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A viscous liquid film coating a fibre becomes unstable and decays into droplets due to the Rayleigh-Plateau instability (RPI).
Here, we report on the generation of uniform droplets on a hydrophobized fibre by taking advantage of this effect. In the late
stages of liquid column breakup, a three-phase contact line can be formed at one side of the droplet by spontaneous rupture of
the thinning film. The resulting capillary imbalance leads to droplet propulsion along the fibre. We study the dynamics and the
dewetting speed of the droplet as a function of molecular weight as well as temperature and compare to a force balance model

based on purely viscous dissipation.

1 Introduction

Regular droplet patterns on a fibre are a well-known phe-
nomenon, which can be found in everyday life, e.g. dew drops
on a spider’s web!. Thereby, small drops are pinned on the
web filament, whereas big droplets are affected by gravita-
tional flow and eventually coalesce with others. The desta-
bilization and the subsequent breakup into uniform droplets
of a liquid film on a fibre is caused - like in a free liquid jet
- by the Rayleigh-Plateau instability >3 (RPI). Although, this
is an obstructive effect in coating techniques, the capability
to form regular droplets with an adjustable size and the con-
trol of their motion are very advantageous and important for
technical applications e.g. water collection processes* %, pat-
terning’, chemical reactions® and printing®. The instability
of liquid threads and its characteristics have been studied in-
tensively over the last two centuries and is still of great inter-
est>19-13 Furthermore, many studies investigated the motion
of beads flowing down a vertical fibre, sliding or rolling on
a fibre or the mechanisms of droplet movement in filament
networks 1420, However, only a few studies identify the mo-
tion of droplets in the absence of gravitational forces, where
droplets are propelled along a fibre or on a planar substrate
by taking advantage of different effects. For example, Yarin
et al. studied the movement of drops along a cylindrical fil-
ament due to a temperature gradient?!, yet also a difference
in pressure can lead to a propelling force?>. Remarkably, lig-
uid droplets can even detect and move along stiffness gradi-
ents of an underlying substrate (durotaxis)?3. Another well-
established and commonly used way of producing and trans-
porting equally sized droplets on the micro scale is realized by
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using microfluidic devices, where droplets are generated and
transported inside a channel>*.

Here, we report on viscous liquid droplets moving along
the outer surface of a hydrophobized solid fibre, purely driven
by capillary forces. For that purpose, droplets are generated
by taking advantage of the RPI: In the course of the destabi-
lization of a thin homogeneous film, liquid droplets separated
by valleys are emerging. By spontaneous rupture of the thin-
ning liquid film in between the equally distributed droplets, an
axisymmetric three-phase contact line can be formed at one
side of the droplet at the late stages of liquid column breakup.
This leads to a capillary imbalance between the two ends of
the droplet, which causes the drop to dewet on the fibre. Fig-
ure 1b shows a typical example of a receding polystyrene (PS)
droplet on a hydrophobized glass fibre (see Supplementary
Video V1). The motion process is studied as a function of
molecular weight and temperature and is compared to the clas-
sical case of a dewetting ridge on a substrate.

2 Experimental

Glass fibres were prepared by pulling heated glass cap-
illary tubes (World Precision Inst.) to final diame-
ters of 20 to 30um using a pipette puller (Narishige,
PN30). By dip-coating the glass fibres in a 0.5wt% so-
lution of AF2400 (Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-
1,3-dioxole-co-tertrafluoroethylene]) (Aldrich) in a perfluoro-
compound solvent (FC72™  Fisher Scientific), a hydrophobic
amorphous fluoropolymer layer (7; ~ 240°C) is deposited on
the fibres. In order to remove excess solvent, fibres were an-
nealed to 80°C for 90 minutes in ambient atmosphere.

To create droplets on a fibre, we apply a homogeneous
polystyrene (PS) film with thickness e (5 to 90 um) onto the
hydrophobized fibre (see Fig. 1a): Atactic polystyrene (Poly-
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Fig. 1 (a) Schematic representation of the as-prepared samples: A
homogeneous PS film with thickness ¢y is applied to a hydropho-
bized fibre with radius r. (b) Optical micrographs illustrating the
time evolution of a polystyrene (M, = 8.1kg/mol) droplet receding
on a hydrophobized fibre at a temperature of 7 = 150°C. The reg-
ular droplet pattern at ¢+ = 0 is achieved by utilizing the breakup of
a homogeneous film on a cylindrical fibre into droplets, which are
separated by a thin film. The spontaneous formation of a three-phase
contact line at the left side of the far left droplet leads to a capillary
imbalance, which causes the droplet to move to the right along the
fibre. After a certain time ¢, the droplet has covered a particular dis-
tance d, while accumulating the residual thin film and static droplets.
The width of the optical images is 1120 ptm. (c) Schematic represen-
tation of a droplet on a fibre during the motion process. All system
geometries and parameters are indicated.

mer Source Inc.) with molecular weights varying between
4.1 and 78kg/mol and low polydispersities (M, /M, = 1.05)
was dissolved in chloroform (Fisher Scientific). A droplet of
a highly viscous (35wt%) polymer solution was placed onto
a hydrophobized fibre, which was positioned close above a
glass slide (see Fig. 2). Covering the system with a second
glass slide on top of two Si-spacers leads to the formation of a
meniscus at the edges. By using a motorized linear translation
stage (Newport), the PS solution is pulled along the fibre with
a constant velocity, which results in the formation of a homo-
geneous PS film with thickness ep surrounding the axisym-
metric fibre. By varying the speed between 80 and 120mm/s
films with thicknesses ey of 5 to 90 um could be generated af-

I B
constant velocity - - .
— motorized linear translation staie

Fig. 2 Schematic representation of the PS film application setup (not
to scale): A droplet of a highly viscous PS solution (D) is placed on
a hydrophobized fibre (C), which is positioned close above a glass
slide (A). Covering the system with a second glass slide on top of
two Si-spacers (B) leads to the formation of a meniscus at the edges.
The fibre (C) is located in the center of the PS droplet (D). By using
a motorized linear translation stage, the PS solution is pulled along
the fibre with a constant velocity, which results in the formation of a
homogenous PS film with thickness ¢; surrounding the axisymmetric
fibre.

ter solvent evaporation. All samples were prepared at room
temperature, which is well below the glass transition temper-
ature Ty of all used molecular weights 2526,

In order to initiate the formation of droplets on a fibre, the
as-prepared samples (see Fig. 1a) were annealed above Ty in
ambient conditions. By placing the fibres across two 0.5mm
thick spacers, which are located on top of a reflective Si wafer,
we achieve free standing filaments. This setup was positioned
on a microscope hot stage (Linkam), while surrounded by a
metal ring in direct contact with the hot stage. Finally, the
metal ring is covered by a glass slide. Thereby, good ther-
mal contact and temperature control within 1K was ensured.
As a result of annealing above the glass transition temper-
ature, the liquid films became unstable and were subjected
to the Rayleigh-Plateau instability!®. Axisymmetric barrel
shape?”8 droplets with a certain spacing were formed. As
the droplet size is related to the film thickness ¢y and the fi-
bre radius r, the typical droplet height sy« (f) (see Fig. lc) is
in the range of 40 to 200 um. The width w(z) of the droplets
(see Fig. lc) varies between 100 and 320 um. The fact that
films below ey = 5 um start to dewet prior to the formation of
droplets on a hydrophobized fibre implies that by using this
technique of droplet generation, the lowest limit of possible
droplet sizes has already been reached.

The thin liquid film in between the droplets represents a
metastable situation, as can be concluded from the shape of the
effective interface potential which comprises short-range and
long-range interactions>*3%. Any chemical or topographical
heterogeneity can act as a nucleus leading to the formation of
a hole in the film. This random process causes the axisymmet-
ric rupture of the film and thus the formation of a three-phase
contact line at one side of a droplet. Consequently, at this
side of the droplet the contact angle is adapted to the receding
contact angle B (see Fig. 1c). On the opposite side, how-
ever, where the droplet merges into the residual PS film, the
apparent angle o remains constant. This causes the Laplace
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pressure to be different on both sides of the droplet and the
capillary imbalance leads to droplet propulsion along the fi-
bre. During droplet motion the residual material (thin film
and static droplets) is accumulated. Thereby, the total volume
of the system is conserved and the droplet grows in size. Typ-
ically, the height of the droplet sy« (¢) increases by a factor of
1.5 to 2 and the width w(t) grows by a factor of 1.2 to 1.7 over
the entire dewetting process. As long as one side of the mov-
ing droplet is connected to the residual material, the capillary
force on the ,wet’ side is negative and the three-phase contact
line recedes. Thus, the droplet accumulates all the remaining
material until the dewetting process finally results in the for-
mation of isolated droplets sitting on the fibre (see Fig. 1b,
t = 75s). In this final configuration, the droplet has two *dry’
sides and the motion of the droplet stops as soon as both con-
tact angles adapt to the equilibrium contact angle 6.. The re-
ceding and the equilibrium contact angle, . and 6., of PS on
an AF2400 fibre were determined from optical micrographs by
using an image analysis software (Image Pro Plus, Media Cy-
bernetics). Note that O, has been evaluated during the accu-
mulation of residual thin film e only (see Fig. 1c). Here, we
measured G,.. =60+ 5° and 6. = 83+ 5°. The ratio between
these two angles is in good agreement with studies on poly-
mer films dewetting on planar hydrophobized surfaces3!-33,
which showed a fixed relation of 6. / Orec = V2. To determine
the PS film thickness eg, the initial total radius of the coated
fibre iy was measured by optical microscopy with an accuracy
of =1 um (see Fig. 1a). The fibre radius » was measured (with
an accuracy of £1 um) after the PS film dewetted (see Fig. 1b,
t =755s). From their difference eq = hg — r, we achieve eg. The
motion of the droplet was recorded with optical microscopy.
Figure 1b shows a typical time evolution of a droplet receding
on a hydrophobized fibre (also see Supplementary Video V1).
A custom made edge detection software in MATLAB is ap-
plied in order to record the travelled distance d (see Fig. 1b),
i.e. the distance moved by the three-phase contact line of the
droplet in a certain time #.

3 Results and discussion

This section incorporates the results of the experiments de-
scribed above, followed by a comparison to a model based on a
balance of capillary driving force and dissipation through vis-
cous friction. In Section 3.1, we focus on the global dewetting
process of a droplet on a fibre for various molecular weights
and temperatures. Thereby, we identify the global dewetting
velocity v including both processes, the accumulation of the
residual thin PS film as well as the coalescence with remain-
ing static droplets. Section 3.2 comprises a more local anal-
ysis of the dewetting behavior. We investigate the two differ-
ent dewetting processes in more detail and determine the local
velocity v as a function of molecular weight and temperature
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Fig. 3 Position d of the three-phase contact line on the fibre axis
x as a function of time ¢ for (a) different PS molecular weights at
T = 180°C and (b) PS(78k) at different temperatures 7. The black
lines indicate the best linear fit for each data set. (¢) Symbols indicate
the travelled distance d as a function of time for a PS(35k) droplet at
T = 180°C during the different steps of the dewetting process. The
black dashed line displays the respective local speed v obtained by
using the Savitzky-Golay® algorithm (here: n =7, p =2). The
black straight lines indicate the best linear fit excluding coalescence
steps.

neglecting coalescence steps. A description of the model and
a comparison with experimental data is given in Section 3.3.

3.1 Global droplet dynamics

From the experimental images (see Fig. 1b) we measure the
distance d, which gives the distance the three-phase contact
line of the droplet has moved along the fibre axis x dur-
ing a certain time interval. Fig. 3a displays typical data for
different molecular weights using a constant temperature of
T = 180°C. In analogy, Fig. 3b shows a variation in tempera-
ture for a constant molecular weight of M,, = 78kg/mol. We
find that for all data sets the motion of the dewetting droplet is
linear in time (linear fits in Fig. 3a, b) over the entire process.
Thus, the slope of these curves provides a reliable measure-
ment of the global mean droplet velocity v. Fig. 3a shows that
for a constant annealing temperature 7', the global mean ve-
locity of a moving droplet is increasing when decreasing the
molecular weight My,, which is accompanied by a decrease
in the viscosity 11333, This observation is entirely consistent
with Fig. 3b, where for a constant molecular weight we ob-
serve an increase in the global mean speed with increasing the
temperature, again equivalent to a decrease in 7). Furthermore,
the linearity in the mean velocity during the entire motion (see
Fig. 3a, b) indicates that there is no influence of the increase
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in the height /¢ (1) and width w(t) of the droplet (due to ma-
terial accumulation) on the dewetting dynamics.

3.2 Local analysis of the droplet velocity

Having characterized the global droplet dynamics, we now
turn to a more local analysis of the droplet velocity. Based
on the algorithm by Savitzky and Golay, the local velocity v
is calculated from the three-phase contact line displacement-
time data. We chose a frame size of n = 3 and a second order
polynomial (p = 2) for the interpolation of the experimental
data. Figure 3¢ shows typical data of the travelled distance d
as a function of time (symbols, see Fig. 3a). We found that
the local velocity v of the droplet (dashed line) is alternating
around the global mean velocity v = 1.2 um/s: As the droplet
dewets and accumulates the residual thin PS film, both, the re-
ceding contact angle .. and the velocity v remain constant.
As soon as the moving droplet gets in contact with one of the
static droplets on the fibre, a sudden increase of the driving
force due to the pressure gradient between the droplets is ob-
served. The neck in between the two droplets levels rapidly,
which causes the dewetting velocity v to increase (see Fig. 3c¢)
and consequently the contact angle 0. to decrease. At the
end of the coalescence process, the droplet shape recuperates,
which goes in line with a deceleration of the speed and the
adjustment of the receding contact angle. Thus, for simplic-
ity, we consider in the following only the local velocity of a
droplet during the consumption of the residual thin film, re-
ferred to as v. Accordingly, the coalescence steps with im-
mobile droplets are neglected for the purpose of determining
the droplet velocity v. The solid black lines in Fig. 3¢ show
the linear best fit to the respective sections of the data. The
local velocity turns out to be consistent for different sections
of the data. Thus, there is no evidence for the local velocity
v to be systematically affected by the change of the droplet
size. Fig. 4 represents typical data for the local velocity as a
function of the initial system radius A for three different vis-
cosities (My, = 78kg/mol, T = 180°C, 200°C, 220°C). The
solid lines display the local mean dewetting speed averaged
over the respective experiments. We see that varying the ini-
tial system radius 4o (by varying the PS film thickness ep and
the fibre radius r), which is directly linked with the size of the
droplets, does not cause a significant change in the velocity.

3.3 Model

The mathematical description of a dewetting wedge-shaped
liquid front has been addressed in previous studies®’*%. The
effective driving force per unit length Fyiv of a dewet-
ting liquid wedge (see Fig. lc) is equal to the spreading
parameter |S|. It denotes the energy difference per unit area
between a dry substrate and a liquid covered surface and is

1 6. PS(78K) ]
T = 220°C {H} .
1.2 .
5 b 5
o8 ]
p}
0.4 T =200°C %_F # ﬁ}
T = 180°C 3 ¢ f%
0 I I I I I
0 20 40 60 80 100
ho/pm

Fig. 4 Local velocity v of dewetting droplets on a fibre with a molec-
ular weight of 78kg/mol at different temperatures as a function of
the initial system radius hg. The straight lines indicate the local mean
dewetting velocity for the different temperatures averaged over the
respective experiments. The error bars are calculated from the error
in the geometry and the error given by the dewetting velocity mea-
surement.

given by |S| = |Yv(cos 6. — 1)|, where Yy = 30.8 mN/m is the
surface tension between the liquid (1) and the vapor (v) phase
for polystyrene in air *3°. Based on the work of Huh and
Scriven“®, de Gennes developed a simplified model for the en-
ergy dissipation in a liquid wedge exhibiting a Poiseuille-type
velocity profile u(z), where the viscous dissipation power per
unit length is described by:

< rg du\> © 3nv? < 3’
Dy = — | dxdz= dx= —d
e /0 /0 " (dZ) s [) C * [) xtan Orec *

ey
with § = xtan B, representing the local film height, 1 be-
ing the fluid viscosity and v standing for the velocity of the
receding wedge. The divergence of the integral at both ends
can be avoided by cutting the integral at the lateral position
x = w (which is an appropriate upper limit length scale like
the width of the drop) and at the molecular size x = a repre-
senting a lower limit, which leads to:

nl ,
Dyise = , 2
Vis tanerecv 2)

where I = In(w/a) denotes a dimensionless coefficient. With
the power balance FyyiveV = Dyigc, the velocity v of a dewetting
wedge on a planar substrate is given by:

1 3]
=" =An.
v |S|tan6rec17 n

3

* Note, that the surface tension of a polymer melt depends on temperature and
molecular weight. Here, the variation in ¥y is very small (< 10 %) and the
mean value of Yy—30.smN/m is used. The error caused by using the averaged
surface tension value is negligible compared to the uncertainty of the viscosity
(as mentioned later in the text).
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Fig. 5 Semilogarithmic representation of the inverse droplet veloc-
ity 1/v (symbols) and viscosity 1 according to Eq. (4) and indepen-
dent viscosimeter measurements (dashed lines) for different molecu-
lar weights as a function of temperature 7. The error bars represent
the standard deviation of different dewetting velocity measurements.
The inverse of the dewetting speed scales linearly with viscosity, ex-
hibiting a universal constant of proportionality A = 3900 = 300 m/N.

This implies that in case of a purely viscous flow at
the solid/liquid interface the velocity of a moving wedge
is inversely proportional to the melt viscosity 1), with
A =31/(]S|tan O.) representing the constant of proportion-
ality.

Figure 5 shows a semi-logarithmic plot of the inverse lo-
cal droplet velocity 1/v for various molecular weights ranging
from 4.2 to 78kg/mol as a function of temperature T (sym-
bols). Typically, four to eight separate velocity measurements
were averaged per data point. In addition, the respective vis-
cosity data versus temperature is shown as dashed lines. The
viscosities were determined from independent viscosimeter
and ellipsometric measurements>> by projecting the data ac-

cording to the Williams-Landel-Ferry (WLF) equation>*33:
BT,-T
= — 4
n nOCXP(fOTTm)a ( )

where 1o = 6.3 - 10® Pa-s represents the viscosity at the glass
transition temperature 7, = T, (o) — C/M,, for the respective
My, with Ty(ec) = 372K and C = 70K kg/mol for PS. The
Vogel temperature is given by T.. = T, — 48K and the ratio
B/ fo = 30.3 is taken from literature 3.

In order to match the velocity data 1/v (symbols, left y-
axis), the viscosities (dashed lines, right y-axis) are rescaled
by a single constant prefactor A, which was found to be
3900 £ 300m/N. This finding is consistent with experimen-
tal studies on dewetting holes in thin liquid polystyrene films

with low molecular weights on hydrophobized flat surfaces>.

Figure 6 displays the inverse of the measured local mean ve-
locity 1/v as a function of viscosity 17. The black line repre-
sents the linear scaling between 1/v and 17 with the universal
proportionality constant A, as predicted by the force balance
model based on purely viscous dissipation (Eq. (3)). Impos-
ing the universal prefactor A as given above, this model turns
out to be in good agreement with the experimental velocity
data. Knowing the spreading parameter |S| and 6. from the
experimental data, the dimensionless coefficient / is the only
free parameter. We obtain / = 61 &+ 10, which is in the same
order of magnitude as in previous numerical studies>®, where
[ was found to range from 15 to 20. Experimental studies?’,
e.g. on dewetting of PDMS on non-wettable surfaces by Re-
don et al. have reported a dimensionless coefficient of I = 20,
whereas for more viscous alkanes [ = 6 was obtained. A po-
tential source of the deviation in / compared to other studies
might originate from the fact that the polymer viscosity is very
sensitive to variations in temperature and already a difference
in T of 1 K can lead to a considerable systematic change in the
dewetting dynamics. A second hypothesis is as follows: Dis-
sipative particle dynamics simulations by Meriaba et al. did
provide evidence that the viscous dissipation of a dewetting
liquid front is predominantly located at the three-phase con-
tact line4!. Nevertheless, it is shown that viscous friction at
the position, where the front merges into the residual thin film,
represents a weak additional contribution to the dissipated en-
ergy. Assuming energy dissipation localized at both sides of
the moving liquid front does not alter the scalings, Eq. (3),
but justifies a decrease in the free parameter /378, In sum-
mary, we find that the model based on purely viscous dissipa-
tion captures the capillary-driven propulsion of axisymmetric
droplets on hydrophobized fibres.

In the following paragraph, we will discuss friction at the
solid/liquid interface, which has been identified as a poten-
tially significant source of energy dissipation in thin film
flows3>3342: From an earlier study on the growth rates of
amplitudes during the RPI it is known that PS(78k) on a hy-
drophobized fibre can exhibit significant hydrodynamic slip at
the fibre/liquid interface 3. The slip length b*3, which pro-
vides a quantitative measure for the amount of slip at the
solid/liquid interface, was found to be b = 4.0 £ 0.4 um for
the exact same system. As the slip length scales with molec-
ular weight***3 lower molecular weights are expected to ex-
hibit a smaller slip length. Despite providing a slip boundary
condition, which leads to a non-zero velocity of the polymer
molecules at the solid/liquid interface 246 we find that the
dynamics of a dewetting droplet is linear in time>>33. In addi-
tion, the local velocity v does not depend on the initial radius
of the system hg (see Fig. 4) or rather the droplet size (height
hmax (¢) and width w(z)), within the range of droplets sizes
tested in our experiments. For smaller droplets one would
expect to see an increase in the dewetting velocity as the PS
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Fig. 6 Inverse droplet velocity 1/v as a function of viscosity n ac-
cording to Eq. (4) and independent viscosimeter measurements. The
error bars represent the standard deviation of different dewetting ve-
locity measurements and do not include the uncertainty of the visco-
sity data taken from the WLF equation (see Eq. (4)). The black line
represents the linear scaling between 1/v and 1 with the universal
proportionality constant A = 3900+ 300m/N.

film becomes sensitive to the enhanced mobility at the inter-
face. By measuring the maximum droplet height s,y (f) (see
Fig. 1c) we see that for all times ¢, the ratio between slip length
b and maximal droplet height is equal to b/hmax (f) < 0.1. This
implies that the size of the droplets compared to b is too large
to identify a considerable influence of the enhanced mobility
at the solid/liquid interface on the dewetting speed. For large
droplets, with b/hyax (1) < 0.1, viscous friction at the contact
line dominates over slippage. Thus, in our study, the dewetting
dynamics is exclusively controlled by local dissipation at the
contact line and the experimentally determined proportional-
ity constant A, describing the linear scaling between 1/v and
1, is universally valid (see Fig. 6).

4 Conclusions

Here, we have reported on the generation of uniform
polystyrene droplets on a hydrophobized fibre by taking ad-
vantage of the Rayleigh-Plateau instability. Nucleation causes
the spontaneous formation of a three-phase contact line at one
side of a droplet. This leads to a capillary imbalance, which
in turn causes the droplet to dewet on the fibre. Thereby, we
found that the dynamics of a droplet is linear for all times and
is as well geometry invariant. Considering the entire motion
process including the accumulation of the residual thin film
and the coalescence steps with static droplets shows that the
dewetting velocity of the droplet is alternating around a certain
mean velocity v: The consumption of the thin polymer film
features a constant droplet speed, but the coalescence process
between moving and static droplets causes a local increase in
velocity combined with a decrease in the receding contact an-

gle. However, at the end of the merging procedure, 6, recov-
ers and the speed is again decelerated. By neglecting the coa-
lescence steps, the evaluation of the local droplet dynamics for
varying molecular weights and temperatures exhibits a linear
scaling between the inverse local dewetting velocity 1/v and
viscosity 1, consistent with the classical force balance model
of a dewetting liquid wedge on a substrate based on purely
viscous friction (see Eq. (3)). We found a single proportion-
ality constant describing all data sets, which is in good agree-
ment with former experimental studies on dewetting holes in
thin films on hydrophobized surfaces®’. Hence, we see that
viscous dissipation dominates over slip-induced dissipation at
the solid/liquid interface, for droplets which exhibit a height
of at least ten times the corresponding slip length.

We expect these findings to be valid for all Newtonian li-
quids that are driven by capillarity and mediated by viscous
forces. The precise control of droplet propulsion on microfi-
bres might play an important role for practical applications
and motivate novel designs of open microfluidic devices for
chemical reactions and biological analysis. One might also
envision new approaches and improvements in liquid deposi-
tion and patterning techniques. Finally, it provides a reliable
and rapid method to determine the viscosity of a liquid.
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