substance, changing
the colour of the compound [376]. The concentration of the
gas is determined by the colour change, allowing for zero-
power gas detection [377]. In electromagnetic wave sensors,
gas molecules act as dielectric substances inside a specially
designed material structure, which causes a change in the elec-
tromagnetic wave parameters and realises the detection of gas
molecules [378]. At the same time, to expand the types of
detectable gases, gas sensor arrays can be constructed to real-
ise multi-gas detection. Recently, Wang et al [379] fabricated
a 100 x 100 nanotube sensor array that accurately identifies
the composition and concentration of a gas mixture and recog-
nises 24 typical odours. The fabrication of this type of sensor
improves the problems of miniaturisation and poor recognition
ability of electronic nose system, and is expected to be used in
intelligent robotic patrols as well as rescue operations. Next,
we will describe the application of the patterning process for
performance enhancement of gas sensors.

5.3.1. Printing. The printing process is more often used
in gas sensors for the preparation of electrode materials to
build gas sensor arrays for the detection of multiple gases.
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The development of gas sensor arrays can compensate for
the low cross-sensitivity of individual sensors and enable
the detection of mixed gases. Li et al [340] prepared a gas
sensor array based on silver nanoparticles containing vari-
ous capping agents using inkjet printing (figure 9(a)). Eleven
common contaminants can be detected by observing the col-
our change of the array. The gas sensor array enables ultra-
sensitive detection of gas molecules at sub-ppb levels and con-
tinuous detection for up to several days. At the same time,
changing the structure of the plate pattern during coating print-
ing allows the introduction of printing ink with microstruc-
tures on the substrate. This high aspect ratio structure increases
the contact area of the gas molecules with the material. Lin
et al [341] prepared gas sensors with microscale stripe struc-
tures for WO3;-PEDOT: PSS using a gravure printing pro-
cess (figure 9(b)). Thanks to the larger specific surface area
of the microscale stripe structure, the sensor surface can be
exposed to gas molecules more effectively. The gas sensor
has a maximum response of 6.5 (the ratio of the resistance
exposed to NO; to that exposed to the atmosphere), a LOD of
30 ppb, and response and recovery times of 45.1 s and 88.7 s,
respectively.

5.3.2. Soft lithography. ~ As previously described, soft litho-
graphy is a fast patterned micro-nanostructure manufacturing
technique suitable for enhancing the active layer sensing area
of flexible sensors. The application of soft lithography to gas
sensors focuses on the fabrication of structures with specific
shapes and sizes. Kim et al [342] prepared a gas sensor with
micropatterned double-faced ZnO nanostructures using pTM
technique (figure 9(c)). The sensor has high selectivity and
high sensing characteristics for NO,, with a responsivity of
218.1 and a response time of 25 s. After 10000 cyclic bend-
ing tests, the sensor still works properly. Also, the applica-
tion of soft lithography facilitates the device integration of gas
sensors, which helps to realise mass production and reduce
costs. Tang et al [343] prepared a nanowire electronic nose
system based on PEDOT: PSS/GO complexes for the detection
of low concentrations of VOCs using MIMIC technology. For
this sensor array, thanks to the high surface area ratio of the
nanowires, the response times were 10 s for p-xylene, 12 s for
acetone, 8 s for ethanol, and 10 s for n-hexane, respectively,
and the LOD was 1 ppm.

5.3.3. NIL. NIL shows great potential for application in
the field of gas sensors due to its advantages of high resolu-
tion, high fidelity and high production efficiency. Using NIL
technology, it is possible to fabricate micro-nanostructures
with high surface area, which can provide more gas channels.
Meanwhile, large-area NIL technology can rapidly fabricate
large-area micro- nanostructures, which can help realise mass
production and cost reduction of gas sensor arrays. Kim et al
[380] prepared flexible gas sensors that can sense four gases
by combining a patterned graphene layer with a polyimide film
using a photolithography technique and NIL (figure 9(d)). The
responsiveness of this sensor was 6%, 8%, 6%, and 1.5% for
NO,, NHj3, H,, and C,H50H, respectively.
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Figure 9. Gas sensor. (a) A gas sensor array prepared by inkjet printing. Reprinted with permission from [340]. Copyright (2020) American
Chemical Society. (b) Gas sensors with microscale stripe structures for WO3-PEDOT: PSS using a gravure printing process. Reprinted from
[341], Copyright © 2015 Elsevier B.V. All rights reserved. (c) Gas sensor with micropatterned double-faced ZnO nanostructures using yTM
technique. Reprinted with permission from [342]. Copyright (2017) American Chemical Society. (d) The flexible gas sensors prepared by
photolithography and NIL. [380] John Wiley & Sons. © 2020 Wiley-VCH GmbH.

5.3.4. LDW.  Gas sensor that responds via electrical signals
are usually associated with adsorption of gas by the mater-
ial. Therefore, increasing the contact area between the gas
molecules and the material through a patterned manufacturing
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process can greatly improve the sensitivity of the sensor.
Qin et al [339] obtained patterned enhanced current gas
sensors by patterned ablation of polytetrafluoroethylene films
using UV laser etching. The patterned construction of the
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polytetrafluoroethylene membrane electrode enhances the
three-phase boundary of the sensor and achieves a minimum of
10 ppb SO, detection. Meanwhile, the sensor sensitivity was
0.63 A ppm~!, and the response time and recovery time were
6 s and 9 s, respectively.

5.4. Light sensor

A light sensor is a device that detects and analyses light para-
meters such as light intensity, frequency, and phase. It is
used in a wide variety of applications including, but not lim-
ited to, environmental monitoring, medical imaging, industrial
automation, and communications technology [381-383]. In
2023, Tang et al [384] presented a metal halide chalcogenide-
based photoconductive flexible photodetector that can be used
to construct a low-power, high-SNR wearable optoelectronic
volumetric pulse sensing system for real-time assessment of
human cardiopulmonary function. Photodetectors, which con-
vert optical signals into electrical signals, are the most com-
monly used light detection devices. The operating mechanisms
of photodetectors include photoconductivity and photovoltaic
effects, with the fundamental principle being that external
light generates photo-generated carriers within the material,
leading to changes in the material’s conductivity or poten-
tial difference [385—-387]. In addition, photodetectors use pho-
tothermoelectric technology, the basic principle is the con-
version between optical, thermal and electrical signals [388].
Detection of light intensity is achieved by sensing the changes
in voltage and current caused by changes in temperature [389].
In practical applications, effective monitoring of light in spe-
cific wavelength bands is often realised by hybrid mechanisms
[390]. Meanwhile, sensor arrays can be constructed to realise
the imaging function [391]. Next, we will describe the applic-
ation of patterned manufacturing process for light sensor.

5.4.1. Printing.  Printing technology has the advantages of
high material utilisation, low cost, and parallel processing
with multiple nozzles, which is suitable for combining mul-
tiple materials on the same substrate to prepare full-colour
flexible light sensor. Wang et al [344] prepared full-colour
flexible photodetectors using high-resolution E-jet printing
(figure 10(a)). The smallest printed feature size for per-
ovskite applications was achieved. The responsivity and spe-
cific detectivity were 14.97 AW~! and 1.41 x 10'? Jones,
respectively. Zumeit et al [345] prepared flexible photode-
tectors based on GaAs microstructures using a direct roll-to-
roll printing process (figure 10(b)). This preparation method
combines high throughput and high accuracy. The photode-
tector obtained has a responsivity of >10* AW~!, D* of >10'4
Jones, an external quantum efficiency of >10°, a photocon-
ductivity gain of >10%, and a stable performance output after
500 bending tests.

5.4.2. Soft lithography. Soft lithography is an import-
ant technique for the preparation of patterned micro-
nanostructures, which allows flexible preparation of the
desired material morphology using solution filling. Li
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et al [284] prepared chalcogenide heterojunction photode-
tector arrays using MIMIC in a soft lithography process
(figure 10(c)). PDMS moulds with microstructures were
placed in close contact by the substrate, and MAPbI; and
MAPDbBr; were injected from both ends of the moulds,
respectively. After being evaporated and crystallised, the
chalcogenide heterojunction photodetector arrays were pre-
pared. The photodetector has a responsivity of 1207 AW ™!, a
detectivity of 2.78 x 10'* Jones, an external quantum effi-
ciency of 230500%, a linear dynamic response range of
130.2 dB, and response and recovery times of 3.9 ms and
2.0 ms, respectively.

5.4.3. Mould method.  In device using photovoltaic effect,
regular micro-nanostructures are important for enhancing
the light absorption efficiency [392]. The mould method
is a simple patterned process for manufacturing micro-
nanostructures, with high resolution, and does not require high
temperatures or special substrates, making it very suitable
for the preparation of flexible sensors. Wu et al [346] used
the mould method to fabricate a large-scale integrated flex-
ible photodetector array (figure 10(d)). They first patterned the
substrate surface with hydrophilic-hydrophobic treatment, and
then prepared the patterned perovskite film through a two-step
sequential deposition process. This method has high flexibil-
ity and the capability for large-scale production. The sensor
has a responsivity of 2.17 AW !, a D* of 9.4 x 10'! Jones, a
response time of 0.48 s, and a recovery time of 0.26 s, showing
excellent durability after hundreds of bending cycles. Lu et al
[347] prepared a flexible solar-blind photodetector array based
on CsCu using the mould method. It has high responsivity and
ultra-low power density detection limit. The array device has
a long-term stable photo switching behaviour of 8 h and can
resolve a light intensity of 6.1 nW cm~2 with a responsivity of
62 AW !,

5.5. Temperature sensor

The temperature sensor is a sensor that converts a temperat-
ure value into an output signal. It is important in industrial
production and healthcare [393]. Zheng et al [394] reported a
flexible calorimetric flow sensor using a high-sensitivity vana-
dium oxide thermistor in 2024. The sensor overcomes the dif-
ficulty of accurate identification of pressure sensors at low
air speed, and can realise good flight parameter measurement
based on a single device, which has a broad application pro-
spect in micro-airflow sensing and micro air vehicle control.
Temperature sensors operate based on various physical effects,
including but not limited to the thermoelectric effect, thermis-
tor effect, thermal expansion effect, and optical effect [395].
Among them, high-precision temperature sensing is usually
measured based on changes in electrical and electromagnetic
wave signals [396].

5.5.1. Printing. In temperature sensors that rely on elec-
trical signal measurements, the two primary principles are the
change in resistance and the generation of thermal voltage
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through the Seebeck effect. The patterned manufacturing of
temperature sensors, which is based on electrical parameters,
is typically aimed at enhancing device stability and broaden-
ing their applicability. The printing process enables the fab-
rication of patterns on both rigid and flexible material sur-
faces, thereby expanding the range of applications for temper-
ature sensors. Choi et al [348] prepared resistive temperature
sensors on flexible substrates using DOD E-Jet technology,
and the printed completed temperature sensors had a resistiv-
ity of 25.35 p£2-cm and a resistance temperature coefficient of
0.0007687 °C~!.

5.5.2. Exposure lithography. Exposure lithography pro-
cesses can be customised to fabricate sophisticated electrode
patterns, thereby augmenting the deformability resistance of
the electrode materials. Liu et al [349] prepared thermo-
couple temperature sensors based on bent thermal electrodes
by photolithography process (figure 11(a)). By patterning the
electrode design, the deformation resistance of the device is
improved. Meanwhile, patterning for the substrate material
further enhances the deformation resistance of the device. The
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sensor had a maximum sensitivity of 76.5 uV °C~! at a tem-
perature difference of 100 °C. The sensor exhibited good sta-
bility under a pulling force of 0-10 N, and did not degrade
the sensitivity of the sensor after 1000 deformation cycles.
Precise and rational structural design can amplify the extent of
the impact of temperature on the properties of electromagnetic
waves. Such structures are particularly amenable to fabrication
via lithography processes.

5.5.3. Mould method. Temperature sensing arrays are
constructed to map the flow trajectory of the temperature
field, which is important for real-time temperature detection.
Reusable high-precision shadow masks can rapidly fabricate
large-area sensor arrays. Ren et al [221] prepared a flexible
temperature sensor array based on 16 x 16 organic field-
effect transistors (figure 11(b)). Among them, the transistor
array portion was prepared by patterning the array by shadow
masks technique. The temperature sensor array operated at
20 °C-100 °C with a temperature response coefficient of
20.4, a temperature resolution of 0.4 °C, and an array yield
of 100%.
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Magnetic sensor based on a pyramidal structure prepared by mould method. Reprinted with permission from [352]. Copyright (2018)
American Chemical Society.

5.6. Other sensors prepare cross patterns on the surface of cellulose nanofiber-
/graphene oxide composite films using a nylon mesh as a
mould, and used this to form a humidity sensor (figure 11(d)).
The sensor deforms in response to changes in humidity by
deformation, and the patterned structure promotes stress con-
centration and thus enhances the deformation capability of
the sensor in humidity environments compared to the unpat-
terned one. Zhou et al [351] prepared humidity sensors based
on large-area PEDOT: PSS nanowires using MIMIC tech-
nique (figure 11(e)). The humidity-sensitive PSS particles in
the nanowires were more exposed to moisture compared to
the thin film material, resulting in a fast response time and
high sensitivity as well as better linearity of this humidity
sensor. The response time and recovery time of the sensor were

In addition to the aforementioned types of sensors, investig-
ations have also been partially conducted into humidity and
magnetism sensors for enhancing single device patterning
techniques as well as array manufacturing techniques. Yan
et al [350] prepared humidity sensors with rhombic electrode
structure using electrostatic spinning technique combined with
mould method (figure 11(c)). Thanks to the increased spe-
cific surface area of the regular rhombic structure electrodes,
the humidity sensor has excellent mechanical flexibility and
humidity sensing ability. The humidity sensitivity is 83%, the
response time is 38 s, and the performance remains stable after
1000 bending cycles. Li et al [397] used the mould method to
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0.63 s and 2.05 s, respectively, and the response was almost
unchanged in 1000 bending cycles, which proved the excellent
mechanical properties of the flexible sensor. Cai et al [352]
designed a magnetic sensor based on a pyramidal structure
(figure 11(f)), in which the pyramidal structure of the PDMS
was prepared by the mould method. Its surface was covered
with an Fe/Ni alloy powder, and a change in the external mag-
netic field caused a change in the current. The sensitivity of
the sensor was as high as 1507.9% mT~! with a response time
of 1 ms, and the performance of the device remained almost
unchanged after 5000 bending cycles.

6. Conclusions and outlook

Nowadays, sensors play a crucial role in various fields, includ-
ing industrial production, basic science, medical diagnosis,
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environmental detection, cosmic development and cultural rel-
ics protection [398, 399], and have already realised a depth and
breadth far beyond human perception. This is due to advances
in materials science and patterned manufacturing processes.
In this review, we describe in detail the patterned micro-
nanostructure manufacturing process for sensor performance
enhancement and provide a comparative analysis of the differ-
ent processes. Among the patterned manufacturing techniques
used for flexible sensors, exposure lithography combines the
advantages of high resolution and high scalability, and despite
the high cost and complexity of the process, it is still the main
choice for the large-scale production of patterned micro- and
nanostructures today and is gradually being used on a large
scale in the field of flexible materials. Printing process is low
cost, compatible, fast and can meet most of the requirements
for the manufacturing of patterned structures with low resol-
ution. NIL, as a promising alternative to lithography, offers
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the advantages of high resolution, low cost, high speed, and
high scalability, but still relies on exposure lithography to pre-
pare high-precision moulds. Soft lithography technology, sim-
ilar to NIL, offers a lower resolution but is highly compatible
with various materials and can prepare the patterned micro-
nanostructure on the surfaces of materials with complex struc-
tures. The mould method has a long history and has evolved
to become an important option for the preparation of com-
plex three-dimensional structures. Standardizing the prepara-
tion process can enhance the scalability of the mould method.
High-precision LDW technology boasts high material com-
patibility, technological stability, and minimal environmental
requirements, making it more suitable for the fabrication of
patterned structures in laboratory settings.

In addition, we discuss practical applications of the pat-
terned manufacturing process based on the type of sensor.
The patterned structure of the sensitive element enhances the
interaction between the matter to be measured and the mater-
ial, and increases the contact area and amplifies the signal
changes caused by the matter to be measured [403]. Therefore,
the construction of patterned structures can enhance the per-
formance of the sensor, including sensitivity and response/re-
laxation time. In addition, sensor arrays prepared by the pat-
terning process can enhance the density and expand the range
of information sensing, which is of great significance at the
present time when miniaturisation and integration are pursued
[327]. Tt is foreseeable that the role played by sensors will
become more and more important along with the increas-
ing demand for information by the whole society. Currently,
various types of sensors are developing towards higher per-
formance, lower cost, greater integration, digitisation, mini-
aturisation and wearability, which puts higher requirements
on the patterned manufacturing process. However, the current
manufacturing processes for micro-nano structures face chal-
lenges, such as high cost, low uniformity, low flexibility and
unsuitable matching mechanisms, which have become bottle-
necks that limit the optimisation of sensor performance. To
overcome these issues, optimizing the sensor patterned micro-
nanostructure manufacturing process is essential in the follow-
ing aspects (figure 12):

e Cost control and environmental impact. The production
environment and process equipment utilised for the manu-
facturing of nanoscale pattern structures are expensive, and
the manufacturing process is time-consuming. Therefore, in
the large-scale and standardised manufacturing process of
sensors, increasing the usage frequency of reusable moulds
can significantly reduce processing time while ensuring
precision [400]. For example, a small number of high-
precision moulds are prepared using EUV lithography or
EBL techniques, followed by bulk fabrication of flexible
sensors with micro-nanostructure using NIL or shadow
mask techniques [31, 262]. Concurrently, developing addit-
ive manufacturing technologies to reduce the proportion
of subtractive manufacturing processes in the fabrication
workflow can mitigate resource wastage and environmental
pollution [404].
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e Reproducibility and scalability of the process. The spe-
cific shape of micro-nanostructures directly influences the
performance of sensors. As the complexity of the fab-
rication patterns increases, ensuring the process’s repro-
ducibility and the uniformity of structures poses a sig-
nificant challenge. By establishing a standard procedural
sequence for the relevant micro-nanostructures, optimiz-
ing the process flow, and reducing the number of process
steps and operations, the impact of subsequent processes
on existing structures can be minimised, enhancing the pro-
cess’s reproducibility [405]. Furthermore, by selecting more
appropriate interfacial materials and optimizing the interfa-
cial effects between the processing equipment and the sub-
strate materials, the uniformity of micro-nanostructures can
be improved [406]. For high-resolution but low-throughput
technologies such as Scanning Probe Lithography, EBL,
IBL, and LDW, moulds can be used to link the aforemen-
tioned technologies with scaled-up production processes
[261]. At the same time, the scalability of the process also
implies that the technology can meet the continuous updates
of sensor active materials and sensor structures. An appro-
priate solution is the modular design of process equipment,
which facilitates the construction of flexible production lines
as well as the transformation and maintenance of production
lines [407, 408].

Arrangement and distribution optimisation. To meet the
design requirements of sensors with complex sensing
mechanisms for the future, machine learning algorithms
and computational simulation will become an essential
part of the sensor patterned manufacturing process [409,
410]. Precise patterning structures can enhance sensor
performance [411]. Moreover, the design of sensor pat-
terned micro-nanostructures, integrated with disciplines
such as biology, chemistry, and physics, can continuously
optimise the shape and size of the patterned structures
[412]. In the future, combining methods for obtaining
high-quality pattern structures through precise calculations
with the optimisation of manufacturing processes will pro-
pel the comprehensive performance of sensors to a new
level [402, 413-416].

The variety of patterned micro-nanostructure manufactur-
ing technologies applied to sensors is vast and complex. In the
sensor fabrication process, mature and commonly used tech-
nologies are often prioritised. We hope that this review can
promote innovation and integration of patterned manufactur-
ing technologies, optimise the process workflow, and achieve
the best strategies for the manufacturing of various sensor pat-
terned micro-nanostructures.
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