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ARTICLE INFO ABSTRACT

Keywords: The proven ability of additive manufacturing (AM, also known as 3D printing) to fabricate complex components
Material jetting with substantial reductions in material wastage and reduced lead times has made it a key enabling technology for
UV-curing

numerous important industrial applications. Of current AM processes, material jetting (MJ) is demonstrating
considerable potential for producing multi-material, intricate, 3D components and systems with integrated
functionality, with the additional benefit that the process can be easily integrated with other manufacturing
procedures. However, material jetting of functional materials to produce advanced applications still poses
numerous technological challenges which hinder its full industrial exploitation. These extend from the limited
range of high-performance materials with consistent properties usable for MJ, through the need to enhance the
process itself by optimizing the droplet formation process, tuning waveforms for specific processes, modification
of substrate and substrate/jetted material interactions, the complexities of curing and post-processing proced-
ures, and the challenge of characterizing the 3D printed parts. In this context, this article attempts to provide a
comprehensive discussion of the principles and characteristics of the most recent material jetting technology and
reviews the state-of-the-art research and development being conducted. This review identifies existing gaps with
regards to high-performance UV-curable inks, printing behavior of non-Newtonian fluids, optimum jetting and
curing strategies and effective measures for achieving high-precision MJ. Future work should bridge the afore-
mentioned gaps in order to improve the performance of the technology, thereby making it more attractive for
large-scale adoption by industry and increasing market acceptance and penetration of material jetting for
advanced applications.

Jettable inks

Functional inkjet printing
Drop formation
Droplets/substrate interaction

1. Introduction technology, and thus it is also commonly referred to as 3D inkjet printing
or direct inkjet printing.

Material jetting (MJ) is a key enabling and competitive MJ technology possesses huge potential to additively manufacture

manufacturing technique for a broad range of industrial and scientific
applications due to its cost-effectiveness, high-throughput and scal-
ability of production, along with its ability to extend functionality via
multi-material printing [1-3]. However, MJ exceeds competing additive
manufacturing (AM) processes such as material extrusion, binder jetting
or powder bed fusion in precision and scale of surface texture of printed
parts achievable [4]. MJ generates 3D parts based on the ink jetting

miniaturized and complex systems because of its ability to print multiple
functional materials in a high-resolution manner, for instance micro-
systems based on dielectric and conductive inks with electronics
embedded during the manufacturing process [5], or miniature 3D
printed metallic pillars [6] and 3D printed optical lenses [7]. MJ pos-
sesses a huge potential when it comes to functionally graded materials,
that is mixing two base materials in a voxel-like manner [8] to
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selectively generate finely tuned properties within a part such as
dielectric [9] or bio-inspired soft to hard properties [10].

The currently commercially available MJ printers generate 3D ob-
jects based on two steps: (1) printing/jetting and (2) curing. During the
printing step printheads eject tiny and precise drops of ink via a number
of nozzles onto a substrate, where the droplets dispense and coalesce.
Inkjet printing (IJP) can be, in general, classified into two groups in
terms of jetting technology; continuous inkjet (CLJ) printing and drop-
on-demand (DoD) printing. The CIJ printing is characterized by a
continuous stream of droplets being ejected, while in DoD printing, an
applied signal waveform whether thermal or piezoelectric, allows for
the ejection of droplets at high frequency only when demanded [11], see
Fig. 1 illustrating DoD inkjet printing.

In MJ, the printer jets at least two materials: build material and
support material. The latter material supports overhanging features and
will be immersed after printing in a solution to dissolve the support
material. Some systems such as PolyJet by Stratasys [12] or MultiJet
Printing by 3D Systems [13] apply an additional layer levelling step
before the curing. However it should be noticed that PolyJet and Mul-
tiJet Printing are trademarks, both describing the MJ technology, which
is the official term according to the latest standard on additive
manufacturing ISO/ASTM 52900:2021 [14]. The layer levelling step is
usually applied in order to take off protruding material from the printed
and yet uncured layer, ensuring that the surface is smoothen and that the
resulting layer height meets the target layer height. This step is then
followed by a UV-curing step solidifying this printed layer [15]. These
steps are going to be repeated layer-by-layer until the 3D object is
completed.

So far, and based on a recent review by Giilcan et al. the main target
applications of parts printed on commercial MJ printers are restricted to
color models and applications that are not subject to heavy loads such as
moulds or for prototyping purposes. This can be explained by the
inherently low mechanical and thermal performance of the commer-
cially available photopolymer inks [16]. Current UV-curable materials
are also limited in durability due to long-term aging and mechanical
degradation caused by the exposure to light and humidity [17]. Fig. 2
shows the tensile strength and heat deflection temperature of various
commercial polymer materials used in AM [18-24]. Commercial inks for
MJ are so far still restricted to the lower tensile strength region and heat
deflection temperature [21,22], while materials used for vat photo-
polymerization (VPP) on the contrary covers a much wider range of
mechanical and thermal properties [18-20]. Especially the hot vat
photopolymerization (Hot Lithography) technology can process mate-
rials suitable for high temperature applications [18]. Thermoplast can
even span a wider material range as it cannot only print ABS but also
PEEK [23-25]. Based on this Figure, it can be clearly seen that inks used
for MJ cannot compete with thermosets printed with VPP and thermo-
plastic materials, yet.

Nevertheless, the combination of MJ’s strength in high-resolution
and multi-material printing of functional materials facilitates highly

UV-source

Printhead

Printed part

Fig. 1. Schematic of the DoD inkjet printing technology, where the printhead
jets UV-curable droplets which will be cured by the UV-source.
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Fig. 2. Mechanical and thermal properties of various plastic materials used for
various additive manufacturing technologies (material jetting (MJ), stereo-
lithography (SLA), digital light processing (DLP), fused filament fabrication
(FFF) and selective laser sintering (SLS)).

advanced applications. For example, microfluidic systems equipped
with sensors, evaluation electronics, solar cells and/or battery [26-28],
or pacemakers for heart and brain stimulation, low-cost wearable sen-
sors for patient monitoring, tailored pills or functionalized biointerfaces
on implants [29-31] could all be printed in a single print job. Further
applications, which are not reported yet, could be self-guiding drug
delivery pills, pills with diagnostic functions, smart contact lenses with
augmented reality or small intelligent sensors with data processing
function for telemedicine. New materials, such as photothermal nano-
composite [32], could be used for self-heating patches. MJ could also
offer the possibility to incorporate functional structures that can trigger
an alarm in the case of an almost complete failure or when the wear goes
beyond a critical level [33]. Importantly, MJ provides a basis for 4D
printing in which the structural response in time is controlled while
creating the geometry of the printed component. 4D printing enables
parts with a pre-programmed transient response (e.g., folding, deploy-
ment, sensing, etc.), that manifests after printing. In 4D printing, com-
ponents with smart, predictable and time variant
shape/property/functionality can be produced. Tailoring and control-
ling behavior of printed parts in this manner could enable self-assembly,
self-sensing, multi-functionality, and self-repair.

In order to enable these above-mentioned applications, the MJ
printing process must be well understood in order to control it well, also
to further increase the performance, both of the production and the
printing, as the printing quality affects the performance of the functional
structures. By pushing the boundaries of the current state-of-the-art of
MJ, future industrial demands for a wide range of applications can be
fulfilled [11]. MJ may seem simple but, in fact, many and varied skills
and a code of restrictive practice are necessary to achieve satisfactory
results due to the numerous challenges inherent in the technology [15]
and the interdependence of the complex steps involved in the MJ process
chain. Examples of the technical and technological issues to be consid-
ered for successful implementation of the process are e.g., the limited
range of enhanced inks with integrated functionality, making it a chal-
lenge to select an ink that embodies the desirable characteristics in terms
of the physical and chemical requirements. Moreover, the complex na-
ture of the process chain of material jetting for generating 3D parts with
given characteristics, which includes a highly dynamic droplet genera-
tion, the need for optimized waveforms to jet the inks, the complex
interaction between droplets and substrate, intricate curing and
post-processing procedures, process compatibility between multiple
materials, as well as the challenge of characterizing the functionality of
printed parts are issues to be addressed. Several research studies have
attempted to investigate a number of the above-mentioned challenges,
but a comprehensive review of the current state-of-the-art of the mate-
rial jetting technology is still not available. In this context, this paper
aims to provide a systematic review of the current state-of-the-art of
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material jetting for advanced applications in order to identify existing
gaps and give insights into recommendation for future directions.

The remainder of the paper is organized as follows. The first part of
this review paper (Sections 2 — 5) guides the reader through the relevant
topics of jetting process from jettable inks to droplets/substrate inter-
action. Then Section 6 explores the curing process and gives a compact
overview on various photocuring mechanism and introduces the model
for the assessment of the cure depth. In addition, the state-of-the-art
curing strategies reported for MJ are presented as well. Section 7 pro-
vides an overview of quality issues in material jetting (3D printing) such
as shrinkage, layer height inconsistency and surface unevenness, oxygen
inhibition and gas dissolvement in liquids. Moreover, state-of-the-art
quality assuring measures to combat some of these issues are
reviewed. The next Section provides numerous applications of material
jetting technology. After that, the review paper briefly summarizes the
existing gaps and scientific challenges and recommends future works.
Finally, the Section “Conclusions” provides insights gained out of the
conducted review.

2. Jettable inks

Inkjet inks can be in general categorized in terms of their carrier
fluids into phase-change (also called hot-melt), water-based, solvent-
based, oil-based and UV-curable inks [15,34]. Hybrid inkjet inks
contain, as suggested by the name, more than one type of carrier, for
instance water-based UV-curable inkjet inks which require the solvent to
be removed before UV-curing [34]. Among these ink types, UV-curable
inks and solvent-based nanoparticle-loaded conductive inks are most
commonly reported in the literature. Solvent-based conductive ink ac-
tivates its conduction after drying and sintering. In particular, the drying
removes remaining solvent of the liquid and the sintering at even higher
temperature thermally decomposes the non-conductive outer shell on
each metallic nanoparticle to facilitate the agglomeration of the nano-
particles [35,36].

UV-curable inks have been widely used for industrial applications
such as coating, package decoration and labelling [15,37,38]. Although
UV-curable inks are deemed safe for the operator and environment, as it
does not contain any solvents, the application of UV-curable inks for
food packages is limited, because harmful low-molecular weight acrylic
monomers, photoinitiators and photolytic decomposition products
migrate through the substrate and eventually get ingested by being in
contact with the food [39-41]. In terms of biocompatibility, some
studies demonstrated that compounds released from 3D printed ortho-
dontic devices based on photopolymer dental resin can cause cytotox-
icity, mucosal irritation, genotoxicity and allergic reaction [42-44].
Further research in non-toxic photoinitiators and monomers are there-
fore recommended to widen the range of applications. UV-curable inks
are easy to handle as they do not dry in the print system, enabling better
nozzle stability compared to volatile solvent-based or water-based inks
[37].

The products based on UV-curable inks often offer higher opacity,
coverage, scratch and chemical resistance [37]. UV-ink’s volatile
organic compounds (VOC) emissions are near zero level and hence
UV-inks are considered safer for the operators and environment. More-
over, curing UV-inks requires less energy as no solvents or water ought
to be evaporated from the ink. UV-curable inks are therefore suitable for
building up three-dimensional structures, as it is considered a nearly
100% solid system. Another major advantage of UV-curing inks
compared to the thermal curing ones is the ability to use heat-sensitive
substrates since the UV-curing does not damage the substrates [45-47].
In addition, the curing of UV-sensitive inks consumes less energy, takes
place faster and requires less space compared to thermally-cured inks
[3-6]. From a process control point of view, the UV-curing process can
be controlled more precisely as UV-lamps and the photochemical pro-
cess can be switched on and off instantaneously. The photoinduced
curing process allows more distinct and flexible control over the
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cross-linking process according to the required structure resolution by
tuning parameters such as intensity, wavelength and spatial distribution
[45]. As formally mentioned, low-viscous inkjet inks have inherently
low mechanical and thermal properties due to the use of low-weighted
polymers [48]. To increase the mechanical properties of inkjet-printed
parts, it would be beneficiary to increase the polymer load or to incor-
porate particles, which however, go along with the increase of viscosity
of the ink. Hence, further research is not only needed in developing
high-performance inks but also in introducing jetting devices/printhead
systems for printing high-viscous fluids efficiently.

With material jetting being a promising technology to enable cost-
efficient and precise production of complex structures, there is a high
demand for functional inks. Various materials for inkjet printing based
on UV-curing equipped with functionality were explored in the litera-
ture. Investigations into electromagnetic responsive ink consisting of
iron oxide nanoparticles within a UV-curable matrix resin had been
conducted [49]. Several works with dielectric inkjet inks have been
reported as well [9,50]. Saleh et al. inkjet-printed a checkered pattern of
carbon black ink and UV-curable monomer and tailored the dielectric
properties of this composite layer by varying the ratio of the carbon ink
and polymer [49]. Inkjet printing can also process UV-curable ceramic
inkjet inks formulated from UV-curable monomers, photoinitiators and
ceramic pigments. These type of inks do not require a very high tem-
perature post-processing step for removing organics and sintering as
opposed to conventional ceramic material [51].

3. Characterization of jettable inks

It is advisable to characterize potential inks before processing them
in the printhead, thus in this following Section the most important
methods to assess the jettability of inkjet inks including suitable mea-
surement equipment are summarized.

Dimensionless groupings such as the Reynolds number (Re) and
Weber number (We) have been derived using ink governing properties,
namely viscosity, surface tension, density and velocity, which dominate
the jetting performance of a processed ink. Ohnesorge number (Oh) has
been used to determine the feasibility of the ink [52-54]. Oh number is
defined by Eq. 1 as follows
VWe n

Re (opa)

Oh = (@)

where p, o and 7 are the density, the surface tension and the dynamic
viscosity of the inkjet fluid respectively, and a is a characteristic length
which is typically the diameter of the nozzle, drop or the jet. The
Ohnesorge number is calculated as function of the Reynolds number Re
(the ratio between inertial and viscous forces in a moving fluid) and the
Weber number (We) which is the ratio between inertia and surface
tension, and does not depend on the drop velocity. When Re is too low,
the actuation is unlikely to produce droplets, i.e., to execute droplet
pinch-off from the oscillating meniscus. In contrast, if the Re is too high,
the droplet would splash over the substrate, which is undesirable for
precision printing. When Oh is too large, the ink is too viscous to be
jetted through pressure buildup, but when Oh is too small, the surface
tension is strong enough to cause satellite droplet formation due to the
Plateau-Rayleigh instability of the ink filament, which is also undesir-
able in controlled inkjet printing [19]. As temperature decreases, the
viscosity and surface tension increase, which leads to a higher Oh value.
Kang’s experiments [55] showed that cooling the ink’s temperature can
stabilize ink drop and avoid formation of satellites drops. The Z number,
which is the inverse of Oh number (Eq. 2) is, however, more often used
in the literature [53].
1

z= @)

Fromm first proposed the working condition of Z > 2 for stable drop



A. Elkaseer et al.

generation [52]. Reis & Derby later defined boundary conditions of 10 >
Z > 1 based on the results from a numerical simulation of drop forma-
tion for proper jetting behavior [56]. Jang et al. redefined the printable
range as 14 >Z >4 taking the minimum stand-off distance, the
maximum jetting frequency and the positional accuracy into consider-
ation [57]. The above-mentioned thresholds can be used for the first
assessment of whether an ink is printable on most printheads, but it
should be noted that the current development is pointing at expanding
the printing range, so that more functional inks, such as high-viscous
inks can be jetted as well (Fig. 3).

Despite fitting into the printable regime, the Weber number must
also be considered, because sufficient energy is required to overcome the
fluid/air interface tension at the nozzle. Derby therefore suggested a
minimum Weber number of We > 4 for proper drop formation [53]. On
the contrary, if the Weber number is too high, an onset of splashing of
the ink on the substrate takes place [58]. Fiona et al. explored the effect
of surface roughness and wettability on the splashing limit of blood
droplets, a non-Newtonian colloidal fluid. In comparison to wettability,
they discovered that roughness has a significant influence on the
splashing/non-splashing behavior threshold [59]. Few studies investi-
gated the drop impact of non-Newtonian viscoelastic fluids and
compared their performance with the behavior of Newtonian fluids as
well [60,61], although Jung and Hoath didn’t conclude any interde-
pendence between the high-shear rheological properties of the fluid and
the droplet impact [60], while Son and Kim observed a different impact
during the receding phase [61]. Considering that the market has
recently seen the emergence of advanced facilities capable of jetting
higher-viscous inks, a lack of understanding of the new printing region
and the droplet impact behavior of high-viscous inks with viscoelastic
properties remains.

As previously stated, the Ohnesorge number is calculated from the
viscosity, density and surface tension of the ink. Rotational rheometer is
commonly used for measuring the shear viscosities of inkjet inks [56,57,
62-64]. A rotational rheometer operates with two rotating elements
between which the fluid to be investigated is sandwiched and sheared.
In case of Newtonian ink behavior, which applies to many low-viscous
inkjet inks, measurements at lower shear rate are sufficient, as the vis-
cosity does not depend on the shear rate [53]. The extensional viscosity
for Newtonian fluids is approximately 3 times the shear viscosity [65].
In order to observe any shear rate dependent properties of the ink, shear
rates close to the ones in a piezo inkjet printhead, that is 10°s! [66] or
even 10° s! [34], should be considered as well. Higher shear viscosity
measurements can be performed on a capillary rheometer [67],

1000
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Fig. 3. Printing region of current standard printheads and the future direction
of development of functional inkjet printing.
Adapted from illustration reported in [56].
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microfluidic sensor-based viscometer [68] or a multi-pass rheometer
[69]. The latter one enables shear rates up to 160,000 s! and therefore
allows measurement at shear rates similar to inkjet printing [69]. The
filament thinning and break-up behavior of inkjet inks can be observed
with the help of an extensional rheometer named “Cambridge Tri-
master” which records the stretching and thinning process of fluid be-
tween two rapidly opposing moving pistons with a high-speed camera
[70].

Several studies found out that inks with even a slight amount of
polymer molecule, particle or pigment load deviate from the Newtonian
fluid behavior, especially at high shear rates [62,71]. Shear-thinning
flow behavior is for example characteristic of concentrated suspension
[63]. Further examples of non-Newtonian inks are given in the review
paper of Siacor et al. [72]. Non-Newtonian fluids obviously behave
differently from Newtonian inks. Du et al. proposed a new range within
which a stable single droplet formation based on the dimensionless
numbers Weissenberg (Wi), Ohnesorge number and Reynolds number
can be achieved for polymer loaded inks [62]. Further dimensionless
numbers describing the material property of viscoelastic inks are
Deborah number, elasto-capillary number [73] and elasticity number
[74]. A deep investigation into the printability thresholds, similar to the
printing region proposed by Derby, of viscoelastic fluids taken into
consideration new dimensionless numbers should be done. Other de-
vices for gauging the viscoelastic effect at high shear rates are for
example dynamic squeeze flow rheometer, also named piezo axial
vibrator (PAV), which performs measurements at frequencies from
0.1s? to 4000 s! [75], and a light scattering based micro-rheometer
called diffusing wave spectroscopy (DWS), measuring at frequencies at
the order of 10° [76].

For calculating the Ohnesorge number it is required to know the
dynamic surface tension as well. Surface tension determines the drop
formation, the jetting stability and the wettability of the ink on the
substrate [77]. The static value, the equilibrium state of the surface
tension, can be determined by classical methods such as Du Noiiy ring or
Wilhelmy plate method [78]. However, all interfaces in inkjet printing
are created within the order of few microseconds to milliseconds [77],
which is why the dynamic surface tension is more accurate to assess the
ink behavior. One way to obtain the surface tension for short interface
ages under one second is the maximum bubble pressure method [64,77,
79-81]. In this method, a capillary is immersed into the liquid through
which a gas flow is conducted so that a bubble grows at the tip of the
capillary [82]. The surface tension is calculated based on the
Young-Laplace equation and the measured maximum pressure within
the bubble p,, (Eq. 3), which the bubble reaches when taking the shape of
a hemisphere, and the bubble curvature r which is identical to the
capillary radius at maximum pressure.

Py *xr

o= 3

The surface age refers to the time between the beginning of the
bubble formation and the maximum pressure. By varying the speed at
which bubbles are formed, different surface ages can be set [81] (Fig. 4).

The shorter the bubble surface age, the higher the surface tension
[77]. The higher the surface tension, the closer it is to the static surface
tension value as the surfactants have enough time to align along the
liquid/gas interface of the bubble and reaching an equilibrium state
[81]. Zhou et al. proposed a high-throughput screening method by using
a head with multiple pipettes which performs measurements of viscosity
and surface tension of multiple liquids at once, hence, speeding up the
search for an ideal formulation of inkjet ink [83]. Typical operating
window for viscosity and surface tension of most piezo-based dro-
p-on-demand printheads is 5 mPaes to 40 mPaes and 20 mN/m to 40
mN/m, respectively [34].

The overview in this Section clearly shows that measurement devices
for the rheological characterization of inkjet inks has been steadily
developed in order to reach the time scales relevant for inkjet printing.
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Fig. 4. The course of the bubble pressure during one measurement with the
maximum bubble pressure method. The surface tension is calculated based on
the maximum bubble pressure reached when the bubble curvature equals the
capillary radius.

Although inkjet printing has been used in the printing industry for de-
cades, standards or widely accepted guidelines on how to conduct
rheological characterization of functional inkjet inks do not exist.
Hence, it is recommended to establish standards on how to test func-
tional inkjet inks, so that in future inkjet ink specifications are trans-
parent and comparable for the users.

4. Drops generation

The quality of parts printed by MJ is strongly affected by the char-
acteristics of the droplets generated from the printhead. In this Section
the formation of droplets of both Newtonian and non-Newtonian fluids
is briefly explained. The second part demonstrates the importance of the
waveform on the jetting and printing quality. The focus of this paper will
be given to the piezoelectric-based DoD printing mode.

As previously stated, two different jetting mechanisms can be uti-
lized in the inkjet process. First and more conventional is the continuous
inkjet printing (CIP) mode in which a continuous stream of droplets is
dispensed through the nozzle followed by the application of Rayleigh
instability principle to separate the jetted stream into droplets [84].
Second and more advanced is the drop-on-demand (DoD) printing
technique in which droplets are controlled and jetted only when needed
via thermal or digital piezoelectric signal [85]. Piezo-based inkjet
printing describes a printhead in which an electric voltage signal is
provided to the piezoelectric transducer to activate the ejection in
piezoelectric DoD printing [86]. The ink in the nozzle is first extruded
and pushed out of the nozzle when the piezoelectric actuation deforms
(Fig. 5 (1)). A short time later, the liquid flow rate lowers, and the ve-
locity differential between the drop head and tail lengthens the liquid
column (2). As additional surfaces are produced, the extension rate
drops, but the surface energy increases. The tail then disintegrates at the
nozzle exit, resulting in a free liquid thread with a bulbous head (3).
Recoil happens when two ends react differently and the surface con-
tracts asymmetrically. With the contraction of the liquid thread, a sec-
ond break-up occurs between the liquid thread and the head (4). Finally,
the two droplets recombine to produce a big droplet when the trailing
droplet velocity is higher than the main droplet velocity (5). After
oscillation, a single droplet in an equilibrium state is created (6)
[87-89].

However, the elongated liquid thread can be divided into the leading
drop and some smaller satellite drops by instability mechanisms as well
(Fig. 6) [90].

The visual observation of drop falling behavior can be acquired from
camera of the dropwatcher, which provides accurate measurements of
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Fig. 5. Droplet formation of a Newtonian fluid in DoD piezo inkjet printing.
The final stable droplet is created upon the merging of the secondary droplet
with the main droplet.

Fig. 6. Satellite drops in inkjet printing. The main droplet is followed by
multiple smaller droplets.

drop volume, drop shape, and drop velocity.

Due to the trend towards more functional inkjet inks, complex fluids
with non-Newtonian behavior are gaining more attention. Polymer
loaded inks [62] or bioinks [73] are reported to not behave like a
Newtonian fluid but show considerably viscoelastic properties caused by
the entanglement of long polymer molecules [91]. Obviously, the
droplet formation and drop impact of these non-Newtonian inks differ
from Newtonian inks. The higher the polymer concentration or the
molecular weight of the polymer, the greater the breakup length of the
thread of a jet [62,92,93] and the higher the time to separation for the
primary drop [92] (Fig. 7). Furthermore, a larger voltage pulse is
required to form a droplet and the velocity of the primary drop decreases
the higher the polymer concentration in the fluid is [92,94]. One posi-
tive side-effect of adding polymer is the suppressing of satellite droplets,
as the trail droplet is either pulled back to the nozzle or the primary
droplet is connected by a thin thread, and therefore not breaking up [92,
93]. If the polymer concentration is increased above a particular
threshold, the droplet is not able to pinch-off from the nozzle [95].

To produce exact printing results, the collaboration of several factors
is critical, e.g., ink properties, waveform, conditions of substrate, nozzle
geometry, and so on [96]. Nevertheless, the actuation waveform is the
key element in the current study, since many studies suggest that the
driving waveform has strong influences on the droplet formation, ve-
locity and drop size [85,97,98]. Furthermore, the electric voltage sig-
nal’s waveform, driving voltage, and pulse interval can all be adjusted to
generate different drop ejection patterns [99]. In order to advance the
knowledge about the effects of the waveform in DoD printing, and to
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Fig. 7. Droplet formation of a viscoelastic fluid in DoD piezo inkjet printing.
Due to the elastic effect a separation of the tail into two droplets does not
happen therefore preventing the emergence of satellite drops.

identify the optimal operating parameters for droplet generation, Aqeel
et al. [100] studied two different types of waveforms, namely the uni-
polar and bipolar actuations, with different combinations of time
duration for the push action, pull action and time between the push and
pull as well as the amplitude of the waveform. Their results showed that
the radius of droplet can be as small as about 40% of the nozzle orifice
radius and the bipolar waveform showed more advantages over the
unipolar ones regarding faster and stable droplet formation.

To achieve the patterns with finer features it is necessary to generate
smaller sized droplets while using a standard printhead. In Duineveld’s
paper it has shown experimentally and theoretically that such droplets
can be made via higher-order oscillatory meniscus modes [101]. Snyder
et al. suggest an automatic waveform tuning methods for high-order
waveform [102]. The fluid motion is restricted to the extremely near
vicinity of the meniscus in this mode. When the printhead and pulse are
tuned in such a way that an overtone of the waveguide coincides with a
symmetric resonance mode of the meniscus, stable droplets more than
an order of magnitude smaller than the usual droplet can be produced.

For better performance of printhead, not only small and stable
droplet formation but also faster flying velocity is critical in commercial
use. The systematic numerical simulations with special efforts on opti-
mizing the contracting angle of the nozzle, the wettability of the inner
surface conducted by Aqeel et al. [103] suggested that a small
contraction angle causes satellite droplets while a large contraction
angle reduces the droplet velocity. It was found that for a Newtonian
liquid, the nozzle with contracting angle of 45° has relatively good
printing quality and high-throughput printing rate.

Combining a high droplet velocity with a high jetting frequency
namely droplet generation frequency is another effective technique to
increase output rate for both industrial and scientific applications.
However, frequency of jetting is really restricted by fluid dynamical
instabilities that can occur near the nozzle’s edge, where the flow within
the nozzle interacts with the flow on the nozzle plate. As they affect the
fluid dynamics of the oscillating meniscus, the nozzle shape and wetting
qualities of the nozzle plate are critical for obtaining optimum stability
[54]. In simulation conducted by Miers et al. [104] it appeared that only
when the ejection velocity reaches certain extent, droplet generation can
occur at the higher frequency of the driving signal. Furthermore, in
contrast to commercial DoD inkjet frequency (~10 kHz) the simulation
results suggest that droplet generation with nozzle size of 5 ym diameter
under frequency of 1 MHz or even 2.5 MHz can be achieved, which can
potentially boost productivity by at least 100 times. However, it needs to
be emphasized that the deformation of droplet has been observed as well
due to the large influence of the air’s inertial force. Meanwhile, the
overall velocity change of a falling drop varies with the frequency. The
droplets with shorter interval have higher velocity than the general
terminal velocity based on terminal velocity theory, which has taken the
gravitational force, drag force and buoyancy into consideration, due to
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the wake field of the former droplet and decreased drag force [105].

Even though the droplets have been successfully ejected and formed
as designed, the whole droplet formation process sometimes can still be
harmed by the entrainment of an air bubble [106]. The entrained air
bubble disrupts or even completely stops the jetting process, resulting in
a significant reduction in print quality and dependability. After jetting a
droplet, the meniscus retracts inside the nozzle and a bubble pinch off
when the meniscus motion reverses from inward to outward, away from
the ink channel. According to the study by Fraters et al., the meniscus’s
center part travels inward while the outside region goes outward. As a
consequence, an air cavity develops, which finally closes, squeezing the
air bubble [107]. Therefore, the waveform design has huge impact on
quality and quantity of inkjet printing. It is worth investigating the
design processes of waveform design to efficiently attain suitable pa-
rameters [108]. In addition to the piezoelectric driving properties, it was
found that impurities in the ink can trigger bubble nucleation as well
[109]. Therefore, the other crucial elements need to be considered for a
precise and reproductive printing result, e.g., liquid properties [110,
111] and substrate’s condition. To avoid the appearance of undesired
satellite droplets, the deformation of droplets and the formation of tail
satellite droplets were investigated experimentally [112,113]. The
critical criterion for formation of tail satellite droplets was proposed and
the formation of satellite drops can be successfully predicted with
theoretical recoil and pinch-off times.

In general, as yet, no well-defined methods for identifying optimal
waveforms as a function of the ink’s rheological properties and print-
head parameters have been proposed. It is therefore recommended to
develop a systematic approach that correlates printhead acoustic prop-
erties and the rheological properties of the inks in order to accelerate the
determination of optimal waveforms for jetting newly developed inks.
Looking at the above-reviewed literature one can argue that tuning
waveforms need to be further investigated and may be automatized by
utilizing artificial intelligence (AI) and a smart dropwatcher to charac-
terize droplet generation under a wide range of jetting parameters. In
addition, the interdependence of printhead geometry, printhead
acoustic properties, meniscus pressure, particle load, ink recirculation
and air degassing on jetting stability require further investigation. The
search for an optimum setting of the printhead and the peripheral can be
accelerated by establishing a simulation tool, which takes the above-
mentioned aspects into account.

5. Droplet/substrate interaction

To begin with, it should be noted that in this Section, the term
“substrate” is not only limited to the material, which carries the printed
part, but should be extended to the previous printed layer as well, on
which the liquid droplet is deposited. The interaction between the liquid
droplet and each previous layer (wetting) predominantly influences the
print quality in MJ in terms of achievable resolution and geometrical
accuracy due to the layer-by-layer production of a 3D part. The wetting
condition is defined by the contact angle between the droplet and sub-
strate which depends on the substrate’s surface energy and surface
tension of the liquid. The surface quality, that is for instance surface
roughness and contaminations, should be considered as well. Once the
droplet touches a substrate, the features of the substrate begin to in-
fluence the droplet’s behavior, such as splashing [59], coalescence, or
spreading [114]. For various applications of printed items, several
substrates with varying degrees of mechanical stability, conductivity,
and wettability could be employed, such as paper-based substrate [115,
116], glass [117,118], PET substrate [119,120] or textiles [121,122].
However, no publications investigated the wetting behavior of printed
droplets on inkjet-printed layers so far, although it is important to assess
if the degree of curing and print settings such as surface temperature or
print resolution affect the resulting print quality.

Via surface modification of substrates the desired patterns and
printing results can be achieved [123,124]. Various experiments suggest
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that plasma treatment can be used to improve the wettability of the
substrate and to obtain proper ink adhesion to the substrate by
increasing surface energy [125,126]. Orazbayev et al., by contrast,
generated a hydrophobic coating by means of plasma treatment [127].
Park et al. pre-treated a hydrophobic coating with plasma selectively
and observed that by controlling the plasma treatment time the wetta-
bility and therefore the droplet spreading diameter of the ink can be
controlled [128]. The functionalized surface of a plasma-treated sub-
strate diminishes over time [129] and depends on various process pa-
rameters such as treatment time or gas [130]. Other methods for
modification, such as surface roughening and abrasive, liquid chemical
processes can be used to treat polymer surfaces as well [131]. However,
various materials exhibit varying degrees of resistance to treatment and
need differing levels of treatment power. Additionally, they are influ-
enced by environmental factors such as temperature and humidity.

Surface adhesion is highly associated not only with the surface en-
ergy but can also be negatively affected by contaminants, particles, and
even fingerprints [132,133]. Mechanical practices such as grinding and
polishing, and chemical pre-treatments like wiping and rinsing with
solvents, and cleaners are common to pre-treat the surface of the sub-
strate for printing and coating applications [134]. Plasma-treatment can
also remove contaminations from the surface [135] which is a crucial
step if a reproducible and robust printing process is to be established.
Overall, plasma surface treatment is a suitable method, as one of the dry
chemical techniques, to precisely control droplet/substrate interaction
as it is environmentally friendly and can treat large number of materials
including polymer-based, ceramics and metals without causing any
morphologic alteration [136-138]. Yet, it is to investigate how surface
can be selectively treated in multi-material inkjet-based 3D printing and
how surface treatment can be incorporated into the printing process
between the printing of each layer. Another major key research topic is
to improve accuracy of the planes perpendicular to the printing platform
which becomes crucial when cavities with high aspect ratios are to be
printed and if no support material ought to be used.

6. Curing process

A crucial process step in MJ is curing which has a huge impact on the
geometrical accuracy and the mechanical behavior of the printed part.
Since UV-sensitive ink plays a major role in MJ, a detailed overview on
the photopolymerization process as well as the model for determining
curing depth is given in this Section. Furthermore, the curing strategy
applied in MJ is explained.

6.1. Photopolymerization

An UV-curable ink is a mixture of photoinitiators, monomers, olig-
omers and other additives such as pigments, stabilizers, plasticizing
agents and performance enhancing substances [139]. Curing is a term
used to describe the process of polymer chain growth via monomers
crosslinking that comes with a rise in the viscosity of the system until the
material is solidified. The photoinduced chain growth is enabled either
by free radicals (free-radical polymerization) [140], cations (cationic
photoinduced polymerization) [141,142] or anions (anionic photoin-
duced polymerization) [143], whereby the latter one is rarely used due
to the lack of commercially available photoinitiators [45]. The majority
of commercially available UV-curable inks for MJ are based on acrylate
monomers [144-149]. Main advantages of free-radical polymerization
are the broad choice of design due to a wide selection of usable mono-
mers [46,47,150], fast reaction [47], lower cost compared to cationic
formulation [47,150] and its relative insensitivity to trace impurities
[151]. Free-radical ink usually faces problems such as oxygen inhibition,
polymerization induced shrinkage and subsequent stress development
and unreacted monomer and photoinitiators can form dangerous and
irritating byproduct [45]. Cationic photoinduced polymerization results
in lower volume shrinkage and is insensitive to oxygen [47,152],
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although it can be affected by moisture instead [47,150]. Its capability
to “dark cure” after being exposed to UV-light, which means further
passive curing for a long time without additional UV irradiation, can be
useful if it comes to curing thick layers, colored or filled polymer system
in order to complete conversion [45,47,152]. Atsushi et al. developed a
cationic polymer ink that enables higher curing speed at lower curing
energy while having better adhesion compared to the radical ink
investigated in the same study [150]. While cationic and radical poly-
merization are typically found in commercial applications, little has
been reported in terms of anionic photoinduced based inks [153].
Nonetheless, the number of research reported on anionic photo-
polymerization and new photoinitiator systems [154-160] increased
over the last decade, most likely indicating a greater interest in this new
type of ink considering its promising properties such as low sensitivity
towards both oxygen and moisture [45] and the ability to control
structure and functionality of the polymer [153]. Oxygen inhibition and
shrinkage result in printed parts with decreased mechanical perfor-
mance and geometrical accuracy, therefore in the future new type of
inks based on other polymerization mechanism such as cationic and/or
anionic could be a solution to mitigate this effect.

The polymerization process of photocurable inks can be split into
four steps: Photolysis — initiation — propagation — termination [161]. In
case of free-radical polymerization, UV radiation is absorbed by the
photoinitiator of the ink so that it decomposes into reactive radicals
(photolysis). The reactive radicals then approach the carbon double
bonds (-C—=C-) of the monomer and add to it so that the monomer ends
are left with an unpaired electron and became reactive [162] (initia-
tion). Subsequently, monomers bond one after another to the monomers
with the active sites enabling the growth of the polymer chain [162]
(propagation). Polymerization stops (termination), when the active
chain end is inactivated due to three reasons: (1) combination of two
growing polymer chains, (2) disproportionation, that is a hydrogen atom
of a growing chain transferring to another activated monomer leaving
an unpaired electron behind so that the polymer chain rearranges itself
to an unsaturated end, and (3) occlusion, which means that free radicals
are trapped within the solidified polymer network [163]. In analogy
with free-radical polymerization, cationic photoinduced polymerization
uses strong acids that are generated from the cationic photoinitiator,
such as the photochemically active onium salts [141], to enable the
polymerization reaction. In case of epoxide monomers, the photoacid
triggers a ring-opening polymerization. In the propagation phase
monomers add one by one to the growing cationic polymer chain end
[45,141,152]. Termination of ionic photoinduced polymerization is
caused by neutralized or stabilized ion [163].

Monomers of different polymerization mechanism can be mixed to
one material with both radical and cationic photoinitiators present in
order to combine, enhance and fine tuning the properties of the cured
polymer [164]. An interpenetrating polymer network will be generated
upon irradiation which improves mechanical properties such as Young’s
modulus, tensile strength, etc. [165,166], enabling functions such as
shape memory polymer [167], scaffolds with absorbing and elastic
properties for generating dermal substitutes [168] or mechanically
reinforcing weak hydrogels for biomedical [169] and food applications
[170]. Several combinations such as acrylates (free-radical polymeri-
zation) and epoxides (cationic polymerization) were reported [165,
171-173]. Kopatz et al. elaborated on the cure kinetics and mechanical
properties of a dual-cure resins combining epoxy and acrylate resins
[174].

6.2. Curing depth

Very few research studies have investigated the curing depth and
photocrosslinking properties of layers printed in material jetting,
although a well-controlled curing depth is important in order to avoid
for example under-curing which affects the geometrical resolution
negatively as semi-cured droplets still spread, resulting in sagged edges
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(assuming that no support material borders the build material) [175].
Moreover, curing has a considerably effect on mechanical properties and
glass transition temperature as well. Anastasio et al. observed for
instance that an increase of curing time and UV-light intensity comes
with the increase of the glass-transition temperature and yield stress
[176].

Taki et al. and Pierrel et al. measured the degree of crosslinking along
the z-direction to quantify the oxygen inhibition [177,178]. Zhao et al.
set up a model that predicts the degree of photo-
crosslinking/consumption of the vinyl groups of the printed part in MJ,
and which has been validated for various print and curing strategies. It
was observed that the degree of crosslinking varies depending on the
chosen curing strategy and is not homogenous (a gradient has been, for
example, detected in the y- and z-direction). This model factored in the
photopolymer reaction kinetic, the Gaussian beam light profile and the
Beer-Lambert law for describing the light attenuation [179]. Other
publications on curing/penetration depth of photopolymer materials
exposed to UV-light are based on VPP. Considering that the printed layer
height in MJ is in a similar range like in VPP (both in double digits
micron range, micro-stereolithography can even do below 10 um [180,
181]) and that both technologies deploy UV-curable materials, a closer
look into the methods and models established for VPP for predicting the
penetration depth will be given in the following Section.

Beer assumed that light loses a fraction of its incidence intensity
while passing through an optically thin layer [182]. Hence, Eq. 4 was
formulated

L=lxe™ “

where I is the irradiance of the light after transmitting a path length of s
in reference to the incident point s = 0 at which the light intensity is Iy
and v the extinction coefficient [182]. Based on Beer-Lambert law, Ja-
cobs defined the intensity for an incident laser beam passing through a
resin for stereolithography as shown in Eq. 5,

L=lxe/" 5)

where D, (cm) is the penetration depth of the resin. Penetration depth is
defined as the depth of the resin for which the irradiance of the laser
beam is reduced to 1/e (37%) of the incident irradiance I, (mW/cm?)
[183] (Eq. 6)

E= /1 dt (6)

The time integral of the light irradiance I is E (mJ/cm?), named
exposure or energy dose [183].
Jacobs proposed a working curve (Eq. 7) for resins printed with
stereolithography
EWHL\’
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which states the relation between cure depth ¢4 (cm) of a photopolymer
resin upon light exposure, with Epq, (mJ/cm?) being the energy of the
light at the resin’s surface. E, (mJ/cm?) is the critical exposure energy
dose which marks the pivot point, called “gel point”, where the liquid
resin turns solid. D, and E. can be determined experimentally by
measuring the thicknesses of the cured layer ¢4 for various energy doses
Epmax [183].

Bennet examined several measuring devices for gauging c; and
identified caliper as unsuitable for soft material stylus, while profilom-
etry and confocal laser scanning microscopy yield accurate results for
hard specimens [184]. After plotting the obtained values in a semi-log
plot, the penetration depth D, is the slope and E. the interception of
the straight curve with the x-axis [183]. Once the working curve is
known, the user can set the radiation setting and increments height (in
the case of VPP) according to its desired layer height. Both D, and E,
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depends on the material formulation and the wavelength of the radia-
tion source [184,185] and therefore must be determined each time a
new material or light configuration is deployed. A dependence of D, and
E. on light intensity had been observed, but is considered negligible
[184].

Since Jacob’s proposed working curve in 1992, several research
studies suggested further improvements and modifications of this
model. Uzcategui et al., for instance, improved the Jacob’s working
curve by factoring in the effect of oxygen inhibition on the polymeri-
zation kinetics and introduced a scaling exponent to the working curve
[186]. Several works addressed the effect of particles and modified the
working curve accordingly to better predict the cure depth taking
scattering, absorption and particle size into consideration [187-190].
Champion et al. recently proposed another more efficient way to predict
the Jacob’s parameter D, and E.. Instead of printing and measuring
several specimens, they suggested to calculate D, based on the molar
absorption coefficient of the resin ¢; and the photoinitiator concen-
tration [PI] according to the equation of Bouguer-Lambert-Beer (Eq. 8):

_ 1og(0.37)
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The molar absorption coefficient is calculated based on the absor-
bance measured on a UV-Vis spectrophotometer. E, is determined by the
exposure time and irradiance required at a RT-FTIR or photo-DSC to
reach a certain gel point. The point at which the gel point occurs can be
quantified by the Stockmayer equation (Eq. 9)

1
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with a being the critical value leading to the gel point and f the func-
tionality of the branch unit [191].

Other approaches to determine the curing depth could be by
measuring the degree of photocrosslinking of an UV-curable ink at
several height perpendicular to the plane of printed layer. Commonly
used devices of determining the degree of conversion of a UV-curable
material are fourier transform infrared spectroscopy (FTIR) [192],
confocal Raman microscope [193] or photo differential scanning calo-
rimetry (photo-DSC) [194].

6.3. Curing process

6.3.1. UV-sources

A proper, stable and efficient curing process depends on an optimum
match of the UV-lamp’s emitting spectral range, irradiance and time of
exposure, radiation in the infrared spectrum (for surface temperature)
and the optical and physical properties of the UV-curable material [37].
UV curable inks are commonly cured under a mercury vapor arc lamp.
Mercury arc lamps generate photons by electrical discharge in the
mercury vapor resulting in a transition between the excited levels [47].
Mercury arc lamps doped with metallic halides enable emission spec-
trum from around 200 nm up to the UV-visible range of 450 nm [37,47,
195]. The broad range is required to achieve both surface-cure [37]
(UV-C: 200-280 nm, UV-B: 280-315nm) and through-cure (UV-A:
315-380 nm) of a cured film [196]. Short UV-C wavelengths are pri-
marily absorbed in the surface while longer wavelength penetrates
deeper into the material [37]. Moreover, photoinitiators will absorb the
radiation of the wavelength to which they are sensitive to and prevent
light from reaching molecules in the deeper area. UV-curable inks
therefore normally contain more than one photoinitiator, requiring
curing at more than two wavelength ranges to enable proper curing
across the depth of a layer. Applying short UV-radiation only causes low
adhesion to a substrate, insufficient mechanical and chemical resistance
while curing with only a long UV-wavelength range results in tacky
surface and poor crosslinking, hence a lack of scratch and abrasion
resistance [34,37,196]. Curing of thick layer film (> 50 um) requires



A. Elkaseer et al.

long wavelength [37,196]. Thick pigmented layer can be, however,
better cured by electron-beam technology [161].

UV-LED lamps are becoming more powerful due to its rapid pace of
development and therefore suitable for industrial application. UV-LED
lamps are a monochromatic radiation source and is primarily avail-
able at wavelengths 365 nm, 385 nm, 395nm and 405 nm [196],
although the wavelength 395 nm is most commonly used as it is up to
date less expensive than other UV-LED lamps [34]. UV-LED are more
stable and can also be instantly turned on and off without any warm-up
phase which saves time and capital as well [195]. Since UV-LED lamps
emit a very narrow wavelength range in contrast to mercury arc lamps,
they are considered more energy efficient, as mercury arc lamp’s broad
spectrum contains wavelengths to which the photoinitiator is not sen-
sitive to, hence consuming energy which is either not used or turned into
heat that can have a detrimental effect on heat-sensitive substrates. One
drawback of UV-LED is that it is still an emerging technology, offering
only powerful sources in the UV- A section up to date, though much
work is currently underway. Another issue is associated with the ma-
terial. As mentioned above, the wavelength determines the penetration
depth of the incident light, that is why UV-curables are often optimized
for a broader wavelength range. Adapting the formulation of an existing
ink to a monochromatic UV-LED-lamps implies a change of final phys-
ical properties, which poses a challenge to the industry [197]. To cure a
UV-curable ink that is optimized for treatment with a mercury
UV-lamps, Taki and Sawa utilized a hybrid UV-LED, that is, a LED-lamp
containing three different wavelengths, to achieve comparably curing
results [197]. UV-LED also offers in terms of safety issue a good alter-
native to mercury arc lamps as mercury has long been identified as toxic
and poses a risk to both workplace and environment [198].

6.3.2. Curing strategies

In general, commercial MJ printers include the steps (1) printing, (2)
levelling and (3) curing, whereby the curing takes place after the
levelling and after the completion of one layer. Cheng et al. deploys a
printing strategy similar to the one used in commercial MJ printers
[199]. Zhao et al. and Elkaseer et al. on the contrary do not include a
flattening device in the printing process, thus the printed layer was
cured immediately upon deposition [179,200]. Tilford et al. reported to
apply an additional “pinning” step each swathe before the levelling step
which is followed by a curing step [5].

In the graphical industry “pinning” is commonly found in printing
labels and packaging or marking and is a well-established method to
control the print resolution [201]. Pinning describes a slight curing of a
deposited droplet right upon its deposition while it is in the process of
taking on its shape on the substrate. The pinning takes place with a

Additive Manufacturing 60 (2022) 103270

fraction of the radiation energy level required for full cure, so that the
droplets are turned into a gel-like state. At this state, the adhesion to
other printed droplets is still possible while further spreading of the
deposited droplet is prevented so that a precise pattern is possible [179].
Pinning is not only important for the graphical industry but also for MJ
technology. Zhou et al. examined the merging process of several adja-
cent droplets and suggested that the pinning process should be applied
between the impingement and the equilibrium state, as the best shape
(flat topology) is an intermediate state [202]. Pinning (or curing in
general) with an optimum timing and intensity might be able to both
increase the printing resolution and enables sharp-edged geometries
(Fig. 8).

Although “pinning” is widely applied in the graphical industry, no
methods are reported on how to determine the optimum pinning energy
or how and when to apply this step within the printing process. Only
Caiger stated in his work that 1-5% of the full cure energy dose is to use
[38]. Even for VPP, where the gel point is important to know as it defines
the critical energy, there are no agreement on how the gel point is
defined. Depending on the approach one choses, the gel point for
acrylate resins ranges from 5% to 35% of the full cure energy [191].
Hence, further research works are required to clearly define the degree
of curing in the pinning step. Moreover, subsequent process steps, such
as flattening (if deployed) might limit the degree of pinning as well, as
the state of the material defines whether it adheres to the flattening
device or not. It may also be worth investigating, if pinning is actually
required. These days, UV-LED lamps are deployed for the pinning pro-
cess as UV-LED performs more efficiently compared to conventional
UV-light sources [201].

3D printed parts printed out of UV-curables normally still contains a
certain amount of non-cured resin without any post-cure treatment. It is
reported that post-curing improves the crosslinking density and there-
fore the overall mechanical properties, surface hardness and thermal
stability of a printed part [186,203-206]. However, high dose of energy
can increase the brittleness and a drop in percent elongation at break as
well [205]. Post-cure processes that are mentioned in the literature are
curing in an UV-chamber, thermally, deploying both approaches, in a
passive process without any additional radiation or by means of an
electron beam [186,203,205,207,208]. In case of radiation post-curing,
the resulting properties depend on the wavelength, the temperature and
the post-cure time [203,207,209]. Heat can also further drive the
polymerization to a certain degree, leading to additional cross-linking of
trapped and unreacted monomer within the resin. The higher the tem-
perature, the faster the cured section is reaching a fully cured state.
Increasing the post-curing temperature can increase the overall
achievable mechanical properties as well, but the temperature ought to

Fig. 8. The effect of pinning on a layer generated by material jetting. Accuracy of a printed layer and resolution can change due to further flowing of the droplets
over time (t), when not properly cured. Droplets can be prevented from further spreading by applying slight curing (pinning), however the timing and the intensity of

this curing step matters.
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be kept below the heat deflection temperature [209]. Asmussen et al.
reported a strategy to dope UV-curable resin with silver nanoparticles to
induce further heat during the post-curing process as the UV-radiation is
absorbed by silver nanoparticles as well [210]. Some photosensitive
resin contains heat-sensitive photoinitiators as well, so that full con-
version is reached by a thermal post-cure [186]. Uzcategui et al.
observed in their study that the dual-cure resin reaches the maximum
mechanical properties regardless of the level of conversion after
photo-radiation [186]. While the majority of the literature deals with
the post-cure effect for VPP, only one study to our knowledge examined
post-curing on a inkjet-printed part, which observed that post-curing is
able to homogenize the gradient of the level of conversion of a printed
specimen [206]. Unwanted effects of post-curing can be additional
warping and yellowing of the printed part [208]. A critical investigation
into the time and the degree of post-curing for material jetting should be
carried out as well. Both under- and over-curing have a detrimental
effect on the mechanical and thermal properties. Over-curing may cause
internal stress due to shrinkage or even breakages. Poorly cured layers
may lead to migration of unreacted materials, low mechanical proper-
ties und geometrical inaccuracy.

Additionally, it is suggested to examine which curing strategy (with
or without pinning, which wavelength, which UV-source, curing be-
tween each swathe, between each layer or every n-layers, with or
without post-curing) can achieve best high accuracy printing with high
mechanical performance. Zhao et al. proposed a model which predicts
the level of polymerization of a printed part taking into consideration
the relevant UV-radiation parameters and printing strategy [179]. Pro-
ducing multi-material components within a single process includes a
high chance that the materials being combined need different curing
conditions of the respective curing methods, which in turn bring in
challenges of their own. In this case perhaps selective curing of
multi-material inkjet-based 3D printing by means of laser could be a
suitable approach. Furthermore, curing strategies for printing 3D
multi-material parts with heterogenous curing conditions, such as
UV-curable droplets deposited next to a solvent-based nanoparticle sil-
ver ink are to be examined as well.

7. Quality issues in material jetting

In the following Section commonly occurring quality issues in ma-
terial jetting, such as shrinkage, inconsistent layer height, oxygen inhi-
bition, and coffee-ring effect, the latter one a common issue of particle-
loaded inks, are presented and possible solutions are reviewed.

7.1. Shrinkage

An important factor in the curing process of inks is its effect on the
resultant dimensions of the printed part. Shrinkage, which in some cases
results in warpage, of UV-cured layers poses a huge problem when it
comes to printing thin delicate structure or generating UV-curable layers
on thin substrates. Yang et al. examined the dimensional accuracy of
printed features using a ProJet 3D printer, which uses wax as support
material. Printed features in the millimetre range resulted in a small
amount of shrinkage. Furthermore, the dimension of the whole printed
parts was also observed and found to be smaller than designed. To
compare these results to another support material, the same part was
printed using PolyJet technology, which did not achieve these resolu-
tions, due to a fusing of support and build material and thus resulting
residue [97]. Kechagias et al. investigated the dimensional accuracies by
parts produced by PolyJet technology in regard to the parameters layer
thickness, use of support material and the size of the model itself in
regards of external dimensions. They concluded the size of the model as
well as the use of support material as influencing parameters in the
x-direction, while layer thickness influenced precision in both the x- and
y-direction. The model size was examined to be the dominant factor for
precision in the z-direction. Both shrinkage and enlargement of parts
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was observed [99]. Yap et al. also investigated layer thickness and the
surface type finish, but also looked at the location of the part on the
build plate. Contrary to the study by Kechagias et al., the use of support
material to preserve geometries was observed to be most influential
along the x-axis, while location on the build plate was for the z-axis.
These differences were attributed to support material keeping the part in
shape and avoiding deformations, as well as different UV-intensities on
different build plate areas. Furthermore, features along the z-axis were
found to be most accurate to theoretical values [100]. Further exami-
nation on how to mitigate the shrinkage issue without using support
material, in order to reduce waste material, such as by proper curing
strategy, or deploying inks based on different curing mechanism should
be conducted in the future.

7.2. Layer height consistency

Consistency in the layer height and surface evenness is a crucial
aspect in printing 3D parts in a reliable way. Zhou and Loney simulated
the interaction of multiple droplets so that based on these findings
droplet deposition can be controlled and predicted for the application in
manufacturing and for improving the printing outcome omitting the use
of e.g., a flattening device [202]. However, these results were generated
upon ideal conditions, which means assuming droplets with consistent
shape and size and accurate distances between two droplets. In reality,
the quality of a 3D printed part can be subject to droplets variations in
drop volume, drop shape, deviation in the travel trajectory resulting in
positioning inaccuracy, substrate irregularities [211], nozzle failure due
to nozzle clogging [212] or shrinkage upon curing [200,213,214]
(Fig. 9). Slightly deviating droplet properties might only result in minor
and negligible irregularities in one layer, but add up to major defects in
3D printed parts as several hundreds or thousands of layers are printed.

Particle suspensions are especially susceptible to nozzle clogging.
The presence of solid particles can cause the ink to clog at the nozzle,
leaving it unusable, as ink is unable to pass through the nozzle. To
maintain printability, different measures can be taken. Lee at al. inves-
tigated nozzle clogging for inks containing ZnO particles in varying
amounts and in combinations with a surfactant. The overall range of
printable ink compositions examined was for Z numbers between 2.5
and 26. However, this range is not sufficient to characterize the print-
ability of the investigated ink composites. Furthermore, inks containing
particles the size of 1 um or larger caused the nozzle to clog presumably
due to flow-induced aggregation, even if the inks were in the afore-
mentioned range. This was shown via the pressure increase of the inks,
where larger particles resulted in a sharp increase in pressure unlike
smaller particles. It is theorized, that the pressure increase occurs due to
particles accumulating in micrometre-sized impurities inside the nozzle.
For particles smaller than 1 um, it was concluded that concentration
should not exceed 500 ppm and the total number should be below 7
10 particles per mL to ensure printability. A similar accumulation can
also occur through drying and evaporation around the nozzle, leaving
behind solid material that can block the nozzles [3].

One way to combat the irregularities caused by the substrate is by
printing few layers of support materials first which are then flattened, so
that a fully covered homogenous base layer of support material serves as
a substrate for next layers of build materials. Excessive materials above
the target layer height can be removed with a levelling device as well
[199]. Variations of droplet size and shape, and issues such as posi-
tioning error or missing droplets during a print job are by contrast more
difficult to compensate. Several works were conducted in exploring
various concepts of feedback control algorithm for compensating the
error of these issues in inkjet-based 3D printing [211,214-216] or in
other photopolymer-based printing technology [213]. Huang et al. used
a deep-learning method to study videos capturing the flow pattern of a
droplet which can be used for the prediction of the jetting behavior
[217]. Segura et al. built an analytical framework to detect abnormal
droplet jetting behaviors from videos [218].
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Fig. 9. Various defect scenarios of a 3D part generated with material jetting based on UV-curables.

The levelling device has essentially two functions: First, it serves as a
planarizer, which smooths the surface of the printed layer, as the to-
pology of the printed arrays of droplets appears slightly wavy even after
merging. The second function is concealing irregularities of the surface
caused by malfunctioning nozzles (i.e. skew jetting trajectory, variable
nozzle volume) by taking off protruding material that exceeds the target
layer height. Thus, a layer levelling device enables reproducible and
consistent printing quality. The levelling device is in most cases a roller
to which a blade is attached. The blade takes off the UV-curable material
from the roller surface and directs it to a waste container [13,219-224].
One drawback of using a roller is, however, the waste material caused
during the flattening process. Some alternative approaches to reduce or
even omit the need for a roller are for example the implementation of
data correction filter to adjust individual nozzles [225] or optimizing the
deposition parameters based on a droplet shape evolution model [202].
There are no systematic investigations and clear understanding on how a
roller interacts with a printed layer, yet. Except for a study by Cheng
et al. [199], exploring the effect of roller direction, roller rotational
speed and surface roughness of the flattened layer, and a plot in a patent
by Mimaki [222] showing the interdependence of film thickness of
drawn ink and the peripheral speed of the roller, not much can be found
in the literature. Generating smooth layers with a consistent thickness is
a challenging issue that still needs addressing, and it is important to
study the interrelation of process inaccuracy and final part geometry.

7.3. Oxygen inhibition

Acrylate-based inks or rather free-radical polymerization are subject
to oxygen inhibition which carries out the inhibition by essentially
consuming the radicals generated upon irradiation or by terminating the
cross-linking process due to: (a) quenching of the excited state of the
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photoinitiators upon radiation (b) reaction with the radicals produced
from activated photoinitiators (c) reaction with radicals of the growing
polymer chain. These competing reactions generate peroxide radicals
which are more stable and less reactive und therefore do not contribute
to polymerization [226-229]. Consequently, oxygen inhibition leads to
lower reaction rates and diminishes the degree of conversion and
resulting in tacky surface with poor scratch resistance and matt surface
as oxygen inhibition is more pronounced near the surface [227,230].
Nanoindentation is one way to characterize the hardness of the surface
[206]. Oxygen inhibition can also cause quality issues such as storage
stability or discoloration [231]. The rate at which oxygen molecules
interact with the reactive species is faster than the propagation rate,
hence the polymerization is delayed until all oxygen molecules are
consumed [22.8]. Besides, the diffusion rate of oxygen into the deposited
material must be lower than the generation of radicals to start the
polymerization process [229]. Several works on modelling the
free-radical polymerization process taking the oxygen inhibition into
account were carried out [229,232-237].

Abundant ways to minimize or overcome the inhibition effect exist
such as by curing in an oxygen-free atmosphere, for instance in nitrogen
[227,238], argon [229] or carbon dioxide [230], prepurging specimens
with low layer thickness (<10 um) with inert gas before curing [231] or
by using films as barriers [173,231,239], although the latter way would
not work for 3D printing. Other solutions are deploying oxygen scav-
engers and other additives to suppress, reduce or desensitize the system
to oxygen inhibition [231,240-242], curing with higher intensity light,
dose or including more reactive monomers or higher amount of photo-
initiator in the ink formulation, so that a great amount of photoinitiators
are generated in a shorter period of time to overcome the diffused ox-
ygen [38,47,150,231,238,240].

The thickness of the oxygen-inhibited layer is reported to increase
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with lower radiation intensity [234,243]. However, higher intensity will
reduce the curing depth [232] and therefore affecting the mechanical
properties while a high photoinitiator level increases the formulation
cost [38,238]. Other mitigation approaches are printing larger droplets
to decrease the surface to volume ratio and therefore decreasing the
amount of diffused oxygen, using water-based UV-sensitive ink (water
allows higher molecular weight and therefore more reactive species due
to its low viscosity [38,238]), curing with electron beam as described
above (photoinitiator-free formulation), deploying UV-C radiation for
avoiding tacky surface [244], dual-wavelength polymerization [245,
246] or deploying ink based on cationic polymerization that is inher-
ently free of oxygen inhibition [150]. Although cationic polymerization
can be inhibited by humidity instead [142], Atsushi et al. observed that
the inhibitory effect caused by oxygen on free-radical polymerization is
greater than humidity on cationic polymerization [150]. Further details
and reported studies on oxygen inhibition were reviewed by Ligon et al.
as well [231].

Nevertheless, it is worth emphasizing that very limited works
attempted to address the oxidation effect on 3D parts printed with MJ or
droplets [150,226], while the large body of the aforementioned works
investigated this effect either for coatings generated with a coating rod,
by spin-coating or by molding, and with thickness ranging from few
micrometers to few millimeters [173,177,178,226,227,233,234,239,
247]. However, as the layer height in MJ is normally around 10 um, it is
very likely that the conclusions derived in these studies are applicable to
inkjet printing. Although the oxygen solubility decreases with increasing
temperature (the printing temperature of UV-inks is often around
50-60 °C), the lowered viscosity of the ink enhances the diffusion of
oxygen. The enhancement of the diffusion rate by elevated temperature
had been observed by Studer et al. to be a more dominant factor in the
polymerization process of an acrylic resin [248]. Despite the findings of
Studer et al. [230,248], no other works on oxygen inhibition investi-
gated the effect of viscosity.

Both characteristics of inkjet-printing, thin layer (normally not more
than double-digits layer height) and a small droplet volume make it
more susceptible to oxygen inhibition [150,226,248]. Moreover, inkjet
inks have inherently lower viscosity of normally 5 mPaes to 100 mPaes
in order to fit into the requirements of industrial piezo-inkjet printhead
compared to a photopolymer resin used for photopolymer vat technol-
ogies starting from 100 mPaes, which indicates that atmospheric oxygen
diffuses more easily into an inkjet ink, favoring oxygen inhibition [38,
150,238]. Results derived from studies performed with a photopolymer
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vat technology [236,249] can only be transferred to a limited extent to
material jetting, because the printing takes place in a vat filled with resin
containing different amount of oxygen. For a deep understanding of how
and to what extent oxygen inhibition plays a role in the
three-dimensional inkjet-based printing process, further studies are
required to have a closer look at this issue.

The influence of oxygen on degree of conversion can be determined
by means of confocal laser Raman microscopy [177,178], photo-DSC
[226,227] or FTIR spectroscopy [177,239]. Taki et al. and Pierrel
et al. measured with Raman microscopy along the depth of a
multi-layered film [177,178]. Taki et al. set up a numerical model
simulating the conversion behavior and explored the effects of the UV-
radiation intensity, irradiation time, photoinitiator concentration and
concentration of dissolved oxygen on the oxygen concentration and
conversion distribution for a bilayer model [178]. Pierrel et al. investi-
gated the effect of oxygen-dissolved region on mechanical property
experimentally [177]. Both observed that the top region of each newly
printed and cured layer is exposed to oxygen from the environment and
therefore first poorly cured. However, a subsequent layer photo-
polymerized on top of it will then homogenize the level of conversion to
a certain degree as the initially unreacted monomer of the previous layer
reacts upon radiation of the subsequent layer as well (Fig. 10) [177,
178]. These results suggest that the conversion distribution in an
inkjet-printed 3D structure is nearly homogenous.

Oxygen inhibition can contribute positively to the interfacial me-
chanical properties of a 3D printed part as reported in Zhao et al. [239].
Oxygen dissolved in the surface of each layer retards the conversion rate
at the surface, offering a better adhesion to the subsequent layer and
therefore improving the interfacial strength of a layer-wise built part.
Pierrel et al. observed that the mechanical properties improve in com-
parison to a single layer by applying a second layer of photopolymer
despite the presence of oxygen inhibited layers at the interface [177].
Additional work is still required for investigating the effect of oxygen
inhibition on parts printed with material jetting with regards to its effect
on mechanical properties, delamination issues, migration of photo-
initiators in less cured interlayer. Approaches ought to be determined
how to mitigate the effect of oxygen inhibition.

7.4. Gas dissolvement

An important factor that should be considered is the level of oxygen
present in inks as, firstly, oxygen is linked to the decomposition process
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Fig. 10. Oxygen inhibition and its effect on material jetting parts. Each newly printed layer is subject to oxygen inhibition in the upper regime. This less-cured
surface will, however, be further cured, if a subsequent layer is applied and cured so that the whole part shows an almost homogenous conversion rate with a

slight dip at the height of the interface between layers.
Adapted from the illustrations by Taki et al. [178] and Pierrel et al. [177].
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of organic material, because peroxides and other chemical groups are
formed that cause degrading [101]. While different colored inks
degraded differently, because of their different chemical composition,
Blaznik et al. observed that oxygen contributes most to the photo-
degrading process of commercial aqueous inkjet inks of all colors tested
[103]. Secondly, oxygen also affects the curing of UV-curable inks, as
mentioned in the previous Section. The use of an inert gas like nitrous or
carbon dioxide can be utilized inside the ink system to keep oxygen
levels to a minimum [54]. Thirdly, the printing process can also be
destabilized and blocked by air bubbles caused by dissolved gas in the
ink due to a phenomenon called rectified diffusion. Rectified diffusion
describes the growth of a bubble upon oscillations in acoustic fields
caused by the reverse flow of gas from the liquid into the bubble [250,
251]. For this reason, some inks require additional membrane degassing
units within their ink supply system (Fig. 11). Membrane degassing
extracts dissolved gas from a liquid by applying a vacuum while the
liquid passes the membrane. For suspension inks it is reported, that flow
rate influences clogging of the nozzle, with higher flow rates leading to
less clogging, presumably, because higher flow rates tend to break up
aggregates before they are large enough to cause clogging [2].

7.5. Coffee-ring effect

The coffee-ring effect is a phenomenon that occurs in particle-loaded
solvent-based inks. It describes the deposition of particles at the outer
edge of the original ink droplet, that occurs during evaporation. This is
caused by a higher rate of evaporation at the outer rim of the droplet
[90]. On the edge of the droplet, where three different phases are in
contact, evaporated ink causes liquid ink from inside the droplet to move
to the outer edge. The resulting capillary flow transports particles to the
outer edge. Multiple approaches of mitigating the coffee-ring effect exist
[252]. Decreasing the capillary flow, that causes the movement inside
the droplet, is one of them [253]. This can be done by slowing down the
evaporation process. Experiments using a cooled substrate demon-
strated a reduced coffee-ring effect. Increased humidity levels were also
shown to reduce this effect as a higher humidity reduces the evaporation
rate. Droplet size also seems to have an effect. This is explained by the
difference between solvent evaporation time and solute movement time.
As droplet size increases, the solute needs increasingly more time to
move inside the droplet, while the rate of evaporation at the edges does
not get effected by droplet size. Experiments showed, that a decrease in
droplet size reduces the coffee-ring effect. Similar effects can be ach-
ieved by inducing and increasing a Marangoni flow inside the droplet.
The Marangoni flow occurs due to high surface tension liquids extorting

Ink supply system
with degassing unit

Flattening device
Printhead

Printed
part

Fig. 11. Schematic illustration of a material jetting printer. This multi-material
printing system consists of two UV-LED sources and a flattening device for
building up a high-quality 3D printed part and two printheads, each of them
jetting a different material. The materials are stored and degassed in the cor-
responding ink supply system.
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a stronger force on surrounding liquids, then lower surface tension lig-
uids. This can be achieved by adding a high boiling point low surface
tension liquid to the ink. Similar results can also be achieved by adding
surfactants to the ink. However, the coffee-ring effect can be utilized
when printing with solvent-based inks. The rings formed by evaporating
droplets have been used to create conductive patterns by using
carbon-nanotubes as solutes. Furthermore, by combining coalescing
droplets with the coffee-stain effect, two parallel lines were created, as
droplets merged into a single line and the capillary flow moved the
solutes to the outer edges [85].

8. Current and potential applications

In this following Section a summarized overview of advanced ap-
plications of material jetting and functional inks is listed.

8.1. Printed electronics

A large part of reported applications of functional inkjet inks are
printed electronics or selective coatings, but for pharmaceutical and
biomedical applications inkjet printing serves as a promising technol-
ogy, too. Nonetheless, it should be noted that these inks are predomi-
nantly applied rather in a 2D manner than 3D. Nevertheless, reviewing
these examples can help exploring further potential advanced applica-
tions for material jetting. Ko et al. and Sowada et al. demonstrated
clearly by generating 3D pillars and metallic wires from solvent-based
nanoparticle-loaded inks [6,254] that once printing of these functional
inks are possible, generating 3D structures by material jetting is within
reach.

8.1.1. Pressure sensors

Inkjet printing can be used to produce resistive pressure sensors by
printing conductive silver nanoparticle (AgNP) layer directly onto a
polydimethylsiloxane substrate and encapsulated by a VHB tape. The
pressure is obtained by measuring the change in electrical resistance
caused by pressure-induced strain in the printed AgNP thin film. A
sensitivity of up to 0.48 kPa~! was studied and achieved by Lo et al.
[255]. Griffith et al. reported a highly sensitive pressure detector pre-
pared by inkjet printing of electroactive organic semiconducting mate-
rials and the detector was able to convert shock wave inputs rapidly and
reproducibly into an inherently amplified electronic output signal
[256]. Jeong et al. manufactured an electromagnetic pressure sensor by
printing conductive patterns on a flexible film [257].

8.1.2. Transistors

CNT-based thin-film transistor can be printed on a Kapton substrate.
The very small channels can be formed by employing the chemical force
between inks. Grubb et al. has achieved the transistor with operation
speed up to 18.21 GHz [258]. Sing et al. printed electrodes of the
organic thin film transistors with inkjet printing [259]. Park et al.
fabricated thin film transistors from single-walled carbon nanotube with
inkjet printing. [260]. Mangoma et al. printed organic electrochemical
transistor (OECT) for the use as a neuromorphic device, where the
electrodes and dielectric layers are printed with Fused Filament Fabri-
cation (FFF) and the semiconductor thin film is applied by inkjet
printing [261].

8.1.3. Photoacoustic generators

Oser et al. proposed a novel method to produce photoacoustic gen-
erators based on inkjet printing with multiwalled carbon nanotubes
(MWCNT) and polydimethylsiloxane (PDMS). The printed photo-
acoustic generators show a good homogeneity and low optical trans-
mission (19 - 21%). The generated ultrasonic pressure (0.39 -
0.54 MPa) and frequency bandwidth (1.5 - 12.7 MHz) can be measured
at a distance of ~ 4 mm with a laser fluence of 12.7 mJ cm™ [262].
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8.1.4. Capacitor

Zhang et al. presented printable tungsten oxide nanocrystal inks,
which allow the assembly of novel electrochromic pseudocapacitive
zinc-ion devices. The printed energy storage devices exhibit a relatively
high capacity (=260 C g~ ! at 1 A g~1) [263]. Brauniger et al. proposed
the one-step printing of liquid carbon precursors to produce
high-resolution interdigital micro-supercapacitor (MSC) devices, which
have the capacitance up to 151 F cm 3 (3.9 mF cm ™~ 2) [264].

8.1.5. Solar cells

Besides capacitor, solar cells can be used to provide electricity as
well. Pendyala et al. reported an unique approach to fabricating semi-
transparent perovskite solar cells with inkjet printing, which can be used
in a variety of applications such as tandem cell configuration and
building integrated photovoltaics. They demonstrated a new semi-
transparent device structure, showing 11.2% efficiency with 24%
average transparency without a top metal contact [27]. Schackmar et al.
proposed a method to fabricate high-efficiency perovskite solar cells
(PSCs) based on all-inkjet-printed absorber and extraction layers,
allowing for a scalable and material-efficient deposition. PSCs with a
high-quality inkjet-printed triple-cation perovskite absorber layer and a
double layer electron-transport layer of phenyl-C61-butyric acid methyl
ester and bathocuproine demonstrate an efficiency of > 17% with low
hysteresis [265].

8.1.6. Quantum dot light-emitting diodes (QLEDs)

Inkjet printing can be used not only to convert light into electricity
but also to generate light. Wei et al. proposed a tailor-made a highly
dispersive and stable CsPbX3 quantum dot ink, which can be used to
fabricate quantum dot light-emitting diodes (QLEDs). The inkjet-printed
green perovskite QLEDs have shown a record peak external quantum
efficiency (EQE) of 8.54% and maximum luminance of 43
883.39 cd m 2 [266]. Shi et al. demonstrated an in-situ inkjet printing
strategy for fabricating perovskite quantum dots patterns by printing
perovskite precursor solutions onto a polymeric layer, with a quantum
yield up to 80% [267]. Donie et al. presented a method based on inkjet
printing to fabricate phase-separated nanostructures (PSNs), which can
be achieved with a feature size from a few micrometers down to
sub-100 nm and can be used to improve light management in manifold
photonic applications [268].

8.1.7. Antennas

Kimionis et al. produced both the substrate, a multi-material foldable
structure based on UV-curable inks, and the patch antenna on top of the
origami structure based on reactive silver ink, with inkjet printing
technology [269]. Rida et al. inkjet-printed flexible antennas on
paper-based substrate which can be used as RFID tags [270]. Jilani et al.
generated an antenna for 5 G applications on a PET substrate with inkjet
printing [271].

8.1.8. Heating elements

Besides generating light, inkjet printing can be used to generate heat
as well. Mitra et al. reported the development in the manufacturing of
heating elements based on inkjet printing, which are mainly used to
influence the temperature distribution and homogeneity. The heating
elements were printed with a nanoparticle silver ink followed by ther-
mal sintering on a standard flexible polymer film, which can reach ho-
mogeneous average temperature of 100°C over an area of
approximately 15 cm? at a power supply of 12 V [272].

8.1.9. Thermal insulation thin film

Aerogels have mainly been used as a thermal insulation material for
building applications, such as walls and pipes. Silica aerogel ink, which
is synthesized by mixing hydrophilic silica aerogel powder, solvent, and
other organic additives, can be employed for inkjet printing to produce
thermal insulation layers. Koo et al. studied the thermal conductivity of
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printed silica aerogel thin film and the results show that the thermal
conductivity is approximately 0.05 W m~' K~! at 30-300 °C, which has
potential to be used for thermal insulating applications in micro-scale
systems such as batteries and electronic chips [273].

8.1.10. Smart textile

Further studies show that besides rigid substrate, malleable and soft
substrates can be used for the printing as well. Therefore, stretchable
circuits become crucial for printable electrical devices. The fabrication
of stretchable circuits with sinusoidal or horseshoe patterns on poly-
dimethylsiloxane (PDMS) can be achieved by inkjet printing of silver
nanoparticle ink. Abu-Khalaf’s studies have shown that circuit with a
horseshoe pattern can undergo an axial stretch up to a strain of 25% with
a resistance under 800 Q [274]. The stretchable circuits allow for
development of fully stretchable and wearable sensors. Uzun et al.
presented conductive inkjet printable, additive-free aqueous TizCTx
MXene inks for direct printing on various substrates, which can be used
to print electrical conduits and microsupercapacitors (MSCs) on textile
and paper substrates. They demonstrated the collector-free, textile--
based MSCs with areal capacitance values up to 294 mF cm™2
@mvsin poly(vinyl alcohol)/ sulfuric acid gel electrolyte [121].
Seipel et al. reported to inkjet print an UV-responsive smart textile and
UV-LED cured a specifically designed photochromic ink on PET fabric
[275]. This smart textile can be used as UV-sensor to detect harmful
UV-rays.

8.1.11. Functional membrane

Park et al. demonstrate the synthesis of thin film composite (TFC)
flat-sheet membrane for nanofiltration application with inkjet-printed
single walled carbon nanotube (SWCNT). The best membrane perfor-
mance was achieved from the TFC membrane synthesized using 15 cy-
cles of SWCNT printing, where both high water flux (18.24
+0.43Lm 2 h! bar 1) and the high NaySO4 salt rejection (97.88
+ 0.33%) rates were demonstrated [276]. The inkjet-printed piezo-
electric P(VDF-TrFE) film on silicon was investigated by Banquart et al.
and electro-acoustic responses of multi-layer structures, which are spe-
cifically designed for high-frequency, single-element ultrasonic trans-
ducer applications, were measured in water. The results showed that
maximal frequency was centered at 33.2 MHz and had a fine axial res-
olution at 22 um, corresponding to a fractional bandwidth at — 6 dB of
100% [277]. This can be used in multi-element transducers for
high-frequency imaging applications.

8.1.12. Anticounterfeit

Inkjet printing has shown potential in customized products as well.
Mimicking natural melanin structural coloration enables non-iridescent
systems with colors that are independent of incidence angles. Kang et al.
printed multiple metal nanoparticles of different shapes over each other
[278]. Depending on the wavelength of light, different thermoplasmonic
images will show up. This printing strategy can be used for anti-
counterfeit technology. Shanker et al. have addressed the problem of
incidence angles by forming melanin photonic crystal microdomes with
inkjet printing [279]. The printed photonic micro-domes with
non-iridescent structural coloring might be used for sensing, displays,
and anticounterfeit holograms.

8.1.13. Microstructure surface

Inkjet printing can be utilized in preparing templates or masks for
photolithography to produce the microstructures. Inkjet printing of a
water-soluble polyacrylic acid solution etched the polydimethylsiloxane
substrate. The substrate was then cured and rinsed, allowing it to be
directly used as a template for creating micro-structured surfaces [280].

8.1.14. 4D-structure
Cui et al. presented a novel 4D printed tunable frequency selective
surface (FSS) utilizing a multi-layer mirror-stacked "Miura-ori" structure
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that can be applied in numerous mm-Wave, IoT, RFID, WSN, 5 G, and
smart city applications. The prototype has a flexible two-layer substrate
with conductive traces on both top and bottom. The prototype demon-
strates great frequency tunability, angle of incidence (Aol) rejection as
well as an operability up to much higher mm-wave frequencies up to at
least 28 GHz [281].

8.2. Chemical, biological and pharmaceutical applications

8.2.1. Chemical catalyst

Inkjet printing for heterogeneous catalytic reactions within chemical
reactors has been the subject of several investigations. Selective catalytic
reduction is a cutting-edge technique for reducing emissions from in-
dustrial boilers, gas turbines, and vehicle combustion engines. Costa
et al. used the inkjet printing method for the synthesis and deposition of
0.1 wt% Pt/Al203 catalyst with a better catalyst morphology, which
showed superior activity at lower temperature range compared to the
wet-impregnated samples [282]. Willert et al. inkjet-printed a
catalyst-coated membrane for electrolyte membrane fuel cells [283].
The use of inkjet printing can be extended to other types of reactions.
Inkjet printing can be used to deposit catalystsonto microreactor walls
[284]. The microreactor is employed to synthesize organic and phar-
maceutical compounds. Therefore, the catalyst requires to be uniformly
and precisely immobilized into the microreactor.

8.2.2. Biological constructs and peptide printing

Inkjet printing can be used in cell biology and associated biomedical
research, due to its ability to produce high resolution and high precision
prints. Inkjet printing is considered one of the most suitable technologies
for bottom-up cell deposition for building intricate biological 2D or 3D
constructs [285]. Besides, inkjet printing can be used in intracellular
delivery and transfection, gene expression modification, single cell
sorting, cell microarray, cell micropatterning, tissue engineering, and in
vivo cell printing as well [61]. Safaryan et al. proposed a novel method
for the controlled deposition of a self-assembled peptides, diphenylala-
nine (FF), using a commercial inkjet printer, which can be used to
produce peptide-based nanostructures for nanotechnological applica-
tions, such as nano- and microtubes and microrods [62]. By using this
method, the ribbonlike microcrystals based on FF was formed and
patterned on different surfaces, showing strong piezoelectric response.
These functional properties of FF- based nanostructures can be used in
various micro-devices.

8.2.3. Paper chip-based detector

Tetracycline is widely used as a pharmaceutical for treating diseases
and as an animal feed ingredient. Inkjet printing paper chip based smart
tetracycline detector can replace classical methods for detection of tet-
racyclines, which relay on huge and expensive setups. The tetracycline
detection is realized by paper chip-based enzyme-linked immunosorbent
assay [63].

8.3. Material jetting for 3D and 4D applications

More and more material jetting applications based on functional
materials are reported in the literature, for instance in the fabrication of
microlens [7], PCBs [286], optical prism [287], scaffolds in tissue en-
gineering [288], anatomical models with biomimicking properties
[289] and microfluidic devices/ lab-on-chip [290,291]. Adamski and
Walczak printed a venturi microflowmeter with material jetting and
integrated a MEMS sensor into the flow meter [292]. Walczak et al.
created a microvalve with the same technology [26]. Ko et al. fabricated
3D micro metal structure such as pillars, helices or bridges from nano-
particle silver ink with the help of inkjet printing [6]. Sowade et al.
inkjet-printed 3D metal pillars of nominal diameter of 120 um as well
which was then encapsulated with an UV-curable ink [254]. Several
studies focused on the 3D printing of ceramic pillars by means of inkjet
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technology [293,294]. In a recent study, Kriegseis et al. inkjet-printed a
3D ceramic dental implant (abutment) with ceramic inks [295].

Some applications combine either inkjet printing or material jetting
with other type of technologies to benefit from the advantages of both
manufacturing techniques. Junqueira et al. recently reported a new
approach of printed drug loaded tablets by combining FFF and inkjet
printing [296]. Roach et al. suggested a similar approach by printing
polyimide with inkjet printing on top of a FFF substrate [297]. Anelli
et al. printed a solid oxide fuel cells by deploying robocasting and inkjet
printing [298]. Picha et al. combined material jetting and direct depo-
sition of polymer fiber mats in order to create fiber-reinforced soft
composites [299]. Stabler et al. printed conductive tracks with inkjet
printing on fiber-reinforced FFF printed substrate to demonstrate its
potential for the fabrication of low cost satellites [300]. Because of the
poor surface roughness of FFF printed substrates, Stabler et al. printed a
dielectric ink onto the substrate prior to printing the conductive ink.

Moreover, due to the easy implementation of multiple printheads in
MJ, some view this technology as the key enabler of multi-material
additive manufacturing. Different ways of how multi-material printing
are so far realized in inkjet printing. One is printing functionally graded
materials by depositing two materials in the manner of a composite
material, so that the property of the resulting material can be tuned by
the ratio of the base materials [301-304]. Aghaei et al. created com-
ponents with functionally graded properties ranging from soft to hard
structures [10]. Another way is the printing of highly sophisticated
multi-color models [305,306]. The third application is printing
multi-material object in the manner that the part consists of individual
areas based on one material [307,308]. Moore and Williams demon-
strated the printing of a multi-material 4D part with elastomer active
hinges [12]. It must be mentioned that most above referenced research
works have been conducted on a PolyJet printer. Raza et al. introduced a
multi-material printer which can print metal, elastomer and UV-curables
[309]. Tilford et al. developed a fabrication system containing an inkjet
printing module which prints microelectronics from conductive, insu-
lating and support material [5].

9. Gaps and future prospects

Looking at the aforementioned review it is not so difficult to see that
while material jetting has tremendous possibilities for manufacturing
industries, a number of research and technological developments iden-
tified above are required to advance the state-of-the-art and enable
material jetting to be used much more widely and in a number of new
advanced applications. In this Section, the gaps and future prospects are
subdivided for the sake of readability, but it must be emphasized that all
process steps are linked together meaning that any changes might have
serious consequences for another process step. Therefore, a full knowl-
edge on the effect of printing and curing parameters and conditions,
such as drop volume, drop distance or the use of inert gases, on the
properties of the printed component is essential and is still to be ac-
quired, if the process is to be extended to large-scale manufacturing.

9.1. UV-curable inks in MJ

Today UV-curable inks for MJ are still limited in their mechanical
and thermal properties due to the use of low-molecular weighted poly-
mers to ensure low viscosity. Moreover, the curing mechanism of
currently commercially UV-curable inks is mainly based on free-radical
polymerization, causing several inherent problems, that is (i) the curing
of the surface layer may be disrupted by the presence of atmospheric
oxygen leaving the surface sticky and (ii) interlayer regions are less
cured and increase the risk of migration of toxic photoinitiators and
monomers and (iii) less cured interlayer regions might be the source of
delamination and (iv) volume shrinkage due to polymerization process
will affect the geometrical accuracy. The development of inks with
alternative polymerization processes as described above in combination
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with higher polymer load for better mechanical properties, additional
ink treatment (degassing) or suitable printing environment (inert gas)
would be important to mitigate the issues mentioned above and for
extending the range of applications of jettable inks. The development of
new inks with multiple functionalities is a priority to extend the range of
advanced applications of material jetting.

It has been noted that highly viscous inks are recommended to
improve the mechanical strength of MJ components, but present a
challenge in terms of printing. Recently, printheads that are able to jet
higher-viscous inks emerged but the comprehensive understanding of
jetting behavior necessary to fully exploit the capabilities of these de-
vices has not yet been developed. With the emergence of new functional
inks that contain higher polymer load or particles, understanding and
controlling viscoelastic fluid behavior of the ink is paramount to deploy
MJ as an industrial manufacturing technology. Not only does visco-
elastic inks behave differently to Newtonian fluids in terms of droplet
formation, but they will most likely affect the subsequent steps of MJ
such as drop impact, drop merging, therefore layer formation and layer
levelling step (if applied). Hence, it is highly recommended to examine
the effect of viscoelastic fluids on these mentioned process steps.

To date, there is no practically applicable method to determine the
optimal jetting parameters — especially the waveform — of an inkjet
process based on the characteristics of the printhead and the ink. Such a
method is required in order to accelerate the development of new inks
with desirable properties and the corresponding optimal and stable
jetting parameters. Of course, other properties of the inks that contribute
to jet stability need to be considered. These will include: effects of gas
bubbles dissolved in the ink, ink recirculation flow conditions, meniscus
pressure. In addition, the long-term effects of heating UV-curable ink at
the printhead on, for example gas bubble formation, chemical and
curing behavior require investigation.

9.2. Drops generation and layer formation

It is important to obtain the best possible control of the ink droplets
for optimum resolution, in particular precision control of droplet size
and droplet spread on the substrate/previous printed layer. One prom-
ising approach is to selectively modify the surface by means of plasma
treatment to control the droplet spreading. The functionalization of the
surface by plasma treatment depends on various process parameters and
diminishes over time, hence a systematic investigation of these topics is
suggested.

Obtaining a consistently accurate layer thickness remains a chal-
lenge as well. A layer levelling step applied before curing is a common
step which can be found in current commercial MJ systems. The layer
flattening step aims at smoothing the surface and ensures the consistent
target height. However, so far there is still a lack of understanding on the
mechanism involved in this flattening step as very few research works
have been conducted in this matter. It should not be forgotten that the
flattening step generates considerably amount of waste material which
could be reduced by replacing this subtractive step by an in-loop control
of printed layer height. Some works have been reported in this matter,
but further improvement of these approaches in terms of higher effi-
ciency are recommended.

The direct production of end-use products by material jetting is an
increasing trend that requires greater precision in the process and
improved material performance, with enhanced toughness in the final
product. During the manufacturing process it should be possible to
control the size and shape of the ink droplets and the topography and
consistency of the surface formed on the substrate. In the post-process
phase it should be possible to measure the geometry and dimensions
of the manufactured component and to detect the presence of faults,
both surface and internal. In order to achieve these goals, research and
development must determine any correlation between droplet formation
and deposition, layer generation and functionality of the manufactured
component. Another key area of research is to enhance the geometrical
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accuracy of planes orthogonal to the x-y-plane without the use of sup-
port material. Possible approaches could be selective modification of
surface energy (e.g. by plasma treatment) to create small drop sizes and
to control the droplet spreading, achieving high precision deposition at
the border of a printed pattern.

9.3. Curing process

No practical methodology has been proposed so far on determining
optimum curing conditions and proper curing depth for generating 3D
parts based on material jetting, even though curing parameters have a
considerably impact on the resulting 3D part in terms of mechanical and
thermal properties, migration of hazardous components of the UV-
curable ink and geometrical accuracy. Methods explored for VPP
might be applicable for MJ, but is subject to investigation. Conventional
methods on determining the degree of conversion, such as FTIR or
Raman microscope could also be used for gauging the cure depth by
measuring along the depth (z-axis). However, due to the low penetration
depth of these methods of around 1 um, slicing along a printed layer
might to be necessary in order to measure along the thickness of a
printed layer, although this approach would be deemed impractical.
Another model predicting the degree of photocrosslinking for MJ takes
into consideration the kinetics of photopolymerization and the illumi-
nation conditions has been reviewed. This approach should be further
explored as well.

Another matter which should be subject to further investigation is
the optimum curing strategies for high-precision and high-speed pro-
duction of material jetting. So far several curing approaches are reported
in the literature: commercial material jetting printers cure once a layer
right after a layer height levelling step while other publications reported
an additional “pinning” step prior levelling. Some researchers did not
implement a layer levelling step, instead the droplets are cured imme-
diately upon drop impact. A sophisticated curing strategy could increase
the achievable resolution, geometrical accuracy and surface properties
by controlling drop spreading and the merging of adjacent droplets.

Combining more than one material in the printing process will add
further challenges originating from the material combination. For
example, the materials may need different curing conditions or strate-
gies. In another case one material may be cured by UV exposure while
the other is cured by heat, but the heat adversely affects the first ma-
terial, causing delamination, or changes in shape/size, or diminishes its
strength. The possibility of such situations requires that curing strategies
need to be known and considered at the design stage when selection of
materials is taking place.

9.4. 3D/4D multi-material printing

Material jetting still faces many serious challenges in the production
of intricate, multi-material high quality components. Printed parts may
be subject to a lack of stability, particularly at interfaces when more than
one material is used to manufacture a complex item. This issue requires
attention when the strength and durability of the component is a major
consideration. Indeed, the lack of mechanical reliability is a major re-
striction on the industrial application of multi-material inkjet-based 3D/
4D printing. Research into this aspect of material jetting would be a step
towards a major advance in development. Material jetting capabilities
should be extended to fulfill the requirements for a wide range of 3D and
4D applications for example micro-mechanical systems, lab-on-chip for
biomedical, environmental or chemical application, and smart devices.
Furthermore, it is of great importance to proof that material jetting is
capable of manufacturing advanced systems with the same performance
and functionality as conventional system.

10. Conclusions

From the above review of research and developmental work related
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to material jetting and inkjet printing, it is not difficult to infer that there
is considerable attention being given by researchers and manufacturers
to further develop the material jetting process.

Following are specific insights that can be concluded based on the
conducted review.

e UV-curable inks are reported to have several advantages such as
quick curing, no evaporation of carrier required, hence no significant
reduction of layer height, and no nozzle drying issues, which make
them well-suited for material jetting. However currently available
UV-curables are still facing limitation in applications due to the
inherently poor mechanical and thermal performances of the mate-
rials. Moroever, the migration of hazardous substances (monomer,
photoinitiator) of poorly cured components might restrict its appli-
cability in health- or food-related industry.

In order to improve the functionality of jettable inks both more
advanced materials with higher load of polymers or particles and
printheads supporting high-viscous inks are to be developed.

The jettability criterion based on the dimensionless Ohnesorge
number, defined over a decade ago for Newtonian fluid, has been
introduced. Multiple works observed differences in jetting and drop
impact behavior between Newtonian and viscoelastic fluid and some
studies proposed further dimensionless numbers such as Weissen-
berg number or elasticity number, etc. To date, a clear jettability
criteria for viscoelastic fluid is still missing, even though numerous
measurement equipment for gauging the viscoelasticity of inks at
high frequency and high shear rate conditions are available.
Precise and stable drop formation based on optimized waveform
have been widely reported, albeit the development of advanced
waveform for newly developed inks are still very time-consuming
and could be accelerated for instance by combining drop-watching
and Al techniques.

Several studies on modification of droplet/substrate (or previous
cured layer) interaction are analyzed for enhanced high-resolution
material jetting process. With its ability to selectively control the
drop spreading behavior, plasma-treatment has been concluded to be
a promising technique to achieve highly accurate printing, and thus
further investigations are highly recommended.

The review of existing MJ systems revealed that a layer levelling step
before the curing could be deployed, while other systems cure
immediately upon droplet deposition without levelling the layer.
Other studies implemented a “pinning” step, a slight curing to pre-
vent further droplet spread, prior to layer levelling. However, the
optimum curing strategy for jettable materials is yet to be further
determined.

Commonly occurring issues in material jetting such as shrinkage,
layer height inconsistency, oxygen inhibition and gas dissolvement
in the fluid are outlined and existing and potential solutions for
mitigating these problems such as ink recirculation, in-loop layer
height correction, layer levelling device, curing at inert environment,
etc. are pointed out.

Material jetting has shown high potential as a key enabling tech-
nology for a wide range of applications ranging from producing
printed electronics, components for chemical, biological and phar-
maceutical purposes, and smart devices and microsystems for 3D and
4D applications.

In order to satisfy the growing demand for precise and high-
resolution 3D and 4D printing in industry and thereby to facilitate full
industrial adoption of material jetting, it is important to extend the
frontiers of existing material jetting technology and understand the
complete fabrication process. Significant improvements over the entire
process chain of material jetting are needed to achieve broader indus-
trial implementation. This comprehensive review paper should offer
researchers and engineers operating material jetting printers the op-
portunity to learn about the most relevant aspects of material jetting and
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its advanced applications which, hopefully also help to pave the way to
further advance this auspicious manufacturing technology and to
expand the number of advanced applications in MJ.
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