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Abstract. Printed electronics belongs to one of the most prominent electronics technologies allowing us to manufacture
electronic components and devices on different kinds of substrate materials. This manufacturing technology reveals to have
significant potential to be used in Internet of Things (IoT) applications. In this paper, composite materials which are suitable
for the production of a variety of IoT devices are discussed. Particular attention was focused on metal- and carbon-based
composite materials allowing us to form conductive parts of the IoT devices produced. Further, sensor and encapsulation
materials were reviewed as well. These conductive and sensor materials comprised of micro- and nano-particles, such as
silver, copper, graphene oxide and its reduced forms, carbon nanotubes, carbon black or graphene nanoplatelets. Based
on the conducted analysis, it was stated that further investigations of curing methods, fillers materials and composition of
composites are recommended to be carried out in order to study mechanical, thermal and electrical properties of composite
materials required for IoT applications.
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1. Introduction
In the last several years, a rapid development in radio technologies has been observed. As a result of research and development performed during the mentioned period of time many
technologies were elaborated and successfully deployed.
These technologies contributed to a significant change in
behaviour of people by providing wider opportunities for
communication (GSM, UMTS and LTE) [1–3], automatic
identification (radio frequency identification (RFID), NFC,
voice and fingerprint recognition) [4–8] and exchange of data
at high speed among a huge number of devices at the same
time (5G) [9–12]. In the case of the latter technology, it is still
under development, although some experimental trials have
been done yet [13,14].
As it was mentioned above one of the commonly used
automatic identification technologies is RFID. It has been
intensively investigated and developed for at least the decade.
Clients in many areas of industry and services can benefit
from its utilization, e.g., by limitation time required to locate
products in warehouses or factories [15,16], by providing data
about producers in order to avoid buying counterfeit goods
[17,18] or by providing anti-theft support [19–21]. Nowadays, RFID is a mature technology with many kinds of tags
which can be used under different environmental conditions.
These tags can be powered up by using electromagnetic waves
generated by a reader or they can be equipped with a battery (semi-passive and active RFID tags) [22]. Because of
this fact, their price may differ considerably which is low
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for passive paper-face labels and high for active tags, often
equipped with additional utilities, such as GPS. If it is required
to decrease cost of RFID tags sustainability issues might be
considered relying on multiple uses of these tags as described
in [23].
Currently, the most prominent technology which is intensively developed and tested in various fields is Internet of
Things (IoT). The term IoT was introduced in 1999 by Kevin
Ashton. Since that time the mentioned concept is gaining more
and more popularity as a method of connecting various types
of devices in such a way that it is possible to connect and
exchange data between them [24]. This connection may be
established among virtual and physical objects as it is defined
in an Internet-oriented vision of IoT. However, there is a
things-oriented vision which considers only physical aspects
of IoT [25]. In turn, a semantic approach emphasizes interoperability among IoT resources, consumers and data providers
as well as information models [26,27]. An exemplary generic
model of IoT systems is depicted in figure 1 [28] in which
three main layers are demonstrated.
The described IoT technology is sometimes called Internet
of Everything (IoE). In the report published by TechGenix
[29], IoT was reported as a concept making possible to
establish a communication between objects while IoE was
determined as a general vision combining other solutions in
one system. The same approach was presented in [30] where
IoE was shown as an umbrella connecting several connectionbased paradigms, such as Industrial Internet, IoT and Internet
of People.
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Figure 1. Generic model of IOT system. Reproduced from [28] with permission from Elsevier.

Irrespective of the determination of IoT, it has potential to
be used in different areas, such as [31]:
• security – supervision, alarms, monitoring location of
people and objects,
• e-health – monitoring of selected vital functions of
patients, telehealthcare,
• transport – fleet management, intelligent transport in
the city, road safety,
• media – water, electricity, heat, monitoring waste cycle,
• supply – delivery and monitoring of distribution, vending machines,
• object administration – computerization and automation of the management of houses, buildings or management of city’s resources,
• agriculture – monitoring of air, soil or plant parameters,
intelligent irrigation systems, disease detection.
In this paper, a review of electronic materials suitable for
fabrication of printed IoT sensors is presented. Among the
discussed materials, particular attention was paid to materials
allowing us to produce different kinds of sensors. Finally,
future perspectives concerning electronic materials for IoT
application were discussed.

2.

Electronic materials for IoT devices

Printed electronics is technology which makes possible to
produce electronic devices on different types of substrate
materials. To perform this technological operation many kinds
of materials are necessary, in particular conductive and dielectric materials as well as encapsulation materials for increasing
durability of IoT devices to various environmental factors.
2.1 Metal-based conductive materials
Among conductive materials which are utilized for preparation of pastes or inks for printing electronic circuits, the most
popular and widely used are silver particles. As reported in
[32] silver exhibits stability at high temperatures and lower

melting temperature compared to gold, which is more expensive than silver or copper particles (see the price report
published by PwC [33]).
Due to the high price of gold and silver their competitors
are looked for. One of the possible solutions is using copper
particles which are easily oxidized [34–36]. In order to prevent oxidation some solutions have been investigated, e.g.,
copper and cupric oxide particles were placed in an aqueous copper sulphate with addition of alcohol (figure 2) [37].
Similar investigations were reported in [38] in which metallic
copper particles were prepared by a wet process. A biopolymer was utilized in this process as an anti-oxidation reagent
and a hydrazine as a reducing reagent to obtain copper metal
atoms.
Other examined methods for coping with the issue of
copper oxidation are to utilize an inert gas atmosphere as
described in [39] or using a laser-based sintering process for
the conductive layers produced. A photonic laser sintering
method was tested in [40] for fabrication of antennas printed
on a polyimide foil while intense-pulsed light- (IPL) and
laser-sintered layers made with a paste with copper nanoinks
(figure 3) were examined in [41].
A comprehensive study concerning a nano-copper pressureless sinterable paste was reported in [42]. The prepared
paste revealed to be insensitive to surface finish type and sintering conditions. Mechanical properties of solder joints made
with the tested paste were dependent on sintering time as well
as on sintering temperature. However, still the paste needs
special manufacturing processes and chemistry.
Bearing in mind the high price of gold and silver nanoparticles, a new approach was tested to prepare mixed composite
pastes which contain different metal nanoparticles. A mixed
paste with silver and copper nanoparticles was investigated
in [43]. The reported results showed that 10% addition of
copper nanoparticles to a composite with silver nanoparticles
and silver nanowires allowed one to achieve relatively high
strength of tested solder joints (figure 4a). The drawback of
the prepared composite material was the deterioration of electrical properties of the fabricated joints (figure 4b), and the
advantage was a significant increase in electromigration time
due to the inhibition of silver migration by products of copper
oxidation.
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Figure 2. Scanning electron microscopy images of: (a) CuSO4 with added methanol after X-ray irradiation, (b) Cu nanoparticles nucleated from the solution under X-ray irradiation and (c, d) synthesized
particles. Reproduced from [37] based on CC BY 4.0 licence.

Figure 3. Comparison of electrical properties of the layers produced using the IPL- or laser-sintering
method. Reproduced from [41] based on CC BY 4.0 licence.

A similar investigation of mixed composite materials was
described in [44]. To prevent increase in resistance of the prepared conductive layers, copper particles were covered with

silver and then mixed with an epoxy resin to produce an epoxy
conductive adhesive. This adhesive revealed a percolation
threshold at 40% (by weight) of the silver-coated copper
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Figure 4. Graphs of: (a) shear strength of joints made from the
mixed pastes with different Cu contents and (b) electrical resistivity
of the mixed nanopaste after sintering at 200◦ C for 30 min. Reproduced from [43] with permission from Elsevier.

powder. Therefore, it provides an opportunity to achieve a
cheaper conductive adhesive in comparison with its equivalents such as silver or gold particles.
2.2 Carbon-based conductive materials
High price of metal particles used in the production of
conductive pastes encourages researchers to explore new
composite materials containing different fillers. One of the
most prominent materials is graphene which was discovered by Andre Geim and Kostya Novoselov, who were
awarded the 2010 Nobel Prize in Physics for experiments on
graphene [45]. From that time this two-dimensional material
has been widely investigated by many researchers around the
world.
One of the investigated forms of the discussed carbon material is graphene oxide (GO). It is easily dispersed, but it
is nonconductive, which is its essential drawback in formation of conductive pastes [46]. Thus, layers made with such
pastes cannot exhibit proper electrical properties to produce
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conductive elements, such as electrodes, conductive tracks
or antennas. However, pastes with GO are suitable for the
fabrication of field-effect transistors, energy storage devices,
memory devices and recently broad-band electromagnetic
absorption [47–51].
In order to change properties of GO, different thermal and
chemical reduction methods were tested. According to the
results reported in [52], GO treated with hydroiodic acid
revealed a conductivity of 103.3 S cm−1 . An additional advantage of the mentioned treatment method is better flexibility of
the films produced compared to films made from reduced GO
(RGO) by using hydrobromic acid and hydrazine hydrate.
It was showed in another study in [53] that it is possible
to increase the conductivity of RGO films even up to
6300 S cm−1 by using a two-step reduction process (figure 5).
Therefore, it can be affirmed that in order to achieve a high
conductivity level of RGO films it is necessary to select a
proper reduction method, which is consistent with the results
presented in [54] where a change in resistivity after a chemical treatment of GO was noticed to be of the order of 10,000
times.
Effect of graphene particles on electrical conductivity
of fabricated layers was also investigated in [46]. An ink
for testing was prepared in this study by mixing graphene
nanoplatelets (GNPs; the average thickness of 10 nm, the average diameter of 8 µm) with an organic solvent (a mixture of
glycol and ethyl alcohols in the ratio of 50:50% (by weight))
and a commercial dispersing agent, AKM-0531 from NOF
Corporation. This ink revealed a sheet resistance of around
90 k sq−1 . However, it was also reported in this study that a
lack of dispersing agent in the prepared ink samples resulted
in a poorer dispersion degree of GNPs and thus, the achieved
sheet resistance level was of 125 k sq−1 .
The above presented high sheet resistance of the discussed
graphene layer can be lowered by using a mixture of GNPs
with copper and silver for printing processes [55]. Silver
nitrate salts were added to copper nanoparticles so as to
exchange the surface of copper to silver which was performed
by galvanic replacement whereas GNPs were used to decrease
an amount of voids between metal particles and to suppress
thermal oxidation as well. The electrical sheet resistance of
formic acid-treated GNPs was 3.57 k sq−1 whereas its value
for water-treated GNPs was 8.29 k sq−1 .
Apart from electrical properties, curing conditions of the
prepared layers for IoT devices can play an important role. The
higher the curing temperature, the higher will be the production cost. Therefore, it is recommended to explore materials
which can offer a decrease in the mentioned curing temperature. The latter GNP layers were dried on a hot plate at 120°C
for 10 min similarly to other studies [56,57]. However, the
studies described in [58] showed that it is possible to achieve
a sheet resistance of 30  sq−1 for the printed films cured at
100◦ C for 5 min. As it was reported, a long-term curing process can be avoided which provides an opportunity to print
electronic devices on substrate materials which are sensitive
to elevated temperatures.
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Figure 5. Properties of the 3,000-K RGO film: (a) temperature dependence of longitudinal resistivity, (b) record-high conductivity compared to its equivalents shown in the literature, (c) magnetic field
dependence of Hall resistivity and (d) record-high mobility compared to RGO films, polysilicon and
amorphous silicon presented in the literature. Reproduced from [53] with permission from Elsevier.

Despite graphene particles used in different forms for
preparation of conductive materials suitable for the fabrication of IoT devices it is worth to mention about other carbon
filler materials, in particular carbon nanotubes (CNTs). CNTbased composites were tested for the fabrication of electrodes,
e.g., for monitoring of heart signals. In the case of CNT
electrodes on a polydimethylsiloxane (PDMS) substrate no
irritation on the skin was noticed after 7 days. The same signal quality was also observed during the mentioned period of
time [59].
Similar considerations about CNT-based microelectrodes
were presented in [60]. It was stated in that paper that such
electrodes exhibit high surface area and inherently outstanding stability and electrical properties. These features make
CNTs suitable materials for highly sensitive neural interfaces.
Conductive composites reinforced with CNTs were also
considered for wearable electronics. The composites reported
in [61] were proved to be mechanically stable and biocompatible (figure 6). Their production method was simple and
cost-effective which makes them suitable for consumer electronics applications.
2.3 Sensor materials
Apart from conductive composites which can be utilized for
the fabrication of electronic circuits of IoT devices it is necessary to provide information about environmental factors (e.g.,

temperature and humidity) in many application fields, such
as logistics, storage of medicines, blood etc. Therefore, it is
required to have suitable electronic materials making possible
to produce sensor components.
One of the promising sensor materials is graphene which
was discussed in the previous section as a suitable material for
conductive parts of designed IoT devices. An ink-jet printed
gas sensor based on GO was reported in [62]. This sensor
is capable of detecting volatile organic compounds, such as
C2 H6 O and C7 H8 with a sensitivity level of 30 and 24 Hz
ppm−1 , respectively. Similar types of investigations were presented in [63] with regard to C7 H8 sensing (figure 7).
Another graphene-based wireless environmental gas sensor was described in [64]. A sensitive element comprised of
graphene channels and electrodes from silver nanowires, and
interconnects with a wireless communication system. This
sensor can be produced on a flexible and curved substrate
(e.g., polyethylene terephthalate and biomaterial). Graphene
was also tested for the fabrication of other types of sensors. As
demonstrated in [65], RGO can be used to produce humidity,
temperature or infrared sensors using ink-jet printing technique whereas in [66] RGO was considered as a promising
material for the fabrication of environmental, biological and
mechanical sensors.
A flexible humidity sensor based on RGO was prepared
by Vasiljević et al [67]. This sensor was printed using ink-jet
printing technique and comprised of interdigitated electrodes
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Figure 6. Setup and results of strain cycling test: (a) experimental setup, (b) customized vise, (c) relative resistance change for the
4-wt% CNT/PDMS sample and (d) change in resistance during 10,000-cycle test with 4-wt% CNT/PDMS, graphs below represent five
cycles around the 100th, 5,000th and 10,000th cycles. Reproduced from [61] based on CC BY 4.0 licence.

on a polyimide substrate covered with a sensing layer from
RGO. The humidity level was figured out using measurements
of capacitance and resistance of the abovementioned layer.
The possibility of using GO for the production of humidity
sensors was confirmed in [68,69].
Aside from the above-described sensors made mostly using
ink-jet printing technology utilization of 3D-printed conductive plastics for the fabrication of a strain sensor was also
tested. Properties of the plastics were examined as follows:
carbon-dispersed polylactic acid (PLA), graphene-dispersed
PLA and carbon-dispersed acrylonitrile butadiene styrene.
These plastics were revealed to be piezoresistive, which
makes them suitable materials for force sensing [70]. The
dependence on resistance of sensing elements and external
environmental factors can be used as a base for elaboration
of different sensors. Among others, a flexible temperature
sensor made with the use of a multi-wall CNT composite
was reported in [71]. This sensor was screen printed on a
Kapton foil from a paste consisted of poly(methyl methacrylate), organic solvent and CNTs as a conductive phase with
a loading of 0.25% or 1% (by weight). In order to achieve

assumed sensor parameters with high stability, a strict control
of paste composition, screen printing parameters as well as
post-thermal treatment are required.
Other studies showed that carbon black (CB) can be used
as a filler material for preparation of an ink for the fabrication
of micro-sensors sensitive to temperature or humidity [72]. A
nickel oxide powder was mixed with a solution of a CB powder in ethylene glycol and deionized water and then utilized
for ink-jet printing of temperature-sensitive layers whereas
Nafion 117 solution in a mixture of lower aliphatic alcohols,
water and titanium dioxide was used for humidity-sensing layers. The prepared sensors were capable of detecting humidity
changes in the range of 35–95% RH by capacitance measurements of the Nafion layer and temperature variation between
15 and 80°C by resistance measurements of the NiO layer.
As it is mentioned above graphene and CNTs have great
potential to be conductive phase materials for printing different kinds of sensors useful for IoT application. In order to
achieve required protection of sensing layers it is necessary
to pay attention to uniform distribution of these particles in
a polymer carrier, proper paste composition to prepare paste
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Figure 7. Gas-sensing responses of different composites with
RGO and tungsten oxide nanowires towards: (a) 100 ppm toluene
vapours at different temperatures and (b) different concentrations of
toluene vapours at 300◦ C. Reproduced from [63] based on CC BY
4.0 licence.

suitable for selected printing techniques and proper curing
conditions.
2.4 Encapsulation materials
In the previous sections, various composites were considered
which can be used for the fabrication of different kinds of
sensors. These sensors are some examples of devices having
potential to be used in dynamically developing IoT technology. However, authors believe that particular attention needs
to be paid to encapsulation materials as well. Apart from conductive materials used for production of conductive parts of
IoT devices and sensor materials suitable for production of
sensing layers, a flexible encapsulation method is a critical
issue for obtaining high reliability of the above-mentioned
electronic devices.
The need of having flexible encapsulation materials is especially important for application fields in which printed devices
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can undergo mechanical exposure, such as long-term bending.
Such situation can take place in textronic application. Printedelectronics circuits embedded into garments, e.g., fire-fighting
suits, clothing for runners or patients to control wirelessly
their selected life functions, should be durable to folding
and bending connected with movements of human body. It
is also necessary that these items should reveal high durability on other factors connected with their usage in different
environments (e.g., perspiration, rainfalls and elevated or low
temperatures) as well as to be resistant to the washing process.
Different types of encapsulation materials were discussed
in [73]. It was shown that lifetime of organic devices can
be extended considerably with application of encapsulation
films. These films can be manufactured by using one of
the methods: plasma-enhanced chemical vapour deposition,
parylene deposition or atomic layer deposition.
Another idea presented in [74] is creation of a conductive
stretchable coating which was considered to be applied for
RFID antennas and strain sensors. This self-reinforcing coating was made of a graphene nanoflake/RGO composite and
its applicability for IoT devices was confirmed by applying
them on a 3D-printed elastomer which enabled fabrication of
the above-mentioned antennas and sensors.
A quite simple encapsulation method can also be obtained
by using silicones. Different kinds of silicones are available in
the market, which remain flexible after application. Furthermore, these silicones are often capable of withstanding a wide
range of temperatures and extreme mechanical exposure, e.g.,
AS1740 sealant can be used between −62 and +200◦ C and
its elongation at break is equal to 400% [75]. This means
that such silicones can be successfully used as encapsulation
materials for flexible IoT devices.
Similarly to silicones, low-melting adhesives can be utilized as encapsulant materials. The properties of RFID chips
protected with such adhesives were examined in [76] and
compared with other materials: fast flow underfill and polymer resin. It was turned out that only the low-melting
adhesives allowed us to protect the joints formed in the test
samples against damage. Other materials were too rigid and
in consequence the chips were peeled off from the substrate
during cyclic bending.
Interesting solutions of encapsulation are multi-layer barrier (MLB) films. According to the report published by
IdTechEx [77] multiple pairs of organic and inorganic layers can be deposited. In effect, the MLB encapsulation films
will be thick in order to cover particulates and contaminants,
make the surface more planar, de-couple pinhole positions
and provide stress relief to increase flexibility.

3. Future perspectives
In the previous section, different types of materials were
discussed which can be utilized for manufacturing of IoT
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devices, in particular sensors capable of sensing various environmental factors.
In order to carry on the current development rate further
investigations in the field of composite materials are required
to be conducted. The discussed electronic materials can be
deposited on flexible or rigid substrates, mostly with the use of
printing techniques such as screen printing or ink-jet printing.
However, these techniques offer limited throughput which
is equal to up to 100 and up to 5 m min−1 , relatively. It is
an opportunity to increase printing speed with utilization of
roll-to-roll techniques, e.g., throughput for flexography is not
higher than 180 m min−1 , but still there are some crucial
problems which do not allow us to achieve further growth of
productivity.
One of the biggest challenges is to properly select curing
conditions for printed composite materials. In general, when
curing temperature or time is extended, the fabricated layers are more conductive, but at the same time the electronic
device produced is subjected to thermal exposure. This situation may lead to thermal degradation or even damage of the
cured layers or the other layers produced earlier. However,
very short curing time or very low curing temperature may
result in poor performance of the devices produced because
of high resistance of the layer, as seen in the manufacture of
antennas.
Considering the above an approach was proposed in [78]
relying on a decrease in boiling point of solvents in composite
materials. The smaller amount of solvents results in more conductive films which are fabricated assuming a lack of changes
in their curing conditions. As a consequence, it allowed one
to boost process performance without negative effects on the
stability of the process.
This approach to conductive composite materials was
expressed in the investigation results reported in [79]. It was
informed in this interview with Prof Tobias Kraus that the
prepared inks do not require a sintering step. The layers
made with them are immediately conductive after the printing
process and exhibit stability after drying. After the solvent
evaporation, nanoparticles come in contact, electrical current is conducted and films produced are able to withstand
mechanical exposure.
Another solution to the curing process is using ultraviolet (UV) light in the fabrication of components with printing
techniques. A ferrite paste suitable for the fabrication of magnetic components for power electronics was demonstrated in
[80]. Another study [81] showed a highly conductive copper
nanoink which was sintered with an ultra-high speed photonic
method. This technique comprises the use of flash white light
with near infrared and deep UV light irradiation. The layers
produced are sintered using the above method, which revealed
a resistivity of 7.62 µ cm which was only ca. four times
higher than the resistivity of bulk Cu films (1.68 µ cm).
Apart from curing conditions, the next important issue in
the field of electronics materials for IoT devices is their cost.
By assuming that IoT will become a widespread technology
used for monitoring chosen features of people, animals and
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goods produced, the unit price of sensors and other devices
should be as low as is possible. Because of that, new lowcost filler materials are expected. This trend was reflected
in investigations of copper particles as a conductive phase
for composite materials. Some examples of such pastes are
described in [82–84]. Another idea is to use carbon particles
instead of metal particles to prepare conductive pastes, e.g.,
antennas that were examined in [85,86].

4. Conclusions
In this paper, composite materials exhibiting potential to be
used in IoT applications were discussed. Particular attention was paid to conductive materials based on metal and
carbon particles as well as sensors and encapsulation materials. All these types of composites can be utilized to build
wirelessly-operated IoT devices allowing us to gather different information about people and all the items around them.
It seems that in order to continue development of printed
IoT devices further investigations in the field of composite
materials revealing high durability to environmental factors
(e.g., bending, temperature variation and washing processes)
should be carried out. It is also necessary to examine new
production methods, especially to increase efficiency of the
curing process of fabricated films which allows us to boost
efficiency of the whole production process and to obtain the
satisfied price level of printed IoT sensors.
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