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Current technological trends in the field of microelectronics highlight the
requirement to use cost-effective techniques for precise deposition of highly
resolved features. Laser-induced forward transfer (LIFT) meets these require-
ments and is already applied for direct printing of electronic components.
However, to improve the process’ reproducibility and printing resolution, further
research has to be conducted, regarding the rheological characteristics of the
printable fluids and their jetting dynamics. Herein, a high-speed imaging setup is
used to investigate the liquid jet’s propagation during the printing process.
Different Ag nanoparticle inks are studied and compared, over a wide range of
viscosities and two different values of surface tension. The main focus of this
investigation is the influence of the ink’s rheological properties, both on the jet
propagation and on the spatial and temporal evolution of the printed droplet
during the wetting phase on three different receiver substrates (glass, SU-8, and
gate dielectric). The results indicate that both the surface tension and the wetting
properties of the receiver determine the shape of the printed droplet, whereas the
inks’ viscosity and laser fluence determine the printed volume.

1. Introduction

The advent of flexible and large-area electronics (LAE) in the early
1990s has been followed by an increasing interest for digital and
direct microfabrication techniques, compatible with sensitive
materials involved in LAE,[1] and more cost-effective compared

with conventional ones (i.e., lithography).
The family of additive manufacturing tech-
nology, which includes the direct printing
techniques, offers unique advantages, such
as the maskless fabrication and rapid pro-
totyping, meeting the requirements of LAE.
Droplet-based 3D printing, either piezo-
electrically or pneumatically driven, is an
example of the aforementioned techniques,
which has recently gained attention. Its
research and results on aluminum alloy
printing have showcased good-quality drop-
let printing, of μm resolution, rendering
the technique viable for numerous applica-
tions in the field of electronic components
and flexible circuits.[2–4] Another very
promising direct printing technique, with
numerous demonstrations in LAE, is
laser-induced forward transfer (LIFT), in
which a pulsed laser is used to eject mate-
rial coated on a transparent donor substrate
toward a desired receiver substrate. Among
the highlights of LIFT is the compatibility

both with a wide range of printingmaterials (ranging frommetal-
lic inks,[5] to biological materials,[6,7] at liquid or solid state),[8–10]

as well as with a plethora of printing surfaces.[11] At the same
time, LIFT can be easily combined with other laser processing
techniques, such as laser ablation and laser sintering, thus
expanding its application field.[12]

The LIFT printing process can be analyzed in three main
stages: first, the laser pulse is focused on the interface of the
transparent (to the laser wavelength) donor substrate and the
coated ink film, which is absorbed in the first few nanometers
of the ink. In our case, the conductive inks are strongly absorbing
at the laser wavelength used (532 nm); hence, there is no need for
an intermediate sacrificial layer for the absorption of light and its
transformation into heat, such as in previous works.[5,13] As a
result, the temperature of the ink is increased locally and part
of the solvent near the interface evaporates, forming a high-
pressure gas bubble. Here, the optical and thermal properties
of the ink, as well as the laser parameters (wavelength, fluence,
spot size, and pulse width) define the size and the pressure of the
gas bubble.[14] Then, the high-pressure gas bubble expands,
impelling the supernatant ink film away from the donor.
When the internal bubble pressure becomes lower than the
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external, the bubble collapses into a jet of ink propagating toward
the receiver,[15–17] with the rheological properties of the ink deter-
mining the jet’s morphology and evolution.[18] Finally, when it
reaches the receiver substrate, a droplet is formed, whose final
dimensions are determined by the rheological properties of
the ink, as well as the wetting properties and roughness of
the surface. In some cases, the latter has been found to promote
gas entrapment on the droplet–substrate interface, thus creating
defects on the liquid droplet’s morphology.[19]

Previous works report on the study of the first stage of the laser
printing process, namely, the laser–matter interaction, as it is
crucial for understanding the entire printing process, because
it determines its initial conditions. However, it appears lately
that, to better control the quality and the final geometrical char-
acteristics of the printing result, one needs to pay close attention
to the rheological part of the process, i.e., ink properties, as well
as wetting properties of the receiving surface. Properties, such as
viscosity and surface tension (and their variations during the
printing process in the case of non-Newtonian inks), are strongly
related to the jet’s morphology and propagation, as well as to the
behavior of the ink on the receiver substrate. Previous works
from Turkoz et al.[20] and Zhang et al.[21] have revealed the impor-
tance of the viscoelastic behavior in materials commonly used in
laser printing. In these works, the authors have shown that the
viscoelastic behavior of the ink and subsequent phenomena,
such as the “beads-on-a-string” formation, may deteriorate the
quality of the final printed structure. Zhang et al. showed that,
by altering the printing gap, the aforementioned phenomena are
reduced and dissipate after a certain distance, depending on the
rheological properties of the ink.[22]

Most of the research in this field has been focused on refer-
ence inks, related mostly to biological applications, to study the
role of non-Newtonian behavior on the jet formation and evolu-
tion.[23,24] Inspired by that work, the authors studied commer-
cially available, conductive silver (Ag) nanoparticle (NP) inks
and focused on the influence of their rheological properties
on the jet behavior. Moreover, the wetting properties of the
receiver substrates were considered, aiming to a better control
of the geometrical characteristics of the printed droplets.

To the best of our knowledge, there is no previous work dealing
with the spreading phase of the printed droplet during laser print-
ing on flexible substrates. Previous work of our group was related
to the final printed droplet dimensions (diameter, height, and con-
tact angle) on different substrates.[12] On the other hand, there are
several works dealing with the spreading of printed droplets during

inkjet printing[25–28] or simpler methods.[29] However, in these
cases, the dimensionless We, Oh, and Re numbers are lower than
in the present case (e.g., 0.1<Oh< 1). At the same time, there are
studies dealing with the influence of the surfaces’ wetting proper-
ties on the spreading of printed droplets.[30,31] More specifically, in
a recent publication,[32] the impact mechanism of liquid printed Al
droplets on metal (Ag) coated substrates was investigated. It is
observed that Ag coated substrates suppress and eliminate the
rebound of Al droplets due to the formation of a dendritic network
of Al–Ag intermetallic compounds on their interface.

In this work, we focus on printing conductive Ag NP inks,
which are very promising materials for the fabrication of micro-
electronic devices.[33] During the printing process, a liquid jet is
created, which propagates from the donor to the receiver sub-
strate, ending up to a printed droplet. The purpose of this com-
parative study is to investigate the influence of the inks’
rheological properties (e.g., viscosity, surface tension, and visco-
elastic behavior) on jet formation along with jet propagation and
on the dynamic behavior of the printed droplet on different
receiver substrates. Six inks (Table 1) with two distinctive sol-
vents (group 1: triethylene glycol monoethyl ether [TGEE] and
group 2: diethylene glycol monobutyl ether [DGBE]), leading
to different surface tension values, and varying metal loading,
resulting in different nominal viscosity values, were used.

The utilization of a high-speed camera setup enabled the
investigation of both the dynamics of a single jet and the spread-
ing of a single droplet on the receiver substrate.

2. Results and Discussion

Liquid jet and droplet formation and evolution are normally con-
trolled by inertia, capillary forces, and viscous dissipation. These
phenomena may be characterized by dimensionless parametric
numbers, such as the Reynolds (Re), Weber (We), Ohnesorge
(Oh), and Bond numbers (Bo).[34]

The Reynolds number represents the balance between inertial
and viscous forces and is defined as Re ¼ ρ�u�d

η , where ρ is the
density of the fluid, u its velocity, η its viscosity, and d is a char-
acteristic length, typically the jet’s diameter. The Weber number
represents the ratio of inertia to surface tension and is defined as

We ¼ ρ�u2�d
γ , where γ is the surface tension. The effect of gravity

is characterized by the Bond number, which is defined as

Bo ¼ ρ�g�d3

γ , where g is the acceleration of gravity. Calculation

Table 1. List of the inks used in this work and their properties.

Ink Solvent Metal loading [%] PSDa) [nm] d50/d90 Viscosity [mPa s] Effective viscosity [mPa s] Surface tension [mNm�1]

Group 1 ITE65 TGEE 65 75/107 545 (1 s�1) 95 33

ITE70 TGEE 70 64/115 7400 (1 s�1) 141 35

ITE75 TGEE 75 61/137 169 714 (1 s�1) 336 35

Group 2 IDB65 DGBE 65 64/102 260 (1 s�1) 58 26

IDB70 DGBE 70 73/124 2060 (1 s�1) 130 27

IDB77 DGBE 77 75/150 243 000 (1 s�1) 590 27

a)PSD: Particle size distribution.
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of the Bond number results in low values ðBo � 1Þ, and hence,
the effect of gravity can be neglected in this study.

Finally, the Ohnesorge number
�
Oh ¼

ffiffiffiffiffi
We

p
Re ¼ ηffiffiffiffiffiffiffiffiffiffiffi

ρ�γ�d
p

�
can be

used to compare viscous forces to surface tension forces. It is
worth noting that Oh is not dependent on fluid kinematics
(e.g., impact speed), but instead reflects only on the fluid prop-
erties and the size scale of interest.[35]

Furthermore, the spreading dynamics can be characterized by
We and Oh, although the wetting phase (the final part of droplet
spreading) of the deposition can be identified by equilibrium
contact angle (which is determined by the wetting properties
of the substrate).[36] A liquid drop with high We spreads out
under the influence of the impact-induced inertia, whereas, at
lowWe, the capillary force tends to prevent the drop from spread-
ing at the contact line. The relative importance between the
capillary and viscous forces that prevent spreading is represented
by the Ohnesorge number. At high Oh, the fluid’s viscosity acts
as an inhibitor for the droplet’s spreading, contrary to the case of
low Oh, in which the dominant role is played by surface tension.

Considering this behavior, Schiaffino and Sonin[36] categorized
the spreading process into four regions, for liquids with different
parameters, such as the drop diameter and the impact velocity
(Figure S2, Supporting Information) as a function of We and
Oh. At high values of We and small Oh (region I), the spreading
mainly depends on the impact dynamic pressure. Viscous dissi-
pation can be neglected within the first phase of the spreading,
where impact velocity and drop size are the controlling parame-
ters. At smallWe andOh (region II), the impact occurs at relatively
small velocities, and surface forces govern the spreading phenom-
enon. Consequently, the contact angle between liquid and surface
becomes important. Here, the dissipation due to viscous forces
can be neglected because the velocity is low. At high values of
Oh and smallWe (region III), the velocities are low; the spreading
is controlled by the surface forces, and the high viscosity quickly
dampens the velocity. In the last region (region IV), meaning high
We andOh, spreading is driven by the dynamic pressure of impact
and is opposed by viscous shear. Capillarity is negligible as a
spreading force. Here, diameter oscillations are absent, as in
region III, but one-period height oscillations are observed.

The properties of the inks used, combined with the impact (or
jetting) velocities generated during the laser printing technique,
are categorized in region IV, according to Lim et al.[27]

Although the nominal viscosities of the inks span over a
wide range, they exhibit similar spreading behavior, due to their
non-Newtonian, shear-thinning character. The spreading of non-
Newtonian inks has not been thoroughly investigated in the past;
hence, the evolution and time scales of each phase may differ
from the ones in the case of Newtonian inks. However, during
the final spreading phase, both Newtonian and non-Newtonian
inks exhibit similar behavior, following a power law model,
which can be attributed to the wetting properties of the surface,
which mainly govern this process.

To date, low viscosity inks were mainly used in inkjet printing,
whereas, in this study, the inks used have higher nominal viscosi-
ties in a range of 260–243 000mPa s and densities up to 8000 kg
m�3, thus providing higher dimensionless numbers than the ones
measured in the case of inkjet printing. In particular, the Re num-
ber was calculated to be in the range of 1–100 for the laser fluences

studied, indicating a laminar jet flow. We and Oh numbers were
also calculated to be in the range of 80–12 000 and 1–10, respec-
tively (see Figure S2, Supporting Information, region IV), showcas-
ing the advantage of the LIFT technique, as inks of this high Oh
value would be considered too viscous for inkjet printing.[35]

For the aforementioned calculations, the authors consider the
jet front velocity before impact and an effective viscosity value
(Table 1), due to the inks’ non-Newtonian, shear-thinning behavior
(see Experimental Section).

For the jet propagation study, frames extracted from the videos
acquired with the high-speed camera setup at 170 000 fps were
processed. The jet’s front velocity was calculated by measuring
the distance covered between two successive frames and dividing
it with the elapsed time. As the jet’s impact on the receiver is
considered crucial for this study, the jet length, the jet front
diameter, and the jet impact velocity were calculated from the
frames recorded at the time of impact.

Six frame series acquired during the jet propagation and drop-
let impact on the substrate of the six different inks at a laser flu-
ence of 320mJ cm�2 are presented in Figure 1. The time interval
between consecutive frames was �6 μs, as determined by the
frame rate used (fps) to capture the video. From the comparison
of the jet morphology for the two different surface tension
groups, it appears that surface tension determines the morphol-
ogy of the jets. Jets with higher surface tension (�35mNm�1)
acquire a more “curved” shape compared with jets of lower sur-
face tension (�27mNm�1). Low surface tension causes a
decrease in surface energy at the ink–air interface, resulting
in thinner and longer jets, at the same laser fluence. At the same
time, the “competition” between surface tension and kinetic
energy determines the temporal evolution of the jet front
velocity.

To study the droplet spreading on the substrate, the critical
time tc was calculated according to Clanet et al., considering
the impact jet velocity U and the jet diameter Do just before
the impact. When a droplet impacts a solid surface, the wetting
process can be separated into four phases.[30] The first is the
kinetic phase, where the kinetic energy is playing the most
important role and leads the spreading process. This phase lasts
about 0.1tc. In the second phase, which is called spreading phase,
surface tension and viscosity act against the droplet spreading,
and this phase’s time period is almost equal to tc. Then, in
the third phase, i.e., relaxation phase, surface tension tends to
minimize the free surface, and together with capillary forces,
they determine the shape of the printed droplet. In the end,
and if the equilibrium state has not yet been reached, the wetting
phase takes place, where surface tension acts against viscosity to
spread the liquid. Here, the contact angle increases slowly until a
maximum spreading diameter and an equilibrium contact angle
are reached. This last phase of the spreading process is strongly
related to the wetting properties of the substrate and the rheolog-
ical properties of the ink.

In this study, the critical time tc was calculated in the range of
1–3 μs; the latter combined with the best available high-speed
camera’s time resolution of 6 μs indicates that it was not possible
to investigate the first three spreading phases. It follows that our
study was focused on the investigation of the final wetting phase,
which, nevertheless, is crucial, as it determines the merging
of successive droplets and the formation of continuous lines
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and 2D shapes. Concerning this final wetting phase, the depicted
frames in Figure 1 (and video 2, Supporting Information) show
that, for both surface tension cases, when the viscosity increases,
the ejected ink volume decreases, resulting in droplets of smaller
diameter and bigger height.

2.1. Jet Dynamics

For the jet propagation study, apart from the different rheological
characteristics of the six inks, two other important printing
parameters were investigated, namely, laser fluence and
donor–receiver distance/gap. The values for the laser fluence
were chosen, considering both ink properties and donor–receiver
gap, to achieve a successfully deposited droplet. Concerning the
donor–receiver gap, three different values were selected, i.e., 150,
500, and 3000 μm. The limitation here was the illumination of
the process during video recording, as the small gap leads to
low quality of illumination conditions. In this laser printing tech-
nique, it is a common practice to use gaps, as small as 150 μm,

which, at the same time, provide acceptable lighting conditions.
The case of a 500 μm gap is a very good choice concerning the
quality of the illumination, while, in the case of the 3000 μm gap,
there is enough space for the inks to undergo full stretching
(which is the longest distance the jet can travel before breakup
while it has not yet reached the target surface) to study their
rheological properties.

For each gap, the jet front velocity was calculated for each
frame before the jet’s impact on the receiver. We observed that
the different donor–receiver gaps have no significant effect on
the jet front velocity (see also Figure S1, Supporting
Information, 500 μm gap for comparison), and thus, only the
case of 3000 μm is presented here. In Figure 2a,b the jet front
velocities at laser fluences of 320 and 440mJ cm�2 are presented,
respectively, for the 3000 μm gap. As expected, the velocities
obtain greater values as the laser fluence increases.
Furthermore, as the jet propagates toward the receiver surface,
its velocity decreases. As the printing process is carried out at
standard conditions, the jet front deceleration is determined
by the air resistance, in combination with the surface tension

Figure 1. Comparison of jet and droplet evolution during the laser printing process for the six different inks (see Table 1) on glass receiver. Three different
frames from the jet propagation are presented together with frames from the wetting phase of the printed droplet until the equilibrium phase of the
printed droplet on the glass receiver.
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and the ink viscosity. The air resistance is the same for the dif-
ferent inks; thus, the propagation in each case of ink is deter-
mined primarily from its surface tension. Lower surface tension
(group 2) results in higher jet front velocities (up to 45 m s�1 for
IDB65 at 320 mJ cm�2), which are ultimately determined by
the viscosity of each ink, whereas the higher surface tension
of group 1 constrains jet front velocities at lower values
(�10 m s�1 at 320 mJ cm�2) and limits the effect of viscosity.
The case of the ink IDB77 deviates from the other ones, as
its nominal viscosity was significantly larger (�243 000mPa s)
than the nominal value of the other inks. IDB77’s propagation
was similar to the inks of group 1, despite its lower surface
tension. In addition, in the case of the relative low surface tension
of group 2 inks, viscosity plays an important role on the jet’s
propagation. For increasing viscosity, the jets’ front velocities
are noticeably decreased. This effect is not so clear for group
1 inks, where above a certain viscosity value, the propagation
of the various inks is similar. For inks ITE70 and ITE75, the laser
fluence value of 320mJ cm�2 was near the threshold fluence for

LIFT, and thus, the velocity acquired by the jet was relatively
low (5m s�1), whereas IDB65 and IDB70, due to the lower sur-
face tension, reached velocities up to 35 and 45m s�1,
respectively.

More attention was given to the determination of the
impact velocity for each case of ink, as this parameter
influences the printed droplet’s spreading on the receiver
surface. In Figure 2c, the impact velocities for each ink at differ-
ent laser fluences are presented. It can be observed that the
velocities are increasing with increasing laser fluence, and the
slopes of the fitted lines are of similar value for inks with similar
surface tension.

Tomake the influence of the viscosity clearer, in Figure 2d, the
impact velocity versus effective viscosity was plotted for two
different laser fluences. The way the viscosity is determining
the impact velocity is similar to the two different groups of inks;
by increasing the viscosity, the impact velocity decreases because
greater viscous forces act in the opposite direction of the jet
propagation. For group 1 inks, whose surface tension is larger

Figure 2. The jet front velocities for two different laser fluences a) 320 and b) 440mJ cm�2 versus time for the six inks are presented. The donor–receiver
gap is 3000 μm. The inserts snapshots at 52 μs shows the jet evolution until this moment. c) The impact velocity at different laser fluencies and for each
case of the six inks were determined from the frame before the impact on the receiver. After applying a mathematical fit, the dependency of the impact
velocity on laser fluence is linear (R2≅ 0.99). d) In this graph, the impact velocities versus inks’ effective viscosities at two different laser fluences are
presented.
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compared with those of group 2, the impact velocities are
smaller, and the influence of the viscosity is not as pronounced
as in the case of group 2 inks.

Another important characteristic of the jet is its morphology
during the impact. From the recorded videos, it was observed
that all six inks tend to form jets that exhibit a “beads-on-a-string”
morphology before they break into fragments. This is an unde-
sirable effect, which compromises the printing quality, as these
fragments create debris around the printed droplet, especially
when the jet propagation cannot be characterized as smooth
and symmetrical but as an aberrant one. This problem is addressed
by reducing the printing distance (down to 100–150 μm), which,
in turn, minimizes the number of fragments.

Another important outcome of the jet dynamics analysis during
the laser printing process is its breakup time. This time is more
important at high repetition rate printing when it is comparable
with the irradiation period of the laser. Again, this parameter is
affected by the donor–receiver gap, as presented in Figure 3. In
this figure, the jet’s breakup times for all inks with increasing
viscosities and for four different laser fluences are shown, for
the three different donor–receiver gaps. Below the graphs, frames
from the recorded videos for each gap, for two different laser
fluences and for two inks ITE65 (lower viscosity from group 2)
and IDB77 (higher viscosity from group 1) are presented.

As the jet’s breakup time is strongly related to the jet thick-
ness, the latter normally increases with the decrease in the
donor–receiver gap and the increase in the laser fluence because
more volume is ejected from the donor film, and thus, a thicker
jet is created. The mechanism of the jet breakup is governed by
the forces generated by surface tension, Laplace pressure, and

advection. Regarding the liquid column breaking, it is related
to Rayleigh–Plateau instabilities and material properties.[35]

In this study, the experimental results show that higher surface
tension inks (group 1) tend to breakup at a later stage than the
inks from group 2. This can be mainly attributed to the higher
velocities that are generated in the case of group 2 inks, which
lead to different time scales in jet evolution.

2.2. Printed Droplet Wetting Phase

The analysis of the jet dynamics elucidates the spreading process of
the printed droplet on the receiver surface. Its initial phase is
largely influenced by the impact velocity, the jet diameter just
before impact, and the breakup time. During the final wetting
phase, the rheological properties of the ink, especially surface ten-
sion, combinedwith the wetting properties of the receiver substrate
determine the final spreading and shape of the printed droplet.

The parameters examined were laser fluence, effective viscos-
ity, and surface tension, and the wetting phase investigation was
performed based on the determination of the contact angle, the
diameter, and the volume of the printed droplet at different
times. As the results from each combination of ink and receiver
were similar, the case of ink ITE70 on glass is presented and
analyzed here, to facilitate the discussion (Figure 4a,b).

Both ink solvents have very slow evaporation rates
(TGEE< 0.01 nBu-Ac¼ 1, DGBE< 0.004 nBu-Ac¼ 1), due to
their high boiling points (TGEE� 256 �C, DGBE� 236 �C),
and therefore, no evaporation phenomena occur at the time of
the wetting phase. The laser fluence does not have a significant
effect on the contact angle’s temporal evolution in the wetting

Figure 3. Jet breakup time comparison for the six different inks at three different donor–receiver gaps: a) 150, b) 500, and c) 3000 μm. Below each graph,
frames from the propagation of the jet are presented, at two laser fluences and for two inks ITE65 and IDB77.
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phase. In general, larger laser fluences result in droplets with
slightly smaller contact angles (Figure 4a). Laser fluence seems
to influence the spreading process mostly indirectly, i.e., increas-
ing fluence results in larger printed droplet volume, as shown in
Figure 4c. The volume of each deposited droplet was calculated
from the formula of the spherical cap ðV ¼ 1

6 πhð3a2 þ h2ÞÞ,
where h and a are the height and the base radius of the droplet,
respectively. From this figure, it can be deduced that viscosity, in
combination with the laser fluence value, determines the amount
of the printed volume. At low fluences, the printed volume is as
low as 5 pL, whereas, in the case of higher fluences and low
viscosities, the printed volume values are higher, up to 80 pL.
The aforementioned volumes were estimated by averaging the
droplet volume at each substrate for each case of ink.

The evolution of the droplet’s diameter is not influenced by
the laser fluence; however, its final value is larger for higher flu-
ences (Figure 4b). The droplet’s diameter in this wetting
phase increases slowly with time, following a power law[37]

D ¼ βtn (1)

until it reaches an equilibrium value Deq. The coefficient β is
determined by the competition between surface tension and
viscosity, the initial diameter D0, and the density ρ of the fluid.
The power index n is mainly governed by the wetting properties
of the receiver and obtains values smaller than 1/10 for partially
wettable surfaces. From the fitting of the printed droplet diame-
ter measurements for each ink on the three different receivers,
the power index n was calculated and is presented in Figure 4d.
In this plot, the error bars represent the range of n for the dif-
ferent laser fluences used. From this graph, it can be concluded
that the viscosity and surface tension do not affect the temporal
evolution of the droplet diameter; the latter is mostly related to
the wetting properties of the receiver surface.

The temporal evolution of the contact angle of the printed
droplets on the three different receivers (glass, SU-8, and gate
dielectric [GD]) during the wetting phase is shown in Figure 5.

Figure 4. The influence of laser fluence on the spreading of the droplet on the receiver is presented: a) contact angle evolution at four laser fluencies,
b) droplet diameter evolution, where the fitting was performed using a power law, and the resulted equation are included in this graph, and c) printed
droplet volume increasing with the increase in the laser fluence. d) From the fitting of the measurements of the printed droplet diameter for each case
of ink on the three different receivers, the power index n for all these cases was calculated and is presented here. The error bars represent the range
of n for the different laser fluences used.
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The error bars are related to the range of the different laser flu-
ences used, whereas the denoted values are the average contact
angle values for each case of ink. During the early stage
(�0–50 μs), the values of the contact angles are governed by
the jet impact dynamics. From this figure, it is also evident that
IDB65 and IDB70 inks exhibit initial contact angle values smaller
compared with the other inks, implying a faster spreading during
the first stages of the wetting process. This is in agreement with
the jet analysis presented previously, according to which these
specific inks have higher impact velocities, with respect to the
rest of the inks. Gradually, surface tension acts against viscosity
and the surface energy of the receiver surface, leading to a slow
spreading of the droplet. Following this process, the equilibrium
phase occurs, where the droplet obtains the final values of contact
angle θeq and contact diameter Deq.

The wetting properties of the surface, in relation with the sur-
face tension and the viscosity of the ink, determine the final shap-
ing of the droplet (Figure 6). In this figure, the equilibrium
contact angle for the six different inks on the three different
receivers is presented, with the results to be the median contact
angle for each ink and the error bars representing the range due

to the different laser fluences. Comparing the values of the equi-
librium contact angle for all three substrates, the main statement
that can be concluded is that, for the inks with surface tension
larger than the critical surface tension of the receiver (all inks
in Figure 6a, only group 1 in Figure 6b), the contact angle is
�24�, and the viscosity does not appear to have a monotonous
effect on it. In the case of the inks whose surface tensions
are smaller than the critical surface tension of the receivers
(group 2 in Figure 6b, all inks in Figure 6c), the contact angle
obtains a value of �12� and increases with increasing viscosity.
Regarding the case of the SU-8 substrate (Figure 6b), where
the value of the critical surface tension of the receiver is smaller
than the surface tension of group 1 and larger than group 2, the
two ink groups are separated.

3. Conclusions

The significant role of the rheological properties of the printed
inks along with the contribution of the wetting properties of
the receiver during laser printing were investigated using a

Figure 5. Evolution of droplet contact angle on: a) glass receiver, b) SU8 receiver, and c) GD receiver.
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high-speed imaging setup. Jet dynamics during the printing of
six different, in terms of viscosity, inks with two different surface
tensions were determined. The jet front velocity during the prop-
agation of the jet toward the receiver was calculated, together
with the impact velocity and the breaking time of the jet.
The analysis was performed for different laser fluences and three
different donor–receiver gaps.

The outcome of this analysis showed that a careful choice of
the rheological properties of the ink and the wetting properties of
the receiver, in combination with an optimization of the laser
printing process parameters, is crucial for achieving optimal
control of the final printed droplet.

Concerning the jet propagation, laser fluence and ink
viscosity determine the amount of the ejected volume and
the jet front velocity, whereas the surface tension of the ink lim-
its the jet stretching and governs the jet’s deceleration, thus
playing an important role in the determination of the impact
velocity. Regarding the jet’s breakup time, it is related to the
thickness of the jet and increases when the donor–receiver
gap is decreased and laser fluence is increased. The influence
of the surface tension on the jet’s breakup time is more pro-
nounced in the case of the 3000 μm donor–receiver gap, at
which point all inks reach maximum stretching before the
impact on the receiver.

It is important to mention that the shear-thinning behavior
associated with the non-Newtonian character of the Ag NP inks
used, having extremely high nominal viscosity values, is a
prerequisite for the formation of a jet and the smooth printing
of a droplet on the receiver.[38] The only disadvantage of these
non-Newtonian inks is the possibility of the occurrence of the
“beads-on-a-string” formation, which results in the jet splitting
in more than one fragments, but this is easily eliminated by
decreasing the donor–receiver gap.

The analysis of the printed droplet spreading on three differ-
ent receivers during the wetting phase highlighted the synergetic
influence of the ink’s surface tension along with the wetting
properties of the receiver surfaces. This combination defines
the evolution of the droplet, both in terms of contact angle
and diameter.

4. Experimental Section
Previous work of our team,[38] and other groups,[21–25] has proved the

necessity for the development of new inks, better suited for laser printing,
with regard to their rheological properties but also their conductivity and
sintering conditions. Contrary to commercially available conductive inks,
which are optimized for inkjet printing (low viscosity values (3–15 cP) and
low metal loadings), laser printing enables the use of more viscous inks

Figure 6. Average contact angle of printed droplets with different fluences on (a) GLASS, (b) SU8 and (c) GD surfaces.
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with higher metal loading, yielding finer printing results, both in shape and
functionality. For that reason, new research-grade inks were developed,
with relatively high nominal viscosities compared with inks, which are
intended for inkjet printing. More details about their composition and
properties can be found in the next chapter.

To study the influence of the wetting properties of the receiver surface
on the printed droplet, three different receivers were used, namely, glass,
SU-8 dielectric film, and organic dielectric layer. These receivers were
found to have slightly different wetting properties, and all these can be
characterized as hydrophilic, which, in combination with the surface ten-
sion of the inks, gave us the opportunity to study three different cases of
ink spreading during the printing of droplets. The wetting properties of the
receivers were determined from their critical surface tension value, which
was defined using the Zisman experimental method.[39] In the case of the
glass receiver, all inks’ surface tensions were higher than the critical
surface tension value of the glass. In the second case, and due to the
two different solvents used, the critical surface tension value of the
SU8 receiver was in between the range of inks’ surface tensions, whereas,
in the case of the GD receiver, all inks’ surface tensions were lower than
Zisman’s critical surface tension.

Silver Nanoparticle Inks: New, conductive, high viscosity inks were devel-
oped based on single-crystal silver NPs in an organic solvent, tailored for
the LIFT process and laser sintering. The inks were optimized for produc-
ing uniform and reproducible donor layers of low drying speed, stable
jetting, wide working window regarding the jetting parameters, and
high-speed printing (20–50 kHz). Furthermore, they allow high throughput
and narrow patterning on plastic and glass substrates (line width�50 μm,
height �0.5 μm, and spacing �50 μm) during laser sintering of LIFT
printed patterns, providing good electrical properties. The properties that
are mostly related to this study are listed in Table 1. The range of nominal
viscosities studied with this set of inks was from 260 to 243 000mPa s and
revealed the real potential of the LIFT process in combination with their
non-Newtonian, shear-thinning behavior (for increasing shear rate, their
viscosity decreases). During the LIFT process, the ink was subjected to
enormous shear stress, due to the rapidly increasing pressure. Due to
its non-Newtonian character, its viscosity value decreased to a magnitude
of hundreds of mPa s, enabling it to form a jet during the printing process,
which will later end up in a smoothly deposited droplet on the receiver
substrate rather than in a violent spreading.[38] In Figure 7a, the viscosity
versus shear rate graphs for each ink are presented, confirming the shear-
thinning character of all inks used. Rheological properties of Ag NP inks
were measured using Malvern Kinexus Proþ rotational rheometer.
Conditions of measurements: serrated plate–plate setup, a gap of
0.5mm, a temperature of 25 �C, and a sample volume of 1.7 mL.

One can observe that, even for the case of the more viscous inks (Ink
ITE75 and IDB77), the effective viscosity value during the LIFT process
could not be larger than some hundreds of mPa s. Due to limitations
of the device used for these measurements, the maximummeasured shear
rate was �3 orders of magnitude lower than the shear rate applied to
the ink during LIFT, and thus, we have considered an effective value of
viscosity that each ink acquires during the printing process (where the
shear rates developed are definitely much higher that the highest values
in the graph), which corresponds to the lowest viscosity value of Figure 7a
for each ink, respectively. We believe that this is a reasonable hypothesis
for the phenomenological analysis we present in this work as the viscosity
of each ink has already reached a low plateau, being in accordance with
its shear-thinning behavior.

The non-Newtonian, shear-thinning character of the inks has a great
impact on their behavior during the evolution of the jet until its impact
on the receiver, which is studied through the analysis of the dynamics
of the jet and its geometrical structure, but also determines the behavior
of the ink at the early stages of its spreading on the receiving surface.

Receiver Substrates: During the spreading of the droplet on the receiver
surface, the wetting properties of each surface affected the result and
determined the final geometrical characteristics of the printed droplet,
always in combination with the rheological characteristics of the inks.
In considering the wetting properties of solid surfaces, Zisman found
an empirical connection between the cosine of the contact angle θ and
the surface tension of a liquid.[39] The extrapolated value is referred to
as the critical surface tension of the solid surface. This value is often inter-
preted as the surface free energy of the solid.

Critical surface tension values for the three different receivers used
were determined, as shown in Figure 7b. Six standard liquids of well-
known surface tensions were pipette dropped on each surface and contact
angles were measured, between the surface and the liquid. The results
were then plotted by having the cosine of the contact angle θ against
the surface tension of the studied liquid, and according to Zisman, a
straight-line fitting extrapolated to point cos θ ¼ 1 will give the critical
surface tension value for the surface. From the cos θ ¼ 1 interception
on Figure 7b, critical surface tensions have values of 23, 28, and
35mNm�1 for glass, SU-8, and GD surfaces, respectively.

Experimental Setup: The experimental setup used for these experiments
consisted of two main subsystems, the laser printing configuration and
the high-speed imaging system.

Experimental Setup—Laser Printing System: The printing system was
designed for high-speed printing, and thus, it included a high repetition
rate, nanosecond laser combined with a 2D galvanometric mirror
scanning system (Figure 8a). More specifically, the laser was a NANIO

Figure 7. a) Viscosity versus shear rate measurements of the six Ag NP inks used. All inks exhibit shear-thinning behavior. b) Zisman method results
for the determination of the critical surface tension value of the three different receiver surfaces. The reference solutions used in these measurements
were n-hexanel, cyclohexane, toluene, dimethylformamide (DMF), glycerol, and water.
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532-20-V-100 acquired from InnoLas Photonics GmbH diode pumped
solid state (DPSS) (neodymium-doped yttrium aluminum garnet (NG:
YAG) laser at 532 nm with nanosecond pulse duration, 20W maximum
output power, and 500 kHz maximum repetition rate). In this set of experi-
ments, it was operated at single pulse mode with a 20 ns pulse duration.
The laser beam was delivered from the laser output to the galvanometric
scanner head through a mirror setup including a polarizing system for the
attenuation of the laser fluence and a telescopic two-lens setup, which
transformed the laser beam’s size into the desired 14mm input size
for the galvanometric scanning head. The latter was an intelliSCAN III
14 from SCANLAB GmbH with a maximum scanning speed at 5 m s�1,
combined with an f-Theta lens with a focal length of 170mm, through
which the laser beam was focused on a spot size of about 20 μm beam
waste at the working distance of the scanning head.

Experimental Setup—High-Speed Imaging System: The printing process,
from the creation of the initial bubble on the donor until the printing of a
single droplet on the receiver, was extremely fast (ranging from hundreds of
nanoseconds to tenths of microseconds), as the propagation velocity devel-
oped on the ejected ink was on the order of meters per second, and at the
same time, the distance between donor and receiver could, in some cases, be
smaller than 100 μm. To record the jet propagation, a high-speed camera
(Mini AX-100 by Photron Ltd) was coupled to the system. Its key character-
istics were the shutter and recording speed. The minimum available shutter
speed of 1 μs was used, to obtain a still, sharp image of the moving jet in
every frame. The maximum recording speed of this model was 540 kfps, but
a recording at 170 kfps (one frame every 5.8 μs) was found to be adequate to
obtain a satisfactory number of frames for the investigation of the jet propa-
gation. To project the phenomenon on the camera’s sensor, we used a sim-
ple two-lens arrangement with 3� optical magnification. For the recording of
the wetting phase of the printed droplet on the receiver, a different optical

setup was used, with a 50�magnification at 20 kfps, to visualize the phase in
more detail, whose duration in most cases was more than 750ms.

An important aspect of the quality of the recording was the lighting of the
process, which was also determined by the sensitivity of the camera’s sen-
sor. In our case, a single high-power light-emitting diode (LED) was used,
together with a lens to focus the light through the donor–receiver gap. In
Figure 8b, we present the simple arrangement for the recording of the jet
propagation, whereas in Figure 8c, two snapshots exported from the record-
ing are presented. In this figure, one can observe the donor surface on the
top, against the receiver and the gap between them were the jet propagation
happens. Both on donor and receiver substrates, reflections of the jet
appeared. From each frame of the recorded videos, one can determine
the jet’s diameter and length, as well as other time-dependent morphologi-
cal characteristics of the jet, such as the jet’s breakup time. The experimental
velocity was calculated by measuring the propagation length of the jet front
between two consequent frames and dividing it with the elapsed time.
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