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The freezing of droplets on surfaces is closely relevant with various industrial processes such 
as aviation, navigation, and transportation. Previous studies mainly focus on physiochemi-
cally heterogeneous but electrically homogeneous surfaces, on which the presence of vapor 
pressure gradient between droplets is the predominant mechanism for interdroplet freezing 
bridging, propagation, and eventual frosting across the entire surface. An interesting yet 
unanswered question is whether electrostatic charge on surfaces affects freezing dynamics. 
Here, we find an interdroplet freezing relay (IFR) phenomenon on electrically heteroge-
neous surfaces that exhibits a three-dimensional, in-air freezing propagation pathway 
and an accelerated freezing rate. Theoretical and experimental investigations demonstrate 
that this phenomenon originates from the presence of surface charge gradient established 
between the frozen droplet and neighboring water droplet, which leads to a spontaneous 
shooting of desublimated ice needles from the frozen droplet and then triggers the freez-
ing of neighboring water droplet in in-air manner. We further demonstrate its generality 
across various dielectric substrates, liquids, and droplet configurations. Our work enriches 
conventional perspectives on droplet freezing dynamics and emphasizes the pivotal role 
of electrostatics in designing passive anti-icing and antifrosting materials.

droplet freezing | icing | surface charge

 Droplet freezing is ubiquitous in nature and is closely relevant to a vast array of processes, 
spanning aviation, navigation, transportation, and thermal management ( 1   – 3 ). Over the 
past decade, extensive progress has been achieved in our fundamental understanding and 
controlling freezing dynamics on a wide range of surfaces ( 4     – 7 ). Despite the diversity in 
engineered surfaces and the manifested phenomena as well as the complexity in freezing 
mechanisms ( 6       – 10 ), droplet freezing on surfaces appears to reveal an interesting common 
pattern, characterized by manifesting interdroplet freezing within droplet clusters along 
the surface ( 11 ,  12 ). Conventional understanding holds that the interdroplet freezing 
bridging process is mainly driven by vapor pressure gradient built between frozen and 
unfrozen droplets, in which the frozen droplet serves as a sink to draw vapor from nearby 
unfrozen water droplets and ultimately triggers the freezing of the entire droplets ( 11   – 13 ).

 Despite extensive efforts, existing studies mainly focus on physiochemical heterogeneous 
and electrically homogeneous surfaces ( 14   – 16 ). Unlike physiochemical attributes such as topog-
raphy and wettability which are static, the electrostatic properties of surfaces, such as polarity 
and potential, can be dynamically modulated through charging and discharging ( 17 ,  18 ). 
Despite their extremely small size (10−15  m) ( 19 ), surface charges exhibit extraordinary abilities 
to influence the behaviors of droplets and bubbles with applications ranging from fluid dynam-
ics to energy harvesting ( 20             – 27 ). Surface charges also generate strong electrostatic forces to 
overcome adhesion, gravity, or drag forces that are imposed to solid particles, enabling fasci-
nating dynamics such as locomotion ( 28 ), aggregation ( 29 ), saltation ( 30 ), or flight ( 31 ).

 In this work, we uncover an interdroplet freezing relay (IFR) phenomenon, referred to 
as IFR, on electrically heterogeneous surfaces. The surface charge gradient established on 
the electrically heterogeneous surfaces leads to spontaneous and rapid shooting of desub-
limated ice needles from the frozen droplet, which triggers the freezing of neighboring 
water droplets. Unlike conventional freezing bridging process mainly regulated by phys-
iochemical surface attributes, this phenomenon occurs beyond the surface plane into 
three-dimensional space, showcasing remarkable robustness and scalability across a range 
of dielectric substrates and diverse liquids. 

Results and Discussion

Electrostatics-Driven IFR via Ice Needle Shooting. Different from the chemically or 
structurally modified substrates used in previous droplet freezing studies, we chose 
polytetrafluoroethylene (PTFE) as the substrate in our experiment owing to its high 
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triboelectrification ability (20, 32). By depositing a conductive 
copper thin film on the left region of the PTFE substrate to dissipate 
inherent electric charges and cutting a 1 mm width groove in the 
center of the substrate, the originally electrically homogeneous 
surface became electrically heterogeneous, in which the left region 
was neutral, whereas the right region was charged. Fig. 1A shows the 
snapshot of two frozen droplets on the modified substrate, both at 
identical temperatures but with differing surface charge properties. 
Specifically, a 10 µl droplet was first placed on the copper-coated 
cold region to freeze. Ice needles were observed to form on the 
droplet when an additional water droplet approached it from the 
above due to desublimation driven by vapor gradient. An intriguing 
phenomenon was observed when another 10 µl water droplet was 
deposited on the PTFE region, characterized by the continuous 
shooting of ice needles from the frozen droplet toward the adjacent 
water droplet and triggered its freezing (Fig. 1 A and B and Movie 
S1). Such an IFR phenomenon may be attributed to the presence 
of a surface charge gradient across the electrically heterogeneous 
substrate, which is in contrast with conventional freezing bridging 
phenomenon that is typically driven by vapor pressure gradient.

 To confirm the role of surface charge gradient on the occurrence 
of the IFR phenomenon, we suspended and grounded the droplet 
that was previously rested on copper-covered region, ensuring a 
well-defined charge gradient without substrate’s cooling-induced 
droplet freezing ( Fig. 1C   and SI Appendix, Fig. S1 A  and B ). 
Throughout the experiment, both the substrate (SI Appendix, 
Fig. S1C﻿ ) and the pendant droplet (SI Appendix, Fig. S1D﻿ ) were 
maintained below the freezing point; notably, the pendant droplet 
remained in a liquid state, as evidenced by the inset in SI Appendix, 
Fig. S1D﻿ . After 360 s of freezing for the sessile droplet, a sudden 
localized recalescence event was observed on the pendant droplet 
surface, followed by its gradual solidification (Movie S1 ). As the 
recalescence process is accompanied by a large amount of heat release 
( 9 ,  13 ,  33 ), we further employed infrared imaging technique, which 
captured a rapid temperature rise from −2 to 0 °C on the pendant 
droplet’s surface (SI Appendix, Fig. S2A﻿  and Movie S2 ), corroborat-
ing the recalescence trigger. Careful inspections revealed that this 
partial freezing occurred precisely upon the ice needle shoots from 
the frozen droplet toward the pendant droplet, also in an out-of-plane 
manner. In contrast,  Fig. 1D   shows a different scenario when the 
PTFE substrate was electrostatically neutralized, where the pendant 
droplet started to freeze at a much later stage (after 820 s). The 
freezing of the droplet was only triggered by direct contact with the 
advancing ice needle, which was reminiscent of the traditional inter-
droplet freezing bridging ( 11 ,  34 ). Therefore, this stark contrast 
serves as compelling evidence that surface charges play a pivotal role 
in triggering ice needle shooting-induced freezing.

 High-speed imaging provided further insights into this IFR 
phenomenon. As shown in  Fig. 1E   and SI Appendix, Fig. S2B﻿ , the 
velocity of ice needle shooting scaled linearly with droplet spacing 
(v  ~ S ) and was nearly five orders of magnitude greater than the 
speed of conventional freezing bridging ( 16 ,  35 ) (v  ~ S﻿−1 , details 
in SI Appendix ). Although minutes were required for ice needle 
growth, the overall freezing delay for the pendant droplet was 
significantly shorter than conventional freezing bridging, and this 
effect amplifies as droplet spacing increases ( Fig. 1F  ). This finding 
substantiates that the occurrence of ice needle shooting signifi-
cantly accelerates the freezing propagation between droplets, out-
pacing the conventional freezing bridging mode.  

Generality of Electrostatics-Driven IFR via Ice Needle Shooting. 
We further demonstrated the generality of ice needle shooting-
induced IFR across a wide range of conditions. Fig. 2A illustrates the 
relationship between the ice needle shooting distance—equivalent 

to the droplet spacing (S)—and the electrostatic capacity of the 
substrate. This phenomenon could spontaneously occur on 
numerous dielectric materials with diverse charging capabilities—
negatively charged substrates like PTFE, polystyrene (PS), and 
polyethylene terephthalate (PET), as well as positively charged ones 
such as thermoplastic polyurethane (TPU), glass, and nylon (details 
in SI Appendix, Table S1 and Fig. S3A and Movie S3). Notably, 
the highest ice needle shooting distance, Smax, corresponding 
to the maximum droplet spacing allowing ice needle shooting, 
correlated positively with the material’s surface charge density. 
PTFE, with the ability to generate the highest negative surface 
charge density (–190 nC/m2, normalized to –1) (36, 37), enabled 
the largest Smax of 2.7 mm. In contrast, conductive substrates 
like copper and aluminum, as well as dielectric substrates that 
underwent electroneutralization treatments, such as heating to 
80 °C or wiping with alcohol, referred to as PTFE-0 and Nylon-0, 
respectively (see SI Appendix, Table S1 for details), were not able 
to induce ice needle shooting, with S=0 mm.

 Beyond pure water, further experiments revealed that ice needle 
shooting could also trigger the freezing of a diverse range of water 
sources, including tap water, rainwater, river water, seawater, NaOH 
solution, and even saturated NaCl solution, when using a PTFE 
substrate. Polar liquids, including dimethyl sulfoxide, ethyl alcohol, 
ethylene glycol, isopropanol, acetone, and acetic acid, also supported 
the ice needle shooting behavior ( Fig. 2B  ). In contrast, nonpolar 
liquids, unable to be effectively electrostatically induced because of 
lacking permanent dipole moments, could not induce ice needle 
shooting, further confirming the critical role of surface charges in 
triggering the shooting behavior. Additionally, this phenomenon 
persisted under diverse spatial arrangements, extending beyond 
horizontally and vertically aligned droplet configurations to droplets 
of various forms (SI Appendix, Fig. S3 B −E  and Movie S3 ). It is 
worth mentioning that when the ambient humidity exceeds 40%, 
condensation tends to occur on the substrate, which leads to the 
screening of surface charges. As a result, the ice needle shooting 
phenomenon is suppressed, further confirming the critical role of 
surface charges. Together, these findings not only confirm the wide-
spread occurrence of ice needle shooting in charge-enriched systems 
but also offer a perspective for designing anti-icing and antifrosting 
materials. While traditional approaches have primarily focused on 
tuning surface structures or chemical properties, our study further 
highlights the critical role of surface charges, which warrants atten-
tion in future designs.  

Mechanism for Launching the Ice Needle Shooting. We then 
unraveled the underlying physics driving the ice needle shooting. 
Due to electrostatic induction, an uneven electrostatic field 
surrounding the two droplets was naturally formed, which 
intensifies at the opposing droplet surfaces. This characteristic was 
validated through COMSOL simulations (SI Appendix, Fig. S4 
A−D). As a result, an intensified electrostatic force was generated 
to rupture the growing ice needle, triggering its shooting. Once 
shooting occurs, the in-air trajectory was entirely dominated by 
the electric field, which was verified through high-speed imaging 
(SI Appendix, Fig. S4 D and E and Movie S4).

 To ensure the controlled charge accumulation and stable electric 
field, we continued to replace the dielectric PTFE substrate with 
a conductive copper substrate (−10 °C) connected to a 
direct-current power supply ( Fig. 3A  ). Such a configuration ena-
bled us to quantitatively analyze the mechanism responsible for 
ice needle shooting. We found that the ice needle shooting thresh-
old is governed by the interplay between the interdroplet spacing 
﻿S  and applied voltage U , as shown in  Fig. 3B  . Notably, U  and the 
largest interdroplet spacing for ice needle shooting, S﻿max , exhibit D
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Fig. 1.   Electrostatics-driven IFR via ice needle shooting. (A and B) Snapshot showing continuous shooting of ice needles from the frozen droplet toward the adjacent 
water droplet. The two droplets were deposited on the modified substrate, both under identical temperatures but with differing surface charge properties. (C) 
After 360 s of freezing for the sessile droplet, the pendant droplet began to freeze precisely upon the ice needle shoots from the frozen sessile droplet on the 
PTFE substrate toward the pendant droplet. (D) The pendant droplet started to freeze after 820 s, triggered by direct contact with the advancing ice needle grown 
from the sessile droplet on an electrostatically neutralized PTFE substrate. (E) Comparison of velocity and (F) overall freezing delay between interdroplet ice needle 
shooting and freezing bridging. The freezing bridging of ice needle shooting was up to five orders of magnitude faster than that of conventional freezing bridging, 
while the overall freezing delay of the pendant droplet induced by ice needle shooting was significantly compared to freezing bridging. Ambient temperature: 
10 to 15 °C; relative humidity: less than 40%; surface temperature: −10 °C; pendant droplet temperature: −2 to −0.5 °C. (Scale bar, 1 cm.)
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a linear relationship because of the balance of electric force and 
cohesive force that act on the growing ice needle. As the needle 
elongates and accumulates surface charges, the upward electro-
static force F﻿e  increases (SI Appendix, Fig. S5 A  and B ). On the 
other hand, the cohesive force F﻿co  that is against the driving force 
serves to maintain the structural integrity of the ice needle. In our 
analysis, the gravitational force is negligible (see SI Appendix, 
Fig. S5C﻿  and SI Appendix ). Once F﻿e  surpasses the maximum cohe-
sive force F﻿c  ( 38 ,  39 ), the ice needle detached abruptly from the 
frozen droplet and shot toward the pendant water droplet 
( Fig. 3C  ).        

 The electrostatic force F﻿e  is expressed as ( 31 ) Fe   = EσA  = S2﻿εkA , 
where E  denotes the electric field intensity, ε﻿0  is the permittivity 
of vacuum (8.854 × 10−2  F/m), k  is a dielectric constant calculated 
to be 3.37 in this system (SI Appendix, Fig. S6 A −D  and 
﻿SI Appendix ), and A  is the surface area of the ice needle. Due to 
the spatially uneven distribution of E  in the system, the precise 

shooting location of the ice needles was identified to determine 
the exact value of E . As over 95% of shooting events occurred at 
the apex of the frozen droplet, with an azimuth angle of α = 90 ± 
10°, regardless of the applied voltage ( Fig. 3D  ) and droplet size 
( Fig. 3E  ), justifying the assumption of an identical E  for all ice 
needles on the droplet apex for given S  and U . Using COMSOL 
simulations ( Fig. 3 G  and H  ), we determined E  = 1.22 U/S  at the 
sessile droplet apex (SI Appendix, Fig. S6A﻿ ). Given the ice needles’ 
stable cylindrical shape ( Fig. 3F   and SI Appendix, Fig. S5D﻿ ), the 
surface area A  could be calculated as A  = 9πH﻿2 /32 and the elec-
trostatic force acting on the ice needle becomes

﻿﻿  

  As the needle elongated, F﻿e  exhibited exponential growth 
( Fig. 3I  ). The critical crack force F﻿c  required for crack initiation 
follows the Griffith criterion ( 38   – 40 ):

[1]Fe = 0.4��0kH
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Fig. 2.   Generality of electrostatics-driven IFR via ice needle shooting. (A) Phase diagram illustrating the relationship between the ice needle shooting 
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﻿﻿  

  where r  is the nucleating crack radius and considered constant 
under a given U  and S , w﻿ad  is the adhesion energy to create double 
ice–air interfaces (0.2 J/m2 ), E﻿i  is the Young’s modulus (8.7 × 109  
Pa), and v﻿i  is the Poisson’s ratio of ice (0.31). By equating the 
electrostatic force and the critical crack force under shooting 

conditions, F﻿e  = F﻿c , we found that the threshold of ice needle 
shooting was governed by the interplay between U  and the max-
imum shooting distance, S﻿max  = k U , where k  = 1.95 × 10−12﻿r﻿0.75 . 
Such a linear relationship between S﻿max  and U  aligned closely with 
the experimental finding in  Fig. 3B  , with a slope of 1/125. The 
validity of our model was further supported by substituting 1/125 
into the expression for k﻿′, yielding a nucleating crack radius of  
﻿r  = 15 nm ( Fig. 3J   and SI Appendix ), which was consistent with 

[2]Fc =

√

8�Wad r
3Ei ∕

(

1−V 2
i

)
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Fig. 4.   Controllable and scalable IFR. (A) Optical image showing the rapid freezing of sparsely distributed droplets (3 μl) placed on a superhydrophobic and 
nonconductive FEP pillar array surface, with a small hollowed-out region in the center exposing the underlying hydrophilic and conductive aluminum substrate. 
A single droplet was deposited in this conductive region, while the remaining five droplets were placed in the nonconductive FEP surface. After the freezing of 
a single droplet in the conductive region, the other five droplets placed in the nonconductive FEP area were triggered to freeze almost simultaneously. (B−D) 
Optical images and schematic showing droplet arrays deposited on a glass substrate decorated with patterned comb-like indium tin oxide (ITO) electrodes. The 
Left part was connected to a voltage supply of 500 V, while the Right part remained uncharged. Nearly all droplets in the charged region got frozen within 50 s, 
turning orange, whereas fewer than 50% of the droplets in the uncharged region underwent freezing. (E) The charged part achieved a global surface freezing 
rate three times higher than its uncharged counterpart. Time zero corresponds to the moment when the first droplet began freezing. Ambient temperature: 10 
to 15 °C; relative humidity: less than 40%; surface temperature: −5 °C.
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previously reported values ( 38 ,  40 ) (r  = 10 nm). After complete 
cracking, the in-air shooting dynamics of the ice needle was dom-
inated by the electric force, similar to the behavior observed using 
dielectric substrates (details in SI Appendix, Figs. S7 and S8  and 
﻿SI Appendix ).

 We further found that ice needle shooting behavior remains 
largely unaffected across a wide range of droplet sizes at fixed 
spacing and voltage. Key parameters such as needle length 
(SI Appendix, Fig. S9A﻿ ) and velocity (SI Appendix, Fig. S9B﻿ ) show 
minimal variation. However, when the droplet size approaches a 
planar water film, a decrease in shooting velocity occurs due to 
electric field redistribution (SI Appendix, Fig. S9C﻿ ). This suggests 
that while the effect is robust, extreme droplet geometries may 
weaken field localization and slightly reduce shooting efficiency.  

Controllability and Scalability of IFR. Finally, we showcased the 
controllability of the IFR phenomenon and its advantages for 
on-demand droplet freezing path, sequence, and scalable surface 
freezing regulation. Traditional freezing bridging typically follows 
a fixed path, propagating along the surface toward the nearest 
droplet in a sequential manner akin to a cascading domino effect. 
In contrast, our approach enabled customizable ice shooting 
paths (SI Appendix, Fig. S9 A−D and Movie S5) and adjustable 
droplet freezing sequence, which allowed the freezing of distant 
droplets prior to proximal ones (SI Appendix, Fig. S10 E−G and 
Movie S5), a capability unattainable with conventional freezing 
bridging. We further demonstrated that the freezing of a single 
droplet could trigger the nearly simultaneous freezing of multiple 
droplets dispersed across a surface with varying conductivity 
and wettability (Fig.  4A). The surface primarily consisted of a 
superhydrophobic and nonconductive FEP pillar array, with a 
central hollowed-out region exposing the underlying hydrophilic 
and conductive aluminum substrate connected to a power supply. 
After the droplet in the conductive region froze, five adjacent 
droplets in the nonconductive FEP area froze rapidly. This global 
surface freezing process completed within 40 seconds—one-third 
the time required for conventional freezing bridging (SI Appendix, 
Fig. S11 A−C and Movie S5).

 To validate the scalability of the IFR phenomenon, we conducted 
freezing experiments using droplet arrays deposited on a glass sub-
strate decorated with patterned comb-like indium tin oxide (ITO) 
electrodes. For comparison, two identical patterned indium tin 
oxide (ITO) electrodes were fabricated. The left electrode was con-
nected to a voltage supply of 500 V, while the right electrode 
remained uncharged ( Fig. 4 B  and C  ). Each comb structure had a 
width of 2 mm and a spacing of 2 mm (SI Appendix, Fig. S10D﻿ ). 
Both electrode parts were adorned with 27 dyed water droplets with 
a volume of 2 μl, initially appearing transparent and yellow. To 
inhibit interdroplet freezing bridging while maintaining surface 
charge gradient between ITO and glass strides, droplets were placed 
every two stripes in each row. We observed that nearly all droplets 
in the charged region got frozen within 50 s, turning orange. In 
contrast, less than 50% of droplets in the uncharged region became 
frozen during the same time ( Fig. 4D  ). Remarkably, the charged 
section achieved a global surface freezing rate three times higher 
than its uncharged counterpart ( Fig. 4E   and Movie S6 ).

 Given the ubiquitous presence of surface charges in nature and 
their ability to mobilize or levitate snow and ice particles, the 
spontaneous, charge-driven IFR phenomenon may play a critical 
role not only in atmospheric phenomena ( 41 )—especially in thun-
derstorms, where ice, supercooled droplets, and electrostatic effects 
coexist ( 42 ,  43 )—but also in practical applications. Importantly, 
the feasibility of this mechanism extends to real-world systems 
where strong electric fields and phase change coexist, such as 

high-voltage transmission lines exposed to humid, freezing con-
ditions ( 44 ,  45 ), or cryopreservation systems where control over 
nucleation and growth is essential. While the underlying physical 
mechanism appears robust, translating it into scalable technologies 
will require careful engineering of surface charge distributions and 
environmental conditions. Nonetheless, our findings offer a phys-
ical basis for addressing long-standing challenges in icing, suggest-
ing promising strategies for mitigation and control in both natural 
and industrial systems.   

Materials and Methods

Materials. Dimethyl sulfoxide (Solarbio, 99.5%), ethyl alcohol (Sigma Aldric, 
99%), ethyl acetate (Sigma Aldric, 99.8%), isopropanol (Sigma Aldric, 99.7%), 
acetone (Sigma Aldric, 99.5%), acetic acid (Sigma Aldric, 99.7%), NaOH (Sigma 
Aldric,0.01 M), NaCl (Sigma Aldric, 99.5%), petroleum ether (Sigma Aldric, 
99.5%), hexyl hydride (Sigma Aldric, 99.5%), AgI (Sigma Aldric, 99%), fluorescent 
dye (MedChemExpress, 98.6%); PTFE plate, FEP plate, Resin plate, PVC plate, PS 
plate, PMMA plate, PVDF plate, PET plate, Glass plate, Nylon plate, TPU plate, 
copper plate, aluminum plate, titanium plate, and iron plate were commercial 
products purchased from vendors. All plates are the same size (length, 20 mm; 
width, 20 mm; thickness, 0.5 mm). The ITO glass with an ITO pattern thickness of 
185 nm and sheet resistance of 6 was a commercially customized product (South 
China Xiangcheng Technology Company), and the ITO pattern (thickness, 185 nm) 
possessed a resistance of 6Ω.

Fabrication of Substrates. The PTFE substrate (20 mm × 4 mm × 0.5 mm), 
designed to show distinct charging patterns (Fig. 1A and SI Appendix, Fig. S3B), 
was first covered with clean copper tape and then cut with a 1 mm × 2 mm 
notch at its center. The resin substrate with millimeter-scale pillars (SI Appendix, 
Fig. S3D) was produced using a 3D printing method (BMF White-20 GR Resin, 
nanoArch S130 system, BMF Technology) based on photopolymerization. The 
FEP surface with micropillar array (Fig. 4A, and SI Appendix, Fig. S10 A and B) 
was fabricated following a set of controlled steps. The process started with an 
aluminum plate being processed to create an array of concave cavities, each 
with a diameter of 50 μm and a depth of 500 μm. The aluminum plate was then 
coated with 2 mm FEP particles, which were sprayed onto its surface. The coated 
aluminum plate underwent hot-pressing at 300 °C under 20 kPa pressure for 
90 s, using the MFA F1540 system from Solvay company. The process ended with 
the demolding of the FEP micropillared structure from the aluminum plate. To 
make the FEP micropillared surface superhydrophobic, the surface was coated 
with a 50 nm layer of soot particles mixed in hexyl hydride (1 g/100 ml). Finally, 
a 1.5 mm diameter hole was drilled through the FEP substrate to expose the 
bottom aluminum layer.

Verification of IFR. To visualize the IFR phenomenon between two horizontally 
aligned droplets, the humidity in the transparent PMMA chamber (10 cm × 10 cm 
× 4 cm) was first reduced to below 40% using a humidity controller (Dataphysics 
HGC 20). The air temperature inside the chamber was finally stabilized between 
10 and 15 °C after the cooling stage (Dataphysics TC 160) was turned on. Then, 
we attached a T-type thermocouple (accuracy ±0.1 °C, 5SC-TT, Omega) onto the 
chosen substrate with an insulating tape. The surface temperature was measured 
prior to the droplet freezing experiments. After setting the temperature of the 
cooling stage (approximately −12 °C), temperature data were recorded using 
a temperature data logger (RDXL6SD, Omega). During subsequent ice needle 
shooting experiments, the thermocouple was removed to avoid any impact on the 
electrostatic charge distribution on the surface. A 10 μl droplet was then placed on 
the copper region adjacent to the groove until it completely froze. Following this, 
a water source was positioned above the frozen droplet to generate ice needles via 
desublimation. Once the water source was removed, another 10 μl water droplet 
was placed on the opposite side of the groove. The entire IFR process was captured 
using a CCD camera (Shenmiao ZWSP-4KHC) from a side view.

For the visualization of IFR phenomena occurring between two vertically 
aligned droplets (Fig.  1 C and D), the humidity in the PMMA chamber was 
controlled to remain below 40%, with the ambient temperature inside the 
chamber finally being maintained between 10 °C and 15 °C. The PTFE substrate  D
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(20 mm × 4 mm × 0.5 mm) was cooled to −10 °C, as measured by a thermocou-
ple, before a 10 μl water droplet was deposited onto it. Another 10 μl droplet was 
suspended using a grounded microliter syringe to dissipate electrostatic charges. 
The temperature of the pendant droplet was monitored using a thermocouple 
(diameter: 80 μm, KPS-T-0.08-1000-CZ) attached to the bottom of the needle 
near the pendant droplet’s surface. The syringe’s temperature was controlled 
using a custom-built refrigeration system with automatic feedback and control 
functions. Upon the onset of freezing in the sessile droplet, the refrigeration 
system was activated, cooling the pendant droplet to −2 to 0 °C within 1 min.

To study the temperature variation of the pendant droplet in the out-of-plane 
droplet configuration, the freezing and ice needle shooting events between two 
10 μl droplets were simultaneously recorded. A CCD camera captured the process 
from the front, while an infrared camera (FLIR T1050sc) operating at 30 fps filmed 
from the opposite direction (SI Appendix, Fig. S2A).

Visualization of Ice Needle Shooting Trajectory. The ice growth and ice 
needle shooting dynamics were captured using a high-speed camera (nac 
MEMRECAM HX-6E) equipped with a macrolens (Canon, EF100 mm, f/2.8L IS 
USM). The frame rate was set as 5,000 fps (SI Appendix, Figs. S2B, S4C, S6B, 
and S7 A−F).

Verification of the Generality of Ice Needle Shooting. The verification of 
ice needle shooting feasibility enabled by different dielectric substrates was the 
same to the visualization of IFR phenomena occurring between two vertically 
aligned droplets. To verify the suppression of ice needle shooting on electrically 
neutralized substrates, the PTFE and nylon substrates were given a 5-s ionizing air 
blowing. To ensure the comparability of different materials in sponsoring ice nee-
dle shooting, all the substrates were cut to the same size, placed on the cryostage 
surface at −10 °C. To demonstrate the ice needle shooting could also trigger the 
freezing of a diverse range of water sources, the PTFE sheet (20 mm × 4 mm × 0.5 
mm) was used as the substrate, and all liquid droplets were standardized to 4 μl.

Visualization of Controllable and Scalable IFR. To visualize controllable ice 
needle shooting (SI Appendix, Fig. S9 A−D), a 4 μl water droplet was initially 
deposited on a copper substrate at −10 °C on a cryostage. The shooting target, 
either arc-shaped or straight, was presoaked with water, grounded, and aligned−
vertically or obliquely−with the shooting location on the lower copper plate. The 
copper plate was then connected to a 500 V power supply, and the process was 
captured using a high-speed camera operating at 2,000 fps.

For the visualization of sequentially adjustable droplet freezing (SI Appendix, 
Fig. S9 E−G), side-view experiments were carried out using CCD imaging. A 4 μl 
water droplet was initially deposited on a copper plate (−5 °C) connected to 
a 1 or 2 kV voltage supply. Subsequently, two additional 4 μl water droplets 
were placed on a PTFE plate with a droplet spacing of approximately 2 to 3 mm. 
The copper and PTFE plates were then aligned in parallel on a cryostage with a 
spacing of about 5 mm.

To film the freezing of a pentagon droplet pattern, a 4 μl water droplet mixed 
with AgI particles at a ratio of 0.005 g/mL was first deposited on the exposed 
aluminum area of a FEP substrate with micropillar array at −5 °C. Simultaneously, 
five 3 μl water droplets were arranged around it to form a pentagon. The substrate 
was then cooled. As the 4 μl droplet began to freeze, a 500 V voltage supply 

(Dongwen High Voltage Power Supply Co., Ltd, DW-P303-1ACH2) was connected 
to the aluminum layer beneath the FEP layer. Once all droplets exhibited recales-
cence, the voltage supply was turned off (Fig. 4A and SI Appendix, Fig. S10 A–C). 
The entire surface was recorded at 30 fps using a CCD camera. To achieve conden-
sation frosting based on freezing bridging only, the entire process was repeated 
once without turning on the power supply (inset in SI Appendix, Fig. S9C).

To film the freezing of a 27-droplet pattern (Fig. 4 B−D), 27 dyed 2 μl droplets 
(0.1 mg/mL) were first deposited on each side of the ITO device. The device was 
then cooled to −5 °C. Once the first droplet began freezing, a 500 V voltage 
supply was applied to the left side only. The entire process was recorded at 60 fps.

Simulation of the Electrostatic Field. To study the electrostatic field distri-
bution around the PTFE substrate, we used finite-element method simulations 
with COMSOL Multiphysics 5.6. The electrostatic field was modeled using 
Maxwell’s equations, simplified as ∇·D = ρV, and E =−∇V, where ∇ repre-
sents the vector differential operator, D is the electric displacement field, ρv is 
the voltage-dependent electric charge density, E is the electric field, and V is 
the electric potential. We simulated two configurations: one with a droplet on 
a dielectric material and the other with a droplet on a conductive material, and 
the corresponding model and boundary condition setting for the simulation 
were presented in updated SI Appendix, Fig. S4, here Fig. R5. The geometry 
was simplified as follows: the PTFE or Cu substrate was modeled as a rectangle 
(10 mm in width, 0.1 mm in height), and the pendant water droplet was rep-
resented by a circle with a radius of 1 mm, and ice droplet was represented by 
a semicircle with a radius of 1 mm. The droplets were spaced 2 mm apart, and 
the entire system was enclosed in a square (35 mm side length) representing 
the air domain. To minimize errors from the finite-sized model, we added a layer 
of infinite element domain (1 mm thickness, 1000x scaling) at the air domain’s 
edge. The boundaries of pendant droplet and the air domain boundaries were 
grounded, and the frozen droplet and substrate were assigned a −250 V electric 
potential, based on the equipotential property of a stable charged object. The 
geometry was discretized into fine triangular mesh elements, and the electro-
static potential and field distributions were calculated using a linear solver with 
a tolerance of 0.001.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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