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is massively used to achieve conductivity 
on both sides of a PCB, and useful in mul-
tilayer and complex PCB development.[3] 
Even though at the time this invention 
was envisioned to simplify the telephone 
system, it would end up serving as a solid 
precursor to the invention and implemen-
tation of the first electroplated printed 
circuit board (PCB), which was conceived 
by Paul Eisler during World War II. In 
an autobiographic book, Eisler elaborates 
on how decisive the introduction of his 
discoveries was to improve the allies’ air-
craft shells, and how impactful the large-
scale production of his PCB was in the 
outcome of the war.[4] Nonetheless, even 
after his invention was proved invaluable, 
he still endured a great deal of bureau-
cracy and had to handle constant rivalry 
between large corporations, which made it 
very challenging to officialize and put his 
ideas into practice.[4] In between these two 
historical technology landmarks, Charles 
Ducas introduced the stencil printing of 
electronics and developed large-area elec-
trical circuits and inductors, that were 

first applied in the area of radio communications.[5] The pro-
posed apparatus allowed for the imprinting of a conductive 
paste on top of a supporting surface and was not intended to be 
restricted to applications in the radio field.[5]

During the seventies, efforts started being made toward 
adding flexibility to electronics, while simultaneously reducing 
its costs. As a result, in 1973, George Smith patented a “double-
sided flexible circuit assembly” method.[6] This aimed to pro-
mote the mass production of printed or etched electronics over 
thin and nonconductive flexible substrates, in a “continuous 
in-line processing.” Since then, many additive manufacturing 
technologies, conventionally used with nonconductive inks, 
have been used in combination with electrically conductive 
materials and applied in the development of low-cost flexible 
electronics. Using screen-printing, inkjet, gravure, flexography, 
offset, transfer printing, amongst other techniques, lightweight, 
bendable, conformal, and wearable sensor and actuating 
devices can already be obtained.[7]

Nearly one century after Hanson’s discoveries regarding the 
PCB, a group of investigators was awarded the Nobel Prize in 
Chemistry 2000 for the development of organic conducting pol-
ymers.[8,9] This groundbreaking achievement, combined with 
developments in the area of synthesis and stabilization of con-
jugated polymers, led to the development of stable formulations 
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1. Background

Printed electronics (PE) emerged as a concept at the begin-
ning of the XX century, with the invention of the first cir-
cuit board, by Hanson.[1,2] Remarkably, the patent written by 
Hanson, in 1903, was so close to the modern printed circuit 
board (PCB) that he even managed to describe the possibility 
of creating conductive circuitry, either by electrodeposition or 
by controlled dispensing of a metallic powder, dispersed in a 
suitable medium, which we now recurrently call a conductive 
ink.[2] Moreover, Hanson also detailed the possibility of drilling 
the board to create double-sided through-hole circuitry, which 
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of organic conductive pastes and inks. The interest in this dis-
ruptive field developed fast and, in 2005, the first organic tran-
sistor obtained from an organic conductive ink was developed 
and patented.[10] By manipulating their physical properties 
(p.e., surface tension, viscosity, curing temperature, etc.) with 
the aid of additives, these inks can be specifically formulated to 
be compatible with each one of the abovementioned printing 
technologies.[11,12] Thanks to their versatility, organic materials 
(small molecules and polymers) can be used as conductors, 
semiconductors, electroluminescent, and photovoltaic mate-
rials and thus, can successfully replace inorganic materials as 
functional elements in complex sensors and electromechanical 
devices.[13–15]

Since their discovery, the use of organic materials in the 
area of consumer electronics has been increasingly popular, 
and its related field of technology has received the denomina-
tion of organic large-area electronics (OLAE).[16] OLAE relies on 
developments in the areas of printing technologies, electronics, 
chemistry, and materials science and, with the combined efforts 
of researchers from these multidisciplinary areas, has become 
a fundamental approach to achieve mechanically flexible, low-
cost, sustainable, scalable, on-demand, and lightweight devices. 
With the current fast growth of the Internet of Things (IoT), 
the demand for such devices is greater than ever before, and 
OLAE is expected to be attributed with a key role in this much-
anticipated transition.[17–19] When connected to the IoT, inte-
grated sensors and actuators are called cyber-physical systems 
(CPS) and, resorting to OLAE technologies, their development 
is expected to become faster, more economical, and more 
sustainable.[20,21]

Nowadays OLAE is widely reported in the literature for 
two different paradigms of production. For instance, it is fre-
quently employed in the fabrication of printed circuit boards 
(PCB) (Figure 1), large surfaces with deliberately spread elec-
tronics, such as large OLED displays,[22] large solar panels, and 
large-area sensing devices with sizes that can reach the square 
meters.[23,24] On the other hand, it is also vastly used to produce 
repeated modular components or circuit interconnects of very 
small sizes in a fast and economical manner.[25,26]

Fully organic printed devices, however, are not yet a reality. 
One reason for this is that current printing technologies still 

present some technical constraints, which limit the output 
resolution and electrical properties of the resulting flexible 
devices.[27] Besides, inorganic materials such as silicon, metals, 
metal oxides, and carbon allotropes not only provide greater 
conductivity, robustness, and longer-term function reliability, 
but are also already well established in the traditional markets. 
Thus, although the preferred materials for OLAE are built from 
carbon-based organic molecules, to achieve acceptable perfor-
mance, organic electronic elements are still usually integrated 
with inorganic materials and traditional electronic components, 
such as IC chips and communication modules. Since organic 
and inorganic materials are bound to coexist symbiotically for 
years to come and will feature as complementary segments in 
the approaching digital transition, both must be present in this 
review. The approach to these materials should be done in the 
optic of their compatibility, and a symbiotic relationship should 
be developed between them, as a way to obtain devices with 
the best possible cost/performance ratio, that benefit from the 
advantageous features of both organic and inorganic materials.

This review aims, not only to gather information regarding 
the materials and printing technologies for OLAE but also to 
present a complete overview of the current applications. We 
give special emphasis to the organic functional materials, as 
they are generally more recyclable-friendly and their explora-
tion is less environmentally damaging. Nonetheless, inorganic 
materials and their applications are also discussed. Throughout 
this text, several comparative tables that present the full scope 
of the contents, and highlight their main characteristics, advan-
tages, disadvantages, and other critical features, are presented. 
While the term OLAE has been present in the literature for 
around a decade, the research on this topic has registered an 
intensified growth for the past five years. With the spreading of 
the IoT and the emergence of the 4.0 Industry, it is undeniable 
that the world is on the verge of a global digital transition that 
will affect every economical sector. In this sense, the growing 
interest in the field of OLAE is certainly prone to be maintained 
or even intensified. Ultimately, this comprehensive review aims 
to serve as a solid and convenient guideline for everyone inter-
ested in understanding the materials and processes that stand 
behind the implementation of ubiquitous flexible sensors and 
connected systems, which are vital to the implementation of 
the IoT paradigm.

2. OLAE Related Definitions

Research in printed electronics (PE) has powered the devel-
opment of ultrathin, lightweight, flexible, robust, and cheap 
alternatives to complex, energy-demanding, and expensive 
procedures such as photolithography, vacuum deposition, 
and baking and etching of the materials. This has enabled the 
development of new valuable applications. The International 
Electronics Manufacturing Initiative (iNEMI) uses different 
definitions to label printed, flexible or organic electronics, and, 
even though they can sometimes be seen as synonyms, it is 
important to understand their subtle differences to accurately 
use them.[28] Some definitions are schematized in Figure 2.

OLAE relates to both PE and FHE and, through printing and 
patterning techniques, allows for large-area and high-volume 

Figure 1. Scheme of a PCB with 1) printed spread sensors, 2) antenna, 
3) OLED display, 4) solar-harvester cells, and 5) nonprinted traditional 
components.
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deposition of materials. Although the definition of OLAE high-
lights the organic nature of the flexible components obtained 
through this technology, it should be taken into account that it 
is not yet possible to fully eliminate inorganic materials from 
CPS devices. Thus, when the envisioned applications are more 
demanding in terms of performance and output response, 
OLAE is combined with traditional electronic components, 
through FHE. For instance, inorganic integrated circuits (IC) 
are being thinned-down (<50 µm), which conveys mechanical 
flexibility and allows them to be integrated into flexible cir-
cuits.[28,30,31] Thus, the purpose of large-area electronics is to 
create electronic devices that can be spread across a large sub-
strate, where the dense and highly integrated IC devices can be 
monolithically integrated and assembled on that substrate, in a 
hybrid approach.[32]

Other definitions that relate to the above-mentioned ones 
include flexible, conformable, and stretchable electronics. 
Flexible electronics (FE) relates to the act of assembling elec-
tronic circuits over flexible substrates. It appeared as soon as 
the rigid PCB started to be replaced by flexible alternatives and 
its development over the years has been fundamental for LAE 
applications.[33] FE can be fully flexible, which means it can 
adapt to virtually any shape (including twisting and rollable 
applications), or can it can, in some cases be limited to a cer-
tain bending angle or a maximum compressive or tensile force. 
When the substrate and the printed circuitry are able to with-
stand elastic deformations and return to their original shape, 
we enter the field of stretchable electronics (SE).[34] This is par-
ticularly important in the development of soft-robots and in the 
wearable and skin-like fields of electronics.[35–39] An emerging 
feature that is desirable for FE and SE is the possibility of inte-
grating healable materials since the frequent mechanical strains 
and displacements usually end up damaging and impairing 
the electrical conductivity of the device. Without healing mate-
rials, the damage repair may not be feasible nor cost-effective 
and therefore hinder the widespread implementation of these 
materials.[40]

Another branch of large-area electronics is known as con-
formable electronics (CE). These are particularly important 
for in-mold electronics (IME) and are known for their compat-
ibility with thermoforming and injection molding technologies. 

Hence, the materials used in CE should not only be stretchable 
(to avoid cracks after thermoforming) but also maintain their 
adhesion to the substrate, even after they are subjected to both 
high temperatures and mechanical stresses. DuPont inks and 
substrates, for example, are widely known for their applications 
in CE.[41]

OLAE technology is compatible with low-temperature pro-
cessing (<200 °C) and favors tailorable dimensions, that can 
reach several square meters.[42] OLAE is achievable by new 
manufacturing processes such as printing and digital fabrica-
tion, enabling a wide range of electrical components to be pro-
duced and directly integrated through low-cost processes. This 
empowers the production of free design electronic devices (e.g., 
photovoltaic solar cells, transistors molecular devices, and sen-
sors, and actuators) that are employed in the development of 
+new applications.[12] In Figure 3, the fundamental elements of 
OLAE are schematized.

3. Enabling Technologies for OLAE

Nowadays, OLAE still relies on an array of different technolo-
gies that complement each other and grant the successful 
manufacture of multifunctional systems. These systems must 
combine sensors with power generation, storage, signal pro-
cessing, communication, and display/actuation elements. Even 
though some of these functional physical elements are already 
printable, as evidenced in Figure 4, traditional deposition tech-
nologies still prevail because they assure better output perfor-
mance. As an example, active thin elements such as thin film 
transistors (TFT), organic electrochemical transistors (OECT), 
metal oxide semiconductor field-effect transistors (MOSFET), 
and organic field-effect transistors (OFET) are mostly obtained 
through physical vapor deposition (PVD) and chemical vapor 
deposition (CVD).[28] However, since PVD and CVD require 
high-end clean-room spaces that demand high maintenance 
costs and high-temperature processing (incompatible with 
the nature of most flexible substrates), current research is 
mainly focused on the printing technologies.[43]

The growing interest in the development of organic inks 
for flexible large-area electronics lies in the fact that they can 

Figure 2. Definitions related to large-area electronics (LAE). The arrows represent points of convergence that exist between the central definitions.[29]
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naturally be made into ink forms that are easily deposited 
through printing, bulk coating, or drop-casting techniques.[43] 
This enables fast and inexpensive coverage over large areas.[43] 
Once this technology is optimized and applied to each elec-
tronic component, low-cost, fully printed, massive production 
of complex and flexible devices will be a reality. Figure 4 depicts 
the key elements and technologies needed for the implemen-
tation of CPS, highlighting the sectors that will be, or already 
are, empowered by the OLAE standards and can be processed 
through printing technologies.

For scalable and sustainable, industrial fabrication of OLAE, 
the most adequate method is the vacuum-free roll-to-roll (R2R) 
production. R2R englobes contact and noncontact printing 
techniques that can be applied to large-scale full-layer deposi-
tion of thin films and, in the near future, should allow for the 
development of fully printable electronic devices.[44]

Although this is a promising and attractive idealization, 
challenges still lie ahead. One limitation relates to the higher 
production complexity (addition of surfactants, stabilizers, 
and capping agents) of printable solution based inks and their 
lower inherent electrical conductivity. Moreover, this will often 
imply a post-treatment to eliminate organic or toxic additives 
(these too must be replaced soon by new materials able to 
sustain processing under normal environmental conditions). 
Another difficulty concerns the full integration of these tech-
nologies, which are still in their early stages of development. 
Furthermore, some parameters in R2R processes, such as the 
alignment of consecutive deposited layers and demonstrated 
ultraprecise repeatability still lack optimization.[45]

To produce TFT with the highest possible electron mobility 
(key property of semiconductor materials and determinant 
for the switch performance of transistors), the most effective 
method is still the PVD process, in detriment of printed alter-
natives. Moreover, semiconductor organic materials present far 
lower electron mobility than inorganic ones.[33] To support the 
understanding of the comparative efficiency of different mate-
rials, mobility (µ) values will sometimes be reported in this 
review. Mobility quantifies the velocity of electrons in response 
to an applied electric field across a specific material and pre-
sents different ranges for conducting, semiconducting and die-
lectric materials.[43]

Figure 5 depicts the growth of publications that use organic 
large-area electronics as a keyword, in the last ten years.[46] This 
figure illustrates the increasing interest in this field of electronics 
manufacturing, which has faced a linear growth. In the near 
future, promising developments are expected to happen, as well 
as a gradual transition to the ubiquitous use of connected devices 
based on OLAE and envisioned to support the IoT.

3.1. Functional Materials for OLAE

The key elements of printed electronics are electrically conduc-
tive, semiconductive or dielectric inks, pastes, or coatings. The 

Figure 3. Schematic diagram of the four essential elements in the design and development of OLAE.

Figure 4. Diagram depiction of elements integrated into the production 
of CPS. Highlighted in green are the elements already achievable through 
OLAE technology.
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scale of typical electrical conductivity values of these materials is 
depicted in Figure 6. Given the importance that inorganic mate-
rials still have in the current electronics market, and the indis-
putable advantages they hold in comparison with the organic 
ones, they feature in the topics discussed below. Furthermore, 
some materials present a hybrid nature, exhibiting insulator, 
ferroelectric, piezoelectric, piezoresistive, and photosensitive 
properties.[47] These hybrid materials combine both organic 
and inorganic motifs, which leads to their versatile and compel-
ling characteristics. Even though we expect that someday fully-
organic and recycle-friendly devices will be a reality, OLAE is 
still expected to be integrated with inorganic electronics until 
its related technologies and protocols reach full maturity, which 
includes worldwide-scale manufacturing, homologation, and 
marketability.

Conducting materials are central to the production of con-
ductive layers and interconnects of circuits, making up the 
fundamental components of any electronic device, such as bat-
teries, electromagnetic shields, capacitors, resistors, inductors, 
and sensors.[12] There is a wide range of conducting materials 
available for applications in printed electronics.[49] Indisputably, 
the majority of printable conductive inks are metal-based solu-
tions and pastes. However, the metals that present the best per-
formance are usually expensive (e.g., Au and Ag) and, the more 
affordable ones (e.g., Cu, Ni), tend to be prone to oxidation.[47] 
In this sense, other materials such as carbon allotropes, liquid 
metals, and crystalline organic conducting materials have 
recently been on the rise as tailorable, flexible, easy processing, 
and sustainable alternatives.[50–53]

Semiconductor materials, on the other hand, serve as active 
layers of active devices, such as organic photodiodes (OPD), 
organic light-emitting diodes (OLED), organic field-effect 
transistors (OFET), organic thin-film transistors (OTFT), and 

organic solar cells (OSC).[12,22,47] The most frequently used 
semiconductor materials are silicon (Si) and metal oxides 
and, even though these materials can be processed into solu-
tions for printing, they require high annealing temperatures 
(300–750  °C). This makes these materials incompatible with 
the majority of flexible polymeric and organic substrates. 
Therefore, organic semiconductors, fullerenes, and carbon 
nanotubes (CNT) have emerged as strong competitors to the 
traditionally employed materials.[40,54,55] The semiconductor-
dielectric interface plays a crucial role in the above-mentioned 
electronic components, as it consists of the active area where 
the charge carriers accumulate and transport.[56] Adding to 
these demonstrated applications as insulating layers for TFT, 
OFT, and OFET, dielectrics also serve as thin layers to encapsu-
late and prevent the leakage of current in electronic circuits.[26] 
The most common dielectric is amorphous silicon (a-Si) but 
it is usually not printable and is consequently unsuitable for 
flexible applications. This has powered the research on the 
development of low cost organic dielectric materials, mainly 
electrolyte solutions, and single and crosslinkable polymers.[57] 
The printability and organic nature of these dielectrics also 
favor the compatibility and stability of the semiconductor–
dielectric interface, which improves the performance of the 
above-mentioned components.[47]

As stated before, these materials can be divided into two core 
categories: organic and inorganic, as resumed in Table 1.[12,52]

These materials can be economically printed or coated/
deposited on large-area foils, such as polymers, paper, textiles, 
wood, and even cork substrates. In addition, it is noteworthy 
that some of the abovementioned materials exhibit hybrid 
behavior, which means they incorporate both inorganic and 
organic constituents.[58] Hybrid materials differ from com-
posite materials since they coexist in one single-phase and are 
integrated at the nanoscale.[59] Contrarily, composites exhibit a 
multiphase nature, where one phase, known as the filler, is dis-
persed in the other, called matrix.[60]

Another way of classifying materials respects their dimen-
sion. When organic and inorganic materials present at least 
one dimension in the nanoscale range (<100 nm) they can be 
classified into 0D, 1D, or 2D.[61] This classification takes into 
account the number of dimensions above the nanoscale that 
the particles occupy in space. 0D materials amount to nanopar-
ticles with dimensions no larger than 100 nm, such as quantum 
dots. 1D refers to materials like nanotubes, nanorods, and 

Figure 5. Number of publications on organic large-area electronics, 
according to Scopus on 25/12/2020.

Figure 6. Typical range of resistivity and conductivity for insulators, semi-
conductors, and conductors.[48]

Table 1. Classification of the nature of the materials employed in OLAE.

Inorganic Organic

Materials
- Metallic nano/microparticles
- Metal oxides
- Metal–organic precursors
- Low-temperature polycrystalline silicon (LTPS)
- Carbon allotropes
- MXenes
- Quantum dots
- Perovskite
- Quartz
- Transition metal dichalcogenides (TMD)

- Organic crystalline materials
- Polymers

Adv. Mater. Technol. 2021, 6, 2001016
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nanowires that exhibit one dimension above the nanoscale. 2D 
nanomaterials present two dimensions outside the nanoscale 
and include film-like shapes like graphene, nanolayers, nano-
films, and nanocoatings.[62] When none of the dimensions is in 
the nanoscale, the materials are considered 3D. Figure 7 sche-
matizes the classification of nanomaterials.

The inks/pastes should be processable at low tempera-
tures and compatible with printing, deposition, and coating 
processes.[12,47] Depending on the selected printing method, 
parameters like viscosity, surface tension, conductivity, as 
well as compatibility of solvents between layers of different 
materials, must be taken into account.[63] To improve the final 
characteristics of the inks sometimes researchers mix several 
different materials from Table  1 and obtain complex mate-
rials, known as composites. To ensure the sustainability of this 
emerging technology a lot of research is also focused on devel-
oping green and biodegradable alternatives.[64]

3.1.1. Conductors

Metallic Particles: Metallic materials such as gold (Au), silver 
(Ag), copper (Cu), and aluminum (Al) present high conductivity 
at ambient conditions, mechanical stability, and relatively low 
Young’s modulus. This renders them popular for applications in 
stretchable and large-area electronics.[65] Metals can be deposited 
as thin films over flexible substrates by electroplating, sputtering, 
thermal/e-beam evaporation, and solution methods.[66] Metallic 
particle solutions of metal nanowires (e.g., CuNW, AuNW, and 
AgNW) are usually integrated into flexile substrates through 
printing, or spray coating and present characteristics such as 
flexibility, stretchability, and transparency.[66] For instance, Wang 
et  al. developed a pressure sensor array by using polydimethyl-
siloxane (PDMS) thin films embedded with AgNW as stretch-
able interconnects and sensing electrodes.[67] In a composite 
approach, Lee and co-workers prepared AgNW/CNT nanocom-
posites to produce flexible conductors with improved perfor-
mance.[68] Even though metallic particles are already extensively 
used for applications in the electronic field, they are usually used 
as composite reinforcements (to improve electrical conductivity 
and mechanical stability) and are hardly find independently.

Metallic nanoparticle dispersions, on the other hand, can be 
inkjet or 3D printed, but they demand the use of organic stabi-
lizers. After printing, the organic layer must be decomposed 

so that conductivity is guaranteed. This is achieved via a post-
processing sintering step, in which the additives and surfactants 
are decomposed, the solvent evaporated, and the metallic nano-
particles coalesce.[69] Usually, sintering requires temperatures 
above 100 °C, which may degrade polymeric substrates and there-
fore limit the use of metallic nanoparticles in flexible electronics. 
To circumvent this, Agarwala et al. resorted to a fiber-based laser 
source to sinter aerosol jet printed AgNP.[69] They used Opsite 
Flexigrid as a substrate (a polyurethane material) and developed 
wearable strain sensors for home healthcare monitoring. The 
resulting sensors were able to monitor movements (bending 
radius), without loss of functionality, in response to detected 
changes in the system’s electrical resistance. Recently, Fernandes 
et al. synthesized AgNP conductive inks and were able to inkjet-
print flexible electrodes. The synthesis involved the chemical 
reduction of silver nitrate (AgNO3) and the resulting inks pre-
sented an adequate viscosity (3.7–7.4 cP). After printing the elec-
trodes on different substrates, sintering temperatures between 
150 and 300 °C were tested. It was found that using 150 °C as 
sintering temperature and photo paper as substrate outstandingly 
low resistivity (in the order of 10−5 Ω cm) could be achieved.[70]

Self-healing properties have also been reported for conduc-
tive silver inks by resorting to localized solvent deposition.[71] For 
this, solvent-filled microcapsules were prepared by dispersing 
hexyl acetate in water with the aid of a surfactant and using 
Desmodur L75 as an emulsifier. To test the efficiency of the pro-
posed solution, a silver ink line was printed over an acrylic sub-
strate and, after purposely scratching the surface of the material 
and adding the prepared microcapsules, autonomous self-repair 
was observed and the conductivity was reestablished.

Metal Oxides: Metal oxides (MO), or amorphous oxide con-
ductors are not only the most abundant materials on the planet, 
but also exhibit unique and attractive features, such as optical 
transparency and outstanding electron transport properties.[72] 
To modulate their electrical, optical, and structural proper-
ties, elemental materials are added in a process called doping. 
Depending on the degree of doping the metal oxides can act as 
conductors, semiconductors, or even dielectrics.[73] While MO 
semiconductors are doped with donors (n-type) and acceptors 
(p-type) to improve their electrical conductivity, the MO conduc-
tors are considered highly degenerate n-type semiconductors.[74]

Transparent conductive oxides (TCO) are recurrently used 
to produce devices such as photovoltaic cells, transparent elec-
tronics, “smart” windows, and touch screens.[74] Indium tin 
oxide (ITO), the most used TCO, can be deposited through sput-
tering technologies, which makes it compatible with polymeric 
substrates. Besides, even though it is not as conductive as the 
conventional metallic materials, it can be used as a replacement 
when optical transparency is required.[33] Using MO micro- 
and nanowires (MOW) is also an emerging solution for the 
production of electronic components, which grants higher car-
rier mobility than MO thin films and allows for enhanced flex-
ibility of the devices.[75] ITO coated polyethylene terephthalate 
(PET) film sheets are commercially available, semitransparent, 
and flexible, and have been used to produce flexible conductive 
thin films, with thicknesses ranging from 10 to 200 µm, that 
are employed in various types of sensors.[76–78] In an innovative 
approach, Kim et al. resorted to the direct-printing of nanoscale 
MOW made from conducting indium oxide (In2O3) onto a 

Figure 7. Classification of materials with nanoscale dimensions.
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highly doped silicon wafer to produce field-effect transistors 
(FET).[75] Since the production of these devices involves the com-
bination of conducting materials with semiconducting ones, 
semiconducting indium zinc oxide (IZO) wires were also depos-
ited. Carrier mobility of 17.67 cm2 V−1 s−1 was reported, which 
is adequate for the use in transparent FET devices and one of 
the highest ever reported in the literature for MO materials. Shi 
and co-workers produced thin and transparent thermocouple 
sensors by sputtering In2O3 and ITO over PI substrates.[79] ITO 
films presented a slightly lower optical transparency but both 
were deemed feasible for integration in thermocouples.

However, since In is a costly and scarce material, there is 
interest in developing In-free alternatives. Thus, antimony-tin-
oxide (ATO), aluminum-cadmium-oxide (ACO), and aluminum-
zinc-oxide (AZO) have been used as substitute materials for 
TCO.[66,73] Zhou et al have demonstrated AZO potential after 
they were able to develop a high-quality transparent flexible 
electrode, by designing an AZO/Au/AZO multiple layer struc-
ture on a mica substrate.[80] This thin film (126 nm) exhibited 
high transmittance percentage (81.7%) and low resistivity.

These materials are frequently deposited by PVD (sputtering, 
pulsed-laser deposition, or atomic layer deposition) but can 
also be spin-coated, spray-coated or printed. Solution-processed 
printable inks can be obtained through the nanoparticle syn-
thesis route or sol–gel/precursor route.[73] Both routes require 
an aqueous or organic solvent, stabilizers, and high-tempera-
ture postprocessing treatment to coalesce the printed particles. 
Although there are obvious advantages in printing MO, it is 
still a challenge to obtain high mobility conductor layers at low 
temperatures through this approach.[81]

Despite the continuous advancements reported, there are 
still limitations when it comes to the implementation of MO on 
flexible electronics applications since they are not fully compat-
ible with flexible and wearable electronic devices.[82] Moreover, 
alternatives to ITO are needed since it is a scarce resource, 
has a brittle nature, and requires PVD in clean rooms. As a 
result, research is focused on alternatives to MO electrodes that 
may offer higher electrical conductivity, optical transparency, 
mechanical robustness, and cost-competitiveness. Some of 
those alternatives include liquid metals, carbon allotropes, and 
conductive polymers.

Metal–Organic Precursors: Another route for formulating 
metallic-based inks is through metal–organic decomposition 
(MOD).[83] This route differs from the previously mentioned 
particle ink suspensions because the obtained ink consists of a 
homogenous dispersion of metals in their ionic state. MOD 
allows for long shelf life, low-temperature processing, and sta-
bility of inks. Besides, since their production only requires a metal 
precursor and a complexing agent, they are very fast to optimize 
and compatible with large scale production, whereas, a nanopar-
ticle ink demands many optimization steps, and is susceptible to 
agglomeration, which ultimately leads to variability of results and 
clogged print head nozzles (in the case of inkjet printing).

Back in 1987, Teng et  al. produced one of the first studies 
describing the use of inkjet technology to print hybrid circuits 
resorting to silver and MOD inks.[84] In this particular case, 
however, the ink made from lead titanate, presented a low-k 
dielectric value and was used to produce the insulating layer. 
The potential use of this material in the production of TFT for 

solar cells was also discussed. Nowadays, there is a wide array 
of MOD inks available and the majority presents very low resis-
tivity. Most MOD inks are made from silver (lowest resistivity 
value of 1.59 × 10−8  Ω m), copper (lowest resistivity value of 
1.72  × 10−8  Ω m), and metal oxides.[85–88] Even though MOD 
inks can also be obtained from gold their higher cost and lower 
conductivity deem them less attractive.[83]

Silver MOD precursors include silver neodecanoate, silver 
oxalate, silver acetate, and silver tartrate, while some of the 
most frequently used copper precursors are copper acetate, 
copper formate, copper acetate, copper acetate, and copper 
hydroxide. Some of the complexing agents used in combina-
tion with these precursors are ethylamine, isopropanolamine, 
and other different amines. Solvents include xylene, ethylene 
glycol, isopropanol alcohol (IPA), ethanol, and water.[83] MOD 
inks have been demonstrated for uses in printed intercon-
nects and circuits, as well as electronic devices. As an example, 
Vaseem and co-workers use a silver MOD ink to produce radio 
frequency (RF) inductors.[88] Another very useful application 
for these inks respects smart packaging.[89] Thanks to their sta-
bility, easy processing, and large-scale manufacturing compat-
ibility they pose as adequate materials to be massively printed 
as cost-efficient radio frequency identification (RFID) chips and 
near-field communication (NFC) tags.[83,89]

As a result, despite some limitations regarding the large-
scale implementation of these materials, MOD inks are very 
promising in what concerns the future of printed electronics, 
and innovations respecting their use are expected as the OLAE 
industry continues to grow.[90]

Liquid Metals: Liquid metals (LM) are rapidly emerging 
thanks to their interesting and promising electrical, rheological, 
and thermophysical properties.[53] There are three kinds of pure 
room temperature liquid metals in nature: mercury (Hg, mp: 
−38.87 °C), gallium (Ga, mp: 29.78 °C), and cesium (Cs, mp: 
28.65 °C) (mp—melting point).[91] The most widely used are the 
gallium alloys that, not only present negligible vapor pressure, 
but also low toxicity.[53,91] Table 2 summarizes the main charac-
teristics of the two most popular LM alloys.

Like most metals (except for the noble ones), these alloys 
tend to be rapidly oxidized when their surface is exposed to air, 
water, or acids.[53] The oxide layer that forms around the liquid 
metal nanoparticles (LMNP) contributes to most of their rheo-
logical properties, resulting in higher mechanical integrity and 
increased interfacial tension and viscosity. This results in the 
nonspherical shape of liquid metals (despite their high surface 
tension) and allows the processing and patterning of LMNP 
onto the target substrates.[53] Despite being helpful for the dep-
osition step, the oxide layer hinders the conductive nature of 
LMNP and, therefore, a postprinting treatment (thermal, micro-
wave, photonic, and plasma sintering) is usually required.[94]

Table 2. Gallium based alloys used in OLAE.

Gallium  
based alloy

Weight ratio Electrical conductivity  
[S m−1]

Ref.

eGaIn (eutectic  
indium gallium)

Ga:In = 75.5:24.5 3.4 × 106 [92]

Galinstan Ga:In:Sn = 68.5:21.5:10 3.1 × 106 [93]

Adv. Mater. Technol. 2021, 6, 2001016
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LMNP can be produced through complex and cost 
demanding techniques such as CVD, PVD and lithography-
assisted patterning (demanding cleanroom techniques), or 
through sonication of the bulk liquid metal resorting to a 
solvent (organic or aqueous), surfactants, and stabilizers.[95] 
Commercial liquid metal inks are also widely available. These 
materials are attractive as they can be easily deposited through 
additive manufacturing (inkjet printing, 3D printing, selective 
wetting, spin, and spray coating).[53] Since they can be electri-
cally conductive while simultaneously sustaining stretching, 
bending, and twisting, they are mostly used for sensing devices 
and applications as resistive and capacitive sensors. LM can 
also serve as feedstock material to create conductive and com-
pliant interconnects between sensors and solid-state electronic 
parts, for flexible hybrid electronics manufacturing.[53,96]

To explore the potential of LM in capacitive sensing, Varga 
et al. produced a wireless inertial on-skin sensor based on the 
variation of the capacitance of a bulk eGaIn droplet, located 
between two electrodes and connected to a planar coil, which 
formed a resonant circuit, also known as an inductor-capacitor 
(LC) circuit (Figure 8).[97] The substrate used was a silicone 
material (Elastosil P7670), supported by a polyvinyl alcohol 
(PVA) coating. This sensor could be used in a bracelet, where 
movements from the user’s arm resulted in inductor–capacitor 
resonant frequencies, which correlated to the movements of the 
eGaIn droplet, and could be analyzed wirelessly.[97]

Mohammed et al. used two different printing technologies, 
combined in an automated additive manufacturing process, 
to fully develop flexible and stretchable tactile sensors.[98] The 
sensors were produced by extrusion printing of PDMS (Syl-
gard 184), to create a flexible substrate. Subsequently, eGaIn 
was spray printed on top of the PDMS and, following contact 
with the surrounding atmosphere, it was observed that oxide 
shells formed around the deposited particles. This was over-
come by a selective activation procedure, developed by the 
authors, in which the oxide shells were ruptured and merged 
by applying pressure directly with the nozzle tip of the extru-
sion equipment, creating highly conductive and complex 
geometric patterns at low temperature. This work presented 
a step forward in terms of fully printed, low temperature, 
and flexible/stretchable production of devices. What is more, 
liquid metals can be molded and reshaped without causing 
mechanical damage, which allows the exploitation of these 
materials for self-healing applications.[99] Hence, Markvicka 

et al. developed stretchable and healable circuit interconnects 
by embedding droplets of eGaIn in a soft PDMS (Sylgard 184) 
matrix.[99] When damaged, the droplets ruptured and reconfig-
ured themselves around the damaged area, allowing the cir-
cuit to operate continuously without interruption of the elec-
trical signal (Figure 9).

As far as metallic conductive materials are concerned, liquid 
metals have the highest conformability factor, with eGaIn being 
the most popular alloy for flexible and stretchable electronic 
components. Moreover, eGaIn is biocompatible, presents good 
rheological and self-healing properties, low-viscosity, and can be 
integrated into solution systems for printing.[65,66]

Carbon Conductors: Carbon-based materials are electroactive, 
conducting compounds that share sp2 bond hybridization. They 
can be 0D (fullerenes), 1D (carbon nanotubes, CNT), or single-
wall carbon nanotubes, SWNT), 2D (graphene and graphene 
derivatives such as graphene oxide, GO) (Figure 10).[100,101]

These materials are solution-processable, exhibit high 
thermal and electrical conductivity, low resistivity, high spe-
cific surface area, exceptional mechanical strength, and flex-
ibility. Such characteristics brand them adequate to fulfill the 
demand for electronic devices with superior performance.[100] 
Thus, a lot of research is focused on the synthesis (modifica-
tion and functionalization) of these materials, since their direct 
use often causes them to become indissoluble and aggregate, 
which limits their industrial applications. As a result, they are 
frequently used as hybrid carbon/polymer or carbon/oxide 
materials, such as GO and reduced GO (rGO).[50]

Graphene, in particular, is a 2D layered material with 
extended π-conjugation and unique electronic properties, 
and is extensively used to create hybrid materials and elec-
tronic devices (TFT, battery electrodes, and sensors).[50,66] 
Although graphene was already obtainable through CVD, 
the interest in this material increased dramatically after the 
introduction of mechanical exfoliation of graphene and ultra-
sonication as methods for obtaining very thin and excep-
tionally conductive graphene layers (carrier mobility up to 
20 000 cm2 V−1 s−1).[66,101–103] Henceforth, for simpler and lower-
cost applications these technologies are preferred over CVD 
since they can be used to efficiently obtain liquid-phase ink 
solutions of graphene fillers (Figure 11).[104]

Since these solutions must be stable against precipitation they 
imply the use of adequate solvents, surfactants, and sometimes 
other additives such as polymer binders (Table 3).[103,104]

Figure 8. Representation of the LC circuit enlightening its constituents.
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Although effective, these widely used methods present some 
drawbacks. Because of the use of organic solvents with high 
boiling points and the addition of binders, a high-temperature 
postannealing step is required.[105] Moreover, graphene, by 
itself, has limited stretchability (7%) and usually needs to be 
combined with polymers or CNT to form composites.[104,106]

Casiraghi et  al. were able to avoid these steps by formulating 
a graphene ink via ultrasonic-assisted liquid phase exfoliation in 
water, using 1-pyrenesulfonic acid sodium salt as the surfactant.[107] 
After this, the aqueous dispersion was centrifuged, and the sedi-
ment graphene redispersed in a printing solvent.[108] This ink was 
inkjet printed over a paper sheet and was successfully used as a 
strain sensor, attached to a LED. No pretreatment of the paper 
substrate was carried out and the entire printing process was per-
formed under ambient conditions. Water-based dispersions of 
graphene and CNT are particularly interesting because they are 
inherently more sustainable. Nonetheless, they rely on the use of 
surfactants and other additives so that stability and proper viscosity 
and surface tension are achieved and thus, their formulation tends 
to be more complex.[109] Despite this, many successful and detailed 
examples of devices produced using such inks exist and have been 
proved in the literature.[110–113]

Graphene-polymer composite inks are also extensively 
reported and grant a compromise between high conduc-
tivity and compatibility amidst the ink and substrate.[114,115] 
Classic examples have been advanced by Boland et  al., 
who embedded liquid-phase-exfoliated graphene (using 
N-methyl-2-pyrrolidone, NMP) into a lightly crosslinked 
silicone polymer.[114] This resulted in highly flexible compos-
ites with unprecedented electromechanical characteristics, 
which were compatible with the development of extremely 
sensitive electromechanical strain sensors. Another com-
posite form of graphene, with great conductive and flex-
ible properties, is achieved by preparing graphene–poly(3, 
4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 
composite solutions.[116] Fourier transform infrared (FTIR) 
analysis suggested the establishment of π–π electron donor–
accepter interaction between graphene and PEDOT:PSS. As an 
example, these composite solutions can be inkjet printed on 
top of an interdigitated electrode to produce highly selective 
response sensors to gases.[116] The graphene-PEDOT:PSS com-
patibility is widely studied and composite inks can be obtained 
either by using organic solvents or by simply using water as a 
dispersion medium.[110,117] For large-area applications, He and 

Figure 9. a) Illustration of the LM-PDMS composite; b) image depicting the selective conductive pathways created through compression and respective 
equivalent circuit; c) representation of the damage to the conductive pathway as a consequence of stretching. Conductivity between the terminals of 
that section is lost as a result; d) depiction of the same section after the LM segments reconfigure autonomously and reestablish electrical conductivity 
to the segment.

Figure 11. Representation of the processes used to integrate graphite into 
graphene dispersions. Adapted from with permission.[103] Copyright 2018, 
Elsevier.Figure 10. Different types of carbon allotropes used in printed electronics.
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co-workers were able to design a highly sensitive and fast-
response capacitive pressure sensor.[118] For this purpose, they 
engineered a sandwich-like structure over a PDMS substrate. 
CVD was used to deposit the graphene electrodes, which 
were subsequently transferred to the substrate resorting to a 
PMMA film (this was later removed with acetone). Afterward, 
a polyimide (PI) netting was deposited over the graphene elec-
trode (via scotch-tape method), and covered with another layer 
of graphene and PDMS.[118]

Graphene/AgNP composites and graphene/AgNW are also 
reported in literature.[119] In an innovative approach, Chen 
et  al. produced highly stretchable strain sensors integrating 
graphene, thermoplastic polyurethane, and AgNP into one 
composite material.[119] This was used to produce a sandwich 
structure on a PDMS film.

When graphene is chemically modified with functional 
oxygen groups it is called graphene oxide (GO). As a way 
of avoiding the use of materials like the ones appointed in 
Table  3, researchers found a way of synthesizing GO ink in 
a simple and scalable way, by using water as the solvent.[105] 
After being deposited onto a polyethylene terephthalate (PET) 
substrate through screen-printing, the GO layer was reduced 
to conductive rGO resorting to industrial chemicals (commer-
cial trifluoroacetic acid (TFA/HI)) at moderate temperature 
(Figure 12).

Besides being used in combination with graphene, CNT are 
also frequently merged with π-conjugated polymers.[50] Polymers 
such as poly(p-phenylenevinylene) (PPV), poly(p-/m-phenylene 
ethynylene) (PPE), poly(9,9-dialkylfluorene), polyvinylpyrro-
lidone (PVP), and poly (3-alkylthiophene) have been reported 
to form self-assembled hybrids with CNT.[50,120] Poly(9,9-di-
n-dodecylfluorene) (PFDD), for instance, was combined with 
SWCNT to fabricate an ink, which was used in the produc-
tion of a transistor on a test chip.[26] Multiple layers of the 
SWCNT-functionalized ink were printed through a procedure 
that combined roll-to-roll (R2R) gravure and inkjet printing. 
The resulting TFT, which were printed on SiO2 wafers, were 
reported to present mobility values of ≈25 cm2 V−1 s−1, while 

the TFT printed over PET substrates reported lower mobility 
values, but still higher than 5 cm2 V−1 s−1.[26] SWCNT and 
MWCNT can also be combined with PEDOT:PSS to enhance its 
conductivity and mechanical resistance.[121,122]

Fullerenes, like C60 or C70, are known for their potential 
applications as semiconductors in the field of organic photovol-
taics (OPV) and organic solar cells (OSC).[123] They are some-
times used as a blend of C70:C60 as a way of compromising 
between the higher performance of C70 and the lower costs 
of C60.

[123] Nonetheless, the most efficient OPV and OSC are 
still produced resorting to environmentally harmful organic 
solvents and additives (such as chloroform, chlorobenzene, 
and halogen-containing processing additives). To avoid this, 
Novikov and co-workers have recently developed a printable, 
environment-friendly aqueous solution of C60 to be applied to 
the production of OFET as gas sensors for ammonia detec-
tion.[54] For this, they took advantage of previous knowledge that 
sulfur-containing fullerene derivatives undergo easy thermal 
decomposition, reforming pristine C60, and releasing some 
nontoxic byproducts, such as thiols and disulfides. Aqueous 
solutions of sulfur-containing fullerene derivatives were spin-
coated over glass substrates and the obtained films were 
annealed in a nitrogen glove box for 30 minutes at tempera-
tures varied from 100 to 300 °C.[54] Through this approach, they 
were able to achieve electron mobility of 5.1 × 10−2 cm2

.V−1 s−1, 
which represents a great step toward the development of envi-
ronment-friendly organic electronics.

MXenes: Materials known as MXenes belong to the family 
of transition metal carbides, nitrides, and carbonitrides, and 
were only discovered in 2011.[124] They are emerging, highly 
conductive 2D materials and are obtained through chemical 
functionalization via a solution-etching process.[125] Thanks to 
their solution processability they can be used in the formula-
tion of highly conductive inks and have recently, therefore, been 
rising in popularity for the printed electronics field. MXene-
based inks are compatible with inkjet printing, screen printing, 
and spray coating. Their characteristics make them suitable for 
energy storage (batteries and supercapacitors), optoelectronics, 

Table 3. Some commonly used solvents, surfactants, and polymers used 
to aid the processing of graphite into graphene dispersions. Adapted 
with permission.[103] Copyright 2018, Elsevier.

Solvents Surfactants Polymers binders

N-Methyl-2-pyrrolidone 
(NMP)

Sodium cholate (SC) Polymethyl 
methacrylate (PMMA)

N,N-Dimethylformamide 
(DMF)

Sodium dodecylsulfate 
(SDS)

Polyvinyl alcohol 
(PVA)

1,2-Dichlorobenzene Sodium 
dodecylbenzenesulfonate 

(SDBS)

Polyvinyl pyrrolidone 
(PVP)

Cyclohexanol Pluronic F-127 Ethylcellulose (EC)

Chlorobenzene Triton X-100

Toluene Poly(sodium-4-styrene 
sulfonate) (PSS)

Acetone Flavin mononucleotide 
sodium salt (FMNS)

Figure 12. a) Photograph of screen-printed GO and b) rGO showing the 
printed conductive circuits after chemical reduction. Reproduced with 
permission.[105] Copyright 2017, Wiley-VCH.
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and sensing applications.[125–128] Zhang et  al. manufactured 
flexible and coplanar micro-supercapacitors by using 3D printed 
stamps to imprint water-based MXene dispersions on paper.[128] 
Zhao and co-workers recently developed a polyaniline/MXene 
nanocomposite to produce flexible gas sensing devices on PET 
films.[127] These devices presented not only high ethanol sensi-
tivity but also a remarkably fast response/recovery time at room 
temperature. This study established MXene nanocomposites 
as the next-generation sensing materials for the detection of  
volatile organic compound (VOC) gases.

Organic Conductors: As previously stated, organic materials 
can compete with inorganic ones as feedstock for flexible large-
area electronic functional elements. Moreover, they present 
low-temperature processability, flexibility, biocompatibility, and 
even biodegradability in some cases.[129]

Organic materials are mainly composed of hydrogen, 
oxygen, and carbon atoms (which constitute their backbone 
chain). These materials are unique since the carbon atom 
can have many different configurations. For instance, its elec-
tron configuration is 1s2–2s2–2p2, meaning that there are four 
valence electrons available for bonding at the 2s orbital and the 
2p orbitals.[130] Carbon forms four bonds in most compounds 
through single CH3–CH3 bonds, double CH2=CH2 bonds, or 
triple CHCH bonds. When two p orbitals are perpendicular 
to each other and overlap, a pi (π) bond is established.[130] 
When the two sp2 orbitals overlap in a “head-on” overlap way 
it is known as a sigma (σ) bond (Figure 13a). The later ones 
establish saturated bonds and are denser than the unsaturated 
π bonds (Figure 13b).

Many conductive polymers present intrinsic conductive 
properties and have been synthesized as functional materials 
for their electrical, magnetic, and optical properties.[66,131] The 
macromolecules are often based on polypyrrole (PPy),[132] poly-
thiophenes (PT) (and various other polythiophenes, e.g., based 
on poly(3,4-ethylene dioxythiophene), PEDOT, and on poly(3-
hexylthiophene-2,5-diyl), P3HT),[133] polyphenylene vinylene 
(PPV), and polyaniline (PANI).[131] While bulky crystals are 
fragile, low-dimensional crystals exhibit better flexibility and 
elasticity.[52] The most frequently used method for the fabrica-
tion of organic crystalline semiconductor-based flexible devices 
is PVD, however, solution-processing techniques (drop-casting, 
solvent exchange, and solvent–vapor diffusion methods) are 
also widely used.

Poly(3,4-ethylene dioxythiophene) (PEDOT), in particular, 
can form a stable particle suspension in water with polysty-
rene sulfonate (PSS) as a counter-ion, originating PEDOT:PSS, 
a conducting polymer compatible with various open-air 

deposition methods and inkjet printing.[133] PEDOT:PSS is 
vastly employed in the fabrication of sensors and can be pre-
pared in addition to carbon materials and other polymers to 
form composites with enhanced electrocatalytic performance 
and sensitivity.[116,134] Guo et al. concluded that the conductivity 
of PEDOT:PSS was increased when printed onto a nonwoven 
PET fabric substrate.[133]

This was a result of enhanced phase segregation between 
the polymer and the surface chemistry of the textile. Recently, 
Tseghai and co-workers screen-printed PEDOT:PSS/PDMS 
composites over the textile fabric to produce large-area flexible 
and stretchable sensors.[135] By varying the ratio of PEDOT:PSS 
to PDMS it was possible to tune the electrical properties of the 
resulting material depending on the envisioned application 
(sensors, interconnections, antenna, and storages). For 
instance, highly conductive fabrics can be used to produce 
humidity sensors, the average ones to produce strain sensors 
and the ones with lower conductivity can be used as ECG, 
EMG, and EEG electrodes. In another study, researchers suc-
cessfully printed PEDOT:PSS-based sensors for wireless real-
time monitoring of human skin and other objects’ temperature 
(Figure 14).[136]

The sensor was printed over a PEN substrate and an Ag 
electrode and the addition of a top layer of fluorinated polymer 
passivation (CYTOP) helped increase its humidity stability and 
temperature sensitivity.

PEDOT:PSS is not only electrochemically active but it also 
exhibits electrochromic attributes.[137] To take advantage of this 
particularity, PEDOT:PSS is often combined with metal oxides 
and other monomers or polymers to explore the color-switch 
(electrochromic effect) that derives from the following general 
electrochemical reaction, where the acid (PEDOT) and sodium 
salt (PSS) go through a redox reaction (Equation (1))

PEDOT : PSS M e PEDOT PSS M0+ + ↔ ++ − + − − +  (1)

A common design of an electrode for electrochromic dis-
plays is depicted in Figure 15. The layered structure includes a 
flexible substrate, on top of which PEDOT:PSS and a conduc-
tive line are deposited (through printing or coating techniques). 
The electrolyte, which allows for the ionic change to happen, 
is deposited on both electrodes (pixel and counter electrode). 
When in the oxidized state, the PEDOT:PSS goes from a dark 
bluish color to a semitransparent appearance. This color change 
can be tuned by varying the thickness of the two electrodes.[137]

This effect is widely explored in applications such as smart 
windows and smart displays.[138,139] Nemani et  al. created 
electrochromic devices using PEDOT:PSS as the functional 
electroactive material, an ionic liquid as the ionic medium, 
and graphene as the counter electrode.[140] In this work, they 
were able to obtain interchanging color devices with fast 
response time and antiwetting properties, which represented a  
significant step forward in the development of low-cost and 
robust optoelectronic devices. Kololuoma and co-workers used 
PEDOT:PSS from Ynvisible Interactive Inc. to create an activity 
meter demonstrator with a flexible electrochromic display.[138] 
This display was embedded in a device through in-mold elec-
tronics, a process that allows to integrate printed and hybrid 
electronics in a device structure through injection molding.

Figure 13. Illustration of a) a sigma (σ) bond and b) a π) bond.
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PEDOT:PSS is also a classic example of an organic material 
whose conductive properties are greatly enhanced by combi-
nation with carbon allotropes, particularly graphene, SWCNT, 
and MWCNT. As a result, numerous case studies can be found 
across the literature regarding the use of these composite inks 
in printed temperature, humidity, pressure, and strain sen-
sors.[117,121,141–146] Last but not least, thanks to its great stability 
when in contact with air and its capability to endure strain, 
PEDOT:PSS has been successfully used in the printing of 
stretchable interconnects and circuits.[147]

Another functional electrochemically active polymer is 
PANI. The conductivity of PANI is higher when oxidized 
or doped, and can be applied to the manufacture of sen-
sors, inks for printable electronics, photovoltaics, and actu-
ators.[148] The fact that it becomes more conductive after 
proton doping, and decreases its charge carrier density as gas 

molecules are absorbed, makes it particularly interesting for 
integration in chemical and biological sensors.[149] Moreover, 
its conductivity is increased by integration in composites 
with carbon materials. For example, Seo et  al. studied the 
use of graphite, rGO, and graphene nanoplatelets in combi-
nation with PANI to produce flexible sensors to detect haz-
ardous chemicals.[149] Similar to PEDOT, PANI can be doped 
with PSS to enhance its properties.[150] This was proved by 
Cho and co-workers, who developed a hydrogen sulfide 
sensor (H2S) by preparing PSS-doped PANI/graphene solu-
tions and spin coating them over PET substrates, making 
them suitable for flexible sensor electrodes.[150] PSS-doped 
PANI/graphene composites with 30 wt% graphene displayed 
the highest conductivity and detection of H2S gas was suc-
cessful for concentrations as low as 1 ppm. This formulation 
enhanced the intermolecular interactions between PSS-PANI 
and the graphene sheets, which facilitated charge transport 
in the electrode materials.

PPy is also widely reported in the literature and is recog-
nized for its mechanical flexibility and solubility. It is usually 
applied to surfaces through bathing, electrodeposition, or in 
situ polymerization.[66] Jamalabadi et  al. used an electrospin-
ning technique to deposit PPy and a PPy-ZnO hybrid nano-
composite, with different ZnO loading percentages, over a 
copper thin film to produce a novel 4-element chemiresis-
tive sensor array.[151] The sensor was capable of identifying 
and quantifying different amine vapors and their respective 
concentrations.

Figure 14. a) Time-dependent resistance response of a printed temperature sensor to human skin. b) Sensor integration in a facemask for rate and 
breathing type monitoring. c) Enlarged image of date in red box region of (b). d) Wireless temperature-sensing platform with a printed temperature 
sensor. e) Schematic diagram of wireless sensing platform mounted on an arm for real-time body temperature monitoring. f) The sensing platform 
adapted to a coffee cup for real-time object temperature monitoring. Reproduced under the terms of a Creative Commons Attribution 4.0 International 
License.[136] Copyright 2020, The Authors, published by Springer Nature.

Figure 15. Depiction of one of the electrodes used to create an electro-
chromic display. Adapted with permission.[137] Copyright 2012, Elsevier.
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3.2. Semiconductors

3.2.1. Metal Oxide Semiconductors

As previously stated, MO semiconductors (MOS) are doped 
with donors (n-type) and acceptors (p-type), which grant them 
their semiconducting ability.[74,152] Some distinguished MOS 
are zinc-oxide (ZnO), zinc tin oxide (ZTO), indium-zinc-oxide 
(IZO), indium (III) oxide (In2O3), tin(IV) oxide (SnO2), tung-
sten trioxide (WO3), titanium dioxide (TiO2), copper(I) oxide 
(Cu2O), and copper(II) oxide (CuO).[73]

Amorphous metal-oxide semiconductors (mainly amorphous 
indium–gallium–zinc-oxide (a-IGZO)) are also perceived as 
promising candidates for flexible LAE, as they can be manu-
factured at a low processing temperature, which is compatible 
with fabrication on polymeric and natural substrates.[152,153]

In 2011 researchers were successful in producing In2O3, 
ZTO, and IZO TFT by a solution process at a temperature as 
low as 200 °C, resorting to a novel self-energy generating com-
bustion chemistry procedure.[154] In the following year, Hennek 
et  al. printed an IGZO TFT with mobility of 2.45 cm2 V−1 s−1, 
with an annealing temperature of 400 °C.[155] In 2014, Lim et al. 
were able to print ZnO TFT with an annealing temperature of 
just 150 °C.[156] The reported mobility was 3 cm2 V−1 s−1. More 
recently, Park et al. developed self-powered ultraflexible organic 
photovoltaics (OPV) using a solution-processable zinc oxide 
nanoparticle layer as the electron-transporting layer and an ITO 
electrode.[157]

MOS are also noteworthy materials for integration into flex-
ible circuits.[66] Pierre and co-workers produced a multiplexing 
circuit composed of IGZO TFT with an integrated array of sen-
sors composed of ion-selective organic electrochemical transis-
tors (IS-OECT).[158] This resulted in a low-cost electronic device 
that allowed for high-resolution mapping of the environmental 
concentration of ions. Münzenrieder et al. applied IGZO TFT to 
a large-area magnetosensory system.[159] The system integrated a  
differential giant magnetoresistive (GMR) sensing element 
and an operational amplifier with differential high imped-
ance, composed of 16 IGZO TFT, sputtered on a flexible 50 µm 
PI film. This system was envisioned for applications ranging 
from proximity sensors for on-skin or wear-able electronics to 
acoustic virtual reality for visually impaired people.

Recently, MOS have been used in self-healable applica-
tions. To achieve this, Wu et  al. produced titanium dioxide/
polyurethane (TiO2/PU) nanocomposites.[160] The TiO2 and the 
PU motifs were reversibly covalently bonded by in-situ polym-
erization, through the Diels–Alder reaction. When a crack or a 
rupture occurred in the composite polymeric matrix, the mate-
rials were able to self-heal upon heating at 150 °C, combined 
with applied pressure. After healing, the electrical and thermal 
conductivity of the nanocomposites was recovered.

Quantum Dots: Quantum dots (QD) are semiconductor 
particles with sizes approaching the Bohr radius of exci-
tons (nanoscale) and are usually referred to as 0D materials. 
They present attractive characteristics, such as size-tunable 
bandgap, small exciton binding energy, high photolumines-
cence quantum yields (when irradiated with UV light), and 
high available surface area.[33] Usually, wet chemical techniques 
are employed to produce QD with a high degree of crystallinity 

and homogenous size distribution.[161] To stabilize the inorganic 
nanoparticles, ligands are often added to solution-processed 
colloidal semiconductor QD. Their small size, monodisper-
sity, distinctive properties, and low cost renders them valuable 
for future applications in commercial electronic components, 
information storage, and sensing.[161] They can be used as 
active layers in field-effect transistors (FET) and present higher 
mobility than 30 cm2 V−1 s−1. QD have also been examined as 
potential candidates for photovoltaic cells.[162]

Some examples of QD used in large-area electronics are cad-
mium sulfide (CdS) and Cadmium selenide (CdSe). In a recent 
publication, researchers were able to integrate CdSe and CdS 
quantum dots into quantum rods (QRs) and encapsulated them 
resorting to surface crosslinking of ZnS (avoiding the oxida-
tion of the QR).[163] In this work, by Chen et al., CdSe/CdS/ZnS 
QR were used to produce white light-emitting diodes (WLED) 
with higher efficiency than those presented by nonencapsu-
lated QD.[163] Que and co-workers presented a flexible solar 
cell where cobalt sulfide (CoS) quantum-dots sensitized with 
ZnO were used as the photoanode. The ZnO nanorod arrays 
(NRAs) were directly fabricated on the flexible ITO/PET sub-
strate by a hydrothermal method, and CdS and CdSe quantum 
dots were subsequently deposited on the ZnO NW by chemical 
liquid deposition.[164] The counter electrode was composed of 
cobalt sulfide (CoS) NRA on graphite paper (GP).

Other types of highly efficient specimens, that have already 
been used in the development of WLED, are graphene quantum 
dots (GQD).[165] Luo et al. produced them through a microwave-
assisted hydrothermal method and were able to obtain high 
current density and luminance.[165] Another field of application 
of flexible quantum dot light-emitting devices (QLED) is the 
medical industry, more specifically in the production of devices 
for photodynamic therapy against Gram-positive bacteria.[166]  
As a proof-of-concept, Chen et  al. successfully synthesized 
QLEDs and deposited them onto a PEN flexible substrate. They 
presented high efficiency, narrow spectra, and specific wave-
lengths of interest to photomedicine.

Another type of increasingly popular material are the 
perovskite quantum dots (PQD). Recently, Shi et  al. used a 
strategy called in-situ inkjet printing (ISIP) to generate dis-
plays with anticounterfeiting and enhanced photolumines-
cence properties.[167] This strategy encompasses the use of an 
inkjet ink made from perovskite precursors dissolved in DMF. 
After printing drops of this ink in a controlled manner onto a 
heated polymeric substrate, the printed dots were allowed to 
spread, partially dissolve on the solvent matrix, and were finally 
left to dry and crystalize as PQD thanks to slow solvent evapora-
tion. The patterned crystalized PQD dots emerge as pixelated 
images upon UV lighting.

Low-Temperature Polycrystalline Silicon (LTPS): LTPS (p-Si), as 
the name hints, are synthesized at low temperatures and are 
very attractive for flexible electronics, particularly in the pro-
duction of TFT for displays.[168] The most attractive methods to 
deposit LTPS over polymeric substrates are plasma-enhanced 
chemical vapor deposition (PECVD), excimer laser annealing 
(ELA), and solution processes. Contrarily to a-Si, which usually 
cracks when subjected to bending tests, even with low tensile 
strains of 0.5%, LTPS can be implemented in flexible sensors 
with improved results.[66,169] They also present good electrical 
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characteristics with carrier mobility up to ten times higher than 
the one presented by MO semiconductors (50–100 cm2 V−1 s−1). 
Hence, to provide the same current supply, a-Si and metal-
oxide TFT require a larger device-width. This means a higher 
resolution of OLED can be achieved using LTPS TFT (a pixel 
must contain space for TFT and OLED, and therefore, the less 
space the TFT occupies the larger the OLED component can 
be, leading to increased brightness).[170] Another advantage of 
LTPS over MO semiconductors seems to be their higher sta-
bility, reliability, and lower reported thermal degradation.[94] 
These advantages, altogether, appoint LTPS as the most prom-
ising semiconductor for TFT in the scope of the currently used 
organic and inorganic materials for large-area and flexible 
electronics.

The preferred substrates for bendable and twistable displays 
are thin glass, metal foils, and polymers. While glass and metal 
foils can sustain high process temperatures and present great 
compatibility with LTPS, they have limitations regarding their 
brittleness and fragility.[170] Polymers, on the other hand, are 
ideal substrates for malleable applications, but often suffer 
damage or expansion during the deposition of the LTPS film 
layer, as a result of temperature shock. This was observed by 
Pecora et  al. that, as a preventive measure, suggested the 
deposition of a SiO2 layer as a thermal buffer layer between 
the substrate and the amorphous-Si film, which suppressed 
the conduction of heat to the substrate.[171] During the selective 
wet-etching patterning of the doped Si-layer, the maximum reg-
istered temperature was 350 °C, which was endurable by the 
used PI substrate (Figure 16).

Gao et  al. also demonstrated the production of an active-
matrix organic light-emitting diode (AMOLED) by using amor-
phous silica as barrier layers between the PI substrate and the 
LTPS TFT.[172] The deposition was conducted through PECVD 
followed by a 450 °C dehydrogenation oven annealing process. 
Although LTPS are, indeed, materials with tremendous poten-
tial for OLAE applications, they are usually only compatible 
with substrates that can withstand relatively high temperatures, 
with PI being the go-to polymeric substrate for manufacturing 
flexible LTPS based TFT. Nonetheless, Trifunovic et  al., were 
able to successfully produce a solution-processed LTPS from a 

Si-based ink, named cyclopentasiloxane, and deposited it over 
a paper substrate.[173] This was carried out in a contained envi-
ronment and at low oxygen presence, resorting to a blade. Sub-
sequently, ELA was performed at a maximum temperature of 
150 °C. This work allowed for the direct integration of Si on 
inexpensive substrates.

Organic Semiconductors: Organic semiconductors include 
molecules and polymers that present aligned and patterned 
structures such as rubrene, pentacene, poly(3-hexylthiophene) 
(P3HT), poly(diketopyrrolopyrrole-terthiophene) (PDPP3T), 
diphenylanthracene (DPA), amongst others. Their crystalline 
conformation grants device uniformity and reproducibility, rep-
resenting a step toward large-scale, simple, and low-cost fabrica-
tion of organic crystalline material (OCM) flexible devices.[52,66]

For electronic applications, pentacene is usually used as 
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene). 
TIPS-pentacene exhibits much higher molecular packing than 
pentacene alone, thus granting higher conductivity proper-
ties to the envisioned applications (Figure 17).[174] In a 2008 
study, OFET were produced by evaporation of an inkjet print-
able formulation of TIPS-pentacene, which was printed over 
a PEN substrate.[175] In a recent study, Kim et  al. spin-coated 
a TIPS-pentacene solution at various spin rates (1200, 1500, 
and 2000 rpm) and studied the consequent formation of a 2D 
crystalline film (through the formation of spontaneous π–π 
interaction).[176]

In 2016, Park et  al. conducted a study regarding the inkjet-
assisted nanotransfer printing (inkjet-NTP) of TIPS-PEN, C60, 
and P3HT to produce photodetectors and strain sensors.[177] 
Inkjet-NTP allows the printing of large-area devices with mono-
lithic integration of distinct and patterned organic functional 
materials. Thus, it was possible to integrate 12 sets of circuit 
arrays with FET, inverters, and heterojunction diodes into 
one single substrate. Each one of the active components con-
sisted of nanopatterns composed of TIPS-PEN, C60, and P3HT 
(Figure 18).[177]

This synergistic combination of inkjet printing and 
nanotransfer printing represented a breakthrough in the 
large-scale fabrication of multimaterial and multifunctional 
devices.[177]

Rubrene organic single crystals have also been extensively 
used to produce low-cost flexible FET. Briseno et  al. produced 
OFET growing rubrene crystals through physical vapor trans-
port in a flowing stream of argon. ITO/PET substrates were 
used as bottom-contact flexible substrates and a mobility as 
high as 4.6 cm2 V–1 s–1 was reported.[178]

In the case of diphenylanthracene (DPA) crystals, strong 
intermolecular CH…π interactions are established between 
the neighboring DPA molecules to form 1D stacked arrange-
ments.[52] This OCM allows for excellent electrical properties. 
High electrical mobility (34 cm2 V–1 s–1) has been reported by 
Liu et  al. in a report where OLED based on 2,6-DPA organic 
semiconductor were developed.[179]

Hybrid Semiconductors: Some materials incorporate both 
organic, inorganic, or chalcogenide motifs, presenting versatile 
and compelling properties that arise from their complemen-
tary nature.[180] Perovskites,[162] Rochelle salts,[180] and transi-
tion metal dichalcogenides (TMD) have been reported for their 
potential as hybrid materials for electronics manufacture.[181,182]

Figure 16. Depiction of the LTPS TFT deposited onto the substrate with 
evidence of its flexible nature. Reproduced with permission.[171] Copyright 
2008, Elsevier.
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Ever since 2009, perovskite has been extensively employed 
in the manufacture of organic solar cells (OSC).[162] They are 
widely studied for their optical and electrical properties and 
their solution and deposition processability at low tempera-
tures.[66] For instance, perovskite solar cells have been fabri-
cated using a low-temperature solution in a one-step process or 
a two-step sequential process.[183,184] For these applications, the 
preferred compounds are organic–inorganic hybrid perovskites 
(methylammonium lead halides of bromide, iodide, or chlo-
ride).[66] Kojima et al. studied the potential of lead halide perov-
skite compounds such as CH3NH3PbBr3 and CH3NH3PbI3 as 
visible-light sensitizers in photoelectrochemical cells.[162] These 
nanocrystal particles were successfully used to coat a TiO2 film 
(as n-type semiconductors) and used to produce photoelec-
trodes with power conversion efficiency (PCE) around 3–4%. 
Although at the time the resulting PCE was considerably low, 
this was a pioneer work and resulted in the upsurge of a new 
type of solar cell technology. In 2014, researchers reported a 
groundbreaking PCE of 19.3% using a lead halide perovskite 
deposited through an enhanced reconstruction process con-
ducted in controlled humidity and low-temperature environ-
ment (<150 °C).[185] One year later, Yang et  al. achieved the 
highest PCE reported for a perovskite solar cell.[186] Resorting 
to formamidinium lead iodide (FAPbI3) perovskites fabricated 

from PbI2(DMSO), through an intramolecular exchange pro-
cess (IEP), they obtained higher efficiency solar cells (PCE 
> 20%) with a great degree of reproducibility. Hu et  al. were 
able to produce a printable perovskite module that exceeded 
10% PCE.[187] This work proved the scalability of the production 
process of perovskite solar modules by fully printing 10 serially 
connected cell modules (10 × 10 cm2). Figure 19 depicts the pro-
duction line proposed by Hu and co-workers to continuously 
print the solar multilayer modules. First, the conductive glass 
layers are etched with parallel laser rays. Then successive layers 
of TiO2, zirconium dioxide (ZrO2), carbon, and perovskite solu-
tion are deposited. Finally, the surface of printed modules is 
etched with a laser to create the electrode patterns.

Other large-area approaches for scalable fabrication through 
roll-to-roll (R2R) printing appear in the literature. For instance, 
Hu et  al. used organic–inorganic hybrid halide perovskite 
nanowires (PNW) of methylammonium lead iodide to produce 
photovoltaic devices at ambient conditions of 45% humidity and  
28 °C.[188] Both silicon oxide (SiO2) and flexible polyethylene tere-
phthalate (PET) were successfully used as substrates. Besides 
being inherently hybrid, they can form composites with MO,[189] 
CNT,[190] and organic conductors, such as PEDOT:PSS.[191,192] 
Composite halide perovskites present increased electrical and 
mechanical properties. As an example, Xie and co-workers 

Figure 17. Molecular packing motifs in organic crystals, with examples of pentacene in herringbone packing (face-to-edge) without π–π overlap  
(face-to-face) between adjacent molecules and TIPS-pentacene in lamellar motif, 2D π-stacking.

Figure 18. a) Large-scale integrated circuits of functional organic nanopatterns on a plastic substrate (Photograph). b) Schematic diagram of a rep-
resentative area of the integrated electronic devices. The FET were produced with TIPS-PEN (green), C60 (blue), and P3HT (orange), the inverters 
with TIPS-PEN and C60, and the p–n diode arrays each used P3HT with C 60 and P3HT with N,N′-dioctyl3,4,9,10-perylenedicarboximide (PTCDI-C8). 
Reproduced with permission.[177] Copyright 2016, Wiley-VCH.
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produced perovskite/organic–semiconductor phototransistors 
for ultrasensitive broadband photodetection, based on meth-
ylammonium chloride/PEDOT:PSS.[192] For this purpose, a 
CH3NH3PbI3-xClx perovskite film was spin-coated over a pre-
viously deposited PEDOT:PSS layer and subsequently sub-
jected to thermal annealing at 100 °C. The devices produced 
through this process showed higher gain and higher respon-
sivity than what was previously reported for perovskite-based 
photodetectors.

Quartz and Rochelle salts are natural materials that exhibit 
piezoelectric sensing potential, which arises from variation in 
their conductivity upon deformation of their crystalline struc-
ture when pressured.[180] Although they have a lot of potential 
in sustainable electronic manufacturing, reports of applica-
tions are yet to be developed. Quartz, however, is already widely 
employed as a substrate material.

TMD are 2D layered materials usually obtained by CVD 
or by the previously described liquid-phase exfoliation pro-
cess (resorting to hydrofluoric acid or other etchants, in this 
case).[125] They can be organic when incorporated with con-
jugated polymers or carbonaceous materials, or inorganic-
based, when incorporated with noble metals or metal oxides. 
Besides, they can be produced through low-cost and scalable 
procedures.[193] Applications in photovoltaic cell develop-
ment, chemical sensors, and energy conversion and gen-
eration have been reported for TMD. Semiconducting TMD 
include MoS2, WS2, and MoSe2. Discovered in 1963, MoS2 
rose to prominence in 2011 after it was first used to produce a 
transistor with an excellent current ratio.[194] MoS2 is unargu-
ably the most popular TMD for large-area applications and 
has been used to produce printable inks resorting to solvents 
such as water, IPA, ethanol, among others.[125] It has applica-
tions in gas sensors and photodetectors. To demonstrate this, 
Yao et al. produced inkjet printable NH3 gas sensors using a 
high concentration aqueous dispersion of MoS2.[195] Ethanol 
and glycerol were also added to the solution to improve its 
viscosity and assure its printability. In another work, layers of 
graphene/MoS2 and MoS2 were deposited through CVD over 
a PI substrate to produce photodetectors and transistors.[196] 
In a different approach, Kim and co-workers synthesized 
MoS2 phototransistor arrays on flexible polymer substrates 
using CVD.[197] The resulting material had great transpar-
ency and tolerance, which was maintained even under tensile 
strains.

3.3. Dielectrics

Dielectrics are a fundamental integrating part of several elec-
tronic devices for applications that demand high capacitance 
and insulation.[47] The dielectric layers should be uniform and 
smooth to promote adequate integration between components 
and efficient activation of the medium caused by the electric 
field actuation. In the field of printed electronics, this is no 
exception, and they are an essential part of printed FET and 
capacitive sensors.[66] In commercial devices, the gate dielectric 
is usually composed of thermally oxidized SiO2.[57] Si-based die-
lectrics, such as PECVD silicon nitride (SiNx) and silicon oxide 
(SiOx) thin films, have been used in the electronics industry for 
years and are widely reported.[43,198]

More recently, to achieve scalable and low-cost production 
of various electronics, solution-processable MO, polymers, and 
hybrid dielectrics have risen in popularity.[57] As previously dis-
cussed, MO (such as aluminum oxide (Al2O3), zirconium oxide 
(ZrO2), hafnium oxide (HfO2), and yttrium oxide (YO2)) are 
printable materials and, for dielectric applications, the most 
popular one is Al2O3. By inkjet printing, it is possible to achieve 
high-quality thin films from Al2O3 inks, however, some disad-
vantages such as nozzle clogging and grain boundary forma-
tion have been reported.[199] McKerricher and co-workers used 
Al2O3 to develop a sol–gel dielectric, which was employed in the 
manufacture of printable metal–insulator–metal (MIM) capaci-
tors.[199] Researchers were able to suppress coffee ring staining 
by optimizing the solution and the resulting capacitors showed 
good dielectric properties for currents under 20 V. Nonethe-
less, some improvements should be made to reduce the varia-
tion in the performance of the printed devices and to lower the 
required processing temperature.

Polymers are also widely employed as dielectric inks thanks 
to their easy processing. PMMA, PVA, PVP, poly(4-vinylphenol) 
(PVPh), poly(acrylic acid) (PAA), poly(perfluorobutenylvinylether), 
polystyrene (PS), polylactide acid (PLA), poly(vinylidene fluoride) 
(PVdF), and PVdF-Trifluoroethylene (PVdF-TrFE) are some of the 
most reported ones.[66] Polyesters, polyurethanes, epoxy resins, 
and epoxy-based UV curable materials are also reported in the 
literature.[27,200,201]

PVP, PVA, PS, and PMMA can be used as single polymers or 
manufactured into crosslinkable inks.[202–204] Mohapatra et  al. 
produced inkjet printable parallel plate capacitors using a PVP 
ink that demanded curing at 180 °C to crosslink and solidify the 
polymer.[205] Silver ink was also printed to produce the metal 
plates. To avoid high-temperature processing, Jeon and co-
workers demonstrated the use of ultraviolet (UV) crosslinkable 
PVA solution as a dielectric.[206] They developed a transistor and 
a capacitor to produce high-gain logic circuits over a polymeric 
substrate. To achieve this, semiconducting pentacene was 
deposited over the PVA dielectric through vacuum deposition. 
Li et al. copolymerized PMMA and PS with propargyl and azido 
groups and were able to crosslink it resorting to low tempera-
tures (100 °C).[207] SU8 is another material with interesting die-
lectric properties.[208] Since it is widely commercially available 
and UV crosslinkable, it appears as an affordable alternative that 
demands low-temperature processing. Zea et al. inkjet printed 
SU-8 over paper to create a hydrophobic layer, which was cured 
with UV radiation for 30 s.[209] After treating the surface of the 

Figure 19. Schematic illustration of the successive printed layers during 
the production line of the solar modules.

Adv. Mater. Technol. 2021, 6, 2001016

 2365709x, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202001016 by U
niversidade D

o M
inho, W

iley O
nline L

ibrary on [13/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2001016 (17 of 44)

www.advmattechnol.de

paper, a three-electrode array, made of gold and silver layers, 
was inkjet printed, sintered, and treated with oxygen plasma. 
The process was finalized by the inkjet printing of another UV 
curable SU-8 layer, which served as the passivation layer. Other 
UV curable polymers such as acrylic conductive inks and elec-
tromagnetic inks allow for fast and low-temperature curing and 
have been used in the development of microelectronic devices 
for several years.[210,211]

In a recent work by Ashtiani, the dielectric properties of 
PVP, PMMA, and barium titanate (BaTiO3) were combined 
by developing a low-temperature processing BaTiO3/PMMA/
PVP nanocomposite solution.[212] This organic–inorganic nano-
composite was used as a dielectric gate and revealed promising 
capabilities for optoelectronic applications.[212] Nanocomposites 
obtained by dispersing Ca2Nb3O10/PMMA in acetone have also 
been used to produce thin dielectric films with higher dielec-
tric constants than PMMA alone.[213] Hybrids between MO 
and polymers are also studied for their combined properties as 
insulators.[214–216]

PVPh is also a very useful polymer to create printable dielec-
tric material. It is used in its crosslinked state, as cPVPh, and 
is frequently employed as an organic gate dielectric layer in the 
production of OTFT.[217] In 2014, Eloi Garcia drew inspiration 
from previous literature and optimized a formulation to create a 
printable ink, based on the cross-polymerization of PVPh.[218,219] 
To achieve this he used poly(melamine-co-formaldehyde) meth-
ylated (PFMF) as the crosslinker, and propylene glycol mono-
methyl ether acetate (PGMEAE) as a solvent. Ever since, several 
examples using inkjet-printed cPVPh, obtained through this 
methodology, have been published to create printed electronic 
components.[13,220–223] cPVPh is also frequently used in com-
bination with rapheme and SWCNT to create gate dielectric 

layers with low operating voltage and higher environmental sta-
bility and flexibility.[224,225]

The ferroelectric PVdF is a hybrid piezoelectric mate-
rial known for its flexibility and easy processing. It is known 
as a metal–insulator–ferroelectric–insulator–semiconductor 
(MIFIS) and its copolymer, poly-(vinlidenefluoride-trifluoroeth-
ylene) (PVdF-TrFE), is extensively used in the preparation of 
thin films for electronics.[226] In 2016, Kheradmand-Boroujeni 
et  al. fully-printed polymeric amplifiers using piezoelectric 
loudspeakers.[227] For this, they created a layered structure with 
a top and bottom layer electrodes made from PEDOT:PSS and a 
middle piezoelectric layer made from PVdF-TrFE.

An example of a wearable device made from PVdF-TrFE films 
has been advanced by Hu’s research group.[228] In this work, 
they took advantage of the piezoelectric characteristics of PVdF-
TrFE and enhanced its performance via conjugation with rGO. 
This improved the crystallinity of PVdF-TrFE and empowered 
its use as an energy-harvesting nanogenerator. The preparation 
method of the composite films was in situ-polarization followed 
by sputtering deposition. Cu wires were then attached with 
silver ink to form the electrodes.[228] This method was compat-
ible with the scalable development of devices for human motion 
energy harvesting for powering wearable or portable electronic 
devices. PVdF has a huge potential for future IoT applications, 
particularly for object and/or skin-integrated sensors for moni-
toring of mechanical, thermal, and vital parameters.[229] Besides, 
they can be used as energy harvesting materials which will be a 
key element in this technology. Moreover, PVdF-TrFE also pre-
sents a higher dielectric constant when processed at 140 °C by 
spin-coating than the one presented by Al2O3.[230]

Some of the above polymeric and polymer-based inks, as well 
as other literature examples, are listed in Table 4.

Table 4. Polymeric and polymer-based materials for the production of printable dielectrics. Adapted with permission.[57] Copyright 2018, Elsevier.

Dielectric d [nm]a) Semiconductorsb) µ [cm2 V−1 s−1]c) Ref.

Single polymer PVA 9 Pentacene 1.100 [202]

PVP 922 Pentacene 0.150 [203]

PMMA 300 Pentacene 0.241 [204]

Polymer blend PAA+PI 300 F16CuPc 0.006 [231]

PMMA+PS – CuPc 0.010 [232]

PVdF+TrFE 325 CP-DIPS pentacene – [226]

Crosslinked and photo- crosslinked polymers PVP with thiolene functionalized 50 TIPS-pentacene 0.117 [233]

PMMA with azide/alkyne functionalized 410 TIPS-pentacene 0.590 [207]

PVP with TMPTE 560 Pentacene 0.500 [234]

PVA with ammonium dichromate 150 Pentacene 0.480 [206]

SU8 (self-crosslinked) 1160 TIPS-pentacene 0.400 [208]

Hybrid bilayered dielectrics TiO2/PVP 317/317 P3HT 0.026 [214]

Y2O3/PMMA – C8-BTBT 3.110 [215]

TiO2/PS 4.7/21.1 Pentacene 0.310 [216]

Polymer nanocomposites BaTiO3/PMMA/PVP ≈750 ZnO – [212]

Ca2Nb3O10/PMMA 50 IGZO 2.400 [213]

a)d refers to layer thickness; b)Semiconductors refer to the functional material used in combination with the dielectric; c)µ refers to the electron mobility–velocity of the 
electrons on the dielectric.
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These polymer-based dielectrics have shown great potential 
in applications such as flexible, wearable, and foldable elec-
tronics, presenting processing and interface compatibility with 
polymeric substrates.

3.4. Substrate Materials for OLAE

The abovementioned functional materials should be deposited 
over flexible, stretchable, or twistable substrates, depending on 
the envisioned application and, therefore, some key substrate 
materials for OLAE have already been mention thorough this 
work.

This section presents an overview of the different substrates 
available, their nature, characteristics, and some preprocessing 
techniques are discussed. These techniques may be applied to 
the substrates before the deposition or printing steps. Substrate 
materials should be selected taking into account the envisaged 
application and temperature needed for deposition/printing 
and annealing (when required). In Table 5, some substrates are 
presented, complemented with the upper working temperature 
(UWT) range they can withstand for the sake of comparison.

The ideal high-performance flexible substrate presents a 
low coefficient of thermal expansion (CTE), good solvent and 
thermal resistance, thermal stability, and optical transpar-
ency.[235] Since this review focuses on organic materials, we will 
discuss in detail the use of polymeric and natural substrates.

3.4.1. Polymeric Substrates

When flexible, stretchable, and/or twisting properties are 
required, the preferred substrates are usually polymer films 
or foils. Most polymers, however, are not compliant with high 
temperatures and, as a result, their use in traditional printed 
electronics is limited. Most recently, and with the development 
of alternative low-temperature printing and coating processes 
for OLAE manufacturing, there has been an increase in the 
use of polymeric substrates such as PDMS,[236] poly(ethylene 
terephthalate) (PET),[133,164,178,188] poly(ethylene naphthalate) 
(PEN),[136,166,175] polyurethane (PU),[117] and polycarbonate 
(PC).[237] Other classes of polymers that are on the rise as sub-
strates for electronic devices include epoxy rubbers, commer-
cially available silicones such as Ecoflex and Dragon Skin, and 
thermoplastic polyurethanes (TPU), such as NinjaFlex and 
TangoBlack.[238]

Recently, research in thermal endurable substrates is gaining 
traction, and polymeric substrates that exhibit high thermal 
endurance have been reported. Highlighted in the literature 

are polyimide (PI),[171] heat stabilized polyether ether ketone 
(PEEK),[43,238] polyarylates (PAR),[239] polyethersulfone (PES), 
and liquid crystal polymers (LCP).[30]

Polymeric materials are relatively low-cost, present low den-
sity, and are appropriate for industrial high-speed roll-to-roll 
printing processes.[43] Despite all these advantages, there are 
still some difficulties associated with high permeability, low 
dimensional and thermal stability, low adhesion, and reduced 
temperature tolerance of these materials. Moreover, the fact 
that most polymers are permeable to water and oxygen may 
cause the degradation of organic devices.[43] Most polymers also 
have a high CTE, which may result in distortions to the sub-
strate.[240] Besides, the majority of them are nonpolar and pre-
sent low surface energy, which challenges the wettability and 
adhesion of inks.[241]

PDMS, a thermal or UV curable elastomer, has been a key 
material in the development of lab-on-a-chip systems.[242,243] It 
is not only optically transparent and mechanically flexible but 
also biocompatible and chemically stable.[242] It has, therefore, 
been established as the go-to polymer for stretchable devices 
and is widely employed in the medical industry.[30] Since PDMS 
exhibits a high CTE, its structure deforms considerably when 
exposed to temperatures above its working range.[236] As a 
result, its use as a substrate is limited to low-temperature fab-
rication procedures, such as low-temperature printing and 
coating. Printing inks, however, do not seem to adhere well on 
PDMS without surface pretreatments, due to its nonpolar and 
hydrophobic nature. To circumvent this, some tactics have been 
developed that allow the enhancement of the bond strength 
between conductive inks and elastomer surfaces.[236] Such ways 
include spray coating of the substrate with a primer, printing 
a glue layer, functionalizing the PDMS substituting methyl 
groups, adding binders to the functional inks, and/or surface 
modification of the substrates.[236,244,245] As an example, Chiol-
erio et  al. were able to inkjet print piezoresistive PEDOT:PSS 
electrodes onto PDMS, only after it was subjected to a plasma 
treatment.[246] Metal nanowires and CNT have also been 
embedded in elastomeric substrates of sensors to improve their 
stretchability and electrical conductivity.[247,248]

Substrates such as Ecoflex and Dragon Skin (PDMS) are 
highly stretchable (elongation at break > 600%) curable mate-
rials that are commercially available and, therefore vastly 
reported for large-area flexible electronics.[249,250] These mate-
rials are permeable to air and are preferred for large on-skin 
applications for their soft, stretchable, and biocompatible prop-
erties. Tian et  al. developed innovative devices for epidermal 
electronic interfaces resorting to bilayer substrates.[249] For this, 
they deposited large-area sensors over Ecoflex (curable biode-
gradable silicone rubber) and resorted to a PET release sub-
strate to aid the deposition of the layered system over the skin. 
The PET substrate was removable and its function was to ease 
the manipulation and deployment of such large-area devices 
over curved surfaces of the body. The skin interface was encap-
sulated with an outer layer of PI.[249] The resulting device was 
magnetic resonance imaging (MRI)-compatible and was able 
to offer reliable and robust body-scale electrophysiological 
recordings.

NinjaFlex and TangoBlack are both thermoplastic rubber-like 
materials that are envisioned for 3D printing applications. With 

Table 5. Typical substrates used in LAE.

Substrates UWT range [°C] Temperature

Most polymers, paper, wood, cork, cotton <150 Low

High temperature polymers 150–350 Medium

Thin glass and metals 150–400 Medium

Ceramics, quartz >350 High

Adv. Mater. Technol. 2021, 6, 2001016
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the rise of printed electronics, the use of 3D printers for rapid 
fabrication of devices is also becoming recurrent.[238] Thus, flex-
ible filaments are being selected to 3D print substrate mate-
rials. As an example, Rizwan et al. produced wearable antennas 
using NinjaFlex, a strong, lightweight, and flexible material. 
The substrate was printed using a nozzle temperature of 
230–235 °C and a bed temperature of 60 °C.[251] Afterward, a 
stretchable silver conductive paste was brush painted on top of 
the substrate and the device was cured at 110 °C. The bending 
performance was evaluated and it was concluded that this fully-
printed antenna was compliant with wearable applications. 
Other authors have used similar approaches to 3D print Ninaj-
Flex as the substrate for antennas and flexible RFID tags. This 
substrate material is often combined with silver or PEDOT:PSS, 
as the conductive component.[252,253] In 2015, Vaithilingam et al. 
conducted a study in which they evaluated the use of TangoBlack 
(TB) as a flexible substrate for printed electronics.[254] In this 
study, they extensively characterized the surface adhesion and 
flexibility of an AgNP ink and a PEDOT:PSS ink on top of the 
substrate. They concluded that, while the AgNP ink had poten-
tial in flexible electronics, it failed to pass the requirements to 
be used in stretchable electronics, since the topography of the 
ink suffered extensive cracking when stretched. On the other 
hand, the PEDOT:PSS ink was deemed compatible with both 
flexible and stretchable electronics when printed over a TB sub-
strate. TB has also recently been used as a substrate material 
in the production of 3D printed self-powered triboelectric sen-
sors.[255] TB exhibited triboelectric properties similar to those of 
PU materials and was paired with PDMS to develop the tribo-
electric touch sensor. The sensing spring structure was made 
of polyamide and 3D printed between the TB and PDMS layers 
(Figure 20).[255]

This was the first time a 3D printed soft material (TB) was 
employed in the development of a triboelectric flexible sensor. 
Recently, the use of TB has been extended to soft actuators. 
Pece et  al. envisioned a flexible and wearable haptic feedback 
actuator (named MagTics) in which TB was used to print all the 
flexible components.[256]

PET and PEN are the most commonly used polymers in the 
field of OLAE and, for this reason, have already been referenced 
above several times.[30] They are both low-cost, transparent, 
and compatible with low-temperature development processes. 
Besides, their CTE is relatively low. However, for IC chips inte-
gration (in hybrid electronics), the soldering processes can 
demand temperatures that surpass their glass transition tem-
perature (Tg). Thus, to enlarge their temperature endurance 
they are sometimes heat stabilized, which augments their Tg 
and prevents shrinkage of the substrates during processing.[47] 

Although PET and PEN are related polymers, PEN allows for 
higher upper operating temperatures, has better dimensional 
stability, improved strength and modulus, and has better 
ultraviolet (UV) light resistance.[257] Other polyesters used in 
FE are PAR and polyhydroxyalkanoates (PHA). PAR is a high 
performance and transparent thermoplastic material.[239] Yang 
et al. used it as a flexible substrate for a hybrid TFT device.[239] 
Although annealing temperatures of 300 °C were required, the 
PAR substrate exhibited high thermal stability and was not 
damaged during this procedure.

Thin epoxy films have also been used as flexible substrates 
for printed electronics. In a recent study, Ohsawa and co-
workers studied the bending reliability of transparent electrodes 
(made from Ag-grid/PEDOT:PSS) that were gravure printed 
over 50 µm thick epoxy film substrates and PEN film sub-
strates, for performance comparison.[258] The flexible printed 
electrodes were then subjected to 20 000 outer bending cycles 
and their performance evaluated. It was observed that while the 
Ag-grid layer deposited over the PEN substrate suffered evident 
cracking, the grid deposited on top of the epoxy layer was able 
to endure the deformation tests without any damage. This was 
a result of a stronger adhesion between the epoxy film and the 
Ag-grid electrode and PEDOT:PSS. Another widely used epoxy-
based substrate material is the fire-resistant FR-4. As a com-
posite material, it uses epoxy to bind fiberglass and has been 
used as a substrate for printed electronics for several years. 
However, this material is very heavy and stiff and, therefore, not 
compatible with flexible electronics applications.[259,260] To pro-
duce an epoxy material with better mechanical characteristics 
and assure flexibility, Zeng et al. fabricated a fibrous epoxy sub-
strate. To achieve this, they resorted to the electrospinning of 
a liquid crystal epoxy resin prepolymer.[261] The obtained films 
were subsequently dried and thermally cured (150–220  °C). 
After curing, electrically conductive silver ink circuits were 
screen printed on top of the fibrous epoxy films.

PC is a polymer characterized by an outstanding impact 
strength, optical transparency, high dimensional stability, and 
moderate thermal properties.[262] It is usually used as a sub-
strate material for TFT production. Hsu et al. developed IGZO 
TFT with improved performance using PC as a substrate. For 
this purpose, they resorted to deposition techniques (electron 
beam evaporation and radiofrequency sputtering) at room tem-
perature.[262] Chang and co-workers developed an affordable 
fully-additive printing process and used PC as a substrate.[263] 
No pretreatment was necessary and the maximum temperature 
to which the PC film was exposed during the processing of the 
inks was 120 °C.

Still, while most of the above-mentioned polymers cannot 
sustain temperatures above 150 °C, new materials (“super heat-
resistant” polymers) with higher mechanical and temperature 
tolerances have been developed. These materials exhibit lower 
CTE combined with ductile properties and have been used to 
develop OLED displays.[264] Some examples are commercial 
PI, such as Kapton and Uniplex. Limitations, however, arise 
from their use. For instance, they account for higher associated 
manufacturing costs and are usually less optically transparent 
than other polymers.[30,264,265] The need to combine the great 
thermal endurance of PI with optical transparency led to the 
upsurge of colorless and optically transparent polyimide (CPI) 

Figure 20. Trilayer printed structure to produce self-powered triboelectric 
sensors.
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films.[266] These colorless films can be obtained through alter-
native synthesis methods, which were first proposed by Ha 
and co-workers.[267–269] Recently, simpler production methods 
that rely on soluble PI resins, purified by filtration, have been 
advanced.[270] By combining flexibility, physical and thermal 
endurance, and transparency these materials are particularly 
interesting to be applied in the field of flexible displays and as 
flexible solar cells.[266]

Another substrate alternative is the use of PEEK, which is a 
fire-resistant polymer that can be employed in applications that 
demand nonflammable materials.[30] Corea et  al. studied the 
use of several substrates for printing receive coils.[271] The pro-
duced devices were to be applied to magnetic resonance-guided 
focused ultrasound (MRgFUS) therapy. From the six tested 
substrates, PEEK was selected as the most appropriate material 
for screen-printing the conductive silver ink coil. PEEK showed 
the best performance stability in and out of the water (since the 
submersion of the device was required for acoustic coupling).

PES has high optical transparency (>89%), high Tg, and 
outstanding chemical and mechanical properties.[272] Vo and  
co-workers published a study in which they used PES as a 
substrate to produce OLED.[272] For this application, they were 
forced to find a solution to decrease the CTE value of PES. By 
adding cetyltrimethylammonium bromide (CTAB) to the PES 
films as a stabilizer (0.5 wt%), the researchers successfully low-
ered the CTE of PES from 55 to 50 ppm °C−1.

Liquid Crystal Polymers (LCP) are another class of highly 
thermally and mechanically resistant polymers. These mate-
rials share properties with highly ordered solid crystalline solids 
and amorphous disordered liquids over a defined temperature 
range.[273] There are two main types of LCP: lyotropic (formed 
by solution) and thermotropic (formed from the melt).[273] LCP 
networks can be formed by photoinitiated polymerization of 
liquid crystal monomers. A liquid crystal monomer must be 
mixed with a photoinitiator and cured at a specific wavelength. 
Different molecular alignment of the crystalline structure can 
be obtained through photopolymerization and it is possible to 
pattern distinct shapes on LCP depending on their envisioned 
application.[274] This programmable behavior, along with a low 
CTE, makes them attractive substrate materials for sensors 
and actuators. Since they are anisotropic they are also exten-
sively used as functional materials in optic and optoelectronic 
devices.[275] Jeong et  al. used LCP to produce a retinal pros-
thesis.[276] The LCP material served as the substrate structure 
(package) and Au electrode arrays and an IC chip were inte-
grated inside the eye conformable shaped structure. Long-term 
reliability of this structure was evaluated for in vitro and in 
vivo environments, and a longevity of 2.5 years was estimated. 
Maeng and co-workers used photolithography to pattern con-
ductive pathways on liquid crystal elastomers (LCE).[277] The 

LCE substrate was prepared between two glass slides and its 
shape programmed resorting to photoalignment above the Tg 
of the LCE. Then, researchers metal deposited thin-film elec-
tronics over the LCE substrate, while it was still in a planar 
configuration and, upon release from the glass slide, the device 
transitioned into the envisioned programmed 3D shape. This 
multichannel electrode array was able to withstand stretching 
and buckling strains of 60% for 10000 cycles.

A similar approach was followed by Kim and coworkers that 
also used LCE substrates to create 3D “pop-up” electronics.[278] 
These materials have the potential to be used as responsive 
devices in wearable or implantable electronics. Taking that into 
account, Kent and associates developed soft actuators using an 
eGaIn alloy (previously described as an LM alloy) embedded on 
an LCE substrate.[279] By spray deposition and UV laser abla-
tion, they were able to deposit the LM alloy (in the shape of a 
Joule heater device) on top of the LCE substrate. Then, using 
UV laser patterning photopolymerization, the LCE substrate 
was programmed to exhibit differential bending and flexing 
modes of actuation (Figure 21).

During heating and cooling cycles (20–80 °C), the soft actu-
ator contracts and expands, depending on the changes in resist-
ance experienced by the LM channels.[279]

Table 6 compares the main thermal characteristics of the 
most frequently used flexible substrate polymers.

Typically, the ideal polymeric substrate should combine a rela-
tively high upper working temperature with a low CTE, as well 
as good flexible and stretchable capabilities. This compromise, 
however, is quite rare and thus, the “ideal” substrate should be 
selected taking into account the application and the characteristics 
of the other functional materials. For applications that demand 
stretchability, PDMS and PDMS-based materials are the most 
adequate, as long as the manufacturing temperature remains low 
(<150 °C). TPU are also stretchable and present a lower CTE than 
PDMS which can be advantageous for applications where better 
shape stability at higher temperatures is required. High-temper-
ature polymers, on the other hand, are generally characterized 
by lower CTE values (except for PEEK) and considerably lower 
elongation at break (Table 7), which deems them less stretchable. 
Nonetheless, they are far more suitable for flexible applications 
that require high-temperature processing and/or are envisioned 
to function under extreme environmental conditions.

Natural (Biodegradable) Substrates: The use of biodegradable 
substrates has been gaining a lot of visibility since there is an 
increasing concern regarding the sustainability of large-scale 
production of OLAE devices. Besides, the increasing demand 
for wearable electronics has powered the research into paper, 
wood, cork, and cotton substrates.

Paper is a very light, low-cost, abundant, biodegradable, and 
recycle-friendly substrate.[287] When used in combination with 

Figure 21. Fabrication of UV laser-ablated LM Joule heaters on LCE substrate. Reproduced under the terms of a Creative Commons Attribution 4.0 
International License.[279] Copyright 2020, The Author(s). Published by IOP Publishing.
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functional materials its performance can be improved, making 
it suitable for applications such as electronic components, 
energy storage devices, generators, antennas, and electronic cir-
cuits (Figure 22).[287]

The first remarkable steps in the field of paper as sub-
strate were taken by Fortunato and co-workers in 2008, when 
a transistor was first deposited on top of paper, through radio 
frequency magnetron sputtering of a gate electrode of In2O3-
ZnO, at room temperature.[288] On the other side of the paper, 
the source and drain regions were deposited through e-beam 

evaporation of aluminum. This discovery rendered Fortunato 
and her team worldwide acclaim.[288] More recently, Fortunato 
has been involved in the development of other paper-based 
platforms for multifunctional IoT applications including RFID 
tags, printed electrochromic displays, biomarkers for oxidative 
stress, cholesterol, and glucose.[289,290]

Huang et al. used photo paper as a substrate to develop a flex-
ible ammonia gas sensor.[291] To achieve this, the paper was made 
electrically conductive by inkjet printing of a silver dispersion on 
its surface. Subsequently, an NH3 sensitive composite dispersion 
of SWNT-poly(m-aminobenzene sulfonic acid) (PABS) was inkjet 
printed onto the paper. Paper has also been used in the develop-
ment of disposable humidity sensors for medical applications.[292] 
For this purpose, a silver nanoparticle ink was inkjet printed on 
paper and its sensitivity to moisture was studied. Nassar et  al. 
used a simple approach to print health monitoring sensors (tem-
perature, humidity, and pressure) on post-it cellulose paper.[293] 
To design the temperature and humidity sensors they resorted 
to an Ag ink-filled pen and drew the sensors directly on top of 
the paper. As for the pressure sensor, they used aluminum foil as 
electrodes and placed a microfiber wipe (that worked as the pres-
sure sensing dielectric material) and an air gap between them. 
These sensors were fully recyclable and low cost.

Matias and co-workers were able to grow ZnO and TiO2 
semiconductors on top of different paper substrates (Whatman 
filter paper, office paper, and commercial hospital paper) 
through a hydrothermal method combined with microwave 
irradiation.[290] Multiple applications can be envisioned for 
these ZnO/TiO2 heterostructures.

To reduce the environmental footprint of plant-based cellu-
lose exploration, alternative bacterial cellulose substrates have 
also attracted a lot of research interest. Moreover, bacterial 

Table 6. Comparison between the main characteristics of flexible poly-
meric substrates.[12,235,272,280–286]

Polymer Tg [°C] Tm [°C] UWT Tdeg (onset)  
[°C]

CTE  
[ppm °C−1]

Low temperature

PDMS −123 −54 150 250 310

PU 135 – 150 301 57.6

TPU −35 to −10 200–216 150 245−380 153

PET 70–110 115–265 150 365 15−59.4

PEN 120−155 270 150 380 20

PC 150 265 130 420 65–75

High temperature

PI 280–330 – 400 574 8–20

PEEK 143 334 278 575 72–194

PAR 183-206 270-370 – 415 12–14

PES 220 – 180–220 498 55

LCP 120 – 200–240 – 3–70

Table 7. Comparison between the most important physical characteristic of the polymers discussed in this section.

Polymer UWT CTE [ppm °C −1] Thermal conductivity  
[W m−1 K−1]

Dielectric  
constant

Surf. energy  
[mN m−1]

Hardness  
(shore A/D)

Tensile strength  
[MPa]

Elongation  
at break [%]

Cellulose 55–95 80–180 0.16–0.36 1.2 – 30A–80D 12–110 3.2–11.3

Paper 90 – – 2.31–3.6 ≈60 – – –

Wood – 2.8 (∥ to grain) 30 (⊥ to grain) – 1.2–2.1 – – 1000–3000 1.5–2

Cork – – 0.045 1.7 24–28 A 20 15

NinjaFlex 130 153 – 3 – 85–94A 26 660

TangoBlack 130 153 – 2.8 – 61A 0.8–2.4 45–220

PC 130 65–75 0.2 2.9 34.2 80D 55–75 80–150

PU 150 57.6 0.02–0.03 4.7–9.5 51.5 55A–75D 5.4 270–800

PET 150 15–33 0.15 3.0–3.3 44.6 67–70D 61.7 10

PEN 150 20 0.15 3.2 – 79–87D 200 60

PDMS 150 310 0.25 2.32–2.4 19.8 44–45A 2.24 420

Ecoflex 170–275 310 0.16 2.7–2.8 – 20–50A 1.1–1.4 800–1000

PES 180–220 54 0.18–0.24 3.7 46.6 95D 83–85 25–80

LCP 200–240 3–70 0.27–0.32 3–5.9 82–95D 175 1–5.5

DragonSkin 232 310 0.25 – – 10–30A 3.3–3.4 620

PEEK 278 72–194 0.26 3.1–3.3 42.1 62–89D 70.3–103 45

PAR 340 12–14 0.18 3.13 70D 68 50

PI 400 8–20 0.1 2.8–3.2 56.7 65–92D 139–231 8
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cellulose substrates can exhibit optical transparency, which 
amounts to another advantageous factor of this technology, with 
possible applications ranging from electronics to biosensors.[294]

Using nanotechnology it is also possible to create wood films 
with high transparency, higher flexibility, and strong mechan-
ical properties.[295] Wood nanotechnology processes are used to 
obtain nanocellulose and 2D cellulose-based materials, such as 
cellulose nanofibrils (CNF) and transparent wood films (TWF). 
This process consists of the removal of lignin and hemicellu-
lose from original wood samples and subsequently pressing 
and drying them into thin transparent films. These materials 
are abundant, thin, flexible, and have low CTE which, alto-
gether, turns them into a promising technology with applica-
tions in the flexible electronics field.[296,297] When compared 
to PET and copy paper substrates, CNF nanopaper, and trans-
parent wood films (TWF) both revealed better thermal stability 
for electrical performance.[296]

Rao and co-workers have recently prepared TWF/PVA films 
to achieve flexible and thin wood composites.[298] For this, they 
resorted to a “green” method in which PVA was added as a plas-
ticizer. First, the optical transparency of the wood structure was 
successfully obtained through chemical treatments (that did not 
damage the wood structure). The treated material exhibited ani-
sotropic microstructure and was subsequently infiltrated with 
an aqueous dispersion of PVA in propylene glycol (PG).[295] The 
resulting material was increasingly flexible depending on the 
increase in PG content of the dispersion. The outcome sub-
strates showed potential for applications in light-transmitting 
smart buildings and other optoelectronic devices.[298]

Wood has also been used as a substrate in its original mac-
rostructure. This is possible by cutting it into thin layers. In a 
low-cost and additive deposition approach, Sipilä et al. resorted 
to a brush-painting and stencil method to manufacture RFID 
tags on top of large-scale wood and cardboard substrates.[299] 
The stencil was a 50 µm thick PI film and one single layer of 
ink was deposited. The wood substrate was 4 mm thick com-
posed of 3 layers, whereas the cardboard was a normal pack-
aging material. Copper and silver inks were used to produce 
the antennas and demanded sintering, thus, to avoid the use 
of high temperatures (incompatible with both substrates), 
photonic sintering at ambient conditions was performed.[299] 
After sintering, an IC chip was integrated onto the structure, 
which enabled wireless communication. However, the flexibility 
of the wood substrate was limited. Rawat and co-workers used 
a 4.8 mm wood substrate, covered on both sides by 0.25  mm 
thick copper, to create a patch antenna.[300] This antenna oper-
ated in a frequency range of 3.28–3.37 GHz, thus presenting 
great potential for radiolocation, radio-astronomy, and even 
aeronautical radio navigation.

Cork is another interesting substrate material that derives 
from natural resources, namely the oak tree trunk, and is 
known for its hydrophobic, elastic, and fire-retardant proper-
ties.[301] Since it is vastly used to manufacture wine stoppers, 
one of the first applications of cork as a substrate was in the 
form of RFID tags on wine stoppers which were connected to 
the IoT for product identification.[301] Copper tape was used to 
develop the electrical circuit and directly attached to the sub-
strate. The authors also suggested the future integration of a 
temperature sensor in the passive antenna sensing device. 
In a work by Esteves, piezoelectric structures made of PVDF-
TrFE membranes were electrospun over 4 and 2 mm thick cork 
substrates.[302] An epoxy resin was spread over the cork layer 
and served as a binder. The piezoelectric PVDF-TrFE was able 
to convert mechanical strain energy into an electrical charge, 
and vice versa. Thus, the manufactured structures were evalu-
ated regarding their sensing and energy harvesting potential. 
It was concluded that, when well-calibrated, these membranes 
were able to show a stable and high output signal that could, 
in fact, be used for future environmentally friendly applica-
tions such as green sensors and energy harvesting devices. In 
2019, Figueira et  al. were able to fully screen-print UV photo-
detectors on a cork substrate.[303] They used a low-temperature, 
ecofriendly, and low-cost procedure to deposit ZnO/ethyl cel-
lulose (EC) composite layers on the substrate. EC acted as a 
binder and dispersing agent, ensuring the adhesion between 
the screen-printed layers and the cork sheet. The deposited pat-
tern was dried at 100 °C, which was the maximum temperature 
reached during the whole process. No previous treatment was 
needed before deposition and commercial carbon ink was used 
to print the electrodes.

In recent studies focused on wearable electronics, cotton 
has also emerged as a key substrate. Tessarolo and co-workers 
developed novel sensors for body stress monitoring.[304] For 
this, they drop cast PEDOT:PSS mixed with ethylene glycol (EG) 
(for enhanced conductivity) onto cotton fabric. For case-study 
implementation, they incorporated the PEDOT:PSS/EG sensors 
on a wearable glove prototype. The variations in the thickness 
of the substrate (caused by the bloodstream) were detectable 
through changes in the piezoresistivity of the sensing material. 
In a work, under development at the Institute for Microelec-
tronics and Microsystems (IMM), researchers developed poly-
meric strain gauge sensors that were printed onto a breathable 
cotton wristband.[305] The sensors were able to maintain high-
reliability monitoring, which was a breakthrough in the field of 
gestural recognition.

Gesture recognition and human motion detection devices 
can also be developed to be used directly on the skin, such as 
described in the previously mentioned work by Varga et  al., 
where a wireless inertial on-skin sensor based on capacitance 
variation of a bulk eGaIn droplet.[97]

Bihar et al. suggested an innovative manufacturing approach 
to produce biosensors.[306] For that purpose, they combined 
skin tattoo electrodes with electronics printed onto a textile sub-
strate (“tattoo/textile electronics”) for bio-signals detection. This 
device has the potential to be applied to the fields of myoelectric 
prosthesis, and muscle injury prevention/detection. For this, 
they contact printed PEDOT:PSS onto a conformable textile 
(satin ribbon) wristband, that served as the transducer, and also 

Figure 22. Applications of functionalized paper. Adapted with permis-
sion.[287] Copyright 2016, MDPI.
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printed PEDOT:PSS on a commercial tattoo sheet, which con-
sisted on the data acquisition system. The tattoo/textile device 
allowed for accurate electromyogram (EMG) reading, com-
parable with the performance of the traditional wet Ag/AgCl 
electrodes.

Substrate Materials Properties: The use of these materials as 
substrates demands the control of some critical characteris-
tics. To make sure that the printing process is efficient and that 
the inks/pastes effectively adhere to the substrate their nature 
must be evaluated and, in some cases adequate pretreatment 
of the surface is needed. Table 7 resumes the most preeminent 
physical characteristics that should be considered during the 
printing process.

3.5. Manufacturing Technologies for OLAE

The manufacturing of electronic applications requires the 
creation of very thin patterned layers of conductors, semicon-
ductors, and/or dielectric materials on the substrate surface, 
with high precision and extremely uniform thickness.[47] Tradi-
tional large-area electronics applications, like TFT for displays, 
demand high resolution, patterning, and high performance, 
relying on plasma, sputtering, and vacuum deposition tech-
niques of amorphous silicon or organic small molecules.[307] 
On the other hand, OLAE applications with less strict needs for 
resolution and performance are compatible with simpler and 
cheaper processing methods, based on printing and coating of 
water or solution-based pastes or inks.[22] Over the years, several 
manufacturing techniques have been developed to assemble 
distinct materials over thin and flexible substrates.[47] In Table 8, 
these techniques are compared and some of their respective 
advantages and disadvantages are presented.

To select the most effective method the pros and cons of 
each process must be weighted and the most adequate method 
should be chosen taking into account, not only the nature of 
the materials but also the manufacturing costs, the scale of fab-
rication, the required resolution and the sustainability of the 
process. The classification of technologies can be done using 
different grouping approaches. In Table 9, the different tech-
niques are classified regarding their dry/wet nature, high/low 
scalability, contact/noncontact nature, and additive/subtractive 
processing.

The majority of the wet processes involve the use of liquid 
inks or pastes and include printing and bulk coating technolo-
gies (both additive processes). Although these inks sometimes 
demand complex formulation steps and can be hard to stabilize 
into solutions, they allow for fast processing. Besides, they can 
generally be applied to the large-scale production of large-area 
electronics that do not require resolution above the microm-
eter range. Dry processes, on the other hand, use gas phases, 
powder or light-sensitive inks and encompass, e.g., vacuum 
deposition, CVD, PVD, e-beam, ion-beam deposition, sput-
tering photolithography, laser ablation, wet and dry etching, 
and shadow masking. These processes are associated with the 
traditional microprocessing of high-performance electronic 
components and devices and are mature and reliable technolo-
gies. Amongst the CVD techniques, spray pyrolysis coating is 
worthy of further mentioning.[308] This technique is usually 

used in the deposition of inorganic materials, specially metal-
oxides, and allows for higher process flexibility when compared 
with the remaining deposition techniques.[308,309] Such charac-
teristics are useful in the preparation of thin films and other 
nanostructures and, as a result, spray pyrolysis is a very well-
established technology, whose potential in the production of 
transparent solar cells has been recognized for over 40 years.[310] 
Nonetheless, the process is considerably complex, which adds 
difficulties in what concerns the control of the processing steps.

Moreover, the use of the above-mentioned technologies in 
OLAE is limited since they are envisioned for high-resolution 
applications with intricate layered designs. Moreover, their pro-
cessing often requires complex intermediate steps and involves 
the use of expensive material, vacuum environments, clean 
rooms, hazardous reactants, and protective gear. The end-of-life 
processing of components obtained through these traditional 
routes is also a problematic factor. Most of these devices inte-
grate several different hazardous materials and their separation 
from each other is not very efficient. Recycling treatments are, 
therefore, not only ineffective but also rely on high energy con-
sumption and release emissions to air and water.[311]

All things considered, when it comes to the scale of fabri-
cation, sustainability, and cost-efficiency, the versatility and 
higher throughput of the printing techniques is evidenced with 
an emphasis on its potential for larger-scale processes (batch 
and roll to roll).[22] On the other hand, coating techniques, 
deposition, and other processes are associated with increased 
demands in terms of maintenance, processing, and higher 
feedstock material waste, which makes them less attractive for 
OLAE.

3.5.1. Printing Technologies for OLAE

As previously discussed, printing technologies are particularly 
critical in the field of OLAE manufacture. They allow rapid pro-
totyping, large-scale production, multiple layer deposition, dep-
osition over nonplanar surfaces, and good overall performance 
of the resulting devices. Besides, more than one printing 
method can be merged to create high-speed roll-to-roll produc-
tion lines for system-level integration.[47]

As abovementioned, printing technologies can be divided 
into contact and noncontact printing. While contact printing 
technologies are still predominant, they generally involve higher 
material waste. Another drawback concerns contamination and 
structural damage risks to the device structure, which comes 
along with the required physical contact between the inked sur-
faces of the patterned structures and the substrate.[12,47] Contact 
printing technologies also demand accessory equipment, such 
as stamps, molds, or masks, which define the printing pattern. 
These materials are designed for each specific device or applica-
tion, which increases production and maintenance costs.

Contact Printing Techniques: Screen printing (SP) demands 
the use of a mask, which can be manufactured by cutting out 
the desired patterns on a stencil material (usually a metallic 
frame). The stencil can also be produced through 3D printing 
or mold casting. SP is the most commonly used printing 
method and has been employed in the production of electronics 
for a long time, mostly to create the metallic interconnects on 
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printed circuit boards. This process is compatible with both 
inks or pastes and is fast, repeatable, versatile, affordable, and 
adaptable to the manufacturing process.[47,312] Screen printing 
can be executed in a planar (flatbed) or a rotary system and both 
can be applied to large-scale R2R manufacturing.[44]

In the flatbed system, mostly present in laboratories, a 
screen mask is used in direct contact with the substrate 
(Figure 23). A squeegee or blade moves and distributes the 
ink/paste, filling the mask, and imprinting the image from the 
stencil openings onto the substrate.[12] This process demands 
optimization of variables, such as solution viscosity (needs rela-
tively high viscosity inks to avoid spreading and bleed out of the 

material after printing), printing speed, angle, and geometry 
of the squeegee and mask mesh size. Moreover, for adequate 
adhesion of the ink/paste to the substrate and consequent high 
resolution of the printed patterns, it is important to establish a 
compromise between the surface energies of the substrates and 
surface energies of the inks/pastes.[47] Shi et al. screen printed 
an array of 4 × 7 interconnects for temperature sensor units on 
a PET film. Discrete components (resistors and diodes) were 
subsequently assembled with the help of an adhesive and the 
devices cured at 120 °C.[313]

Large-area flexible pressure sensors have also been produced 
and deposited through SP over PI. For this purpose, Chang 

Table 8. Main differences between flexible electronics manufacturing technologies.

Printing/Patterning Coating/Deposition Structuring

Bulk Coating Deposition and growth

Definition - Successive application of thin 
layers of functional ink in a 
given pattern over a substrate

- Application of a thin film 
of functional material with 
controlled thickness over a 
substrate; usually followed by 
solvent evaporation

- Thin films deposited through 
chemical or physical routes, 
or grown on the surface of 
substrates through chemical 
reactions

- Create patterns on a surface 
in a subtractive or additive 
manner

Technologies • Lithography
• Soft-lithography
• imprinting
• Nanoimprint lithography (NIL)
• Transfer and direct transfer 

printing
• Gravure and reverse gravure 

printing
• Gravure offset and reverse 

offset printing
• Pad printing
• Flexographic printing
• Doctor-blade
• Screen printing
• Direct printing with pen
• 3D printing (direct ink writing, 

DIW and fused deposition 
modeling, FDM)

• Laser printing
• Inkjet printing
• Electrohydrodynamic printing 

(EHD)
• Aerosol jet printing

• Blade/bar coating
• Spray coating
• Dip coating
• Spin coating
• Slot-die
• Selective patterning
• Solution processing techniques 

(drop-casting, solvent exchange, 
and solvent–vapor diffusion 
methods)

• Chemical vapor deposition, 
CVD (usually assisted by 
plasma treatment, APCVD, 
LPCVD, PECVD)

• Spray pyrolysis
• Physical vapor deposition, 

PVD (evaporation techniques 
– thermal, e-beam, ion-beam, 
plasma assisted (PECPVC), 
pulsed-laser, sputtering, ATD)

• Sol–gel techniques
• Chemical bath deposition
• Laser direct writing
• Plating (electroplating and 

electroless deposition)
• Electrospinning

• Photolithography
• Laser direct writing
• Laser ablation
• Wet etching
• Dry etching
• Shadow masking
• LDS (laser-direct structuring)
• LAD (laser-assisted deposition)

Functional 
materials

- Organic or inorganic inks or 
pastes. Can be solvent based, 
water based, UV or electron 
beam curable

- Organic or inorganic inks or 
pastes. Can be solvent based, 
water based, UV or electron 
beam curable

- Organic small molecules, metal 
ions or amorphous silicon in 
the form of gas phases, powder 
or light-sensitive inks

- Organic small molecules, metal 
alloys or amorphous silicon in 
the form of gas phases, powder 
or light-sensitive inks

Advantages • Most of these methods can be 
applied to R2R manufacturing

• Intricate designs

• Most of these methods can be 
applied to R2R manufacturing

• Good thickness control

• Area selective deposition
• Intricate designs
• High resolution (nm range)

• Intricate designs
• High resolution (nm range)
• Multimaterial simultaneous 

processing

Limitations • Low resolution (µm range)
• Some techniques demand 

curing

• Low resolution
• Usually demands curing or 

additional patterning
• High ink waste
• Limitations in large-area 

covering
• Lack of film homogeneity

• Usually demands vacuum 
environments, expensive mate-
rials and equipment and clean 
rooms

• Intermediate steps and use of 
hazardous reactants

• Limitations in large-area 
covering

• Low scalability
• Intermediate steps and use of 

hazardous reactants
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and co-workers resorted to a thixotropic material with a vis-
cosity of 106 cP and a glass transition temperature of 150 °C.[314] 
In another work, MWCNT were mixed in a PDMS matrix 
(MWCNT/PDMS) and screen printed over a PET substrate. Dif-
ferent wt% of MWCNT in PDMS were tested and it was found 

that a 3 wt% solutions of MWCNT/PDMS allowed for the best 
result viscosity.[315]

As a way of testing SP as a method to obtain fully-printed 
devices, Chang et al. successfully printed differential amplifiers 
on PC in a “fully-additive” manner.[263] To achieve this, they 
resorted to SP of a readily available silver paste to produce the 
TFT gate, the bottom electrodes, and the inductor. They also 
screen printed the dielectric layers of transistors and capaci-
tors and used the same dielectric ink (Dupont 5018) to isolate 
the circuit. Resistors were fabricated by SP of a carbon con-
ductor ink (Dupont 7082). Finally, a semiconductive layer was 
added through the die coating of TIPS-Pentacene. All these 
steps demanded a thermal (90-120 °C) or UV cure in between 
them.[263] Figure 24 schematizes the fully-printed components 
described above. The gain and performance of the resulting 
amplifier were competitive with the ones of amplifiers obtained 
through conventional subtractive processes.

Although this method is established as a mature and domi-
nant technology in OLAE, it still presents some disadvantages, 
such as large waste of material (inks) and some difficulties 

Table 9. Comparative grouping of some flexible electronics manufacturing technologies.

Wet Dry Large scale Small scale Contact Noncontact Additive (A) subtractive(S)

Printing/patterning Soft-lithography X X X A

Gravure printing Reverse gravure printing X X X A

Gravure-offset printing
Reverse offset printing

Xa) X X X A

Flexographic printing X X X A

Screen printing X X X A

Transfer printing X X X A

3D printing X X X A

Inkjet printing X X X A

EHD inkjet printing X X A

Aerosol jet printing X X X A

Pad printing X X X A

Pen printing X X X A

Bulk coating Blade/bar coating X X X A

Spray coating X X X A

Dip coating X X X A

Spin coating X X X A

Deposition coating CVD X X X A

PVD X X X A

Sol–gel X X X A

Chemical bath X X X A

Laser direct writing (does not use mask) X X X A

Plating X X X X A

Structuring Laser ablation X X X S

Shadow masking X X X S

Wet etching X X X S

Dry etching X X X S

Photolithography X X X S

a)Semidry process.

Figure 23. Screen printing illustration.
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linked with a high wet thickness of the film and exposure of the 
ink to the atmosphere. Besides, SP involves some maintenance 
costs since the mask must be meticulously cleaned between 
each use to avoid its deterioration and loss of printing resolu-
tion and repeatability.[316]

Flexographic and gravure printing both demand the use of 
cylinders to pattern conductive arrays for flexible electronic 
devices.[12] Similar to screen printing, the patterns are specific 
to one application and frequent maintenance and cleaning 
of the cylinders are mandatory to assure high resolution and 
repeatability of the printed materials.

In flexographic printing, the ink transfer occurs through con-
tact between the substrate and the printing plate cylinder that 
functions as a stamp where the printing pattern is embossed. 
A fountain roller (which is immersed in an ink bath) supplies 
the ink through capillary action to an anilox cylinder. A doctor 
blade then removes the excess of ink from this cylinder and the 
remaining ink film is transferred onto the printing plate.[44,47] 
The use of higher viscosity inks is not recommended because 
they are flow resistant and therefore not compatible with the 
continuous transfer in between cylinders.

This process is compatible with OLAE technologies and has 
been used in the manufacture of logic circuits, smart pack-
aging, and printed batteries.[12,317,318] Various characteristics 
of the process (inks and physical properties of the mecha-
nism itself) must be optimized to achieve the best outcomes. 
Recently, Zhong and co-workers published a work where they 
studied the effects of the anilox speed, volume, force, and its 
embossed patter depth on the resolution of printed lines.[319] 
Different commercial silver inks (LS-411 and HPS-021LV) were 
also tested. Although their objective was to achieve a finer line 
width than the current 45–100 µm range (manageable with flex-
ography), an average width of ≈52 µm was obtained for both 
inks.

This low-cost and continuous high-speed process offers 
better resolution than gravure printing yet, some disadvantages 

are reported. For instance, there is the possibility of occur-
rence of the Halo effect, which is characterized by patterns 
that are imprinted with an excessive amount of ink and can 
decrease the overall quality of the printed patterns.[47] This tech-
nology is also susceptible to film instability and de-wetting, 
which may cause cracks, overlapping, and other defects on 
the printed lines, which makes the printing of multiple layers 
impracticable.

Alternatively, the gravure printing process consists of a two-
roller system and can be thought of as the reverse process of 
flexography.[12,174] Although this process also offers high-speed 
processing and can be used in the R2R deposition of materials, 
the patterns are engraved in the gravure cylinder, which works 
as a reverse mold.[174] The functional inks are transferred from 
the engraved cavities of the gravure cylinder to the substrate 
on the impression cylinder through capillary action. A doctor 
blade is placed between the cylinders to remove extra ink from 
the rotating gravure cylinder, avoiding its accumulation in 
undesired spaces.

Gravure printing allows for low-cost and high-quality pat-
terning and has been explored in the fields of photovoltaic tech-
nology, RFID tags, and logic and memory circuits.[320] Previous 
tuning and optimization of the ink properties are often 
required. Also, proper cell spacing, adequate dimensions on the 
gravure cylinder, and shear force in the printing mechanism 
are important features to be studied.[12] Kempa et  al. printed 
a complementary ring oscillator resorting to both gravure and 
flexography methods.[318] For this purpose, they used a water-
based dispersion of a commercial PEDOT:PSS, which was 
reformulated to become compatible with the manufacturing 
processes (viscosity of 1000 cP). The main disadvantage of this 
technology is that it demands the costly replacement of the 
engraved roller to produce new patterns and, therefore, lacks 
printing versatility.

Other paradigms of gravure printing have also been reported 
for PE. One of those related technologies is known as reversed 

Figure 24. a) Cross-section of the printed transistors, interconnections, resistors, capacitors, and inductor; b) microphotographs of each one of the 
printed components. Reproduced with permission.[263] Copyright 2014, Elsevier.
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gravure printing. This technic is similar to the classic gravure 
technique with the exception that, in this case, the gravure roll 
rotates in the opposite direction of the substrate.[321] Also, as 
a way of varying the amount of transferred ink, the cylinder 
moves at a differential speed. Recently, reverse gravure has 
also been optimized for large-scale manufacturing of OLAE, 
including organic photovoltaics.[321] As an example, Vak and 
co-workers blended P3HT with phenyl-C61-butyric acid methyl 
ester (PCBM), to print OSC, which rendered a PCE of about 
2%.[321]

Another analogous process respects gravure-offset printing, 
which allows ink to be printed over harder or brittle surfaces 
that cannot be pressed by the gravure cylinder directly.[322,323] 
In this case, a soft elastomeric cylinder, frequently made from 
PDMS and called blanket roll, mediates the ink transference 
by picking up the ink from the grooves of the gravure cylinder 
and transferring it onto the substrate.[324] The use of this medi-
ating step causes the inks to start solidifying into a dried or 
semidried state, before being transferred. This process helps 
to prevent wetting and coffee-ring effect, which are disadvan-
tageous for the quality of the final product and usually asso-
ciated with wet inks.[325] To adapt gravure-offset printing to 
large-scale manufacturing, Lee et al. developed an R2R system 
aimed at printing silver electrodes.[323] Other industrial applica-
tion of gravure-offset includes the large-scale printing of inter-
connecting circuit wiring.[326] To improve the resolution of the 
offset technique, reverse-offset printing (ROP) was developed. 
Since its invention in the 80s, ROP has become very popular 
and has registered applications in a large array of sectors from 
TFT to OLED, displays, sensors, antennas, and solar cells 
(amongst other applications).[325,327] This process differentiates 
itself from the gravure-offset printing because the impression 
cylinder collects the ink from a flat surface, instead of directly 
from the blanket roll.[325,328] This means the blanket roll is used 
to deposit the ink over an intermediate substrate, usually made 
from engraved glass, and then, the roll with the final flexible 
substrate collects the ink from the embossed surface. The suc-
cess of this process relies on the differential surface tension 
of the successive surfaces and on the cohesive force inside the 
inks that allow for the material to be transferred throughout the 
steps.[325,328] This process requires inks of lower viscosity that 
also become semidried before reaching the final substrate and 
allows for better final resolution and printing quality. In one 
example, advanced by Fukuda et  al., OTFT with sub-microm-
eter channel lengths were produced resorting to ROP.

Soft-lithography and transfer printing both rely on the 
use of stamps and on the transfer of inks between the stamp 
interface and the receiver substrate. Soft-lithography, how-
ever, depends on the previous fabrication of a mask or mold 
to produce the soft stamp (typically in PDMS). Then, the 
solution-based ink is deposited on a stamp and transferred to 
the substrate. This includes manufacturing technologies such 
as microcontact printing (µCP) and nanoimprinting (NI), 
replica molding (REM), micro transference molding (µTM), 
micromolding in capillaries (MIMIC), and solvent assisted 
micromolding (SAMIM).[12] These technologies depend on the 
use of the components described in Table 10.

These processes allow for the production of devices with 
multimaterial layers and are compatible with the manufacture 

of flexible sensors, microlens, and supercapacitors.[330,331] How-
ever, they involve many manufacturing steps, which inhibits 
their use for rapid throughput applications. They are also costly 
and are susceptible to the occurrence of imprinting defects like 
the presence of air bubbles and ink sticking to the mold instead 
of being transferred.[329]

Mannsfeld and co-workers created an “electronic skin” 
through soft-lithography by imprinting a large array of pres-
sure-sensitive pixels on a flexible and stretchable substrate.[332] 
To achieve this, they created microstructured PDMS films 
using a micromolding process (Figure 25) and obtained flexible 
and highly sensitive capacitive sensors.

Tabatabai and co-workers used µCP to print eGaIn and Gal-
istan capacitors.[333] To achieve this, they placed a stencil mask 
(obtained through photolithography) on top of an elastomer 
(Ecoflex 0030) and then spread the alloys on top of the stencil 
mask. After removing the stencil, copper wires were inserted 
as electrodes, and the resulting capacitor sealed with an addi-
tional layer of elastomer. As a conclusion for this work, the 
researchers concluded that further studies on an oxygen-free 
environment were needed to prevent the oxidation of the LM 
alloys.

NI allows for a resolution of about ten times higher than 
µCP. The higher quality of devices produced with NI relies 
on the higher resolution of the fabricated stamps.[334] As an 
example, Maurer et  al. produced transparent and conduc-
tive metal grids to be applied to the production of electronic 
devices.[335] For this, they nanoimprinted gold nanowires 
(AuNW) using a PDMS stamp. The AuNW were able to self-
assemble in a conductive nanomesh through solvent evapo-
ration. Afterward, the stamp was removed and the imprinted 
structure was subjected to plasma treatment.

In the case of transfer printing, the printing system consists 
of only three layers (stamp/ink/substrate) with two interfaces 
(stamp/ink and ink/substrate interfaces).[336] In general, a soft 
elastomeric stamp is used to transfer the ink between a donor 
substrate or mold and a receiver substrate. For this purpose, the 
stamp is placed into contact with the donor substrate (where the 

Table 10. Functional components for soft-lithography[12,329].

Component Description

Master or  
mold

Pattern replication masks that are used to mold the stamps 
(their structure is the inverse of the desired pattern). They can be 
produced using photolithography on silicon wafers (resolution > 
1 µm), or through e-beam patterning and reactive ion etching of a 

silicon-on-insulator (SOI) wafer (high resolution < 1 µm).

Elastomer Thermocurable material poured into the master to create the 
stamp (usually PDMS).

Stamp Object obtained from the demolding of the cured elastomer 
inside the master (with desired topographic pattern). Thermal and 
chemical shrinking must be taken into account and compensated 

by designing a slightly larger master.

Ink Conductive solution-based material that is deposited on the 
substrate by imprinting with the stamp. It should offer good 

adhesion to the substrate, low chemical reactivity, good electrical 
conduction, and be compatible with multiple layer deposition. In 

some processes resist-forming inks are used.

Substrate Flexible thin material (e.g., PDMS, Kapton, silicone).
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inks can be previously prepared through wet chemical etching 
or dry etching). For a successful transfer, conformal contact and 
adhesion between the stamp and inks must be guaranteed.[336] 
Moreover, the stamp/ink interface must be stronger than the 
ink/substrate interface. Then, the inked stamp is pressed 
against the receiver substrate and, as long as the stamp/ink 
interface is weaker than the ink/substrate interface, the inks 
should be easily released from the stamp to their final substrate 
(Figure 26).[336,337]

This technique is frequently used for micro and nanofabrica-
tion and allows for the integration of different classes of mate-
rials in a heterogeneous manner.[337]

Huang et  al. used transfer printing to create their 3D inte-
grated stretchable device for healthcare applications.[338] The 
device was composed of four different layers of stretchable cir-
cuits, which were previously designed through laser ablation 
on a silicone elastomer. One by one, each one of those layers 
was then transfer-printed, resorting to a water-soluble tape, 
to a receiver Ecoflex/PMMA/glass substrate. In a different 
approach, Park and co-workers combined inkjet printing with 
transfer printing to heterogeneously integrate different organic 
materials on a single receiver substrate.[177] In comparison with 
soft-lithography processes, transfer printing has been deemed 
more precise and scalable.[338] Another ramification of transfer 
printing is the direct transfer printing. This appeared as a way 
of simplifying the process and reducing its iterative steps and 
associated costs.[339] An example has been recently advanced by 
Zhao et al., who selectively patterned Cu-eGaIn circuits over a 
coated paper resorting to laser, and directly transferred them 
onto a 3D half-sphere shaped surface, made from Ecoflex.[339] 
In this process, no stamp is required and the circuit passes 
directly from the donor substrate to the receiver one. Melzer 

and co-workers also used direct transfer printing to apply mag-
netoresistive sensors on top of human fingers, which were 
envisioned to serve as stretchable strain-invariant sensors.[340] 
In this case, the donor substrate was a Si-wafer coated with 
PAA, and the receiver was prestretched PDMS.

A similar technique to transfer printing is based on a soft 
silicone pad and is known as pad printing (or tampography). 
This process uses a highly deformable stamp, which makes it 
ideal to print electronic circuits over uneven substrates or fin-
ished products. The pad collects the ink from a 2D surface and 
deposits it over a 3D construct.[341] Merilampi et al. resorted to 
pad-printing to manufacture ultrahigh frequency (UHF) RFID 
tags directly onto convex surfaces.[341]

Finally, another technique that allows to rapidly print flex-
ible electronic circuits on top of substrates, is the use of pens 
filled with conductive inks. Although it involves direct contact 
between the printing nozzle and the substrate, no additional 
material is required.[293,342] However, even though pen printing 
allows for rapid and low-cost prototyping, it is not a scalable 
technology. Russo and co-workers used a conventional rollerball 
pen filled with silver ink to directly write conductive text, pro-
duce “electronic art” and create interconnects on paper.[342] As 
a sustainable way of producing low-cost prototypes for health 
monitoring systems, Nassar and co-workers, also used an Ag 
ink pen to directly print temperature and humidity sensors over 
paper substrates.[293]

Noncontact Printing Techniques: Contrarily, noncontact tech-
nologies rely on openings or nozzles to dispense the ink solu-
tions or pastes on any kind of substrate (metals, glass, rubbers, 
polymers, paper, wood, or even cork). The structures are digi-
tally defined, without the need for any further equipment apart 
from the printer. The nozzles, or the substrate holder, move 

Figure 25. Fabrication of microstructured PDMS features over a flexible film. 1) Si wafer mold; 2) PDMS mixture is drop-casted onto the Si mold. 
3) PDMS film is vacuum-degassed, partially cured and an ITO-coated PET substrate is laminated to the mold, followed by thermal cure. Application of 
even pressure during the curing is crucial to obtain arrays of PDMS features with uniform size across the entire substrate. 4) After curing, the flexible 
substrate is peeled off the mold.

Figure 26. Illustration of the transfer printing process. 1) Inks are prepared on the donor substrate in a releasable manner. 2) Retrieval process: an 
elastomer stamp is used to retrieve the inks. 3) Printing process: inks are printed onto the receiver substrate.

Adv. Mater. Technol. 2021, 6, 2001016
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accordingly to the preprogrammed pattern which allows the 
printing of virtually any pattern with accuracy and no additional 
costs.[12,47]

Inkjet printing is a widespread technology used in per-
sonal printers. Despite this, it has recently started to gain trac-
tion as a new promising technology for the direct patterning 
of solution-based materials. Inkjet allows for high-resolution 
2D patterning, ink economization, and noncontact deposition 
via a micrometer-sized inkjet nozzle head.[12,343] To avoid clog-
ging the nozzle the functional inks must be produced taking 
into account specific properties such as particle size, viscosity, 
surface tension, and density.[344] The nozzle is designed to be 
resistant to organic solvents and is therefore compatible with a 
wide range of solvents for ink formulation.[47]

Inkjet can be divided into two distinct processes—continuous 
inkjet (CIJ) printing and drop on demand (DoD) printing.[344] 
As the name suggests, in CIJ droplets are continuously gen-
erated and deposited when subjected to an electrostatic field, 
caused by a charging electrode. DoD, on the other hand, relies 
on the selective activation of the print-head through impulses 
that can be acoustic, electrostatic, thermal, and piezoelectric 
(the latter two are the most reported cases).[344] The characteris-
tics of both methods are synthesized in Table 11.

The highest resolution reported, so far, using inkjet printing 
is around 7 µm and is achievable via graphene-based inks.[25,110] 
Hyun and co-workers printed arrays of graphene microsuper-
capacitors (MSC) using for this purpose a modified graphene 
ink.[25,345] Sensors, antennas, electrodes, and interconnects can 
also be produced through inkjet printing.[65,343] While the most 
studied material for inkjet printing is indeed graphene, recently 
liquid metals have also been attracting a lot of attention. In a 
study from 2019, Marques et al. developed large-area multilayer 

circuits and microelectronics to be applied to the development 
of electromyography (EMG) patches for gesture recognition.[346] 
They also developed a touchpad for human–machine interac-
tion (Figure 27). For this purpose, they used eGaIn ink with 
low viscosity and toxicity, and inkjet printed the circuits over 
PDMS.[346] After printing, the eGaIn circuit layers were laser-
ablated, and rigid traditional Ics were displayed by direct inte-
gration in a top half-cured layer of PDMS.

Seipel et al. combined the potential of digital inkjet printing 
technology and UV curable photochromic inks to produce cost-
efficient UV-sensing textiles.[347] For this purpose, an ink with 
optimized surface tension (35 mN m−1), viscosity (10–14 cP), 
particle size (<0.1 µm), and improved stability was developed. 
The curing step was carried out resorting to UV-LED irradia-
tion and it was found that the intensity of light during this step 
influenced the yields and kinetics of the coloration reaction of 
the final sensor when exposed to UV-light.[347]

Another type of inkjet printing that appeared recently is 
called electrohydrodynamic (EHD) inkjet printing. EHD allows 
for low-cost printing of samples with higher resolution than 
the one obtained with the conventional nozzles (Figure 28). 
Moreover, EHD goes around one of the most disadvantageous 
aspects of the conventional inkjet printing, which is the small 
range of supported ink viscosities.[348] As a result, EHD is 
compatible with viscosities that range between 1 and 1000  cP, 
making it suitable to dispense most inks available in the 
market. This method depends on the establishment of high 
voltage between the nozzle and the substrate, which causes fine 
jets of ink to be expelled from a cone-shaped meniscus that is 
created at the tip of the nozzle, as a result.[349]

Although these processes have been proven very promising 
in the field of OLAE, inkjet printing technologies still present 

Table 11. CIJ and DoD printing characteristics.[344]

Printing method Submethod Particle size [µm] Viscosity [cP] Surface tension [dynes cm−1] Density [g cm−3]

CIJ – <1 1–10 25–70 ≈1

DoD Thermal <1 5–30 35–70 ≈1

Piezoelectric <1 1–20 35–70 ≈1

Figure 27. a) EMG signal from a hand gesture is transmitted to a computer application. b) All-integrated EMG patch on the forearm. c) Crossview of a 
z-axis conductive PDMS and schematic of the electrical path. d) EMG patch seen from the bottom; e) double-layer LED circuit with a coin cell battery 
and button (each LED is on a different circuit layer). f) human–machine interaction with a soft touchpad. Reproduced with permission.[346] Copyright 
2019, The Royal Society of Chemistry.
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some disadvantages when compared to contact methods. For 
instance, in the majority of the cases, the resulting morphol-
ogies are less uniform and the low concentration of the inks 
requires more printing passes (for better conductivity), thus 
making the inkjet printing time-consuming.[47,110]

3D printing is used to produce flexible conductive devices that 
demand 3D architectures, unachievable by inkjet printing.[110] It 
allows for simple additive manufacturing of high complexity 
constructs in a layer-by-layer manner. These complex shapes are 
achievable through computer-assisted design (CAD) software 
modeling and subsequent uploading of the corresponding stere-
olithography (STL) file into the 3D printer operative system that 
slices the 3D model into layers of desired thickness. Currently, it 
is mostly used to produce tactile sensors, since both the flexible 
substrates and the flexible sensitive electrodes are printable. The 
mechanical signals (force, pressure, strain, shear, torsion, bend, 
vibration) are converted into electrical signals by piezoresistive, 
capacitive, and piezoelectric sensors.[350] It has also empowered 
the manufacture of integrative devices such as current collec-
tors, electrolytes, and packaging alternatives.[110]

The most popular 3D printing technologies are based on the 
extrusion of materials through a heated nozzle. These technolo-
gies include fused deposition modeling (FDM), which works by 
extruding filaments of thermoplastic materials, rubbers, and 
eutectic metals, and direct ink writing (DIW), which is based on 
the direct deposition of heated viscous inks over the substrates 
in a noncontact manner.[350] DIW includes dispensing methods 
such as microdispensing and electrostatic-force-assisted dis-
pensing.[351,352] Another 3D printing technology is the laser 
powder-bed fusion (PBF).[351,352] Instead of using filaments 
and viscous inks as feedstock materials, PBF techniques use 
loose powders and binders, which are fused together through 
selective laser sintering (SLS), selective laser melting (SLM) 
or through electron beam melting (EBM). Other processes 
such as stereolithography (SLA), digital light projection (DLP), 

Polyjet, and two-photon polymerization (2PP) demand the use 
of UV curable photopolymers and resins, which are selectively 
crosslinked through computer-aided irradiation.[351,352]

Both inorganic and organic materials are compatible with 
these technologies. 3D printable inorganic materials gener-
ally include alloys (such as eGaIn) and metals, while organic 
materials include conductive polymers or nanocomposites. 
Nanocomposites consist of a polymer matrix and dispersed 
nanoparticles such as metal NW, metallic nanoparticles, 
polymer micro/nanostructures, CNT, and graphene, which 
enhance the conductivity of the printed materials.[353–355] These 
materials have been applied to the design of piezoresistive and 
flexible tactile sensors.[55,356,357] To produce piezoelectric pres-
sure sensors the most used materials are piezoelectric ceramics, 
ceramic/polymer composites, and single crystals.[358,359] As for 
capacitive sensing applications, SWCNT-PDMS electrodes are 
effective options.[55,360]

Mousavi et  al. produced a highly selective multidirectional 
tactile sensor to be integrated into a robot.[357] Both the sensing 
electrodes and the conductive interconnects were 3D printed 
using carbon nanotube reinforced PLA (PLA/CNT) and the 
elected substrate was a TPU. The printed sensors demon-
strated high sensitivity and selectivity to different mechanical 
displacement movements, namely tensile and compressive 
bending. Moreover, the system allowed for bending direction 
recognition.[357]

DIW can be used to fabricate low-cost and durable flexible 
electronic devices and PCB through the direct extrusion of ink 
(of medium to high viscosity) on a substrate.[351] Abas and co-
workers used microdispensing DIW to deposit a conductive 
carbon paste on PET.[351] To tune the rheology of the carbon 
paste and turn it more suitable for dispense printing the carbon 
paste was slightly modified resorting to PVA. The electrical 
conductivity and mechanical resilience of the fabricated device 
were evaluated and the results proved that this technique was 

Figure 28. Schematic representation of the EHD printing system. The ink is supplied by a syringe pump and jetted through a controlled system that 
involves the use of a computer software and the establishment of a current differential between the tip of the dispensing syringe and the substrate.
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adequate to obtain reliable, durable, and stable operative cir-
cuits. Electrostatic-force-assisted dispensing is frequently used 
to produce electrodes resorting to highly viscous inks and 
pastes. Shin et al. used this process to print electrodes on tex-
turized crystalline silicon solar cell wafers.[352] In this work, the 
efficiency of the devices obtained through electrostatic-force-
assisted dispensing was compared with devices produced by 
conventional dispense printing. It was found that, while the 
electrodes obtained through the conventional method peeled 
off easily from the substrate, the ones dispensed with the aid 
of electrostatic force remained tightly adhered to the textured 
wafer surface. Another innovative DIW technology is the 5- or 
6-axis degree of freedom (DOF) dispensing system. Thanks to 
its accuracy and freedom of transitional and rotational move-
ments, this technique allows for the dispensing of organic or 

inorganic inks over different substrates with 3D conformations. 
In Figure 29, a 3D printed antenna, obtained resorting to this 
technology is illustrated.[361]

Powder bed-based printing methods use binders, pow-
ders, and heat from lasers or electron beams to produce high-
resolution shapes.[362] Although they allow for multimaterial 
integration and rapid prototyping, these methods are not usu-
ally employed in the manufacture of flexible electronics.

Gel-type UV curable resins are used with photopolymerization 
methods such as Polyjet. In this method, jetting heads spray the 
resin delimiting the object shape in a 2D pattern in a layer-by-
layer way.[362] In between each deposition, an integrated UV lamp 
photopolymerizes each layer, which brings about a smooth and 
precise object that does not require post-treatment.[362]

Aerosol jet printing (AJP) is another material patterning 
technology for the fabrication of printed electronics. The ink 
solutions or nanoparticle suspensions are loaded into an atom-
izer. The aerosol is then carried with the help of an inert carrier 
gas stream to a deposition nozzle and sprayed over a substrate 
(Figure 30).[12,363,364] This technique is compatible with a large 
variety of materials, includes the possibility of printing over 
nonflat surfaces, and allows for high-resolution prints.[363]

An AJP atomizer is usually used to create an aerosol of 
ink droplets. Depending on the ink viscosity, the diameter 
of the droplets varies between 20 nm and 5 µm. Smith et  al. 
studied the printing of silver lines over different large-area 
substrates.[364] The substrate temperature was varied to study 
the effects on the adhesion, cracking, and resulting resistivity 
of the ink. Graphene/silver inks have also been used to print 
flexible and conductive interconnecting patterns for flexible 
devices. These inks have been proved to be compatible with 
AJP to obtain uniform microstructures and crack-free conduc-
tive designs.[365] The clogging of the AJP nozzle is also less 
probable than when using other techniques, such as IJP.[363] 
Some limitations, however, are related to material waste, since 
a cloud of powder is created in the surroundings of the print 
area. Besides, the sheath gas induces localized crystalliza-
tion/solidification phase at the trace pattern, which ends up 
reducing the layer quality.[12]

Figure 29. Drawing depicting the precise deposition of ink on a 3D con-
struct through 5–6 DOF dispensing systems.

Figure 30. Schematic of the aerosol jet process using an ultrasonic atomizer.
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Comparison Between Printing Techniques: The following 
Table 12 compares the most prominent characteristics of the 
described printing technologies for OLAE.

Main Pre- and Postprocessing Techniques: To optimize the 
manufacturing procedures, improve the performance and 
increase the lifespan of the final devices, some treatments can 
be applied to the functional materials (both inks/pastes and 
substrates). The available pre and postprocessing techniques 
serve to improve many factors of the overall device fabrication 
steps.[363,380]

Pretreatments are generally employed to increase the sub-
strate surface energy, turning it more hydrophilic.[236] To achieve 
this, the selected methods are usually oxidation reactions, 
such as oxygen plasma,[381] corona discharge, and UV irradia-
tion.[382,383] This step is particularly critical when the printing 
inks are aqueous and assures uniformity and adhesion of the 
printed films. The adhesion between inks/pastes to the sub-
strates and/or other layers of inks/pastes can also be improved 
by previous cleaning, activation, or surface functionalization, by 
doping with other materials that compatibilize the active sur-
face for a specific material.[49] Moreover, in the particular case 
of extrudable nanoparticle inks, to avoid nozzle clogging, help 
the homogenization of the extruded material and homogenize 
its conductivity, previous efficient mixing or sonication may be 
required.[33]

Ultimately, post-treatments are vital to activate the conduc-
tivity of the deposited materials. These treatments are pre-
dominantly employed as a way of removing organic solvents, 
surfactants, binders, thickeners, or other additive materials that 
are necessary to the manufacturing process, but end up hin-
dering the electrical conductivity and functionality of the final 
products, and ought to be eliminated.[33] For this purpose, sin-
tering mechanisms are the most commonly used. The most fre-
quently applied treatment is heat, which vaporizes the organic 
additives and sinters the ink/paste, maximizing the electrical 
conductivity by assuring connectivity between particles.[49,384] 
Alternative sintering methods include low-temperature 

sintering (Ostwald ripening), selective laser sintering (SLS), 
microwave sintering, mechanical sintering,[98] argon ion laser 
beam sintering,[385,386] UV curing, and photonic curing.[49] 
Annealing, on the other hand, includes heat treatments that 
alter the microstructure of a material (causing changes in prop-
erties such as strength, hardness, and ductility).[387] Some of the 
most used annealing treatments are thermal, solvent vapor,[388] 
and excimer laser annealing (ELA).[384] Table 13 summarizes the 
pre and post-treatments that can be applied to both printing 
inks and substrates to improve and optimize the overall quality 
of the final product. Major advantages and disadvantages of 
each process are also displayed.

4. Implementation Examples

While OLAE is still a fairly recent concept, some companies 
have already managed to develop devices with demonstrated 
reliability, scalability, and maturity, which are currently com-
peting with traditional electronics and disrupting the precursory 
market. Some success examples have already been reported in 
the healthcare,[389] automotive,[390] energy harvesting,[391] indus-
trial,[392] packaging,[393] environmental safety,[394] wearables,[39] 
and even in the fashion and sports fields.[395,396]

In the medical and healthcare field, these devices help to 
increase the biometric sensors’ compatibility with the human 
body, increasing both data reliability, comfort, and improving 
the users’ overall experience. As a result, with the aid of the IoT, 
which connects these devices to the cloud and allows on-time 
and continuous processing and monitoring, chronic patients 
can be fully followed and advised by healthcare workers even 
while recovering at home.[397] The spectrum of applications 
in this field is extensive and ranges from neonatal to elderly 
care.[398,399] One application is the development of alternatives 
to physically wired electrodes for biosensing that limit mobility 
and are prone to malfunctioning. Hence, alternatives based on 
wireless sensor networks are being developed and prototypes 

Table 12. Printing characteristics of the previously described technologies.

Line width resolution [µm] Ink/paste viscosity [cP] Ink waste Mask Ref.

Screen printing 30–100 500–5000 High Yes [366]

Flexography 20–80 10–500 High No [366]

Gravure printing 2–200 50–200 High No [367–369]

Reverse gravure printing 5–200 10–200 High No [321,369,370]

Gravure-offset printing 20–70 10–50 High No [323,369]

Reverse offset printing 0.5–1 1–10 High No [325,328,371]

Soft-lithography µCP 0.1 – Low Yes [372]

NI 0.01 – Low Yes [330]

Transfer printing ≈3 50–500 Low No [337]

Inkjet printing 20–100 1–30 Low No [376]

EHD Inkjet printing 0.2–1 1–1000 Low No [377,378]

3D printing FDM 10–200 >105 Low No [350,373,374]

DIW 1–100 104–105 Low No [375]

Aerosol jet printing 10–20 0.5–2000 Medium No [364,379]
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Table 13. Pre- and post-treatments used in OLAE manufacturing.

Type Function Technique Advantages Disadvantages

Pretreatment 1. Cleaning the 
substrate

Rinsing √ Easy, inexpensive, and fast procedure;
√ Water, detergent, or organic solvent can be used, 

depending on the substrate;
√ Remove dust, grease, or other contaminants;

× Must be followed by a drying step 
or dehumidification step.

Dehumidification √ Easy, inexpensive and fast procedure;
√ Serves to treat substrates that present hygroscopic 

features and absorb moisture from the environment or 
from the rinsing step.

-

2. Dry cleaning 
and improving/

promoting 
adhesion on 
substrates

Atmospheric 
plasma

√ Improves ink adhesion by forming polar groups and 
increasing surface energy;

√ Reduces the degradation of surface morphology over time 
and improves printing quality;

√ Uses single narrow nozzle electrode and high-pressurized 
air that helps cleaning dirt and hydrocarbons from the 
surface;

√ Plasma treatment lasts longer than corona discharge 
treatment;

√ Viable for a large array of substrates and for thicker 
substrates;

√ Cheaper than vacuum plasma treatments;
√ Low-temperature procedure.

× System may have variability (same 
conditions may result in different 
degrees of surface modification);

× High initial investment in 
equipment;

× Thinner substrates might end up 
being damaged;

× Size limited to the plasma 
chamber.

Low pressure gas 
plasma

√ Removes hydrocarbons from surfaces without the need for 
previous solvent cleaning (unless the contaminants are 
poly-aromatic hydrocarbons);

√ Low-temperature procedure;

× Needs an enclosed evacuated 
chamber;

× Does not remove poly-aromatic 
hydrocarbons.

CVD √ Viable for a large array of substrates and for thicker 
substrates;

√ Prepares substrates for extreme temperature variations.

× Demands high temperature;
× Needs an enclosed evacuated 

chamber;
× Size limited to CVD chamber;
× Nonselective coating.

Flame treatment √ Breaks molecular bonds on surface and excites free 
radicals increasing surface energy and ink receptivity;

× Equipment of large dimensions 
that occupies an entire room;

× Requires gas supply;
× Can only treat flat surfaces.

Corona discharge √ Energy from high-charged electrical corona breaks the 
molecular bonds on the surface of a nonpolar substrate 
resulting in higher surface energy and better wettability;

√ Usually used in flat surfaces but special probes exist to 
treat 3D parts.

√ Cheaper than most of the atmospheric plasma systems.

× Some substrates (e.g., 
fluoropolymer-based materials) do 
not respond to this treatment;

× Requires high electrical voltage.

Fluoroxidation √ Fluorine gas is used for surface modification at ambient 
conditions;

√ When neutralized fluorine gas can be used as a safe and 
ecofriendly treatment;

√ It promotes high-strength adhesion bonding between inks 
and substrates;

√ Oxygen-containing functional groups, such as hydroxyl, 
carbonyl, and carboxyl are created making the surface 
hydrophilic and very polar;

√ It can be used over either large or small substrates or even 
over nonflat surfaces.

× Safety concerns arise from the use 
of fluorine gas.

UV-Ozone √ Enables dry and precision cleaning. Uses UV-rays 
and strong oxidation caused by the formation and 
decomposition of ozone to convert contaminants into 
volatile substances;

√ Lowers surface energy and promotes wettability.

× Thick contamination may not be 
effectively removed;

× Only removes contaminants if they 
are organic;

× UV light can damage natural or 
synthetic elastomers and polymers 
at a molecular level.
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Type Function Technique Advantages Disadvantages

Laser √ Selective;
√ Laser intensity can be tuned taking into account the 

characteristics of the substrate;
√ Cleans and prepares surface;

× Expensive.

3. Homogenization 
of ink or paste 

prior to printing/
deposition

Mixing √ Cheap and accessible way to homogenize an ink solution 
or dispersion;

√ Can be done resorting to a magnetic stirrer and magnet, a 
homogenizer, a shaker, or, in the case of higher quantities 
of material, a higher-grade mechanical agitator.

× If the stirring is too vigorous the 
nanoparticles may be damaged and 
alter their diameter causing the ink 
solution to become poly-disperse;

× Material from the magnet and 
its handling can contaminate the 
solution.

Sonication √ More efficient and faster homogenization; × Temperature must be controlled;
× In the case of NP inks, if the 

applied energy is too high the 
nanoparticles can become 
deformed;

× If the temperature is too high, the 
materials can start degrading.

Heating √ Helps homogenization of the ink/paste;
√ Decreases ink/paste viscosity;
√ Prevents thermal shock if the printing/deposition 

procedure demands high temperatures.

× If the temperature is too high, the 
materials can start degrading.

Filtering √ Removes higher dimension nanoparticles and 
homogenizes the ink dispersion;

√ Helps prevent clogging of nozzles.

× Can be time-consuming;
× The added steps and materials 

used can increase the chance of 
contamination

Post-treatment 4. Sintering/Curing Thermal 
sintering

√ Inexpensive (usually performed in an oven, hot air flow, or 
on a hotplate);

× Nonselective;
× Can damage the substrate;
× Can cause uneven melting of 

particles (metal NP).

Spark plasma 
sintering

√ Ultrafast sintering process;
√ Uniform sintering;
√ No need for binders;
√ Sinters the material by pulsed electric current sintering 

(PECS)

× Nonselective and can only be 
applied to simple symmetrical 
shapes;

× Requires an expensive pulsed 
direct current (DC) generator.

Low-temperature 
sintering 
(Ostwald 
ripening)

√ Spontaneous process that happens when smaller particles 
come into contact and merge with larger ones;

√ Does not heat the substrate;
√ Causes particle growth by surface energy reduction at 

room temperature.

× The end result is a porous surface 
with lower electrical conductivity 
than bulk material.

Laser sintering √ Selective, can be used for patterning;
√ Does not damage the substrate;
√ Fast procedure;
√ Promotes interlayer adhesion.

× The end result might be porous 
and brittle;

× Can cause shrinkage and warping 
of the substrate;

× Expensive material is required.

Microwave 
sintering

√ Selective and fast procedure;
√ Reduced energy consumption during the procedure and 

enhanced heat diffusion;
√ Lower processing costs than other sintering methods;
√ Lower environmental hazards.

× Limited to thinner films;

Mechanical 
sintering

√ Selective and simple method;
√ Environmental conditions;
√ Uses tip to apply pressure and to rupture and coalesce 

particles.

× Might damage substrate;
× Variability in resulting electrical 

conductivity.

Argon Ion laser 
beam

√ Does not heat the substrate;
√ Localized input of energy on top of the substrate;
√ Selective, can be used for patterning.

× Expensive.

Table 13. Continued.
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are starting to be tested.[400–404] Pressure sensor arrays can also 
be used to avoid pressure ulcers and assess postural imbal-
ance.[405–407] Another useful application in this field respects 
the detection of VOC. For this purpose, carbon allotropes and 
other 2D materials, combined with polymeric materials are fre-
quently employed.[116,408] Moreover, with the increasing need to 
both prevent and closely monitor Covid-19 infections the devel-
opment of related sensor devices increased as a response. As 
an example, companies such as Henkel AG & Co., Byteflies, 
Melexis N. V., Quad Industries SA., Nitto Denko Corporation 
and Televic N. K., which are already known to produce printed 
electronics devices and establish IoT communication protocols, 
worked together to developed an on-skin adhesive capable of 
wirelessly monitor the respiration and heart-rate, as well as the 
temperature of symptomatic patients.[409]

Along with the innovations in the healthcare area, the auto-
motive industries are also experiencing a shift toward the man-
ufacturing of flexible, slimmer, customizable, and lightweight 
parts that will contribute to the development of the “car of the 
future.” This field, in particular, is very supported by innova-
tions in the area of in-mold electronics (IME) and in-mold 
decoration (IMD) that combine the use of FHE thin foils with 
injection molding of lightweight polymers.[410] In this field, the 
areas of actuation range from the exterior design, to the “smart-
ification” of the interiors. Adding to this, all the heavy and bulky 
electrical connections inside vehicles, that range several meters, 

are expected to become almost seamless and lightweight. Some 
companies, such as TactoTek, are already fully dedicated to the 
production of these structural devices. With the employment 
of the Injection Molded Structural Electronics (IMSE), devel-
oped by TactoTek, and aided by their partnership with promi-
nent ink manufacturers, such as Dupont Inc., Henkel AG, 
and Sun Chemical, it is already possible to decrease the thick-
ness and weight of products such as on-board control-panels 
and displays in 90% and 70%, respectively.[411] Another already 
implemented innovation are the kinetic touch buttons, which 
give sensorial feedback to drivers.[412] A company named Aito 
produces its own chips and integrates them with printed piezo 
sensors and actuators, which serve as a solution for automo-
tive controls.[413,414] Canatu Oy is another successful example 
of a growing company that specializes not only in the develop-
ment of 3D touch surfaces but also smart heater solutions for 
the interiors of automobiles.[414] They patented a material called 
Carbon NanoBud and baptized their technology CNB.[415] Their 
solutions encompass transparent conductive and semiconduc-
tive thin films, based on carbon materials, which are used in 
the production of automotive parts, stretchable displays, and 
even electrochemical sensors for medical diagnosis devices.[416]

Other markets expected to withstand a great deal of inno-
vation and continue to grow steadily are the ones related to 
energetic sources and harvesting devices. In this case, OLAE 
technologies are also very advantageous, since they allow for 

Type Function Technique Advantages Disadvantages

Low-pressure 
argon plasma

√ Relies on plasma-induced electrochemical reduction of 
ions in solution to form conductive structures;

√ Changing plasma exposure times and power tunes the 
resistivity of the sintered pathways.

–

UV curing √ Suitable to be equipped in a printer;
√ Allows for a high selectivity and smooth morphology of 

printed patterns without distortion

× UV curable materials are not 
frequently used in printed 
electronics.

Photonic curing √ Irradiates the sample with multiple high-intensity short 
flashes of light;

√ By tuning the intensity of the lamp, the pulse length, and 
the number of flashes the integrity of the substrate can be 
preserved;

√ Advantageous for R2R processes since it offers rapid 
processing.

× Without proper study of the 
light characteristics the energy 
of the flashes can damage the 
substrate (heat dissipates to the 
substrate foil);

× High-cost set-up.

5. Annealing Thermal √ Enhances electrical conductivity of coatings;
√ Normally used to produce FET and solar cells.

× High-temperature process might 
damage the final product;

× Limited by the temperature 
gradient developed through the 
surface

Solvent vapor √ Room-temperature process;
√ Samples positioned in environment saturated with solvent 

vapors, resulting in the rearrangement of the molecules 
into higher degree order structures;

√ Improvement of the performance of organic electronic 
devices.

× Low precision;
× Reliability problems;
× No standardized methods.

Excimer Laser 
Annealing

√ Used to create high performance TFT;
√ Cold, ultrafast and robust process;
√ In the long-term this process can reduce consumer 

expenses.

× Large and expensive equipment.

Table 13. Continued.
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large-scale and sustainable development. In what concerns 
energy sources, OLAE is already expected to be used in the 
development of “greener” and printable batteries and superca-
pacitors, that can be directly integrated into the devices during 
their manufacturing.[417–419] Although the preferred materials 
for these applications are still inorganic, an effort has been done 
in the development of more sustainable counterparts. None-
theless carbon, and other 2D materials are currently the most 
pursued alternatives.[420–424] In the pursue of developing self-
sufficient devices, other options have emerged, such as ther-
moelectric, piezoelectric, and triboelectric generators, which 
harvest energy from heat, pressure, and movement respec-
tively. Some frequently used materials include PEDOT:PSS and 
PVdF:TrFE.[425,426] Another recurring alternative is the use of 
radiofrequency harvesters, such as RFID chips and NFC tags, 
that are easy to print and to integrate while simultaneously 
assuring long term autonomous function of devices.[427–429] In 
the area of energetic harvesting, another market that cannot 
be overlooked are photovoltaic panels and solar cells. Even 
though the majority is still made from silicon-based mate-
rials, since they assure the highest PCE, many alternatives 
have been advanced by the scientific community. Such alterna-
tives encompass perovskite solar cells, organic solar cells, and 
quantum dot cells.[23,430–432] Perovskite solar cells in particular 
are a very promising technology and are already produced by 
inkjet printing and commercialized by a company named Saule 
Technologies.[433] Smart packaging is another area that has been 
benefiting from these materials and technologies.[434] MOD 
inks along with flexography, gravure, and screen-printing are 
often employed to create RFID and NFC tags that add tracking 
and other informative details to the products.[435]

Finally, the use of seamless and ubiquitous sensors is already 
being applied in the 4.0 Industry to endow industrial robots 
and other types of machinery with sensorial and controlled 
actuating features.[436] When connected to an IoT system, such 
devices help to control the functioning of the plant-floor, while 
simultaneously optimizing the industrial processes, assuring 
the safety of factory workers.[436] For this purpose, the on-line 
recovery of data from proximity, temperature, environmental, 
and pressure sensors is crucial.[392,437] This paradigm also 
benefits from the development of human–machine inter-
faces (HMI), that help in the remote control of processes that 
demand human interference but the surrounding environment 
is too hostile.[395,438,439]

5. Sustainability and Environmental Safety

Even though there is a growing concern regarding the use of 
sustainable, recyclable, and nontoxic materials, in reality, the 
production of devices containing toxicants or capable of pro-
ducing hazardous by-products during fabrication steps is still 
increasing.[394] The dangers and difficulties associated with the 
processing of traditional electronics are already well-known 
and platforms dedicated to improving the operating efficiency 
between the production and end-of-life (EoL) stages of devices 
have been advanced.[311] Some emerging materials in flexible 
electronics, however, might still present risks to users and the 
environment. For instance, the use of certain nanoparticles 

(including QD) and even some carbon allotropes is associ-
ated with some degree of environmental pollution or health 
concerns.[394,440] Graphene and related materials are prone to 
aggregation and may cause oxidative stress and toxic effects in 
organisms.[394] Similarly, adverse human and environmental 
effects have been reported in association with QD, especially 
related to QD with core metals (Cd, Pb, Se), which are known 
to be toxic to vertebrate systems, even at low concentrations.[440] 
Moreover, ink formulations often require the use of chemical 
precursors, organic solvents, or even VOC that are recognized 
as carcinogens and environmental pollutants.

As a way of promoting the use of environmentally friendly 
manufacturing alternatives, researchers are focused on devel-
oping “greener” processing techniques, such as water-soluble 
inks or inks stabilized with innocuous surfactants or low energy 
consumption processes.[54,64] The use of natural and biodegrad-
able substrates is also a route to follow to decrease the envi-
ronmental footprint of electronics manufacture. Maximizing 
the operating life of PE devices is also a desirable goal from 
the environmental perspective. Maintainability and reparability 
issues are also to be considered. Improving recyclability must 
be a concern during the design of PE components. As a result, 
ecodesign strategies should be developed and implemented 
from theory to concept. In light of these concerns, OLAE is 
expected to combine the use of safe, renewably sourced, and/
or biodegradable materials with low-cost and energetically effi-
cient manufacturing processes, while simultaneously applying 
them to the sustainable growth of IoT and its respective sensor/
actuator applications.

6. Future Challenges

This paper presented an overview of the OLAE enabling mate-
rials, formulations, and main manufacturing technologies. 
Several organic and inorganic functional materials have been 
detailed, as well as their core applications in flexible electronics 
manufacturing. Flexible, stretchable, and compliant substrates 
were also discussed with a focus on polymeric and natural/
biodegradable ones.

Emerging and traditional manufacturing techniques were 
compared as a way of highlighting the importance of printing 
technologies in the field of OLAE. Printing technologies, avail-
able for large scale and low-cost production were then described 
in detail. Current limitations and challenges associated with 
these technologies have also been advanced throughout this 
paper.

Finally, some concerns regarding the environmental sustain-
ability of the materials were presented, as well as some green 
and safe manufacturing alternatives. For sustainable growth of 
IoT and CPS applications, further research and investment in 
these alternative technologies should be assured.

OLAE stands for a fast-growing technology with enormous 
potential, capable of bringing value to almost every economical 
sector. We are currently sitting on the verge of a digital transi-
tion that prioritizes fast and ubiquitous inter-connections of data 
between systems. Applications in the areas of smart-healthcare, 
smart-homes, smart-transportation, smart-agriculture, smart-
cities, and smart-factories are emerging or being reinvented to 
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comply with a new digital reality. In this sense, the need for 
low-cost, on-demand, tailorable, adaptable, and in some cases, 
disposable sensors, displays, and actuators are on the rise. Cur-
rently, OLAE is still a recent technology that needs maturing. 
Hence, improvements regarding the manufacturing technolo-
gies and overall performance of the devices are still needed, as 
well as adequate quality control and manufacturing guidelines. 
Notwithstanding, this innovative way of creating electronic plat-
forms holds promise to revolutionize the way new products are 
designed and developed.
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