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Introduction *

1.1 Motivation

When staring out of the window on a rainy day, one can readily observe some of
the remarkable outcomes of impact experiments with water drops. In heavy rain, the
drops impact on the wet film deposited by previous drops and splash into a crown,
whereas in light rain the drops form small, circular disks. Already in the early 16th
century, Leonardo da Vinci noticed the remarkable splashing patterns after impact
and included them in his Codex Hammer (see figurel.1 (a)). However, a systematic
investigation into the impact of drops was only achieved centuries later, owing to the
short time scales of the impact phenomena. For example, the impact of a 3-mm drop
falling from 10 cm occurs in about 2 ms, which is far too short to be observed with
the naked eye. It was only after the introduction of electric flash illumination that the
first systematic studies were reported by Worthington [3]. He used a bright flash in a
dark room to illuminate the impacting drop and observe it by eye. Subsequently he
drew the impact patterns from memory, as shown in figure 1.1 (b). Since then, drop-
impact experiments on flat substrates [3, 4], heated substrates [5—8], at high velocities
[9, 10], and for small drops [11-13] have been performed; for an overview see refs.
[14, 15]. However, over the last 15 years, the understanding of drop impact has pro-

*Based on: H. Gelderblom, C.W. Visser, C. Sun, D. Lohse, 2012. The parts used for this chapter
were written in draft by CWV.
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Figure 1.1: Visualizations of drop impact. (a) Crushing of a water drop falling on a flat
dense substrate. Drawing in the margin of folio 33r in the Codex Hammer by Leonardo da
Vinci (1508), who already noted the axisymmetry of an impacted drop imprint pattern and
the existence of radial fingers [1] (description from [2]). (b) Drawings of the impact of a
boiled milk drop on a smoked glass slide by Worthington [3].

gressed considerably [15, 16]: High-speed imaging methods were digitized [17], drop
generators were improved [18-20], and ongoing developments in nanoscale material
science allowed for the detailed fabrication and characterization of a variety of target
substrates. These recent developments have resulted in major progress regarding the
understanding of drop impact [7, 8, 21-36].

The beauty and richness in phenomena observed for the impact of a single drop
on a dry solid surface is illustrated in figure 1.2. Capillary oscillations of an impacting
microdroplet result in a strong (but smooth) deformation of the droplet surface after
impact [37], shown in figure 1.2 (a). Figure 1.2 (b) shows a bubble that is entrapped
after the impact a water microdrop [13]. Impact of a hot metal microdrop on a glass
surface results in partial evaporation of the glass, which prevents contact between
the droplet and the substrate [38]. The droplet spreads into an extremely thin metal
sheet, in which holes form as shown in figure 1.2 (¢). Figure 1.2 (d) shows the
spectacular splash of an ethanol drop of moderate diameter (Dy ~ 3 mm) and velocity
(Vo = 3.7 m/s) impacting on a smooth solid substrate. Similar experiments have
revealed that this splash is completely suppressed at lower ambient pressures, which
evidences the key role of the surrounding gas [39]. Figure 1.2 (e) illustrates the
influence of the substrate morphology: The directional splash observed here is due to
a regular pattern of microscopic pillars on the substrate [28]. An example of a nickel
droplet that impacts a cold substrate with a velocity Vp = 180 m/s and subsequently
solidified [40] is shown in figure 1.2 (f). Finally, figure 1.2 (g) shows the spreading
of a drop over a smooth surface. At the edge of the spreading drop a rim is formed,
in which spatial oscillations are clearly visible.
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Whether and how these phenomena occur is crucial for understanding a variety of
natural phenomena and industrial processes. For example, the impact of rain affects
the erosion of soil [41], buildings [42], and wind turbine blades [43, 44]. Indus-
trial applications of droplet impact range from ink-jet printing [18] to cleaning of
semiconductor wafers [45] or steel strip [46], and from thermal spraying [38] to fuel
fragmentation in engines [47]. Finally, novel technologies depend on highly con-
trolled droplet impact, for instance 3D-printing [48] or deposition of cell-containing
drops for the fabrication of living tissue [49-51]. This vast range of applications is
reflected by a wide range of droplet diameters and impact velocities shown in figure
1.3.

However, the vast majority of experimental work has been performed for rela-
tively large (0.5 mm< Dy < 5 mm) and slow (0.1 m/s < V < 10 m/s) droplets, since
these are easy to create by dripping from a needle and subsequently adjusting the
height of the needle. Using alternative methods, smaller and faster droplets have
been generated, as indicated by the colored data points in figure 1.4. For example,
cold spraying [38], droplet-deflection from a droplet train [20], or impact of fast sur-
faces onto slowly moving droplets [11] have been used to generate fast (Vy = 50m/s)
micro-droplet impacts. As these methods are generally highly challenging, most of
these works focus on the impact-generation method rather than the physics of droplet
impact. The exception to these complex droplet-generation methods is using drop-on-
demand systems as used in ink-jet printers, which offer highly reproducible droplet
generation. Using ink-jet generated droplets, which have a typical diameter of 30 to
100 pm and a velocity of 0.1 to 10 m/s, some works have focused on the physics of
impact [13, 37], but here the impact velocities are lower than for most applications.
Consequently, details of droplet impact in the small-scale, high-velocity regime are
hardly known. This means that several upcoming technologies face delayed introduc-
tion and that current industrial processes can be optimized only in part. For example,
drop-on-demand printing of pure metals is still not widely introduced, since the ejec-
tion and impact dynamics of pure-metal droplets are poorly understood. Another
example is bioprinting, in which cell-containing droplets are deposited to construct
tissue replacements for damaged or dysfunctional tissues. However, significant cell
death still hampers high-throughput cell deposition technologies, which are required
to construct tissues of a relevant size.

Therefore, the motivation of this thesis is to enable novel technologies and solu-
tions for long-standing industrial problems by improving our understanding of fast,
micro-scale droplet impact. To this aim, key developments in the field of droplet
impact will be concisely discussed in the next section.
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Figure 1.2: Example outcomes of droplet impact, illustrating the wide variety of observed
impact behaviors. (a,b,c) Impact of micrometer-sized droplets on solid surface. (a) A water
drop impinging on a smooth surface, clearly exhibiting a capillary wave [37]; (b) A water
drop with diameter Dy = 76 um and impact velocity Vyp = 3.1 m/s, after impacting on a
smooth substrate [13]. (c) Impact of a hot (~2000K) metal microdrop on a glass surface
[38]; (d,e) A mm-sized drop with an impact velocity of several meters per second on a (d)
smooth [39] and (e) superhydrophobic micro-structured substrate [28]. (f) The solidification
pattern after a nickel drop with Dy = 200 um and V) = 180 m/s impacted on a substrate [40].
(g) Impact of a mm-sized droplet, clearly exhibiting waves on the rim.
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Figure 1.3: Indicative droplet sizes and impact velocities for various applications. LIFT:
Laser-induced forward transfer. FACS: Flow-assisted cell cytometry.
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Figure 1.4: Overview of experimental work on droplet impact. The colors indicate the
droplet-generation method, and correspond to the applications in figure 1.3. The letters cor-
respond to the impact events shown in figure 1.2.
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Figure 1.5: Illustration of the main regimes of droplet impact. Figures (a) and (b) illus-
trate capillary-driven droplet impact and inertia-driven impact, respectively (the arrows illus-
trate the driving force). Figure (c) illustrates inviscid spreading, in which viscous dissipation
mainly occurs close to the surface. Viscous spreading is illustrated in figure (d), where vis-
cosity plays a key role within the entire droplet. Finally, the phase diagram in figure (e)
displays the four regimes: the threshold We = 1 separates the capillary- from the inertia-
driven regimes, as indicated by the solid vertical line. The red line indicates the separation of
the viscous and inviscid spreading regimes.
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Figure 1.6: Overview of the different stages of droplet impact. (a) A droplet with diameter
Dy and velocity Vj is impacting onto a flat smooth surface (only liquid shown). During its
spreading into a lamella, a rim is formed. (b) Droplet-substrate interaction in the initial stage
of impact, adapted from [32]. The rectangle in the top image is enlarged in the subsequent
images, showing snapshots of the cross-section of the droplet. Initially the droplet flattens and
forms a dimple, due to compression of the ambient gas between the droplet and the surface.
After the initial contact is made, the air under the dimple is entrained and contracts into a
bubble.

1.2 Dropletimpact: Fundamentals and recent developments

In droplet impact on a smooth solid substrate, various driving- and dissipation mech-
anisms are encountered. These primarily depend on the impact velocity, the droplet
diameter, and the liquid properties. To assess which driving mechanism is dominant,
first we consider a droplet approaching the surface at negligible velocity. Starting
at the instant of contact, surface tension pulls the contact line away from the initial
position of contact (see figure 1.5 (a)). This capillary-driven spreading radius was
recently found to scale as r4(t) ~ (6Dg/p)"/*V/1, with time 7, density p, and surface
tension & [52]. providing a capillary spreading velocity Vyigma(t) ~ (Do /p) /41~ 1/2.
For the capillary velocity we have assumed a low-viscosity liquid; for the influence
of viscosity see [53].

However, for larger impact velocities, the droplet’s inertia increasingly influences
the droplet’s contact with the surface. In this case, the simplest approach to model
the radial position of the contact line of the impacting droplet is to assume that the
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droplet initially maintains its shape and initial velocity, as illustrated by the dashed
circle in figure 1.5 (b). The image represents very high impact velocities, in which
the droplet’s bottom is compressed. Under these assumptions, the radial position of
the intersection scales as ry(t) ~ +/VoDot. Surprisingly, this scaling is maintained
even if compressibility is negligible and the droplet expands at the impact surface,
as will be discussed in chapter 4. The aforementioned scaling provides the inertial
spreading velocityV; () ~ /VoDy/t with initial diameter Dy and impact velocity Vp.
The transition from the capillary- to the inertial-spreading regime takes place if V; >
Vs, yielding a Weber number of We = pDoVO2 /o = 1. This regime transition is
indicated by the vertical solid line in figure 1.5 (e).

During impact, the droplet’s initial inertial- and surface energy are converted as
discussed in ref. [54]. For highly viscous liquids, the impact process is dissipation-
dominated and strong damping within the full droplet is observed shortly after im-
pact. For the previously discussed inertia-driven impact regime (We > 1), the driv-
ing force (inertia) and viscous dissipation are balanced by the Reynolds number
Re = pDyVy/u, with p the liquid viscosity. In the inertial regime (We > 1 and
Re > 1), significant viscous dissipation is encountered only in a region close to the
surface as illustrated in figure 1.5 (c). Therefore, the main flow within the droplet
during impact can be approximated by ideal flow (i.e. omitting viscosity and sur-
face tension). Still, for describing key parameters such as the maximal spreading of
the droplet during impact, viscosity and surface tension have to be included as will
be discussed. For viscosity-dominated impact (for which Re < 1), strong damping
within the full droplet is observed as illustrated by figure 1.5 (d), and the ideal-flow
approximation breaks down. For the capillary-driven impact regime (We < 1), the
dimensionless parameter describing the balance between the driving force (surface
tension) to viscous dissipation is the Ohnesorge number: Oh = /We/Re < 1. For
Oh > 1, capillary-dominated (essentially inviscid) flow is expected, which for exam-
ple results in the capillary oscillations shown in figure 1.2 (a). Viscosity-dominated
flow is observed for Oh < 1 (not shown).

Figure 1.5 (e) provides a phase diagram indicating the dominant driving- and dis-
sipation mechanisms. Since the majority of applications discussion in section 1.1
concerns high Reynolds- and Weber-number impact, and this is also the most com-
plex regime (all impacts shown in figure 1.2 (b) to (g) occur in the inertial regime),
the focus of this thesis is inertia-dominated spreading in the inviscid regime. Re-
cently, significant progress has been made especially for three sub-topics of droplet
impact on smooth solid surfaces, which are concisely discussed below.
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1.2.1 Droplet spreading

During impact, the top of the droplet initially maintains its downward velocity, result-
ing in an inertial pressure which is highest at the impact surface. Consequently, the
liquid at the bottom of the droplet is pressurized and accelerated in the radial direc-
tion. This phenomenon, called “spreading” is illustrated in figure 1.6 (a). However,
an impacting droplet does not spread forever, but instead reaches some maximum
diameter D,,. Clearly, the drop inertia pushes the liquid outwards, but what limits the
spreading? In the literature, this limited spreading has been attributed to either surface
tension, which pulls along the extending surface and gives rise to a capillary pressure,
or to viscous energy dissipation in the spreading liquid [6, 12, 22, 23, 52, 55, 56].

Initial models for the maximal spreading diameter balance the initial inertial en-
ergy of the drop to the surface energy of the flattened drop, or the dissipation within
the drop during impact [6, 12, 22]. Although these models sufficiently describe the
maximal spreading diameter for certain parts of the impact parameter space, they
do not capture the formation of a rim at the edge of the lamella and the formation
of a viscous boundary layer growing from the liquid-solid interface. Recent mod-
els include these parameters [23, 35, 55-57]. However, the model assumptions are
not always met (e.g. the assumption of a space-invariant boundary layer thickness
[57]), and validation is incomplete even in the millimeter-scale regime (e.g. exper-
imental scaling relationships for the development of the rim are not yet conclusive
[25]). Therefore, the applicability of these droplet spreading models is still a matter
of active scientific debate, and new models remain being developed.

1.2.2 Air film interaction

Remarkably, the impact of a droplet occurs through a number of subsequent phases
starting even before the droplet touches the surface. As illustrated in figure 1.6b,
as the drop approaches the solid substrate the air between the falling drop and the
substrate is strongly squeezed. This leads to a pressure build-up underneath the drop.
Generally, the air underneath the drop cannot escape [6, 25, 30, 32, 58, 59]. As a
consequence, the drop does not touch the substrate immediately but instead floats on a
thin air film. The pressure build-up underneath the drop leads to a deformation of the
drop surface, see figure 1.6 (b). In particular, a dimple forms in the center of the drop
[29]. Consequently, touch-down of the drop occurs off-center, at a location where the
distance to the substrate is smallest. During the subsequent wetting of the substrate,
an air bubble is entrapped [29], of which an example is shown in figure 1.2 (b).
Although this entrainment mechanism was identified as early as 1991 [6], the shape
of the air film and the size of the entrained bubble was quantitatively investigated
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only recently (as discussed in more detail in appendix A). Whether the deformation
of the droplet and the entrainment of air are scalable to pm-sized droplet impact is
discussed in chapter 4.

1.2.3 Splashing

Splashing is the fragmentation of a drop upon impact, of which a typical example
is shown in figure 1.2 (d). It is well known that splashing is observed only beyond
certain impact velocities [3]. However, establishing the threshold splash velocity
has proven remarkably difficult. Initial quantitative work mainly describe the splash
threshold as a function of the (non-dimensional) droplet diameter, impact velocity,
and surface roughness [4, 11, 47, 60]. Recently however, it has been shown that re-
ducing the pressure of the ambient gas can completely suppress the splash threshold.
This discovery has sparked numerical and theoretical attempts to calculate the splash
threshold [36, 58, 61, 62], which work well in the mm-sized droplet impact regime.
However, a key assumption is the continuity of the thin film of air between the droplet
and the surface, which is violated for micrometer-scale impact. As splashing experi-
ments in the micrometer-scale regime are not conclusive [11, 47], the splash threshold
for these small droplets is unknown.

1.3 Research problem and scientific approach

As described, the motivation of this thesis is to enable novel technologies and solu-
tions for long-standing industrial problems by improving our understanding of fast,
micro-scale droplet impact. To meet this aim, three research gaps need to be ad-
dressed:

1. Creating single, high-speed droplet impacts: As discussed in section 1.1,
several methods exist to create single micro-droplet impact at high velocities,
but due to their challenging nature they have not been employed to visualize
the impact in detail. Therefore, to visualize the impact of such droplets in
detail, first a novel, laser-based droplet-generation method is developed (see
chapter 2). Subsequently, the impact of these droplets is visualized as de-
scribed in chapter 3. Next, to improve on these results, an existing method
of creating highly reproducible micro-droplet impact is optimized and signifi-
cantly extended. This allows visualization at unparalleled spatial and temporal
resolutions, as described in chapter 4.

2. Understanding microdroplet impact: A first step in understanding droplet
impact is adequate visualization. However, due to the fast impact dynamics,
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sophisticated visualization methods are required. For example, the impact of
droplet with diameter Dy = 50 pum and velocity Vy = 50 m/s occurs on a typical
time scale of T ~ Do /Vp = 1 us, and a frame rate of ~ 107 frames per second is
required for observation of the impact dynamics. However, commercial high-
speed cameras only allow visualization at such frame rates at relatively low
resolutions. Flash illumination offers high-resolution visualization, and was
applied to visualize fast micro-droplet impact in unparalleled detail. Second,
the dynamics of the flow inside the droplet are only partly known, also for
mm-scale droplets. Therefore, to extend our understanding of this flow, and
in particular the development of the boundary layer and the rim, numerical
modeling is applied. Both the experiments and the simulations are described
in chapter 4.

. Demonstrating novel applications of micro-droplet impact: Two novel ap-

plications of micro-droplet impact are demonstrated in this thesis. First, metal
structures have hardly been 3D-printed despite their beneficial material prop-
erties for some applications. The key reason is that melting, ejecting, and de-
positing common metals (e.g. copper) is highly challenging using conventional
techniques. Here, using a method called laser-induced forward transfer, we cre-
ate and deposit metal micro-droplets to construct metal pillars as described in
chapters 5 and 6, respectively.

Second, the manufacturing of cell-containing tissue constructs or even com-
plete organs and subsequent transplantation to patients has been demonstrated.
However, the biofabrication of such tissues remains challenging, since conflict-
ing requirements exist for the deposition of the cells. Ideally, high-viscosity,
cell-containing liquids or gels are deposited on a specific spatial location on
a surface to which the cells sufficiently adhere. Obviously, the viability of
the cells should be maintained during the deposition process. In chapter 7, we
quantify the relationship between the cell-containing liquid, the deposition pro-
cess, and the cell viability after deposition in spray bioprinting. We argue that
cell spray systems may allow to achieve all aforementioned requirements for
cell deposition. Finally, to assess the adhesion of cells to a surface, we expose
a cell monolayer to a shear force generated by a submerged jet (of which the
flow is related to droplet impact). Since the shear stress for this configuration
is known, the cell adhesion strength is calculated and the detachment regime is
visualized (chapter 8).
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1.4 Reading guide

The structure of the thesis follows the research gaps identified in section 1.3, which
are addressed in chapters 2 to 8 of this thesis. Finally, in chapter 9, the results are
summarized and an outlook is presented. As the thesis is paper-based, some overlap
exists between this chapter and the introduction of the individual chapters, and simi-
larities exist between some figures. Since most chapters are the result of fruitful and
enjoyable collaborations with researchers within and outside the Physics of Fluids
group, the author’s contributions are indicated as a footnote on the title page of the
chapters. Finally, significant additional scientific results have been achieved within
this PhD project [63—67], but are not included in this thesis to maintain a clear scope.
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On highly focused supersonic microjets *

The development of needle-free drug injection systems is of great importance to global
healthcare and requires highly-focused microjets with ultra-high velocities (more than 200
m/s) and good reproducibility. We demonstrate a novel method of creating microjets with
a very sharp geometry and controlled velocities even for supersonic speeds up to 850 m/s,
going beyond conventional methods with diffuse jets. The microjet is generated by focusing
a laser pulse in a liquid-filled glass-microcapillary; a small mass of liquid is instantaneously
vaporized, which leads to a shock wave that travels towards the concave free surface where it
generates a high-speed microjet. For optimization of the microjet, we conduct a parametric
study of the jet velocity, discuss the physical background of these results, and arrive at scaling
relations for the jet velocity as function of the various parameters. The focused shape, good
controllability, and the high velocities of our microjet constitute a significant step towards the

development of reliable needle-free injections.

*Published as: Y. Tagawa, N. Oudalov, C.W. Visser, L.R. Peters, D. van der Meer, A. Prosperetti, C.
Sun, D. Lohse, On highly focused supersonic microjets, Physical Review X 2 (3), 031002 (2012).
TExperimental setup (in part), experiments (in part) and geometrical optics (in full) by CWV.
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18 2. SUPERSONIC MICROJET
2.1 Introduction

Liquid jets have been studied from various perspectives due to their widespread ap-
plication and the fundamental interest in them (see e.g. the review article by Eggers
and Villermaux [1]). Common examples include ink-jet printing [2—4], ultrasound
surface cleaning [5-7], the damage done by imploding cavitation bubbles [8], and
collapsing voids created through impacts [9—13]. However, all these jets either do
not have particular high velocities (i.e. they are at most of the order of 10 m/s) or
they are rather uncontrolled.

For the particular application of liquid jets for needle-free drug injection [14],
both of these properties — ultra-high velocities and good reproducibility — are however
essential, as the aim of this method is to jet a liquid solution containing the drug into
human or animal tissue through the skin.

The development of needle-free drug injection systems is of paramount impor-
tance to the global fight against the spread of disease. These systems prevent any
contamination to human bodies caused by needles. For this last purpose, the impor-
tant requirements for these microjets are: ultra-high speed (more than 200 m/s), good
controllability, fine scale (down to 30 um) with a highly-focused geometry, and effi-
ciency. Several methods of microjet creation have been previously studied ([16, 17]).
However, the shape of these jets is diffusive and the jetting requires a lot of energy.
Another problem of conventional methods is that due to the small size of the nozzle
diameter, it can easily get clogged, causing disruptions to controllability.

In this study, we present a unique method for the creation of high-speed focused
microjets. The microjet has extraordinary characteristics that satisfy the require-
ments described above: the maximum velocity of the microjet reaches 850 m/s, i.e.
more than a Mach number of 2. This is much faster than the velocity which can be
achieved with conventional techniques. Moreover, the generation of our microjets
requires very low laser energies that are comparable to the energy of a laser pointer,
i.e. = 10uJ. The required energy thus is far smaller than for the conventional method
proposed by Han & Yoh [16]. The shape of our microjet is highly-focused and ax-
isymmetric — another feature that is absent from conventional jetting devices. Note
that the diameter of the microjet is 5 to 10 times smaller than the diameter of the
capillary tube and is decoupled from it. The problem of clogging has rarely occurred
when using this method.

To create our supersonic microjets, a concave liquid-air interface is impacted by
the shock wave created from the abrupt vaporization of a small mass of liquid caused
by the absorption of a laser pulse. The idea of using concave surfaces for jet creation
is similar to a so-called ‘shaped-charge’, although the mechanism of impacting a
shock wave on an interface for this purpose has not been reported before. The early
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history of ’shaped-charges’ is described by Birkhoff et al. [18]; more recent works
are found in Curtis and Kelly [19], Petit et al. [20]. Unlike our work, these authors
do not pursue controllability of the high velocity jets. The principle employed in our
device is similar to the ones used for the so-called tubular jet, where a meniscus is
accelerated into an evacuated tube forming a jet [21, 22], and the jets developing in
a suddenly decelerating falling partially liquid-filled tube [23]. However, in both of
these methods the jet size is of the order of millimeters and the velocities are only up
to 10 m/s, thus limiting the field of application.

To overcome these limitations, in the present study the meniscus of a liquid-
filled microcapillary is accelerated through a powerful and reproducible shock wave,
which is generated by laser-induced liquid vaporization (§ 2.2). This gives rise to
well-defined jets with diameters well below 20 pm and supersonic velocities (§ 2.3).
Further questions we want to answer in this study are: Which physical quantities
affect the dynamics of the microjet and how to account for the found dependences?
How fast can the microjet be? These quantitative dependences of the jet speed on the
various control parameters are discussed in § 2.4, culminating in a scaling law for the
jet velocity as function of the various parameters. The paper ends with conclusions
in § 2.5.

2.2 Experimental setup and control parameters

Figure 2.1(a) shows a sketch of the whole experimental setup, which is similar to that
used by Sun et al. [24]. One end of the capillary tube is connected to a syringe pump
(Model PHD 2000, Harvard Apparatus, USA) containing a water-based red dye. The
other end is open to the air. A 532 nm, 6ns laser pulse (100 mJ Nd:YAG laser, Solo
PIV, New Wave, USA) is focused through a 10x microscope objective onto a point
of the capillary. The laser energy is monitored by means of an energy meter (Gentec-
eo XLE4 or Gentec-eo QE12SP-S-MT-DO0, Canada) placed behind the capillary. The
energy absorbed by the working fluid was calibrated by measuring the difference
between the readings of the meter with the glass tube filled with the working fluid
and with clear water. The jet formation was recorded using high-speed cameras with
a frame rate of up to 10° fps (HPV-1, Shimadzu Corporation, Japan and SA1.1 and
Photron, USA). The minimum inter-frame and exposure times were 1 tts and 250ns
respectively. This system enabled us to observe the capillary from the bottom using
a microscope (Axiovert 40 CFL, Carl Zeiss, Germany). A long-distance microscope
(Model K2, Infinity, USA) with a maximum magnification of 12x was connected
to the camera in order to capture the jet formation from the side and vary the field
of view by adjusting the magnification. Illumination for the camera was provided
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Figure 2.1: (a) A sketch of the experimental setup. The capillary tube is aligned perpendic-
ular to the paper. (b) All experimental parameters with a side view of the capillary in which
the microjet formation takes place.

by a fibre lamp (ILP-1, Olympus, Japan) emitting light that passed through the filter
protecting the camera. A digital delay generator (Model 555, Berkeley Nucleonics
Corporation, USA) was used to synchronise the camera and the laser. Images were
analysed with tracking software.

The experimental parameters are indicated in figure 2.1(b) together with a side
view of the capillary. The distance between the meniscus and the laser focus position
is H, E is the absorbed laser energy, 0 is the contact angle of the liquid with the glass
capillary with diameter D; [, is the distance offset of the laser focus with respect to
the capillary axis in the vertical plane, and [}, is the focus offset of the laser in the
horizontal plane. Three different borosilicate glass capillary tubes (Capillary Tube
Supplies Limited, UK) were used in the experiments, with inner diameters D of 50,
200 and 500 m and outer diameters of 80, 220 and 520 pm, respectively. The inner
surface of the tip of the capillary tube was dipped in a hydrophobic solution (1H, 1H,
2H, 2H-Perfluorooctyltrichlorosilane), to vary the contact angle 8 between 20° and
90°. For uncoated tubes, the contact angle was found to be 25° 4-3°, which is similar
to the data reported by Sumner et al. [25] for borosilicate glass. The range of the
control parameters is summarised in table 1.

2.3 Jet formation and evolution

An example of such a supersonic jet obtained using the technique of dual-flash illu-
mination by laser-induced fluorescence described in van der Bos et al. [26] is shown
in figure 2.2. The capillary is on the right, the jet tip is on the left, and the jet travels
from right to left with a speed of 490 m/s. The tip of this jet has grown into an almost
spherical mass which will eventually detach as a droplet. At the other end, the jet is
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Table 2.1: The range of control parameters for the contact angle of the liquid with the glass
capillary 0, the distance between the meniscus and the laser focus position H, the absorbed
laser energy E, the focus offset of the laser in the vertical plane /,, and the focus offset of
the laser in the horizontal plane /,. The inner diameters of capillary tubes D are 50, 200, and
500 um.

6 | E(u)) | H(um) | D (pm) | I, (mm) | [(mm)
Lower limit | 20° | 19 200 50 -1 0
Upper limit | 90° | 880 | 2500 500 2.5 0.1

thicker and slower.

High-speed cameras were used to capture the subsequent dynamics of the jet.
Figure 2.3 shows several frames of side view images of the jet in the 500 um tube
taken with the Shimadzu camera. The open side of the tube is on the left; the other
side of the tube is connected to the syringe pump. The bubble is formed at the lower
wall of the capillary and mainly expands in the direction of the open end. In spite of
off-centered position of the bubble and the asymmetry of the bubble growth, the jet
maintains an axisymmetric shape with a sharp tip. The diameter of the jet is always
much smaller than that of the capillary. In this instance, the diameter of the jet is
~50 pum, about 10 times smaller than that of the capillary. The start of the instability
which eventually leads to droplet pinch off can be discerned. We have always found
that, unless H < D, the asymmetry of bubble growth does not affect the axisymmetric
shape of the jet. This finding supports the hypothesis that the cause of the thin jet is
the sudden onset of a high pressure and consequent shock wave rather than the bubble
expansion per se.

The left frame of figure 2.4 shows another typical sequence of the jet evolution.
The corresponding history of the jet tip velocity is shown in the right frame and it is
seen to be non-monotonic. Immediately after the laser pulse, the interface sets into
motion (i) and reaches a maximum velocity V,,,, at (ii), by which time the meniscus
has lost the initial concave shape. The subsequent deceleration (iii) is due to the effect
of surface tension which retards the motion. As the drop at the jet tip starts to form,
the retarding effect of surface tension becomes negligible and the velocity reaches an
asymptotic value V; (iv). Eventually, the microdrop detaches from the jet tip. The
maximum velocity always occurs at a configuration as shown in image (ii).
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50 um

Figure 2.2: Images of a supersonic microjet generated in a 50 um capillary tube. The
capillary is visible on the right side, the jet tip is shown on the left. The jet travels from right
to left with a speed of 490 m/s. Time between images is 500 ns.
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Figure 2.3: Bubble growth and jet evolution after focusing the laser in a 500 um capillary
tube. The first image shows the tube when the laser is shot. The subsequent images are taken
7 us apart. (The movie is available as supplemental material [figure3.mov] )
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Figure 2.4: (a) Jet evolution after focusing the laser in a 500 um capillary tube. The first
image shows the tube at the moment that the laser is shot. The subsequent images are taken at
later stages, each corresponding to a point in time shown in the adjacent figure. (b) Velocity

of the jet tip in a 500 um tube as a function of time after the laser is shot.
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2.4 Parameter dependence

In this section, we study the dependence of the jet speed on various control parame-
ters.

2.4.1 Contact angle 6

Since the meniscus shape is crucial for the jet formation, the first parameter we in-
vestigated is the contact angle 0 of the liquid with the glass wall of the tube as in-
dicated in figure 2.1(b). The contact angle was calculated by fitting a circle to the
free surface of the liquid, measuring the radius of this circle and applying the for-
mula cos @ = D/(2R) which is valid because the effect of gravity in this system is
negligible as shown by the smallness of the Bond number Bo = pgR?/7.

The contact angle is varied by minor adjustments of the liquid volume by means
of the syringe pump. The energy and the distance H between focus position and
meniscus are kept constant at 460 =20 uJ and 460 440 pum, respectively. Figure 2.5
shows four sequences taken at different initial contact angles, with three snapshots
per sequence. The shape of the jet is significantly influenced by the contact angle.
These results show that the more curved the meniscus shape (lower contact angle and
smaller radius of curvature), the higher the jet velocity due to the increased focusing.
In contrast, for increasing contact angles, the jet becomes thicker and less focused.
Eventually, when the contact angle is larger than 90 degrees, the focusing is lost, no
jet is formed and the liquid is only pushed out as a plug by the expanding bubble.

The parameters that may be expected to play a role in the flow focusing are the
initial velocity Vj instantaneously acquired by the meniscus and the curvature of the

interface given by
4cos6

D

Dimensional analysis gives us the following scaling for the acceleration of the free
surface:

: 2.1

cos O
< V¢ . 2.2
a 0 D ( )

The focusing time scale At is provided by the typical velocity Vj and length scale D:

D
At ~ —. 2.3
Vo (2.3)
Therefore, the increase in velocity due to flow focusing is expected to be of the order
of
AV ~ aAt ~ Vycos 6. 2.4)
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Figure 2.5: Images showing the effect of varying initial contact angle on the jet shape. The
contact angles are as follows: (1) is at 26°, (2) is at 48°, (3) is at 67° and (4) is at 74°. The first
image shows the liquid in the capillary prior to laser focusing, illustrating the contact angle
and meniscus shape. The second image in each set is taken 24 us after shooting the laser, and
the third image follows 25 us later. (The movies are available as supplemental material (1)
for [figure5-1.mov], (2) figure5-2.mov, (3) figure5-3.mov and (4) figure5-4.mov.)

Thus, the velocity V resulting from the focusing may be expected to be given by
V ~Vo+AV =Vy(1+ Bcosh), (2.5)

where B is a constant. With 8 approximately 13 and Vi approximately 2.5 m/s,
this relation provides reasonable fits of the data. A more elaborated model will be
proposed by Peters et al. [27]. The curve 1 —sin0 suggested by Antkowiak et al.
[23] is also shown in figure 2.6. Though the latter model is aimed to describe the
initial velocity of the jet, its trend agrees with our experimental data.

2.4.2 Distance H between laser focus and free surface

Figure 2.7 shows the experimental results of the asymptotic jet tip velocity V; for the
case where the distance H between the laser spot and the free surface is varied. Two
different capillary tubes are used with diameters of 200 um and 500 um and two dif-
ferent energy levels E. The data shows that, for both tube diameters, V; is inversely
proportional to the distance H over a decade. This dependence is particularly well
satisfied at the lower energy level E. It is well known that the pressure amplitude of
a locally generated shock wave in a free fluid decreases inversely with the distance.
In our conditions, the fluid is confined within the tube but the size of the initially
vaporized liquid is at least one order of magnitude smaller than the tube diameter so
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Figure 2.6: Jet velocity V; as a function of the cosine of the contact angle. The solid line is
a linear fit to the data. The dashed line is a 1 —sin 0 fit to the data suggested by Antkowiak
et al. [23].
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Figure 2.7: Jet velocity V; as a function of the distance H between the laser spot and the
free surface for different capillary diameters and energies. The triangles represent the data
for the 200 um tube at £ = 232 uJ (A) and E = 165 uJ (2) and the circles show the results
for the 500 um tube at E = 458 uJ (o) and E = 305 uJ (o). The solid and dashed lines are
showing a -1 power law. Error bars are plotted for the two different capillary diameters, these
are similar for the rest of the data.
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that this geometrical attenuation may play a role. Another possibility is that there
is viscous attenuation of the shock strength due to the no-slip condition at the tube
wall (see e.g. [28, 29]). Therefore, the shock pressure at the meniscus decreases with
increasing distance H. Since the experiments show that the velocity is inversely pro-
portional to the distance, this suggests that the velocity is proportional to the pressure.

2.4.3 Absorbed energy E

The next parameter of interest is the energy absorbed by the liquid in the capillary
tubes. For this part of the study, the distance between the laser spot and the menis-
cus is kept constant at 410 +40 um, 390 + 40 um and 600 + 40 um for the 50 um,
200 um, and 500 um diameter tubes, respectively. Figure 2.8(a) shows V; vs. ab-
sorbed energy for different tube diameters. The data are well fitted by a linear func-
tion with a positive intercept at V; = 0. This intercept embodies the existence of a
certain threshold Ej,., below which no jet is formed. The threshold values for the
50 um, 200 um, and 500 um capillary tubes are approximately 20 uJ, 100 uJ, and
200 uJ, respectively. Thus, the threshold value is an increasing function of the tube
diameter D. It is interesting to note that, for the 50 um capillary tube, the linear
relation between V; and E — Ej,, is preserved even when the jet speed becomes
supersonic as shown in figure 2.8 (b). The absorbed energy for all cases is of the
order of 10 J/m?, which is of the same order as the vaporization enthalpy of water
at normal conditions. The experimental results in § 2.4.2 suggest that the velocity
is proportional to the pressure. This linear relation indicates that the pressure of the
shock wave at the meniscus is proportional to the absorbed energy.

The slopes of the data for the 50 um, 200 um, and 500 um diameter tubes are
3.09, 0.26 and 0.12 m/(s-ul), respectively. Thus, for the same absorbed energy, the
jet speed decreases with increasing tube diameter. The effects of the diameter D on
the jet velocity are discussed further in § 2.4.4.

In figure 2.8(b), no data points at even higher V; could be acquired because in the
current configuration if the energy £ becomes too high, the glass tube breaks at the
point where the laser focuses.

2.4.4 Diameter of micro-capillary D

The study of the diameter dependence of the jet velocity encounters the difficulty that
the range of absorbed energy for the different tube diameters does not overlap. On
the basis of previous results reported above, it is known that, to a good accuracy, V;
is proportional to (E — Ej,4) and (1 +  cos 0) and inversely proportional to H. We
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Figure 2.8: (a) Jet velocity V; as a function of the energy absorbed by the liquid in the
capillary tubes. The squares (L]), triangles (A) and circles (o) represent the data for capillary
tubes with 50 gm, 200 um, and 500 um inner diameter, respectively. Every data point consists
of at least three measurements. The lines are linear fits to the data. (b) Jet velocities V; of
supersonic microjets as a function of the energy absorbed by the liquid in the capillary tubes
with 50 um inner diameter. Every data point consists of at least five measurements. The line
is a linear fit to the data. Even for the supersonic speeds we see that the linear dependence
holds.
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Figure 2.9: Pre-factor f(D) from equation (2.6) versus the capillary diameter. The circles,
squares, and diamonds are constants obtained from the energy dependence, distance depen-
dence, and contact angled dependence experiments, respectively. A best fit power law (dashed
line) with power -1.14 is shown as well as a line with power -1 as shown in equation (2.7)
(solid line), which shows less agreement with the data, in particular for small D.

express this dependency by writing

(E — Enear)(1+PBcosB)

Vi~ f(D) i ,

(2.6)

where the pre-factor f(D) embodies the dependence on the diameter. By trying power
law dependence f(D) = foD~“, the data is best fitted by o ~ -1.14, which may be
considered close to -1.

Especially the data of the 200 um and 500 um tubes agrees well with the line
of slope -1, while that of 50 um is higher than the line with slope -1. This could
be attributed to the fact that different effects, such as laser focusing, start to play an
important role at smaller tube sizes due to higher curvature of the tube. According to
the impulse pressure description suggested by Antkowiak et al. [23] and the dimen-
sional consideration performed in § 2.4.1, the diameter of the tube should not play a
role. A possible reason for this dependence is that the same energy delivered towards
the smaller diameter tube will give rise to the faster jet due to the smaller inertia. To
strengthen this hypothesis it may be noted that, if the kinetic energy is constant for
a given absorbed energy E, since the mass of the accelerated liquid is approximately
proportional to D?, it follows that the velocity would decrease proportionally to D~
From the results that were presented in the previous sections, the following empirical
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law is derived:

E — Epeat)(1 0
v, = Co\E= Bea) (1 + fc0s6) 2.7)
HD

Calculating Cy by fitting the data in figure 2.9 we get Cy = 0.0027 (Pa-s)~!. It is
interesting to note that Cy has the dimensions of an inverse dynamic viscosity.

2.4.5 Focus offset /, and /,

The sensitivity of the jet to the laser focus position relatively to the capillary axis was
studied by displacing it in the horizontal (/;) and vertical directions (/) (see figure
2.1(b)). The results are shown in figure 2.10.

Figure 2.10(a) indicates that the jet velocity decreases monotonically for increas-
ing [, all other conditions being held constant. We hypothesize that this trend is
explained by a reduced volume of the vaporized liquid. To test this hypothesis, the
jet velocity is compared to the initial laser-induced vaporized volume as estimated
with the geometrical optics approximation described in Appendix A. As shown in
figure 2.10(a), the jet velocity roughly scales with the calculated volume of the liquid
vaporized by the laser pulse.

Figure 2.10(b) shows the jet speed versus the vertical displacement /,. The jet
velocity increases when increasing /, up to [, = 1.5mm, and then decreases for larger
l,. The rise is likely caused by the larger area of the capillary tube surface illumi-
nated by the laser, which increases as the laser is moved towards the tube. As the
vaporization always occurs at the capillary wall, a larger vapour mass will be created
by increasing /,. However, when moving the capillary even closer to the objective,
the energy per unit area of the laser beam decreases and eventually drops below the
threshold required for bubble formation. This situation was also modeled by geo-
metrical optics. As shown in figure 2.10(b), the maximum jet speed and maximum
bubble size are found at the same offset. Even though the overall trend is the same,
the normalised values of the vaporized volume deviate from those of the jet velocity.
This difference is not surprising since there is no reason to think that vaporized vol-
ume and jet growth are linearly related to each other. The analysis of these aspects is
beyond the scope of this work; they will be studied in the future investigations.

The robustness of this velocity increase is shown in figure 2.11, where the jet
speed versus the vertical focus offset /, is plotted for different diameters down to
50 um. Jets with a velocity up to 850 m/s could consistently be produced with the
smallest capillaries. Measurements beyond this velocity could not be obtained, as the
capillary breaks at the position of the laser focus due to the violence of the bubble
expansion. We also observed that, at the higher energies, the capillary tip is sheared
off by the wall shear stresses exerted by the liquid pushed out of the capillary by the



2.4. PARAMETER DEPENDENCE 31

(a)

g
20 s

- <

—~ 15 ;D

~_

g i .
= 10 g
g

' N

o -
>ﬁ

g

g

N

™~

SN

g

£

-~

™~

Sﬁ

ly(mm)

Figure 2.10: (a) Jet velocity V; (o) as a function of the horizontal focus displacement of the
laser, for the 200 um tube. The black line shows the scaled initial bubble size determined by
geometrical optical approximation in both graphs (right axis). (b) Jet velocity V; as a function
of the vertical focus displacement of the laser. The inserts show the capillary and the laser
focus (triangle) and the directions of I, and [, as seen from the capillary exit. E and H are
kept constant per data set.
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Figure 2.11: Jet velocity V; as a function of the focus offset of the laser, for different capillary
diameters. E and H are kept constant per data set. The circles (o) represent measurements
for the 500 um tube, the triangles (A) are data for the 200 um tube and the squares (LJ) are
data for the 50 um. Each data point consists of at least three measurements. The input energy
is kept constant for each diameter.

expanding bubble following the thin jet formation. It is possible that, with different
materials, the velocity of the jet can be increased. When the jet velocity reaches the
speed comparable to the speed of sound in water, some limitations to further increases
may arise due to the dominance of compressibility effects.

2.5 Summary and conclusions

The dynamics of the high-speed microjet generated by laser-induced rapid vaporiza-
tion of water in a micro-tube has been studied. It has been shown that the jets so
generated are able to reach speeds as high as 850 m/s with good controllability.

The dependence of the jet velocity upon various controlling parameters has been
investigated in a series of experiments the results of which have been summarised
in the empirical relationship provided in equation (2.7). This equation shows the
effect of the distance between the laser focus and the liquid meniscus at the mouth of
the micro-tube, the absorbed laser energy, the liquid-tube contact angle and the tube
diameter.

The jet velocity exhibits an inverse proportionality to the tube diameter and to
the distance of the laser focus from the free surface, while it is proportional to the
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absorbed energy above a threshold value. The velocity is very strongly dependent on
the curvature of the interface, which is a function of the tube-liquid contact angle.
This result suggests that the mechanism underlying the phenomenon is the focus-
ing of the shock wave produced by the nanosecond-scale phase change induced by
the absorption of the laser energy similarly to the phenomenon exploited in shaped
charges [18]. Thus, the jet velocity is critically dependent on the amount of liquid
vaporized and on its distance from the free surface, both of which can be varied by
varying the position of the laser focus.

In particular, it has been found that the effect of the offset of the laser focus with
respect to the tube axis has a strong and very non-trivial effect. To elucidate the ori-
gin of this result we have used a geomterical-optics construction coupled with the
Beer-Lambert law to determine approximately the size of the region where vapor-
ization occurs and the absorbed energy. While still preliminary, the results of this
analysis are in general agreement with the data. Further theoretical and numerical
investigations of the jetting phenomenon will be addressed in Peters et al. [27]. The
insights gained through this research and the ability to generate focused, controllable,
and high velocity microjets opens new doors for the realization of reliable needle-free
drug delivery systems.

Appendix: Estimate of the liquid energy absorption by geo-
metrical optics

A geometrical optics approximation was developed to analyze energy absorption of
the laser beam energy absorption by the liquid. The three main components of this
calculation are: (1) splitting up the Gaussian laser beam into many different rays
each one with a representative energy; (2) following the path of each ray through
the capillary, including (full or partial) wall-reflections; (3) using the Beer-Lambert
law to model the local energy absorbed by the liquid. This law describes the local
irradiance /, and is given by I = Iy - 107%°, with Iy the beam irradiance at the cylinder
outer surface of the tube, € the absorption coefficient, s the arc length along the
partial of the ray propagating in the liquid. The absorption coefficient was measured
as € = 84-103m™"; the local energy loss of a ray equals d1/ds.

The liquid volumes are discretized into cells constituting a grid around the central
loss area. The local energy lost by each ray in each cell was calculated from the
Beer-Lambert law and add to the liquid in the cell. Subsequently, for each cell, the
total energy absorbed over the duration of the light pulse was compared with an
estimate of the energy necessary for evaporation at room conditions, namely Ej,; =
p(C,AT + AH, ), )AV,, with p the liquid density, AT = 80 K the difference between
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the initial liquid temperature and the boiling temperature, C, = 4181 J/(kgK) the heat
capacity at constant pressure, AH,,, = 2.26 MJ/kg the vaporization enthalpy, and AV,
the cell volume. If the energy absorbed by a cell exceeded Ej,;;, the cell volume was
assumed to be vaporized instantaneously. Summation of the vaporized-cell volumes
then provided a measure for the initial bubble volume and position.

References

(1]
(2]

(3]
(4]

(5]
(6]
[7]

(8]
[9]

[10]

J. Eggers and E. Villermaux, Reports on Progress in Physics 71, 036601 (2008).

J. de Jong, R. Jeurissen, H. Borel, M. van den Berg, H. Wijshoff, H. Reinten, M. Versluis, A. Pros-
peretti, and D. Lohse, Physics of Fluids 18, 121511 (2006).

H. Wijshoft, Physics Reports 491, 77 (2010).

W. van Hoeve, S. Gekle, J. H. Snoeijer, M. Versluis, M. P. Brenner, and D. Lohse, Physics of
Fluids 22, 122003 (2010).

C. Ohl, M. Arora, R. Dijkink, V. Janve, and D. Lohse, Applied Physics Letters 89, 074102 (2006).
R. Dijkink and C. Ohl, Applied Physics Letters 93, 254107 (2008).

A. Zijlstra, T. Janssens, K. Wostyn, M. Versluis, P. M. Mertens, and D. Lohse, Solid State Phe-
nomena 145-146, 7 (2009).

J. Blake, Y. Tomita, and R. Tong, Applied Scientific Research 58, 77 (1997).

R. Bergmann, D. van der Meer, M. Stijnman, M. Sandtke, A. Prosperetti, and D. Lohse, Phys.
Rev. Lett. 96, 154505 (2006).

R. Bergmann, D. van der Meer, S. Gekle, A. van der Bos, and D. Lohse, Journal of Fluid Me-
chanics 633, 381 (2009).

S. T. Thoroddsen, T. G. Etoh, and K. Takehara, Physics of Fluids 19, 042101 (2007).

S. Gekle, A. van der Bos, R. Bergmann, D. van der Meer, and D. Lohse, Phys. Rev. Lett. 100,
84502 (2008).

S. Gekle and J. M. Gordillo, Journal of Fluid Mechanics 663, 293 (2010).
S. Mitragotri, Nature Reviews Drug Discovery 5, 543 (2006).
J. Schramm-Baxter and S. Mitragotri, Journal of Controlled Release 97, 527 (2004).

HAN, T. & YOH, J. J. 2010 A laser based reusable microjet injector for transdermal drug delivery.
Journal of Applied Physics 107 (10), 103110.

MENEZES, V., KUMAR, S. & TAKAYAMA, K. 2009 Shock wave driven liquid microjets for drug
delivery. Journal of Applied Physics 106 (8), 086102.

G. Birkhoff, D. P. MacDougall, E. M. Pugh, and G. Taylor, Journal of Applied Physics 19, 563
(1948).

J. P. Curtis and R. J. Kelly, Journal of Applied Physics 75, 7700 (1994).

J. Petit, V. Jeanclaude, and C. Fressengeas, Journal of Applied Physics 98, 123521 (2005).

E. Lorenceau, D. Quéré, J. Ollitrault, and C. Clanet, Physics of Fluids 14, 1985 (2002).

R. Bergmann, E. de Jong, J.-B. Choimet, D. van der Meer, and D. Lohse, Journal of Fluid Me-
chanics 600, 19 (2008).

A. Antkowiak, N. Bremond, S. Le Dizes, and E. Villermaux, Journal of Fluid Mechanics 577,
241 (2007).



REFERENCES 35

[24] C. Sun, E. Can, R. Dijkink, D. Lohse, and A. Prosperetti, Journal of Fluid Mechanics 632, 5
(2009).

[25] A. L. Sumner, E. J. Menke, Y. Dubowski, J. T. Newberg, R. M. Penner, J. C. Hemminger, L. M.
Wingen, T. Brauers, and B. J. Finlayson-Pitts, Physical Chemistry Chemical Physics 6, 604
(2004).

[26] A. van der Bos, A. Zijlstra, E. Gelderblom, and M. Versluis, Experiments in Fluids 51, 1 (2011).

[27] 1. R. Peters, Y. Tagawa, N. Oudalov, C. Sun, D. van der Meer, A. Prosperetti, and D. Lohse,
Journal of Fluid Mechanics 719, (2011).

[28] G. Mirshekari and M. Brouillette, Shock Waves 19, 25 (2009).
[29] D. Ngomo, A. Chaudhuri, A. Chinnayya, and A. Hadjadj, Computers & Fluids 39, 1711 (2010).



36

REFERENCES



Microdroplet impact at very high velocity * ¥

Water microdroplet impact at velocities up to 100 m/s for droplet diameters from 12 to 100
um is studied. This parameter range covers the transition from capillary-limited to viscosity-
limited spreading of the impacting droplet. Splashing is absent for all measurements; the
droplets always gently spread over the surface. The maximum spreading radius is compared
to several existing models. The model by Pasandideh-Fard ef al. [1] agrees well with the
measured data, indicating the importance of a thin boundary layer just above the surface, in
which most of the viscous dissipation in the spreading droplet takes place. As explained by
the initial air layer under the impacting droplet, a contact angle of 180 degrees is used as

model input.

*Published as: C.W. Visser, Y. Tagawa, C. Sun, D. Lohse, Microdroplet impact at very high velocity.
Soft Matter 8 (41), 10732-10737 (2012)
TExperiments, data processing, and first draft by CWV.
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38 3. FAST MICRODROPLET IMPACT
3.1 Introduction

High-pressure spray cleaning, droplet-wall interactions in diesel engines, and plasma
spraying are notable examples of processes in which high-speed impact of small
droplets on a solid surface is a key phenomenon. In these applications, droplets with
a characteristic size of 1 to 100 pm and a velocity of order 100 m/s impact on a solid
surface [2—4]. Despite this industrial interest, microscale droplet impact at very high
velocity (Up > 50 m/s) has only been studied for solidifying metal droplets [S]. This
is mainly due to the challenging parameter regime: very high spatial and temporal
resolutions are required to study the relevant phenomena. In addition, it is difficult
to create impact events at these velocities. An understanding of the phenomena of
high-speed micro-sized droplet impact is thus lacking [6, 7].

In this work, we aim to extend current results in three ways. First, we present
a novel high-velocity droplet generation, by using a method to create ultrafast liq-
uid jets. Second, using high-speed imaging, the impact dynamics is studied. Third,
a quantitative investigation of the maximum spreading radius will be presented and
compared to existing models, to improve our understanding of droplet spreading.

3.2 Parameter space

To compare our results to previous work, a phase diagram of the droplet size (Dg) and
impact speed (Up) is plotted in figure 3.1 (a). Most work up to now has focused on
impact dynamics of droplets with a size of ~1 mm in diameter. The studies on micro-
droplet impact were mainly at relatively low speed (up to 10 m/s)[5, 8, 9]. Our study
connects these previous investigations, in particular those of water microdroplets at
lower velocies [8] and metal microdroplet impact at very high velocities [5].

Figure 3.1 (b) shows a phase diagram of the achieved Reynolds and Weber num-
bers of experimental droplet studies. The Weber number is defined as We = pDoUg /o,
where o the surface tension and p the density. The Reynolds number is given by
Re = pDyUy /1 where u represents dynamic viscosity. As shown in figure 3.1 (b),
the Re-We values of our measurements largely overlap with previous data. However,
our data have been taken for microdroplets instead of mm-sized droplets as indicated
in figure 3.1 (a). As the droplet size is a key control parameter for impact dynamics,
various models developed to describe the mm-sized droplet impact may not hold for
microdroplet impact dynamics. The large impact velocity also explains why our data
have relatively high Weber numbers for given Reynolds numbers.

Our data cover the transition between the capillary- to the viscosity-dominated
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limits of droplet spreading [10], as shown by the solid line in figure 3.1 (a) (an ex-
planation of this transition is provided below). So far, to investigate this transition,
liquids of different viscosities and surface tension were required in order to achieve
a sufficient coverage of the Re-We parameter space. Using droplets of microscopic
scales lowers the Weber number for which this transition takes place, allowing to
study the transition region with a single liquid.

3.3 Experimental setup

To create high-velocity microdroplets (Up > 10m/s), we make use of a new method to
create ultrafast liquid jets [18], as sketched in figure 3.2 (a). In a nutshell, the method
works as follows. By focusing a laser pulse with a microscope objective, a vapor
bubble is created in a capillary tube, by laser-induced cavitation. From this bubble,
a shock wave travels to the meniscus, which in turn forms a liquid jet thanks to flow
focusing. Subsequently, this jet breaks up into tiny droplets with a velocity similar to
the jet velocity (figure 3.2 (b)).

It is found that the tube diameter is a key control parameter for both the jet diam-
eter and the jet tip velocity [18]. Therefore, capillaries with different diameters are
used to create a range of droplet sizes and velocities. In addition, the laser energy and
the distance between the laser focus and the meniscus are varied to generate droplets
at different velocities for a given tube diameter [18], resulting in the diameter- and
velocity ranges, as shown in figure 3.2 (c). With this method, approximately 170
droplet impacts on a dry surface were examined. For the sake of clarity, the data is
binned in the figure.

To create droplets at velocities between 1 and 10 m/s, a commercially available
Microdrop dispenser (MD-140-752, Microdrop technologies, Germany) is used. By
varying the input voltage between 60 V and 160 V per pulse, a range of velocities is
covered. The droplet diameter ranges from 40 wm to 80 pm, as shown in figure 3.2
(c).

A standard microscope slide was used as an impact plate, which is placed above
the tip of the capillary tube. Atomic force microscope measurements indicated a
roughness R, below 10 nm. The droplet impact is visualized from the side. After each
impact measurement, the glass plate was cleaned with ethanol and dried. Frequent
checks with a 10x optical microscope (after the cleaning procedure) indicated that
this method usually resulted in an optically clean surface, i.e., hardly any paper fibers
or dirt were sticking to the surface. To increase the absorption rate from the green
laser, the liquid used work was a standard water-based blue inkjet printer ink, with
density p = 998 kg/m?, surface tension ¢ = 72 mN/m?, and viscosity g = 1073 Pa-s.
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Figure 3.2: (a) Setup used for the generation of fast droplets. (b) Jet generation and breakup
at different instants. (c) Range of the achieved droplet velocities and radii, for different
droplet generator settings. Capillary tube diameters are decreased from 500 yum to 200 um
to generate smaller and faster droplets. In addition, to create slow droplets, a MicroDrop
apparatus is used. As approximately 230 measurements were performed, the data are binned.
The bars represent one standard deviation.

Magnifications of 10x to 40x are obtained by combining a standard Olympus
10x objective with an adjustable 12x zoom lens (Navitar 1-50015). An Olympus
ILP-1 light source is used for illumination. An ultra high-speed camera (Shimadzu
HPV-1) is used to study the microdroplet impact dynamics, at recording rates of
1.25-10% to 10° frames per second. For the fastest droplets (Uy ~ 100 m/s), the
impact duration is approximately T = Dy/Uy =~ 0.2 us, which is below the temporal
resolution of the camera. Thus, completely capturing of such events requires even
higher frame rates [19] or pulsed illumination, e.g. as used in Ref. [20]. However,
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these techniques require a level of control of the moment of impact which is not
achieved with the present setup. The high-speed camera has a minimum shutter time
of 500 ns. Therefore, at high impact velocities, substantial motion blur is observed
(e.g. figure 3.3 (¢)), as the shutter time approaches 7. Still, with the current setup, the
presence of splashing could be assessed and the maximum spreading radius could be
observed in an entirely new parameter regime.

Special care was taken to ensure that the data analysis was reliable and consistent.
First, the raw Shimadzu movie files were read into Matlab. The relevant frames
of each movie were selected manually, as well as the area of interest, resulting in
image sequences as shown in figure 3.3. After contrast-enhancement, the experiments
were inspected manually and removed if the images were unclear. Then, in the first
two frames of interest, the droplet was identified manually. Subsequently, a cross-
correlation method between sub-areas of the frames (these sub-areas, with a width
of 3 times the droplet size and a height dependent on the velocity estimated, contain
the droplet image) was used to determine the droplet position in each frame. From
the correlation, the velocity was calculated. To determine the droplet size before
and after spreading, the images were converted to black-and-white. Using standard
Matlab methods, coherent structures were automatically labelled. Using thresholds
for eccentricity and size, the droplet area was identified from the labeled areas. The
width of the labeled area (a standard property in Matlab) then provided the droplet
size. As a check, a diameter-sized bar was plotted over the centre of the droplet. The
result was adjusted manually if necessary, to match the maximum droplet radius. For
graphs Figs. 3.2c and 3.4, the data was binned. The error bars represent one standard
deviation. Each data point in Fig. 3.4 (to be discussed below) contains at least 4
measurements.

3.4 Results

3.4.1 Impact Phenomenology

In general, the droplet impact process can be divided into the following phases. When
the droplet approaches the solid surface, the air between the falling drop and the
surface is strongly squeezed, leading to a pressure buildup in the air under the drop.
The enhanced pressure results in a dimple formation in the droplet and an air layer
development between the droplet and the target plate [21-23]. Before the droplet
wets the surface, the liquid moves on top of this air cushion. The droplet extends
in the radial direction until it reaches a maximum spreading radius. In this phase,
splashing can occur [7, 16, 21, 24-26]. Finally, the droplet completely wets the
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Figure 3.3: Time series of droplet impact at different impact velocities. (a) Up = 0.7m/s,
Do = 70um, We = 0.52, Re = 56, and the time lag 8t between the frames is 8 ps. Droplet
oscillations and air bubble entrapment can clearly be seen. (b) Uy = 7.7m/s, Dy = 71pm,
We = 60, Re = 613, and 8r = 4us. Spreading into a thin center sheet and a thicker rim are
observed, followed by oscillations and partial withdrawal of fluid from the rim towards the
droplet center. (c) Uy = 73m/s, Dy = 23um, We = 1.8-103, Re = 1.9- 103, and 87 = lps.
The details of the spreading phase can no longer be resolved. (d) Up = 100m/s, Dy = 20pum,
We =3-10°, Re =2.3-10%, and 87 = 1 ps.
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surface and an air bubble is entrapped [23].

The first aim of this work is to assess the dynamics of microdroplet impact, i.e.
to find out whether the drop is in the splashing or gentle spreading regime. The latter
one is defined by droplet deformation into a pancake shape, without satellite droplet
formation. Time series of droplet impacts and the subsequent spreading phases are
shown in figure 3.3. For these figures, the velocity ranges from 0.7 m/s to 100 m/s.

At low velocity (Up = 0.7 m/s), initial flattening of the droplet bottom is observed,
as shown in figure 3.3 (a). Subsequently, the droplet spreads over the substrate into a
(virtually) half-dome shaped cap. During spreading, the droplet starts to oscillate and
comes to rest only after the droplet has reached its maximum diameter. Additionally,
air bubble entrainment is observed (the small black dot, just left of the droplet center).
These phenomena are consistent with what had been reported in Ref. [8], which
includes a detailed discussion on the droplet oscillation frequency and the size and
cause of the bubble/cushioning entrained [16, 22, 23, 27]. At medium velocities (7.7
m/s, figure 3.3 (b)), the droplet deforms into a disc-like structure. Here, the central
impact area is a sheet-like structure surrounded by a thicker rim. Again, capillary
oscillations were observed. Finally, even at very high velocities (figures 3.3 (c) and
3.3 (d)), still no splashing is observed. Thus, we conclude that gentle impact occurs
for all velocities and droplet sizes investigated in the present work. Apart from the
surrounding pressure and the surface roughness, the splashing dynamics of course
also depends on the droplet size and for these small droplets the surface tension is
strong enough to prevent splashing.

3.4.2 Maximum spreading

Now the maximum spreading radius will be determined and compared against var-
ious models. As knowledge of the maximum spreading diameter is of paramount
importance for industrial applications, a plethora of models has been developed [1, 9,
10, 28-32]. It is generally agreed on that the spreading is limited by either viscosity
or surface tension. Therefore, a key issue is to define which of these is dominant. To
study this issue, we will first briefly summarize several models.

Assuming an inviscid liquid, the maximum spreading is limited by the surface
tension. Balancing the Laplace pressure force with the inertial deceleration of the
drop, a scaling of D,,/Do ~ We!/# is obtained [9, 10]. This scaling is remarkably
robust [10, 14, 16] in the capillary regime. As shown in figure 3.4 (a), the data of
mm-sized droplets impact on superhydrophobic surfaces obtained by Tsai et al. [16]
well agree with this 1/4 scaling law.

Another limiting case is to completely ignore surface tension and assume that
the maximum spreading radius is limited by the viscous dissipation during droplet
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spreading [10]. This yields D,,4c/Do ~ Re!/5 as scaling law, which holds well for
mm-sized droplets in the viscous regime as shown in Ref. [10].

To quantify the transition between the viscous and the capillary regimes, Clanet et
al. [10] defined the parameter P = We/ Re*/5. For P < 1, a surface-tension dominated
regime is expected (i.e. Djqx/Do ~ We!/ 4), whereas a viscous scaling is predicted
for P > 1, yielding the previously mentioned D,y /Do ~ Re!/S. In figure 3.4 (a), the
transitional Weber number We;, defined by P = 1, for droplets of Dy = 2 mm and
50 um are plotted. For 2 mm-sized droplets, We; ~ 3 x 107, whereas it decreases
to We; ~ 2 x 10? for 50 um-sized ones. As shown in figure 3.4 (a), the present
microdroplet data are in between the transition regime from the capillary regime to
the viscous regime. For a given We, the microdroplet spreading is lower than that of
mm-sized droplets due to the viscous effects. This combination of two simple models
provides a decent first description of the impact dynamics. However, more detailed
models are possible and have been developed. As described by Chandra & Avedisian
[29], the dissipated energy equals the work done, and can thus be estimated by

T 2
W= / O =VyTod = VyTU (UO> 3.1
0 Jvy L

where ¢ the dissipation function, estimated as w(Up/L)? [10, 29], with 7 the typical
impact timescale, Vi, = mLD? . the total droplet volume, and L the characteristic
dissipation length scale, which in this model is selected as the height of the droplet
splat /. In the model by Chandra & Avedisian [29], W is used in an energy balance
Er+ E; = W + E., where E is kinetic energy, and E; and E, are surface energies
before and after impact, respectively. However, as shown by Pasanideh-Fard et al.
[1] and our results, this model strongly overpredicts the maximum spreading radius.

The model was revisited by Pasandideh-Fard et al. [1]. Their numerical simula-
tions suggested that the dissipation is taking place in a thin boundary layer within the
expanding droplet, implying that the characteristic length scale L in the above eq. 3.1
is not the pancake thickness 4 but has to be replaced by the Prandtl-Blasius boundary

layer thickness 6 [1]:

Dy

\/Re’

finally resulting in the following equation for D,,,,/Dy:

We + 12
ax = . 3.3
Diax/Do \/3(1—0086)+4(We/\/Re) 3:3)

§=2 (3.2)
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Figure 3.4: The normalized maximum spreading Dy,,c/Do vs. We. (a) Solid circles: the
present microdroplet data. Open squares: mm-sized droplets impact on superhydrophobic
surfaces from Tsai ef al. [16] . Dash-dot line: the capillary model by Clanet et al. [10].
Solid line: the viscous model by Clanet ef al. [10]. The short vertical dashed lines show the
transitional Weber number We, at P = 1 for a 2 mm-sized droplet and for a 50 pm droplet.
(b) Solid circles: the present microdroplet data. Stars: data from Mc Donald et al. [5]
with impact of molten metal microdroplets. Open triangles: low-speed microdroplet impact
experiments by Van Dam & Le Clerc [8]. Lines: Model by Chandra & Avedisian [29] (dark-
green lines) and by Pasandideh-Fard [1] model (black lines), evaluated for the initial diameter
Dy = 50um and contact angles 7/6 (dashed lines) and 7 (solid lines).
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Here, 0 is the contact angle. At low impact velocities (We < 10) this model saturates,
as the droplet impact can be considered to be effectively static and E; and W vanish.

In figure 3.4 (b), the measured maximum spreading for the microdroplet impacts
is plotted versus the Weber number. The maximum spreading is measured at the
moment when the deformation of the droplet is maximum before it wets the surfaces,
as shown in figure 3.3 (a,b). At low velocity, the present data saturates around a
spreading of ~1.3 times the initial diameter, which has a good overlap with previous
low-speed microdroplet impact experiments [8]. At high velocities, spreading of only
~3 times the initial diameter is found for even the fastest droplets. This is consistent
with (even faster) impact of molten metal microdroplets [5], even though the liquid
properties were very different from our experiments.

Figure 3.4 (b) is complemented with the models of Chandra & Avedisian [29]
and Pasandideh-Fard [1], evaluated for an initial diameter of Dy = 50um. We first
examine the maximum spreading calculated from these models for two different con-
tact angles, i.e. 8 = 7/6 and 7. The dashed lines in figure 3.4 (b) clearly show that
the contact angle of /6 results in a much larger spreading factor for both models
as compared to the experimental data. As discussed above, an air layer is present
between the spreading drop and the solid surface before the droplet wets the surface.
First, it was shown that decreasing the air pressure can prevent splashing [24]. Later,
the temporal evolution of the air layer has been experimentally measured [22] and in-
vestigated numerically [21]. The existence of the air layer implies a “contact angle”
which would be best described by 8 = &. As shown with the solid lines in figure 3.4
(b), this approach remarkably decreases the deviations between the experiments and
the results of both models. A good agreement is found between the microdroplet data
and the Pasandideh-Fard model [1] up to We = 103. This indicates the importance
of a finite boundary layer thickness in the dissipation of spreading droplets in the
present parameter regime. For We > 10°, the increasing trend of D,,../Do versus
We seems to saturate. This finding is consistent with Ref. [9], and will be studied in
future work.

3.5 Conclusions

The impact of water microdroplets on a smooth solid surfaces is investigated ex-
perimentally. By using a new droplet-generating device, impact events were cre-
ated at velocities from 1 to 100 m/s and droplet diameters between 12 and 100pm.
This parameter regime covers the transition between surface tension- and viscosity-
dominated spreading of the droplet. For all impact events, no splashing is observed.
The maximum spreading radius was compared to several models. The model by
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Pasandideh-Fard et al. [1] performs best, indicating that boundary layer dynamics
play a key role in droplet spreading. In addition, we find that an initial contact angle
of 180 degrees should be used as input value. This confirms the presence of an air
layer under the impacting droplet.
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Dynamics of high-speed micro-droplet
impact: numerical simulations and
experiments at frame rates beyond 107 fps * ¥

Technologies including (3D-)(bio-)printing, diesel engines, laser-induced forward transfer,
and spray cleaning require optimization and therefore understanding of micrometer-sized
droplets impacting at velocities beyond 10 m/s. However, as yet, this regime has hardly
been addressed. Here we present the first time-resolved experimental investigation of micro-
droplet impact at velocities up to 50 m/s, on hydrophilic and -phobic surfaces at frame rates
exceeding 107 frames per second. A novel method to determine the 3D-droplet profile at
sub-micron resolution at the same frame rates is presented, using the fringe pattern observed
from a bottom view. A numerical model, which is validated by the side- and bottom-view
measurements, is employed to study the viscous boundary layer inside the droplet and the
development of the rim.

The spreading dynamics, the maximal spreading diameter, the boundary layer thickness, the

*Submitted as: C.W. Visser, PE. Frommhold, S. Wildeman, R. Mettin, D. Lohse, and C. Sun.
TExperimental setup (in part), experiments (in part), data processing of experiments and simulations,
and first draft by CWV.
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rim formation, and the air bubble entrainment are compared to theory and previous experi-
ments. In general, the impact dynamics are equal to millimeter-sized droplet impact for equal
Reynolds- Weber- and Stokes numbers. Using our numerical model, effective scaling laws
for the progression of the boundary layer thickness and the rim diameter are provided. The
boundary layer thickness develops according to §g;, ~ Do/v/Re - (t/7)%* and the diameter
of the rim develops according to Dg;, ~ Do//We - (t/7)%%8. These scalings differ from pre-
viously assumed, but never validated, values. Finally, no splash is observed, at variance with
many predictions but in agreement with models including the influence of the surrounding
gas. This confirms that the ambient gas properties are key ingredients for splash threshold

predictions.

4.1 Introduction

Fast impact of small-scale droplets is a key phenomenon in applications such as
diesel engines [1, 2], thermal spraying [3], spray cleaning [4], and novel manufactur-
ing technologies based on ink-jet printing technology [5—7] or laser-induced forward
transfer [8]. However, the impact of these droplets is often poorly controlled, as it
has hardly been visualized. The associated industrial problems include (but are not
limited to) defects in metal electronics printing [3, 9], reduced cell survival in spray
treatment of burn wounds [10], damage on semiconductor wafers [11], and limited
steel strip surface quality [12]. To achieve a better understanding and thereby allow
for improved process control, in this article we study the impact of fast, micro-scale
droplets on a dry, smooth surface.

This is a challenging task, since for a droplet with diameter Dy = 50 wm impact-
ing at 50 m/s, the impact time scale is T = Dg/Vp ~ 1 ps. As this is comparable to
the shutter time of high-quality fast cameras, these are still too slow to resolve the
details of impact. Much shorter exposure times can be achieved using flash photog-
raphy [13]. However, with flash photography, only one or two frames per impacting
droplet can be captured. Therefore, to obtain multiple frames of the impact using the
flash approach, multiple droplet impacts with excellent reproducibility are required.
So far, sufficiently reproducible droplets could only be made up to 20 m/s [14-16].
As aresult, single-droplet impact at high velocity (Vo > 10 m/s) and small diameters
(Dp < 100 um) has hardly been visualized in detail, despite the vast interest for this
subject in the context of the technologies mentioned.

In contrast, major progress has recently been made for mm-sized droplet im-
pact (for background see reviews [34, 35]). We first provide a short overview of
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Figure 4.1: Overview of the different stages of droplet impact. (a) A droplet with diameter
Dy and velocity Vj is impacting onto a flat smooth surface (only liquid shown). During its
spreading into a lamella, a rim is formed. (b) Droplet-substrate interaction in the initial stage
of impact, after [17]. The rectangle in the top image is enlarged in the subsequent images,
showing snapshots of the cross-section of the droplet. Initially the droplet flattens and forms
a dimple, due to compression of the ambient gas between the droplet and the surface. After
the initial contact is made, the air under the dimple is entrained and contracts into a bubble.

Lamella Q
rim— G

Time

these findings, as they provide the required context for our results on micro-droplets.
As schematically shown in figure 4.1(a), the impacting droplet spreads into a thin
lamella until a maximum diameter is reached. The spreading of droplets was shown
to be limited by either surface tension or viscosity [21]. The formation of a viscous
boundary layer was shown to be crucial [26, 36, 37], and has been included in several
experimentally validated models. A self-similar profile of the droplet during spread-
ing was theoretically predicted [36] and recently validated by 3D-measurements of
the droplet surface [24]. These articles consistently showed that the spreading of an
impacting mm-sized droplet can be described sufficiently by the Reynolds number
Re = pDyVp /1 with liquid density p, dynamic viscosity p, and the Weber number
We = pDOVO2 /o, with surface tension o. In addition, the droplet-air interaction was
found to be crucial in the initial stages of droplet impact [17, 19, 32, 38—41], as
schematically shown in figure 4.1b. Prior to impact, the gap between the droplet and
the surface becomes extremely slender, and the escape of the gas from this gap is
strongly limited by viscous dissipation in the gas. The trapped gas forms a film be-
tween the droplet and the substrate. This film causes a “dimple” in the droplet surface
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Figure 4.2: Overview of experimental work on droplet impact, from refs. [3, 5, 14, 15, 18-
33], showing the phase of inverse diameter versus velocity (a) and the Reynolds number
versus the Weber number (b). The line indicates the separation between viscosity- and surface
tension-dominated regimes (under versus above the line, respectively) of droplet spreading
as proposed in ref. [21], and discussed in section 4.3.6. Figures (c) to (f) illustrate the wide
range of outcomes of droplet impact. Microdroplet impact on a flat surface is shown for
water at room temperature in (c), (d), and (e), illustrating the entrainment of an air bubble at
low-velocity impact (c) [14], the limited resolution obtained by high-speed camera imaging
at high-velocity impact (d) [31], and the development of a rim (e) (current work). Figures (f)
to (h) are obtained for mm-sized impact, illustrating rim instabilities (f) [28], bouncing (g)
[21], and splashing (h) [32].
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due to the pressure building under the falling droplet, and prevents immediate contact
between the droplet and the substrate, see figure 4.1b. Due to the dimple, the (axisym-
metric) minimum of the air film thickness is found off-axis. Eventually, continued
thinning of the air film results in contact between the droplet and the substrate, and
a wetting front starts running inwards and outwards from the initial, ring-shape con-
tact (indicated by small arrows). The dynamics of the entrapped air can be complex
[42-44], but usually the air entrained by the dimple forms a small bubble inside the
droplet [14, 44, 45]. The dimple- and bubble-sizes were quantified experimentally,
numerically and theoretically, using the Reynolds-, Weber-, and Stokes-numbers as
control parameters, with Stokes number St = pDyVy/ (2, ), in which p, is the gas
viscosity [19].

Can these results for mm-sized droplets provide any insight for micro-scale im-
pacts? As discussed, the parameter space of the impact problem is huge, with the
droplet diameter, velocity, viscosity, surface tension, and ambient pressure being the
most relevant parameters. A cross-section of this parameters space (the diameter-
velocity sub-space) is shown in figure 4.2a. Even in this limited cross section the
phenomenology of the impact problem is extremely rich. Consider for example (c)
the entrainment of an air bubble by an impacting microdroplet [14]; (d) a micro-
droplet during its impact on a flat surface [31]; (e) the development of a thick rim,
which for different impact conditions can develop an instability shown in figure 4.2(f)
[33, 46]; (g) a droplet boucing back from a superhydrophobic surface [21, 47, 48];
and (h) splashing of an ethanol droplet on a flat surface [32]. Assuming the relevance
of certain forces and processes, one achieves a dimensionless representation of the
parameter space as shown in figure 4.2 (b) (in terms of the Weber- and Reynolds num-
bers; the Stokes number is the third dimensionless parameter). This shows that the di-
mensionless control parameters for microdroplet impact coincide to experiments per-
formed for mm-sized droplets (which are performed at a higher viscosity and lower
velocity as compared to micrometer-sized droplets, see for example refs. [18, 25]).
If the impact problem is scale-invariant, this means that the mm-droplet experiments
can be used to obtain accurate predictions for the micro-scale experiments. How-
ever, it is not obvious that this scale-invariance must hold. For example the wetting
properties of sessile macro-and microdroplets can be rather different [49], due to dif-
ferent contact angles at the macro-and micro-scale. Also, the other dimensionless
parameters may become relevant at small scales. Thus, it is a priori unclear whether
different dimensional representations of the same point in the dimensionless subspace
of the impact problem indeed show the same behavior — this depends on whether the
assumptions regarding the relevant processes and forces are correct.

In this work we provide a comprehensive analysis of microdroplet impact em-
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ploying novel experimental and numerical methods discussed in section 4.2. We
visualize for the first time the impact of fast (Vp > 10 m/s) microdroplets at high res-
olutions in section 4.3.1, using an interferometric approach to extract the 3D-profile
of the droplet surface during spreading at sub-micron resolution. In the subsequent
sections we use the numerics and experiments to analyze the spreading dynamics,
the air entrainment, the boundary layer flow, the development of a rim, the maximal
spreading, and the splashing threshold, and compare these results to those obtained
for mm-scale droplets.

4.2 Droplet generation, visualization, and modeling

4.2.1 Droplet generation

To obtain high-resolution images of fast droplet impact on a glass substrate, we cre-
ate highly reproducible microdroplets (both temporally and spatially), analogous to
what was done in refs. [15, 50, 51]. Figure 4.3 shows an image of our setup. We
first produce a liquid jet by pumping distilled water through a ~20 um orifice. Using
an acoustic element the jet is vibrated at a controlled frequency, forcing Rayleigh
break-up of the jet into a train of monodisperse droplets. By applying a positive elec-
trical pulse of duration ~ 7 to the charging electrode, the tip of the jet is temporarily
charged negatively at the moment of break-up, and a charged droplet is created. When
traveling in the electric field between the deflection plates, this droplet is slightly de-
flected (6 < 1°). Catching away the droplet train then results in impact of a single
droplet on the impact plate, at a velocity controlled by the jet velocity. Three surfaces
were used to assess the influence of the macroscopic advancing contact angle 6 for
droplet spreading: Clean glass, with 8 = 23°; RainX, a windshield-repellency coated
glass surface (brand: RainX) with 8 = 90°, and a hydrophobized aluminium oxide
surface [52] with 8 = 135°. To prevent charge build-up, the capillary tube, the impact
plate, and the reservoir were grounded. The parameter space that was scanned with
the current setup is shown in figure 4.2a (all experiments were performed in air at
standard conditions).

4.2.2 Droplet visualization

To visualize the droplet from the side, a double-shutter camera (Sensicam QE, PCO
AG, Germany) was used. A 6 ns pulse from dual-flash ND:YAG laser (Quantel,
France) provided bright-field illumination. To prevent fringes, coherence was re-
moved by inserting a fluorescent plate in front of the laser. A bottom view was
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Figure 4.3: Setup. A liquid jet is created by pumping the liquid through a 20 pm-sized
orifice. The jet is acoustically oscillated, to force its break-up into a train of monodisperse
droplets. A high-voltage pulse is applied to a charging electrode, just before break-up into a
droplet. This charges the jet tip, resulting in a single, charged droplet. This droplet it deflected
from the non-charged droplet train by an electrical field. Catching away the droplet train then
results in a single, highly reproducible impact on the impact plate. Synchronized side- and

bottom views are used for visualization.
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realized similar to the side view. A half-mirror was added to achieve co-axial, dark-
field illumination. The camera- and laser timings were synchronized for the side- and
bottom-views. All temporal delays were controlled using pulse generators (Berkeley
Nucleonics Corporation, model 575).

4.2.3 Determination of droplet size, velocity, and moment of impact

For each experimental setting, the droplet size and velocity were determined as dis-
played in figure 4.4. From two side-view images of the in-flight droplet, indicated
as 1A and 1B in figure 4.4a, the droplet position was obtained by automated image
analysis in MATLAB ( MathWorks Inc., Natick, MA, 2013). As the delay between the
frames Ar is known, the spatial difference Ay, readily provides the droplet velocity
V = Ay;/At. For each experimental setting, at least 10 image pairs were processed
to obtain a velocity histogram as plotted in figure 4.4b. From this histogram, the
median velocity provides the per-experiment velocity Vy. In all cases, the velocity
has a typical standard deviation of 0.01Vy. The droplet diameter was obtained from
frame 1A and 1B of the velocity calibration measurements and each first frame of the
impact experiments (frame 2A), resulting in ~150 diameter measurements for each
experimental setting. A histogram of the droplet diameter is plotted in figure 4.4d.
Again the median provides Dy with a typical standard deviation of 0.01D.

An example impact experiment is shown in figure 4.4c, where frame B shows
a clear image of the impacting droplet. However, the arrival time of the droplet
has an uncertainty of ~ 1us due to the 1% uncertainty in the droplet velocity. This
is similar to the typical impact time 7, thus a more accurate time determination is
required to resolve the impact dynamics. Therefore, for each image pair, we first
calculate the time difference between the first droplet-substrate contact and frame A
as t4 = —7/2 — Ay/Vj, with Ay the distance between the droplet and the substrate.
This yields a negative value, as time ¢ = Os is defined as the moment of impact. The
time of frame B is tp = 14 + At, with At the frame-to-frame delay as set with the
pulse generator. The per-frame time uncertainty using this method is 100ns < 7,
i.e. sufficient for our measurements. To scan the temporal axis of the full impact,
this procedure is repeated ~150 times for each experimental setting, with different
delays. High-speed movies of the side- and bottom view are constructed for each
experiment (example movies are provided for control parameters listed in table S1
and figure S1).
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Figure 4.4: Determination of droplet size and velocity. All images shown are for equal
droplet generation settings. (a) Two in-flight frames are used to determine the droplet trans-
lation Ay;. The translation is used to obtain the droplet velocity. The scale bar indicates
100 pm. (b) Velocity histogram. The median provides the impact velocity Vy. Here and in
(d), note the scale of the velocity axis: the distribution is very narrow. (c) Droplet captured
in-flight (frame 2A) and during spreading (frame 2B). Frame A is used to collect the diameter
D for each experiment. (d) Diameter histogram. The median provides the droplet diameter
for each experimental setting, Dy. (¢) Example curve of D, /Dy is plotted versus time. The
maximum spreading diameter D, is determined from frame 2B. (f) Parameter space of Dy
and Vp. The markers indicate the surface type (G: Glass (6 = 23°), R: RainX (6 = 90°), SH:
Superhydrophobic (6 = 135°)).
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4.2.4 Numerical methods

Simulations were done using the open-source flow solver Gerris [53], which nu-
merically solves the incompressible Navier-Stokes equation on a non-uniform flow-
adaptive grid. The interface-tracking volume of fluids (VOF) implementation in Ger-
ris makes it well-suited for problems involving two phases with a high density ratio
and interfacial tension (water and air). In our axisymmetric simulations we take a
uniform grid inside the droplet with typically 340 points across the diameter (i.e.
0.15 pwm grid cell size for a Dy = 50 um droplet). The interface of the drop is adap-
tively discretized, ensuring that the curvature per cell does not exceed 5% of the
droplet radius. The minimum resolution is limited to the resolution inside the droplet.
Outside the droplet the grid is adapted according to the norm of the vorticity, with a
maximum grid size equal to that of the droplet. The size of the (squared) simulation
domain is 3 droplet diameters, with outflow boundary conditions on the top and left
edge, no-flow conditions on the bottom edge and symmetry conditions on the right
edge (which represent the z-axis along which the droplet approaches the surface).
During the downward impact, the air-layer between the droplet and the bottom sur-
face is given extra resolution to prevent the VOF-interface from coalescing with the
wall (which also allows for bigger time steps). In most simulations there remains a
minimum gap of about 20% of a droplet grid cell (i.e. 30 nm) between the bottom
of the domain and the droplet interface. As the viscosity and density do not sharply
change over the interface, this means that the droplet is effectively in contact with the
no-slip bottom edge at these points (with a 180° contact angle at the contact line).

Example results of the model are shown in figures 4.1a and 4.5. The model
is validated versus our measurements in figures 4.6, 4.8, 4.9, and 4.14, as will be
discussed in the corresponding subsections of this article.

4.3 Results and discussion

4.3.1 Droplet profile

From the side- and bottom view snapshots shown in figure 4.6, we can identify dif-
ferent stages of the droplet impact. Image 4.6a shows the droplet just before impact.
Subsequently, the droplet spreads over the surface into a lamella. As visible in im-
ages 4.6¢ to 4.6e, a rim is formed at the edge of the sheet. After reaching its maximal
diameter, the droplet retracts (for hydrophobic surfaces) or the contact line pins and
the droplet comes to rest after some capillary oscillations. As we focus on the impact
dynamics, these stages are not shown here.

Prior to impact, the bottom view reveals faint fringes (figure 4.6a). These fringes
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Figure 4.5: Simulated droplet impact. Left half: Pressure field; the color map indicates
the pressure P in 107 Pa. Right half: Velocity field, in which the arrows and the colors
respectively indicate the flow direction and flow velocity (in m/s). Simulation parameters:
Dy =50 pum and V) = 17 m/s, corresponding to We = 195 and Re = 836. The snapshot is
taken at 7/t = 0.42.

are due to the air film between the droplet and the substrate, and will be discussed
in subsection 4.3.3. In the later stages of droplet spreading, the bottom view again
reveals clear fringes (figure 4.6d and e). These fringes are due to interference between
the top droplet-air interface and the glass or droplet bottom.

We now analyze the droplet surface profile from the fringes in figure 4.6d, which
have been magnified in figure 4.7a. After radial averaging, the black and white fringes
result in the intensity profile shown in figure 4.7b. The local minima and maxima of
this curve were automatically detected using MATLAB and plotted as open and closed
circles, respectively. As the droplet thickness is monotonically decreasing in height
within the lamella radius (indicated as Ry in figure 4.6d), each black-to-white fringe
transition is associated to a quarter-wavelength step down in height. The resulting
profile is indicated by the dotted curve in figure 4.7c, where the minimum is set to
zero as an initial value. However, the fringes only provide the slope of teh droplet
surface, thus the actual lamella thickness remains to be determined.

To find the actual lamella thickness we calculate the volume contained withing
the profile plotted in figure 4.7c, by fitting a third-order polynomial to it (black line)
and integrating the resulting curve assuming axisymmetry. This volume, correspond-
ing to area “A” in figure 4.7c, is much smaller than the actual droplet volume. This is
not surprising, as a part of the droplet volume is contained in the rim, and the lamella
must have a non-vanishing thickness everywhere. If we assume that the rim contains
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Figure 4.6: Side- and bottom-view snapshots of a water droplet impacting onto dry glass for five different times (displayed in the
bottom-view images). The side views include the numerically obtained droplet contour (red line, plotted in the right half of the
image, see main text). The dark, blurred spots in the bottom view are caused by dirt on the bottom side of the glass. The insert
in figure (a) shows air-fringes (explained in main text). The dashed rectangle in figure (d) is magnified in figure 4.7a. Impact
parameters: D =49.5 um and V = 16.9 m/s, corresponding to Re = 836, We = 196, and St =2.2- 10*.
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all excess volume, the profile drawn in figure 4.7c is obtained, with a large rim and
a vanishing lamella thickness just inside the rim. Alternatively, assuming that all
excess volume is present below the profile, we obtain the profile without a rim as
plotted in figure 4.7d. The actual profile, which lies in between these two limiting
cases, can be obtained with higher precision from the side view. Using the rim size
given by the circle in figure 4.8a and integrating this to obtain the rim volume, both
the rim radius and the film thickness are fixed. In figure 4.8b, the result is plotted
using MATLAB (the lighting was set to make the images (a) and (b) correspond, and
a mirror image of the droplet was plotted (in black) below the droplet). Finally, in
figure 4.8c, the derived profile is shown to be in good agreement with the numeri-
cal result. Theoretical profiles were derived for inviscid impact [36, 54]. However,
since viscosity results in the formation of a boundary layer which affects the film
thickness for impact on solid surfaces [54], these predictions deviate from our results
(in particular, a much thinner lamella with a far larger radial extension is obtained
from theory)and are therefore not included. As the numerical results are based on
the Weber, Reynolds, and Stokes-numbers alone, the good overall agreement with
the experimental droplet profiles provides first evidence for the scale-invariance of
the impact events studied here. In the following sections we will discuss the different
aspects of the impact in detail.

4.3.2 Spreading dynamics

In figure 4.9a, the spreading dimensionless diameter D/Dy is plotted as a function
of dimensionless time 7 /7, for different Weber- and Reynolds numbers (indicated by
symbol shape) and for impact on surfaces with different wettabilities (indicated by
marker color). For¢/7 < 3, we found a negligible influence of the contact angle on the
spreading radius, as was also observed for mm-sized droplets [55]. Good agreement
between our measurements and our numerical model (solid lines) is reached . In fact,
even better agreement with the numerical results is obtained than with mm-sized
droplets, as in measurements with mm-sized droplets (ref. [55], plotted as *) slightly
stronger spreading than in our numerical simulations is seen, for unknown reasons.

To compare our results with the literature, we require a more detailed picture of
the spreading dynamics of the droplet. The impact can be divided into three different
phases, of which the first two are depicted by the inset in figure 4.9b:

o The initial phase, in which the bulk of the droplet maintains its initial velocity
and no lamella is ejected (blue line in the inset of figure 4.9b). The droplet-
substrate contact diameter D¢ was initially described assuming compression of
the liquid in the droplet (i.e. lack of lamella ejection), resulting in D¢ /Dy =
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Figure 4.7: Bottom view analysis. (a) Detail of figure 4.6d, clearly showing fringes. (b)
Radially-averaged intensity map of the bottom view image. The open and closed markers
show the radial positions where respective bright and dark fringes were detected. The shaded
area is not used for analysis: (c) The rim profile determined from the fringes is shown by the
open and closed markers, corresponding to figure (b). The black line indicates a third-order
fit. Integration of area A provides the volume contained under the profile, which is less than
the original drop volume. Area B corresponds to the rim volume if the rim would contain all
excess volume of the droplet. (d) Area C corresponds to the excess liquid if it would be fully
contained under the droplet, resulting in an offset of the droplet profile equal to the height of
area C.
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Figure 4.8: Bottom view analysis combined with side view and simulation, for the droplet
analyzed in figure 4.7. (a) Side view image. In red the rim size is shown, which was used
for the analysis of the bottom view images as explained in the main text. (b) Side-view
image reconstructed from the fringes in the bottom-view. (c) Rim profiles determined from
experiment and simulation. The red vertical line indicates the experimental error.

24/t/7—(t/7)? from geometry arguments [55]. A modification was made by
assuming incompressible flow from the droplet into a disk-shaped lamella [14,
58], but for /7 < 1 this result collapses to the aforementioned result from
ref. [55]. Recently, the radial position of the inflection point D; was calculated
using Wagner’s theory [59], resulting in D; = /3t/7, and proposed as the
initial wetting velocity [56]. As the transition to the next regime (where the
lamella is ejected) occurs on a time scale of order /100, we could not yet
study this regime. To conclusively measure the dynamics in this regime (also
for mm-sized droplets), high-resolution measurements would be required, in
particular in view of the small differences between the various predictions.

e The lamella phase. A lamella is ejected when its velocity exceeds the wetting
velocity observed in the initial phase [56, 57]. This occurs at the lamella ejec-
tion time #,, which was recently modeled [56] by the solution of the implicit
equation

V3/2Re 1, /7) P+ We ! =C(1. /1), 4.1)
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Figure 4.9: Normalized spreading diameter versus time. Left: (mainly) experiments. Right:
numerical results. (a) Comparison between measurements (markers) and simulations (lines)
for three different contact angles. The black stars represent mm-sized droplet data from ref.
[55] (Do = 2.7 mm and Vy = 2.6 m/s, We and Re in the legend). The spreading is contact-
angle independent and good agreement with the numerical results is obtained, as illustrated
by the collapsing curves in the inset. Final retraction of the droplet is observed only for the
strongly hydrophobic surface (6 = 135°) and in the simulations (6 = 180°). (b) Development
of the contact diameter before lamella ejection D¢ (blue dash-dotted line), the inflection
diameter D; (red dashed line), and the maximal lamella diameter D (black dashed line); solid
lines show the numerical results corresponding to figure (a). The color-gradient indicates the
predicted transition towards the lamella regime [56], as discussed in the main text. A time
series of the droplet shape is shown in the right-bottom corner of the figure, illustrating the
contact diameter D¢, the inflection diameter D;, and the maximal lamella diameter D. (c)
Normalized lamella spreading versus normalized time. The experimental data (shown for
t/7 < 1) collapse to the model proposed by Mongruel et al. [57] (equation (4.2), shown as a
dashed line in figures (c) to (f)) within the experimental error. (d) The numerical results (solid
lines) collapse to theory [57] at intermediate times. For small times the lamella is not fully
developed; in the late regime surface tension and viscosity limit the spreading. () & (f): The

corresponding compensated plots (D/Dy)(z/t)~'/2 versus /T (out of which Re cancels) for
figures (c) & (d).
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with prefactor C = 1.2. For our control parameters this yields a value of 0.02 <
t./T < 0.04, illustrated by the transition from the shaded (blue) region to the
white region in figure 4.9b. The lamella spreading velocity and radial extension
were obtained by equating the inflow from the drop and the outflow into the
lamella (modeled as a circular disc with an empirically obtained thickness)

[57]:
DO . "L'. .

A comparison with our experimental results in this regime is provided in figure
4.9c, where the axes were chosen to allow direct comparison to ref. [57]. The
experimental results are limited to 47, < ¢t < T, ensuring that only the lamella
regime is captured. The model and experiments agree quantitatively within
the experimental error, again evidencing scale-invariance of the drop impact
dynamics. Our numerical results (figure 4.9d) show reasonable agreement for
intermediate times, but deviate for small times (where the transition from the
slower initial regime results in a lower value), and for large times (due to slow-
down, next item).

e The slow-down phase (t/7 > 1), in which surface tension and viscosity signif-
icantly slow down the spreading lamella. This eventually stops the spreading,
defining the maximum spreading diameter as discussed in subsection 4.3.6.

4.3.3 Droplet-air interaction

As discussed in the introduction and shown in figure 4.1b, the gas in the gap between
the droplet and the surface forms a dimple in the droplet and “cushions” the impact.
The initial contact between the droplet and the substrate therefore occurs off-axis,
and air is entrained by the dimple in the droplet. As this air cannot escape, a small
bubble inside the droplet is observed.

Initially we aimed to assess the air film behavior using the fringes using bottom-
view interferometry, a method commonly applied to determine the air profile sep-
arating the droplet from the surface [17, 39, 61]. However, processing the fringes
shown in figure 4.6a reveals a spherical droplet profile with a curvature correspond-
ing to the droplet size, i.e. the expected dimple was not observed. A prediction of
the dimple height was provided in ref. [19], yielding H ~ 50nm for our control pa-
rameters. As the resolution of the interference method is limited to A /4 = 145 nm
(with A = 577nm the illumination wavelength) the dimple profile cannot be resolved
with bottom-view interferometry in the visible spectrum. Therefore, to assess the
scale-invariance of the droplet-air interaction, we now discuss the bubble size.
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Figure 4.10: Dimensionless volume of the bubble entrained during droplet impact versus the
Stokes number (St). For microdroplets, the bubble volume was measured by Van Dam and Le
Clerc (2004) [14] and re-cast here (blue markers), as for the current experiments the bubble
size is smaller than the optical resolution of the setup. For comparison to air entrainment by
mm-sized droplets, the experimental and numerical results from Bouwhuis et al. (2012) [19]
are included (green and red markers). The lines show scaling laws proposed for the capillary
air entrainment regime (low-St, solid lines, from ref. [19]) and the inertial air entrainment
regime (high-St, dashed lines, from refs. [19, 60]). The vertical blue and black dashed lines
indicate the crossover from the capillary to the inertial regime, for micro- and mm-sized

droplet impact, respectively.
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The size of the bubble entrained by impacting droplets was determined theoreti-
cally, experimentally, and numerically for millimeter-sized droplets [19], as shown in
figure 4.10. At very low Stokes numbers (i.e. slow droplets), the droplet approaches
the surface so slowly that the gas can escape, and no bubble is entrained [62]. For
increasing (but still low) Stokes numbers, an increasingly large bubble is observed,
indicated by the solid black line in figure 4.10. However, in the high-Stokes number
limit, the gas is squeezed out so strongly that again very small bubbles are observed
as indicated by the black dashed line [60]. The maximum bubble size is observed at
an intermediate “crossover” Stokes number, which is plotted as a vertical dotted line
in figure 4.10.

Since compressibility is likely to become important for fast micrometer-sized
droplet impact [60, 63], the question is whether equal dimensionless droplet sizes
are observed. The bubbles entrained by microdroplet impact at lower velocities than
in our experimentsi were measured by Van Dam and LeClerc [14] and are re-cast
in figure 4.10. To compare these data to the model discussed, the crossover Stokes
number (which depends on the Weber- and Reynolds numbers and will thus change
for smaller droplets) was re-calculated for Dy = 40 1 m and plotted as a blue dotted
line in figure 4.10. The data from ref. [14] collapse to the prediction, and completely
lie in the high-Stokes regime. Although the scale-invariance of the low-St regime
remains to be addressed, this provides strong evidence for scale-invariant entrainment
of air by droplet impact in the high-St regime, i.e. that no additional dimensionless
numbers (apart from Re, We, and St) are required to describe the air entrainment by
impacting droplets.

4.3.4 Boundary layer development

During impact, the radial flow over the surface results in the development of a bound-
ary layer from the surface. Here the local boundary layer thickness Oy (r,7) is defined
as the height at which 95% of the maximal horizontal velocity is reached.The red
lines in figure 4.11 show the boundary layer thickness derived from the simulations,
which is generally well-defined (values close to the origin (r < 5 um) and early times
(t/T < 0.06) are inconsistent and therefore excluded). To obtain a single boundary
layer thickness value for each instant in time, 6(r,¢) is spatially averaged as:

— 4 [ (P02 g r,t)rdrd@
Spulr) = 1o nD(ljgz( Jrdrd® 4.3)

*Our current experiments (at high Stokes numbers, see figure 4.10) resulted in a bubble size below
the resolution of our setup.
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Figure 4.11: Snapshots of the simulated cross section of the droplet, for We = 196 and Re
= 836. The black line indicates the droplet contour, the blue shading indicates the liquid,
and the radial velocity component are plotted as filled areas (blue). The red line indicates the
boundary layer d(r,¢). The white dotted lines shows the fitted rim profile. The parameter /g
indicates the center height of the droplet, as shown left of the fourth image. Note the different
scaling of the upper two images, allowing for a more detailed view.
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Figure 4.12: (a) Simulated space-averaged boundary layer thickness versus time for two (Re,
We) pairs (in red and blue, as shown in the legend), normalized by the droplet diameter. The
dashed lines indicate the center height of the droplet /¢ (z). The red markers correspond to the
droplet profiles as plotted in figure 4.11. Figure (b) shows the boundary layer thicknesses nor-
malized by Re!/2 (line colors indicate Reynolds and Weber numbers as in figure 4.13 (b)),
displaying a good collapse in this normalization.

with O the angular coordinate. This spatially-averaged boundary layer thickness is
plotted as a function of time in figure 4.12a. The markers on the red line correspond
to the snapshots in figure 4.11. A maximum boundary layer thickness is observed at
t/7 =~ 2.5 when the (increasing) boundary layer thickness approaches the (decreasing)
droplet thickness hg(z) (indicated by the dashed line in figure 4.12a). This instant
is important in the determination of the maximum spreading diameter, as will be
discussed in detail in section 4.3.6.

The temporal development of the boundary layer was theoretically addressed in
the context of droplet impact [37]. There, an analytical flow field solution for inertia-
dominated inviscid flow onto a wall (long after initiation) was extended to include
viscosity and a no-slip condition on the wall. This results in the development of a
boundary layer with an homogeneous thickness over the full surface area (which is
surprisingly consistent with figure 4.11, showing a roughly spatially homogeneous
boundary layer thickness for various instants). Based on this model, a 99% boundary
layer thickness as a function of time is proposed as:

Sog ~ 1.88Dp ) ——. (4.4)
TRe

which is indicated by the dash-dotted line in figure 4.12b.

The non-dimensional boundary layer thickness obtained from our simulation is
plotted in figure 4.12b. For a range of Reynolds- and Weber numbers (indicated in
the caption), the results collapse to a single curve which confirms the robustness of
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Figure 4.13: Simulated rim diameter versus time, for various (Re, We) pairs as shown in
the legend. (a) Rim diameter normalized by the droplet diameter as a function of time nor-
malized by the inertial time scale 7. The markers correspond to measured rim diameters.
The dashed lines indicate the center height of the droplet /(¢). Figure (b) shows the rim
diameter normalized by DyWe~!/2. Fitting the rim evolution in time provides the exponent
ORim = 0.68 +0.04, which is indicated as a black line. Rim height measurements for mm-
sized droplets are added in figure (b), from ref. [64], for We = 59 and Re = 1340 (black
crosses, %), and We = 185 and Re = 2360 (magenta triangles V).

the boundary layer scaling with respect to the Reynolds number. The curve follows
Spr(t) ~ DoRe ™Y/ 2(t /T)%L with exponent o = 0.45 £ 0.02, and lies below the
prediction of ref. [37]. This latter difference is due to the different definitions of
the boundary layers: we assume a 95% boundary layer whereas a 99% boundary
layer is used in ref. [37]. Also the exponent oy, = 0.45 £0.02 lies slightly below
the theoretical exponent of 1/2. This is due to the finite spreading diameter of the
droplet: An instantaneous boundary layer development over the full surface is as-
sumed in the theory [37], but the actual boundary layer development is limited to the
(growing) area below the droplet. The deviations from the theoretical relationship
(8 ~ Dy+/t/TRe) are smaller than the differences originating from different bound-
ary layer thickness definitions. Therefore, for practical purposes, either relationship
will adequately describe the boundary layer development in droplet impact.

4.3.5 Rim development

The formation of a pronounced rim is observed both in experiments (figure 4.6) and
simulations (figure 4.11). To quantify the rim diameter, a circle is fitted to the out-
ermost points of the simulated droplet profile as plotted in figure 4.11 (dashed white
circles collapsing to the rim). The resulting rim diameter is plotted as a function of
time in figure 4.13a, in which the markers show validation measurements from the
side-view images which confirm the numerical results.
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In figure 4.13b, the rim radius is normalized by a length scale D/ Wel/2 [64].
This length scale is derived from the position which the rim has reached after a time
T = Dy /Vh, assuming a typical deceleration of VO2 /Dy [21, 64]. Using this normaliza-
tion, all our data collapse to a single curve described by Dpg;,, /Do ~ We™'/2(r / 7) %
Fitting our data to this equation provides oz, = 0.68 £0.04. To our knowledge, this
remarkably robust scaling explonent (which seems to hold also for times ¢/t > 1),
has not yet been theoretically explained.

To compare our results to rim size measurements of mm-sized droplets, measure-
ments by De Ruijter et al. [64] are added to figure 4.13b (as discussed in ref. [64],
earlier experimental work on the rim thickness [27, 57, 65-67] is hardly applicable
to drop impact on a smooth solid surface). These measurements neither collapse
on our data nor our numerical results, but they are of the same order of magnitude.
The temporal evolution of the rim diameter could not be uniquely established in ref.
[64] as the data set was limited to 0.2 < ¢/7 < 1. However, since droplet impact is
generally scale-invariant, and our results partially agree to theory and experiments
for mm-sized droplets [64], the herein observed scaling might also describe the rim
dynamics of mm-sized droplets.

4.3.6 Maximum spreading diameter

The measured maximum spreading diameter Dy, /Dy is plotted in figure 4.14 and
compared to several theoretical [21, 26, 37, 44] and experimental results for micro-
droplets [3, 14, 15, 20, 31]. For We ~ 100, good agreement is observed with previ-
ous experiments [14, 31]. For larger Weber numbers, the current maximum diameter
clearly lies below [15, 20] or above [3, 14, 31] previous work; the differences are
discussed in the appendix.

The maximum spreading diameter is the result of a competition of forces. On
the one hand, inertia drives the liquid to radially expand. On the other hand, surface
tension pulls back the expanding sheet, and viscosity dissipates part of the energy,
limiting the maximum spreading diameter. The limiting cases, in which inertia is bal-
anced by either surface tension or viscous dissipation (hereafter called the capillary-
and viscous regime, respectively), were separately modeled by Clanet et al. [21].
The transition between these regimes is set by the parameter P = We/ Re*/5 =1, as
indicated by the arrow in figure 4.14 and the solid line in figure 4.2. The model shows
good agreement with the current results.

However, two important additional phenomena are affecting the maximum spread-
ing diameter [26, 36, 37, 54, 68]: (i) the formation of a rim at the edge of the
expanding droplet, and (ii) viscous dissipation takes place within a thin boundary
layer, as discussed. An improved approach to model spreading at We > 1 would
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Figure 4.14: Normalized maximum spreading diameter versus the Weber number, for the
current experiments (colored markers) and simulations (black dots), other micro-droplet ex-
periments (black markers), and models (lines). The arrow indicates the transition between
the capillary- and viscous-regimes proposed in ref. [21].

therefore include inertial spreading limited by boundary layer dissipation and the re-
traction of a rim. This approach was taken by Roisman [37], where the scaling of
Dipax /Do ~ Re!/5 for viscosity-limited spreading is recovered analogous to Ref. [21]
(for Re 2 100 and infinite Weber number). This result was generalized for finite We-
ber numbers (We 2 10) by introducing a correction to account for the growth of the
rim, resulting in the following semi-empirical expression for the maximal spreading
diameter [37]:

Diar/Do = 0.87Re'/> — 0.40Re?* "We™!/2 (4.5)

Excellent agreement with our data is observed (figure 4.14). As this model was also
validated for mm-sized droplets, we conclude that, for a large parameter regime,
the maximum spreading diameter is captured by the Weber- and Reynolds numbers
alone?.

SAs discussed in ref. [26], excluding the boundary layer generally results in an over-prediction
of Dy,4x. In this view, the excellent agreement between our measurements and the basic model from
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4.3.7 Splashing

Splashing is not observed in the current and previous [31] measurements for high-
speed impact of microdroplets. Empirical splash threshold models sometimes (cor-
rectly) predict absence of a splash [69-71], but also the incidence of a splash is
frequently predicted for our maximum-velocity impacts [72-74], for which Vy =
50 m/s, Dy = 50um, Re ~ 2500, and We ~ 1770, surface roughness R, = 5nm,
and water and air at atmospheric pressure are used.

These conflicting results clearly indicate a need for improving the physical un-
derstanding of splashing, on which great progress has recently been made. The con-
sensus is that splashing is caused by ejection and upward deflection of the liquid
lamella forming during impact [56, 75]. In particular, two splash mechanisms have
been proposed. First, the lamella may be deflected upwards by liquid touchdown on
the substrate. This touchdown results in a local boundary layer, which has a “bump”-
shape deflecting the ejected lamella away from the surface [75]. The impact velocity
threshold beyond which splashing occurs is proposed to equal the critical impact ve-
locity for lamella ejection, provided as [75]:

5gd \ A
whzc< ° ) . 01<C<03 (4.6)

uzpDo

providing 8.9 < V;;, < 27 m/s for our system, i.e. the predicted threshold velocity is
too low. However, surface roughness and air compressibility may influence the ac-
tual threshold [75]. Extrapolating figure 8 from [75] indicates that roughness on a 1
nm-scale (which is of the order of our glass substrate roughness) is expected to fur-
ther decrease the splash threshold impact velocity. Another factor which potentially
suppresses splashing for the current small-scale droplets is that the touchdown oc-
curs in a different way as compared to the model in [75], since the air film thickness
is expected to become thinner than ~ 10 times the mean free path length of the gas
molecules. In this regime the droplet’s touchdown is highly nontrivial. Although the
subtleties for this case have been discussed in detail for mm-sized droplets [75], they
may be different for the current regime. Extending this model to fast microdroplet
impact would provide an opportunity for further validation.

A second proposed splash threshold is based on a competition between desta-
bilization of the lamella by the air film under the droplet, and the stabilizing effect
of surface tension [32]. This model (which is based on dimensional analysis, and

ref. [21] is surprising. However, as the spreading stops when the boundary layer equals the lamella
thickness, assuming the lamella thickness as the relevant viscous length scale (instead of explicitly
incorporating the boundary layer) results in a very minor error.
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therefore does not explicitly include any physical mechanisms) predicts splashing for
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with kg Boltzmann’s constant, T the temperature, M the molecular weight of the
gas, 7 the adiabatic constant of the gas, and P the pressure of the ambient air. For our
50 wm-droplets in air, this yields a splashing threshold velocity of ~ 500 m/s, thus
no splashing is predicted for our droplets with impact velocities up to 50 m/s.

Recently, a similar approach has been translated into a complete physical model.
Here, the lift-off of the lamella is assumed to be governed by the air surrounding
the droplet (by both air compression below the lamella and a lift force due to a low-
pressure area above the lamella) [S6]. Another key ingredient is the (growing) rim
diameter. If the lamella is lifted faster than the rim grows, the rim will not touch the
substrate and splashing is predicted. However, if the rim diameter increases faster
than the lamella lifts away from the surface, the rim will touch the substrate and
splashing is suppressed. This model successfully predicts the splash threshold of
mm-sized droplets, for a variety of liquids. However, a key model assumption is that
the air film thickness exceeds the mean free path length of the gas molecules. As this
condition is violated here, a prediction cannot be obtained for our control parameters.

As yet, our observation of non-splashing impact is predicted only by empirical
models [32, 69, 70]. As the model by Xu et al. [32] model contains most physical
insights and has been successfully extended to explain the splash threshold droplets
impacting on hot surfaces [29], it seems to be the best splash prediction model as yet.
However, since only scaling arguments are used, details of the physics of splashing
remain to be understood. Recent attempts provide validated splash threshold predic-
tions for mm-sized droplets [56, 75], but neither of these approaches is applicable
to the micrometer domain since the continuum assumption of the gas breaks down.
As the underlying physics of these models are fundamentally different, details of
the splash mechanism remain to be fully understood and future modeling efforts are
expected. The current results, in which no splash is observed despite high impact
velocities, may provide a powerful tool for validating these models.

4.4 Conclusions

In this work the similarities and differences between mm-sized droplet impact (for
which great progress has been made recently) and micrometer-sized droplet impact
(which is key for industrial applications but has hardly been addressed) are studied in
detail. Highly reproducible micrometer-scale droplets were generated and visualized
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using flash-illumination. Side-view images show the spreading droplet at a temporal
resolution exceeding 107 frames per second. Bottom-view images reveal a fringe
pattern due to reflection of the (flat) glass interface and the (curved) top surface of
the droplet, and were used to resolve the droplet shape at sub-micron resolution. A
numerical model is developed and extensively validated using the side-and bottom-
view measurements. The model is used to study the boundary layer development and
the size of the rim, which are challenging to quantify experimentally.

The spreading dynamics, droplet-air interaction, boundary layer development,
rim development, maximum droplet spreading diameter, and splashing threshold are
investigated in detail. The main conclusions are:

1. The spreading dynamics can be divided into different phases. The initial phase,
prior to the ejection of a lamella, could not be investigated due to the extremely
short time scales involved. In the lamella phase, a scaling D/Dgy ~ \/% is
observed, which is in quantitative agreement with ref. [57]. The final (slow-
down) phase results in the maximal spreading diameter, see item 5.

2. The air bubble size entrained during microdroplet impact decreases with in-
creasing impact velocities (for the currently studied impact velocities Vp >
10 m/s). The scaling of the air bubble size collapses to results for mm-sized
droplet impact in the high-Stokes number regime. The threshold Stokes num-
ber separating the high- and low Stokes number regimes is different, which is
expected since this parameter is size-dependent.

3. The boundary layer thickness scales as 8p; (1) ~ DoRe™'/2(t/7)* with an ef-
fective exponent o; = 0.45+0.02. The Reynolds number dependence follows
the expected scaling of EBL(t) ~ DoRe /2 m, but the temporal progres-
sion is somewhat lower. In addition, details of the definition of the boundary
layer have a pronounced effect, which is expected to influence variables which
depend on the boundary-layer thickness.

4. The rim diameter follows a scaling Dy, /Do ~ We™'/2(¢ /7)%in  with effective
exponent O, = 0.68 +0.04. To our knowledge, this scaling is observed for
the first time. The temporal exponent and the remarkable robustness of this
scaling for times #/7 > 1 remain to be explained.

5. The maximal droplet spreading diameter is robustly captured by models bal-
ancing the inertia of the droplet to viscous dissipation in the boundary layer
[37].
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6. Despite our high impact velocities up to Vo = 50 m/s, no splash is observed
here. Only the model by Xu et al. [32] correctly predicts this outcome. This
model is based on scaling arguments, and does not contain detailed (force)
balances and prefactors. Alternative models capture the physics of splashing
in more detail [56, 75], but since the continuum assumption is violated for
the thin air film between the droplet and the substrate these models cannot be
applied here.

As far as could be observed, droplet impact is scale-invariant, i.e. mm-sized droplet
experiments have a predictive value as long as the same Reynolds, Weber, and Stokes
number are used. Therefore, the vast progress in understanding mm-sized droplet im-
pact can be applied to optimize a wide range of applications in which fast, pum-sized
droplet impact on a dry surface is a key process step, such as (3D)(bio)printing, ther-
mal spraying, spray cleaning, and laser-induced forward transfer. Future studies may
address additional phenomena including lamella break-up [76], the influence of the
slip length [54, 76], and droplet compressibility [76, 77] as these are highly relevant
for impact of even faster and smaller droplets [76].

Appendix: Experimental results in drop spreading

Figure 4.14 shows the normalized maximum spreading diameter. For We > 100, the
current maximum diameter clearly lies below [15, 20] or above [3, 14, 31] previous
work; the discrepancies are discussed here.

The results exceeding our results were taken for droplets with Dy = 235 +30um
[15] and Dy = 230um [20], i.e. larger than our droplets with Dy = 48 & 3um. As
the spreading depends on both We and Re (and not on We alone as displayed in the
graph), a larger spreading is expected. Assuming We = 800 and droplet diameters
Dy = [48,235]um, we obtain Re = [1661,3666], respectively. Using the model of
Roisman [37], a 15% larger spreading diameter is expected for the larger (Dy =
230pm) droplets. The data around We = 800 shows a 20% increase, i.e. a slightly
larger but similar value.

Our previous results [31] are clearly lower than the current results (at We = 800,
a 21% decrease is found). This is due to three reasons. First, the high-Weber number
measurements were taken for smaller droplets (~ 20um), as the previous droplet gen-
eration method did not produce consistent droplet sizes for all velocities (ref. [31],
figure 2c). An analysis similar to the previous paragraphs shows an expected decrease
in spreading diameter of 5%. Second, the current measurements show that the max-
imum spreading is reached by the cylindrical rim, i.e. above the surface. Just after
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reaching its maximum spreading the rim retracts around 3%, while (for hydrophilic
surfaces) the contact line initially sticks to the surface. The temporal resolution of
the previous measurements (1ps) did not allow to visualize this retraction, and thus
in the previous measurement the maximum wetted diameter was measured instead of
the maximum extension of the rim. This also accounts for a part of the discrepancy.
Finally, the spatial resolution of the previous experiments was much more limited
(ref. [31], figure 3d). We appear to have over-estimated the measurement accuracy
at the droplet edge, and we conclude that high-resolution measurements are required
for adequate spreading measurements. As this problem worsens with increasing ve-
locities, the plateau of D, /Dy reported for We > 1000 [20, 31] requires validation.

Then, the maximum spreading of hot metal droplets onto a glass surface (ref.
[3], figure 3b) also lies below current results. As the glass temperature was much
below the metal melting temperature, solidification might have limited the spreading
diameter. In addition, the surface tension of a hot (~ 3300K) droplet while cooling
down and oxidizing is hard to establish, i.e. the Weber number is poorly defined. Here
we take a value of 0 = 2.3N/m from ref. [78] and estimate o = 2.0N/m for the steel-
chromium alloy reported [79], as values for the actual alloy may not exist. Finally,
the initial droplet diameter had a high uncertainty (Particles with Dy = 60 £ 38um
with an average of Do = 40um were reported). Although a 40-measurement average
was taken, this could strongly add to the error. Therefore, in view of these major
uncertainties, we are surprised by the reasonable agreement with our measurements.

Finally, one data point from previous high-quality measurements [14] lies signif-
icantly below our data. As this single data point also lies below the curve plotted
in ref. [14], we took a detailed look at the experimental parameters. The authors
report a maximum impact velocity of Vp = 13.8m/s and a maximum diameter of
Dy = 42um, corresponding to We = 111 for water. However, the data point was plot-
ted at We = 200, resulting in a minor discrepancy. In conclusion, we think the current
results are at least as reliable as (and mostly consistent with) previous work.
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Ejection regimes in picosecond laser-induced
forward transfer of metals *

Laser-induced forward transfer (LIFT) is a 3D direct-write method suitable for precision
printing of various materials including pure metals. To understand the ejection mechanism
and thereby improve deposition, here we present visualizations of ejection events at high spa-
tial (sub-ym) and temporal resolutions, for picosecond LIFT of copper and gold films with a
thickness 50 nm < d <400 nm. For increasing fluences, this reveals the fluence threshold be-
low which no ejection is observed, followed by the release of a metal cap (i.e. a hemisphere-
shaped droplet), the formation of an elongated jet, and the release of a metal spray. For each
ejection regime the driving mechanisms is analyzed, aided by a two-temperature model. Cap
ejection is driven by relaxation of thermal stresses induced by laser-induced heating, whereas
jet- and spray-ejections are vapor-driven (as the metal film is partly vaporized). We introduce
energy balances which provide the ejection velocity in qualitative agreement with our veloc-
ity measurements. The threshold fluences separating the ejection regimes are determined.
In addition, the fluence threshold below which no ejection is observed is quantitatively de-

scribed using a balance between the surface energy of the (locally melted) film and its inertia.

*Under review: R. Pohl, C.W. Visser, G.W. Rémer, D. Lohse, C. Sun, A.J. Huis in 't Veld. (2014)
TEqual contribution of RP and CWV. Experiments, setup, theory (all in part), and first draft by CWV.
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In conclusion, the ejection type can now be controlled, which allows for improved deposition

of pure metal droplets and sprays.

5.1 Introduction

Laser-induced forward transfer (LIFT) is a high-resolution 3D direct-write method
that was first demonstrated in 1986 [1]. For the LIFT process, a transparent substrate
(carrier) is coated with a thin film (donor) and is placed in close proximity to a second
substrate (receiver), see figure 5.1. A pulsed laser beam is focused through the carrier
onto the carrier-donor-interface. The incident laser pulse is absorbed within a thin
layer of the donor material. At sufficiently high laser fluences, the donor material is
ejected and deposited on a receiver substrate.

LIFT has a high potential for printing of various materials (including pure metals
[2-7]) which cannot be deposited using conventional methods such as ink-jet print-
ing, while retaining key advantages including high resolution (down to 300 nm [8]),
and mask-less, contact-free deposition at room conditions. In particular, the depo-
sition of pure-metal droplets in the liquid phase allows for deposition of conductive
patterns [9, 10], from which the semiconductor industry could strongly benefit [11].
However, despite process improvements in various ways [12—16], the high potential
of LIFT for liquid-metal deposition has not been met as the deposited features are
poorly controlled. This for example results in deposition of one main droplet sur-
rounded by smaller satellite droplets, the deposition of many particles [8], or a sig-
nificant uncertainty in the deposition location due to a limited control of the ejection
angle [17].

Improving LIFT is far from straightforward, as the ejection process has hardly
been visualized due to the extremely short time of the process and, consequently, is
poorly understood. The ejection time scale is estimated to be only T~ V /L ~ 100 ns,
assuming a velocity V ~ 100 m/s and a length scale L ~ 10 um [18], resulting in
challenging visualization conditions. So far, time-resolved visualization has been
achieved for relatively thick liquid-film [19-23] and solid-phase [24-26] or paste-
transfer [27, 28] processes. Observations of LIFT-processing of Au [29], Ni [30],
Al [31], and Cr [32] do not provide sufficient spatial resolutions to track the process
in detail. Therefore, theories describing the ejection mechanism have been proposed
based on the craters left in the donor layer or deposited features on the receiver sub-
strate [33—-35]. In addition, numerical simulations have been performed [36-38].
Two driving mechanisms of the ejection process are commonly proposed (for these
and more theories see [33, 34, 39]). First, relaxation of thermally induced stresses
[40] could drive the ejection. Second, partial evaporation [39] of the donor layer,
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Figure 5.1: Sketch of the experimental setup. The experiments were conducted without a
receiving substrate.

resulting in the formation of an expanding vapor bubble, may accelerate and eject the
donor material. However, as yet, it is unknown under which conditions these ejection
mechanisms occur.

Here we visualize and describe different types of ejections occurring in LIFT
of copper and gold films. This allows to optimize the process parameters for spe-
cific applications, such as metal micro-manufacturing. To this aim, high-speed, high-
resolution visualization of ejection events in picosecond LIFT is pursued, revealing
three ejection regimes and corresponding ejection velocities. We interpret the exper-
imental results using a two-temperature model, providing key evidence for the un-
derlying ejection mechanism. Based on this evidence, the energy balances required
to model the ejection regime and ejection velocity are proposed. This approach pro-
vides the key parameter settings for each regime, and provides a simple estimate of
the ejection fluence threshold.

The experimental and numerical methods are discussed in section 5.2. High-
resolution images of the ejection dynamics and two-temperature model calculations
are presented in section 5.3, as well as the physical interpretation of these results. The
implications and limitations of these results are discussed in section 5.4, followed by
the conclusions in section 5.5.

5.2 Methods

5.2.1 Experimental Setup

The experiments are performed using the setup schematically shown in figure 5.1.
For LIFT, a Yb: YAG laser source with a fixed pulse duration of 6.7 ps, a wavelength
of 515 nm (SHG) and a Gaussian beam profile with a beam quality factor of M? <1.3
was used. The beam was focused onto the carrier-donor interface using a f-theta-
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ronar scan-lens with a focal length of 100 mm. The beam waist (1/e®) was measured
to be 8.3+0.6 um. The fluence values in this article represent peak fluences. The
maximum error in the fluence is 20 mJ/cm?, as determined using the D?-Method
[41]. Copper and gold films with thicknesses 50 nm < d < 400 nm (magnetron
sputtered at 23 nm/m onto a 1 mm thick glass carrier) are used as donor layer. To
optimize the experimental imaging conditions, the receiving substrate was omitted.

Images were recorded using a dual-shot CCD camera (PCO Sensicam), mounted
to a microscope with a 50x long-distance objective. Brightfield flash illumination
was provided by a dual-cavity Nd:YAG laser with a pulse duration of 6 ns. A high-
efficiency diffuser was used to diffuse this laser pulse and thereby prevent fringes. To
determine the ejection velocity, the distance between the ejection crater in the donor
layer and the tip of the ejection was measured and divided over the time between the
ejection and the frame illumination. For triggering, a pulse delay-generator was used
(Berkeley Nucleonics BNC 575). The trigger sequence was started by the output of
a photo diode exposed to the LIFT laser beam path. All components were selected
to achieve a high temporal resolution, resulting in a temporal measurement error of
10 ns. The spatial resolution of the imaging system is limited by the diffraction limit
or motion blur (for ejection velocities exceeding 100 m/s).

5.2.2 Two-Temperature Model

As the laser pulse duration is comparable to the time scale of the electron-phonon
relaxation [42], a two-temperature model (TTM) is used to describe the lattice tem-
perature 7; and the electron temperature 7, of the donor layer. Hence, the temperature
evolution of the electron- and phonon-subsystems are modeled by the following set
of differential equations [43]:

oT, B 6 o7,
CeE—S*ZKeTZ—g(Te—Tl)‘FS» (5.1
and 5
T,
Ci(Ti) 5, = 8(Te ~ i), (5.2)

where C,, C;(T;) and g represent the electron heat capacity, the phonon heat capac-
ity, and the electron-phonon coupling factor, respectively. The electron heat capacity
is modeled as C, = A.T,, where A, is the electron specific heat constant, and the
electron thermal conductivity as K, = KT, /T;. The enthalpy of melting and vapor-
ization are incorporated by adding a Gaussian function to the heat capacity, centered
at the equilibrium phase-change temperatures, with a standard deviation of 20K. The
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integration of those functions yields the phase-change enthalpies. The source term S
describes the electron heating by Lambert-Beer absorption for thin films:

exp(—az)

§=all =R o —ad)

(5.3)
where R denotes the reflection coefficient and o the linear absorption coefficient.
Transmitted light is excluded by the denomiator in equation (5.3) (1 —exp(—ad)),
which is relevant here since thin films are used [43]. The temporal evolution of the
laser pulse intensity Iy is described by:

 2FVin2
VT,

Here, F and 7, are the laser fluence and pulse duration, respectively. The system is
numerically solved using the following assumptions and boundary conditions. Su-
perheating might occur, resulting in melting time scales of up to 100 ps [44]. Since
these time scales are still significantly shorter than the ejection time scale of our
LIFT experiments, temperature homogenization is expected to occur prior to ejec-
tion. Therefore, superheating is ignored in the temperature model. Heat conduction
into the carrier and the air are ignored (i.e. at z =0 and z = d we use C, 557;" =0). A
one-dimensional model is used, as (1) the laser spot size exceeds the film thickness
by two orders of magnitude and (2) the thermal penetration length in the lateral di-
mension of the film remains much smaller than the spot size until ~ 10 ns after the
laser pulse, during which the material is ejected. The ballistic motion of electrons is
ignored, as T, > 1 ps [45]. The equations are solved numerically for a time period of
100 ps. The material properties used are summarized in table 5.1.

Io(1) exp(—41In2(t/1,)?). (5.4)

5.3 Results

5.3.1 Ejection Regime Classification

Figure 5.2 shows the fluence-resolved ejection dynamics for a 200 nm copper film.
Figures 5.2 (a) - (c) show typical ejections in the low-fluence regime (F < 600
mJ/cm?), where the ejection of a cap is observed (cap ejection is a novel regime,
as discussed in section 5.4). For intermediate fluences (600 mJ/cm? < F < 740
mJ/cm?), a jet-like feature is formed on the apex of the ejected cap, see figure 5.2
(d) and (e). At even higher fluence levels (F > 740 mJ/cm?), ejection of a spray is
observed, see Figure 5.2 (f) and (g). These sprays are characterized by a cloud of par-
ticles or droplets, instead of the more coherent features observed in the cap ejection
regime.
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Figure 5.2: Ejection of a 200 nm copper film, visualized 125 ns after the incident laser pulse.
Figure (a) to (g) correspond to increasing fluence values of 314, 392, 480, 660, 864, 1060,
and 1576 mJ/cm?, respectively. The black bar at the top of the image schematically shows the
location of the donor layer. Images (a) to (c) illustrate the cap ejection regime observed for
low fluences; (d) and (e) show the formation of a jet from the apex of the cap for intermediate
fluences, and (f) and (g) show the ejection of a fast copper spray. In image (g), some droplets
are visible as lines, as their high velocity results in strong motion blur (the tip speed is 700
m/s).
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Figure 5.3: Probability P of the type of ejections observed (cap, jet or spray) versus the
incident laser fluence.
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Sym | Property Copper Gold Unit
A, | Electron specific heat constant 98 71 Jm K2
C; | Lattice heat capacity 3.26-10° | 2.19-10° | JmK!
d Donor layer thickness 50 to 200 | 100 to 400 nm
E | Young’s modulus 110 74 GPa
g | Electron-phonon coupling factor | 10- 10 2.1-10" [ Wm3K™!
H,, | Melting enthalpy 1.9-10° | 1.14-10° kJ/kg
K.o | Electron heat conductivity 401 318 Wm 'K!
R | Reflection coefficient 0.6 0.64 -
T, | Melting temperature 1358 1337 K
T, | Vaporization temperature 2835 2800 K
o | Absorption coefficient 6.33-10° | 5.2-10° cm ™!
oy, | Coefficient of thermal expansion | 16.5- 10°°]142-10°° KT
\ Poisson ratio 0.35 0.43 -
p | Density 8960 17-10° kg m—>
o | Surface tension 1.2 1 Nm™!
T, | Laser pulse duration 6.7 6.7 ps

Table 5.1: Material properties used [42, 45].

Establishing the threshold fluences between these regimes proved challenging, as
experiments with the same input parameter settings sometimes resulted in different
regimes (in particular close to the transition fluences). Therefore, the incidence rate
of each regime was binned as a function of fluence. For the 200 nm copper film, 388
ejection events were categorized and binned (using a bin width of 10 mJ/cm?). Fig-
ure 5.3 shows the probability of each ejection regime for each bin. The lower fluence
thresholds for the cap-, jet- and spray-regimes were based on a regime incidence of
50%, yielding values of 320, 600, and 740 mJ/cm?, respectively. These thresholds
are connected to the film temperature (discussed next), providing evidence for the
ejection driving mechanism.

5.3.2 Temperature Analysis

The temporal evolution and spatial distribution of the electron- and lattice temper-
atures are computed with the model described in section 5.2. Example results are
plotted in figure 5.4, showing the interface lattice temperatures and the electron tem-
perature as a function of time. First, the laser pulse is absorbed by the electron sub-
system in the optical absorption depth, which has a thickness of 1/a ~ 15 nm < d,
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Figure 5.4: Calculated lattice temperature at the carrier-donor interface (squares, left axis)
and the donor-air interface (circles, left axis) as a function of time (at t = 0 the simulation
starts; the peak pulse energy is reached at r = 27, = 13 ps), for F = 376 mJ/cm?. The
hashed area indicates the full width half max of the laser pulse duration. The electron-phonon
temperature difference at the carrier-donor-interface (triangles, right axis) illustrates the high
electron temperatures reached and the electron cooling on the electron-phonon temperature
relaxation time scale (~ 20 ps).

resulting in electron temperatures up to ~ 10*K at the carrier-donor interface (red
squares in figure 5.4). Subsequently, the lattice is heated by the electrons and reaches
a peak temperature of ~ 2600 K on the relaxation time of the electron-phonon sys-
tem (7., ~ 20 ps). An almost homogeneous temperature is reached after 1 ~ 100
ps, corresponding to the thermal diffusion time scale 7, = d?/(20p) ~ 180 ps, with
ap = 1.1-10~* m?/s the thermal diffusivity.

Figure 5.5 shows the calculated maximum interface temperatures of the metal
film as a function of the laser fluence. The temperature plateaus at 7 ~ 1400K and
T =~ 2800K indicate the melting- and evaporation phase changes, respectively. Here,
increasing the fluence only results in the phase change of a larger material fraction.
The onset of melting (i.e. partial melting of metal close to the carrier-metal interface)
is predicted to occur at F ~ 120mJ/cm?, until at a fluence of F ~ 350 mJ/cm? the film
is completely melted. The onset of evaporation (i.e. partial evaporation of metal close
to the carrier-metal interface) occurs at F ~ 400 mJ/cm?. For fluences > 610 mJ/cm?,
the full layer has reached the steady-state vaporization temperature and increasing the
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Figure 5.5: Computed maximum temperature as function of laser fluence, at the interfaces
of a 200 nm copper film.

fluence only results in a larger vaporized fraction of the film. A further temperature
increase is expected only for fluences resulting in complete film vaporization, which
are beyond the current parameter space.

The transition fluences, separating the ejection regimes, are re-plotted in fig-
ure 5.5. The ejection threshold for cap ejection F,, = 320 mJ/cm? coincides with the
full melting of the donor film. The transition to the jet ejection regime occurs when
the full layer reaches the evaporation temperature (in subsection 5.3.3 we will argue
that the driving mechanism of the jet and the spray are equal).

This quantitative correspondence between the phase changes and the threshold
fluences for cap and jet ejection suggests two different ejection mechanisms. This
will be discussed in the next section as follows:

e Cap ejection by thermally-induced stress relaxation (subsection 5.3.3 (a)).

o No ejection for sub-threshold fluences, due to surface tension retracting the cap
(subsection 5.3.3 (b)).

e Jet-and spray ejection by partial film vaporization (subsection 5.3.3 (c)).
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Figure 5.6: Ejection velocity as a function of the laser fluence, for a 200 nm copper film (a)
and a 160 nm gold film (b). The different markers indicate the ejection regimes analogous to
figure 5.2. The green dash-dotted line indicates the predicted minimum velocity; the black
solid lines show the modeled cap ejection velocity (equation (5.9)), and the dashed purple
line indicates the spray- and jet ejection velocity model (equation (5.15)). The displayed
data points represent grouped measurements with error bars indicating the standard deviation
(each data point consists of at least 10 individual measurements).
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5.3.3 Ejection Mechanisms

Cap Ejection by thermally-induced stress relaxation As shown in figure 5.5,
vaporization is not predicted by our temperature model just above the cap ejection
fluence threshold. Therefore, thermal compression of the metal film and subsequent
release of elastic energy is proposed as the driving mechanism analogous to Refs.
[34, 38]. The elastic energy is modeled as

a !
Ep— / AKidz~ JdAK oG AT?, (5.5)
0

using thermal expansion u = o, AT with oy the thermal expansion coefficient and
AT the lattice temperature increase by the laser pulse, a bulk modulus K = ﬁ
with Young’s modulus E and the Poisson ratio v, and a surface area A. For a laser

pulse resulting in homogeneous heating over the film thickness, this yields
1 2 A2
Ep = EdAK(x,hAT ) (5.6)

with the temperature increase modeled as

1 —R)F —dH,,

(
AT = ic , (5.7)

with H,, the melting enthalpy, R the reflection coefficient, and C; the lattice heat
capacity. By equating this elastic energy to the kinetic energy

1
Epin = Epdsz, (5.8)

where p is the density, the velocity in the elastic regime is derived as:

|K
V = o4, CoAT E, (59)

with Cy a fitting prefactor. The resulting velocities are shown by the solid lines in fig-
ures 5.6 (a) for copper (with Cy = 0.35) and 5.6 (b) for gold (with Cyp = 0.7). Using
prefactors of order one, good agreement between the model and the measurements is
obtained.
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Threshold ejection fluence governed by the capillary-inertial energy balance
Surprisingly, only velocities exceeding ~ 20 m/s are observed even just above the
ejection threshold, as shown in figure 5.6. Previous reports have shown that for sub-
ejection threshold fluences the film is accelerated, but retracted by surface tension
before it can escape the (liquid) donor layer [22]. This suggests that ejection only
takes place if the kinetic energy of the ejected material exceeds its surface energy.
Dividing the kinetic energy Ey;, by the surface energy E; provides

Ekin p dVZ
E; (o)

— We, (5.10)

with v the maximum tip velocity, ¢ the surface tension of molten copper, and We the
Weber number, i.e. the ratio of inertial energy and surface energy. Using a thresh-
old Weber number We = 1, the minimal ejection velocity is readily determined from
equation (5.10). As shown in figure 5.6, this velocity reasonably matches our mea-
sured minimum velocities.

Using the condition We = 1, the minimum cap ejection fluence is readily deter-
mined. Combining equations (5.7), (5.9), (5.10), and solving for the fluence provides:

1 pdC, | o
Frp= — \/ = +dH,|, 5.11
b l—R[(xthCo kd © } 1D

where again for gold Cy = 0.7 and for copper Cyp = 0.35 are used. The threshold
fluence is plotted as a function of the film thickness in figure 5.7, showing good
agreement to the measured data for copper and gold films of various thicknesses.
This suggests that the condition We = 1 provides a simple and robust criterion for
determination of the threshold fluence for LIFT of (locally) liquid metal films.

Jet- and Spray Ejection by partial film vaporization For both jet- and spray
ejection, vaporization is predicted within the whole film (see figure 5.5). Therefore,
vapor-driven ejection is assumed for these regimes *. The laser energy heating the
vapor is estimated as the initial energy minus the energy required for melting of the
film and heating it to the boiling temperature. This provides the energy contained by
the vapor as:

Evp =CiA(1-R)F —d-H,,—d -C/(T, - Tp)), (5.12)

¥The different footprints of these regimes (observed from figure 5.2) are likely due to the Gaussian
spatial distribution of the laser pulse: in the jetting regime vaporization only occurs in a small spot in the
center of the melt area, whereas in the spray ejection regime this occurs in almost the full melt area. The
similarity of the jet- and spray regimes is confirmed by the partial overlap of the jet- and spray-ejection
velocities (figure 5.6), and therefore no distinction is made regarding the driving mechanism.
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Figure 5.7: Threshold ejection fluence F.,), as a function of the film thickness, for copper
and gold films. The markers indicate measured values, the lines indicate the model prediction
(equation (5.11)).

where Tp is the initial (room) temperature, 7, is the boiling temperature and C; is a
prefactor. Equating this to the kinetic energy (equation (5.8)), the ejection velocity is
obtained:

. (5.13)

\/2C1((1 ~R)F —d-H, —d-C(T, — Ty))
V:
pd

Figure 5.6 shows the predicted velocities (purple dashed lines) for copper (figure (a),
using C; = 0.05) and gold (figure (b), using C; = 0.12). Although prefactors are
required for quantitative agreement, the transition from the cap- to the jet-ejection
regime (which is hardly influenced by the prefactor) is captured. The non-unity value
of C; may be due to a subtlety of the vaporization enthalpy, which partly consists
of the energy required for the atom-by-atom escape through the liquid surface, and
partly of the work done by the expanding vapor [46]. At room conditions, the work
done by the expanding vapor (which we consider as the driving mechanism) is only
8% of the total vaporization enthalpy for both copper and gold, i.e. of similar order
as the prefactors used. Therefore, using only the work done by the expanding vapor
(as for example provided in Ref. [46]) may allow for a reasonable velocity estimate.
where again for gold Cy = 0.7 and for copper Cy = 0.35 are used. The threshold
fluence is plotted as a function of the film thickness in figure 5.7, showing good
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agreement to the measured data for copper and gold films of various thicknesses.
This suggests that the condition We = 1 provides a simple and robust criterion for
determination of the threshold fluence for LIFT of (locally) liquid metal films.

Jet- and Spray Ejection by partial film vaporization For both jet- and spray
ejection, vaporization is predicted within the whole film (see figure 5.5). Therefore,
vapor-driven ejection is assumed for these regimes ¥. The laser energy heating the
vapor is estimated as the initial energy minus the energy required for melting of the
film and heating it to the boiling temperature. This provides the energy contained by
the vapor as:

Evp =CiA(1 —R)F —d-H,,—d-C/(T, — Tp)), (5.14)

where Tp is the initial (room) temperature, 7, is the boiling temperature and C; is a
prefactor. Equating this to the kinetic energy (equation (5.8)), the ejection velocity is
obtained:

v:\/2C1<<1—R)F—d'Hm—d'CNTv—TO”_ (5.15)

pd

Figure 5.6 shows the predicted velocities (purple dashed lines) for copper (figure (a),
using C; = 0.05) and gold (figure (b), using C; = 0.12). Although prefactors are
required for quantitative agreement, the transition from the cap- to the jet-ejection
regime (which is hardly influenced by the prefactor) is captured. The non-unity value
of C; may be due to a subtlety of the vaporization enthalpy, which partly consists
of the energy required for the atom-by-atom escape through the liquid surface, and
partly of the work done by the expanding vapor [46]. At room conditions, the work
done by the expanding vapor (which we consider as the driving mechanism) is only
8% of the total vaporization enthalpy for both copper and gold, i.e. of similar order
as the prefactors used. Therefore, using only the work done by the expanding vapor
(as for example provided in Ref. [46]) may allow for a reasonable velocity estimate.

In the spray ejection regime, the speed of sound in air is generally exceeded by
the ejected material, and ejection-induced shock waves must be present. These shock
waves were observed only occasionally and were faint (not shown here). Since the
shock waves do not seem to influence the ejection regime or velocity, and detailed

$The different footprints of these regimes (observed from figure 5.2) are likely due to the Gaussian
spatial distribution of the laser pulse: in the jetting regime vaporization only occurs in a small spot in the
center of the melt area, whereas in the spray ejection regime this occurs in almost the full melt area. The
similarity of the jet- and spray regimes is confirmed by the partial overlap of the jet- and spray-ejection
velocities (figure 5.6), and therefore no distinction is made regarding the driving mechanism.
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visualization requires a different experimental setup, we refer to refs. [47, 48] for a
for a detailed discussion of shock waves.

5.4 Discussion

Liquid-phase cap ejection is scarcely described ejection regime in LIFT [49], which
we therefore concisely discuss. Cap ejection strongly resembles a nanobump torn
off around its base [50-52] (a nanobump is a smooth bump in the metal film, which
is observed below the ejection threshold fluence), which is distinctly different from
the commonly reported LIFT ejection by formation and break-up of a liquid filament
[17, 40]. The dynamics of liquid-phase nanobump formation were recently investi-
gated using molecular dynamics simulations, revealing extreme thinning of the donor
film at the base of the bump [38]. Cap ejection was not reported there, since the sim-
ulations were limited to short time scales or sub-ejection fluences. However, rupture
of this thin part of the film is easily conceivable and would directly correspond to our
cap ejections. Since liquid film rupture is likely to result in the formation of multiple
droplets, this mechanism may also explain the formation of satellite droplets gener-
ally observed [49]. Despite the multi-droplet formation, the cap ejection regime has
a high potential for 3D additive manufacturing, since the ejected cap contracts into a
main droplet with a well-defined size and speed.

The cap ejection threshold fluence is accurately captured by the capillary-inertial
energy balance resulting in equation (5.5). The generality of this energy balance is
now assessed using the (rare) literature data on the liquid-film LIFT ejection. These
references include velocity data below and above the ejection threshold. First, for
numerical work on LIFT of Newtonian liquid films deposited on a dynamic release
layer [22], a threshold ejection Weber number We,;, = 1.1 is obtained in agreement
with the We = 1 criterion proposed here. In a second case [19], no detachment was
observed even for experiments performed at We ~ 80. However, in that case, rheo-
logical modifiers were added to the viscous film, potentially delaying film break-up
as compared to Newtonian fluids. This suggest that We = 1 sets the lower bound of
the minimum ejection velocity: for We < 1 retraction is expected, whereas for We
> 1 ejection occurs only if the film breaks up on a sufficiently short time scale.

Elastic stress release and partial vaporization of the film are well-established driv-
ing mechanisms for metal LIFT [33, 34, 36-38, 43]. However, the actual driving
mechanisms are more complex. For example, numerical simulations revealed that
cap-ejection regime is the result of a heat-induced (but still elastic) pressure wave
traveling perpendicular to the film [36-38, 43]. This wave is reflected at the donor-
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air surface and induces pull-off of the donor from the carrier 1. Also superheating
and vapor formation, expansion, and condensation could occur [54]. In this view,
it is remarkable that our simple energy balances seems to capture these phenomena,
although a prefactor is required for quantitative agreement to the measurements.

Still, even for a single driving mechanism, actual observations may depend on
the pulse duration and the film thickness. For example, for nanosecond pulse dura-
tions, film deformation and thermal diffusion are significant already during the pulse.
Therefore, the energy deposition will be less confined and shock waves within the
film could be diminished, resulting in lower ejection velocities [17]. For femtosecond
pulses, the energy absorption by the electrons is much faster than for our picosecond
pulses. However, in both cases, the energy transfer into the lattice is limited by the
time scale at which the hot electrons heat the lattice (i.e. the electron-phonon cou-
pling time scale), which usually is in the order of ~ 10 picoseconds. Therefore, in
this short-pulse regime, lattice heating is hardly affected [55] and our models are
expected to be valid. Similarly, the thickness of the film may strongly affect the
observed ejection regime. In particular, if the optical penetration length is smaller
than the film thickness and ejection occurs prior to thermal diffusion over the film
thickness, solid-state ejection is observed [25]. In these cases the ejection thresh-
old depends on the yield strength of the film or its adhesion to the carrier substrate
[33, 34], and equation (5.5) no longer applies.

5.5 Conclusions

High-resolution images of donor ejection during picosecond LIFT are presented.
Varying the fluence F reveals different ejection regimes, which are illustrated for a
200 nm copper film. For 160 mJ/cm? < F < 300 mJ/cm?, ejection of a hemispherical
piece of the film is observed. This is a scarcely addressed regime that we call “cap”-
ejection. For 300 mJ/cm?> < F < 370 mJ/cm? “jet-ejection” occurs, since here a
narrow jet leading the cap apex is observed. For F > 370 mJ/cm? a cloud of particles
is observed, called “spray ejection”. Using the two-temperature model, these regimes
are connected to phase changes within the donor layer. In the cap ejection regime, the
relaxation of elastic stresses within the (melted) donor film is proposed as the driving
mechanism. In the jet- and spray-ejection regimes, for which the driving mechanism

INote that stress release towards the non-heated region of the film is limited by the speed of sound:
during the laser pulse duration, the radius of the heated area (10pm) significantly exceeds the distance
the compression wave travels through the film (< 1pm). Therefore, film buckling is not due to lat-
eral compression, but due to (still elastic [36]) pressure wave reflection. These reflections have been
incorporated in more comprehensive semi-analytic models, see for example Ref. [53].
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is similar, the expansion of a vapor bubble drives the ejection. These mechanisms are
captured by energy balances which provide velocity predictions. Good agreement
with velocity measurements for copper and gold films is obtained, using a material-
dependent fitting constant. A minimal ejection velocity of V ~ 20 m/s is found to
correspond to a Weber number We = 1. This suggests that for lower ejection ve-
locities (for which We < 1), surface tension retracts the liquid film. If the velocity
prefactor (which is independent of the film thickness) is known, We = 1 allows to
quantitatively determine the ejection threshold fluence. Vice versa, if the ejection
threshold fluence is known, the velocity can be quantitatively determined.

The current characterization of different LIFT ejection regimes may allow for
more controlled deposition of micron-sized pure metal droplets. In particular, the
novel cap ejection regime may extend the range of achievable droplet sizes- and ve-
locities, which we expect to explore in future work.
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Towards 3D printing of pure metals by
picosecond laser-induced forward transfer * T

Laser-induced forward transfer (LIFT) may in principle enable the three-dimensional printing
of metals, but has not yet become a routine technology because hitherto it is too difficult
to control it with sufficient accuracy. In LIFT, a pulsed laser is focused onto a thin metal
donor film. This laser locally melts the film, resulting in the ejection of a micrometer-scale
droplet, which can be deposited on a receiver substrate. By controlling and repeating the
ejection at the same location, droplets are deposited at the same position and thus pillars are
manufactured. In this work, we demonstrate the construction of copper pillars (2 mm long
pillars with a diameter of 5 um) and fill through-silicon vias using LIFT. The pillars have low
porosity, are electrically conductive, and mechanically stable. We explain that the size and
the velocity of the impacting droplet determine the solidification regime, and argue that the
thermal properties of the receiver substrate are crucial for controlled deposition. Finally, we

discuss future applications of this versatile 3D micromanufactuing technique.

*In preparation as: C.W. Visser,R. Pohl, et al.
TExperiments (in part) experimental setup (in part), modeling, and first draft by CWV.
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6.1 Introduction

Great progress in additive manufacturing technologies now allows the fabrication of
complex 3-dimensional structures. The mainstream technologies include printing,
photopolymerization, powder bed fusion, sheet lamination or deposition, and direct-
write technologies [1]. In particular the printing concept has gained momentum for
rapid prototyping, since it provides for fast, low-cost, and contact-free deposition at
room conditions and poses minimal disturbances to the receiver substrate (on which
the material is deposited). For instance, deposition of wax, polymers [2], and even
living cells [3] are routinely achieved. However, printing of metals remains challeng-
ing, since the melting temperature of most metals is similar to (components within)
the printing nozzle. As yet, metal printing has been limited to low-melting point
metals [4, 5] and metal-containing inks [6—8], which are generally not optimized in
terms of material properties (e.g. strength, conductivity, and corrosion rate) and cost.
Contact-free deposition of a wider range of metals may therefore enable novel ap-
plications including optimized micro-antennas [9], electrode deposition on rough or
inclined surfaces, or filling through-silicon vias for connecting stacked 2D electronic
circuits [10].

Laser-induced forward transfer (LIFT) is a direct-write method allowing for de-
position of a wide range of metals [11-15] including chromium [16, 17], tungsten
[16], gold [18, 19], nickel [18], and aluminium [20]. The concept is shown in figure
6.1 (a). A pulsed laser is focused on the material to be transferred, the “donor film”,
which is initially present on a transparent “carrier” substrate. The light is absorbed
by the metal, resulting in a thermal stress wave or evaporation within a part of the
film, which subsequently leads to the ejection of a metal micro-droplet. Printing is
achieved by placing a receiver substrate in the droplet’s line of flight,.

However, application of pure-metal LIFT for 3D direct-write has been limited to
deposition of single metal droplets [21-23], lines [10, 24], and nanoparticles [25].
This is because two challenging requirements have to be simultaneously fulfilled for
consistent deposition: (1) the landing position of a single droplet has to be limited
to the previously deposited droplet’s impact area, and (2) good adhesion between the
droplets is required. For solid [16, 26] material transfer, which is mainly pursued
to transfer intact parts of the donor film to the receiver, the adhesion is expected to
be limited. Therefore, we aim for controlled deposition in the liquid phase. In this
regime, for LIFT just above the ejection threshold fluence, a single spherical deposit
is observed [21-23]. At intermediate ejection fluences, deposition of a torus-like
shape is observed [21], which indicates that the droplet solidified in spread-out shape.
At even higher fluences, a large amount of very small spherical droplets is observed
[17, 27]. However, as stacking spheres or torus-shaped structures unavoidably results
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in porosity and limited drop-to-drop contact after solidification, none of these shapes
seems to be optimal for manufacturing high-density structures.

In this work however, a different, disk-shape solidification regime is observed,
which seems to be ideal for droplet stacking. The disk-shape results in a larger con-
tact area between the drops, and thereby could enhance the strength, homogeneity,
and conductivity of the deposited structure. To characterize this regime, we visualize
the droplet ejection dynamics, using real-time visualization at nanosecond time scales
and micrometer resolution. Subsequently, we manufacture a micropillar by repeating
the ejection events at the same spatial position, and define its features in detail. We
extend these results to demonstrate the fabrication of extremely long pillars, the fill-
ing of holes, and the deposition of a conducting line with minimal defects. Finally,
we discuss the relationship between the droplet impact velocity and its solidifica-
tion characteristics, and we present a concise outlook for future 3D metal fabrication
using LIFT.

a Laser b w c ——
E

Carrier <— #s

H E .
J, Donor
Droplet
8 rilar .
Receiver t=50ns—/— t=400ns O

Figure 6.1: (a) LIFT setup. A laser pulse is focused onto a 200 nm thick copper donor
layer, resulting in the ejection of a liquid copper droplet (shown as a yellow dot). By moving
the carrier horizontally (shown by the arrow), repetitive ejections are produced at the same
location. The impacting droplets solidify, resulting in the formation of a pillar on the receiver
substrate. The receiver is coated with a copper film, to improve the adhesion of the droplet.
Each ejection leaves behind a hole in the donor film: the “crater”. Figure (b) and (c) show a
single LIFT ejection for fluence F = (4600 +200) Jm~2, 50 ns and 400 ns after the laser is
fired. In the top of both images, the crater is visible as a black line. In figure (b), the strongly
deformed donor film is just detaching from the remaining substrate. In figure (c), the flying
droplet is shown, which is trailed by several smaller satellite droplets. The droplet appears to
be much smaller than in figure (a), as surface tension contracts the (initially hollow) droplet
into a sphere with a final size as indicated by the white dot. Eventually, the droplet will reach
a spherical shape and land on the receiver substrate (not shown). The scale bar indicates
10 pm.
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Figure 6.2: Pillar characterization. (a) Overview image of a pillar. Although the surface is rough, the thickness is almost homoge-
neous. (b) Pillar top, clearly showing the final droplet which spread over the top prior to solidifying. The nano-droplets visible on top
of this droplet are the satellite droplets caused during the ejection process. (c) Cross-section (obtained by cutting with a focused ion
beam) of the pillar top; the region in the rectangle is magnified in figure (d) which shows that the pillar is almost pore-free (except
for the rough edge) and the individual droplets are hardly visible. (e) Pillar cross section, showing different grain orientations in
different color. Grain boundaries with a length spanning multiple grains are indicated in yellow. These lines typically end at pores
in the edge of the pillar, which correspond to the original droplet’s edges. Therefore, these long grain boundaries likely correspond
the original droplet’s surface. (f) Example view of solidified droplets deposited next to a pillar. Figures (a), (c), and (d) are from the
same pillar (the other images are from different pillars processed using the same ejection parameters). The scale bars indicate 20 pm
in (a); 1 umin (b,d,e), and 5 um in (c,f).
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6.2 Results

6.2.1 Pillar formation and characterization

Laser-induced forward transfer of copper droplets is achieved using the setup de-
picted in figure 6.1 (a). In short, a laser with a pulse duration of 7 ps and a wave-
length of 515 nm is focused into a spot with a full-width, half-mean diameter of
10 pm, resulting in the melting and ejection of a 200 nm copper film. As shown in
two snapshots of an ejection event, the ejected material initially maintains its sheet-
shape (figure 6.1 (b)), but strongly contracts (figure 6.1 (c)) and eventually reaches
a spherical shape. The ejection velocity ranges from 30 to 200 m/s [28]. The donor
substrate is moved in horizontal direction using a motorized translation stage. Re-
peatedly shooting the laser then results in a series of ejection events at the same
spatial position, which results in the formation of a pillar if a receiver substrate is
inserted below the donor.

To our best knowledge, the copper pillar shown in figure 6.2 (a) is the first exam-
ple of 3D-micromanufacturing using LIFT. The pillar has a height of around 80 um
and a diameter of 5.3 0.7 um. Despite its rough surface, the thickness is still rea-
sonably homogeneous. The pillar top is magnified in figure 6.2 (b), showing the
last-deposited drop which has spread out over the pillar top and subsequently solidi-
fied. Below this droplet, the edges of several solidified droplets are visible. To assess
whether such round edges result in pores within the pillar, a pillar was cut length-
wise using a focused ion beam, and subsequently visualized using a SEM. As shown
in figure 6.2 (c) and (d), the original droplets are hardly visible and only a few small
pores are observed. Using a through-lens detector, the grains within the pillar become
just visible. Grain sizes between 50 nm and 200 nm are typically observed and seem
to constitute most of the pillar volume (our current imaging equipment does not al-
low for quantitative analysis). Furthermore, several long, horizontally-aligned grain
boundaries are identified, as illustrated by the yellow dashed lines. The ends of these
boundaries (at the outer surface of the pillar) frequently coincide with voids corre-
sponding to the edge of solidified droplets. This footprint suggests that the impacting
droplets do not melt the pillar surface during impact, but instead crystallize onfo the
previously deposited droplets. In principle, these horizontal interfaces could be weak
or brittle. However, as the pillar can be bent significantly and homogeneously before
plastic deformation occurs, the influence of these interfaces on the pillar characteris-
tics seems to be limited.

The deposition dynamics and reproducibility are discussed following figure 6.3.
The deposition of a 270 wm high pillar is shown in figure 6.3 (a). In the final stage,
the growth rate becomes constant as indicated by the line in figure 6.3, and the pillar



110 6. LIFT IMPACT

diameter is almost homogeneous. In the initial phase the pillar growth rate is sup-
pressed, due to deviations in the ejection angle of the droplet resulting in a spread of
the impact location. Therefore, the bottom 30 wm of the pillar is slightly thicker. This
thickening is easily prevented by reducing the donor-receiver distance by ~ 50pm,
but could be beneficial if a strong pillar-receiver adhesion is required. The repro-
ducibility of these pillars is high, and their positioning is easily controlled. Figure
6.3 (b) shows five pillars on the same receiver substrate, which were deposited in a
few minutes by just moving the receiver and repeating a series of ejection events.
Implementing an automated positioning stage for the receiver would readily allow
for deposition of pillar-forests.

The electrical resistance of five pillars is displayed in figure 6.4. The resistance
was measured at different stages in their deposition process (for details see the Meth-
ods section). The slope indicates the pillar resistance per unit length, which is nor-
malized by the pillar area to provide the effective bulk resistance, pg. For pillars
processed in air at room conditions, pg = 1.3 - 10~° Qm, which exceeds the resis-
tance of bulk copper (which is pr = 1.6-10~% Qm) by a factor of 80. As oxidation
of the metal droplets or the pillar tip during deposition was expected to cause this
relatively high resistance, a next set of pillars was processed in an argon environ-
ment. As shown in figure 6.4, this reduces the bulk resistivity to pg = 8.4-10~7 Qm,
thus almost halves the resistance as compared to the air-processed pillars. However,
the value of bulk copper is not obtained, presumably due to nanometer-scale inho-
mogenieties within the pillar (such as gas bubbles entrained during the deposition,
or strongly aligned grain boundaries). Still, as both these values are several orders
of magnitude below other metals which have been used for deposition of conductive
wires (e.g. Gallium-Indium, for which pg = 3-1073 Qm [29]), the pillars printed
here are expected to be suitable for out-of-plane electrode manufacturing.

The now-controlled pillar deposition concept can easily be extended. In figure
6.5 (a), a 860 wm long pillar is deposited, by moving the substrate down during pil-
lar deposition while maintaining a distance between the donor and the pillar tip in
the range of 20 wm to 200 um. Higher pillars can easily be created, until at some
height the position of the tip is no longer stable: small vibrations or light air flows
immediately result in a “waving” motion of the tip. Therefore a wider distribution in
the droplet impact location with respect to the tip is observed, resulting in a thicker
tip. The longest homogeneous pillar we could deposit is 2 mm high and 5 pm in
diameter, providing a remarkable aspect ratio of 1:400. Next, LIFT can be applied
to provide the out-of-plane interconnect between the different layers of stacked elec-
tronics called “through-silicon vias” (TSVs). Figure 6.5 (g) shows a cross section of
such a TSV, in which the deposition extends to the 100 pm deep bottom. A defect
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a Donasurface -., —, b Donor surface

100 pm

Receiver'surfa Receiver surface

20 40 60 80 100 120
Number of droplets

Figure 6.3: (a) Visualization of pillar formation. The numbers indicate the number of
droplets constituting the pillar for each snapshot. The solid line indicates a constant pillar
growth rate, which is observed if the pillar tip is sufficiently close to the donor surface and
all droplets land on the tip. (b) Deposition of five pillars on the same receiver while using the
same process parameters. In both sub-figures, the dashed lines indicate the (reflective) donor
and receiver surfaces.

seems to be present close to the top, but since this region is closest to the donor sub-
strate such defects can be repaired using LIFT (as yet, we have only one visualization
of a filled hole, since their cutting without damaging the pillar proved highly chal-
lenging). As the top of the TSV is placed in close proximity to the carrier, unwanted
debris (indicated by the arrow) is hardly observed. Finally, high aspect ratios can also
be achieved in the horizontal plane: by moving the receiver substrate while ejecting
repeatedly a conducting line is formed, shown in figure 6.5 (h). By controlling the
receiver position also in the x — y plane, truly 3D structures become in reach.

6.3 Discussion

The remarkable consistency of our pillars can be explained by the impact dynamics
of the deposited droplets. To assess the time scales of impact, we consider a droplet
with diameter Dy impacting at velocity Vy (see figure 6.6 (a)). Upon impact, the
droplet spreads out over the surface and flattens, until a maximal spreading diameter
Dynax 1s reached (see figure 6.6 (b)). The moment at which D, is reached can be
estimated by the inertial time scale 7, = Dy/Vy. Next, surface tension can have a
profound influence on the spreading dynamics of these small droplets. In particular,
arim is formed at the edge of the droplet (see figure 6.6 (c)). This rim keeps growing
also after the maximum spreading radius is reached. Eventually the droplet can even
contract back into a sphere, as shown in figure 6.6 (d) (this only occurs for non-
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Figure 6.4: Electrical resistance of pillars processed in air (square markers) and argon (round
markers) as a function of the pillar height. The different colors indicate different pillars. The
slope of the fitted lines (in black) indicates the resistance per unit length. The corresponding
bulk resistivity is 80 and 50 times higher than for bulk copper, for the air- and argon-processed
pillars, respectively.

wetting surfaces, see note ¥). Contraction occurs on a capillary time scale Teap =

\ /ng /o, with o the surface tension and p the drop’s density (although the rim can
already becomes thicker than the droplet’s center thickness in an earlier stage).

The inertial- and capillary time scales are plotted in figure 6.6 (e), based on the in-
put parameters as derived in section 6.4 and our previously presented velocity model.
First, we consider the inertial time scale 7; and the capillary time scale 7.,,. For
fluences just exceeding the ejection threshold fluence (bottom end of the lines), these
time scales are almost equal, i.e. in this regime the formation of a significant rim
in all phases of the spreading is expected. As visualized in the bottom SEM-image
in figure 6.6, indeed a spherical droplet is observed just above the threshold fluence.
Banks et al. [21] also deposited droplets in this rim-dominated regime, which also
resulted in spherical droplets or strong rim formation as shown in figure 6.7. These
observations are consitent with our hypothesis that a significant rim will be present
in all stages of the droplet impact if 7; ~ 7.4,. For intermediate fluences, the inertial-
and capillary-time scales separate as indicated by a green shading in figure 6.6 (e),

¥ An important remark here is that full contraction into a sphere (which can even bounce away from
the surface) can occur only if the surface is non-wetting. This has been observed for hot metal droplets
impacting on a standard glass substrate: due to heating of the glass by the droplet, the volatile elements
evaporate and a vapor layer forms which prevents contact between the droplet and the glass [30]. In that
case, the droplet does not or partly adhere to the substrate, which is why we coated our (glass) receiver
surfaces with a 100 nm thick copper film (alternatively, heating of the glass is known to improve the
droplet’s adhesion [30]). The formation of a vapor film preventing contact between the droplet and the
substrate is called the “Leidenfrost” phenomenon, for a review see ref. [31]
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Figure 6.5: High-aspect ratio examples of copper LIFT. (a) 860 wm long pillar close to the
clearly visible edge of a microscope slide. (b) Close-up of the pillar. Zooming in further
shows that the pillar has a virtually homogeneous thickness: the center (d) and top (e) are
around 4 pum thick whereas the bottom diameter (e) is around 6 pwm, due to droplets landing
next to the pillar. Figures (f) and (g) show a top view and a cross section of a filled TSV,
respectively. The dark area next to the pillar (also visible from top) is a polymer for fixating
the pillar, to avoid any harm due to grinding. The arrow in (f) indicates a defect, most likely
caused by a droplet deposited next to the TSV. Image (g) shows that the pillar extends to
the bottom of the hole. Finally, by moving the receiver substrate while depositing droplets,
conductive lines can be fabricated as shown in figure (h).

and a disk-shaped solidification is expected and observed (the middle two SEM im-
ages). For high fluences, the impact of many very small droplets is observed (top
SEM image in figure 6.6), which correseponds to the spray ejection regime reported
previously [21, 28]. Although we have been able to construct pillars in this regime,
their growth rate is low and contamination is extremely high, due to the relatively
wide range of ejection angles. Altogether, we hypothesize that disk-shape solidifi-
cation can only be achieved if two constraints are fulfilled: First, the inertial time
scale exceeds the capillary time scale; and second, the fluence value lies between the
ejection threshold and the transition to spray formation.

Now that the control parameters for disk-shaped impact have been established,
we focus on the cleanliness and overall control of the ejection. For our combination
of donor film and laser properties, deposition of multiple droplets is almost always
observed (see figure S1). This indicates poor location control which hampers pil-
lar formation. However, in a narrow range of fluences, the deposition of multiple
droplets on top of each other is observed, as also shown in figure 6.6 (second SEM
image from top). This behavior is consistent and the location of impact seems to be
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Figure 6.6: Droplet spreading dynamics and time scales of impact. Figures (a) to (d) show
examples of droplet impact dynamics (surface not shown); images are a numerical simula-
tions summarized in the Methods section. Figure (a) displays the droplet prior to impact; (b)
illustrates the spreading, occurring on the inertial time scale 7;; (c) illustrates the retraction
by the formation of a (growing) rim, occurring on the capillary time scale 74,; and (d) shows
the retracted droplet. Figure (e) shows the inertial- and capillary time scales as solid lines (the
markers represent calculations on measured data), for a copper donor film of 200 nm thick.
In the center area, indicated by “disk”, the droplet has an approximately flat shape. The
ejection threshold fluence and the transition to the spray regime are measured as indicated
by the dashed lines. For time scales 0.57.,, < Tcqp the rim is very pronounced, therefore
this “rim” area is shaded. The SEM-images (right) show solidified droplets deposited on a
copper-coated surface, for fluences as indicated on the axis. The scale bar indicates 2 pm and
holds for all images.
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Figure 6.7: Illustration of droplet solidification exhibiting a pronounced rim. All raw data
and all images are by Banks et al. [21]. The graph shows the inertial- and capillary time
scales as solid lines (the markers represent calculations based on the measurements), for a
Nickel donor film of 30 nm thick. The ejection threshold fluence and the transition to the
spray regime are measured as indicated by the dashed lines. For time scales 0.574, < Tcap
the rim is very pronounced, therefore this “rim” area is shaded (indicated by the arrow). The
photographs show droplets solidified in the rim-regime.

robust, since all our pillars have been deposited in this regime. However, significant
contamination is also observed as some droplets are not aligned with to the laser axis.
In addition, deposition of small (and undesired) satellite droplets around the main
droplet is observed. A plausible cause of both the larger off-axis droplets and the
satellites is uncontrolled break-up of the ejected cap from the metal film, which we
aim to study and optimize in future work. Alternatively, single-droplet ejection such
as observed in ns-LIFT seems to be a very promising direction for future research,
since the reported diameters and velocites would allow for disk-shaped deposition
and satellite formation is hardly observed.

6.4 Methods

6.4.1 LIFT ejection

The experimental setup is shown in figure 6.1. The main laser is a Yb: YAG laser with
a pulse duration 7, = 6.7 ps, a wavelength of 515 nm, a Gaussian beam profile with
quality factor M? < 1.3, and maximum peak fluence error of 200 J m~2. The beam
is focused to a diameter (1/e%) of Dy = 18 um at the carrier-donor interface, using
an f-theta scan-lens with a 100 mm focal length. The fluences in this article are the
peak fluences on the laser symmetry axis. A d = (200 £ 20) nm copper donor layer
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is sputtered onto a 1 mm thick glass carrier. A clean glass microscope slide is used
as a receiver substrate.

6.4.2 Real-time visualization

Images are recorded using a microscope with a 50xlong-distance objective and a
dual-shot CCD camera (PCO Sensicam ge, PCO, Germany). A dual-cavity Nd:YAG
laser (with a pulse duration of 6 ns) is used for bright-field flash illumination. To
prevent coherence, a high-efficiency diffuser is placed in between the laser and the
camera. The illumination laser and the camera are synchronized to the main laser by
a BNC 575 pulse-delay generator, which in turn is triggered by the output of a pho-
todiode connected to the LIFT laser beam path. This provides two flash-illuminated
frames of each ejection with a minimum frame-to-frame time of 350 ns, which were
contrast-enhanced for optimal visualization.

6.4.3 Pillar resistivity measurements

The electrical properties of the pillars are measured by connecting electrodes to the
donor and receiver substrates, and gently pressing the donor onto the tip of the pillar.
In this way, the circuit is closed and the resistance is measured. The resistance con-
sists of the contact resistance, R., and the resistance of the pillar itself. By measuring
this resistance during the deposition process, i.e. for pillars of increasing length, in-
creasing values of the resistance are obtained. A linear fit of the R(/) curve provides
the (constant) contact resistance R, as its offset, and the slope provides the pillar
resistance per unit length.

6.4.4 Derivation of input parameters for time scale calculations

The input variables Dy, Dy, and V; are required for calculating the time scales for
spreading, contraction, and solidification. For the droplet diameter, Dy, we assume
that the droplet has a spherical shape and a volume equal to the volume ejected from
the donor layer (by measuring the crater size and depth). The droplet impact velocity
Wy is assumed to be equal to the ejection velocity, for which we recently derived and
validated a model. For the data by Banks et al. [21], the intial droplet radius was
derived from estimating the droplet volume post-solidification, and the velocity of
their ejection was derived using our recent model [28]. Air drag, which results in an
estimated velocity decrease of ~ 0.2V for the first 200 pm of travel, is ignored. The
maximal spreading diameter of the droplet is estimated using the model of Roisman
(2009), as it includes both the inertial spreading dynamics and the rim formation, and
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is known to well describe experimental data. The maximal spreading diameter is thus

provided as
Dmax

M — 0.87Re!/> —0.4Re?PWe /2 6.1)
Do
Here, Re = pDyVp/V is the Reynolds number, which denotes the ratio between in-
ertial energy to viscous dissipation. The temperature-dependent viscosity v(7T') is
calculated according to ref. [32]. We = pDOVO2 /o is the Weber number, representing
the ratio between inertial energy and surface energy. The model is valid for Re > 1
and We > 1, which is the case for the droplets studied here.

The input parameters are plotted in figures 6.8 (d) and(e), both for our ejections
and ref. [21] (in which a 30 nm chromium donor film is used). The impact velocity
is plotted as a function of the fluence in figure 6.8 (d), which ranges from 30 to 100
ms~!. Also the threshold fluences for the cap ejection regime, in which stable droplet
ejection is observed, are indicated. In particular, below a lower fluence threshold, no
ejection is observed, and beyond a certain fluence a transition occurs to the “spray”
regime, in which many similar-sized droplets are ejected. Our cap ejection regime
has a wide fluence range compared to ref. [21], mainly because the transition to the
spray regime occurs at a higher fluence for thicker donor films. Figure 6.8e shows
the measured initial diameter Dy (for the results by Banks et al. [21], photographs of
the deposits are used to obtain Dg) and the maximal spreading radius as calculated
from equation (6.1). In all cases, D,,,, > 2Dy, but lower values are observed (open
markers) as equation (6.1) does not include solidification.

6.4.5 Numerical methods

Simulations were done using the open-source flow solver Gerris [33], which nu-
merically solves the incompressible Navier-Stokes equation on a non-uniform flow-
adaptive grid. The size of the (squared) simulation domain is 3 droplet diameters,
with outflow boundary conditions on the top and left edge, no-flow conditions on the
bottom edge and symmetry conditions on the right edge (which represent the z-axis
along which the droplet approaches the surface). A further description and an exten-
sive validation against experiments are provided in ref. [34].
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Optimizing cell viability in droplet-based cell
deposition * ¥

Biofabrication commonly involves the use of liquid droplets to transport cells to the printed
structure. However, the viability of the cells after impact is poorly controlled and under-
stood, hampering applications including cell spraying, inkjet bioprinting, and laser-assisted
cell transfer. Here, we present an analytical model describing the cell viability after impact
as a function of the cell-surrounding droplet characteristics. The model connects (1) the cell
survival as a function of cell membrane elongation, (2) the membrane elongation as a func-
tion of the cell-containing droplet size and velocity, and (3) the substrate properties. The
model is validated by cell viability measurements in cell spraying, which is a novel method
for biofabrication and used for the treatment of burn wounds. The results allow for ratio-
nal optimization of any droplet-based cell deposition technology, and we include practical

suggestions to improve the cell viability in cell spraying.

*Submitted as: J. Hendriks, C.W. Visser, S. Henke, J. Leijten, D.B.F. Saris, D. Lohse, C. Sun, M.
Karperien

TResearch design, measurements, cell survival model, data analysis, and first draft by CWV (all in
part).
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7.1 Introduction

Droplet-based cell deposition is receiving increasing attention as a tool to construct
or fill a variety of biological tissues. Striking examples are the cell spray treatment of
burns [1, 2] or ulcers [3], which provide faster and improved healing and are currently
introduced in clinical practice. With one successful application in place, we seek to
expand to other clinical areas including laparoscopic, endoscopic, and arthroscopic
procedures [4]. This opens the possibility for minimally invasive cell therapy for tis-
sue regeneration. A second example is the field of biofabrication, in which functional
tissue replacements are fabricated in a laboratory and used for curing non-functional
tissues [5—7]. In current biofabrication technologies including ink-jet bioprinting [8—
10], laser-induced forward transfer [11], valve-based bioprinting [12, 13], and cell
spraying [2, 14—17], the cell transport from the initial cell suspension, called “bio-
ink”, to the manufactured tissue is achieved by liquid droplet ejection and deposition.
Although these technologies allow for high-viability cell deposition, limited through-
put, limited precision, and poorly optimized cell-containing bio-inks are major ob-
stacles in the controlled deposition of cells, such as required for the fabrication of
functional tissues [5, 7].

To solve these issues and thereby optimize droplet-based cell deposition, knowl-
edge of the cell viability as a function of the cell-containing droplet size and impact
velocity is crucial. Ideally, single, highly reproducible impacts of droplets contain-
ing a single cell would be monitored for a large range of the impact parameters
(droplet size, velocity, and material properties). Drop-on-demand systems provide
such highly reproducible droplets, but usually the impact parameter space is rela-
tively narrow for the cell-containing liquids used [18-23]. Therefore, to study post-
impact cell viability, we use cell spray deposition, which allows for a much larger
range of impact parameters. The substantial influence of the spray parameters on
post-impact cell viability [2, 15-17, 24] suggests that cell viability can be controlled,
providing a model system to assess cell survival after impact. Additionally, the shear
stress exerted on the cell within the spray nozzle is much lower than the shear stress
during impact, which allows for assessment of the impact process alone (for other
technologies this is not the case, as explained in supplementary section I).

The current work aims to understand the influence of the droplet impact on cell
viability, which is applicable both to drop-on-demand and spray deposition technolo-
gies. We introduce a model describing the cell viability as a function of the cell-
containing droplet size, the viscosity, and the impact velocity (section 7.2.1). The
model is validated by cell spray experiments, following a two-step approach. First,
the droplet size and impact velocity are measured and used to obtain model predic-
tions as described in section 7.2.2. Subsequently, in section 7.2.3, the cell viability
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after spraying is measured as a function of the air pressure, the liquid viscosity, the
nozzle-substrate distance, and the substrate stiffness. The model is shown to ac-
curately describe the viability measurements as a function of the input parameters.
These results provide a powerful tool to rationally evaluate and improve clinical spray
treatments and tissue engineering applications, as discussed in section 7.3.

7.2 Results

7.2.1 Cell viability model

In cell spraying, cell damage is primarily expected during impact of the cell-containing
droplets (see supplementary section I). In particular, impact generally results in cell
deformation and elongation of the cell membrane [25], as illustrated in figure 7.1(c)
and (d). For an increase of the cell membrane area up to ~5 %, the membrane is
stretched, but remains intact. However, for larger extensions, rupture can be observed
[26]. As rupture generally results in cell death, the probability of survival 1 is mod-
eled as a function of the relative cell membrane area ¥ (compared to the undisturbed
case) according to ref. [27]:

n(y)=1 for Y < Yer —AY (7.1)

1 ’y_}/cr
=_ L "y r—A oA 2
(1) 27 oAy O Yor —AY <Y < Yer +AY (7.2)
n(y) =0 for Y > Yor +AY (7.3)

with 7., = 1.5 the critical membrane expansion as quantitatively provided in ref. [27],
and 2Ay = 1 the range of surface expansion in which the cells partly survive. Key
model conditions include an elastic cell response to stresses (which is fulfilled for
shear rates 7 < 10° s~ [26]) and negligible lipid membrane replenishment during
deformation (fulfilled for 7 = 103 s~1 [28]), which are met in the current work.

To obtain the relative cell membrane area 7, first a “clean” cell impact on a hard
substrate is considered. The cell is described as a spherical liquid droplet with diam-
eter D, velocity V., viscosity L., density p. and surface tension 6,. The maximal
spreading diameter reached during impact D¢ .y 0 is then calculated as a function of
the cell Weber number, which describes the ratio between kinetic energy and surface
energy [29, 30]:

Demaro/De =125 for  We, <5 (7.4)
D¢ max,0/De ~ Wei/4 for We. 25, (7.5)
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Figure 7.1: Overview of the experimental method and parameter definition. A two-phase
spray nozzle is used to generate the spray, and placed at a distance 4 from the surface. The
cell-containing liquid (with viscosity p) is delivered to the nozzle using a syringe pump
(not shown). Air at controlled pressure P is applied to the nozzle gas inlet. The impact
substrate is moved under the spray (indicated by horizontal arrows) using a linear motor,
ensuring clean and homogeneous impact. Generally, a clean glass substrate is used, but
gelatin-water mixtures (with gelatin weight fractions C,) are used to assess the influence of
the surface stiffness. (b) Cross-section of the nozzle, illustrating the air and liquid flows,
and the coordinate system used. Figures (c) and (d) illustrate key variables describing the
cell-containing droplets in air (c) and during impact (d).
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with We. = p.D.V? /.. The cell shape is defined by assuming cell deformation into
an oblate spheroid and volume conservation. At the instant of reaching its maximal
extension, its height equals ko = D3/ Dg.max,O’ This provides the deformation M for
an impacting cell, which is defined accofding to ref. [25]:

3 3
Dc,max,O —ho . Dc,max,O - Dc

My = =
Dc,max,O + h() Dg.,max,O + Dg ’

(7.6)

i.e. Mo = 0 for a sphere, and My = 1 for a plane.

The potentially large influence of the surrounding droplet on the cell’s deforma-
tion was modeled numerically by Tasoglu et al. [25]. Re-interpreting their results
provides a quantitative expression capturing the cell deformation M as a function
of My, the surrounding droplet’s diameter Dy, and its viscosity o (for details see
supplementary section III):

e —0.56
M = CoyM, - e 0-20P0/De <“O> , (1.7)

with Cj a fitting parameter (which is set to Cyp = 5, as discussed in supplementary
section III). Subsequently, M is translated into the maximal spreading diameter of the

(oblate-spheroid) cell as Demax _ (%) 1/3

D , which is used below to calculate the cell
surface area. Since this occasionally results in a cell diameter exceeding the droplet’s
diameter, we additionally implement the condition D¢ y,qx = mMin(D¢ max.0, Dmax)- The
surface area S of an oblate spheroid (the assumed shape of a single trypsinized cell)

can be calculated as:

nD? 1—e?
A= o (1 +— tanh"" e) (7.8)
2 e
with ¢ = 1 —h?/D? ... The relative surface area is given by y = A/mD?, which

completes the system.

Finally, the model is extended to account for the stiffness of the impact substrate.
We assume impact on a liquid pool (with material properties equal to the droplet) as
a soft surface limit. A droplet with diameter Dy and velocity Vp impacting on such
a pool is (in first approximation) described by the impact of a droplet with diameter
2Dy and velocity 0.5V on a hard substrate [31]. As soft-surface droplet impact is not
adequately understood even for basic model systems [32], we propose an effective
droplet diameter and velocity as:

2D

Vo(1+S
off = and Veff:M

1+S§ 2

(7.9
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with S an arbitrary stiffness parameter ranging from S = 0 for liquid surfaces to § =1
for hard surfaces. A gelatin-water mixture is used to generate a substrate stiffness
range corresponding to a large variety of natural tissues [33, 34]. In the high-shear
regime associated to fast micro-droplet impact the viscoelastic properties of these
substrates cannot be measured by any standard viscometer. Therefore, the gelatin
mass fraction C, is used to define the stiffness: § = C;Cy, with C; a fitting constant.
Using C; =5 provides reasonable agreement between the model and our soft-surface
impact measurements. For C, > 1/C; we define S = 1, which implies an effectively
stiff surface for C, > 0.2.

Figure 7.2 shows example model results. The viability probability of individual
cells is shown as a function of the impact velocity, for different sizes of the sur-
rounding droplet (figure 7.2(a)), and different relative viscosities (figure 7.2(b)). At
low velocities, the cell viability is only weakly dependent on the impact parameters
since a small and constant cell deformation is assumed for low Weber numbers (We
< 5). For increasing velocities (corresponding to We > 5) a decrease in cell viabil-
ity is observed. In this regime, the size of the surrounding droplet and its viscosity
strongly affect cell viability. Larger surrounding droplets provide stronger cushion-
ing and thereby increase the viability (figure 7.2(a)). Increasing the droplet viscosity
negatively influences the cell viability, since for u. < o the droplet will flow around
the (relatively stiff) cell, whereas for p. < o the cell flows to dampen the (relatively
stiff) droplet’s impact, resulting in significant cell deformation and decreased via-
bility. Finally, softer substrates provide increased cushioning as shown by the color
gradient in figure 7.2(a). Here, the surface deforms such that the deformation of the
droplet is reduced. Consequently, cell deformation is suppressed and a higher viabil-
ity is expected. In conclusion, optimal cell viability is expected for slow, large, and
low-viscosity cell-containing droplets impacting onto a soft surface.

7.2.2 Spray characterization

To obtain cell viability predictions from the model, the droplet size- and velocity are
required. We obtain these parameters according to figure 7.3. First, the droplets are
visualized as shown in figure 7.3(a) and (b). Automated image analysis then pro-
vides the droplet diameter D and velocity Vy = Ah/At, as illustrated in figure 7.3(c)
and (d). For any spray experiment, a wide range of droplet sizes and velocities is
observed. A representative sample of droplet sizes and velocities is indicated by the
black markers in figure 7.3(e), which also contains indicative cell viability contours
(similar graphs for different spraying parameters are included in supplementary sec-
tion II). For each droplet, the cell viability is calculated using our model. Now the
droplets are binned over pre-defined viability intervals, as shown in figure 7.3(f).
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Figure 7.2: Model predictions of the post-impact cell survival probability 1 as a function of
the impact velocity Vp, for a single-cell containing droplet. Figure (a) shows the influence
of the droplet diameter Dy (indicated by lines representing 1 < Dy/D, < 3 in steps of 0.5)
and the surface stiffness (indicated by the color gradient representing S = 1 (stiff substrate) to
S = 0 (liquid pool)). Figure (b) shows the influence of the droplet viscosity (lines plotter for
Uo =1,2,4,8,12 mPa s). The solid black lines indicate the viability values obtained for the
reference parameters: Do/D. =3, U./Uo = 10, and S = 1. Region (i) (shaded) indicates the
low-Weber number regime (We < 5). Here the cell deformation is small and independent of
the impact velocity. In region (ii), decreasing viability is obtained for increasing velocities,
due to increasing cell deformation.
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Figure 7.3: Characterization of the spray. An example image pair is shown before ((a) and (b)) and after image processing ((c)
and (d)). The scale bar in figure (a) indicates 50 pm. As indicated by the circles in (c) and (d), two droplets are automatically
detected using home-written image analysis software, which provides their diameter Dy and translation Ah. Figure (e) shows the
droplet size- and velocity for P = 0.4-10°> Pa, 4 = 1 mPa s, h = 3 cm. The markers (CJ) show 100 statistically representative
droplets constituting the spray. The contours represent predicted cell viability values (7). By binning the droplet sizes and velocities
according to their calculated survival probability, the histogram shown in figure (f) is obtained. Averaging these probability values
results in the expected post-spray cell viability (dashed line). The expected cell viability strongly depends on the spray parameters
setting, as plotted in figure 7.5 (red diamond).
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Averaging the viability probabilities then provides the expected viability after a sin-
gle spraying experiment, which are compared to experimental viability data in the
following section.

7.2.3 Cell viability measurements and model validation

To measure the post-impact cell viability, spray experiments are performed using the
setup displayed in figure 7.1. After spraying, the cells are collected and stained in a
live-dead assay of which an example is shown in figure 7.4. Using automated image
analysis, the cell viability is determined for each measurement. Figure 7.5 shows the
measured cell viability as a function of the pressure, the nozzle-substrate distance,
the viscosity, and the surface stiffness.

The model is compared to cell viability measurements in figure 7.5. Good agree-
ment is observed for the pressure, the nozzle-substrate distance, and the surface stiff-
ness. In particular, except for some outliers, the measured data is quantitatively de-
scribed by the model, which is remarkable in view of the single fitting parameter
used. Our model over-estimates the influence of increased viscosity, but still cap-
tures the trend. Possibly, the numerical results on which equation 7.7 is based are not
valid for our spray, since most of our droplets have a size just exceeding the cell size
(figure S3) whereas equation 7.7 is derived from numerical results for much larger
cell-containing droplets (ref. [25], also see supplementary section III). Future numer-
ical work assessing the cell survival in small droplets may resolve this issue. Still,
the overall agreement between the predicted and the measured cell viability confirms
that the mechanism of cell damage is primarily impact-related.

The validated model explains all cell viability trends observed in figure 7.5. For
increasing pressure, the cell viability decreases as observed in figure 7.5(a). This
trend originates from smaller droplet sizes and faster impact of the spray (see figure
7.6), which both result in stronger cell deformation and therefore cell death. Increas-
ing the nozzle-substrate distance improves the cell viability, as shown in figure 7.5(b).
Figure 7.6 shows that this trend is primarily caused by the decreasing droplet veloc-
ity far from the nozzle, which results in less deformation of the cell and increased
viability. Higher viscosities result in a lower cell viability, as shown in figure 7.5(c).
For high viscosity, the deformation of the cell-containing droplet primarily occurs
within the cell. Consequently, the cell membrane is significantly stretched, and the
viability decreases. Finally, decreasing the surface stiffness improves the viability
(figure 7.5(d)), since the deforming surface “cushions” the impacting cell-containing
droplet.
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Figure 7.4: Example live-dead assay. Figure (a) shows the original image (the scale bar
indicates 100 um); figure (b) shows the calcein staining (in green), and figure (c) shows the
EthD staining (in red). The circles in figures (b) and (c) indicate the automatically detected
cells for each staining. The arrows show a cell in which both stainings are retrieved. These
cells are considered damaged but viable, and therefore counted as live.

7.3 Discussion

Droplet impact-induced cell damage has far-reaching consequences for users as well
as developers of cell spraying and other bioprinting technologies.

In clinical practice, the need for adequate cell-spraying protocols [35] is even
more pressing than expected. In particular, manual operation of spray devices is
common practice, but associated with variations in nozzle-substrate distance, the air
pressure, and the viscosity. These variables should be carefully controlled to ensure
high cell viabilities. The actual values may still depend on the nozzle design and the
cell type, but increasing the spray distance and using low-viscosity spray suspensions,
while avoiding hard impact surfaces, will generally improve cell survival.

However, harmful spraying conditions cannot always be avoided due to treatment-
specific clinical requirements or constraints in biofabrication. For example, in arthro-
scopic procedures, the nozzle-surface distance is limited to at most 1 cm [4]. In view
of our results, it is unclear whether the treatment success shown for burn treatments,
where this distance usually exceeds 10 cm, can be reproduced in arthroscopic appli-
cation (see figure 7.5(b)). Also, in many treatments, the impact surface is a tissue de-
fect and therefore cannot be freely chosen or altered. Our hardest gelatin-containing
surfaces result in similarly low viability as hard glass surfaces. These 20% gelatin
surfaces are similar in stiffness to muscle tissue [33], which is one of the softer human
tissues [34]. Thus, clinically relevant surfaces are relatively stiff, possibly affecting
cell survival. To solve this problem, the spray parameters require optimization. Sim-
ilarly, the deposition of viscous, cell-containing hydrogels is usually required to pre-
serve the desired 3D tissue architecture in biofabrication [12]. However, such liquids
are likely to negatively affect the cell viability (see figure 7.5(c)). Decreasing the
spray pressure [2, 15—17], using softer impact surfaces [24], or increasing the nozzle-
substrate distance can counteract the negative influence of the increased viscosity (see
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Figure 7.6: Viability as a function of the droplet size and speed. The line represents the
50% viability contour; additional contours are plotted in figure 7.3 (e). The dots indicate
the mean diameter versus the mean velocity as a function of the spray pressure (the arrow
indicates increasing pressure for P = [0.2, 0.4, 0.6, 0.8, 1]-10° Pa). The open squares
indicate the distance from the nozzle for 2 = [30, 50, 100, 150] mm. For increasing pressure,
the droplet size decreases and the impact velocity increases, resulting in a lower viability. For
a larger distance from the nozzle, the impact speed decreases, resulting in improved viability.
The influence of the viscosity and the surface stiffness is displayed in figure 7.2, since these
variables do not affect the droplet size and speed.

figure 7.5), but, unfortunately, these parameters are sometimes also constrained.

The greatest potential to improve cell viability in cell spraying therefore seems to
be optimization of spray nozzle designs. Particularly, design optimization resulting in
increased and monodisperse droplet sizes and reduced impact velocities would allow
for successful cell deposition in an extended viscosity range. In this study we have
used the Duploject system, which is approved for clinical application of fibrin glue
by spraying and also used for cell spraying [4]. The spray produced by this nozzle is
characterized by highly polydisperse droplet diameters and velocities. High-velocity
impacts occur even for the most gentle spraying parameters, limiting the measured
highest post-spray cell viabilities to 90%. Nozzle designs producing more monodis-
perse droplets may prevent these lethal events, even for high-throughput spraying
of viscous liquids. Our experimental setup can be used to rationally optimize such
future spray nozzles, which may substantially enhance the application window of
cell-spraying.

Finally, other droplet-based cell deposition technologies may benefit from our ap-
proach. In ink-jet bioprinting, highly monodisperse cell-containing droplets [36—39]
are deposited. Here, typically, low-viscosity droplets of 40um (exceeding the cell
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size by a factor of 3) impact at velocities below 10 ms~!. Good viability is gener-
ally measured in this range [23], in agreement with our model (figure 7.2). However,
reduced cell viability is observed for neural cells [40]. Our study suggests that espe-
cially decreasing the liquid viscosity or reducing the droplet ejection velocity could
improve the cell viability of such more fragile cell types. These measures reduce the
expected cell damage both in the nozzle and during impact, which are both likely
causes of cell damage in ink-jet printing (see supplementary section 1). Using soft
impact substrates or larger nozzle-substrate distances will still reduce impact-related
damage, but nozzle-induced cell damage or poration [10] cannot be suppressed in
this manner.

Cell viability trends observed in laser-assisted bioprinting (LAB) are also de-
scribed by our model. Here, a pulsed laser is focused onto a cell-containing lig-
uid film, resulting in the deformation of this film and break-up into cell-containing
droplets [41, 42]. By placing a receiver substrate in the line-of-flight of the cell-
containing droplet, deposition is achieved. Increased impact velocities result in de-
creased cell viability [43, 44], and soft impact surfaces improve cell survival [45],
analogous to our model results shown in figure 7.2. Surprisingly, improved cell vi-
ability was reported for increased viscosity [44], but this is likely explained by the
reduced impact velocity due to the increased viscosity. Therefore, studying the cell
viability as a function of the liquid viscosity at a controlled impact velocity would
be highly interesting. Such experiments may also advance the understanding of
cell membrane deformation due to pulsed shear stresses [46], as occurring in cell-
containing droplet impact.

In conclusion, we present and validate an analytical model describing the cell via-
bility as a function of the droplet impact parameters. The model accurately describes
cell-viability trends in both cell spraying and laser-assisted cell transfer, confirming
the general importance of droplet impact for cell survival in bioprinting. Since fu-
ture biofabrication applications may involve high-throughput deposition of different,
possibly more fragile, cell types contained by high-viscosity bio-inks, we expect that
prevention of cell damage will become even more important. In particular, post-
spray cell survival will be cell-type dependent. In addition, different bio-inks may
require distinct deposition parameters in combination with dedicated nozzle designs
allowing monodisperse droplet ejection while maintaining low shear rates inside the
nozzle. Our study provides a framework to optimize cell survival in such future ap-
plications, contributing to reliable biofabrication of complex 3D-tissue constructs of
a clinically relevant size.
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7.4 Methods

Cell culture. Neonatal rat dermal fibroblasts (ITK Diagnostics) were cultured in
Minimum Essential Medium « (x-MEM) (Gibco) supplemented with 10% Fetal
Bovine Serum (FBS) (Lonza), 1% L-Glutamine (Gibco) and 1% Pen/Strep (Gibco)
at 37 °C and 5% CO,.

Cell suspension. Cells were harvested at 80% confluence by trypsinization and
suspended at 1.5 x 10° cells per ml in culture medium excluding FBS for impact ex-
periments. Optionally dextran (Sigma, 15-25 kDa) was added to the cell suspensions
to increase the viscosity. The influence of the dextran concentration on the liquid
viscosity was measured using a viscometer (Rheolab QC, Anton Paar). As shown in
figure S10, the measured viscosity is in agreement with literature values.

Cell viability measurements. Cell spray experiments were performed with the
set-up shown in figure 7.1. Using a syringe pump, the cell suspension was pushed
through a spray nozzle (Duploject spray system (Baxter AG). Photographs of this sys-
tem, which is also known as bio-airbrush, are provided in figure S9) at a controlled
liquid flow rate of 2.4 ml per min. The impact surface consisted of a standard clean
microscope slide covered with a PDMS mask to ensure a defined and reproducible
impact area. These slides were optionally coated with a layer of gelatin (Type A,
Sigma, d = 0.5 mm), in order to adjust the surface stiffness. A crucial aspect of the
experiment is that impact occurs on a dry surface, i.e. that the cell spray does not
impact onto previously sprayed droplets. To ensure this, the impact surface was re-
producibly moved using a programmable linear motor. The substrate velocity was
set such that 12 + 0.5 mg of the sprayed liquid was collected for each experiment
(the velocity was decreased for increasing nozzle-substrate distances since the spray
density decreases for increasing distance from the nozzle). This weight corresponds
to a liquid film of 18 pw m (which is equivalent to ~1 cell thickness) and resulted
in covering roughly half of the surface area with sprayed droplets, such that most
droplets land on the dry surface. Within 10 s after each spray experiment, the sur-
face was rinsed with FBS-free culture medium to collect the cells. The cells rinsed
from three different samples (sprayed using equal parameter settings) were collected
into a 12 ml centrifuge tube (Greiner). The contents of each tube were subsequently
processed in a live-dead assay. For each parameter setting, three independent spray
cycles were performed (i.e. 9 impact surfaces were collected in three different tubes).
This approach provided three data points for each parameter setting, which were used
to display the error bar in figure 7.5.
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Live-dead assay. The collected cells were incubated in phosphate buffered saline
(PBS), supplemented with 1 nM calcein AM and 6 nM ethidium homodimer, at 37 °C
and 5% CO; for 30 minutes. Each stained cell suspension sample was transferred
to a well in a 24 wells-plate and 8 random spots per well were imaged (EVOS Fl
microscope). Live (green) and dead (red) cells were automatically counted using a
home-written Matlab script (figure 4 shows an example), resulting in an average of
4504332 (s.d.) detected cells per sample (with a minimum of 12 cells). Cells stained
both live and dead were considered damaged, but viable, so counted as alive. For
each sample, viability was calculated accordingly. All measurements were subse-
quently corrected by setting the control viability (non-impact, measured at the same
time) to 100%.

Spray characterization. As cell survival critically depends on the characteristics

of the cell-containing droplets, the spray characteristics were determined in detail.
The setup used is shown in figure S1. All spray-generating components were equal
to the components used for assessment of the cell viability (figure 7.1). A dual-pulse
ND:Yag laser with a pulse duration of 6 ns was used for brightfield illumination. To
prevent fringes, the coherent laser light was diffused using a fluorescent plate placed
in front of the laser. The non-coherent pulses were captured by a dual-shutter camera
(Sensicam, PCO). The time delay between the illumination pulses was set to 1 s,
which is sufficiently long to measure the translation A% of the droplets while prevent-
ing confusion between different droplets. All timings were controlled using a BNC
575 pulse-delay generator (not shown). A 10x long-distance objective was used, re-
sulting in a field of view of 0.67 x 0.89 mm?”. As the focal plane thickness of this
objective is 8¢ ~ 0.1 £0.03 mm, a volume of 0.67 x 0.89 x 0.1 mm? was visualized.
As the spray is much larger than this volume, measurements were taken at different
z- and h-positions to fully characterize the spray, as illustrated by the small rectangles
in figure S1(b) (the r-position is maintained at the nozzle axis).
For each measurement, 400 image pairs were obtained. Example images are shown in
figures 7.3(a) and (b), where the downward translation of the droplets is clearly visi-
ble. Motion blur was prevented by the short illumination pulses of 6 ns. The droplets
were automatically detected using a home-written Matlab script. Only droplets ap-
pearing sufficiently sharp were processed, as illustrated by the red circles in fig-
ure 7.3(c) and (d). Here, the top-left droplet was too blurred for detection and dis-
carded. Although the droplets in figure 7.3 are similar in size, the image process-
ing software allowed for successful detection of droplets in the range of 1 < Dy <
100 pm.

Soft substrate preparation. Glass microscope slides were optionally coated
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with a layer of gelatin (Type A, Sigma) of thickness 0.5 mm, and kept in air at room
temperature for 30 min prior to the experiment. The surface stiffness was adjusted by
adding gelatin mass fractions of C, = [2, 5,10, 20]% to PBS. PBS without gelatin
was used in the soft-surface limit.

7.5 Supplementary material

I. Shear rate analysis The shear rates in the spray nozzle and during impact are
estimated. The shear rate is defined as y(y) = du/dy, with u(r) the velocity in r-
direction. The coordinate system shown in figure S1. By dimensional analysis the
shear rate during impact is estimated as y ~ Vo/Dgy ~ 10° s~! for a Dy = 10 pum
droplet impacting at 10 ms~!. For drop-on-demand systems (i.e. ink-jet printing,
valve-based deposition, and certain regimes of laser-induced forward transfer) both
the velocity inside the nozzle and the diameter of the nozzle are of the same order as
Dy and Vj, respectively. Therefore, distinguishing the nozzle-induced shear from the
impact-induced shear is far from trivial. However, for the cell spray, the diameter of
the nozzle Dy ~ 500 pwm is much larger than Dy, resulting in a strongly reduced shear
rate within the nozzle, which is estimated as y ~ Vo /Dy ~ 2-10* s~!. Therefore, only
the impact of cell-containing droplets is expected to have a significant shear-induced
effect in cell spraying.

I1. Spray characterization
As described in the Methods section, the spray is characterized using the setup shown
in figure S1. Supplementary figure S2 shows images of the spray as a function of the
air pressure similar to observation with the naked eye. The spray visually changes as
a function of the pressure and widens with increasing distance from the nozzle. Some
droplets are individually visible, but these only represent the and largest and slowest
droplets.

Key spray characteristics are shown in figure S3. Supplementary figures S3 (a)
and (b) respectively show that the droplet diameter decreases for increasing pressure,
and that the droplet velocity increases for increasing pressures. Supplementary figure
S3 (c) illustrates the strong influence of the nozzle-substrate distance on the spray
velocity. In addition, we found that the nozzle-substrate distance hardly affects the
droplet diameter, and that the viscosity neither affects the droplet diameter nor the
droplet velocity (not shown).

The influence of the spray characteristics on the cell viability is shown in figures
S4 to S7. Here, the droplet size- and velocity distributions are plotted for a range of
spraying parameters (left figures). In each plot, the corresponding viability probabil-
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Figure S1: (a) Overview of the setup used for the spray characterization measurements. For
visualization, a dual-shutter camera is used. For each image a slice of the spray is visualized,
corresponding to the depth of the focal plane Op. Illumination is provided by dual-pulse
ND:Yag laser combined with a fluorescence box to remove the laser coherence. The spray
generation is equal to the cell spraying experiments. (b) Side-view of the spray. Each small
rectangle indicates a measurement location used for spray characterization, corresponding to
the field of view of the camera (drawn to scale) .

ity contours are also plotted. For increasing pressure, the droplet size decreases and
the droplet velocity strongly increases, which results in more low-viability impacts as
observed by comparing figure S4 (a) and (c). This trend is reflected in figure S4 (d),
where almost half of the cells will certainly not survive the impact. Increasing the
distance from the nozzle primarily decreases the impact veloctity, as shown in figure
S5 (a) and (c). Consequently, the viability increases as shown in figure S5 (d).

Increasing the viscosity hardly affects the droplet size- and velocity-distributions.
However, for a given droplet size and velocity, the viability dramatically decreases,
resulting in a strong shift of the viability contours shown in figure S6. Similarly, the
viability contours change as a function of the substrate stiffness, resulting in increased
viability for softer surfaces as shown in figure S7.
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Figure S2: Low-speed images of the spray as a function of the air pressure. Each bottom
images represents a magnification of the white rectangle in the top image. For P = 0.2 -
10° Pa the droplets in the spray appear as stripes, due to motion blur. At higher pressures
the individual droplets within the spray are no longer visible. The droplets which appear
spherical fall through the surrounding air at very low velocity (i.e. they are not part of the
main spray), and constitute a nebula around the spray.
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Figure S3: Figure (a) shows the spatially-averaged droplet diameter distribution for different
air pressures (legend in figure (b)). The shaded area indicates droplet sizes Dy smaller than
the cell size D, = 15um, which are omitted in cell viability predictions. Figures (b) and (c)
show the droplet velocity distributions for different air pressures (b) and distances from the
nozzle (c), for droplets diameters exceeding the cell size. Unless specified in the legend,
P=0.4-10°Pa, u = 1 mPas, 1 = 30 mm, and z = 0 mm.
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Figure S4: Droplet size- and velocity for a pressure P = 0.2-10° Pa (a) and P = 1-10° Pa
(c). Representative cell viability contours are plotted in both figures. For P = 1-10° Pa,
more small and fast droplets are observed, which corresponds to low-viability regions of the
diagram, and a lower predicted cell viability. Cell viability distributions are shown in figures
(b) and (d), for pressure P =0.2- 10° Pa (c) and P = 1-10° Pa (d). The graphs are obtained
analogous to figure 3(f) in the main text. The other control parameters are maintained constant
at nozzle-substrate distance 2 = 30 mm, viscosity it = 1 mPa s, and a glass impact surface

for which stiffness § = 1.
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Figure S5: Droplet size- and velocity for a nozzle-substrate distance 72 = 30 mm (a) and
h = 150 mm (c). For increasing distance, primarily the droplet velocity is decreased and the
distribution corresponds to a high-viability region of the diagram. The increased viability is
reflected in the cell viability distributions as shown in figures (b) and (d), respectively. The
other control parameters are maintained constant at P = 0.4 - 10° Pa, viscosity u = 1 mPas,
and a glass impact surface for which stiffness § = 1.
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Figure S6: Droplet size- and velocity for a liquid viscosityt = 1 mPa s (a) and t =2.6 mPa
s (¢). The increasing viscosity hardly affects the droplet size- and velocity distribution. How-
ever, the expected viability sharply drops for a constant droplet size and speed, which is
reflected by a change in the viability contours in figure (c) as compared to (a). The reduced
viability is reflected in the cell viability distributions as shown in figures (b) and (d), respec-
tively. The other control parameters are maintained constant at pressure P = 0.4 - 10° Pa,
nozzle-substrate distance 7 = 30 mm, and a glass impact surface for which stiffness S = 1.
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Figure S7: Influence of the substrate gelatin percentace: C, = 0% in figure (a) (water sur-
face, corresponding to stiffness S = 0) and C, = 20% in figure (c) (corresponding to stiff-
ness § = 1). The expected viability increases for a constant droplet size and speed, which
is reflected by the difference between the viability contours in figure (c) as compared to
(a). The increased viability is reflected in the cell viability distributions as shown in figures
(b) and (d), respectively. The other control parameters are maintained constant at pressure
P = 0.4-10° Pa, nozzle-substrate distance 4 = 30 mm, and viscosity 4 = 1 mPas.
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I11. Influence of the surrounding droplet on cell deformation
The influence of the cell diameter and impact velocity on cell deformation (equations
(4) and (5) of the main text) are obtained from basic models describing droplet impact
[29]. The influence of the surrounding droplet’s diameter Dy and viscosity tt on the
cell deformation are obtained from the numerical results in ref. [25], as incorporated
in equation (7) of the main text (the procedure is discussed below).

To obtain the influence of the surrounding droplet’s diameter Dy and viscosity
u on the cell deformation, the maximal cell deformation values provided in figures
15 and 19 in ref. [25] are extracted and plotted in figure S8 (a) and (b). A priori,
the scaling of M as a function of these parameters is unknown. Therefore, different
fit functions were tested and the best results are indicated by the dashed lines within
these plots (the functional form is provided by the equations). Supplementary figure
S8 (c) shows M as a function of both control parameters. Finally, figure S8 (d)
shows the predicted increase in surface area as a function of the surrounding droplet’s
diameter Dy and viscosity U, using ¥ and equation (8) from the main text.

In our work, other relevant control parameters (e.g. surface tension and con-
tact angle [25]) are not varied, and therefore captured by a constant prefactor Cy in
equation (7) of the main text. Fitting Cy to our reference measurement (for which
P=0.4-10°Pa, u = 1 mPa s, h = 30 mm, and a glass impact substrate) provides
Co=5.
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Figure S8: Cell deformation as a function of (a) the relative droplet diameter Dy/D¢ and (b) the relative viscosity pc/to. The
dashed lines indicate our fit, as indicated by the equations within the plots. The data in figures (a) and (b) are the maximal values of
the curves in figures 15 and 19 in Tasoglu et al., respectively. (c) The cell deformation M and (d) the change in relative surface area
y—1=A/nD.— 1 as a function of the droplet diameter and viscosity.
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IV. Material characterization

See figure S9 for images of the spray nozzle, and figure S10 for the measured dextran
viscosity.

Figure S9: Images of the DuploJect nozzle used. (a) Overview image. The air enters through
the top inlet, the liquid enters through the side inlets. (b) Nozzle that is cut to reveal the
internal structure (the air inlet is also removed). (c) Top-view of the cut nozzle.
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Figure S10: Measured viscosity as a function of the dextran concentration (mass %). Liter-
ature values [47] are shown for reference, indicating reasonable agreement.
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Quantifying cell adhesion through
impingement of a controlled microjet * ¥

The impingement of a submerged, liquid jet onto a cell-covered surface allows assessing cell
attachment on surfaces in a straightforward and quantitative manner and in real-time, yielding
valuable information on cell adhesion. However, this approach is insufficiently characterized
for reliable and routine use. In this work, we both model and measure the shear stress exerted
by the jet on the impingement surface in the micrometer-domain, and subsequently correlate
this to jet-induced cell detachment. The measured and numerically calculated shear stress
data are in good agreement with each other, and with previously published values. Real-time
monitoring of the cell detachment reveals the creation of a circular cell-free area upon jet
impingement, with two successive detachment regimes: (i) a dynamic regime, during which
the cell-free area grows as a function of both the maximum shear stress exerted by the jet and
the jet diameter; followed by (ii) a stationary regime, with no further evolution of the cell-free

area. For the latter regime, which is relevant for cell adhesion strength assessment, a rela-
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tionship between the jet Reynolds number, the cell-free area, and the cell adhesion strength is
proposed. To illustrate the capability of the technique, the adhesion strength of HeLa cervical
cancer cells is determined ((34 £ 14) N/m?). Real-time visualization of cell detachment in the
dynamic regime shows that cells detach either by individual-cell detachment or by collective-
cell detachment (for which intact parts of the monolayer detach as cell sheets). This process
is dictated by the cell monolayer density, with a typical threshold of (1.8 £0.2) - 10%cells/m?,
above which the collective behavior is mostly observed. The proposed approach presents
great promises for the field of tissue engineering, as the influence of both the shear stress and

the surface characteristics on cell adhesion or differentiation can be systematically studied.

8.1 Introduction

In the rapidly developing field of tissue regeneration, tailoring surface properties
(chemistry & structure) and growth factors are of prime importance to optimize cell
adhesion to scaffolds or neighbor cells [1, 2]. For instance, the cells covering the
wall of engineered vascular implants need to be strong enough to withstand the shear
force exerted by the blood, which is highly challenging especially for small vessels
[3]. Furthermore, cell migration relates to cell adhesion, so that characterizing cell
adhesion strength on a surface yields key information on their migratory capability
which is essential to elucidate biological processes such as wound healing, or extrava-
sation and intravasation in cancer biology [4]. However, due to limited availability of
reliable and efficient measurement approaches, cell adhesion characteristics and their
potential dependence on the shear stress are receiving relatively scarce attention.

So far, a number of methods have been proposed to apply stress on cells. Con-
tact methods (e.g., micromanipulation [5], microcantilevers [6], or atomic force mi-
croscopy [7]) have been used to study the dynamics of single cells or small clusters
of cells. However, these methods require significant investment, and, due to the lim-
ited size of the scanned area, adhesion statistics for multiple cells are cumbersome
to acquire. In alternative methods for quantitative investigation of larger cell-covered
surfaces, a liquid flow is applied to exert a shear stress on the cells. In that category,
the technique of liquid jetting [8—14] is particularly simple and reliable. Moreover,
a single measurement allows assessing the cell response to a great range of shear
stresses. Finally, the detachment process can be observed in real-time, provided cells
are grown on a transparent substrate. For all these reasons, jetting has been identified
as the preferential method for adhesion strength measurement of biofilms [15].

In the jet impingement technique, a steady liquid jet is ejected from a submerged
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tube impacting on a cell-covered surface (see figure 8.1), resulting in cell removal in
a (growing) circular area centered around the jet axis. After a certain time, the size
of the cleared area reaches a plateau, characterized by the maximum cleared radius
(Rinax). From this value and that of the flow-induced stresses the adhesion strength
of the cells can be calculated [9]. Despite its simplicity and widespread use [9-
11, 13, 14], the impinging-jet concept has not yet been thoroughly and satisfactorily
characterized from a fluid mechanics point of view [15]. Specifically, key theoret-
ical and numerical descriptions of the shear stress are only valid for high Reynolds
numbers [16, 17], and dedicated numerical work only provides the shear stress close
to the jet exit [18, 19], while conditions found experimentally lie in a broader range.
Experimental validation of existing theoretical work is still lacking. Furthermore,
the existence of a steady state regime is key in studies in which the cleared radius
is assessed only after jet impingement [10, 13, 14]. However, it is not clear whether
and, if so, this regime is reached [9, 11], which poses a reliability problem. Finally,
cell- or biofilm removal during jet impact has received limited attention so far, while
it would provide unprecedented insight into adhesion and removal processes at high
shear rates, as for example used in cleaning processes [20].

In this work, and for the first time, we experimentally validate theoretical and
numerical solutions of the jet-induced wall shear stress on the micro-scale, to ex-
pand our knowledge on the jet-impingement concept. Subsequently, a cell-covered
surface is exposed to jet impingement, and the cell detachment characteristics are ex-
ploited to quantitatively determine the cell adhesion strength. Moreover, we benefit
from the optical access provided by our device to monitor cell detachment in real
time. Time-resolved observations reveal two different behaviors, where cells detach
either individually or collectively as entire sheets. Altogether, our proposed approach
allows not only quantifying cell adhesion strength in a straightforward manner, but
also producing cell sheets, which can further be utilized for engineering tissues in a
layer-by-layer manner.

8.2 Materials and methods

8.2.1 Shear stress determination

This subsection summarizes Glauert’s theory, followed by our numerical and experi-
mental methods. All cases refer to the geometry of a submerged wall jet as illustrated
in figure 8.1. For theory and simulations, we assume that the fluid is of infinite depth,
the flow is axially symmetric, and the length of the tube is infinite, while the side
wall thickness is zero. The flow is assumed to be Newtonian, steady, laminar, and
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Figure 8.1: Schematic view of a submerged wall jet. The curved arrows indicate streamlines
(shown only in the right half). The wall distance 4 of the capillary exit, the radial distance
r, and the axial distance y are indicated in the figure. Capitals A to F are used to define the
boundaries of the simulated domain. The inset shows the velocity profile u(y) close to the
wall and the boundary layer thickness 6*, which is defined by the condition u(8*) = 0.5U.

incompressible. For this configuration, Glauert [16] proposed an analytical similarity
solution of the flow field including the wall shear stress 7, given as:

u 12573 \'/*
T—Pv<ay> O"’(w) ’ 6D
y=

with F = (1/ 8)U3apR‘]‘-et the momentum flux of the incoming jet for a flat velocity
profile, u the horizontal velocity, U, the average flow velocity at the capillary exit,
r the radial coordinate, p the liquid density, 2R ., the inner diameter of the capillary
tube, and v the kinematic viscosity of the liquid. This solution is valid far from the
origin and for high jet Reynolds numbers (Re >> 1), defined as Re jo; = 2UcqpR e/ V-
The wall shear stress diverges as r approaches the origin, where equation (8.1) no
longer holds.

In the current numerical simulations the steady-state Navier-Stokes equations are
solved, using COMSOL Multiphysics (Comsol Inc., Burlington, MA). The boundary
conditions in the simulations are defined as follows, see figure 8.1: along the exit
plane of the capillary AB, a parabolic exit profile is used, along BC there is no slip,
at the outflow planes CD and DE there is free outflow of fluid since p = 0, along EF



8.2. MATERIALS AND METHODS 153

there is no slip, and on the axis of symmetry AF the symmetric boundary condition
implies u(r = 0,y) = 0 and dv/dy = 0. The size of the computational domain is
10 jet-diameters in width and height.

To measure the velocity field close to the surface, a bottom view micro-particle
image velocimetry (LPIV) setup is used [21] (for details see figure S1). The work-
ing liquid is demineralized water with a 0.04 % vol. concentration of red fluores-
cent tracer particles with a diameter of 0.52 um (Fluoro-Max, Thermo-scientific,
Waltham, MA). A syringe pump (PHD 2000, Harvard apparatus, Holliston, MA)
is used to generate a continuous flow. The jet is ejected from a capillary with an
inner diameter of 100 um and an outer diameter of 360 pm (Polymicro technolo-
gies, Molex, Lisle, IL). A microscope slide with a thickness of 150 £20um (Menzel
Gliser, Braunschweig, Germany) is used as a bottom surface. To visualize the tracer
particles a 100x objective (PL FLUOTAR with NA = 0.9, Leitz, Wetzlar, Germany)
is used, ensuring a sub-micrometer thickness of the measurement volume. The ob-
jective is mounted on a piezo element (NV 40/1 CLE, Piezosystem Jena, Germany)
for sub-micrometer control of the measurement plane height. A dual-pulsed ND:Yag
laser (A = 532 nm, Evergreen, Big Sky Laser Technologies, Bozeman, MT) is used
for co-axial illumination and a dual-shutter camera (Sensicam, PCO, Kelheim, Ger-
many) for image capturing. The timings of the laser and the camera are controlled by
a pulse-delay generator (Model 575 Digital, BNC, San Rafael, CA).

8.2.2 Cell detachment experiments

Human cervical cancer cells (HeLa cells) are cultured in Dulbecco’s Modified Ea-
gle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum, 2 mM L-
glutamine and 100 U/ml penicillin-streptomycin in an incubator, at 37°C with 5%
CO; concentration. To prepare the samples, the cells are seeded in Ibidi chambers
without any additional chemical treatment (IbiTreat 8- or 2- well p-slides, Ibidi, Mar-
tinsried, Germany) with a density of ~12,000 cells/mm?, and they are kept in culture
for 24 h before the experiments. Before beginning of the experiments, the monolayer
is seen to be nearly confluent and cells are stained with with calcein-acetoxymethyl
ester (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer’s
instructions. To assess the thickness and geometry of the monolayer, cell membranes
are stained with wheat germ agglutinin (WGA-AS555). Briefly, cells are fixed using
paraformaldehyde (30 min, RT), washed twice with phosphate buffered saline (PBS),
permeabilized with 0.1 % Triton-100 (10 min, RT), washed again twice with PBS,
before incubation with the staining agent (5 pg/mL). After thorough washing with
PBS (3 times), cells are imaged using a confocal microscope (Nikon Al, using a
561 nm excitation wavelength). As shown in figures 8.2(b) and (c), the monolayer
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exhibits a typical height of 15 um.

The cell monolayer is exposed to a wall jet schematically represented in fig-
ure 8.2(a). Capillary tubes with inner diameters of 50, 100, or 250 um and an outer
diameter of 360 pum are aligned perpendicularly to the monolayer. The jetting liquid
is PBS, which is continuously jetted at a fixed flow rate using a syringe pump (LC-
20AP, Shimadzu, Kyoto, Japan). To ensure laminar flow, a jet Reynolds number
Rejes < 2300 is used. To maintain the validity of the theoretically determined flow
field for the cell-covered surface, the surface roughness needs to be small compared to
the boundary layer thickness of the flow, which is estimated to be 6" ~ /VR /U et
[22] (for details see section S.III). Automated image analysis is performed with MAT-
LAB (The MathWorks, Natick, MA).

The cell detachment dynamics is monitored in real-time from the bottom using
a camera (D5100, Nikon, Tokyo, Japan) operated at 25 frames per second and an
inverted microscope (Zeiss CFL40, Oberkochen, Germany). The magnification of
the objective (5%, 10x or 20x, Olympus, Tokyo, Japan) is chosen to match the
cleared radius of the cell layer. The cell layer is co-axially illuminated from below
using a white light source (LS-M352, Sumita, Saitama-City, Japan) and a filter set
(Zeiss filter set 09) for fluorescent imaging of the calcein-stained cells.

8.3 Results

8.3.1 Shear stress

Figure 8.3(a) shows our experimental and numerical results together with the analyt-
ical solution of equation (8.1), as already reported in [16]. The shear stress exhibits
a maximum at a radial distance r =~ Rj,;, and strongly decays for larger diameters.
Close to the origin, the large vertical velocity component results in a strong out-
of-plane motion of the tracer particles. Therefore, the pPIV measurements are less
reliable for r < Rj., and are represented in low contrast in figure 8.3(a) (see section
S.I for details). For r > R}, our experimental results agree well with the theory and
simulations. It should be noted that the experimental errors are relatively large, which
is due to uncertainties of the measurement height and averaging of the radial velocity
over some radius increment.

Figure 8.3(b) compares our results to Glauert’s solution (equation 8.1) as well as
to numerical work by Deshpande and Vaishnav [18]. Excellent agreement is found
between our simulations and Glauert’s theory, already for r 2 1.5R ;. Similarly, the
agreement between our simulations and the numerical solution proposed by Desh-
pande and Vaishnav [18] is good even if a small discrepancy is found, probably due
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Figure 8.2: (a) Scheme of the setup used to measure cell detachment. A submerged liquid
jet impacts on a cell monolayer attached to a glass surface. The monolayer is illuminated
and visualized from below. (b) In-plane and (c) side-view confocal microscope image of a
monolayer of fixed HeLa cells stained with WGA, at the same scale. The cell walls and cell
nucleus walls are visualized, by the absorption of a fluorescent marker. The solid line in the
bottom in (c) indicates the glass surface and the dashed line in the top gives an indication of
the typical thickness of the cell layer, which is about 15 pm.

to differences in the boundary conditions along CD and DE (figure 8.1): We use free
outflow boundary conditions with p = 0, whereas Deshpande and Vaishnav [18] use
constraints for the stream function and vorticity (which is not available in the COM-
SOL solver used here), to model the vanishing flow velocities far from the origin.

The main limitations of the current method are that the numerical results deviate
from Glauert’s result for » > 10R,; (see section S.II), and the rough cell monolayer
which might influence the shear stress for a part of our measurements (see section
S.III). In the rest of this article we use Glauert’s solution to analyze cell detachment
in far field (where the cell-free area exceeds 3R},;), and our numerical results in the
near field (where the peak shear stress is the key control parameter).

8.3.2 Cell detachment measurements

Figure 8.4 shows a time series of the cell monolayer removal due to the impinging
jet. After starting the jet (at t = 0 s), a growing cell-free area is observed. The
well-defined edge of this area is assessed by automated image analysis and manually
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Figure 8.3: Non-dimensional wall shear stress versus non-dimensional radius for Re;,; =
100. (a) The markers represent our pPIV-measurements and the solid line represents our
steady-state Navier-Stokes simulations, for 47 = 2Rj,;. The pale markers for r/Rje < 1
have a larger measurement error than indicated, due to out-of-plane motion of tracer par-
ticles. (b) The solid line represents our steady-state Navier-Stokes simulations for & = 4R j,;.
The dashed line represents steady-state Navier-Stokes simulations by Deshpande and Vaish-
nav [18]. The dotted line represents Glauert’s theoretical solution [16].



8.3. RESULTS 157

Figure 8.4: Bottom view of the HeLa cell monolayer during jet exposure. The cells are
stained with calcein (green) for visualization purposes. The (red) circular end of the capillary
is seen in the center of each image; around this position the cells start to detach after jetting
is started (r = 0 s). The dark area in the first frame is caused by poor visualization of the cells
in that region. The subsequent images show the growth of the cleared area as a function of
time. The last image illustrates the detected edge of the detached area (white dashed line) and
a circular fit of this interfacial curve (white solid line), which is determined for each frame.
The supplementary material contains the full movie of this experiment.

checked. A circle is fitted to the radial position where 50% cell detachment is ob-
served. Repeating this procedure for each image subsequently provides the cleared
radius as a function of time, as shown in figure 8.5(a). Initially, in the “dynamic
regime” (I), the cleared radius is increasing *; all frames in figure 8.4 belong to this
regime. After some time a “stationary regime” (II) is reached when no more cells are
detached and the cleared radius reaches a plateau. To quantify the time-dependence
of the radius of the cleared area R(¢) and determine the time after which the stationary
regime is reached, the individual data sets are fitted by the following expression:

R(t) = R (1 - e—’/’*) (8.2)

where R, and t* represent the maximum cleared radius and the detachment time
scale, respectively. Figure 8.5(b) shows the variations of the cleared radius as a func-
tion of time, after normalization by R, and t*, respectively. The temporal-axis is
plotted for # < 10z*, as the cleared radius does not increase any further at later times.
The discrepancy between the fit and the measurements can be explained by the com-
plex dependence of the shear stress on the radial position (as already discussed in
section 8.3.1). Nevertheless, equation 8.2 reasonably matches our data and directly
provides the order of magnitude of the detachment time- and length-scales (¢* and

iOccasionally, some cells remain attached to the surface in the center of the cleared radius, where
the shear stress is low (see figure 8.3). This corresponds to observations in ref. [13]. However, as
the cell diameter and the initial jet diameter are of similar size, the shear stress in the center cannot be
uniquely defined. Therefore, this aspect was not included in the discussion
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Ruax, respectively). For example, a typical growth rate of R, /t* can be readily de-
fined, and is discussed in section S.IV. Figure 8.6, where r* is plotted as a function of
the Reynolds number and the jet diameter, indicates that t* < 2.5 s for all our mea-
surements. Therefore, for the current control parameters, the steady state is always
reached within 25 s.

8.3.3 Adhesion strength assessment

Figure 8.7 (a) represents the fraction of the remaining adherent cells as a function of
the radial position in the stationary regime. All detachment takes place in a narrow
radial region, which is consistent with figure 8.4. To determine the cell adhesion
strength, first the shear stress is determined as a function of the radial position, using
equation (8.1). Following this, the fraction of adherent cells as a function of the shear
stress is plotted (see figure 8.7(b)). The cell adhesion strength, which is defined as
the shear stress where 50 % of the cells is detached from the surface [23], is readily
determined from this graph. From the present experiments, where HeLa cells are
grown on a surface without any additional coating, we evaluate the cell adhesion
strength from each measurement (with different capillary diameters and Reynolds
numbers). Taking the median of the values obtained provides a cell adhesion strength
7. = (34 £ 13) N/m?, where the error indicates the standard deviation. Interestingly,
the detachment regime, as discussed in section 8.3.4 and indicated with colors in
figure 8.7(b), does not significantly affect the adhesion strength.

Figure 8.7(a) indicates a strong dependence of the cleared radius on the Reynolds
number (indicated with colors) and a weak influence of the jet radius (indicated by
the markers). This is due to the radial dependence of the shear stress. By inserting
7. back into equation (8.1), the cleared radius is theoretically derived as a function of
the Reynolds number. The results are represented in figure 8.8, as solid lines for each
capillary diameter used. The indicated error bar is assumed from the uncertainty in
T, and it is comparable for the other capillary diameters. Overall, good agreement is
found with our measurements for all capillary diameters, confirming that this method
is robust with respect to the flow velocity and the capillary size, and it explains the
strong Reynolds-number dependence of the cleared radius.

Below a certain threshold Reynolds number, usually no cell detachment is ob-
served (indicated by markers on the x-axis of figure 8.8), since detachment is ex-
pected only if the maximum shear stress exerted by the flow (7,,,,) exceeds the cell
detachment threshold 7.. Therefore, determination of the threshold Reynolds number
allows for independent determination of the shear stress. Since the Glauert solution
does not provide the maximum shear stress, the numerical results are used to provide
this parameter as a function of the Reynolds number, as shown in figure S3. Equating
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Figure 8.5: (a) Measurement of the cleared radius R(¢) versus time 7, for Rej,, = 85 and
Rjer = 25um. The thick solid line indicates the fit function (equation (8.2)) describing the
experimental data. The horizontal dashed line indicates the maximum cleared radius Ry,
and the tilted dashed line the initial slope of the fit function. Their intersection defines the
detachment time constant t*. Two regimes are identified: the dynamic regime (I) for r < 3¢*
and the stationary regime (II) for # > 3¢*, according to our definition. The solid line indicates
the separation between the regimes. (b) All measurements of the cleared radius versus time
after normalization by R, and ¢, respectively, for different R.,. The fit function is shown
as a black line.
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Figure 8.6: Detachment time scale * versus the Reynolds number, for different capillary
diameters.

this maximum shear stress to 7. readily provides the critical Reynolds number below
which no cell detachment is expected as Re je; = Re jer (Tinax = Tc), OI:

Reje = 02 Z”—;x. (8.3)
For the capillary diameters used in the present study, Re,, . is indicated by the dashed
lines in figure 8.8. For Re > Reji ¢, cell detachment is expected, and it is always
observed. No cell detachment is expected for Re < Rej , as observed in the mea-
surements with the 125 pm-capillary tube. For smaller capillary tubes, a finite-area
cleared radius below the threshold is observed. Here, the cell size is of the same order
as Rj¢; and h. Therefore the cells may significantly influence the flow field, resulting
in unexpected cell removal as observed.

Altogether, the cell adhesion strength can be obtained from measuring either the
fraction of adherent cells as a function of the radius (figure 8.7) or the threshold
Reynolds number (dashed lines in figure 8.8) in the stationary regime (subsection
8.3.2). The former method has the advantages that it also provides the distribution
of the adhesion strength, that it is less susceptible to outliers, and that it is common
practice already for radial flow chambers [23, 24]. Therefore, this method is recom-
mended for future measurements with the jet impingement method.
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Figure 8.7: Fraction of adherent cells in the steady state. Figure (a) shows the dependence
on the radius; the colors indicate the Reynolds number. Figure (b) shows the dependence on
the shear stress. The color indicates the detachment regime (which not significantly affects
the fraction of adherent cells). Black: single cell detachment (see figures 8.4 and 8.9), blue:
sheet detachment (see figure 8.10), red: mixed cases. In both subplots the marker shape
indicates the jet radius.



162 8. CELL ADHESION

10

Rmax [mm]

2 3

10 10 10

Figure 8.8: Maximum cleared radius versus the Reynolds number, for different capillary
diameters. The symbols show the measured values (points on the x-axis indicate R,y = 0,
i.e. no cell detachment). The solid lines give the solution of the theory for cell detachment,
the dashed lines indicate Re, (i.e. T4 = T.) beyond which cell detachment is expected. The
error bar is indicative for all measurements.

8.3.4 Cell detachment behavior in the dynamic regime

Next to the quantification of cell adhesion, the jet impingement device proves to be a
powerful tool to monitor cell detachment in real-time. Specifically, the existence of
two distinct detachment processes is revealed: either following cell by cell removal
(or single cell detachment), as illustrated in figures 8.4 and 8.9, or removal of cell
sheets (or collective detachment), as illustrated in figure 8.10. These different regimes
are discussed in more detail in the following.

First, the cell-by-cell removal mechanism (figure 8.9(a)) is observed in many
experiments. This behavior is mostly found for non-confluent monolayers, where
cells adhere separately on the surface without establishing any cell-cell contact. In
that configuration, cell adhesion is solely governed by the interactions between the
cells and the surface. These interactions are expected to be weak since no dedicated
coating (e.g., fibronectin or any other extracellular matrix protein) is applied prior to
experiments [24-26]. In other experiments or in some areas in the culture dish, cells
form a more tight and confluent monolayer, where they are likely to develop not only
cell-substrate interactions but also cell-cell contacts. In general, such a dense con-
figuration would be observed if cells are given more time to adhere and proliferate
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Figure 8.9: Illustration of single-cell poration and detachment. White circles indicate the cell
location and white dashed circles indicate the detachment location of the cell. The circled
cells become less bright due to loss of the fluorescent marker by cell poration. The oval
indicates two cells that are not visible on the subsequent frame, and assumed to be totally
removed immediately. The scale bar indicates 50pm.

on the surface, or if a higher cell density is employed upon seeding [24-27]. In our
experiments, these parameters (cell seeding density and time between cell seeding
and detachment experiments) are kept constant, but both configurations (single cell
adhesion or monolayer formation) are concomitantly observed. In terms of cell de-
tachment, dense monolayers give rise to another removal process, where entire sheets
of cells are detached - or collective detachment (figure 8.10). Since the cells retain
their green fluorescence during detachment (see figure 8.10), it is assumed that the
cell membranes remain intact, that cells are entirely removed from the surface, and
that they remain viable.

Altogether, these experiments suggest that the cell density governs the threshold
between the single cell detachment regime and the sheet detachment regime. In fig-
ure 8.11 the detachment regime is plotted as a function of the cell density and the
Reynolds number. For cell densities exceeding (1.8 +£0.2) - 10° cells/m? (indicated
by the dashed line in figure 8.11), sheet detachment is observed for all Reynolds num-
bers. In other words, at higher densities cell-cell interactions seem to be dominant in
comparison to cell-substrate interactions. This is to be expected, since protein-protein
interactions between the cells are stronger than those established with the substrate,
which are purely electrostatic here since no dedicated coating is applied.

Finally, in some experiments in the single-cell detachment regime, a gradual de-
crease in the intensity of the fluorescent marker loaded in the cells before experi-
ments (calcein) (See circled cells in figure 8.9(a)). This seems to indicate that the
shear stress exerted on the cells gives rise to poration of the cell membrane, leading
to progressive release of calcein out of the cells and occasional cell death at the edge
of the cleared area (see figure S7). Vice versa, membrane poration can be used for
medicine delivery into cells, as achieved by cavitation bubble implosion next to a cell
monolayer [17, 28, 29]. Therefore, our results indicate that shear-induced medicine
delivery could be an interesting application of the jet impingement method.
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8.4 Discussion

The currently employed jet-impingement method is now compared to alternative
flow-based methods to assess cell adhesion characteristics. The key difference be-
tween the different approaches lies in the temporal and spatial homogeneity of the
shear stress exerted to the cells. The most spatially and temporally homogeneous
flows are provided by a Taylor-Couette setup [30], a cone-and-plate shearing appa-
ratus [31], or microfluidic devices [32]. In these devices, all cells are exposed to
an equal shear stress, which means that individual measurements are required for
each shear stress value. Therefore, these approaches are primarily interesting if a
homogeneous shear stress is required. Temporally homogeneous but spatially in-
homogeneous flows are provided by the herein presented impinging-jet method, or
by radial flow chambers [20, 23, 24, 33]. While a radial flow chamber has a top
plate at a fixed position from the cell-covered wall (which confines the flow), the jet-
impingement device has a free surface. In both devices a liquid jet impacts on the
surface, and decreasing shear stress values are found for increasing radial positions,
so that the cell response to a large range of shear stresses can be studied in a fast and
reproducible manner, and for large numbers of cells. Alternatively, temporally and
spatially inhomogeneous shear stresses are observed in cavitation bubble implosion
[17, 28, 34, 35], which also gives rise to the impact of a jet on the surface. However,
the duration of these jets is limited to a time scale in the ms-range, and they have
characteristic impact velocities of ~ 100 m/s. The shear stress developed by these
pulsed jets is unknown, since the flow characteristics are hardly accessible either ex-
perimentally, numerically, or theoretically. Therefore, cavitation bubble implosion is
primarily suitable for assessment of the cells after the impact of the jet, to for example
study jet-induced drug delivery [34].

For the closely related methods of jet impingement and radial flow chambers,
major differences exist. For instance, we consistently observe an expanding, roughly
circular cell-free area in our experiments (figure 8.4), with a relatively sharp and well-
defined border between the monolayer and the cell-free area. This pattern deviates
from the gradual cell removal reported in radial flow chambers [23], which can be
explained by the different flow geometries. In the impinging jet method, the shear
stress decays much faster (scaling as T ~ r~!1/4 ) than in the radial flow-cell geome-
try (where 7 decays as 7 ~ r~!). When assuming a similar band-width of detachment
shear stresses (see figure 8.7(b)), our flow profile naturally results in a narrow de-
tachment region. Another key difference is the earlier onset of the validity of the
analytical solution describing the shear stress for known Reynolds numbers (micro-
jet: r > 2R, for Re = 100; radial flow chamber: r > 4R, [23]). Therefore, the
jet-impingement technique is more appropriate if high shear rates must be tested, as
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Figure 8.10: Bottom view of the HeLa cell monolayer during jet exposure, illustrating the
sheet-detachment regime. The scale bar indicates 0.5mm. The arrow indicates the initial
location of a detaching cell sheet. Subsequent frames show the ongoing growth of the sheet
until detachment.

encountered for example in cleaning applications [20]. Finally, all elements compos-
ing for the jet impingement concept are commercially available and the setup can be
constructed in a few hours, whereas other flow systems are usually custom-made. For
all these reasons, the jet impingement concept is particularly appropriate for routine
study of cell detachment.

We envision that the jet impingement approach could be applied as a screening
methodology to identify optimal surface properties in the field of tissue regenera-
tion by systematically characterizing the cell adhesion strength on a great variety of
surfaces. Of particular interest is the evaluation of cell adhesion strength under con-
tinuous flow conditions, as found for instance in engineered vascular implant [3, 36].
Typically, cell delamination is observed after a while due to the blood stream and due
to the too high shear stress. As a consequence, the engineering of vascular implants
with diameters below 6 mm is still highly challenging, while of key importance for
treatment of cardiovascular diseases [37, 38]. Since the herein proposed approach
allows testing a wide range of shear stress conditions in one single experiment, it
would help optimizing surface properties for cell adhesion, and eventually decrease
the diameter of the synthetic implants.

An interesting and unexpected result is that cells can detach collectively to form
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Figure 8.11: Detachment regime as a function of the Reynolds number and the cell density.
Single-cell detachment, sheet detachment, and mixed-detachment measurements are indi-
cated by black circles, blue squares, and red stars, respectively. Filled markers are obtained
for Rj,; = 100 pm, open markers correspond to Rje; = 25 um. The dashed line indicates the
cell density separating the single-cell detachment and sheet detachment regimes.

cell sheets upon exposure to the jet [39], provided the initial monolayer is dense
enough and cell-cell junctions are established. It would be of great interest to further
study this phenomenon, as current technologies for cell sheet detachment are rela-
tively slow [39, 40] or require highly sophisticated surfaces [41]. For instance, one
could vary the surface properties for instance to limit cell adhesion and strengthen
cell-cell interactions for the release of large sheets of viable cells that could subse-
quently be utilized to form microtissues using a layer-by-layer assembly approach.
For that particular application, cell viability after exposure to the jet should be care-
fully be examined, an aspect which has not been studied in detail here since, after
their release, the cell sheets could not be tracked in solution.

8.5 Conclusions

Microjet impingement provides a simple and reliable concept for cell adhesion strength
measurements and real-time observations of the detaching cells. We experimentally
and numerically characterize the flow, measure the cell adhesion strength, and use a
real-time view to study different cell detachment regimes.

The first measurements and new numerical simulations of the shear stress exerted



8.5. CONCLUSIONS 167

by jet impingement in the micro-scale domain are presented. For high Reynolds
numbers and far from the symmetry axis, the solution proposed by Glauert [16] is
confirmed. This solution is particularly valid as close as r > 2R, (for Re = 100,
figure 8.3). For low Reynolds numbers and close to the origin, our numerical model
confirms and extends the results reported by Deshpande and Vaishnav [18, 19].

Real-time observations of the cell monolayer detachment reveal a dynamic regime,
in which the cell-free area continuously increases, followed by a stationary regime
where no more cells are detached. The development of cell-free radius is fitted as
R(t) = Ryax(1 — et/ "), where 1* represents the time scale for the dynamic regime
and R, describes the final radius. The stationary regime allows for determination
of the cell adhesion strength, for which procedure guidelines for consistent and re-
liable measurements are proposed. Following these, the adhesion strength of HeLa
cells is obtained as (34 & 14) N/m?. In the dynamic regime, the real-time view
of the monolayer reveals two characteristic detachment regimes: single cell detach-
ment for low-density monolayers and sheet or collective detachment for more dense
monolayers. The threshold cell density between these two regimes is assessed to be
(1.840.2) - 10° cells/m?, and is independent of the Reynolds number.

The jet impingement technique opens new avenues in the field of tissue regener-
ation not only to measure cell adhesion strength towards optimization of biomaterial
properties, but also as a tool to produce cell sheets that can be used to generate mi-
crotissues in a controlled self-assembly approach.
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8.6 Supplementary material

S.I. Experimental determination of the shear stress
The shear stress 7 on a liquid-solid interface is given by the velocity gradient at the
wall,

r:pvg— : (3.4)

where y is the distance from the wall, u is the flow velocity tangential to the wall,
v the kinematic viscosity and p is the liquid density. It can thus be obtained by
measuring « and taking the derivative in the constant-shear region close to the wall.
The laminar boundary layer thickness for axisymmetric stagnation-point flow can be
obtained from the textbook by Schlichting & Gersten (2000) [22]. Close to the wall,
the region with constant shear rate exists within the 50 %-boundary layer, where
u(r,y) < 0.5U(r) with U(r) the far-field flow velocity. Using dimensional analysis,
we estimate the thickness of this boundary layer as 6* ~ \/VR ¢ /Uje. This results
in a minimum boundary layer thickness of 6* &~ 4 pum for R jer = 25 pm and Re
= 250. Therefore, from horizontal velocity-field measurements at wall distances y <
0" ~ 7 um we can directly derive the shear stress.

For the (standard) uPIV technique employed here [21] (see figure S1), the basic
principle is that the tracer particles move with the flow and the frame-to-frame time
is known, thus the flow velocity can be obtained from the particle displacement. First
a recording of at least 140 image pairs is made, showing the tracer particles. For each
image, structures much smaller or larger than a single tracer particle are removed
using a band pass filter, i.e. only single tracer particles in the focal plane remain
visible. Then, for a each individual pixel, the value with the lowest light intensity
of all images is obtained. This results in a minimum-intensity image, which was
subtracted from all images. The resulting images allow for excellent visualization of
the particles in the measurement plane, as shown in the inset of figure S2(a). From
this, velocity vectors are obtained by dividing the images into regions and cross-
correlating these regions for each image pair. As the flow is steady, the correlations
are then averaged to obtain a single, more reliable velocity vector. A multi-grid ap-
proach (making the correlation windows smaller in subsequent correlations) provides
a high-resolution velocity field, as shown in figure S2(a). Vectors within a radial in-
crement dr (typically, dr = 10um) are averaged to obtain a unique velocity value for
each radial distance. Similar analyses were performed at measurement planes at dif-
ferent heights above the surface, resulting in figure S2(b). Measurements closer than
2 wm to the surface were not used, as there the pPIV technique is not reliable be-
cause then the particle diameter is similar to the patricle-surface distance, and as the
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Figure S1: Schematic view of the setup for pPIV measurements. d. is the thickness of the
correlation plane.

error of the measurement plane height is ~ 1pum. At the surface, a no-slip boundary
condition is assumed.

With the velocity known at radial positions at different heights, the wall shear
stress is calculated according to equation (8.4): ©(r) = pv du/dy|,—o = pvu(y,r)/y.
The result is shown in figure 8.2. To allow for direct comparison to numerical and
literature values, it is normalized by 4pU? and the radius is normalized by R jer- The
errors are due to uncertainties of the measurement height and averaging of the radial
velocity over the radial increment dr. Close to the origin, the large vertical velocity
component results in a strong out-of-plane motion of the tracer particles, i.e. the PIV
measurements are not reliable for » < R, and are represented in low contrast.

S.I1. Numerical analysis of the shear stress
New simulations were performed mainly to determine the shear stress in the whole
flow field. Here we discuss in more detail the comparison with Glauert’s solution (in
the far field) and previous simulations [18, 19] (in the near field).

The maximum shear stress (for given Reynolds number) is compared to previous
work in figure S3, as this parameter is used for our analysis of the dynamic regime.
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Figure S2: Velocity measurements for Rej.; = 100, Rj.; = 50 um, and & = 2R ;. (a) Bottom
view at y = 4 um above the surface. The velocity vectors are plotted as arrows. The black
lines show example edges of bins used to obtain the radial velocity versus the radial position.
The inset shows the particles used for tracking after image enhancement. (b) Radial velocity
versus dimensionless radial distance r/R ;. Measurements are performed at y =2 to 5 pm
above the surface. At the surface a no-slip boundary condition is imposed (black triangles).
The error bars represent the maximum error for all measurements (explained in the text).

Good agreement is found. In addition, the far-field shear stress is compared this to
Glauert’s solution (equation (8.1)) in figure S4. Here, agreement was poor even after
an extension of the domain and adjustement of the grid. Only after performing similar
calculations with Fluent (Ansys, Pittsburgh, PA) and extending the radial domain
size to 40R ¢, quantitative agreement with Glauert’s solution could be obtained for
Reje; > 1000 (see figure S5). However, here the near-field maximum shear stress is
inconsistent with figure S3, despite several simulation attempts. A direct comparison
of the far-field shear stress to related numerical work [17-19, 35] is not feasible,
since there the shear stress at large radial distances is not provided. In conclusion, we
recovered Glauert’s solution for Re > 1000, using the Fluent package

Determination of the wall shear stress as a function of the Reynolds number (for
1 < Rejy, < 1000) and the radial position would allow to find the onset of the va-
lidity of Glauert’s solution, which would be highly useful for applications. However,
it is beyond the scope of this work due to excessive computational costs. There-
fore, we use Glauert’s solution to analyze cell detachment in the stationary regime
(as Ryax/Rjer > 3), and the Comsol results for the analysis of the dynamic regime
(where the peak shear stress is the key control parameter).

S.III. Influence of the boundary layer on cell adhesion measurements
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Figure S3: Maximum shear stress versus the jet Reynolds number. Results from current and
previous [18] numerical work are shown.

As discussed in section S.I, a minimum boundary layer thickness of 0* ~ 4 um is
estimated for our experiments, which is comparable to the roughness of the cell
monolayer (estimated as R, = 5+ 5 um from figure 3(c) of the main document).
Therefore, the cell monolayer may significantly influence the boundary layer flow
and the resulting local shear stress.

Much thicker boundary layers are estimated for the larger capillary tubes used,
for example 6* ~ 20 pum is found for R, = 125 um and Re = 300. This thickness
significantly exceeds the cell roughness. As the shear stress is constant within the
boundary layer (indicated by the straight line in figure 1 of the main text), in this
case the cell roughness is expected to be of minor influence on the shear stress. The
consistency of our measurements, irrespective of capillary diameter and flow velocity,
suggests that the roughness is of minor influence on the adhesion strength in general,
i.e. even for boundary layer thickness comparable to the cell roughness. Still, a jet
radius of 125 um or more is recommended for future measurements.

A detailed analysis of the flow on the single-cell scale may reveal further details
of the flow-cell interaction. However, the analysis of boundary flow layer over non-
flat or non-smooth surfaces is highly challenging (see for example our recent work on
the flow over two-phase interfaces [42]), and a full analysis is far beyond the scope
of this work.

S.IV. Growth rate of the cell-free area in the dynamic regime
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Figure S4: Shear stress calculated with Comsol solver. The dashed lines indicate Glauert’s
solution [16]. The peak shear stress is consistent with Ref. [18], but the far-field shear stress
does not converge to Glauert’s solution.
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Figure SS5: Shear stress calculated with Fluent solver. The dashed lines indicate Glauert’s
solution The far field shear stress converges to Glauert’s solution but the peak shear stress is
inconsistent with Ref. [18].

During the dynamic regime many cells are detached from an area close to the jet exit,
due to shear stresses up to 4 kN/m?. To characterise the dynamic regime, the initial
growth rate is defined as & = Ryq,/t*. How does this growth rate depend on the
maximal shear stress 7,,,,? To find out, we deduced 7,,,, from our simulations shown
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Figure S6: Initial growth rate of the cleared radius @ versus maximal shear stress T,,,c. The
lines indicate the (linear) fit @ = const - T4 for each capillary diameter. Red squares (LJ)
correspond to Rje,; = 25um, green diamonds () to Rj,; = 50um, and blue triangles (A) to
Rjer = 125um.

in figure S3. In figure S6, the growth rate « is plotted as a function of T,,,. We
find that the growth rate is roughly proportional to the maximum shear stress applied
to the cells. In figure S6, the linear fits & = const - T4, are shown as straight lines,
one for each cross-section of the capillary tube. Obviously, the slopes of the different
lines in figure S6 are increasing for increasing capillary diameters, indicating that the
employed capillary (strongly) influences the growth rate. To establish a full quanti-
tative understanding of the diameter dependence, more measurements with different
capillary diameters would be necessary. We also tried to analyze the typical detach-
ment time scale t*, by plotting ¢* versus either the Reynolds number or the shear rate.
This resulted in a cloud of data, thus the physics governing the dynamic regime of
our measurements and earlier work [9, 13] remains unclear.

S.V. Post-jet impact cell survival

As discussed in the main text, in some experiments, the shear stress exerted on the
cells can result in poration of the cell membrane, leading to release of calcein out
of the cells. Subsequent incubation of the cell monolayer with a viability marker
(propidium iodide or PI) reveals possible cell death at the edge of the cleared area
(figure S7). This detrimental effect of flow-induced shear stress on cells is attributed
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200pm

Figure S7: Live-dead assay of the cell monolayer after jetting. The cell-free area indicates
where the jet impinged. At the edges of the cell-free area, a few cells have died due to
excessive, shear-induced cell poration.

to the formation of (too) many pores in the cell membrane.
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Conclusions and outlook

Microdroplets are barely visible to the naked eye, but their impact occurs in many everyday
applications. For example in spray painting, diesel engines, pressure cleaning, or when an
airplane flies in a cloud and the mist droplets impact on its wings. This thesis aims to improve
our understanding of these tiny droplets and apply the knowledge gained. First, the gener-
ation of individual microdroplets is pursued, since this is required to visualize their impact.
Three methods have been studied: generation of a laser-induced micro-jet; deflection of a
single droplet from a droplet train, and laser-induced forward transfer. Using these droplets,
extensive impact experiments have been conducted of which the results will be subsequently
discussed. Then, the knowledge obtained is applied to identify optimal process windows for
controlled metal droplet deposition and for safe cell spraying. Finally, open questions in high-
speed microdroplet impact with particular relevance for future droplet-based applications will
be sketched.

179



180 9. CONCLUSIONS AND OUTLOOK
9.1 Microdrop generation methods

Microjet generation: High-speed microjets were generated by laser-induced vapor-
ization of water in a micro-tube. In chapter 2, the jet velocity has been investigated
experimentally, as a function of the distance between the laser focus and the liquid
meniscus at the mouth of the micro-tube, the laser energy, the liquid-glass contact
angle, and the tube diameter. Varying these control parameters, controlled jets can be
generated with tip velocities ranging from 5 m/s to 850 m/s. After ejection, the tip of
the jet contracts into a sphere by surface tension. This sphere detaches from the jet to
form a free-flying microdroplet. The impact of such droplets was studied for veloci-
ties between 20 m/s and 100 m/s (chapter 3). However, the image quality is limited
by motion blur, even for imaging at 1 million frames per second. This problem is
solved by using a different droplet generation method, as described next. Still, to my
best knowledge, laser-induced jet break-up is the only method for producing single,
water(-based) drops for velocities exceeding 100 m/s.

Droplet train deflection: As described in chapter 4, a single droplet can be deflected
away from a droplet train. Placing an impact surface in the path of this droplet then re-
sults in highly reproducible impact events. By carefully optimizing our setup, impact
of droplets with a diameter of 50 pm and velocities of 50 m/s within a time window
of 1 us was achieved, which is small and fast in comparison to previous experiments
in similar setups [1, 2]. This is sufficiently reproducible to visualize the impact us-
ing flash-illumination. In particular, synchronized side- and bottom-views show the
spreading droplet at effective frame rates exceeding 107 frames per second. Since
the droplet size is sufficiently large for clear visualization and reproducible impacts
can be generated, this method is very suitable to visualize the impact of small-scale
droplet at high spatial and temporal resolutions.

Laser-induced forward transfer: The fastest and smallest droplets generated in this
study are ejected using laser-induced forward transfer (chapter 7). In particular, a
dome-shape liquid sheet can be ejected by carefully choosing the laser fluence. By
surface tension, this sheet contracts into a droplet on a capillary time scale of 1077 s
(chapter 8). These droplets are less suitable for visualizing the impact dynamics,
since their size is of the same order of magnitude as the wavelength of visible light.

9.2 Drop impact fundamentals

The similarities and differences between mm-sized droplet impact (for which great
progress has been made recently) and micrometer-sized droplet impact (which is key
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for industrial applications but has hardly been addressed) are studied in detail in chap-
ters 3 and 4. In particular, the spreading dynamics, droplet-air interaction, bound-
ary layer development, rim development, maximum droplet spreading diameter, and
splashing threshold are investigated. The main conclusions are:

1. The spreading dynamics can be divided into different phases. The initial phase,
prior to the ejection of a lamella, could not be investigated due to the extremely
short time scales involved. In the lamella phase, a scaling D/Dg ~ /(¢/7) is
observed, which is in quantitative agreement with mm-sized impact [3]. The
final (slow-down) phase results in the maximal spreading diameter, see item 5.

2. The air bubble size entrained during microdroplet impact decreases with in-
creasing impact velocities (for the currently studied impact velocities Vy >
10 m/s). The scaling of the air bubble size collapses to results for mm-sized
droplet impact in the high-Stokes number regime. This is remarkable, since
incompressible air flow is a valid assumption for mm-sized droplet impact but
not for micrometer-sized droplet impact [4, 5]. The threshold Stokes num-
ber separating the high- and low Stokes number regimes is different, which is
expected since this parameter is size-dependent.

3. The boundary layer thickness scales as 8p(f) ~ DoRe '/?(1/7)%, with ex-
ponent o, = 0.45 4+ 0.02. The Reynolds number dependence follows the ex-
pected scaling of EBL(I) ~ DoRe™ !/ \/t/7, but the temporal progression is
somewhat lower.

4. The rim diameter follows a scaling Dg;,, /Do ~ We™'/2(t /)% with exponent
Ogim = 0.68 =0.04. To our knowledge, this scaling is observed for the first
time. The temporal exponent and the remarkable robustness of this scaling,
which holds for times 0.1 < 7/7 < 2 and even increases for later times, remain
to be explained.

5. The maximal droplet spreading diameter is robustly captured by balancing the
inertia of the droplet to viscous dissipation in the boundary layer [6].

6. Despite our high impact velocities up to Vy = 50 m/s, no splash is observed
here. Only models including the surrounding air [7, 8] correctly predict this
outcome. These models are based on scaling arguments, and do not contain
details of the physics of splashing. Alternative models capture the physics of
splashing in more detail [9, 10], but since the continuum assumption is violated
for the thin air film between the droplet and the substrate these models are not
applicable.



182 9. CONCLUSIONS AND OUTLOOK

As far as could be observed, droplet impact is scale-invariant, i.e. mm-sized droplet
experiments have a predictive value as long as the same Reynolds, Weber, and Stokes
number are used. Therefore, the vast progress in understanding mm-sized droplet
impact can be applied to optimize a wide range of applications in which fast, pm-
sized droplet impact on a dry surface is a key process step.

9.3 Microdroplets as a technology enabler

Laser-induced forward transfer: For the first time, laser-induced forward transfer
was applied for the fabrication of three-dimensional metal microstructures (chap-
ter 8). By repeating the ejection of copper micro-droplets at the same location, their
deposition occurs on the same position and pillars are manufactured. These pillars
have low porosity, are electrically conductive, and mechanically stable. The LIFT
concept was extended to deposit lines, fill through-silicon vias, and make 2 mm
long pillars with a diameter of 5 pm. As stacked deposition has been an unfulfilled
promise since the conception of LIFT in 1986 [11], these results demonstrate a major
step in its applicability.

To construct these pillars, controlled sizes and impact velocity of the impacting
droplets are prerequisites. Therefore, in-depth knowledge of the droplet’s ejection
regime and ejection velocity, as described in chapter 7, has been crucial. In particu-
lar, in a novel regime called “cap”-ejection, the ejection of a hemispherical piece of
the film is observed which contracts into a droplet. Such droplets are used to fabri-
cate the aforementioned pillars. However, if the ejection velocity is too low, surface
tension will prevent detachment of the cap from the donor. This occurs for a Weber
number We < 1, which corresponds to a minimal ejection velocity of ~ 20 m/s. The
fluence can also be too high, resulting in ejection of many droplets in regimes called
“jet-ejection” and “spray ejection”. As the driving mechanisms and transitions be-
tween these regimes were elucidated, the fluence and the properties of the donor film
can now be tuned to achieve ejection in a specific regime. In view of the well-defined
droplets ejected in the cap ejection regime, this regime seems to be promising for
future micro-manufacturing applications.

Cell spray deposition: In treatment of burns and biofabrication, cells deposited by
spraying (also known as air-brush) is currently introduced. To optimize the cell sur-
vival in these applications, the influence of the spray control parameters (liquid flow
rate, liquid viscosity, and gas pressure) and the substrate stiffness on cell survival
were quantitatively investigated. A two-step approach was followed: First, the in-
fluence of the spray conditions on the droplet size and velocity was experimentally
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quantified, using flash photography. This revealed that especially increasing the air
pressure results in faster impact velocities of the droplets. Second, an analytical
cell-survival model was presented to describe (1) the cell survival probability as a
function of cell membrane elongation, (2) the membrane elongation as a function
of the cell-containing droplet impact parameters, and (3) the influence of the impact
substrate properties on membrane elongation. This model predicts improved cell
survival for larger surrounding droplets, slower impact, lower droplet viscosity, and
soft-surface impact. These predictions are successfully validated with cell viability
measurements, which demonstrates the importance of controlled droplet impact in a
range of biofabrication technologies. The model and experimental setup allow for
optimization of any droplet-based cell deposition technology. In the particular case
of (clinical) cell spraying, post-spray cell viability is improved by decreasing the air
pressure applied to the spray nozzle and increasing the nozzle-substrate distance.

9.4 Outlook

In the context of this thesis, some aspects of droplet impact seem to be fruitful to
investigate in the future. First, violent shock waves can form in high-velocity impact
onto liquids or solids [12], but their incidence has been insufficiently addressed to
answer practical questions. For example, it is not known whether the water hammer
effect (also known as “hydraulic shock™) plays an important role in the cleaning of
semiconductor wafers or hot-rolled steel (descaling). The role of ambient air and
shock waves in the liquid may be closely related, since the influence of air is known
to dampen the droplet’s impact. Therefore, shock formation might be enhanced by
decreasing the pressure of the surrounding gas, potentially improving cleaning appli-
cations. Although recently the role of air has been described for low impact veloci-
ties [4, 5], theory, simulations, and experiments for fast micro-droplet impact are still
lacking.

Second, the shear rates and shear stresses related to droplet impact deserve at-
tention. For example, cell viability in bioprinting seems to strongly decrease beyond
a certain critical shear stress. Also, the shear stress exerted to the impact substrate
in cleaning applications is not adequately known. Since measuring and calculating
the shear during impact are within reach of current experimental (micro-PIV) and
numerical methods, this is a very promising topic.

Finally, for non-wetting impact at very high velocity, holes can form in the lamella
ejected during impact and eventually cause break-up of the lamella into small droplets
[13]. This phenomenon affects applications ranging from thermal spraying to laser-
induced droplet shaping. However, the origin of these holes is neither understood
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sufficiently to predict their formation, nor visualized as a function of relevant control
parameters. Therefore, the incidence of this regime is essentially unknown. Using
flash photography [13] and molecular-dynamics situations [14] to visualize the inci-
dence of these holes might allow to explain their formation mechanism.
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Summary

The impact of mm-sized droplets at around 1 m/s can be observed every day, for
example in rain, in the sink or shower, or during sailing. However, the impact of much
faster, micrometer-sized droplets is at least as omnipresent. Such impacts cannot be
seen with the naked eye, but occur in applications including spray painting, ink-
jet printing, diesel engines, or pressure cleaning. In this thesis, the dynamics of the
mm-sized droplets (for which many experiments have been performed) are compared
to um-sized droplets (which have received scarce attention), and the knowledge is
implemented to enable and improve novel applications.

First, the generation and controlled impact of individual microdroplets is pursued.
Three methods have been studied and will now be concisely described: generation
of a laser-induced micro-jet; deflection of a single droplet from a droplet train, and
laser-induced forward transfer.

(i) High-speed microjets were generated by laser-induced vaporization of water in a
micro-tube (chapter 2). The jet velocity has been investigated experimentally, as a
function of the distance between the laser focus and the liquid meniscus at the mouth
of the micro-tube, the laser energy, the liquid-glass contact angle, and the tube di-
ameter. Varying these control parameters, controlled jets can be generated with tip
velocities ranging from 5 m/s to 850 m/s. After ejection, the tip of the jet contracts
into a sphere by surface tension. This sphere detaches from the jet to form a free-
flying microdroplet. The impact of such droplets was studied for velocities between
20 m/s and 100 m/s (chapter 3).

(i1) Alternatively, a single droplet can be deflected away from a droplet train (chap-
ter 4). Placing an impact surface in the path of this droplet then results in highly
reproducible impact events. By carefully optimizing our setup, impact of droplets
with a diameter of 50 pum and velocities of 50 m/s within a time window of 1 ps was
achieved, which is small and fast in comparison to previous experiments in similar
setups. This time window is sufficiently short to visualize the impact using flash-
illumination. In particular, synchronized side- and bottom-views show the spreading
droplet at effective frame rates exceeding 107 frames per second. Since the droplet
size is sufficiently large for clear visualization and reproducible impacts can be gen-
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erated, this method is very suitable to visualize the impact of small-scale droplet at
high spatial and temporal resolutions.

(iii) The fastest and smallest droplets generated in this study are ejected using laser-
induced forward transfer (chapter 7). In particular, a dome-shape liquid sheet can be
ejected by carefully choosing the laser fluence. By surface tension, this sheet con-
tracts into a droplet on a capillary time scale of 10~7 s (chapter 8). These droplets are
less suitable for visualizing the impact dynamics, since their size is of the same order
of magnitude as the wavelength of visible light and they solidify upon impact.

Microdroplet impact is equivalent to mm-sized droplet impact. This conclusion
is based on extended droplet impact experiments (chapters 3 and 4), in which the
spreading dynamics, droplet-air interaction, boundary layer development, rim devel-
opment, maximum droplet spreading diameter, and splashing threshold are compre-
hensively discussed. The implication is that mm-sized droplet impact experiments
can be tailored to make predictions for pm-sized droplets impacting at higher ve-
locities, as long as the Weber, Reynolds, and Stokes numbers are maintained equal.
Therefore, the vast progress in understanding mm-sized droplet impact can be ap-
plied to optimize a wide range of applications in which fast, um-sized droplet impact
on a dry surface is a key process step.

Finally, the knowledge obtained is applied for the development of novel technolo-
gies. For the first time, laser-induced forward transfer was applied for the fabrication
of three-dimensional metal microstructures (chapter 8). In laser-induced forward
transfer, a pulsed laser is focused on a thin metal film, which results in the ejection
of small copper droplets. By repeating the ejection of copper micro-droplets at the
same location, their deposition occurs on the same position and pillars are manufac-
tured. These pillars have low porosity, are electrically conductive, and mechanically
stable. The LIFT concept was extended to deposit lines, fill through-silicon vias, and
make 2 mm long pillars with a diameter of 5 pm. As stacked deposition has been an
unfulfilled promise since the conception of LIFT, these results demonstrate a major
step in its applicability.

Biofabrication is another important and novel application of microdroplets. Here,
cell-containing droplets are deposited in a controlled manner, with the aim to grow
functional tissues or even organs from the deposited droplets. However, the cells
do not always survive the impact event, which is a severe problem in several main-
stream biofabrication technologies. Therefore, we model the cell deformation during
impact, by considering a single cell and assuming that it deforms equivalent to a lig-
uid droplet. The cell’s deformation is connected to the expected cell viability, and
predicted using an existing cell viability model. Next, we include the influence of
the droplet which surrounds the cell in our models (in particular, the surrounding



187

droplet size and viscosity are included), as well as the stiffness of the surface. This
model predicts improved cell survival for larger surrounding droplets, slower impact,
lower droplet viscosity, and soft-surface impact. These predictions are successfully
validated with cell viability measurements, which demonstrates the importance of
controlled droplet impact in a range of biofabrication technologies.
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Samenvatting

Tijdens een regenbui, in de douche, of op een zeilboot wordt de inslag van drup-
pels op een oppervlak aan den lijve ondervonden. Het alledaagse voorkomen van
druppelinslag en de eenvoud van een bolvormige druppel die inslaat op een vlak op-
pervlak doet vermoeden dat de inslagdynamica eenvoudig is, maar schijn bedriegt.
Tijdens de inslag, die slechts enkele milliseconden duurt, spreidt de druppel uit tot
een bepaalde maximale diameter. Vervolgens kan de druppel samentrekken tot een
bolvorm (op hydrofobe oppervlakken zoals was of bepaalde plantenbladeren), steeds
kleiner worden tijdens zijn verdamping, of zijn maximale diameter behouden tot-
dat hij verdampt is. Daarnaast kunnen druppels uiteenspatten in meerdere druppels.
Dit kan bijvoorbeeld zichtbaar worden gemaakt door koffiedruppels te laten vallen
vanaf enkele meters hoog, waarna een patroon van kleine koffiedruppels op de vloer
zichtbaar wordt.

De laatste jaren is er veel onderzoek is gedaan naar dergelijke huis- tuin- en
keu-kendruppels. Door middel van hogesnelheidsfotografie zijn de spreidingsdy-
namica en de maximale diameter tijdens inslag in beeld gebracht. Daarnaast is ont-
dekt dat, tijdens een aanzienlijk deel van de inslag, de druppel het inslag-oppervlak
niet “aanraakt”, maar de druppel gescheiden blijft van het oppervlak door een dunne
luchtlaag met een dikte van enkele nanometers tot enkele micrometers. Tenslotte
is de uiteenspatting tijdens inslag uitgebreid onderzocht. Hoewel de details van dit
fenomeen nog onbekend zijn, blijkt dat ook hier de invloed van de omringende lucht
essentieel is om te beschrijven wanneer fragmentatie zal optreden. Concluderend
kan gesteld worden dat belangrijke details nog verdere aandacht verdienen, maar dat
uitgebreid onderzoek desondanks heeft geleid tot een goed overzicht van de inslag-
dynamica van druppels met een grootte van enkele millimeters en een snelheid van
enkele meters per seconde.

In dit proefschrift wordt de inslag-dynamica van kleine en snelle druppels verge-
leken met die van veel grotere druppels waar reeds uitgebreid onderzoek naar is ver-
richt. Deze druppels, met een diameter van 10 tot 100 micrometer en een snelheid van
10 tot 100 m/s, worden bijvoorbeeld gebruikt in printers, dieselmotoren, hogedruk-
spuiten en vele andere toepassingen. Ondanks deze relevantie is de inslagdynamica
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van deze druppels nauwelijks gevisualiseerd, omdat een inslag moeilijk te realiseren
is. Daarnaast vindt de inslag plaats in een tijdsbestek van slechts enkele microsecon-
den, en is dus ook moeilijk te visualiseren. Dit proefschrift heeft daarom een drietal
doelen: het maken, visualiseren, en toepassen van microdruppels.

De inslag van individuele druppels is bereikt door middel van drie verschil-
lende methoden. Ten eerste is gebruikt gemaakt van een (potentieel supersonische)
micro-jet (hoofdstuk 2 en 3). Hierin wordt een laser gefocust in een vloeistof die
zich bevindt in buisje met een open uiteinde. De laser veroorzaakt een kookbel en
een drukgolf, en heeft tot gevolg dat een extreem snelle (tot ~1000 m/s), micro-
scopisch kleine vloeistofstraal wordt weggespoten vanaf het open vloeistofoppervlak.
Deze straal breekt vervolgens op in losse microdruppels, die inslaan op een daartoe
geplaatst oppervlak. Vervolgens is de inslag bekeken door middel van hogesnelheids-
fotografie. Hoewel de druppels duidelijk zichtbaar zijn, is achteraf gebleken dat fo-
tografie met 1 miljoen beelden per seconde onvoldoende detail (zowel in de tijd als
in de plaats) biedt om de inslag nauwkeurig vast te leggen.

Daarom is ten tweede een methode uitgewerkt om extreem reproduceerbare drup-
pelinslag te bereiken (hoofdstuk 4). Het voordeel is dat nu een 6 nanoseconde korte
lichtflits gebruikt kan worden om de druppel vast te leggen op een specifiek moment
van de inslag. Door de vertraging tussen de druppelinslag en de lichtflits te variéren,
kan op deze manier de gehele inslagdynamica in beeld worden gebracht. De basis
van de deze methode is om een “trein” van druppels met gelijke grootte en snelheid te
maken (dit kan vergeleken worden met een tennisballenkanon waarmee zo frequent
tennisballen worden weggeschoten dat er een “trein” van tennisballen door de lucht
vliegt). Dit is relatief eenvoudig, maar heeft als probleem dat inslag op een droog
oppervlak vrijwel onmogelijk is omdat alle eerdere druppels het oppervlak benatten.
Daarom wordt er één druppel uit de trein elektrisch geladen, en vervolgens wordt de
gehele trein door een elektrisch veld geleid. Hierdoor wordt uitsluitend de geladen
druppel beinvloed, die vervolgens een traject volgt dat iets afbuigt van de trein. Ver-
volgens wordt er een dunne scheidingswand aangebracht tussen het traject van de
geladen druppel en de trein, zodat alleen de geladen druppel overblijft, die vervolgens
inslaat op het gewenste oppervlak. Op deze manier ontstaat een zeer reproduceerbare
inslag, die succesvol is vastgelegd met een gecombineerd en gesynchroniseerd zij- en
bodemaanzicht.

Deze druppels zijn in detail vergeleken met eerdere resultaten voor grotere, langza-
mere druppels. De spreidingsdynamica, maximale spreidingsdiameter, de ingevan-
gen luchtbel, het al of niet plaatsvinden van de uiteenspatting van de druppel zijn
gemeten. Deze parameters kunnen berekend worden met recente modellen die uit-
sluitend gevalideerd zijn voor grotere druppels, dus de druppel-dynamica is schaal-
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baar voor zover kon worden beoordeeld. Dit betekent dat de hiervoor genoemde
toepassingen geoptimaliseerd kunnen worden met kennis die wordt vergaard voor
veel grotere druppels, die wel eenvoudig in beeld gebracht kunnen worden.

Ten derde is er een methode ontwikkeld om reproduceerbare metaaldruppels te
maken (hoofdstuk 5 en 6). Deze druppels zijn zo klein (met een diameter tot 3 mi-
crometer) en snel (20 tot 200 m/s) dat ze zelfs met flitsfotografie nauwelijks gede-
tailleerd vastgelegd kunnen worden. Echter, met deze druppels zijn voor de eerste
keer 3D structuren geprint van pure metalen met een hoog smeltpunt (koper en goud),
in de vorm van pilaren van enkele micrometers in diameter en (tot) enkele millime-
ters hoog. Deze extreem dunne pilaren hebben een lage porositeit, zijn mechanisch
stabiel en electrisch geleidend, en zijn daarom uitstekend geschikt om verticale elec-
tronische circuits te printen. Daarnaast kan gedacht worden aan de depositie van
micro-spijkerbedden zoals gebuikt voor hydrofobe oppervlakken, of micro-antennes
voor het verder verkleinen van bepaalde radio-toepassingen.

Daarnaast is de interactie tussen levende cellen en microdruppels onderzocht. Dit
betreft cellen die zich binnen een microdruppel bevinden die inslaat op een oppervlak.
Dergelijke inslag ligt aan de basis van diverse technieken in biofabricatie, een vakge-
bied dat tot doel heeft om gezond (levend) weefsel te ontwikkelen ter vervanging van
beschadigd of niet-functioneel weefsel in het lichaam. Hierbij wordt een suspensie
bestaande uit vloeistof en cellen opgedeeld in microdruppels die vervolgens worden
weggeschoten en terecht komen op het te printen oppervlak.

Het is gebleken dat met name cel-deformatie tijdens de inslag een belangrijke
oorzaak is van schade aan de cellen (hoofdstuk 7). De overlevingskans van de cellen
is gemodelleerd en gemeten, en het model is in goede overeenstemming met de geme-
ten resultaten. Onder andere is gebleken dat de overlevingskans van cellen toeneemt
voor grotere omringende druppels, lagere inslagsnelheid, minder visceuze vloeistof-
fen en zachtere oppervlakken. Voor optimale overleving van de cellen in de cel-spray
methode wordt aanbevolen om een lage luchtdruk toe te passen, waardoor de drup-
pelgrootte toeneemt en de inslagsnelheid afneemt.

Tenslotte is de inslag van een “microjet ” (waterstraaltje met een diameter tot
500 micrometer) op een oppervlak dat bedekt is met een monolaag cellen onderzocht
(hoofdstuk 8). Hierbij is de microjet loodrecht op het oppervlak gericht. De stroming
van de microjet heeft tot gevolg dat de cellen weggespoeld worden worden in een
cirkelvormig cel-vrij gebied dat groeit in de tijd. Na enige tijd ontstaat echter een
stabiele situatie, waarin de diameter van het cel-vrije gebied niet langer groeit. Een
meting van deze diameter kan vervolgens gebruikt worden om de adhesie van de
cellen aan het oppervlak te kwantificeren.

Hoewel deze methode welbekend is, was hij onvoldoende gekarakteriseerd voor
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betrouwbare toepassing. Daarom is in hoofdstuk 8 de stroming van de microjet
zowel gemeten als gemodelleerd, de tijdsduur waarna de stabiele situatie optreedt
onderzocht, en het onthechtingspatroon van de cellen in real-time in beeld gebracht.
Hieruit blijkt dat de stabiele situatie binnen enkele seconden optreedt, en vervolgens
de adhesie van de cellen aan het oppervlak berekend kan worden met eenvoudige
modellen, met als vereiste dat de stroming van de microjet laminair is. Daarnaast
zijn verschillende regimes waargenomen voor het loslaten van de cellen. Voor een
monolaag met een celdichtheid lager dan (1.84-0.2) - 10°cellen/m? laten de cellen in-
dividueel los van het oppervlak, terwijl intacte stukken van de monolaag loslaten voor
hogere celdichtheden. Dergelijke intacte celfilms, die bijvoorbeeld worden toegepast
in biofabricatie, kunnen op deze manier in zeer korte tijd worden gescheiden van het
oppervlak.
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