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Abstract

Artificial sensory systems have emerged as pivotal technologies to bridge the gap between the
virtual and real-world, replicating human senses to interact intelligently with external stimuli.
To practically apply artificial sensory systems in the real-world, it is essential to mass-produce
nanomaterials with ensured sensitivity and selectivity, purify them for desired functions, and
integrate them into large-area sensory devices through assembly techniques. A comprehensive
understanding of each process parameter from material processing to device assembly is crucial
for achieving a high-performing artificial sensory system. This review provides a technological
framework for fabricating high-performance artificial sensory systems, covering material
processing to device integrations. We introduce recent approaches for dispersing and purifying
various nanomaterials including 0D, 1D, and 2D nanomaterials. We then highlight advanced
coating and printing techniques of the solution-processed nanomaterials based on representative
three methods including (i) evaporation-based assembly, (ii) assisted assembly, and (iii) direct
patterning. We explore the application and performances of these solution-processed materials
and printing methods in fabricating sensory devices mimicking five human senses including
vision, olfaction, gustation, hearing, and tactile perception. Finally, we suggest an outlook for
possible future research directions to solve the remaining challenges of the artificial sensory
systems such as ambient stability, device consistency, and integration with Al-based software.
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1. Introduction

With the emphasis on the era of data conversion between vir-
tuality and reality to achieve artificial intelligence (Al), arti-
ficial sensory technology is critical to provide objective sens-
ing and intelligent feedback capabilities from the real-world
that mimic five human sensing ability including vision, smell,
taste, hearing, and touch to external stimuli [1-8]. Artificial
sensory systems consist of perceptual interfaces that systemat-
ically detect external stimuli and a process of digitizing them,
expanding the capabilities of biological senses by integrat-
ing advanced sensing technologies, signal transmission, and
intelligent algorithms [1, 9—12]. With continued research and
development on related fields ranging from materials, systems,
to data processing [1, 13, 14], this convergent technology is
expected to enhance and link biological sensory systems with
the environment for applications such as digital healthcare
[15-17], smart robots [18, 19], and smart agriculture [20-22].

Artificial sensory devices mimic five human senses by fol-
lowing stimuli conversion [18], signal transmission by arti-
ficial nervous systems [10], signal fusion [9], and digital
recognition mechanisms [11, 19]. To achieve this, nanoscale
transducer materials with tailored structural and functional
surface characteristics have been integrated with sensing
devices based on their superior sensitivity and selectivity to
specific stimuli [23-26]. Versatile dimensions of nanoscale
materials including zero-dimensional (OD), one-dimensional
(1D), and two-dimensional (2D) structures, have been widely
used to convert the external stimuli due to their tunable energy
bandgap, large active area for sensing, and superior sensitiv-
ity. They offer tunable bandgaps based on their distinct struc-
tural parameters such as lateral dimensions, grain size, and
layer thickness, thereby controlling the electronic potentials
of devices and broadening the spectrum of detectable senses
[25, 27-29]. In addition, nanoscale materials can be used
as highly sensitive sensing channels of the artificial sensory
devices since their surface-to-volume ratio is maximized and
electron/hole transport of a device is confined, making them
extremely sensitive and fast responding to external stimuli [23,
24, 30]. The environments where artificial sensory systems
are deployed require the conversion of a wide and sensitive
range of instantaneous physical stimuli from real-world [1, 18,
31], making nanomaterials with these two characteristics top
candidates.

Beyond enhancing sensing performance, nanomaterials
also offer the benefit of compatibility with large-area fabric-
ation processes. Unlike conventional sensor devices, artificial
sensory systems need to be fabricated in sizes and volumes
similar to human sensory organs having millimeter to cen-
timeter scale to convert real-world stimulation, necessitating
their capability for large-area device fabrication [32-34]. In
this regard, solution-based processing of nanomaterials offers
a straightforward, cost-effective, and scalable approach for
fabricating artificial sensory system [35, 36] due to their easy
and stable dispersion in various type of processing solvents

[37-39], which is hard to be achieved with a traditional solid-
phase materials synthesis and preparation process such as
mechanical exfoliation or chemical vapor deposition [39]. To
enhance the sensing capabilities of artificial sensory systems,
it is crucial to minimize well-known size effects of nanoscale
materials by precise selection of nanomaterials through a sys-
tematic purification process (e.g. density gradient ultracent-
rifugation) based on their structure, size, and density [40—
42]. The integration of the resulting dispersion-based nan-
omaterials has been achieved by three representative pro-
cesses: evaporation-based assembly, assisted assembly, and
direct patterning [36, 39]. Specific processes for different sens-
ory types may be adopted, thereby producing highly sensitive,
selective, and reliable sensing channel constructs that play a
key role in the artificial sensory system. Many recent stud-
ies highlight the practical applications of the artificial sensory
devices that integrate low-dimensional nanomaterials sens-
ory elements produced through coating or printing processes
[25, 28, 36].

As these crucial technologies have been being developed,
there have been many reviews on artificial sensory applica-
tions and technologies [1, 4, 23-25]. However, comprehensive
reviews covering the whole process from nanomaterial pre-
paration through solution-processing to device integration
for artificial sensory systems are lacking. By addressing
the synthesis and purification of nanomaterials, exploring
coating/printing-based solution-processes, and evaluating per-
formance, artificial sensory technology can be effectively
integrated into broad-spectrum real-world applications with
high-performances.

In this review, we provide a comprehensive design rule
for high-performance artificial sensory systems from mater-
ial selection to device fabrication step (figure 1). We first
introduce the synthesis and dispersion method of 0D (e.g.
nanoparticle and quantum dot (QD)), 1D (e.g. nanotube,
nanorod, and nanowire (NW)), and 2D (e.g. graphene, trans-
ition metal dichalcogenide, or black phosphorus (BP)) nan-
omaterial candidates for the artificial sensory devices and
their solution-based post-processing technique for the puri-
fication. Next, we will summarize the representative coating/
printing technique recently developed based on evaporation-
based assembly (drop casting, spin coating, spray coat-
ing, and dip coating), assisted assembly (Langmuir-Blodgett
(LB) and Langmuir-Schaefer (LS)), and direct pattern-
ing (3D printing and inkjet printing) category. The imple-
mentation and real-world performances of artificial sens-
ory devices based on the five human senses (e.g. artifi-
cial retina (vision), Electronic (E)-nose (smell), E-tongue
(taste), artificial basilar membrane (ABM) (hearing), and
E-skin (touch)), assembled via coating/printing process are
also introduced. Finally, we suggest an outlook on the cur-
rent technological challenges in artificial sensory systems
related to ambient stability, minimizing device-to-device vari-
ation, and integrating Al-based machine learning software and
systems.



Int. J. Extrem. Manuf. 6 (2024) 052001

Topical Review

Artificial retina

_ : Pre-pr in
Vision SRIocessing

Absorbance iy

Langmuir
-Blodgett

E-tongue:

Lo g™ ' O Il
g -~ g
= =
o // o
rd Bl > oL
Pressure Time l
-
N
R
E-skin:

nkjetp/ri;?i"ng Drop casting

EIS response

Touch

P

piezoelectric effect .-~ .,

:‘w ‘\": Y Hearing
CNT
-— iﬁ
3D printin @ oD 1D : Spin coating
P 9 = Nanowire :’-JJ
Langmuir-ScPaefer Spray
B8 qgﬁm PO 22 coating -
Sz gy MoS, e
BP @ :! =
Graphene e Artificial

basilar membrane:
triboelectric effect

———— ]
Displacement

o
°
2

¢ s

"8y E

_Time

Dip coating

Impedance
Resistance

Frequency Frequency

Figure 1. Schematic illustrations of solution-processed nanomaterials for artificial sensory system development. Versatile dimension of
nanomaterials including 0D, 1D, and 2D has been integrated with five human senses of artificial sensory devices via evaporation-based
assembly (drop casting, spin coating spray coating, and dip coating), assisted assembly (Langmuir—Blodgett, Langmuir—Schaefer), and

direct patterning (3D printing and inkjet printing).

2. Solution-processing of low-dimensional
nanomaterials

Solution-based processing has been developed in an effort
to utilize low-dimensional nanomaterials for coating/printing-
based scalable applications for artificial sensory system [27,
32, 34, 36, 37]. This scalable approach mainly consists of
bottom-up methods such as precursor-based chemical syn-
thesis/assembly [37, 43—45] and top-down ones, for example,
liquid-phase exfoliation, alkali-metal intercalation, and elec-
trochemical exfoliation based on the resulting morphology and
characteristics of target materials [32, 46, 47]. A representat-
ive example of the bottom-up method is to synthesize OD hal-
ide perovskite from their precursors [43, 44, 48]. Protesescu
et al reported liquid-phase precursor-based synthesis of 0D all-
inorganic cesium-lead halide perovskite, CsPbX; (X = CI, Br,
and I), and nanocrystals (NCs) [43]. To enable the synthesis of
monodisperse NC colloidal suspensions, the authors revisited

an old-fashioned metal chalcogenide NC synthesis method,
namely the hot injection method, where additional Cs precurs-
ors were quickly injected (figure 2(a-i)) [49]. Consequently,
the resulting CsPbX3 NC suspensions show continuously tun-
able photoluminescence (PL) emission with high color purity
in the range of visible wavelength based on the ratio of hal-
ide elements. The corresponding transmission electron micro-
scope (TEM) image shows that the synthesized CsPbX3 NCs
are nearly monodisperse in size (figure 2(a-ii)) [49]. Another
similar example of solution-based approach is to synthes-
ize 0D metallic nanoparticles in liquid-phase [50, 51]. For
example, gold nanoparticles (AuNPs) can be synthesized dur-
ing a chemical reaction of hydrogen tetrachloroaurate(IlI) tri-
hydrate in an acid. Moreover, morphology and size of AuNPs
can be further modulated by utilizing various stabilizers such
as polyaniline, lipoic acid, dodecanthiol, and so on. One
resulting structure of AuNPs is a hollow sphere of poly-
aniline/Au composites with an average diameter of 30 nm
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Figure 2. Processable solutions of 0D, 1D, and 2D nanomaterials for artificial sensory system. (a) 0D nanomaterials for artificial sensory
system. (a-i) Photograph of the quantum dot (QD) dispersions. Reprinted with permission from [49]. Copyright 2017 American Chemical
Society. (a-ii) TEM image of a colloidal dispersion of CsPbBrz NCs prepared by precursor-based solution-phase synthesis. Reprinted with
permission from [49]. Copyright (2017) American Chemical Society. (a-iii) Scanning electron microscopy (SEM) image of liquid-phase
synthesized conducting polymer/noble metal nanoparticle (CP/NMNP). Reprinted with permission from [50]. Copyright (2006) American
Chemical Society. (b) 1D nanomaterials for artificial sensory system. (b-i) Photograph of metallic (M) and semiconducting (S) single-wall
CNT (SWCNT) dispersions synthesized by LV, HIPCO and Arc. Reprinted from [57], Copyright © 2008 Elsevier B.V. All rights reserved.
(b-ii) TEM of as-synthesized AgNW by soft solution-processing. Reprinted with permission from [61]. Copyright (2002) American
Chemical Society. (b-iii) TEM of colloidal synthesized ultra-thin CsPbBrs NWs. The inset shows the photograph of 1D CsPbBr; dispersion.
Reprinted with permission from [64]. Copyright (2016) American Chemical Society. (c) 2D nanomaterials for artificial sensory system. (c-i)
Photograph of BP, MoS,, WS,, WSe,, and InSe dispersions. [67] John Wiley & Sons.© 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c-ii) Atomic force microscope (AFM) image of MoS, nanosheets produced by electrochemical exfoliation. Reproduced from
[70], with permission from Springer Nature. (c-iii) TEM image of CsPbBrs nanoplates prepared by self-assembly synthesis. Reprinted with

permission from [64]. Copyright (2016) American Chemical Society.

(figure 2(a-iii)) [50]. Although a large quantity of such metal-
lic nanoparticles can be successfully synthesized in solu-
tion, their structural inhomogeneity (e.g. spherical, rhombic
dodecahedra, and bipyramid) is detrimental to control over
their expected optical properties [40, 52, 53]. Therefore, this
approach further requires post-processing to purify their struc-
tural polydispersity.

Solution-based synthesis of 1D and 2D nanostructures is
more challenging than that of OD due to their high struc-
tural anisotropy. Therefore, it is straightforward to exfoli-
ate their 3D structures by applying mechanical force such as
ultrasonication, shear mixing, and ball-milling as top-down

approaches [54-56]. As shown in figure 2(b-i) [57], stable dis-
persions of each semiconducting and metallic (denoted as S
and M, respectively) carbon nanotubes (CNTs) can be pre-
pared via liquid-phase exfoliation of CNT bundles synthesized
in various ways including laser vaporization, high pressure CO
conversion, and arc discharge. Regardless of the type, such
CNTs possess a hydrophobic surface. Therefore, it has been
highly required to investigate various amphiphilic surfact-
ants (e.g. sodium cholate, sodium dodecylsulfate, Pluronics,
and Tetronics) to stabilize CNTs in aqueous solution [57,
58]. Amphiphilic surfactants consist of each hydrophobic and
hydrophilic part where a hydrophobic part is wrapping on the
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surface of CNTs and a hydrophilic one helps stabilize CNTs
in an aqueous medium [58, 59].

Unlike to prepare a stable CNT dispersion, various bottom-
up approaches have been introduced to synthesize 1D nano-
structures including silver NWs (AgNWs) [60, 61] and hal-
ide perovskite NWs [45, 62-65]. AgNWs dispersions can be
prepared by a template-directed synthesis with high yield, con-
trollable morphology, and high aspect ratio. For example, plat-
inum nanoparticles are formed by reducing PtCl, with ethyl-
ene glycol heated to ~160 °C (figure 2(b-ii)) [61]. This cre-
ates seeds for the heterogeneous nucleation and growth of Ag
in the solution. Then, AgNOj3 and poly(vinyl pyrrolidone) are
added to the refluxing solution to form AgN'Ws with an aspect
ratio of ~1000 and a lateral dimension of ~40 nm through
the reduction of AgNOs by ethylene glycol. 1D perovskite
NWs can be easily prepared by solution-phase synthesis,
which has the advantages of high crystallinity, large-area, and
low-temperature processability [62]. Zhang et al synthesized
ultrathin single-crystalline CsPbX3; NWs with a diameter of
2.2 nm by reacting Cs-oleate solutions with lead halide in
the presence of oleic acid and oleylamine in octadecene at
~150 °C. The strong quantum confinement effect contributed
to a high PL quantum yield (figure 2(b-iii)) [64, 65].

In a similar manner, 2D nanomaterials also can be syn-
thesized via either top-down and bottom-up approaches in
solution. In a straightforward way, various layered crystals
can be exfoliated into their 2D nanosheet structure as a top-
down approach by applying mechanical shear force and/or
electrochemical potential to overcome their weak sheet-to-
sheet van der Waals interactions [46, 47]. First, layered crys-
tals can be exfoliated and stabilized in solution via liquid-
phase exfoliation methods including ultrasonication, shear
mixing, and ball milling [54-56]. The resulting exfoliated 2D
nanosheets can be stabilized in various organic solvents, where
solvents with high boiling point and desired surface tension
(~40 mJ m~?) are preferred such as N-methylpyrrolidone
(NMP) and dimethylformamide (DMF). However, 2D dis-
persions in NMP and DMF are highly restricted to use in
solid-state applications due to potential difficulties of com-
plete evaporation of solvents without materials degradation
[39]. To address this issue, mixed solvent system with low
boiling solvents (e.g. water and alcohol) to match surface ten-
sion or stabilizer-assisted aqueous system have been reported
[39, 66]. As shown in figure 2(c-i), various 2D semiconductors
including BP, MoS,, WS,, WSe,, and InSe are successfully
stabilized in a low boiling point deoxygenated ethanol-water
cosolvent mixture [67].

Intercalation-based exfoliation methods are another type
of solution-based processing for scalable synthesis of 2D
nanosheets via van der Waals weakening [34, 68, 69]. An
alkali-metal intercalation-based exfoliation has been reported
to obtain 2D nanosheets with micrometer-scale lateral size
by intercalating alkali ions (e.g. Li, Na, and K) into layered
materials [68]. However, the resulting 2D nanosheets suffer
from an undesired semiconducting to metallic phase transition
due to the insertion of alkali ions and associated electrons.
To overcome this limitation, Lin et al reported that a molecu-
lar intercalation-based exfoliation using relatively large-sized

quaternary alkyl ammonium molecules can reduce electron
injection, resulting in the prevention of undesired phase
transitions [34]. The resulting nanosheets possess micrometer-
scale lateral size, atomically thin and highly monodisperse
(figure 2(c-ii)) [70].

Among 2D nanomaterials, graphene oxide (GO) is gener-
ally obtained via Hummer’s method, which oxidizes graphite
by stirring and treating with KMnO,4 and NaNOj; in concen-
trated H,SOy4 [71]. The resulting GO nanosheets can be eas-
ily dispersed in various organic solvents, but this procedure
involves the generation of toxic gases such as NO, or N,Oy4
[72]. To overcome this limitation, compared to Hummer’s
method, an improved GO production way was introduced that
does not involve large exotherm and produce toxic gases.
Moreover, the GO dispersions prepared by the improved
method had well-oxidized hydrophilic carbon materials and
more regular structures [73, 74].

In the meantime, 2D halide perovskites (e.g. Ruddlesden-
Popper phase) can be synthesized in solution [75-77]. By
synthesizing individual crystals and systematically arranging
the connections between them, 2D superlattice NCs can be
synthesized [78]. As a strategy to create such 2D structures,
layer-by-layer stacking or solvent evaporation-based self-
assembly processes are used to create 2D layered structures
[79-81]. This solution-processed crystallization creates well-
designed nanoscale 2D structured perovskites with high uni-
formity in shape, size, and chemical composition [82]. For
example, Zhang et al reported the self-assembly of 2D per-
ovskite nanostructures, a simple approach to fabricate large-
scale 2D halide perovskite superlattices with atomic scale pre-
cision (figure 2(c-iii)) [64]. PbBr; in 1 octadecene is degassed
in vacuum, then oleic acid, octanoic acid, and octylamine are
injected under N, at 150 °C to solubilize the PbBr;. Following
the injection of Cs-oleate and rapid cooling, 2D nanosheets
are obtained. Interestingly, the assembled 2D superlattice can
be reversibly disassembled back into their building blocks by
sonication [65].

By mass-producing nanomaterials as processable solu-
tions through various solution-phase producing techniques,
the foundation for forming large-area artificial sensing chan-
nels via coating/printing processes has been laid. The syn-
thesized dispersion-based nanomaterials exhibit tailored struc-
tural and functional surface properties due to apparent dif-
ferences in dimensional structures, which can be applied to
various sensing platforms [23, 24]. For example, quantum-
scale 0D structures with many active edge sites have excel-
lent sensitivity to external stimuli and exhibit high PL prop-
erties due to the quantum confinement and edge effects,
which can be applied to biosensing and fluorescence-based
artificial sensory platforms [23, 83, 84]. 1D nanostructures
have high current carrying capacity and stretchability along
with structural advantages such as large surface-to-volume
ratio and length-to-diameter ratio, which can be advantage-
ously used in artificial strain or environmental sensors [24, 85].
Additionally, 2D nanostructures have atomically-thin thick-
ness, excellent charge carrier mobility, and high on/off ratios
with high sensitivity in artificial sensory applications such as
photodetection and gas sensing [23, 25, 86].
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3. Post-processing for structural purification of
low-dimensional nanomaterials

After the dispersion and synthesis of sensor materials in a
bulk solution, the purification process should be employed
to sort the nanomaterials toward structural monodispersity
with specific physical properties because particular structure
of low-dimensional nanomaterials is highly correlated to their
unique characteristics [23]. For example, 0D AuNPs exhibit
distinct optical properties (e.g. localized surface plasmon res-
onant (LSPR) peaks) based on their shapes [40, 87]. 1D CNTs
exhibit either semiconducting or metallic properties based on
their chirality. Moreover, semiconducting CNTs can possess
various energy bandgaps based on their chiral information
[41, 57, 59, 88]. Similarly, 2D nanosheets have thickness-
dependent electronic and/or optical properties. For example,
2D semiconducting MoS; nanosheets show an indirect-to-
direct energy bandgap transition in their atomically thin limit
[89-91].

A density gradient ultracentrifugation (DGU) method is
typically used to separate nanostructures with desired sens-
ing properties, reducing structural heterogeneity and polydis-
persity of the bulk solution, and prepares them for the next
stage of the printing process applications [91]. Centrifugation-
based purification process can be accomplished by two meth-
ods: sedimentation-based density gradient ultracentrifugation
(s-DGU) [40, 92] and isopycnic density gradient ultracentri-
fugation (i-DGU) [89, 93]. s-DGU typically utilizes the size-
dependent sedimentation rate of nanomaterials, with larger
materials settling faster in the presence of centrifugal forces.
Additionally, multiple centrifugation steps can be used for
subtle separation. i-DGU utilizes a density gradient designed
to match the size-dependent buoyant density distribution of
nanomaterials. During the process, nanomaterials settle to
each isopycnic point. The buoyant density depends strongly
on the thickness, providing exceptionally high monodispersity
in the thickness of the nanomaterials.

For the purification of 0D nanomaterials, the as-synthesized
mixture was centrifuged with a density gradient to separate
nanostructures with different diameters and shapes that could
not be separated by conventional filtration methods such as a
commercial syringe filter [40, 53]. For example, when a highly
concentrated synthesized AuNP dispersion (figure 3(a-i)) was
loaded into a density gradient medium with a high viscos-
ity, particles with bipyramids structure and rhombic dodeca-
hedra structure were distinguished due to the difference in set-
tling rates depending on particle size (figure 3(a-iii)) [40]. As
shown in SEM images of the unsorted mixture (figure 3(a-ii)),
bipyramids (figure 3(a-iv)), and rhombic dodecahedra struc-
ture (figures 3(a-v)), distinct separation was observed before
and after centrifugation. The shape of the AuNP dominates
their optical properties such as light absorption and scattering,
which in turn affects their LSPR that determines the sensitiv-
ity of the optical sensor. Therefore, differences in the domin-
ant dipolar plasmon resonance were also found for the sorted
AuNP (figure 3(a-vi)) [40].

SWCNT are typically divided into semiconducting and
metallic types, and this distinction is crucial for the perform-
ances of sensor devices, requiring the precise purification [41,
42,58, 88]. The aqueous two-phase (ATP) sorting method is a
representative technique that allows for the separate purifica-
tion of metallic and semiconducting SWCNT (figure 3(b-i))
[94]. Due to differences in properties such as diameter and
surface hydrophobicity, the SWCNT mixtures were sorted
into two phases, and high-purity semiconducting and metal-
lic SWCNTs were obtained by performing multiple cycles
of ATP. Figure 3(b-ii) shows the structures of SWCNTs sor-
ted by diameter via centrifugation and the films formed from
them [59]. The sorted SWCNTSs exhibited distinct color dif-
ferences, indicating their different light absorbing bandgap
structures. By measuring the optical absorption spectra of the
three SWCNT dispersions, differences in peak positions of
the absorption band (S;,) were observed (figure 3(b-iii)) [41].
The spectra of metallic SWCNTs showed a weak S;, peak
around 1029 nm, while the peaks of the unsorted mixture and
semiconducting SWCNTs appeared at 1000 nm and 980 nm,
respectively.

Next, 2D materials also require a separation process to
obtain the desired optoelectrical properties. For example,
BP dispersions were isolated by s-DGU depending on lat-
eral size when settled in a linear density gradient medium
(figure 3(c-1)) [92]. After s-DGU, by analyzing the BP flake
area, the homogeneity of the lateral size of BP nanosheets
was achieved (figure 3(c-ii)). For i-DGU of 2D nanosheets,
dispersions are introduced into a density gradient designed to
correspond to the size-specific buoyant density distribution of
the desired nanosheets [89, 93]. During ultracentrifugation,
2D nanosheets sediments through the gradient in the cent-
rifuge tube to their isopycnic point. For example, in i-DGU
of graphene dispersions, the thickness of flakes controlled by
density differentiation and clear visual bands can be observed
in centrifuge tubes of graphene dispersions (figure 3(c-iii))
[95]. AFM images and line profiles of graphene flakes from
f4 and f16 fractions confirmed that the sorted graphene flakes
were monolayer or bilayer with extremely narrow thick-
ness distribution (figure 3(c-iv)). Halide perovskite, another
2D material, can be structurally purified by centrifuging as-
synthesized solution. The resulting suspension can be centri-
fuged at different speeds depending on its size and cleaned
to remove the supernatant. The purified 2D halide perovskite
solutions showed high uniformity in shape and size [77, 78,
81, 82].

4. Integration of solution-processed nanomaterials
with artificial sensory devices

After purifying nanomaterials with the desired functionalit-
ies, the next step is to integrate the nanomaterials into the
desired device components of the artificial human sensory sys-
tem. Uniform and stable coating/printing of the processed nan-
omaterials to specific parts of the device such as channels,
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Figure 3. Purification processes of 0D, 1D, and 2D nanomaterials. (a) Purification process of 0D nanomaterials. (a-i) Photograph of a
centrifuge tube before centrifugation of AuNP solution. (a-ii) SEM image of unsorted AuNP. (a-iii) Photograph of a centrifuge tube after
centrifugation. (a-iv) SEM images of bipyramids structure. (a-v) SEM images of rhombic dodecahedra structure. (a-vi) Distribution of
dipolar plasmon resonance in sorted AuNPs. [40] John Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Purification process of 1D nanomaterials. (b-i) Schematics of the i-DGU of SWCNTs. (b-ii) Photograph of SWCNT films
arranged in order of increasing mean diameter by centrifugation. Reprinted with permission from [59]. Copyright (2008) American
Chemical Society. (b-iii) Optical absorption spectra of the metallic, mixed, and semiconducting SWCNTs. Reprinted with permission from
[41]. Copyright (2011) American Chemical Society. (c) Purification process of 2D nanomaterials. (c-i) Photograph of few-layer
phosphorene (FL-P) solution before and after size sorting. Reproduced with permission from [92]. Copyright (2016) National Academy of
Sciences. (c-ii) Histogram of flake areas. The inset shows the photograph of BP dispersions. Reproduced with permission from [92].
Copyright (2016) National Academy of Sciences. (c-iii) Photograph of a centrifuge tube following the first iteration of DGU. Reprinted with
permission from [95]. Copyright (2009) American Chemical Society. (c-iv) AFM images of graphene deposited using fractions f4 and f16
(top) and height profile of graphene flakes (bottom). Reprinted with permission from [95]. Copyright (2009) American Chemical Society.

gates, or electrodes is critical for reliable and high perform-
ances of the applications. Versatile coating/printing techniques
of the solution-processed nanomaterials have been developed
to achieve this including (i) evaporation-based technique that
induces evaporation of the solution to bind the material to a
specific area, (ii) assisted assembly that uses the device surface
structure for patterning, and (iii) direct patterning that involves
using a nozzle to pattern the solidified material directly onto
the desired area (figure 4).

4.1. Evaporation-based assembly of solution-processed
nanomaterials

Solution-processed nanomaterials can be directly self-
assembled onto sensor devices exploiting three-phase dynam-
ics of evaporating droplet interfaces. First, the drop casting
process typically involves placing a large droplet of colloidal
nanomaterial onto a target region of the substrates allowing
the solvents to evaporate until the film has fully dried. Fox
et al used the drop casting method of AgNWs through the

contact, spreading, evaporation, and film formation stages
(figure 4(a-1)). SEM images show that AgNWs are deposited
on substrates based on various concentrations demonstrating
that higher concentrations lead to the formation of denser
NW networks (figure 4(a-ii)) [96]. Drop casting is regarded
as the most basic technique for fabricating nanomaterial films
for sensory device configurations, which is widely employed
across all dimensions of materials including 0D [97-100], 1D
[74, 101], and 2D [102, 103]. Here, the coffee ring effect is
usually applied during drop casting, which can result non-
uniform deposition pattern where nanomaterials accumulate
at the periphery due to the outward flow caused by a specific
capillary flow [104]. Spin coating, another typical way of
evaporation-based technique, uses a spinning of nanomater-
ials droplets on the vacuum-fixed substrate on the rotator at
high speeds around hundreds of rotations per minute (rpm).
Centrifugal force causes the spreading of excess solution,
resulting in a thin and uniform coating of the nanomaterials
[105]. Jo et al fabricated conductive films with dense net-
work junctions by spin coating CNT networks (figure 4(b-1)),
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Reprinted with permission from [106]. Copyright (2010) American Chemical Society. (c) Dip coating process. (c-i) Schematics of forming
a CNT-CSA film on a glass substrate by dip coating. (c-ii) SEM image and (c-iii) TEM image of CNT networks. Reprinted with permission
from [110]. Copyright (2012) American Chemical Society. (d) Spray coating process. (d-i) Formation process of CsPblz QD film on a glass
substrate via spray coating. (d-ii) AFM images of the QD film surface. [114] John Wiley & Sons.© 2019 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (e) Langmuir-Blodgett process. (e-i) Schematics of LB technique process of transferring QR onto the ZnO sol-gel/ITO
substrate. (e-ii) SEM image and AFM image of the QR film. [122] John Wiley & Sons.© 2021 Wiley-VCH GmbH. (f) Langmuir—Schaefer
process. (f-i) Photograph of spreading MXene nanosheets on a silicon substrate by LS technique. (f-ii) SEM image of MXene. Reprinted
with permission from [128]. Copyright (2020) American Chemical Society. (g) Inkjet printing process. (g-i) Different lengths of printed
AgNWs on a PET substrate by inkjet printing and SEM image of the edge. (g-ii) Network thickness as a function of the number of passes.
(g-iii) AgNWs network in the complex shape. Reprinted with permission from [137]. Copyright (2015) American Chemical Society. (h) 3D
printing process. (h-i) Schematics and photograph of the 3D printing of MSCs on hydrophilic substrate. (h-ii) SEM images of the electrode
in the MSC device. Reprinted with permission from [147]. Copyright (2019) American Chemical Society.

which were further processed through washing (figure 4(b-ii))
and treated with HNO3 and SOCI, (figure 4(b-iii)) [106]. This
method allows for rapid and uniform coverage over large areas
within just a few seconds to minutes, but it leads to a signific-
ant loss of nanomaterial solutions during coating [107, 108].

It also faces challenges in achieving uniform coatings on non-
planar substrates. Dip coating, on the contrary, involves the
immersing process of the target substrate into a colloidal dis-
persion, where nanomaterials adhere to target surfaces [109].
This adhesion continues as the substrate is withdrawn from the
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liquid, leading to the formation of a coherent film that solidi-
fies through drying and subsequent chemical reactions. Mirri
et alimmersed the glass slide into the CN'T-chlorosulfonic acid
(CSA) solution and withdrew at a controlled speed to make
a transparent film (figure 4(c-i)). The film comprises well-
aligned CNT bundles corresponding to the coating direction
and ensures isotropic film conductivity (figure 4(c-ii)) [110].
The dip coating process is often executed with a controlling
withdrawal speed to get monodisperse NC films [111]. Spray
coating is another widely used technique for making relatively
large-area nanomaterials film up to a meter scale compared to
previous methods [112], where the fine droplets of colloidal
particles are sprayed onto temperature-controlled substrates.
Temperatures are set ranging from low to high depending on
the type of nanomaterial and the characteristics of the substrate
and evaporation following the spraying of particles mediates
the film formation [113]. Yuan et al spray coated the col-
loidal inorganic perovskite CsPbl; QDs in a fully automated
manner for the ultrathin-film purification (UFP) formation
(figure 4(d-1)). Figure 4(d-ii) shows samples where UFP tech-
nology has been applied demonstrating significantly smoother
film formation with a root-mean-square roughness of 1.38 nm
when measured via AFM (left, figure 4(d-ii)), compared to dir-
ectly spray coated samples that exhibit a roughness of 6.60 nm
(right, figure 4(d-ii)) [114]. Moreover, a distinctive advantage
of spray coating is that it can be easily applied on 3D complex
substrates such as semiconducting chips [115] and surgical
masks [116] without being constrained by the type of printing
nanomaterials [117-120].

4.2. Assisted assembly of solution-processed nanomaterials

Assisted assembly methods leverage the material features such
as the size and polarity of the particles with the assistance
of target substrate characteristics [121]. There are two repres-
entative assisted assembly methods: LB and LS coating. The
LB method disperses nanomaterials in volatile organic carri-
ers on an aqueous subphase. The materials are compressed
into a densely packed monolayer by systematically reducing
the surface area with dual mechanical barriers. Rhee et al
utilized the LB method to fabricate films of quantum nanor-
ods (QRs), colloquially known as ‘dot-in-rod’, distinguished
by their unique structural characteristic of rod-shaped shells
encasing spherical QDs (figure 4(e-i)). This approach entails
the methodical adjustment of the substrate position for the suc-
cessive stacking of monolayer films, aiming to construct a film
with multiple layers. This process effectively demonstrates
the adaptability of the printing technique in fabricating com-
plex layered structures. Figure 4(e-ii) demonstrates that the
LB deposited QR film exhibits unidirectional orientation and
creates a thin film with uniform thickness [122]. LB method
has been utilized to achieve high coverage of nanoparticles
[123], nanosheets [124], and a concurrent alignment of NWs
[125] or CNTs [126] on the substrate. Compared to the LB
method, the LS method relies on horizontal movements of
target substrates. This involves either stamping the substrate
onto the water phase surface from above or lifting the sub-
strate immersed in the water phase, thus forming a monolayer

by considering the hydrophilic and hydrophobic properties of
nanomaterials. This horizontal transfer is particularly advant-
ageous for certain types of films, offering a more controlled
and uniform monolayer deposition, especially for materials
with complex or sensitive surface properties [127]. Kim et al
used LS methods to create a large area film of MXene mono-
layers (figure 4(f-i)). The MXene platelets are completely
covered, leaving nearly no gaps between them when the sur-
face pressure () reaches 40 mN-m~! (figure 4(f-ii)) [128].
The LB technique facilitates the flawless formation of mono-
layers from solution-based nanomaterials, while the LS tech-
nique extends this capability to create thicker multilayered
films [129-131]. However, both LB and LS techniques require
the careful maintenance of stable nanomaterial dispersions
within an aqueous subphase, and the need for precise con-
trol over sensitive processing conditions presents limitations
in terms of scalability [132].

4.3. Direct patterning of solution-processed nanomaterials

While the evaporation-based and assisted assembly can cre-
ate uniform thin films of nanomaterials on larger planar sub-
strates, it is crucial to achieve few micrometers precision of
patterning onto pre-determined sensor device areas. There is
an increasing focus on developing inks from colloidal nano-
materials and using 3D printers to directly form patterns on
target surfaces [133-135]. Inkjet and 3D printing technolo-
gies are becoming more popular because they allow for the
flexible creation of various structures using nanomaterials.
Inkjet printing can use very small volumes of fluid, typically
less than 100 pico-liters for nanomaterials dispensing. Thus,
understanding how the physical processes that occur during
inkjet printing interact with the properties of the fluid precurs-
ors used is crucial for achieving functional objectives [136].
Finn er al used inkjet printing to fabricate AgNW pattern
structures with length and width controllability and formed a
dense network of AgNW with 80 passes (figure 4(g-i)). The
number of nozzle passes is linearly proportional to the film
thickness (figure 4(g-ii)), enabling rapid production of com-
plicated images (figure 4(g-iii)) [137]. Many researches have
recently focused on inkjet printing with high solid content
inks, balancing the need for proper viscosity (1 cP ~ 100 cP)
for stable nanomaterial mechanisms [138], while also explor-
ing higher viscosity inks and expanding the nanomaterial ink
library [139-141]. While inkjet printing is focused on creat-
ing 2D planar films, 3D printing has the advantage of incor-
porating the z-axis for 3D structures [142]. This benefit facil-
itates the precise deployment of nanomaterials at desired loca-
tions through a three-axis system across biological and mech-
anical systems [143-145], as well as in the patterning for
optoelectronic device fabrication [146]. Orangi et al used an
extrusion method-based 3D printing technique to fabricate the
all-solid-state micro-supercapacitors (MSCs) with additive-
free and water-based MXene ink. MXene ink was transferred
into syringes fitted with nozzles (internal diameters ranging
from 230 pm to 600 pm). The rheological characteristics of
the MXene ink ensured that the extruded layers were struc-
turally strong, allowing the stacking of multiple layers to
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construct printed electrodes of several millimeters in height
without structural failure (figure 4(h-i)). The printed ink was
well aligned horizontally, and patterning occurred as prede-
termined, confirming the desired configuration (figure 4(h-ii))
[147]. 3D printing of nanomaterial dispersions requires the
sensitive selection of appropriate nanomaterials based on the
objective and the determination of printing techniques accord-
ing to the type of nanomaterials [148—-150].

5. Design and performance of artificial sensory
systems with solution-processed nanomaterials

The human vision system transmits light signals from the
retina to the brain through the optic nerve, where synapses
strengthened by neuron interactions remember the stimu-
lus information (figure 5(a-i)) [151]. To mimic this, versat-
ile solution-processed nanomaterials including QD, TMDC,
CNT, and halide perovskites have been used to fabricate
the sensitive photo-absorbing films [152]. Park et al fabric-
ated sensitive photo-absorbing films with memorization cap-
abilities to fabricate the artificial eyes using spin coating of
QD [151]. By controlling the duration and spike number
of light pulses, the photocurrent increased from 0.07 pA to
30.08 pA as the pulse duration increased from 0.05 s to 10 s
(figure 5(a-ii)). During repeated irradiation by increasing the
number of light pulses up to 200, the photocurrent increased
to 32.69 pA (figure 5(a-iii)). These behaviors, along with
increased photocurrent accumulation, improved the level of
memory retention. To implement a color-recognizable visual
system, a 7 x 7 pixelated photonic synapse array was fabric-
ated. Color image recognition in RGB non-volatile mode from
a three-color pattern input led to the identification of specific
character images mirrored in each color (figure 5(a-iv)) [151].
As such, the approach to artificial vison system composed of
light-absorbing films of versatile low-dimensional materials
will be a new way to build artificial color recognition or smart
intelligent vision systems such as R/G/B image sensing chips
or neuromorphic imaging device [152, 153].

In human olfactory system, odorant molecules interact
with specific odorant receptors on olfactory sensory neur-
ons within the upper nasal epithelium, initiating signal trans-
duction to the brain olfactory centers. Mirroring this biolo-
gical mechanism, the electronic nose (E-nose) concept has
been developed. These devices, equipped with multiple sensor
arrays comprising electrical transducers, facilitate data acquis-
ition, while the integration of big data analytics enables pre-
cise odor identification [154]. Hu et al employed a micro-
syringe-based drop casting technique to deposit reduced GO
(rGO) onto Ag electrodes, constructing a gas sensor cap-
able of detecting ammonia concentrations as low as one parts
per billion at room temperature [155]. This technology has
been applied to develop a metal-ion-induced-GO-based E-
nose, proposed as a non-invasive tool for lung cancer dia-
gnosis through exhaled breath analysis. Chen et al fabric-
ated a flexible GO gas sensor array patterned with eight inter-
digited electrodes (IDEs) using a simple drop casting method

(figure 5(b-1)). Subsequently, the response of the sensor array
to four types of disease-related gases (e.g. acetone, isoprene,
ammonia, hydrothion) was analyzed by measuring the current
in each of the IDEs. The measured current of the array was
then converted into a relative response and subjected to prin-
cipal component analysis to discriminate between the indi-
vidual gases. The eight sensing elements in the array exhib-
ited enhanced sensitivity to concentrations of 50 parts per mil-
lion (ppm) of the tested gases (figure 5(b-ii)). Finally, the
clinical EB analysis of both a healthy control group and a
lung cancer group was conducted using an artificial neural
network (ANN). The results demonstrated a 95.8% sensitiv-
ity and 96.0% specificity for the testing set, achieved by ran-
domly assigning 50% of the cases for the training set. Receiver
operating characteristic (ROC) curve analysis for the ANN
model indicated that the area under the curve (AUC) was
0.996, showcasing a high classification ability (figure 5(b-iii))
[156]. Jin et al fabricated an E-nose system by drop casting
MoS; QD on the Au IDEs to sense various volatile organic
compounds (VOCs). The E-nose successfully discriminated
100 ppm levels of acetaldehyde [157]. Lorwongtragool et al
created a wearable E-nose by inkjet printing of CNTs on
polyethylene naphthalate substrate demonstrating its ability
to distinguish VOCs from armpit regions in a compact arm-
band format with wireless connectivity [158]. E-noses have
advanced as multi-array gas sensors through the integration
of diverse nanomaterials [159]. With their broad applicability,
E-noses show promise for deployment in environmental qual-
ity monitoring to assess atmospheric chemicals and identify
toxic and explosive gases [160, 161]. Additionally, they show
a potential for significant contributions to clinical healthcare
through early diagnosis of exhaled breath from human [162].

Biomimetic taste sensors, inspired by the physicochem-
ical interactions of food molecules with taste receptor cells
[163], have evolved into fluid sensors known as electronic
tongues (E-tongues). Current designs incorporate a cellular
architecture, utilizing an array of taste receptor-specific bio-
logical cell lines affixed to electrodes, to emulate biochem-
ical reactions for enhanced sensitivity and specificity [164—
166]. Integration with non-biological receptor materials fur-
ther enhances the capabilities of these biomimetic chemical
sensors. Nanomaterial-based E-tongues are mainly fabricated
in the form of microfluidic devices. Wagh et al employed
laser-induced graphene patterning with microfluidic channel
integration to fabricate the E-tongue system. They analyzed
solutions representing the five basic human tastes using elec-
trochemical impedance spectroscopy, differentiating solution
types and concentrations ranging from 1 to 1000 ppm [6].
Facure et al developed an E-tongue by drop casting MoS,
and GO onto Au IDEs. By measuring impedance variations,
they distinguished four types of antibiotics at the nanomolar
level [167]. Jung et al developed a taste bud-inspired, multi-
taste sensing device by using various types of nanomateri-
als and assembly methods for detecting four distinct tastes in
a single drop of dietary compounds such as saltiness, sour-
ness, astringency, and sweetness (figure 6(a-i)). The substrate
layer was prepared by spin coating polymethyl methacrylate
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Figure 5. Artificial human eyes and nose devices based on the printing of solution-processed nanomaterials. (a) Artificial human eyes
devices. (a-i) Schematics of the human visual recognition system. (a-ii) Pulse duration-dependent photocurrent of artificial photonic synapse
system by spin coating of mixed QDs. (a-iii) Pulse number-dependent photocurrent of the device. (a-iv) Contour mapping of the
photocurrent measured on each pixel of the array in RGB. [151] John Wiley & Sons.© 2022 Wiley-VCH GmbH. (b) Artificial human nose
devices. (b-i) Schematics of E-nose by metal-ion-induced assembly of rGO. (b-ii) Responses of rGO multi-arrays to VOCs. (b-iii) ANN
estimation of clinical EB analysis and ROC curve analysis for the ANN model using the E-nose system. Reprinted with permission from

[156]. Copyright (2020) American Chemical Society.

(PMMA) onto a Si wafer and the Ti/SiO, layer was depos-
ited via drop casting for electrode modifications (figure 6(a-
ii)). Four distinct lipid membranes, specifically engineered to
detect saltiness, sourness, astringency, and sweetness to mimic
natural taste sensing mechanism of human taste buds, were
applied onto their respective working electrodes via drop cast-
ing (figure 6(a-iii)). To evaluate the analytical performance
of each lipid membrane, responses to KCI (saltiness), tar-
taric acid (sourness), tannic acid (astringency), and sucrose
(sweetness) were elicited at various concentrations, measur-
ing the open-circuit potential. The calibration curves for each
sensor-taste interaction demonstrated a logarithmic propor-
tionality with the concentration of the respective taste solution
(figure 6(a-iv)). Figure 6(a-v) highlighted the high selectivity
of membranes in responding to their respective taste stimuli,
indicating effective taste discrimination [168]. Drawing on its
gustatory origins, the E-tongue specializes in detecting sub-
stances in fluids, making it particularly suited for the quality
management of food [169], where it is already finding applic-
ations in the industry [170]. Mirroring this, its development is

1

also making strides in the biopharmaceutical sector, especially
in the evaluation of oral pharmaceuticals [171].

Human auditory inspired sensors have advanced by mim-
icking the eardrum detection of vibrational energies and the
cochlea conversion of these vibrations into electrical impulses
[172]. This process, essentially transforming mechanical pres-
sure into electrical signals, capitalizes on the principles of
piezoelectricity [173, 174]. There has been significant pro-
gress in the development of implantable artificial auditory
devices for practical applications [175-177]. To address the
shortcomings associated with the surgical procedure of coch-
lear implants [178], such as the inconvenience of external
devices, high power consumption, and substantial cost [179,
180], recent researches have devised ABMs using Au nan-
ofilms formed via a sputtering system [7, 181, 182]. Gong
et al introduced an innovative approach for the fabrication
of an ABM by inducing point cracks in a distinctive vertic-
ally aligned AuNW film (figure 6(b-i)). This was achieved
through a dip coating process, where a PMMA coated silicon
wafer was submerged in an aqueous solution containing Au
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Figure 6. Artificial human tongue, ear, and finger devices based on printing of solution-processed nanomaterials. (a) Artificial human
tongue devices. Schematics of (a-i) operating mechanism and (a-ii) device configuration of E-tongue. (a-iii) Four unique lipids
corresponding to each of the four distinct tastes. (a-iv) Open-circuit voltage responses of the E-tongue to four tastes. (a-v) Selectivity of
lipid membranes for corresponding taste. Reprinted with permission from [168]. Copyright (2023) American Chemical Society. (b)
Artificial human ear devices. (b-i) Schematics of human ear with cochlea and dip coated NW-based ABM. (b-ii) Schematics of the printing
setup. (b-iii) Sensor resistance response, waveform, and STFT signals to a chirp signal. (b-iv) Acoustic-to-mechanical transfer function and
sensitivity for all sensor strips. (b-v) Resonance frequencies of the ABM and sensor output dependency on sound pressure level. [183] John
Wiley & Sons.© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Artificial human finger devices. (c-i) Schematics of
structure and sensing modes of E-skin. (c-ii) SEM images of E-skin surface at various stages of fabrication. (c-iii) The I-V curves of the
pressure sensor. (c-iv) Pressure sensing during loading/unloading cycles under different applied pressures. (c-v) Hysteresis curves of the
strain sensor. (c-vi) Strain sensing during repeated stretching and releasing cycles under varying degrees of applied strain. Reprinted with
permission from [188]. Copyright (2021) American Chemical Society.

seeds for a designated duration, facilitating the vertical align-
ment of AuNWs. To evaluate the performance of this device,
acoustic responses from sensor strips were meticulously recor-
ded, employing chirp sounds spanning 40 Hz — 3000 Hz
(figure 6(b-ii)). Typical resistance fluctuations, waveform

transformations, and short-time Fourier transform (STFT) sig-
nals revealed a significant resonant peak at 575 Hz, signify-
ing the resonance of the first harmonic mode (figure 6(b-iii)).
Within the 40 Hz — 3000 Hz range, each sensor strip of the arti-
ficial auditory device demonstrated selectivity and sensitivity
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to frequency bands corresponding to their lengths, as evid-
enced by measurements of the acoustic-to-mechanical energy
transfer function (figure 6(b-iv)). The consistency between
electrical and vibrometer outputs confirmed the precision of
resonance frequency measurements. Furthermore, employing
custom pure tone stimuli and modifying sound pressure levels
demonstrated the suitable dynamic range of the electrical
output of the devices (figure 6(b-v)) [183]. Modeled on the
human eardrum’s intricate structure, the ABM is extensively
researched for its potential in clinical implant (CI) [184], with
significant studies tailored to animal models to validate its
efficacy [185]. Beyond its biological implications, ABM’s util-
ity extends to robotics, showcasing its versatility and broad
applicability in both medical and technological domains [7].

Tactile sensation is mediated by specialized receptors:
thermoreceptors for temperature, nociceptors for pain, and
mechanoreceptors for pressure and tactile stimuli. Extending
beyond the tactile scope, photoreceptors and chemoreceptors
detect light and chemical stimuli, respectively [186]. Owing
to these features, artificial electronic-skin (E-skin) inspired
by human skin has advanced towards inherently flexible and
stretchable structures, evolving to detect temperature, pres-
sure, or both [14, 187]. Xu et al designed the stretchable mul-
timode E-skin by spray coating of AgNWs on the colorimetric
Si rubber substrate (figure 6(c-i)). Remarkably, this stretch-
able device retains its ability to accurately sense pressure,
strain, temperature, and voltage across four distinct modes
even with its inherent stretchability. Furthermore, it demon-
strates visual responses, transitioning in color from brown to
green, and ultimately to bright yellow. To mimic the surface
of human epidermis, the abrasive paper was employed as a
template. SEM images show the morphology of a micro pat-
terned Si rubber substrate on abrasive paper, the incorpora-
tion of thermochromic molecules, and AgNWs spray coated
onto the surface (figure 6(c-ii)). Upon applying different pres-
sures to the fabricated sensor, the current—voltage (I-V) curves
were measured, revealing that the slope of these curves was
proportional to the pressure (figure 6(c-iii)) and the electrical
response during repeated loading/unloading cycles demon-
strated excellent accuracy and reliability (figure 6(c-iv)). The
performance of the strain sensor was also evaluated, indicating
reversible properties through hysteresis curves that represent
electrical resistance under applied strain (figure 6(c-v)). The
compressive strain sensor exhibited stable and distinguishable
responses with excellent repeatability to different compress-
ive strains of 60%, 80%, and 90% (figure 6(c-vi)) [188]. Takei
et al fabricated a robust and reliable E-skin by parallel print-
ing semiconductor NWs via a stamping technique based on
evaporation assembly [189]. Zhang et al designed an E-skin
by fabricating a stretchable conductor through the patterning
of Ag nanoink [190]. As such, E-skin has made considerable
progress in materials development and device integration for
mechanically bendable and stretchable optoelectronics, broad-
ening its application to soft robotics and internet-of-things
devices [191].

6. Summary and outlook

Wide library of dimensions, materials, and printing techniques
has been successfully employed in five artificial sensory mim-
icry systems: vision, olfaction, gustation, audition, and tactile
perception. Given the need for sensitivity and integration with
large-area devices in artificial sensory systems, nanomateri-
als must be combined with solution-processing and printing
techniques. We have reviewed comprehensive process tech-
niques highlighting specific critical factors at each stage from
dispersion-purification to printing-assembly stages.

However, many challenging issues still remain with the
use of solution-processed nanomaterials for real-world arti-
ficial sensory system applications. First, ambient stability of
the materials is essential. During the exfoliation and disper-
sion processes, nanomaterials may expose surface defects and
rich functional groups [192—194]. While ambient oxidation is
relatively less significant in liquid dispersion, once they are
printed onto actual devices, the nanomaterials become directly
exposed to moisture and oxygen, making them prone to per-
formance alterations [195]. Thus, the artificial sensory devices
should maintain stable properties under the dynamic ambi-
ent conditions of moisture, oxygen, and temperature they will
encounter in real-world [196, 197]. Second, research should
focus on optimizing the printing process to minimize device-
to-device variation [198, 199]. Assisted assembly and 3D
printing, which predominantly utilize automated machinery,
generally exhibit low device-to-device variation. However,
evaporation-based assembly faces challenges in ensuring con-
sistent performance across various environments due to dif-
fering evaporation conditions [200]. Detailed optimization of
evaporation and coating processes is necessary to ensure users
can consistently rely on the same performance from each arti-
ficial sensory device [201]. Third, integration with Al-based
machine learning software is essential [202-205]. To pre-
cisely input the subtle range of stimulations handled by human
senses, accurate differentiation between signal and noise is
necessary along with essential tasks including abnormal detec-
tion and classification of multivariate data [203, 206, 207]. In
addition to hardware development that includes materials and
devices, there must be the development of high-performance
software tailored to complement it [208]. Finally, system
integration technology is crucial. It is not only the print-
ing and assembly of materials and devices that must be pre-
cisely integrated, but also the systems for data collection and
user monitoring. The design rules must be optimized for the
size, shape, and mechanical deformations of systems that are
tailored to specific sensations. Solution-processed nanoma-
terials have already achieved significantly high-performance
artificial sensory devices. If research in this field is more
focused on these remaining challenges using the state-of-the-
art solution-processing technologies reviewed in this paper,
we can truly enter an era of big digital transformation, where
it becomes feasible to transport the sensory information of all
live beings on the earth into the virtual world.
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