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1
Introduction

1.1 Piezo inkjet printing

Inkjet printing is the most widely spread application in microfluidics and, since
the first inkjet device was patented by William Thompson in 1858 (The Siphon
recorder, UK Patent 2147/1867), it has developed into a versatile and major
drop deposition technique. In inkjet printing various methods are applied to
create controlled droplets, but there are two distinct classes in which inkjet
printing is commonly divided, continuous inkjet printing and drop-on-demand
inkjet printing.

In continuous inkjet printing droplets are formed by the Rayleigh breakup of
a continuous stream of liquid [1]. These droplets are charged by an electric
field and, by applying an additional electric field downstream of the jet, these
droplets can be deflected on demand. Continuous inkjet printing is one of the
fastest inkjet technologies, where drop repetition rates in the order of 100 kHz
can be achieved. However, continuous inkjet printing comes with certain dis-
advantages; it requires complicated hardware to synchronize breakup, charging
electrodes and deflection electrodes. An additional disadvantage is that the
droplets which are not printed have to be recycled continuously, which severely
complicated this technique.

The inkjet counterpart to continuous inkjet printing is drop-on-demand inkjet
printing. A typical drop-on-demand printhead consists of several hundreds of
channels, where each channel is equipped with an actuator to generate pres-
sure waves. By precise timing of the actuation, the drop-on-demand printer
generates drops with repetition frequencies in the order of 20 kHz. The two
most common types of drop-on-demand printers are thermal and piezo inkjet
printers. In thermal inkjet printing the pressure is generated by a vapor bubble,
which is created by local heating of the ink. This limits both the diversity of
liquids that can be used, and the durability of the printhead.

Piezo inkjet printing does not have these limitations, and has proven itself a
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1. INTRODUCTION

very reliable drop deposition technique. As a piezo is used as actuator, all kind
of liquids can be printed, with droplet sizes ranging from nanoliters down to a
few picoliters [2]. By far the best known application is the production of press
related materials, such as books, photos and posters. But the broad range of
printable liquids, the high drop repetition rates and the constant quality of the
drop formation have made it the preferred drop deposition technique for dozens
of applications [3]. Examples include the printing of three dimensional structures
for rapid prototyping [4], the printing of etch resist and semiconductors [5], the
printing of solar panels [6], the deposition of thin layers of nanoparticles such
as carbon nanotubes [7], or the printing of LED displays [8]. Also bioprinting is
an entire area of research, focusing on the printing of biological materials [9].
And it is even common to print edible images onto birthday cakes.

The basic principles of the drop-on-demand devices are similar and indepen-
dent of the application. Reliability is crucial, especially in applications such
as the printing of electronics and bioprinting, where the omittance of a sin-
gle droplet is unacceptable. Hence considerable research is performed in the
optimization of drop formation and the stability in drop production. The com-
plexity in the fluid dynamics of the drop formation, where inertia, surface tension
and viscosity are equally important, make it a fascinating subject for scientists
throughout the last century [10, 11].

The subject of inkjet printing is more versatile than drop formation itself
and for example also treats the consistency of the drop formation, structural
mechanics involved in the channel design, the chemical composition of the
liquids, and the impact and splashing of drops [12]. This thesis treats a part
of the elaborate subject; the subject of channel acoustics, air entrapment and
drop formation.

1.2 Bubbles and drops in piezo inkjet printing

The research done in this thesis is part of a long lasting cooperation between Océ
technologies B.V. and the Physics of Fluids group of the University of Twente.
This collaboration on the research of piezo inkjet printing started at the time
the R&D department at Océ technologies B.V. developed an acoustic sensing
technology [13]. With acoustic sensing it is possible to monitor the acoustic
pressure inside the inkjet channel during the drop formation. This new technique
proved very useful for detecting abnormalities in the print process. In the study
of these abnormalities it was found that microbubbles inside the channel disrupt
the print process. The acoustic sensing could be used to detect the presence of
microbubbles, but it was unclear where the microbubbles were originating from.
By measuring the recovery time of a channel after air entrapment, predictions
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1.2 BUBBLES AND DROPS IN PIEZO INKJET PRINTING

could be made on the size of the bubble.

In 2003 De Jong et al. showed that, moments before the microbubble distur-
bance was detected, a small flip-flop is present in the acoustic signal [14]. By
using this flip-flop as a trigger for a high speed camera, it was observed that the
disturbance in the acoustics is accompanied with a disrupted drop formation
(Figure 1.1). By physically capturing the droplets during the disrupted drop
formation, Van den Berg was able to show that small dust particles caused
the disrupted drop formation [14]. The study also confirmed that the bubble
only originates from air entrapment at the meniscus. To induce air entrapment
the meniscus had to be disturbed, and dust particles or the presence of an ink
layer around the nozzle would be the underlying causes [14]. Not only can the
presence of an ink layer directly disturb the meniscus, but it was shown that it
can transport dirt particles. There were event two different flow mechanisms
found that transport ink and dirt. Firstly, the drop formation induces an air flow
strong enough to displace the ink [15]. Secondly, Marangoni stresses, caused
by local changes in the surface tension, also resulted in a transport of ink [16].

Figure 1.1: Droplet formation recorded at 100 kfps showing the disturbance that can
result in air entrapment. Droplet 27 displays a slight deviation in the tail. Droplet 28
shows a large disturbance being jetted out. Droplet 29 and 30 display regular droplet
formation again. Recording taken from [14].

In 2005 an acoustic model was developed to calculate the channel pressure
and the influence of a microbubble inside the channel. The model was used to
predict how the velocity of the droplets change due to the presence of a micro-
bubble. The model and the experimental validation were treated in [17, 18]. A
glass insert was added to a printhead, which made it possible to visualize the
presence and size of microbubbles inside the channel [17] but, due the modi-
fications, the acoustic sensing could not be applied. Most of these results are
also treated in the extensive review on the dynamics of piezo inkjet printing (H.
Wijshoff [2]).

In 2006 the research in this thesis started, and the research questions were
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1. INTRODUCTION

stated. Although the channel acoustics showed sensitive to air bubbles and
disturbances, still no quantitative validation was made of the effect of a micro-
bubble on the channel acoustics. There was also the question of air entrapment
itself; what mechanism causes air entrapment and how is this related to external
disturbances? Is it possible to create a method to study air entrapment con-
trollably, such that fast detection methods can be developed? How applicable
is the available acoustic model and can it be used for improving the acoustics
design of the channel?

In 2008 Océ Technologies B.V. launched the the ColorWave 600, which con-
tained the first generation drop-on-demand printheads. The elaborate knowl-
edge on acoustic sensing was applied in this printer, making it a very fast printer
and very reliable printer. At the same time Océ Technologies B.V. was devel-
oping a new class of printheads, based on Micro-Electro-Mechanical-Systems
(MEMS). With the MEMS technology the channel size was reduced by one
order of magnitude, while increasing the productivity. During the ongoing de-
velopment of the MEMS printhead, old questions were revisited, e.g. does air
entrapment occur, and if so, can the bubble be visualized.

1.3 Guide through the chapters

In chapter 2 the effect of an air bubble on the acoustics of an inkjet printhead
is further studied. This was done experimentally, by visualizing the bubble in-
side the channel, while simultaneously measuring the channel acoustics. A one-
dimensional acoustic model was applied to correlate optical experiments with
acoustical measurements. Chapter 3 treats the new Micro-Electro-Mechanical-
System (MEMS) printhead. In this chapter infrared light is utilized to visualize
air bubbles inside the MEMS printhead without modifying the channel. With
this new method the presence, size and position of air bubbles could be con-
firmed.

The new generation printheads creates smaller droplets, which gives rise to
the formation of satellite drops. To visualize the formation of these smaller
droplets and the satellite formation a novel illumination technique is introduced
in chapter 4. The illumination technique is elaborately tested and compared
with modern high-end light sources. With the new illumination technique it is
possible to capture the drop formation in extreme detail, which is treated in
chapter 5. Besides the experimental research on drop formation, chapter 5 also
treats a fast one-dimensional drop model.

Chapter 6 combines the study on air entrapment, acoustic measurement and
drop visualization altogether into a single chapter. Here we introduce an acous-
tic pulse that can be used to entrap microbubbles in a controlled way. The
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1.3 GUIDE THROUGH THE CHAPTERS

possible mechanism causing air entrapment is explored by visualizing the drop
formation comparing the measurements with a Computational Fluid Dynamics
simulation.

tn the conclusions of this thesis an overview of the results from are presented
and the contribution of the research to inkjet printing.
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2
Acoustic measurement of bubble size

in an inkjet printhead1

The volume of a bubble in a piezo inkjet printhead is measured acoustically.
The method is based on a numerical model of the investigated system. The
piezo not only drives the system, but it is also used as a sensor by measuring
the current it generates. The numerical model is used to predict this current for
a given bubble volume. The inverse problem is to infer the bubble volume from
an experimentally obtained piezo current. By solving this inverse problem, the
size and position of the bubble can thus be measured acoustically. The method
is experimentally validated with an inkjet printhead that is augmented with
a glass connection channel, through which the bubble was observed optically,
while at the same time the piezo current was measured. The results from
the acoustical measurement method correspond closely to the results from the
optical measurement.

2.1 Introduction

The dynamics of a sound driven free bubble in an infinite volume are well de-
scribed by the Rayleigh-Plesset equation [19–21], whose validity, even under
the extreme conditions of single bubble sonoluminescence, has been thoroughly
established [22]. However, many important cases of bubble dynamics occur
under constraint conditions, in finite volumes of liquid, rather than infinite vol-
umes, such as in confined spaces and near a wall [23–26]. Examples include
the behavior of gas bubbles in blood vessels, aiming at improving ultrasound
diagnostics and treatment [27], or thermal inkjet printing and other microfluidic

1Published as: Roger Jeurissen, Arjan van der Bos, Hans Reinten, Marc van den Berg,
Herman Wijshoff, Jos de Jong, Michel Versluis, and Detlef Lohse, Acoustic measurement of
bubble size in an inkjet printhead, Journal of the Acoustical Society of America 126, pp.
2184-2190 (2009).
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2. ACOUSTIC SIZING IN AN INK CHANNEL

applications, where bubbles are used as actuators [28, 29]. However, bubbles
can also disrupt the operation of the printhead as was shown in earlier re-
search [14, 17, 18]. Although inkjet printing is a robust process and billions
of droplets can be printed without problems, there is a small chance that dur-
ing actuation a small air bubble is entrapped at the nozzle of an ink channel.
The bubble influences the channel acoustics, reducing the pressure buildup at
the nozzle. The bubble grows by rectified diffusion until it reaches a diffu-
sive equilibrium [14, 17, 18]. At this size, the pressure buildup at the nozzle
is insufficient for droplet production, so that the channel stops jetting. This
malfunctioning can be detected acoustically [14], but until now the relation
between bubble size and channel acoustics has not been shown quantitatively.
In fact in many studies the bubble was assumed to behave as if it were in an
unbounded liquid [30, 31].

The dynamics of a bubble in confined space is fundamentally different from
that in an infinite volume of liquid where the far field is three dimensional. In
contrast, in a compressible inviscid liquid, the far field of a bubble between two
parallel infinite walls is two dimensional [32], and the far field of a bubble in an
infinitely long pipe is one dimensional [33–35]. An incompressible liquid does
not allow bubble volume fluctuations in either confined space, while the volume
fluctuations in an unbounded volume of liquid are possible and governed by the
Rayleigh-Plesset equation. Models that assume an unbounded volume of liquid
are therefore inappropriate for a bubble in a confined space.

In this study, a model is used that captures the effect that a bubble has
on the channel acoustics and vice versa. To validate the model, experimental
results are presented which correlate the acoustic change inside the channel
with optical measurements of an entrained air bubble.

2.2 Geometry of the inkjet printhead

The inkjet printhead that is used in this research is developed by Océ Technolo-
gies B.V. This experimental printhead consist of 256 similar ink channels. Each
channel has an actuator section with a rectangular cross section of 118 µm by
218 µm and a length of 8 mm. A cylindrical channel section with a radius of
125 µm and a length of 1.5 mm connects the actuator section to the nozzle.
A piezo is placed onto the actuator section. When a trapezoidal pulse of 13 µs
(4 µs rise time, 5 µs plateau, 4 µs fall time) [36] is applied to this piezo, it
generates acoustic pressure waves inside the channel. The generated waves are
reflected at both outer ends of the channel; the ink reservoir at one side, and
nozzle plate at the other side. The result is a velocity and pressure build up
at the nozzle which leads to a droplet being ejected [37, 38]. Typically for this
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2.3 EXPERIMENTAL PARAMETERS

specific printhead, droplets of 30 pl are generated at a rate of 20 kHz with a
velocity of 6 m/s.

Droplet
(20 kHz frequency)

Nozzle (Ø 30 μm)

Piezo

R
e

s
e

rv
o

ir

8 mm 400 μm

Glass

channelChannel block
Connection

channel

1mm 2mm

Figure 2.1: The channel inside the printhead is about 10 mm long and is actuated
by a 8 mm long piezo. In between the channel block and the nozzle plate a 400 µm
long glass connection channel is placed through which the bubble dynamics can be
observed.

To visualize the dynamics of the entrained air bubble, a 400 µm long glass
connection channel [39] was interposed between the ink channel and the nozzle
plate (Figure 2.1), similarly as done in reference [14]. This channel was made
by powder blasting which resulted in an hourglass shape with a waist diameter
of 220 µm and a maximum diameter of 300 µm at the ends. An extra 2 mm
connection channel was required to interpose the glass connection channel. In
Figure 2.2 shows the connection channel with an air bubble inside. A 100 µm
thick nickel nozzle plate is glued on top of the connection channel. The nozzles
inside the nozzle plate have a trumpet shape with a diameter of 30 µm at the
exit and 130 µm at the inlet.

2.3 Experimental parameters

Besides visualizing the bubble dynamics, also the pressure variations inside the
channel were measured. This was done by measuring the piezo current in be-
tween the actuation pulses [13]. This technique has earlier been applied in
reference [14]. Even small pressure fluctuations in the channel result in mea-
surable current fluctuations from the piezo. As this signal is only measured in
between the actuation pulses, the time window in which the current is measured
at a droplet production rate of 20 kHz is 37 µs. An example of the measured
piezo current is shown in Figure 2.3. This figure illustrates the change in the
acoustic signal after an air bubble is entrapped inside the channel.
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2. ACOUSTIC SIZING IN AN INK CHANNEL

Bubble (120 pl)

Nozzle plate

Channel

Glass

300 μm

Figure 2.2: A microscope image showing an entrapped air bubble in the glass connec-
tion channel. While actuating, the fully grown air bubble will just remain oscillating
in the channel indefinitely. Note the position of the air bubble: due to the secondary
Bjerknes force it is pushed against the glass wall where it stays fixed even after the ac-
tuation is stopped. On the left and right sides of the channel the neighboring channels
can also be seen.

The piezo current was measured at a range of bubble volumes. To accom-
plish this, air entrapment was induced by physically blocking a channel while
actuating. The actuation was continued until the entrapped bubble reached a
diffusive equilibrium size which, in this specific setup, is about 120 pl. Then the
actuation was stopped allowing the bubble to dissolve. The bubble dissolves at
a rate of approximately 0.5 pl/s, so it takes about 4 minutes for a 120 pl bubble
to fully dissolve. During the dissolution of the bubble, piezo current data were
gathered by actuating at a frequency of 1 Hz. At this reduced actuation rate,
rectified diffusion is not strong enough to sustain the bubble, so it dissolves.
One microsecond before every actuation pulse, an image of the bubble was
captured. In this way motion blur due to volume oscillations was prevented.

2.4 Modeling the printhead

Deformation of a piezo gives rise to a current I from the actuator. Such a
deformation can be induced by varying the voltage over the electrodes. Thanks
to this effect, the piezo can be used as an actuator. Another way in which
the piezo can be deformed is caused by acoustic waves in the channel, making
it possible to use the piezo element also as a sensor. Here a model is used

10



2.4 MODELING THE PRINTHEAD

0 50 100 150 200
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Figure 2.3: Piezo current of a normal operating nozzle (blue), and with an entrained
air bubble with a volume of Vb = 80 pl (red) close to the nozzle plate. It can be
seen in this figure that the volume oscillations of the entrapped bubble modify the
piezo current significantly; the piezo current amplitude is less damped and the main
frequency decreases.

to calculate the piezo current [18], which links the Rayleigh-Plesset equation
to the equations that govern the propagation of acoustic waves in a viscous
medium in a flexible pipe and the response of the piezo and channel to the
actuator voltage.

Acoustically, the print head consists of four linked sections of pipes as shown
in Figure 2.4. The properties of the channel are constant over each section.
The relevant properties are the piezo electric expansion coefficient α j, the wall
flexibility β j, the cross sectional area A j, the velocity of sound in the liquid c,
the liquid density ρ , the viscosity µ, and the length L j of the channel section.
The piezo electric expansion coefficient is defined as

α ≡ 1
A

(
∂A
∂U

)

P
, (2.1)

where U is the voltage over the electrodes of the piezo element and P is the
pressure in the channel. The wall flexibility is defined as

β ≡ 1
A

(
∂A
∂P

)

U
. (2.2)
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2. ACOUSTIC SIZING IN AN INK CHANNEL

These two quantities can either be determined with a solid mechanics calcula-
tion, provided that the geometry and material parameters are accurately known,
or they can be determined by measuring the piezo current in the absence of a
bubble.

x

Piezo
Connection 

channel

Nozzle

21
L  = 3.5 mm

Glass
channel

3L  = 0.4 mmL  = 8 mm

1d  = 180 μm 

d    = 280 μm 
d  = 30 μm 4

2,3

Bubble

Figure 2.4: The print head as it is implemented in the model. From left to right:
actuator channel, connection channel, glass connection channel and nozzle.

In the model the pressure calculation is performed in the frequency domain,
using the discrete Fourier transform defined through

f (t) = ∑
j

F(ω j)eiω jt . (2.3)

Here f (t) is the relevant quantity in the time domain, and F(ω) is the corre-
sponding quantity in the frequency domain. The explicit dependence on fre-
quency is dropped in the remainder of the paper for the sake of brevity. The
pressure P is decomposed into the waves propagating to the left Pl and right
Pr. For each channel section, the amplitudes of the left and right propagating
waves are calculated per frequency,

P = ∑
j

Prei(ω jt−kx) +Plei(ω jt+kx) +Ps. (2.4)

Here the pressure Ps is caused by the actuator, hence only depends on the
imposed actuator voltage. The wave number k is a complex quantity due to
viscous dissipation. For a cylindrical pipe a closed form expression was obtained

12



2.4 MODELING THE PRINTHEAD

analytically in reference [40], namely

k =
ω

ce f f

√√√√√√√

1

1+
2
√

iJ1

(
Wo i

3
2

)

WoJ0

(
Wo i

3
2

)

. (2.5)

The functions J0 and J1 are the ordinary Bessel functions of the first kind, of
zeroth and first order, respectively. The Womersley number Wo is the ratio of
the inertia of the oscillating velocity field over the viscosity,

Wo j =
1
2

d j

√
ωρ
µ

, (2.6)

where d j is the diameter of the section. The effective wave velocity differs from
the velocity of sound due to wall flexibility and is given by the inviscid phase
velocity of acoustic waves. It was derived by Young [41] and is given by

ce f f =

√
c2

1+βc2ρ
. (2.7)

If the wall flexibility β vanishes, the effective wave velocity is equal to the
velocity of sound c. If the walls are flexible the effective wave velocity is smaller.
The wave number (Equation 2.5) has been the main result of the acoustical
model [40]. The boundary conditions are continuity of pressure and volume
flow rate. Equation 2.4 for the pressure, Equation 2.5 for the wave number,
and the boundary conditions describe the propagation of acoustic waves in a
flexible channel filled with a viscous liquid. The effect of the bubble is included
in the volume flow rate balance between the nozzle and the glass connection
channel by explicitly considering the flux qb from the bubble,

Acuc = Anun +qb. (2.8)

Here Ac and An are the cross sectional areas of the glass connection channel and
the area of the nozzle respectively and uc and un are fluid velocities in these
sections. The volume flux from the bubble is calculated with the Rayleigh-
Plesset equation

rr̈ +
3
2

ṙ2 =
1
ρ

(
Pg(r)+Pv− 2σ

r
− 4µ ṙ

r
−P∞(t)

)
. (2.9)

In the Rayleigh-Plesset equation, r is the bubble radius, Pg(r) is the gas pressure
in the bubble, Pv is the saturated vapor pressure of the ink, and σ is the surface
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2. ACOUSTIC SIZING IN AN INK CHANNEL

tension of the ink. The gas pressure is obtained from the polytropic relation as-
suming an isothermal bubble. The saturated vapor pressure is Pv = 2400 Nm−2

and the surface tension is σ = 0.028 Nm−1. Through the ambient pressure P∞,
which is obtained from the channel acoustics calculation, the channel acoustics
are coupled to the bubble dynamics. A more extensive treatment of this model
can be found in reference [18].

Electrically, the piezo actuator is a capacitor in parallel with a variable current
source. The piezo current depends on the capacitance of the actuator Ca, the
coupling coefficient α, and the pressure in the channel. The coupling coefficient
relates the voltage over the piezo to the deformation of the channel and has
also been used in the calculation of the channel acoustics. The time derivative
of the charge expresses the relation between the actuator voltage and the piezo
current in the time domain It ,

It =
dQ
dt

=
(

∂Q
∂U

)

P

dU
dt

+
(

∂Q
∂P

)

U

dP
dt

. (2.10)

Here Q is the total charge on the piezo actuator and U the voltage over the
piezo actuator. To calculate or interpret the piezo current, the isobaric capac-
itance and the relation between the channel pressure and current have to be
determined. The isobaric capacitance of the piezo actuator is measured directly.
The piezo current due to pressure fluctuations can be calculated from the ther-
modynamic fundamental equation of the actuator channel. The differential of
the energy per unit length of channel is given by,

de = PdA+U dq, (2.11)

where q is the charge per unit length and e is the energy of the channel per
unit length.

The analysis is simplified when the Legendre transform [42] with respect to
pressure and actuator voltage is used, because the mechanical properties of the
channel are known in terms of the pressure and actuator voltage as independent
parameters. The differential of the Legendre transform g (Gibbs the free energy
per unit length) is

dg = de− d(AP)− d(Uq) =−AdP−qdU. (2.12)

The isobaric capacitance is defined as the second derivative,

CP ≡
(

∂Q
∂U

)

P
= La

(
∂q
∂U

)

P
=−La

(
∂ 2g
∂U2

)

P
, (2.13)
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2.4 MODELING THE PRINTHEAD

where La is the actuator channel length and q is assumed to be constant. The

coupling coefficient
(

∂Q
∂P

)
U

is

(
∂Q
∂P

)

U
=−La

(
∂

∂P

)

U

(
∂g
∂U

)

P
=−La

(
∂

∂U

)

P

(
∂g
∂P

)

U
= La

(
∂A
∂U

)

P
.

(2.14)
Combining equations 2.1 and 2.14 yields the coupling coefficient

αALa =
(

∂Q
∂P

)

U
. (2.15)

Combining equations 2.10, 2.13, and 2.15 yields the piezo current

It = Cp
dU
dt

+αALa
dP
dt

. (2.16)

In general, the pressure is a function of position. When the fluctuations are
sufficiently slow for the system to come to rest locally, the piezo current can be
obtained by integrating over the length of the actuator,

It = Cp
dU
dt

+αA
∫ La

0

dP
dt

dx. (2.17)

This approximation is valid here, since the wavelength is much larger than
the channel radius, ensuring that the system is in local equilibrium. The piezo
current is now known in terms of the actuator voltage and the channel pressure.

From the Fourier transform of the pressure, the Fourier transform of the
piezo current I f can be calculated. Inserting the expression of the pressure
into Equation 2.17, applying the Fourier transform defined in Equation 2.3, and
dividing by eiωt yields an expression for the piezo current,

I f = iωCpU +αA j
ω
k j

(
−Pr, je−ikLa +Pl, jeik jLa

)
+α jA jLaiωPs. (2.18)

If the electric signal source were an ideal voltage source, the voltage over the
actuator would now be prescribed and the electrical resistance would vanish.
The piezo current would be determined and measured as an indication of the
acoustics in the channel. In reality however, the signal generator is not an ideal
voltage source but has an output impedance Rp. Therefore the voltage over
the piezo actuator is not imposed, but obtained as a part of the solution. The
symbols that refer to electric properties of the measurement system are clarified
in Figure 2.5. The piezo voltage is the sum of the actuation pulse Ua and the
voltage over the output impedance of the signal generator and the connections,

U = Ua− I f Rp. (2.19)

15
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U
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a
Piezo

1

2

Figure 2.5: The simplified measurement circuit: The switch changes between 1,
actuation and 2, when the piezo is used as hydrophone. The output impedance, Rp, is
in reality distributed throughout the system. It consists of resistance at connections, in
wires, in the amperemeter, and in the voltage source. The jet pulse Ua differs from the
voltage U over the piezo electrodes due to this resistance. In reality, the voltage source
consists of a number of linked devices: an arbitrary waveform generator, a switchboard,
and amplifiers.

When Equation 2.19 is inserted into Equation 2.18, an expression for the piezo
current with a nonideal voltage source is obtained,

I f = iωCp(Ua− I f Rp)+αA j
ω
k j

(
−Pr, je−ik jLa +Pl, jeik jLa

)
+αA jLaiωPs. (2.20)

Upon rearranging, the piezo current for a finite output resistance is obtained as

I f =
1

1+ iωCpRp

(
iωCpU +α jA j

ω
k j

(
−Pr, je−ik jLa +Pl, jeik jLa

)
+α jA jLaiωPs

)
.

(2.21)

This expression shows that a finite output resistance acts as a low-pass filter
with a cutoff frequency of ωc = 1

CpRp
. Since the order of magnitude of the

output impedance is typically Rp = 100 Ω and the capacitance of the piezo
actuator is about 1 nF, the cutoff frequency is typically ωc = 10 MHz. The
order of magnitude of the resonance frequencies of the printhead is 100 kHz,
which is much smaller. Therefore, the output impedance can be neglected.

The coupling coefficient α j and the wall flexibility β j can be determined
by comparison of the measured and calculated piezo current. Modifying the
coupling coefficient changes the magnitude of the measured signal, but not its
shape. So when the correct value of α j is used in the model, the amplitudes
of the measured and calculated piezo currents are equal. The wall flexibility
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2.4 MODELING THE PRINTHEAD

changes the resonance frequencies of the channel. Thus, when the correct
value of β j is used, the frequencies that are present in the calculated piezo
current match those in the measured signal. These conditions were used to
determine both parameters. Now that these parameters have been determined,
the current from a printhead with a bubble can be modeled and compared with
the experiment (see Figure 2.6).
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Figure 2.6: The measured (blue line) and calculated piezo currents (red line). Both
amplitude and frequency match which indicates that both the wall flexibility and the
piezo electric coupling coefficient are chosen correctly. The amplitude deviation in the
beginning of the signal is probably caused by the dielectric relaxation of the piezo.
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2. ACOUSTIC SIZING IN AN INK CHANNEL

2.5 Comparing the model with experiments

In order to compare the model with the experiment, it is convenient to single out
the change in the piezo current due to the bubble. Therefore, the piezo current
of the undisturbed nozzle I0 is subtracted from the piezo current obtained when
a bubble is entrapped I(Vb). This gives the differential piezo current

Ĩ(Vb) = I(Vb)− I0. (2.22)

We will distinguish between the experimental differential current Ĩe, with a
corresponding optical measured bubble volume Ve, and the differential current
resulting from the model Ĩm(Vm), where Vm is the volume of the bubble assumed
in the calculation. The undisturbed piezo current is obtained experimentally by
measuring the piezo current in the absence of an entrained bubble. With the
model, the undisturbed current can be obtained by setting the bubble volume to
zero. Figure 2.7 shows examples of experimentally obtained differential currents
Ĩe. This figure illustrates again the pronounced change in the piezo current when
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Figure 2.7: Experimentally obtained differential piezo currents Ĩe = Ie− I0. The blue
line shows the signal of an undisturbed channel, the green line shows the signal when
a bubble of 5 pl is entrapped and the red line shows the signal when a bubble of 81 pl
is entrapped. The signal from the undisturbed channel shows the magnitude of noise
in the measurements. Obviously, in the absence of noise, the differential piezo current
of the undisturbed channel would have vanished throughout.

an air bubble is present, compared to the current of an undisturbed channel.
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2.5 COMPARING THE MODEL WITH EXPERIMENTS

Moreover, it shows that even for very small bubbles, the change in the piezo
current is still significant.

The difference between the measured and calculated piezo current can be
expressed as δi(Vm), the relative norm of the difference, defined as

δi(Vm) =
‖Ĩe− Ĩm(Vm)‖

‖Ĩe‖
. (2.23)

Here the L2 norm is used, which is defined as

‖ f (t)‖2 ≡
√

1
T

∫ T

0
| f (t)|2 dt. (2.24)

The norm of the difference is nondimensionalized using the norm of the mea-
sured differential current. In case of a bubble inside the channel, the value
of δi(Vm) depends on the bubble volume Vm that is assumed in the calcula-
tion. The value of δi(Vm) is close to zero when the differential current of the
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Figure 2.8: Norm of the difference between the measured and calculated disturbances.
This function of the bubble volume has a distinct minimum where the agreement
between the model and the experiment is the highest. The graphs where no bubble is
present rise sharply from a value of δi(Vm) = 1 at zero bubble volume. The optically
found bubble volumes are shown on the right of the curves; it agrees with the position
of the minimum, revealing the success of the employed model.
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2. ACOUSTIC SIZING IN AN INK CHANNEL

model matches the differential current of the experiment. Note that δi(Vm) is
a positive definite function of the bubble volume that is assumed in the calcu-
lation. Therefore, when δi(Vm) reaches a minimum, the match between model
and experiment should be optimal. The value Vm for which this minimum is
reached should then correspond to the measured bubble volume. In Figure 2.8,
the relative norm of the difference is shown for eight measured piezo currents
as a function of the assumed bubble volume. The functions are smooth and
well behaved, which facilitates the search for their minimum. In the domain
used in the calculation only a single minimum is found for δi(Vm). To illustrate
the agreement between the model and experiment at this minimum, Figure 2.9
shows the differential piezo current of a measurement with its modeled coun-
terpart. In this example, the optically obtained bubble volume was 81 pl. By
inserting the corresponding piezo current into the model the minimum in δi(Vm)
was found for a bubble of 86 pl. As can be seen in Figure 2.9, the calculated
piezo current closely resembles the measured piezo current in both frequency
and amplitude.
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Figure 2.9: The calculated differential piezo current Ĩm(Vm) (red) is compared with
the experimentally obtained differential piezo current Ĩe(Ve) (blue). For these currents
the model finds a bubble volume of 86 pl, which is close to the value of 81 pl that was
measured optically.

The quality of the model becomes even more convincing in Figure 2.10, where
Ve, gathered during the bubble dissolution process, is compared with Vm calcu-
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2.5 COMPARING THE MODEL WITH EXPERIMENTS

lated by the model. For both methods, the absolute error is given by the colored
area. The absolute error in the optically obtained bubble volume increases with
the bubble volume. This originates from the measurement method, where the
radius is extracted from the images with an accuracy of a few pixels. The
absolute error is about 0.9 µm, independent of the bubble size itself. As the
bubble volume is Ve = 4

3 πr3
e , where re is the bubble radius, the relative error in

the bubble volume is three times the relative error in the radius; ∆Ve
|Ve| = 3 ∆re

|re| .
Correspondingly, the absolute error ∆Ve = (4πr2

e)∆re, is quadratic in the bubble
radius. Note that the error in the optical bubble volume does not affect the
error in the calculated result, as Ve is not a parameter of δi(Vm), but only the
current Ie which was measured simultaneously with Ve.

The error in the acoustic measurement ∆Vm is calculated from the minimum
value in Figure 2.8 by using

∆Vm =

∥∥Ĩe− Ĩm(Vm)
∥∥

2
∂

∂Vm

∥∥Ĩm(Vm)
∥∥

1 .
(2.25)
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Figure 2.10: Acoustically measured bubble volume (Vm) is shown as a red line and
the optically measured bubble volume (Ve) is shown as a blue line. The areas around
the lines give the error margins in the results. In the inset, the ratio of the optically
measured bubble volume over the acoustically measured bubble volume is shown. This
illustrates that the relative error diverges for small bubbles. For larger bubbles, the
relative error is less then 12 percent.
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2. ACOUSTIC SIZING IN AN INK CHANNEL

Here the difference between the calculated piezo current and the measured piezo
current is assumed to be Gaussian white noise. The derivative is evaluated by
a finite difference approximation.

In the inset of Figure 2.10, the ratio of the acoustically measured bubble
volume over the optically measured bubble volume is shown. This illustrates
that for bubbles above 20 pl, the relative error is less than 12 percent. For
small bubble the relative error diverges, and the acoustic measurement method
becomes less accurate. This is attributed to nonlinear volume oscillations of
the air bubble, which this linearized model cannot capture.

2.6 Conclusion

A linear model was used to estimate the volume of a bubble in an inkjet channel.
With this model it was shown how a bubble influences the channel acoustics of
an inkjet printhead. The linear approximation in this model is valid for bubbles
that are larger than 20 pl. Small bubbles exhibit nonlinear behavior, which
are not captured by the model, resulting in a less accurate volume predictions
in this regime. To overcome this problem, the method can be extended by
solving the full nonlinear equations. The two-way coupling with the channel
acoustics turns the Rayleigh-Plesset equation into a delay differential equation.
This nonlinear equation can be solved numerically [43] at the cost of increased
calculation time.

The model calculates the current through the actuator. By comparing this
current with experimentally obtained currents, the model is able to accurately
determine the bubble volume. In this way an acoustic measurement method for
the volume of entrapped air bubbles is obtained. This method was validated
by optically imaging the bubble volume. Additionally, the result shows that the
linear regime of volume oscillations of an air bubble inside an inkjet channel
and the corresponding channel acoustics is well understood.
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3
Infrared imaging and acoustic sizing

of a bubble inside a MEMS piezo ink
channel2

Here we study a Micro-Electro-Mechanical Systems (MEMS)-based print head.
By using the actuating piezo transducer in receive mode, the acoustical field
inside the channel was monitored, clearly identifying the presence of an air
microbubble inside the channel during failure of the jetting process. The infrared
visualization technique allowed for an accurate measuring of the bubble size and
the bubble dynamics inside the intact print head. A model was developed to
calculate the mutual interaction between the channel acoustics and the bubble
dynamics. The model was validated by simultaneous acoustical and infrared
detection of the bubble. The model can predict the presence and the size of
entrapped air bubbles inside an operating ink channel, purely from the acoustic
response.

3.1 Introduction

Inkjet printing is the most wide spread technological application of microflu-
idics. It is becoming increasingly popular for applications that require precise
material deposition, such as printing of electronics, displays, medical chips, so-
lar panel printing and even for creating 3D structures [6]. There are several
techniques for reliable drop generation and new techniques are still being devel-
oped, for example the E-jet which can be used to produce droplets smaller than
a picoliter [44]. The two most common techniques are thermal inkjet printing,
used for printing water based liquids, and piezo inkjet printing, which is used

2Submitted as: Arjan van der Bos, Tim Segers, Roger Jeurissen, Hans Reinten, Marc van
den Berg, Herman Wijshoff, Michel Versluis, and Detlef Lohse, Infrared imaging and acoustic
sizing of a bubble inside a MEMS piezo ink channel, Journal of Applied Physics
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for printing various liquids. Because a piezo is used as an actuator, liquids
with a broad range of viscosities and temperatures can be printed, making it
widely applicable [2]. All applications require 100% reliability, well defined small
droplets and, at the same time, demand increasingly higher productivity.

Micro-Electro-Mechanical-System (MEMS) technology is widely applied in
the chip industry. MEMS technology is becoming increasingly important for
future generations of piezo-driven print heads. With print heads on wafer scale,
complex designs with sub-micron details can be produced at large quantities,
while decreasing the overall cost per nozzle. This technique has already been
applied for the development of thermal inkjet printing [45] and more recently
MEMS-based piezo inkjet print heads have been developed [46]. Here we study
a prototype print head from Océ Technologies B.V. with an integration density
of four channels per square millimeter, and a drop production rate up to 100.000
droplets per channel.

Reproducibility and reliability of an ink channel do not only rely on the design
of the print head, but also on the properties of the ink, the driving waveform
that actuates the channel, and the environment in which the print head is
operated. One reliability issue in piezo inkjet printing is when an air bubble
gets entrapped inside the nozzle. Entrapment can occur due to an ink film
on the nozzle plate or dust particles around the nozzle [14]. Also the printing
process is more susceptible to air entrapment when the drop frequency increases.
If the actuation is continued after the bubble entrapment, the bubble will grow
due to rectified diffusion [19, 20, 22, 47]. The acoustic driving field inside the
print head channel exerts a force on the bubble. The dominating forces are
the primary Bjerknes force, which pulls the bubble into the channel, and the
secondary Bjerknes force [19, 20, 22, 47, 48], which pushes the bubble against
the channel wall. After several thousands of actuations the bubble has grown
to a size, such that it pulsation contributes to the overall acoustic field. This
results in a disturbed drop formation and, in some cases, to the stopping of the
jetting process [14, 17]. The only method to restore the nozzle performance is
either to flush ink including the bubble, or to stop the actuation for the bubble
to dissolve due to capillary forces. Both of these methods consume both ink
and time and are therefore highly undesirable.

To increase the reliability of the channel Océ Technologies B.V. has invented
a technique to monitor the channel acoustics while printing [13], comparable
to the technique disclosed in Kwon et al. [36, 49]. A similar technique was
also applied in chapter 2 and in reference [17, 18, 50], and has proven to
be a reliable technique to monitor the onset and growth of disturbances. To
investigate the applicability of this technique in a order of magnitude smaller
print head channel, in this paper the complex relations between acoustics and
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the bubble dynamics are studied. This is done by measuring the acoustic signal,
while simultaneously visualizing the air bubble. As silicon becomes transparent
for wavelengths between 1.1 µm and 6 µm (near-infrared light), it is possible
to visualize the inner channel. The principle of visualizing flows inside silicon
devices was already demonstrated in earlier research where PIV was performed
inside a MEMS-based fluidic device [51–53]. In the following, two situations
are studied. First a bubble dissolving inside the channel, secondly a stable
bubble oscillating in the acoustic field. The experiments are compared with a
one-dimensional acoustic model, which has proven to be fast and reliable for
calculating the channel pressure and the flow rate, as was shown in chapter 2.
Two-way coupling between the channel acoustics and the bubble dynamics is
included in the model. A comparison of the modeled and measured acoustic
signal leads to a prediction of the bubble size. The infrared images are then
used to verify the results from the acoustic model. Finally, the model is used
to predict the effect of the presence of a bubble on the ink velocity inside the
nozzle.

Figure 3.1: Partial view of a MEMS inkjet print head on a wafer. The single chip
contains eight rows of nozzles and on the sides of the chip the connections for the
electronics are shown. Next to the chip the edges of the neighboring chips are visible.
The chip used in this research contains 320 individually controllable nozzles.
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3.2 Geometry of the MEMS channel

The print head used for this research is designed and developed by Océ Tech-
nologies B.V. in the Netherlands and is a MEMS (Micro-Electro-Mechanical
System) based design containing 320 individual channels integrated into a sin-
gle chip (Figure 3.1). A schematic overview of a single channel is shown in
Figure 3.2. The ink is supplied from a reservoir, which is placed on top of the
chip. From the reservoir the ink flows through a restriction into the actuation
chamber, 400 µm× 400 µm× 75 µm in size. Below the actuation chamber
the ink flows into a 300 µm long feed-through, with a diameter of 175 µm.
A 75 µm thick nozzle plate is positioned at the end of the feed-through. The
nozzle plate consists of a pyramid shaped funnel and a cylindrical pipe with a
radius of about 11 µm. To create the funnel the nozzle wafer is etched with a
KOH solution. This dissolves the silicon preferential in the <100> planes [54],
resulting in a smooth surface with an angle of 54.7◦.

The acoustic field is generated by a piezo element placed on top of the
actuation chamber. The piezo is actuated with a trapezial pulse of 4 µs (1 µs
rise, 2 µs high and 1 µs fall time), driving the channel at its resonant frequency.
The channel is designed such that its resonance frequency is approximately
150 kHz, allowing for each individual channel to print droplets with frequencies
up to 100 kHz. Applying the actuation pulse with an amplitude of 35 V results
in droplets of 4 pl and a velocity of approximately 6 m/s. The ink used is
not water based, but a non-colored version of the CrystalPoint technology [55].
The ink, instead of drying, crystalizes on the paper, resulting into very rapid
solidification. To liquify the ink the print head is operated at a temperature of
130◦C. At this temperature the viscosity of the ink is 10 mPas, with the density
and surface tension of the ink 1080 kg/m3 and 28 mN/m, respectively.

3.3 Visualizing in the infrared regime

The challenge here was to visualize the air bubble inside the silicon channel.
In the work presented in chapter 2 this was done by adding a glass insert to
the channel and combine this with index-matching ink [17, 50]. Adding a glass
insert to the MEMS print head, which is an order of magnitude smaller, would
involve major modifications of the channel geometry, resulting in a complete
different acoustic behavior. The channel is made predominantly of silicon which
is transparent for near-infrared light at wavelengths of 1.1 µm up to 6 µm,
which may facilitate infrared imaging of the bubble inside the MEMS print
head. This approach comes with quite an optical challenge, namely the large
difference in refractive index between silicon, the ink in the channel, and the air
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Figure 3.2: A schematic overview of the MEMS piezo inkjet channel. The left part
shows a side view of the channel, and the right part a bottom view. The blue line
depicts the ink-flow; the ink, coming from the reservoir, enters through a restriction
(1), from where it flows into the actuation chamber (2). Below the actuation chamber
a 300 µm long feed-through is placed (3), after which the nozzle plate is reached. The
nozzle plate is 75 µm thick and consists of a pyramid shaped funnel(4) and a nozzle(5)
with a radius of 11 µm.

surrounding the print head. The refractive index n of silicon is approximately
3.5 at 1.2 µm. The ink used here is transparent for infrared light, but has a
much lower refractive index of n = 1.5. The consequences resulting from this
difference becomes clear when the transmittance and reflectance of a light ray,
passing a boundary between two media, is described. Light can be represented
by two orthogonal linearly polarized waves, one parallel, and one orthogonal to
the plane of incidence. These two polarizations are treated separately by the
Fresnel equations [56],

T⊥ =
nt cosθt

ni cosθi

(
2sinθt cosθi

sin(θi +θt)

)2

, (3.1)
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and

T‖ =
nt cosθt

ni cosθi

(
2sinθt cosθi

sin(θi +θt)cos(θi−θt)

)2

. (3.2)

Here θi gives the incident angle and ni the refractive index of the incident media,
and θt the angle of refraction at the transmissive media with refractive index
nt . If the light source is unpolarized the transmittance is given by

T =
T⊥+T‖

2
. (3.3)

When the incident light ray is perpendicular to the incident surface, θi = 0
equations 3.1 and 3.2 simplify to

T = T⊥ = T‖ =
4ntni

(nt +ni)2 . (3.4)
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Figure 3.3: Unpolarized transmission curves for the silicon-ink, and silicon-air inter-
faces at a wavelength of 1.2 µm. The solid blue line gives the transmittance between
silicon and air, the dotted blue line for the air-silicon interface, the solid red line for
the ink-silicon interface, and the dotted line for the silicon-ink interface. As the light
travels from the ink through the silicon 15% is reflected, and another 30% is lost at
the silicon-air interface. Also the incident angles above which total internal reflection
occurs can be seen. These are 16.6◦(a) for a silicon air interface and 25.4◦(b) for a
silicon-ink interface.
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Using these equations the transmission curves for the silicon-ink and silicon-air
interfaces can be calculated (Figure 3.3). This shows that at the ink-silicon
interface at most 85% of the incoming light will be transmitted, and for the air-
silicon interface only 70% of light is transmitted. Figure 3.3 also shows a critical
angle of incidence above which all the light is reflected, termed total internal
reflection [56]. For the silicon-air and the silicon-ink interface the critical angles
are 16.6◦ and 25.4◦, respectively.To understand the consequence of the critical
angle for visualizing the inkjet channel, a ray trace of the last section of the
channel was performed (Figure 3.4). Figure 3.4a shows that all the rays that
pass from the feed through to the funnel will be reflected at the silicon-air
interface. Even rays that enter the funnel surface with an angle of 89◦, still
impinges the nozzle plate with an angle of 25.4◦, resulting in total reflection.
The only possible way to visualize the inner channel is if the rays pass through
parallel planes, as is shown in Figure 3.4b.
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Figure 3.4: Ray trace of the light passing from the ink (n = 1.5) through the silicon
nozzle plate (n = 3.5) to air (n = 1.0). In the left (a) it is shown that all the light
that falls onto the funnel area is refracted such that at the nozzle plate all the rays are
reflected. In the right (b) it can be seen that the light passing through parallel planes
can only be captured partly with the camera. The NA of the objective of 0.85 has an
opening angle of 58.2◦, light incidents the silicon surface with an angle of 34.5◦ will
be captured by the objective. The light that incidents under an angle of 41.8◦ is fully
reflected at the nozzle plate.

Illuminating the channel gives a similar challenge. As the channel is closely
surrounded by neighboring channels, it is not possible to illuminate from the
sides. Also illumination from above is not possible, as the upper part of the
channel is covered by a piezo ceramic material. To overcome this problem
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the channel was illuminated from below, but again, only the light traveling
perpendicular to the nozzle plate will be able to reach the inner part of the
channel. This results in significant intensity loss, which was compensated by
using a high-power infrared light source.

NIR 300

InGaAs Camera

Marubeni 

IR Power LED 

(1200 nm)

Collimating

optics

Olympus BX30MF

Microscope

Beam 

splitter

IR Compatible

Objective

MEMS Printhead 

sample

Figure 3.5: The reflected light setup that is used to for infrared visualization of the
MEMS inkjet channel. As a light source a high intensity IR-LED with a wavelength of
1200 nm is used. A beam splitter is employed to reflect the light onto the objective.
The light returning from the sample is gathered by the same objective and, after passing
the beam splitter again, captured by the infra-red camera.

3.4 Experimental parameters

Reflected light microscopy allows for both the outgoing and the incoming light
to be transmitted perpendicular onto the sample [57]. We use an Olym-
pus BX30MF microscope with an axial illumination unit(Olympus U-RLA) as
shown in Figure 3.5. The light source was a high intensity IR-LED (Marubeni,
L1200–66–60), with a radiant power of 60 mWatt and an intensity peak at a
wavelength of 1.2 µm. By using a LED, illumination can be performed contin-
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uously as well as stroboscopically. An additional advantage of the LED is that,
due to its narrow spectral bandwidth, chromatic abberation is minimized. The
light from the LED is collimated, after which it passes through a beam splitter,
then through the microscope objective, and finally onto the sample. The mi-
croscope objective has a magnification of 63 times and a numerical aperture of
0.85. The reflected light from the sample is collected through the same micro-
scope objective, passes through the beam splitter, and reaches the camera. The
camera is a CCD camera (VDS Vosskühler, NIR-300), sensitive for wavelengths
between 0.9 µm and 1.7 µm, with a pixel size of 30 µm, and a maximum frame
rate of 50 fps.

A typical visualization is shown in Figure 3.6 and shows a recording of a
prototype MEMS print head. In the figure two channels next to each other are
shown, also two neighboring channel pairs can be seen above and below. Also,
at the top and bottom of the image, the edges the neighboring channels can
be seen. The print head sample was not filled with ink.

Gap (damage)

Feed-through

Funnel

Nozzle

Actuation
chamber

Neighboring
channels

Figure 3.6: An infrared microscope image of one of the MEMS print head prototypes.
The bottom view shows two channels facing each other. This image clearly shows
the funnel, the feed-through section, and also the actuation chamber is just visible.
Although the funnel seems to be slightly transparent, this is actually the light reflecting
from the bottom side. There is also too little light passing through the nozzle area
to illuminate this part. The gray area around the nozzle shows lack of glue in this
prototype.

The acoustics were measured by using the piezo not only as actuator, but
also in receive mode. The electronic circuit measured a relative change of the
acoustics, with respect to normal operating conditions of the channel. Fig-
ure 3.7 shows both the acoustic signal of a normal operating channel and that
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of a disrupted channel.
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Figure 3.7: The acoustic signal of a normal operating channel (blue) is almost zero
when the channel is functioning normally. If the acoustics are disrupted due to an
air bubble the signal detection method deviates, showing high frequency components
(red). With this measurement technique even small bubbles, of only a few picoliter,
can be detected.

To capture the effect that an air bubble has on the channel acoustics, both
the acoustic signal and visual recording have to be acquired simultaneously.
As the process of air entrapment is a transient process, it is difficult to study
the entrapment event itself. Moreover the size of the entrapped air bubble is
below the optical resolution. Here we study a bubble already entrapped in the
channel. The bubble was entrapped by actuating the channel at a very high
frequency, which is known to enlarge the possibility of air entrapment. After
the bubble is entrapped it grows due to rectified diffusion and changes position
due to the Bjerknes forces [19, 20, 22, 47, 48]. It takes only milliseconds before
the bubble reaches an equilibrium size and position, favoring a corner between
the feed-through and the nozzle plate of the channel.

Two systems are studied here. To study a dissolving bubble first the bubble
was entrapped, then the actuation frequency was lowered to 2 Hz only to probe
the bubble size. At this very low frequency the growth caused by rectified
diffusion is negligible. The channel was imaged just before the probing pulse,
to prevent motion blur due to bubble oscillations. For each image the LED
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was set to illuminate the channel for a typical length of 10 ms. A schematic
illustration of the experiment is shown in Figure 3.8.

100 kHz
actuation 2 Hz actuation

Time

Probing
pulses

Figure 3.8: Overview of the experimental approach to capture both acoustic and
optical response simultaneously. After a bubble is entrapped, the actuation frequency
is lowered from 100 kHz to 2 Hz, consequently the bubble will dissolve. The low
actuation frequency is required to measure the channel acoustics corresponding to a
certain bubble size. Just before the channel is actuated, a microscope image of the
channel is made.

An oscillating bubble inside the channel was also studied. After the bubble
was entrapped the actuation frequency was lowered to 20 kHz. The bubble
moves to a fixed position and reaches an equilibrium size. If the actuation
parameters remain constant the bubble will stay at this position for minutes
without an effective change in volume. The bubble oscillation was extremely
stable which allowed us to create an image by multiple illuminations at a fixed
time in the oscillation. The single image required 400 flashes of 300 ns. By
changing the time delay between the actuation and the illumination with steps
of 0.5 µs, a stroboscopic movie of the bubble oscillation could be recorded.

3.5 Modeling the print head

To understand how the bubble affects the channel acoustics a one-dimensional
acoustic model was developed. This model was also applied in chapter 2 to
predict the size of an air bubble inside the channel of a print head [50]. It
models the propagation of acoustic waves in a viscous medium in a flexible
pipe. Also the piezo transmit transfer function is included in the model, and
the channel acoustics at the piezo section are calculated to recover the electric
response of the piezo. The model includes the two way coupling between the
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air bubble inside the channel and the channel acoustics. In the model the print
head channel is treated as a number of axisymmetric coupled sections, as shown
in Figure 3.9. Within an individual section the fluid properties and the material
parameters are kept constant. The relevant parameters of each section (j)
are the piezo electric expansion coefficient α j, the wall flexibility β j, the cross
sectional area A j, and the length L j. The piezo electric expansion coefficient is
defined as the volume displacement due to the actuation voltage,

α ≡
(

∂V
∂U

)

P
, (3.5)

where U is the voltage over the electrodes of the piezo element and P is the
pressure in the channel. The wall flexibility can be defined as the change of
volume due to the pressure given by

β ≡
(

∂V
∂P

)

U
. (3.6)

These two quantities can either be determined with a structural mechanics
calculation, provided that the geometry and material parameters are accurately
known, or they can be determined by measuring the piezo current in the absence
of a bubble. The pressure P is decomposed in the waves propagating to the left
Pl and to the right Pr. For each channel section, the amplitudes of the left and
right propagating waves are calculated per frequency,

P = ∑
j

Prei(ω jt−kx) +Plei(ω jt+kx) +Ps. (3.7)

The actuator pressure Ps depends only on the imposed actuator voltage. The
wave number k is a complex quantity due to viscous dissipation. The boundary
conditions are continuity of pressure and volume flow rate. The overall param-
eters are the velocity of sound in the liquid c, the liquid density ρ , the viscosity
µ.

The effect of the bubble is included in the volume flow rate boundary condition
at a channel crossing by explicitly considering the flux qb from the bubble,

A j−1u j−1 = A ju j +qb. (3.8)

Here A j is the cross-sectional area of the corresponding channel section and
u j is the fluid velocity in this section, where j ∈ {1,2,3,4} corresponds to the
restriction channel, the actuation channel, the feed-through, and the funnel,
respectively. If the bubble is not positioned at a channel crossings, a virtual
channel crossing is added to the model. In this way the bubble can move freely
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Figure 3.9: The ink channel as it is implemented in the model. The ink flow is directed
from left to right and passes the restriction (1), actuation channel (2), feed-through (3)
and finally the funnel (4) and nozzle section.

through the entire geometry. The volume flux from the bubble is calculated
with the Rayleigh-Plesset equation [19, 20]

RR̈+
3
2

Ṙ2 =
1
ρ

(
Pg(R)+Pv− 2σ

R
− 4µṘ

R
−P∞(t)

)
. (3.9)

In the Rayleigh-Plesset equation, R is the bubble radius, Pg(R) is the gas pres-
sure in the bubble, Pv is the saturated vapor pressure of the ink, and σ is
the surface tension of the ink. The gas pressure is obtained from the poly-
tropic relation, assuming an isothermal bubble. The saturated vapor pressure
is Pv = 2.4 mNm−2 and the surface tension is σ = 28 mNm−1. Through the
ambient pressure P∞, which is obtained from the channel acoustics calculation,
the channel acoustics are coupled to the bubble dynamics. A more extensive
treatment of this model can be found in references [18, 50].

The dimensions of the model geometry, shown in Figure 3.9, were calculated
by maintaining the same length and area for each section as in the MEMS
print head. The two remaining parameters, the electric expansion coefficient
α and the wall flexibility β , were determined with ANSYS 12 [58], giving
α = 0.2 pl/V and β = 1.2 pl/bar. With the geometry, α, and β defined, the
piezo response can be calculated. Figure 3.10 shows the calculated acoustic
signal and that of the experiment. Here the acoustic signal was calculated for
a bubble with a radius of 11 µm, which corresponds to the optically measured
value of 11±1 µm. Thus we find excellent agreement between measured and
modeled acoustic pressure.
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Figure 3.10: The acoustic signal calculated by the model (blue) compared with the
acoustic signal from the experiment (red). In both the model and the experiment an
air bubble of 11 µm was present at the feed-through-funnel crossing.

36



3.6 RESULTS

3.6 Results

The model can be used to calculate the pressure and the flow rate in the
individual channel sections and to calculate how the presence of the bubble
influences these quantities. The validity of the model was tested by comparing
the calculated results with the experimental results of a dissolving bubble and
of an oscillating bubble.
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18.0ms

9.0ms

Figure 3.11: A sequence of a bubble dissolving inside the ink channel. The initial
bubble has a radius of 12 µm, which fully dissolves in 30 seconds with an approximate
dissolution rate of 0.3 pl/s.

Dissolving bubble

We recorded the dynamics of air bubbles entrapped inside the channel. Fig-
ure 3.11 shows a selection taken for a non-actuating case where the bubble
dissolves. This sequence was used to determine the radius Rexp of the bubble,
as shown in Figure 3.12. From these experiments it was found that a bubble
with radius Rexp = 12 µm dissolves in approximately 30 seconds, corresponding
to the volume of 0.3 pl/s which is the same order of magnitude as was found
in [50]. The error analysis shown in Figure 3.12 is derived from the image
processing, the error due to possible deformations of the bubble is averaged
out.

We also model the bubble radius that corresponds to the acoustics signals
acquired from the measurement (Iexp). For that purpose the model was set
to calculate an acoustic signal (Imod) for a certain bubble size (Rmod). The
calculated signal was then compared with the experimentally obtained acoustic
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signal by calculating the relative norm of the difference (δi(Rmod)) given by

δi(Rmod) =
‖Iexp− Imod(Rmod)‖

‖Iexp‖ . (3.10)

Equation 3.10 is calculated by iteration over a range of bubble radii until δi

reaches a minimum. The value of δi at this minimum and the sensitivity of
δi to Rmod is used to determine the error in the calculation as explained in
chapter 2. The calculated bubble radius from this comparison are also shown
in Figure 3.12, where good agreement is found between the model and the
experiments. It can be seen in the figure that the modeled radius decreases
significantly after 20 seconds. This coincides with the bubble moving into a
slit between the nozzle plate and the feed-through. The model is no longer
applicable here, as the geometry at this position strongly deviates from the
modeled geometry.
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Figure 3.12: Using the infrared images the bubble radii could be measured as a
function of time (blue dots). The model was also used to predict the bubble radii
which is shown in red squares. The experimentally measured bubble radii agree with
the calculated radii. After 22 seconds the bubble is pushed into a slit which could cause
the deviation in the model at this point. The colored area around the point depicts the
error in both these methods.
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Oscillating bubble

The infrared experiments were also used to capture the radius as a function of
time of an oscillating bubble, Rexp(t). The pressure Pmod(t) in the channel close
to the bubble was calculated with the acoustic model using the initial bubble
radius Rexp(0) as an input parameter. The expected radius as a function of
time RRP(t) is then calculated with the Rayleigh-Plesset equation, using the
calculated channel pressure Pmod(t) and the experimentally measured Rexp(0)
as input parameters. The radius calculated from the Rayleigh-Plesset equa-
tion RRP(t) is compared with the experimentally measured radius Rexp(t) in
Figure 3.13 and so the model is validated. The agreement is very good, consid-
ering that the error in the radius of the bubble is in the order of three microns.
This error is a result of the asymmetrical shape of the bubble as it is pushed
into a corner of the channel.
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Figure 3.13: The oscillation of the bubble measured from the experiment (blue dots)
compared with the calculated oscillation (red solid line). The oscillation is calculated
with the full Rayleigh-Plesset equation for a bubble of 12 µm and the channel pressure
close to the bubble calculated by the model.

Velocity inside the nozzle

To illustrate the applicability of the model we now calculate the velocity of the
fluid inside the nozzle after actuation. Figure 3.14 shows the velocity, as a
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function of time, inside the nozzle for different bubble radii. In this example the
bubble is located at 75µm from the nozzle. It can be seen that, as the bubble
radius increases, the velocity in the nozzle decreases. The effect the position
of the bubble has on the velocity inside the nozzle is illustrated in Figure 3.15,
where the maximum value of the velocity (Umax) during an actuation period
inside the nozzle, are displayed for different bubble radii. This figure also shows
the root mean square value of the nozzle velocity (Urms) during the first 30 µs of
the actuation period. When a bubble is located far enough from the nozzle, the
velocity steadily decreases for increasing bubble size. If a relative small bubble,
Rmod ≈ 5µm, is located close to the nozzle, the velocity in the nozzle even
increases. In reality the entrapped bubble starts close to the nozzle opening
and travels into the channel while steadily growing. Therefore an increase in
the drop velocity could be expected just before the nozzle stops jetting, as was
also observed in [17].
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Figure 3.14: The model is applied to calculate the effect of an air bubble on the
velocity dynamics inside the nozzle. Here the model was used to calculate the velocity
amplitude during the first 30µs after the actuation. The bubble was positioned at 75 µm
from the nozzle opening. A bubble smaller than 3µm seems to have small influence on
the velocity amplitude. As the bubble size increases the velocity amplitude in the no
when the bubble grows beyond 5 µm the velocity in the nozzle decreases rapidly.
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Figure 3.15: The effect of the bubble on the velocity in the nozzle for different bubble
positions. The solid lines represent the maximum velocity (Umax) in the nozzle during
an actuation. The dotted lines represent the root mean square of the velocity (Urms)
during the first 30 µs. The black line represents a bubble positioned at 25 µm from
the nozzle, the green line a bubble at 40 µm, the red line a bubble at 75 µm, and the
blue line a bubble at 125 µm from the nozzle. Once the bubble passes beyond the
nozzle, the overall effect is a decrease in the nozzle velocity. However a small bubble
inside the nozzle causes an increase in nozzle velocity.

3.7 Conclusion

In this research a new method for visualizing an air bubble inside a MEMS inkjet
print head was measured by using infrared light. The difficulties that arise when
visualizing the dynamics inside an operating inkjet channel were treated and
solved. By using a high intensity infrared LED continuously a dissolving bubble
could be visualized. The LED was also applied stroboscopically, which made
it possible to visualize an oscillating bubble. Simultaneously with the visual
recordings the acoustics were measured and compared with a linear acoustic
model. The model was used to calculate the effect of a bubble on the channel.
The pressure close to the bubble was calculated to predict the radial bubble
dynamics, which corresponded very well with experiment. In addition the model
was used to predict the presence and the size of a bubble from the measured
acoustic signal. A good agreement was found between the calculated bubble
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size and the optically measured bubble size. It can therefore be concluded that
the effect of the bubble is also correctly incorporated in the model. Therefore
the model was applied to calculate how the velocity dynamics in the nozzle
change due to the presence of a bubble.

The short calculation time of the model gives a wide range of possibilities,
such as optimizing the acoustic design of the ink channel. Accurate and fast
models will remain necessary to increase knowledge of bubbles disrupting inkjet
channels, and can be used to further improve the reliability of inkjet print heads.
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4
iLIF: High intensity laser-induced

fluorescence illumination for single
flash imaging on a nanoseconds

timescale

The challenge in visualizing fast microscale fluid motion phenomena is to record
high quality images free of motion blur. Here we present an illumination tech-
nique based on laser-induced fluorescence which delivers high intensity light
pulses of 7 ns. The light source consists of a Q-switched Nd:YAG laser and
a laser-dye solution incorporated into a total internal reflection lens, resulting
in a uni-directional light beam with a millimeter-sized circular aperture and 3◦

divergence. The laser coherence, considered undesirable for imaging purposes,
is reduced whilst maintaining a nanoseconds pulse duration. The properties of
the illumination system are quantified and a comparison is made with other
high intensity pulsed and continuous light sources.

4.1 Introduction

It has been a challenge throughout the last century to freeze fast fluid motion
phenomena onto a single image and, in such a way, distinguish the finest details
at the smallest length scales. One of the first to address this challenge was
A.M. Worthington [59] in 1895 when he used a spark to visualize a splash of
milk. Worthington already predicted that flash recording would become of great
importance in scientific research, but it wasn’t until the work of Edgerton [60]
that the scientific utilization of flash photography became widely accepted. In
the last decade digital camera technology has evolved rapidly, and high speed
visualization has become a valuable experimental method [61]. At the same
time, illumination techniques continued to develop, from high intensity Xenon
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flashes to low cost high intensity LEDs, both of which can be used for pulsed
as well as continuous illumination.

In microfluidics a wide range of phenomena are studied, which primarily in-
volve the dynamics of droplets, bubbles and particles. Despite the small sizes
of these objects the associated velocities are usually in the order of meters per
second. Hence, to achieve accurate visualization not only high spatial resolu-
tion but also high temporal resolution are required. For this purpose one can
either employ a camera with a short exposure time, or a light source capable of
emitting flashes of short duration. The first option generally requires fast and
expensive high-speed cameras which are often limited in their resolution [61].
Therefore flash photography is the preferred method for experiments where
high-resolution single images are required, since the method does not require a
fast shutter and can in principle be performed with any type of camera. Fur-
thermore the pulse duration of flash illumination sources can easily be shorter
than the shortest exposure time of a high-speed camera. On the other hand,
the maximum repetition rate of flash light sources with sufficient intensity is
often limited to several kilohertz, making these sources unsuitable for recording
multiple consecutive frames.

Nowadays, several types of nanosecond light sources are available that can
deliver considerable amounts of light within a few nanoseconds. There are, for
example, affordable solutions with high intensity LEDs [62–64], or high intensity
spark plugs [65, 66]. However, when it comes to emitting ultrashort1 high
intensity light flashes, a pulsed laser is clearly the most effective. Lasers can be
used directly for flash illumination, as was done for example in [68] and [69], but
there are some major drawbacks to consider. The light emitted by a laser has a
very narrow bandwidth and is fully coherent, resulting in diffraction fringes and
laser speckle patterns in the recorded images. Additionally, refocusing of the
laser beam has the potential risk of causing permanent damage to the camera
sensor.

Methods to suppress these effects are predominantly based on reducing the
spatial coherence of the light, for example by applying rotating or vibrating
optical elements like fibers and diffusors [71]. For a laser pulse however, a more
effective method is to decrease its temporal coherence. One intersting approach
to achieve this is through excitation of a fluorescent laser dye. Here the pulse
duration is practically unaltered, but the energy of the pulse is redistributed into
a broader optical bandwidth at higher wavelengths. This technique has proven
to be very effective and was already applied in shadowgraph experiments [70],
and is closely related to fluorescent flow visualization described in [72, 73]. A
disadvantage is that the cuvette containing the dye can act as a secondary

1Currently, the shortest achievable laser pulse durations are measured in attoseconds [67]
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Figure 4.1: The head of an inkjet droplet[2] imaged using the illumination where the
laser dye is contained in a cuvette as described in [70]. The image shows a speckle
pattern in the background and interference patterns of the light passing through and
around the droplet.

laser cavity [74], thereby partially restoring the coherent nature of the pulse
(see Figure 4.1). Additionally, relatively high laser energies were required to
obtain acceptable illumination intensities, as a result of high losses due to the
omni-directionality of the fluorescence emission.

Here we address these issues using a modified single flash illumination tech-
nique based on laser-induced fluorescence. The obtained illumination is ide-
ally suited for flash-photography in experiments involving very small time- and
length scales. To validate the technique its performance is compared in a
standard imaging setup with a range of high-end commercially available light-
sources, both pulsed and continuous.

4.2 Criteria for high speed flash-photography

The application of flash-photography in experiments is primarily aimed at ob-
taining precise information about the position and dimensions of the studied
object at a certain instant in time. It is therefore of prime importance to cap-
ture the smallest details in both temporal- and spatial resolution at high con-
trast. To define this more quantitatively three criteria are stated here. First,
assuming that a microscope objective with the highest possible numerical aper-
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ture is chosen for the experiment, the effective optical magnification Meff must
be sufficient to avoid undersampling of the image with respect to the spatial
resolution r as defined by the Rayleigh-criterion [57]. The spatial Nyquist cri-
terion requires that at least 2 pixels lay within rMe f f . Hence it follows that the
magnification must be such that

Meff >
2d
r

(4.1)

where d is the pixel size. Larger magnifications allow denser spatial sampling
(known as oversampling) but also result in a smaller field-of-view and lower
image brightness. The magnification is therefore limited by the optimum size
of the object-image and the available illumination intensity.

Secondly, to ensure maximum image contrast the intensity of the illumination
should be adjusted to cover the full dynamic range of the camera sensor. The
extent to which the intensity can be varied is, however, limited due to the
reciprocal relationship between illumination intensity and exposure time. To
clarify, an image with a certain fixed brightness can be obtained with either low
light conditions and longer exposure times, or vice versa. In the situation where
an object is motionless both settings result in identical images. However if the
object of interest is moving, the image becomes susceptible to motion-blur.
This undesired effect causes a smeared appearance of the image of the object
due to its displacement during the time the image is recorded.

Minimizing motion-blur constitutes the third criterion which is required to
accurately capture a single high resolution image of a moving object and this
can be achieved by adjusting the temporal resolution of the imaging system. As
discussed, this temporal resolution is determined either by the duration of the
illumination pulse (indicated by τp) or by the camera exposure time τc, which
is the time duration during which the mechanical or electronic shutter of the
camera is opened to expose the sensor to an illuminated object. Evidently, the
actual temporal resolution τ will be the shortest of both durations, hence

τ = min(τp,τc). (4.2)

If we now define ε as being the displacement in pixels of the object moving
with velocity U during time τ :

ε = τ
MeffU

d
(4.3)

motion-blur will be minimal if ε ≤ 1. In most experiments the object velocity,
magnification and pixel-size are pre-determined and motion-blur is minimized
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by choosing an illumination- or exposure time such that

τ ≤ d
MeffU

. (4.4)

4.3 Illumination by laser induced fluorescence

To obtain maximum fluorescence efficiency while minimizing coherence we con-
structed a laser-dye lens. The core of a total internal reflection lens (TIR-lens)
where normally a high power LED can be placed was filled with a laser-dye (Fig-
ure 4.2). This dye consisted of a fully saturated solution of LDS 698 (Exciton
Inc., Dayton, U.S.) in ethanol. The TIR-lens (L2-Optics) is an acrylic collimator
with a total beam divergence of 3◦. The dye was excited by a Nd:YAG laser
(Solo PIV, New Wave) emitting a 6.5 ns pulse (full width at half maximum,
see Figure 4.3) with a maximum energy of 100 mJ at 532 nm. This configura-
tion allows the greater part of the laser pulse to be absorbed, re-emitted and
subsequently reflected in the forward direction thus promoting the reduction of
the temporal coherence of the pulse.

New Wave Solo PIV

Nd:YAG laser

6 ns @ 532 nm

Laser dye solvent
Glass slide

PMMA TIR-lens

Olympus BX-FM microscope

Notch filter (532 nm)

Lumenera

LM165

N.A. matching optics

Sample

Figure 4.2: Typical application of illumination with laser dye fluorescence. In the
illumination setup a laser excites the dye after which the fluorescent light from the
cavity is collected and focused through a collimation lens onto a microscope. To filter
out any remaining laser light a notch-filter (Semrock NF01-532U-25) is used.

To confirm the applicability of this setup for illumination by laser induced
fluorescence (iLIF ), the pulse length and spectrum were measured. To mea-
sure the pulse length a light sensor (Thorlabs-DET 210) was mounted directly
after the TIR-lens and connected to an oscilloscope (Tektronix TDS5034B),
resulting in a typical rise time of the measuring system of 1.2 ns. The laser and
oscilloscope were triggered with a delay/pulse generator (Berkely Nucleonics
model 565) with an accuracy of 250 ps. The measurement was carried out
with- and without a notch filter in between the lens and photodiode. As shown
in Figure 4.3 the iLIF does not result in a noticeable difference in pulse length
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with respect to the laser. The influence of the notch-filter on the iLIF -pulse
shape was also found to be negligible (data not shown).
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Figure 4.3: The normalized average of 16 measurements of the pulse shape of both
the laser- and the iLIF pulse.

The spectral characteristics of the iLIF were determined using a high reso-
lution fiber optic spectrometer (AVASPEC 3648, FWHM resolution: 0.32 nm).
Figure 4.4 shows the broad spectrum of the fluorescence light. The spectrum
was recorded with the notch filter in front of the spectrometer. However, mea-
surements without the notch filter also showed no energy at 532 nm above the
noise level, indicating that most of the laser energy is absorbed by the laser dye.
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Figure 4.4: Spectra of the iLIF pulse with- and without the notch-filter.
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4.4 Comparison with other light sources

To quantify the performance of the laser-induced fluorescence illumination a
comparison was made with several high intensity light sources, typically used
for high speed imaging of microscopic events. An overview of the light sources,
both pulsed and continuous, is given in table 4.1. All continuous light sources
have an optical fibre, glass or liquid core with a diameter of 4 to 8 mm, to deliver
the light to the sample, except for the LED’s and the continuous Xenon light
source. The LED’s are mounted in a TIR-lens with a divergence of 3◦, compa-
rable to the TIR-lens used for iLIF. The continuous Xenon light source (Hella
B.V.) has a clear aperture with a radius of approximately 10 cm. It can serve
as a light source for experiments on scales ranging from several micrometers to
one meter.

Table 4.1: Characteristics of the light sources

Light source Type Pulse Pulse
length rate
(fwhm) (max)

Laser Dye TIR lens pulsed 7 ns 20 Hz
Laser Dye cuvette pulsed 7 ns 20 Hz

HSPS Nanolite KL-L pulsed 16 ns
20
kHz

Seoul Semicon P71 pulsed/CW1 µs
1
MHz

Lumiled Luxeon Star2 pulsed/CW1 µs
1
MHz

Perkin Elmer MVS-
7010

pulsed/CW200 µs 10 Hz

Olympus ILP-1 CW - -
Sumita LS-M352 CW - -
Schott KL1500LCD CW - -
Schott Ace CW - -
Hella Mega Beam
Xenon

CW - -

The test setup schematically depicted in Figure 4.5 was designed to measure
the relative intensity of all the light sources. Since light source properties
such as beam profile, beam divergence and spectral intensity profile differ from
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Figure 4.5: Setup used for the comparison of the various light sources. The location of
the first aspheric lens is adjusted to collect and collimate the light from the lightsource.

one light source to the other, the setup was chosen to resemble a typical but
simplified experimental setup for high speed flow visualization. An aspheric
lens pair collimated the light from the source onto a USAF 1951 resolution
test chart (Edmund Optics). A telecentric lens (Jenoptik) was used to form
a 1:1 image of a 500× 500 µm square from the target onto a CCD-camera
(Lumenera, LM165M, 8 bit monochrome). Neutral density filters with optical
densities ranging from 2.5 to 5.0 were used to avoid overexposure of the CCD.
Except for the first aspheric lens, all elements of the setup and the position
of the light source were fixed in place. To optimize the light intensity and to
ensure even illumination of the target, the position of the movable lens was
adjusted for each light source.

For the continuous light sources the exposure time of the camera was adjusted
to get an average pixel value of the square of approximately 200 counts. This
procedure was repeated for several ND-filters per light source. The recorded
images were analyzed and the results were scaled with the exposure times,
number of pulses and optical density of the ND-filters used.

Figure 4.6 shows the comparison of the single pulse intensities of the pulsed
light sources. Saturation behavior of the fluorescent laser-dye is visible in the
graph as the maximum light intensity peaks at a laser energy of 5.7 mJ. Com-
pared to the LED’s the iLIF shows a sixfold higher light intensity at a pulse
length which is 2 orders of magnitude shorter. The Nanolite has an light inten-
sity comparable to the LED’s but at the same timescale as the iLIF. However,
the location of the spark from the Nanolite varies per shot, causing large vari-
ations in illumination intensity and homogenity between images.

The results of the continuous light sources were scaled to an illumination
time of 7 ns to match the pulse length of the iLIF and compared in Figure 4.7.
From the graph the potential of the iLIF becomes clear; the semi-continuous
Xenon flash is outperformed by two orders of magnitude and the continuous
light sources are even a factor of one thousand less intense than the iLIF.
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Figure 4.6: Relative intensity of the pulsed lightsources. The energy values indicate
the laser pulse energy used to excite the laser-dye.
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Figure 4.7: Relative illumination intensities for the continuous lightsources normalized
to the maximum obtainable intensity of the iLIF and scaled to 7 ns illumination time.
Note the logarithmic scale.
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4.5 Examples

As drop formation in inkjet printing is an almost perfectly reproducible process,
single flash photography is frequently applied for its visualisation [68, 75]. Here
we use this reproducible quality to demonstrate the effectiveness of the iLIF
compared to other flash illumination sources. The experimental setup used was
equivalent to Figure 4.2, where the inkjet print head is placed in the sample loca-
tion. The light emitted from the TIR-lens is focussed through a collimation lens
onto the region of interest. The collimation lens was chosen such that the nu-
merical aperture (N.A.) matches with that of the microscope objective ensuring
maximal optical resolution and intensity [57]. The microscope (Olympus BX-
30MF ) is equipped with three long distance objectives, the LMPLFLN 10×,
(WD 21 mm/NA=0.25), the SMPLFLN 20× (WD 25 mm/NA=0.25), and
the SMPLFLN 50×, (WD 18 mm/NA=0.35). A notch filter (Semrock (NF01-
532U-25)) is placed before the camera to filter out any remaining laser light.
The camera is a Lumenera LM165 with a sensitive Sony EXview HAD CCD
sensor with pixel size of 6.45 µm, and a resolution of 1392×1040. The scale
factor resulting from the camera and the microscope is for the 10×, 20× and
50× objective respectively, 640 nm/pixel, 320 nm/pixel, and 129 nm/pixel.

The printhead is an experimental prototype developed by Océ Technologies
B.V., similar to the printheads used in references [2, 14]. The printhead ejects
droplets with a diameter of 30 µm, and a terminal velocity of 6 m/s. The
typical velocity during the drop formation is in the order of 20 m/s. Using
Equation 4.4 for the indicated magnifications we find that the droplet can be
imaged without the motion-blur effect if the illumination times are smaller than
τ10 = 32 ns, τ20 = 16 ns and τ50 = 6 ns.

For comparison, two alternative light sources were used for imaging of the
inkjet drop formation. These were the high intensity Luxeon LED flash with
an illumination time of τp = 400 ns and a Nano Lite with an illumination time
of τp = 16 ns. As shown in table 4.2 the displacement ε of the image of the
droplet for 10x or 20x magnifications is less than one pixel for both the iLIF
and the Nanolite.

The LED is clearly unsuited for detailed imaging of the drop formation, motion
blur due to the long pulse and noise due to the high intensity are clearly visible.
This is also confirmed with by calculating ε where, assuming U = 20 m/s. Equa-
tion 4.3 gives ε equal to 12, 25 and 62 for a 10×, 20× and 50× magnification,
respectively.

The Nanolite proves a very usable illumination and Equation 4.3 gives ε
equal to 0.5, 1 and 2.5, for a 10×, 20× and 50× magnification, respectively.
Nevertheless the intensity is too low to create the desired contrast at higher
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magnifications and, additionally, the intensity varies significantly for different
images due to the spark illumination.

10x

b

c

a

20x 50x

400 μm60 μm 60 μm

Figure 4.8: Inkjet drop formation imaged using 3 different flash illumination sources.
The image illuminated with the iLIF is shown in (a), (b) shows the recording with the
Nanolite, and (c) shows the recording with the LED. On the left the drop formation
is shown at 11 µs with 10× magnification, in the middle the drop formation is shown
at 44 µs with 20× magnification, and on the right the image the area of the pinch-off
at the meniscus is shown with 50× magnification. The camera gain is increased for
the Nanolite and the LED to create enough contrast. For the Nanolite the gain is
set at 3.5, 20 and 24(max), respectively. For the LED this is 2.5, 10 and 24(max),
respectively. For the iLIF no gain was necessary.

Table 4.2: Comparison of the amount of motion-blur indicated by ε for the imaging
of a 20 m/s inkjet droplet using 3 pulsed light sources.

Light source Me f f ε

Laser Dye TIR lens (τp = 7 ns)
10 0.22
20 0.43
50 1.1

HSPS Nanolite KL-L (τp = 16 ns)
10 0.47
20 0.93
50 2.3

Lumiled Luxeon Star (τp = 400 ns)
10 12
20 25
50 62
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As another demonstration, Figure 4.9 shows the evolution of the inkjet droplet
recorded with the iLIF. The images reveal the size of the thin secondary tail
between the drop and meniscus (also seen in Figure 4.8). The improved quality
of the recordings, both in spatial and temporal resolution, give way to novel
analysis of the drop formation, as is elaborately discussed in chapter 5.
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12 μs

50 μs

2
5

0
 μ

m

Figure 4.9: The drop formation of inkjet channel as a function of time. The back-
ground has been subtracted to create a higher contrast. The figure shows 21 individual
droplets and illustrates the reproducibility of the experiment and the quality of the iLIF
light source.

4.6 Discussion and conclusion

The fluorescence illumination method presented here research proves to be a
very promising technique for flash photograpy of fast and small scale phenom-
ena. The illumination technique was evolved from an earlier applied technique
were a fluorescent dye in a cuvette was used to reduce the coherence of the laser
illumination. The use of a TIR-lens instead of a cuvette results in reduced co-
herence and uniform and unidirectional emittance of the light. The iLIF system
delivers 7 ns light pulses without suffering from spatial or temporal coherence
image artifacts. It is a relatively simple system to obtain high intensity flash il-
lumination for fast microscopic events. Compared to other high intensity pulsed
and continuous light sources it shows significantly higher intensity levels with a
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short pulse duration, uniform illumination and low jitter.
Further investigations should verify if any degradation of the dye solution can

be observed and if other, lower energy pulsed lasers can be used. It has been
shown here that less than 1 millijoule of energy in six nanoseconds is enough
to surpass all other tested light sources, thus implying that similar energy in
a slightly longer pulse could give similar results, making the application more
affordable. The efficiency can also be optimized, by testing if the dye used is
the most efficient or if laser dyes with a higher quantum yield are available.
Another aspect that could still be improved is the design of the TIR-lens, where
the shape can be optimized for different applications.

We plan to upscale the iLIF, and as such make it applicable for macroscale
experiments for the visualizion of impact phenomena and shock-waves in fluids.
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5
Velocity profile inside a

piezo-acoustic inkjet droplet:
Experimental and theoretical results

Droplets with a well-controlled and narrow size distribution are required in many
industrial and medical applications. In this work we study droplet formation
from an inkjet printhead by using ultra high-speed imaging at 15 million frames
per second. A second technique was also applied where a series of single flashes
of 7 ns was used to illuminate the drop formation. The acquired recordings are
used to calculate the flow rate and velocity inside the droplet. The results are
compared with a one-dimensional model based on the lubrication approximation.
In the model the equations are solved on an Eulerian grid with a second order
accurate scheme.

5.1 Introduction

The evolution of a drop is a battle for dominance between inertia, surface
tension, and viscosity, making it a long-lasting challenge to describe all as-
pects. This makes it a subject that has fascinated scientists throughout his-
tory, involving great pioneers of the modern fluid dynamics [10]. In the last
decades both experimental and computational techniques developed very fast,
resulting in numerous innovate theoretical, experimental and numerical re-
search [11, 17, 18, 50]. Also industry shows high interest in research on the
subject of drop formation, as drop dispensers are used in a wide range of ap-
plications. Examples are sprays which can be applied in car engines [76], drug
inhalers [77], and coming to the subject of this research, inkjet printing.

Inkjet printing is well known for the impressive reproducibility of the drop
formation. This has made inkjet technology a reliable technique for drop de-
position of all kinds of liquids and various applications [3]. The drop volumes
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produced with inkjet technology range from nanoliters down to a few picoliter.
The field is continuously searching for new methods to produce even smaller
droplets, while retaining velocities in the order of meter per seconds [78]. One
aspect that limits the production of small droplets at high velocities, is the for-
mation of satellite droplets. When a fast viscous jet is ejected from a nozzle, a
long slender tail is formed behind the tip of the drop. If the timescale at which
the tail is pulled towards the main drop is longer than the timescale of the
Rayleigh breakup, unwanted satellites are formed [68, 79]. The smaller satellite
droplets have a low velocity, hence their movement is susceptible to surround-
ing air flows, potentially resulting in undesired deposition. By optimizing the
actuation pulse the time span at which the drop contracts can be reduced, thus
minimizing the formation of satellite droplets.

Measuring the effect of different actuation pulses on the velocity of the drop
is a challenging study, especially because the length scale at which the drop
is formed is in the order of a micrometer, while the velocity is in the order
of meters per second. Therefore ultra high-speed imaging [77] is required to
accurately visualize the drop formation. Another possibility is, provided that the
drop formation is fully repeatable, to use stroboscopic techniques [68, 75]. In
this study both techniques are used to study the drop formation, both giving a
very high temporal and spatial resolution. The first technique uses the Brandaris
128 ultra high speed camera [80], which can record up to 25 million frames per
second. The second technique is a stroboscopic single flash visualization, that
uses a novel illumination technique. The illumination with a flash time of 7 ns
was specially developed for the drop formation and is discussed in chapter 4.
To verify the improved quality of these two methods, they are compared on
both spatial and temporal resolution. In this research it is investigated whether
it is possible to extract the flow rate and the velocity within the droplet using
the reproducibility of the drop formation.

Beside the experimental research on the drop formation we also employ a the-
oretical model, based on the one-dimensional lubrication approximation of the
Navier-Stokes equation. Similar models have already been used for simulating
drop formation [20] and sprays [77]. A novel numerical implementation applied
in this research is the regularizing of the surface tension at very small radius.
This prevents the singularity at pinch-off and simplifies how to deal with the
coalescence of the drops [81]. Due to the simplified equations the calculation
time of the lubrication model is in the order of minutes. This makes the model
well suited to explore a large range of parameters in a relative short time.
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5.2 Geometry of the inkjet printhead

The inkjet printhead that is used here was developed by Océ Technologies B.V.
This printhead consist of 256 similar ink channels, where each channel has a
5 mm long actuation section, and a 50 µm thick nozzle plate. The nozzle
has a trumpet shape with an outer radius of 15 µm. The acoustic pressure is
generated by a piezo element, placed in the actuation chamber. The piezo is
actuated with a trapezoid pulse of 7 µs (2 µs rise, 3 µs high, and 2 µs fall time),
driving the channel close to its resonant frequency. Applying an actuation pulse
of approximately 80 V results in 20 pl droplets. Although the typical velocity
of the drop is approximately 10 m/s, the maximum velocity during the drop
formation can reach up to 20 m/s. More details on the acoustics and stability
of this printhead can be found in chapter 2 and references [2, 14].

The liquid used is a non-colored version of the CrystalPoint technology toner
pearls [55] which, instead of drying, crystalizes on the paper, resulting into very
rapid solidification. To liquify the ink the printhead is operated at a temperature
of 130◦C. At this temperature the viscosity of the ink is 10 mPas. To ensure a
constant viscosity the temperature of the ink is controlled with two Eurotherm
2408 PID controllers. At this temperature the density and surface tension
are 1080 kg/m3 and 28 mN/m, respectively. A benefit of the CrystalPoint
technology is that the ink does not suffer from degradation or dehydration at
the nozzle, which is a common problem in water based inks [82].

5.3 Experimental parameters

The drop formation was imaged with two different experimental techniques,
namely high speed imaging and stroboscopic single flash imaging. Where high
speed imaging can be applied to study the evolution of a single droplet, stro-
boscopic imaging is used to visualize thousands of reproducible droplets [61].
In contrast with most stroboscopic imaging techniques, where multiple flashes
are used to create a single high contrast image, in a single flash recording only
one image per drop is acquired. By changing the delay between the flash and
the drop for the next image, a sequence of images is captured. The sequence
of multiple droplets is treated as if it is a single evolving droplet. This method
of time-delay imaging is only possible when the drop formation is highly re-
producible, hence the experimental settings have to be controlled with utmost
precision. The advantage of the single flash recording is that the images are
more detailed in both optical and temporal resolution compared to high speed
recordings. In addition, we also use high speed recordings are made, which are
used in order to verify the results from stroboscopic recordings.
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Figure 5.1: In the single flash setup a laser illuminates a fluorescent dye that is
contained within the cavity of a hollow lens. The dye emits a light pulse of 7 ns
with very high intensity. The emitted light is collimated onto the droplets using an
aspherical lens. A notch filter inside the microscope prevents that laser light reaches
the CCD camera. A computer controlled delay generator is used to control the laser,
the function generator, and the camera.

Figure 5.1 shows the setup used for single flash recordings. The setup was
placed onto a damped optical breadboard to prevent external vibrations. The
microscope is an Olympus BX-30MF microscope, equipped with three long
distance objectives, the LMPLFLN 10×, (WD=21 mm/NA=0.25), the SM-
PLFLN 20× (WD=25 mm/NA=0.25), and the SMPLFLN 50×, (WD=18 mm
/NA=0.35). For visible light the resolving power of these objectives is approx-
imately 600 nm. Though this limits the focus of imaged details, the imaged
displacements are only limited by the pixel size and illumination time. To en-
sure that the full optical resolution is utilized the light from the light-source
is converged with an aspherical lens, such that the numerical aperture (NA)
matches that of the objective [57].

The spatial resolution of the recording depends on the magnification (Meff)
and the resolution of the camera. Here the spatial resolution is in the order of
100 nm/pixel and, in combination with a drop velocities in the order of 10 m/s,
motion blur can easily occur. To prevent motion blur in the images the drops
have to be imaged at a small imaging time scale. For the high speed imaging
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this time scale depends on the exposure time, and for single flash imaging it
depends on the illumination time (chapter 4). The optimal imaging time scale
at which no motion blur occurs can be calculated as

τM <
pixel size

u ·Meff
. (5.1)

Here τM gives the imaging time corresponding with a magnification M. The
pixel size is a camera dependant parameter, and u gives the velocity of the drop.
When imaging inkjet droplet with large magnifications it is expected that the
actual imaging time scale is larger then τM, thus resulting in motion blur. If
the actual imaging time scale τ is known, the amount of motion blur in pixels
ε that is expected can be calculated by

ε = τ
u ·Meff

pixel size
. (5.2)

In this research we make a distinction between τb for the exposure time of
the high speed camera, and τ f for the illumination time of the single flash
recording. Equation 5.2 can also be used to estimate whether the different
experimental aspects are balanced. For ε order 1 the experiment is well de-
fined, while recordings for which ε > 1 suffer from motion blur. For ε < 1 the
experiment is over-sampled which, for a high speed camera experiment, results
in no observable displacement between consecutive frames.

5.3.1 High speed recordings

The high speed recordings were done with the Brandaris 128 high speed cam-
era [80]. The Brandaris 128 uses a fast rotating mirror (max 20.000 rps) to
sweep the image across 128 highly sensitive CCDs, giving a maximum frame
rate of 25 Mfps. Each CCD has a resolution of 320×296 pixels and an effec-
tive pixel size of 10.9 µm×10.9 µm. To illuminate the drop formation, a high
intensity Xenon light source (Perkin Elmer Xenon flash) is used. The nature
of the experiment limited the maximum frame rate to 16 Mfps, corresponding
to an imaging time scale τb of 63 ns. Table 5.1 shows the required time scale
τM, next to the amount of motion blur ε expected due to the actual time scale.
The table also shows the resolution per pixel, and the total field of view (FoV)
for the high speed camera.

Due to the small field of view and the limited amount of frames, multiple
movies are required to visualize the entire drop formation. The total time of
the drop formation is approximately 60 µs. As in a single recording session
the Brandaris 128 acquires 128 frames (8 µs), approximately twelve sequential
movies must be used to record the drop formation. The twelve movies were
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subsequently stitched together into a single continuous movie. Here the repro-
ducibility of the drop formation and precise timing allow for a smooth transition
between the sequential movies. Additionally, the small field of view required
that, to visualize the drop formation with a 20× magnification, two series of
movies were recorded at different distances from the nozzle. Figure 5.2a shows
a typical recoding for a 20× magnification.

Brandaris 128
Me f f resolution FoV τM ε
10 1.09 µm/pixel 349 µm 55 ns 1.14
20 0.55 µm/pixel 174 µm 27 ns 2.3
50 0.22 µm/pixel 70 µm 11 ns 5.7

Single flash recording
Me f f resolution FoV τM ε
10 0.65 µm/pixel 898 µm 32 ns 0.22
20 0.32 µm/pixel 449 µm 16 ns 0.43
50 0.13 µm/pixel 180 µm 7 ns 1.08

Table 5.1: The experimental parameters for the high speed imaging and those for the
flash recordings. The expected motion blur in the experiments was calculated for a
velocity of 20 m/s and an imaging time scale τb = 63 ns for the Brandaris 128, and τ f
= 7 ns for the single flash recording. The table illustrates the advantage of the flash
recording compared to the high speed recordings; the resolution is higher, the field of
view larger, and the actual imaging time scale matches the required one.

5.3.2 Single flash recordings

The flash visualization was done with the setup already shown in Figure 5.1.
The short flash was created by exciting a laser dye solution with a pulsed laser.
The resulting fluorescent light has a very high intensity, while the undesired
coherence of the laser is removed. The illumination time of this light source
(iLIF) is only 7 ns (chapter 4). To record the images a sensitive CCD camera
(Lumenera LM165) with a resolution of 1392× 1040 pixels and a pixel size
of 6.45 µm× 6.45 µm was used. Table 5.1 shows the desired imaging time
scales τM, next to expected motion blur due to the actual time scale τ f . The
combination of the light source with the camera and microscope gives ε < 1 for
the 10× and 20× magnification, and ε ≈ 1 for the 50× magnification, hence
no motion blur is expected. Table 5.1 illustrates the advantage of the single
flash light source, compared to the high speed recording.
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The short illumination time gives the possibility to choose a very small tempo-
ral resolution, corresponding to the smallest timescale in the experiment (chap-
ter 4.2). Here a step time of 10 ns was used and, to confirm reproducibility, five
images were recorded at each step. To control the delays between the drop, the
illumination and the camera, a Berkely Nucleonics pulse generator (model 565)
with a 250 ps precision was used. Additionally a fully automated procedure
was programmed with Matlab (The MathWorks) to control the hardware and
gather the images from the camera. In the experiments the initial phase of the
drop was studied, recording only the first 60 µs of the drop formation. This
resulted in a total of 30.000 images for a single experiment, taking about six
hours to record. Figure 5.2b shows 21 images of the drop evolution as a time
sequence below a similar sequence recorded with the Brandaris 128 ultra high
speed camera.
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Figure 5.2: A selection of images, showing the drop formation originating from a
single inkjet channel as a sequence of time. The upper part shows the recordings made
with Brandaris 128 (a), while the lower part shows the images captured with the single
flash recording (b). The image illustrates the improved image quality of the single
flash recording. Even tiny satellite (radius < 2 µm) droplets can be observed in the
last three frames.
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5.4 Data analysis

Due to the large amount of recordings a program was developed in Matlab that
fully automatically analyzes the experiments. The first step of the analysis is to
extract the contour of the droplets from the images. Here it is assumed that the
drop formation is axisymmetric around its central axis. The contour can then be
used to calculate the radius, R(x, t), as a function of time along the propagation
axes x (Figure 5.3). In the high speed recording this results into a single R(x, t)
curve per time step, but in the single flash recording five independent recordings
were made per individual time step. Therefore the average curve (R̄(x, t)) for
N recordings was determined by

R̄(x, t) =
1
N

N

∑
n=1

R(x, t,n). (5.3)

The error between the N different contours is used to estimate the reproducibil-
ity of the drop formation in section 5.5.1. In the remainder of this chapter the
averaged curve is always used, and the bar is omitted. From the R(x, t) curve

0

10

20

30

40

0
100

200
300

400
500

0

15

Distance from the nozzle [μm]

R
a

d
iu

s
 [
μ

m
]

T
im

e
 [
μ
s]

T
im

e
 [
μ
s]

Figure 5.3: The R(x, t) data is extracted from the experiment. The resulting data is
gives the radial development, both as a function of time and space. The curves in blue
show the R(x) data for 9 values of t. The curves shown in red give the evolution of the
drop R(t) for 7 values of x from the nozzle.
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the volume of the drop at time t can be calculated by integrating over x,

Vdrop(t) = π
∫ xmax

x0

R(x, t)2dx. (5.4)

Where x0 is the nozzle position and xmax the tip of the drop. As a result of the
imaging the values of x are discrete, hence the integration becomes a summation
over x,

Vdrop(t) = π
xmax

∑
x=x0

R(x, t)2∆x. (5.5)

In this way the drop is treated as a discrete number of slices with a width of ∆x
and an area of πR(x, t)2. The value of ∆x corresponds to the scale of the image.
For example in the flash recording ∆x = 320 nm for a 20× magnification. By
changing the summation limit x0 in Equation 5.5 into an arbitrary point along
the x-axis, only the partial volume of the drop is calculated,

V (xn, t) = π
xmax

∑
x=xn

R(x, t)2∆x. (5.6)

Here xn is a point between the nozzle and the tip of the drop. Equation 5.6
gives the volume that has passed beyond point xn at time t. This is illustrated

10 15 20 25 30 35 40
0

2

4

6

8

10

12

14

16

18

20

22

x
n
=10 μm 

x
n
=110 μm

x
n
=210 μm

x
n
=310 μm

Time [μs]

V
o

lu
m

e
 [
p

l]

Figure 5.4: The figure shows the volume of droplet as a function of time for four
different values of xn. The data shown here is extracted from the flash recording. To
remove fluctuations in the volume a smooth spline is fitted through the data (red).
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in Figure 5.4, where for four different values of xn the volume development is
shown. To remove the small oscillations in the data a smooth spline was fitted
through the resulting volume data.

By differentiating Equation 5.6 with respect to time, the flux of liquid into a
single slice is calculated. The flow rate at a point xn at time t is thus given by

Q(xn, t) =
dV (xn, t)

dt
. (5.7)

At this point the flow rate is determined for each slice and, with the surface,
volume and mass already known, it is now possible to calculate the velocity and
momentum in every slice xn within the drop. The velocity within the drop can
be calculated by

u(xn, t) =
Q(xn, t)

πR(xn, t1/2)2 . (5.8)

Here we define R(xn, t1/2) as the mean radius in between the two time steps,
thus R(xn, t1/2) = 1/2 ∗ (R(xn, t)+ R(xn, t + dt)). Figure 5.5 shows the velocity
within the droplet calculated for the flash experiment.
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5. DROP FORMATION VISUALIZATION

Figure 5.5: The velocity as a function of time and position u(x,t). The colors indicate
the velocity. The solid black line shows the position of maximum radius of the main
drop, and the dashed black line that of the minimum neck radius behind the main
drop. The velocity in the tail becomes negative at some point, as fluid is pulled back
into the meniscus.
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5.5 Spatial and temporal resolution

From the experiments the position at the tip of the drop was extracted (shown
in Figure 5.6). The figure shows a difference in the slope of the curve between
the Brandaris 128 (red) recording and the flash recording (blue). This difference
is a result of a different voltage in the applied actuation pulse. In inset I of
Figure 5.6 the velocity of the tip is shown. Here the initial velocity differs also
due to the difference in the actuation pulse.
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Figure 5.6: The position of the tip of the droplet as a function of time. The red
curve corresponds to the data extracted from the high speed camera and the blue
curve correspond to the single flash data. The actuation voltage for these two cases is
slightly different. Inset I shows the corresponding velocity at the tip of the drop. Inset
II shows a magnification of the position data, with the corresponding error in time (terr)
and position (xerr).

Figure 5.6 illustrates the small temporal error terr and spatial error xerr in both
methods, as is shown in inset II of Figure 5.6. In the high speed recording there
is no observable temporal error between successive frames, as change in the
rotation speed of the mirror turbine is negligible [80, 83]. In the flash recording
the error in the temporal resolution is due to jitter in the delay between the
droplet and light pulse. This error does not originate from the delay generator,
which has a precision of less than a nanosecond, but from two other significant
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delays in the system. Firstly, there is a jitter of approximately 50 ns in the delay
between the input trigger to the laser, and the output flash from the laser.
Secondly, there is a synchronization error between the function generator and
the delay generator, which can reach up to 25 ns. This gives a total temporal
jitter of 75 ns for the flash recordings.

The error in the spatial direction depends on the resolvable resolution of the
system. This is illustrated by Figure 5.7, where the smallest observable length
scale involved in the drop formation is shown. The figure shows the final stage
of the drop formation, at which the drop detaches from the meniscus. At
this point a thin tail is formed in between the meniscus and the end of the
drop, which has a width of approximately 3 µm. The contour of the droplet is
extracted by calculating the intensity along a single row of pixels. Figure 5.8
shows the extracted data for three different rows. The displayed intensity was
normalized to the maximum intensity, where the overall noise level stays below
10 percent. The edge of the contour was chosen at an intensity of twice the
noise level. The width of the slope between the noise level and the threshold
level was used to define the spatial error. The calculated spatial error from
the experiments varies per camera and per magnification and increases for radii
smaller than 1 µm. Typical values for the spatial error for the 50× magnification
are xerr = 0.4 µm for the Brandaris 128 and xerr = 0.1 µm for the flash recording
(shown in inset II of Figure 5.6).

To compare the overall error from the high speed imaging with the error from
the single flash imaging, the temporal error was rewritten into a spatial error
by multiplying with the velocity. This gives a velocity dependant spatial error,
corresponding to the amount displaced during time terr. In addition, due the
motion blur, as defined in section 5.3, one also gets a spatial error depending
on the velocity and the magnification. If we define xerr(0) as the static spatial
error, the total spatial error is given by,

xerr(u) = xerr(0)+u(terr + τM). (5.9)

This is shown in Figure 5.9, where xerr(u) is displayed as a function of the
velocity. The figure shows that the total spatial error for the flash recording
is much smaller for velocities below 10 m/s. It also shows that as long as the
drop velocity is below 5 m/s, the spatial error for a 20× and 50× magnification
is less than 1 µm.

5.5.1 Reproducibility

Due to the nature of the flash recording there could be an additional error in
the experiments originating from the variation between individual drops. To
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Figure 5.7: The last 4 µs before the pinch-off till 1 µs beyond the pinch-off. The
slender tail formed between the meniscus and the drop is the smallest length scale
involved and reaches a radius of less than 1 µm. The rows of pixels indicated by (a-f)
correspond to the intensity graph shown in Figure 5.8.

estimate the amount of this variation, a single contour R(x, t,n) was compared
to the mean contour R(x, t) (determined in Equation 5.3). Therefore the radial
variation for a single slice xn at time t is defined as

Rerr(xn, t) = ‖(R(xn, t)−R(xn, t,n)‖∞, (5.10)

where n is a curve at time R(x, tn). By calculating the mean variation for all slices
one obtains Rerr(t). The value of Rerr(t) gives an estimate on the reproducibility
of the drop. Figure 5.10 shows Rerr for a 10× and 20× magnification. In the
first few microseconds, where the number of slices is relative low, the error is
relatively large. Beyond 15 µs the error in the radius stays less than 100 nm
per slice. The error level remains similarly low up to 45 µs, which is close to
the pinch-off. The pinch-off produces large non-reproducible disturbances along
the tail of the droplet, which causes the radial variation to increase rapidly.

The error in the drop volume V (xn, t) (Equation 5.6), can also be calculated
in a similar way. For experiments done with a 20× magnification it was found
that in the first 40 µs, the volume deviates 0.03 pl per slice, whereas the average
volume in each slices is approximately 0.7 pl.
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Figure 5.8: Comparison of the resolvable detail from the high speed recordings (left)
compared to the flash recording (right). The curves give the intensity along a row
of pixels from the image in Figure 5.7, where the curves (a-f) correspond to those
in Figure 5.7. This illustrates the improved spatial resolution in the flash recording
compared to the high speed recording.

5.6 Velocity comparison

The experiments show that both techniques give very detailed insight in the drop
formation. The reproducibility of the droplet formation proves reliable enough
to compare this method with the high speed imaging experiments. Aditionally
both method overall give a very small error. For the 20× and 50× magnification
the error in both methods increases above 1 µm at locations where the velocity
increases above 10 m/s. Therefore, at the tip, where the velocity is high, the
error is relatively large. The radial velocities during the drop formation are
much lower, hence they are expected to be very accurate.

The measurements made it possible to estimate the velocity within the drop
for both methods, as is shown in Figure 5.11. Here the overall agreement
between the high speed recording and single flash recording is very good, con-
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Figure 5.9: The spatial error depends on the magnification and the velocity. Here it
can be seen that for the flash recording it is almost half that of the high speed imaging
recording.

sidering the difference in the actuation voltage. The velocity within the drop in
the two experiments is of similar order and close to the expected value. In the
following section the results from the single flash method are compared with a
one-dimensional lubrication model.

5.7 Numerical model

The dynamics of axisymmetric drop formation can be described by solving the
Navier-Stokes equation within the lubrication approximation, as described in
detail by Eggers and Dupont [84] and Shi, Brenner and Nagel [85]. In the one-
dimensional lubrication approximation it is assumed that the fluid propagates
nearly unidirectional, omitting all radial transport. The dominating properties
of the drop formation are the viscous stress, the surface tension, and the axial
mass and momentum transport. The time scale at which the drop formation
occurs is in the order of microseconds, whereas the velocity of the droplet
is in the order of meters per second. Hence macroscopic properties, such as
gravity and temperature decay, can be omitted. In an isothermal Newtonian
fluid the viscosity and surface tension are constant. Also the short time of
flight of the droplet allows us to neglect the effects of drag on the droplet. For
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Figure 5.10: The radial variation between different experiments conducted at the
same time, as a function of the drop formation time, given for a 10× (blue) and a 20×
(red) magnification. The radial variation stays below 100 nm up to the time of the
pinch-off (45 µs) when the droplet detaches from the meniscus.

convenience the equations of lubrication approximation are shown in the next
section, together with a short note on the numerical implementation.

5.7.1 Governing equations

The existing numerical models use the lubrication approximation derived in [84].

∂tR =−u∂xR− 1
2

R∂xu, (5.11)

∂tu =−u∂xu− 1
ρ

∂xPLap +3ν
∂x(R2∂xu)

R2 , (5.12)

PLap = σ

[
1

R(1+(∂xR)2)
1
2
− ∂ 2

x R

(1+(∂xR)2)
3
2

]
,

where R is the radius, u is the axial velocity, x is the axial coordinate, t is the
time, PLap is the Laplace pressure, σ is the surface tension, ρ is the density, and
ν is the kinematic viscosity. The solutions to these equations are singular at
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Figure 5.11: The velocity data from the drop formation was extracted from the
experiments. For the flash recording this is shown on the left, and for the high speed
recording this is shown on the right. The difference in total velocity of the drop is due
to the difference in the actuation pulse.

each pinch-off [84], and at each collision of liquid bodies [86]. In order to create
solution that converges closely to the exact physical system, these singularities
have to be dealt with. As the solution of the system has to be calculated beyond
the singularities it is essential to use a conservative numerical scheme [87].

A conservation equation of a hyperbolic system of equations is given by a
time derivative of the conserved quantity, and the spatial derivative of the flux
of the conserved quantity through the control volume.

∂ta(x, t)+∂x f (a(x, t)) = 0 (5.13)

where a is the conserved quantity, and f (a(x, t)) is the flux function of this
conserved quantity. Equation 5.11 is rewritten in a conservative form, by mul-
tiplying the balance with πR on both sides:

∂t(ρA)+∂x(ρuA) = 0 (5.14)

Equation 5.12 is integrated over the cross section of the jet, to obtain the
conservation of momentum equation. The differential form of the conservation
of momentum is

∂t(ρAu)+∂x(ρAu2) = ∂x(τν + τσ ) (5.15)
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where A is the cross sectional area of the jet, and the sum of the viscous tension
τν and capillary tension τσ is the momentum flux due to tension. The viscous
tension τν is given by

τν = 3µA∂xu, (5.16)

where µ is the dynamic viscosity. The capillary tension τσ is given by the integral
of the Laplace pressure over the cross sectional area. In the conservative form
this integral is rewritten as a momentum flux. This flux is given by the sum
of the Laplace pressure integrated over the cross sectional area and the force
exerted on the contour of the jet in the axial direction,

A∂xPLap = ∂xτσ (5.17)

= ∂x

[
APLap−σ

2πR

(1+(∂xR)2)
1
2

]
. (5.18)

A topological change, such as droplet pinch-off or coalescence, is singular in
the continuum approximation. The nature of these singularities has been studied
thoroughly [11, 20]. At a pinch-off in physical space, a point in time, and space
exists, where the molecules of splitting bodies stop to feel each others presence.
They start to ‘live’ on separate liquid bodies. In the continuum approximation
however, this point in time and space will never be reached, since there is no
lower limit on the pinch-off radius, such as the size of molecules. The temporal
and spatial dimensions will become smaller and smaller, but will never reach
the point of singularity. Due to the increase of surface to volume ratio when
approaching the pinch-off singularity, the velocity diverges, and the numerical
calculation will break down. In a numerical simulation of the breakup of liquid
bodies in the continuum approximation, it is thus necessary to assume a lower
limit on the singularities, when it is desired to calculate further after the first
singularity.

To allow the lubrication approximation based model to transfer over the sin-
gular points, a small modification was added to the governing equations of the
numerical model. The surface tension term is replaced by a weighted average
of the physical surface tension, and a constant surface tension that allows a
tiny cylinder to exist between the bodies of liquid. This operation regularizes
the governing equations, and prevents getting to close to the singularities. The
weighted averaging function is given by:

τσ reg =
R

R+Rc
τσ +

Rc

R+Rc
τc, (5.19)

where τc =−σπRc is the surface tension force in a cylinder of radius Rc. The
cutoff radius Rc scales with the spatial step of the numerical simulation, hence
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the influence of the regularization vanishes as the spatial step goes to zero.
When R >> Rc, the regularized capillary tension behaves like the physical cap-
illary tension. In the case of R << Rc, the regularized capillary tension behaves
like a the constant capillary tension of a cylinder of radius Rc. The solution to
the regularized equations will get arbitrary close to the singularity, from where
the regularization takes over.

5.7.2 Numerical implementation

The regularized lubrication approximation allows for the use of a single Eulerian
grid. When all droplets are part of single fluidic body, jet separated by an
infinitesimal thin layer, no special effort has to be put into the jump conditions
for singular events. To prevent numerical diffusion a second order accurate finite
differencing scheme is used. The numerical diffusion tends to smear out high
velocity gradients. The numerical model is validated by the Rayleigh-Plateau
instability, which has been studied for many years [10, 11, 88]. The linearized
analytical dispersion relation of the onset of the Rayleigh-Plateau instability is
compared to the numerical result. Detailed information about the validation
and the numerical implementation of the model can be found in [81].

5.8 Comparison

A preliminary parametric study was done to calculate for which value of the
viscosity and the surface tension the modeled droplet matches closest to exper-
imental results from the flash recording. The input conditions for the model,
the flow rate and radius at a position xn, are extracted from the experiment. As
the model is a one-dimensional approximation, the flow profile within the drop
is assumed to be flat. Close to the nozzle opening the flow profile is not flat,
but a frequency dependant flow profile [40]. To prevent that this has a large in-
fluence on the calculation, the model starts the drop calculation at xn = 50 µm
from the nozzle.

The drop formation was modeled for different values of the viscosity and the
surface tension. Here the tip position of the drop was used to compare the
experiment with the model. This is shown in Figure 5.12 for a surface tension
of 28 mN/m and for viscosities ranging from 7 mPas (a) to 15 mPas (e). The
inset of Figure 5.12 shows a magnification of the position curves at 42 µs,
showing that here the closes agreement is found for a viscosity of 15 mPas.

Besides the viscosity also the surface tension was varied, ranging from 20 mN/m
to 40 mN/m. This resulted in three combinations of surface tension and viscos-
ity at which a very good agreement in the position of the tip was found. These
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Figure 5.12: The modeled position of the tip of the drop for different viscosities
(blue). The red dots show the experimental data. For all modeled curves the surface
tension is 28 mN/m. The viscosities range from 7 mPas to 17 mPas. The inset shows a
magnification at 42 µs. Here the letters correspond to different viscosities; (a) 7 mPas
, (b) 9 mPas, (c) 11 mPas, (d) 15 mPas, (e) 17 mPas.

are shown in Figure 5.13 at 40 µs. Enlarging the area around the neck reveals
differences in the radial shape between the drops. The best agreement between
the model and experiment is found for a viscosity of 11 mPas and a surface
tension of 34 mN/m. In the experiments it was assumed that the viscosity is
10 mPas and the surface tension 28 mN/m. For this case the velocity inside
the drop, for both the modeled drop and the experimental drop, was calculated
and compared. This is shown side by side in Figure 5.14.
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Figure 5.13: The radius as function of the position at 40 µs. The red curve shows the
experiment, the modeled curves are shown in green (σ = 30 mN/m and µ = 15 mPas),
blue (σ = 34 mN/m and µ = 11 mPas) and black (σ = 40 mN/m and µ = 7 mPas)

Figure 5.14: The drop formation of the experiment (left) next to the results from the
one-dimensional model (right). Overall the velocities show good agreement, but in the
neck area of the drop, the experiments show a higher velocity.
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5.9 Discussion and outlook

In this research the drop formation was experimentally studied using a high
speed imaging technique and a single flash imaging technique. It was shown
that, in a direct comparison (shown in table 5.1), the single flash is the better
method on all aspects; resolution, field of view and imaging time scale. Further
comparison between the two methods showed that the static error in the flash
method is much smaller, but the error increases largely as a function of the ve-
locity. Therefore, at velocities above 20 m/s, the recordings with the Brandaris
128 give a slightly better result. It was also shown that, if the drop forma-
tion reaches beyond the pinch-off, the drop formation is no longer reproducible.
Here the high speed imaging becomes the preferred experimental method.

The comparison between the one dimensional model and the single flash ex-
periment show overall good agreement, and the velocities are of the same order
of magnitude. The surface tension found in the comparison (σ = 34 mN/m)
deviates from the assumed surface tension (σ = 28 mN/m). Further research
should be conducted to verify this result. Also a large difference was observed
between the two methods in the velocity in neck of the drop. By comparing
these results with validated CFD codes, such as ANSYS Flotran or Flow3D,
this result could be verified.

The one-dimensional model also proves to be a fast tool for exploring dif-
ferent drop formation parameters. The results presented here are preliminary
and already show promising agreement. It is planned, by applying the model,
to study the effect of different inflow conditions, and the behavior of satellite
droplets. Additionally the model can be extended to include effects of temper-
ature gradients, surfactants and non-Newtonian liquids.

Overall the presented method, in which the single flash method is used to
extract velocity and flow rate within the drop, is a very promising technique.
The resolvable detail, both in temporal and in spatial resolution are close to
the limits of visualizing the smallest details of the drop formation with visible
light. The temporal error, as a result of the synchronization between the applied
equipment, can easily be reduced by small improvements to the experimental
setup. Moreover, if acoustic sensing is used to verify the reproducibility, the
reproducibility can be verified, making the method a very valuable tool to study
drop formation.
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6
Controlled air entrapment in piezo

acoustic inkjet printing

Microbubbles are a major problem in piezo acoustical inkjet printing, as they
can lead to a disruption of the inkjet printing process. Here a bubble entrap-
ment pulse was applied that, for a certain class of printheads, always leads
to air entrapment. The pulse produces a fully reproducible, but asymmetric
drop formation, clearly revealing the presence of air bubbles. An acoustic sens-
ing technique was applied to study the growth of the microbubble after the
entrapment event.

6.1 Introduction

Inkjet printing is the most widely spread technological application of microflu-
idics. Besides the graphical printing industry, this drop deposition technique
is used in dozens of other applications, such as solar printing, rapid prototyp-
ing and even printing DNA and protein substances [2, 3, 6]. Inkjet printing
is characterized by its high drop productivity, small volumes and extreme re-
producibility, as was also shown in chapter 5. All applications require hundred
percent reliability and, for some applications, it is even fully unacceptable if a
single droplet is missing. For example, if inkjet printing is applied to create
electronics [89], the omittance of one drop can lead to circuit failures. Also
when the pixels of displays are printed [28], defective pixels are costly reliability
issues. Moreover, if medical decisions are based on DNA printed results, missing
drops may have catastrophic consequences.

Several causes for a disrupted drop formation can be pointed out, among
them an ink layer around the nozzle [16], dirt particles in the ink, or failure of
the electronics. Though most of these causes can be prevented easily, there
still remains one problem that is not fully understood. It can happen that dur-
ing the print process, seemingly unpredictable, and without immediate cause,
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microbubbles are entrapped at the nozzle of the channel. The microbubbles
react to the acoustic pressure field present inside the ink channel. This causes
each bubble to grow due to rectified diffusion and, due to the Bjerknes forces,
translate and coalesce with other bubbles [19, 20, 22, 47, 48]. The presence
of the bubbles disrupts the drop formation process, and it can even lead to a
full stop of the jetting [17]. This is illustrated in Figure 6.1, which shows the
drop formation after a bubble entrapment. The susceptibility of an ink channel
to microbubble entrapment seems to correlate with increasing drop repetition
rates, hence preventing increased potential productivity of the printhead. Ear-
lier research identified two correlated aspects leading to air entrapment, (i) dirt
particles were found in droplets captured just before the entrapment of a micro-
bubble. (ii) an ink layer around the nozzle can transport dirt into the droplets,
but can also disturb the meniscus [2, 14–16].

0 ms 900 ms
90 ms

1530 ms

5
0

0
 μ

m

Figure 6.1: A sequence of images showing the drops emerging from a single nozzle
after a micro bubble is entrapped. The images were recorded with a high speed camera
(Photron, Fastcam SA1.1) at 75.000 frames per second. The bubble was entrapped
at the start of the sequence, and after 1.6 s (32.000 droplets) the channel has stopped
jetting.

The behavior of air bubbles inside the channels have been a subject of research
for several years [2, 14, 17, 18, 49, 50, 90], but the actual mechanisms leading to
air entrapment are less understood. The time scale of air entrapment is in the
order of microseconds, thus requiring fast high speed cameras. Additionally,
as the process of air entrapment is a transient process, it is impossible to
predict when it occurs, making it difficult to study experimentally. Research
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in the past resolved to high actuating frequencies relative to normal operation
conditions [50, 90], or to more exotic solutions, like using an air gun to force
‘micro’ bubbles into the channel [49]. In earlier work presented in chapter 2
and chapter 3 air bubbles were also entrapped by printing at high frequencies
or blocking the channel. By using these methods the bubble dynamics inside
the channel were studied elaborately [18, 49, 50, 90].

Though the experimental study of the air entrapment process has proven to be
difficult, it is exactly this event that is important to investigate. Understanding
the mechanism leading to air entrapment can be used for exploring methods to
prevent it. In this research it was possible to study air entrapment by applying
a pulse which, for a certain class of printheads, always leads to the entrapment
of a microbubble at the meniscus. Here the fully reproducible drop formation is
studied, and conditions leading to air entrapment are evaluated, increasing the
insight in possible mechanisms. Additionally, by applying an acoustic sensing
technique, the influence of the microbubble on the channel acoustics during the
first milliseconds after the entrapment is studied.

6.2 Experimental parameters

Two similar inkjet printheads, both developed by Océ Technologies B.V., were
used for this research, differing only in the incorporated piezo element. Though
the difference between the printheads was small, we considered it as important
to study two different ones. Firstly to confirm that, given comparable geometry,
the method of controlled air entrapment is applicable to more than one print-
head. Secondly, due to the nature of the bubble entrapment pulse, acoustic
sensing proved to be difficult for one of the two printheads. Each printhead
consist of 256 similar ink channels, where each individual channel has a rect-
angular actuator section of 118 µm by 218 µm and a length of 3.5 mm. A
cylindrical channel section with a radius of 125 µm and a length of 1 mm con-
nects the actuator section to the nozzle (Figure 6.2). The 50 µm thick nozzle
plate contains trumpet shaped nozzles with a radius of 15 µm. A piezo element
is positioned in the actuation chamber. To create droplets, a trapezoidal pulse
of 7 µs (2 µs rise, 3 µs high and 2 µs fall time) is applied. This results in
droplets of 20 pl with a velocity of approximately 8 m/s.

The liquid used is not water based, but a non-colored version of the CrystalPoint
technology toner pearls [55], which instead of drying, crystalizes on the paper,
resulting into very rapid solidification. To liquify the ink the printhead is oper-
ated at a temperature of 130◦C. At this temperature the viscosity, density and
surface tension are 10 mPas, 1080 kg/m3 and 28 mN/m, respectively.

The droplets were visualize with a setup, exactly as in chapter 5, where a

85



6. CONTROLLED AIR ENTRAPMENT

Droplet
(20 kHz frequency)

Nozzle (Ø 30 μm)

PiezoR
e

s
e

rv
o

ir
Ink flow direction

Channel block

3.5 mm 1mm1mm

Figure 6.2: The channel inside the printhead is about 6 mm long and is actuated by a
3.5 mm long piezo. The piezo section is connected to the nozzle plate by a 1.5 mm long
connection channel. The 50 µm thick nozzle plate contains trumpet shaped nozzles
with a radius of 15 µm. The typical drop repetition rate of this printhead is 20.000
droplets per second.

single flash technology with a CCD camera is applied. This flash is generated
by laser induced fluorescence illumination (iLIF), giving an illumination time of
only 7 ns (chapter 4). If the drop formation is fully reproducible, every image
corresponds to a single droplet, resulting in very detailed visualization of the
droplet.

An acoustic sensing method, as described in chapter 2, was used to measure
the channel acoustics [17, 18, 50]. Here the actuation piezo is switched to
sensing mode, giving an accurate measurement of the acoustic pressure inside
the ink channel [13]. This technique was applied in chapter 2 and chapter 3 to
detect the presence and size of air bubble with great accuracy.

6.3 Characterization of the bubble entrapment pulse

To induce the controlled entrapment of a microbubble, a special actuation pulse
is applied. Figure 6.3 shows this bubble entrapment actuation pulse (BEP) next
to a normal actuation pulse. The relative high amplitude of the BEP creates
an amplified piezo response, hence resulting in higher acoustic pressures inside
the channel. The consequence is a highly deviating drop formation (Figure 6.4)
and, in most experiments, the jetting process comes to a full stop.

The rigidity, timing and amplitude of the slopes in the BEP are extremely
crucial. As a result of the first slope, the piezo expands and, after 2 µs (at
4.2 µs), a 16 pl drop with a velocity of around 5 m/s emerges from the nozzle.
The second slope (1 µs) sets in after 6.7 µs, contracting the piezo for 18.5 µs,
after which the third slope (1 µs) expands the piezo again. A secondary droplet
emerges, 2 µs after this last slope, at 29 µs. This drop is ejected very fast
with a velocity of almost 20 m/s, which collapses violently at 35 µs with the
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Figure 6.3: The bubble entrapment pulse (BEP) shown in blue, compared to a normal
actuation pulse, shown in red. Due to the BEP a primary droplet emerges from the
nozzle at (a) and a secondary at (b), which can be seen in Figure 6.4.

primary drop. The merged drop has a final volume of approximately 50 pl,
which is more than twice the normal volume of a droplet, and a velocity of
approximately 14 m/s. The last slope, returning the piezo to its initial state,
pulls the ink back into the nozzle. We noticed that the timing of this last slope
affects whether or not the entrapment pulse is successful or not.

An interesting observation is that, during the collision of the primary and
secondary droplet, a microbubble can be observed within the merged droplet as
shown in the inset of Figure 6.4. It also appears that, during the collapse, part
of the drop moves out of the focal plane of the microscope, thus implying asym-
metric drop formation. This was confirmed by adding a second long distance
microscope to the setup, and visualize along the side of the droplet, shown in
Figure 6.5. This recording clearly shows the asymmetry in the drop formation.
An additional observation is that the drop detaches from the meniscus after
more than 60 µs.

If a normal drop is not directly ejected after the BEP, an another interesting
event is observed, at approximately 100 µs after the pulse is applied: The menis-
cus expands beyond the nozzle, clearly revealing the presence of a microbubble
inside the meniscus, as shown in Figure 6.6. A rough estimate of the bubble
size gives a radius of 5 µm. The results, that were acquired using a single flash
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Figure 6.4: The droplet created when the BEP is applied clearly deviats from normal
drops. The images show a primary and a secondary drop, colliding after 35 µs. During
the collision a microbubble is formed, as can be seen in the inset.

method, where each image corresponds to a different droplet, shows the bubble
at exactly the same position in every image. This confirms that the effect of
the BEP, and entrapment of the microbubble is extremely reproducible.

The images reveal the disrupted drop formation and the clear presence of
an air bubble in the meniscus. But, due to the non transparent nature of the
nozzle plate, the actual entrapment inside the nozzle can not be visualized.
Therefore, at this point it is still unsure whether more than one bubble is
created behind the meniscus. In order to create insight into the mechanism
that leads to the air entrapment the drop formation was simulated using a
computational fluid dynamics package (ANSYS, FLOTRAN). The drop was
modeled axisymmetrically and without the incorporation of air, hence the result
gives only an estimate of the meniscus shape. A full 3D simulation would be
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Figure 6.5: A side recording of the drop formation of the bubble entrapment pulse
shows the asymmetric drop formation in detail. The asymmetric impact of the primary
drop onto the secondary drop causes two air bubbles to become entrapped inside the
droplet, one at the front, shown by the arrow in the inset, and one at the back side,
visible in the inset of Figure 6.4.

extremely time consuming, with a timescale in the order of weeks rather than
days. Figure 6.7 shows the simulated drop formation, and a magnification of
the meniscus region. The simulation implies that, after the secondary droplet
is ejected at 38 µs, the meniscus expands and entraps a small air cusp at
40.5 µs. The simulation creates a void due to the low pressure at this position.
It seems essential for the entrapments that the tail of the second droplet has
not jet detached from the meniscus. If the simulation is compared with the
experiment, a very good temporal agreement is found. And the experiments
clearly show (Figure 6.5) that the tail is deviating from the central axis. It
remains unclear if this deviation is a requirement for air entrapment, or caused
due to air entrapment.
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Figure 6.6: If, after the entrapment pulse, the actuation is stopped, at 100 µs the
meniscus expands beyond the nozzle. Inside the meniscus the presence of a microbubble
with a radius of approximately 5 µm is clearly observed. The dotted line gives the
position of the nozzle, above which a reflection of meniscus is visible.
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Figure 6.7: The figure shows a CFD simulation made with ANSYS FLOTRAN of the
bubble entrapment pulse, which agrees with the drop formation shown in Figure 6.6,
except that here the results are axially symmetric. The dotted area is shown in the
magnification where, at 40.5 µs, it can be seen that a cavity is sealed by the forward
motion of the meniscus.
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6.4 Acoustical characterization

The effect the BEP pulse has on the print process was already shown in Fig-
ure 6.1, where the velocity of the drop decreases in milliseconds after the BEP
pulse, finally resulting in total nozzle failure after 1600 ms, corresponding with
32.000 actuations. From this recording the velocity of the drops as function of
time was determined, (Figure 6.8). In the figure it is shown that after bubble
entrapment, the velocity decreases rapidly in two stages. First from 8 m/s to
6.5 m/s, where it stays for a few milliseconds, before decreasing smoothly un-
til the nozzle stops jetting. Here no increase in the velocity was observed, in
contrast to what was seen for different nozzles in Ref. [17] and predicted in the
model calculation in chapter 3. This suggests that a larger bubble is entrapped
here.
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Figure 6.8: The effect of an air bubble entrapped by the BEP on the droplet velocity.
After the BEP was applied actuation at 20 kHz was continued. The inset shows a
magnification of the initial velocity change after the BEP. The large decrease at the
start suggests that a relative large bubble is entrapped. After 200 ms the velocity
steadily decreases, until at 1.2 s it reaches a slow constant velocity. At 1.6 s the jetting
process stops.

Using the acoustic sensing technique the acoustic pressure inside the chan-
nel could be measured. To illustrate the effect of the BEP on the channel
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acoustics, the variance of the relative acoustics signal was calculated (similar
to reference [14]). In the relative acoustic signal ∆I, the acoustics signal of a
normal operating printhead Ire f is subtracted from the measured signal I. Fig-
ure 6.9 shows the variance in ∆I for four experiments. On two occasions the
channel stopped jetting, while in the other two the channel continued jetting.
In the magnification of figure 6.9 it is shown that, in all four experiments, the
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Figure 6.9: The variance of the relative acoustic signal ∆I. The green and the red
points give the variance for two occasions the nozzle stopped jetting after the BEP
was applied. The blue and magenta points show the variance for two occasions after
which the channel continued printing. In the magnification the disturbance due to the
BEP is more clearly visible. Here the dashed lines show the time at which the BEP was
applied. In all experiments the acoustics are disrupted for some time after the BEP.
The amplitude of the variance seems to correlate with the bubble to maintain inside
the channel.

acoustic signal is disturbed after the BEP is applied. The disturbance looks
similar to the disturbance observed in the initial velocity change of drop (Fig-
ure 6.8, though there is a large difference the duration of the disturbance. For
the experiments in which the channel did not stop jetting (magenta and blue), it
can be seen that the amplitude of the variance is less compared to the two other
situations where the channel stopped jetting. But in all four cases the acoustics
are disrupted in the actuations following the BEP, where in the magenta and
blue experiment the acoustics restored after 1.5 ms and 5 ms, respectively. In
these two specific occasions the bubble could have been jetted out, or could
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have been too small to sustain.

6.5 Summary & Outlook

By visualizing the drop formation process, that unavoidable results in air entrap-
ment, three conditions that could lead to air entrapment were observed. Firstly,
from the CFD simulation it was found that air entrapment occurs relative far
behind the nozzle, corresponding with a strongly retracted meniscus. In case of
the BEP this is a result of a relative large droplet with roughly twice the volume
of a normal droplet. This can explain that air entrapment is correlated with
high jetting frequencies. At higher frequencies more droplets, hence volume, is
ejected in time, possibly causing a retracted meniscus position.

A second point that is noticed is that the emerging droplet is still connected
to the meniscus moments before air is entrapped. The connection suggests a
very low velocity at this point, while the rest of the meniscus expands with a
high velocity.

It was also observed that, by lowering the actuation voltage, a more symmet-
rical drop formation could be created, which didn’t result in air entrapment.
In [14] it was experimentally found that an asymmetrical drop formation, due
to a small dust particle, precedes air entrapment. At present state it is unclear
then, if asymmetry is a requirement for, or a result of the air entrapment.

There still remains the challenge to visualize the true nature of the air cusps
in future work. In ongoing research it will be tried to apply a BEP on different
geometries, such as used in chapter 2 and chapter 3, where it is possible to
visualize the presence of bubbles using a glass inset or infrared light inside
silicon devices, and as such visualize the formation of the bubble.

The BEP is an important tool for further research in characterizing air en-
trapment, and studying the growth and translation of a bubble inside an ink
channel. Ongoing research will be done to create fast detection methods and
to find methods to prevent air entrapment. Till the problem of air entrapment
is resolved, acoustic sensing methods, such as developed by Océ Technologies
B.V., shall remain necessary for creating hundred percent reliable printheads.
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7
Conclusions and outlook

In this thesis the subject of air entrapment and drop formation in drop-on-
demand piezo inkjet printing was investigated. There were several challenges
at the beginning of this project; the mechanism that leads to air entrapment
was unknown, moreover it was a challenge to measure the effect of an entrained
microbubble on the acoustics of the printhead. This would be vital for validat-
ing the available acoustic model. Another challenge was introduced for the
new MEMS printheads. For this geometry it was still unclear if microbubbles
would be entrapped and what the size and position would be. The different
challenges were approached with a similar methodology; by optical imaging,
acoustic sensing and comparing the experiments with dedicated models.

In chapter 2 it was shown that the acoustics of a dissolving bubble could be
measured, while simultaneously creating an optical image of the bubble. For
the first time the dynamics of the microbubble were captured optically and
acoustically. A one-dimensional acoustics model was applied to predict the
size of the bubble from the acoustic signal. Optical imaging allowed for the
verification of the calculated results. A very good agreement was found, which
confirmed the quality of the model.

In chapter 3 it was shown that in the MEMS printheads, which is one order
of magnitude smaller, it is still possible to entrap microbubbles, which conse-
quently disrupt the drop formation. By using infrared illumination the presence
of a microbubble in an operating printhead was confirmed. The bubble was
found in a corner close to the nozzle plate of the channel. A similar location as
was found for the conventional printhead described in chapter 2. It was shown
that the smaller geometry could also be modeled with the acoustic model. The
important contribution in this study is that, compared to the result obtained in
chapter 2, these results were obtained from an unmodified printhead.

Chapter 4 introduces a novel flash illumination technique (iLIF ), with an illu-
mination time of only 7 ns. The intensity of this light source was over one order
of magnitude larger than other available light sources. iLIF is ideally suited for
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the visualization of drop formation in very high detail, as was shown in chapter 5.
Here the images, recorded with iLIF, were compared with recordings captured
with the Brandaris 128, one of the fastest high speed cameras available. The
comparison showed that the resolution of the images obtained with the flash
illumination is superior to those acquired with the high speed camera. Addi-
tionally the reproducibility of the drop formation, which is required for single
flash recording, was measured. This showed that, until the drop detaches from
the meniscus, there is very little difference between individual drops, confirming
the excellent reproducibility of the drop formation. From these experiments not
only the velocity of the drop could be extracted, but also the velocity inside the
drop. This allowed for a comparison with a fast one-dimensional drop model,
which showed very good agreement.

The air entrapment process has always been very difficult to study as it is er-
ratic and unpredictable. In chapter 6 another valuable instrument is introduced,
the possibility to entrap air by using a bubble entrapment pulse (BEP). The
different aspects of the pulse and the resulting drop formation were treated,
and it was shown that this special pulse induces air entrapment. Additionally
the disrupted drop formation clearly shows the presence of microbubbles. The
experiments show that it is possible to entrap air in a controlled way. Air en-
trapment appears to coincide with a low refill of the nozzle at the time the drop
detaches from the meniscus, which seems to be confirmed by CFD simulations.
Acoustic measurements show that the amplitude of the acoustic disturbance
correlates with a potential jetting failure.

In this last part of the thesis a short outlook will be given for applying the tech-
niques developed in this thesis. The study on drop formation in inkjet printing
is continuing and, as higher and higher drop repetition rates are an industrial
requirement, it is anticipated that air entrapment will limit the productivity. It
remains crucial to study all aspects of the acoustic signal in trying to achieve
hundred percent reliability. Acoustic models could well be applied for this pur-
pose, but experiments that verify the results will remain essential. It would
be very valuable to expand the presented acoustic model, such that meniscus
movement and drop formation is included.

One technique that will become important in ongoing research is iLIF illu-
mination. The high intensity and short illumination time make it possible to
capture the smallest details, even at high velocities, making it a superior instru-
ment for visualizing droplets. The visualization of the air bubbles as a result
of the BEP is a very good example of the improved value of the iLIF. This
particular drop formation was already visualized with other light sources, but
no air bubbles inside the drop were observed due to limitations of the light

96



source. The applicability of iLIF illumination expands beyond inkjet, to all sorts
of microfluidics experiments where high velocities and small length scales are
involved.

The drop formation analysis that was shown in chapter 5, in combination with
the drop formation model, are also a promising results. In ongoing experimen-
tal research it would be a valuable addition to incorporate acoustic sensing to
confirm the repeatability of the drop formation. Moreover, with several modifi-
cations it is possible to develop an automated experimental setup that combines
iLIF, image acquiring, acoustic sensing and pulse modulation. Such an experi-
mental setup would open world of possibilities on studying drop formation and
air entrapment.
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Summary

Piezo drop-on-demand inkjet printers are used in an increasing number of appli-
cations for their reliable deposition of droplets onto a substrate. The technology
is used to create droplets of a few picoliters with drop repetition rates in the or-
der of 10 kHz. However, entrapment of an air microbubble into the ink channel
can severely impede the productivity and reliability of a printing system. The
air bubble disturbs the channel acoustics resulting in disrupted drop formation
or temporally failure of the jetting process.

The research described in chapter 2 was done to investigate the effect of the
microbubble on the channel acoustics. The influence of the bubble was studied
by measuring the acoustics while a bubble was let to dissolve. The channel
acoustics could be measured by using the piezo that generates the acoustic
pressure field, simultaneously as a sensor. The acoustic signal is a highly repro-
ducible for normal drop formation. However, when a microbubble is entrapped
the acoustic signal changes significantly. To understand the acoustic signal an
acoustical model was developed that included the two-way coupling between
the channel acoustics and the disturbing bubble. The model can be used to
predict the acoustic signal for a given geometry and bubble volume. The inverse
problem is to infer the bubble volume from an experimentally obtained piezo
current. By solving this inverse problem, the size and of the bubble can thus
be measured acoustically.

To validate the results from the numerical model, the volume of the bubble
was also measured optically. This was done by adding a glass inset to the
inkjet printhead, such that the bubble could be imaged. The results from the
acoustical model correspond closely to the results obtained from the optical
measurement, confirming the validity of the acoustic model.

Océ Technologies B.V. is also developing a Micro-Electro-Mechanical Systems
(MEMS)-based printhead. This printhead is made on a wafer-scale and is one
order of magnitude smaller compared to the printhead used in chapter 2. The
smaller design allows for higher frequencies, making it possible to print with
drop repetition rates up to 100 kHz. At these high frequencies the channel
becomes more susceptible to air entrapment.

In chapter 3 it is researched if the bubble can be visualized without modifying
the channel. The MEMS printhead is mostly made out of silicon, making it
possible to use infrared light to visualize the presence of air bubbles inside the
channel. The infrared visualization technique allowed for an accurate sizing of
the bubble and the bubble dynamics inside an unmodified ink channel.
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As in chapter 2, the acoustical signal was captured by using the actuating
piezo also in receive mode. The acoustic signal clearly identified the presence
of an air microbubble inside the channel during failure of the jetting process.
The acoustics model, that was also applied in chapter 2, was used to predict
the bubble size from the acoustic measurements. The comparison between the
results from the infrared detection and the results acquired from the acoustical
model showed very good agreement, confirming the applicability of the acous-
tical model. Besides calculating the presence and the size of a microbubble
inside an ink channel, the model was used to predict the change in the velocity
of droplets after air is entrapped.

Besides studying air entrapment also the drop formation itself was studied.
These drop velocities are typically in the order of 10 m/s, and the typical
length scale is in approximately 25 µm. Hence, to visualize all details from
the drop formation, a very fast high speed camera is required. However, the
high reproducibility of the drop formation allows for a more affordable solution;
single flash stroboscopic imaging. To record high quality images free of mo-
tion blur a very short flash is required. In chapter 4 we present an illumination
technique based on laser-induced fluorescence which delivers high intensity light
pulses of 7 ns. The light source consists of a Q-switched Nd:YAG laser and
a laser-dye solution incorporated into a total internal reflection lens, resulting
in a uni-directional light beam with a millimeter-sized circular aperture and 3◦

divergence. The laser coherence, considered undesirable for imaging purposes,
is reduced whilst maintaining a nanoseconds pulse duration.

In chapter 5 we study the details of droplet formation with the Brandaris 128
ultrahigh-speed imaging facility at frame rates of up to 10 million frames per
second. We compare these result with the stroboscopic technique described in
chapter 4. The stroboscopic recordings excel in visualizing details and image
quality. The highly reproducible recordings were analyzed to give the local flow
rate and velocity distribution within the droplet.

Additionally a one-dimensional model based on the lubrication approxima-
tion was introduced. In the model the equations are solved on a Eulerian grid
with a second order accurate scheme. The pinch-off singularity is prevented
by regularization of the surface tension at small radius. The results from the
model are compared with the experimental data. Overall the drop model shows
good agreement with the experimental observations. Both the model and the
experimental method show promising results for future research.

The air entrapment studied in chapters 2 and 3 was always induced uncontrol-
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lably by using very high actuation frequencies. To study air entrapment in a
controllable fashion chapter 6 introduces a bubble entrapment pulse (BEP). The
BEP pulse results in a highly disturbed drop formation which is visualized with
the stroboscopic illumination technique. The images reveal the presence of air
bubbles inside the drop and at the meniscus. The stability and reproducibility
of the bubble size and positions is excellent. By comparing the drop forma-
tion with the drop formation modeled with a Computational Fluid Dynamics
simulation, a possible mechanism for air entrapment was found.

Here also the acoustic sensing technique was applied to measure the channel
acoustics after the BEP, confirming the nozzle failure due to air entrapment. It
also showed that on some occasions the channel restores relatively quick after
the BEP. The amplitude of acoustic disturbance in the first actuations after the
BEP appears to correlate with potential failure of the drop formation.
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Samenvatting

Afdrukken maken met behulp van inkjet-printers is tegenwoordig een ingeburg-
erde technologie, en één van de meest toegepaste technieken voor de depositie
van druppels. Dit komt mede door de zeer goede reproduceerbaarheid van
de druppels, de hoge betrouwbaarheid en het brede werkgebied van bruik-
bare vloeistoffen. In dit proefschrift is onderzoek gedaan naar printkoppen
van Océ Technologie B.V. die gebruikt worden voor grootformaat drukwerk.
Een enkele inkjet printkop bevat enkele honderden kanalen. In deze kanalen
worden ongeveer 20.000 druppels per seconde gevormd, waarbij elke druppel
een vast volume van enkele picoliters bevat. Om de druppels te genereren is
een akoestisch drukveld vereist, dat wordt gegenereerd door een piëzo element
dat in het kanaal is geplaatst.

Hoewel het inkjet-proces tot één van de betrouwbaarste druppelvorming-
stechnieken behoort, zijn er toch omstandigheden die tot een verstoorde drup-
pelvorming leiden. Één van de mogelijke verstoringen is het invangen van een
luchtbel bij de nozzle. Het akoestische drukveld in het kanaal zorgt ervoor dat
de luchtbel groeit en dieper binnenin het kanaal terecht komt. De aanwezigheid
van de luchtbel verstoort het akoestische drukveld met als gevolg een versto-
orde druppelvorming. Dit kan er zelfs toe lijden dat het kanaal tijdelijk uitvalt.
In dit proefschrift is onderzoek gedaan naar de vorming van inkjet-druppels en
de gevolgen van luchtbellen in het kanaal.

In hoofdstuk 2 van dit proefschrift is onderzocht hoe de luchtbel het akoestisch
veld bëınvloed. Het akoestisch drukveld is gemeten door de piëzo die gebruikt
wordt om het akoestisch veld te genereren tegelijkertijd als sensor dienst te laten
doen. Per druppel en per kanaal wordt dan één akoestisch signaal gemeten. De
hoge reproduceerbaarheid van de druppelvorming gaat gepaard met een eve-
neens reproduceerbaar akoestisch signaal. Een verstoring in de druppelvorming
veroorzaakt door een luchtbel zorgt echter voor een significante verandering in
het akoestische signaal. Door een ingevangen luchtbel op te laten lossen en
tegelijkertijd de piëzo op een lage frequentie te actueren, was het mogelijk de
akoestiek voor een luchtbel van verschillende groottes te meten. De gemeten
akoestische signalen werden vergeleken met een 1-dimensionaal numeriek model
dat de akoestiek van het kanaal uitrekent. In dit numerieke model is zowel het
effect van de luchtbel op de akoestiek, als het effect van de akoestiek op de
luchtbel meegenomen. Aangezien de geometrie van het kanaal bekend is kan
uit een enkel akoestisch signaal de grootte van de luchtbel berekend worden.

Om de resultaten van het model te kunnen verifiëren is tegelijk met de
akoestische meting een visuele meting naar de grootte van de bel. Dit was
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mogelijk omdat een deel van het kanaal in glas was uitgevoerd. De optische
gemeten bel grootte is vergeleken met bel grootte bepaald met behulp van het
akoestische model. De onafhankelijke verkregen resultaten komen zeer goed
overeen. Dit resultaat bevestigt de kwaliteit van het akoestische model en
maakt het tot een waardevol gereedschap om verstoringen beter te kunnen de-
tecteren.

Océ Technologie B.V. ontwikkelt een nieuwe generatie Micro-elektromechanisch
systeem(MEMS)-printkoppen. Door gebruik te maken van uit de chipindustrie
afkomstige technologie kunnen de printkoppen op wafer-schaal geproduceerd
worden. Deze technologie leent zich goed voor miniaturisatie, waardoor het
mogelijk is de printkoppen meer dan een orde kleiner te maken. Door de
schaalverkleining is het mogelijk hogere druppelfrequenties te halen. In het
huidige ontwerp kan een individueel kanaal tot 100.000 druppels per seconde
printen. Echter, bij deze hoge frequenties neemt de kans op het invangen van
luchtbellen toe.

In hoofdstuk 3 zijn de aanwezigheid en gevolgen van luchtbellen in deze
nieuwe geometrie onderzocht. Ook hier is de piëzo als sensor gebruikt om zo
het effect van de luchtbel op de akoestiek te meten. Het numerieke model
uit hoofdstuk 2 is gebruikt om uit het akoestische signaal de grootte van de
luchtbel te bepalen. Omdat de printkoppen voor het merendeel uit silicium
bestaan, was het mogelijk om met infrarood licht in het kanaal te kijken. Op
deze manier kon grootte en positie van de luchtbellen gemeten worden in een
werkende printkop zonder dat er printkop modificaties nodig waren. Ook hier
is een erg goede overeenkomst gevonden tussen de bel grootte gemeten met
infrarood en de belgrootte bepaald met het akoestisch model. Dit toont aan
dat het model ook bij deze kleinere geometrie een waardevol gereedschap is om
de akoestiek te berekenen. Met het akoestisch model kan ook de stroomsnel-
heid van de inkt berekend worden, en zo voorspellen hoe de druppelsnelheid
veranderd. Het model laat zien dat na het invangen van een luchtbel de drup-
pelsnelheid eerst iets toeneemt, maar als de bel groeit zakt de druppelsnelheid
in.

De druppels die gevormd worden bij het inkjet-printen hebben een relatief hoge
snelheid in de orde van 10 m/s. Deze snelheid is relatief hoog ten opzichte
van de lengteschaal van de druppel, die in de orde van 25 µm is. Om de
druppelvorming goed te visualiseren zijn camera’s met beeldfrequenties van
meer dan 1 miljoen beelden per seconde vereist. Doordat de druppelvorming
zeer reproduceerbaar is, is het ook mogelijk om, in plaats van een hogesnel-
heidscamera, een goedkopere stroboscopische methode te gebruiken. Hierbij
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is een zeer korte belichtingstijd vereist om bewegingsonscherpte te voorkomen.
Hoofdstuk 4 presenteert een nieuwe belichtingstechniek die uitermate geschikt
is voor stroboscopische opnamen. Deze belichtingstechniek maakt gebruik van
een Q-switched ND:YAG laser. De laser belicht een totale-interne-reflectie-lens,
waarin een kleine holte is gemaakt. In deze holte bevindt zich een oplossing met
fluorescente deeltjes. Het resulterende fluorescente licht geeft een incoherente,
egaal uittredende lichtbundel die hoofdzakelijk in één richting is georiënteerd.
De belichtingstijd van de lichtbron is 7 ns, vergelijkbaar met de belichtingstijd
van de gebruikte laser.

In hoofdstuk 5 wordt de druppelvorming onderzocht met de Brandaris 128
hogesnelheidscamera en bovenstaande stroboscopische methode. Uit beide
metingen wordt het volume van de druppel, de stroomsnelheid van de vloeistof
en de snelheid in de druppel bepaald. De gevisualiseerde details van de drup-
pelvorming met deze nieuwe belichtingstechniek excelleren in verhouding met
de visualisatie met andere beschikbare lichtbronnen met een korte pulsduur.

Daarnaast wordt in dit hoofdstuk ook een 1-dimensionaal Euleriaans drup-
pelmodel beschreven dat gebruikt kan worden voor snelle berekeningen van de
druppelvorming. De vergelijkingen van het model zijn gebaseerd op de lubrica-
tion theorie. Door een slimme numerieke implementatie van de vergelijkingen
treed er geen singulariteit op als de druppel insnoert. Dit maakt het ook mo-
gelijk om het opbreken en de samensmelting van druppels te modelleren.

De resultaten van de experimenten worden gebruikt als initiële condities voor
het model waarmee vervolgens de viscositeit en de oppervlaktespanning van de
inkt berekend kunnen worden. Ondanks het feit dat bij deze eerste experimenten
de voorspelde viscositeit en oppervlaktespanning nog niet overeenkomen met de
bekende waarden biedt het model in combinatie met de zeer gedetailleerde stro-
boscopische metingen goede vooruitzichten voor toekomstige metingen.

Het invangen van luchtbellen in hoofdstuk 2 en 3 is onwillekeurig en het is
onbekend wanneer dit optreedt. Om het invangen van lucht in het kanaal
gestructureerd te onderzoeken wordt in hoofdstuk 5 gebruik gemaakt van een
zelf ontwikkelde bel-invang-puls (BEP). De druppelvorming als gevolg van de
BEP is asymmetrisch en verstoord, maar wel volledig reproduceerbaar. Uit vi-
sualisaties van de druppelvorming blijkt dat er luchtbellen ingevangen worden
in de druppel en in de meniscus. We laten zien dat zowel de verstoorde drup-
pelvorming als de luchtbellen volledig reproduceerbaar zijn. Simulaties met een
computational fluid dynamics pakket laten zien hoe, tijdens de actuatie met de
BEP, lucht in de teruggetrokken meniscus wordt ingesloten.

Naast de visualisatie van de druppelvorming is ook de akoestiek voor en na de
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BEP gemeten met dezelfde methode als in hoofdstuk 2. De metingen laten zien
hoe het akoestisch signaal enkele milliseconden na de BEP nog is verstoord, en
dat in een aantal gevallen het kanaal uitvalt. De amplitude van het verstoorde
akoestische signaal vlak na de BEP lijkt een maatstaf te zijn voor mogelijk
uitval van het betreffende inktkanaal.
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