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Balloon regime: Drop elasticity leads to complete rebound
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When a highly elastic drop of a polymer solution hits a superhydrophobic surface at a high speed, a growing
tail-like filament emerges vertically from the impact spot as the contact line recedes. Notably, the ligament
transitions into a balloonlike shape before detaching completely from the surface (balloon regime). The ligament
formation is attributed to liquid impalement upon impact into the surface protrusion spacing, and elastic forces
due to polymers prevent ligament breakup. The detachment of the ligament happens when polymeric stresses
balance or overcome the adhesion at the surface. This study shows that tuning droplet rheology and surface
roughness enables droplets to rebound completely and without splashing at high impact speeds.
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I. INTRODUCTION

Drop impact dynamics has fascinated researchers and en-
gineers for over a century due to its fundamental significance
in nature [1–3] and wide-ranging applications such as surface
printing methods [4,5], energy harvesting [6], heat transfer
[7], and so on [8,9]. Although the phenomenon is critical
in many industrial processes, it can often lead to undesired
effects such as splashing [8] and surface damage [10–12].
In particular, drop impact on superhydrophobic surfaces has
garnered significant attention due to its potential for com-
plete droplet rebound—a key feature for self-cleaning [13],
anti-icing [14], and drag reduction purposes [15]. While the
dynamics of Newtonian drops in these scenarios is relatively
well understood, the behavior of non-Newtonian viscoelas-
tic drops, especially at high impact speeds, remains poorly
explored. This gap in understanding also limits our abil-
ity to design surfaces that can effectively repel complex
liquids under high impact forces while mitigating surface
damage.

Viscoelasticity, imparted by the addition of polymers to
water, introduces unique features during drop impact, such
as the formation of elongated threads that interact with sur-
face microstructures [16,17]. These interactions challenge
the conventional nonwetting behavior of superhydrophobic
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surfaces and raise fundamental questions about how elastic-
ity and shear thinning influence droplet dynamics [18,19].
Importantly, achieving simultaneous droplet rebound and sup-
pression of breakup and splashing at very high impact speeds
has proven elusive [17,20–22].

In this article, we show that polymer additives can re-
store droplet rebound on superhydrophobic surfaces at very
high impact speeds, a feat previously not observed for
non-Newtonian drops. Through experiments and numeri-
cal simulations, we discover a regime—termed the balloon
regime—characterized by the formation and complete de-
tachment of a vertical ligament during droplet rebound. This
ligament rebound is governed by the interplay of liquid
penetration into surface microstructures and elastic forces
in the ligament (in addition to gravity and inertia of the
main droplet). Our findings introduce an approach for con-
trolling droplet dynamics by leveraging the rheology of
polymer-infused liquids and tailored preparation of surface
microstructures. This provides a pathway to design conditions
that retain liquid-repellent properties at high impact speeds,
without leaving satellite drops. Here, we will outline the key
physical factors responsible for balloon regime by experi-
ments, theory, and numerical analysis.

II. EXPERIMENTAL

Viscoelastic aqueous drops of initial diameter D0 =
2.5 mm and impact speed v0 ranging from 0.23 to 3.4 m/s
were dispensed using a stainless-steel needle attached to a
syringe pump onto a superhydrophobic surface. The surface
was prepared by spray coating three times glass slides with
silanized silica nanoparticles (Glaco Soft99) after plasma acti-
vation (see Secs. I A and I B of the Supplemental Material [23]
for details on surface preparation and experimental setup).
The viscoelastic liquid solution was prepared by mixing poly-
acrylamide (PAM, Mw > 15 × 106 Da) in deionized water
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FIG. 1. (a) Time-lapsed snapshots of a water drop and (b) PAM 1 wt% drop impacting the superhydrophobic surface at We = 204. Scale
bars represent 1 mm.

in concentrations Cw (by mass) between 0.025 and 1 wt%.
Rheometric measurements evidenced shear thinning for all
solutions, with zero shear-rate viscosities ranging from 7 to
25 × 103 mPa s (see Sec. I C of the Supplemental Mate-
rial [23] for rheological characterization of liquids used in this
study). The impact process was recorded simultaneously from
the side and bottom views by two high-speed cameras at up
to 4900 fps. All PAM concentrations practically showed the
same static contact angles as water (�s ∼ 167◦ ± 2◦).

III. BALLOON REGIME

The Weber number We = ρv2
0D0/σ represents the ratio of

drop inertia to surface tension (2 < We < 408), where ρ is
fluid density and σ denotes the surface tension coefficient.
Here, we use the density and surface tension of water for
all solutions (ρ = 1000 kg/m3 and σ = 72 mN/m), because
PAM solutions up to 1% in the studied range are expected to
show negligible changes in density, and pendant drop mea-
surements indicate only a minor variation in surface tension.
When 2 < We < 136, drops rebound completely for both wa-
ter and viscoelastic liquids [Fig. S1(d) and Sec. I B of the
Supplemental Material [23]]. Only for water, secondary drops
are ejected from the top part of the primary drop. When We >

136, water drops exhibited splashing behavior [Fig. 1(a)],
with complete surface detachment, but leaving numerous
satellite drops behind. However, splashing is completely sup-
pressed for viscoelastic drops (Cw > 0.025%), which during
the receding phase form a ligament that extends and be-
comes thinner over time, whereby a head droplet arises at
the top [Fig. 1(b) and Fig. S3 and Supplemental Movie S1
in the Supplemental Material [23]]. The ligament formation
becomes more prominent with increasing polymer concen-
trations. Eventually, the ligament as a whole detaches from
the surface, resulting in a bottom tail that retracts back to the
primary drop. We can remark on two important aspects of
this phenomenon. First, a complete rebound is achieved for
the entire range of We considered in this work, in contrast
to previous studies where bouncing behavior was suppressed
by increasing polymer concentrations. Second, right before

bouncing, the head drop gives rise to a balloonlike shape for
PAM at 0.5 and 1 wt%. Such behavior has not been reported
before for impacting drops.

IV. SURFACE IMPALEMENT

The balloon regime of droplet impact starts with pene-
tration into surface microstructures, leading to a transition
from the Cassie-Baxter [24] to Wenzel [25] state. The su-
perhydrophobic surface is formed by self-assembled silanized
silica nanoparticles with a fractal-type structure. This allows
the formation of air pockets, reducing the surface energy
and increasing the repellency to water. When a drop hits
a structured surface, the balance between the wetting and
antiwetting pressure determines the wetting states [26,27].
Wetting pressure is dominated by water hammer pressure
PH = ρCv0/5 [28], with C the speed of sound in water
(1497 m/s [29]), while the antiwetting pressure is the capil-
lary pressure PC = −2

√
2σ cos θa/r [28,30], where θa is the

advancing contact angle of the flat surface (≈120◦) and r
is the spacing between the surface microstructures. Surface
penetration happens when PH = PC , r ≈ 5σ/ρCv0, which at
We = 136 (where we start to observe ligament formation)
is ≈0.1μm. This is in good agreement with the surface to-
pography produced by the Glaco coating [31]. Simulations
(Fig. S14 and Sec. VII F of the Supplemental Material [23])
indicate that wetting pressure is highest directly at impact;
hence, we postulate that impalement initiates locally at the
moment of impact, creating a pinning/sticking point. As the
liquid spreads outward, pressure decreases leading to less
impalement [17,32]. As a result, pinninglike effect and lig-
ament formation arise during the receding phase, where the
contact line moves over the wetted area. Just before detach-
ment, as the ligament reaches its minimum thickness, it pulls
upward, overcoming the sticking point (full impalement). This
behavior is supported by bottom-view impact images, which
reveal a central region of complete impalement encircled by a
concentric zone of less impalement [Fig. S4(b) and Sec. III of
the Supplemental Material [23]]. The area of this region tends
to increase in area with We, suggesting a wider impalement.
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FIG. 2. (a) PAM 0.5 wt% droplet impacting a hydrophobic
Teflon surface at We = 204. (b) Dynamic contact angle over time
for the case shown in panel (a) (green dots, rebound without liga-
ments) and in Fig. 1(b) (red dots, rebound with ligaments). (c) PAM
1 wt% droplet impacting on the superhydrophobic surface with a
hydrophilic spot at We = 204. Scale bar represents 1 mm.

V. LIGAMENT FORMATION

Two key conditions for ligament formation are (1) liquid
impalement with Cassie-Wenzel transition during spreading
phase and (2) contact line pining due to liquid impale-
ment during receding phase. To validate condition (1), we
performed droplet impact experiments on a smooth hydropho-
bic Teflon AF film layer (∼60 nm, �s = 120◦ ± 2◦) on a
sputter-coated glass slide. Preparation methods were in ac-
cordance to that outlined in the study by Li et al. [33]. The
lower roughness of Teflon (Rq ∼ 5 nm) ensures the absence
of microstructures with air pockets. As a result, liquid impale-
ment is improbable, which allows the droplet to remain in the
Wenzel state during the whole impact process. To isolate the
role of substrate texture, we compared PAM concentrations
and We values where ligaments were observed. Notably, lig-
ament formation was completely suppressed by the smooth
Teflon surface [Fig. 2(a) and Fig. S5 and Sec. IV of the
Supplemental Material [23]]. On the superhydrophobic sur-
face, the dynamic contact angle (measured by fitting method
from Shumaly et al. [34]) remains at ∼140◦ during spreading
(t � 2 ms) and part of receding (2 ms < t < 8 ms) phase. Af-
terward, the dynamic contact angle further decreases when a
ligament starts to form (t ≈ 8 ms) and finally reaches a reced-
ing contact angle plateau θr ∼ 60◦ [Fig. 2(b), red markers]. In
contrast, on smooth Teflon surface, the contact angle during
the drop recoil is nearly constant [Fig. 2(b), green markers] in-
dicates that droplet remains in the Wenzel state without liquid

FIG. 3. (a) Maximum ligament length Lmax scaled by the drop
diameter D0 as a function of We. (b) Snapshots of Lmax at different
We. Scale bar represents 2.5 mm.

impalement. Thus, the Cassie-Wenzel transition is a neces-
sary condition for supporting ligament formation through an
abrupt decrease in θr .

To validate condition (2), we prepared the same superhy-
drophobic surface with a hydrophilic spot of 0.8 mm diameter.
To prepare the sample, we covered the glass slide by a chrome
vanadium steel material of 0.8 mm diameter before spraying
the surface with silica nanoparticles. Subsequently, we dis-
pensed PAM drops on this surface with the same conditions as
the case in Fig. 1(b). The experiment revealed the formation
of a shorter ligament pinned to the spot that grows without
detachment as depicted in Fig. 2(c). Therefore, contact line
pinning is also one of the key conditions to generate liga-
ments.

VI. LIGAMENT GROWTH

To elucidate the dominant forces, the maximum ligament
length Lmax reached just prior to detachment was measured
for all different concentrations. Figures 3(a) and 3(b) indicate
that the normalized maximum ligament length, Lmax/D0, is
directly proportional to fluid inertia (Lmax ∝ We) and also
increases with polymer concentration. As discussed earlier,
higher We enlarge the impalement area. This prolongs the
detachment time, thereby the leading droplet continues to
ascend, promoting further elongation of the ligament.

The height of the droplet centroid in time Yc(t ) for the full
detachment scenario [Fig. 4(a)] is well described by a bal-
listic model Yc(t ) = Yc0 + vy0t − 1

2 gt2, where Yc0 is the initial
vertical position of Yc when a ligament starts to form (neck
emerging below), vy0 the vertical speed at the moment of
ligament formation (dYc/dt), and g the acceleration of gravity.
This suggests that the position of the droplet centroid is given
by a balance of gravity and inertia. The integrated difference
in potential energy �Ep up to the maximum height between
the model and the experiments provides a maximum estimate
on the total energy dissipated by viscous and elastic forces.
In this way, the total dissipative force �Ep/Lmax ∼ 10−6 N is
at least one order of magnitude smaller than the gravitational
force ρV g ∼ 8.5 × 10−5 N (here, V is the drop volume). In
the case of surface with hydrophilic spot, Yc is up to four times
lower than the complete rebound scenario. The ballistic model
fails to fully capture the main drop motion and overestimates
Lmax (Fig. S7 and Sec. V of the Supplemental Material [23]).
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FIG. 4. (a) Height of the droplet centroid in time for PAM 1
wt%. Insets (i)–(vii) represent the time lapses of the ligament
growth: t = 3, 7, 9, 13, 14, 19, and 43 ms, respectively. (b) Elastic
and adhesion forces for PAM 1 wt% at different Weber numbers.
(c) Phase diagram depicting the different droplet behavior based on
the impact velocity (We) and elastic stress relaxation timescale of the
liquid (De).

This discrepancy arises from the higher adhesion to the bare
glass surface than to the nanoparticles of the Glaco coating.

Concluding, in the drop impact cases of viscoelastic liq-
uid on a superhydrophobic surface, the ligament length is
determined mainly by the rebound velocity and gravitational
forces. Although the elastic stresses are not dominant in de-
termining the ligament length, they are crucial in sustaining
the ligament from possible breakup and detachment from sur-
face. The conditions observed locally at the ligament resemble
those in the capillary breakup extensional rheometry [35–37],
with the minimum radius of the ligament decaying exponen-
tially with time (Fig. S8 and Sec. VI of the Supplemental
Material [23]).

VII. DETACHMENT FROM SURFACE

During ligament growth phase, axial elastic stresses τp,zz

develop along the filament. Our hypothesis is that these elastic

stresses must balance or exceed adhesion forces at the contact
line, enabling the complete detachment of the ligament, lead-
ing to a full rebound of the droplet. To test the validity of this
hypothesis, we estimate and compare the axial elastic force
Fe = τp,zzπR2

min within the ligament to the corresponding ad-
hesion force at the wall, Fa = 2πRwσ (1 + cos(θr )), where
Rmin is the minimum ligament thickness, Rw is the wetted
radius, and θr is the receding contact angle. The adhesion
force at the substrate was estimated based on the Young-Dupré
equation [38].

We consider two representative cases for PAM 1 wt %:
(1) We = 272 on the superhydrophobic surface with full
ligament detachment and (2) We = 204 in the presence
of a hydrophilic spot where ligament does not detach. In
the detaching case, we estimated Fa ∈ O(10)μN and Fe ∈
O(100)μN. This substantial difference suggests that elastic
stresses actively aid in overcoming adhesion and promote
ligament detachment (see Secs. VII and VIII of the Supple-
mental Material [23] for details on the estimation of axial
elastic stress), which can also be observed at different We
where complete rebound occurs [Fig. 4(b)], and when Rmin

and Rw are within our limit resolution (20 μm). Values of
Rw and Rmin range between 100 and 80 μm and 60 and 27
μm, respectively. Note that elastic stresses are calculated at
Rw; therefore, the tensile elastic forces along the ligament
height are not necessarily uniform due to local deformations
of the liquid material. Elastic forces may therefore be smaller
at the anchored base. Moreover, the impaled area contributes
additional adhesion at the base. This likely overestimates Fe

and underestimates Fadh, so immediate detachment can be
reasonably reached when Fe ∼ Fadh, with the general con-
dition Fe � Fadh. In contrast, for the hydrophilic spot case,
the adhesion force increases significantly to approximately
O(100)μN, while Fe ∈ O(10)μN. Since the elastic stress is
insufficient to decisively overcome adhesion, the detachment
of ligament is inhibited.

To further confirm that the detachment is due to elas-
tic forces but not due to higher viscosity of the polymeric
droplets, we repeated the experiments with water-glycerol
droplets that are viscous but not elastic. Water drops con-
taining 50% glycerol (viscosity η = 7 mPa s) and impacting
on Glaco-coated surfaces consistently exhibited contact line
pinning and droplet elongation, but only partial rebound with
a satellite droplet remaining on the surface (see Sec. IX of the
Supplemental Material [23]).

These findings reinforce the crucial interplay between
interfacial adhesion and elastic stresses in governing detach-
ment dynamics. The ligament retraction velocity is observed
to increase with axial elastic stress. This retraction speed
can be estimated by

√
(σ/ρRmin) + (τp,zz/ρ) [39], where the

second term reflects the contribution of elastic stress. In agree-
ment with this, we observe higher retraction velocities at
the moment of detachment for droplets with greater polymer
concentration.

VIII. PHASE DIAGRAM

Finally, we summarize the observed regimes of droplet
behavior on the Glaco-coated surface in a phase diagram
[Fig. 4(c)], which delineates the transition between bouncing,
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splashing, and ligament-detachment-based rebound (balloon
regime) as a function of impact conditions and viscoelastic
properties. Here, the impact conditions refer to the impact
velocity, characterized by Weber number We. The elastic
property of the fluid is based on Deborah number De (defined

as De = λe/

√
ρD3

0/σ , where λe corresponds to the exten-
sional relaxation timescale of the liquid. We observe the
balloon regime at large We and De. These results underscore
the essential role of elastic stresses in enabling rebound via
ligament detachment, offering a pathway for tunable control
of viscoelastic drop dynamics on textured surfaces. This paves
the way for the design and optimization of textured surfaces
tailored for droplets of real-life complex fluids, or conversely,
changing the impact outcome by tuning the rheology of the
droplet.

IX. CONCLUSIONS

To conclude, we identify a previously unreported regime of
viscoelastic droplet impact on superhydrophobic surfaces—
termed the balloon regime—characterized by the formation
of a slender ligament that grows and ultimately detaches
completely, enabling rebound. We attribute the origin of this
phenomenon to liquid impalement into surface microstruc-
tures, corresponding to a Cassie-to-Wenzel transition. This is
supported by a pronounced decrease in the dynamic contact
angle during the receding phase. The high elasticity of the

liquid enables the stable elongation of the ligament from
the impact site and facilitates its complete detachment from
the substrate. Analysis of the droplet’s centroid trajectory
reveals that ligament growth in time is primarily governed
by the rebound velocity and gravitational forces. Furthermore,
we demonstrate that ligament formation is highly sensitive to
surface roughness and wettability, offering a means of con-
trol. These findings offer insights for applications involving
viscoelastic drop deposition, where controlling instabilities
is essential—for instance, in the printing of non-Newtonian
fluids, agricultural spraying, and other industrial processes
involving complex fluids.
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