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Abstract

-Tim Segers’ - Marc van den Berg? - Hans Reinten? - Herman Wijshoff>3 . Detlef Lohse’ -

Piezo-acoustic inkjet printing is the method of choice for high-frequency and high-precision drop-on-demand inkjet print-
ing. However, the method has its limitations due to bubble entrainment into the nozzle, leading to jetting instabilities. In this
work, entrained air bubbles were visualized in a micrometer scale ink channel inside a silicon chip of a MEMS-based piezo-
acoustic inkjet printhead. As silicon is semi-transparent for optical imaging with shortwave infrared (SWIR) light, a highly
sensitive SWIR imaging setup was developed which exploited the optical window of silicon at 1550 nm. Infrared recordings
of entrained bubbles are presented, showing rich phenomena of acoustically driven bubble dynamics inside the printhead.
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1 Introduction

Piezo-acoustic inkjet printing is a versatile drop deposition
technique and a key technology in modern industrial digi-
tal printing. With this technique, a piezo-acoustic printhead
can jet single droplets on demand out of the nozzles, by
driving the ink out of the nozzle thanks to the deformation
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of a piezoelectric element and the resulting pressure field.
The technique provides accurate contactless deposition of
ink droplets onto a wide variety of substrates, and it can
handle inks within a large range of viscosities, surface ten-
sions, and (chemical) compositions. Typically, droplets can
be produced with a volume of 1-32 pL, the jetting frequency
ranges between 10 and 100 kHz, and the final droplet veloc-
ity ranges from 5 to 10 m/s (Wijshoff 2010; Hoath 2015).
These capabilities make it an attractive technique both for
classical applications such as document printing, packaging,
and graphic arts, as well as for novel applications such as
3D printing (Derby 2015), electronic components (Majee
et al. 2016, 2017; Eshkalak et al. 2017; Vilardell et al. 2013;
Moya et al. 2017; Eggenhuisen et al. 2015; Hashmi et al.
2015; Shimoda et al. 2003; Jiang et al. 2017), and (artificial)
biological material (Simaite et al. 2016; Hewes et al. 2017;
Nakamura et al. 2005; Villar et al. 2013).

Competition with offset printing in the large volume
printing market and the rapid developments in the previ-
ously mentioned novel printing applications lead to a con-
stant pursuit for higher productivity, higher printing quality,
higher reliability and robustness, and lower costs. There-
fore droplet size and production tolerances and costs must
decrease, while at the same time jetting frequency, droplet
velocity, and resolution (nozzles per inch) must increase.
These demands led to a shift towards the use of the Micro-
Electro-Mechanical Systems (MEMS) technology (Menzel
et al. 2004; Kim et al. 2009; van der Bos et al. 2011; Kim
et al. 2014) that is most well known for its widespread use
in the silicon-based semiconductor industry for the minia-
turization of computer chips and sensors. MEMS technology
is replacing classic printheads with ink channels made in,
for example graphite, using bulk piezos and a metal noz-
zle plates (Wijshoff 2010), by printheads with ink channels
etched in silicon, having thin film piezos (van der Bos et al.
2011). The main advantages of MEMS technology in silicon
are a lower fabrication cost, a higher fabrication precision,
a higher nozzle density, and shorter ink channels, allowing
more efficient and controlled high DOD frequency jetting.

Figure 1 shows a schematic drawing of an ink channel in
a MEMS printhead developed at Océ Technologies. MEMS
printheads have shorter ink channels than classic printheads,
i.e. of the order of 1 mm instead of 10 mm, and therefore the
acoustic operating principle is also different, i.e. Helmholtz
resonance (von Helmholtz 1895) instead of the traveling
wave principle (Wijshoff 2010).

An essential part of reliable printhead operation is the
minimization of air bubble entrainment, which can occur
at the nozzle, typically at a timescale of the order of 1 ps,
and with an initial bubble radius of the order of 1 pm. As
described in de Jong et al. (20064, b); Jeurissen et al. (2008,
2009); Lee et al. (2009); Jeurissen et al. (2011); van der Bos
et al. (2011), entrained air bubbles grow in the acoustic field
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Fig.1 Layout of MEMS-based printhead ink channel with an
entrained air bubble. The nozzle has a length and diameter of 30 pm

inside the ink channel due to rectified diffusion (Eller and
Flynn 1965; Crum 1984; Leighton 1994; Brennen 1995;
Brenner et al. 2002), move to a wall due to acoustic radiation
forces, and distort or even halt drop formation because their
compressibility affects the acoustic pressure at the nozzle.
Thus air entrainment has a detrimental effect on the printing
quality and reliability. Therefore the ultimate goal is to fully
understand the bubble entrainment mechanisms and subse-
quent bubble dynamics, so that printheads can be designed
with a minimal chance of entrainment or at least a minimal
influence of entrained bubbles on the droplet formation.

In classic printheads both dust particles and an ink layer
on the nozzle plate have been shown to induce air bubble
entrainment (de Jong et al. 2006a). Air entrainment through
these mechanisms can be prevented by applying an anti-wet-
ting coating to the nozzle plate, as this prevents transport of
ink and dirt to jetting nozzles. Entrained bubbles were visu-
alized in the classic printhead by replacement of the metal
nozzle plate by a glass chip with ink channel-extensions ter-
minated by nozzles. A major drawback of this method was
its invasiveness, especially because of the hourglass shape
of the ink channels and conical shape of the nozzles due to
limitations of the powder-blasting method that was utilized
to form the channels and nozzles in glass. The optically
accessible glass channels were imaged using a high-speed
camera at a framerate of 40 kfps and at a spatial resolution
of 4 pm/pixel (de Jong et al. 2006b). The bubble growth and
translation could be studied from shortly after entrainment to
its fully developed state. However, the imaging system was
not capable of recording the entrainment process itself due
to the short timescales of this process.

MEMS printheads can also suffer from bubbles that dis-
rupt the drop formation process (Kim et al. 2009; van der
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Bos et al. 2011). As silicon is semi-transparent (50-60%) to
infrared light with wavelengths between 1.1 and 6.0 pm, it
is possible to look into silicon devices using infrared imag-
ing (Chung et al. 2003; Han et al. 2004; Liu et al. 2005).
In our prior work (van der Bos et al. 2011), this was done
in MEMS printhead at a shortwave infrared (SWIR) wave-
length of 1.2 pm. Entrained bubbles were observed in the
feedthrough of a MEMS printhead that experienced jetting
failure. The steady-state oscillations and the dissolution of
fully grown bubbles were studied, and it was shown that the
size of a single entrained bubble could be calculated based
on only a measurement of the channel acoustics, measured
through the piezo electronics. However, the entrainment
process itself, and the subsequent bubble growth and trans-
lation from just after entrainment to a fully grown bubble,
could not be imaged because of the limited (infrared) optical
accessibility of the feedthrough through the nozzle plate,
the lack of a side view into the nozzle and feedthrough, and
the limited image quality, including resolution, sensitivity,
and frame rate of the imaging system. So despite these pre-
vious efforts, a full understanding of the physical mecha-
nisms involved in the bubble entrainment process and bubble
dynamics is still lacking.

To overcome this shortcoming, in this work more details
of the entrained air bubble dynamics in a MEMS print-
head have been revealed using a newly developed, highly
sensitive SWIR imaging setup, and a more recent MEMS
printhead design of which the feedthroughs and nozzles are
more accessible to SWIR imaging. With the new setup sin-
gle bubbles were imaged in much more detail, as well as
multiple bubbles and their mutual interactions. The observed
phenomena include bubble growth and translation, merging
of bubbles, steady-state dynamics of fully grown bubbles,
long-term bubble stability, and acoustic streaming.

2 Experimental system
2.1 Printhead and ink

For this study an experimental MEMS printhead from
Océ Technologies was selected and externally modified
without making intrusive modifications to the functional
acoustic part of the printhead. The most important require-
ment for this MEMS printhead was a good optical acces-
sibility to SWIR imaging of the feedthroughs and nozzles
(see Fig. 1) through both the bottom and side of the MEMS
chip. Because of the large difference in refractive index n
between the silicon (n = 3.5), the ink (n = 1.5) and the air
(n = 1.0), the critical angles of total internal reflection for
the silicon—air and the silicon—ink interfaces are only 16.6°
and 25.4°, respectively (van der Bos et al. 2011). Therefore
the internal and external walls should ideally be smooth and

oriented either perpendicular or parallel to the optical path.
Deviations from the ideal orientation deteriorate the image
quality and quickly result in total reflection. Therefore a
MEMS chip design was chosen with all features either par-
allel or perpendicular to the nozzle plate, i.e., one that has
no funnel between the feedthrough and the nozzle, as we had
in van der Bos et al. (2011). Furthermore, the feedthrough
in the selected chip design has a rectangularly shaped cross-
section with rounded corners instead of a circular one, as in
van der Bos et al. (2011). The optical path for the side view
into the chip was created through a few special modifica-
tions. First, a layer of silicon was polished away from the
side of the selected MEMS chip to minimize the optical path
length in the silicon. Second, the modified chip was glued
onto the printhead such that the bottom half of the polished
side of the chip remained optically accessible. Lastly, an
anti-wetting coating, consisting of self-assembled monolay-
ers of (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosi-
lane (FOTS, abcr GmbH, CAS 78560-45-9), was applied
to the polished side of the chip to prevent the formation
of an ink layer that may distort the imaging process. The
front of the nozzle plate, where the nozzle exits are located,
did not suffer from the formation of an optically distorting
ink layer, and therefore did not require an anti-wetting coat-
ing to achieve optical access. The nozzles were cylindrical
and had a length and diameter of 30 pm. As model ink a
non-colored version of the CrystalPoint™ technology (Océ
Technologies B.V.) was used, which is a hot melt ink that
is jetted at 130 °C. At this temperature the ink’s viscosity,
density, and surface tension are 10 mPa s, 1080 kg/m3, and
28 mN/m, respectively.

The printhead was actuated at a drop-on-demand (DOD)
frequency of 20 kHz using a trapezoidal pulse with a rise-
and fall time of 1.5 ps, and with a high time of 2 ps, opti-
mized for an ink channel Helmholtz resonance frequency
of 143 kHz. This piezo driving pulse was produced by an
arbitrary waveform generator (Wavetek 195) and amplified
by a broadband power amplifier (Krohn-Hite 7602M) to
an actuation amplitude of 40 V, corresponding to a drop-
let velocity of 7 m/s. The ink channel acoustics could be
monitored through a custom-made electronic device that
measures the piezo current due to the piezo deformation
by pressure fluctuations in the ink channel in between the
actuation pulses. The piezo signals were recorded at maxi-
mum at 50 Hz, i.e., once every 400 actuation pulses, by an
oscilloscope (Tektronix TDS5034B) at a sampling rate of
50 MHz. The recorded signals were stored onto a PC using
a custom-made Labview program for offline processing.

2.2 SWIRimaging system

The shortwave infrared (SWIR) imaging system, shown in
Fig. 2, consisted of a reflected light microscope (Olympus,

@ Springer
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Fig.2 Reflected light shortwave infrared imaging setup for imaging
entrained air bubbles in the ink channels of a MEMS-based printhead

BX-URA2) with SWIR-compatible components, i.e., a
50:50 beamsplitter (Thorlabs, BSW29R, wavelength range:
600-1700 nm), a 50x microscope objective (Olympus,
LCPLN5S0XIR, N.A. 0.65, working distance 4.5 mm) and a
tube lens (Olympus, U-TLU IR). Illumination was provided
by an infrared Light-Emitting Diode (LED, Epitex, L1550-
66-60-130, 1550 nm, 60 mW). A light source wavelength of
1550 nm, which is within the SWIR camera sensor range of
900-1700 nm and is widely used in optical communication
systems, was chosen over 1200 nm as it resulted in higher
quality images, see Fig. 3. The LED was used both in con-
tinuous mode by directly connecting it to a power supply

focus on chamber

(a) 1200 nm 1550 nm (b)

focus on feedthrough
1200 nm

1550 nm

nozzle

ink
remnant

chamber (without ink)

Fig. 3 Comparison between 1200 nm and 1550 nm illumination. The
images of the exact same ink channel are clearly of higher quality
for 1550 nm illumination. a Shows images of the ink channel with
the optical focus on the chamber whereas in b the optical focus was
positioned at the feedthrough. Note the ink remnants in the other-
wise empty ink chamber that can only be clearly appreciated using
1550 nm illumination

@ Springer

unit (Delta, max. 60 V and 0.6 A), and in stroboscopic mode
by connecting it to a custom-made electronic driving cir-
cuit. The stroboscopic driving circuit was designed to limit
motion blur while maintaining sufficient light intensity. It
delivered a large current to the LED during 500 ns pulses
by discharging two capacitors (Philips, 0.68 pF, 100 V,
0.68/10/100 MKT 344 HO) via a fast switching power MOS-
FET with an ultra-low on-resistance (International Recti-
fier, HexFET Power MOSFET, IRF540Z, 29.5 mQ, cont.:
34 A, pulsed: 140 A). Due to the short illumination time and
limited brightness of the light source, every image required
1800 light flashes over a camera exposure time of 90 ms. A
SWIR camera (Raptor Photonics, Ninox 640, SCD InGaAs
PIN-Photodiode sensor, 640x512 pixels, 15 pm pixel pitch)
was attached to the microscope to record images at a reso-
lution of 0.305 pm/pixel. The recorded images were stored
onto a PC using a custom-made Labview program. Trigger-
ing of the printhead actuation, the stroboscopic illumination,
and the camera recording was performed by a digital delay/
pulse generator (Berkeley Nucleonics Corp, BNC 575) with
nanosecond precision.

2.3 SWIR camera sensor selection

The camera of the SWIR imaging system was selected based
on the results of a sensitivity and image quality characteriza-
tion test for three different camera sensors. The three sensors
were selected primarily based on their sensitivity (quantum
efficiency, dynamic range, and dark current), the pixel pitch,
and the number of pixels. The sensitivity is important in
view of the short illumination times required to freeze the
motion of an oscillating bubble of micrometer size. A small
pixel pitch is desirable because it requires less magnification
and resulting light loss. A large number of pixels is desirable
to get high resolution images. All three sensors were Indium
Gallium Arsenide (InGaAs) sensors. More information on
architectural differences between the sensors was not pub-
licly available. The basic characteristics of the tested camera
sensors are summarized in Table 1.

The sensitivity of the sensors was tested using the setup
illustrated in Fig. 4a. Note that this characterization setup
is different from the imaging setup presented in Sect. 2.2.
It had a transmitted light microscope (Olympus, BXFM-F

Table 1 Demo camera sensor characteristics: pixel array size, pixel
pitch, and maximum frame rate

Sensor 1 Sensor 2 Sensor 3
Size (px) 1280 x 1024 640 x 512 640 x 512
Pitch (um) 12.5 15 20
Rate (fps) 60 90 400
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Fig.4 a Camera sensor sensitiv-
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+ BXFM-ILHS + U-DP) with a 10X infrared microscope
objective (Olympus, LMPLN10XIR, N.A. 0.3, working
distance 18 mm) and an infrared tube lens (Olympus,
U-TLU IR). The LED, the same as in the other setup, emit-
ted light continuously at full power, and measurements
were performed at neutral density (ND) filter fractional
transmittance values between 1 (no filter) and 0.001 (Thor-
labs, NENIRxXA where x = number between 0 and 9), and
at exposure times between 50 ps and 10 ms. A test target
(Thorlabs, R3L3S1N, Negative 1951 USAF Test Target,
3”%3”) was placed in the optical path to form an image
with a light and dark region, separated by a sharp transi-
tion. All recordings were performed in the most sensitive
mode of each sensor, usually called the high gain mode.
The sensors were tested both with non-uniformity correc-
tion (NUC) off and on. The NUC corrects for bad pixels,

Fractional transmittance

(f) Sensor2

«—ink—

o

<+ nozzle

and for differences between the pixel offset, gain, and dark
current, because each pixel has its own A/D converter.

Figure 4b shows part of a typical recording by the sen-
sitivity test setup, and illustrates how the signal and noise
were determined from such an image using a script pro-
grammed in Python (Python Software Foundation, https
://'www.python.org/). For both the light section in between
the black dashed lines and the dark section in between the
white dashed lines the mean pixel value was calculated,
and the difference between the two was defined as the sig-
nal. The noise was extracted from the dark pixel array
section in between the white dashed lines. First the array
was flattened by subtracting the baseline, a polyfit plane
of order 10 fitted to this array, from it. Then the noise was
obtained by calculating the standard deviation of the flat-
tened array.

@ Springer
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The measurement results are summarized in Fig. 4c, d.
From these results it was concluded that Sensor 3 could not
compete with the other two sensors, because it had a much
lower signal-to-noise ratio at the same light intensity. The
differences between Sensor 1 and Sensor 2 were less evident.
As a final test, a bottom view recording was made of an ink
channel in the MEMS printhead with stroboscopic illumina-
tion using the imaging setup shown in Fig. 2, and using the
same number of light flashes per image. Figure 4e, f show
the nozzle and thin ink layers on the nozzle plate. The noise
level of the image recorded using Sensor 2 was lower than
that of the image recorded by Sensor 1. Therefore Sensor 2
was selected for the SWIR imaging setup.

2.4 Image quality and optical accessibility

The SWIR imaging system’s image quality and optical
access to the feedthroughs and nozzles of the MEMS-based
printhead are demonstrated in Fig. 5. In both the image of
the bottom view and that of the side view two entrained air
bubbles are visible, as well as dirt particles that collected
around the bubbles and the nozzle. The bottom view shows
an actuated channel with fast streaming around the bubbles
and the nozzle due to acoustic streaming. So particles are
blurred because of their motion, in contrast to the side view.
In the side view, showing a non-actuated channel, the bub-
bles are not as clearly visible because the feedthrough side
wall was not as straight and smooth as the bottom of the
feedthrough. In the side view also the nozzle could not be
clearly imaged and the meniscus could not be visualized,

>

bubble

nozzle

147 ym
5
=~

bubble

186 um

Fig.5 Typical bottom view and side view of an ink channel in the
MEMS printhead imaged by the shortwave infrared imaging setup

@ Springer

which is a result of the combination of a cylindrical nozzle
shape with the small critical angles of total internal reflec-
tion of the silicon interfaces with ink and air. This underlines
the imaging challenges involved. Nevertheless, the image
quality of the present setup is dramatically increased with
respect to that earlier presented (van der Bos et al. 2011),
see Supplementary Fig. S1.

2.5 Experimental settings and image processing

The growth, translation, and interaction of bubbles from
just after entrainment to a fully grown state were captured
by real-time imaging at a frame rate of 50 or 60 fps, using
continuous SWIR illumination. The steady-state dynamics
of fully grown bubbles during one drop-on-demand period
of 50 us were captured stroboscopically at a temporal resolu-
tion of 0.5 ps. In the stroboscopic recording mode an image
and a piezo signal were captured once every 0.4 s, to allow
the computer to store the data and change the settings of the
pulse delay generator.

The contrast between the bubbles and the background in
the recorded images was enhanced with the image process-
ing program ImagelJ (http://imagej.nih.gov/ij). In the experi-
ments for which a reference image was available with an ink
channel without bubbles and particles, the contrast between
the feedthrough wall and the bubble was increased by first
subtracting the bubble image from the reference image, and
then subtracting the resulting image from the bubble image.
Furthermore, the function ‘subtract background’ in ImageJ
was used to filter out the uneven illumination in some parts
of the background. Finally, contrast was enhanced by adapt-
ing the image histogram.

3 Experimental observations
3.1 Bubble entrainment

A typical recording of bubble entrainment is shown in
Fig. 6 and Supplementary Video 1. Initially, multiple bub-
bles of different sizes, here with diameters between 3 and
8 pm, were entrained and spread along the feedthrough
wall at the intersection with the nozzle plate. The maxi-
mum frame rate of 90 fps was not high enough to capture
the entrainment process and the origin of the observed
multiple bubbles. The bubbles remained positioned at
their initial location for at least 20 ms, grew by rectified
diffusion (Eller and Flynn 1965; Crum 1984; Leighton
1994; Brennen 1995; Brenner et al. 2002), and at a cer-
tain moment moved to a corner. These movements are
explained by secondary Bjerknes forces (Leighton 1994;
Brennen 1995; Brenner et al. 2002; Garbin et al. 2009)
attracting bubbles to the wall and into the corner, and by
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Fig.6 Real-time 50 fps bottom view recording of bubble entrain-
ment, with 7 being the time after entrainment. The shadow around the
bubbles is caused by motion blur due to oscillation of the bubbles at
the microsecond timescale during actuation. See also Supplementary
Video 1

wall roughness holding bubbles temporarily in place along
the wall. Multiple bubbles located at a single corner inter-
acted and either quickly merged or coexisted in a semi-
stable equilibrium; some bubbles coexisted stably for up
to at least several minutes.

The dynamics of the entrained bubbles shown in Fig. 6
and Supplementary Video 1 are representative for the over-
all behavior of all imaged bubble entrainment events. First,
the entrained bubbles disperse along the feedthrough wall
at the intersection with the nozzle plate. Second, the bub-
bles grow through rectified diffusion. During the unsteady
growth phase, secondary Bjerknes forces drive the bubbles
towards a corner. In the corner, a steady state is reached
where the bubbles either merge through coalescence and/
or Ostwald ripening or where they stably co-exist. Despite
the similar overall dynamics, the details of the individual
entrainment cases were observed to be remarkably dif-
ferent. The existence of the various entrained bubble
configurations and entrained bubble dynamics reflect
the stochastic nature, complexity, and richness of bubble
entrainment phenomena in piezo-driven inkjet printheads.
In the remaining sections, we present typical examples of
the range of bubble configurations observed over many
bubble entrainment events.

Fig.7 Real-time 60 fps recording of diffusive interaction between
two bubbles in the same corner, with 7 being time after entrainment.
The shadow around the bubbles is caused by motion blur due to the
oscillations of the bubbles at the microsecond timescale during actua-
tion. See also Supplementary Video 2

3.2 Merging of bubbles by Ostwald ripening

In the case that multiple bubbles were present in the same
corner, and merged, it was not necessarily due to coales-
cence. In multiple occasions an Ostwald ripening (Ostwald
1897; Lemlich 1978; Tcholakova et al. 2011; Lee et al.
2015)-type of process was observed, i.e. exchange of gas
between bubbles by diffusion of gas through the liquid. An
example is shown in Fig. 7 and Supplementary Video 2.
Initially, the two bubbles in the bottom-right corner of the
channel approached each other and grew due to rectified dif-
fusion. Between ¢ = 0.28 s and ¢ = 0.45 s bubble 2 shrunk,
while bubble 1 grew, i.e., a large portion of the gas from
bubble 2 diffused through the surrounding liquid into bub-
ble 1. The gas exchange here was more complicated than

@ Springer
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in conventional Ostwald ripening, as not only the Laplace
pressure in the bubbles played a role, but the bubbles were
also prone to rectified diffusion, a process that is affected by
the presence of the wall, bubble (shape) oscillations, sur-
factants, and acoustic streaming (Gould 1974; Crum 1980;
Leong et al. 2011). After t = 0.45 s bubble 2 moved behind
bubble 1, and between r = 0.60 s and ¢ = 0.62 s bubble 2
disappeared.

3.3 Steady-state dynamics of fully grown bubbles

Within a few seconds after entrainment, the bubbles reached
an equilibrium state in which the number of bubbles, the
bubble sizes, and the bubble positions remained constant.
This allowed for the use of stroboscopic imaging to study the
steady-state bubble dynamics. Figure 8a and Supplementary
Video 3 show four of the observed equilibrium bubble con-
figurations: Fig. 8a-a a single bubble, Fig. 8a, b two bubbles
of different size, Fig. 8a—c two bubbles of a similar size,
and Fig. 8a—d three bubbles of which two were of a similar
size. The images in each column show the following five
different states of the bubble dynamics: (1) at rest, (2) at the
first maximum expansion, (3) first maximum compression,
(4) asymmetric bubble collapse towards the wall, and 5. the
second maximum expansion. The estimated total volumes
of the bubbles at rest in the four cases were 22 pL, 8.9 pL,
4.9 pL, and 2.5 pL, respectively. Figure 8b, c show that in all
four cases the presence of bubbles in the ink channel can be
acoustically detected. Figure 8b presents the piezo signals of
the four cases with bubbles and of one case without bubbles.
Figure 8c displays the Fourier transform of these signals
over the region between 7.5 and 50 ps, i.e., after the piezo
actuation, as indicated by the region with the grey back-
ground in Fig. 8b. Thus, the entrainment of a single bubble
in a channel with initially no bubbles resulted in an increase
of the peak frequency of 43%, from 142 to 203 kHz, while
the amplitude of the peak frequency increased by almost a
factor of two.

Both, case (a) and (b) in Fig. 8 result in an increase in peak
frequency from the Helmholtz resonance mode (143 kHz) to
the same value of 200 kHz whereas the total bubble volume
in (a) is 2.5 times larger than in (b). This indicates that the
acoustic signal measured by the piezo is not just the eigen-
frequency f of the bubble since fz o 1/R (Leighton 1994).
In fact, the frequency response measured by the piezo is
that of the coupled ink channel-bubble system. In the linear
limit, both the ink channel and the bubble can be described
as a mass-spring system (Leighton 1994; Dijksman 1998).
Therefore, the eigenfrequency measured by the piezo for an
ink channel with an entrained bubble can be modeled as a
coupled mass-spring system. Details of this model will be
part of a forthcoming paper.
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Fig.8 a Stroboscopically recorded images (68.6x68.6 pm) of four
different bubble configurations, showing five different stages in their
bubble dynamics. ¢ is the time from the start of the actuation pulse in
ps. See also Supplementary Video 3. b Piezo signals of the four dif-
ferent bubble configurations, and of a reference case with no bubbles
in the channel. ¢ Fourier transforms of the piezo signals

3.4 Stable coexistence of colliding bubbles

The image sequence in Fig. 9a and Supplementary Video 4
show details of the steady-state volume oscillations of two
non-coalescing bubbles of a similar size. During every piezo
actuation, the bubbles were acoustically driven into oscilla-
tion, and twice the bubbles collided, i.e., their surfaces flat-
tened in the area of close proximity after having approached
each other at a finite velocity: the first time for 2.5 ps start-
ing at t = 2.5 ps, and the second time for 7.5 ps starting at
t = 8.5 ps. During these two collisions the bubble surfaces
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(a)

t (us)

Fig.9 Two stroboscopically recorded image sequences, with ¢ being
the time from the start of the actuation pulse. a Two bubbles of a
similar size colliding twice during one drop-on-demand period of
50 ps without coalescing. b Asymmetric collapse of a single bubble
towards the wall, whereby a jet is formed in the bubble directed at the
wall, and the bubble gets a toroidal shape. See also Supplementary
Video 4

approached each other at an approximate maximum veloc-
ity of 2 m/s and 5 m/s, which, with bubble radii of 8 pm
and 10 pm, corresponds to Weber numbers of 1.2 and 9.6,
respectively. In this high Weber number regime, where the
bubble surfaces are flattened during collision, coalescence
is delayed by the drainage of the liquid film in between the
flat surfaces of the bubbles, especially because of the pres-
ence of surface-active components in the ink (Postema et al.

2004). In between the collisions the bubbles asymmetrically
collapsed in opposite direction, towards two different sides
of the wall at the corner, thereby limiting the contact time
between the bubbles and thus also hindering coalescence.
This is visible in Fig. 9a at r = 5.0 ps to # = 6.0 ps, where the
distance between the bubble surfaces increased rapidly and
the bubble surfaces strongly deformed. During asymmetric
collapse of a single bubble in one of the other corners, see
Fig. 9b, the deformation was even so large that a jet pen-
etrated the bubble in the direction of the wall, resulting in a
toroidal bubble. Asymmetric collapse and microjet forma-
tion for bubbles at a wall are well-known phenomena, and
are described in detail in Leighton (1994); Brennen (1995);
Benjamin and Ellis (1966); Plesset and Chapman (1971);
Crum (1979); Lauterborn (1982); Blake et al. (1997);
Postema et al. (2005); Vos et al. (2011).

3.5 Acoustic streaming

The flow induced by acoustic streaming (Lighthill 1978;
Longuet-Higgins 1998), driven by a phase difference
between the volumetric and translational oscillations of the
bubble (Marmottant and Hilgenfeldt 2003; Marmottant et al.
2006; Lajoinie et al. 2018), was visible in the experiments
due to dirt particles that collected in the streamlines around
the bubbles and above the nozzle. This was already briefly
discussed in Fig. 5, and is shown in more detail in Fig. 10
and Supplementary Video 5. Here, bubbles were entrained
into the channel after 7.5 s of printhead operation, and col-
lected in two corners of which one is shown in the image
sequence in Fig. 10a. After having reached an equilibrium
state at t = 8.77 s, dirt particles collected around the bubbles
in streaming patterns as shown at ¢ = 40.65 s. The motion
blur in the images of the dirt particles is indicative of the
high streaming velocity in this experiment. Therefore, the
particles could not be tracked to measure flow velocities.
However, in future work, the DOD frequency could be sub-
stantially lowered to decrease the time-averaged flow veloci-
ties which potentially allows for particle tracking veloci-
metry (PTV) or particle image velocimetry (PIV) such as
described by Chung et al. (2003); Han et al. (2004) and Liu
et al. (2005). When the actuation was halted, the bubbles
dissolved, and in the absence of acoustic streaming the dirt
particles were trapped in the viscous surrounding, visible at
t=40.67sand r=41.92s.

For the nozzle it was observed that during the jetting
phase, when no bubbles were entrained, dirt particles were
always present near the edge of the nozzle. For example,
in Fig. 10 at t = 7.5 s a dirt particle is visible in the top
right corner of the nozzle. These particles seemed to circle
near the nozzle, while their trajectories slightly fluctuated in
position around the circumference of the nozzle edge. The
presence of dirt particles over a time window of the order of
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Fig. 10 Real-time 60 fps recording of dirt particles captured in acous-
tic streaming streamlines, with 7 being the time after the start of
actuation. After r = 40.65 s the piezo actuation is turned off. a Two
coexisting bubbles in the same corner that dissolve once piezo actua-
tion has stopped. b Dirt particles that are captured in fixed trajectories
above the nozzle. See also Supplementary Video 5

seconds, while the printhead was jetting droplets at 20 kHz,
indicates that the dirt particles were trapped. The particles
may be trapped in a vortical flow, e.g., as a result of the
oscillating meniscus (Mach et al. 2011; Karino and Gold-
smith 1977; Zhang et al. 2016). The trapped dirt particles
may act as bubble nucleation sites (Brennen 1995).

After bubble entrainment it was observed that the dirt
particle trajectories both had periods where they would
constantly move around the circumference of the noz-
zle edge, and periods where they were more fixed at one
location above the nozzle edge. Figure 10b shows a time
interval where they were more fixed: the three particles
visible at + = 31.67 s are still at the identical locations at
t = 40.67 s, which is 9.00 s later, or after approximately
180,000 actuations.

4 Discussion and outlook
The SWIR imaging setup has revealed remarkably rich and

complex phenomena of acoustically driven bubble dynam-
ics inside a MEMS-based printhead, in particular the

@ Springer

entrainment and interaction of multiple bubbles. However,
it was not able to capture the bubble entrainment mechanism
because of the limited camera framerate and the optical inac-
cessibility of the nozzle area. A further limitation of the
SWIR setup is the three times higher diffraction limit (1.2
pm) as compared to that of an imaging setup that makes use
of visible light. Nevertheless, the imaged bubbles were at
least 10 pm in diameter resulting in an error of only approx.
10%.

The main interest of the present SWIR imaging setup is
its ability to stroboscopically image in full detail the acous-
tically driven bubble dynamics at a temporal resolution of
0.5 ps. The fully resolved radial dynamics allows for a direct
comparison of the experiments with numerical simulations.
The stochastic nature of the bubble entrainment process
allows for the combined experimental-numerical study of
multiple bubble configurations, i.e., from a single bubble to
multiple bubbles in different and/or in the same corner, and
for a range of bubble sizes. Modeling the coupling between
the ink channel acoustics and the bubble dynamics, which
changes the ink channel acoustics, is an interesting acoustics
problem from which a gain in fundamental knowledge of ink
channel acoustics is expected. Furthermore, it is of interest
to further investigate the interaction of two bubbles in the
regime where the simultaneous occurrence of Ostwald rip-
ening and rectified diffusion plays an important role. These
topics will be part of a future more detailed study.

5 Conclusion

Entrained air bubbles and ink flow in a MEMS-based piezo-
acoustic drop-on-demand printhead can be visualized using
shortwave infrared (SWIR) imaging because the silicon
walls of the ink channels are semi-transparent to infrared
light. A highly sensitive SWIR imaging system and a SWIR
accessible MEMS-based printhead were developed to study
entrained air bubbles in the ink channel. The growth, trans-
lation, and interactions of bubbles shortly after entrain-
ment were imaged in real-time at a framerate of 50 fps. The
steady-state dynamics of fully grown bubbles were imaged
stroboscopically at a temporal resolution of 0.5 ps. In both
cases the piezo signal, representing the pressure fluctuations
in the ink channel after actuation, was recorded each time an
image was captured.

The recordings showed that, shortly after bubble entrain-
ment, initially multiple bubbles of different size were
spread along the feedthrough wall at the nozzle plate, and
that eventually the bubbles collected at the corners of the
feedthrough. The interactions of multiple bubbles in the
same corner in some cases led to merging of the bubbles
through Ostwald ripening, and in other cases to semi-stably
coexisting bubbles. Bubbles coexisting in the same corner
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did not merge through coalescence because they collided
at high Weber number during the expansion phase and col-
lapsed asymmetrically towards the wall during the compres-
sion phase. Acoustic streaming near the nozzle and around
entrained bubbles was visible due to the presence of dirt
particles that were captured in the streamlines above the
nozzle and around the bubbles. These observations demon-
strate that with a highly sensitive SWIR imaging system the
phenomena of fluid flow and acoustics in silicon devices,
such as a MEMS-based piezo-acoustic inkjet printhead, can
be studied in detail down to the micrometer lengthscale and
at the microsecond timescale.
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