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A droplet initially overstretched on a solid substrate pulls back to lower the contact area and may
jump away from the substrate. The condition to realize such macroscopic behaviors is often dictated by
microscopic characteristics, such as contact-line pinning, in nontrivial ways. Here we theoretically and
experimentally reveal the hidden contribution of contact-line pinning in forming the critical condition
for detachment of a droplet from a solid substrate, among other dominating hydrodynamical effects. Our
results demonstrate the relation between classical theories on contact-line pinning and various droplet
manipulating applications in microfluidics and bioprinting.
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The ability to generate motion of a sessile droplet
initially resting on a solid substrate directly ties to the
dynamics of the three-phase contact line (CL) between the
liquid interface and the substrate, among other factors such
as viscous dissipation in the bulk liquid and capillarity. The
motion of a moving CL is resisted by viscous dissipation
and pinning of part of the CL to the surface. While CL
dissipation shares similar viscosity and velocity depend-
ences with the dissipation in the bulk flow [1–5], CL
pinning originates from physical or chemical heterogeneity
of the surface. In other words, CL pinning has little to do
with the bulk liquid properties but depends more strongly
on microscopic characteristics of the surface. Theoretical
models considering the relation between CL pinning and
surface heterogeneity typically describe CL motion as a
series of hopping events over defects characterized by an
energy barrier Eb and a typical size γ [6]. Subsequently,
experimental studies focusing on the relation between CL
pinning and microscopic characteristics of the defects start
to emerge [7]. Although it is now possible to incorporate
microscopic models of CL pinning into understanding of
wetting phenomena such as contact angle hysteresis, a
phenomenon in which the apparent receding and advancing
contact angles differ from that at equilibrium [8], many
macroscopic wetting phenomena remain elusive due to
entangled contributions from both CL pinning and bulk
flows [9]. A prominent example is the role of CL pinning in
detachment conditions of droplets from solid substrates.
In this Letter, we study how CL pinning contributes to

the critical conditions for sessile droplets to detach from
a substrate. We induce the detachment of droplets using
the electrowetting effect. A droplet initially resting on a
substrate with a contact angle θ0 spreads to a new
equilibrium state with a smaller contact angle θe < θ0
when a voltage difference V is applied between the droplet
and the substrate [10]. With a sufficient surface energy
difference between the initial equilibrium state and the new

one, turning off V causes the droplet to retract towards the
initial equilibrium state and detach from the substrate.
In our experiment, the substrate is an indium tin oxide

(ITO) coated glass electrode covered with an amorphous
polymers layer (Teflon AF 1600, DuPont) of thickness
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FIG. 1. (a) Snapshots showing droplets retracting without
jumping (top two panels), and droplets retracting and sub-
sequently jumping from the substrate (bottom two panels).
The scale bars represent 0.5 mm. (b) Plot showing the depend-
ence of θe (diamonds, left axis) and the corresponding jumping
height h (squares, right axis) on the applied voltage V. The
viscosity of droplets is μ ¼ 1.0 mPa s.
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d ¼ 2.2 μm and dielectric constant ϵ ¼ 1.93. To induce
the electrowetting effect for a droplet on the substrate, a
18 μm diameter tungsten wire is dipped into the bulk of
the droplet. The wire and the electrode are connected to a
power supply through a solid-state relay (SSR) to close
the circuit. The liquid used to generate droplets is an
aqueous glycerin solution consisting of glycerol, DI
water, and 0.125 M sodium chloride having viscosity
varied from 1.0 mPa s to 68.7 mPa s [11]. The droplet
radius R is varied from 0.25 mm to 1.25 mm. We immerse
droplets and the electrode in a pool of silicone oil with
viscosity μo ¼ 1.8 mPa s. The temperature of the pool is
kept fixed at 20� 0.5 °C to maintain consistent exper-
imental conditions.
In Fig. 1(a), we show several representative snapshots of

actuated droplets after the applied voltage V is turned off.
The actuation is recorded by a camera (SAX2, Photron)
typically running at 5000 frames per second. We observe
that there is a threshold value of V for detachment to
occur, e.g., a droplet of radius 0.5 mm detaches from the
substrate when V > 90 V [Fig. 1(a)]. We note that without
contact angle (CA) saturation, θe directly relates to V
following the Young-Lippmann equation: cosθe−cosθ0¼
ϵϵ0V2ð2σdÞ−1¼ η [10], where ϵ0 is the permitivity of free
space, σ the interfacial tension between the droplet’s liquid
and the outer oil, and θ0 ¼ 160°� 2.5°. By changing V
from 50 V to 110 V, we vary the so-called electrowetting
number η from 0.26 to 1.46 [11]; the range of η varies
slightly between liquids of different viscosities due to the
dependence of σ on glycerol concentration [11]. To ensure
that electrowetting actuation is free of CA saturation, we set
the upper limit of V slightly below the saturation voltage Vs
[Fig. 1(b)]; Vs varies from 100 to 120 V depending on the
working liquid [11].
Whether an actuated droplet detaches from the substrate

depends on the interplay between the parameters R, μ, and
η. In Fig. 2, we show the transition between the two
regimes, detachable and nondetachable. On the one hand,
for a fixed viscosity, e.g., μ ¼ 1.0 mPa s, the required
value of η for detachment reduces with increasing R
[Fig. 2(a)], implying that smaller droplets require higher
excessive surface energy to detach. On the other hand, for a
fixed droplets radius, e.g., R ¼ 0.5 mm, η at the transition
increases with μ and is limited at μ ¼ 8.2 mPa s [Fig. 2(b)].
As a result, within our explored parameter range, it is not
possible to induce detachment for μ ≥ 8.2 mPa s.
To examine the transition between the two regimes, we

consider energy conversion between two actuating stages:
the initial stage, defined shortly after V is released but
before any hydrodynamical response [Fig. 1(a), t ¼ 0], and
the final stage, set after the droplet is completely detached
from the substrate. Assuming sphericality of the droplet
at the final stage, the difference in surface energy between
the two stages is ΔEs ¼ σðA1 − A2Þ þ πr2eðσsl − σsoÞ,
where A1 and A2, respectively, are the droplet surface

areas at the initial and final stages, and re is the contact
radius at the initial stage. Here σso and σsl are interfacial
tensions of the solid-oil and solid-liquid interfaces, respec-
tively. Using the Young’s relation σso − σsl ¼ σ cos θ0 and
noting that A1 − A2 can be expressed as a function of θe
and re [12], we obtain

ΔEs ¼
�

2

1þ cos θe
−

4

β2
− cos θ0

�
σπr2e ¼ ασπr2e : ð1Þ

Here, since β ¼ reR−1 is a function of θe [4], α is also a
function of θe, which directly relates to η following the
Young-Lippmann equation. If we denote Ev as the viscous
dissipation during actuation and Ecl as the stored energy by
CL elasticity [13], the excess surface energy ΔEs has to
overcome the sum of Ev and Ecl to enable detachment. We
note that the change in energy of the electrical double layer
is negligible [11,14]. In other words, at the transition
between the detachable and nondetachable regimes, the
following condition holds:

ΔEs ¼ Ev þ Ecl: ð2Þ

To determine the viscous dissipation Ev, we separately
estimate contributions from the region near the substrate,
the bulk liquid, and the vicinity of the CL. We note that
the boundary layer near the substrate has a characteristic
thickness ζ ≈ 0.665ðνrctu−1ct Þ1=2, where ν is the kinematic
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FIG. 2. Phase diagrams showing the detachable (open dia-
monds) and nondetachable regimes (solid diamonds) for droplets
of (a) fixed viscosity (μ ¼ 1.0 mPa s), and (b) fixed radius
(R ¼ 0.5 mm). The dashed-dotted line and dashed line are
predictions of the transition to the detachable regime using
Eq. (5) with γ ¼ 55 nm and γ ¼ 464 nm, respectively.
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viscosity, and uct and rct are the CL velocity and CL radius,
respectively. The measured retraction rate uctr−1ct is ≈207�
12 s−1 for liquids with μ ≤ 17.6 mPa s [15] and uctr−1ct ∼
μ−1=2 for liquids with μ ≥ 17.6 mPa s [11]. In addition, the
flows outside of the boundary layer (z > ζ) can be
approximated as potential flows, consistent with measure-
ments using particle imaging velocimetry (PIV) of the
flow inside a droplet of R ¼ 0.5 mm and μ ¼ 4.8 mPa s
[Fig. 3(a)] [11,16], as well as reported numerical simu-
lations [5]. The velocity fields obtained using PIVenable us
to determine the dissipation rate _Ts caused by shear stress
near the surface (z ≤ ζ) and the dissipation rate _Tb for the
bulk flow (z > ζ) [11]. The rate of CL dissipation by
friction is estimated as _Tc ∼ 2πλrctu2ct, where rct and uct are
measured experimentally and λ ¼ CðμμoÞ1=2 ¼ 96.7 mPa s
is the CL friction coefficient [2,17]. The constant
C ¼ 32.9� 3.2, specific to the tested substrate, was
reported previously [4].
In Fig. 3(b), we show a comparison between the

dissipation rates for a representative case in which R ¼
0.5 mm, μ ¼ 4.8 mPa s, η ¼ 1.28, and the estimated boun-
dary layer thickness is ζ ¼ 96 μm. We observe that _Tc

dominates over both _Tb and _Ts for the duration t < 6 ms,
which spans the first half of the retraction phase where
the CL velocity is high. Here, _Tb and _Ts are calculated
from PIV measurement [11]. Integrating individual dis-
sipation rates over the entire actuation time gives
Tb ≈ 2.65 × 10−9 Nm, Ts ≈ 4.24 × 10−9 Nm, and Tc ≈
18.40 × 10−9 Nm. Since the total viscous dissipation
Ev ¼ Tb þ Ts þ Tc, the contribution from CL dissipation
is 72.7% of Ev, indicating that dissipation at the CL
overwhelms those in the bulk and the boundary layer.

Similar calculations for various actuation conditions con-
firm the dominating role of CL dissipation and are con-
sistent with previous studies on transient wetting dynamics
[2,5]. As a result, we attribute CL dissipation as the main
contributing factor to the total viscous dissipation and
obtain Ev ≈

R
_Tcdt ∼ πλr2eU, where U is the characteristic

CL velocity [18].
There are two major dynamical regimes with distinct

characteristic CL velocities U: the overdamped and the
underdamped regimes [4]. In the former one, viscous
forces dominate, resulting in a characteristic timescale
τo ¼ reU−1 ∼ λreη−1σ−1. The CL velocity therefore is
estimated as U ∼ ησλ−1. This leads to the expression Ev ∼
ησπr2e of the total viscous dissipation at the CL.
Substituting this expression of Ev and that of ΔEs
[Eq. (1)] into Eq. (2) reveals that the jumping condition
only satisfies if either α ¼ η (i.e., θe ¼ 0) and Ecl ¼ 0, or
Ecl < 0. Both of these conditions are not realistically
possible [11]. Thus, we infer that in the overdamped
regime, the CL friction dissipates all the stored surface
energy ΔEs, preventing droplet detachment.
In the underdamped regime, the characteristic timescale

is τu ¼ πρ1=2R3=2ðησÞ−1=2, where ρ is the density of the
working liquid [4]. This results in the characteristic velocity
U ∼ reτ−1u . The total viscous dissipation at the CL, there-
fore, can be estimated as

Ev ∼ λ
re
τu
πr2e ¼ ησ

τo
τu
πr2e ¼ ηξσπr2e : ð3Þ

Here ξ ¼ τoτ
−1
u is the damping ratio used to diffirentiate

two dynamical behaviors: ξ > 1 in the overdamped regime
and ξ < 1 in the underdamped regime [4]. As it is only
possible for the surface energy difference ΔEs ¼ ασπr2e to
be larger than the CL dissipation Ev ∼ ηξσπr2e for ξ < 1
[19], droplet detachment only occurs in the underdamped
regime. In other words, the underdamped dynamics pro-
vides a necessary condition for droplet detachment.
To obtain the sufficient condition for droplet detachment,

we now discuss the term Ecl, which represents energy
accumulation due to pinning and subsequent stretching of
the liquid interface at CL vicinity. The mechanism to
induce and store elastic energy works as follows: as the
CL recedes, the liquid interface is stretched at pinning sites,
i.e., microscopic heterogeneities on the surface. The pin-
ning of the CL and the resulting surface stretching at such
pinning sites can be modeled as an elastic force per unit
length along the CL [13,20]: f ∼ πsin2θrσln−1Lγ−1, where
θr is the receding contact angle [21], L is the macroscopic
cutoff length of the CL region and is usually approximated
using the droplet radius R, and γ is the defect size
depending on the substrate’s morphology and chemical
homogeneity [13]. For common smooth surfaces, the value
of γ varies from molecular size to few micrometers [13],
causing lnLγ−1 to vary from 15 to 4 if the macroscopic
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FIG. 3. (a) Snapshots showing the velocity field of a droplet
having R ¼ 0.5 mm, μ ¼ 4.8 mPa s, and η ¼ 1.28 after the
voltage is released. (b) Plot showing the dissipation rates at
the boundary layer _TsðtÞ, at the CL _TcðtÞ, and in the bulk _TbðtÞ.
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cutoff length L takes the value of droplet radius [3], e.g.,
L ¼ R ∼ 0.5 mm in our case. To estimate the value of γ, we
use atomic force microscopy (AFM) to examine the
substrates used in our experiment [Fig. 4(a)]. For a sample
size of 5 μm × 5 μm, the maximum peak height is
≈5.74 nm, and the surface roughness is ≈0.6 nm, similar
to the reported characteristics of Teflon coated surfaces
[22]. Any surface feature protruding beyond standard
deviation limits [horizontal dashed lines, Fig. 4(b)], is
classified as a “peak.” The topological defect size γ is
then approximated using the peaks’s lateral size, which
varies from 55 nm to 464 nm [11]. The defect density is
estimated from the peak density, which is ≈9.2� 0.6 peaks
per μm2. Equivalently, the interspacing between defects
is δ ≈ 500 nm.
The relation between the defect interspacing δ and the

characteristic deformation ϕ of a pinned CL determines
whether the induced elastic energy is dissipated or accu-
mulated. Here ϕ, defined as the maximum deformation
possibly caused by a defect site, can be estimated as ϕ ∼
ðLγÞ1=2 [13]. Choosing L ¼ R ≈ 0.5 mm and γ ≈ 100 nm
gives ϕ ∼ 7 μm, much larger than the estimated value of δ
(δ ≈ 500 nm). A direct consequence of the relation ϕ > δ is
that the moving CL, after depinned from a defect, is not
totally relaxed by the time it reaches the next defect; the CL
therefore is further and further stretched as it moves past
defects. In other words, the elastic energy generated due to
pinning and depinning of the CL is not dissipated but

accumulated in the liquid interface [11,23]. This is con-
sistent with the observation that a droplet always deforms
significantly (and takes the shape of an inverted teardrop)
right before detachment. As a result, the total stored energy
Ecl is estimated by integrating f over the CL’s sweeping
area πr2e :

Ecl ∼ fπr2e ∼
πsin2θr
lnLγ−1

σπr2e : ð4Þ

Eventually, the surface energy difference ΔEs has to
overcome both the viscous dissipation Ev and the accu-
mulated elastic energy Ecl for the droplet to detach from the
substrate. By substituting Eqs. (1), (3), and (4) into Eq. (2),
we obtain the condition at the transition to the detachable
regime:

α ¼ ηξþ πsin2θr
lnLγ−1

: ð5Þ

This condition reflects the contributions from the excess
surface energy (represented by α), the CL dissipation (ηξ),
and the CL pinning (πsin2θrln−1Lγ−1) in enabling detach-
ment. We note that ξ weakly depends on η [4] and therefore
can be considered independent of η. In Fig. 4(c), we show a
plot of the transitions predicted by Eq. (5) using θr ≈ 121.7°
[21], and limiting values of γ, i.e., γ ¼ 55 nm (dashed-
dotted line) and γ ¼ 464 nm (dashed line). The predicted
transitions are in remarkable agreement with the exper-
imental data obtained in the two regimes. In particular,
although the shaded area bounded by the limiting values of
γ implies the uncertainty of defect size estimation, it is
consistent with scattered data from both the detachable and
nondetachable regimes. We note that if CL pinning is not
taken into account, i.e., Eq. (5) becomes α ¼ ηξ, then the
theory vastly underestimates the excess surface energy
required for detachment [Fig. 4(c), solid line]. This com-
parison strongly attests the critical role of CL pinning in
predicting the transition to detachment. In the special case
that ξ ¼ 0, i.e., the working liquids are inviscid, the
detachment condition [Eq. (5)] depends only on the initial
contact angle θe and surface heterogeneity reflected
through γ.
In conclusion, to a good approximation the main factors

resisting an overstretched droplet to detach from a solid
surface are localized at the moving contact line. These
include a dissipative effect, i.e., CL friction, and an elastic
effect, i.e., elastic energy accumulated at liquid interface
due to CL pinning. Balancing the sum of these resistive
effects with the excess surface energy initially imposed on
the system, e.g., by the electrowetting effect, gives rise to
the critical condition for droplet detachment. Regardless
of how initial excess surface energy is induced, e.g., by
coalescence [24] or by impacting inertia, our analysis of the
attendant effects in CL dynamics has a strong bearing in
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FIG. 4. (a) A representative image obtained using AFM
showing the surface morphology of a Teflon-coated substrate.
(b) Plot showing the elevation z along the dashed line in (a).
(c) Phase diagram of detachable (open diamonds) and non-
detachable (solid diamonds) regimes plotted using the variables
ηξ and α. The shaded area shows the transitional extent caused by
variation in γ.
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diverse applications such as liquid repellant [25] thermal
diode [26], and dropwise condensation heat transfer [27].
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