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Abstract— The growing diffusion and usability of additive
printing techniques have created new manufacturing scenarios
for products. Printed electronics is playing a key role in the
design of next-generation objects. These objects are no longer
only able to fulfill their original function, but through specific
sensors and circuits can measure physical quantities in the
surrounding environment. In this way, a conventional object is
made smart, being able to communicate with other objects or
remote units. This kind of change fits perfectly into the context of
Industry 4.0, where the ability to collect additional information
can increase efficiency in the production, transportation, and
storage of products. Smart objects can be manufactured with
numerous different technologies and materials depending on
the performance required and on the specific application. The
purpose of this article is to provide an analysis of printed
technologies that enable resistive sensors printing on complex
surfaces for smart object fabrication. First, an explanation of the
technologies under consideration is provided. Then, an analysis
of the aspects that affect the final print quality for each technique
is provided, highlighting advantages and disadvantages. This
article also indicates the limitations and potential of these printed
technologies for smart objects.

Index Terms— Aerosol jet printing (AJP), inkjet printing (IJP),
laser-induced forward transfer, microdispensing, piezoelectric
jetting, plasmadust, printed electronics (PE), resistive sensors,
smart objects.

1. INTRODUCTION

HE invention of the first additive manufacturing (AM)
technique coincided with the filing of the patent
US4575330A: “Apparatus for production of three-dimensional
objects by stereolithography” by Hull and Arcadia [1] in
1984. The author describes the lithographic process for the
realization of objects starting from their three-dimensional
(3-D) model. The technique defined as “AM” involves the
realization of an object by overlapping successive sections of
it, starting with nothing. It is defined additive as opposed to
the classic techniques of subtractive manufacturing, in which
starting from a solid block, the desired object is constructed by
removing material. In the following decades, AM techniques
have been improved and their accessibility is increased [2]-[5].
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The development and study of new materials suitable
or adapted for 3-D deposition allow the fabrication of
objects with specific mechanical and electrical properties
(4-D printing) [6]. The availability of depositable materials
with known electrical properties permits the integration of
sensors, electronics, and conductive tracks directly during the
production stage of the objects. In this way, it is possible
to directly fabricate “smart objects” in which electronics is
not simply applied to an existing element, but it is directly
embedded in it. “Smart device” or “smart object” is often
used to define a generic modern electronic device, revealing
a certain ambiguity and confusion about its definition. In [7],
a detailed analysis of the scientific literature is carried out
with the aim of trying to reduce this ambiguity and define
some main characteristic features that an object should have
to be defined smart. The three key features defined are:
1) autonomy, intended as the ability to perform an activity or
a specific task independently without the need of continuous
interaction with the user; 2) connectivity, defined as the
possibility of connecting to a network of any type and size
with the main purpose of exchanging information with other
devices; and 3) context awareness intended as the ability of
the device to obtain information about the context to which
they belong using specific sensors and also to perform actions
independently.

Printed electronics (PE) technologies provide different solu-
tions in the realization of sensors, circuits, antennas, and
interconnections directly on the surface of devices to turn
any object into a smart one [8]. Low production costs, high
variety of materials, and flexibility are only a few exam-
ples of advantages provided by PE technologies with respect
to conventional electronics production techniques [9], [10].
A remarkable aspect is that different 3-D-PE technologies are
emerging, thus permitting us to enter a new design era in which
an object can be conceptualized and realized simultaneously
in all its parts in a single all-encompassing production step.
This last aspect allows to bring a new definition of smart
object, i.e., a conventional object preserving its dimensions
and purpose, also capable to perceive and measure physi-
cal quantities variations, to elaborate and to communicate
and/or make autonomous decisions [11]. The availability of
data measured in the field environment will allow a deeper
testing phase in the application field. Consequently, it will
be possible to obtain data directly from the use in the field,
enabling assistance of the user and information for the design
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TABLE I
TECHNICAL SPECIFICATIONS OF PE TECHNIQUES

Printing Inks Minimum Layer Printing Axis Multitayer/multihead | Substrates (surface Ref
Technique Viscosity Line Thickness speed Configuration profile anud
(el) Width () (m/min) material nature)
(1m)
Microdispensing 30- 20-300 Dependent Up to 30 3-axis or 5- Multilayer with Any kind of two- [59]-
1.000,000 on particle axis system Multiple Pass dimensional (2D) [62]
size, [tom Printing/multihead and 3D material
10 nm to 50 configuration for the
pm deposition of
different materials
Inkjet Printing 5-20 30-50 < 0.5-1 15-500 2-axis Multilayer with Any kind but 2D [23].
Multiple Pass [24],
Printing/multihead [63].
configuration for the [64]
deposition of
different materials
Piezojet 50-200,000 -300 Up to 60 Uptoé 3-axis or 5- Multilayer with Any kind of 2D [29].
axis system Multiple Pass and 3D material [38].
Printing/multi-head [65]-
configuration for the [67]
deposition of
different materials
Acrosol Jet UA: 1-5; ~10 0.1-2 Upto 12 3-axis or 3- Multilayer with Any kind of 2D [39],
Printing PA:1- axis system Multiple Pass and 3D material [58].
1.000 Printing/multi-head [68].
configuration for the [69]
deposition of
different materials
Plasmadust© Use of 2-5mm, Up to 200 Up to 150 3-axis or 5- Multilayer Metals, glass, [43].
(Plasma 200 nm up to axis system deposition is ceramics, plastics: [45].
Thermal Spray) 20 um 200 um possible according both 2D and 3D [49],
meshing with to the thermal [70]
powders specific properties of the
masks previously deposited
applied layers
Laser-Induced ~10to = =20 ~0.1 Laser 3-axis Direct simultancous Any kind of 2D [517,
Forward 100,000 dependent multilayer and 3D material [56],
I'ransfer deposition [71]

of new products. At the same time, the smart object is
also able to exchange data with nearby devices, and in a
more complete view with specific servers, inserting itself in
a collaborative scenario in which the attributed function is
coordinated and improved remotely by exploiting the realtime
monitoring capabilities of the object [12]. Embedded sensing
and transmission capabilities are enabling factors both for the
classic Internet of Things, oriented to the consumer world, and
for the Industrial Internet of Things (IloT) in which the
process is scattered by a network of integrated and
connected sensors [13], [14]. Nowadays, the IloT is not
involved in automation control, but it is intended for data
collection for supervision or prediction purposes. Big amount
of data can permit new predictive maintenance methods also
performed with innovative tools such as augmented reality
headsets [15], [16].

Smart objects include sensors for sensing the environment,
and resistive sensors (force, temperature, or gas sensors) are
frequently used for the cost and the ease of fabrication and use
[17]. The purpose of this article is to propose, analyze, and
discuss the different PE technologies present in the market in
order to understand their influences on resistive sensors fabri-
cation, focusing on their performances and process parameters.

Section II provides rapid knowledge of the functioning prin-
ciples of the selected techniques, evidencing which are the
characteristic performances of each one. Section III introduces
a critical analysis of each parameter evidenced in the previous
section, while Section IV presents their possible application
areas based on their performance.

II. PRINTING TECHNIQUE’S CHARACTERISTICS

The most used and commercialized PE technologies for
the fabrication of resistive sensors directly on the objects are
described in this article. All the selected technologies are
digital, i.e., they take advantage of computer-aided design
(CAD) software to design the printed patterns: no masks are
required, and axis movements and the material ejection are
controlled according to the digital file. Some technologies
[for instance, inkjet printing (IJP)] are more suitable for
printing on flat surfaces to cover wider areas and thus less
for fabricating the sensor on ready-to-use 3-D objects. Other
technologies (for instance, Piezojet) are suitable for nonplanar
or 3-D surfaces.

The factors characterizing each of the mentioned technolo-
gies will be analyzed and summarized in Table 1. Specifically,
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Fig. 1. Microdispensing physical functioning principle.

these are the following parameters: printing process parameters
and setup, ink viscosity and usable materials, geometrical
finishes (minimum linewidth and layer thickness), printing
process speed, multilayer capabilities, and printing mode.
These specifications are essential to select the most proper
printing technique for the sensor to be printed on the object.
The printing machine apparatus involved in the deposition
can also afflict the conclusive performance of the print. One
example is the transport losses due to the tubes connecting
the spray drying block to the printing head in liquid ink
technologies; these losses are related to nonlinearities and
tubes that are too long.

A. Microdispensing

Microdispensing is a contact printing technique dispensing
the liquid in volumes smaller than a microliter. The system,
schematically shown in Fig. 1, consists of a reservoir with
a piston driven by compressed air to control the release of
material for the pattern deposition. A droplet is formed at
the exit of a nozzle and deposited onto the substrate by
contact. The diameter of the nozzle determines the geometric
characteristics of the deposited drop, while the flow control
mechanism determines the volume of the droplet. A solenoid
valve or a system of piezoelectric elements is the most used
flow control systems. The solenoid valve permits the ejection
of the liquid maintained under pressure. The volume of the
ejected droplets (between 100 and 1000 nL) is a function
of the pressure and the opening time of the solenoid valve
[18]. Due to the inertia of the mechanical elements, the time
required to obtain the exchange of the valve position is around
1-20 ms [19]. In the flow control by piezoelectric elements, the
ejection of the single drop (of 0.5-100-nL volume) is obtained
by deforming a thin-walled tube, a capillary wrapped by a
piezoelectric element [20]. The reduced inertia of this system
permits quick response times of approximately 100 Us.

The cleaning of the capillary is made easier due to the
absence of contact between the ejection system and the piezo-
electric elements. Due to the pneumatic system, microdispens-
ing can process functional materials even in form of high
viscosity ink and pastes. Finally, it is suitable for depositions
on 3-D surfaces of various shapes, despite being a contact
printing technique [21], [22]. Contact jet dispensing should

R
. Image ‘
signal

Ink I
®

Nozzle -

~\
Piezoelectric
transducer

Ink droplet v

Paper

Fig. 2. Inkjet physical functioning principle [26].
maintain contact with the substrate, and this reduces the
printing speed for preventing surface damages.

B. Inkjet Printing

Inkjet printing (IJP) is currently one of the most widespread
and attractive technologies to fabricate PE thanks also to its
greater accessibility compared to other techniques [23], [24].
The functional material in a liquid state is transformed into
small droplets and deposited onto the substrate. The inkjet
printers are divided into two families: continuous inkjet (CILJ)
and drop-on-demand (DOD) inkjet printers. In the CIJ print-
ers, the printhead generates, electrically charged, and ejects
droplets continuously, while an electric field directs the
charged droplet toward the substrate when it is required. The
unused droplets are collected in a tank to be reused. In DOD
printers, the droplets are generated in the printhead and are
forced out from the nozzles when it is required. Droplets can
be generated by using two distinct main methods: thermal
or piezoelectric. In the thermal DOD, the heat is produced
inside the ink chamber for the vaporization of the ink, while
in the piezoelectric DOD, a piezoelectric actuator generates
the pressure pulse in the fluid to force out the droplets from
the nozzle. The piezoelectric DOD (Fig. 2) is the most used
because the volume and the speed of the droplet can be better
controlled [25].

Electrohydrodynamic jet printing (EHD) is another type of
IJP in which a high voltage (0.5-20 kV) is applied between
the nozzle and the substrate [25]. The generated electric field
causes a droplet ejection when the electrostatic force over-
comes the solution surface tension. IJP is considered a con-
tactless printing method, and this prevents cross contamination
of the surface, but the distance between nozzle and substrate
should be kept under 1 mm. In the IJP process, different
parameters influence the obtainable geometrical finishes, like
the viscosity according to the geometric characteristics of the
nozzle and the distance from the substrate.

C. Piezojet

Piezostack-driven jetting deposition, or Piezojet, belongs
to the DOD printing family and allows the deposition of
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Fig. 3. Piezojet physical functioning principle.

paste and inks from a few to hundreds of thousands of
centipoise (<200 000 cP). The droplets are generated and
pressed through the nozzle of 50-300 um diameter by the
piezo-driven tappet (needle). The basic mechanism is based
on four subsequent stages. Considering Fig. 3, first, at the
beginning, the piezoelectric stack is powered ON and the
needle and the nozzle are in close contact preventing unwanted
ink exit; second, when the signal is generated, the needle raises
and separates from the nozzle; third, once the piezoelectric
stack is powered OFF, the needle falls in the starting position
under an applied electric field; and 4) ink ejection is performed
due to the pressure generated during such a movement. This
sequence is typically completed in 10 ms [27]-[30]. The
reservoir is refilled with new ink contained in an ink supply
by a piston, and the heater installed in the proximity of
the print head adjusts the viscosity of the functional ink.
This aspect is mandatory to enlarge the number of functional
materials that can be used, such as screen printing pastes [28],
[31]. High jetting frequency is necessary to elaborate high-
density/surface tension inks [31] and, in combination with high
printing speed, increases the throughput. Great importance
has to be addressed to needle—nozzle coupling and nozzle
diameter [32]. The nozzle/needle shape (of spherical or conical
profiles) should be selected according to the used ink since
their shape affects the maximum fluid velocity of the nozzle
outlet. The volume of the ejected droplet depends on several
parameters. For example, the droplets diameter increases by
increasing the opening time of the ejection and the needle
displacement (known also as stroke), while the amount of
jetted material increases when the needle speed decreases (the
outflow time decreases, and the pressure increases). Exceeding
the needle speed range where a perfect injection droplet is
obtained implies the impossibility to generate droplets or the
formation of satellite ones [32], [33]. Needles with a side cap
present an additional squeezing effect on the fluid, and the
pressure in the cavity and the velocity of the jet are increased,
helping to obtain small droplets [34]. Feeding pressure, needle
displacement, and working frequency define the volume of the
ink in the nozzle orifice to be ejected and the time required
for the ink to reach the nozzle [30], [35], [36]. Unlike 1JP,
Piezojet works at higher nozzle-to-substrate distances due to
the high level of the kinetic energy of the droplets and can
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Fig. 4. AJP physical functioning principle.

print on complex and 3-D surfaces without incurring the risk
of dispersing functional material in the printing area [37], [38].

D. Aerosol Jet Printing

Aerosol jet printing (AJP) is a material jetting AM tech-
nique. This technology was developed by Optomec under
the Defense Advanced Research Projects Agency (DARPA)
Mesoscopic Integrated Conformal Electronics (MICE) pro-
gram. AJP consists of an aerodynamic focusing process of
liquid particles that are accurately deposited onto the sub-
strates placed under the exit nozzle. Four consecutive stages
compose the printing process. First, a carrier gas (nitrogen
or compressed dry air) transports the aerosol of functional ink
generated inside the pneumatic atomizer (PA) or the ultrasonic
atomizer (UA). The ink viscosity should be in the range
of 1-1000 cP for UA and 1-5 cP for PA. Second, (only for
the PA system) due to a virtual impactor placed right after the
atomizing block, the superfluous carrier gas is removed, and
droplets dimensions adjusted (smaller than 5 ym in diameter).
Third, the resulting aerosol is focused inside the print head
surrounded by a cylindrical sheath gas flow (one of the process
parameters), which prevents possible droplets impacts. The
aerosol diameter can be reduced by increasing the sheath
gas. Fourth, the whole complex is accelerated entering the
printing nozzle, leaves the nozzle, and impacts the substrate,
fixed on a moving (and possibly) heated plate, to realize a
drying step during printing and/or to evaporate solvents. AJP
can be equipped with two different print nozzles: 1) circular
nozzle with inner diameters in the range 100-300 ym and
2) wide nozzle with circular (inner diameter of 750 um) or
rectangular orifice (1.5 ym X 2 or 3 mm). The commercially
available system prints lines from 10 ym to 3 mm in width and
from 100 nm to 10 um in thickness at translation speeds up
to 10—12 mm/s. Fig. 4 represents the deposition phase using
AJP [39], [40].

AJP overcomes some of typical printing electronics defects
such as nozzles clogging and coffee-ring effects of droplets
typical of IJP and Piezojet. One of the strongest AJP advan-
tages is the possibility to selectively print on 3-D complex
surfaces [41] and objects with a five-axis configuration. The
printing of different materials is possible at the same time with
multiple nozzles [42].

E. Plasmadust

Plasmadust technology belongs to the thermal spray family,
and it is also known as cold active atmospheric plasma
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deposition (CAAPD). For example, a direct metallization on
thermoplastics can be performed in a one-step process by
using this technology. The plasma nozzle is composed of
an internal element—the cathode—in which the forming gas
fluxes, and an external element—the anode. As schematically
shown in Fig. 5, by applying a high-frequency current, a high-
energy pulsed arc is generated between cathode and anode,
ionizing the process gas (e.g., nitrogen) and transforming it
into a low-temperature plasma. In the presence of plasma, the
feeding system transports functional powders (200 nm—20 um
in diameter) close to the nozzle and part of the gas energy is
transferred to the particles. In such a way, the powders are
melted and directed toward the substrate realizing patterns
without any use of a solvent to activate the functional material.
An exhaustion pipe collects the unused material [43], [44].
In contrast to the other analyzed technologies, plasmadust
produces traces with a much greater width (2—5 mm). The
width can be reduced by applying a mask on the surface
to be coated, but losing the advantage of no postprinting
processing [45]-[47]. The thickness and the width are strictly
related to powders mesh [48], [49] and the distance between
the nozzle and the substrate [46]. If the distance is too shorter,
the substrate could present redness and burns due to the
high thermal stress; a longer distance could generate focusing
problems causing overspray, not well-defined lines, and some
areas with not well-plasticized particles.

Plasmadust has several beneficial aspects. First, in contrast
to other thermal spray technics, the entire fabrication printing
process is realized under atmospheric pressure. Finally, in con-
trast to other plasma processes, the use of a pulsed plasma
implies a lower working temperature (<200 °C), a lower
power supply level, and thus lower wear for the nozzle. In this
way, even low melting point substrates such as plastics can be
used as a substrate [44], [48].

F. Laser-Induced Forward Transfer

In contrast to the previous technologies, laser-induced for-
ward transfer (LIFT) is a direct-write digital printing tech-
nology based on laser ablation [50]. As schematically shown
in Fig. 6, the functional material is transferred by laser
energy source from the donor (a laser-transparent substrate

Laser pulse

+~————— Focusing optics

/ Donor

/ Acceptor

Fig. 6. Laser-induced forward transfer physical functioning principle.

coated with the selected functional material) to the accep-
tor (the substrate). The pulsed laser beam is generated and
focused through specific lenses on the surface of the donor.
Depending on the type of functional material deposited and its
state, a threshold value at which the donor film starts to deform
itself is reached. The irradiated material is accelerated toward
the receiver on which it will collapse, depositing the previously
heated functional material and forming the desired pattern
[51]. Although LIFT is nominally addressed as contactless,
the gap between the donor and the acceptor is usually in the
microscale, but it could be even millimetric [51], [52]. In some
cases, the complete contact of the two substrates generates
better printing performances. Despite this, LIFT allows the
realization of 3-D complex structures due to a layer-by-layer
deposition [53]. In contrast to the other analyzed technologies,
LIFT is a solvent-free printing method working in ambient
conditions (no high temperature or vacuum chamber required),
and this facilitates the process [54]. In addition, LIFT is
a nozzle-free printing system so that any kind of clogging
problem is avoided. Indeed, the focus here is related to an
energy source and not the functional material, which is outside
the “working part” of the printing machine [55]. Moreover,
no (thermal) post-treatments are required, and therefore, low-
temperature substrates, such as paper or plastic, are suitable
for LIFT. In LIFT, the functional material is molten and then
solidifies once in contact with the receiving substrate. Indeed,
the generated droplets have a very low mass, and therefore,
despite the high reached temperature when hit by the laser,
they do not damage the receiving substrate. LIFT technology
works with different kinds of functional materials with a wide
viscosity range. Different methods can be used to prepare the
donor (spin coating, sputtering, and stencil deposition), and the
chosen technique depends on the viscosity of the functional
material, which may influence the jetting dynamics [54]. Since
LIFT employs a pulsed laser to melt the functional material,
a determining factor is the scanning velocity: the higher is the
latter, the lower is the bubble time to collapse back to the
donor face. This fact leads to possible interferences.

For consecutive jets, high viscous functional materials are
recommended [52]. The wide range of viscosity for LIFT is
related to the preparation of the donor film before the real
printing process. Congruent LIFT or laser decal transfer (LDT)



configuration allows the printing of high viscosity pastes
because the printed voxel matches congruently the illuminating
laser pulse. The great advantage that comes with this approach
is that voxel shape and size become controllable parameters
[51], [55], [56].

According to Table I, the maximum printing speed (and
therefore throughput) is reached by IJP. Microdispensing,
AJP, and Piezojet show similar process speeds because they
have been developed for research and development (research
and development) applications, in contrast to plasmadust or
1JP, which can be naturally scaled for industrial applications.
To partially compensate for the limited process speed, LIFT
hybrid methods involving roll-to-roll systems have been
proposed to increase the supply of functional material, the
donor, and realize more traces [53]. The axis configuration
defines the movements of the head and the plate on which
the object/substrate lies and the possibility to print on 3-D
surfaces. For example, in [JP, the object has to be planar since
the plate moves in two directions and the distance between
the plate and the nozzle is fixed. In the other PE techniques,
instead, the head can be moved, as well as the substrate/the
object can be moved and rotated according to the printer
configuration. In addition, several technologies envisage the
installation of several deposition heads in parallel in order
to simultaneously print different materials (as in AJP-based
systems) or to increase production capacity by using the same
material on each printhead [57], [58].

III. PRINTED RESISTANCE SENSORS

In general terms, the resistance of a sensor depends on the
resistivity of the sensor material and its geometric dimensions
according to the following formula:

» ] 1
R=p dx 1
o Al) @
where R is the electrical resistance expressed in ohm [A], O

is the electrical resistivity of the volume of the material into
which the current flows expressed in [ A *m], / is the length of
the current path [m], and A4(x) is the cross section along the
x-axis [m?].

Printing directly the sensor made available some important
capabilities. With respect to the traditional sensor, printed
sensors can have the following:

1) more flexible geometry;

2) modified resistivity value due to new materials and the
sintering process;

3) modified characteristics of
interface.

the substrate—sensor

Process parameters and the machine setup significantly affect
the print quality and, therefore, the geometrical dimension and
the resistivity of the printed sensor [60], [72], [73]. Process
parameters can be pressures to handle gaseous flows [74]
(AJP), plasma intensity and powder feeding (plasmadust), laser
intensity (LIFT) [55], [56] pressures to handle valves and
pistons (Piezojet), and the type of inert protecting gas and their
pressure during printing (AJP, Piezojet, microdispensing, 1JP,
and plasmadust) [45], [46], [70], [75]. Printing time is another

determining factor in the overall quality of the process, and for
some technologies, one of the most troubleshooting aspects is
the process drift in case of long-term printing sessions, which
can generate overspray [76]-[78]. For example, IJP allows
maximum printing speed but is affected by nozzle frequent
clogging. Conversely, AJP nozzles are clog-resistant, but AJP
is a slower printing process and is affected by performance
drop. Analytical models have been developed to minimize
overspray and increase knowledge of the mechanism and
interdependence of involved parameters [79]—[81].

A. Geometry

The main advantage of all the analyzed PE technologies
is customization. First, since these technologies are digital,
the sensor design is performed via software, and the sensor
geometry could be adapted or changed more easily and quickly
according to the project specifications. Second, the integration
of more printed parts (more sensors, interconnections, and
pads) in terms of spatial customization is higher than
traditional methods that need the production of all the parts
separately on a different substrate.

The accuracy and the cross section 4(x) depend on the
printed technology specification (minimum width and thick-
ness in Table I). The smaller is A(x), the higher is the
resistance. A(x) depends on the width and thickness line.
Less is the sensitive area for the sensor, less should be the
linewidth, and this is reached by using AJP. For example,
in a metallic foil strain gauge, the grid pattern is designed
in order to maximize the number of lines subject to strain,
and this increases the resistance and the resistance change
under strain, as well as decreases the current needed for

the measurement. Thin features allow the miniaturization of
interconnections and circuits [67], [82], [83]. The minimum

layer thickness is reached by using IJP, AJP, and LIFT, but
the technology selection depends on the ink (in terms of

material and viscosity) and the surface (2-D and 3-D) [84].
However, AJP suffers from less repeatability and reliability
of material deposition [85]. The geometrical finishes depend
directly on the ink viscosity, and this limits the choice of
printing technology.

The larger is the size of the functional material particles, the
higher is the viscosity of the ink. Inks with higher viscosity
are usually deposited more evenly, the profile of the line tends
to form a rectangular shape and the printed line is thicker
[86]. The resulting wide section decreases the resistance value,
as obtained with microdispensing and Piezojet [38], [67], [87].
Viscous inks and pastes reduce overspray phenomena and
allow the exploitation of greater distances between substrate
and nozzle for printing on 3-D surfaces. In contrast, such high
viscosities limit the realization of fine features.

Furthermore, printing speed affects the line thickness. In the
presence of fast processes (e.g., IJP and plasmadust), minor
thicknesses would be achieved. Similar considerations can be
done considering powder pressure since an increasing powder
pressure develops overspray and lower thicknesses. In light
of this, more plasma energy is necessary, generating higher
thermal stress [45], [49], [75].



B. Resistivity

The ink/paste nature and the curing/sintering process con-
tribute to the final resistance through parameter ©. The mate-
rials differ not only in terms of large families of materials,
1.e., conductors and semiconductors, but also in their corre-
spondent bulk material.

1) Materials: PE functional materials, in the form of ink or
paste, strongly differ from bulk materials. Indeed, PE mate-
rials are a combination of functional particles and specific
additives, and they can have unique characteristics such as
flexibility and stretchability. The most common inks for PE
are based on metallic particles and they are used to fabricate
interconnections, pads, and the sensitive layers of resistive
sensors [45], [53], [64], [67], [88]-[91]. For example, a silver
ink contains the specific metal particles (silver in our case)
of nano- or micro-particulate size, and this influences the
overall viscosity of the material. These particles are found
suspended within a medium (solvent) with a specific viscosity
and are enveloped by insulating additives and stabilizing
agents. The liquid part is composed of organic elements such
as additives (to avoid phase separations or particle agglom-
eration), dispensers (to maintain the appropriate fluidity), and
carriers to facilitate the printing process. Higher is the ink
viscosity, higher is the solid content, and thus more is the
deposited functional material [92]. For example, the solid
content of the silver-based inks suitable for 1JP and AJP
with UA is usually lower than 50 %, while the silver-based
ink for AJP with PA can be higher than 70%. Less is the
content of functional material and the incidence of micropores
inside the printed layer after sintering, the greater is the final
resistivity.

Other semiconductors can be used in the fabrication of
resistive gas sensors, specifically, metal oxides as in the case
of SnO,, typically used for detecting the presence of gases
such as ethanol, methane, and acetone at high operating
temperatures [54], [93], [94].

In next-generation printed sensors fabrication scenarios,
2-D materials have been demonstrated to have outstanding
physical/chemical properties, which make them highly suitable
for optoelectronics, sensors, and energy storage. The most
investigated 2-D material is graphene [95]. For example,
graphene was used to fabricate a textile strain sensor for
detecting human motion and it demonstrated excellent prop-
erties in terms of high sensitivity, long-term stability, and
great comfort [96]. Recently, a quantization of the electrical
resistance has been found in bilayer graphene, irrespective of
the material’s basic characteristics. In this way, the resistance
could be changed with extremely high control irrespective
of sensor dimensions [97]. Beyond graphene, other 2-D
materials derived from layered bulk 3-D materials, such as
carbon nanotube and MXenes, have been found. The term
MXene is used to refer to a wide family of materials com-
posed of 2-D layers. Since their discovery, different types
of MXenes have been produced and investigated due to
their innovative structural, physical, chemical, and sensing
properties [98], [99]. The electrical characteristics depend on
the functional elements. Using an AJP deposition method

in [100], a multifunctional sensor has successfully been fab-
ricated combining graphene and titanium carbide (Ti3C,Ty )
MXene nanoink. The multiple sensing capabilities permit
the measurement of strain by evaluating AC impedance and
temperature by detecting DC Seebeck voltage. This sensor
has an interesting thermopower output (53.6 uV/°C) and
high accuracy and stability. Carbon nanotubes are special
structures of carbon atoms disposed as a cylinder that can
exhibit different conductive behavior according to their spatial
arrangement. Carbon nanotube-based inks have been success-
fully used to develop strain sensors [101], pressure sensors
[102], [103], electrochemical and temperature sensors [104],
[105], and noncontact gap measuring devices [106]. Excluding
LIFT, which follows the laser ablation method, and plas-
madust, which belongs to the thermal spray family, other
printing techniques work with inks and/or pastes. Microdis-
pensing and Piezojet benefit from a wide viscosity range in
which can be found functional materials such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS);
silver, copper, gallium—indium eutectic (eGaln) as conductors;
carbon, graphene, and carbon nanotubes (both single and
multiwall) as resistive materials, CuO/Cu,O/Cu nanowires and
Fe,Os/Fe nanospikes as semiconductor, polydimethylsilox-ane
(PDMS), and silicones; and adhesives (UV-curable and epoxy
glues) as polymeric insulators or strontium titanate (SrTiO3),
[28], [66], [67]. AJP, according to the selected atomizer, is
suitable for printing a large number of materials such as
conductive metals, semiconductors, insulators, various
polymers, glues, graphene, carbon nanotubes, and biological
material (proteins, enzymes, and glucose) [63], [68], [89],
[107]. Even pastes designed for other technologies can be
made suitable for AJP due to the use of appropriate solvents
[108]. IJP is a rapid and low-cost method to obtain a different
kind of sensors [109], by depositing metallic nanoparticle
inks (based on gold, silver, and copper) [110], semiconductor
inks (such as indium-zinc—tin oxide) [111], and insulators
(such as PU-based insulator ink) [112]-[115]. Considering
its physical principle, typical plasmadust powders are metallic
ones as conductors (Cu-based alloys, CuNi, NiCr, and NiAl),
ceramic powders such as NiCrAlY and YSZ, Al,O3;, MgAl, Oy,
or organosilicates for their barrier properties [46], [47], [75],
[93], [116]-[118]. As for LIFT, both element materials and
complex ones can be used, such as conductive metals (Cu, Al,
V, Cr, Ni, and W) or oxides (ALOs3;, In,0O3;, V,0s, and
YBa,Cus;07). Also, conductive polymers, composites, and
polycrystalline silicon films were studied. The only limitation

is in the use of carbon-based or biocompatible materials.
2) Sintering Process: After printing, the electrical and

mechanical properties of the deposited material are heavily
influenced by the sintering process. The sintering process
has two phases. In the first phase, the organic additives
are evaporated to leave only the functional material. In the
second phase, the contribution of thermal energy allows the
agglomeration of the particles that, once heated, collapse
one on top of the other, thus going to form a network of
particles through which the electrons can flow [119]. The
sintering process is a critical step in the realization of the



desired patterns because, only with the appropriate heat input,
it can achieve the elimination/minimization of voids in the
printed material, necessary for the target performances [120],
[121]. A low heat input does not allow optimal conduction,
while an excessive heat input can lead to burns, ungluing
and volumetric cracks along with the selected geometries
[122]. In light of this, the inspection (for instance, with X-
ray diffractometry) of the internal structure of the printed
layer shows the final characteristics, determining the amount
of voids present in the volume and the material composition.
In [93], the functional layer showed a residual deformation due
to a possible mismatch between thermal expansion coefficients
between deposited material and substrate, inhomogeneity due
to the voids of different sizes (even greater than 50 nm). There
are still technical challenges to be overcome that concern the
achievement of macroscopically and microscopically void-free
structures that can therefore be defined as geometrically uni-
form and with defined edges. Greater is the printed thickness
(as obtained with Piezojet and microdispensing), much time
is required for the sintering, and this can increase the thermal
stress of the substrate or lead to surface damages [91], [123].
LIFT and plasmadust do not need sintering postprocess but
burns or damages can occur during the material deposition.

C. Substrate—Sensor Interface

The compatibility between substrate and ink affects the
behavior of the sensor. When using porous substrates such
as paper, for example, the ink penetrates the cellulose layer.
This effect depends on the properties both of the ink and the
substrate porosity. In some cases, the porosity of the substrate
has been exploited to fabricate the sensor. Paper substrate
functionalized by the ink has allowed the measurement of
gaseous samples to detect the presence of ammonia in humid
environments, discriminating different concentrations [124],
and deformations due to sensors based on cellulose sub-
strate [125], [126].

Surface preparation is crucial; surface roughness influences
the adhesion to the substrate and also cleaning operations
are usually requested. In the LIFT case, donor preparation
is one of the most delicate steps influencing the final results
of the printed sensor. In the case of laser-sensitive materials,
a coating must be performed with a sacrificial layer, the
dynamic release layer (DRL). The DRL is placed between
donor film and donor substrate to absorb the greatest part of
the laser radiation and to provide the thrust to accelerate a
fraction of the donor toward the receiving substrate. Metal
layers and triazene polymers are typically used for such a
purpose [51], [127].

The use of flexible polymer films, such as Kapton, is wide-
spread in PE, and a similar argument applies to flexible
3-D objects. The compatibility between these materials and
various functional inks must be evaluated appropriately. The
various microscopy techniques come in help in this sense,
allowing to determine the possible presence of cracks or
fractures along the path of the stapled patterns. The presence
of small cracks leads to a change in the section useful for the

transport of electrons, thus raising, in general, the electrical
resistance. In the worst cases, complete pattern breakage can
be achieved. This is one of the reasons why normally in
the chemical composition of the inks are found polymers
that facilitate not only the adhesion but also allow to have
more flexibility from the printed traces [128], [129]. For
applications with stretchability requirements—such as smart
clothing—stretchable inks are demanded to follow the defor-
mation of the substrate without seeing a change in their
properties [130], [131]. In the flexible electronics field, studies
have been carried out on the use of inkjet technology in
transparent thin-film transistors (TFTs) realization [132].

Furthermore, the deposition of resistive sensors through
digital printing techniques allows a high level of integration
of the sensitive element directly on the functionalized object
difficult to obtain through traditional application techniques.
For example, in strain gauge applications, commercial sensors
are generally applied to the target surfaces through specific
glues interposed between the sensor substrate and the object
surface. The glue interposition adds a layer that contributes
to the overall sensitivity reduction. In addition, the ensemble
substrate glue can increase the sensor settle time due to a
phenomenon called creep related to materials elasticity. Since
there is no intermediate layer between the object surface and
the sensitive element, it is possible to obtain a more direct mea-
sure of the surface deformation. Similarly, temperature sensors
are generally encapsulated in ceramic protective enclosures
which, although specially designed, could introduce thermal
inertia and could reduce the response time of the sensor. Direct
deposition permits overcoming these limitations: the printed
materials adhere directly to the substrate. Since there is no
need for glues forming intermediate layers, it is possible to
obtain greater performance.

Another key factor in selecting the proper technology to
realize a resistive sensor for a smart object is the possibility
to perform a multilayer deposition (insulating layer, sensitive
layer, and conductive traces). In most cases, multilayer depo-
sition always needs a dedicated design for the whole device,
although the different layers/parts are fabricated at different
moments. Markers are typically used to align the layers and
facilitate this operation in IJP, AJP, microdispensing, and
piezojet. For example, AJP and Piezojet, native for depositions
on complex and 3-D surfaces, are equipped with camera
systems for alignment with specific markers. Therefore, AJP is
equipped with a system that guarantees an alignment accuracy
of £6 um [68], [107]. Piezojet, on the other hand, guarantees
the repeatability of £10 um [28]. The multilayer deposition
is more critical in plasmadust in terms of thermal impact and
substrate-material functional coupling since it is based on the
plasticization of powder particles by plasma. This is also to
avoid damage to the underlying functional layers. With LIFT,
it is possible to realize simultaneous multilayer deposition
due to the movement of the donors that can be of different
origins, especially when implementing roll-to-roll systems that
can facilitate the manufacturing process. In reality, multiple
deposition of the same material is needed for homogeneous
traces because discontinuities and swellings can be found



along the traces due to the deformations induced in the donor
by the previous depositions [53], [55].

IV. APPLICATIONS: RTD, STRAIN, AND GAS SENSORS

Among the various categories of resistive sensors, three pop-
ular families were analyzed: resistance temperature detectors
(RTDs), strain gauges, and gas sensors. The first two families
are widely used both for their simplicity of implementation
and for the ease with which the output signal is managed and
conditioned. The latter represents a promising field in which
encouraging results have been obtained with 3-D printing
fabrication techniques.

A. RTD Sensors

One of the main resistive sensor categories is represented
by RTDs. In this case, the change in resistance occurs mainly
due to the dependence between the resistivity of the material
(o) and the temperature, in the first approximation, rather
than from the variation of the geometric sizes. For metals,
a linear relationship exists and binds resistivity to temperature
according to the following formula:

P(T) =pn[l +a(T = Ty)] @

where T is the reference temperature and Or, is the resistivity
at To. For example, for stainless steel 0o .c = 6.9%1077 A m,
a is the resistance temperature coefficient, 7" is the temper-
ature of the resistive sensor, and O(7 ) is the resistivity at
temperature 7.

The most used RTDs are those where the conductive fil-
ament is formed by platinum, nickel, or copper [75], [128],
[133]-[135]. This filament is deposited on a substrate, gener-
ally ceramic, for its good thermal conduction characteristics.
The filaments are calibrated so that at 0 °C, a standard
resistance defined as Ry is obtained. Common sensors that
exploit this property are the commercially named Pt100 and
Pt1000, elements composed of platinum and calibrated so that
their resistance is, respectively, 100 and 1000 A at 0 °C.

Metal oxides can also be successfully used in the pro-
duction of temperature sensors, as in the case of a NiO
thermistor printed directly on the cutting tool insert. A custom
formulation was made for the above ink, printed via AJP
through UA, to which two silver ink printed terminations were
added. The sensor operated over a range of 30 ‘C-250 °C
without hysteretic effects showing a high-temperature sen-
sitivity with a B constant of about 4310 K, following the
Arrhenius equation. B constant represents the ratio between
the activation energy due to temperature in resistive processes
and Boltzmann’s constant. Also, the response time of the
printed thermistors was almost as fast as that of the feedback
thermocouple. This can be seen as a typical example of the
application of printed sensors in a harsh environment due to
the combined presence of temperature and shear stresses due
to cutting operations [136].

Considering instead of conventional conductive materials,
temperature sensors can be realized with the usage of both
alloy formulation inks or pure metal inks. The first case can be
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Fig. 7. Example of printed RTD on a Kapton film [12].

well represented by the realization of flexible temperature sen-
sors due to a Cu—CuNi ink. AJP process for the deposition of
the metallic nanoparticles ink was followed by laser sintering
at the low powers of 100 and 400 mW under a shroud of inert
gas to minimize oxidation. First, the sensors were studied in
terms of microstructure composition due to scanning electron
microscopy, X-ray photoemission spectroscopy, transmission
electron microscopy, and selective area electron diffraction.
The functional layer is the result of fused nanoparticles with
porosities ranging from 9% to 24% through the thickness of
the films. An oxide phase was detected for Cu films, not
affecting the sensor performance after repeated tests up to a
temperature of 140 °C. The sensor performance appeared to
be independent of the manufacturing conditions of the AJP
process, showing a highly linear response as a function of
the temperature and the highest sensitivity among film-based
sensors yet reported in the literature. Flexibility tests showed
a stable device performance after 200 bending cycles at three
different radii and 200 twisting cycles [137].

Once again, the particularity of the formulation of the
inks used leads to a strong dependence on the result. For
example, RTDs have been realized by AJP using an ink with
a high rate of silver nanoparticulate (over 95%) to obtain
sensors that allow the measurement of temperature up to
400 ‘C—450 °C. This is the reason why the sensors were
spray-coated with a specific protecting layer able to resist
until 450 °C. A first test regarded the adhesion and was
realized by an adhesion tape test. With the purpose to define
the a coefficient of the sensors, they were characterized in
a controlled temperature oven in the range 35 °C-140 °C,
considering a Pt100 as feedback. The overall a coefficient
was measured and resulted as 0.00315 K~!, slightly lower
than bulk silver (@ = 0.00380 K™!) and the one of Pt100
feedback (a = 0.00385 K~!) [12]. Fig. 7 presents a prototype
of RTD printed on a Kapton film using a silver ink.

B. Strain Sensors

Strain sensors are devices used to measure strain on an
object. They are generally composed of a conductive element,
usually a grid with a repetitive pattern, placed on a deformable
substrate. A deformation of the substrate causes a change in
the size of the sensitive elements, which varies its
resistance. The application of these sensors to mechanically
characterized objects also permits measuring forces, pressures,
tension, or weights. The use of silver-based inks with specific
formulations to be deposited on different types of substrates is
widespread. Some formulations include specific additives for



the production of sensors on polymeric or paper substrates.
With this ink, for example, strain sensors have been made
directly on plastic tubes, obtaining a gauge factor (GF) of
2.55 and a thermal resistance coefficient of 150 ppm/°C in
the range 0 °C—40 °C (humidity 15% £ 2%), the half of bulk
silver [138]. The use of PE also allows the realization of next-
generation systems with unconventional geometries as in the
case of wearable and flexible devices [100]. One possibility
concerns the realization of a custom wearable device for
stretch measurement. It is about a skin-like stretch sensor capa-
ble to measure in the presence of highly stretched regions like
around joint areas. Due to the nonuniform auxetic deformation
behavior of the skin around those spots, it is mandatory that the
electronics presents the same Poisson’s ratio (PR) distribution.
Due to the combination of Polyjet and Piezojet, a re-entrant
honeycomb structure was chosen to obtain tunable PR, by
changing the interior angle of each unit cell. In such a way, it is
possible to map the PR for each unit cell to know the deforma-
tion of the covered skin because the obtained structure would
have the same mechanical property and deformation behavior.
In light of this, the shear stress at the connection areas
between wearable electronics and human skin was limited,
an impossible achievement for conventional configurations,
which would surely increase the attachment stability and give
flexibility and comfort to a possible patient [139]. Another case
of a low-cost wearable flexible and stretchable strain sensor,
applicable in sectors such as home healthcare and wearable
devices, was developed due to AJP. Here, the dependence
of silver characteristics, performance, and microstructure as
a function of laser sintering parameters was investigated,
in order to achieve their optimization. The results showed that
the sensor is lightweight, flexible, and stretchable and has good
sensitivity and stability for 700 cycles of repeated bending,
being capable to detect large, induced strains [91]. Strain
sensors have also been successfully made using organic mate-
rials such as poly(3,4-cthylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS), a conductive polymer. In this appli-
cation, in order to ensure proper adhesion between the chosen
materials (silver ink and polyimide sheet as substrate), it was
necessary to treat the polyimide with a plasma treatment.
Crosshatch ink adhesion tape test confirmed the effectiveness
of the plasma treatment. The strain—resistance curve was deter-
mined due to an electromechanical dynamometer, inducing a
uniaxial deformation parallel to the length direction of the
sensor. The strain—resistance behavior was not linear but could
be approximated by a second-order line. With respect to silver-
based strain gauges, the sensitivity and the strain limit of the
PEDOT: PSS-based sensors are higher due to their electrical
and mechanical properties [140]. Inkjet technology has been
successfully used to fabricate strain sensors. As mentioned,
this printing technique is suitable for low-cost rapid proto-
typing. In [141], strain gauge sensors were manufactured by
depositing silver-based inks (with different silver contents)
on a flexible PET (polyethylene terephthalate) substrate using
both desktop and professional inkjet printers. Results show
good transducing (GF between 1.07 and 2.03) and stability
characteristics.

C. Gas Sensors

Gas sensors are devices capable of detecting or quantifying
the presence of a target gas in the environment. The most
common transduction principles are based on optical, electro-
chemical, or semiconductor proprieties.

Semiconductor-based gas sensors are generally composed of
tin or tungsten oxide film combined with catalysts or dopants.
When the sensitive film is exposed to the target gas it reacts,
charged ions are released and the film resistance changes.

Resistive gas sensors can be successfully manufactured
using semiconductor materials, such as metal oxides as in
the case of SnO,. LIFT technology was employed in the
realization of gas sensors, starting from different SnO,-coated
donor substrates without DRL. Different transfer conditions
were studied, evidencing that sputtered and nanoparticle layers
were not satisfactory. A new approach to decomposing the
transfer material during LIFT transfer was developed. Tests
with ethanol, acetone, and methanol as analytes were carried
out, showing a large resistance drop for all three tested
substances, thus proving the feasibility of using LIFT to
print SnO; based on different precursor materials for sensing
applications [54].

Plasmadust was a useful alternative in producing SnO,
gas sensors on alumina substrates and then characterized by
scanning electron microscopy and X-ray diffraction. Func-
tional layers were realized by varying the plasma forming gas
composition, i.e., nitrogen with and without hydrogen. Ethanol
sensing tests were performed in a quasi-static chamber at
175 *C-300 °C. The coating manufactured without hydrogen
showed a higher response in ethanol present in the range
of 25-300 ppm. The coating exhibited excellent repeatability
characteristics in the presence of ethanol at 300 °C. Relative
humidity tests, temperature influence, and cross sensitivity
with acetone and isopropanol were also carried out [93].

Hydrogen sensing is very important because of its peculiar
properties like being colorless, odorless, and highly explosive
gas. SnO, layers were successfully deposited on alumina
substrates for such a purpose. A dynamic gas sensing chamber
was used during tests, in the presence of 500 ppm of H», SnO,
coating exhibited 80% response at 250 °C with a response
time of 30 s and repeatability of sensing characteristics over
a prolonged duration. For steam reforming of ethanol, its
decomposition on the metal surface leads to the formation of
CH4 and CO as well. In light of this, the sensors were studied
in presence of these compounds, evidencing that the functional
SnO, coating was cross sensitive to CO and CH4 [94].

Ammonia and its compounds are toxic to the human
body being responsible for severe pathologies (from migraine
and allergies to carcinogenesis). To detect their presence
inside food packaging due to the meat or fish degradation,
a paper-based gas sensor was developed. Due to the intrinsic
hygroscopic characteristics of paper, cellulose fibers contain
moisture as a consequence of absorption from the surrounding
environment, which promotes the electrical detection of water-
soluble gases such as ammonia. Carbon interdigitated
electrodes were AJ printed and flash lamp annealed on chro-
matographic paper. The sensors were tested at different relative



Fig. 8. Example of a paper-based resistive gas sensor.

humidity (RH) values (75%, 80%, 90%, and 100%) and in
presence of different ammonia concentrations (3, 6, 9, and
12 ppm). A proportional decrease of resistance was evidenced
in increasing RH. As for ammonia detection, the sensors
showed a resistance decrease of 15% in the presence of the
lowest concentration of 3 ppm [124]. Fig. 8 presents the
first concept of a paper-based resistive gas sensor printed on
chromatographic paper using carbon ink.

V. CONCLUSION

This article captures an overview of the capabilities of
printed resistive sensors to measure physical or chemical
quantities in present and future scenarios. The innovative use
of printed technologies could help in the near future in the
development of smart objects, able to perceive their original
functionality, measure, and communicate. Having different
physical characteristics, these technologies have the capability
to encounter different required performance that fits well for
devoted applications. In light of this, their characteristics have
been investigated, to distinguish their functioning principles,
usability, applications, and limits. Inside a collaborative sce-
nario, these new smart objects will be able, both in our daily
lives and in working/production context, to provide useful
information to users to make current decisions and, thanks to
communication with devoted servers, to perform autonomous
decisions.

At the same time, this sector still needs research to achieve
the greatest possible diffusion and fully exploit the possibilities
offered by these new methodologies. The design phase of the
patterns to be printed requires attention to the placement of
certain geometric elements according to the type of substrate
in use. In addition, the determination of the process parameters
for printing is a delicate and laborious phase since it is
necessary to realize custom processes dedicated to a specific
combination of materials. The result of this step influences
not only the final electrical and geometrical properties of the
printed element but also the printing process itself. Indeed,
once properly defined, the optimal process parameters allow
the printing of several elements consecutively without interrup-
tions for cleaning and avoiding process drifts and overspray.
The latter phenomena are defects of the printing process that
lead to an inevitable downtime for cleaning.

With a view to future increased deployment of these inno-
vative technologies for making sensors and smart objects,
more attention should also be directed to the design and
study of complex 3-D patterns. This fact can lead to the
evaluation of the fabrication limits of the proposed methods,
suggesting new solutions to implement such an approach in
other application fields enabling large production volumes
and moving ever more decisively into the era of smart
objects.
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