
Research Article Vol. 9, No. 7 / 1 July 2019 / Optical Materials Express 2738

Deposition-on-contact regime and the effect of
donor-acceptor distance during laser-induced
forward transfer of viscoelastic liquids
EMRE TURKOZ,1 ANTONIO PERAZZO,1 LUC DEIKE,1,2 HOWARD A.
STONE,1 AND CRAIG B. ARNOLD1,3,*

1Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, New Jersey
08544, USA
2Princeton Environmental Institute, Princeton University, Princeton, New Jersey 08544, USA
3Princeton Institute for the Science and Technology of Materials, Princeton University, Princeton, New
Jersey 08544, USA
*cbarnold@princeton.edu

Abstract: Optimizing the direct-writing of viscoelastic liquids requires an understanding of the
governing physics during jet and droplet formation. In this article, we study the effect of the
distance between the donor and acceptor surfaces and identify a unique deposition-on-contact
regime associated with viscoelasticity. For a given laser pulse energy, depending on the liquid
film thickness, rheological properties, and the distance between the liquid film and the acceptor
surface, the resulting jet can result in either a rapid deposition of a small volume or the formation
of a liquid bridge that delays the breakup of the liquid filament and can result in deposition
of multiple droplets. By adjusting the gap distance between the donor and acceptor surfaces,
we show that it is possible to obtain single drop depositions via deposition-on-contact from
viscoelastic liquids. Using dimensionless parameters, we present criteria that can be used to
predict the different regimes observed in the experiments.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser-induced forward transfer (LIFT) is a laser direct-write technique [1], where a laser pulse is
used to transfer material from a donor surface to an acceptor surface [2,3]. This technique has
been previously used in the transfer of many different kinds of materials ranging from solid metals
to viscoelastic pastes [4–7]. We used this technique to reveal the governing physics of weakly
viscoelastic liquid jets and their breakup by focusing on the balance of underlying elastic, viscous,
capillary and inertial forces [8]. LIFT of viscoelastic liquids and gels is especially relevant for
bioprinting applications. Many bioinks studied in the literature for laser-assisted bioprinting are
made of water-based polymer solutions in the form of hydrogels [9]. These polymer solutions are
used as the medium for living cells in laser direct-write and other cell printing applications. Some
of the preferred polymers for these applications are alginate [10], gelatin [11] and polyethylene
oxide (PEO) [12–14]. Therefore, the physics and breakup of viscoelastic liquids are important for
direct-write applications of biomaterials. During the direct-writing of viscoelastic solutions, the
position of the acceptor surface can determine the aspect ratio of the formed jet, and additional
viscoelastic effects have to be taken into account in addition to viscous and capillary effects [15].
Different regimes of printing using LIFT have been reported previously for weakly viscoelastic
alginate solutions [16,17], which exhibit a Newtonian-like deposition and breakup behavior due
to their low viscoelasticity.
The governing forces during the thinning of a viscoelastic filament are compared using

the relevant time scales. The elasticity of the viscoelastic solutions is characterized by the
elongational relaxation time λ, which denotes the time for the strain to relax when the stress is
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removed [18]. Conventionally, as the relaxation time of a material increases, it is said to become
more viscoelastic. The inertia-capillary time scale is defined as tc =

√
ρR3

0/γ = 0.344/ωR, where
ρ is the liquid density, R0 is the relevant length scale, which is conventionally taken as filament
radius, γ is the liquid-air surface tension, and ωR is the Rayleigh capillary instability growth rate
[19]. The visco-capillary time scale is defined as tv = µR0/γ, where µ is the liquid viscosity. For
LIFT applications, we use the liquid film thickness Hf ∼ R0 [8] as the characteristic length scale.
Dimensionless parameters based on the time scales of the governing forces are used in the

literature to explain the governing dynamics of viscoelastic filament thinning [20], satellite droplet
formation [21,22], and the effect of the properties of the ambient medium [23,24]. Following
the pioneering studies on viscoelastic filament thinning in the literature [25–28], we define the
dimensionless parameters Deborah number and Ohnesorge number, which are formulated as
De = λ/tc = λ/

√
ρH3

f /γ and Oh = tv/tc = µ/
√
ρHf γ, respectively. The Deborah number is

used to compare the relaxation time scale to the capillary time scale. Larger Deborah numbers
indicate that the polymer solution behaves more elastically during the flow. On the other hand,
the Ohnesorge number compares the viscous and the capillary time scales. As the Ohnesorge
number exceeds 1, the viscous effects slow down the capillary instability [29], and the growth
rate deviates from the inertial Rayleigh capillary instability growth rate.
Another important parameter that determines the fate of a liquid filament is its aspect ratio,

which can be defined as the ratio of its length to radius, L/Hf . A number of studies have focused
on the number of droplets breaking up from a Newtonian filament [21,22,30]. These studies
show that the fate of a filament depends on the aspect ratio and the Ohnesorge number Oh as the
droplet breakup takes place more readily for larger filament aspect ratios and smaller Ohnesorge
numbers. This is expected as lower Ohnesorge numbers indicate stronger capillary effects that
can overcome the viscous resistance to thinning. In addition, filaments with smaller aspect ratios
have more time to thin before they collapse towards a sphere, and they also have larger surface
areas where perturbations can be introduced through external effects.

In the current study, we use a variant of LIFT called blister-actuated LIFT (BA-LIFT), where
a laser pulse is focused on a solid polymer film, which is coated with the liquid material to
be transferred [31]. This solid film absorbs the laser pulse energy and rapidly forms a locally
expanding blister that deforms the liquid film and leads to jet formation. For our experiments, we
use highly viscoelastic PEO solutions, which enable us to observe effects like the formation of
beads-on-a-string structure [27] and significant stretching without breakup [20]. We identify
a unique deposition-on-contact regime and present the high-speed images of the different
regimes observed in the experiments with viscoelastic liquids. To analyze the different regimes
observed during the experiments, we perform rheology measurements to evaluate the viscosity
and relaxation time of the solutions. Using these material properties and other experimental
parameters including the blister dimensions and the donor-acceptor surface gap distance, we
calculate the relevant dimensionless parameters and build a phase diagram to identify different
drop deposition regimes.

2. High-speed images and different regimes

The experimental setup for the BA-LIFT process is similar to those described in previous studies
[32]. A frequency-tripled Nd:YVO4 laser (Coherent AVIA, 20 ns) is used to generate a pulse
with 355-nm wavelength. The laser beam diameter is approximately 20 µm. High-speed videos
are captured using a Phantom v2012 camera with 500,000 - 700,000 frames per second using
a constant LED backlight. For the experiments presented in this section, the same laser pulse
energy 7.12 ± 0.131 µJ is used, which creates a blister that has a gaussian profile with the blister
height Hb = 9.7 µm and blister radius Rb = 25 µm. The viscoelastic solutions are made by
adding polyethylene oxide (PEO) of 8 MDa molecular weight into deionized water (DI water)
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with 0.15, 0.20 and 0.30 wt.% concentrations. We use a relatively high molecular weight PEO
to have solutions with longer relaxation times and increased viscoelasticity [33]. The solutions
created using this polymer have previously been assumed to behave like an ideal Boger fluid
[27,34], which is a viscoelastic liquid that does not exhibit a shear rate dependent shear viscosity.
The liquid films are coated with Mayer rods or doctor blades with different settings to obtain films
with different thicknesses. The liquid film thickness is measured using a confocal microscope
and exhibits 12-15% variation from one coating to the other.
We characterize both the shear and elongational rheological properties of the PEO solutions.

The shear viscosity µ is measured as a function of shear rate Ûγ for three different PEO
concentrations, 0.15 wt.%, 0.20 wt.% and 0.30 wt.% using an Anton Paar Physica MCR-301
stress-controlled rheometer with a double-gap geometry. The viscosity values are measured as
4.0 mPa.s, 6.5 mPa.s, and 7.5 mPa.s for 0.15 wt.%, 0.20 wt.% and 0.30 wt.%, respectively. In
addition to the shear viscosity, we measure the elongational relaxation time λ of the polymer
solutions using the gravity jet thinning technique [25,35]. The relaxation times are evaluated as
2.5± 0.3 ms, 6.6± 1.3 ms, and 9.7± 1.5 ms for 0.15 wt.%, 0.20 wt.% and 0.30 wt.%, respectively.
The rheology measurements are presented in Appendix A (Fig. 6).

For liquid jets generated with the BA-LIFT experimental setup, we identified four different
drop formation regimes. These regimes are represented with the schematic shown in Fig. 1.
The first regime shown in Fig. 1(a) is the no-transfer regime, where the absorption of the laser
pulse energy does not result in a jet that can reach the acceptor surface. This regime takes place
when the laser pulse energy is too low to form a jet or when the jet does not reach the acceptor
surface and retracts back to the donor film without breaking up. The second regime presented in
Fig. 1(b) is the single-drop breakup regime, where the jet breaks up into a drop before it reaches
the substrate. A sequence of experimental images is presented in Fig. 2(a), where a single drop
breaks up between 5.00 and 6.66 µs after the jet is formed, and lands on the acceptor surface.
This regime is one of the preferable ejection mechanisms for printing as one droplet is deposited
per laser pulse.

Fig. 1. Different regimes observed during the transfer of viscoelastic PEO solutions after
the absorption of the laser pulse energy by the polyimide (PI) layer. (a) No transfer regime
where the laser pulse energy is insufficient for the jet to reach the acceptor surface. (b) Single
drop regime where breakup takes place before the jet reaches the acceptor surface. (c) The
deposition-on-contact regime where the acceptor surface is placed close to the maximum
stretching length of the jet. The deposition is rapid, and a single drop is deposited. (d) The
liquid bridge regime where the elastic forces along the filament can sustain the formation
of a liquid bridge. The resulting viscoelastic filament continues to thin and results in the
formation of the beads-on-a-string structure after some time ∆t.

Figures 1(c) and 1(d) represent the two regimes where a liquid bridge is formed between the
donor and acceptor surfaces. Figure 1(c) represents the deposition-on-contact regime where the
formed jet gets deposited on the acceptor surface without forming a longer lasting viscoelastic
bridge. The experimental images for this regime are shown in Fig. 2(b), where the entire
deposition is completed by about 25 µs. On the other hand, it is also possible to observe the
formation of a liquid bridge and quasi-steady beads-on-a-string formation after some time ∆t as
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Fig. 2. Images from high-speed videos of different regimes observed during the transfer of
viscoelastic PEO solutions. (a) Single drop deposition (Fig. 1(b)) where the filament breaks
up into a droplet and is deposited onto the acceptor surface (Hf = 5.8 µm, µ = 6.5 mPa.s,
λ = 6.6 ms). The acceptor surface is shown with dashed lines. (b) An example for the
deposition-on-contact (Fig. 1(c)) regime, where the jet is stretched almost to the maximum
when it reaches the substrate, so deposition takes place rapidly (Hf = 10.2 µm, µ = 7.5
mPa.s, λ = 9.7 ms). The elastic forces pull the viscoelastic filament back to the donor liquid
film layer. (c) The bridging regime (Fig. 1(d)), where a thin liquid bridge goes through
(viscous and elastic) thinning (Hf = 18.5 µm, µ = 4.0 mPa.s, λ = 2.5 ms). This regime
results in the formation of the beads-on-a-string structure towards the end of the filament
breakup. The laser pulse energy for all of the cases is measured as 7.12 ± 0.131 µJ. The spot
size is 20 µm. The scale bar represents 25 µm.
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represented in Fig. 1(d). As shown in Fig. 2(c), the time scale of this regime is very different
compared to the previous regimes. The beads-on-a-string formation lasts up to ∼ 6 ms, while the
previously mentioned deposition regimes take only up to 30 µs. This beads-on-a-string regime
is not desired for printing, as the formed multiple droplets can be deposited onto the acceptor
surface.
The deposition-on-contact regime observed in Fig. 2(b) is a unique deposition regime which

takes place due to the elasticity of the viscoelastic liquid. Due to the elasticity, the stretched jet
develops a retracting force that pulls the main body of the filament back to the donor surface.
Liquid jets of Newtonian liquids do not exhibit such behavior. To compare viscoelastic with
Newtonian liquids, another set of experiments is performed with a Newtonian solution prepared
with DI water and glycerol of 50 wt.% - 50 wt.% concentration. A sequence of images from
the ejection of this Newtonian solution is presented in Fig. 3. It is seen from this figure that
the jet reaches the acceptor surface around 2 µs after the laser pulse is shot, and the formed
liquid bridge starts to collapse around 80 µs. After the liquid bridge breaks up, it further breaks
up into multiple droplets and these droplets are deposited onto the acceptor surface. This is
very different from the deposition-on-contact regime presented in Fig. 2(b). In the case of the
Newtonian filament, the breakup of the filament occurs closer to the donor surface, while the
breakup for the viscoelastic filament occurs at the end of the jet. The longer is a Newtonian
filament, it is more likely for it to break up into more droplets [21]. The same does not hold for
viscoelastic filaments as can be seen from the comparison of Figs. 2b and 3.

Fig. 3. Deposition of a Newtonian liquid prepared with DI water and glycerol of 50 wt.% -
50 wt.% concentrations (µ ≈ 5.3 mPa.s [36], ρ ≈ 1125 kg/m3 ). Due to the lack of elasticity,
when stretched, Newtonian liquids do not retract back as observed with the deposition-on-
contact regime (Fig. 2(b)) with viscoelastic liquids. Long filaments of Newtonian liquids
breakup into multiple droplets and these droplets are deposited onto the acceptor surface.
The scale bar represents 25 µm.

The deposition-on-contact regime indicates that there can be two different approaches to
optimize the printing of viscoelastic liquids. The first method is the conventional single drop
regime as presented in Fig. 2(a), which has been further examined in previous studies [8]. The
other method is to adjust the experimental settings, so that the jet reaches the acceptor surface
around its maximum stretch and results in the deposition-on-contact regime. The deposition-on-
contact regime can be also more advantageous when transferring mechanically sensitive materials
such as stem cells [37], since the momentum of the material decreases due to the stretching of
the jet. We study the printing regimes presented in this section by first evaluating the material
properties and calculating the relevant dimensionless parameters as explained in the next section.

3. Results and discussion

The four regimes presented in Fig. 1 and described in the previous section are observed by
changing the experimental parameters for the BA-LIFT setup. These parameters include the
liquid film thickness Hf , PEO concentration, which affects the viscosity µ and the relaxation time
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λ of the liquid film, and the gap distance between the acceptor and the donor substrates Hg. The
laser pulse energy is held constant, so all of the jets are actuated with the same blister profile.

For the data presented in this study, the liquid film thickness is varied between 4.8 and 38 µm.
The highest Ohnesorge number in this study is evaluated with Hf = 4.8 µm for 0.3 wt.% PEO
solution as Ohmax ≈ 0.39, which means that for all of the cases presented here Oh = tv/tc<1 so
that the relevant time scale for breakup is the capillary time scale.

We use dimensionless parameters to characterize the regimes observed in this study. We start
formulating these parameters by first noting that the breakup of liquid filaments should take place
before the jet reaches the acceptor surface for the single drop regime (Fig. 2(a)). This implies
that the capillary time scale tc should be lower than the time for the jet to reach the acceptor
surface tg, so that tg/tc>1 would indicate the single drop deposition regime. The time to reach
the acceptor surface can be evaluated as tg = Hg/Uj, where Uj is the characteristic jet velocity,
which is not constant during the jetting process [38]. We note that the dimensionless parameter
tg/tc might not describe the governing physics if the droplet breakup takes place due to inertial
effects such as splashing instead of capillary effects, which are observed in our experimental
configurations. For the cases presented here, we take Uj as the average blister velocity Ub until
the blister height reaches the 90% of its final height. We calculate this average velocity value as
Ub = 62.3 m/s using the time-dependent blister profile and velocity formulas presented in our
previous study [38] (see Appendix B, Fig. 7). This approach assumes that the liquid film inertia
does not affect the jet velocity, which is not accurate for thicker liquid films. However, for the
single drop cases obtained in this study, we measured the average jet velocity as Uj = 57.9 ± 6.3
m/s from the high-speed videos. This value is close to the average blister velocity we calculate
and shows that using the average blister velocity is a good approximation to evaluate tg/tc to
identify the single drop deposition cases.

As stated in previous sections, the deposition-on-contact regime takes place when the acceptor
is placed close to the location where the jet length reaches its maximum. We evaluate the
maximum jet length before the jet starts to retract back, Lmax, experimentally by first running
the BA-LIFT experiments without an acceptor surface. With these experiments, it is possible to
evaluate the ratio Hg/Lmax for each case. For the single drop cases where the breakup takes place
before the jet reaches the acceptor surface, Lmax is evaluated as the longest intact length of the jet,
so Hg/Lmax>1. On the other hand, for the cases where a full liquid bridge forms, this relation
becomes Hg/Lmax<1.

Bringing these two dimensionless parameters together, Fig. 4 presents the phase diagram where
the ratio Hg/Lmax is plotted against tg/tc for different experiments. It is seen from this figure
that above the tg/tc>1 limit, the deposition takes place with the single drop regime. In addition,
we see that the deposition-on-contact cases fulfill the condition Hg/Lmax ∼ 1. The affect of this
ratio is illustrated with the schematic presented in Fig. 5(a). In this figure, the ratio Hg/Lmax is
decreasing from left to right, and the regime changes from no breakup, to deposition-on-contact
and then to the bridging regime.

Predicting Lmax correctly for a given set of experimental conditions would be critical in order
to guide the placement of the acceptor surface, and our numerical efforts to calculate Lmax are to
be published in the future. From our experiments, we observe that Lmax is strongly dependent on
laser pulse energy, and decreases with increasing Hf and µ. On the other hand, to analytically
understand the effect of stretching, we can consider the filament aspect ratio, which can be
formulated as Hg/Hf . When the liquid jet reaches the substrate, the jet length would be equal
to Hg, and the jet radius scales with the liquid film thickness as shown before [8]. Therefore,
this parameter should play a key role in determining the outcome of the bridging regime. For
a given laser pulse energy, there should be a threshold aspect ratio value that marks the start
of the deposition-on-contact regime. This threshold aspect ratio should change as a function
of the elasticity of the viscoelastic solutions. For the laser pulse energy used in this study, the
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Fig. 4. Phase diagram of the regimes observed during the jetting of PEO solutions using
BA-LIFT. For single drop deposition, the time for the breakup to take place, tc, should be
smaller than the time that the jet takes to reach the acceptor surface, tg = Hg/Uj, where Uj
is the characteristic jet velocity. Here, Uj is approximated as the average blister velocity Ub
until the blister height reaches the 90% of its final height (see Appendix B). Single drop
deposition is therefore observed if tg/tc>1. The deposition-on-contact regime takes place
when the donor-acceptor surface distance Hg is approximately equal to the jet length at
maximum stretch Lmax, Hg/Lmax ∼ 1. Lmax is measured experimentally without an acceptor
surface and found to exhibit for a given configuration approximately 15 % variation, whose
effect is represented with the errorbar on a data point.

Fig. 5. Aspect ratio plays a critical role in determining the outcome of the drop deposition
process. (a) Different regimes observed by changing the donor-acceptor gap distance and
keeping all of the other experimental parameters constant. If Hg is too large, the jet can
retract back without transferring any material. As Hg is decreased, the deposition-on-contact
regime is observed. Further decrease in Hg results in the formation of a liquid bridge. (b)
The aspect ratio Hg/Hf values that result in deposition-on-contact regime as a function of
the relaxation time λ. As the relaxation time of the solution is increased, the resulting jet
needs to be stretched more for the deposition-on-contact regime. The liquid film thickness
Hf measurements show approximately 15% variation, whose effect is represented with the
errorbar on a data point.
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aspect ratio values that result in the deposition-on-contact regime are presented as a function of
relaxation time in Fig. 5(b). As the viscoelasticity of the solutions is increased, the threshold
aspect ratio increases, as more elastic filaments can sustain the formation of the beads-on-a-string
structure with larger aspect ratios. We also note that the wettability of the surface to the printed
solution should also play a role to support the liquid bridge formation. The dependence of the
aspect ratio on the relaxation time and other experimental parameters should be investigated
further for a prediction that can be performed a priori.
In this article, we present the unique deposition-on-contact regime for viscoelastic liquids,

and reveal the effect of the distance between the donor and acceptor surfaces on different
regimes for the BA-LIFT printing of viscoelastic liquid polymer solutions. These regimes can be
organized in a phase diagram using two sets of dimensionless parameters, Hg/Lmax and tg/tc.
We demonstrate that tg/tc>1 is an accurate condition to predict jetting instances with breakup,
and the deposition-on-contact regime takes place when Hg/Lmax ∼ 1. We further show that there
are certain values of the aspect ratio Hg/Hf that allows for the deposition-on-contact regime
and these values are a function of the relaxation time of printed viscoelastic solutions. While
the images and the phase diagram in this section are presented for the BA-LIFT process, we
believe that other LIFT techniques can also benefit from the same principles while dealing with
viscoelastic liquids [16,39]. The corresponding tg values for evaporation-based LIFT setups can
be evaluated by measuring or theoretically estimating the cavity expansion profile. We believe
this approach can lead to the proper placement of the acceptor surface and it can increase the
throughput of the LIFT technique as a whole.

A. Rheology measurements

Fig. 6. Rheological properties of PEO solutions. (a) Shear viscosity µ of 0.15 wt.%, 0.20
wt.% and 0.30 wt.% PEO in water as a function of shear rate Ûγ. The constant viscosity
values to calculate the Ohnesorge number for the PEO solutions are 4.0 mPa.s, 6.5 mPa.s,
and 7.5 mPa.s for 0.15 wt.%, 0.20 wt.% and 0.30 wt.% PEO, respectively. (b) Elongational
relaxation time measurements of 0.15 wt.%, 0.20 wt.% and 0.30 wt.% PEO in water. The
diameter 2Rfil of a gravity-driven jet is recorded as a function of time t. The relaxation time
λ is calculated by fitting an exponential line to the elastic thinning part. The relaxation times
are evaluated as 2.5 ± 0.3 ms, 6.6 ± 1.3 ms, and 9.7 ± 1.5 ms for 0.15 wt.%, 0.20 wt.% and
0.30 wt.%, respectively.

B. Blister profile and mean blister velocity
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Fig. 7. The blister profile generated with the laser pulse energy used in this study. (a) A
three-dimensional contour plot of a blister measured with confocal microscopy. The red
line across the blister is used to extract the profile presented in (b). (c) The evolution of
the blister velocity Ub(t) (solid curve) and blister height Hb (t) (dotted curve) as a function
of time for the first ∼ 150 ns, when the blister height reaches 90% of its final height. The
average velocity Ub used in evaluating the dimensionless parameters is calculated as the
average velocity during this time. The time-dependent profile is obtained from the empirical
formula presented in a previous study [38].
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