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Printable and flexible integrated sensing systems
for wireless healthcare

Kemeng Zhou,T Ruochen Ding,{ Xiaohao Ma and Yuanjing Lin @ *

The rapid development of wearable sensing devices and artificial intelligence has enabled portable and
wireless tracking of human health, fulfilling the promise of digitalized healthcare applications. To achieve
versatile design and integration of multi-functional modules including sensors and data transmission units
onto various flexible platforms, printable technologies emerged as some of the most promising strategies.
This review first introduces the commonly utilized printing technologies, followed by discussion of the
printable ink formulations and flexible substrates to ensure reliable device fabrication and system inte-
gration. The advances of printable sensors for body status monitoring are then discussed. Moreover, the
integration of wireless data transmission via printable approaches is also presented. Finally, the challenges
in achieving printable sensing devices and wireless integrated systems with competitive performances are

rsc.li/nanoscale

1. Introduction

Sensors play a crucial role in converting targeted analytes into
measurable electric signals, making them a vital tool in
medical care and health monitoring."® The rapid develop-
ment of a large library of functionalized sensors has enabled
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considered, so as to realize their practical applications for personalized healthcare.

the widespread utilization of wearable sensors over the past
few decades.”™® In addition, wireless transmission techno-
logies have evolved to achieve high-speed data transfer. The
most widely used wireless technologies for wearable sensors
are Radio Frequency Identification (RFID),"*"® Near Field
Communication (NFC),"*"”'® and Bluetooth.'®*° The combi-
nation of wearable sensors and wireless communication
modules enables pervasive sensing and interconnection of
physical objects via the wearable Internet of Things (IoT).*' >
Integrated wireless sensor systems are qualified to collect data
from subjects and the local environment and transmit them to
remote devices for further data analytics and visualization.>*?*
These systems have a range of applications in health monitor-
ing, environmental detection and artificial intelligence, bring-
ing great convenience to human life.

Printing technologies, including screen printing, roll-to-
roll (R2R) printing, inkjet printing and three dimensional
(3D) printing, have been widely adopted to realize wearable
sensing devices and antenna systems.?®** These printable
fabrication procedures provide the advantages of relatively
low cost, high throughput, and desirable compatibility with
various functional materials and platforms. For instance,
the antenna for near field communication (RFID) wireless
data transmission can be prepared on textiles, plastics, and
other substrates with versatile designs on antenna patterns
in a straightforward manner using printing technologies.
This approach enables the integration of wireless com-
munication modules into wearable devices, providing
new opportunities for real-time monitoring and data
transmission.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The most commonly adopted technologies and electronic configurations for printable sensing systems with wireless data transmission.
Screen printing. Reproduced from ref. 35 with permission from [Springer Nature], copyright [2020]. Roll-to-roll printing. Reproduced from ref. 36
with permission from [American Chemical Societyl, copyright [2018]. Inkjet printing. Reproduced from ref. 37 with permission from [John Wiley and
Sons], copyright [2019]. 3D printing. Reproduced from ref. 38 with permission from [Elsevier], copyright [2022]. Physical sensors. Reproduced from
ref. 39 with permission from [American Chemical Society], copyright [2019]. Chemical sensors. Reproduced from ref. 40 with permission from
[Elsevier], copyright [2020]. An RFID tag. Reproduced from ref. 41 with permission from [Springer Nature], copyright [2022]. An NFC label.
Reproduced from ref. 42 with permission from [John Wiley and Sons], copyright [2021].

This review focuses on recent research progress in printable
sensing systems with wireless data transmission (Fig. 1).
Section 2 provides an overview of printing technologies for
wearable electronics. Section 3 discusses the commonly uti-
lized printable materials and their unique properties, while
section 4 provides a summary of printable substrates as wear-
able platforms. Afterwards, section 5 presents the recent
advances in printable physical and chemical sensors and their
applications for smart sensing. In section 6, the design and
printable fabrication of antennas for wireless data trans-
mission are discussed, followed by the advances of integrated
wireless sensing systems for real-time and remote monitoring
presented in section 7. Finally, section 8 discusses challenges
and research prospects for printable sensing devices with wire-
less data transmission. The advances in printing technologies
provide a cost-effective and versatile approach for the fabrica-
tion and integration of sensors and multifunctional modules
for a wide range of applications, including healthcare, environ-
mental monitoring, and smart cities.

This journal is © The Royal Society of Chemistry 2024

2. Printable technologies for
integrated sensing systems

Printing techniques have been widely employed in device fabri-
cation and integrated systems for sensing applications.
Printable sensing systems can be designed for various plat-
forms with the attractive factors of versatile configuration, com-
patibility of different substrates and facile integration. This
section provides a summary of the major printing methods for
sensor devices, including screen printing, inkjet printing, R2R
printing, and 3D printing technologies. In general, each print-
ing method has unique properties, including printing speed,
resolution, ink viscosity, printed film thickness and substrate
adaptability. The selection of the appropriate printing method
depends on the specific requirements of device fabrication,
including the type of sensor, the substrate materials, and the
desired properties. Table 1 provides a summary and compari-
son of the key factors for different printing technologies.*®

Nanoscale, 2024, 16, 7264-7286 | 7265
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Table 1 Summary of the key factors for different printing techniques**~>°
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Screen printing R2R printing

Inkjet printing 3D printing

Resolution (pm) >50 >0.05

Printing speed (m  ~70 ~1000

min~?)

Mask Yes Yes

Substrate Flat Flat

geometry

Ink properties High viscosity and shear Low viscosity
thinning

Advantages Fast fabrication, low-cost, ~ High printing speeds
and high-throughput and high throughput

Disadvantages Low-resolution High cost and space

requirement

2.1. Screen printing

Screen printing is a popular printing process that uses porous
stencils to transfer ink onto a substrate. The screen, squeegee,
and substrate play key roles in the printing process. The prin-
table area of the screen, usually made of porous mesh fabric
and nylon, is always open, allowing ink to pass through, while
the non-printable area is blocked off by a hardened photosen-
sitive material.>®*">> The masks act as image carriers and ink
metering systems throughout the printing process, setting

(@)
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~1 ~4

No No
Irregular Irregular

Low viscosity, long-term
stability, and small particle
size

Precise control, low materials
waste, and low-cost

Nozzle clogging and limited
types of inks

Shear thinning, and low solvent
content

High aspect ratios and printed
layer thicknesses; 3D geometries
Relatively low resolution

minimum feature sizes and deposition thicknesses. As shown
in Fig. 2a, the printing inks are pressed down onto the sub-
strates through the masks under squeegee pressure.>®

Without strict requirements on the physical and chemical
properties of the printing materials, screen printing provides
superior compatibility for device fabrication on different flex-
ible platforms. It is a versatile technology that can be used for
large-scale production on different substrates, including
fabrics and polymers. It is suitable for printing materials with
high concentrations or large particle sizes. It serves as one of
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Fig. 2 Printing technology of sensors. (a) Schematic demonstration of screen printing. Reproduced from ref. 53 with permission from [Elsevier],
copyright [2016]. (b) R2R gravure printed electrochemical sensors. Reproduced from ref. 36 with permission from [American Chemical Society],
copyright [2018]. (c) Continuous inkjet printing (l) and drop-on-demand inkjet printing (thermal inkjet (Il) and piezoelectric inkjet (lll)). Reproduced
from ref. 66 with permission from [American Chemical Society], copyright [2020]. (d) Direct 3D printing of sensors on pig lungs. Reproduced from
ref. 81 with permission from [American Association for the Advancement of Science], copyright [2020].
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the most affordable and facile methods for preparing conduc-
tive electrode patterns and functional layers. Thus, it has been
widely adopted for fabricating devices based on layer-by-layer
thin-film architectures, such as sensors, batteries and opto-
electronics. However, the disadvantages lie in the relatively
high material waste and low patterning resolution, which limit
the device performance enhancements, especially for those
that require minimized patterning line width/interspaces and
highly precise control of the film thickness. Besides, since it
requires masks for patterning, and direct contact between the
applied masks and printed layers is unavoidable, the construc-
tion of high performance sensing devices with strict require-
ments on the printed film quality and functional layer inter-
faces can be limited.

2.2. R2R printing

R2R printing is a typical solution-based process applied to
large-scale and mass manufacturing of devices. It employs
additive and subtractive processes to fabricate structures with
high throughput and low cost.>’**> Among different types of
R2R printing processes, gravure and flexographic printing are
two of the representative technologies to achieve high-through-
put patterning.

In gravure printing, printed patterns are firstly constructed
on the surface of the gravure cylinder in the form of an
engraved intaglio grid, which is then directly transferred to
substrates by physical contact ink deposition.’®”” It allows
pattern reproduction with variable depth and size, providing
compatibility for a variety of substrates. In flexographic print-
ing, functional inks are transferred to the anilox roller, fol-
lowed by the removal of excess ink in the non-image area by
blades. In this way, the pattern can then be completely trans-
ferred to the flexographic printing plate.>” Compared to screen
printing, R2R printing exhibits higher printing speeds, resolu-
tion, and fabrication reproducibility. Thus, it enables large
scale and high-throughput patterns and device manufacture.
For instance, Javey and Cho et al. demonstrated R2R gravure
printing of electrodes on flexible substrates in a scale of up to
150 m. The as-printed electrodes showed remarkable consist-
ency in conductivities, which can then be functionalized into
sensors with reproducible performances for promising appli-
cations in health monitoring (Fig. 2b).*® Lee et al. manufac-
tured comb-structured acceleration sensors on PET in a scal-
able fashion by R2R gravure printing. The sensors are based
on sandwich device architectures including the Ag bottom
electrode, the barite barium sulfate (BaSO,) dielectric layer
and the Ag top electrode. To avoid the stiction problem, the Ag
top electrodes were printed on the water-soluble PVP sacrificial
layer and then transferred on top of the dielectric layer.>® Javey
et al. achieved electrochemical sensors with remarkable per-
formance reproducibility for wearable and medical devices via
R2R printing.>®

2.3. Inkjet printing

Inkjet printing is a non-contact printing technology that can
be categorized into two main methods: continuous inkjet

This journal is © The Royal Society of Chemistry 2024
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printing (CIJ) and drop-on-demand (DOD) inkjet printing
(Fig. 2¢).°°"°® During CIJ printing, the nozzles continuously
produce droplets, while in DOD inkjet printing, droplets are
only ejected when the appropriate signal is received. DOD
inkjet printing can generate pressure pulses that control the
formation and ejection of inks.

To achieve the precise control of ink jetting during DOD,
thermal and piezoelectric cartridges are commonly adopted.
In thermal inkjet printing, the inks are heated by a heating
element, which results in bubble formation followed by rapid
expansion and collapsion.®” The bubble explosion creates the
driving power that ejects the ink from the nozzle.®**>°®
However, the high temperature process limits the choice of
printing materials and substrates, and can also affect the
printing stability and device performance. In contrast, piezo-
electric inkjet printing applies voltage pulses to a piezoelectric
actuator, which deforms the actuator and causes the nozzle to
eject droplets.®®>%%7° By changing the pulse pressure, piezo-
electric inkjet printers can realize the desirable precise control
of the droplet speed. Normally the cartridges for inkjet print-
ing allow droplets in the volumes of 1 pL to several tens of pL.
Thus, piezoelectric inkjet printing exhibits desirable form
factors of high patterning resolution, precise materials mass
loading, enhanced ink stability and low pollution. Thus, it has
been widely adopted for the fabrication of micro-sensors, in
which high resolution electrodes and precise control of func-
tional materials’ mass loading play a critical role in ensuring
high sensing performances. However, the printing speed can
be relatively low compared to other methods, and thus might
not be preferred for industrial level applications. Besides, to
avoid nozzle clogging issues, it requires efforts on the syn-
thesis of inks with rational optimized viscosity, high stability
and uniform particle size. For instance, it normally requires
low-viscosity inks with small particle sizes to ensure smooth
printing, which to some extend limits the material’s compat-
ibility, such as nanowires and 2D materials.

2.4. 3D printing

3D printing is another type of drop-on-demand process in
which materials are printed layer by layer in an additive
manner based on digitally controlled material deposition. It
has become increasingly popular for the fabrication of sensors
attributed to its advantages of low material waste, mass fabri-
cation, versatile customization, rapid prototyping, and facile
procedures.”"”> Among different types of 3D printing, direct
ink writing (DIW), fused deposition modeling (FDM), selective
laser sintering (SLS), stereolithography (SLA) are the most com-
monly adopted strategies.”>”’® Typically, DIW refers to the
direct extrusion of a fluid material through a nozzle to form
the desired shape, while FDM involves melting and extruding
a thermoplastic filament through a nozzle to form the desired
shape. Polymers and composite inks with high viscosities or
that can be pre-synthesized into solid-state filaments are
mainly utilized. To further broaden the material library for
functional device construction and geometry resolution, laser-
assisted 3D printing methods are introduced. SLS utilises

Nanoscale, 2024, 16, 7264-7286 | 7267
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lasers to sinter powdered materials such as metals and poly-
mers to form the desired shapes, while SLA realizes light sensi-
tive materials that solidify a liquid layer by layer.

Attributed to the facile and versatile construction of irregu-
lar architectures, a variety of integrated sensing devices have
been demonstrated.””””® For example, Kim and co-workers
developed 3D-printed flexible sensors for ion sensing inte-
grated into a flexible microfluidic patch for wearable sweat
sensing.®® Moreover, 3D printing allows direct device fabrica-
tion on non-planar substrates, such as biological surfaces.
Recently, McAlpine et al. realized in situ 3D-printed sensors on
porcine lungs for tissue surface deformation mapping based
on electrical impedance tomography. Such an adaptive 3D
printing approach provides an innovative strategy to construct
implantable medical devices (Fig. 2d).5!

3. Formulas of printable inks for
sensing devices

The printable inks used for preparing sensors and integrated
devices typically consist of solvents, functional micro/nano
materials, conductive fillers, binders, and additives.®®**# The
solvents contribute to dissolving or dispersing active com-
ponents and modifying the ink viscosity, while the binders
minimize the intermolecular interaction between fillers,
improving their stability and shelf life. Additives help prevent
nanoparticle agglomeration, ensuring a smooth printing
process. The functional conductive fillers largely affect the ink
conductivity, which is one of the most critical factors for the
performance enhancement of the printed devices. It is worth
mentioning that the printable ink formula, especially the com-
position of functional materials and solvents, may differ
widely depending on specific applications. For most printed
sensors and integrated systems, decent conductivities of elec-
trodes and interconnects are highly desirable to ensure elec-
tron transfer. Therefore, the most commonly used conductive
fillers, including metal, carbon-based and conductive polymer
materials, will be discussed in this section.

3.1. Metallic inks

Metal inks are a popular choice for printed electrode contacts
and interconnects due to their relatively higher electrical con-
ductivity when compared to other types of inks.®* There are
various commercially available metallic-based inks based on
silver (Ag), gold (Au), and copper (Cu), while the ink formulas
can directly affect the electrical and mechanical properties of
the printed sensor systems.

Ag. Ag-based inks are a popular choice for the conductive
layer of sensors due to their excellent electrical conductivity
and cost-effectiveness.’> Silver nanoparticles (Ag NPs) and
silver nanowires (Ag NWs) are the two typical materials used in
silver-based inks.®*"®® Ag NP inks are one of the most commer-
cially available printing materials mainly due to their ease of
synthesis and can be formulated into a variety of rheological
properties. It has been widely adopted for inkjet printing,
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screen printing and R2R printing. The as-printed conductive
electrodes might encounter decreased conductivity resulting
from the loss of contact among the particles, especially under
repeating bending. Thus, to realize highly conductive and flex-
ible electrodes, Ag NWs are preferred. Xu et al. presented com-
posite electrodes composed of inkjet-printed Ag NWs and
PDMS. The optimized normalized resistance change of this
stretchable electrode was as low as 4.67% in a 50% stretching
test cycle.®” One of the main challenges in the manufacturing
process of silver inks lies in the aggregation of silver NPs and
NWs into large particles. To prevent aggregation, stabilizers
and binders are usually adopted in the optimized ink for-
mulas. While for Ag NWs with high aspect ratios, it is more
difficult to achieve uniform dispersion.®®°° Another effective
method can be ink sintering after printing to remove aggre-
gated nanoparticles and nanowires so as to ensure continuous
electron transfer and enhance the device performance.®®°™*

However, most of the flexible substrates cannot withstand
high temperature processing. Research efforts have been
devoted to investigating the potential methods to print Ag pat-
terns with desirable conductivity without high temperature
annealing.”®> Wu et al. developed Ag nanodendrites with a
specific branching structure for printable inks (Fig. 3a).”® The
branching structure can form an interconnected network and
allows sintering at a relatively low temperature of 80 °C to
achieve high conductivity. This method would inspire the fab-
rication of printed sensors and integrated systems in a cost-
effective and time-efficient manner, while minimizing the risk
of flexible substrate damage.

Au. Despite being one of the most expensive conductive
materials, Au exhibits excellent conductivity and chemical
stability. In printable inks, Au conductive fillers can be engin-
eered into typical morphologies such as nanoparticles, nano-
spheres, and nanowires.

The species and concentrations of reducing agents can
affect the size, shape, and yield of gold nanoparticles.”"> It
has been reported that starch molecules can be hydrolyzed to
control further growth and produce gold nanoparticle solu-
tions with controllable and stable sizes. The starch solution is
heated and hydrolyzed in sodium hydroxide (NaOH) to activate
its reducing end, which reduces the Au ions in the solution to
Au’.>>%° Based on this approach, Enriquez et al. realized stable
and high yield synthesis of Au NPs by fine-tuning the size of
starch granules, coupled with microwave-assisted synthesis
(Fig. 3b).”> Another classic approach to prepare Au fillers with
controllable morphologies is the seed-mediated growth
method, in which Au®* ions are normally reduced by sodium
citrate.”” Mazali et al. adopted the seed-mediated approach for
preparing Au nanosphere colloids with high uniformity.

To reduce the cost, Au-based composite inks provide
alternative choices. He et al. recently developed a convenient
method for growing highly conductive gold nanowires on
carbon nanofibers (CNFs).°® By regulating the reduction kine-
tics of Au(u) precursors and preventing nanoparticle fusion,
Au nanocrystals undergo monomer-by-monomer attachment
of Au (0) monomers onto the facets of Au crystals, resulting in

This journal is © The Royal Society of Chemistry 2024
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transforms the metal ink into a metal structure at low temperatures. Reproduced from ref. 37 with permission from [John Wiley and Sons], copyright
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biocompatible CNT ink stabilized by sustainable silk sericin. Reproduced

from ref. 117 with permission from [John Wiley and Sons], copyright [2020].

the formation of a single-crystalline structure on CNFs. The
resulting Au NW/CNF inks also show remarkable conductivity
and stability for printable device fabrication.

Cu. Due to the relatively lower cost, copper nanoparticles
can serve as a substitute for silver and gold nanoparticles.
However, environmental oxygen exposure during storage,

This journal is © The Royal Society of Chemistry 2024

printing and sintering can cause rapid oxidation of copper
nanoparticles, hindering their wide applications in printed
materials.

To address this issue, the oxidation resistance of Cu NPs
can be improved by isolating the copper core from oxidizing
substances with an oxidation-proof shell.”*™*°* Jeong et al

Nanoscale, 2024, 16, 7264-7286 | 7269
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enhanced the chemical resistance of Cu NP particle mem-
brane-based electrodes by covering the surface of Cu NPs with
a Ni protective shell.'>* The electrical conductivity and oxi-
dation resistance of the Cu@Ni electrode were improved by
varying the thickness of the Ni shell. In addition to the Cu-Ni
core-shell structure, the Cu-Ag core-shell structure has also
been synthesized to prevent the oxidation of Cu particles.'®

In general, the metal nanoparticles have a high particle
density and surface free energy, which can lead to ink agglom-
eration. Thus, it is a common practice to apply stabilizers to
prepare homogeneous inks.>” Alternatively, particle-free inks
with better storage stability might need to reduce the precur-
sors to metals by thermal annealing after the printing process.
However, the annealing could potentially deform the
substrate.*®'% To tackle this challenge, Zorman et al. have
developed an inkjet printing technique that uses particle-free
inks made from inorganic metal salts. These inks are trans-
formed into metallic structures by nonequilibrium plasma at
low temperatures (138 °C), as depicted in Fig. 3c.>” Electrons
from the plasma or secondary electrons released from the thin
film reduce the metal cations to crystallize the metal. When
metal salts are dissociated in the presence of ions, metal
cations become available.

3.2. Carbon-based materials

Carbon-based materials, particularly graphite, graphene, and
carbon nanotubes (CNTs), provide considerate and tunable
conductivity, as well as superior chemical stability. Thus, tre-
mendous research efforts have been devoted to the develop-
ment of carbon-based ink formulas for multi-functional prin-
table electronics.

Graphene. Graphene as a two-dimensional carbon material
serves as a widely utilized ink substance for developing
printed electronics due to its high electrical conductivity,
chemical and thermal stabilityy, and mechanical
robustness.'” "% The most commonly used methods to
prepare printable graphene inks are liquid phase exfoliation
(LPE) and electrochemical exfoliation.''®''* However, these
methods have limitations, such as low productivity, long fabri-
cation time, and low graphene concentration."'>'"?

To address these issues, hydrokinetic-based graphite exfo-
liation methods were applied to directly exfoliate graphite
using suitable solvents and water to produce defect-free gra-
phene sheets with large lateral dimensions.''*''* Based on
such scalable hydrodynamic strategies, Choi et al. developed a
conductive ink based on defect-free graphene with a high-con-
centration of 47.5 mg mL™' (Fig. 3d).""® Besides, electro-
chemical exfoliation is also a commonly adopted method for
preparing graphene. Parvez et al. recently demonstrated a
water-based inkjet printable ink made from electrochemically
exfoliated graphene (ECG) in a time-efficient manner.'*® The
inkjet printable inks containing more than 75% monolayer
and multilayer graphene flakes were achieved using a core
electrochemical stripping method. Two graphite foils as the
anode and cathode were biased at a direct current (DC) voltage
of 10 V for stripping in a 0.5 M (NH,),SO, electrolyte. These
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methods contribute to the synthesis of high-quality graphene
inks for printed electronics.

CNTs. CNTs are one-dimensional materials in the specific
structure of concentric circular tubes with several to tens of
carbon atom layers. However, CNTs are difficult to disperse in
the liquid phase due to solid n-n interactions, leading to
dense aggregation.

By introducing functional groups to the CNT surface or as
reaction sites for subsequent modifications, CNTs can be dis-
persed in water and organic solvents with improved uniform-
ity. Zhang et al. used silk sericin as a stabilizer to prepare
stable and biocompatible CNT inks (Fig. 3e)."*” The formation
of sericin-CNT hybrids with a core-sheath structure modifies
the surface properties of CNTs and stabilizes their homo-
geneous dispersion. The prepared inks deliver decent compat-
ibility to various printing methods and substrates. Mariatti
et al. prepared stable and environmentally friendly water-based
inks by dispersing multi-walled carbon nanotubes (MWCNTS)
in an aqueous solution with the help of biopolymer surfac-
tants Gum Arabic (GA)."*® The hydrophobic tail of GA adsorbs
on the surface of MWCNTSs, and the hydrophilic end extends
into the water. Thus, the barrier between nanotubes can be
formed to reduce aggregation.

In summary, carbon-based materials offer desired electrical
conductivity and chemical inertness, enabling wide appli-
cations in composite ink formulas to construct printed electro-
des for a variety of sensors.

3.3. Conductive polymer materials

Conductive polymers are another commonly adopted material
for sensor fabrication due to their feasibility for preparing
various printable formulations and functionalization via
doping. Among various conductive polymers, poly(3,4-ethyle-
nedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), and
polyaniline (PANI) are two of the most commonly utilized
materials in the construction and design of flexible and
stretchable electrodes. Given their desirable biocompatibility,
and electrical conductivity, together with reliable mechanical
and electrochemical stability, a variety of printable inks for
flexible sensing device and system fabrication have been
I.eported.50,119—122

PEDOT:PSS. PEDOT:PSS consists of positively charged
PEDOT coupled with the negatively charged insulator PSS poly-
electrolyte. The PSS groups contribute to the increased charge
carrier density of PEDOT, and the hydrophilicity of PSS stabil-
izes the dispersion of PEDOT chains in aqueous solutions."*?
Shapter et al. demonstrated an approach to achieve high-
resolution and scalable printing of PEDOT:PSS via R2R print-
ing."** The homogeneous PEDOT:PSS ink was prepared using
a water/ethanol/solvent mixture to facilitate ink patterning and
ensure high conductivity. Shao et al. employed screen printing
to fabricate strain-humidity sensors with natural rubber latex
(NRL) and PEDOT:PSS (30 wt%) composite inks.'>®> The strain
sensor demonstrated reliable performance under 10% strain
for 500 cycles, making it applicable for monitoring various
body movements. Simultaneously, the humidity sensor dis-
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played a response time of 0.72 seconds and a detection range
spanning from 6% to 83%, rendering it suitable for tracking
human respiration and respiratory frequency. Du et al. also
prepared a screen printing ink for strain sensor fabrication by
incorporating 20 wt% PEDOT:PSS into PDMS."*® The strain
sensor for monitoring the movement of body joints can
endure 10 000 cycles at 30% strain. Apart from these, PEDOT-
based inks have been used for conductive interconnects for
multi-functional device/chip integration.'?”*3°

PANI. PANI provides the attractive properties of tunable elec-
trical conductivity and multiple oxidation states, which make
it popular especially for electrochemical device fabrication.
PANI exhibits three structures based on different oxidation
states, namely the leucoemeraldine base (LEB) form, emeral-
dine base (EB) form and pernigraniline base (PAB) form. The
LEB represents the completely reduced state and appears
white. The EB represents the semi-oxidized state and shows
green. The PAB represents the fully oxidized state and turns
darkish."*' One of their most frequent applications is for pH
sensing.’**'* For instance, Monsalve et al. demonstrated a
PH sensor based on screen printed carbon electrodes functio-
nalized with inkjet printed PANI for sweat analysis. The sensor
exhibited a sensitivity of 69.1 mV pH™' that fits with the
Nernst equation.’®® Gabriel et al. proposed an ink formulation
consisting of a PANILPSS/(polypyrrole) PPy:PSS mixture and
utilized inkjet printing to deposit the ink onto Au-phthalo-
cyanine electrodes for pH sensors.'®” The interaction between
PANI:PSS/PPy:PSS and Au-phthalocyanine resulted in the for-
mation of delocalized = regions, enhancing the electron mobi-
lity and increasing the sensor performance. The pH sensor
demonstrated a wide linear response range from pH 3 to 10,
showcasing a remarkably high sensitivity of 81 mV pH ™.

4. Flexible substrates for printable
electronics

One of the most attractive advantages of printable electronics
lies in their capability to various flexible substrates. To realize
high-performance electronics, it requires careful matching of
printing techniques, printable inks and rationally modified
surface properties of the flexible substrates. In this section,
recent advances in preparing printable sensors on different
flexible substrates and platforms will be discussed.

4.1. Polymer substrates

Flexible substrates based on polymers such as polyethylene
terephthalate (PET), polyimide (PI) and stretchable elastomers
are the most widely adopted platform for flexible and wearable
electronics. This is mainly due to their relatively smooth
surface morphologies and tunable properties for precise
pattern printing, as well as excellent robustness and
deformability.

Printable sensors for temperature, pressure, and electro-
chemical analyte monitoring have been well developed on PET
substrates. For instance, Javey et al. realized high-throughput
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fabrication of sensor electrodes, microchannel patterned
spacers and packing layers based on PET substrates by com-
bining R2R printing and laser cutting. By stacking the three
layers vertically, sweat sensing patches can be prepared in a
facile manner (Fig. 4a).° The prepared microfluidic sensor
patch can be applied to real-time monitoring of the sweat rate
and analytes such as sodium, potassium and glucose, which
can provide critical information for personalized healthcare.
While the fabrication strategies for printable sensors and
systems on PET are quite mature, the flexible patches suffer
from non-stretchable and less conformal contact with skin.

Stretchable elastic substrates provide enhanced mechanical
stability to withstand deformation and improved skin contact
comfort, which are particularly desired for E-skin sensing
applications. Among various elastic substrates, polydimethyl-
siloxane (PDMS) with excellent flexibility, chemical resistance,
and heat resistance emerges as one of the popular choices. It
also shows good compatibility with different printing methods
and inks, enabling versatile electrodes and sensing array fabri-
cation. For instance, piezoresistive strain sensor arrays with
high sensitivity can be prepared on an R2R patterned stretch-
able PDMS-Ag substrate with inkjet printed CNTs as sensing
layers (Fig. 4b)."*® Wang et al. prepared PDMS-based sensors
for wearable electrocardiography (ECG) and photoplethysmo-
graphy (PPG) through inkjet printing, which can clearly detect
the pulsating nature of blood in the tissue.'®”

Apart from these, other polymer-based substrates, includ-
ing polyimide (PI), thermoplastic polyurethane (TPU),"*° and
Kapton,'*® have also been utilized as flexible platforms for
printable sensors. For instance, ultra-thin and adhesive com-
mercial medical tapes can serve as skin-conformable sub-
strates for sensor integration. These medical tapes are nor-
mally made of a thin polyurethane (PU) film coated with an
acrylic adhesive and can be seamlessly applied on the human
skin. By using aerosol jet printing to allow lower temperature
sintering of the silver nanoparticle ink, Yeong et al. prepared a
wearable strain sensor on such medical tapes to realize
efficient capture of strain response signals from the body
(Fig. 4c).""* The printed sensors exhibit remarkable stability
during repeated bending and stretching, which shows promis-
ing potential for remote clinical applications.

4.2. Textiles

Textiles are considered as one of the competitive candidates
for skin-friendly sensing devices due to their flexibility and
permeability with superior wearing comfort. Textiles are typi-
cally categorized into fibers, yarns, and fabrics. Fibers, with
high length to diameter ratios, can be twisted to form threads
or yarns.'** Fabrics are defined as layered structures of fiber
materials made from yarns, utilizing techniques such as
weaving and knitting. Various conductive materials, including
metals, conductive polymers, and carbon materials, have been
employed to produce conductive fibers, which can then be
further functionalized into sensing devices. To prepare textile-
based sensors in a printable manner, screen printing is the
commonly adopted approach. Mao et al. prepared e-textiles
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Fig. 4 The substrate of the print sensor. (a) The sweat sensor is fabricated on the PET substrate by R2R printing. Reproduced from ref. 59 with per-
mission from [American Association for the Advancement of Sciencel, copyright [2019]. (b) R2R printing technology prepares a highly sensitive
piezoresistive strain sensor on a PDMS substrate. Reproduced from ref. 138 with permission from [American Chemical Society], copyright [2021]. (c)
Wearable strain sensor on a medical bandage. Sensors based on medical bandages have good stability in 700 cycles of repeated bending and
stretching. Reproduced from ref. 141 with permission from [American Chemical Society], copyright [2019]. (d) Screen-printed preparation of a multi-
responsive fabric sensor with photochromic and thermochromic capabilities. Reproduced from ref. 35 with permission from [Springer Nature], copy-
right [2020]. (e) Screen-printed washable tribo-sensors on textiles for intelligent human—machine interactions. Reproduced from ref. 143 with per-
mission from [American Chemical Society], copyright [2018]. (f) The high-sensitivity paper temperature sensor can be carried as a bar thermometer.
The sensor is suitable for the human body’s wearable health monitoring. Reproduced from ref. 144 with permission from [Elsevier], copyright
[2020].

with photochromic, thermochromic, and ammonia sensing
functionalities by screen-printing a viologen polymer made
from cyclotriphosphazene onto cotton textiles (Fig. 4d).*
While screen printing provides a facile and scalable strategy
to prepare sensors on textiles, it is found that the printed
dense layers would sacrifice the air and moisture permeability
of the textiles. Moreover, the relatively high viscosity of screen
printing inks could bind the fibers into bundles and lead to
cracks or materials delamination with mechanical interfer-
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ences. Utilizing active materials to form interaction with the
fibers can be a promising approach to realize e-textiles with
mechanical stability under harsh deformation or even the
washing process. Wang et al. demonstrated screen printed tri-
boelectric touch/gesture sensing textile based CNTs
(Fig. 4e)."*® Due to the interaction between CNTs and fiber net-
works, the e-textiles display desirable sensitivity for intelligent
human-machine interfacing application, while maintaining
permeability and washability.
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Another concern for printable sensor fabrication on textiles
lies in the limited patterning resolution mainly due to the
capillary effects along the rough fiber surfaces and networks,
which hinder device miniaturization and integration with
microelectronic modules. It remains a challenge to achieve
high-resolution and versatile pattering on textiles while main-
taining their permeability and flexibility. Recently, Ma and co-
workers reported a monolithically integrated in-textile sensing
wristband by combining polymer-assisted metal deposition
and the optimized lithography method with printed masks.'?
The developed integrated system in a single piece of textile
consists of multifunctional modules, including the ion-selec-
tive sensor, signal processing circuit and Bluetooth wireless
transmission, so as to realize epidermal sweat biosensing. The
proposed strategy would provide a new perspective for textile
sensing bioelectronics.

Overall, textiles offer a skin-friendly flexible platform for
sensing devices with their original porous structure, per-
meability, and wearing comfort. To realize practical appli-
cations in wearable fitness monitoring and point-of-care
healthcare, research efforts are expected to further enhance
the patterning resolution and reliable encapsulation. Thus,
e-textiles could exhibit competitive electrical conductivity,
mechanical robustness and waterproofness compared to other
flexible devices.

4.3. Paper-based substrates

Paper has the advantages of low price, light weight, biodegrad-
ability, and recyclability. Most importantly, its surface rough-
ness lies between polymers and textiles which makes it the
most widely used platform for printing with a long
history.'**'*> Lee et al. prepared sensors on paper that can
simultaneously measure relative humidity, temperature, and
compression bending through inkjet printing."** This high-
sensitivity temperature sensor is suitable for use in smart
packaging labels and disposable biosensors, and can also be
carried around as a band thermometer (Fig. 4f). Impressively,
the paper-based sensor shows a temperature sensing sensi-
tivity of up to 658.5 Q °C™". The research advances in paper-
based printable electronics will no doubt contribute to the
wide applications of cost-effective and disposable sensors,
especially for clinical quick tests.

However, papers normally cannot withstand stretching/
twisting, and could have severe deformation with moisture/
liquid. Therefore, rational packing designs are necessary for
practical uses.

5. Printable sensors for bio-signal
acquisition

With proper matching of printing methods, functional inks
and flexible substrates, multifunctional sensors for bio-signal
acquisition can be constructed in versatile designs. Similar to
sensors prepared in conventional methods, printable sensors
can also be categorized into physical and chemical sensors.

This journal is © The Royal Society of Chemistry 2024
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5.1. Physical sensors

Physical sensors are devices that utilize specific physical
phenomena to convert the physical quantities being measured
into electrical signals. The linear correlation between the input
and output signals can be used for signal decoding. In this
section, we will mainly discuss pressure, strain and tempera-
ture sensors, which are the most widely frequently reported
printable sensors.

Pressure sensors can be applied for human activity tracking
which can be estimated with the regional pressure and strain
variations. 3D-printed hydrogel pressure sensors have been
extensively researched due to their ease of preparation, excel-
lent sensitivity, and mechanical strength. Guo et al. utilized a
hydrogel with a self-healing function to create a 3D-printed
sensor capable of monitoring human movement (Fig. 5a)."*
The hydrogel exhibited excellent self-healing function, remark-
able stretchability, and stable recovery characteristics. Apart
from the unique self-healing properties, other attractive factors
of hydrogel sensors include biocompatibility, while the water
loss could affect the sensor stability. Thus, skin-friendly and
moisture-absorbing 3D-printed hydrogel pressure sensors that
prevent water loss and preserve its performance are highly
desirable. Yin et al. designed an ionic conductor through 3D
printing (Fig. 5b)."*” The highly transparent, stretchable, and
elastic hydrogel was then transformed into a capacitive sensor
capable of detecting pressure and strain.

Another practical application of flexible pressure sensors is
for health monitoring such as pulse sensing. The pulse wave-
form includes shock waves (P waves), tidal waves (T waves),
and diastolic waves (D waves). Flexible pressure sensors
applied onto human skin can extract the output variation
under different pulse waves from deep tissues and distant
sites, such as the digital artery and dorsalis pedis artery.'*®'*°
Due to the relatively small pressure signals generated by
pulses, highly sensitive pressure sensors are required. Cheng
et al. developed a pressure sensor with a fast response time
and high sensitivity by combining inkjet printed Ag NP electro-
des and conductors using a special pyramidal microarray
structure (Fig. 5c).*° The pressure sensor can detect arterial
pulses and is suitable for wearable bio-diagnostics and
therapy. Changes in deformation and pressure alter the
contact area between the conductor and the printed electrodes
of the pyramidal structure, resulting in a distinct signal
response.

Apart from pulse sensing, motion tracking is another key
application for flexible and printable sensors. Strain sensors
can monitor the structural strain changes during human
activities. For example, Tokito et al. fabricated a fully printed
flexible strain sensor based on ferroelectric polymers. The
sensor was utilized for wearable bending sensing on human
fingers."® Zhang et al. patterned flexible strain sensors using
MWCNTs/PDMS composite ink through screen printing. The
printed sensors exhibited a high gauge factor of 1.55, demon-
strating excellent linearity of up to 100% deformation. The
sensors showcased robust sensing stability, and rapid dynamic
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Fig. 5 Printable physical sensors for human activity and health monitoring. (a) The self-healing hydrogel is used to prepare a pressure sensor that
can monitor human movement through 3D printing. Reproduced from ref. 146 with permission from [American Chemical Society], copyright [2019].
(b) A high-sensitivity ion skin sensor was designed by 3D printing. Reproduced from ref. 147 with permission from [Royal Society of Chemistry],
copyright [2019]. (c) Pressure sensor based on inkjet printed Ag NP electrodes and a special pyramid microstructure. Reproduced from ref. 39 with
permission from [American Chemical Society], copyright [2019]. (d) Fully printed temperature sensor with a wide sensing range. Reproduced from

ref. 153 with permission from [Springer Nature], copyright [2020].

response, enduring over 4000 strain cycles without degra-
dation. These strain sensors are employed in wearable elec-
tronic devices for applications such as motion detection, exer-
cise and rehabilitation training, as well as structural health
monitoring."*’

Temperature sensors fabricated via printing methods have
also gained widespread attention due to the soaring demand,
especially during the pandemic. Huang et al. proposed a strat-
egy for the direct synthesis of molybdenum disulfide (MoS,)
patterns on a polymer substrate using inkjet printing. The pat-
terned MoS, serves as a temperature sensor for accurate epi-
dermal temperature tracking.'>> Wang et al. developed a fully
printed temperature sensor with a detection range of 25 °C to
50 °C and remarkable humidity stability (Fig. 5d).'>* The
addition of a (3-glyceroyloxypropyl) trimethoxysilane (GOPS)
crosslinker and fluorinated polymer passivator (CYTOP) sig-
nificantly improved the humidity stability and temperature
sensitivity of the PEDOT:PSS base membrane. By integrating
printed sensors into the printed flexible hybrid circuit, real-
time body temperature monitoring was achieved in a stable
and reliable manner.

5.2. Chemical sensors

Chemical sensors are typically used for gas detection and bio-
marker analysis and convert analyte concentrations into quan-
tified current or voltage signals.'>® Chemical sensors have
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been widely applied in clinical medicine, environmental moni-
toring, biotechnology, the food industry and agriculture.>">>

Printable fabrication of chemical sensors can provide the
desirable scalability, reproducibility and -cost-effectiveness,
especially for disposable rapid biosensing strips. One of the
most widely adopted printed platforms for chemical detection
in liquid samples is the screen printed three-electrode PET
patch. It normally consists of two carbon-based patterns as
working and counter electrodes, and one Ag pattern serves as
the reference. One of the carbon-based electrodes can be func-
tionalized with bio-receptors and other active materials so as
to achieve selective and sensitive analyte detection.

A variety of printable chemical sensors for on-site rapid
drug sensing, such as fentanyl, have also been reported on
screen printed platforms, which can be prepared in a scalable
manner (Fig. 6a)."°° In another work, Wang et al. presented a
wearable electrochemical sensor device for rapid on-site saliva
testing (Fig. 6b)."° The device included shared counter and
reference electrodes, and two printed selective sensing electro-
des for dual analyte detection. Both THC and alcohol can be
detected in saliva samples within three minutes with the prin-
table sensing patch, demonstrating their potential applications
in roadside driver screening.

Nevertheless, printable sensors normally exhibit non-com-
petitive sensitivity and stability. One of the main reasons is
limited surface areas with printed layers in the thin film mor-
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Saliva sensing patch for on-site THC and alcohol dual analyte detection. Reproduced from ref. 40 with permission from [Elsevier], copyright [2020].
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chemical/colorimetric signals simultaneously. Reproduced from ref. 157 with permission from [Elsevier], copyright [2019]. (d) MXene-based screen-
printed electrodes with a dialysis microfluidic chip for blood analytes monitoring without extra pretreatment. Reproduced from ref. 158 with per-
mission from [John Wiley and Sons], copyright [2018]. (e) Inkjet printing of a PEDOT:PSS thin film with FeCls additives for high performance
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phology. It fails to facilitate interaction between analytes and
sensitive materials, and the rapid charge accumulation at the
interfaces would also lead to signal drifting. The other poss-
ible reason is that printed dense films can be easily delami-
nated especially in liquid sample analysis, which leads to
device failures. Thus, it requires efforts to develop printable
sensors with high sensitivity and stability for reliable and con-
tinuous sensing, such as portable contamination detection
and wearable healthcare.

Researchers have proposed innovative printable strategies
to combine with nanomaterials as to construct sensing devices
for real-time and continuous biomarker monitoring with high
accuracy and reliability. For example, Lu et al. successfully
designed all-in-one enzyme-inorganic hybrid nanoflowers and
immobilized on paper-based printed electrodes for on-site
organophosphorus pesticide analysis. The sensor is capable of
dual signal readings, including the electrochemical current
output and colorimetric response, and delivers ultrahigh sensi-
tivity (Fig. 6¢)."”” Zhang et al. combined MXene-Ti;C,Tx-based
screen-printed electrodes with a dialysis microfluidic chip to
continuously monitor uric acid, urea, and creatine in human
blood without extra pretreatment (Fig. 6d)."*® Attributed to the
intriguing behavior of MXene nanosheets and the ratiometric
sensing design to eliminate the signal drift caused by interfer-
ences, reliable and interference-free simultaneous quantifi-
cation of the multiple biomarkers was validated to fulfill clini-
cal and civil demands. In another work on gas sensing, Tan
et al. developed a room-temperature ammonia gas sensor by
inkjet printing (Fig. 6e).’*® By introducing FeCl, additives into
the PEDOT:PSS thin film, the response signals increased by
ten times with a corresponding 30-fold reduction in response
time. To realize long-term continuous monitoring, Lin et al.
combined printing and electrochemical fabrication strategies
to develop nanotextured electrochemical enzymatic sensors for
sweat glucose monitoring for up to 20 hours (Fig. 6f).*>*
By taking advantage of the large surface areas that provide
unique dendritic structures and conformal materials depo-
sition, the sensitivities can be largely enhanced while the
signal drift can be effectively suppressed compared with thin
film sensors.

Table 2 Printable sensors with their typical applications and performances
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Overall, printable chemical sensors provide promising cost-
effective approaches for on-site rapid testing of drugs, viruses/
pathogens and other types of hazardous and toxic substances.
By optimizing the printable ink formulas based on nano-
materials, and innovative combination of different nanoengineer-
ing strategies, it is expected that the sensing performance of prin-
table sensors could be significantly enhanced. Thus, the require-
ments of various portable and wearable platforms for personal-
ized healthcare and biomedical management can be fulfilled.

In summary, printable sensors that can be compatible and
integrated into flexible platforms play a critical role in a wide
range of applications, including medical diagnostics, health
management, environment monitoring, the food industry, etc.
The following table summarizes some of the representative
works on printable sensors (Table 2).

6. Printable antennas for bio-signal
transmission

Compared to conventional antennas on rigid platforms, the
utilization of printable antennas in flexible devices for remote
tracking enables miniaturization and reduces the weight of the
wireless communication modules.””® Some of the key factors
for the design of antenna patterns mainly include the gain,
operational frequency/bandwidth, and quality factor that indi-
cate the energy loss rate (Q), impedance (S11), and weight.
This section aims to elucidate the various types of commonly
adopted antennas, including RFID, NFC, and specialized
antennas. Moreover, a detailed examination of their distinctive
properties and inherent advantages will be presented, thereby
offering a comprehensive understanding of their role in wire-
less sensing technology.

6.1. RFID

In a typical RFID system, the digital information that is pri-
marily storage in the RFID tag can be transmitted to readers by
utilizing radio waves. It has been widely used in the IoT indus-
try for convenient item tracking. To realize high performance
printable antennas with lightweight and mechanical robust-

Printing
method Target analyte Application Sensitivity Linear range Detection limit ~ Ref.
Screen printing ~ Ammonia/ Gas monitoring — — 0.6 ppm/ 160
formaldehyde 2.9 ppm
Glucose Blood glucose monitoring 143 pAmM ' cm™? 1 pM-11 mM 0.48 pM 161
Hydroxylamine Water monitoring — 0.007-385.0 pM 2.0 nM 162
R2R pH Food packaging 55.5 mV pH™ " — — 163
C-reactive protein Immunoassay 2 pg mL™! — — 164
Inkjet printing  Lactate Intensive care 8.86 NnAmM 0.6-2.2 mM — 165
mm~>
Pressure Wearable electronic 0.48 kPa™ — — 166
applications
Methyl Viologen Pesticide paraquat monitoring =~ — 3.0-100 pM 0.80 pM 167
3D printing Temperature High-temperature monitoring 28.3 pm K" — — 168
Pressure Smart insole 1.19 MPa™" 0-872.4 kPa — 169
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ness for versatile integration with products, there is growing
interest in leveraging two-dimensional (2D) materials such as
graphene for antenna fabrication, owing to their exceptional
electrical, mechanical, and thermal properties, as well as their
high surface-to-volume ratio. Delipinar et al. demonstrated the
development of textile-based RFID tags using spray, dispense,
and contact printing processes of graphene.'”! These graphene
textile RFID tags exhibited induced voltages that render them
highly suitable for low-power, flexible, and wearable sensing
applications. In addition, Wang et al. reported the develop-
ment of a high-performance printed graphene-based antenna
operating at 2.4 GHz.'”> Graphene conductive ink was syn-
thesized using a liquid-phase exfoliation technique and
printed onto water-transferable paper using a blade printing
method. Subsequently, the printed design was transformed
into a dipole antenna and transferred onto desired substrates.
The performance of this graphene antenna met the require-
ments for IoT applications, suggesting its potential to serve as
an alternative to traditional metallic antennas.

To enable longer read and write distances, faster speeds,
and increased information storage capacity, researchers have
explored the development of ultrahigh-frequency (UHF)
technology. Colella et al. presented a 3D-printed UHF circularly
polarized antenna, integrated with a specifically designed Wi-
Fi-RFID reader for wearable biomedical applications.'”® These
studies have opened up new avenues for antenna design in
high-frequency operating range applications.

Moreover, special radio frequency (RF) antennas capable of
operating in different frequency ranges have been developed.
Li et al. fabricated large-area electrodes with excellent conduc-
tivity and optical transparency using screen printing and
xenon flash-light sintering (FLS) techniques.'”* They also
developed a multi-frequency RF antenna capable of operating
in Wi-Fi, Bluetooth, and 5G bands. These advancements have
practical implications for a wide range of applications. In
terms of practical application, Niu et al. described the develop-
ment of a body network comprising chip-free and battery-free
elastic on-skin sensor tags that wirelessly connect to a flexible
readout circuit.'”> Additionally, they proposed an innovative
RF identification method wherein wireless sensors are inten-
tionally detuned to enhance their tolerance to strain-induced
changes in electrical characteristics. These findings contribute
to the advancement of wireless sensor systems and their prac-
tical implementation.

6.2. NFC

In addition to RFID, NFC is another short distance wireless
communication that facilitates information transmission
between mobiles and terminals. The NFC labels can be acti-
vated via wireless power transmission by rectifying the coupled
NFC carrier signal using a smartphone, which provides the
advantages of lower power consumption and convenient appli-
cations in daily life."”® He et al. have presented a biomimetic
NFC antenna fabricated by a 3D direct-write printing method
with a bionic spider-web structure, which had better stability
under deformation (Fig. 7a).'”” Owing to excellent electromag-
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netic and mechanical properties, the applications of the
antenna were demonstrated in both emulated blood vessels
and smart clothing, which have considerable potential in wear-
able and implantable electronics. In addition, Hakola et al.
have demonstrated a paper-based electronic anti-counterfeit-
ing label consisting of an NFC tag, an electrochromic display
(ECD) module and circuitry via high-throughput R2R printing
on a pilot scale (Fig. 7b)."”® The ECD component displays
color change when in contact with an NFC device to indicate a
genuine product. This work inspires the manufacture of sus-
tainable electronics that are plastic-free and can be recycled. In
another work, Sun et al. introduced an effective and affordable
wireless anti-counterfeiting and item-tracking technology
(Fig. 7¢).*? They employed an R2R printed NFC code label com-
bined with quick response (QR) codes and a unified platform
utilizing blockchain technology. The antennas were printed
using Ag nanoparticle ink. Apart from this, the code generator,
DC voltage tripler and supercapacitors in the integrated label
were all fabricated in printable strategies. This work enables
manufacturers, distributors, and market administrators to
input all transaction information into the system. By scanning
the illuminated QR code, customers can use their mobile
phones to access real-time and accurate information by con-
necting to the blockchain. Such NFC labels can also be
applied in food tracking. For example, Maskey et al. designed
an R2R gravure-printed NFC antenna to function as a smart
label for wireless monitoring of a food package time-tempera-
ture history."”® In addition, Shao et al. achieved high-precision
printing of flexible antennae at room temperature using addi-
tive-free MXene aqueous ink (Fig. 7d).*" MXene inks exhibited
excellent rheological and electrical properties, making them
highly suitable for precise extrusion printing on various flat
and curved substrates without the need for annealing. This
approach also allowed for the easy fabrication of high-perform-
ance modules either independently or by integrating them
with other electrical components, showing great potential for
replacing cumbersome e-waste electronics such as commercial
antennas. These studies highlight the potential of printable
NFC labels for various applications, ranging from anti-counter-
feiting labels to item tracking systems.

6.3. Others

In addition to RFID and NFC antennas, specialized antennas
are also designed and employed for specific applications. For
instance, in order to simultaneously fulfilling the require-
ments for near and far field communication, Luadang et al
utilized a planar inverted F antenna (PIFA) structure to inte-
grate a far-field (FF) antenna with an NFC antenna.'® This
configuration enables efficient wireless communication in
both short-range at 13.56 MHz and long-range communication
in the frequency range of 1.8-2.1 GHz. In another work,
Rahman et al. presented a wearable ultra-wideband (UWB)
antenna designed primarily for brain stroke detection.'®' The
antenna was implemented on a paper substrate by inkjet print-
ing of copper nanoparticle inks in the form of a coplanar wave-
guide. It supports a remarkably wide bandwidth that covers
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Fig. 7 Printable fabrication of antennas on flexible substrates. (a) Stretchable NFC antenna with a spider-web serpentine structure based on the 3D
direct-write printing method. Reproduced from ref. 177 with permission from [Elsevier], copyright [2023]. (b) NFC smart labels manufactured via the
R2R printing method. Reproduced from ref. 178 with permission from [Springer Nature], copyright [2021]. (c) Fully printed multifunctional label with
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Fabrication and mechanism of printed MXene NFC tags. Reproduced from ref. 41 with permission from [Springer Nature], copyright [2022].

the 2.36-2.4 GHz medical body area network band, the 2.4-2.5
GHz industrial, scientific and medical band, and the 3.1-10.6
GHz UWB and so on. The broad frequency range makes it suit-
able for various applications in the medical field.

Overall, printable antennas allow versatile design form
factors to fulfill the requirements of diverse communication
scenarios, along with attractive properties such as light weight,
low cost and sustainability. Table 3 summarizes some of the
typical works on printable antennas according to different
printing methods, materials, substrates, operating frequencies
and other critical factors.

7. Printable integrated system for
wireless healthcare applications

To realize wireless healthcare applications, it is necessary to
associate sensors with wireless transmission circuits into a

7278 | Nanoscale, 2024,16, 7264-7286

fully integrated printable sensor system so as to facilitate con-
venient health status tracking."®” Typically, health monitoring
can be categorized into mainly two types: noninvasive and
invasive/implantable. This section will focus on printable strat-
egies to realize the integration of multi-functional modules
into flexible and miniaturized platforms with robustness.

7.1. Noninvasive sensing systems

Gas sensing. Respiratory changes and volatile organic com-
pounds in expiration/surroundings occurring in daily life can
provide essential human health parameters for early disease
diagnosis and human health assessment. For instance, Lin
et al. successfully demonstrated a monolithically integrated
self-powered intelligent sensor system that incorporates a prin-
table gas sensor for ethanol and acetone detection (Fig. 8a)."*®
Inkjet printing was employed to fabricate gas sensors, super-
capacitors as energy storage modules and circuit intercon-
nects. This approach allows for the seamless integration of

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summary of the printable antennas
Printing
Type of antenna Printing method material Substrate Key factor Operating frequency Ref.
RFID Inkjet printing Ag PET — — 182
Spray/dispense/contact Graphene Textiles - 13.56 MHz 171
printing
3D printing Cu PLA — 865-868 MHz 183
NFC R2R Ag Polyimide Q=41 13.56 MHz 42
(21)
R2R Ag NP PI — above 15.45 MHz 184
R2R Ag NP PET/PI Q=29 13.56 MHz 179
Screen printing Graphene Paper Q=0.65 13.56 MHz 185
Dipole antenna Blade printing Graphene Paper S$11=-13.79 2.3-2.5 GHz 172
dB
UWB antenna Inkjet printing Cu NP Paper S$11 =-10dB 1.91-34.45 GHz 186
Multi-frequency RF Screen printing Ag NW PET S$11 <-10dB 0.71-1.25 and 1.73-2.16 174
antenna GHz
Far-field/NFC Screen printing Ag PET S11< -6 dB 13.56 MHz 180

different types of modules on flexible substrates. In another
work, Mishra et al. developed fully integrated epidermal tattoo
and textile-based nerve-agent vapor biosensor devices for con-
tinuous vapor-phase detection of organophosphate (OP) nerve-
agent vapors.'®® Stress-enduring inks were used for the fabrica-
tion of stretchable organophosphorus hydrolase (OPH)
enzyme electrodes. These wearable sensors were then coupled
with flexible electronic platforms to enable wireless trans-
mission of analytical data to mobile devices, sending warnings
to the user of potential chemical dangers.

Overall, since the device architectures for individual gas
sensors are relatively simple, it is quite straightforward to
realize sensors by layer-by-layer printing. Since most of the tar-
geted gas analytes for healthcare are at low concentrations, gas
sensors based on printed dense films might generate relatively
small output signals and could be interfered with humidity
and other chemicals. Therefore, hardware designs play a sig-
nificant role in achieving accurate signal decoding.

Epidermal sensing. Noninvasive sensor devices are also
commonly applied for real-time extraction of biological
signals. Wang et al. presented a printable temperature sensor
by combining inkjet printing of Ag electrodes with dispensed
printing of the PEDOT:PSS sensing layer and CYTOP passiva-
tion layer on top (Fig. 8b)."”> The sensor was integrated into
with a printed flexible circuit for real-time body temperature
monitoring. To achieve molecular level biomarker analysis,
Nagamine et al. presented inkjet printed hydrogel-based
chemical sensors that combine with the low-power Bluetooth
protocol for in situ sweat 1-lactate remote tracking.'>®
Hydrocarbon-based solutions of Ag nanoparticles were pre-
pared to fabricate working and reference electrode patterns.
Similarly, Gillan et al. introduced miniatured electrochemical
sensors using high-throughput R2R fabrication for noninva-
sive, wireless real-time sweat lactate mapping on different
body regions.**°

Attractively, stretchable and elastic electronic skin can also
be implemented in printable approaches. As illustrated in
Fig. 8c, Byun et al. developed a fully printed, strain-engineered

This journal is © The Royal Society of Chemistry 2024

electronic platform that allows customized multi-functional
device integration. To realize stretchable interconnects, the key
innovation lies in the structural optimization of the inkjet
printed PMMA islands that were enclosed with the PDMS
matrix. It also allows enhanced skin-conformability for wear-
able demonstrations including wrist movement sensing, self-
computable digital logics and display.'®! Y. Song et al. reported
a 3D direct printing technique to fabricate an epifluidic elastic
electronic skin (e*-skin) system with multimodal physico-
chemical sensing capabilities (Fig. 8d)."®* This fully printable
system consists of a series of electrochemical sweat biosensors
and biophysical sensors, a microfluidic system for efficient
sweat sampling, and a micro-supercapacitor (MSC) that were
further integrated with wireless electronic modules. The
custom-designed extrudable inks based on a variety of poly-
mers and nanomaterials, such as Mxenes, play a critical role in
efficient maskless 3D printing fabrication and the desirable
mechanical robustness of the integrated systems.

7.2. Implantable sensing systems

Compared to noninvasive sensor systems, implantable devices
can monitor the internal human environment with in-depth
health information, while it poses high requirements on
device miniaturization, seamlessly interfacing with tissues,
materials biocompatibility and systematic design for reliable
wireless communication.'® Therefore, most of the implanta-
ble devices and systems are fabricated with traditional micro-
electronic fabrication techniques, such as the complementary
metal-oxide-semiconductor (CMOS) process. The advance in
printable devices for such implantable sensing applications is
in an early stage and requires further research efforts.

For cardiovascular disease diagnosis and monitoring,
measuring the hemodynamic parameters such as pressure,
flow rate and flow resistance is of great significance. In this
regard, Herbert et al. presented a stretchable implantable bio-
system for cerebral aneurysm hemodynamics monitoring.'**
As shown in Fig. 8e, stretchable capacitor sensors were pre-
pared by aerosol jet printing and can be integrated with stents
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and monolithically integrated smart sensor system. Reproduced from ref. 188 with permission from [John Wiley and Sons], copyright [2018]. (b) A
wireless real-time temperature sensing platform. Reproduced from ref. 153 with permission from [Springer Nature], copyright [2020]. (c) Printable
and stretchable customized platform for wrist movement sensing. Reproduced from ref. 191 with permission from [Springer Nature], copyright
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Reproduced from ref. 194 with permission from [John Wiley and Sons], copyright [2019]. (f) Schematic illustration and images of implantable
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to be implanted into blood vessels. The system can be oper-
ated in a batteryless and wireless manner via inductive coup-
ling of coils. Similarly, they also demonstrated a wireless vas-
cular electronic system with a fully aerosol jet-printed soft
sensor to monitor arterial pressure, pulse rate and flow rate. It
is highly expected that printed antennas and supporting circui-

7280 | Nanoscale, 2024, 16, 7264-7286

try can be further explored to be compatibly and seamlessly
integrated with such printed sensors, so as to realize fully prin-
table implantable sensing systems with desirable miniaturized
sizes and mechanical robustness.

Apart from utilizing antennas for batteryless and wireless
sensing, ultrasonic energy transfer and communication

This journal is © The Royal Society of Chemistry 2024
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technology has emerged as an attractive and convenient strat-
egy for implantable devices in recent years. For instance, Jin
et al. developed a soft, adaptable and battery-free implantable
system based on flexible transducer arrays (Fig. 8f)."”> Casting
molds for ultrasonic focusing launchers were prepared by
high-resolution 3D printing. Besides, screen printing was
adopted to fill solder paste efficiently for convenient connec-
tion between metal interconnects and chip components.

The future developments of printable and wireless inte-
grated systems for implantable applications hold great poten-
tial in revolutionizing the healthcare industry. By combining
facile and cost-effective printing technologies, personalized
and miniaturized devices with lower costs can be achieved to
enhance the clinical treatment effectiveness and improve the
living quality."®® However, implantable devices would pose
strict requirements on printable materials and printing resolu-
tion to precisely construct micro/nanostructures.'®” Future
developments of printable and wireless integrated systems are
expected to focus on material engineering with biocompatibil-
ity and long-term duration, printing accuracy and scalability,
as well as standard criteria and privacy regulation.

To meet the increasing demand for both wearable and
implantable healthcare devices, it is essential to create sensors
and supporting modules that exhibit specific characteristics,
such as miniaturized size, robust integration and encapsula-
tion, without a high manufacturing cost. Additionally, incor-
porating machine learning can enhance signal processing and
recognition accuracy while maintaining signal decoding
reliability. However, it still remains quite challenging to
achieve fully printable fabrication of integrated electronics for
wireless health.

8. Conclusion and outlook

In recent years, significant progress has been made in the field
of printable electronics, particularly in the development of
printable fabrication strategies for integrated sensing systems
with wireless data transmission, catering to the needs of smart
healthcare. Various sensors and printable antennas have been
prepared for applications in remote health monitoring,
human-computer interactions, and environmental monitor-
ing. Some of these sensors exhibit high stability and sensi-
tivity, making them ideal candidates for integration into com-
plete sensor systems.

This review provides an overview of printable sensor devices
with wireless data transmission, starting with an introduction
to commonly adopted printing technologies, inks, and sub-
strates. It then highlights typical printable sensors and anten-
nas, followed by the presentation of representative integrated
sensor systems based on printable sensors and wireless circuits.

However, several challenges remain in the fabrication of
wireless sensor systems. Firstly, the key performance evalu-
ation factors, including the sensitivity and stability of printable
sensors, are still less competitive. They often experience
decayed performances under mechanical interference or
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during long-term usage, mainly due to less robustness in
printed thin film sensing layers and interfaces. For chemical
sensors, exposure to biological fluids can lead to biological
contamination, chemical changes, or irreversible non-specific
adsorption on the sensor surface. Secondly, reducing com-
munication delay in wireless transmission systems is another
important consideration. The communication delay depends
on the specific communication technology employed. Real-
time biofeedback systems require minimal communication
delay, which necessitates the selection of appropriate antennas
and optimization of wireless communication circuits.'?®
Thirdly, as the size of integrated sensing systems continues to
be miniaturized, achieving high-level integration becomes
crucial. Integrating sensors with other electronic devices and
power supply modules into a single flexible platform is a chal-
lenge that needs to be addressed. The monolithic integration
strategy would ensure mechanical robustness and operational
reliability while minimizing signal noises.

In summary, the advances of printable and flexible inte-
grated sensing systems have attracted research interest from
interdisciplinary fields, including materials science, electrical
engineering and mechanical engineering. Research efforts are
expected to emphasize rational engineering on printable
materials, electrode patterns/interconnects structural inno-
vation to tackle the existing challenges. There is no doubt that
such integrated sensing electronics that can be manufactured
in a printable manner will provide feasible, customized, cost-
effective and reliable platforms for wireless healthcare.
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