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Effects of the electric field on the overall drop impact on a solid surface
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Depositing drops on a solid surface without entrapping bubbles is desirable for many
spray coating and printing applications. Tian et al. [J. Fluid Mech. 946, A21 (2022)]
reported that an electric field can be applied to eliminate air bubble entrapments for neutral
drops. Herein we provide a complete physical picture of the entire process of a drop
impacting onto the solid surface under an external electric field. The electrohydrodynamic
behavior during the drop impact is divided into three stages: the deformation of the drop in
the electric field prior to contact, the initial contact of the drop with the substrate, and the
rich postcontact phenomena including spreading, receding, jetting, and fragmentation. The
results show that under the increasingly stronger electric fields, the modest drop oscillation
transforms into a vertically stretched spindle. As the drop approaches the substrate, the
electric stress at the south pole increases rapidly, which sharpens the bottom surface into
a conical shape. The cone angle is determined by both the impact velocity and the electric
field strength. After the contact, the surface electric stress tends to pull the drop upward,
breaking up the drop, forming several jetting modes, and reducing the maximum spreading
radius. The various drop deposition modes are summarized in a phase diagram, which
sheds light on identifying appropriate electric fields for high-quality drop depositions
without air bubble entrapments or jettings.

DOI: 10.1103/PhysRevFluids.7.113604

I. INTRODUCTION

The dynamics of drop impact on solid surface are of great interest to basic science as well as
many emerging technologies [1–5]. For example, in inkjet printing, it is possible to produce desired
shapes, structures, or three-dimensional objects by droplet deposition with computer control [6,7].
The inks can be organic/inorganic functional materials or molten metal or alloy [8–10]. To achieve
high-quality printing, efforts have been made to avoid entrapping bubbles [11–13] because when a
drop impacts on a solid surface, air tends to be trapped during the early contact stage (often within
hundred microseconds after initial contact) [14–16]. When the thickness of the squeezed air film
is ∼5 μm, the lubrication pressure coming from the viscous stress of air flow dents the bottom of
the drop into a dimple before the drop touches the substrate [17–19]. On contact, the air film is
trapped by the circular receding contact line and eventually evolves into a small air bubble. The
bubble size ranges from a few tens of nanometers to hundreds of micrometers, depending on the
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drop diameter and Stokes number [20–24]. Researchers have proposed two strategies to eliminate
the bubble entrapment: One is to reduce the ambient air pressure to weaken or eliminate the effect
of air film lubrication pressure [25,26]; the other is to create microstructures on substrate surface
to avoid pressure buildup in the air film [27,28]. However, neither of the two approaches is easy
to implement for general purpose of printing: The reduced pressure may alter the ink evaporation,
and the sealed chamber complicates the apparatus; the microfabrication is not always possible or
compatible with the substrate or specific applications. Therefore, it is highly desirable to propose a
more convenient method to eliminate air bubble entrapment without modifying the microstructure
of the substrate surface or the inks of the drop.

Applying external forces to affect the drop impact has drawn much research interest [29–33].
For example, the introduction of magnetic fields leads to a reduced maximum spreading radius
in the drop impact [34,35]. The thin air gap between the drop and substrate can be split into
tunnels and subsequently squeeze the air out from the tunnels against its viscous resistance using
spatially periodic dielectrophoretic force. The delicate air thin film can be fundamentally altered for
even weakly charged droplets [36–38]. The impact dynamics under electric fields has also recently
received extensive attention. When a drop is subject to an external electric field, there will be time-
varying electrical stresses on the surface due to polarization. During the drop impact, the maximum
deformation ratio, the eventual spreading radius and height, eccentricity, and other parameters of the
drop can be adjusted by the external electric field [39–43]. However, the current research on drop
impact under electric field is limited to single physical quantities such as droplet deformation or
final spreading radius [44–46], which lacks a systematic study of the overall electrohydrodynamic
(EHD) process.

Tian Yu et al. [47] focused on the mechanism of the external electric field on eliminating air
entrapment of neutral drops deposited on the smooth rigid substrate. The competition between the
bottom electric stress and the air film lubrication pressure yields the scaling of critical electric field
for bubble-free depositions. However, the effect of the electric field on the subsequent spreading
and receding of the drop remains unknown. Tian Ye et al. [48] investigated the retraction, rebound,
and fragmentation of neutral drops impacting on the superhydrophobic rigid surface in an external
electric field. They categorized the behaviors into four different bouncing and fracturing regimes
by comparing the dynamic pressure, capillary pressure, and electrostatic pressure. Since the super-
hydrophobic surface is used, the drop is prone to bounce even without electric fields, limiting the
parameter window in relatively slow impacting velocities (<1 m/s). The slow velocity provides
the drop with relatively long residence time compared with the capillary time, therefore, prior to
contact, the drop undergoes dramatic stretching and deformation, which may affect the impact
outcome.

The survey of literature shows that the current research only focuses on a segment of
the drop impact process in electric fields, lacking a comprehensive physical picture of the
impact dynamics. In this work, we carried out a detailed experimental and numerical in-
vestigation covering the entire impact process that consists of the precontact stage (drop
deformation when falling through the electric field), initial contact stage (evolving of air lubri-
cation film and bubble entrapment), and postcontact stage (spreading, retraction, splashing, or
jetting).

The paper is organized as the following. The experimental setup and numerical model are
presented in Sec. II. In Sec. III A, we discuss the electrohydrodynamic behavior of the drop.
Specifically, the dynamics of the drop impacting in electric fields consists of three stages: Stage
I, the stretching deformation of the drop after being exposed in the electric field (Sec. III B);
Stage II, the initial contact of the drop with the substrate and the evolving of the bottom air
film (Sec. III C); and Stage III, the spreading, receding, jetting, and fragmentation (Sec. III D) in
strong electric fields. A phase diagram of the deposition state of a drop in an electric field is given
to summarize the various postcontact phenomena (Sec. III E). Finally, we conclude our work in
Sec. IV.
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FIG. 1. (a) Schematic of the experimental setup. (b) Illustration of the computational domain of a leaky
dielectric drop in an electric field.

II. EXPERIMENTAL SETUP AND NUMERICAL MODEL

A. Experimental setup

Figure 1(a) shows the experimental setup. An electric field is established between the top
electrode and bottom electrode. Both electrodes are glass sides (75 × 25 × 0.7 mm3) coated with
125-nm-thick indium tin oxide (ITO) to provide both good electric conductivity and optical
transparency for imaging from the bottom. The electric field E0 is the ratio of voltage difference
� over the spacing H� between the electrodes (E0 = �/H�). A hole of 3.5 mm in diameter
is laser drilled on the top electrode for the drop injected from the nozzle entering the electric
field. A polymethyl methacrylate film of 500 nm thickness is spin coated on the ITO to prevent
charging the drop when contacting with the substrate. Afterwards, the substrate is modified with
octadecyltrichlorosilane to achieve a 90◦ contact angle for water. A high-speed video camera
(i-SPEED 726, iX Cameras) with a frame rate up to 272 251 fps is used for the bottom view to
capture the fast initial contact. The resolving power is up to 1.35 μm/px and the exposure time is
as short as 289 ns. The impacting behaviors from the side view are recorded with an i-SPEED 220
camera.

The drop is generated by pushing the deionized water through a stainless steel capillary with an
outer diameter of 160 μm, and the radius of the drop is a = 1.25 ± 0.01 mm. The impact velocity
varies between 0.5 and 2.0 m/s as the release height (H) of the drop ranges from 7.5 to 200 mm.
The Weber number is the dimensionless number that compares the ratio of kinetic energy to surface
energy. In this study, the velocity in the Weber number is the instantaneous centroid velocity, which
is not affected by the electric field and can be calculated by the release height of initial free fall
(We = 4agρ1H/γ , ranging from 5 to 135). The detailed material properties are shown in Table I.

TABLE I. Properties of the air and drop used in the experiments and numerical simulations. All the
experiments are carried out at ambient pressure with room temperature. Here a is the radius of the drop, ρ

is the liquid density, μ is the dynamic viscosity, σ is electrical conductivity, εr is the relative permittivity, and
ε0 = 8.85 × 10−12 is the dielectric constant of vacuum.

Liquid a (mm) ρ (kg/m3) μ (Pa s) σ (S/m) εr γ (mN/m)

Drop 1.25 ± 0.01 998 1 × 10−3 5.5 × 10−6 80.18 72.7
Air 1.205 1.79 × 10−5 1 × 10−50 1.00
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B. Numerical model

In this work, a two-dimensional axisymmetric numerical domain is used for modeling the
drop impact process in an electric field [Fig. 1(b)], of which the dimension is 5a × 10a. The
numerical model combines the finite-volume method and a leaky dielectric model (LDM). The LDM
assumes that the electrical charges are only distributed on the liquid-air interface because the charge
relaxation time (tE = ε/σ ) is much shorter than the viscous time of fluid motion (tμ = ρa2/μ)
[49,50]. The volume of fluid method is implemented for capturing the liquid-air drop interface with
the volume fraction α in a computational cell varying between [0, 1], where 0 and 1 represent
air and liquid, respectively. The liquid-air interface is described by a thin layer of discrete basic
computational volumes [51]. The governing equations of the drop motions are as follows:

∇ · U = 0, (1)

∂ (ρU )

∂t
+ ∇ · (ρUU ) = −∇p + ∇ · (μ[∇U + ∇UT ]) + ρg + f st + f e, (2)

f st = γ κ (∇α), κ = ∇ ·
( ∇α

|∇α|
)

, (3)

where f st is the surface tension stresses acting at the liquid-air interface and κ is the local curvature
of the interface, which are obtained according to the continuous-surface-force model. f e is the
electric stress at the liquid-air interface given by

f e = ρeE − 1
2 E2∇ε, (4)

where (E) is the electric field,

∇ × E = 0, E = −∇�, (5)

and the charge density (ρe) can be solved by the Gauss’s theorem,

ρe = ∇ · (εE ) = −∇ · (ε∇�). (6)

Here the framework of OpenFOAM is chosen to implement the current numerical model [52–54].
An adaptive time step is used here to improve the computational efficiency with the minimum time
step of 10−7 s. To ensure numerical continuity and stability, the Courant number, which represents
the relative relationship between the time step and grid size, is set <0.5. For the bottom thin air film
regime, the grid is further refined into 0.2 μm. Convergence of the solution is confirmed by checking
the grid independence of the calculation results. It should be noted that the contact angle changes
dynamically with the speed of the free surface advancing or receding in reality [55]. To focus on the
effect of the electric field, a static contact angle of 90◦ (also consistent with experimental conditions)
is used for this work.

III. RESULTS AND DISCUSSIONS

A. Electrohydrodynamics of drop impacting under electric fields

Figure 2 shows a few impact sequences from experiment and simulation in different electric field
strengths. Here a dimensionless parameter of the electric field intensity (
E ) is defined to quantify
the intensity of the electric field (E0):


E = E0/ET , (7)

where ET is the maximum electric field strength proposed by Taylor [56], beyond which the drop
disintegrates. ET is expressed as:

ET = c

2(π )1/2

(
γ

ε0a

)1/2

. (8)
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FIG. 2. The impact sequences from experiment and simulation in different electric field strengths (
E ).
The spreading and receding process with 
E = 0 (a), 
E = 0.43 (b), 
E = 0.85, and 
E = 0.94 (c). The
disintegration of the drop with 
E = 1.03 (d). The drop impacts the substrate at We = 5.1. The experimental
images and simulation images show a good agreement when 
E < 1. Scale bar: 1 mm.

For water in the air, Basaran showed that c = 1.625 by fitting the experimental parameters [57].
Therefore, ET = 1.176 KV/mm in this study.

Unless otherwise specified, the moment of the contact of the drop on the substrate is marked as
the initial contact time t = 0 ms. The uncertainty of the initial contact time is half of the imaging
time interval (∼0.06 ms) in the experiment. Figure 2(a) shows that the capillary waves are excited
and propagate along the drop surface, which makes the spherical drop deforms into a pyramidal
shape after contacting with the surface without electric field, as in Ref. [58]. The wavelength of
the capillary wave λ scales with γ /(ρU )2. When a weak electric field is applied (
E = 0.43), the
spreading and receding seem to be approximately the same as that without electric field, except
that the sessile drop exhibits a cone shape [Fig. 2(b)]. With stronger electric field (
E = 0.85), the
electrohydrodynamic behavior changes dramatically [Fig. 2(c)]: Initially, the drop deforms from
spherical to ellipsoidal, forming a sharp central point contact with the substrate [Fig. 2(c), 0 ms].
The surface capillary wave has similar wavelength but noticeably greater amplitude than that of
the neutral drop impact. The increased capillary wave amplitude causes pinch-off at the top of the
drop, generating a small daughter droplet from the apex, which is fundamentally different from the
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FIG. 3. The electric field and flow field with different 
E . Each unit figure consists of three parts: a
superposition of the electric field strength E and electric isopotentials � (left half); a superposition of the
polarization charge density ρe and vector of electric stresses f e (at the drop interface); a superposition
of the streamline of the velocity U and the gauge pressure pg (right half). (a) 
E = 0.43, (b) 
E = 0.68,
(c) 
E = 0.94. The drop impacts the substrate at We = 5.1. Scale bar: 2.5 mm.

singular jetting phenomena due to the collapse of the air cavity [58]. Under the stronger electric
field, the top of the sessile drop is sharper. When the electric field is further increased beyond the
Taylor limit of the critical field (
E = 1.03), the top half of the drop is subject to strong electric
stress, and the impact triggered capillary wave quickly destabilizes the surface and disintegrate the
drop [Fig. 2(d), 1.7 ms].

To better understand the mechanism of the electrical field during the drop impact, the electric
field and flow field with different 
E is shown in Fig. 3. Each unit figure consists of three parts:
a superposition of the electric field strength E and electric isopotentials � (left half), and a
superposition of the polarization charge density ρe and vector of electric stresses f e (at the drop
interface), and a superposition of the streamline of the velocity U and the gauge pressure pg (right
half). Typically, when the drop enters the domain with vertical electric field, the drop is polarized
with equal positive and negative charge are distributed on the lower and upper ends of the drop,
respectively. The amount of positive or negative charges (Q = −3πε0a2E0) can be obtained by
Taylor’s analytical solution of a spherical drop suspended in an electric field [59]. The electrical
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field (E) near the drop surface is modified by the polarized charges, resulting in the surface electric
stresses ( f e) field. f e deforms the drop and redistributes the polarized charge, which in turn affects
its own distribution. Similarly, both the surface electric stresses and the drop deformation are directly
affected by the external electric field intensity (see the first two pictures of each impact sequence in
Fig. 3).

Before the contact, as the drop approaches the substrate (the distance δ → 0), the polarized
charges induced at the bottom quickly concentrate in a small area, and E at the bottom of the drop
increases rapidly (see t = −0.1 ms). Using the mirror charge model of the dipole, the electric field
at the drop bottom is EB ∼ aE0/δ [47]. Therefore, the radius of drop bottom curvature decreases
with higher 
E , resulting in a central point contact of the drop on the substrate. As the drop wets the
substrate, the largest positive curvature of drop surface shifts from the drop bottom to the crests of
capillary waves gradually, which redistributes the surface electric stresses ( f e). The instantaneous
change in f e is the main reason for the different electrohydrodynamic behavior of spreading and
receding compared with the impact without electric fields. When 
E = 0.94, a satellite droplet is
ejected from the drop apex because of the convergence of capillary waves. As the sessile drop enters
equilibrium state, the upper surface of the drop is still effected by the upward electric stresses, which
deforms the drop from a hemispherical crown to a cone shape. The curvature of the cone increases
with higher 
E .

Therefore, the difference in electrohydrodynamic behavior during the drop impact in the vertical
electric field includes (1) the drop stretches when it enters an electric field, (2) the bottom of the
drop forms a sharp cone when contacting with the substrate, and (3) jetting may occur after the
impact. In the next section we discuss the EHD behavior in details.

B. Stage I: Drop deformation prior to contact

The drop undergoes an ellipsoidal deformation accompanied with weak oscillations caused by
electric stresses when falling through the electric field. The degree of the drop deformation is
quantified by the parameter D [60]:

D = (l2 − l1)/(l2 + l1), (9)

where l1 and l2 are the lengths of the vertical and parallel axis of the deformed drop relative to the
electric field, respectively (Fig. 4). Figure 4 shows that the variation in D after entering the electric
field varies with different 
E and We. The lengths of l1 and l2 are extracted from high-speed images
using a MATLAB program. The moment a drop completely enters the camera view is marked as the
time reference t = 0 ms. The falling time before contact depends on the impact velocity of the drop
with the same camera imaging parameters. When 
E = 0, there is a slight sinusoidal oscillation
of the drop (Dmax ≈ 0.05) in different We caused by the initial pinch-off from the capillary. The
oscillation is damped by viscosity at higher We, simply because of the shorter falling time. As
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the bottom velocity of the drop UB (c) when the drop contacts the substrate with different 
E .

shown in Figs. 4(a) and 4(b), with a small impact velocity (We = 5.1 and We = 8.4), the amplitude
of the drop oscillation is increased (Dmax ≈ 0.14) in the vertical electrical field (
E = 0.43 and

E = 0.68). With stronger electrical fields (
E = 0.85 and 
E = 0.94), the initial stretching defor-
mation increases, and the drop oscillation transforms into vertical axial stretching (Dmax ≈ 0.37).
With a higher impact velocity [We = 20.2, Fig. 4(c)], there is only stretching deformation with no
significant oscillatory deformation, and D increases with higher 
E .

Figure 5(a) shows the shape of the drop at the moment of initial contact, whose time uncertainty
is about 0.06 ms. With lower We and higher 
E , the stretching deformation is more profound,
making a sharper drop bottom. The sharper tip is attributed to two factors: First, it is easier to form a
conical tip with lower We because there is more time for a slower descending drop to respond to the
electric field and deform; second, a higher air film pressure is built up with a larger velocity, which
counters the EHD deformation. For example, the drop impact with We = 5.1, as 
E increases, the
bottom cone angle decreases from 136.5◦ at 
E = 0 to 71.8◦ at 
E = 1.03. This can be explained
as follows: First, there is less time for a fast descending drop to respond to the electric field and
deform; second, a higher pressure of the air film is generated with a larger velocity for the drop,
which counteracts the deformation caused by the electric field.

The velocity of the drop bottom prior to contact consists of two parts: (i) the free-fall velocity
under the action of gravity and (ii) the bottom stretching deformation velocity. We show the
instantaneous centroid velocity UC of the drop and the instantaneous velocity UB of the drop bottom
after entering the electric field varying with different 
E in Figs. 5(b) and 5(c), respectively. The
data suggests that UC increases slightly with 
E , while the bottom velocity UB increases noticeably
with 
E , which is due to the bottom stretching deformation.

C. Stage II: Initial contact with the substrate

Figures 6(a)–6(d) shows the interference fringes of the air film captured from the bottom-view
camera and the substrate wetting map obtained numerically at different 
E of three typical contact
modes. Experimentally, the initial contact is identified by the appearance of dark spots, which are
caused by the reduced light reflection after the drop wets the ITO substrate. The temporal uncertainty
is about 6.7 μs. Hicks et al. gave the theoretical prediction of the initial contact radius (L0) of the
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FIG. 6. The interference fringes of the air film captured from the bottom-view camera and the substrate
wetting map obtained numerically at different 
E of three typical contact modes. Annular contact mode: (a) a
normal size Newton’s ring retracting into an air bubble with 
E = 0; (b) a smaller Newton’s ring retracting into
a smaller air bubble with 
E = 0.1 and 
E = 0.19. Multiple contact mode: (c) Multiple concentric circular
contact lines with toroid air bubbles entrapped underneath with 
E = 0.18 and 
E = 0.22. Center contact
mode: (d) A single dark circular disk without Newton’s ring and air bubble with 
E = 0.43. [(e)–(h)] The
profiles of the bottom air film (h ∼ r) evolving with time for above contact modes. Here drop impacts the
substrate at We = 8.4. Scale bar: 300 μm. The time interval is 20 μs in simulations.

drop deposited on the substrate based on an incompressible model [61]:

L0 = 3.8

(
4μ0

ρ1U

)1/3

aB
2/3, (10)

where aB is the local radius of curvature at the bottom of the drop. Here LE is defined as the air film
radius varying with time in the droplet impact under the electric field [see Fig. 7(a)], where LE0 is
the initial contact radius.

With We = 8.4, the initial contact radius predicted by Eq. (10) is LE = 232 μm. In our study,
without the electrical field (
E = 0), a ring contact firstly occurs, whose radius is 195 and
259 μm in experiment and simulation, respectively [Fig. 6(a)], both in decent agreement with
Eq. (10). Figure 6(e) shows that the drop bottom begins to be deformed and decelerated by the
thin air cushion underneath for h = 20 μm, where the highest pressure is located at the bottom
center. Then the drop bottom deforms into a dimple with the air disk expanding further. Soon
with the generation of capillary waves, the air film converges rapidly to the center before it is
pinched off.

When a relatively weak vertical electrical field is applied (
E = 0.1, 0.19), the initial contact
radius LE0 are reduced to 89.5 and 180 μm in experiment and simulation, respectively [Fig. 6(b)].
The drop bottom is flatted by the thin air cushion underneath until h = 10 μm [Fig. 6(f)]. Then the
drop bottom deforms into a smaller dimple. Meanwhile, the increasing electric strength accelerates
the edge of the air disk and leads to a smaller contact radius. Then the inner circular contact
line recedes and the air film converges rapidly to the center into a smaller bubble subsequently.
Figures 6(c) and 6(g) shows that with stronger electric field (
E = 0.18, 0.22), the polarized charges
accumulate at the lowest surface of the bottom, which deforms the drop bottom surface into a
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FIG. 7. (a) Schematic of the drop initial wetting on the substrate in three contact modes. The sequential
evolution of air film radius LE (b) and drop spreading radius R (c) with time for different electric field strengths
with different impact velocities in simulations. LE0 and R0 both decrease as the 
E increase.

wimple shape around the center. This results in multiple concentric circular contact lines with toroid
air bubbles entrapped underneath. When the electrical field is further strengthened (
E = 0.43), the
bottom of the drop sharpens up before h = 20 μm [Figs. 6(e) and 6(f)]. The lowest point of the
drop bottom surface is accelerated and forms a cone tip to touchdown, resulting in a single dark
circular disk. The wetting area expands from the central spot without any air bubble entrapment.
For a thorough discussion of the air film structure at the initial contact, readers are referred
to Ref. [47].

After the contact, the drop wets the substrate from the contact line to the center and outside,
which is characterized by the air film radius LE and the drop spreading radius R. Figure 7(b) shows
the sequential evolution of the air film radius LE with time for different 
E in simulations. When

E < 0.19, the initial contact radius LE0 shrinks with the increase of 
E . Five lines of LE under a
weak electric field decrease from LE0 to zero, which represents that the air film converges to the
center and forms a bubble. When 
E = 0.21, 0.26 and 
E = 0.26, 0.34 in We = 8.4 and We =
34.3, respectively, LE first increases from zero to a peak value, and then gradually decreases to zero,
which represents the multiple contact with concentric circular air rings. Further increasing 
E , LE0

shrinks to zero and LE is equivalent to R in this case, showing an increasing trend all the time, which
corresponds to that no air film is trapped in the subsequent wetting process. Figure 7(c) shows the
drop spreading radius R history with different electric field strength from simulations. It is clear to
see that the spreading radius R0 with different We both reduce from LE0 to zero with the increase
of 
E and every line of R increases until it reaches the maximum radius in the subsequent wetting
process. All the above behavior changes can reflect that the electric field can adjust and eliminate
the trapped bubbles.

D. Stage III: Spreading, jetting, and fragmentation

The postimpact electrohydrodynamic exhibit rich outcomes ranging from smooth spreading and
receding to jetting. Unlike drop impact onto the superhydrophobic surface under the electric field
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FIG. 8. (a) Schematic of the drop spreading on the substrate. The sequential evolution of the dimensionless
spreading radius R/a [(b) and (d)] and free surface height H/a [(c) and (e)] with time for different electric field
strengths with different impact velocities in experiments. The vertical and horizontal dotted lines in (b)–(e) are
the time mark of the maximum R/a and the maximum height H/a with 
E = 0. The maximum R/a decreases
with stronger 
E . The H/a shows a sharp falling when 
E � 0.68 because of the breakup of the sessile drop
surface.

[48], no rebound behaviors are observed in this work. Here the dimensionless spreading radius R/a
and the free surface height H/a are used to describe the postimpact electrohydrodynamics. Figure 8
shows the R/a and H/a obtained experimentally with different electric field strengths. The moment
of initial contact between the drop and is marked as the time reference t = 0 ms. With no electrical
field, Pasandideh-Fard et al. [62] derived the dimensionless maximum spread radius Rmax/a, which
is obtained through a balance between the inertia and capillary forces with correction due to viscous
dissipation and substrate wettability.

When the electrical field is applied, Rmax/a decreases as 
E increases due to the upward electric
stress pulling the top of the drop. The H/a continuously increases for a short time in the early
spreading stage due to the electric stress pulling the top drop surface upward. When Rmax/a is
reached the height also decreases to the minimum H/a (Fig. 8). After Rmax/a is reached, the drop
starts to recoil due to surface tension, with the kinetic energy gradually being dissipated by the
viscous effect. Finally, the contact line stops moving. Figures 8(c)–8(e) shows that when 
E � 0.43,
H/a continues to oscillate after contact line receding. However, when 
E � 0.68, the surface of the
sessile drop will break up, and the H/a shows an abrupt declining. Therefore, stronger 
E leads to
earlier drop rupture and more daughter droplet ejections.

Based on the size of daughter droplets, three modes of drop top surface rupture can be classified.
(i) A small droplet with diameter at least an order of magnitude smaller than the initial drop ejected
at velocities 1.2 m/s from the apex of the drop during the spreading [Fig. 9(a)]. As the capillary
wave propagates and converges to the top of the drop, the top will experience increasing electric
stress because of the high local curvature. As shown in Fig. 10(a), the maximum electrical stress
is located at the top of the drop, and the peak Laplace pressure is located at the first trough next
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FIG. 9. Three modes of drop top surface rupture with different impact conditions. (a) A small droplet with
diameter at least an order of magnitude smaller than the initial drop ejected during the spreading (We = 5.1,

E = 0.85). (b) A large drop of few hundred micrometers in diameter produced by pinch-off of the stretched
drop during the receding (We = 8.4, 
E = 0.68). (c) A continuous jetting during the receding (We = 8.4,

E = 0.94). Scale bar: 1 mm.

to the top. In turn, the unevenly distributed electric stresses may perturbs the neck and triggers the
Rayleigh-Plateau instability enhancing the pinching effect at the trough, which leads to the ejection
of small satellite droplets. Then the ejected droplet flew upward due to the electric field. Next, a
new neck forms and a similar ejection process may repeat several times. (ii) A large drop of few
hundred micrometers in diameter is produced by pinch-off of the stretched drop [Fig. 9(b)]. A jet tip
is formed at the top surface due to the receding inertia and the upward electric stress [Fig. 10(b)].
The larger We number also causes stronger recoiling and longer jet, which breaks up in the middle
with a velocity of ∼0.3 m/s under the action of surface tension within a timescale of τ = √

ρR3
j/γ

(τ ≈ 116 μs for the jet with the initial jet radius Rj ≈ 97 μm) [63]. Note that the jet instability may
produce two or three small drops here, which may remerge with the mother drop or fly to the top
electrode. (iii) A continuous jetting [Fig. 9(c)]. When the electric field strength is further increased
(
E = 0.94), the stretching effect of the electric stress, in addition to the receding inertia, becomes
more obvious [Fig. 10(c)]. The jet rises at velocities 0.64 m/s for nearly 20 ms, resulting in a nearly
continuous jet. As a large portion of liquid is ejected, the polarized charge on the drop surface
decreases rapidly. The jet then breaks up into multiple small droplets. Eventually, the residual liquid
on the substrate forms a smaller sessile drop.

When the electric field reaches a critical value, the drop may become unstable and disintegrate
[64,65]. Figure 11 shows four types of drop disintegration observed in this study. All disintegration
appears at the location of the highest curvature of the drop, which also have the highest local field
strength. Once the disintegration occurs, the cohesive failure of the drop results in crown formation
and the expansion of the liquid sheet [66,67]. The images suggest that the electric discharge will
dominate over the effect of surface tension and form a crown shape with a higher surface-to-volume
ratio and irregular shape. The liquid film quickly collapses or shrinks.
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FIG. 10. The corresponding three modes of drop top surface rupture in simulations. (a) A small droplet with
diameter at least an order of magnitude smaller than the initial drop ejected during the spreading (We = 5.1,

E = 0.94). (b) A large drop of few hundred micrometers in diameter produced by pinch-off of the stretched
drop during the receding (We = 8.4, 
E = 0.68). (c) A continuous jetting during the receding (We = 8.4,

E = 0.94). Scale bar: 2.5 mm.

E. Phase diagram of impact modes

We summarize our experimental and numerical results in Fig. 12, which includes four drop
deposition states that separate the whole phase diagram into three areas. In the lower right region,
i.e., larger We and smaller 
E , the external electric field is not sufficiently strong to reduce the
initial contact radius of the drop L0E to 0, corresponding to the state of drop deposition with air
bubble entrapment at the bottom. The middle region in the phase diagram (with more moderate

E ) corresponds to the stable deposition of drops without bubble capture at the bottom. In this
region, the external electric field reduces the initial contact radius of the droplet to 0, but the
associated electric stress is not strong enough to pull the drop top surface up. The upper left
region in the phase diagram (larger 
E ) also has point contact, but the stronger electric field
stretches the drop surface to form jetting or even disintegration in the recoiling process. This phase
diagram suggests that choosing the appropriate amplitude of external electric field strength and We
number can properly regulate the drop impact process to avoid air bubble entrapment as well as
drop surface fragmentation, thus achieving the desired high-quality drop deposition. In practical
applications, we note that the droplets produced by inkjet are one to two orders of magnitude
smaller than the drop studied in this work. The droplet radius (a) affects both the electric stress
f eB and the lubrication pressure pg, but with different scaling: f eB ∼ ε0

δ2 a2E0
2 and pg ∼ μ0

δ2 aU
[47]. To achieve deposition without bubbles at the same impact speed, the electric stress must
be at least comparable with the lubrication pressure, i.e., f eB ∼ pg, or E0 ∼ a−1/2. Hence the
applied electric field strength is expected to increase as the drop radius shrinks for bubble-free
deposition.
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FIG. 11. Four types of drop disintegration. (a) bottom disintegration in the precontact stage (We = 5.1,

E = 1.03); (b) bottom disintegration in the initial contact state (We = 5.1, 
E = 1.28); (c) top disintegration
in the initial contact state (We = 5.1, 
E = 1.28); (d) top disintegration during spreading in the postcontact
stage (We = 8.4, 
E = 1.03). The moment of drop disintegration that occurs is marked as reference time
td = 0 ms in this picture. Scale bar: 1 mm.

IV. CONCLUSIONS

In summary, the electrohydrodynamic of a drop impacting onto a solid surface under an external
electric field is investigated experimentally and numerically, covering the overall impact process that
consists of the precontact stage (drop deformation when falling through the electric field), initial
contact stage (evolving of air lubrication film and air bubble entrapment), and postcontact stage
(spreading, retraction, splashing or jetting, and fragmentation). The results show that the presence
of electric field changes the drop impact behaviors because of the separated polarized charge and
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FIG. 12. Phase diagram for drop deposition modes with different 
E and We in experiments and simula-
tions. The solid patterns for numerical simulations and the hollow patterns for experiments.
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the associated surface electric stress, which are induced by the electric field and augmented by the
drop deformations.

In the precontact stage, under the stronger electric fields, the initial modest drop oscillation grows
into a vertically stretched spindle and the impact velocity of the drop bottom is increased. As the
drop approaches the substrate, the electric stress at the south pole increases rapidly, which sharpens
the bottom surface into a conical shape. The cone angle is determined by both the impact velocity
and the electric field strength. The initial contact radius LE0 can shrink to 0 as the 
E increases to a
certain value, which is depended on the impact velocity. In the postcontact stage, the surface electric
stress tends to pull the drop upward, which reduces the maximum spreading radius R/a and form a
cone shape sessile drop instead of a hemispherical crown. With stronger 
E , the drop disintegrates
and several jetting modes are formed, which are classified from the size of daughter droplets.
Finally, the various drop deposition modes are summarized in a phase diagram, which sheds
light on identifying appropriate electric fields for high-quality drop depositions without air bubble
entrapments or jettings in drop deposition-based applications such as inkjet/electrohydrodynamic
printing and spray coating. However, the droplet radius in the above printing technology ranges
from the micron to the hundred-micron. The regulation of the electric field may be needed further
research subsequently to satisfy the high-quality deposition in microdroplet.
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