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Controlled drop generation via ligament extraction
from a static or vibrating liquid bath
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We use a simple method for generating droplets at the surface of a liquid bath by
rapidly stretching a liquid ligament with a spring-loaded cylindrical probe. By varying
the probe radius a and retraction length L, we identify three regimes. Overstretching a thin
ligament produces multiple drops, while insufficient stretching of a thick ligament yields
none. The optimal regime for single-drop generation lies in between. In the single-drop
regime, the drop radius scales as R ∼ a2/3L1/3, consistent with volume conservation of
the stretched ligament. This method enables repeatable generation of single droplets (with
<5% variation in R) on both still and vibrating baths and of ordered droplet lattices for
pilot-wave hydrodynamics experiments.

DOI: 10.1103/rb19-76wc

Introduction. The controlled generation of liquid drops is central to a wide range of practical
applications, including inkjet printing [1], spray cooling [2], and microfluidics [3,4]. In such
settings, system performance often depends sensitively on drop size. A particularly demanding
example arises in pilot-wave hydrodynamics, where millimetric silicone oil droplets self-propel
on the surface of a vibrating silicone oil bath through a resonant interaction with its guiding or
pilot wave [5,6]. In these experiments, droplet size strongly influences the bouncing and walking
thresholds, walking speed, and access to distinct dynamical regimes [7–9]. Moreover, the emergent
statistics arising in both diffraction [10–13] and corral [14,15] experiments are highly sensitive to
drop size. Generating a single submillimetric drop of controlled size on a vibrating bath is thus
critical to reproducible results.

One can generate drops with a very narrow size distribution with a nozzle-based pendant-drop
technique, in which a droplet grows quasistatically and detaches once gravity overcomes capillary
pull [16]. However, in order to generate the submillimetric silicone oil drops used in pilot-wave
hydrodynamics [7–9], one would need to use impractically small nozzles [17,18]. In early walking
droplet experiments, droplets were generated by manually pulling a liquid ligament from the bath
surface using a toothpick or similar probe [8,19]. While simple and inexpensive, the success of
this approach depends strongly on user technique and offers limited control over drop size and
reproducibility (with a characteristic variation of 23% in R; see Video 1 in the Supplemental Material
[20]). This technique is advantageous in that it can be easily extended to the generation of compound
droplets. For example, Perrard et al. [21] generated ferrofluid drops encapsulated in silicone oil by
withdrawal from a two-layer bath. Subsequent efforts to mechanize this ligament-pulling process
improved repeatability, but also highlighted the sensitivity of drop formation to probe immersion
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FIG. 1. (a) Schematic of the click-pen droplet generator. (b) Time sequence of a click-pen retraction that
stretches the meniscus beneath a cylindrical probe into a liquid ligament, which then pinches off at both ends
to form a single droplet. The first frame corresponds to the onset of retraction (t = 0). This sequence is shown
with equal time intervals of �t ≈ 5.2 ms. The sequence corresponds to L = 7 mm and a = 1.25 mm.

depth and retraction speed [22]. Later, piezoelectric drop generators, utilizing a similar mechanism
to those found in inkjet printers, enabled substantially improved size precision (±1% variation in R)
[23,24]. However, such devices require careful deceleration of the detached droplet before it reaches
the bath, since a high-impact landing can trigger splashing or immediate coalescence. Soft landings
have been achieved either by guiding the droplet along a curved surface [23], or by precisely timing
a pressure reduction in the piezoelectric device at pinchoff so that the droplet briefly hovers upon
detachment [25].

Here, we introduce a simple mechanical drop generator that occupies a practical middle ground
between manual ligament pulling and piezoelectric dispensers. Constructed from a modified click
pen, the device uses latch-mediated spring actuation [26] to rapidly retract a cylindrical probe
from the bath and stretch a liquid ligament that pinches off into a single droplet. The method is
substantially more reproducible than manual techniques, yet far easier to build and operate than
piezoelectric generators, as it requires no electronics. By varying the probe radius and retraction
distance, we identify regimes of single-drop formation, fragmentation, and ligament retraction.
Within the single-drop regime, fixed settings yield droplets of repeatable size, and simple scaling
arguments rationalize the observed trends.

Experimental method. We construct a simple spring-loaded device by attaching a cylindrical
probe to a repurposed click-pen mechanism. The probe is positioned such that its base lies at a
height corresponding to the maximum equilibrium meniscus rise, |zs|, along the probe (detailed in
the Supplemental Material [20]). In practice, this condition is achieved through a short iterative
procedure in which the probe is lowered to establish contact with the bath and equilibrium wetting,
raised until the meniscus caves inward, and then lowered slightly until the meniscus is vertical at
the contact line. This protocol yields a reproducible initial meniscus geometry.

Manually pressing the pen button releases the latch, causing the probe to retract rapidly which
stretches the meniscus into a liquid ligament. By adjusting the pen parameters, we independently
control the retraction length L, probe radius a, and characteristic retraction speed (see Fig. 1).
Additional details on device construction, meniscus calculations, and positioning are provided in
the Supplemental Material [20].

Physical picture and phase diagram. We focus on the high-Reynolds-number stretching of the
liquid ligament. The spring loading and stiffness are tuned to produce a characteristic retraction
speed U ∼ 1 m/s. This results in a Reynolds number, Re = UL/ν ≈ 250, for a kinematic viscosity
ν = 20 cSt and a ligament of length L = 5 mm, indicating that the ligament stretching dynamics
are inertially dominated.

We conducted a sweep of experiments for L ∈ [2, 9] mm and a ∈ [0.3, 2.5] mm. Three distinct
regimes emerged: formation of a single drop [Fig. 1(b)], ligament break up into multiple drops
[Fig. 2(b)], and ligament retraction into the bath with no drop formation [Fig. 2(c)]. We proceed by
rationalizing the two boundaries of the single-drop regime, which span two distinct ranges of the
Bond number Bo = a2/�2

c , where �c = √
σ/ρg is the capillary length, g is gravitational acceleration,
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FIG. 2. (a) Phase diagram showing the dependence of drop formation on probe radius a and retraction
distance L. If a ligament is stretched too far, the Rayleigh-Plateau causes it to pinch off into multiple drops
[red regime, bounded by Eq. (6)]. Conversely, an insufficiently stretched ligament retracts back into the bath
without pinchoff [orange regime, bounded by Eq. (9)]. The optimal single-drop regime (white) lies between
these two bounds. Representative time-lapse sequences for the multiple-drop and no-drop regimes are shown
in (b) and (c). Purple data points (early detachment), which always lie outside the single-drop regime, denote
experiments in which the ligament pinched off from the probe before the probe had traveled the full distance L
(see Fig. S7 [20]).

and σ = 20.1 mN/m and ρ = 950 kg/m3 are the surface tension and density of the silicone oil used
in our experiments.

For Bo � 1, once the ligament pinches off from both the probe and the bath, surface tension
drives its rapid retraction into a single droplet. The stability and collapse of free liquid filaments have
been considered in various contexts [27–33]. Here, we briefly outline the timescale of retraction in
order to rationalize the form of our regime diagram (Fig. 2). A typical time lapse of this collapse is
shown in Fig. 3. The associated timescale can be estimated by considering the force balance on one
of the lobes that forms at the ligament ends (see schematic in Fig. 3). At the onset of collapse, the
ligament has a characteristic length proportional to L and radius proportional to a. The momentum
balance for the upper lobe may be written as

d

dt
(mż) ≈ 2πaσ + mg, (1)

where m(t ) is the lobe mass and g is the gravitational acceleration.

FIG. 3. Time sequence images and a schematic of a ligament retracting into a single droplet. As a ligament
retracts, its two lobes grow and merge into a single drop. This process takes ∼7 milliseconds, and the retraction
speed is approximately constant, as indicated by the dashed lines near both ends of the ligament. The slight
asymmetry in lobe speeds may be attributed to the entire filament accelerating in response to gravity.
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As is evident in Fig. 3, the ligament retracts nearly at constant speed, so we neglect the inertial
term mz̈. Furthermore, we neglect the gravitational term since 2πaσ/mg = O(10), reducing Eq. (1)
to

ṁż ≈ 2πaσ. (2)

As the lobe retracts, it absorbs liquid from the ligament, so its mass increases according to

ṁ = πa2ρ ż. (3)

Combining Eqs. (2) and (3) gives the characteristic retraction speed

uc = ż ≈
√

2σ

ρa
, (4)

which is analogous to the classical Taylor-Culick velocity for retracting liquid sheets [34,35]. Since
each lobe travels approximately half the ligament length, the corresponding retraction timescale is

τc = L/2

uc
≈

√
ρaL2

8σ
. (5)

If this timescale is greater than the inviscid Rayleigh-Plateau timescale [27]

τRP ≈ 2.91
√

ρa3/σ ,

then the ligament breaks up into multiple drops before it has the time to retract into a single drop.
The choice of τRP is justified by the low Ohnesorge number of our system, Oh = ν

√
ρ/(σa) ∈

[0.09, 0.22] < 1, which indicates that capillary breakup is primarily resisted by inertial rather than
viscous effects. Comparison between the two time scales yields a linear scaling between L and a;
specifically, a single drop will form, provided

L/a � 8.23. (6)

We plot the boundary between the single- and multiple-drop regimes in red in Fig. 2(a). Above
this boundary, for sufficiently large aspect ratios L/a, the ligament becomes unstable to the
Rayleigh-Plateau instability prior to collapse. In this regime, multiple pinch-off events occur along
the ligament, producing two or more droplets rather than a single drop (as shown in Fig. 2(b) and
Video 3 in the Supplemental Material [20]).

The rationale for the second boundary in Fig. 2(a), which corresponds to Bo = O(1), can be
understood by considering the difference in the pinch-off dynamics at the tip and at the bath. Our
measurements of the pinch-off times near the pen (τtip) and the bath (τbath), measured relative to
the onset of retraction, show a weak dependence on the retraction length and speed, but both
increase substantially with the probe radius a (Fig. 4). Notably, τbath increases more rapidly with
a; consequently, the difference in the duration of the two pinch-off events increases progressively
as the probe radius grows. One might anticipate this asymmetry on the basis of the hydrostatic
pressure gradient along the filament, which should encourage pinchoff at the top of the ligament
while resisting it at its base. For sufficiently large a, the ligament therefore pinches off first from the
probe, leaving behind a liquid column attached only to the bath.

The subsequent evolution of the column is then governed by a competition between capillary
pinchoff at the bath and drainage of the ligament driven by capillarity and gravity. Pinchoff at the
bath is a local process, governed by the inertiocapillary timescale

τbath ∼
√

ρa3/σ . (7)

The motion of the ligament’s lobe is governed by Eq. (1), where the gravity term is no longer
negligible. As the lobe moves toward the bath, it absorbs the ligament volume 	, so ṁ ≈ ρ	/τdrain,
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FIG. 4. Dependence of the liquid ligament pinch-off times near the probe τtip and the bath τbath on the probe
radius a. The data corresponds to experiments from Fig. 2(a). These times are measured from the start of the
probe retraction. Error bars represent the standard deviation across n = 18−30 trials per probe radius.

where τdrain is the drainage time. Furthermore, writing the lobe speed ż as L/τdrain allows one to
approximate Eq. (1) by ρ	L/τ 2

drain = 2πaσ + ρg	, yielding the scaling

τdrain ≈
√

L/g

2a/(BoL) + 1
. (8)

In the Bo � 1 limit, Eq. (8) reduces to τdrain ≈ √
L/g. This gravity-limited regime is similar to those

observed in related large Bond number systems, such as fluid motion during cat lapping [36]. In the

Bo � 1 limit, Eq. (8) reduces to τdrain ≈
√

ρaL2

8σ
, which matches the timescale of capillary collapse

τc, as anticipated.
The ligament fails to pinch off when drainage occurs faster than the capillary breakup at the bath,

τdrain � τbath. Equating these timescales gives the second requirement for single drop formation:

L/a � Bo/2 +
√

(Bo/2)2 + 2. (9)

This scaling rationalizes the upward curvature of the orange phase boundary at larger probe radii.
We plot this prediction directly, with no fitted prefactor, as a boundary of the orange region in
Fig. 2(a). The prediction provides reasonable agreement with the observed boundary.

Taken together, these two limits define the boundaries of the phase diagram. The single-drop
regime lies between them, where both capillary and gravitational effects are relevant. In our
experiments, this occurs for probe radii on the order of the capillary length (a ∼ �c), where
the ligament is sufficiently thick that the collapse timescale is shorter than the Rayleigh-Plateau
timescale (τc < τRP), allowing a single drop to form, yet slender enough that gravity-driven drainage
occurs more slowly than pinchoff at the bath (τdrain > τbath). This combination of conditions defines
a controlled window for generating single droplets. Because these competing timescales depend
only on ligament geometry and the relative importance of gravity and capillarity, it is illustrative to
plot our experimental data using dimensionless parameters. Figure 5 recasts the data from Fig. 2(a)
through consideration of a dimensionless framework characterized by the aspect ratio L/a and the
Bond number Bo.

Size of a drop. When a and L are such that a single drop is generated, its radius R varies with
both parameters [see Fig. 6(a)]. Specifically, increasing the radius of the cylinder can substantially
increase the size of the drop, while pulling the ligament a little further (larger L) has a similar but
weaker effect. The drop volume 	 can be deduced from the size of the liquid column at pinchoff.
The height of the column should be comparable to L, while the radius of the liquid column should
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FIG. 5. Phase diagram showing the dependence of drop formation on the Bond number Bo and the aspect
ratio of the ligament L/a.

be comparable to a. Thus, 	 ∼ a2L or

R ∼ a2/3L1/3. (10)

Rescaling the drop-size data from Fig. 6(a) according to Eq. (10) yields a collapse onto a line that
corresponds to a prefactor of 0.222 ± 0.005 [Fig. 6(b)].

All of the data reported thus far have been collected on stationary liquid baths. However, in
pilot-wave hydrodynamics, a bouncing drop is sustained by vertical vibration of the liquid bath,
typically at 50–80 Hz. With vibrational forcing, the vertical position of the probe relative to the
bath becomes critical, which we explore in Fig. 6(c) with a fixed probe geometry of a = 1.25 mm
and L = 7 mm. Experiments were conducted at accelerations just below the Faraday threshold
(γ = 4.86 g), representing a worst-case scenario in which the vertical bath displacement is maximal
(�h = 0.19 mm). We plot R versus the dimensionless phase of the bath, ωt/2π , where ω is the
bath’s angular frequency. The phase is defined such that ω = 0 corresponds to the maximum upward
velocity of the bath, with t = 0 corresponding to the onset of probe retraction. This phase encodes
whether the bath is moving upward or downward relative to the probe at the start of retraction.

FIG. 6. Droplet size scaling and variability for single-drop events. (a) Drop radius R as a function
of probe radius a, with marker color representing different retraction lengths L. (b) Drop radius R as a
function of (a2L)1/3. As predicted by Eq. (10) the data from (a) collapses onto a linear fit R = (0.222 ±
0.005)(a2L)1/3 mm. Error bars in (a) and (b) denote standard deviation across n = 3–5 experimental repe-
titions. (c) Drop radius R plotted against dimensionless bath vibration phase ωt/2π ( f = 80 Hz) for three
normalized initial probe positions z0/�h. At z0/�h ≈ 7.4, drop size remains consistent with a quiescent bath
with R = 0.55 ± 0.02 mm (dashed line); conversely, deeper immersion depths (z0/�h = 0, −5.3) introduce
high variability and intermittent failures in drop formation (R = 0).
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FIG. 7. Comparison of distributions of droplet radius R achieved with the manual (toothpick-based)
ligament pulling technique and the pen generator with various probe geometries. Shaded regions represent
smoothed probability distributions of the drop sizes. The toothpick method yields a mean droplet radius of
R = 0.37 ± 0.09 mm, displaying poor reproducibility. In contrast, the pen generator allows the mean droplet
radius to be tuned from R = 0.23 mm to 0.55 mm via probe selection, while maintaining an absolute standard
deviation of �0.02 mm and a relative radius variability of <5% across all probe geometries.

When the probe begins at the interface (z0 = 0) or is submerged below it (z0 = −1 mm), droplet
formation can intermittently fail, and the drop size becomes more variable [Fig. 6(c)]. However, the
results obtained for a stationary bath carry over to vibrating baths provided the probe is lifted to
a height of z0 ≈ |zs| ≈ 1.4 mm. In this regime, the droplet radius is consistent with that obtained
on a quiescent bath, with R = 0.564 ± 0.007 mm for the still bath and R = 0.55 ± 0.02 mm for
the vibrating bath, as shown in Fig. 6(c), indicating negligible dependence on the bath’s phase of
vibration.

To demonstrate the advantages of the pen-based method over traditional manual techniques,
we compared the consistency of droplet formation across a range of probe geometries (a = 0.5,
0.75, 1.0, and 1.25 mm) to manual ligament pulling using a standard wooden toothpick (diameter
d ≈ 1.6 mm with a conical taper down to a tip diameter of ≈0.5 mm) (Video 1 in the Supplemental
Material [20]). As shown in Fig. 7, the manual method yields highly variable droplet sizes. In con-
trast, the pen generator maintains a tight size distribution across all tested geometries. This disparity
can be explained by both geometric and mechanical factors. While a conical toothpick is highly
sensitive to immersion depth, since any variation alters the meniscus size, the cylindrical geometry
of our pen probes, coupled with the ability to control immersion depth, ensures an invariant initial
meniscus prior to retraction. Furthermore, the spring-loaded click mechanism guarantees highly
consistent retraction speeds and lengths relative to those in manual pulling.

Once the parameter space for consistent droplet generation on a vibrating bath was established,
we explored whether the device could be extended to “print-in-place” ordered droplet configurations
in a single actuation. For a bath with a vibrational frequency of f = 80 Hz, the gravity-capillary dis-
persion relation ω2

F = gkF + (σ/ρ)k3
F yields a theoretical wavelength of λF = 2π/kF ≈ 4.88 mm

[37]. We thus fabricated tips with multiple probes, spaced by approximately one Faraday wave-
length. Upon a single actuation of the pen, each tip generated a droplet, resulting in an array
of bouncing droplets arranged in a prescribed geometry, as shown in Fig. 8 (and Video 6 in the
Supplemental Material [20]). Although bouncing droplets are known to form a variety of stable
two-dimensional crystal lattices [19,38] and exhibit rich collective dynamics [39–42], assembling
these lattices experimentally has remained a laborious manual process. The demonstration in Fig. 8
highlights the potential of the device to generate ordered droplet arrays through tailored probe
geometries.
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FIG. 8. Images of multidroplet generation using a multitip probe. Contact of the probes spaced out by λF

produces a hexagonal lattice of bouncing drops [19].

Conclusion. We have demonstrated a simple mechanical method for generating single droplets
by the stretching and spontaneous pinchoff of a liquid ligament from a bath. The resulting phase
diagram [Fig. 2(a)] has been rationalized through consideration of the competition between capil-
larity, inertia, and gravity. We have shown how the method can be made robust and insensitive to
bath vibration. Beyond facilitating controlled walker generation, this framework naturally extends to
multitip geometries and to the generation of multiphase droplets [21]. By transitioning from single-
to multidrop generation, this device offers a “print-in-place” capability for the rapid assembly of
complex hydrodynamic lattices and the study of many-body pilot-wave interactions.
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