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High speed microfluidic jets can be generated by a thermocavitation process: from the evaporation

of the liquid inside a microfluidic channel, a rapidly expanding bubble is formed and generates a jet
through a flow focusing effect. Here, we study the impact and traversing of such jets on a pendant
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liquid droplet. Upon impact, an expanding cavity is created, and, above a critical impact velocity, the
jet traverses the entire droplet. We predict the critical traversing velocity (i) from a simple energy
balance and (ii) by comparing the Young-Laplace and dynamic pressures in the cavity that is created
during impact. We contrast the model predictions against experiments, in which we vary the liquid
properties of the pendant droplet and find good agreement. In addition, we asses how surfactants
and viscoelastic effects influence the critical impact velocity. Our results increase the knowledge of
the jet interaction with materials of well known physical properties.
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1 Introduction

The impact of a solid or liquid object into a deep liquid pool gener-
ates a cavity with dynamics first described by A.M. Worthington in
1908, Since then, research has focused on many topics, includ-
ing the critical energy necessary for air entrainment into the pool,
the collapse of the formed cavity, and the subsequent formation
of Worthington jetsm'[z. The projectiles studied in the literature
usually have sizes in the range of 1 to 5 mm, an impact speed
range of 1 to 10 m/s, and the pool is usually orders of magni-
tude larger than the projectile and the created cavity?'Z. In these
cases, hydrostatic pressure has been found a major driver for the
collapse and retraction of the cavity made on the liquid pool?. In
contrast, we found just two works discussing the impact of projec-
tiles in the submillimeter range. In this paper we study for the
first time the impact of micrometer-sized jets (= 100 um) onto a
self-contained liquid object, namely droplets of ~ 2 mm. In this
case, the jets travelling at speeds of ~ 20 m/s generate a cavity
circumscribed by the droplet volume and the hydrostatic pressure
can be neglected.

Since, the dynamics of the aforementioned events take place
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in a few miliseconds, high-speed imaging is required to observe
the phenomena. High-speed imaging was pioneered by scientists
like Harold E. Edgerton, with his strobe-flash photography tech-
niquel®. One of his most famous sequences of pictures is that of
a 0.22 inch caliber bullet traversing an apple at ~ 500 m/s (Fig.
[Ih). In this sequence, the apple is opaque, but, what if we could
replace the target with a transparent object, i.e., a liquid apple?
This is precisely the case when we target a droplet with a lig-
uid microjet. As shown in Fig. [1} the aesthetic of a high-speed
jet traversing a liquid droplet and Edgerton’s pictures is strikingly
similar. The difference being that, with a translucent liquid, we
can observe the impact dynamics inside the droplet, and besides
producing impressive images, high-speed imaging facilitates the
description of the fast phenomena, such as providing the projec-
tile speed and the target deformation.

Our aim in this paper is to unravel the physics that govern the
impact of liquid water jets on a pendant droplet of liquids with
different properties. This knowledge increases our understand-
ing of the jet interaction with materials of well known physical
properties. Such understanding can advance our knowledge on
needle-free injections, because jets of similar sizes and speeds to
the present study have been proposed for that purposeIH13,

The paper is structured as follows. The experimental proce-
dure is outlined in In we present two models to pre-
dict the critical jet velocity for traversing a droplet: In we
use an energy balance between the kinetic energy of the jet and
the surface energy of the droplet. In we employ the two-
dimensional Rayleigh equation to obtain the cavity shape and
combine it with the Young-Laplace equation to predict its col-
lapse. Next, the model prediction is contrasted against experi-
mental results in Additionally, in §4.2] and §4.3| we present
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Fig. 1 Comparison between a sequence of images from, a) Harold E. Edgerton, Bullet through Apple, 1964, Uy ~ 500 m/s (reprinted with the

permission of James W. Bales and Andrew Davidhazy). The sequence is taken using the flash photography technique

, with a flash duration of ~

1/3 us. The flash is triggered by an electronic circuit that reacts to the sound of the rifle shot. b) The impact of a liquid jet on a droplet; the video
is recorded with a high-speed camera at 50k frames per second, the jet diameter is Dj,, = 100 um and its impact velocity is Uj; = 25.8 m/s (see also
movie 1 in the supplementary material). Apart from the striking aesthetic resemblance of the processes, the ratio between the projectile kinetic energy
and the energy associated with the target’s resistance to deformation is on the same order of magnitude, see Section @
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Fig. 2 Schematic of the experimental setup. Thermocavitation is ob-
tained focusing a CW laser at the bottom of a microfluidic device with
a microscope objective. The thermocavitated bubble expands and cre-
ates a liquid jet that is directed to a pendant droplet. The process is
recorded with a high-speed camera with the illumination coming from a
light source from the front so the cavity evolution can be observed.

experimental results on the cavity advancing and retracting ve-
locities with some observations on what occurs after the cavity
collapse.

2 Experimental Method

High-speed jets were generated from a thermocavitation process
and directed to impact a pendant droplet of different liquids with
varying properties. Thermocavitation refers to the phenomena
where a liquid is vaporised locally by means of a focused laser,
leading to bubble nucleation™15, The expansion of the nucle-
ated bubble can be controlled on a microfluidic chip to generate
a jet through a flow-focusing effect1®17 These jets may reach
speeds in the order of 100 m/s, which, is enough to pierce the
skin, and has potential for transdermal delivery of a liquid, par-
ticularly needle-free injections™81, However, in the experiments
described here, we restrict the jet velocity Uj,, to the range of 8
- 35 m/s, which is sufficient for a jet to traverse droplets of the
liquids studied. Additionally, the diameter of the liquid jet was
in the range of Dj,;, = 50 - 120 um. Both U, and Dj, were
controlled by varying the laser spot size and power.

The experimental setup is shown in Fig. A Borofloat
glass microfluidic chip fabricated under cleanroom conditions is
filled with a water solution containing a red dye (Direct Red

2| 1410,

81, CAS No. 2610-11-9) at 0.5 wt. %. The red dye en-
hances the laser energy absorption and facilitate the bubble nu-
cleation. The microfluidic device has a tapered channel with an
angle o = 15 degrees to avoid swirling of the jetl? nozzle di-
ameter d = 120 um, channel length L = 1050 um and width
W =600 um. The thermocavitation bubble is created by focus-
ing a continuous wave laser diode (Roithner LaserTechnik, wave-
length A = 450 nm and nominal power of 3.5 W), at the mi-
crochannel with a 10x microscope objective. The liquids used
were water, ethanol, aqueous solutions of glycerol, Triton x-100
and sodium-bis(2-ethylhexyl)sulfosuccinate (Aerosol OT) at dif-
ferent concentrations and polyethylene-oxide of varied molecular
weight (PEO). Liquid droplets were created by holding a capil-
lary tube with outer diameter of 360 um, controlling the vol-
ume with a precision glass syringe and a syringe pump (Harvard
PHD 22/2000). All chemical additives were bought from Sigma-
Aldrich. The properties of the Newtonian and non-Newtonian
liquids used are reported in table 1. The surface tension of all the
liquids was measured with the Pendent Drop ImageJ plugin?,
and their shear viscosity with an Anton Paar MCR 502 rheometer.

The processes of bubble generation, jet ejection and impact on
the liquid droplet were recorded with a Photron Fastcam SAX cou-
pled with a 2x microscope objective. A typical experiment dura-
tion was ~ 5 ms and the camera resolution was set to 768 x 328
pixels® at a sample rate of 50k frames per second with an expo-
sure time of 2.5 us. Typical images obtained from the experiments
are shown in Fig. where one observes how a water droplet
is pierced by the liquid jet produced from the microchip on the
left, using shadowgraph imaging (left) and direct lighting (right).
Experiments were carried out with a typical shadowgraph con-
figuration, and we switched to a front light illumination system
to observe the cavity dynamics. In the front illumination system
a white background was placed to enhance image contrast and
increase the light reaching the camera sensor. Image analysis to
extract the jet diameter, impact velocity and cavity dynamics was
performed with a custom generated MATLAB script. The shad-
owgraph imaging benefits from more light reaching the sensor,
and thus a smaller camera exposure time can be used, leading to
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Fig. 3 Snapshot sequences of a jet impacting on a water droplet with
Triton X-100 at 3 CMC (left, movie 2 in the supplementary materials) and
a pure water droplet (right, movie 3 in the supplementary materials). In
the former Uj,; = 16.3 m/s, We s =654 and Dy = 1.65 mm. In the latter
Ujer =17.1 m/s, We jet =325 and Dy, = 1.86 mm. The imaging of the left
sequence is done with a conventional shadowgraph illumination system.
In contrast, the right sequence is taken with a front light illumination
system, where the cavity dynamics can be more clearly observed. Times
are taken relative to the impact moment at + = 0. The impact process
is qualitatively the same for both of the droplets; a cavity is generated
inside the droplet (t ~ 0.06 ms), the jet traverses the droplet (t ~ 0.032
ms) and a rebound Worthington jet is generated (t ~ 3.48 ms). Time is
taken from the impact moment t = 0 ms.

a better jet definition. However, extracting information from the
expanding cavity is impossible. In contrast, with front light imag-
ing we can extract the information from the expanding cavity, but
the jet is not as well defined as with shadowgraphy.

3 Ciritical jet velocity

In this section, we predict the critical velocity needed for a jet to
traverse a droplet using two different approaches, (i) by using a
simple energy balance and (ii) by comparing the Young-Laplace
and dynamic pressures in the cavity that is created during impact.
In §3.1} we start from an energy analysis of Edgerton’s experiment
of a bullet traversing an apple and subsequently transfer the argu-
ment to the droplet case of our current study. With this example
we introduce the concept of kinetic energy of the projectile and
the resistance of the target to being traversed. Moreover, we de-
duce the critical velocity of the jet by doing an energy balance
between the kinetic energy of the jet and the surface energy of
the droplet. Additionally, in §3.2} we use the Rayleigh’s two di-
mensional equation to predict the shape of the cavity and predict
its collapse with the Young-Laplace equation, thus finding the jet
critical traversing velocity.

3.1 Energy balance between the jet kinetic energy and the
droplet surface energy

In his lecture titled How to Make Applesauce at MIT, Edgerton
presented his famous series of pictures of bullets traversing apples
presented in Fig. [Th. This set of images illustrated the traversing
process, but did not reflect on the energy of the bullet or the
energy of the apple. What would it take the apple to stop the
bullet? Or equivalently, what would be the necessary speed for
the bullet to get trapped and embeded inside the apple?

In this section, we will answer these questions by using an
energy balance between the kinetic energy of a bullet E, , =
Mbu,,e,Ulfu” /2, where My, ., is the mass of the bullet, and the
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toughness of an apple T,,,,, which we define as its ability to
absorb energy by elastoplastic deformation without fracturing.
Hence, by doing the energy balance, the critical velocity for the
bullet to penetrate the apple may be written as

UI;kullez =4/2 Tapple/Mbullet . 1

Since we considered that the whole apple absorbs all the en-
ergy of the bullet impact, we remark that the energy balance is
valid just when the diameter of the bullet has a similar size to that
of the apple. The mass of a .22 caliber bullet is M., ~ 10 g and
the apple toughness is 7, = 10 J2L. Therefore, Uy;,;,,, ~45 m/s,
which is at least one order of magnitude smaller than the typical
velocities reached by .22 caliber bullets, Uy, ~ 380 m/s22. Con-
sequently, it is understandable that the apple is traversed by the
bullet in Edgerton’s photographs.

For our liquid jet, the kinetic energy is E,,
(m/8)p jetUJZetDﬁezH jet, With pj, and Hj, the density and
length of the jet respectively, and the resisting force of the
droplet is dominated by its surface energy. For the critical
conditions where the jet traverses the droplet, the jet kinetic
energy transforms into the surface energy of the cavity generated
at impact. For simplicity, assuming that the cavity geometry is
cylindrical, the cavity surface energy is Ey, = D :DgyopYirop> With
Yirop the droplet surface tension and D. the cavity diameter.
Here, D, is constrained by Dy, and as shown in Figs. (3| and
D ~ Dgrop. Also, since the velocity of the tip of the cavity is
approximately half the jet velocity U, ~ %U jet> the total length of
the jet would not contribute to the traversing process but only a
part of it, namely H]’fet ~ 2D gropler 8| Using this limiting value Hj’-‘el,
the jet critical velocity for droplet traversing is

b 1/2
U}Et ~ Yarop gmp . @
pjeleet

Defining the relevant Weber number of the jet as Wej, =
Pjer U]ZerD jet / Yarop> and substituting in equation [2(we find the crit-
ical minimal Weber number needed to traverse the droplet

Ddrop

"
We' =~ . 3
Jet Djet

Substituting typical values of a jet impacting a water droplet in
our experiments (e, ~ 1000 kg/m>, Djer =100 um Dy =~ 2 mm
and ¥, =~ 0.07 mN/m), we obtain U]Tet ~ 4 m/s or We' ~ 20.

Now, we have all the ingredients to do a scaling compari-
son between a bullet traversing an apple and a jet traversing a
droplet. Taking the values of Uj,; and Uy, from the experi-
ments in Fig. [Th) and[Ip (which are well above the critical value
for penetration in both cases) and the target toughness (tough-
ness for an apple and surface energy for a droplet), we get that
Epyirer/ Tapple ~ E,, /Ey, ~ 100. Therefore, the relative energies in-
volved in both processes are of the same order of magnitude, in-
dicating that the traversing phenomena in both cases share more
than aesthetic similarities. As both processes are in a regime dom-
inated by inertia, we expect that the cavity creation follows sim-
ilar physics. Indeed, in the context of shaped charges, the pen-
etration of a solid onto another solid has been described from
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Table 1 List of fluids used providing their shear viscosity 1, surface tension y and density p. The viscoelastic relaxation time A is also shown for the

polyethylene-oxide solutions

Fluid u (mPa s) y (mN/m) p (kg/m>) A (ms)
Ethanol 1.04 26.3 789 -
Water 1.0 72.1 998 -
Aqueous Glycerol 25 v% 2.4 69.7 1071 -
Aqueous Glycerol 50 v% 8.4 67.6 1142 -
Aqueous Glycerol 70 v% 28.7 66.1 1193 -
Aqueous Glycerol 78 v% 43.6 65.2 1212 -
Triton 0.2 CMC% 1.0 43.9 998 -
Triton 1 CMC% 1.0 30.8 998 -
Triton 3 CMC% 1.0 32.5 998 -
Aerosol OT 1 wt.% (AOT 1%) 1.0 23.4 998 -
Aerosol OT 0.1 wt.% (AOT 0.1%) 1.0 24.1 998 -
Water & red dye 0.5 wt.% 0.91 47.0 1000 -
PEO 100k 0.1 wt% 1.03 63.2 996 0.006
PEO 100k 1 wt% 2.43 62.9 995 0.047
PEO 100k 10 wt% 50.8 62.5 1001 0.333
PEO 600k 0.1 wt% 1.56 63.1 996 0.307
PEO 600k 1 wt% 21.7 62.9 998 1.317

Fig. 4 Diagram illustrating the parameters used in this section. The
jet impacts the pendant droplet from the left with velocity Uj, creating
a cavity with increasing depth in time H.(r), where the velocity of the
apex of the cavity is indicated by U. = H. and whose radius depends on
time and the position R(x,). Here, x is the direction along which the jet
travels and r is its perpendicular radial direction.

the fluid dynamics perspective’3, Nevertheless, after impact, the
apple fractures and does not possess the restoring force a liquid
droplet has, namely, the surface tension. This leads to a large dis-
charge of mass at the back of the apple, with a cavity bigger at the
exit point than at the entry point. In contrast, the droplet can re-
distribute its mass without breaking and the surface cavity closes
due to the surface tension. This is the cause of the much appre-
ciated fact that we did not have to deal with substantial amounts
of debris after our experiments.

3.2 Comparison between the Young-Laplace and dynamic
pressures of the cavity
Considering the mass of a cylindrical liquid jet with radius R,
and length Hj,, falling into a pool of the same liquid, air is en-
trained in the pool at sufficiently energetic impacts, i.e., We >> 1
and Re >> 1%, Additionally, the cavity dynamics and the air en-
trainment depend on the aspect ratio of the jet. The limiting cases
are Hj, /Rje — oo, corresponding to the impact of a continuous
jet, and Hj /R;es — 1, where the case of a droplet impact into a
liquid pool is recovered?24, For the former case, the apex of the

4| 1410

cavity advances with a velocity U, = %U jer, therefore, the depth
of the cavity can be estimated as H, = 1 U128,

In the cavity formation of a droplet impacting a liquid surface,
the process is mainly inertial during the first instants, with surface
tension becoming important at the moment near the maximum
depth of the cavity H,. 2. Additionally, Deng et al. in 200722
showed that viscous dissipation accounts for ~ 1.4 % of the initial
kinetic energy loss of a water droplet of D =2.5 mm impacting a
liquid pool. Therefore, assuming that the cavity shape is slender
and the process is inertia dominated, i.e., neglecting viscous dis-
sipation, we can apply the two-dimensional Rayleigh equation in
cylindrical coordinates to predict the cavity shape2027,

d?R  [dR\? R 1/dR\*> vy

<Rdt2 + (z) > ez "2 (E) o @
where R(x,t), is the radius of the cavity and x is the position of
the cavity on the horizontal direction and R.. is an external length
scale (see Fig. . Following the argument of Bouwhuis et al.,
during the first instants of the cavity formation, inertia dominates
and the dynamics are determined by R(d?R/dt?) + (dR/dt)* ~ 0.
Solving this equation we get that R(r) ~ (1 —1y)'/2, where ¢ =

H./U. and ty = x/H,, and the approximate cavity profile is®

R(x,1) ~ \/ Dée’ (He—x) = \/ b ;’ (Ut —x). (5)

The time 7. at which surface tension can influence the cavity
walls can be predicted by comparing the dynamic pressure of the
radially expanding cavity and the Young-Laplace pressure based
on the azimuthal curvature of the cavity,

dR— 2~ ZY
P( at > Ry’ 6

where R,—o = R(0,¢) is the cavity radius at the jet impact
point x = 0. Taking the cavity profile from equation [5, we get

Ru—o(t) = \/1/2,/DeiUct, and dRy—o /dt = D jo; U /23/* \ /D jo U 25.

Therefore,
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pjetDjetUc

(4 ~ 2 I (7)
1287/dmp

and

Hipax = Ut (8

The condition for the jet to traverse the droplet is that Dy,,), <
Hppax. Using that U, ~ %U jer and equations |7| and |8, the critical
impact velocity for the jet to traverse the droplet is

4
% 75 dep 1/
U =8 <mp3 ; ©)

2
2pje'tDjel

and

Doy \ /2
We;‘-elz64< "”f’> . (10)

2D jer

For a jet impacting a water droplet, Dy, = 2 mm, Y4, = 0.072
N/m, Dje; = 100 um and pj,; = 1000 kg/m?3, we obtain that the
critical velocity needed to traverse the droplet is Uy, ~ 12 m/s,
which is ~ 40% larger than U,, obtained from equation (2)). Sim-
ilarly, We* = 200 which is about twice as large as for equation (3)).

While the results in equations and are of the same
order of magnitude, their dependence on the ratio Dg,,,/Djer is
different, namely linear in equation (3]) whereas in equation ((10)),
there is a square root dependence. This discrepancy arises from
the difference in the geometric shape of the generated cavity that
was assumed in the two approaches, resulting in a different sur-
face energy. Indeed, a very simple cylindrical geometry was as-
sumed during the energy balance method. In contrast, deriving
equation using the Rayleigh equation, leads to a more rig-
orous description of the cavity shape. Therefore, we consider the
latter model to be more accurate and in the following section will
compare our experimental data to equation (10).

4 Results and discussion

In this section we will describe our experiments on the traversing
of the jet through the droplet and compare them to the above cri-
terion. Furthermore, we modify the criterion to include the con-
cept of dynamic surface tension of the droplet ¥, in the case of
surfactant covered droplets. After that we will briefly discuss the
cavity dynamics, focusing on the motion of the apex of the cavity
inside the droplet. Finally, we comment on our observations for
droplets containing surfactants and non-Newtonian liquids.

4.1 Critical velocity for traversing

We start the discussion of our experimental results by making
a qualitative description of the observed phenomena. Figure
shows an image sequence from two typical experiments. Upon
impact of the jet onto the droplet, a cavity is generated inside the
droplet. The cavity diameter and depth increase with time and its
growth rate is dependent on the impact conditions?. At a velocity
above a critical value, the jet traverses the droplet completely, as
is observed in the left panel of Fig. |5} In contrast, if the jet velocity
is not sufficiently large, the jet gets embedded in the droplet and

View Article Online
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Embedding

Fig. 5 Left, snapshots of a liquid jet impacting (We ., =587) and travers-
ing a PEO 100k 0.1wt % droplet (Dgyp =2.09 mm). Here, we observe
that the jet continues its trajectory even after going through all the
droplet. Right, snapshots of a liquid jet impacting (Wej,; = 362) and
getting embedded in a PEO 100k 0.1wt % droplet (Dgyp = 2.08 mm).
During embedding, bubbles and antibubbles can be created, see movie 4
in the supplementary materials. We note that in both image sequences
a rebounding Worthington jet is observed at t = 2.32 ms

bubbles and anti-bubbles may be created, as in the right panel
of [5] (see also Song et al. 20202%). Finally, and irrespective of
which of these two scenarios applies a rebound Worthington jet
is generated.

Now we move on to verifying the validity of the traversing crite-
rion expressed in the critical Weber number obtained in equation
(10), for varying droplet properties. To compare the experimental
data and the model presented in section we use the ratio be-
tween the experimentally obtained Weber number Wej,; and the
expected critical Weber number We7,, from equation . Addi-
tionally, for the droplets that contain surfactants we need to take
into account that, when the jet impacts the droplet and the cavity
starts to form, new surface area is created and the surface density
of the surfactant decreases. Therefore, the surface tension lo-
cally increases from the surface tension measured at equilibrium
and the cavity presents a dynamic surface tension ¥y, . Conse-
quently, in the surfactant case we re-define the Weber number as

U D . .. T
We gyn = %, i.e., using Yy, in its definition, and divide it by
yn
the critical value We7,, leading to,
. U2 D3/2
Wedyn _ Wejel Yarop \ Pjet Jjet™ jet (11
We',,  Wely, \ Yan ) (211/2) p\/2
Jei Jei Ydyn drop

Clearly in the above equation, for the droplets that do not con-
tain sufactants (the glycerol solutions, water and ethanol) we just
insert ¥y, = Y4r0p- For Triton X-100 solutions, the dynamic surface
tension can be assessed by the diffusion scale Tp, which is the
time for the surface tension to decrease from the surface tension
of water to the equilibrium surface tension®?. The diffusion scale
depends on the diffusion coefficient of the surfactant (for Triton X-
100 6 =2.6 x 10719 m?2/s), the maximum surface concentration of
surfactant (I' =2.9 x 10~° mol/m?), the Langmuir equilibrium ad-
sorption constant (K = 1.5 x 10% m3/mol) and its volume concen-
tration C2%31, For the 3 CMC Triton X-100 solution (the largest
concentration used in these experiments), 7Tp ~ 70 ms, while the
characteristic timescale of the traversing/embedding process is
~ 0.5 ms, i.e., two orders of magnitude smaller. Hence, the dy-
namic surface tension does not have enough time to reach the
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Open symbols represent cases where the jet traverses the droplet, while solid ones stand for the embedding case.
= 1.4 obtained by averaging the minimum value of observed traversing for all the liquids (excluding

The grey line corresponds to

the AOT solutions). The experimental data is in good agreement with the model, i.e, for each liquid, most of the open symbols lie above the dashed
line and conversely for closed symbols. Uncertainty was calculated for all the experimental data and example error bars are shown at selected points,
where the uncertainty was found to increase linearly with the rescaled Weber number.

measured equilibrium surface tension. Therefore, we do not ex-
pect the equilibrium surface tension of Triton X-100 solutions to
be relevant in the jet traversing process. Consequently, we assume
the dynamic surface tension 7y, of the Triton X-100 solutions to
be that of water.

In contrast, AOT being a vesicle surfactant can migrate faster
than micelle surfactants such as Triton X-1002233 In addition,
it was shown that at ~ 10 ms the dynamic surface tension of an
AOT solution at 1 wt. % can decrease to a value of ~ 32 mN/m'>2,
Therefore, we assume that ;,, for the AOT solutions is ~ 32
mN/m. We should note however, that AOT dynamics are more
complex than those of Triton, and characterisation using a single
time scale is an oversimplification.

Figure [5|shows the experimental results of traversing and em-
bedding impact cases as a phase diagram, where on the vertical
axis we plot the ratio of the (dynamic) Weber number We,,,, and
the expected critical Weber number Wejet, using equation
such that based upon the model described in we would ex-
pect a transition at Weyy,/Wej,, = 1. On the horizontal axis we
separate the liquid properties of the droplet by plotting the Ohne-
sorge number, defined as Ohgyop = Udrop/ /PdropDdrop Ydrop» Which
is the ratio between viscous forces to inertial and surface tension
forces, and has the advantage that is a material property, i.e., it is
independent of the dynamics. Open symbols in Fig. [5| represent
cases where the jet was observed to traverse the droplet, (as in
Fig. |5|left) and solid symbols represent the situation where the
jet does not traverse the droplet, i.e., becomes embedded as seen

in Fig. [5]right.
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From Fig. [6] we observe that most of the open symbols lie
above the same approximate value ~ 1.4 and conversely for closed
symbols. The exception is formed by the data for the AOT solu-
tions, where it is possible that 7, is underestimated as Y, ~ 32.2
mN/m, and in fact lies closer to the surface tension of water 72.1
mN/m. An accurate measurement of the dynamic surface tension
in such timescales is challenging??34 and is out of the scope of
this work. However, as demonstrated by our results, the dynamic
surface tension can play a pronounced role for different dynamic
conditions. Therefore, we can safely conclude that the impact
process is initially dominated by inertia and that surface tension
is the major opposing force.

Turning to the viscoelastic droplets, Fig. shows data for
the jet traversing and embedding impact cases for droplets con-
sisting of the PEO solutions. In this figure, we plot Weyy,/We’,,
against the Deborah number defined as De = A/t,, where A
is the relaxation time of the polymer (see table 1) and 7, =
(ParopD3,, o/ Yarop)'/? is the capillary timescale. We use this defi-
nition of the Deborah number to our PEO solution droplets, as we
expect to observe deviations from the Newtonian behaviour when
A becomes comparable to the scale at which surface tension starts
to influence the cavity dynamics, i.e., at the capillary time scale
7. In Fig. [7} open and closed symbols again represent traversing
and embedding cases respectively and half-filled symbols denote
an intermediate state between traversing and embedding, which
we call pearling. During pearling, the jet travels a distance larger
than Dy, after impact and thus protrudes from the droplet, but
due to the viscoelastic properties of the liquid gets sucked back
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into the droplet, as visualised in the experimental snapshots of
Fig. [7p.

From Fig. [7p that the traversing and embedding process for the
PEO solutions with De < 4 x 103, is similar for Newtonian liquids,
leading to the same threshold value Wej,,, showing that the vis-
coelastic effects are weak. However, as De increases, i.e., when
the viscoelastic timescales become increasingly comparable to the
capillary time, the jet needs larger speeds to traverse the droplet.
This is in line with previous experiments where by increasing the
elastic modulus of gelatin the cavity depth of an impacting sphere
would decrease, keeping the impact velocity constant33, These
results show that viscoelastic properties as described by De signif-
icantly change the traversing dynamics. This is crucial informa-
tion when trying to understand needle-free injections on skin, as
it has been shown that skin has viscoelastic properties. How-
ever, conducting systematic studies trying to quantify the influ-
ence of skin properties during injection processes is challenging,
because of high variability from person to person and even be-
tween different parts of the body2®37. Furthermore, studying
the viscoelastic properties of skin is in itself challenging given the
opacity of skin®839, In this context, our results present informa-
tion about the characteristics of the impact with a simpler system
than skin, isolating the effects of individual material properties of
the target from the enormous complexity of skin.

4.2 Cavity dynamics

To obtain more insight into the dynamics of the cavity that is cre-
ated in the droplet, we studied the cavity velocity in the positive
x direction, i.e., while the jet is penetrating into the droplet, as
sketched in Fig. [Bp. For each liquid we plot the average ra-
tio of the cavity velocity U, and the jet velocity Uj.; (bold sym-
bols), together with the values obtained for each individual ex-
periment (light symbols) as a function of Ohy,,), in Fig. . The
measured and averaged values are remarkably close to the value
Uc/Uje = 0.5, which is to be expected for the impact of a con-
tinuous jet on a pool, and is in agreement with previous works2,
The slight deviation observed for the water and the PEO solutions
droplets, could be due to water and PEO solution droplets being
the largest ones used in the experiments. In that case, the breakup
of the jet could influence U,, similarly to a train of droplets im-
pacting a deep pool®2.

In addition to U., we measured the retraction cavity velocity
U,, after the cavity reached its maximum length, as sketched in
Fig. [7p. In Fig. [B[d, we show U,, rescaled by the capillary velocity
scale Uy = \/Yayn/PdropDarop- We observe that the average of data
for the different liquids are similar, taking into consideration the
data dispersion. The average of ethanol, water and aqueous glyc-
erol mixtures are even statistically indistinguishable, given the
error margins of the experiment. The lower average values of
U, for the AOT and Triton solutions can possibly be explained
by the Marangoni stresses generated by the flow from areas with
low surface tension to those with high surface tension. Indeed,
Marangoni stresses have been shown to retard cavity collapse and
slow the velocity of Worthington jets#%41, Therefore, we can as-
sume that U,, o« U,, indicating that the retraction of the cavity is
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Fig. 7 a) Snapshots of a liquid jet impacting a water droplet with
PEO 600k 1 wt% showing pearling (see movie 5 in the supplementary
materials). A jet with Uj,; =33.5 m/s and We,; = 1160 impacts a droplet
with Dy, =2.21 mm. The jet travels a distance larger than Dy,,,, but
due to the viscoelastic effects of the droplet, it gets sucked back into
the droplet. b) Phase diagram in terms of De and We:‘iyn. Open symbols
represent cases where the jet traverses the droplet, solid ones stand for the
embedding case and half filled ones represent pearling. The dashed line
represents the transition from traversing to embedding cases observed for
Newtonian liquids. Uncertainty was calculated for all the experimental
data and example error bars are shown at selected points, where the
uncertainty was found to increase linearly with Wegy, /We7,,.
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Fig. 8 Sketch illustrating the definitions of a) the cavity velocity U, and b) the velocity of the retracting cavity U.. c) Ratio of the cavity velocity
U, and the impact velocity Uj,;, compared to the expected value 0.5. d) U,, divided by the capillary velocity scale Uy = \/Yayn/ParopDarop: average
values for each liquid are statistically similar, indicating that the retraction of the cavity is governed by capillary forces. For each liquid, bold coloured

symbols represent average values of light symbols.

surface tension driven2. The origin of the dispersion in U,, is
associated with the jet tail breakup, where the matryoshka effect
or the creation of an antibubble may arise, like in Fig. [5{28/22.

4.3 Observations after the cavity collapse

After the retraction phase, the cavity collapses and generates a
Worthington jet (as e.g., depicted in the last panel of Fig. [3).
Extensive studies of the length, speed and breakup time of a Wor-
thington jet formed after droplet and solid impact on a liquid pool
have been widely reported, and are outside of the scope of this pa-
pe. Moreover, given the random breakup of the impact-
ing jet in our experiments, the Worthington jets are observed to
vary widely in size and shape, even when droplet and impacting
jet consist of the same liquids. This is understandable, as it has
been shown in the literature that small disturbances in the cavity
can have a strong influence on the Worthington jet properties42.

Lastly, we observe that the mixing and diffusion of the impact-
ing jet into the droplet is governed by the droplet characteristics.
Indeed, for a jet impacting a water droplet with AOT 0.1 wt% be-
low the critical value U, needed for traversing, there is vortical
mixing (Fig. [9]left). Comparable mixing patterns were observed
(data not shown) for the rest of the Newtonian liquids contain-
ing surfactants, and weaker mixing is seen for water, ethanol and
glycerine 25 % droplets. Similar mixing patterns have been de-
scribed in the literature, for example, Jia et al. in 202042 reported
an interfacial Marangoni flow enhancing the mixing of an impact-
ing droplet and a liquid pool with different surface tensions.

We note that in our experiments the surface tension of the jet
is almost always expected to be different from the surface ten-
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AOT 0.1% PEO 600k 1 wt.%

Fig. 9 Mixing after impact and cavity collapse. Left, jet impacting an
AOT 0.1 wt.% droplet with Wej,; = 359. In the sequence we observe
vortical mixing presumably due to the Marangoni flow caused by the
difference of surface tension between the jet and the droplet (see movie
6 in the supplementary materials and Jia et al. 2020). Right, jet
impacting a PEO 600k 1 wt.% with Wej,; = 574. In this sequence we
observe little mixing and diffusion due to the viscoelastic properties of
the droplet even after 0.42 ms.
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sion of the droplet, and a Marangoni flow could explain this type
of mixing. However, a more in depth study is needed to con-
firm this hypothesis. In contrast, for the viscoelastic liquids with
De > 2 x 1072 and the glycerol mixture liquids with Ok > 0.02,
the jet does not mix with the droplet in the timescale of our ex-
periments (Fig. E])). Furthermore, low viscosity (Oh < 0.01 ) and
low surface tension liquids reach equilibrium at a later stage than
more viscous liquids (Oh 2 0.02) and with higher surface tension.
For example, in Fig. [9)a PEO 600k 1 wt.% droplet reaches equilib-
rium ~ 4 times faster than the AOT droplet. This is expected, as
surface tension and viscosity have been observed to affect droplet
oscillations4842,

5 Conclusions

We have presented experimental results of liquid water jets im-
pacting on pendant droplets with different liquid properties. We
proposed two models to predict a critical jet impact velocity be-
yond which the jet traverses the droplet. First, we presented a
model based on a simple energy balance between the jet kinetic
energy and the change in surface tension of the droplet. The
second model is based on the comparison between the Young-
Laplace and the dynamic pressures of the cavity made by the pen-
etrating jet, and its shape is described by the two-dimensional
Rayleigh equation.

Although the critical velocity predicted in both models is of the
same order of magnitude, they differ in their scaling relation with
Dgrop/Djer- The difference arises from the different description
of the cavity geometry and its associated surface energy. In the
energy balance model, a cylindrical shape is assumed, contrast-
ing with the more accurate cavity shape described by the two-
dimensional Rayleigh equation. Furthermore, we tested the va-
lidity of the second model, by fitting our experimental data with
equation (11), showing good agreement when dynamic surface
tension effects are considered, see Fig. @ Therefore, for Newto-
nian droplets the impact process is initially dominated by inertia
and their dynamic surface tension is the major opposing force.

In addition, we investigated viscoelastic effects by using water-
based polyethylene-oxide solutions of varied concentrations and
molecular weight. For De < 4 x 1073, the droplets act as if they
were Newtonian. In contrast, for De > 2 x 1072, a greater jet im-
pact speed is necessary to traverse the droplet, indicating that
when the capillary and relaxation times are comparable, vis-
coelastic effects can dominate the traversing phenomena. More-
over, we observed a distinct transition phenomenon from travers-
ing to embedding, which we called pearling and on which the
protruing jet is sucked back into the droplet.

Next, we investigated the advancing and retraction veloci-
ties U, and U, of the cavity, confirming previous reports that
Uc/Ujet ~ 0.5 for different liquids. Furthermore, we found that U,
is surface tension driven, with the connotation that for droplets
containing surfactants U, is observed to be slower than for
the other liquids that were used, which could be explained by
Marangoni stresses.

Our results are relevant for needle-free injections into soft tis-
sues other than skin, e.g. the eye, where controlling the jet veloc-
ity, U},, would be essential to avoid undesired tissue damage and
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ensure successful drug delivery.
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