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Ultrafast bounce of particle-laden droplets

Yanhong Li 1, Wenchang Zhao 1, Ying Zhou 1, Shuxian Tang 1,
Shiyu Wang 1, Yutong Zheng1, Zuankai Wang 2 & Pingan Zhu 1,3

The rebound of liquid droplets on solid surfaces exhibits behavior reminiscent
of elastic spheres, albeit with distinct contact dynamics. While the rapid
detachment of droplets from surfaces holds significant relevance for various
applications, previous endeavors relying on engineered surfaces can only
reduce the contact time to several milliseconds, primarily due to capillary
effects dominating droplet bounce. Here, we present ultrafast rebound by
designing heterogeneous core-shell droplets encapsulating a particle (DEP),
which achieves an unprecedentedly short contact time of 0.3ms and 0.05ms
with polydimethylsiloxane and glass particles, respectively. This remarkable
contact-time reduction is universally applicable to diverse systems, including
both water and oil droplets, elastic and rigid particles, super-repellent and
superlyophilic surfaces, and is effective across a wide range of impact velo-
cities. Beyond exhibiting liquid-like dynamics, DEP manifests solid-like beha-
vior owing to asynchronized motions between the particle and the droplet,
which effectively breaks down the dominance of capillarity. With systematic
experimental and analytical studies, we delineate contact times in three
bouncing regimes and identify critical conditions governing regime transi-
tions. DEP amalgamates the bouncing dynamics of both solids and liquids,
offering a robust and versatile strategy for tailoring contact time to suit diverse
applications involving solid-liquid composite systems.

In contemplating the graceful dance and subsequent rebound of a
raindrop on a superhydrophobic lotus leaf, one uncovers a process of
droplet impact that transcends our immediate perception. This phe-
nomenon, initially exploredbyWorthington in 1876 through the analysis
of patterns left on smoked glass plates1, has evolved into a profound
understanding of droplet-surface interactions2–5. At the crux of this
process lies the “contact time” (tc), a defining timescale governing the
intricate dynamics of mass, momentum, and energy transfer during the
contact betweendroplets and surfaces. This temporal parameter, crucial
in various applications suchasanti-icing6,7, anti-fogging8, self-cleaning9–11,
electricity generation12,13, heat transfer14,15, and liquid transport16,
has garnered escalating interest over the past two decades. While stra-
tegies for prolonging contact time, such as employing adhesive surfaces
to impede droplet motion17,18, are relatively straightforward, achieving a
reduction in contact time necessitates a more judicious design.

For inviscid droplets impacting super-repellent surfaces with
minimal energy dissipation16,19–21, the interplay between inertia and
capillarity governs the contact time22. This relationship is expressed by

the inertial-capillary timescale τ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρR3

0=γ
q

, with tc = ðπ=
ffiffiffi
2

p
Þτ, where ρ,

R0, and γ denote the density, radius, and surface tension of the

droplet2,23. The theoretical ratio of π=
ffiffiffi
2

p
� 2:2, derived from the

lowest-order oscillation period of a spherical droplet by Rayleigh24,
establishes the typical contact time for millimeter-sized droplets at
around ten milliseconds. Various endeavors within the inertial-
capillary framework have focused on reducing the time ratio by
modulating droplet-bouncing dynamics. This includes engineering
surfaces with macroscopic ridges25–30, submillimeter posts31–34, mac-
roscale curvatures30,35–37, compact nanoscale textures38, substrate
elasticity39,40, and dynamic motions41,42. Despite these commendable
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endeavors, the contact time remains primarily determined by capil-
larity, thereby limiting it to be above several milliseconds. Breaking
this theoretical constraint to further reduce the contact time appears
challenging, if not impossible.

To circumvent this grand challenge, our focus shifts to tuning
droplet heterogeneity rather than engineering solid surfaces for cus-
tomizable bouncing dynamics. Employing core-shell droplets encap-
sulating a particle (DEP), we unveil ultrafast bouncing behavior with an
unprecedentedly short contact time of 0.3ms and 0.05ms using
elastic and rigid particles, respectively. Such minimum contact time
occurs at relatively low impact velocities, where the bouncing
dynamics of DEP are predominantly dictated by the particle, rather
than the droplet shell. Consequently, the contact time becomes
independent of surface tension but relies on the impact velocity,
thereby transcending the confines of the inertial-capillary timescale. As
impact velocity increases beyond a certain threshold, both the particle
and the droplet shell govern thebouncing dynamics, leading to a linear
increase in contact time with impact velocity. Eventually, contact time
approaches a constant value dictated by capillarity as impact velocity
exceeds another critical threshold, diminishing the influence of the
particle. Throughout all regimes, the contact time of DEP remains
significantly reduced.

Results
Ultrafast rebound of DEP
Figure 1 delineates the distinctive bouncing dynamics observed in
the impact of a DEP (Fig. 1a), a liquid droplet (Fig. 1b), and a solid
particle (Fig. 1c), all subjected to an identical impact velocity of
V = 0.455m s−1 and possessing a radius of R0 ≈0.81mm. The core-
shell DEP is composed of polydimethylsiloxane (PDMS) as the par-
ticle and silicone oil (surface tension γ = 19.15mNm−1, viscosity
μ = 18.5mPa·s) as the droplet shell. This choice is rooted in the
favorable super-spreading characteristics of silicone oil on the PDMS
surface, manifesting very small contact angles (Supplementary Fig. 1
and Supplementary Table 1). The density of the PDMS particle (ρp,
see Supplementary Table 2), slightly surpassing that of silicone oil
(ρl = 949.9 kgm−3), ensures the proximity of the particle to the base
of the DEP (Fig. 1a). The controlled release of DEP from an adjustable
height enables a precisely regulated impact velocity (V), followed by
its descent onto a superamphiphobic surface (Supplementary Fig. 2).
Controlling the particle’s radius (Rp) and the DEP’s radius (R0)
enables the tunability of the particle’s volume fraction, Φ= ðRp=R0Þ3.
For a fair comparison, the liquid droplet (Fig. 1b) is composed of
silicone oil, and the solid particle (Fig. 1c) is fabricated using PDMS,
representing extreme cases ofΦ = 0 andΦ = 1, respectively. With the
introduction of Φ, the effective density of DEP (ρe) is defined
as ρe =Φρp + ð1�ΦÞρl.

The DEP exhibits a remarkably swift detachment from the surface
within a much short period of 0.3ms (Fig. 1a), showcasing ultrafast
bouncing behavior akin to that of the solid particle (Fig. 1c, tc = 0.3ms),
but markedly distinct from the liquid droplet (Fig. 1b, tc = 10.8ms).
Both the DEP and the solid particle display significantly reduced
deformation and shorter contact time in contrast to the droplet
(Supplementary Movie 1). Markedly, the DEP’s contact time ratio

manifests tc/τ =0.057 (τ = 5.23ms with τ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρeR

3
0=γ

q
), signifying an

unprecedented 97% reduction. It is noteworthy that the ultrafast
bouncing of DEP is universal across diverse systems. This phenomenon
is also observed when an aqueous droplet encapsulating an elastic
hydrogel particle (Supplementary Fig. 3 andSupplementaryMovie 2), a
water-PDMS Janus structure (Supplementary Fig. 4 and Supplementary
Movie 2), and a silicone oil droplet encapsulating a rigid glass particle
(Supplementary Fig. 5 and Supplementary Movie 2) impacts various
surfaces, including glass, aluminum, and polytetrafluoroethylene
(PTFE) substrates (Supplementary Fig. 6 and Supplementary Movie 2).

The contact time of DEP varies distinctly with increasing impact
velocity (V), revealing three regimes (Fig. 1d). In regime I, where V <Vc1

(with Vc1 as a critical velocity), tc gradually decreases with increasing V.
In regime II, where Vc1 < V <Vc2 (with Vc2 as another critical velocity), tc
exhibits a linear increase with V. In regime III, where V >Vc2, tc remains
nearly constant. This unique dependence of tc on V for DEP contrasts
sharply with liquid droplets, where tc remains independent of V.
Moreover, the contact time of DEP is significantly shorter than that of
liquid droplets (approximately ten milliseconds) across all three
regimes, indicating that the inclusion of a particle within the droplet
fundamentally alters the bouncing dynamics.

Hertz regime
To unravel the intricacies of the ultrafast bouncing exhibited by DEP in
Regime I, a detailed investigation into its morphological transforma-
tions during impact is imperative, as illustrated in Fig. 2a. During the
spreading stage, the particle core and the droplet shell undergo a
coherent deformation, maintaining their integrity. However, a note-
worthy asynchronization becomes apparent during the receding
stage, marked by the separation of the core and shell at the bottom of
the DEP. Remarkably, the DEP assumes a helmet shape that remains
nearly invariant even after takeoff (3.25ms, Fig. 2a), presenting a stark
departure from the oscillating shape exhibited by a bouncing droplet
(Supplementary Movie 3).

Fig. 1 | Contrast in the bouncing behavior of different systems. a–c Schematics
and snapshots depicting bouncing dynamics of a droplet encapsulating a particle
(DEP), a liquiddroplet, and a solid particle, respectively, under an impact velocity of
0.455m s−1. The particle volume fraction (Φ) is 49.3%. The Young’s modulus of the
PDMS particle is 220.9 kPa. The contact time (tc) is 0.3ms for DEP, 10.8ms for the
droplet, and 0.3ms for the particle. Scale bar, 0.5mm. d Variation of contact time
with increasing impact velocity for a DEP (Φ = 50.1%). Three distinct regimes are
identified as impact velocity increases. The Young’s modulus of the PDMS particle
is 10.4 kPa.

Article https://doi.org/10.1038/s41467-024-54288-w

Nature Communications |         (2024) 15:9943 2

www.nature.com/naturecommunications


This distinction is further evidenced by the temporal variations in
the diameter (D) and height (H) of the two systems (Fig. 2b). Figure 2c
shows the dynamic evolution of the contact radius (Rc) for both DEP
and a liquid droplet. The liquid droplet exhibits a typical two-stage
variation in Rc: it spreads with a t1/2 dependency during spreading and
decreases linearly with time (t) during receding. In contrast, the DEP
demonstrates a more symmetric deformation over time. The maximal
deformation of the DEP is notably smaller than that of the liquid

droplet, which greatly contributes to the reduction in both spreading
and receding times, ultimately leading to a decreased contact time.
These findings underscore the distinct bouncing dynamics of DEP
compared to liquid droplets.

The core-shell separation stems from the core particle
rebounding much more rapidly than the droplet shell. Consequently,
as the particle begins its upwardmotion during receding, themajority
of the droplet shell fails to make contact with the bottom surface

Fig. 2 | Bouncing dynamics of DEP in the Hertz regime. a Snapshots and sche-
matics ofDEPduring impactatΦ = 49.5%andV =0.443m s−1. Scale bar,0.5mm.The
core-shell separation occurs due to asynchronized motions between the core and
the shell (indicated by arrow) during receding, resulting in DEP adopting a helmet
shape. bMorphological changes of a droplet and a DEP over time. The diameter D

and heightH are normalized by the initial diameterD0 = 2R0. c Evolution of contact
radius (Rc) normalized by the initial radius (R0) for a DEP and a liquid droplet. d The
plot of the maximum deformation radius (Rmax, normalized by R0) of DEP during
impactunderdifferent volume fractions (Φ) andWebernumbers (We).eTheplotof
the restitution coefficient of DEP under different Φ and We.
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while retaining a downward velocity. This velocity mismatch propels
the particle upward to the upper part of the shell, inducing the
observed separation. Hence, the overall bouncing behavior of DEP is
decisively influenced by the localized dynamics of the core particle.

Notably, themaximumdeformation factor (Rmax/R0) for theDEP is
found to be independent of both the particle volume fraction and the
impactWeber number (We=2ρlV

2R0=γ). It maintains a constant value
of around 1.07, indicating minimal deformation (Fig. 2d), reminiscent
of impacting elastic particles (Supplementary Fig. 7a). In stark contrast,
impacting droplets exhibit Reynolds number (Re= 2ρlVR0=μ) depen-
dent deformation, with Rmax/R0~Re

1/4 (Supplementary Fig. 7b). This
scaling can be attributed to the transfer of kinetic energy to surface
energy and viscous dissipation17.

The restitution coefficient (ε=V reb=V , with Vreb denoting the
rebound velocity) for the DEP remains independent of We for Φ> 50%
(Fig. 2e), mirroring the bouncing dynamics of the particles where ε is
unaffected by impact velocity (Supplementary Fig. 7c). The increase in ε
with Φ signifies the enhanced dominance of the particle in DEP. Con-
versely, for DEP withΦ< 50%, ε exhibits a dependence onWe, following
ε ~We−1/2 (Fig. 2e). This scaling law alignswith that observed in impacting
droplets (Supplementary Fig. 7d), emanating from a constant rebound
velocity19. Consequently, we establish that DEP withΦ> 50%manifests a
complete solid-like bouncing behavior and 25.7% <Φ< 50% demon-
strates partial solid-like behavior. Further decreasingΦwill cause DEP to
approach a liquid-like state, resulting in similar bouncing behaviors and
comparable contact times to liquid droplets (Supplementary Fig. 8 and

Supplementary Movie 4). Therefore, maintaining aΦ value above 25% is
optimal for achieving distinct bouncing dynamics of DEP in this study.

To scrutinize the influence of solid-like behavior on the contact
time of the DEP, we explore the dependence of tc on various para-
meters. Intriguingly, once the DEP adopts solid-like bouncing dynam-
ics, the contact time proves to be nearly independent of the particle
volume fraction (Fig. 3a). This characteristic endows significant flex-
ibility in tuning tc without the necessity of meticulously selecting Φ.
The solid-like behavior is anticipated to be influenced by factors such
as the Young’s modulus (E) of the particle (Supplementary Fig. 9 and
Supplementary Table 2) and impact velocity. We reveal scaling laws of
tc ~ E −0.4 (Fig. 3b) and tc ~V −0.2 (Fig. 3c) for both the DEP and solid
particles. These scaling lawsmanifest fundamental deviations from the
scaling of the inertial-capillary timescale for droplets (Supplementary
Fig. 10), thus disrupting the dominance of capillarity.

The congruence in scaling laws between DEP and solid particles
evokes parallels with the Hertz contact theory2,5, which is applicable
under conditions of slight deformation (Fig. 2c and Supplementary
Fig. 7a). Accordingly, we postulate (Supplementary Note 1):

tc � R0ρ
2=5
e V�1=5E�2=5 ð1Þ

Equation (1) aligns seamlessly with the experimental results of the
two scaling laws in Fig. 3b, c. The theoretical predictions of tc using
Eq. (1) are depicted in Fig. 3d, illustrating a remarkable agreement with
the experimental data by introducing an empirical prefactor of 3.7.

Fig. 3 | Contact time of DEP in the Hertz regime. a The dependence of contact
time on the volume fraction of DEP. The contact time (tc) of the DEP is normalized
by that of the droplet with the same size. The impact velocity is 0.236m s−1. b The
relationshipbetween contact time (tc) andYoung’smodulus (E) of theparticle. Both
the DEP (Φ = 48.8%) and the pristine particle display nearly identical contact times

with the same scaling of tc ~ E
−0.4. The impact velocity of both systems is 0.445m s−1.

c The correlation between contact time (tc) and impact velocity (V) for both DEP
and pristine particle. All data collapse onto a single master curve with a scaling of
tc ~V−0.2. d Comparison of experimental results and theoretical predictions of the
contact time of DEP. The theoretical values are calculated using Eq. (1).
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Consequently, the solid-like bouncing behavior of DEP finds apt
description within the Hertz contact theory, and we designate this
regime as the “Hertz regime”. Based on this scaling law, it is anticipated
that incorporating a rigid particle with a higher Young’s modulus will
further reduce the contact time of DEP. For instance, tc can reach
0.05ms when a glass particle is encapsulated in a silicone oil droplet
(Supplementary Fig. 5 and Supplementary Movie 2).

It is noteworthy that the radius of DEP (R0), rather than the par-
ticle radius (Rp), is employed in Eq. (1) for theoretical predictions. This
revelation underscores that the inclusion of only a small portion of the
solid particle (Φ as small as 25.7% in experiments) into droplets can
transform the bouncing dynamics of the entire DEP from liquid-like to
solid-like, effectively transcending the influence of capillarity. Given
that the particle exclusively governs the DEP’s deformation at the
bottom in contact with the surface, this observation emphasizes the
paramount importance of local contact dynamics in dictating the
overall bouncing behavior.

Partial retraction regime
At elevated impact velocities, the droplet shell can contact the solid
surface, undergoing spreading and receding processes (Fig. 4a and
Supplementary Movie 5). This results in an elongated contact time in
Regime II compared toDEP in theHertz regime (Regime I). Despite this
transition, the encapsulated particle continues to influence the overall
bouncing dynamics.

After impact, the deformation and rebound of the particle occur
rapidly within the spreading of the droplet shell (0–1.0ms, Fig. 4a).
Upon takeoff, the particle restores its spherical shape and halts the
spreading of the droplet shell (1.0ms, Fig. 4a). Consequently, the
droplet shell is compelled to recede in conjunction with the particle’s
upward movement (1.7ms, Fig. 4a). As the particle leads the droplet
shell during bouncing, this asynchronous motion results in an elon-
gated shape of the droplet shell and a noticeable separation between
the particle and the droplet shell, creating a void within the DEP
(1.7–2.5ms, Fig. 4a). Thus, the morphological change of DEP in this
regime is more pronounced than in the Hertz regime, while DEP still
exhibits fewer shape oscillations and deformations than the liquid
droplet due to the particle encapsulation (Fig. 4b).

A remarkable characteristic of bouncingDEP is the early takeoff of
the droplet shell, marked by a flat bottom surface with a non-zero
contact radius at takeoff (Rct), where the retraction process remains
incomplete (Fig. 4a and c). Therefore, we refer to Regime II as the
“partial retraction regime”. The rapid bouncing of the particle reduces
the maximum spreading of the droplet shell and results in incomplete
retraction, collectively leading to a substantial reduction in the contact
time of DEP (Fig. 4c). Notably, the contact radius recedes linearly with
time for DEP before reaching Rct, indicating a constant retraction
velocity (Vr), distinct from the retraction observed in theHertz regime.
Interestingly, we find that Vr for DEP is dictated by the takeoff velocity
(Vp) of the particle (Fig. 4d), suggesting that the early takeoff of the
droplet shell is governed by the kinetics of the bouncing particle.

Figure 4e demonstrates that the normalized Rct decreases almost
linearly with impact velocity V, such that Rct/Rcm ∝ –V, where Rcm

indicates themaximumcontact radius. AsV increases, the droplet shell
gains greater impacting kinetic energy, enhancing the hydrodynamic
effects that favor complete retraction, while competing with the par-
ticle’s lift-up effect that induces the early takeoff of the droplet shell.
Consequently, Rct decreases with V, leading to an increased retraction
length (Rcm – Rct), which is responsible for an increase in contact time
(Fig. 4f). Assuming a constant contact time that scales as τ if thedroplet
shell can fully retract, the contact time in the partial retraction regime
becomes proportional to (Rcm – Rct)τ/Rcm, yielding tc ~ (1 – Rct/Rcm)τ ∝
–Rct/Rcm ∝ V. Thus, in this regime, contact time is proportional to the
impact velocity V (Fig. 4f). These results indicate that the bouncing

dynamics of DEP in the partial retraction regime are concurrently
influenced by both the particle and the droplet shell.

Complete retraction regime
As the impact velocity exceeds a critical value, the particle achieves a
sufficient takeoff velocity, allowing it to separate rapidly from the dro-
plet shell, resulting in amore elongatedDEP shape at takeoff (Fig. 5a and
Supplementary Movie 6). Under this condition, the retraction of the
droplet shell is no longer influenced by the particle with Rct reducing to
zero. This transition indicates a shift in the bouncing dynamics of DEP
fromthepartial retraction regime to the “complete retraction regime.” In
this regime, the spreading process of DEP resembles that in the partial
retraction regime, and the shape of DEP exhibits reduced oscillations
and deformations compared to the liquid droplet (Fig. 5b, c). However,
complete retraction of the droplet shell signifies that hydrodynamic
effect dominates over the particle’s kinetic effect.

The diminishing influence of the particle on retraction is evident
in the differences between Vp and Vr, with Vp increasing linearly with V
while Vr remains constant at approximately 0.8m s−1 (Fig. 5d). Conse-
quently, the retractionReynolds number (Re=ρlVrh=μ) is calculated as
Re ≈ 4.1 ~O(1) by using ρl = 949.9 kgm−3, Vr = 0.8m s−1, μ = 18.5 mPa·s,
and h as the thickness of the receding liquid film, characterized by a
height of ~100 μm. Thus, the retraction velocity results from a balance
among capillary pressure, viscous stress, and fluid inertia:
γ/h ~ ρlV

2
r ~ μVr/h. This scaling argument predicts a constant value of

Vr ~ γ/μ ~ 1.04m s−1 (γ = 19.15mNs−1), aligning closely with the experi-
mental value of Vr = 0.8m s−1.

In the complete retraction regime, contact time is solely deter-

mined by the droplet shell with a mass of ρlR
3
0ð1�ΦÞ, scaling with the

natural oscillation time as tc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρlR

3
0ð1�ΦÞ=γ

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�ΦÞ

p
τl, where

τl =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρlR

3
0=γ

q
. Therefore, the normalized contact time is a function of

volume fraction,

tc=τl �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�ΦÞ

p
ð2Þ

As shown in Fig. 5e, this prediction shows good agreement with
experimental results.

It is important to note that the three regimes are identified under
the condition that the particle resides at the bottom of the DEP due to
its higher density compared to the liquid (ρp > ρl). However, when
ρp < ρl, the particle will position itself at the top, allowing the bottom
droplet shell to make direct contact with the solid surface upon
impact. Consequently, DEP immediately enters the complete retrac-
tion regime, regardless of impact velocity (Supplementary Fig. 11 and
Supplementary Movie 7). In this scenario, the contact time of DEP
reaches a constant value that remains substantially shorter than that of
a liquid droplet (Supplementary Fig. 11).

Transition diagram
The transitions between the three regimes are delineated by two cri-
tical velocities, Vc1 and Vc2 (Fig. 1d). The transition from the Hertz
regime to the partial retraction regime occurs concurrently with the
shift from particle-surface to liquid-surface contacts. Achieving this
transition necessitates that the droplet shell must attain the critical
impact velocity Vc1 to descend onto the surface, which increases with
the particle volume fraction (Supplementary Fig. 12a). From an energy
perspective, the kinetic energy of the droplet shell (� ρlR

3
0ð1�ΦÞV2)

must overcome the penalty associated with the increase in surface
energy due to surface deformation (� γR2

0). The balance between
these two energies gives rise to a critical condition for the transition:

We � ð1�ΦÞ�1 ð3Þ
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Fig. 4 | Partial retraction of DEP. a Snapshots and schematics illustrating the
bouncing behavior of a DEP (Φ = 50.1%) in the partial retraction regime at
V = 1.243m s−1. Scale bar, 0.5mm. b Morphological changes of an impacting dro-
plet and a DEP over time at V = 1.243m s−1. Both D and H are normalized by D0.
c Evolution of the normalized contact radius (Rc/R0) for the droplet and DEP at
V = 1.243m s−1. Both exhibit linear retraction with a constant retraction velocity of
Vr. The contact radius of the DEP abruptly decreases from Rct (contact radius at

takeoff) to zero, indicating the partial retraction. d Dependence of the particle
takeoff velocity (Vp) and liquid retraction velocity (Vr) on the impact velocity (V).Vr

aligns with Vp. e Plot of Rct/Rcm against V for the DEP. Rcm indicates the maximum
contact radius. The normalized Rct decreases almost linearly with increasing
impact velocity V, suggesting a gradual increase in the length of liquid retraction.
f Dependence of the contact time of the DEP on the impact velocity, with tc ∝ V.
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The transition from the partial retraction to the complete
retraction regime is characterized by the decoupling of motion
between theparticle and thedroplet shell. For this condition tobemet,
the takeoff kinetics of the particle (� ρpV

2
p) must dominate over the

viscous forces exerted by the droplet shell [� μVp=ðR0 � RpÞ], leading
to ρpV

2
p � μVp=ðR0 � RpÞ � μVpð1�Φ1=3Þ�1

=R0, where Rp =Φ
1=3R0.

This scaling argument predicts a critical takeoff velocity (Vpc) of the
particle, Vpc � μð1�Φ1=3Þ�1

=ρpR0. Considering that the particle’s
takeoff velocity increases linearlywith the impact velocity (Figs. 4d and
5d, and Supplementary Fig. 6c), another critical Vc2 can be predicted
for the transition between the partial and complete retraction regimes
as V c2 � Vpc � μð1�Φ1=3Þ�1

=ρpR0 (Supplementary Fig. 12b). Using

Fig. 5 | Complete retraction of DEP. a Snapshots and schematics illustrating
DEP (Φ = 50.1%)bouncing in the complete retraction regime atV = 1.770m s−1. Scale
bar, 0.5mm. b Morphological variations of a droplet and a DEP over time at
V = 1.770m s−1. BothD andH arenormalizedbyD0. c Evolutionof the contact radius
(Rc, normalized by R0) for a droplet and a DEP at V = 1.770m s−1. d Dependence of

the particle takeoff velocity (Vp) and liquid retraction velocity (Vr) on the impact
velocity (V) with Vr deviating from Vp. e Dimensionless contact time of DEP with
varying volume fractions Φ in the complete retraction regime. The fitting curve
corresponds to the theoretical prediction in Eq. (2).
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Vc2, we can define another critical We=2ρlV
2
c2R0=γ for the regime

transition:

We � ðρl=ρpÞ2Oh2ð1�Φ1=3Þ�2 ð4Þ

with the Ohnesorge number defined as Oh=μ=
ffiffiffiffiffiffiffiffiffiffiffiffi
ρlγR0

p
.

Figure 6 illustrates the transition diagram of DEP impact in terms
ofWe andΦ, corresponding to different bouncing behaviors observed
experimentally. The two transition boundaries align well with the
scaling laws established in Eqs. (3) and (4). Notably, DEP with low Φ
values exhibits no bouncing behavior, likely due to significant energy
dissipation from both particle deformation and liquid viscosity. As
impact velocity increases, DEPmay eventually bounce in the complete
retraction regime; however, the no-bouncing regime and its transition
to the complete retraction regime fall outside the scope of this study.

Discussion
Regulating the contact time of DEP would prove beneficial in various
scenarios involving solid-liquid composite systems. A representative
example is icing water droplets comprising an ice core and a
water shell. As a proof-of-concept demonstration, we illustrate that
an icing water droplet (Φ = 53.8%) swiftly detaches from the

superhydrophobic surface after impact (V = 1.280m/s), exhibiting
solid-dominant bouncing behavior in the Hertz regime (Fig. 7a and
Supplementary Movie 8). The contact time (tc) of the icing droplet
measures just 0.4ms, resulting in a contact time ratio (tc/τ) of 0.028
(with τ = 14.1ms). Both the liquid retraction regime and Hertz regime
are successively observed for the bounce of icing water droplets by
increasing volume fraction (Fig. 7a, Supplementary Fig. 13, and
Supplementary Movie 8). Consequently, the contact time decreases
with Φ and sharply reduces to a nearly constant value when Φ
exceeds the critical threshold (~50%) characterizing the regime
transition (Fig. 7b). It’s noteworthy that even with a low Φ of 31.5%,
the icing droplet demonstrates a contact time ratio of 1.2, still
representing a substantial reduction of ~45% (Fig. 7b).

In real-world conditions, water-ice mixtures, such as sleet, can
adhere to surfaces like aircraft wings, wind turbine blades, and power
lines, posing safety and performance challenges. For instance, ice
accumulation on wind turbine blades can reduce aerodynamic effi-
ciency, decrease energy output, and cause blade overload or even
failure. Our findings provide new insights into the impact dynamics of
icing droplets and contact time reduction, which have significant
implications for mitigating icing-related issues in these scenarios.

In conclusion, this work demonstrates a remarkable reduction in
contact time through the strategic manipulation of droplet hetero-
geneity, exemplified by the design of DEP. The study delineates three
distinct bouncing regimes, the Hertz regime, partial retraction
regime, and complete retraction regime. These regimes can be
effectively controlled by adjusting the particle volume fraction and
Weber number. Notably, DEP showcases a substantially short contact
time (Supplementary Fig. 14) in any of the three regimes. Theoreti-
cally, further reduction in contact time is feasible by elevating the
impact velocity and particle’s Young’s modulus and/or by decreasing
the radius and effective density of DEP, as predicted by Eq. (1). This
discovery holds significant promise as a robust and effective strategy
for minimizing contact time in various applications. Given the ubi-
quity of solid-liquid composite systems in natural and industrial
processes, ranging from fluidized beds, icing droplets, and partially
molten particles to unset concrete, 3D printing inks, and drug-
delivery systems, the implications of this research are anticipated to
be far-reaching.

Methods
Fabrication of solid particles
PDMS particles were used unless otherwise specified. They were pro-
duced by solidifying the single-emulsion PDMS droplets generated by
microfluidics. In the generation of emulsion droplets, the continuous

Fig. 6 | Transition diagram of the DEP impact. Symbols denote experimental
results, while curves illustrate theoretical predictions derived from Eqs. (3) and (4)
for the two transition boundaries, complete with fitting prefactors.

Fig. 7 | Contact time of icing water droplets. a Snapshots showcasing the boun-
cing dynamics of an icing droplet consisting of an ice core and a water shell during
impact under the velocity of 1.280m s−1. The contact time tc of icing droplet is

0.4ms, and tc/τ is 0.028. Scale bar, 1mm. b The contact time ratio (tc/τ) of icing
droplets with different volume fractions of the ice core (Φ). Insert is the schematic
of an icing droplet impacting on a solid surface.
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phase fluid comprised a 5wt% polyvinyl alcohol (PVA; molecular
weight: 13000–23000, hydrolysis: 87-89%; Aldrich) aqueous solution,
while the disperse phase fluid consisted of PDMS precursor (Sylgard
184), silicone oil, and curing agent. To reduce the viscosity of the
dispersed solution and finely tune the mechanical strength of the
resulting PDMS particles, low-viscosity silicone oil (0.65 cSt; Dow
Corning) was introduced into the PDMS precursor in varying weight
ratios, such as 1:0.5, 1:1, 1:2, 1:3, 1:4. Subsequently, the mixture was
blended with the curing agent at a weight ratio of 10:1.

PDMS droplets of diverse sizes were generated in the dripping
mode by adjusting fluid flow rates. Post-generation, the droplets
underwent polymerization, transforming into solid particles through
incubation in an oven set at 80 °C for 2 hours. To ensure the complete
removal of residual PVA from the surface of PDMS particles, the
resulting particles underwent a washing process with distilled water (4
to 5 times) followed by drying. The produced particles were meticu-
lously examined for their degree of sphericity and size (Supplementary
Fig. 1) under an optical microscope (Nikon ECLIPSE Ts2).

Hydrogel particles were synthesized by photopolymerizing
water-in-oil emulsions. To produce emulsions using microfluidic
technology, the dispersed phase liquid consisted of acrylamide
(10wt% or 30wt%, Macklin), N,N’-methylenebisacrylamide (0.5 wt%
or 3wt%, Aladdin), and 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methyl-
propiophenone (0.5 wt% or 2wt%, Sigma), while the continuous
phase liquid was silicone oil (0.65 cSt; Dow Corning). Aqueous dro-
plets were generated in the drippingmode to ensure high uniformity.
The collected emulsions were cured under an ultraviolet lamp for
0.5 hours to solidify aqueous droplets into hydrogel particles. Sub-
sequently, the produced hydrogel particles were washed and stored
in distilled water for future use.

Glass particles (Yingxu Chemical Machinery, Shanghai Co., Ltd.)
were cleaned in an ultrasonic bath for 30minutes using ethanol and
acetone sequentially. After thorough rinsing with pure water, the
particles were dried and stored for future use.

Generation of DEP
The core-shell DEP was produced using a microfluidic chip (Supple-
mentary Fig. 15). A solid particle was positioned at the outlet of the
microfluidic needle and adhered to the outlet by capillary forces. The
shell liquidwasexpelled from the needleusing a syringe pump (Longer
Pump, LSP01-1A) at flow rates ranging from 0.5mL h−1 to 3mL h−1. The
vanishing contact angle between the particle and the liquid resulted in
the complete encapsulation of the particle by the droplet shell,
forming a DEP with a core-shell structure. The volume fraction of the
particle couldbe adjustedby altering the particle size and thediameter
of the needle (ranging from 0.16mm to 0.34mm to manipulate the
DEP size). Four types of core-shell DEP were used in experiments:
PDMS particles encapsulated in silicone oil (20 cSt; Dow Corning),
glass particles encapsulated in silicone oil, polyacrylamide hydrogel
particles (synthesized from 30wt% monomer with a density of
ρp = 1190.5 kgm−3) encapsulated in an aqueous solution of 75wt%
glycerol (ρl = 1183.8 kgm−3), and polyacrylamide hydrogel particles
(synthesized from 10wt% monomer with ρp = 1023.4 kgm−3) encapsu-
lated in an aqueous solution of 38.6wt% glycerol (ρl = 1086.9 kgm−3). A
Janus structure was fabricated by combining a PDMS particle with a
water droplet.

Generation of icing water droplets
The icing water droplets were formed from ice particles. At room
conditions (Temperature of 26.6 °C and relative humidity of 57%), the
melting of ice particles resulted in the formation of a water shell
encapsulating the ice core. By controlling the melting time, icing
droplets with varying volume fractions of the ice core were produced.
These droplets were subsequently released from a height of 83.5mm
to conduct impact experiments. The mass of the icing droplet

was measured as Md, and that of the ice core was Mi. Using these
values, the volume fraction of the ice core was determined as

Φ= ½1 + Md
M i

� 1
� �

ρp

ρl
�
�1
, where ρp and ρl represent the density of the ice

particle and liquid water, respectively.

Fabrication of super-repellent surfaces
Superamphiphobic and superhydrophobic surfaces were utilized in
experiments,with the former employed forDEPs containing PDMSand
hydrogel particles, while the latter was used for water-PDMS Janus
droplets and DEPs containing ice particles.

The fabrication of superamphiphobic surfaces followed the
methodology detailed in our previous study11. Initially, a super-
amphiphobic suspensionwas synthesized. At 60 °C, 15mL of ammonia
(28-30%, Aladdin) was added to 45mL of ethanol while stirring at 500
rounds per minute (RPM). Subsequently, 2mL of tetraethyl orthosili-
cate (>99%, Macklin) was gradually introduced drop by drop into the
solution. Once the solution turned opaque, 0.1mL of 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (>98.0%, Aladdin) was added to the
mixture. Approximately 24 hours were required for the reaction to
complete, yielding a suspension containing superamphiphobic silica
nanoparticles. Subsequently, the superamphiphobic suspension was
applied to a glass substrate. This involved slowly depositing 1mLof the
suspension onto a glass slide (2.5 cm × 2.5 cm), followed by incubation
in a drying oven at 50 °C for 50minutes. This process ensured the
uniform coating of fluorinated silica nanoparticles on the glass sub-
strate, forming a superamphiphobic coating. The coating morphology
was examined by scanning electron microscopy (SEM, FEI Quanta
FEG 450).

The superhydrophobic coating solution was prepared using
an aerosol suspension and an epoxy adhesive. First, 1 g of aerosol
(EVONIK) was dissolved in 30mL of ethanol and stirred at 600
rounds per minute (RPM) for 30minutes to form a uniform sus-
pension. Meanwhile, 2 g of epoxy resin (Macklin) was dissolved in
5mL of ethanol through ultrasonic oscillation, producing a
transparent solution. The curing agent for the epoxy was syn-
thesized by mixing 1.07mL of heptafluorobutyric acid (>99.5%,
Aladdin) and 1.14 mL of N-[3-(trimethoxysilyl)propyl] ethylene-
diamine (>95%, Aladdin) in 20mL of distilled water, followed by
stirring for 15 minutes. The mixture was then heated at 120 °C to
evaporate the water, resulting in a yellow colloidal curing agent,
to which 5 mL of ethanol was added under stirring to form the
final curing agent solution. The aerosol suspension, epoxy solu-
tion, and curing agent solution were then mixed, and 0.3 mL of
1H,1H,2H,2H-perfluorodecyltriethoxysilane (>98.0%, Aladdin) was
added. This mixture was stirred for 1 hour to generate a super-
hydrophobic suspension. Subsequently, 3 mL of the suspension
was sprayed onto a glass slide (2.5 cm × 7.5 cm), which was then
baked at 120 °C for 5 hours to ensure a uniform and robust
superhydrophobic coating with excellent water-repellency.

Impact experiments
The producedDEPwas released from the outlet of the needle, allowing
it to fall freely and impact directly onto the superamphiphobic,
superhydrophobic, glass, aluminum, and PTFE surfaces. In control
experiments, elastic particles or liquid droplets were similarly released
directly from the needle to complete the impact process. To manip-
ulate the impact velocity, adjustments were made by varying the
release height. A high-speed camera (Fastcam Mini UX-100, Photron),
equipped with an optical lens, was employed to capture the impact
process of the different systems at a rate ranging between 8,000 to
40,000 frames per second (fps). Subsequently, the recorded videos
were analyzed using ImageJ (National Institutes of Health). The error
bars represent the standard deviations calculated from three to ten
replicate experiments.
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Characterization
The mechanical properties of elastic solids with different composi-
tions were tested using PDMS strips by a tensile testing machine (Tian
YuanTest Instrument, TY8000-A). Young’smodulus E canbe obtained
by analyzing themeasured stress-strain curves (Supplementary Fig. 8).
The contact angle and surface tension of liquids were measured by a
goniometer (Shanghai Zhongbin Technology CO., LTD, CSCIDC-350),
and the viscosity of liquids was measured by a viscometer (Shanghai
Yixin Scientific Instrument Co., LTD, NDJ-1S).

Data availability
The data that support the findings of this study are available from the
corresponding authors. Source data are provided with this paper.
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