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Abstract

Non-contact ink writing techniques are a newly developed three-dimensional printing technology to fabricate customized
and flexible electronic devices, while dramatically reducing chemical waste and lowering manufacturing costs. However, the
use of non-contact ink writing technologies for fabricating electronics is still limited due to printing quality. To develop an
electronic device with high performance, conductive lines should be printed with high controllability and excellent uniform-
ity. Under such circumstances, many traditional optimization methods have been proposed to improve the printing quality.
However, as the non-contact ink writing process is very sensitive to the system drifts and random variations, in situ process
monitoring and online optimization technologies to optimize the printed line quality are in demand for practical printing.
In this paper, we describe the processes of non-contact ink writing techniques based on inkjet printing (IJP) and aerosol jet
printing (AJP). The key influencing factors in the non-contact ink writing processes are also discussed based on the three
main printing stages. Then we analyze the advantages and disadvantages of the IJP and AJP techniques and review the state
of art in quality optimization and precise control techniques that can be adopted in non-contact ink writing process. Addi-
tionally, to further develop a non-contact ink writing system, the major challenges and limitations of the current printing
quality optimization technologies are also highlighted in this paper.

Keywords 3D printed electronics - Additive manufacturing - In situ process monitoring - Non-contact printing - Printing

quality optimization

1 Introduction

A printed electronics technology is a newly developed 3D
printing technology to produce flexible and low-cost device
applications, such as customized diodes [1, 2], solar cells [3,
4], radio frequency identification tags (RFID) [5, 6], transis-
tors [7-9] and sensors [10—12]. Compared with conventional
approaches [13—15], a printable technology can significantly
reduce fabrication process steps and chemical waste, while
lowering fabrication costs. The two primary techniques for
developing a printing system are contact printing and non-
contact printing [16-20]. Different from the contact printing,
a non-contact printing technology is maskless, and can print
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with higher resolution and less waste, thus it has attracted
great attention in various fields [21, 22]. Recently, there has
been increasing interest in using the non-contact printing
technology [23-25], especially ink-based inkjet printing
(IJP) and aerosol jet printing (AJP) for printing electronic
devices, semiconductors, and circuits, including thin-film
transistors [18, 26, 27], light-emitting devices [28-30], sen-
sors [31-34] and solar cells [35-38].

Despite non-contact printing possessing with many
advantages [20, 39—42], the use of a non-contact ink writing
technology for fabricating electronics is still limited due to
printing quality [43—46]. As an important element of printed
electronic devices, conductive lines should be printed with
high controllability and excellent uniformity, thus Morphol-
ogy Control (MC) and Uniformity Control (UC) are keys to
fulfill these requirements [30, 47-50]. In addition to print-
ing a straight line without bulging and scallop patterns,
MC also refers to the capability of precise control over the
printed line width in real time, while UC refers to the post-
printing techniques used to suppress the coffee ring effect
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and improve the line uniformity of cross-sectional area [51].
Thus, MC and UC can be also classified as online and offline
optimization, respectively.

In the non-contact ink writing technology, as identifying
the correlations between the influencing factors and printed
line morphology remains a challenge, most designers rely on
personal experience for customized line width printing. Such
manual and empirical operational approaches are imprecise
and inefficient, as the lack of systematic and intelligent tech-
niques to control the printed line morphology. Moreover,
as the changes in material properties and a print head dur-
ing printing, an ink writing system has an uncontrollable
tendency to drift [47, 52], thus any empirical or theoreti-
cal models that correlate the process parameters to the line
morphology should be calibrated before use for subsequent
printing. If a high controllability over the line morphology
is required, a real time and in situ monitoring technology is
indispensable to ensure the printing process remain stable
[47, 53]. Therefore, it is advantageous to adopt an in situ
process monitoring and online optimization approach to
detect process drifts and compensate the random varia-
tions. On the other hand, the coffee ring effect will cause
non-uniform distribution of nanoparticles around the cross-
sectional area, thus the lines are printed inhomogeneous and
prevented from being widely applied to various electronic
components which require excellent performance [45, 51].
Hence, UC is important to tune the relative distribution of
nanoparticles around the cross-sectional area and improve
the line conductivity. Therefore, online MC and offline UC
are critical for the optimization of non-contact ink writing
processes. As the printed line morphology should be opti-
mized in a real-time situation and has direct impact on the
line uniformity, MC is considered as the primary challenge
in the optimization processes. Moreover, the relationship
between different influencing factors and the printed line
morphology is also highlighted to achieve MC.

In this paper, we review the processes of non-contact
ink writing techniques based on IJP and AJP. The key
influencing factors in the printing processes are discussed
based on the printing stages. And, then different traditional
approaches for printing quality optimization in IJP and AJP
are reviewed with the advantages and disadvantages, and
requirements for in situ monitoring and online optimiza-
tion are subsequently highlighted. Finally, the progress of
current real time and in situ monitoring technologies for
online morphology control is reviewed and compared with
the traditional approaches. In addition, the requirements
and challenges of the current printing quality optimization
technologies are also highlighted to further develop a non-
contact ink writing system in this paper.

This paper is organized as follows: Sect. 2 provides an
overview of the main non-contact ink writing processes
including IJP and AJP. Section 3 discusses the critical
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influencing factors on printing quality based on the differ-
ent stages of non-contact ink writing. Section 4 presents a
comprehensive review on traditional offline printing quality
optimization approaches for non-contact ink writing process.
Section 5 reviews the in situ monitoring and online optimi-
zation technologies for MC of the non-contact ink writing
processes. In Sect. 6, the paper is concluded by providing
an overview of the printing quality optimization approaches
for the non-contact ink writing processes, and highlight
the limitations of the current printing quality optimization
technologies.

2 Non-contact Ink Writing Processes
2.1 Inkjet Printing

Based on different printing principles, IJP is consists of two
main types: a continuous inkjet (CIJ) printing system and a
drop-on-demand (DoD) printing system [54—56]. The prin-
ciple of the droplet formation and ejection is extremely dif-
ferent between these two print systems [57, 58]. As shown
in Fig. 1a, a continuously flowing jet of the CIJ system can
be controlled and broken up into uniform stream of droplets
by a regular disturbance (such as a piezoelectric transducer),
then for binary ClJ, the ink droplets are either charged or
uncharged in an electric field. Eventually, the uncharged
ink droplets impinge onto a substrate while the charged ink
droplets are deflected and captured by the gutter for reuse.
In the DoD system as shown in Fig. 1b, a rapid change
in the cavity volume is generated by an actuator. As the
momentum imparts to the ejected droplet, single droplet will
be activated and ejected by the print head. The subcategory
of a DoD system is defined by the ink ejection mechanism of
the nozzle: the piezoelectric, the electrostatic, the thermal,
and the acoustic. As the capability of printing with higher
spatial resolution and producing less contamination/waste
than the CIJ system, the DoD systems are adopted in most
research and discussed for printing electronics in this paper.

2.2 Aerosol Jet Printing

Compared with IJP, AJP is a newly developed technology
for fabricating electronic components on both flat and non-
flat substrates. In this technique, an atomizer (pneumatic or
ultrasonic) is utilized to atomize the functional ink, and the
generated aerosol of 2 to 5 pm (diameter) droplets is trans-
ported to the print head by a carrier gas flow. The entrained
ink aerosol is then enwrapped by a sheath gas flow in the
print head cylindrically. Due to the aerodynamic interaction
between the sheath gas stream and the carrier gas stream, the
aerosol droplets exits the nozzle tip and impacts the mov-
ing substrate with high speed, thus a line with high density
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Fig.2 Schematic of the aerosol jet printing process using an ultrasonic atomizer

and high resolution (down to the order of 10 pm) is fabri-
cated on the substrate (about 2-5 mm below the nozzle tip).
Figure 2 shows the working principles of the AJP process
using an ultrasonic atomizer. The printed line morphology
(width, thickness, roughness) is influenced significantly
by the sheath gas flow rate (SHGFR), carrier gas flow rate
(CGFR) and print speed, and the substrate could be heated
to evaporate deposited solvents during the printing process.

2.3 The Comparison Between IJP and AJP

The comparison of basic technical specifications between
IJP and AJP are shown in Table 1 [47, 57]. Despite the
relatively lower print speed, AJP has flexible working
height (1-5 mm), and is capable of printing high viscosity
(1-2500 cP) functional ink over nonplanar substrates with

Table 1 Comparison of non-contact printing techniques

Characteristic p AJP
Printing principle Electrostatic Aerodynamic
Tip diameter (pm) 10-50 100-300
Tip height (mm) 1 1-5

Ink viscosity (cP) 10-20 1-2500
Process velocity (mm/s) Up to 5000 Up to 200
Dynamic accuracy (pm) N/A +6

Droplet size (pl) 1-8 0.001-0.005
Line thickness (nm) 5-500 100-5000
Particle diameter (nm) <100 10-700
Feature size (pm) >30 10-200
Surface tension (mN/m) <60 <30

Metal loading (wt.%) <20 > 60
Throughput (m?/s) 0.01-0.5 0.01-0.5
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higher resolution (10 um) and without clogging [21, 59—-64].
However, to improve printing quality, it is necessary to fur-
ther identify optimal operating windows based on the basic
technical specifications that required by IJP and AJP.

3 Key Influencing Factors in Printing Process

To achieve better morphology control and uniformity assur-
ance in non-contact ink writing processes, it is critical to
identify the relationships between the adjustable factors and
the line morphology in real time, and optimize the sintering
process offline.

As shown in Fig. 3, the printing processes for the non-
contact ink writing consist of three stages and the printed
line morphology is the outcome of interaction between pre-
printing factors and process parameters. Despite an empiri-
cal or theoretical model could correlate parts of factors to
a printed line morphology, to accurately control the printed
line morphology in real time, it is necessary to investigate
the interactions between the adjustable factors in a design
space systematically. And the design space could be explored
by a data-driven based approach, which will be beneficial to
study the influence of the two stages and model the correla-
tions between the adjustable parameters and the printed line
morphology for morphology control. Despite having many
other effective approaches to restrain the coffee ring effect
and improve the line uniformity, such as reducing the influ-
ence of outward capillary flow, producing a Marangoni flow,

Non-contact Ink Writing
Line Quality Optimization

o Line Morphology Controllability

e Line Cross-sectional Area Uniformity
> A X,
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e Ink Properties

Post-printing

®  Process Parameters e Sintering Process Design

Fig.3 Correlations between different printing stages and printed line
quality

Table 2 Influencing factors of ink writing processes

and developing patterned substrates [50, 65, 66], a practical
way is to optimize the sintering process for the post-printing
stage [45].

Based on the discussion above, the influencing factors of
the printed line quality can be grouped into three main types:
(1) pre-printing factors, (2) printing process parameters, and
(3) post-printing factors as listed in Table 2. And, the printed
line morphology is considered as a primary response to be
optimized in this paper.

4 Traditional Printing Quality Optimization
Approaches in Non-contact Ink Writing
Processes

This section reviews the research works related to the print-
ing quality optimization in IJP and AJP. For each print-
ing technique, the traditional offline quality optimization
approaches are discussed with the advantages and limita-
tions, and requirements for in situ monitoring and online
optimization are subsequently highlighted and proposed.

4.1 Inkjet Printing Process

As the application for printing electronics has been restricted
by the ink printability of IJP [83], the behavior of liquid
drops is selected to investigate the ink printability in many
researches. To promote the printing controllability in droplet
position and volume [78], an operability window as shown
in Fig. 4 could be identified that allowed stable printing
without splashing and satellite droplets. Under specific con-
ditions, Fromm [84] proposed the value Z to determine the
operability window of a functional ink in a DoD system,
and Z > 2 was required to print single liquid droplet without
satellites.

_ (ypa)'/?
n

Z ey
where 7, p and y is viscosity, density of the fluid and surface
tension respectively, and a is a characteristic dimension (the
radius of the tip size). Reis and Derby [85] further found that

Categories

Influencing factors

Pre-printing factors [30, 48, 67-77]

Surface wettability, contact angle, ink viscosity, ink concentration, density, parti-

cle size, substrate temperature, surface tension

Process parameters [43, 44, 47, 48, 53, 60, 62, 71, 78-81]

1JP: droplet spacing, jetting delay, voltage, waveform, nozzle size, printing height

AJP: SHGFR, CGFR, print speed, tip size, atomizer current, working height

Post-printing factors [45, 50, 76, 82]

Sintering temperature, sintering time, temperature gradient
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Fig.4 Illustration of an operability window with respect to fluid
properties for DOD inkjet printing

1 < Z < 10 was required for a printable fluid in most DoD
printing systems.

However, different from the assumption of linear New-
tonian fluid behavior in the aforementioned studies, the ink
rheological properties in many applications for printing
electronics are highly nonlinear, thus the printability win-
dow may need to be further modified [67]. Despite Jang
et al. [68] considered different ink properties and defined
the ink printability as 4 < Z < 14 experimentally, Z > 14
[69, 70, 86-89] and 1 < Z < 4 [68, 90, 91] were also found
as printable range by many research groups for stable IJP,
which means the process parameters of IJP, such as oper-
ating voltage, waveform and pulse width could also influ-
ence the droplet formation greatly. Therefore, to improve
the printability of low viscosity fluids, some groups con-
sidered the interaction between the process parameters and
the ink properties, and the key process factors for optimal
droplet ejection were identified and the operating window
for printing without satellites was further expanded [71,
72,78, 79, 92]. Besides the printability, identifying the
optimal process parameters by experimentation [46, 73,
74, 93] or modeling [75, 80] are also advantageous to fur-
ther improve the resolution of printed droplets. However,
the precise control over droplet size and size variation is
more in demand for robust fabrication of inkjet printing.
Chen et al. designed an inkjet printing system with capil-
lary electrophoresis, hence the droplet volume could be
controlled accurately by the linear relationship between
the waveform and the printed droplet volume [94]. In addi-
tion, some researchers quantified the influence of ink con-
centrations, voltage amplitude, dwell time and frequency
on droplet diameter experimentally, and the modeling
results can be used for precise control of the printed drop-
let size and shape [81, 95], but there is a need to take the
process drifts and system variations into consideration to
further improve the printing controllability.

150 pm

(@ (b () (@ (o

Fig.5 Printed line morphology with respect to different droplet dis-
tance: a individual droplets, b scalloped line, ¢ uniform line, d bulg-
ing line, and e stacked coins Reprinted with permission from ref.
[50]. Copyright (2008) American Chemical Society

Different from the original application of IJP where the
discrete droplets are printed for graphic output, conductive
line is the basic element for inkjet-printed electronics, and
the ideal lines should be printed smooth, even, and straight
to enhance the electrical properties of a fabricated compo-
nent. As the printed lines are produced by the coalescence
of printed drops, the formation process from initial coales-
cence to solidification should be clearly understood, and
the requirements that produce stable printed lines of spread
droplets on a substrate can be considered as a crucial crite-
rion for inkjet-printed lines. Soltman et al. [50] investigated
the printed line morphologies by varying the combinations
of drop spacing, drop delay and substrate temperature exper-
imentally. The observations as shown in Fig. 5 demonstrated
that the inkjet-printed line morphology could be influenced
by the droplet distance significantly. Moreover, to ensure the
MC for IJP, an operating window with respect to drop delay
and drop spacing was proposed as qualitative guidance for
fabricating uniform line.

To further improve the controllability on the printed line
morphology, the stability of overlapping droplets and the
subsequent formation process have been investigated theo-
retically. Davis investigated the stability of a liquid bead
on a flat substrate subject to three constraint conditions on
contact line and contact angle [96], and his predictions were
confirmed by Schiaffino and Sonin experimentally [97].
Duineveld analyzed the behavior of inkjet-printed droplets
by considering different substrates and contact angles and
proposed a numerical model to predict the bulging instabil-
ity with respect to droplet distance and the print speed. The
proposed model indicated a maximum stable liquid bead
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width that could be achieved through inkjet printing [98].
In addition, based on the volume conservation model, a
lower bound to ensure a stable liquid line width was defined
by Stringer and Derby [99]. And, then by combining with
Duineveld’s results, a stability model was proposed to define
the upper and lower bounds of stable liquid beads by the
droplet distance, the static advancing contact angle, and the
print speed. Despite these limited bounds are beneficial to
ensure the stability of inkjet-printed line, they are restricted
to certain factors due to the complexity of droplets coa-
lescence process. To fully explore the stability in a design
space, it is advantageous to adopt a data-based approach
to systematic investigate the interaction between substrate
properties (temperature, wettability, roughness), physical
parameters of the functional ink (surface tension, viscosity
and density) and process parameters (droplet spacing, jetting
delay, waveform, voltage). Recently, extensive researches
have been reported on improving the printed line resolution
by adjusting surface energy, ink concentration or modify-
ing the surface topology [46, 82, 93, 99, 100]. However,
the precise control of the printed line width is still required
for inkjet-printed electronics to satisfy different engineer-
ing constraints. Although the MC could be achieved from
empirical or theoretical models [101, 102], there is a lack
of quantitative research on the printed line quality, and the
model should be calibrated before use, if the system tends
to drift during printing. Therefore, an in situ monitoring and
online optimization approach is necessary to ensure a high
controllability over the line morphology and printed line
quality.

4.2 Aerosol Jet Printing Process

In comparison with IJP, despite AJP technology has higher
ink printability, the printing process is more complex and
the influencing factors remain a challenge to be controlled
effectively. Among these factors, the key controllable vari-
ables of AJP are SHGFR, CGFR and print speed. As shown
in Fig. 6, the printed line morphology with respect to adjust-
able parameters can be split into four major types [44, 47].
As the geometrical properties of the printed lines could
affect the electrical properties significantly [43, 103, 104],
most previous researches on improving line quality have
been focused on the AJP process modeling and process
parameter optimization to control the geometrical properties
of the printed patterns. Several researchers proposed differ-
ent criteria to identify operating windows for printing qual-
ity optimization. Mahajan et al. [44] studied the influence
of SHGFR, CGFR and print speed on the line morphology,
and an operating window was determined by experiments to
print normal lines with higher thickness and less line width.
Verheecke et al. [48], and Wang et al. [43] defined the edge
roughness and extracted the printed lines morphology offline
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for printing quality analysis, then a process window was
developed to reduce the printed line edge roughness. Despite
these operability windows were advantageous to optimize
the printed line morphology, they were lacking quantitative
description of the correlations between the adjustable factors
and the line morphology. And the exploration in a design
space was insufficient as the limited experimental design,
thus it will be inefficient to adjust the process parameters for
printing the customized line width, especially when there is
a need to search for the universal ‘optimal” process param-
eters in a design space for quality optimization [52].

To achieve better understanding on the process modeling
of the AJP technology, many researchers have worked on
elucidating aerosol transport and deposition mechanisms
by mathematical models. Schulz et al. [105] proposed an
analytical model to describe the discrete phase transported
in a focused microcapillary. The modeling results showed
that the Saffman force caused the aerosol flow to migrate
radially inward at high velocities and the degree of collima-
tion has been greatly improved at the nozzle exit. Akhatov
et al. [106] further validated this phenomenon by consid-
ering Stokes drag force, Saffman force and particle inertia
as the three main forces acted on particles in shear flow
and analyzing the transport process of particle through
long converging capillaries. The results also showed that
the position and size of the atomized droplet in a shear gas
flow had significant influence on the Saffman force. Based
on the aerosol transport and deposition mechanisms, the
relationship between process parameters and printed line
geometry were explored by computational fluid dynamics
(CFD) models. Salary et al. [47] formulated a simplified
2D-CFD model to elucidate the underlying aerodynamic
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interaction between SHGFR and CGFR, thereby explain-
ing the trends of printed line width with respect to SHGFR
and CGFR. Hoey et al. [107] proposed a 3D-CFD model to
describe aerosol transport mechanisms at the micron-scale.
The results demonstrated that the specified geometry and
flow characteristics had significant influence on Saffman
force. Feng [108] developed a 3D-CFD model to evaluate
the influence of the taper angle of the nozzle and working
height on the deposition spot size. The CFD models which
can be used to explain the specific aerodynamic interaction
between different process factors are mainly determined by
the individual AJP system and ink properties. Moreover, as
AJP system tends to drift during printing as the influence of
many changing and uncertain factors, the stationary CFD
models may not suffice for quality control during the print-
ing process. Hence, if a high controllability over the line
morphology is required, it is necessary to adopt an in situ
monitoring system for data-driven based process modeling
[53, 104] and quantify the printed line morphology [43, 47,
109] for real time detection and quality optimization.

4.3 Printed Line Uniformity

Despite different printing principles are adopted to deposit
drops on a substrate for fabricating conductive lines, the
coffee-ring effect will inevitably occur in AJP and IJP. As
shown in Fig. 7, the coffee-ring effect formed because of the
non-uniform distribution of nanoparticles from the centers
of the droplets to the edges.

As the ring-like morphology will affect the printed line
uniformity and performance of patterned devices signifi-
cantly, different techniques have been applied to control
the coffee-ring effect [76]. Since the outward capillary flow
transports the nanoparticles to the droplet edge and induces

Droplet height (um)
Splat height (um)

(@) 9 60 80 100
Droplet diamater (um)

(b) 4 60 8 100
Splat diamater (um)

Fig.7 a, ¢ 2D and 3D profile of an inkjet-printed droplet, b, d 2D and
3D profile of an aerosol jet-printed droplet Adapted with permission
from ref. [51]. Copyright (2015) American Chemical Society

the coffee ring effect, many groups have proposed to reduce
the outward capillary flow by regulating the condition of
solvent evaporation, such as employing the cooled sub-
strate [50], raising the ambient humidity [65], introducing
responsive materials [110, 111] and producing interactions
among particles [112, 113]. On the other hand, as a Maran-
goni flow generally has an inward direction [66], researches
have reported to produce the Marangoni flow to control the
coffee-ring effect by adding compositional solvent [114],
surfactants [77] and introducing a solvent surrounding [115].
Moreover, since a balance of droplet on the depinned sub-
strate could be maintained by the sliding three phase contact
line to help particles move inward, different substrate prop-
erties and receding contact angles were also investigated to
improve the uniformity [116, 117]. Despite the above pre-
processing approaches are beneficial to control the coffee-
ring effect, they are highly dependent on the individual ink
properties and lack of consideration for post-printing stage.
Therefore, to improve the printed line uniformity, it is more
important to optimize the sintering approach to reduce the
coffee-ring effect in the post-processing stage.

5 In Situ Process Monitoring and Online
Optimization of Non-contact Ink Writing
Processes

Previous traditional approaches as discussed above were
mainly restricted to identify the overall trend of the print-
ing quality and optimize the printed features qualitatively
in nature [44, 50, 52, 67]. Despite physics-based models
were adopted to investigate the printing processes quantita-
tively [47, 84, 87, 108], they were highly dependent on an
individual printing system and the limited computational
resource hinders its practical applications in non-contact
writing processes. To ensure sufficient process control-
lability and high printing accuracy of the non-contact ink
writing processes, it is necessary to formulate a systematic
mathematical model for a complete understanding of the
printing process [53, 118]. Under such circumstances, dif-
ferent data-driven based approaches were proposed to model
the quantitative correlations between the influencing factors
and the printed features efficiently [53, 103, 104, 118-120].
Moreover, as the influence of many changing and uncertain
factors during printing, such as material inhomogeneity, sol-
vent evaporation, pressure and temperature fluctuations, the
printing process (droplet behavior, line morphology) may
drift with time and the inappropriate parameter settings will
deteriorate the geometric features (width, thickness, rough-
ness) and functional performance (conductivity, flexibility)
of the fabricated components [121]. Therefore, in situ moni-
toring approaches were adopted in non-contact ink writing
technologies to detect the process drifts and reduce material
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waste during printing [103, 120-124]. Different from tra-
ditional post-process verification approaches, advances of
the in situ monitoring approaches could assist not only in-
process diagnosis for human-in-loop printing processes,
they have the potential to integrate a closed-loop control
system for real-time detection and online optimization of the
non-contact ink writing processes [47, 118, 119, 125, 126].
Based on the integrated closed-loop control, controllable
process parameters could be adjusted online to reduce the
predicted defects, compensate the random variations, and
ensure the process repeatability for the subsequent printing.

As shown in Fig. 8, an in situ monitoring and online
optimization system for the non-contact writing processes
is consisted of three main parts: (1) in situ monitoring, (2)
data-driven based process modeling, (3) closed-loop feed-
back control [119, 125, 126]. Accordingly, the major chal-
lenges and requirements to bring in situ monitoring and
online optimization technologies to a non-contact ink writ-
ing technology are as follows:

1. In situ monitoring. Image capturing and feature extrac-
tion are cores of the in situ monitoring system [127—
130]. The basic elements (droplet diameter for IJP, line
width for AJP) of non-contact ink writing technologies
are fabricated in microns [51], which imposes the chal-
lenge to adopt an in situ monitoring system to accu-
rately capture the printed features, particularly when
the in situ monitoring system is required to be designed
cost-effectively and deployed compactly [121]. Besides,
the in situ monitoring system should have the capability
of capturing the printing behaviors at high speed, which
would be helpful to real-time printing process inspection
and online optimization [121, 124]. Moreover, to fully
analyze the printing behavior, it would be challenging
to extract and recover critical multi-dimensional infor-
mation from the incomplete information in reduced 2D
space [119, 131].

2. Data driven-based modeling. Considering the high
complexity and nonlinearity of the non-contact ink

Target
Features Non-contact
»
Feedback Control P [k Writing
1 I
Data-driven based | ' | Feature Image | !
Process Modeling EI Extraction E Capturing | :
1 In Situ Monitoring System 1
e Sy
Printed
Features

Fig.8 Flowchart of an in situ monitoring and online optimization
system in non-contact ink writing processes
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writing processes, the data-driven based regression
approaches are more suitable for modeling the print-
ing process quantitatively [53, 118]. However, due to
the drifting nature of the printing processes [52], the
significant challenge is how to identify the main control-
lable parameters from various influencing factors, and
model the printing process by a small data set rapidly
and accurately [132, 133]. Moreover, to further enhance
the modeling efficiency, there is a need to consider the
similarity of the material deposition mechanism between
different printing process, hence a novel printing process
could be identified more efficiently based on the process
similarity and model migration [134, 135].

3. Feedback control. As the data-driven based feedback
control is extremely different from traditional model-
driven based feedback control, it imposes challenges
in ensuring the control stability of the non-contact ink
writing processes while solving the complex non-linear
control problems [136, 137]. Additionally, to reduce the
produced defects and subsequent material waste dur-
ing the control process, the designed controller should
achieve the capability of fast convergence. Moreover,
considering the drifting nature and system variations
[47, 52, 70], there is a need to ensure the robustness of
the designed controller, thus the process drifts could be
corrected in real-time and the printing behavior is less
sensitive to the changing uncontrollable factors [119].

Despite the real-time monitoring and online optimiza-
tion of the non-contact ink writing processes has not been
fully explored, different methods were proposed in recent
years to address these major challenges. For 1JP, the fea-
tures of the droplets are extracted as essential for in-pro-
cess diagnosis and online optimization. Wang et al. [122]
proposed a computational light beam field based system to
detect the location of droplets, hence the repeatability of the
printing quality could be quantified and certified during the
process. Kwon [124] demonstrated that by using a charge
coupled device camera and the edge detection technology,
the speed and size of droplets could be measured efficiently
for in situ monitoring. Besides, a catadioptric stereo sys-
tem was adopted to inspect the speed and location of 3D
droplets with high accuracy and fast processing speed [121].
Based on the in situ monitoring technologies, Wu et al. [53]
adopted an ensemble learning algorithm to predict the vol-
ume and velocity of single droplet, Wang et al. [119] mod-
eled the relationship between the extracted droplet features
and the labelled printing quality by a neural network, the
modeling results demonstrated the effectiveness of the above
data-driven based approaches. Additionally, to realize online
optimization of the printing quality, a proportional-integral-
derivative (PID) controller was integrated with the proposed
neural network model to control the drive voltage to reduce
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the defects induced by system variations, the experimental
results validated the robustness of the adopted PID control-
ler [119]. Despite the adopted approaches were beneficial
to in situ monitoring and online optimization of the droplet
behavior, it is necessary to further consider the coalescence
process of droplets, which will be helpful to optimize the
printed line quality of IJP.

On the other hand, as the deposition mechanism is differ-
ent from 1JP, the printed line features are usually extracted
for real-time detection and online optimization of AJP pro-
cess. To detect the incipient process drifts of AJP, Salary
et al. [47] quantified the printed line morphology for in situ
monitoring in the printing process, and a CFD model was
adopted for determining the corrective action to bring the
drifting process back in control. To achieve online assess-
ment of the electrical properties, some researchers further
investigated the correlations between the image-based line
features and the printed line resistance. Sun et al. [104] stud-
ied the joint correlations of overspray and resistance based
on the extracted features from microscopic images. Li et al.
[120] proposed a spatial variable selection method to iden-
tify key image features from raw images for printed line
resistance modeling. Salary et al. [103] recovered the cross-
sectional profile of printed lines from the online images by
shape-from-shading techniques, hence the line resistance
could be evaluated for in situ monitoring. Despite the above
studies revealed the potential relationships between in situ
image-based line features and the electrical properties, it
is necessary to further investigate the hierarchical relation-
ships among process parameters, in situ line features and the
electrical properties for AJP [118], thus the main process
parameters could be considered as controllable variables for
online morphology control and uniformity improvement of
electrical performance [126].

6 Closing Remarks and Future Work

In this paper, we reviewed the state of art in quality optimi-
zation and precise control techniques that adopted in non-
contact ink writing processes and discussed the advantages
and disadvantages of the IJP and AJP techniques. From the
literature review, the process parameters were regarded as
the critical adjustable factors that could influence the printed
line morphology. Although the traditional offline approaches
were helpful to optimize the printing quality of non-contact
ink writing processes, they were mainly restricted to iden-
tify the overall trend of the printing quality and optimize
the printed features qualitatively in nature. As the printing
process is very sensitive to the system drifts and random
variations, if a high controllability over the printed line
morphology is required, an in situ monitoring and online
optimization system which consists of real time monitoring,

data-driven based process modeling and closed-loop feed-
back control is necessary to ensure the printing process
remain stable. Despite the in situ process monitoring and
online optimization system has the potential to detect system
drifts, compensate the random variations and ensure the high
controllability during the printing process, the following fac-
tors are involved to further develop the non-contact ink writ-
ing system: (1) combing the traditional operating windows
with the in situ process monitoring and online optimization
system to optimize the coalescence process of droplets and
ensure the overall printed line quality, (2) modeling the hier-
archical relationships among process parameters, in situ line
features and the electrical properties to optimize the func-
tional properties of fabricated components [118], (3) multi-
objective optimization of the conflicting line features [30,
44, 48], such as a line could be fabricated with better aspect
ratios (thickness/width), or customized line width printing
with less roughness and overspray, and (4) developing a sin-
tering approach to optimize the printed line uniformity of
cross-sectional area in the post-processing stage [45, 51].
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