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Introduction

In recent years there has been increasing interest in additive
manufacturing, manufacturing processes that translate infor-
mation from a three dimensional data file to selectively form
a part from a feedstock in a layer-by-layer fashion [1]. As an
object manufactured in this way is based solely on a data file,
it is a trivial process to alter or customise the design depending
upon the specific application. This has resulted in a great deal
of interest in areas where facile customisation would be desir-
able, for example in orthotics and prosthesis [2]. In comparison
to more traditional manufacturing techniques, additive manu-
facturing also presents advantages in being able to achieve
complex internal geometries [3], and enables the use of designs
that would be uneconomic to manufacture despite potentially
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Abstract — Additive manufacturing, an umbrella term for a number of different manufacturing techniques, has at-
tracted increasing interest recently for a number of reasons, such as the facile customisation of parts, reduced time to
manufacture from initial design, and possibilities in distributed manufacturing and structural electronics. Inkjet print-
ing is an additive manufacturing technique that is readily integrated with other manufacturing processes, eminently
scalable and used extensively in printed electronics. It therefore presents itself as a good candidate for integration with
other additive manufacturing techniques to enable the creation of parts with embedded electronics in a timely and cost
effective manner. This review introduces some of the fundamental principles of inkjet printing; such as droplet gen-
eration, deposition, phase change and post-deposition processing. Particular focus is given to materials most relevant
to incorporating structural electronics and how post-processing of these materials has been able to maintain compat-
ibility with temperature sensitive substrates. Specific obstacles likely to be encountered in such an integration and
potential strategies to address them will also be discussed.
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being more desirable from a purely engineering [4] or aesthetic
perspective [5]. The information for the part being solely rep-
resented by the data file also presents possibilities in distributed
manufacturing [6].

The roots of additive manufacturing can be traced back to a
series of similar technologies developed in the 1980s that were
used for rapid visualisation of designs and prototypes, and was
therefore referred to as rapid prototyping [7]. As the primary
aims of the technology at this point were to physically replicate
a given 3D data file for visualisation, little attention was paid to
the mechanical properties of the produced part or the materials
used within the part. Over time, the potential for the rapid pro-
totyping techniques to be used as a means of manufacturing
was identified, which lead to further research into the use of
more industrially relevant materials, particularly metals, in
additive manufacturing processes [8].
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Additive manufacturing is an umbrella term that covers a
number of different technologies that all follow the basic def-
inition provided above. While the focus of this review is not on
additive manufacturing itself (the authors refer the reader to
more in-depth reviews such as those by Wong and Hernandez
[9] and Guo and Leu [10]) a brief summary of the different
additive manufacturing techniques follows.

The current technologies for additive manufacturing can be
loosely divided into four categories, namely direct material
deposition, sheet lamination, powder bed fusion and selective
photopolymerisation. The category of direct material deposi-
tion includes technologies whereby material is extruded where
needed (e.g. fused deposition modelling and robocasting),
where it is printed as droplets (such as inkjet printing) or where
the material as a heated powder feedstock is dispensed where
required (e.g. laser engineered net shaping and direct materials
deposition). The material is deposited in a liquid state (either
molten, in solution, suspension or slurry or as an uncured resin)
and subsequently changes phase in the desired location. The
nature of this phase change, and the prerequisites required to
obtain the initial liquid state vary depending upon the material
used, with metallic and ceramic materials needing a higher ini-
tial temperature (provided by an electron beam or laser). The
resolution capable with these techniques is dependent upon
size of the orifice through which the material is extruded, with
the final resolution typically being the same size or slightly lar-
ger. For inkjet printing, the orifice diameter lies within the
range of 10-100 pm, while for robocasting the orifice diameter
is typically 100—1000 pm. Techniques similar in principle to
robocasting have demonstrated a resolution far finer than this
(e.g. 6 um [11] and 1 pm [12]), although it should be noted
that this increase in resolution gives a consequential increase
in deposition time for a given volume of material.

Sheet lamination techniques include ultrasonic consolida-
tion and laminated object manufacturing. They function by
cutting each required layer followed by bonding to previously
bonded layers until the final object is complete. This bonding is
either via an adhesive in the case of laminated object manufac-
turing, or as a solid state weld for ultrasonic consolidation.
Powder bed fusion, as the name would suggest, relies on the
selective fusion of powder particles within a powder bed, fol-
lowed by the now fused layers being recoated with further
powder and the process repeated until the part is manufactured.
The nature of how the powder is fused together is either the
selective application of sufficient energy to sinter or melt the
powder (typically by a laser or electron beam), or the use of
an adhesive binder that penetrates the powder bed by capillary
action. The size of the powder particles within the powder bed
is the fundamental limitation on the achievable resolution in
powder bed processes, and for a component to have adequate
strength and surface finish it is typical that a feature must be
several times the size of a single powder particle. The size
of the powder is primarily limited by ease of handling during
processing, with finer powders presenting problems with the
build-up of static electricity as well as potential health issues.
This, together with a typically increased cost for smaller diam-
eter powders, means that powder diameter is limited to approx-
imately 50 pm, corresponding to a feature resolution of
approximately 0.3—1 mm.

Selective photopolymerisation techniques rely on the use of
resin that undergoes crosslinking when subjected to (typically)
UV light energy. The resin is subjected to this resin selectively,
either by scanning the resin with a UV laser beam or by pro-
jecting UV light only where desired. The now cured resin layer
is then recoated with further resin and the process repeated
until the desired object is fabricated. While only fundamentally
limited by the wavelength of incident light, most commercially
available stereolithography equipment has an achievable reso-
lution within the range of 10-100 um, although micron and
sub-micron features are possible with techniques such as
2 photon polymerisation [13] and microstereolithography [14].

While there is clearly great potential for the utilisation of
additive manufacturing, there are still currently a number of
substantial issues that limit this. Compared to more conven-
tional manufacturing techniques, the cost per manufactured
part of additive manufacturing is typically substantially higher.
This, to an extent, is mitigated by the lack of costs associated
with tooling (e.g. compared to injection moulding, no mould is
needed), but these costs diminish as the number of manufac-
tured parts increase, as would be the case in mass production
[15]. This limits the use of additive manufacturing (assuming
no other inherent advantages) to limited runs of parts. This
increase in cost is primarily due to the cost of the materials
used and the energy used in manufacturing the part. The mate-
rial costs will be largely dependent upon the additive manufac-
turing technique (e.g. the cost of UV curable resin for
stereolithography is substantially greater than a thermoplastic).
The energy costs are associated both with the need to have a
means of selectively forming a material (e.g. lasers in stere-
olithography and polymer sintering, a mobile heated extruder
in fused deposition modelling) and the increased time needed
to make each part in a layer-by-layer fashion.

To address the issue of cost per part it is therefore apposite
to look at reduction in material costs, the energy required to
process the material and the time taken to produce the part.
The easiest way to reduce the time taken to manufacture a part
is to coarsen the resolution of the part; this reduces the number
of layers that need depositing, but obviously has the side effect
of reducing the quality of the part. Another possibility is to
reduce the time taken for each layer to be fabricated, which
is most readily achievable by using an area-based energy expo-
sure, rather than scanning of a point energy source. Two such
methods that have demonstrated area-based exposure are High
Speed Sintering, which uses an infra red lamp and a patterned
infra red absorber to selectively fuse together polymer powder
[16]; and area based stereolithography, which utilises a UV
emitting lamp in conjunction with a digital micromirror device
as used in most modern projectors. One of the most developed
of the area-based stereolithography techniques is Continuous
Liquid Interface Production [17]. This technique in addition
makes use of an oxygen permeable and UV transparent win-
dow through which the UV light is projected. The permeability
to oxygen increases the local concentration of oxygen within
the resin next to the window, which acts to prevent cross-link-
ing adjacent to the window. This results in a persistent interface
between the curable resin and the oxygen depleted zone, at
which the curing takes place. As there is resin permanently
below the cured layer, issues associated with recoating or
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refilling are eliminated and the curing can therefore be carried
out at a far higher rate, with that rate a compromise between
time to build part and resolution.

While it is possible to process a wide range of materials via
additive manufacturing (e.g. polymers, metals and ceramics),
the ability to combine dissimilar materials into the same man-
ufactured component is currently severely limited. This is due
fundamentally to the different conditions under which different
materials can be processed in bulk to go from feedstock to final
part. A relatively straightforward example of this would be the
temperatures necessary to sinter metal powder would be signif-
icantly higher than the melting and combustion temperatures
of a thermoplastic polymer. In addition, there would be issues
associated with residual stress, adhesion between materials and
thermal expansion mismatch during processing. Another
important consideration for the use of dissimilar materials is
how to selectively deposit each material. In the case of powder
bed processes, the simple action of bulk recoating of the build
area with a single powder would have to be adapted so that two
or more powders could be selectively deposited on the top of
the build area. While some research has indicated that such
a system may be technically feasible [18], it would add signif-
icant complexity to the process.

One of the primary drivers for using multiple dissimilar
materials is to make it possible to embed other functionalities
such as electronics within the additively manufactured devices.
Due to the complexity of using dissimilar materials with the
same manufacturing technique, work has unsurprisingly
focussed on the integration of two or more fabrication
techniques to produce such a device. To date, the majority of
work has involved the integration of an additive manufacturing
technique, a means to deposit a conductive interconnect, and a
pick-and-place robot for other components. The additive
manufacturing techniques used have typically been stere-
olithography [19, 20] or fused deposition modelling [21, 22],
and the conductive traces have typically been fabricated by
paste extrusion [19, 23] or by ultrasonic wire embedding
[24, 25]. While such processes are capable of producing parts
with embedded circuitry of significant complexity, it should be
noted that such techniques are typically only viable for proto-
typing and short production runs. This is for similar reasons as
discussed earlier with regards to additive manufacturing
techniques, both the conductive traces and the embedded com-
ponents are produced by a single deposition tool that has to
scan the entire deposition path in a vector. For embedded elec-
tronics in additive manufacturing to move further towards mass
production, it is necessary to identify ways of forming the
electronic circuit that is both readily integrated into additive
manufacturing, uses processing conditions suitable to typical
additive manufacturing materials and is capable of covering
large areas quickly so as not to slow down the manufacturing
process significantly.

Inkjet printing is an additive and contactless direct write
method in which a very small volume (~ 1-1000 pL) of mate-
rial-laden ink can be precisely positioned in well-defined pat-
terns [26]. This capability has previously been exploited
within additive manufacturing, either by the direct printing
of a three dimensional object [27, 28], printing of a binder
material into a bed of powder [29, 30], or the printing of

selective sensitiser onto a powder bed subjected to further
processing [16]. In addition to these uses in additive manufac-
turing, inkjet printing has also been used in areas as diverse as
tissue engineering [31], biosensor fabrication [32], aerospace
composites [33] and printed electronics [34]. Of particular
relevance to additive manufacturing is the field of printed elec-
tronics, due to potential for integration of electronic circuits
into additively manufactured structures.

An understanding of how a droplet is generated, how a fluid
can be optimised for printability, how droplets spread and coa-
lesce on a surface, how evaporation controls the formed solid
deposit, and how this solid deposit is processed to become
functional (if necessary), is therefore critical in establishing
the capability of inkjet printing in conjunction with other addi-
tive manufacturing technologies. The rest of this review aims
to give a better understanding of the inkjet printing process,
covering both fundamental physical aspects of how patterns
are formed and the capabilities of the process. Specific atten-
tion will be paid to the materials typically used in inkjet print-
ing of electronics, and how the inks used and subsequent
processing of the deposits have been developed to be amenable
to low temperature polymer substrates of a similar nature to
materials commonly used in additive manufacturing.

Droplet generation

Inkjet printing is an additive and non-contact method of
depositing liquids in a computer-controlled pattern. In addition
to conventional graphical applications, inkjet printing has been
used in many applications that are amenable to solution pro-
cessing; examples of these include biological scaffolds and
cells for tissue engineering [31, 35-37], RFID tags [38],
MEMS [39], and photovoltaics [40]. While these applications
clearly differ significantly in terms of the final fabricated item,
the method by which a droplet is generated, and the constraints
placed upon the fluid that can be printed, are similar.

For a droplet to be generated, a pressure pulse must be gen-
erated, within an ink-containing vessel, that travels towards an
orifice of defined size at one end of the vessel. Upon reaching
the orifice, the pressure pulse must be of sufficient magnitude
to cause the fluid meniscus at the nozzle to deform and project
a ligament of fluid, which is of sufficient kinetic energy to
break off from the nozzle and proceed to reduce surface energy
by forming a sphere (or spheres). There are two primary ways
of generating the requisite pressure pulse: use of a resistive
heater placed near the nozzle to generate a rapidly expanding
bubble (thermal) [41], or use of a piezoelectric actuator that
deforms upon application of a short voltage pulse (piezoelec-
tric) (Figure 1) [42]. While thermal inkjet is used extensively
in graphical applications and has been used for functional inks
(typically using refurbished graphics printing cartridges) [37,
43], most work that looks to print functional inks and devices
has used piezoelectric inkjet printheads [44, 45].

The manner in which droplets are generated in inkjet print-
ing places a number of constraints on the fluid properties that
can be deemed printable. The propagation of the pressure pulse
through the ink will be attenuated by the fluid, with the degree
of dissipation being dependent upon the fluid viscosity [42].
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Figure 1. Stroboscopic imaging of silver nanoparticle ink droplet
streams obtained at different driving parameters using a piezoelec-
tric drop-on-demand inkjet printer: (a) frequency = 6 kHz, pulse
duration = 45 ps, AV =50 V; (b) frequency = 6 kHz, pulse dura-
tion = 13 ps, AV =70V [44].

A limit is therefore placed upon the ink viscosity dependent
upon the maximum pressure pulse that can be introduced.

Due to the high shear rate encountered in inkjet printing
(10*-10° s™') [46], the non-Newtonian behaviour of the fluid
is of importance, with shear-thinning behaviour preferable
[47], meaning that any solid material within the ink must be
well dispersed and characterised. A further issue observed pri-
marily with polymer solutions is due to a transition under high
extensional flow to viscoelastic behaviour. This inhibits print-
ability due to the occurrence of a persistent filament between
the droplet and nozzle that inhibits detachment of the droplet
from the nozzle [48]. The molecular weight of the polymer
is found to be critical in determining the transition between
these two behaviours, with higher molecular weight polymers
found to bring about viscoelastic behaviour at a lower solid
loading. This is due to the increased likelihood of interactions
between polymer chains as the chains get longer [49, 50].

The surface tension of an ink is important in the drop gen-
eration process as it defines the strength of pressure pulse
needed to perturb the meniscus at the nozzle and the ability
of the ink to spheroidise after detachment of the ink ligament.
These two mechanisms in which surface tension are involved,
however, are contradictory, demonstrating the complex rela-
tionship that surface tension has on the printability of an ink.
In practice, fluids have been successfully printed over a wide
range of surface tensions; from organic solvent-based inks with
low surface tension (~20 mJ m~?) [44] to high surface tension
liquid metals (~500 mJ m~2) [51].

Numerical modelling [52] has demonstrated the interplay
between the fluid properties on the printing process by means
of the Ohnesorge number (Oh = 5+/pDya, where 7 is the fluid
viscosity, p is fluid density, D, is the nozzle diameter and o is
the fluid surface tension). This number is a ratio of the viscous

forces within the nozzle to the surface and inertial forces, and it
was derived that this ratio had to be between 0.1 and 1 for suc-
cessful ejection [52]. From experimental observation this range
of fluid properties does successfully print [47], although exam-
ples of successful printing have been demonstrated at values
below 0.1 when printing with distilled water [53] and polymer
solutions [54].

For the printing of solid features, it is necessary for a solid
or solid precursor to be present within the ink. It is often desir-
able for an ink to have as high a solid loading as possible, so as
to aid in pattern definition by pinning the contact line or to
increase the thickness of deposit. The demand for high solid
loading is antagonistic to the viscosity constraint discussed
above, as any increase in solid phase (or solute) has the capac-
ity to dramatically increase the viscosity of the ink. When a
solute in solution is used, the solid loading is further limited
by the solubility of the material in the solvent used. Empirical
relationships, such as the Krieger-Dougherty model have
shown good agreement with experimental data [55, 56] and
predict a sharp rise in viscosity above approximately 40% vol-
ume fraction of particles, making any significant increase
above this impractical for printing. This volume fraction
assumes that the particles in suspension have an aspect ratio
approximating unity and are well dispersed. For high aspect
ratio materials (such as nanotubes or nanowhiskers), the max-
imum volume fraction that is printable is significantly reduced
[57].

For an ink to print reliably, it is also a prerequisite that their
use does not block the nozzle. For dissolved material; this is
most likely to occur due to evaporation of solvent at the nozzle
(and the solute coming out of solution) [58], and for particles is
most likely to occur due to agglomeration of suspended parti-
cles at the nozzle or evaporation [59]. Care must therefore be
taken in choosing the carrier solvent for inks, with relatively
high boiling point solvents often used to counteract this [60].

The resolution achievable by inkjet printing dictates the
size of the final printed feature. The higher the resolution
attainable, the more complex an electronic structure can be
in a given space, and the performance of some components
(such as field effect transistors) is directly correlated to the
minimum feature size. Combined with the concurrent advan-
tages of reduced materials consumption, there is therefore con-
certed interest in miniaturising printed devices. For printing,
this is generally limited by the minimum size of droplet that
can be produced. For conventional droplet generation that
relies on the generation of a pressure pulse, this minimum dro-
plet volume that can be generated and accurately deposited is
limited to approximately 1 pL, which corresponds to a ejected
droplet diameter of approximately 12.4 um [61]. While droplet
generation below this size is possible using conventional actu-
ation, ballistic accuracy of the droplet is lost, this is due to the
kinetic energy of the droplet being insufficient to overcome the
air turbulence and drag that acts upon the propelled droplet. To
overcome this, it would be necessary to increase the velocity of
the droplet, which in turn would require a less viscous ink so
that the pressure pulse was not attenuated to the same extent.
This requirement for a lower viscosity necessitates lower solid
loading of the ink, which is detrimental in terms of the final
functioning of the printed device.
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Alternative droplet generation methods have been investi-
gated, which are capable of producing smaller droplets with
a significantly higher kinetic energy and therefore maintain
ballistic accuracy. These methods impose an electric field
between the nozzle and substrate that induce an electrohydro-
dynamic instability that causes droplet ejection [62, 63]. This
technology is capable of depositing droplets of sub-femtolitre
volume, which corresponds to a sub-micron droplet diameter.
This technique has been demonstrated for a variety of materi-
als, such as THz planar metamaterials [64], 3D microbatteries
[65] as well as metallic electrode materials [66].

To fabricate printed electronic circuits, particularly on
polymer substrates that are not stable at significantly elevated
temperatures (such as those likely encountered in additive
manufacturing), there are a number of criteria that an ink sys-
tem must fulfil besides merely having suitable fluid properties.
The ink must be compatible with the substrate upon which the
circuit is to be deposited, which limits the range of solvents
that can be used with some polymers. Any further processing
of the ink to obtain a functioning electrode (e.g. heating or
chemical treatment) must also be compatible with the sub-
strate. Most importantly, the functioning characteristic of the
material (e.g. conductivity or resistivity of a conductor) must
be sufficient for the device to function.

Droplet behaviour on a substrate

Any pattern or structure fabricated by inkjet printing is
made up of a series of nominally identical generated droplets
distributed according to computer-controlled instruction. It is
therefore imperative to understand the behaviour of these dro-
plets, both in terms of interaction with the substrate and each
other, to understand the resolution and capability of the inkjet
printing process.

The droplet as produced is a liquid, which to form a deposit
of use must impinge upon a substrate and change phase. The
impingement process should dissipate any excess energy of
the droplet upon impact and reach an energetically stable state
with both the substrate and any other droplets previous depos-
ited within the locale. The phase change typically takes the
form of evaporation of carrier solvent [38-40, 44, 54, 60,
67], although can also be via solidification [47, 51, 56], or gela-
tion [68, 69]. Depending upon the ink system used, it may sub-
sequently be necessary to perform further processing to
achieve the desired functionality, such as thermal treatment
[44, 70-72], electromagnetic irradiation [73—75], or chemical
treatment [76-81].

As mentioned previously, the droplet generated by the prin-
ter will have both a kinetic and surface energy dependent upon
the fluid properties and the waveform used to produce the dro-
plet. When impinging upon a substrate, the manner in which
this energy is dissipated is dependent upon the amount of
energy that needs to be dissipated and the nature of the sub-
strate and surrounding environment. These energy dissipation
channels can take numerous forms, but can be loosely sepa-
rated into those that are unstable (e.g. splashing and bouncing)
and those that are stable (impact-driven and surface energy
driven spreading). While an understanding of unstable

impingement is of significant scientific interest (see e.g. a
review on the subject by Yarin [82]), it is generally not seen
with printing.

Stable spreading has similarly been of significant scientific
interest for over a century [83-85] and has typically been
investigated using mm-sized droplets, with the findings then
made dimensionless using Reynolds number (Re), Weber num-
ber (We) and similar dimensionless quantities. These models
typically take the form of an energy balance between the initial
energy of the droplet and the energy consumed by viscous dis-
sipation to attain the maximum spreading of the droplet upon
the surface.

Due to the small size, caution should be taken with trying to
relate the dimensionless models derived from mm-sized
droplets to the smaller scale printed droplets. With stringent
requirements in terms of both temporal and spatial resolution
required to directly observe impacting inkjet droplets, compara-
tively few studies investigating this regime. The first such study
by van Dam and Le Clerc [53] demonstrated the need for caution
in applying the previously derived models as poor agreement
was found between them and observed maximum spreading,
with a tendency of pre-existing models to over-predict the
spreading. This was subsequently shown to be the case in other
studies, and was attributed to the models for mm-size droplets
neglecting to include a term that accounted for energy dissipa-
tion at the advancing contact line of the droplet [86, 87].

Van Dam and Le Clerc [53] also looked at the final diam-
eter of deposits left by ejecting a silver salt solution onto glass,
and found the obtained diameter to be largely invariant with
impact velocity. This shows that the impact-driven spreading
of a droplet does not necessarily dictate the size of deposit
formed, with subsequent capillary flow to obtain surface
energy equilibrium between droplet and substrate having a sig-
nificant, and potentially dominant, influence. The influence of
surface energy interactions upon the final deposit size of inkjet
printed droplets has been modelled by assuming that the dro-
plet will form a spherical cap of equal volume to the initial
droplet upon the substrate and that the contact line is pinned,
with the contact diameter of the cap (Deqm) being determined
by the equilibrium contact angle of the ink with the substrate
(Oeqm)- This can be normalised to the initial droplet diameter
(Do) to obtain a spreading ratio, feqm [53]:

B = 20 = i (1)

Degm tan()e% (3 + tan2 03%)

This relationship (Eq. (1)), and similar, has been shown to
reliably predict the diameter of individual printed deposits
[88, 89].

For the liquid droplet to reach equilibrium, it necessitates
that the droplet does not undergo significant phase change dur-
ing the spreading process. Any phase change (such as solidifi-
cation, gelation or evaporation) may lead to either a change in
droplet/substrate equilibrium or a premature arrest of the con-
tact line before equilibrium is reached. Such occurrences have
been seen in solidifying systems [90], evaporating systems
[91], and gelling systems [69], typically by variation of the
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substrate temperature. While use of temperature variation can
be used to control the dimensions of a printed deposit, it is
not common to do so with inks having a significant solid load-
ing due to detrimental effects on the reliability of printing, pri-
marily due to an increased likelihood of nozzle clogging.

For inks that rely on evaporation to change phase from lig-
uid droplet to solid deposit, the deposit size is largely dictated
by the surface energy interactions between the ink and the sub-
strate and the initial volume of the ejected droplet. This is
despite the volume of the droplet decreasing over the evapora-
tion process, which one would reasonably expect to lead to a
reduction in the droplet footprint to maintain surface energy
equilibrium. While such a reduction in size has been seen
for some printed systems [92], it is generally not the case. This
is due to an energetic barrier being present that resists retrac-
tion of the contact line, often referred to as contact angle hys-
teresis [88]. This hysteresis may be caused by surface
roughness [93], chemical inhomogeneity [94], or the presence
of a second solid phase such as dust contamination [95]. In the
case of solid-laden liquids, the evaporation process itself will
lead to the manifestation of a solid phase that can act as a bar-
rier to retraction of the contact line, and is often sufficient to
prevent any recession of the contact line over the entire evap-
oration process (referred to as a zero receding contact angle)
[88].

The prevalence of ink and substrate combinations that
manifest a zero receding contact angle in part leads to another
often observed phenomena; that of coffee staining (Figure 2);
coffee staining constitutes the preferential deposition of solid
material at the periphery of a droplet (or any other arbi-
trary footprint of liquid on a surface) [95]. The necessary

preconditions for coffee staining are that the droplet has a
non-zero equilibrium contact angle with the surface, the con-
tact line is pinned and that evaporation occurs [96]. The evap-
oration of the droplet drives the segregation of material due to
the differences in surface area to volume ratio between the
edge of the droplet and at the centre, with the ratio being
higher at the edge and lower in the centre. The loss of solvent
from the droplet due to evaporation will be relatively invariant
over the free surface of the droplet (although the rate may be
greater at the droplet edge [96]), but a pinned contact line will
mean that the droplet is unable to uniformly change volume. It
is therefore necessary for solvent to be transported from the
centre of the droplet to the periphery, with this flow being suf-
ficient to overcome any forces between the dissolved or sus-
pended phase in the droplet and the substrate, and therefore
depositing material at the contact line [96, 97].

The generation of flows within the droplet due to the neces-
sity of mass transport can also lead to the formation of other
morphologies depending upon the nature of the flow, such as
segregation of material in the centre of the droplet [98]. It is,
however, generally desirable for there to be an even distribution
of material over the wetted area, particularly for conductive
material and layered structures. To achieve a relatively even
distribution, and therefore counteract the propensity for coffee
staining, it is necessary to disrupt the outward flow that causes
the segregation of material. This has been demonstrated in a
number of ways such as generating a contrary Marangoni flow
due to surface tension and temperature gradients across the
droplet surface [99], varying the temperature of the substrate
to reduce the evaporation rate at the droplet periphery [100],
introducing an additional flow due to capillary action into

100 pm

Figure 2. Phase contrast microscopy images of inkjet printed droplets of aqueous suspensions of silica particles on high surface energy
substrates (a), cleaned glass slides (b), and low energy substrates (c). Each row shows, from left to right, a particle size of 0.33 mm, 1 mm

and 3 mm, respectively [97].
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the substrate [101], preventing the contact line from pinning
[102], increasing the attractive force between suspended parti-
cles and the substrate [103], and by introducing an additional
solvent of low vapour pressure [104, 105].

To form 2-dimensional patterns from printed droplets. It is
necessary to either print droplets at such a rate that they
undergo phase change before any subsequent adjacent droplets
are deposited, or for the droplets to coalesce in the liquid state.
Due to the timescales involved in the phase change, especially
for evaporation, it is generally preferable for the droplets to
coalesce in the liquid state for the sake of printing speed. If
the deposition frequency is such that the a previously deposited
droplet has undergone phase change before any subsequent
droplet is deposited, a ‘stacked coin’ morphology is formed
[100]. This is, in essence, a series of closely overlapping circu-
lar deposits from individual droplets. In addition to the issues
with printing speed mentioned previously, producing linear
features in this way will tend to produce a non-flat topography
due to any subsequent droplets being deposited upon a non-flat
surface (i.e. the previously deposited droplet). Due to the circu-
lar nature of an individually deposited droplet, the contact line
is made up of a series of arcs rather than being truly straight,
with this exacerbated as the droplet spacing is increased.

To produce a feature with a constant cross section (or “uni-
form” morphology), it is necessary for the droplets to coalesce
in the liquid state. Furthermore, it is necessary that there is suf-
ficient contact angle hysteresis that there is no recession of the
contact line upon coalescence to minimise surface energy [88].
As mentioned previously, this behaviour is quite prevalent in
the ink and substrate combinations used to fabricate conductive
patterns. These two prerequisites for the production of constant
cross-section features enable a straightforward volume balance
between the deposited droplets and a stable bead with a cross
section of a circular segment, as in Figure 3 [44]:
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Where w is the width of the bead and p is the spacing
between each deposited droplet. From this volume balance
(Eq. (2)) it is possible to obtain a prediction of the bead width
as a function of printing parameters and contact angle and has
been verified experimentally [44, 88, 89, 100, 105].

Due to the zero-receding contact line condition necessary
for this volume balance, it is inherent that the minimum feature
size attainable will be that of a single deposited droplet. This
therefore necessitates that the minimum width of bead for
which equation (2) is valid is equal to f.qmDo as defined in
equation (1). Using this condition, it is possible to define a crit-
ical droplet spacing, pmnax, above which there is insufficient
deposited liquid to form a stable bead with parallel contact
lines:

27'CDO
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(3)

pmax =

A droplet greater than the value of p,,,x, but smaller than
PeqmDo Will result in a periodic curvature to the contact line
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Figure 3. Diagram showing the parameters that are used in
modelling the relationship between final track width and contact
angle [44].

due to the insufficient volume of liquid, which is referred to
as a “scalloped” morphology [100].

A final morphology observed in printed lines is that of
“bulging” [68, 88, 89, 104, 106]. This was first observed by
Duineveld [88], and was explained due to the relative driving
forces for flow of newly deposited droplets. A newly deposited
droplet will have a smaller radius of surface curvature than a
pre-existing bead of liquid with which it coalesces. This differ-
ence in curvature results in a pressure difference, with newly
deposited liquid moving from the front to the interior of the
bead, resulting in the bead front having a contact angle below
the advancing contact angle and preventing any spreading. For
this axial flow to be significant in determining the final mor-
phology, it is necessary for it to be of sufficient magnitude
compared to the applied flow to the ridge due to newly depos-
ited droplets, as there will otherwise be insufficient time for the
axial flow to take place for the contact angle to be suitably
reduced.

Duineveld [88] used such arguments to construct a mathe-
matical model of the bulging process that agreed well with
experimental results, showing that occurrence of bulging was
exacerbated by decreasing deposition frequency (reducing the
applied flow rate), increased ink/substrate contact angle, and
reducing droplet spacing (both increasing the driving force
for axial flow). By adapting this model and allying it to the vol-
ume conservation balance given in equation (2), it was possible
to produce a stability map [106] that enabled the prediction of
line morphology based upon ink properties, printing conditions
and ink/substrate interactions (Figure 4). This map has subse-
quently shown good agreement with experimental results for a
wide variety of ink/substrate combinations [104, 106, 107].

The aforementioned factors that control line morphologies
and deposit segregation of single droplets can be extended to
films, with 2 solvent mixtures found to be critical in obtaining
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Figure 4. A stability map for inkjet printed tracks, showing the triangular region of stability in the centre, the “scalloped” region to the left

and the “bulging” region in the bottom right [106].

topographically smooth films [108]. It was also found that the
homogeneity of these films was improved by printing droplets
in a quasi-random order and at low speed [108], with the
improvement in homogeneity of the films most likely due to
the elimination of pressure gradients within the film caused
by newly deposited liquid and evaporation. This was expanded
upon by Soltman et al. [109], where the variation in the contact
angle of the printed film due to flow and evaporation were
numerically modelled. This led to the use of variable line spac-
ing so that the contact angle was kept between the advancing
and receding contact angle. The need to keep the contact angle
of the liquid film with the substrate between the advancing and
receding contact angle has also led to the use of 2 solvent mix-
tures [110] and controlled surface roughness [111].

The texture of the surface onto which the ink is deposited is
of particular relevance to additive manufacturing. For powder
bed processes, the fused layer onto which ink could potentially
be deposited is likely to have a roughness of similar magnitude
to the powder, and in addition is likely to have some residual
open porosity. This combination of roughness and porosity will
most likely lead to ink being drawn into the powder bed by
capillary action. While in some applications this can be viewed
as advantageous (for example, printing of a binder material
into the powder bed), for printed electronics it may be detri-
mental due to the possibility of the deposit being discontinu-
ous. For additive manufacturing processes that form a
definitively solid layer, such as fused deposition modelling
and stereolithography, this is less of an issue. Of more concern,
however, is the typically low surface energy of the substrate
that could lead to the ink not wetting the substrate satisfacto-
rily. This again raises potential issues with regards to the con-
tinuity of any deposits, which is of critical importance in
printed electronics. For example, any discontinuity in a printed
conductive trace will mean that the whole circuit would cease
to function. Strategies to overcome similar problems in con-
ventional printed electronics have been demonstrated, with
the substrate being treated to selectively vary the wettability
(e.g. by plasma treatment [112] or laser treatment [113,
114]), structuring the substrate to introduce a geometric

confinement to the ink [115], or a combination of the two
[67]. It is feasible that both of these techniques or similar could
be integrated into an additive manufacturing process, with
either the use of a further deposition head (in the case of sur-
face treatment) or creation of physical barriers using the addi-
tive manufacturing technique.

As an essential component of any electronic circuit, a con-
ductive trace is unsurprisingly one of the most studied compo-
nents in printed electronics. A number of different materials
for use as a conductor have been studied such as conducting
polymers [115, 116], and carbon allotropes [117, 118]; how-
ever, the most studied group of conductive materials in printed
electronics have been metallic. This is due to their combination
of low resistance, environmental and mechanical stability and
relatively low cost. The next section will focus on the use of
metallic inks in printed electronics, with particular focus on
strategies that have been developed for their processing that
enable the use of temperature sensitive polymer substrates sim-
ilar to the materials used in additive manufacturing.

Metallic inks

Most contacts and interconnects that have been inkjet
printed have used inks that have a metal (e.g. silver) as their
chief functional component, which is due to the significantly
higher conductivities that can be obtained for the final printed
feature. There are two types of metal-containing ink that can be
used. The first type is composed of a suspension of stabilised
nanoparticles and a carrier solvent, and is known as a nanopar-
ticle (NP) ink. The second type has a metal salt dissolved into a
suitable carrier, and has often been described as a metalorganic
decomposition (MOD) ink [43, 69, 119].

Both ink types have their respective advantages and disad-
vantages. MOD inks, a simpler type of ink due to being solu-
tions, do not require colloidal stabilisers and nozzle clogging is
reduced. Although MOD inks tend to have lower loadings,
which means less metal is deposited with each pass, the
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conductivity that can be obtained is high; values exceeding
50% bulk silver have been obtained for single-layered tracks
using a cure time of 5 min and temperature of 150 °C [120].

NP inks, on the other hand, have a higher particle loading
and are generally more available. NP inks have also been
reported as having lower contact resistances [71]. Both inks
rely on the reduced melting point of nanoparticles to form
conductive features; silver nanoparticles melt at a much lower
temperature than bulk silver due to the high surface area to
volume ratio [121]. In NP inks, the nanoparticles are already
present. Heat is typically required to burn off the surfactant,
the nanoparticles then sinter together. With MOD ink, the
nanoparticles are formed in-situ.

With both MOD and NP inks, the choice of metal is deter-
mined by a number of factors. Cost, obviously, is an important
factor. However, the ease of processing and final conductivity
tend to be the main considerations, as they determine the
end device’s functionality. Ideally, a metal-containing ink
would have a long shelf life, be straight-forward in terms of
jetting behaviour, deliver high levels of conductivity and be
affordable.

In terms of conductivity, silver is favoured due to it having
the highest, 6.30 x 10’ S/m (p = 1.59 x 10~® Qm). Copper
(1.68 x 107% Om), gold (2.44 x 107® Qm) and aluminium
(2.82 x 10~® Qm) have similar values. The high price of gold
immediately discounts it from any bulk applications, and
copper requires a special processing atmosphere; Moon et al.
reported on the inkjet printing of a copper MOD ink, which
was converted in a 3%H, atmosphere [72]. To date, silver
has been the metal that has been most reported, as it ease of
processing offsets its price compared to gold and copper.

However, the cost of copper is encouraging researchers to
explore new ways of manufacturing the inks that increase its
ease of processing. Magdassi et al. synthesised nanoparticles
that were composed of copper core and covered with silver
shells; this approach allowed the nanoparticles to be printed
and processed in air [45].

Processing of metallic inks

Whether an NP ink is printed or an MOD ink, both types
require a post-printing process step to convert the ink into a
conductive, metallic track. Typically, thermal treatments are
used. In NP inks, the thermal step decomposes the colloidal
stabiliser, drives off the carrier solvent via evaporation, and
provides energy to enable the nanoparticles to sinter together.
With MOD inks, heat drives evaporation of the carrier solvent,
causing the metal salt to precipitate out. Continued heat causes
the organic component of the salt to decompose, leaving
precipitated and sintered nanoparticles.

There are a variety of methods that are used to encourage
sintering. The most widely reported has been conventional
heating, in which the substrate that contains the printed feature
is placed above a heat source, such as a hot-plate. However, the
typical temperatures (~200 °C) that are used in this step tend to
favour the use of expensive substrates such as polyimide, and
as such are not suitable for use in additive manufacturing.
Alternatives to conventional heating include using a laser to

sinter [73, 122], however, conductivity is adversely affected
by write speed. Another method of introducing the energy
needed to enable sintering is the application of an electric field
[123], which relies on the pre-sintered nanoparticles forming a
slightly conductive network. Upon application of an electric
field, resistive heating of this network takes place, which drives
off any stabilisers and sinters the particles together. This
process is very quick (~100 ms), leads to minimal heating of
the substrate and leads to conductivity approaching bulk metal
[124], but requires a direct connection to a power source,
which would potentially be a limitation in additive
manufacturing.

Use of microwave radiation has been investigated, and has
been found to be capable of producing conductivities of
~5-10% of bulk metal in under 5 min without damaging
polymeric substrates [125]. Due to the penetration depth of
microwaves into metals, the use of microwave radiation is
limited to features of a few microns thickness [125], although
this thickness is sufficient for most sensing applications. The
applicability of microwave curing to a pre-existing additive
manufacturing process, however, would present a significant
challenge.

The use of chemical agents to remove any stabilising agent
from the metal has also been investigated, both for MOD inks
[76-78] and for NP inks [79-81]. The use of chemical agents
reduces or potentially eliminates the need for any thermal treat-
ment that may be detrimental to polymer substrates (Figure 5).
In the case of MOD inks, hydroquinone was used as a reducing
agent after brief exposure to UV radiation to reduce the silver
ion of deposited silver neodecanoate to atomic silver, with con-
ductivities found to be in the region of ~10% that of bulk silver
[76]. Other examples of chemical reduction include the use of
silver nitrate with ascorbic acid [77], and a silver ammonia
solution reduced by formaldehyde [78]. Chemical sintering
has also been used with NP inks, where silver nanoparticles
treated with solutions containing chloride ions have been found
to result in conductivities approaching that of bulk silver
[79-81]. This is attributed to the chloride ions destabilising
the stabiliser on the nanoparticle surface [79, 80] and simulta-
neous dissolution/deposition of silver ions at the nanoparticle
surface leading to greater interconnectivity [81].

Of growing importance has been the adoption of flash light
sintering, also known as photonic sintering [74, 75]. In this
technique, a series of short (~ms) flashes from a Xenon lamp
irradiates the printed feature. The process is fast, which is
attractive for manufacturers, and conductivities of approxi-
mately 10-20% of bulk metal obtainable. Due to the short
timescales, this has proved successful with more reactive met-
als that are not easily processed without controlled atmosphere
environments, such as copper [74] and nickel [75]. It should be
noted, however, that both the initial capital cost of such pho-
tonic sintering equipment and the running costs are significant.
This would mean that such equipment is only suitable for
applications where the speed and material compatibility advan-
tages outweigh the cost. As such, the cost benefits of using less
expensive raw materials are negated until large-scale produc-
tion is adopted.

For some applications, the deposition of interconnects
may be sufficient for embedded electronics in an additively



10 J. Stringer et al.: Manufacturing Rev. 2016, 3, 12

: e T oy S -
AccY SpotMagn Det WD Exp 1 1um
"J10.0kV 3.0 37868x SE 11.0 1 )

O

AccV  Spot Magn Det WD ] 1 pum
500KV 1.0 25000x SE 104 Samplo 11 No.1

Figure 5. Two SEM images, showing the dense nanoparticle structure obtained using an MOD ink followed by (a) chemical conversion or

(b) thermal conversion to obtain silver [76].

manufactured part if combined with the inclusion of pre-fabri-
cated electronic components. There is potential, however, for a
more complete printing of the electronic circuit, with the inclu-
sion of printed logic circuits directly into the part. Due to the
necessity to produce these components in solution and at tem-
peratures not greatly elevated above ambient, work to date has
tended to focus on organic semiconductors, which will now be
briefly discussed.

Organic semiconductor inks

While the embedding of conductors and similar passive
components into additively manufactured components is of
import by itself (for example, in connecting other electronic
components or electromagnetic shielding), the ability to embed
active components based upon semiconducting material, such
as transistors, introduces far greater design possibilities. The
materials typically used for such devices (e.g. silicon crystals)
do not lend themselves readily to solution processing, although
this has been demonstrated with the decomposition of suitable
precursors [126]. It should be noted, however, that the temper-
atures necessary to form polycrystalline silicon using this route
is significantly higher than the melting, glass transition or com-
bustion temperatures of materials typically used in additive
manufacturing.

For printed electronics within additively manufactured com-
ponents, the requirement is that the semiconducting material
must also be solution-processable at temperatures amenable to
the other (typically polymeric) materials used in the additive
manufacturing process. Such requirements are similar to those
for printed electronics on flexible substrates, with the bulk of
work to date in the field focusing on organic semiconductor
materials. To aid in understanding the challenges involved in
printing organic semiconducting devices, there now follows a
brief discussion of a typical organic semiconductor device
and the physics that govern the behaviour of the device.

A typical organic semiconductor device is an organic field
effect transistor (OFET), a typical structure is shown in
Figure 6. The structure of OFETSs consists mainly of source

-

Figure 6. A typical OFET structure, showing the location of the
source, drain and gate electrodes.

and drain electrodes separated by a distance (channel length,
L). An organic semiconductor (OSC) layer bridges the source
and drain electrodes. Over the OSC layer is a dielectric (either
dry, analyte or gel insulator) upon which there is a gate elec-
trode. The actual structure of an organic thin film transistor
varies and several architectures have been reported [127].

An OFET is a voltage-operated device since the current
can be introduced into the organic semiconductor channel by
a voltage applied to the gate electrode. Consequently, the cur-
rent flow through the channel can be changed and controlled
by the gate voltage. This feature allows OFETs to operate as
a type of amplifier or a transducer through converting a voltage
or potential signal into a current response [128]. More details
of the principles, understanding the structural, and electrical
properties of materials used to construct OFETs have been
reviewed elsewhere [128, 129].

Line width, channel length, and uniformity of OFET elec-
trodes are some of the most essential factors to consider in
order to produce high current. The metal used in the source
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and drain electrodes should provide a good injection of charge
carriers to the organic semiconductor. High work function
electrodes are required for injecting the charge carriers to a
hole (positive) organic semiconductor. The distance between
the source and drain electrodes (channel length L) should be
very short, according to the following equations, since the
drain current is inversely proportionate to channel length, L.
Within the linear regime, the current can be expressed as:

w
IDS = IC’H(VG — VT)VD fOI' |VDHVG — VT| (4)

Within the saturation region, the current is defined:
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Where p is the mobility, C; is the capacitance per unit area
of electrolyte, V; is gate voltage, V) is drain voltage, V7 is
threshold voltage, and W and L are the width and length of
the channel, respectively.

In the linear regime, the drain current, /pg, rises linearly
with drain voltage, Vp, while the saturation region shows the
drain current, /g, remains constant at a saturation level (/g,)
even if the drain voltage, Vp, is increased further. The channel
current strongly depends on the channel length. Since, the cur-
rent increases with shorter channel length. Furthermore, the
switching on/off time-speed is inversely proportionate to the
square channel length (L).

To achieve the best performance of an organic semicon-
ductor (i.e. highest Ipg) in a device such as an organic field
effect transistor (OFET), the following are therefore required:
a high degree of surface morphology of the organic semicon-
ductor (crystallinity, with greater crystallinity increasing
mobility, p), good quality of contacts for injection of charge,
and a high dielectric capacitance (C;). The importance of the
materials used for the organic semiconductor thin layer in an
OFET represents one of the essential elements in the produc-
tion of devices with highest performance and environmental
stability. Hence, much effort in the synthetic chemistry and
physical chemistry fields is aimed at producing high mobility
materials. Importantly, the performance of organic devices is
improved as the crystallinity of the deposited organic semicon-
ductor thin layer increases. Single-crystalline organic thin-film
transistors have displayed distinguished characteristics such as
higher mobility and on/off current ratio [130, 131]. The sol-
vents used for dissolving organic semiconductors play a critical
role in controlling the maximum solution concentration and
rate of solution evaporation, which in turn leads to the produc-
tion of a crystalline thin film. For example, the use of a high
boiling point solvent is recommended because its evaporation
rate allows the semiconductor more time to crystallise, and
as a result, a high mobility can be obtained.

A variety of methods have been used to produce organic
single crystals such as vapour deposition methods and solution
based processes. However, some of these methods, in particular
spin coating, have shown negative aspects such as significant
material consumption and substrate contamination, which

limits the control of spatial selectivity and film uniformity
[132]. In order to overcome such limitations, inkjet printing
has been considered as a promising technique for preparing
organic single-crystal transistor arrays as a result of its ability
to dispense only the required amount of material (thereby
reducing both waste and cost) and to its highly selective pat-
terning nature [133]. However, using inkjet printing without
due consideration to produce highly crystalline thin films
may result in issues such as self-organizing of the deposited
materials which produces films with a non-uniform thickness
distribution, difficulties in ink formulations, and complex dry-
ing phenomena such as coffee staining [132, 133]. Single-crys-
tal thin-films for both polymer and low molecular weight
organic semiconductors have been prepared by utilizing inkjet
printing [134, 135]. One of these methods is characterized by
combining the process of anti-solvent crystallization and inkjet
printing. Minemawari et al. found that scalable solidification of
organic semiconductor film can be controlled through using
the anti-solvent crystallization method and double shot inkjet
printing (DS-1JP) technique [134]. This method involves using
two types of ink; anti-solvent ink (a liquid in which a substance
is insoluble) and solution of a semiconductor in a solvent that
is miscible with the anti-solvent. By using piezoelectric inkjet,
the anti-solvent ink is printed first and then overprinted with
the solution semiconductor ink, which results in a mixture of
the semiconductor solution with the anti-solvent. In the first
stages of the formation of the film, small floating particles
form on the liquid’s surface and act as nuclei for ongoing crys-
tallisation. The nuclei experience successive growth, which
leads to larger particles being formed. Lines can be perceived
on the surface of the tiny drops when they begin to evaporate,
which shows the solid nature of the finite product. Minemawari
and his group also believe that reversing the deposition
sequence between semiconductor solution and the anti-solvent
play an important role for obtaining uniform films with high
crystallinity when they used different organic semiconductors
such as TIPS-pentacene, instead of C8-BTBT semiconductor,
as shown in Figure 7 [135].

OFETs with the printed single crystalline thin films as an
active layer showed extremely high performance and mobility,
16.4 cm® V™' s7! on average. The crystal nucleation and the
following growth of crystal domains could be controlled using
a suitable design of the droplet configuration. Since they found
that the film surface morphology of a shape with a protruded
area appears to be more uniform and smoother than the films
obtained with a rectangular shape. A stable design of the dro-
plet configuration can be obtained by the predefined wetting
patterning. Additionally, printing conditions such as substrate
temperature, the concentration and volume of the solution,
and the solution-anti solvent ratio play an important role for
controlling the morphology of the films as well as their
single-domain nature.

Manufacture of complete devices

As discussed previously, the use of inkjet printing to embed
electronic functionality into additively manufactured parts is
compelling due to the combination of limited material waste,
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Figure 7. Inkjet printing process of organic single-crystal thin films. The top half of the image shows the reverse sequence between
semiconductor solution and the anti-solvent; DS-1 (left) and DS-2 (right). In the bottom half of the image, the anti-solvent ink (A) is first
inkjet-printed. The solution ink (B), which contains the semiconductor is overprinted sequentially to form intermixed droplets (step 2).
Semiconducting thin films grow at the liquid-air interfaces of the droplet (step 3) before the solvent fully evaporates (step 4) [134, 135].

non-contact deposition to reduce contamination and scalability
to large volume production. The last of these points is perhaps
best illustrated by graphical printing, where the same funda-
mental technology is used in a standard A4 desktop printer
and much larger roll-to-roll industrial printers capable of print-
ing multiple m%minute. The printing of functional compo-
nents, however, is inherently more complex than graphical
printing due to the multi-layer structure of the final device,
the post-processing required and the far more critical nature
of repeatability and reliability.

The need to build up a multi-layer structure introduces
complications, particularly associated with deposition. The
dependence of deposit morphology upon the surface energy
and topography of the substrate has already been discussed,
and it is high likely that a pre-deposited layer will have differ-
ent surface properties to the underlying substrate. This would
be of particular concern if the printed film was not being
deposited onto a single material, but on to a multitude such
as if the source and drain electrodes of the OFET are being
covered with a dielectric or semiconductor layer. Sanchez-
Romaguera et al. demonstrated that this change in morphology
can be pronounced, with the change in surface energy between
a glass substrate and previously deposited silver track being
sufficient to dramatically alter both the width of the line and
the topography of a deposited dielectric film [136]. To help
counteract the difference in surface energy, it is possible to
alter the energy of the surface so that a better deposit is
obtained, which is typically done using a UV-Ozone plasma
treatment [136].

For multi-layer fabrication, it is necessary to exercise pru-
dence when selecting inks, with particular attention paid to the
solubility of previously deposited layers in the solvent of the
next ink to be deposited, so as to avoid redissolution. Any dam-
age to previously deposited layers may will be uncontrolled,
leading to an uneven layer, which could result in inconsistent
device performance or even pinholes in the film and conse-
quent failure of the device. The requirement of a defect-free

layer of uniform thickness has led to the use of curable resins
as inks, rather than dissolved polymers [136, 137]. These
resins, typically cured by UV light, are preferred due to the
entirety of the ink being converted to solid, reducing any solute
segregation (coffee staining), producing pinhole free layers,
and being chemically inert after curing and hence resistant to
redissolution.

For large scale manufacture, it is important to bear in mind
not only the printing speed but also the time required for any
post-deposition processing of each layer. As shown when dis-
cussing metallic inks, this processing can take a significantly
longer time than the printing itself and each layer may have
to be processed after deposition. To expedite this, it is neces-
sary to select a post-processing technique for each layer that
is capable of endowing the desired function on the layer (e.g.
a minimal sheet resistance), does not cause damage to previ-
ously deposited layers and can be performed in as short a time
as possible. The use of bulk thermal heating is problematic due
to the time required and the potential for damage to polymeric
layers, either by melting or by the introduction of thermal stres-
ses that can lead to debonding and cracking of the layers [136].
If electromagnetic radiation, such as flash sintering or UV cur-
ing, is used, the degradation of previously deposited layers
when subjected to such radiation needs to be identified.

Compared to graphical applications, the repeatability and
reliability of printing is paramount in a functional manufactur-
ing process. For a graphical application, a single misdirected or
non-ejected droplet out of several million will be barely notice-
able. For printed electronics applications, such an occurrence
could lead to either a pinhole in a film or a gap within a con-
ductive feature, leading to failure of the device. To ameliorate
against such occurrences, it is common to have significant
redundancy within the printing process. This redundancy takes
the form of high-speed machine vision apparatus that is able to
identify any locations where a droplet has not been success-
fully deposited, followed by a second identical set of print
heads that fill in the identified areas.



J. Stringer et al.: Manufacturing Rev. 2016, 3, 12 13

Conclusions

Additive manufacturing, an umbrella term for a number of
different manufacturing techniques, has attracted increasing
interest recently for a number of reasons, such as the facile cus-
tomisation of parts, reduced time to manufacture from initial
design, and possibilities in distributed manufacturing and
structural electronics. Current limitations of additive manufac-
turing are associated with the time and cost needed to produce
a part, the resolution attainable by the additive manufacturing
technique and the limited capability to fabricate parts from dis-
similar materials. Addressing the time and cost to produce a
part has seen additive manufacturing move towards area-based
techniques that are to form an entire layer of a part at once. The
use of dissimilar materials has also been keenly researched,
with particular emphasis on embedding of electronic compo-
nent and circuitry. The techniques investigated for this have
typically relied on a combination of a single nozzle deposition
of conductive material in combination with a pick and place
robot to position more complex components. To both minimise
the time and cost of a manufactured part, as well as enable the
use of dissimilar materials, it would be ideal if a deposition
technique that can both be easily integrated with other additive
manufacturing technologies and was able to deposit dissimilar
materials of interest in an area based manner would be ideal.
One technique that has the capability to meet these require-
ments is inkjet printing, which has seen a great deal of
research, particularly with regards to printed electronics.

Inkjet printing is a process that dispenses droplets that are
uniform in terms of size, and selectively deposits these droplets
in an arbitrary pattern on a surface. In doing so with one or
more ink loaded with functional material (or a precursor), it
is possible to form functional components such as electronic
circuits. Formulation of a functional ink is a balancing act
between having suitable fluid properties to allow droplet for-
mation, and sufficient loading of material to produce the
desired component. Printability of an ink is typically con-
strained by the viscosity of the ink (both Newtonian and
non-Newtonian), which rises as the amount of material dis-
solved or dispersed within it increases. Numerous strategies
have been deployed to overcome this dichotomy, such as the
use of nanoparticles, more printable precursors and in situ reac-
tions of multiple materials.

To achieve the desired pattern, it is necessary to understand
the how the droplets will behave on the given substrate before
forming the final deposit. To minimise surface energy, a liquid
on a surface will tend towards a spherical cap. While for some
applications a spherical deposit of ink may be sufficient, to
achieve other shapes such as lines or rectangular films it is nec-
essary for the movement of the contact line of the ink with the
substrate to be constrained. This can either be by engineering
the substrate to confine the ink, or by having sufficient solid
constituent within the ink to pin the contact line upon drying.
The pinning of the contact line can lead to segregation of solid
constituent with the ink footprint, which is referred to as coffee
staining. This segregation can either be exploited to obtain
finer features, or can be minimised by changing the formula-
tion of the ink, the substrate, or the conditions under which
evaporation takes place.

Once printed in the desired pattern, it is often necessary to
subsequently process the deposited material to form the final
functional structure. Of particular focus in this review is the
combinations of ink and processing necessary to form conduc-
tive metallic features. The nature of how energy is imparted to
the deposit during processing is of particular relevance to addi-
tive manufacturing and potential mass production, as it dictates
both the compatible materials that can be used and the speed
with which the layer can be deposited. Use of processing tech-
niques that enable the rapid processing of printed deposits, in
conjunction with compatibility with materials typically used
in additive manufacturing are discussed.
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