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Capillary-viscous retraction dynamics of droplets:
The role of the dynamic contact angle
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1098XH Amsterdam, Netherlands
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This study investigates the retraction dynamics of viscous droplets on hydrophobic
surfaces in the capillary-viscous regime. Using glycerol-water solutions on various hy-
drophobic substrates, we show that the observed droplet retraction rates can be described
using the dynamic receding contact angle rather than the static one. When incorporating
the dynamic receding contact angle into existing models, experimental data from different
wettability substrates collapse onto a unified curve proportional to the inverse of the
viscous timescale. Thus, we reveal that the retraction dynamics in this regime is governed
by a balance between capillary forces and viscous dissipation, with the dynamic receding
contact angle serving as the key parameter characterizing surface wettability effects. These
findings establish a framework for predicting droplet behavior based on nonequilibrium
wetting parameters. They extend previous observations from the inertial-capillary regime
and provide insights for applications involving viscous droplet interactions with hydropho-
bic surfaces, including self-cleaning technologies and coating processes.

DOI: 10.1103/td2g-qp58

I. INTRODUCTION

Droplet impact on solid surfaces is a phenomenon with wide-ranging significance in nature and
industry. From inkjet printing [1,2] and spray painting [3,4] to pesticide deposition [5-7], self-
cleaning surfaces [8,9], anti-icing technologies [10,11], and bloodstain pattern analysis in forensic
research [12—14], the dynamics of liquid droplets interacting with surfaces underpins numerous
technological and natural processes.

Over the past decades, many scientific investigations have been conducted into the physical
mechanisms governing droplet impact as well as subsequent droplet spreading. Here we focus
on the third phase of this process: droplet retraction. This retraction phase is particularly crucial
for processes like agricultural pesticide deposition and self-cleaning technologies, as it determines
whether a droplet adheres to or rebounds from a hydrophobic surface.

Droplet retraction dynamics on hydrophobic substrates were first comprehensively analyzed by
Bartolo et al. [15]. Their experiments suggested that the droplet retraction rate is a material constant,
independent of impact velocity. Furthermore, they identified a transition in the retraction dynamics:
As the Ohnesorge number Oh = 5/,/pRoo increases (with n the viscosity, p the density, Ry the
droplet radius, and o the surface tension), the retraction dynamics shift from an inertial-capillary
regime [Fig. 1(a)] to a capillary-viscous regime [Fig. 1(b)]. By employing a semiquantitative model
to describe the dynamics of the three-phase contact line, Bartolo ef al. successfully predicted the
retraction rate observed in both regimes. However, the proposed dependence on wetting properties,
expressed in the static receding contact angle, could not be confirmed, as the experiments were
limited to a single substrate.
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FIG. 1. Droplet impact and retraction dynamics on hydrophobic surfaces. (a) A low-viscosity droplet
(n = 5 mPas) in the inertial-capillary regime displays a thin lamella with a distinct rim structure at maximum
spreading. (b) A high-viscosity droplet (n = 200 mPa s) in the capillary-viscous regime relaxes to a spherical
cap after reaching its maximum spreading diameter and subsequently retracts.

More recently, Wang and Fang [16] provided deeper insights into the inertial-capillary regime.
They observed that this regime could be further divided into distinct inertial and capillary sub-
regimes, where the latter is characterized by the collapse of the rim-lamella structure and the
emergence of capillary waves on the droplet surface [as observed in Fig. 1(a) between 13 and
17 ms]. Using various hydrophobic substrates, they experimentally demonstrated the retraction
rate’s dependence on wetting properties, as initially proposed by Bartolo et al. [15]. However, they
also showed that the static receding contact angle must be replaced with the dynamic receding
contact angle, which is related to the instantaneous contact line retraction velocity. While their work
provided valuable insights into the inertial-capillary regime, it did not include a similar analysis for
the capillary-viscous regime.

In this paper we investigate the retraction dynamics of viscous droplets on hydrophobic surfaces
in the capillary-viscous regime. Through experiments with various substrates, where we track both
the droplet radius and contact angle during impact, we demonstrate that the retraction rate depends
on surface wettability through the dynamic rather than static receding contact angle. We show that
by incorporating the dynamic receding contact angle into the model of Bartolo et al. [15], we can
successfully predict the retraction rates across different surface wettabilities in the capillary-viscous
regime.

II. METHODS

Droplets of various glycerol-water mixtures were released from a blunt stainless steel needle
using a syringe pump. The impact velocity was varied between 1.3 and 5.0 ms~! by adjusting the
release height. By varying the glycerol concentration, primarily the viscosity was altered, while the
density and surface tension changed only slightly (see Table I). All experiments were performed at

TABLE I. Physical properties of glycerol-water solutions.

Concentration (wt. %) n (mPas) o (kg/m?) o (mN/m')
75 36.2 1.20 x 103 67.6
80 57.7 1.21 x 10° 67.4
85 102 1.23 x 10° 67.0
90 191 1.24 x 10° 66.5
95 490 1.26 x 103 65.5
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TABLE II. Receding static contact angles on dif-
ferent substrates.

Substrate 0.5 (deg)
Hydrophobized glass 825
Parafilm 81 +2
Teflon 70+£3
VPS 59+5
Aluminum oxide 28t5

room temperature. Two different needles were used, resulting in droplet diameters of 2.7 4= 0.2 and
3.1 & 0.2 mm. The droplet diameter varied only marginally with glycerol concentration.

Bartolo et al. [15] identified that by increasing the Ohnesorge number, the retraction dynamics
shift from the inertial-capillary regime to the capillary-viscous regime, where the transition occurs at
Oh = 0.05. To study droplet behavior in the capillary-viscous regime, the viscosities were chosen
such that Oh > 0.10 in all experiments. This is well above the value Oh & 0.05 determined by
Bartolo et al. [15] as the transition from the inertial-capillary regime to the capillary-viscous regime.

To ensure significant droplet deformation upon impact, the Weber and Reynolds numbers were
set such that We > 10 and Re > 10, where We = pRoUO2 /o and Re = pRyUy/n, with Uy the droplet
impact velocity.

Five different substrates were used to study the effect of wettability: hydrophobized glass,
parafilm, Teflon, vinyl polysiloxane (VPS), and aluminum oxide. The hydrophobic glass slides
were prepared using the commercial product Rain-X rain repellent, which forms a silane-based
hydrophobic coating. Prior to coating, the glass was subjected to plasma surface activation to remove
contaminants and enhance the density of reactive hydroxyl groups, thereby improving coating
adhesion. The VPS substrates were prepared using Zhermack Elite Double 32, a two-component
vinyl polysiloxane duplicating material. For the aluminum oxide substrate, anodized aluminum was
used. Static receding contact angles were measured for each substrate by gradually decreasing the
volume of a sessile glycerol-water droplet, as shown in Table II. These measurements showed no
significant difference between the 70% and 95% glycerol solutions.

The impact dynamics were recorded using a Phantom Miro high-speed camera at frame rates
between 1200 and 4000 frames per second, depending on the retraction dynamics of the droplet.
The spatial resolution was 19 um px~'. A collimated light source was used to achieve sharp contrast
at the droplet edge. The droplet radius evolution was determined from thresholded images, while
the contact angle dynamics were extracted by fitting second-order polynomials to both the left and
right edges of the droplet contour.

III. RESULTS AND DISCUSSION

Figure 2 illustrates the characteristic dynamics of a viscous droplet impacting a hydropho-
bic surface. The high-speed image sequence [Fig. 2(a)] shows an 80% glycerol-water droplet
(n = 57.7 mPa s) impacting parafilm, where ¢ = 0 is set to the moment of impact (panel I). Due
to the kinetic energy of the impact, the droplet spreads radially until it reaches its maximum
radius at t &~ 2 ms (panel II). Subsequently, the droplet shape relaxes toward a spherical cap and
begins to retract due to the substrate’s hydrophobicity. During the initial retraction phase (between
panels III and IV), the contact angle remains constant [Fig. 2(c)] while the radius decreases at
an approximately constant rate [Fig. 2(b)]. Finally, both the radius and contact angle gradually
approach their equilibrium values as the droplet comes to rest (after panel V).

The time evolution of the radius in Fig. 2(b) shows that during most of the retraction phase,
the radius r decreases at a constant rate. This allows us to determine the retraction velocity
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FIG. 2. (a) Sequence of high-speed images showing the impact of an 80% glycerol droplet on parafilm
at Uy = 3.8 ms™!. (b) Droplet radius r and (c) dynamic receding contact angle 6,4, averaged over multiple
experimental videos, as a function of time. The inset in (b) shows the instantaneous retraction velocity —7(z).
Roman numerals indicate the correspondence between data points and image panels in (a).

Uier = max[—r(¢)]. Furthermore, using the maximum spreading radius Ry,,x, we define the droplet
retraction rate as € = Ulet/Rmax-

By assuming quasistatic dynamics for droplet retraction, Bartolo ef al. [15] derived an expression
for the retraction rate in the capillary-viscous regime. When the work done by the capillary force is
dissipated through viscous flow, the retraction rate is given by

_ (15)1/3
€T BmAm

where A and A are the macroscopic and microscopic cutoff lengths [17], 6, is the static receding
contact angle (as in Table II), and 7, = nRy/o is the viscous timescale, the relaxation timescale
governing large-scale deformations of a viscous droplet. The cutoff lengths are typical for shear
flow problems and arise from the integration of viscous dissipation. Using the length scales provided
by [17] (A = 103 mand A =~ 107% m), Eq. (1) predicts the retraction rate based on the substrate
wettability and the droplet’s viscous timescale. Note that the viscous timescale is proportional
to the Ohnesorge number via the inertial timescale 7, o 7;Oh, where the inertial timescale 7; =
(%n,oRg /o)1/? varies only marginally with glycerol concentration.

Figure 3 shows the retraction rate multiplied by the wettability factor from Eq. (1) as a function
of the viscous timescale. The dashed line represents the theoretical relation given by Eq. (1).
For different impact velocities on the same substrate, the data points coincide, confirming that
the retraction rate is indeed the natural quantity to consider. Bartolo et al. [15] only considered
parafilm as a substrate, for which our data indeed follow their prediction reasonably well. For other
substrates, however, especially VPS and aluminum oxide with relatively low receding contact angles
(Table II), the data do not collapse onto the dashed line. This indicates that the static receding contact
angle in Eq. (1) does not adequately capture the droplet retraction dynamics, especially for substrates
with lower static receding angles. This was previously observed for the inertial-capillary regime by
Wang and Fang [16], who showed that the static receding contact angle cannot describe the effect of
wettability on droplet retraction rate. They proposed replacing the static receding contact angle with
the dynamic receding contact angle to improve the prediction. While the static receding contact
angle is an intrinsic substrate property independent of impact dynamics, the dynamic receding
contact angle is measured during the postimpact retraction phase. The key difference is that after

(1 —cos 6.7, ", (D
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FIG. 3. Retraction rate rescaled with the wettability term from Eq. (1) as a function of the viscous timescale
for different substrates. The data do not collapse to the theoretical prediction from Eq. (1), indicated by the
dashed line.

impact, the droplet is in a nonequilibrium state, whereas the static receding angle characterizes
equilibrium wetting behavior.

The time evolution of the dynamic receding contact angle is shown in Fig. 2(c). After reaching
maximum spreading (when the contact angle approaches 180°), the droplet shape relaxes to a
spherical cap as it begins to retract. During the initial retraction phase (between panels III and IV),
the dynamic receding contact angle remains constant at a plateau value before gradually increasing
as the droplet approaches its final resting position. The constant plateau observed during the initial
retraction phase [dashed line in Fig. 2(c)] enables a precise determination of the average dynamic
receding contact angle (6;4), which is calculated by averaging over this specific constant plateau
region rather than the entire retraction process. This plateau corresponds to the same time period
where the retraction velocity is determined. Figure 4 shows this average dynamic receding angle as
a function of the viscous timescale for different substrates. These measurements are reproducible,
and error bars represent the standard deviation after averaging measurements from different impact
heights. The figure reveals an increasing trend of the angle with viscous timescale. However, this
increasing trend is not monotonic. This nonmonotonic behavior is also observed in the retraction
rate data in Fig. 3, where for each substrate the rescaled retraction rate does not convincingly follow
the expected € o« 7, ! scaling.

To explore whether the dynamic angle can better account for retraction behavior, we follow the
approach of Wang and Fang [16] and replace the static receding contact angle with the average
dynamic receding contact angle in Eq. (1). The result, shown in Fig. 5, reveals that this substitution
collapses the retraction rate data onto a single line proportional to 7! across all substrates,
viscosities, and impact velocities. The fact that the average dynamic receding angle successfully
rescales the retraction rate, despite its nonmonotonic increase with viscous timescale, highlights
the complex interplay between these two observables. Unlike the static receding contact angle,
which reflects wetting properties at equilibrium, the dynamic angle captures the nonequilibrium
behavior during retraction, offering a more accurate representation of the contact line dynamics in
the capillary-viscous regime.

The substitution of the average dynamic receding contact angle (6, 4) into the model successfully
demonstrates the fundamental scaling relationship for the retraction rate (¢ o< 7, ) across all exper-
imental conditions. However, a key discrepancy emerges when applying this substitution directly
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FIG. 4. Average dynamic receding contact angle measured during the constant retraction phase versus
viscous timescale. Data points represent averages over different impact velocities, with error bars showing
standard deviations.

to Eq. (1), which was derived based on the assumption of quasistatic dynamics and the use of the
equilibrium static receding angle 6.

We observe that for all substrates and glycerol concentrations tested, the average dynamic re-
ceding contact angle (which captures the nonequilibrium behavior during retraction) is consistently
smaller than the static receding contact angle 6, ; (which characterizes equilibrium wetting behavior)
(cf. Fig. 4 with Table II). Consequently, when substituting the dynamic angle into the model’s
structure, the original theoretical prefactor (dashed line in Fig. 3), which relies on 6, ¢, systematically
overestimates the required magnitude of the wettability contribution needed to match the retraction
rate data.

. @ Hydrophobic glass AUy =1.3ms™!
7103k @ Parafilm <{Up=19ms!
n ; @ Teflon DUy =27ms!
> VPS OUy=38ms™!
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FIG. 5. Retraction rate rescaled using the average dynamic receding contact angle (6, 4) instead of the static

receding angle 6, from Eq. (1). The data from all substrates collapse onto a single line proportional to 7,
The dashed line denotes Eq. (3) with {(c) = 5.2.
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To account for this consistent magnitude shift between the quasistatic derivation [Eq. (1)] and the
observed nonequilibrium retraction dynamics, we introduce an empirical scaling factor ¢ defined as

_ (1 —cos Or,5)5/3

CT 0= cos(fra))” @

which quantifies the systematic difference in magnitude between the static and dynamic wettability
terms.

Computing ¢ for each experiment and averaging across all conditions yields a uniform, empiri-
cally determined scaling factor of (c¢) = 5.2. Incorporating this factor into the model ensures that the
derived physical scaling relationship is preserved while correcting the overall magnitude to match
the experimental results. The adjusted retraction rate prediction then becomes

. (1) o

€= (C>251n(A/A)(1 cos{6ra))" T, . 3)
As illustrated by the dashed line in Fig. 5, the adjusted prefactor agrees very well with the
experimental data, achieving a consistent collapse onto the expected 7, ! scaling. By accounting
for the difference between the dynamic and static receding contact angles, this adjustment ensures
that the earlier derived model by Bartolo ez al. [15] remains effective for describing retraction rates
in the capillary-viscous regime.

IV. CONCLUSION

In this study we investigated the retraction dynamics of viscous droplets on various hydrophobic
surfaces in the capillary-viscous regime.

The primary finding of our research is that the retraction rate of viscous droplets depends
critically on the dynamic receding contact angle rather than the static receding contact angle. When
the dynamic receding contact angle is incorporated into the model originally proposed by Bartolo
et al. [15], the retraction rate data from all substrates collapse onto a single line proportional to
7,71, following Eq. (3) above. This confirms that the retraction dynamics in the capillary-viscous
regime is governed by a balance between capillary forces and viscous dissipation, with the dynamic
receding contact angle serving as a critical parameter characterizing surface wettability effects.

These findings extend the observations of Wang and Fang [16] from the inertial-capillary regime
to the capillary-viscous regime, demonstrating a unified principle across different retraction dynam-
ics. They also highlight the importance of considering nonequilibrium wetting parameters when
modeling droplet dynamics in practical applications. The distinction between static and dynamic
contact angles becomes particularly crucial when dealing with viscous liquids, where the droplet’s
relaxation timescale affects observed wetting behavior. This has significant implications for appli-
cations involving viscous droplet interactions with hydrophobic surfaces, including self-cleaning
technologies, pesticide deposition, and coating processes.

Future research could explore how surface roughness and heterogeneity influence the relationship
between dynamic receding contact angles and retraction rates. Additionally, extending this analysis
to even higher-viscosity regimes or other temperature regimes could provide further insights into
the fundamental physics governing droplet-surface interactions.
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