
Multifunctional inks in aerosol jet
printing: performance,
challenges, and applications

Rawan Elsersawy, Arafater Rahman,
Chowdhury Sakib-Uz-Zaman and
Mohammad Abu Hasan Khondoker*

Industrial System Engineering, University of Regina, Regina, SK, Canada

This article comprehensively analyses AJP technology, with a greater focus on the
areas that received scant attention in the previously published literature. Whereas
various reviews so far discussed the basic principles of AJP and its comparison
with other printing techniques, the present article goes further to discuss different
types of functional inks being utilized in AJP, including conductive, dielectric,
semiconducting, and biological inks. The minimum resolutions of micropatterns
achieved with these inks are then reviewed, together with the specific printing
recipes enabling their use, to give an overview of the performances of different
materials within the AJP process. Furthermore, the article classifies the
dimensionality of AJP-printed patterns into 2D-planar, 2D-nonplanar, and 3D
parts, underlining the capability of the technology for the fabrication of both
planar and non-planar geometries. This makes AJP a tool of major relevance in
the newly emerging fields of electronics, sensors, and biotechnology, which
strongly demand precisemicro-patterning and substrate adaptability. The review,
therefore, explains how AJP is bound to change manufacturing processes by
exploring its new applications in those sectors. The article also covers the current
limitations of AJP, including how to optimize printing processes and generalize
them into more industrial uses. Synthesizing state-of-the-art research, this
review not only describes the main achievements of AJP technology but also
points out likely future tendencies and even disruptions that may occur within this
field. This review aims to be an extensive source of information for both
researchers and industry representatives interested in finding opportunities for
further applications of AJP in various areas.
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1 Introduction

Developing efficient microsystem devices has been a major technological innovation in
recent decades due to their faster response times, lower power requirements, enhanced system
integration, and greater resilience to thermal distortion andmechanical vibration (Hsu, 2002).
Traditional microfabrication methods for these devices largely utilize the same technologies
initially developed for producing integrated circuits (ICs). These methods include physical
vapor deposition (PVD), various types of lithography, chemical vapor deposition (CVD), and
etching. However, these techniques are expensive, time-consuming, unsuitable for rapid
design iterations and complex three-dimensional (3D) devices, and involve intricate setups,
hazardous chemicals, and significant material waste (Tummala, 2001; Madou, 2018). To
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address these drawbacks, alternative printing techniques have been
developed, offering reduced initial setup costs, shorter production
times, and less material waste. Among these alternative techniques,
there are contact-based printing methods like gravure printing (Puetz
and Aegerter, 2008), flexographic printing (Deganello et al., 2010),
offset printing (Huebler et al., 2007), and screen printing (Bendoni
et al., 2015). However, these roller and stencil-based printing
techniques are still not suitable for rapid design iteration and
device integration. Additionally, they offer limited material choices
and are prone to alignment defects after repeated use. On the other
hand, non-contact printing techniques such as inkjet printing (IJP)
(Calvert, 2001; Khondoker et al., 2013), precision micro-dispensing
(Li et al., 2007; Wei and Oxley, 2016), organic vapor-jet printing
(OVJP) (Kim et al., 2019; Shtein et al., 2004), and aerosol jet printing
(AJP) (Renn et al., 2002; Feng and Renn, 2019), have demonstrated
their potential in the production of microsystem devices with complex
3D geometries. For instance, inkjet printing (IJP) often faces nozzle
clogging issues when using inks with relatively larger nanoparticles
(NPs) (Lee et al., 2012). Additionally, the performance of precision
micro-dispensing depends on the standoff distance, which limits the
robustness of this technique for printing on non-conformal 3D
substrates (Datar, 2012). Conversely, AJP provides benefits over
other printing methods as it permits a relatively large stand-off
distance, making it suitable for conformal printing on 3D non-
planar substrates (Feng and Renn, 2019).

Aerosol Jet Printing (AJP) emerged (Renn et al., 2002; Feng and
Renn, 2019; Renn and King, 2005) from the Defense Advanced
Research Projects Agency (DARPA) funded Mesoscopic Integrated
Conformal Electronics (MICE) program in the early 2000s (Maher
et al., 2014). The technology was later commercialized as Aerosol Jet®
by Optomec Inc. (Optomec, 2022), and as Nanojet® by Integrated
Deposition Solutions, Inc (IDS, 2025) Since its inception, AJP has
been widely adopted by researchers for printing functional devices
using various inks with a broad range of viscosities (Zollmer et al.,
2006). This has led to numerous applications, including but not
limited to printed electronics (Adib et al., 2018; Lan et al., 2017;
Krzeminski et al., 2018), and biological patterning (Phuah et al., 2020;
Williams et al., 2020). Some notable recent applications of AJP include
the fabrication of 24 GHz antennas (He et al., 2017), wireless resonant
circuits (Jordan et al., 2020), W-band bandpass filters (Craton et al.,
2018), strain gauges (Borghetti et al., 2019), thermoelectric generators
(Ou, 2020), solar cell components (Bag et al., 2017), photodetectors (A
Gupta et al., 2018), resistive random access memory (Li et al., 2019),
gas sensors (Cho et al., 2019), triboelectric sensors (Jing et al., 2019a)
carbon nanotube (CNT) based pH sensors (Goh et al., 2018a), and
transistors, (Lu et al., 2019).

Advanced aerosol-jet printing (AJP) is a promising way to
manufacture advanced devices electrically, but its adoption and
consistent performance has a long way to go. The performance
of aerosol jet printing stays affected by the size of particles. Smaller
particles below a certain threshold are likely to settle within the
overspray (OS) region at low shroud gas flow rates, thus impacting
the resolution and quality that can be rendered on printed objects.
The size of the particles in the ink formulation can affect the
behavior of droplets and key parameters such as wettability
diameter and impact velocity, which in turn affect print quality.
Larger particles tend to interact with each other during the printing
process, which can increase the likelihood of reliability issues

resulting from jetting (Shi et al., 2024; Huang et al., 2020).
Another challenge is the rheology of the ink, or viscosity, which
is critical in the aerosol jet printing process. AJP printers can print a
variety of materials with ink viscosities ranging from 1 to 1,000 cP
(Smith et al., 2017; Fisher et al., 2023). However, the complicated
rheology of particle-laden inks can cause issues with droplet
production and jetting stability. Excess particle loading can cause
early filament fracture and poor jetting reliability; therefore, ink
composition must be carefully controlled to ensure good printing
(Shi et al., 2024). Nozzle design is another critical parameter that
affects the performance of AJP. Nozzle dimension and alignment
affect the direction and impact of ink droplets on the substrate.
Misalignment between carrier gas flow and envelope gas can also
exacerbate the overspray effect, degrading the accuracy and
precision of printed features1. Nozzle dimension and design must
also be optimized to match the specific rheological characteristics of
the ink used to ensure stable droplet formation and deposition
(Zhang et al., 2022).

Research is still progressing about AJP technology. This review
aims to provide an in-depth classification and performance analysis
of different functional inks, including conductive, dielectric, semi-
conducting, and biological inks, along with their minimum
resolutions of micropatterns and associated printing recipes.
Furthermore, this review summarizes the dimensionality of the
printed patterns and the novel applications where AJP has been
successfully demonstrated. However, it starts with an overview of the
working principle of AJP below.

2 Inks used in AJP

Among all the non-contact printing techniques, inkjet printing
is most compared to AJP, while for contact printing, Screen printing
is the most noted. The three techniques are exceedingly popular
additive manufacturing techniques, with each having advantages
based on its application. They are compared in terms of
manufacturing scalability, cost, efficiency of manufacturing,
quality and control of process, and design freedom and lead time
as shown in Table 1. AJP is best suited for high-precision
applications like printed electronics and medical devices but is
costly and time-consuming for mass production. Screen Printing
is ideal for high-volume production, particularly in industries like
textiles and printed circuit boards, but is rigid when it comes to
design. Inkjet Printing provides a balance between cost, scalability,
and flexibility and is ideal for commercial and functional printing
with digital flexibility.

Giving more focus on the materials used in AJP technology,
material properties play a significant role in determining the
scalability and performance of manufacturing processes. To give
an example, in 3D printed electronics, the incorporation of
conductive materials such as carbon black into polymer matrices
such as polylactic acid (PLA) can introduce electrical conductivity,
which is vital to the functioning of printed circuit components.
However, mechanical and thermal properties may be affected by the
direction of printed filaments, indicating strong coupling between
material properties and production outcomes (Tirado-Garcia et al.,
2021; Rocha et al., 2017). Similarly, the use of thermos-responsive
inks in 3D printing facilitates the creation of intricate geometry and
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multifunctional devices, which are instrumental in improving the
performance of energy storage devices (Rocha et al., 2017).

The combination of different materials and processes for the
creation of multifunctional printed electronics takes place to achieve
desired functionality. Additive manufacturing (AM) techniques
such as metal laser additive manufacturing have been highlighted
due to the ability to combine more than a single material and
structure in a single component and thus achieve multifunctionality
and good performance. This approach, termed material-structure-
performance integrated additive manufacturing (MSPI-AM), targets
the necessity to print the appropriate materials in the appropriate
positions and to create innovative structures for specific purposes
(Gu et al., 1979). In addition, the use of UV-curable smart materials
with additive manufacturing processes has been seen as a feasible
route towards developing multifunctional electronic devices, thanks
to their high processing speed and resolution (Mendes-Felipe
et al., 2019).

This section will explore various materials successfully utilized
in aerosol jet printing (AJP) to fabricate functional devices. The
primary categories of these materials include conductive inks, semi-
conductive inks, dielectric inks, and biological inks (Feng and Renn,
2019; Sukeshini et al., 2013; Hedges and Martin, 2012; Mette et al.,
2007; Jabari and Toyserkani, 2016; Salary et al., 2017; Secor, 2018;
Deiner and Reitz, 2017; Williams B et al., 2015; Sun et al., 2017;
Agarwala et al., 2018; Drew et al., 2011; Obata et al., 2014; King et al.,
2009; Cooper and Hughes, 2020; VANDORMAEL et al., 2012;
Krzeminski et al., 2017a; Feng, 2017; Blumenthal et al., 2017;
Zhang et al., 2025; Salary et al., 2019; Huang and Zhu, 2019; Tan
et al., 2016; Saengchairat et al., 2017; Roscher et al., 2019;
Eckstein, 2016).

2.1 Conductive inks

Various types of conductive inks have been employed in AJP to
print sensors, resistors, soft robotics, as well as printed and flexible
electronics, as depicted in Figure 1. These conductive materials
include inks that contain nanoparticles (NPs) of metals such as Gold

(Soukup et al., 2015), Silver (Elmogi et al., 2018a), Platinum
(Arsenov et al., 2019), aluminum (Khorramdel et al., 2018),
palladium (Goth et al., 2011), and conductive polymers such as
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) (Zhou et al., 2014). NP-based metallic inks are one of the most
compatible inks with AJP, which has been used for many sensor
applications (Adib et al., 2018; Lan et al., 2017; Soukup et al., 2015;
Navratil et al., 2015; Khan et al., 2018; Khan et al., 2017; Habermehl
et al., 2017). Supplementary Table S1 summarizes the properties of
these conductive inks along with the printing parameters used to
create their printed patterns.

2.1.1 Gold inks
For gold (Au) ink, none of the published works in the literature

used a pneumatic atomizer, as an ultrasonic atomizer is best suited
for nanoparticle (NP) based inks (Secor, 2018). S. Khan et al. utilized
gold (Au) NPs (below 50 nm) ink for printed electronics on
polymeric substrates such as Polyimide (PI), as shown in
Figure 1a (Khan et al., 2018). Due to its stable mechanical and
chemical properties and lower thermal conductivity, the PI substrate
was used to achieve lower power consumption, which is essential for
micro-hotplate applications. The used Au NPs of 25% loading and
printed patterns were sintered at 250°C. By adjusting the AJP
parameters, Au patterns with 25 ± 2 μm of line width, 15 ±
2 μm of line gap, and 150 ± 10 nm of layer thickness were achieved.

Conversely, researchers like X. Lan et al. utilized larger Au
nanoparticles to print on a GaAs-based microwave monolithic
integrated circuit (MMIC) to connect a gate pad and a ground
pad (Lan et al., 2017). By employing a 100-µm nozzle, they achieved
a precise trace width of 15 µm and sintered it in air at 240°C for 1 h.
The printed Au interconnects on the GaAs wafer varied in width
from 50 to 200 µm and had lengths of 725 μm, with aspect ratios
ranging from 3 to 15. These patterns exhibited excellent thermal
stability and reliability without any damage.

2.1.2 Silver inks
Because of its cost-effectiveness, silver (Ag) nanoparticle-based

ink is the most commonly used metallic ink in aerosol jet printing

TABLE 1 A comparison between AJP, Screen printing, and Inkjet printing.

Factors
AJP Inkjet printing Screen printing

Scalability ⁃ Limited
⁃ For high accuracy and low volume
applications

⁃ Good
⁃ For mass production and 2D applications

⁃ High
⁃ For large scale manufacturing and mainly in
textiles and electronics

Cost ⁃ High due to specialized systems and
materials

⁃ Lower and cost effective for high volume
production

⁃ Lower but require frequent change of screens
for each design

Efficiency ⁃ Slow due to precise deposition ⁃ Fast especially for 2D applications ⁃ Very high throughput, but screen changing
adds increases setup time

Quality and Process
Control

⁃ Exceptional precision with high resolution
as low as 10 µm

⁃ For high performance electronics

⁃ Moderate resolution but limited to 20–50 µm
feature size

⁃ Faces trouble due to nozzle clogging and
inconsistent droplet formulation

⁃ Good resolution (50–100 µm feature size)
⁃ Highly repeatable for large production
volume

Design Flexibility and
Lead Time

⁃ High flexibility for complex 3D structures
and conformal printing

⁃ Longer lead time due to complexity of the
process

⁃ Hight design flexibility, and suitable for 2D
patterns and planar surfaces

⁃ Faster turnaround for rapid prototyping

⁃ Less flexible due to continuous screen
changing

⁃ Longer setup time, but faster production after
setup
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(AJP) (He et al., 2017; Elmogi et al., 2018a; King and Renn, 2009; Cai
et al., 2014; Hoerber et al., 2011; Verheecke et al., 2012; Johannes
et al., 2018; Efimov et al., 2018a; Elmogi et al., 2018b; Clifford et al.,
2018; He et al., 2018; Ihle et al., 2019; Lomakin et al., 2018; Delage
et al., 2018; Laurent et al., 2018; Stoukatch et al., 2017; Shankar et al.,
2013; Dalal et al., 2019; Muralidharan et al., 2019; Oakley et al., 2017;
Abt et al., 2018; Hester et al., 2017; Qayyum et al., 2017; Oakley et al.,
2019; Tu et al., 2018). For Ag inks, both ultrasonic atomizers
(Navratil et al., 2015; Clifford et al., 2018; Oakley et al., 2017; He
et al., 2019; Zhao J. et al., 2012; Zhao D. et al., 2012; Paulsen et al.,
2012; Agarwala et al., 2017; Jing et al., 2019b; Piekarz et al., 2019;
Langford and Shina, 2019; Li et al., 2020; Lall et al., 2019a;
Krzeminski et al., 2017b; Siddique et al., 2019), and pneumatic
atomizers (Serpelloni et al., 2020; Navratil et al., 2019; Vella et al.,
2019; Efimov et al., 2018b; Gu et al., 2019; Lall et al., 2019b; Gupta
et al., 2016; Stoukatch et al., 2012; Cantù et al., 2018a; Gräf et al.,
2018; Röhrl et al., 2018; Azzopardi et al., 2019; Goh et al., 2018b)
have been employed in the literature. A.M. et al. optimized the AJP

parameters for silver nanoparticles with particle sizes below 30 nm
(Mahajan et al., 2013). They used Ag inks containing 40%
nanoparticles (diameter of 8–15 nm) dispersed in xylene and
terpineol-based co-solvents, resulting in viscosities ranging from
1 cP to 5 cP, using an ultrasonic atomizer. After sintering at 200°C in
an oven for 1 h, they achieved patterns with a line width of 20 μm
and an aspect ratio of 0.1, as depicted in Figure 1b. In another study,
Ag ink containing larger flakes (400–700 nm) with 60% solid loading
was used in a pneumatic atomizer to print an inductively coupled
radiofrequency (RF) coil indicator on a polymer catheter for in vivo
applications (Jordan et al., 2020). The printed patterns, cured at
120°C for 1 h, exhibited a resistivity of 484 µΩ-cm. The deposited
conductive traces were 250 μm in width and 4 μm in thickness.

2.1.3 Other metallic NPs based inks
While silver NPs and gold NPs-based inks are widely used as

metallic conductive inks for aerosol jet printing (AJP), other metallic
inks have also been employed for micropatterning. This section will

FIGURE 1
(a)Double meander micro-hotplate with two different views, Reprinted from (Khan et al., 2018), Copyright [2018], with permission from Elsevier. (b)
Images of different printed silver patterns, Reprinted from (Mahajan et al., 2013), Copyright [2013], with permission from the American Chemical Society.
(c) Platinummicroheater optical image and 3D profile (Arsenov et al., 2019), Copyright [2019], used under CC. (d) Aerosol-printed organic photodiodes,
Reprinted with permission from (Eckstein et al., 2015) © [2015] Wiley. All rights reserved. (e) Printed PI/CNT nanocomposite circuit, Reprinted from
(Wang et al., 2016), Copyright [2015], with permission from Elsevier. (f) Printed graphene/EC pattern, Reprinted from (Jabari and Toyserkani, 2015),
Copyright [2015], with permission from the Elsevier.
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discuss platinum, aluminum, and palladium inks used in AJP.
Platinum nanoparticles (Pt NPs) based inks have been
successfully atomized using both ultrasonic (Liu et al., 2012;
Vasiliev et al., 2017), and pneumatic (Arsenov et al., 2019)
atomizers. For instance, P.V. Arsenov et al. patterned
microheaters on a ceramic substrate using platinum (Pt) ink
(Arsenov et al., 2019), as illustrated in Figure 1c. The Pt particles
in this work had an average size of around 100 nm. The resolution of
the patterned planar structures was 50 μm in width and 6.7 μm in
height. Subsequently, the printed microheater structure was cured at
140°C for 20 min to eliminate the organic substrate. B. Khorramdel
et al. utilized aluminum (Al) ink to print electrical contacts for
silicon-on-insulator (SOI) MEMS devices (Khorramdel et al., 2018).
After etching theMEMS frame, Al ink was printed on a wafer using a
pneumatic atomizer. The viscosity of the Al ink ranged from 80-
120 cP, and it was diluted with ethylene glycol to reduce overspray.
In their study, multiple cavities sized 60 μm × 240 µm were
metalized with AJP-patterned Al contacts. Following printing, the
Al patterns were heated at 100°C for 30 min and subsequently
subjected to rapid heating up to 800°C for 2 min followed by air
exposure. Additionally, palladium (Pd) ink (viscosity: ~100 cP),
comprising catalytic concentrate (49%), hardener (1%), and solvent
isophorone (50%), was used in a pneumatic atomizer to deposit
patterns on four different substrates (Goth et al., 2011). After
printing, the patterns were heated at 100°C for 8 min. The
thickness of the printed traces ranged from 1.0 μm to 1.5 μm
depending on the substrate.

2.1.4 PEDOT: PSS ink
The next category of materials discussed is conductive polymer

inks, which include PEDOT: PSS, conductive CNT, and graphene
inks. PEDOT: PSS (Kopola et al., 2012; Tait et al., 2015), in
particular, is widely used for biosensing applications and has
been extensively studied for compatibility with aerosol jet
printing using both ultrasonic (Zhou et al., 2014; Navratil et al.,
2015; Paulsen et al., 2012; Eckstein et al., 2015; Thompson and Yoon,
2013; Aga et al., 2014), and pneumatic atomizers, (Cendra et al.,
2017). A.A. Gupta et al. demonstrated the creation of multilayer
passive devices on various substrates, employing silver ink for
inductors, SU-8 dielectric for capacitors, and organic conductive
PEDOT: PSS for resistors (Gupta et al., 2016). As an alternative to
metal inks, PEDOT: PSS is favored for optoelectronic devices due to
its transparency feature. The PEDOT: PSS was thermally annealed at
120°C for 30 min after printing. When printed on top of silver
contacts, the resistivity increased from 200 Ω to 950 Ω as the length
was optimized from 0.6 mm to 2.7 mm. Another study by R.
Eckstein et al. focused on fabricating flexible organic photodiodes
(OPDs) using PEDOT: PSS as an electrode, printed with a thickness
of 200 nm using an AJP pneumatic atomizer (Eckstein et al., 2015).
Conductive polymer inks are also widely employed in the
nanocomposite manufacturing process using aerosol jet printing
(Wang et al., 2016; Landgraf et al., 2013; Goh et al., 2018c; Cantù
et al., 2018b; Di Novo et al., 2019).

2.1.5 Carbon nanomaterials based inks
K. Wang et al. developed dual-material using AJP, by in-site

mixing between polyimide and carbon nanotube “CNT” (Wang
et al., 2016). The features of the multi-wall CNT used in this work

are weight loading of 3%, length of 100 μm, and diameter of
10–40 nm. The solvent used with CNT was n-methyl-2-
pyrrolidone (NMP). The printed trace can reach a thin feature
around 20 μm, thus it was possible to print many features with a
width of less than 100 μm, as shown in Figure 1e. Besides the
mentioned conductive inks, carbon-based inks, and graphene inks
have been used by AJP for various applications by ultrasonic (Jabari
and Toyserkani, 2015; Liu et al., 2013), and pneumatic (Cantù et al.,
2018b; Di Novo et al., 2019; Reitelshöfer et al., 2016)atomizers. For
example, E. Jabari. et al. created graphene interconnects with highly
concentered graphene inks, as shown in Figure 1f (Jabari and
Toyserkani, 2015). The viscosity of the used ink was 21 cP, flake
size was below 200 nm. The deposited graphene was printed on Si/
SiO2 wafers. The generated pattern width ranged from 10–90 μm,
creating a sheet with a resistivity of 0.018 Ω.cm.

2.2 Semi-conductive inks

AJP has enabled the printing of complete transistors using
multiple inks such as conductive silver, semiconducting CNT,
and commercial dielectric inks for gate dielectrics as shown in
Figure 2 (Lu et al., 2019; Cao et al., 2017; Cardenas et al., 2018).
For instance, a high-purity semiconducting single-walled CNT ink
(~99%) was formulated in toluene at a concentration of 0.05 mg/mL
(Cao et al., 2017) with commercial ink being diluted fivefold to
achieve the necessary viscosity for printing. The CNT ink was
atomized using an ultrasonic atomizer to print transistor
channels, demonstrating versatility on both flexible and rigid
substrates. Another study successfully fabricated CNT-based thin-
film transistors (TFTs) using boron nitride, silver nanowires, and
CNT ink (Lu et al., 2019). The CNT ink, diluted to 0.05 mg/mL with
toluene, was modified rheologically using propylene glycol to
control Marangoni flow and hydroxypropyl methylcellulose
(HPMC) as a binder to adjust ink viscosity and prevent ink
mixing during printing. This approach allowed transistor
fabrication even on glossy paper substrates. Furthermore, chemo-
resistive sensors were developed using silver nanoparticles for
electrical contacts and CNT ink as the sensitive layer (Goh et al.,
2018a). The CNT ink, prepared with a commercial CNT and sodium
dodecyl benzene sulfonate as a surfactant, underwent sonication to
achieve homogeneity. The ink was then used to create serpentine
channels and interdigitated electrodes with precise spacing suitable
for various substrates including Kapton, fluorocarbon, and nylon
threads. Additionally, a flexible antenna was printed using
commercial CNT ink on polycaprolactone coated with gelatin-
methacryl (Agarwala and Yeong, 2019). Metal oxides like
In2O3 and ZnO have also been utilized as semiconducting
materials in AJP for TFTs. In one study, In2O3 ink was prepared
by dissolving indium chloride in acetonitrile, with ethylene glycol
added for improved printability (Xie et al., 2017). Another
innovative approach used a dual atomizer system to deposit
tailored thin films of CNT/polyimide nanocomposites, exploring
variations in CNT loading to achieve varying conductivity levels
across the printed patterns (Wang et al., 2016).

Surface treatment plays a crucial role in aerosol jet printing
(AJP) to enhance ink adhesion and improve substrate wettability.
Various methods are employed to modify the surface energy of
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substrates such as SiO2, Kapton (polyimide), glossy paper, and glass,
facilitating the successful printing of semiconducting inks. For
substrates like SiO2 and Kapton used in transistor printing, a
multistep cleaning process is typically employed to enhance ink
adhesion. Initially, the surface is cleaned sequentially with acetone,
isopropanol, and deionized (DI) water to remove contaminants
(Cao et al., 2017). Subsequently, oxygen plasma treatment is applied
to further activate the surface and improve wettability. In some
cases, the cleaned surface is immersed in a poly-lysine solution to
enhance the adhesion of CNT ink. Similar rigorous cleaning
procedures have been adopted in other studies to ensure strong
adhesion of CNT inks on SiO2 films (Lu et al., 2019; Cardenas et al.,
2018). Glossy paper substrates undergo ultrasonication in acetone
before printing to achieve optimal surface cleanliness and wettability
(Lu et al., 2019). the applications of semi-conductive inks using AJP
can be seen in Supplementary Table S2.

2.3 Di-electric inks

Multiple dielectric materials were printed using AJP including
UV-curable polymers (Gu et al., 2017; Hohnholz et al., 2019; Obata
et al., 2017), metal oxides (A Gupta et al., 2018; Wang et al., 2017),
polymers (Jing et al., 2019a; Reitelshöfer et al., 2016; Lemmer et al.,
2018; Zare Bidoky and Daniel Frisbie, 2016; Reitberger et al., 2016a;
Hoffmann et al., 2016; Reitberger et al., 2016b; Tarabella et al., 2020;
Lorenz et al., 2017; Elmogi et al., 2017), electrolytes (Xie et al., 2017;

Zare Bidoky and Daniel Frisbie, 2016; Deiner et al., 2019a; Deiner
et al., 2019b), phosphor (Rudorfer et al., 2016), fluorescent polymers
(Bolse et al., 2017), nanocomposites (Ou, 2020; Ou et al., 2018;
Saeidi-Javash et al., 2019), and perovskites (Bag et al., 2017) as can be
seen in Supplementary Table S3 and Figure 3. These materials were
printed using two types of atomizers: pneumatic and ultrasonic. In
some studies, a dual atomizer was used for mixing two precursor
inks in defined ratios (Gu et al., 2017; Rudorfer et al., 2016; Ou et al.,
2018; Wilkinson et al., 2019a).

2.3.1 Di-electric inks using pneumatic atomizers
Pneumatic atomizers are typically preferred for handling high-

viscosity liquids, a characteristic that has made them suitable for
printing polymer films in aerosol jet printing (AJP). In 2016, a
silicone optical waveguide was successfully printed using AJP,
incorporating flexographically printed conditioning lines on a
flexible PMMA substrate (Reitberger et al., 2016a). The printed
waveguide exhibited minimal scattering losses, with less than 10%
attenuation at the transmission wavelength, owing to the smooth
print surface that achieved surface roughness below 30 nm. The
minimum print width achieved was approximately 10 μm, with an
aspect ratio of 0.3 mm. The study also explored printing multiple
lines (up to 8 lines) atop previously printed structures, resulting in a
microscopic pyramid-like structure with decreasing line width in
subsequent prints. Using optimized process parameters, the study
achieved a maximum print length of 300 mm with a line width
of 250 μm.

FIGURE 2
(a) SEM image of CNT-TFT on different substrates, Reprinted with permission from (Cao et al., 2017) © [2017] Wiley. All rights reserved. (b) Images of
SWCNT antenna on PLC Scaffold (Agarwala and Yeong, 2019), Copyright [2019], used under CC BY. (c) The AJP of PI/CNT nanocomposite thin film,
Reprinted from (Wang et al., 2016), Copyright [2016], with permission from Elsevier. (d) Fluorescence imaging of MWCNT electrode and its performance
(Jabari and Toyserkani, 2015), Copyright [2015], used under CC BY.
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Since then, three additional studies have utilized AJP for
printing optical waveguides (Hoffmann et al., 2016; Reitberger
et al., 2016b; Lorenz et al., 2017) Apart from optical waveguides,
UV curable inks have also been employed in AJP. For instance, a
UV-curable polymer was utilized to print 3D fillets for non-planar
electronic circuits (Gu et al., 2017). The process involved optimizing
the layer thickness for each print and applying a smoothing layer at
the end to achieve the desired geometry. Control of the deposition
rate was critical to ensuring print quality, as lower deposition rates
could result in insufficient material while higher rates could lead to
fillets protruding above the surface. The UV polymer used, NEA121,
was sourced from the manufacturer, and its viscosity was reduced to
300 cPs through in-situ heating during printing. The polymer film
was cured in situ using a UV LED system.

Aerosol jet printing (AJP) has also been utilized to fabricate
solid electrolyte layers for thin-film transistor (TFT)
manufacturing (Xie et al., 2017; Zare Bidoky and Daniel
Frisbie, 2016). In one study, a thin ionic gel layer was
deposited onto a TFT with In2O3 serving as the gate electrode
(Xie et al., 2017). The ink formulation included an ionic liquid
combined with a block polymer of polystyrene (PS)-PMMA-PS
dissolved in ethyl acetate. This crosslinked ionic gel film enhanced
the capacitance of the gate electrode, resulting in superior
transistor performance. Another study reported a similar
electrolyte-gated transistor configuration (Zare Bidoky and
Daniel Frisbie, 2016). Additionally, an organic field-effect
transistor (FET) was fabricated using AJP, employing three

types of inks: two conductive inks and a dielectric ink to
passivate the electrodes (Tarabella et al., 2020). A commercial
NEA 121 adhesive with a viscosity of 300 cP was used for printing
as the passivation material.

In a different application, AJP was employed to manufacture
LED modules on printed circuit boards (PCBs) (Rudorfer et al.,
2016). The printing process involved creating electrical
interconnects, polymer insulation layers, and the phosphor layer
directly on the substrate. Similarly, flexible photodetectors were
fabricated using modified Zinc oxide (ZnO) inks (A Gupta et al.,
2018; Lemmer et al., 2018; Winarski et al., 2018). The inks were
prepared using 2-methoxy ethanol as a solvent and ethanolamine as
a stabilizer, with doping of indium and gallium to reduce film
resistivity. Compared to inkjet-printed films, the printed ZnO films
exhibited enhanced photoconductivity.

Additionally, AJP was used to fabricate triboelectric sensors with
various feature sizes (Jing et al., 2019a). The sensor ink included
polymers such as polyurethane, polyimide, and polyvinylidene
difluoride-trifluoroethylene. Figure 4 shows an example of a
printed sensor.

2.3.2 Di-electric inks using ultrasonic atomizers
Ultrasonic atomizers are typically employed for inks with lower

viscosity, allowing for precise deposition on complex surfaces.
For instance, a miniaturized thermistor was printed onto 3D
surfaces to monitor temperature changes during machine
processes, demonstrating excellent correlation with conventional

FIGURE 3
(a) SEM image of ZnO films and the device, Reprinted from (A Gupta et al., 2018), Copyright [2018], with permission from the American Chemical
Society. (b) Images of the three-channeled rotary sensor with UV curable polymers, Reprinted with permission from (Jing et al., 2019a) © [2018] Wiley. All
rights reserved. (c) SEM image of MWCNTs-PEDOT: PSS nanocomposite lines (Ou et al., 2018), Copyright [2018], used under CC BY. (d) PZT particle size
distribution within the ink, Reprinted with permission from (Ouyang et al., 2016) © [2016] Wiley. All rights reserved.
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thermocouples (Wang et al., 2017). This thermistor, fabricated on
alumina using nickel oxide ink with silver contact pads, featured
sensing elements as small as 0.1 mm in diameter, with potential for
further miniaturization. This showcases the capability of AJP for
direct writing on three-dimensional substrates. In another
application, AJP was utilized to produce arrays of fluorescent
sensors for detecting nitroaromatic compounds (Bolse et al.,
2017). These sensors, printed on a glass substrate using six
nitroaromatic-sensitive polymers dissolved in a toluene and
tetralin mixture, achieved a final concentration of 0.5 g/L. Twelve
sensors were arranged in a 2 × 3 array, detecting dinitrotoluene and
dinitrobenzene from 1 ppb to 10 ppb concentrations. This method
highlights the potential for cost-effective sensor production by
reducing polymer usage while maintaining reproducibility.
Furthermore, tin oxide nanoparticle ink was employed to print a
gas-sensitive layer with rapid response times (~1.2 s) due to the
ultra-thin tin oxide layer deposited by AJP (Cho et al., 2019). The
ink, sourced from Sigma, had a solid content of 2.1%–2.9% and was
diluted to achieve the desired micrometer-scale film thickness. In
energy storage applications, AJP was utilized to fabricate solid
electrolyte films for lithium-ion batteries (Deiner et al., 2019b)
An electrolyte ink formulation comprising polyethylene oxide
and lithium-difluoro(oxalate)borate salt was developed for AJP.
The ink formulation parameters, including the nature of Li-salt
and the ethylene oxide ratio, significantly influenced the transport
properties and geometry of the printed electrolyte. The bulk
conductivity of the printed electrolyte varied linearly from 10−8

to 10−7 S/cm between 298 K and 313 K stabilizing at 10−4 S/cm above
328 K. In a related study, an ink formulation comprising LiFePO4,
Kynar 1800, and Carbon Super P dissolved in 2-butanol and NMP
was developed for AJP, aiming to create a high-capacity cathode for
Li-ion batteries (Deiner et al., 2019a). The ink viscosity decreased
from 50 cP to 10 cP as the shear rate increased from 100 s−1 to
1,100 s−1. The printed cathode exhibited a needle-like pattern
(~50 μm wide) along the printing direction, with higher porosity
compared to conventional tape-cast films.

To manufacture efficient solar cells, a thin and uniform
perovskite layer is crucial (Bag et al., 2017). Traditionally,
methods such as spin coating, inkjet printing, and spray coating
have been used for this purpose, but they often struggle with

controlling film morphology, composition, and manufacturing
repeatability. Recently, automated Aerosol Jet Printing (AJP)
processes have been employed to deposit thin, uniform, and
reproducible perovskite films (Bag et al., 2017). In this approach,
a PEDOT: PSS film was first applied on an ITO-coated glass slide as
the substrate. The AJP ink formulation involved dissolving
methylammonium iodide in a 1:3 (v/v) mixture of isopropyl
alcohol and dimethylformamide. In another application, AJP was
utilized to print a thermoelectric film using Bismuth chalcogenides
nanoparticles (Saeidi-Javash et al., 2019). This non-contact printing
method achieved a minimum feature size of 10 μm and
demonstrated versatility by printing on various flexible and rigid
2D and 3D surfaces such as paper, polyimide, and glass.

2.3.3 Di-electric inks using dual atomizers
UV curable PDMS was successfully printed using a dual

atomizer setup, allowing separate atomization of its two
components to prevent premature curing (Hohnholz et al., 2019;
Obata et al., 2017) This precise control enabled the printing of
PDMS layers as thin as 1.6 μm, achieving an X-Y resolution of
17.5 μm. The system could print a 2D grid with a pitch of 750 μm.
Additionally, AJP was employed to print patterns directly onto a
glass cylinder, where researchers studied the influence of print speed
and ink viscosity on layer thickness. In another study, a composite
material comprising Multi-Walled Carbon Nanotubes (MWCNT)
and Sb2Te3 was formulated using a pneumatic atomizer, while
PEDOT: PSS was atomized using an ultrasonic atomizer (Ou, 2020;
Ou et al., 2018). These atomized inks were mixed and subsequently
printed onto a flexible polyimide substrate. The resulting
nanocomposite ink produced a rugged printed pattern that
exhibited approximately a 15% decrease in the Seebeck coefficient
after a 60-h fatigue test, while the conductivity remained largely
unaffected throughout the test period. The stability of the printed
pattern was confirmed over a storage period exceeding 2 months.

2.3.4 Others
A solvent-free method for depositing silver nanoparticles (NPs)

was developed using AJP (Efimov et al., 2017) The NPs were
produced through a multi-spark discharge generator and
collimated using a sheath flow. The mean diameter of the

FIGURE 4
(a) Schematic of the freestanding grated-structure triboelectric sensor. (b) Printed mover with silver on polyimide film. (c) Printed stator with silver
and polyimide inks on a Kapton substrate. (d) Printing layout. (e) SEM image of the stator cross-section, showing well-insulated interdigitated electrodes
on the back of the polyimide substrate. The whole Figure is reprinted with permission from (Jing et al., 2019a). © [2018] Wiley. All rights reserved.
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particles generated was 44 nm, ranging from 15 to 100 nm. The line
width achieved was dependent on the sheath flow rate. Increasing
the sheath flow rate from 35 to 100 sccm resulted in a decrease in line
width from 163 μm to 86 μm. When examined under SEM, the
deposited line exhibited a bell curve profile with a height of 12 μm
and a spread of 56 μm.

2.4 Biological inks

Biological reagents required non-contact printing including
inkjet printing (Xia et al., 2016; Saunders and Derby, 2014; Setti
et al., 2004), and AJP technique (Phuah et al., 2020; Williams
et al., 2020; Gagné et al., 2006; Lai, 2017; Phuah et al., 2019) using
ultrasonication ink process as can be seen in Figure 5.
Supplementary Table S4 presents various biological materials

printed layer-wise using ultrasonic AJP for generating diverse
functionalities. Biological reagents such as Cy5-conjugated
bovine serum albumin (BSA), streptavidin, and anti-cancer
embryogenic antigen-antibody (anti-CEA) were printed on
non-fouling polymer substrates for in vitro diagnostic assays
(Williams et al., 2020) Developed by N. X. Williams et al.,
these biosensors featured printed shapes including squares and
circles with side lengths as small as 100 μm, demonstrating
sensitivity in the pg mL-1 range and highlighting AJP’s
suitability for protein inks. Additionally, gelatin aqueous
solutions at concentrations of 1%–5% were prepared by
suspending gelatin powder in deionized water at 50°C, as
detailed by Phuah et al. (2020) Through optimization of
parameters such as material deposition rate, evaporation rate,
and aerosol jet focusing, gelatin lines were achieved with a width
of 20 µm.

FIGURE 5
(a) SEM image of Gelatin printed in a grid design, Reprinted from (Phuah et al., 2020), Copyright [2020], with permission from Elsevier. (b) Images of
hollow pillars Collagen-based inks, Reprinted from (Degryse et al., 2022), Copyright [2022], with permission from Elsevier. (c) Morphological stain2018;
17:979Y5Y neuroblastoma cells cultured on PEDOT: PSS (Capel et al., 2021), Copyright [2021], used under CC BY. (d) Pillar arrays of Aryl epoxy oligomers
with different numbers of printed layers (Vlnieska et al., 2022), Copyright [2022], used under CC BY.
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Multi-ink utilization in AJP has greatly diversified the types of
materials and applications possible with the technology. As seen
earlier, multi-inks enable the printing of diverse kinds of materials,
including graphene, carbon nanotubes, silver nanowires, and
biological reagents. This is relevant for applications in electronics,
optoelectronics, and biomedical devices (Kaindl et al., 2021; Kuo
et al., 2022). Printing multiple materials in a single process without
substrate removal enhances the fabrication of complex devices. For
example, printing silver nanowires and biological inks in a single
print job allows mixed-material devices to be created, which is
particularly useful for vitro diagnostic experiments (Williams et al.,
2020). While the blending of multiple inks allows for the
achievement of improved electrical and thermal performance of
printed patterns. For example, blending low-density graphene oxide
and silver nanoparticles produce conductive inks with significantly
reduced resistance, resulting in improved performance of printed
electronics (Vlnieska et al., 2022).

The ability of AJP to handle inks with wide viscosity ranges
(1–1,000 cP) places it for use on rigid and flexible substrates, thereby
expanding its use in flexible electronics3. High-resolution printing is
possible using over one ink, which can achieve resolutions of up to
10 μm. Such precision is important in the fabrication of complex
electronic devices and circuits (Vlnieska et al., 2022). Solution-
processed inks, such as those used in MoS2 nano photodetectors,
provide a cost-efficient and scalable route to the manufacture of
flexible optoelectronics. This technique is particularly convenient for
mass production (Kuo et al., 2022). AJP is known to have an efficient
and eco-friendly manufacturing process. The direct-write aspect
reduces material loss and facilitates rapid prototyping, which is
economically beneficial (McKibben et al., 2024).

3 Dimensionality of aerosol jet
printed parts

The aerosol jet printing technique exhibits remarkable
versatility, enabling micro-patterning of a wide array of materials
in both planar and non-planar geometries.

3.1 2D–planar

In this category of aerosol jet printing, the most common type
involves depositing material onto a planar substrate using a 2D tool
path, while maintaining a constant standoff distance typically
ranging from 1 mm to 5 mm. The printed patterns typically
consist of a thin layer, typically between 1 μm and 3 μm in
thickness, with widths varying from greater than 10 μm–50 μm.
These dimensions are influenced by several factors including nozzle
size, standoff distance, substrate temperature, print speed, aerosol
flow rate, and sheath flow rate. AJP can produce intricate patterns
for applications requiring fine features, such as strain sensors or
mm-wave circuits. Figure 1a illustrates an array of strain sensors
with serpentine silver lines printed on a flexible and transparent
polyethylene terephthalate (PET) film 140. In contrast, Figure 1b
shows mm-wave circuits printed using silver ink with three passes
resulting in a uniform coating thickness of 2.5 μm (Piekarz et al.,
2019). To increase thickness, multiple printing passes are employed.

For instance, Deiner et al. demonstrated the printing of a
LiFePO4 cathode up to ~170 μm thick using 80 passes on a
carbon-coated aluminum substrate (Deiner et al., 2019a).

In certain applications, there is a demand for printing
freestanding devices that can be detached from the substrate
once printing is completed. Recently, AJP has successfully
achieved this capability for planar freestanding functional devices.
For example, Jing et al. demonstrated the printing of freestanding
winding-shaped stretchable conductive wires, as depicted in
Figure 1D (Jing et al., 2019b). This device was created by
printing conductive silver ink and polyimide (PI) solutions using
AJP on a glass slide coated with a thin sacrificial layer (~400 nm) of
polyvinyl alcohol (PVA). After curing, the printed patterns were
released from the substrate through a lift-off process by dissolving
the PVA layer. A novel advancement in this direction is the dual-
material aerosol jet printing (DMAJP), which allows the fabrication
of nanocomposite thin films with precise control over material
composition within each part. DMAJP was recently utilized to
produce thin films (~60 μm) of polyimide (PI)/carbon nanotube
(CNT) nanocomposites (Wang et al., 2016). In this technique, two
atomizers were employed to aerosolize PI and CNT inks separately.
These aerosol flows were then mixed in a Y-type channel before
entering the deposition head. The mixed aerosol was subsequently
collimated and deposited onto a glass substrate, followed by curing
and removal from the substrate.

3.1.1 2D planar line
Agarwala et al. investigated how ultrasonic power and

atomizer flow affect the printing quality [They printed silver
nanoparticles on a polyimide substrate and observed that
increasing ultrasonic power and atomizer flow resulted in
wider silver lines. Tu et al. used the AJP system to create
transparent flexible electrodes with silver nanowires on glass
(Tu et al., 2018). They studied the influence of printing cycles,
speed, and nozzle size on the electrode fabrication process. Jahn
et al. discussed the application of Aerosol Jet printing for rapid
prototyping of terahertz metamaterials (Jahn et al., 2018),
emphasizing its ability to achieve precise deposition of
metallic inks with line widths as small as 10 µm. Jing et al.
employed AJP to develop triboelectric sensors using
polyurethane (PU). They investigated the impact of feature
size and material choice, noting that the PU lines in their
sensors had intersection features measuring 250 µm wide and
50 µm long (Jing et al., 2019a).

3.1.2 2D planar coating
Reitberger et al. integrated two printing methods to create an

optical waveguide system: Flexographic printing for preconditioned
areas and AJP for the multimode waveguide itself (Reitberger et al.,
2016b). Their process involved printing eight layers, progressively
reducing in size to form a pyramidal shape, aiming for optimized
transmission quality and high-quality optical characteristics of
the waveguides. Cao et al. utilized AJP to manufacture thin film
transistors on flexible Kapton substrates, employing semiconducting
single-walled carbon nanotubes (SWCNTs), dielectric xdi-dcs, and
silver (Ag) for gate electrodes (Cao et al., 2017). They subjected their
transistors to a bending test of up to 1,000 cycles, demonstrating
strong mechanical integrity even with a bending radius as small as
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0.2 mm, though observed crack and delamination on the Ag-derived
gate electrodes in SEM micrographs. Similarly, Lu et al. developed
thin film transistors using carbon nanotubes (CNTs), with Ag
nanowires (AgNW) and h-Br as gate electrodes and dielectric
material respectively (Lu et al., 2019). They also conducted a
bending test up to 1,000 cycles and found minimal strain
changes (2.1%), highlighting the stability of their devices under
mechanical stress. They determined that sonication during printing
did not negatively affect the length or printing quality. Khorramdel
et al. proposed AJP-printed aluminum ink as a bridge between
electrical device layers, demonstrating its potential to act as a wafer
over oxide layers and provide lower resistance within devices due to
superior coverage (Khorramdel et al., 2018) Wilkinson et al.
investigated the advantages of AJP in soft robotics applications,
focusing on fabricating strain sensors and elastomeric actuators
using conductive carbon ink on conformal PDMS substrates
(Wilkinson et al., 2019a). Khan et al. fabricated micro hotplates
with high-temperature operation and low power consumption by
depositing three layers of gold particles on polyimide substrates of
varying sizes and thicknesses, emphasizing their suitability for
energy-efficient applications (Khan et al., 2017).

3.2 2D–nonplanar

3.2.1 2D nonplanar line
Saeidi et al. utilized Bi2Te2.7Se0.3 inks with a 3D Aerosol Jet

Printing (AJP) approach to enable printing on flexible substrates,
including paper, polyimide, and 3D curved glass tubes, achieving
1 mm, 2 mm, and 15 mm 2D lines respectively (Khan et al., 2017).
They found that the Bi2Te2.7Se0.3 printed on polyimide
retained considerable performance even after 500 bending cycles.
Post-sintering, the electrical conductivity of the Bi2Te2.7Se0.3 film
increased to 2.7 × 104 Sm−1 with a power factor of 730 µWm−1k−2 at
room temperature. Wilkinson et al. demonstrated AJP’s capability to
fabricate complex structures for soft robotics, using carbon-based
conductive ink on concave-shaped PDMS elastomers (Wilkinson
et al., 2019a). Clifford et al. created a thin-film relative humidity
(RH) sensor on a predefined integrated circuit surface using a
combination of AJP and drop casting. Silver ink and a Nafion
layer served as the electrode and humidity sensing layer
respectively, achieving effective RH sensing between 40% and
80% and exhibiting low hysteresis under cyclic loading (Clifford
et al., 2018). Vella et al. used silver ink to fabricate capacitive touch
sensors on hollow cylindrical PVC, PC, and ABS pipes (Vella et al.,
2019). Stoukatch et al. deposited conductive silver ink on non-
uniform shaped plastic packaging materials, achieving effective
results on surfaces with horizontal flat areas and vertical
sidewalls with an 85° bending angle. A minimum diameter of
6 mm was necessary to achieve the required bending curvature
(Stoukatch et al., 2017). Hester et al. designed a roller coaster
transmission line using silver ink, employing 3 mm and 1 mm
multi-strip lines. Similarly, Abt et al. applied silver ink for creating
transmission lines on liquid crystal polymers (LCP) and Kapton
film, noting its significant bending capability (Abt et al., 2018). Ihle
et al. employed the nanoparticle-derived silver ink AJP method to
interconnect LTCC packaging and MMIC, fabricating dielectric
ramps, ground coplanar waveguides, and die attachments.

3.2.2 2D nonplanar coating
Gu et al. devised an algorithm for AJP on differently leveled

surfaces (DLSs) in electrical circuits using Ag ink, demonstrating its
electrical transfer capability on flexible circuits. They printed on a
1 mm thick glass slide fillet and a 0.375 mm thick Si chip on an
FR4 substrate, creating conducting lines on DLSs. Gu et al. (2017)
employed AJP for fabricating solenoid-type inductors for RF
applications with polymer support structures to reduce parasitic
capacitance. They compared polymer-printed cores and non-
printed iron cores, achieving a frequency range of
18GHz–40 GHz with 45° oriented polymer supports combined
with iron cores. Numerical analysis confirmed low insertion loss
(Gu et al., 2019). Elmogi et al. replaced conventional bonding with
AJP-printed silver ink for coplanar waveguides between a microring
modulator and a CMOS driver, achieving high performance at
60 Gb/s with low attenuation losses (Elmogi et al., 2018a) Rohrl
et al. compared AJP and traditional bonding for chip connections on
PCB substrates, noting AJP’s superior radio frequency performance
and mechanical stability, while conventional bonding offered good
thermal expansion values (Elmogi et al., 2018a). Rahman et al.
developed techniques for producing silver NP films with controlled
structures and properties using AJP. Sintering improved
temperature stability and oxidation resistance up to 500°C,
suitable for energy or electronics applications (Rahman et al.,
2016). Sepelloni et al. used AJP and Flash Lamp Annealing to
produce advanced multilayer 3D devices on cellulose-based
surfaces, adjusting curing parameters for different substrates.
Chromatographic substrates showed negligible resistance
variation under bending, while photo paper and cardboard had
increasing resistance, leading to breakage (Serpelloni et al., 2020).
Jing et al. focused on developing stretchable electronic devices with
AJP for human health applications, ensuring devices retained their
shape after deformation by depositing Ag and PI mixed layers to
fabricate strain and relative humidity sensors (Jing et al., 2019a).
Andrews et al. developed capacitive sensors for invasive material
thickness determination using inks like multi-walled CNT, silver,
and gold. They highlighted CNT-derived electrodes for their ultra-
thin profile and greater sensitivity (Andrews et al., 2017). Lorenz
et al. combined Flexographic printing and AJP to fabricate an optical
waveguide system, printing eight layers that formed a pyramidal
shape. They optimized transmission quality, achieving high optical
characteristics and multimodal behavior in the printed waveguides
(Lorenz et al., 2017).

3.3 3D patterns

M. S. Saleh et al. created a 3D hierarchical structure by
printing interior cavities within truss components (Saleh et al.,
2017) using AJP of Ag NPs larger than 30 nm in particle size.
This process formed a hierarchical porous structure without the
need for tempering, with the cavities being controlled by
adjusting postprocessing conditions. The solvent mixture,
consisting of deionized water and ethylene glycol in a 3:
1 volume ratio, was atomized using an ultrasonic atomizer
and various nozzle sizes. The resulting morphology displayed
void sizes ranging from 2–5 μm, hollow pillars with outside
diameters of 35–100 μm, and truss element diameters between
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30 and 55 µm. The angle of the output pillars was approximately
35° ± 7°, with droplet radii of 20 ± 5 µm and gaps between
10 and 20 µm.

4 Recent applications for aerosol jet
printing

4.1 Electronics

AJP has demonstrated significant potential across various
applications, from enhancing the efficiency of solar cells by
over 1% in photovoltaics to more routine uses such as screen
printing and cellphone case manufacturing (Yang et al., 2011;
Krzemiński et al., 2021). The technology is versatile,
accommodating a wide range of inks, thus making it applicable
to numerous fields. In the realm of printed electronics, AJP
excels in both active electronic applications and electronics
packaging. For instance, Novo et al. designed a platform of
six electrochemical sensors to detect and quantify glucose
levels between 3 and 10 mM in clinical settings (Di Novo
et al., 2019). Similarly, Serpelloni et al. printed hybrid smart
devices like capacitive sensors and Surface Mount Devices
(SMDs) on cellulose substrates such as chromatographic paper,
photo paper, and cardboard, achieving a maximum resistivity of
26.3 × 10−8 Ω·m (Serpelloni et al., 2020). Vella et al. created a
capacitive sensor with five touch points on a 3D curved surface,
which could sense contact areas on these points (Vella et al.,
2019). In another example, Arsenov et al. printed an X-band
double-slot antenna on a PI substrate, operating at a frequency of
10.5 GHz (Arsenov et al., 2021). Lewis et al. highlighted the
expanded possibilities in printed electronics due to AJP’s
capability to print both conducting and insulating structures
with a minimal offset from the substrate. They demonstrated
this in the Internet of Things (IoT) domain using the Nordic
Semiconductor nRF51822 Multiprotocol Bluetooth low energy/
2.4 GHz RF System on Chip (SoC), which incorporates sensors,
LEDs, actuators, and RF transmitters (Lewis et al., 2017).

Large-scale production of multifunctional printed electronics is
plagued by several challenges, including the control of material
transitions with precision and integration of intricate geometries.
For example, transitioning between varying material compositions
in high-volume additive manufacturing systems requires an in-
depth understanding of how the materials are mixed to achieve
uniform performance (Guo et al., 2019). Furthermore, the

production of multifunctional 3D microelectronic devices is
hindered by the requirement to obtain high geometric complexity
and nanoscale precision. Mechanically guided 3D assembly and
microfabrication techniques are proposed as solutions to these
issues, providing versatile platforms for the integration of
increased functions and functional component density (Brackett
et al., 2021). In the field of printed interconnects, Gu et al. developed
a novel method for producing high-frequency inductors for high-
bandwidth radio frequency applications (Gu et al., 2019). Piekarz
et al. (2019) printed interconnects for millimeter-wave applications
using silver ink, finding these printed parts to be cost-effective
solutions (Qayyum et al., 2017). Elmogi et al. replaced bonding
wires in optical transmitter assemblies with printed silver
interconnects, reporting improved functionality compared to
aluminum bonding wires (Elmogi et al., 2018a). Oakley et al.
(2017) fabricated, simulated, and characterized terahertz filters
using AJP silver ink (Jahn et al., 2018). Goh et al. produced
stretchable electronic devices like flexible circuits and strain
gauges using silicone-silver composite ink (Serpelloni et al., 2020;
Navratil et al., 2019; Vella et al., 2019; Efimov et al., 2018b; Gu et al.,
2019; Lall et al., 2019b; Gupta et al., 2016; Stoukatch et al., 2012;
Cantù et al., 2018a; Gräf et al., 2018; Röhrl et al., 2018; Azzopardi
et al., 2019; Goh et al., 2018b). To enhance power converter
efficiency and reduce size, high integration in power electronics
is crucial. Azzopardi et al. created single-switch devices where
bottom electrodes were connected through a silver layer
deposited via AJP, achieving a resistivity of 12 mΩ with
16 layers. Laurent et al. and Smith et al. investigated the
electrical properties of aerosol printed lines on various substrates,
finding that thermal treatment improved electrical performance,
making them suitable for electronic applications up to 1–2 MHz
(Smith et al., 2017). Lomakin et al. used silver nano ink on a Rogers
RO 4350 substrate to print microstrip transmission lines, applicable
up to 67 GHz (Lomakin et al., 2018). He et al. and Pavec et al. printed
antennas using silver nanoparticle ink, with Pavec et al. noting that
layer heights impacted return loss while frequency remained stable
(Pavec et al., 2019). Lall et al. studied the effect of process parameters
on the consistency and dimensional accuracy of AJP over extended
periods, measuring efficiency using process capability indices (Lall
et al., 2019a). Gupta et al. fabricated photodetectors using zinc oxide
nanocrystals, showing photo response in the ultraviolet spectrum of
250 nm–400 nm (A Gupta et al., 2018). Cardenas et al. examined the
impact of silver contact morphology on carbon nanotube thin film
transistors (CNT-TFT), noting its effect on device performance
(Cardenas et al., 2018).

AJP has also demonstrated notable efficiency in electronics
packaging, offering dimension flexibility for both 2D planar and
non-planar substrates with printed thicknesses ranging from 1 μm
to 10 μm. Craton et al. introduced the “chip-first” approach for
packaging mm-wave devices, printing packages and interconnects
on top of the die, achieving a worst-case loss of 0.290 dB at 40 GHz.
In wafer-level packaging (WLP) (Zhan et al., 2015). Cai et al. (2016)
successfully used AJP to print conductive inks and pastes directly
onto packaged dies for shielding, leveraging AJP’s capability to stack
layers with feature sizes as small as 20 μm in the xy-direction and
0.7 μm in the z-direction.
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4.2 Sensors and actuators

Di Novo et al. utilized AJP to design and fabricate an
electrochemical microfluidic device’s sensor platform without
support structures. They successfully fabricated the intended
platform, with the inner chamber made of several inks such as
AgCl, carbon, and multiwalled carbon nanotubes, and the outer
chamber incorporating a combination of AgCl and carbon inks (Di
Novo et al., 2019). Borghetti et al. addressed the challenges of
curvature and temperature sensitivity in AJP-printed sensors or
electronics. They proposed printing Ag using the AJP method on a
3D non-planar surface and employing photonic sintering to mitigate
overheating issues in plastic bodies. They demonstrated their
concept by printing strain gauges on PVC conduit (Borghetti
et al., 2019). Agarwala et al.a numerical study on strain sensors
for future shape optimization, considering criteria like end loop
dimensions, gauge length, and grid line specifications. Cantù et al.
(2018a) explored the use of microsensors for protein detection and
quantification, finding the AJP approach effective. Clifford et al.
(2018) developed a relative humidity sensor with 0%–80% RH
effectiveness by combining the AJP process and drop casting,
using silver ink and Nafion respectively. Vella et al. (2019) used
silver ink to create capacitive touch sensors on hollow cylindrical
PVC, PC, and ABS tubing. Li et al. investigated the AJP process to
fabricate a photo sensor with resistive memory advantages, using
Tungsten diselenide (WSe2) as the primary element. They deposited
Ag-WSe2-Ag and CNT-WSe2-CNT on flexible Kapton, followed by
laser sintering, resulting in low switching power and voltage-derived
resistive RAM compared to other flexible RAMs. Li et al. (2020)
examined the dispersion effect during the fabrication of CNT-made
bucky paper sensors for composite applications. Their sensors could
detect resin flow or curing and respond to mechanical stress in the
Vacuum Assisted Resin Transfer Molding (VARTM) process. Bolse
et al. (2017) developed 12 types of fluorescence sensors from six
different light-emitting polymer inks to detect explosive
nitroaromatics like Nitrotoluene (NT), dinitrobenzene (DNB),
and dinitrotoluene (DNT). Cho et al. (2019) focused on
fabricating a metal oxide sensor using SnO2 through the AJP
method, attaching it to micro hotplates derived from poly-
MUMPs technology. Goh, Yeong, and Agarwala developed a
pH level sensor using an AJP printer, first depositing CNT ink
on polyimide film, followed by serpentine CNT layers, achieving
remarkable pH detection performance. In actuator development,
Wilkinson et al. (2019a) used carbon-based conductive ink to
fabricate a series of actuators, employing image processing
methods to examine the strain performance of several dielectric
elastomer actuators printed with AJP.

4.3 Biological applications

Grunwald et al. evaluated the feasibility of using AJP
for fabricating microarrays with DNA or protein-derived ink.
They found that AJP-printed microarrays are more accurate
than those produced by other printing technologies, even
allowing for smaller sizes. AJP printing proved reliable for
both planar and non-planar surfaces in applications involving
sensor and biomolecule printing (Grunwald et al., 2010). Williams

et al. demonstrated the use of AJP to print highly sensitive
immunoassays using biological reagents on both planar
and arbitrarily shaped surfaces. They addressed the hindering
effects of ultrasonication, ensuring the stability and effectiveness
of the printed biological reagents (Williams et al., 2020). These
studies highlight AJP’s versatility and precision in bio-printing
applications, paving the way for biosensors and other biomedical
device advancements.

5 Process modeling and future
directions in ink development

AJP’s process modeling is critical for understanding and
controlling the printing quality. The historical approach has been
to rely heavily on empirical observation, valuable as it is, lacking the
underlying strength seen in more sophisticated printing
technologies (Wilkinson et al., 2019b). Recent developments have
introduced machine learning paradigms to enhance process
modeling. For instance, a hybrid machine learning procedure has
been developed to predict the best operating windows through
search of design spaces and the simulation of the impact of
significant parameters like sheath and carrier gas flow rates. The
procedure leverages data-driven methodology to systematically seek
the printing process optimally and offers a better substitute for the
conventional trial-and-error method. AJP recipe optimization
involves a modification of the process conditions and ink
formulation to achieve optimal print properties. Machine
learning has been instrumental in this area, where software
employs support vector machines and Gaussian process
regression to optimize line morphology and reduce overspray
(Williams et al., 2020). The methods allow one to find the ideal
operating conditions that can optimize conflicting objectives,
i.e., maximize line thickness while minimizing edge roughness
(Zhang et al., 2019). The use of multi-objective optimization
tools further helps to attain the inherent trade-offs among
various printed line characteristics for high-quality outcomes.

The development of inks for applications, such as wearable
electronics and biosensors, is a rapidly developing field with
tremendous potential to enhance the functionality of additive jet
printing (AJP). This review addresses future trends in ink
developments, focusing on hybrid inks for multi-material systems
and their applications in emerging technologies. Hybrid inks, for
instance, are gaining attention based on their prospect of merging
various materials with variable properties to formulate complex,
multi-faceted devices. By coupling digital light processing with
direct ink writing, new composite architectures and devices with
high-speed and high-resolution (Camargo et al., 2021; Peng et al.,
2021) can be manufactured within a single printing process have
been found to produce. This approach allows for the use of
heterogeneous inks and resins as well as the production of
functional composites with tunable mechanical properties and
improved interface bonding, which are crucial for their uses in
soft robotics and electronics (Peng et al., 2021). Ink development of
wearable electronics’ tailor-made type is of utmost significance in
technology development. Stable silk protein-stabilized carbon
nanotube (CNT) inks have been shown to be stable and
biocompatible, using which circuits might be printed on a variety
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of substrates such as plastics and clothing (Liang et al., 2020). Inks of
this kind are particularly suited to the fabrication of smart wearable
devices such as respiratory sensors and ECG electrodes due to their
flexibility and biocompatibility (Liang et al., 2020). Similarly, inkjet
printing has also been regarded as an efficient means of production
for wearable electronics by virtue of its high efficiency, cost-
effectiveness, and environment-friendly production (Yan et al.,
2020; Gao et al., 2017). Inkjet printing facilitates exact deposition
of the functional materials with the ability of producing flexible,
durable wearable devices (Gao et al., 2017).

Conductive inks play a pivotal role in the production of
electrochemical sensors and biosensors, essential for medical,
environmental, and industrial monitoring. These inks, which are
usually composed of nanostructured materials such as platinum,
silver, and gold nanoparticles, offer better conductivity and
flexibility in designing electrodes (Camargo et al., 2021). Carbon-
based substances, such as graphene and carbon nanotubes, enhance
the biocompatibility and functionality of these sensors, which allow
them to be used in wearable devices (Camargo et al., 2021; Yang and
Wang, 2016). MXene inks have shown excellent prospects for many
applications owing to their exceptional electronic, optical, and
mechanical characteristics. MXene inks are applicable for the
synthesis of multifunctional devices such as electromagnetic
shielding, Joule heaters, and piezoresistive sensors by applying
screen printing techniques (Wu et al., 2022; Aghayar et al.,
2022). MXene inks with superior conductivity and stability are
also good candidates for potential smart and wearable devices
(Aghayar et al., 2022).

AJP offers very good design freedom, allowing for the creation of
2D as well as 3D patterns with high precision. This versatility is
necessary in the design of advanced electronic devices, such as
ultrahigh-responsive photodetectors and flexible optoelectronics,
which exploit the ability to print on flexible and non-planar
substrates (Zhang et al., 2019). The functionality offered by
printed electronics is enhanced by the ability to form high-
quality, conformal patterns that can be incorporated into many
applications, from wearable electronics to intelligent packaging. The
future of ink formulation lies in the creation of hybrid inks and
custom-designed formulations that cater to the needs of emerging
applications such as wearable electronics and biosensors. These
advancements have the potential to significantly enhance the
functionality of AJP, enabling it to produce multifunctional,
high-performance devices. As science advances, combining
different materials and optimizing ink formulations will be the
most significant drivers in realizing the full potential of this fast-
changing field.

6 Conclusion

Even though it is the leading technology for highly accurate
material deposition, particularly in microsystem devices
manufacturing, Aerosol Jet Printing (AJP), still faces important
technical and economic issues which are the main reasons why
its industrial adoption is limited. One of the basic obstacles is the
operational stability issue since AJP’s aerosolized deposition can
become very sensitive to the environmental conditions such as
humidity and air flow, thus resulting in print inconsistencies.

Furthermore, the main disadvantages high cost and low
throughput still exist, making it less appropriate for bulk
production as compared to screen and gravure printing.
Although AJP bestows unique advantages when it comes to
treating difficult geometries and distinct material sets, having in
mind that its gaseous sheath flow mechanism decreases nozzle
clogging, it nonetheless calls for meticulous process optimization
to obtain reproducible results. AJP’s fine feature resolution has really
turned the tide in terms of printing conductive, semi-conductive,
and biological materials, and this has made it a compelling option
for flexible electronics, sensors, and biomedical devices. Not only
that but the ability of AJP to print metallic nanoparticle-based and
carbon-based inks has been the source of the most conductive
nanoscale patterns ever, thus it is now useful in areas that were
deemed beyond its reach.

Despite these limitations, continued progress in optimizing
processes and material compositions has the potential to propel
AJP to a breakthrough manufacturing position. By addressing
scalability and cost-effectiveness, AJP might emerge as a more
viable solution for industrial applications, allowing for high-
precision micro-patterning not solely on planar surfaces but also
on non-planar and flexible substrates, opening up novel
opportunities in wearable electronics, bio-printing, and next-
generation semiconductor manufacturing.
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