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1. Introduction

Wetting forces and analysis of meniscus shape formed around
fibres immersed perpendicularly into a liquid have been tradition-
ally used to study the wettability of single fibres, which is essential
in several technological applications, such as fibre reinforced com-
posite design [1-3] and coating of textile fibres [4]. The measure-
ment of the capillary force exerted by a liquid on a fibre, from
which a contact angle can be calculated, is known as the Wilhelmy
method (tensiometry) [5]. This pull or push force is produced by
the weight of displaced liquid above or below the reference hori-
zontal free surface [6]. An advancing meniscus is formed when
the fibre is immersed into a liquid, while a receding meniscus is
observed when the fibre is withdrawn from the liquid. In general,
both situations correspond to different apparent contact angles
and not to a single value, as theoretically predicted by Young's
equation for an ideal surface. This so-called hysteresis is related
to the pinning of the contact line at physical or/and chemical
heterogeneities [7,8]. Moreover, the value of the experimentally
measured contact angle is also influenced by the velocity of the
advancing and receding fronts [3,9,10]. The Wilhelmy technique
has high accuracy when measuring contact angles of fibres with
regular shape [3,11]. However, the analysis of the wetting beha-
viour of irregular fibres (i.e. wavy and rough natural fibres) using
this technique is reported to be very challenging since small vari-
ations in the fibre perimeter can largely affect the capillary force
and hence the calculated contact angles [12,13].

Alternatively, the wetting behaviour of a single fibre can also be
studied by goniometry, i.e. observing the shape of a steady menis-
cus formed when a vertical fibre is brought in contact with a liquid.
This technique relies on the localization and modelling of the lig-
uid/vapour interface when the fibre is partially immersed in a liq-
uid volume. A simple modelling procedure could involve a proper
fit of the meniscus profile by a polynomial or spline functions [14].
However, the contact angles obtained are then generally not accu-
rate since the results are often highly influenced by the choice of a
given mathematical function with no physical basis that cannot fit
the drastic change in the interface curvature for a wide range of
contact angles [2,15,16]. For instance, Bateni et al. [17] showed
that contact angles calculated using the slope of a polynomial at
the contact point vary according to the degree of the polynomial
and the number of pixels used in the fitting procedure.

A more accurate approach is to use a mathematical model with
a sound physical description of the shape of the meniscus
[2,18,19]. In static and quasi-static conditions, the liquid/vapour
interface is well described by the Young-Laplace equation [20-
22]. If the gravitational effects are neglected (typically when the

Bond number Bo= P;Lf < 1, with p the liquid density, g the gravity
acceleration, r the fibre radius, and Y the liquid-air surface ten-
sion), an analytical solution to the Young-Laplace equation for a
liquid wetting a cylindrical fibre can be used to describe the corre-
sponding meniscus shape [20,21]. Then, the contact angle can be
simply extracted by measuring the meniscus height and fibre
radius [21,23]. For systems where gravity cannot be neglected,
the Young-Laplace (non-linear second-order differential) equation
has generally to be numerically solved by using, for instance, a first
order Runge-Kutta algorithm [19]. The (quasi) static regime holds
as long as the capillary number Ca = ’Q—V (with # the liquid dynamic
viscosity, and V the contact line velocity) is small; otherwise,
dynamical models should be used [24].

Almost all the models previously described for measuring the
wettability of fibres have been developed for the characterization
of the menisci on perfect circular cylinders, while fibres with more
complex shapes have received less attention [25-27]. Irregular

natural fibres [12] and the recent development of complex-
shaped fibres for industrial applications, such as hollow glass
[28] and expanded/ablated fibres [29,30] for improving composite
interfaces, call for new studies focusing on the particular features
(e.g. diameter change along the fibre length) encountered during
the motion of the contact line on fibres with non-circular and vari-
able cross sections [25,31,32]. An analysis of the meniscus shape
on such complex-shaped fibres needs the development of new
experimental techniques and the validation or improvement of tra-
ditional theoretical models.

In this study, the dynamic wetting behaviour of an axisymmet-
ric sinus-shaped fibre (wavy fibre) immersed vertically in a large
liquid volume has been investigated. Fibres were computer-
designed and 3D printed down to micrometre dimensions with
Nanoscribe Photonics GT equipment, and the Wilhelmy method
was used in parallel with meniscus shape analysis; these two inde-
pendent techniques were being cross-validated by direct compar-
ison of resulting contact angles. This methodology enabled
monitoring the profile of the fibre and the liquid meniscus while
the fibre was being immersed, and to correlate the contact angle
variations with the motion of the contact line.

The immersion and withdrawal of the fibre resulted in stick-slip
motion of the meniscus [27,33-36], which is predicted by a quasi-
static model directly inspired by an analysis of the impact of chem-
ical heterogeneities on stick-slip behaviour and hysteresis in a
microchannel [37]. Static model solutions are here tracked upon
varying the immersion depth in upward and downward directions,
explaining why two different paths for the contact line position are
observed, with pinning-depinning events occurring in both cases.

2. Methodology
2.1. Materials

Sinus-shaped fibres were 3D printed with a Photonic Profes-
sional GT laser lithography system (Nanoscribe GmbH, Germany)
by direct laser writing of an acrylic based negative tone resist
(IP-G 780), with a 3D resolution of 600 nm. All fibres were printed
following a sinusoidal wave with a diameter of 150 pm at peak
amplitude and a period of 200 pim, while the diameter at the low-
est amplitude was designed with 4 different values: 80, 100
(Fig. 1a), 120, and 140 pm. These fibres will be further referred
to as 150/80, 150/100, 150/120, and 150/140 respectively. All
fibres also contain a perfect circular cylinder portion with a diam-
eter of 150 um and a length of 5 mm at both fibre ends. The quality
of the printed fibres is examined in supporting material SM1.

2.2. Tensiometric method

Advancing and receding contact angles of ultrapure water
(18.2 Q cm resistivity, y=72.8 mN/m) were measured on the
fibres at room temperature (20 °C) and relative humidity of 65%,
using a Kriiss K100 SF tensiometer equipped for the Wilhelmy
technique with a resolution of 0.1 pg. This technique consists in
measuring the forces exerted by a liquid on a solid substrate with
known perimeter while the substrate is vertically and partially
immersed into the test liquid and then withdrawn [12]. The fibre
is actually not displaced, but the vessel containing the liquid moves
up (h defined in Fig. 1b increases) and down (h decreases) during
an advancing-receding cycle.

When the fibre is immersed into the liquid, the microbalance
measures a force (Fieqsureq), Which is the sum of the capillary force
(Fwetting), the weight of the fibre (W) and the buoyancy force
(Fbuoyancy):
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Fig. 1. (a) Optical microscopy of a 150/100 fibre. (b) Definition of terms: x is the axial coordinate attached to the fibre; the level of the liquid bath is at x = h; the contact line is
at xq, = h + H (with H the capillary rise) where the meniscus makes an angle 0; with the fiber, and 0y with the vertical.

Fmeasured = Fwetting + W — Fbuoyancy

= 27nrycos Oy +mg — npg/ ’ 2 (x)dx (1)
0

where r is the fibre radius, m the fibre mass, and x; the contact line
position. When the weight of the probe is measured beforehand and
set to zero on the balance, only the wetting and buoyancy forces
remain:

Xc
Frneasured = 271y €OS Oy — TTPZ / I r2(x)dx (2)
0

The buoyancy term is a factor % smaller than the wetting term,

with [ the capillary length of water (2.7 mm) and hence accounts
maximally a few percent of the measured force. All dynamic con-
tact angle measurements were conducted at a velocity of
0.5 mm/min and with a 0.01 mm data sampling step. By synchro-
nizing the tensiometric method with the goniometric technique
(Section 2.3), it was possible to extract apparent contact angle 60y
data from the tensiometer trace. The synchronization is explained
in supporting material SM2.

Advancing and receding angles are considered in this paper as
the highest and lowest metastable contact angle respectively, that
can be measured by the method described before.

2.3. Goniometric method

Samples were imaged using a Motic SMZ-171-TH microscope
and a 3664x2748 pixel Moticam camera (Motic Deutschland
GmbH, Wetzlar, DE) using a one second picture interval with an
exposure of 700 ms. The resolution of the images was 0.213 pm/
pixel. Image acquisition was recorded and synchronized with the
tensiometer, ensuring that the weight of the meniscus is recorded
at the same time as the image of the meniscus is acquired.

Due to the low velocity (V), 0.5 mm/min, used in all experi-
ments and the physical parameters of water (1 = 1.0 mPa.s), the
capillary number (Ca) for water remains very small: 1.14x107.
Under these conditions, the liquid/vapour interface has a quasi-
static profile satisfying the Young-Laplace equation. The contour
shape of the meniscus was fitted by this theoretical profile thanks
to a modified version of the G-fibre in-house software [19]. Details
of this method can be consulted in [15,19].

The G-fibre software was modified to calculate apparent contact
angles (0, in Fig. 1) on sinus-shaped fibres by assuming a perfect
circular cylinder of a given radius at a specific location of the con-
tact line (x.). Then, the angle 0; between the profile and the fibre
can be computed using Eq. (3) since the geometry of the fibre is
known.

OV(XCI) = ()i(xcl) - atan(rl(xcl)) (3)

3. Results and discussion
3.1. Wetting behaviour of an axisymmetric sinus-shaped fibre

Fig. 2a-e shows a 150/100 fibre being immersed in water (see
movie clip MC1 in Supporting Material). When the fibre is put into
contact with the liquid, the liquid surface deforms spontaneously
and rises up on the fibre to form a meniscus, with a three-phase
contact line located above the horizontal liquid surface of the
reservoir (Fig. 2a). When the vessel containing the liquid moves
up, the liquid surface induces a vertical displacement of the contact
line; but the contact line does not move to the same extent as the
bulk liquid (see Supporting Material 2), where the contact line is
eventually located below the horizontal liquid surface due to an
apparent contact angle higher than 90° (see shadow due to contact
line surrounded by water in Fig. 2b-d). Finally the contact line
moves very fast to a higher position, i.e. it undergoes a jump
(Fig. 2e).

A similar behaviour occurred during the receding process, as
can be seen in Fig. 2f-j and movie clip MC2 (attached as Supporting
Material), although in this case the horizontal liquid surface is
moving downwards. At a given moment also the contact line
movement slows down (see Supporting Material 2) in comparison
to the position of the horizontal liquid surface, and finally the con-
tact line suddenly jumps to a lower position (Fig. 2j).

These sudden jumps in the contact line position xq can be
explained by the statics of capillary rise on a sinusoidal fibre start-
ing from a liquid reservoir level h, the experimentally controlled
parameter, which is increased or decreased when immersing or
withdrawing the fibre respectively. Fig. 3 shows a schematic repre-
sentation of the receding process (the explanation of the advancing
process is analogous).
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In Fig. 3a, static menisci are drawn on various contact line posi-
tions xc, satisfying the Young-Laplace Ordinary Differential Equa-
tion (ODE),

X' = (-l +X/2)

llzx\/l +x? - %} (4)

C

in which primes denote derivation with respect to p (all symbols are
explained in Fig. 1b), all lengths are scaled with the radius r(x), and
I is the capillary length of water. This ODE is closed by imposing (i)
X'(1) = —cotfy = —cot (§; — atan (r'(xy4))) at the fibre at an angle
relative to the vertical, and (ii) X¥'(+) = 0, that is to say, the meniscus
becomes flat far away from the fibre (0; is taken here as the exper-
imentally measured receding angle, see Table 1). Convergence is
achieved by taking a domain size of 501.. The calculation of these
profiles involves the radius r(xc) and apparent angle 6y (xc.) evalu-
ated on the contact line position. The case where the fibre displays
intrinsic contact angle hysteresis is treated later in Section 3.4.

If we start an experiment with the uppermost drawn configura-
tion of the liquid/air interface, decreasing the liquid bath level h
results in the contact line descending on the fibre. This situation
continues until the configuration of the liquid/air interface corre-
sponds to h = h™ and x,; = x; (drawn in black in Fig. 3a). From this
configuration on, displacing the contact line downwards would
require increasing h. The configurations of the liquid/air interface,
with x4 < x; but h > h*, are drawn in dashed lines in Fig. 3a.
Although they start at a lower position on the fibre, their apparent
angles 0y are high enough (due to the local waviness of the fibre)
such that these interfaces already become flat at an immersion
height h > h*, which is violating the experimental constraint thath
must decrease. The contact line then jumps from a position x;to x,
at a constant immersion depth h = h'.

Note that in order to predict the jumps, it suffices to calculate
the equilibrium rise height H on each point of the fibre (see
Fig. 1). As the studied fibres are much thinner than the capillary
length of water I, the equilibrium height H of the capillary rise/
depression can be calculated by adapting the formula existing for
a straight fibre [21] to the case of an heterogeneous fibre consid-
ered here. For each given contact line position x., one then readily
obtains

receding

receding

jump

h’ h

Fig. 3. Explanation of the jump observed when a sinus-shaped fibre is withdrawn.
(a) For different contact line positions, static menisci with the same contact angle 0;
measured locally on the fibre are drawn. When the meniscus is receding
(decreasing h), at the immersion height h = h", a jump of the contact line position
occurs from x; to x,, skipping the menisci drawn in dashed lines as they correspond
to h>h". (b) Corresponding graph of the contact line positionx, versus the
experimentally controlled immersion height h. Following the graph from right to
left requires the contact line to jump.

Table 1
Measured advancing and receding angles on the cylindrical portions of the 3D printed
fibres and corrected (using Eq. (3)) contact angles on the wavy portions.

Diameter at Advancing CA Receding CA Local
lowest Oy = 0; = 04[°] Oy = 0; = Og[°] receding CA
amplitude on cylindrical on cylindrical 0; = Og[°]
(nm) portion portion on wavy
tensiometer tensiometer portion

goniometer
80 76.6 £ 0.6 45.4+0.9 451+1.4
100 76.1£0.8 453 +1.0 45.0+1.4
120 774+1.0 428+1.1 433+1.7
140 77.8+1.1 454+1.0 439+1.1

H(x.) = r(x4) oS Oy (x ){ln( 4l ) C} (5)
c) = cl AU : -
T(Xd)(l =+ sin ()V(XCI))

Fig. 2. Meniscus shape during immersion into water for an advancing (a-e, green border) and for a receding (f-j, red border) contact line of a sinus-shaped 150/100 fibre.
Images taken at equal time intervals (2 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where C is the Euler constant (0.57721...), and r(x) is the local
radius, as described in Fig. 1. From this point forward, unless stated
otherwise, the term model prediction will be use to refer to the
results obtained using Eq. (5).

In the studied range of r and 6y, Eq. (5) is found to approach the
solution of the Young-Laplace ordinary differential equation ODE
(Eq. (3)), with an error below 0.17%. Fig. 3b shows the position of
the horizontal liquid surface h, calculated for every possible con-
tact line position x. as

h(xcl) =X — H(Xcl) (6)

Notably, not only one but three equilibrium contact line posi-
tions xq exist for a range of liquid bath levels h, out of which the
middle one is unstable (as shown later in Section 3.2). In this
range of h, the observed X, and thereby the quantities which
depend on it, such as the apparent angle 6y, display hysteresis
induced by the waviness of the fibre. Namely their value depends
on whether Fig. 3b is followed from right to left (receding), or from
left to right (advancing). In both directions a jump occurs where
% =0.

This model explains the observed jumps and hysteresis upon
experimentally varying the liquid bath level h in a qualitatively
similar way as the explanation of the jumps and hysteresis for a
moving liquid wedge over a chemical defect upon varying the con-
tact line position far from the defect [27], a drop on a chemically
heterogeneous substrate upon varying its volume [34], and a liquid
in a chemically heterogeneous microchannel upon varying its vol-
ume [32].

3.2. Energy dissipation during the jump

The effect of the jump on the free energy of the system is eval-
uated by the analysis of the force trace during wetting of the fibre
(Eq. (2)), as can be seen in Fig. 4a. The calculated force trace shows
that the work gained by dipping the fibre over one wavelength
(area under the green curve) is smaller than the work required to
withdraw the fibre over one wavelength (area under the red
curve). More specifically, an advancing-receding cycle over one
wavelength dissipates 1.76 n] of energy.

In order to evaluate how this dissipated energy was integrated
in the system, the free energy of the system G is calculated, which
is given by the integration of the interfacial tensions along the sur-

0.025

0.02

[mN]

% 0.015

0.01

faces on which they act as well as by the gravitational potential
energy of the meniscus (indexes g, s and ; stand for solid-air,
solid-liquid, and liquid-air respectively).

G= VAIa + /ysadAsa + /ysldAsl +,0g/ xdV (7)

Introducing the intrinsic contact angle 6; by Young’s law, the
free energy (up to a constant) is given by

AG = A — ycosOiAy + pgn / Y= h)(p? — r(x)?)dx (8)
h

where the interface areas between liquid-air (Aj;) and solid-liquid
(Aq) are calculated as revolution integrals, and the profile p(x) of
the meniscus, as a function of the axial coordinate (as defined in
Fig. 1b), is obtained by solving the Young-Laplace equation (Eq.
(4)). Under the constraint of an imposed immersion depth h, the
first term makes the system to favour configurations in which the
liquid-air interface is minimal, i.e. Oy — 90°, while the second term
describes the energy gain by wetting the fibre area, because the
fibre is wettable (cos 0; > 0). The third term describes the energy
cost of elevating the meniscus mass above the reservoir level.

Fig. 4b shows a clearer picture on the dissipated energy over
one wavelength using Eq. (8). Starting from h = 100 pm, one ran-
dom position in the single-valued range of h where the free energy
value corresponds to 9.30nJ, dipping the fibre (increasing h)
results in a continuous reduction of the free energy of the system
as the fibre is wettable. When h = 300 pum is reached (i.e. after
200 pm, one wave length), after the in-between advancing jump
at h =243 um, the free energy of the system corresponds to
5.38 nJ. Then, the free energy of the system was reduced by
3.92 nJ, of which 1.09 n] is dissipated during the advancing jump.
To go back to h = 100 pm, the system requires 4.59 nJ, of which
0.67n] will be dissipated during the receding jump at
h =138 um, making a total dissipated energy of 1.76n] in an
advancing-receding cycle over one wavelength.

Fig. 3a also shows a schematic representation of withdrawing
the fibre from water with the position of the horizontal liquid sur-
face h as the experimentally controlled parameter, while the con-
tact line position x. results from the physics of the capillary rise.
The liquid-air interface area continuously increases while 0y
decreases during the receding process, until the receding contact
line reaches position x;, where the jump occurs. Thus, in this range

receding

advancing

|
|
|
|
|
|
|
|
|
0.005 J
100 200 300 100 150

h [pm]

200 250 300
h [pm]

250 300 350 400 450
X, [um]

Fig. 4. Energy dissipated in the jumps; (a): force exerted on the fibre (Eq. (2)) versus immersion depth h. black: all static solutions, green: subset of stable static solutions,
tracked upon increasing h (advancing), red: stable solutions tracked upon decreasing h (receding). (b): with the same colour code, free energy of equilibrium configurations
(contact angle 0; is equal to its equilibrium value) as a function of h, the vertical dotted line corresponds to an arbitrary constant immersion height of 150 um. (c) free energy
as a function of x¢ ath equal to 150 um, where the contact angle 6; is now a free parameter. The red and green dot correspond to the equilibrium configurations encountered
in the receding and advancing path respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of h values, the system stores the energy that is provided to
decrease h in its liquid-air interface and as gravitational potential
energy. Immediately after the jump, the contact line is at x, with
a lower liquid-air interface area and gravitational potential energy.
This means that during the jump, which occurs at constant h = h",
part of the stored energy is used to dewet the fibre from x; to x,,
while 0.67 n] still needs to be dissipated as the system cannot keep
storing it at the equilibrium state that the system attains after the
jump.

Fig. 4b also shows that although multiple equilibrium configu-
rations exist in a range of h values, still one of them has a lower
free energy than the others. In this range, the free energy as a
function of xq (drawn for an arbitrary height h =150 pum in
Fig. 4c) shows that both the advancing and receding solutions
(presented as dots) are local minima of the free energy, with a
local maximum in between which acts as an energy barrier to
trap the system in a metastable configuration. This result, proven
analytically in the configuration of a drop on a chemically hetero-
geneous substrate [33] and a liquid in a microchannel with chem-
ically heterogeneous walls [37], is recovered here numerically for
this configuration.

For the situation drawn in Fig. 4c, the system is trapped in the
receding configuration (red dot). This local minimum is separated
from the advancing configuration (green dot) by a local maximum.
In order to move from one metastable to the other, the system
would have to overcome the barrier of 0.04 nJ, and then the
advancing jump will take place and dissipate 0.54 n], reaching
the minimum energy configuration indicated with the green dot.
This energy barrier can for example be overcome by vibrational
noise [38,39]. But in absence of this situation, the system will pro-
ceed to recede along the red track in Fig. 4b, till the receding jump
takes place at h = 138 pm.

400

3.3. Influence of the variation of the wave amplitude

In order to go deeper into the analysis of the influence of the
fibre geometry on the wetting behaviour of wavy fibres, 4 different
shapes were analysed, as explained in the methodology section.
Fig. 5 shows the contact angle variation along the fibre length for
the 4 different fibres using the analysis of the meniscus shape
(goniometry) and the values obtained with the model during a
receding process. Due to the fact that the horizontal liquid surface
is above the contact line position during most of the advancing
process, the meniscus shapes cannot be observed and henceforth
only the receding process is analysed.

The surfaces of the fibres studied in the present paper are rough
and/or chemically disordered at the nanoscale and can then nor-
mally be characterized by one advancing and one receding contact
angle [7,40]. Advancing and receding angles were measured on the
circular cylinder portion of the fibres and are reported in Table 1. In
all cases, the advancing and receding angles are statistically the
same, which makes sense since all fibres are made of the same
material and the same fabrication procedure has been used (result-
ing in the same chemical composition and residual roughness). The
measured contact angles remained unalterable after repeated
cycles of immersion and withdrawal of the fibres, ensuring that
the advancing and receding contact angles of water on the 3D
printed fibres are stable and repeatable, and not affected by non-
equilibrium phenomena (e.g. adsorption and diffusion) during
the time scale of the experiments.

Furthermore, Fig. 5e-h shows the values of the contact angles 0;
with respect to the fibre (using Eq. (3)). The result is summarized in
the last column of Table 1. For all geometries, 0; values are statis-
tically the same and also equal to the receding contact angle of
the material. Therefore, in this section, we assume in our model

350
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Contact Line Position (um)

50

0
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0
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Contact Angle (°)

10 20 30 40 50 60 70
Contact Angle (°)

10 20 30 40 50 60 70 10 20 30

10 20 30 40 50 60 70
Contact Angle (°)

10 20 30 40 50 60 70 80
Contact Angle (°)

Fig. 5. Receding contact angles versus contact line position for the 4 types of 3D printed fibres: 150/80, 150/100, 150/120, and 150/140. Top: Apparent contact angle 0,, data
from the experiment (goniometer) in red and from the model (assuming capillary equilibrium with a receding angle 6; of 45°) in light blue. Bottom: local contact angle 0;. The
dotted black lines show the positions of the inflexion points. Red arrow: direction of the contact line movement. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)



550 C.A. Fuentes et al./Journal of Colloid and Interface Science 540 (2019) 544-553

that the fibre is chemically homogeneous, with a wettability char-
acterized by the measured receding angle. The only factor inducing
the large variation of contact angle values 0y along the wavy por-
tion of the fibre is the geometry of the fibre surface.

All the configurations show the same behaviour. As the contact
line goes down the fibre (receding front), the corresponding menis-
cus height is increasing, whilst the fluid is passing the concave sec-
tions on the fibres. Since the experimentally controlled parameter
is the liquid surface level (which is the level from which the capil-
lary rise starts), this leads to the observation that the contact line is
‘slowing down’, i.e. decreasing the liquid surface level by a certain
distance leads to a decrease of the contact line position by a smal-
ler distance. Despite the slow motion of the contact line, there is a
considerable deformation of the liquid surface (see Fig. 2) since the
meniscus is adapting to the shape of a given vertical apparent
angle, which moves from 62° down to 22° for a 150/80 fibre (see
Fig. 5). Finally, the contact line reaches a zone close to the inflec-
tion point (Fig. 5a, position 260 pm) and jumps to a lower position
(Fig. 5a, position 123 pm).

The position of the contact line immediately before and after
the jump is related to the geometry of the fibre and how large is
the variation of the local perimeter. Fig. 5 reveals that there has
been a slight fall of the jumping starting position from 259.7 um
to 2588 um, and to 2532 um for a 150/80, 150/100, and
150/120 fibre respectively. However, the 150/140 fibre showed a
marked fall in the starting position of the jump, reaching a jumping
position of 211.4 pm (see Fig. 5d). Of course, for a fully straight
fibre, there would be no jump at all anymore. As it can be seen
in Fig. 5a-c, the jumps of the contact line occur in a region close
to the inflection point for the 150/80, 150/100, and 150/120 fibres.

The experimental displacement of the contact line after the
jumps increases with the wave ratio (ratio of smallest to largest
diameter of the fibre) as shown in Fig. 6a. The black dots corre-
spond to 57.5 um, 90.9 pm, 128.0 ym and 137.0 um of displace-
ment for the fibres with diameters of 140 pm, 120 pm, 100 pm,
and 80 pm at the lowest amplitude respectively. The latter three
fibres correlate well with the predictions of the model (full red
line) which is based on tracking the static solutions while decreas-
ing h (receding). We first proceed with the analysis of the wetting
behaviour of these three fibres and come back to the situation of
the 150/140 fibre later.

For the fibres 150/120, 150/100 and 150/80, the energy dissi-
pated in the jumps is calculated from the tensiometer force trace
(e.g. the trace of 150/80 is given later in Fig. 8) as the area
J (Fg — Fa)dh between the receding and advancing force. First the

area is measured between the traces corresponding to the wavy
portion of the fibres, and divided by the wavelength, in order to
obtain the average dissipated energy over a wavelength. Secondly,
the dissipation due to the uncontrolled contact angle hysteresis is
measured from the horizontal portion of the force trace, corre-
sponding to the perfectly cylindrical portion of the fibre. The
energy dissipated in one advancing and one receding jump can
be then calculated by subtracting the dissipation due to the uncon-
trolled contact angle hysteresis (e.g. 3.03 n] for 150/80 in Fig. 8).
The experimental values of the dissipated energy increase with
the wave ratio from 0.26 nJ to 1.00 n] to 1.51 nJ for the 150/120,
150/100 and 150/80 fibres from left to right in Fig. 6b (black dots).

The procedure described above relies on the assumption that
the total dissipated energy is equal to the dissipation due to con-
tact angle hysteresis (nanoscale wetting heterogeneity) plus the
energy dissipated during the jump events. The reasonable match
between the experimental values and the model prediction (red
line in Fig. 6), where the latter is calculated in the absence of a
small-scale heterogeneity, verifies that this assumption can be
taken here as a good approximation.

Both the experimental and numerical data suggest that the dis-
sipated energy scales with jump distance to the fourth power
(Fig. 6¢). This scaling is especially accurate for low values of the
jump length and dissipation, i.e. closer to the threshold of hys-
teretic behaviour [27,37,41]. The theoretical derivation of this scal-
ing [37] consists of writing a Taylor series near the critical point

(where 41 = &1 — () present at the threshold and is adapted in

dxq, — dxZ
the supporting material SM3 for this specific case. It is different
than the quadratic scaling that Shanahan [34] has predicted when
the length scale of the pinning sites is much smaller than the sys-
tem size (in that case the drop radius).

The threshold for a jump to take place is shown as a vertical
dashed line in Fig. 6a and b, at a wave amplitude of 0.88 or a diam-
eter of 132 um at the lowest amplitude. Above this wave ampli-
tude, only one equilibrium configuration exists at each fixed
immersion depth h and % > 0 for each xq. This is the case for

fibres which are not ‘wavy’ enough, as in the case of the 150/140
fibre. For this situation the model predicts that the meniscus can
contact the whole fibre in a continuous way without the necessity
of jumping.

However, this appears to be inconsistent with the experimental
observation of a jump (see Figs. 5d and 6a). Nevertheless, the
model is still predicting a periodic variation of the contact line
position with h. Experimentally, h is increased/decreased at con-
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Fig. 6. (a) Jump distance as a function of the wave ratio (ratio between the lowest and largest radius) from experiment (black dots), model (red line) and corrected model data
(red stars, assuming jumps when i > 1.5, with x and i is the contact line and horizontal liquid surface velocities respectively). The vertical dashed line represents the location
of the threshold wave ratio (0.88) (b) Energy dissipated over one wavelength as a function of wave ratio. (c) Energy dissipated as a function of jump length. (For interpretation
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stant velocity, which means that the contact line needs to period-
ically accelerate and decelerate to stay close to equilibrium.
Fig. 7a shows the ratio of the contact line velocity (x) to the

withdrawal speed (h) as a function of the contact line position
(x4) for the 4 types of fibre from the model, calculated as the local
slope of h(x.). According to the model the velocity goes to infinity

in the static limit (h — 0) during the jump. However, an accelera-
tion/deceleration event is difficult to distinguish from actual jumps
since our experimental setup is not able to register the contact line

position at )'c/h ratios higher than 1.5 (a limitation of our experi-
mental setup), as can be seen in Fig. 7b and ¢, where theoretical
velocity values (blue lines) are compared with experimentally
measured values (red circles) for a 150/100 and 150/140 fibre
respectively. Accordingly, at very high wave amplitudes, the pre-
dicted and the experimentally measured jump positions are in
agreement due to the fact that velocity raises to infinity sharply
for fibres with high curvatures (see Fig. 7a). As the wave amplitude
of the fibre is reduced, the contact line velocity increases more
gently, and then the position at which our setup detects an appar-
ent jump is far from the position at which theoretically infinite
velocity is reached, or in the case of the 150/140 fibre a high accel-
eration event was inaccurately considered as a ‘real jump’. When
the maximum speed at which our camera can detect a jump
()'c/h = 1.5) is used for the calculation of the jump lengths, i.e. con-
sidering that the jump was produced at %/h = 1.5, then the model
is fitting well also for high wave amplitude fibres (see corrected
model data in Fig. 6a). As in the case of the experimental data,
the model is also showing a clear relation between the geometry
of the fibre and the displacement of the contact line after the jump.
The model is also showing that the contact line slows down on the

convex zone and speeds up on the concave zone of the fibre (see
Fig. 7), in clear agreement with the experimental observations
(see supporting material SM2).

A possible way to distinguish between an acceleration/deceler-
ation event and a real jump would be to ‘pause’ the position of the
bulk liquid h during a jump. If a jump length over the same portion
of the fibre is observed, then a ‘real’ jump is observed, while if the
jump is paused as well, it means that an acceleration/deceleration
event was mistakenly taken as a jump. Another way is to perform
experiments with different (still sufficiently low) immersion
speeds. If the results for the different immersion speeds collapse
in the representation of Fig. 7 upon the continuous line of the
quasi-static prediction, then again, the observed acceleration/
deceleration is not a real jump. The use of high speed cameras
could also help to observe more accurately the position at which
a jump is produced.

3.4. Full advancing-receding cycle

In this section, a full advancing-receding cycle is modelled by
integrating a small-scale heterogeneity responsible for contact
angle hysteresis. In contrast with previous sections where the
angle with respect to the fibre 6; was constant, we now impose a
distribution of intrinsic contact angles 6;(xc;). As in [37], a periodic
distribution with a wavelength 2 much smaller than the length
scale of the experiment (i.e. the fibre dimensions) induces a nearly
continuous range of metastable apparent angles 0y at fixed h, while
at the same time implying a constant 6, when h is varied continu-
ously, namely one of the limiting values, 04 or 0k, depending on
whether h is increased or decreased. Thus, we incorporate the con-
stant contact angle hysteresis measured on the perfectly cylindri-
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cal parts of the fibre in the model under the form of a small-scale
chemical heterogeneity (with 2 =0.5um), calibrated in order to
replicate the observed advancing angle 64 and receding angle 6,

27X

" ( 7 )
(7)

The prediction of this model for the 150/80 fibre compares very
well with the measured tensiometer trace (black dots in Fig. 8). For
the cylindrical portion of the fibre (h < 100), the static solutions
(gray) appear as nearly continuous range at the scale of the graph,
while being discontinuous at the sub-micron scale of .. The green/
red line is the subset of equilibrium solutions which is tracked
upon increasing/decreasing h and corresponds to the limits of the
solutions produced by small-scale jumps (invisible on graph), lead-
ing to a force which stays constant as a function ofh. For the wavy
portion of the fibre, the static solutions appear as multiple ranges
at fixed h, the tracking of which now also requires jumps on the
scale of the wavelength of the printed structure while the angle
with respect to the fibre remains nearly constant.

cos (6 (xcL)) = €os (04) ; cos (6g) . cos (6g) ; €os (64) S

4. Conclusions

Available experimental methodologies and models studying the
meniscus shape and contact line movement during the wetting
process of fibres deal almost exclusively with perfect circular cylin-
ders [18-22]. While some work has been developed for shaped
fibres [25,31,42], these have focused on fibres with complex cross
section shapes but still constant along the fibre length.

In this paper, a novel experimental method combining tensiom-
etry and goniometry was presented which enables a detailed
description of the meniscus shape, contact line motion, and the
corresponding contact angles on wavy fibres with different cross
section shapes along the fibre length. The observation of liquid
advancing and receding fronts on 4 different wavy fibres high-
lighted a stick-slip motion of the meniscus, the contact line jump-
ing at well-defined positions depending on both the fibre surface
curvature and its intrinsic wettability.

The stick-slip motion during the immersion and withdrawal of a
wavy fibre in a liquid bath is described well by the proposed static
model of capillary rise, assuming a distribution of radius along the
fibre, and tracking the static solution upon increasing or decreasing
the experimentally controlled immersion depth. This model
expands on the methods used to model the stick-slip and contact
angle hysteresis of a drop on chemically heterogeneous [33] and
rough [43] substrates, and turns out to be considerably less
involved mathematically than dynamic studies (see e.g. [44]).
The model predictions are in good agreement with the experimen-
tal data. Furthermore, the relation between the geometry of the

O
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Fig. 8. Force predictions of the model (gray: all static solutions, green: advancing,
red: receding) compared to tensiometer raw data (black dots), where chemical
heterogeneity leading to contact angle hysteresis has been incorporated into the
model. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

fibre and the jump length of the contact line can be clearly estab-
lished, in agreement with our theoretical predictions. Deviations
between experimental and model data for high wave amplitude
fibres can be explained by acceleration/deceleration events that
take place during the motion of the contact line on the curved sur-
faces. Also, it was shown that apparent contact angles on wavy
fibres are a function of surface waviness, and can be corrected if
fibre geometries are known. As assumed in the theory, the local
real contact angle, which is obtained after correction for surface
curvature, is constant.

In summary, the behaviour of the seemingly pinned and then
jumping contact line, with associated big changes in apparent con-
tact angles, 0,, can be understood by the interplay of a constant local
real contact angle of the material, 0;, and the movement of the bulk
liquid. This leads to storage of energy which is suddenly released
when the contact line passes a given point of fibre curvature.

The analysis presented here is limited to sinusoidal wavy fibres
but it can be extended to study the wetting behaviour of fibres
with more complex shapes and at different dimensions scales, pos-
sibly helping to interpret the effect of roughness.
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