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A B S T R A C T

Inkjet printing has been used as an Additive Manufacturing (AM) method to fabricate three-dimensional (3D)
structures. However, a lack of materials suitable for inkjet printing poses one of the key challenges that impedes
industry from fully adopting this technology. Consequently, many industry sectors are required to spend sig-
nificant time and resources on formulating new materials for an AM process, instead of focusing on product
development. To achieve the spatially controlled deposition of a printed voxel in a predictable and repeatable
fashion, a combination of the physical properties of the ‘ink’ material, print head design, and processing para-
meters is associated. This study demonstrates the expedited formulation of new inks through the adoption of a
high-throughput screening (HTS) approach. Use of a liquid handler containing multi-pipette heads, to rapidly
prepare inkjet formulations in a micro-array format, and subsequently measure the viscosity and surface tension
for each in a high-throughput manner is reported. This automatic approach is estimated to be 15 times more
rapid than conventional methods. The throughput is 96 formulations per 13.1 working hours, including sample
preparation and subsequent printability determination. The HTS technique was validated by comparison with
conventional viscosity and surface tension measurements, as well as the observation of droplet ejection during
inkjet printing processes. Using this approach, a library of 96 acrylate/methacrylate materials was screened to
identify the printability of each formulation at different processing temperatures. The methodology and the
material database established using this HTS technique will allow academic and industrial users to rapidly select
the most ideal formulation to deliver printability and a predicted processing window for a chosen application.

1. Introduction

The use of Additive Manufacturing (AM) to construct three-dimen-
sional (3D) structures layer by layer from pre-designed computer
models offers significant advantages over conventional subtractive or
formative manufacturing processes. The principal of these is high
flexibility in product design and the ability to precisely manufacture
complex 3D geometries that have previously been unobtainable [1–4].
There has been interest recently in transforming AM from a prototyping
tool towards being used for the direct manufacture of end-use products
[5,6]. However, one of the main challenges to achieving this lies in the
limited variety of available printable materials when compared to the
tens of thousands of polymer materials that have been developed to be
processed using conventional polymer processing technologies [4,7,8].
The vast majority of polymer materials incorporated into commercial
products are currently processed via conventional methods [9]. To

enable a wider range of industry sectors to adopt AM as a main man-
ufacturing route for production, there is an urgent need to identify
materials that are fit for purpose. However, despite significant experi-
mental effort there has been limited success, as materials development
for AM is often time consuming and extremely multi-disciplinary. This
is due to the need for a continuous feedback loop between feedstock
preparation, processability of the formulation, curing kinetics,
boundary coalescence, dimensional accuracy, surface finish and sub-
sequent evaluation of product performance [10–13].

An important AM processing category is material jetting (or inkjet
printing), in which droplets of build materials are selectively deposited
[14]. Commercial inkjet 3D printing uses a drop-on-demand process,
with either a heater pad or a piezoelectric transducer to trigger ejection
of ink droplets from an array of nozzles in the print head. A piezo-
electric head is generally more favorable as it allows a wider range of
inks to be processed. The movement of the piezoelectric actuator
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produced by an electrical waveform creates a pressure variation in the
ink at the nozzle, forcing the ink to form a droplet and subsequently
ejecting it from the nozzle [15]. The dominant factors that control the
ideal formation and ejection of a droplet of fluid arise from physical
properties of the ink and the nozzle geometry. A decrease of nozzle
diameter has been found to reduce the number of ink types that are
printable, and this observation has been principally related to the in-
fluence of the ink viscosity and surface tension.

The printability of an ink is typically assessed using the Fromm’s Z
parameter (Eq. (1)), which takes into account dynamic viscosity (μ),
surface tension (γ), and density (ρ) of the ink, as well as the nozzle
diameter (r) [16].

=Z r
µ (1)

Fromm proposed a stable droplet ejection would occur when Z> 2
[16]. Reiz and Derby later refined the range to be 1 < Z<10 [17]
where it was determined that satellite droplets are likely to form if the
ink has a Z parameter> 10, and the ink is likely too viscous to be
ejected from the nozzle if Z < 1. These guidelines can be used to de-
velop new formulations where the inks can be tuned to have a combi-
nation of viscosity and surface tension that falls within the ‘printable
range’. The most commonly used approach to determine viscosity has
been oscillatory or capillary rheometers. These measure viscosity via
oscillatory movement of a sample liquid between two plates and flow of
the liquid through a capillary, respectively. Surface tension is de-
termined by analyzing the droplet shape formed at the terminus of a
vertical capillary. However, both methods are time consuming and
labor intensive, so neither of these approaches is adequate to rapidly
assess a large number of samples.

In order to shorten the development stage of inkjet fluid formula-
tion, this study utilizes HTS to determine the printability of formula-
tions. HTS systems typically involve techniques/apparatus that operate
automatically, require very small sample volumes and often allow for
simultaneous preparation and testing of multiple samples. In this way,
hundreds or thousands of experimental samples can be rapidly screened
to identify candidate materials that possess the desired properties.
These are often referred to as “hits”, from a compound library. HTS has
already played an important role in developments within the chemical,
pharmaceutical, and biological industries [18–21]. Thus, it was pro-
posed that it may also be a practical and useful approach for the for-
mulation development of AM processes, where the screening of a large
number of sample is required.

A recent HTS study used a piezoelectric microarray printer to assess
the printability of inkjet formulations based on droplet ejection [22].
However, the microarray printer employed had a different viscosity
requirement to many of the commercial inkjet printers, and it did not
have the capability to alter the temperature of the cartridge containing
the ink. For viscosity measurement, several HTS approaches have been
developed, including (1) liquids flowing inside a standard capillary
electrophoresis apparatus [23]; (2) falling spheres moving through
measuring tubes [24]; (3) the cantilever of atomic force microscope
(AFM) in liquids [25]; and (4) aspiration of liquids in pipettes using a
liquid handler [26]. In the specific case of the liquid handler, a pressure
curve generated during aspiration of the sample into the pipette was
used to calculate the dynamic viscosity of the tested liquid [26]. This
approach is of interest because (1) it can typically cover the viscosity
range required for ejection of an inkjet droplet (normally around
1–30mPa s); and (2) it does not require a separate cleaning step and (3)
only a small volume of samples (< 500 μl) is required [26]. Further-
more, the liquid handler has also been used to automatically determine
surface tension of liquids by the integration of a high-precision balance
[27], which measures droplet masses generated from a pipette and so
correlates that with the surface tension. This HTS approach follows the
principle of the stalagmometric method that is one of the most common
ways for measuring surface tension [28]. We therefore investigate the

suitability of a liquid handler to rapidly determine the printability of a
large number of ink formulations that are interesting for 3D inkjet
printing.

The first objective of this study was the assessment of accuracy,
repeatability and high-throughput capability of the viscosity and sur-
face tension measurement made using a liquid handler. This was fol-
lowed by the design of a library of 96 ink formulations and the sub-
sequent determination of printability of each formulation at a range of
processing temperatures during inkjet printing.

2. Materials and methods

2.1. Materials

Six general-purpose viscosity standards (silicone oils) were used to
validate the high-throughput viscosity measurement: S3, S6, N10, S20,
N35, and N75 (Paragon Scientific Ltd.). These are Newtonian fluids
with viscosities in a range from 3mPa·s to 125mPa·s. Surface tension
measurement was validated using ethylene glycol (99.8%, 324558,
Sigma Aldrich) and isopropanol (≥99.7%, W292907, Sigma Aldrich)
aqueous solution. A monomer library of 14 ultraviolet (UV) curable
monomers and one polymer were used to form a combinatorial library
for a high-throughput printability screening evaluation program. These
included 12 functional polymerizable monomer/oligomer used as base
materials and another three used as solvent materials. The 12 base
materials utilized were bisphenol A ethoxylate diacrylate (BPEODA,
412104, Sigma Aldrich), trimethylolpropane benzoate diacrylate
(TMOBDA, 475661, Sigma Aldrich), polycaprolactone dimethacrylate
(PCLDMA), 2-hydroxy-3-phenoxypropyl acrylate (HPPA, 407364,
Sigma Aldrich), trimethylolpropane ethoxylate triacrylate (TMPETA,
412171, Sigma Aldrich), trimethylolpropane propoxylate triacrylate
(TMPOTA, 407577, Sigma Aldrich), bisphenol a glycerolate diacrylate
(BAGDA, 411167, Sigma Aldrich), dipentaerythritol penta/heta-acry-
late (DPHA), pentaerythritol tetraacrylate (PETTA, 408263, Sigma
Aldrich), di(trimethylolpropane) tetraacrylate (DTMPTTA, 408360,
Sigma Aldrich), pentaerythritol triacrylate (PETA, 246794, Sigma
Aldrich), and tricycle[5.2.1.02,6]decanedimethanol diacrylate
(TCDDDA, 496669, Sigma Aldrich). PCLDMA was previously synthe-
sized by attaching photo-reactive groups on PCL-diol following the
methods reported in the literature and was determined to have a Mn ˜
1683 g mol−1.29 Three solvent materials were N-vinylpyrrolidone
(NVP, ≥99%, V3409, Sigma Aldrich), 2-hydroxyethyl acrylate (HEA,
292818, Sigma Aldrich), and polyethylene glycol diacrylate (PEGDA,
Mn=250, 475629, Sigma Aldrich).

2.2. Validation of the suitability of using a liquid handler for viscosity
measurements

A four-channel liquid handling apparatus (Microlab STARlet,
Hamilton Robotics, Inc.) was used to perform high-throughput mea-
surements to determine the printability of ink formulations that were
proposed for use in 3D inkjet printing (Fig. 1). The liquid handler uti-
lized air displacement pipetting as the mechanism of operation, which
is similar to a handheld electronic pipette system. As the piston moves
up within the channel, the air pressure is reduced, and the liquid is
aspirated into the tip by the atmosphere pressure at a controlled flow
rate. The liquid handler is calibrated by the manufacturer to ensure the
flow rate is accurate. Each of the four parallel pipette channels was
equipped with a pressure sensor to monitor pressure change during the
overall process, i.e. during both aspiration and dispensing of the sam-
ples.

To define the suitability of the apparatus for its potential to de-
termine the targeted viscosity measurement, 300 μL of each sample was
added into a 96-well polypropylene plate containing 1mL wells
(260252, Thermo Scientific), which was then placed in a heating
module at 25 °C. In this initial experiment, eight materials were tested
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using a method involving three replicates, where the tested materials
included: (1) the six viscosity standards and; (2) PEGDA and TCDDDA.
During operation, four samples were simultaneously aspirated into
300 μl pipettes (235902, CO-RE non-filter tips, Hamilton Robotics, Inc.)
attached to separate channels on the test head at 10 μl/s for 15 s. The
tips followed the reduction in the heights of the samples to ensure that
the submerged depth was maintained at 2mm below the liquid surface.
The liquids were then dispensed back into the well plate to minimize
material waste during the test. Thereafter, the channels ejected the used
pipettes and replaced them with fresh ones, then immediately moved to
the next position on the well plate to measure the following four
samples. The test was automatically run until completion and where a
pressure versus time curve for each aspiration was generated for ana-
lysis. The viscosity was then determined from this data using the
method detailed in section 2.1.1. and that of the standards (S3, S6, N10,
S20, N35, and N75) were compared to the known values at 25 °C. The
viscosity determined for the PEGDA and TCDDDA were compared to
the values obtained from a conventional oscillatory rheometer (Kinexus
Pro, Malvern Instrument). Measurements were performed in an oscil-
latory shear mode using a cone plate geometer with a 0.2 mm gap.
Shear rate sweeps from 10 to 1000 s−1 were carried out at 25 °C. At
each shear rate, the viscosity was recorded at 5 s intervals within a
180 s testing time. The difference (%) in viscosity was measured using a
conventional approach and the high-throughput approach was then
obtained.

2.2.1. Calculative procedure to determine viscosity from the aspiration data
The pressure required to maintain a constant aspiration rate de-

pends on the physical properties of the liquid and the geometry of the
pipette. In this study, the pipette used was a two-part conical frustum
with different angles (Supplementary Figure 1). At a given time (t),
the radius (Rt) and height (Ht) of the front surface of a liquid aspirated
into the bottom part of the pipette were calculated using Eqs. (4) and
(5).
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where Q was the volumetric flow rate. At 10 μl/s, liquid started to flow
into the top part of the pipette and the radius (Rt) and height (Ht) were
then given by Eqs. (9) and (10).
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The pressures of the liquid were subjected to in the tip can be de-
fined using Eq. (11) [26].

=P P P Pgas flow head interface (11)

where Pgas was gas pressure in the channel, Pflow was the pressure drop
caused by liquid flowing into the pipette, Phead was the difference in the
gravitational head pressure between the liquid levels inside and outside
the pipette, and Pinterface was the pressure drop across the interfacial
boundary due to the surface tension [26].

The Hagen-Poiseuille equation was used to relate Pflow with viscosity
of the fluid if each incremented section of the pipette was simplified as
a cylindrical pipe. The incremented time was 0.01 s due to the signal
frequency of the pressure sensor. A mathematical model was therefore
derived to calculate Pgas (Eq. (15)).

Fig. 1. Schematic illustration of (1) high-throughput microarray preparation of inkjet formulations, high-throughput determination of (2) viscosity and (3) surface
tension using the four-channel liquid handling apparatus, and (4) processing the ‘hit’ formulations with identified printability using an inkjet 3D printing technique.
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where μ was dynamic viscosity, ρ was density, g was gravity of earth, γ
was surface tension, and θ was contact angle of the liquid with the
pipette surface.

A mathematical model was generated using MATLAB 2016a
(MathWorks, Inc.) to fit the experimental pressure (Pgas) vs. time data.

The sum of the square of the residual between experiment and analy-
tical expression was taken as a minimization objective; experimental
parameters, such as pressures and time, were taken as variables.
MATLAB was used to apply a least-square method was applied to
minimise the objective. The computation was performed with MATLAB
2016a on a personal computer. Curve fitting was performed between 10
and 15 s as a consequence of the actual volumetric flow rate not being
sufficiently accurate during the transient stage when the liquid starts to
aspirate into the pipette. The influence of Pinterface is small in compar-
ison to the other contributions beyond the transients prior to 10 s and as
a consequence the terms incorporating the surface tension and contact
angle were neglected during the curve fitting procedure. With a known
density, the viscosity was determined using the curve fitting to best fit
to the experimental data.

Fig. 2. Arrangement of the library of inkjet formulations in a 96-well plate and the chemical structures of the functional (macro)monomeric materials and reactive
solvents.

Z. Zhou, et al. Additive Manufacturing 29 (2019) 100792

4



2.3. Procedure for the validation of the suitability of using a liquid handler
for surface tension measurements in the desired range

A high-precision balance (WXS205SDUV/15, Mettler Toledo) which
was integrated into the STARlet liquid handler and was used to facil-
itate surface tension measurement. 110 μl of a sample liquid was aspi-
rated to a 300 μl pipette, which was then moved to the position above
the balance. Once in position, it started to dispense the sample at 5 μl/s
for 20 s. Readings of the balance were recorded by the proprietary LVK
software (Hamilton Robotics, Inc.) at 20 Hz. Once data collection was
complete, the channel on the test head ejected a used pipette which was
then replaced ready for measurement of the next sample. This test was
automatically repeated until all the samples were measured.

2.3.1. Calculative procedure to determine surface tension
Determination of the surface tension was based on the evaluation

the equilibrium of the weight force Fw and the adhesive force FA when
the drop detaches from the tip via the relationship defined in Eq. (16)
[27]. Using water as a reference sample with a known surface tension,
the surface tension of a sample is calculated (Eq. (17)).

= =F F r f2w A inst (16)

= m
msample sample

water

water (17)

where: r is the interfacial radius, finst is the correction factor, γ is the
surface tension, and m is the droplet mass.

Nine samples were tested using both a high-throughput approach
and a conventional drop shape analysis approach, these test materials
were: (1) ethylene glycol aqueous solution at 100, 75, 50 and 25wt.%;
(2) isopropanol aqueous solution at 100, 75, 50, and 25 wt.%; and (3)
purified water. A drop shape analyzer (DSSA100S, KRÜSS GmbH
Germany) was used to measure the dimensions of each sample using a
pendant drop method. Surface tension was determined using the soft-
ware of the equipment based from the Young-Laplace fit to the contour
of a pendant droplet hanging on the tip of a pipette. A comparison of
the difference (%) in value of the surface tension measured using both
conventional and high-throughput approaches for each sample was
then obtained.

2.4. General procedure for the preparation and screening of a library of
inkjet formulations for potential printability

The HTS method was used to rapidly determine the potential for
inkjet printability of a number of target polymeric ink formulations at
different temperatures, with up to 96 materials being assessed in a
single microarray. A library was designed by mixing one of 12 (macro)
monomeric materials as the “functional” base component of the ink
with each of the other 3 reactive solvent materials (Fig. 2). These re-
active solvents all contain photo-reactive groups, able to be poly-
merized quickly upon deposition from the inkjet print head when a
photoinitiator is included in the ink formulation. Each base material
was mixed with a solvent at 80, 90 and 100 v/v %. In the specific cases
of BAGDA and DPHA, 60 and 70 v/v % were also prepared due to their
high viscosities. Overall, a library of 96 inkjet formulations was de-
signed to undergo HTS evaluation of printability.

The selected inks therefore contained acrylate/methacrylate
(macro)monomers which produce polymers which have desirable ma-
terials properties. The specific polymers were chosen as they demon-
strate promising material functionalities, including: (1) bacterial at-
tachment; [20] (2) bioresorption [29]; (3) interfacial compatibility with
electrodes [30]; (4) chemical stability [31]; (5) tribological properties
[32]; and (3) controlled drug delivery [33,34]. All the monomeric
components that may result in functional polymers were shown not to
be inkjet printable at 30 °C due to their viscosities being outside the
jettable range. Thus, the reactive solvents, i.e. NVP, HEA, and PEGDA,

were added to reduce the viscosity and act as a photo-polymerize/
crosslink agents under UV radiation. The polymerized compounds of
NVP, HEA and PEGDA are biocompatible. Additionally, poly(vinyl
pyrrolidone) (PVP), poly (2-hydroxyethyl acrylate) (PHEA) and PEGDA
are capable of increasing the hydrophilicity of acrylate/methacrylate
polymers that are often hydrophobic.

Each reagent was transferred to a 1.5ml polypropylene flip tube
(235692, Hamilton Robotics, Inc.), and loaded into a FlipTube Sample
carrier (809030, Hamilton Robotics, Inc.) in the deck of the liquid
handler. Materials were then automatically transferred to the 96-well
plate containing wells of 1ml volume using the liquid handler. The
combination of reagents that constituted each sample mixture were
added so that there was at 500 μl in each well to ensure sufficient vo-
lume for testing. A mixing cycle was added to the last step of each
sample preparation. The pipette was used to aspirate and dispense back
250 μl from the mixture for 10 times to promote mixing. The viscosity
measurements were then made using the experimental method de-
scribed in Section 2.2. The viscosity measurements were performed at
30, 40, 50, 60 and 70 °C to cover the range of processing temperatures
for an inkjet printhead. This was achieved by heating the well-plate to
each testing temperature using the integrated heating module. The
temperature was checked using a thermometer before measurement.

Surface tension was only measured at 30 °C because it was observed
in the viability screening (Section 2.3.1) that there was no significant
change exhibited over the temperature range of interest. However,
some of the test samples that demonstrated highly viscous properties
were tested at higher temperatures to ensure that the pressure required
to dispense the sample was below the operable limit of the apparatus.

The Z parameter was subsequently calculated using the experi-
mental data to predict the printability of each formulation in the library
(Eq. (1)).

2.5. General procedure for the jetting of droplets using a 3D inkjet printer

The formulations containing each functional base material at 80 v/v
% with PEGDA as the solvent were used to demonstrate printability in a
Dimatix DMP-2830 inkjet printer (Fujifilm). 3ml of the ink was filtered
and ejected into a 10 pl drop volume Dimatix cartridge (Fujifilm). The
cartridge was covered with foil tape to avoid ambient UV effects. The
cartridge was then heated to different temperatures and subsequently
ejected droplets using a standard waveform programme. Droplet ejec-
tion was recorded using the internal camera. The droplet ejection was
then compared with the HTS results to demonstrate the reliability of
this approach.

3. Results and discussion

3.1. Validation of the HTS

The pressure vs. time curve generated from the predictive analytical
model (Fig. 3) was compared with and shown to fit well with the ex-
perimentally generated curve. The R2 values for both sets of data
were>0.99 in the region used for curve fitting (10 s < t<15 s).
Furthermore, the viscosity measurement using the HTS method were
found to be highly comparable with those measured using the con-
ventional oscillatory rheometer. All data were demonstrated to be close
to the reference line with a slope of 1 and an offset of 0, indicating how
comparable results were from these two approaches. With one excep-
tion, all of the data were found to agree within +/-10% between the
two approaches, the exception being S3 recorded a 14.62%, S3 had the
lowest viscosity of all samples being tested. For fluids with lower
viscosities, Phead is a more dominant factor in the analytical model
compared to Pflow (Eq. (11)), and vice versa for high viscosities. The
presented HTS approach demonstrated a sufficient level of accuracy to
be regarded as capable of determining the viscosity of Newtonian fluids
in this set viscosity range, because the viscosities of Newtonian fluids
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are not affected by shear rate. This is important because, at a fixed
volumetric flow rate, a fluid was subjected to different shear rates
during the aspiration process and therefore this factor could be ne-
glected for Newtonian fluids. The rheometer data of the (macro)
monomer mixtures tested in this study confirmed that they all exhibited
Newtonian behavior. Additionally, the viscosity standards were speci-
fically chosen as they were known to be Newtonian fluids and thus their
viscosities could be directly compared with those obtained from the
HTS tests. Monomers and very low molecular weight polymers are ty-
pically used in the preparation of inkjet formulations and sine these are
small isotropic molecules they are not easily oriented by flow. These
low molecular weight polymers are often referred to as oligomers or as
in this case when they have a polymerizable groups in their structure
they are referred to as macromonomers. Screening non-Newtonian
fluids is possible by either adopting a priori non-Newtonian descriptors
and relations or by combining the approach with computational fluid
dynamics methods [26]. Due to the high sensitivity of the pressure
transducer equipped within each channel of the liquid handler, the
viscosity can be determined directly after the point at which the flow
rate reaches equilibrium. The maximum pressure attainable with the
liquid handler used in this study was approximately 4500 Pa, which
was associated with a viscosity of ˜ 270mPa·s. This is sufficient for the
work intended for this study because the upper limit of viscosity for
inkjet printing is in a range of 20–40mPa s, depending on the surface
tension and density of the ink. Thus, any test liquid demonstrating a
viscosity beyond the measurement of HTS approach was classified as
‘not printable’. Under the current setup, only 200 μl of liquid was re-
quired for the viscosity measurement and it can be recycled after the
test, which was an advantage over approaches such as the use of cone
and plate rheometry. The 96 multi-well array format was shown to have
the dual benefits of enabling miniaturization and avoiding cross con-
tamination.

Surface tension measurements using HTS matched well with those
of the comparable conventional approach (Fig. 4). Tested samples de-
monstrated surface tension across a wide range, i.e. from 20mN/m to
70mN/m. The differences between the two approaches were all ob-
served to be within 6%, with half of the tested samples being within

3%. Again, all data was observed to sit close to the reference line with a
slope of 1 and an offset of 0, indicating the accuracy of surface tension
measurements using HTS. For each measurement lasting 20 s, a
minimum 5 droplets were generated giving sufficient replicates. De-
viation was within±0.3% of the average value based on the replicates
of the same sample, which demonstrated excellent testing repeatability.
The measurement of surface tension is fully automatic for pipetting li-
quids in a sequence into the vial that is sitting on the balance. The
minimum amount of liquid required for surface tension measurement is
a droplet-size.

3.2. Determination of inkjet printability for a library of formulations

After the validation of the HTS methods for viscosity and surface
tension measurements, a high-throughput determination of the inkjet
printability of a microarray of acrylate/methacrylate formulations was
conducted. Overall, the program included 480 measurements of visc-
osity (96 samples times 5 temperatures) (Fig. 5) and 96 measurements
of surface tension (Fig. 6). The viscosities of all 12 functional (macro)
monomeric materials reduced after adding each of the three reactive
solvents, indicating an increase in the likelihood of achieving print-
ability. A variety of properties can be influenced by the selection of
different reactive solvents. PHEA is one of the most hydrophilic mate-
rials amongst the group of acrylate/methacrylate polymers and there-
fore can be used to form a hydrogel network. However, since it only
contains one polymerizable vinyl group will not lead to a crosslinking
but rather will result in a thermoplastic. PEGDA is hydrophilic and has
good molecular flexibility in rotational movement of the chain seg-
ments resulting in mechanically toughening other materials [35,36].
However, PEGDA has two vinyl groups so is likely to produce a ther-
moset. PVP is again a thermoplastic (i.e. the monomer contains only
one vinyl group) which is soluble in a broad range of organic solvents
and used in a wide range of medical, pharmaceutical, and cosmetic
applications [37]. The surface tension of all the (macro)monomers re-
mained in a range of 30–40mN/m after solvent addition, which is ideal
for inkjet printing. Thus, the Z-parameter was then determined across a
temperature of 30–70 °C which is the typical range for most commercial

Fig. 3. Comparison of the viscosities measured using oscillatory rheometer and HTS at 25 °C. An example (top left) was given to demonstrate the accuracy of the
analytical model to the experimental data.
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printer cartridges (Fig. 7). At 30 °C, only one formulation (80%
TCDDDA in NVP) was identified as ‘printable’, as all the other 95 for-
mulations had a Z-parameter lower than 1 which suggests they were too
viscous to form droplets that can be ejected from a piezoelectric head
with 20 μm nozzle diameter. Viscosities decreased with an increase in
the well temperature, resulting in more formulations exhibiting solu-
tions that would be printable. However, half of the functional (macro)
monomeric materials were still outside the printable range at 70 °C,
indicating the necessity of adding an additional solvent (either reactive
or organic) to further reduce their viscosities.

None of the tested formulations had Z-parameter above 10, and
therefore it was predicted that satellite droplets would not be formed.

3.3. Assessment of formulations in processing

The experimental printability of specific ink formulation success-
fully identified as exhibiting the correct characteristics by the HTS
routes was then validated using a Dimatix inkjet printer to process these
formulations at different temperatures (Fig. 8). Ideal droplet formation
was observed for HPPA, PETTA, and DTMPTTA (80% in PEGDA) at

Fig. 4. Comparison of the surface tensions measured using drop shape analyzer and HTS.

Fig. 5. Viscosities measured using HTS for the library of inkjet formulations at
30–70 °C. HPPA-based formulations are presented as examples. The complete
viscosity results of the library are included in Supplementary Figure 2 and
Supplementary Figure 3.

Fig. 6. Surface tensions measured using HTS for the library of inkjet formula-
tions. HPPA-based formulations are presented as examples. The complete sur-
face tension results of the library are included in Supplementary Figure 4 and
Supplementary Figure 5.
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40 °C, 60 °C, and 60 °C, respectively, which was identified in the HTS as
the minimum processing temperature for each of these formulations.
The head of the droplet left the nozzle within 200ms after it appeared.
As expected, because the Z parameter was determined in an ideal range,
the droplets were observed to drag a long tail but this did not breakup
into satellite droplets. Droplet ejection did not occur for the same for-
mulations if they were processed at 10 °C lower, due to the viscous
dissipation and energy associated with surface formation being too
great for the pressure pulses generated from the superposition of
acoustic waves. This observation suggests the key result that the
printability determined using HTS translates well to the actual printing
performance of formulations. The overall steps for a complete inkjet
formulation development include (1) design of a library, (2) prepara-
tion of candidate samples, (3) characterization of ink properties to
predict droplet ejection, (4) optimization of processing parameter to
achieve good droplet coalesce, and (5) polymerization to form solid 3D
structures. This study has specifically targeted step 2 and 3, which are
the vital steps to determine if a droplet can be ejected or not. It is also
the most time-consuming step in the overall formulation development
for inkjet processing. Using the HTS method developed in this study
candidate samples that exhibit reliable droplet ejection can be rapidly
screened and identified. This then can provide a platform for in-
vestigate processing parameters and polymerization for the identified
candidate samples. Ink stability may also affect printability, such as
when an ink formulation contains volatile solvents or solids. However,
no HTS technique or method has been yet developed to increase
throughput and efficiency of these tests. Therefore, it is suggested to use
conventional ways of testing to perform further investigation, which is

beyond the scope of this study.

3.4. Quantification of time saving from the high-throughput system

A comparison of the overall time required to complete such a testing
program were estimated between HTS and conventional approaches
(Table 1) was then conducted by recording the processing time at each
step during practical work. The estimated time required for HTS in-
cludes pipette pick-up and removal, as well as channel travelling be-
tween different hardware testing stations within the liquid handler.
From this assessment the HTS is estimated to be 15 times more rapid
than the conventional approaches, with an additional advantage of
being fully automated. With the current setup, the throughput of this
approach is 96 formulations per 13.1 working hours. The throughput
could be further increased if a liquid handler with more channels was
used. The HTS proposed in this study provided a predictive power that
can be adopted by both academic and industry. The implementation of
this approach can potentially revolutionize the current situation in the
development of 3D printing formulations.

4. Conclusions

A high-throughput approach for the identification of printable ink
formulations to be used for inkjet 3D printing has been developed using
a one-stop liquid handling station. The method involved a series of
integrated, fully automated steps, including a) automatic preparation of
micro-arrays, b) viscosity measurement at different processing tem-
peratures, and c) surface tension measurement. Method testing with

Fig. 7. Determination of inkjet printability for the library of inkjet formulations at 30–70 °C. Candidates with identified printability (1< Z < 10) were shown as
solid blue (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 8. Droplet ejection captured using an internal camera within a Dimatix inkjet printer, at an interval of 0, 200, and 400ms. Candidate samples were printed at
two temperatures that were identified as ‘printable’ and ‘not printable’ from the HTS results. Positions in the array are highlighted in black squares.

Table 1
The estimated time breakdown that is needed to determine inkjet printability for 96 samples, using conventional approaches and HTS.

96 Sample Preparation Viscosity Measurement Surface Tension Measurement Overall Time

Sample Loading Microarray Preparation Agitation Temperature Settling Testing Testing

Conventional Approaches 2min× 96 15min× 96 5min × 96×5 15min× 96×5 5min × 96 195.2 h
HTS 2min × 96 20min 60min 30min× 5 1.75min× 24×5 1min × 96 13.1 h

Z. Zhou, et al. Additive Manufacturing 29 (2019) 100792
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idealized materials demonstrated that the HTS results were closely
matched to those using conventional testing approaches. A rapid
screening program was performed on a library of 96 inkjet formulations
which were mixtures of highly viscous functional (macro)monomer
materials with reactive solvents. The method was then used to suc-
cessfully assess the potential printability of the 96 formulations and also
defined the ideal processing temperature window for each of ink. The
printability of formulations were subsequently assessed in inkjet pro-
cesses, which confirmed the reliability of the HTS prediction of print-
ability.

An assessment of the time saving that the HTS method bestows was
then made and estimated to be 15 times more rapid than the conven-
tional approaches, with an additional advantage of being fully auto-
mated. This advantage could be further increased if a liquid handler
with more channels was used. Thus, the HTS method and apparatus
proposed in this study clearly provided a predictive capability that can
be adopted by both academia and industry to greatly increase the
success rate in identifying usable inkjet printing inks. The rapid iden-
tification of inks can apply to screen molecular descriptor and study
chemical-activity in modern drug and biomaterial discovery.

Associated content

Cross-sectional structure of the pipette; full viscosity measurement;
full surface tension measurement.

This material is available free of charge via the Internet at http://
pubs.acs.org.”
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