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Advances in Blister-Actuated Laser Induced Forward
Transfer (BA-LIFT)

Blister-actuated laser-induced forward transfer (BA-LIFT) is a laser printing tech-
nique that enables the deposition of liquids droplets with lateral resolution down to
a few micrometers. BA-LIFT was developed to overcome some of the limitations of
classical LIFT by enabling the transfer of sensitive materials, such as functional poly-
mers and molecules, biomolecules, and living organisms while retaining their func-
tionality intact. BA-LIFT utilizes a laser pulse that is absorbed in a thick polymer lay-
er, which undergoes plastic deformation and forms a rapidly expanding blister. With
an ink layer coating the polymer layer, this blister expansion provides the impulse
for jet formation and ultimately material transfer. BA-LIFT is different compared to
other conventional LIFT processes because the ink itself is not directly exposed to
the laser, either optically or thermally during this process due to the thickness of the
polymer layer. The jet is formed purely due to mechanical deformation, making sure
that the chemical composition of the ink remains intact and undisturbed. As a result,
this strategy has great potential for the transfer of delicate materials and can be used
in bio-related applications and organic electronics. This chapter aims to explain the
developments in the BA-LIFT process. Time-resolved imaging studies are presented
along with the advances in the modeling of the BA-LIFT.
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1.1
Introduction

Laser-induced forward transfer (LIFT) is a laser printing technique that enables the
simultaneous transfer and patterning of material from a donor to an acceptor sub-
strate with a lateral resolution down to a few micrometers [1, 2]. As described in
many chapters in this book, this technique has been used in various solid or liquid
printing applications ranging from organic biomaterials [3, 4, 5, 6] to metals [7, 8, 9].
In the case of liquid LIFT, transfer is initiated in the form of a liquid jet that draws liq-
uid from the donor film onto the acceptor substrate. The coupling of the laser energy
into the liquid, also called ink, is therefore a critical part of the process. Convention-
al LIFT techniques employ two distinct mechanisms for that purpose: the first one
relies on the absorption of the laser pulse directly into the ink, and is called direct-
matrix absorption (DMA). The other technique uses a dynamic release layer (DRL)
to absorb the laser energy. There are numerous studies published that compare both
techniques with different inks and DRL materials [10, 11, 12]. However, for many
sensitive materials, direct exposure to the laser beam or to the heat associated with
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Figure 1.1 Left: Laser-induced forward transfer utilizing a polymer laser-absorbing layer:
(a) the laser is absorbed within a thin layer of the polymer film, (b) ablating a confined
pocket of gas and forcing the remaining film away from the glass as a rapidly expanding
blister. If the impulse provided by the blister is sufficient, a small volume of ink is ejected
onto an acceptor substrate [15]. Right: Transfers from a 10 µm film of NMP spread on 6
µm polyimide film initiated with a 20 µm beam at 1.3 J/cm2 fluence. The vertical field of
view is 200 µm and the bars indicate the beam size and location [16].

laser absorption leads to unacceptable damages. Using a metal DRL does shield
the ink from laser radiation, but not from heat. In addition, ablated metal particles
can contaminate the ink, which is unacceptable in particular applications. Polymer
DRLs, such as triazene polymer, offer an alternative to the contamination issue, but
the vaporization of the thin layer still has the potential to damage the most sensitive
materials. Blister-actuated LIFT (BA-LIFT) has been developed to mitigate these is-
sues by fully isolating the transfer liquid from the light and heat of the laser beam, and
from contamination of ablation products. These concerns are adressed in literature
[11], and it is shown according to nuclear magnetic resonance (NMR) spectroscopy
and photoluminescence studies that BA-LIFT preserves the integrity of sensitive inks
where the other techniques can be damaging [13].
BA-LIFT distinguishes itself from other liquid LIFT technique by the use of a

relatively thick (∼ 1 − 10µm) polymer layer between the ink and the transparent
substrate, which absorbs the laser. Upon ablation of a portion of the polymer film, the
expansion of trapped gasses results in a blister on the polymer layer. This polymer
blister fulfills two purposes: it converts the laser and chemical energy released during
laser ablation into a mechanical impulse that propels the ink. It also fully shields the
ink from laser light, heat, and contamination by ablation products. The comparison
of BA-LIFT with other conventional LIFT techniques is presented in [14]. There it is
shown that BA-LIFT preserves the integrity of termally and mechanically sensitive
luminophores, whereas DMA and DRL techniques result in the degradation of the
chemical integrity of these substances.
The mechanism for BA-LIFT along with an example are presented in Figure 1.1.

The distinct feature of BA-LIFT, the presence of a relatively thick polymer layer
(polyimide) between the glass slide and the donor ink film, is represented in yellow
on Figure 1.1 (a-b). A blister is created upon irradiation with a UV laser pulse, which
creates the impulse to drive the donor ink film (shown in blue) into a jet. The right
hand side of Figure 1.1 shows the evolution of this jet as a time sequence taken by
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pump-probe microscopy [16].
In summary BA-LIFT offers a platfom to print liquids and suspensions by relying

on the the mechanical impulse created through the rapid expansion of a thin polymer
layer. In BA-LIFT, direct laser-ink interaction is prevented with the utilization of the
polymer layer. The details and applications of this process are given in this chapter.
The experimental setup for BA-LIFT is very similar to setups for the convention-
al LIFT experiment. The details on polymer layer deposition and the experimental
methods are given in Section 1.2. Time-resolved imaging of the BA-LIFT jetting is
presented in Section 1.3. Blister formation on polymer layers is investigated exten-
sively and details of this process can be found in Section 1.4. Jet formation during
BA-LIFT is investigated using computational fluid dynamics (CFD). The modeling
effort is presented in Section 1.5. BA-LIFT is used to transfer delicate materials
while not disrupting the chemical integrity of the inks. An application for this is pre-
sented in Section 1.6. The chapter ends with the concluding remarks and directions
for future work in Section 1.7.

1.2
BA-LIFT Basics

BA-LIFT works by the rapid creation of a blister from a polymer layer. The ideal
polymer should strongly absorb the laser pulse within a short depth, undergo clean
and efficient ablation and deform plastically without rupturing. Additionally, this
polymer should not dissolve in any solvent composing the ink. This last condition
is also known as solvent orthogonality. One common polymer that satisfies all these
criteria is polyimide [17]. Polyimide has the advantage of being among the most
studied polymers for laser ablation and its properties are well documented in the
literature[17, 18, 19].
A polymer layer can be created by spin coating onto a glass microscope slides at

various speeds to control layer thickness. In the specific case of polyimide, a pre-
cursor solution is applied and subsequent thermal processing is used to drive out
excess solvent and complete the imidization process. [16, 12, 15, 20] After imidiza-
tion and cross linking, polyimide becomes practically insoluble, and is therefore an
ideal substrate on which to coat water-based and organic inks.
The laser used in the studies presented in this chapter is primarily a frequency-

tripled Nd:YVO4 laser, which has a wavelength ofλ = 355 nm and a pulse duration of
τ = 20 ns, however other lasers wavelengths and pulse durations can be used provided
they are absorbed in the polymer film leading to ablation of the material. Laser
irradiation of polyimide with a nanosecond UV laser pulse results in decomposition
of the polymer into fragments, notably gaseous species (CO, CO2, HCN, and C2H2)
[21, 22]. In the case of free-surface ablation, the ablation products are ejected from
the surface under the action of the gas pressure. However in the case of BA-LIFT,
the rapid creation of ablated species confined between the intact portion of the film
and the glass substrate leads to the build up of pressure which is released though
the deformation of the remaining polyimide film into a blister. In order to achieve a
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Figure 1.2 Mechanisms for laser-induced actuation of flow within the ink film [12]. (a)
Laser absorption within a Ti film that results in vaporization of the solvents in adjacent ink,
(b) Laser absorption within a PI layer produces an expanding, sealed blister, (c) Laser
absorption within a PI layer causes its rupture and releases high-pressure gases.

proper blister it is crucial that only a part of the film is ablated while the remaining
layer stays intact. This partial ablation occurs when the penetration depth of the laser
into the material, or more importantly the effective ablation depth, is smaller than the
total thickness of the film.
For the experiments shown here, the thickness of the polyimide film is typically

3.5–7 µm, whereas the penetration or absorption depth, at which the incident intensi-
ty has dropped to 1/e, is d = 1/α = 0.37 µm. After 0.85 µm, the incident intensity
has dropped to 10% of its inital value, which is well below the film thickness. The ab-
sorption depth allows us to estimate the residual intensity that is transmitted through
the film. However, the absorption depth is not a good metric for the actual ablation
depth [18]. In addition, the absorption process and optical reflection from the con-
fined ablation plume makes it difficult to model blister expansion for a given laser
energy [23]. Therefore, experiments are critical for obatining the specific details of
blister formation and expansion.

1.3
Why BA-LIFT?

To appreciate the fundamental differences among different LIFT processes, it is in-
structive to perform time-resolved imaging [12]. In this study, we explored three
different cases as described in Figure 1.2. The first case deals with a traditional tita-
nium DRL layer, BA-LIFT is the second case and the third case represents BA-LIFT
where the blister ruptures due to excessive incident laser energy.
Time-resolved imaging studies require a 100 ns resolution to accurately capture

the dynamics of the blister expansion and jet formation. Pump-probe imaging is
performed by taking a single snapshot of a jet at particular time, and shifting the delay
between the pump and the probe to capture the whole sequence. All the BA-LIFT
studies used a nanosecond flash lamp or diode along with a charge-coupled device
(CCD) camera connected to a delay generator and synchronized with the laser pulse.
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Figure 1.3 Time-resolved images of liquid ejection into the ambient air using a 50-nm
titanium absorbing layer. A 1.6-µJ laser pulse is focused into the titanium film to a spot
size of 2.5 µm (indicated by a white marker), initiating liquid ejection from an adjacent
5-µm film [12]. Fluid motion is initiated by focusing a 1.6 µJ laser pulse into the titanium
layer to a 2.5 µm Gaussian spot. This value is observed to be the threshold value for 5 µm
liquid donor film using a 50 nm titanium metal absorber layer. The ink used in this study
consists of an aqueous solution of glycerol (50% v/v) with Triton X-100 surfactant (1.4%
v/v), a solution commonly employed in the literature [31, 32].

The delay between the lamp and the laser is adjusted to capture the snapshots of
formed jet. This method has become popularized in the literature by many research
groups in different studies [12, 24, 25, 20, 26]. Some studies also employ a second
laser and a beam expander to light the system [10, 27, 28].
With a metal absorber, the required energy to create jet formation is lower than

the BA-LIFT cases. The resulting images are given in Figure 1.3. Absorption of the
laser into the titanium layer causes rapid heating which results in explosive boiling
of the adjacent liquid and ejection of hot fragments of the metal film which can con-
taminate the ink [29, 11]. This produces a high pressure vapor cavity and drives the
flow. Initial flow velocities are calculated around 200 m/s. In the fractured blister
case, the ejection is propelled by the high-pressure gases discharged from the rup-
tured polyimide film. In this case, cavitation similar to the Titanium DRL leads to
jet formation and the time-resolved images captured for this case look very similar
(not shown here). The vapor cavity is observed to reach its maximum size in 1-2
µs. Because of the remnant momentum associated with the flow, the jet continues
even after the cavity stops expanding. After the cavity collapses, it rebounds and
undergoes a secondary expansion. This interesting phenomenon has been examined
in literature [30].
Cavitation bubble collapse near a rigid boundary has long been studied [34, 35, 36]

and one of the key characteristics of this scenario is the presence of a re-entrant jet. As
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Figure 1.4 (a) Initial configuration of the problem (b) Schematic of the re-entrant jet with
vapor cavity. Close-up experimental images acquired at 5 µs of gas cavities formed during
the ejection of liquid from a 5-µm film using (c) titanium (11.8 µJ) and (d) polyimide (7.3
µJ) absorbing layers with a 2.5-µm beam. Internal re-entrant jets (directed upwards) are
clearly visible within the gas cavity [33].

the bubble collapses, a secondary jet is initiated at the collapsing front and is directed
toward the solid boundary. With high resolution imaging, we are able to observe the
existence of a re-entrant jet during both the titaniumDRL and the fractured polyimide
blister case as shown in Figure 1.4.
In contrast, images from the BA-LIFT casewith a not-ruptured blister are presented

in Figure 1.5. In this case the jet formation mechanism is the rapid expansion of
the blister as discussed above rather than cavitation and collapse. By controlling
the laser fluence on the polyimide absorbing layer, it is possible to achieve blister
expansion without fracture. There are no indications of cavitation within the liquid
for the expanded blister actuated case. Instead, the ink on the expanding polyimide
layer gains momentum which causes the fluid to develop into a jet. The jet initially
propagates with a constant velocity of ∼25m/s and the propagation is maintained
due to the momentum of the jet, which pulls additional ink from the surrounding
liquid film. As the jet extends from the film, the diameter at the base slightly increases
and the diameter around the jet midpoint starts to decrease. This eventually results
in the breaking up of the jet into spherical droplets because of the Rayleigh-Plateau
instability [37, 38, 39].

1.4
Blister Formation

1.4.1
Dynamics of Blister Formation

Blister formation can be experimentally examined in detail by making use of time-
resolved imaging and optical microscopy [16]. Blister expansion in time is shown in
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Figure 1.5 Time-resolved images of liquid jets expelled into the ambient air using an 7-µm
expanded polyimide absorbing layer. A 2.7-µJ laser pulse is focused into the polyimide
film to a spot size of 10 µm (indicated by a white marker), producing a rapidly expanding,
sealed blister, which initiates liquid ejection from an adjacent 5-µm film. The vertical field
of view is ∼200 µm. An image (>1 s) of the blister, rinsed of residual liquid, is shown for
reference [12].

Figure 1.6 (a) Time response of blisters formed on 3.5 µm thick polyimide film with a 20
µm top hat beam (2.6 J/cm2). (b) Time response of blisters formed on 6 µm thick
polyimide film with a 20 µm top hat beam (4.3 J/cm2). In these cases, a 10 µm
N-methyl-2-pyrrolidone (NMP) ink is used. (Top) Volume and surface area vs time. Error
bars indicate ±1 standard deviation in the values. (Bottom) Sample images of the blisters
at several times. The bar indicates the 20 µm beam diameter



Emre Turkoz, Romain Fardel, and Craig B. Arnold: Advances in Blister-Actuated Laser Induced Forward Transfer
(BA-LIFT) — Chap. 1 — 2017/2/20 — 8:46 — page 10

10

Table 1.1 Material properties used in the solution of the 1D heat equation [16].

ρ (kg/m3) cp (J/kg K) k (W/m K)
Air 1.184 1012 0.025

Polyimide 1420 1089 0.15
Gas 25 1100 0.1
Glass 2500 879 0.94

Figure 1.6a for blisters formed on a 3.5µmpolyimide filmwith a 20µm top hat beam
at the fluence value of 2.6 J/cm2. Similarly, Figure 1.6b shows the results for blisters
formed on a 6 µmfilmwith a 20 µm beam at 4.3 J/cm2. Top plots present the volume
and the exterior surface area given as a fraction of their equilibrium value with time.
Here the equilibrium volume corresponds to the blister volume long after irradiation
with the laser pulse. Bottom images represent blister expansion at various stages.
Same trends, that are not reported here, are obtained also for a 10 µm beam diameter.
Spot sizes given here are evaluated as the full width at 1/e2. A side product of the
laser ablation is plasma generation, which appears as white flashes in Figure 1.6.
The blister undergoes rapid expansion (∼100 µs) under the effect of the pressur-

ized trapped gases. As the blister expands, stresses in the film begin to build and the
internal pressure drops due to the quenching of the gaseous products. Cooling of the
products takes place because the blister volume is expanding [16]. Energy dissipates
on the deforming polyimide, which results in the delamination of the thin film from
the glass. At the ablation spot, the film delaminates from the substrate and when
the pressure created by the gaseous products is no longer able to overcome the elastic
stress in the film, blister acceleration ceases. After the blister reaches its peak, it starts
to spring back and the total volume decreases. First by ∼150 ns, the internal pres-
sure causes the sides of the blister to bow out, which makes the blister take a rather
blunted shape. By∼500 ns, the blister takes the more uniformly rounded shape. The
expansion velocity for the 6 µm film case is calculated as ∼400-500m/s, whereas
for the 3.5 µm film the obtained velocity is ∼800-1200m/s. This difference exists
because a thicker film requires more energy to be dissipated into the stretching and
bending as compared to a thinner film and it implies that film thickness should affect
the ink ejection characteristics.
After the initial expansion of the blister, a gradual contraction is observed as de-

picted in Figure 1.6. This contraction continues for ∼50 µs. This contraction can
be attributed to a further reduction in pressure caused by the cooling of the trapped
gas. Heat equation is solved to evaluate the temperature of gaseous products with
time. A simple examination can be performed by solving the heat equation in 1D.
The equation is formulated as:

ρcp
∂T

∂t
=

∂

∂x

(
k
∂T

∂x

)
(1.1)

which can be easily solved numerically. The required density (ρ), specific heat (cp),



Emre Turkoz, Romain Fardel, and Craig B. Arnold: Advances in Blister-Actuated Laser Induced Forward Transfer
(BA-LIFT) — Chap. 1 — 2017/2/20 — 8:46 — page 11

11

Figure 1.7 (a) Evolution of blister height during the initial period of rapid expansion. An
overshoot and oscillation is visible in the blisters formed with a 20 µm beam. The effect is
more pronounced with the thinner film. Steady-state blister heights are shown for
reference. (b) Blister height vs laser fluence for different combinations of film thickness
and beam size. The vertical dashed lines indicate the blister rupture flience for each case
[16].

and thermal conductivity (k) values are given in Table 1.1. The gas density is approx-
imated by assuming that the experimentally measured blister volume is filled with a
mass of vapor equal to the estimated mass of ablated polyimide [21]. In this sim-
ple 1D model the blister is modeled as a 20 µm slab of gas, initially at the elevated
temperature TH and sandwiched between a semi-infinite domain of glass and a 3 µm
layer of polyimide layer. The polyimide layer is in contact with ambient air which has
a temperature of TC . It is evaluated that the thermal decay has the same trend as the
volume and surface area reduction. The results of this study show that the thermal
decay takes place around the same time as the experimentally measured blister con-
traction, indicating that the cooling can be the reason for the observed phenomenon
[16].
The evolution of blister height with time for different beam size, fluence, and film

thickness values is given in Figure 1.7a. Blister size is crucial in determining the
amount of ink to be ejected. It is important to understand how the blister size varies
with changing parameters like film thickness, laser beam diameter, and fluence. This
study shows that the blister height and width monotonically increase with increasing
laser fluence above the ablation threshold of 0.1 J/cm2 for 355 nm Nd:YAG lasers.
The increase in height with fluence is given in Figure 1.7b. The reason for this in-
crease in blister size is the increase in the mass of vaporized polyimide, increasing
ablation depth (thereby thinning the remaining blister material) and the increase in
the temperature of the trapped gaseous products [40]. Similarly, holding fluence con-
stant and increasing the laser beam diameter produces a larger area over which the
polyimide is vaporized and larger blister. For instance, it is observed that increasing
the beam diameter from 10 to 20 µm results in nearly doubled blister heights.
The shape of the blisters reflect the relative contributions of stretching versus bend-
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Figure 1.8 (a) Images of blisters formed at several fluences for different combinations of
film thickness and beam size. The bars indicate the beam diameter (10 or 20 µm) (b)
Blisters formed on 6 µm polyimide film with a 20 µm beam (4.3 J/cm2) with and without a
10 µm liquid film of NMP. (Top) Blister volume as a function of fluence for blisters formed
with and without an ink layer. Both curves overlap significantly indicating the minimal effect
of the ink layer on the blister size. (Bottom) No noticeable difference in the shape between
blisters formed with and without a liquid layer. The bars indicate the 20 µm beam diameter

ing stress as depicted in Figure 1.8a. When blister dimensions (width and height) are
small relative to the film thickness, bending stresses dominate and the blister takes
on a pointed shape. This is apparent in Figure 1.8a for 6 µm film with a 10 µm beam.
As blister dimensions get larger, stretching becomes dominant [41]. This results in
spherical cap blister shapes. An example case is shown in Figure 1.8 for 3.5 µm film
with the 20 µm beam.
Blister formation under different energies are observed under optical microscope

and secondary electron microscope (SEM) as presented in Figure 1.9. As noted be-
fore, when laser fluence exceeds the critical value, the rupture takes place and the
blister opens like a flower [42]. However, such a regime is typically avoided in ex-
periements to preserve the benefits of BA-LIFT in comparison to more traditional
LIFT approaches.

1.4.2
Finite Element Modeling of Blister Formation

A modeling effort for the finite element simulation of blister deformation during the
BA-LIFT process is given in [43]. This study captures initial expansion of the blister
subject to the incident laser. The strain rates associated with the process are on the
order of 105 to 107 s−1, which makes the material properties given in data sheets not
applicable. We resolved this issue by introducing a parameter mapping strategy that
would account for temperature-depedent material properties. The strategy is forming
a constant by bundling the material properties that vary with temperature together,
and setting the value of this constant so that the numerically evaluated blister profile
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Figure 1.9 (a) Optical microscopy images of laser transferred droplets taken at 5, 7, 11,
and 31 µJ from left to right. (b) Associated microscopy images of polyimide film. (c) SEM
images of polyimide film taken at an angle of 70o [14].

fits the experimentally observed blister shape. ANSYS Structural for finite element
analysis (FEA) is used to implement the proposed model. The model in this study is
developed using 7 µm blisters and verified on the formation of 3 µm blisters. Details
of this process are elaborated below.
We begin with the Peirce equation to evaluate the dynamic flow stress:

σy = σy0

(
1 +

ε̇pl
γ

)m

(1.2)

where σy0 is the static yield stress, γ is the material viscosity parameter, and m is
the strain-rate-hardening parameter. These last two parameters are considered free
fitting parameters and are determined using the parameter map analysis. The plastic
strain rate (ε̇pl) is calculated using the finite element software (in this case ANSYS).
The driving force for the blister growth is the pressure change between the polymer
layer and the glass substrate. The pressure change in between is formulated as:

Pt = Pt−∆t

(
Vt−∆t

Vt

) cp
cv

+ η
1

Vt

∫ t

t−∆t
I(Fl, t)dt (1.3)

which indicates the combination of an adiabatic increase and an increase due to the
laser power. Here I(Fl, t) is the instantaneous laser power and the integral extends
over time. The functional form is Gaussian in time t, and the integral of this function
over the entire pulse length is equal to the laser energy.
The second term on the right hand side of this equation is derived from the fol-

lowing formulas. We start with the simple relation that connects the temperature
increase to the heat added:

∆T =
∆Q

mcv
(1.4)
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where ∆Q is the heat added,m is the mass of the gas, and cv is the specific heat at
constant volume. The pressure change can be evaluated using the equation of state:

∆P =
mR∆T

MV
(1.5)

where R is the universal gas constant,M is the molar mass of the gas, and V is its
volume. Inserting (1.4) into (1.5) yields:

∆P =
R∆Q

MV cv
(1.6)

In this system the heat transfer takes place due to the laser, therefore, we need a
formula for the energy deposited with the laser, so that the change in pressure can be
expressed in terms of this deposited energy. The amount of laser energy converted
into the thermal energy can be formulated as:

∆Q = k

∫
I(Fl, t)dt (1.7)

where k is the conversion efficiency of laser energy to thermal energy in the gas.
Inserting (1.7) into (1.6) yields:

∆P =
kR

Mcv

1

V

∫
I(Fl, t)dt (1.8)

It can be observed that this expression constitutes the second term on the right hand
side of (1.3) with setting η = kR/Mcv . During the fitting procedure η is varied to
ensure that numerically evaluated blister heights match the experimentally observed
blister heights. The correct selection of this parameter can be verified by comparing
experimental and numerical results. This is shown in Figure 1.10 along with the
calculated and measured blister shapes.
Time-dependent formation of the blister can be monitored experimentally and an

empirical formula determined[15]. While the finite element model gives accurate re-
sults, an empirical formula for the blister formation is important if the focus is the jet
formation dynamics. The inflated blister’s shape is represented with a displacement
function as:

δ = X(r, E) · T (t) (1.9)

which is the product of a spatial component X(r, E) and a temporal component
T (t). Here r denotes the radial coordinate, and E denotes the laser pulse energy.
The spatial function represents the final shape of the blister as a function of laser
energy. The temporal component is a normalized function that does not depend on
laser energy. The spatial function has the form:

X(r, E) = H0(E)

(
1−

(
r

R0(E)

)2
)C

(1.10)



Emre Turkoz, Romain Fardel, and Craig B. Arnold: Advances in Blister-Actuated Laser Induced Forward Transfer
(BA-LIFT) — Chap. 1 — 2017/2/20 — 8:46 — page 15

15

Figure 1.10 Left: Parameter map evaluated to find γ andm to evaluate the dynamic flow
stress, σy , by choosing the values which yield the minimum average residual sum of
squares (RSS). Right: The blister formation as evaluated via finite element simulations.
The parameter η is varied to equate the numerically evaluated blister height to the
experimental result [43]. Dashed lines determine the experimental profile whereas solid
lines are the fitted blister profiles. [43]

where H0(E) is the blister height, R0(E) is the blister radius. Both of these pa-
rameters are functions of laser energy. The coefficient C depends whether the blis-
ter formation mechanism is stretching or bending. The two limiting cases are pure
stretching (C = 1) and pure bending (C = 2). This expression is fit to each steady-
state (500 ns) blister profile generated with different laser energies. It is found in [15]
that C has an energy-independent average value of 1.25 ± 0.185 with blister height
and radius fitted to the following functions:

H0(E) = −0.0093E2 + 2.5708E − 9.2618 (1.11)

and

R0(E) = 18.117 ln(E)− 12.887 (1.12)

where values obtained from these expressions are in µm. It should be noted that this
profile is fitted to blisters that are generated on a 7 µ m polyimide layer. The form
of the function may change for different thickness values. The temporal function is
the evolution of its blister height normalized by its steady-state value. It is observed
from our experiments that the blister expands rapidly during the initial 50-100 ns
and reaches a constant height within 150 - 250 ns. This behaviour is observed to be
energy independent and we empirically determine the temporal function:

T (t) =
2

π
arctan(t/τ) (1.13)

where τ = 2.359 × 10−8 s, and it is the time for the blister to reach 50% of its
maximum height. This value is obtained by fitting the given form of the function
onto the experimental data. Evolution of the temporal function and the change in
steady state blister height with varying energy levels are given in Figure 1.11.
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Figure 1.11 Results from the empirical formula for blister profile. (a) The normalized
temporal evolution of blister height initiated with a 14.9 µJ laser pulse. Each data point
represents the average of five measurements, and the vertical bars indicate ±1 standard
deviation. A fit is also shown on the plot. (b) Experimentally measured blister profiles
(solid lines) shown with their associated fits (dashed lines) [15].

Equation (1.9) and the corresponding equations are very important as they describe
the deforming solid boundary which leads to jet formation in the fluids. In the fol-
lowing sections, we use this as a as a boundary condition for fluid flow simulations.

1.5
Jet Formation and Expansion

The jet formation mechanism in BA-LIFT is the rapid mechanical deformation due to
the expanding blister. This fact makes the process easier to simulate than traditional
LIFT processes because the flow characteristics can be obtained without dealing with
the complications associated with cavitation. That being said, some effort has been
dedicated tomodel conventional LIFT processes. A recent example is [44], where the
jet formation of a hydrogel layer under a TitaniumDRL is simulated. An extension of
this model to biomaterials is presented in [45]. Another approach for LIFT modeling
is based on the two-temperature model to evaluate the temperature and stress levels
during the absorption of the laser pulse [46, 27].

1.5.1
Computational Fluid Dynamics Model

Modeling of the BA-LIFT process, where the ejection mechanism is the rapid me-
chanical deformation of the solid boundary, is performed in [15]. The purpose of
such numerical analysis is to develop a platform whereby parametric studies can be
performed and optimum conditions can be evaluated for jet printing. The governing
equations for the jet formation of Newtonian fluids during BA-LIFT are the well-
known Navier-Stokes equations for incompressible flows with the addition of the
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surface tension term. First, the continuity equation is expressed as:

∂ρ

∂t
+∇ · (ρu) = 0 (1.14)

The incompressibility condition is written as:

∇ · u = 0 (1.15)

The equation of motion:

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+ ρg + µ∇2u + γκδsn (1.16)

where ρ, u, and µ are the density, velocity, and the dynamic viscosity, respectively.
The last term in the equation given above is the contribution from surface tension,
with γ denoting the surface tension coefficient, κ and n the curvature and normal
vector to the interface. The Dirac delta function (δs) denotes that the surface tension
term is applied only at the interface. The continuity equation is necessary in addi-
tion to the incompressibility condition because we are dealing with a two-phase flow
(air and ink), and the numerical scheme solves for the fluid motion in two phases
with different densities. Inserting the incompressibility equation into the continuity
equation results in:

Dρ

Dt
= 0 (1.17)

which can be considered an advection equation for the fluid density.
In multi-phase flows, the interface can be represented in various ways. Two widely

used techniques are the level-set method [47] and the volume-of-fluid (VOF) method
[48]. Simulations that are presented with this chapter are performed using the VOF
method because the mass is conserved intrinsically, and the topological changes are
handled easily [49]. Within this scheme, the density can be defined as:

ρ(c) = cρ1 + (1− c)ρ2 (1.18)

where ρ1 and ρ2 are the densities of the first and second fluids. The interface is
represented implicitly with the volume-of-fluidmethod, which uses a volume fraction
field c(x, t) varying between 0 for a cell filled with the first phase (air) and 1 for the
second phase (liquid). A phase dependent viscosity is defined similarly.
Boundary conditions are derived empirically from experiments. The deformation

of the boundary is performed by imposing a boundary condition for blister deforma-
tion. These conditions are presented in Section 1.4.2. The time-dependent vertical
velocity is specified as:

Vb(r, t, E) = ḣb = X(r, E)(̇T )(t) = X(r, E)
2/(πτ)

1 + (t/τ)2
(1.19)

where the dots denote time derivatives and hb, X , and T are defined in equations
1.10, 1.11, and 1.13.
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The specific numerical scheme depends on the solver code used to perform sim-
ulations. Results presented in this chapter are obtained using Gerris [50] and CFD-
ACE+ (ESI Group, Paris, France) (ESI CFD Inc. [51]). Compared to models pre-
viously developed for LIFT processes [44], the modeling of the BA-LIFT process
does not include the solution of the energy equation because the energy absorption
is limited to the interface between the polyimide layer and the glass substrate and has
already been accounted for in equation 1.19. In addition, the low thermal conduc-
tivity of the polyimide makes it possible to neglect the heating of the ink during jet
formation [11].

1.5.2
Effect of the Laser Energy

Parametric studies are performed in [15] to investigate the effects of ink properties
on jet formation. The liquid layer investigated in this numerical study is NMP similar
to the ink used in the experimental measurements of Figure 1.5. Properties of this
liquid are taken as: µ = 1.7 mPa s, ρ = 1030 kg m−3, γ = 40.79 mN m−1. The
ejections take place into a background of air (µ = 18.46 µPa s, ρ = 1.1614 kg m−3).
The correlation between the simulation and experiments is presented with two cas-

es given in Figure 1.12. This figure shows experimentally and numerically produced
jets. Subfigures 1a and 1b show the close correspondence between experiment and
numerical results for 5.4 µJ laser pulse. Subfigures 2a and 2b show the correspon-
dence between results for a higher laser energy of 7.7 µJ. The configuration on the
right shows the status of the jet at 8 µs with a glass acceptor surface 150 µm below
the donor substrate. This close correspondence is significant considering that there
are no additional free parameters included in simulations.
The quantitative correlation is also examined by comparing the transferred vol-

ume of ink between experiments and simulations. This comparison is presented in
Figure 1.13, which focuses on a smaller range of laser energies near the threshold
energy. This threshold laser energy, below which no fluid is transferred, is experi-
mentally observed at 5.5µJ. This value compares favorably with the threshold energy
(5.115 µJ) predicted by the simulations. In the simulations, a second threshold en-
ergy is observed, below which all secondary droplets are reabsorbed by the ink film
rather than transferred. Beyond threshold, both data sets exhibit a similar dependence
on laser energy, with the simulated data points located well within the uncertainty
of the experimental measurements. This validates the accuracy of the computational
model in resolving the dependence of the ejection process process on laser energy
input.
Different regimes of droplet formation during the process with changing energy

are presented in Figure 1.14. The earlier time dynamics (t ≤ 300 ns) of the jet-
ting process follow the same qualitative trends with increasing energy, whereas the
longer-time behavior differs. Below the threshold at 5.1 µJ, the jet’s kinetic energy
is insufficient for the droplet to detach from the ink film as shown in Figure 1.14a.
Between 5.1 µJ and 5.115 µJ, a droplet is detached from the ink, but its velocity is in
the direction of the liquid film. At the threshold, only 15 nJ higher than 5.1 µJ, the
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Figure 1.12 (1a) Experimentally acquired images and (1b) rendered computational results
of fluid ejections from a 5 µm donor film of NMP using a 5.4 µJ laser pulse. The ejected
fluid volume extracted from the last experimental image (1.2 × 10−15 m3 ) compares
favourably with that from the simulated ejection (1.0 × 10−15 m3 ). Image frames are 134
µm high. (2a) Experimentally acquired image of a jet ejected from a 5 µm donor film of
NMP acquired 8 µs after a 7.7 µJ laser pulse. The jet impacts with an acceptor substrate
(glass slide) located 150 µm below the donor substrate. (2b) Rendered image of a
simulated ejection at 8 µs corresponding to the experimental conditions. A 45o contact
angle is imposed at the acceptor–substrate boundary to match the experiment [15]
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Figure 1.13 Plot of experimentally measured and simulated volumes of ink transferred as
a function of laser energy. Each experimental data point represents the average of
volumes measured from 10 transferred droplets, and the vertical error bars indicate ±1
standard deviation. The horizontal error bars indicate ±1 standard deviation in the
shot-to-shot variation of laser energy.[15].
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pinch-off of the droplet is observed at 8.5 µs. At this energy level, a smaller satellite
droplet is observed to be forming. This satellite droplet has a velocity towards the
ink film, and does not result in transfer (Figure 1.14b). It is important to notice that
this energy level denotes a hard threshold, and 5.114 µJ energy does not result in the
transfer of the droplet.
At this point it is useful to go back to Figure 1.13 and examine the change in

transferred volume with energy. The jet formation is due to a phenomenon called
Rayleigh-Plateau instability [39]. A general trend of the droplet formation through
this instability is that the droplets produced scale with the jet diameter [52]. Between
two thresholds (5.115 - 5.3 µJ), as laser energy is increased beyond the threshold, the
jets become more elongated and narrower at their tip before the instability is initiated
(Figure 1.13c). The satellite droplets obtain a velocity in the direction of the liquid
film. These two effects combine to produce a decrease in transferred volume with
increasing laser energy between thresholds.
However, beyond the second threshold, the satellite droplets are ejected with pos-

itive velocity. This results in a sharp increase in the ejected volume as depicted in
Figure 1.13. Beyond the second threshold the deposited volume increases approx-
imately linearly with laser energy. A case for higher laser energies (E = 6.1 µJ) is
presented in Figure 1.14d with an acceptor surface. It is seen that the jet reaches the
acceptor surface before pinch-off takes place.

1.5.3
Effect of the Ink Film Properties

For high resolution printing purposes, the narrow range of laser energies between
two thresholds is ideal because this produces the smallest deposited volumes and
minimizes the mechanical stress applied on the ink by the rapid blister formation.
Therefore it is important to determine how this threshold regime changes as ink prop-
erties are varied. A parametric study is performed in [15] to investigate the effects of
the ink properties on the threshold laser energy and transferred volume. The results
of this study are presented in Figure 1.15. The other parameters of the ink are kept
constant as the values of NMP while performing the parametric study.
Figure 1.15a shows that for film thicknesses smaller than 2.5 µm the threshold

energy decreases with increasing film thickness. On the other hand, for thickness-
es larger than 2.5 µm, the threshold laser energy increases linearly with increasing
film thickness. This difference in the trend can be attributed to the competing factors
during jet formation. For film thicknesses large compared to the blister width, the
dependence on the film thickness is dominated by how much the initial impulse is
transferred to the free surface. For example, the ratio of the initial free-surface ve-
locity to the blister expansion velocity increases from 61% for a 10 µm film to 76%
for a 5 µm film. With a 2.5 µm film, the two velocities are nearly equal. Here it
is important to note that reducing film thickness enhances the influence of viscous
stresses on the evolution of the flow. As the film thickness decreases, the boundary
layer spans the film thickness in less time and the energy required to shear the liquid
increases. At 2.5 µm film thickness the increase in viscous resistance offsets the im-
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(a)  Laser Energy = 5.1 μJ (Below Threshold)

300 ns 1 μs 2 μs 3 μs 7 μs 11.6 μs

Pincho!

14 μs 16.7 μs

(d)  Laser Energy = 6.1 μJ (Impact with Acceptor)

(c)  Laser Energy = 5.3 μJ (Below Second Threshold)

6.8 μs

Pincho!

1 μs 9.4 μs

Secondary 

Pincho!

3 μs 22.5 μs11 μs300 ns 5 μs 8 μs 16 μs

1 μs 3 μs 7 μs 8.5 μs 11.5 μs300 ns 5 μs 8 μs 9 μs 10 μs

(b)  Laser Energy = 5.115 μJ (Transfer Threshold)

1 μs 3 μs 7 μs 9 μs 13.5 μs8.5 μs

Pincho!

5 μs300 ns 8 μs 10 μs

Figure 1.14 Simulation results for blister-actuated flows using standard ink properties
initiated with laser energy inputs of: (a) E = 5.1 µJ (below threshold), (b) E = 5.115 µJ
(transfer threshold) , (c) E = 5.3 µJ (below second threshold) (d) E = 6.1 µJ (impact with
acceptor) [15].
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Figure 1.15 Results of the numerical parametric studies. Transferred volume and
threshold energy values with varying parameters are presented [15].
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provement to the coupling between the blister and the free surface, which results in
a local minimum in the laser energy required for transfer.
Figure 1.15b shows the threshold laser energy increases with ink viscosity with

a linear dependence. The mechanism for the linear relation between the threshold
laser energy and viscosity is not currently understood, however the general increase
in threshold energy versus viscosity is consistent with the additional energy required
to induce jet formation. On the other hand, the volume transferred at this thresh-
old decreases. This decrease can be attributed to the thinning in jet diameter with
increasing viscosity.
Figure 1.15c shows that the laser energy input required for transfer increases with

the surface tension, exhibiting a power-law behavior with an exponent of 0.3130. Al-
so the volume transferred decreases with decreasing surface tension, suggesting that
there would be no transfer if the surface tension could be reduced to zero. This leads
to an optimization idea for high-resolution printing which utilizes the phenomenon
that the surface tension of liquids decreases with increasing temperature. Using this
trend, high resolution printing may be improved by heating.
The reasoning behind this power-law trend can be explained using the energy bal-

ance. Conservation of the total energy for the entire system can be written as:

∆ET = ∆Ek + ∆Es + ∆Ed = 0 (1.20)

where ∆Ek is the change in kinetic energy, ∆Es is the change in surface energy,
and ∆Ed is the energy dissipated by heat. This equation means that any decrease in
kinetic energy is balanced by the increase in surface energy or dissipated heat. Here
it is useful to examine how the kinetic energy changes with increasing laser beam
energy. Kinetic energy of the fluid (remnant kinetic energy) can be evaluated as a
function of increasing laser energy and it has been shown that the remnant kinetic
energy scales as Ek(t0) ∼ (E − Eth)4.5, where Eth is the threshold energy for
blister formation (not pinch-off) [53]. Using the same approach and defining Ē ≡
E−Eth, the remnant kinetic energy scales withEk(t0) ∼ Ē4.5. The surface tension
results can be explained by observing that the same relation holds with the pinch-off
energy (Ēth) and using Ek(t0) ∼ Ē4.5. Taking the conservation of energy formula
given above into account, it can be said that the energy spent on the dissipation is
very low because NMP has a low viscosity. Therefore we can assume that all the
initial kinetic energy is converted to surface energy (∆Es = γ∆A, where ∆A is
the increase in surface area). This leads to the following relation between the remnant
kinetic energy and the surface energy:

Ek(t0) ∼ Ē4.5
th ∼ γ∆A (1.21)

It is observed from simulation results in [53], that ∆A is relatively independent of
Ēth, which implies that Ē4.5

th ∼ γ. Solving for Ēth yields:

Ēth ∼ γ0.22 (1.22)

which agrees with the measured exponent.
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Figure 1.16 Variations of LIFT. (a) Absorption directly within the ink. (b) Laser absorption
within a metal-film absorbing layer results in vaporization of the adjacent ink, producing a
high-pressure vapor cavity. (c) Laser absorption within a polymer- film absorbing layer
produces a rapidly expanding, sealed blister [33]

.

The effect of the ink density is not given in Figure 1.15 because its effect is neg-
ligible. Since the flow is modeled as incompressible and the boundary deformation
is prescribed depending on the beam energy, the fluid’s density has little influence
on the velocity field that develops during blister’s initial expansion. The influence of
density is effective through the scaling of viscous (µ/ρ) and surface tension (γ/ρ)
forces. This is verified by comparing simulation results in which the surface tension,
viscosity and fluid densities are jointly varied by a factor of 1000. Both the jet length
and its tip velocity differ by less than 0.4% at 2 µs.

1.6
Application to the Transfer of Delicate Materials

In the introduction of this chapter, we argued that BA-LIFT provides the ability to
transfer materials without damaging their properties andwe demonstrate this point on
organic luminophores. Such materials will exhibit changes in their optical emission
as well as chemical signatures when exposed to UV irradiation or excessive temper-
atures. In prior work [11], we compared the photoluminescence (PL) and nuclear
magnetic resonance (NMR) spectra from different luminophores transferred using
the three different LIFT techniques shown in Figure 1.16.
The transferred materials used in this study are blue 9-anthracenemethanol (AM),

and a rather robust green tris(8-hydroxyquinoline)aluminum (Alq3). These lu-
minophores are added to the NMP, which has been employed in other studies as
explained in previous sections, at a concentration of 30 mg/ml to form the inks
without significantly affecting its rheological properties. The substrate used is glass
for the direct laser absorption into the ink case. The donor substrate for the metal
absorbing layer is glass slides with a 50 nm sputter-coated layer of titanium. The
BA-LIFT process is performed with a 6 µm layer of polyimide. All the substrates
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Figure 1.17 Photoluminescence spectra of (a) AM showing significant damage when
printed via DMA (1 J/cm2) but no apparent damage using either metal film absorber (MFA)
(0.375 J/cm2) or polymer film absorber (PFA or BA-LIFT) (0.75 J/cm2). An undamaged
spectrum of (b) Alq3 material printed via DMA transferred at higher fluences can be seen
for the Alq3 molecule. [11].

are coated with a 10 µm thick ink using a wirecoater.
The material degradation is investigated by analyzing the printed droplets using

each technique. Different fluence values are used to ensure similar droplet sizes for
each technique. For photoluminescence studies, transferred material is washed off
the acceptor surfaces using acetonitrile into quartz cuvettes. Results of the photolu-
minescence study are presented in Figure 1.17. Degradation is clearly apparent for
AM that is deposited by direct matrix absorption as indicated by the modified peak
structure in the spectrum. However Titanium DRL and BA-LIFT both show similar
emission as the control sample. Conversely, the more robust Alq3 does not appear
affected by any of the LIFT conditions.
More detailed structural and chemical analysis is done with NMR studies, and

again, the transfered materials are washed off, this time with 1/2 ml of deuterated
acetone. Results of this study on AM are given in Figure 1.18. In the case of Alq3

both PL results and NMR results show that there is no damage at the integrity of
the transferred droplet. However, in the case of AM, there are clear indications of
new peaks in the NMR spectrum corresponding to decompostion products created
during the LIFT process. We see such peaks in the direct matrix absorption LIFT. In
contrast to the PL measurements where the Titanium DRL showed no damage, the
NMR clearly shows decomposition products in the transferred materials. Notably
such peaks are not present in the BA-LIFT verifying the ability to transfer delicate
materials without damage.
Additional studies have been performed on the optoelectronic properties of organic

electronic device fabricated via BA-LIFT in addition to NMR and PL analyses. An
example is presented in [13]. In this study, the fabrication of devices with ionic tran-
sition metal complexes (iTMCs) is performed using BA-LIFT. One of these devices
is a tris(4,4’-di-tert-butyl-2,2’-bipyridyl)ruthenium, [Ru(dtb − bpy)3]2+(PF−

6 )2

(Complex 1), electroluminescent device. Another sample is prepared using bis(5-
trifluoromethyl,2-(2’,4’-difluorophenyl)pyridyl), (4,4’-di-tert-butyl-2,2’-bipyridyl)
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Figure 1.18 NMR spectra of AM for (a) control and printed using (b) BA-LIFT, (c) Titanium
DRL, and (d) direct matrix absorption. Arrows indicate the degradation products present in
corresponding techniques. No peaks exist in control or polymer absorptive layer [11].
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Figure 1.19 (a) Image of the LED (12.5 × 12.5 mm2) under room light illumination. (b)
Device operation under ambient conditions depicting two 2.5 × 2.5 mm2 orange–red
pixels. (c) Post-transfer PL and device EL match the pre-transfer solution PL [13].

iridium, [Ir(F5−mppy)2(dtb− bpy)](PF6). Both of these samples are prepared
according to the guidelines presented in literature [54, 55].
An image of the working device is given in Figure 1.19. It is seen that the pixels

emit bright electroluminescence in ambient conditions under forward bias (Figure
1.19b). Uniformity of the electroluminescence is an indication that the integrity of
the ITO layer is preserved during the BA-LIFT process, since damage would prevent
the uniform charge transfer along the layer.
Photoluminescence measurements are performed with an Hg lamp and the emis-

sion spectra are recorded with a colorimeter. The emission spectrum of a Complex
1 film via photoluminescence (PL) is shown in 1.19c. It is seen that the PL spectrum
of the BA-LIFT printed luminophore matches the non-printed control solution. Both
curves also exhibit the same peakwavelength at 630 nm. This value is similar to those
reported in literature [54, 56, 57]. Since both the shape and the peak wavelength of
the curve match with the examples in the literature, properties of the molecule are
not altered during the BA-LIFT process. Furthermore, similar results are observed
for the devices fabricated in nitrogen environments via spin coating [54, 56]. Electri-
cal performance of these devices are also evaluated and shown that the performance
matches other devices in literature.
It is seen from these studies that polymer layer prevents damage to the ink, and

device performance is not adversely affected.

1.7
Conclusions

In this chapter we have shown the underlying physics and applications of BA-LIFT,
a technique developed as an alternative to conventional LIFT processes. BA-LIFT
relies on the mechanical impulse created by an expanding blister to induce jet for-
mation in a liquid or multiphase ink. Since the incident laser energy is absorbed in
a shallow region of the thick polymer film, the associated blister maintains thermal
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and optical insulation between the laser and the ink. Expansion of the blister is inves-
tigated through time-resolved imaging and the underlying physics is examined using
finite element simulations. Also empirical blister formation formulas are derived
from time-resolved images, which are used as boundary condition for analytical and
computational studies performed to examine the jet formation.
Time-resolved images and developed CFD models can provide detail on the jet

formation process and shed light on the importance of different parameters on the
transfer process. Parametric studies are performed to investigate jet properties at
different transfer regimes and provide users with a greater understanding of how to
control the process to optimize the transfer. Most notably, BA-LIFT is demonstrated
to be a suitable technique for the transfer of sensitive materials, since it prevents
degradation and damage to chemically, thermally, or optically delicate materials.
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