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Hypothesis: Since the emergence of the molecular-kinetic theory and the hydrodynamic approach, it is
generally accepted that the displacement of the contact line is controlled by the viscous or frictional
channel of energy dissipation for respectively high-viscosity and low-viscosity liquids. However, how
the dissipation switches from one channel to another is still unknown. We therefore hypothesized that,
by progressively changing the viscosity of a liquid, a better understanding of the underlying mechanism
driving this wetting dynamic transition would be obtained.
Experiments: Performing capillary rise experiments of polydimethylsiloxane on a poly(ethylene tereph-
thalate) fiber at different temperatures, i.e. at different liquid viscosities, we characterized the transition
between the viscous and frictional regimes. The fiber surface topography was also characterized and its
effect on the wetting dynamics was quantified.
Findings: The wetting dynamics switched from one regime to the other in a very short viscosity interval.
Besides, the wetting behavior in the transition region is sensitive to the fiber surface topography. The
presence or the absence of a liquid rim ahead of the contact line actually determines the dominant chan-
nel of dissipation.

� 2018 Published by Elsevier Inc.
1. Introduction

The considerable interests in wetting dynamics arise from their
great importance in many processes, such as painting, adhesion, oil
recovery and liquid-based microfluidic systems. Therefore, the
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wetting topic has been studied extensively, from both numerical
and experimental aspects [1–3]. To describe the underlying mech-
anisms controlling the contact line dynamics, two main theoretical
approaches, i.e., the hydrodynamic approach (HD) and the
molecular-kinetic theory (MKT), have been proposed. The two
models differ from each other both in terms of their conceptual
frameworks and in the consideration of the channel of energy dis-
sipation [2–6]. The HD emphasizes the viscous dissipation within
the wedge of moving liquid close to the moving contact line [7–
10], whereas the MKT proposed by Blake and Hayes concentrates
on the effective channel of dissipation stemming from the fric-
tional processes in the vicinity of the contact line [11–14]. When
the two models are applied to predict the spreading of a drop on
a flat surface with small advancing contact angle (ht), the hydrody-
namic regime can be characterized asymptotically by ht � t�3/10

(so-called Tanner’s law) [9,13,15] and the frictional regime leads
to a different behavior, namely ht � t�3/7 [13,16,17]. It implies that
the difference between the two regimes is not obvious on flat sur-
Fig. 1. Kinematic viscosity and surface tensions for PDMS20 and PDMS50 at
different temperatures.

Fig. 2. (a) Schematic of the experimental setup. (b) Temperature mapping of an infrar
chamber. (c) Optical image of an additional thermocouple above the liquid surface measu
suspended for 40 min before contacting the liquid surface.
faces. This is a reason why both HD and MKT sometimes can be
equally well fitted for a given set of experimental results simulta-
neously, making the identification of the dominant channel of dis-
sipation ambiguous [18,19]. For the fiber geometry, ht varies as ht �
t�1/2 and ht � t�1 for the HD [20,21] and MKT [22,23], respectively.
It suggests that fiber geometry has the advantage to enhance the
difference between the two models and helps to distinguish
between the dissipation regimes.

An emerging point of view that is gaining increasing ground is
that both frictional and viscous dissipations play a role in the
spreading process [1,13,24]. This statement triggers the elaboration
of combined models, such as the models of Petrov and Petrov [25],
Brochard-Wyart and de Gennes [26], de Ruijter and De Coninck,
et al. [27]. However, at this stage, a unified approach describing
the wetting dynamics of liquid is still missing. It is generally
accepted that the viscous dissipation is the main channel of
dissipation for high-viscosity systems and the frictional dissipation
drives the low-viscosity liquid dynamics [23,28]. Intuitively, there
should be a transition between the two models since the channel
of dissipation is viscosity-dependent, which has been demonstrated
experimentally in previousworks [23,29]. Thiswill raise amore fun-
damental question on how energy dissipation switches from one
channel of dissipation to the other showing a smooth or sharp tran-
sition over short or long interval of viscosity. This unsolved chal-
lenge links the two main theoretical models with different
theoretical bases in the field of dynamic wetting. Until this question
is resolved experimentally or numerically, our understanding of the
switchbetweendifferent channels of dissipation is still rudimentary
and developing a unified model remains elusive.

In the present work, we present experimental results of wetting
dynamics of polydimethylsiloxane (PDMS) around a poly(ethylene
terephthalate) (PET) fiber from an infinite reservoir at different
temperatures. Two types of PDMS with kinematic viscosities of
20 mm2/s (PDMS20) and 50 mm2/s (PDMS50) at room temperature
are selected based on the fact that both PDMS liquids follow the
HD model [23] and their viscosities can be fine-tuned by varying
temperature. The primary aim is to explore the transition between
the two different dissipation mechanisms, and to provide an
insight into the role of surface topography of fiber substrate in
the wetting process.
ed image (top view) focusing on the PDMS liquid surface in the vessel within the
ring the temperature of the fiber before contacting the liquid; The inset shows a fiber
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2. Materials and methods

2.1. Materials

The substrate is a PET fiber with 0.8 mm diameter from Good-
fellow, which undergoes a rigorous cleaning procedure before
use, as described previously [23,29]. The PDMS20 and PDMS50 liq-
uids are linear polymer from Sigma-Aldrich Chemical co. PDMS20
and PDMS50 have a number-average molecular weight of 1678
and 3158 g/mol, respectively, measured by a gel permeation chro-
matography (GPC) method (Fig. S1 in the supplementary material).
Fig. 4. Contact angle relaxation and meniscus height dynamics at different temperature
lower limiting dynamics enveloping all the others are shown (dotted blue lines). (For int
the web version of this article.)

Fig. 3. A typical example of a contact angle measurement for PDMS50 at 90
2.2. Viscosity and surface tension measurement

A Brookfield DV-II+ PRO digital viscometer was used to measure
viscosities of PDMS20 and PDMS50 liquids at different tempera-
tures. The pendant drop method was used to measure the liquid/-
vapor surface tensions by a Krüss drop-shape analyzer at 20 �C. At
other temperatures, surface tensions were obtained by using a
temperature coefficient dc=dT = �0.048, with c the liquid/vapor
surface tension and T the temperature, a standard value for PDMS
liquid [30]. Fig. 1 shows the values of the surface tension and
kinematic viscosity (the ratio of the dynamic viscosity to the liquid
s for PDMS20 (a and c) and PDMS50 (b and d). For PDMS50 at 70 �C, the upper and
erpretation of the references to colour in this figure legend, the reader is referred to

�C. The best Laplace’s fit of the liquid/air interface gives h = 57.7 ± 0.4�.



Fig. 5. Late stage contact angle dynamics versus time for PDMS20 (a) and PDMS50 (b) on a logarithmic scale. The solid lines correspond to the best linear fits.
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density). It suggests that the viscosity values decrease dramatically
with increasing temperature while surface tension values are
nearly constant. Besides, the interfacial interaction between PET
and PDMS nearly does not change with temperature (see Text S2
in the supplementary material).
2.3. Dynamic wetting measurements at different temperatures

The experimental system consists of a temperature-controlled
chamber (Ramé-Hart instrument co.), a dip coater and a high speed
camera (C-MOS camera, Vosskühler HCC-1000), as illustrated in
Fig. 2a. The chamber shows excellent accuracy on temperature
[18] which allows a precise control of the liquid surface tempera-
ture as shown in Fig. 2b (calibrated by a Fluke infrared camera).
To consider the possible existence of temperature gradient along
the meniscus profile, an additional thermocouple (Fig. 2c) is used
to measure the temperature of the PET fiber. It shows a good agree-
ment with the temperature of the liquid surface when the thermo-
couple is suspended above the liquid surface at a height of 0.8 mm
for 40 min. This height is similar to the height of a static meniscus
made by PDMS liquids around the fiber (see Fig. 4c and d). The pro-
cess of capillary rise is then considered to be temperature-
homogeneous. Besides, it is confirmed by FTIR-ATR (Fig. S2) that
PDMS20 does not evaporate at 90 �C within 40 min.

The experimental procedure is as follows. The fiber attached to
a dip coater is allowed to move down into the liquid reservoir with
a controlled velocity. The downward motion (5 mm/min) of the
sample is moved to the position of around 0.8 mm above the liquid
surface at the target temperature and the sample is kept there for
40 min (illustrated in the inset of Fig. 2c). Then the fiber is moved
Table 1
Slopes of the different contact angle dynamics for PDMS20 and PDMS50 at different
temperatures. The slopes cannot be simply averaged for PDMS50 at 70 �C due to their
large scatter.

Samples Temperature (�C) Slope Adj. R-Square

PDMS20 20 �0.51 ± 0.04 0.995
50 �1.01 ± 0.05 0.996
70 �0.98 ± 0.08 0.986
90 �1.02 ± 0.06 0.992

PDMS50 20 �0.52 ± 0.03 0.996
50 �0.50 ± 0.05 0.997
70 / /
90 �0.98 ± 0.06 0.993
downwards and it is stopped immediately when the fiber and liq-
uid surface contact each other. The high speed camera records the
dynamic process of capillary meniscus profile with a LED light (see
Fig. 2a). The successive images are carefully checked when the
meniscus rise starts. The capillary rise experiments were repeated
more than 5 times for each PDMS at every temperature.

The capillary length, Bond number and capillary number of
PDMS20 and PDMS50 are summarized in Table S3 in supplemen-
tary material. Clanet and Quéré [21] suggested that the fiber can
be treated as a planar surface if Bo is larger than one unity. The
value of Bo in Table S3 ranges 0.27 from 0.30, indicating that the
filament should be considered as a cylinder. Besides, the PDMS liq-
uid/vapor interface has a quasi-static profile and follows Laplace’s
equation since the values of capillary number do not exceed 0.03 at
different temperatures. Fig. 3 presents an example of a contact
angle measurement, in which a solution of Laplace’s equation is
adjusted to fit the shape of the liquid/vapor interface to obtain
the contact angle and the meniscus height [31].
Fig. 6. Meniscus height dynamics vs time for PDMS20 at different temperatures on
a logarithmic scale. The inertial contribution is modelled by Eq. (6). The solid lines
correspond to the best linear fits with a slope of 0.554 (R2 = 0.996), 0.552
(R2 = 0.987), 0.522(R2 = 0.997) and 0.479 (R2 = 0.998) for 20, 50, 70 and 90 �C,
respectively.
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2.4. SEM analysis

The surface morphology of the PET fiber was observed in a
Hirox SH-3000 scanning electron microscope (SEM) (Hirox com-
pany, Japan) with a voltage of 15 kV. Prior to SEM observation,
the surfaces were sputtered with gold in Denton Desk V Sample
Preparation system (Denton Vacuum L.L.C., USA)

2.5. 3D Optical profiler analysis

The 3D Optical Profiler (Sensofar-Tech, S.L., Spain) combing con-
focal and interferometry techniques was employed to characterize
the roughness of the fiber surface. The values of roughness can be
obtained by the analysis of the 3D Optical Profiler images using
software SPIP 5.1.1. For every fiber, more than 3 different areas
(84.7 � 84.7 mm2) were characterized (these areas were wetted
by the PDMS liquids during the capillary rise experiments).

2.6. Theoretical considerations

The de Ruijter combined model [27] simultaneously consider-
ing the viscous dissipation (HD) and the frictional dissipation
(MKT) is employed to distinguish the dominant channels of dissi-
pation. Since the substrate is a fiber and the initial de Ruijter com-
bined model [27] is for a flat substrate, the de Ruijter combined
model for fiber geometry extended by Seveno et al. [22,23] is con-
Fig. 7. Temperature dependence of slopes for PDMS20 (a) and PDMS5
sidered here. It predicts dynamic contact angle ht varies as a func-
tion of the contact line velocity V

V ¼ dyt
dt

¼ c cosh0 � coshtð Þ
fþ 6g

ht
ln xmax

xmin

� � ð1Þ

where yt is meniscus height, c is the surface tension of liquid, h0 is
the equilibrium contact angle on the fiber, g is the dynamic viscos-
ity, f is the contact line friction per unit length of the contact line,
xmax is in the range of the capillary length and xmin is of molecular
size. This logarithm factor is generally approximated to 12 [32].
Assuming that values of ht are small and h0 ¼ 0� in Eq. (1), it leads to

dht
dt

� �
c ht

2

2r0

� �

fþ
6gln xmax

xmin

� �
ht

ð2Þ

where r0 is the fiber radius. When the viscous dissipation is domi-
nant (i.e., f is very small), we thus obtain

ht / t�1=2 ð3Þ
and when frictional dissipation is dominant, Eq. (2) gives

ht / t�1 ð4Þ
The validations of Eqs. (3) and (4) have been verified in experi-

ments and molecular dynamics simulations [20–23].
0 (b). Viscosity dependence (c) of slope for PDMS20 and PDMS50.



Fig. 8. (a) SEM image of PET fiber evidencing the presence of a groove on the
surface. (b) and (c) Two typical 3D profiler images of fiber surfaces, the values of
their roughness Sa are respectively 0.782 and 1.506 mm. (d) Slop versus Sa for
PDMS50 at 70 �C. The inset in (d) shows two contact angle relaxations with various
roughness values.
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3. Results and discussion

3.1. Dynamic contact angle relaxation

Fig. 4a and b show the contact angle relaxation of PDMS20 and
PDMS50 at different temperatures, and the corresponding menis-
cus height dynamics are presented in Fig. 4c and d. It should be
noted that the significant additional elastic stress does not exist
during the breakup of the liquid/vapor interface due to the rela-
tively low surface tensions of PDMS liquids (Fig. 1) [23]. It is
expected that high temperature promotes the spreading process
due to the sharp reduction of viscosity with temperature (Fig. 1).
Interestingly, when temperature increases from 20 �C to 50 �C,
the spreading process is improved dramatically and the contact
angle relaxation is very close to the ones at 70 and 90 �C for
PDMS20. PDMS50 in Fig. 4b and d shows similar spreading process
with PDMS20 when temperature increases from 20 �C to 90 �C,
except 70 �C. Actually, it is unexpected that the behaviors of con-
tact angle relaxations (Fig. 4b) and height dynamics (Fig. 4d) show
very large variations for PDMS50 at 70 �C even though the wetting
experiments were repeated 20 times (see Fig. S3). For comparison
and as an example, the wetting curves of PDMS50 at 50 �C is shown
in Fig. S4, indicating a good repeatability. We select the upper and
lower limiting dynamics enveloping all the other ones and plot
them in Fig. 4b and d.

The same contact angle dynamics (ht � 45�) are assessed on log-
arithmic scales in Fig. 5a and b. Except the case of PDMS50 at 70 �C
(the slopes range from �0.75 to �0.5 in Fig. 5b), two different
dynamic behaviors are presented when the system approaches
equilibrium. Table 1 summarizes the two sets of slopes and devia-
tions for PDMS20 and PDMS50. Apparently, the contact angle
dynamics of PDMS20 at 20 �C, and PDMS50 at 20 �C and 50 �C
follow the HD behavior (ht � t�1/2). On the other hand, the behav-
iors of PDMS20 at 50 �C, 70 �C and 90 �C, and PDMS50 at 90 �C can
be described by the MKT model (ht � t�1). The evaluation of
dynamic contact angles is performed below 45� here as the cosine
function can then be approximated by the second Taylor expansion
which is a requirement to derive the scaling laws (ht � t�1/2 and
ht � t�1) in Eq. (2). Besides, independent tensiometric measure-
ments of PDMS20 and PDMS50 (Fig. S5) confirm that the static
contact angle h0 is equal to 0� at 20 �C, and hence the values of
h0 are also considered to be 0� at higher temperatures [33].

It should be noted that dynamic contact angles at higher tem-
peratures are evaluated with lower contact angles (Fig. 5a),
because liquids with lower viscosities can be more easily affected
by inertia and its effect should be eliminated from the analysis.
The meniscus rise of liquid on a small fiber driven by inertia [21]
can be described by

yt � a
cr0t2

q

� �1=4

ð5Þ

and it is equivalent to

lnyt ¼
1
2
lnt þ ln

ac1=4r01=4

q1=4 ð6Þ

where a is an adjustable parameter and q is the liquid density. The
logarithms of the meniscus height for PDMS20 at different temper-
atures are presented in Fig. 6. It suggests that the early stages of the
meniscus rise of PDMS20 obey Eq. (6) and they are thus dominated
by inertia. Accordingly, the scaling laws do not model dynamic
angle relaxations in Fig. 5a and b until the elimination of inertial
effects.



Fig. 9. A typical optical image of a meniscus of PDMS50 at 20 �C. A clear rim exists ahead of the apparent contact line.
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3.2. The viscosity dependence of the wetting dynamic regimes

Fig. 7a and b depict the slopes of the scaling laws versus tem-
perature for PDMS20 and PDMS50. It suggests that the slope
changes from �0.5 to �1 with increasing temperature, implying
a transition between the channels of dissipation. It should be noted
that varying the temperature here is an efficient method to fine-
tune the liquid viscosity. Essentially, the decreasing viscosity leads
to the switch from viscous bending to frictional dissipation. The
viscosity dependence of slopes is presented in Fig. 7c. It can be
observed that the MKT/HD transition is very narrow in terms of
viscosities. The threshold is considered to be around 15.8 mm2/s
(the viscosity of PDMS50 at 70 �C), as the slope dramatically jumps
towards -0.5 despite strong variation. This transition is very sharp,
as the viscosity difference between 70 �C and 90 �C is only
2.4 mm2/s. It is much sharper with a viscosity difference around
0.1 mm2/s if the lower deviation of viscosity at 70 �C and the upper
deviation of 90 �C for PDMS50 are taken into consideration. This
finding is interesting as it reveals the deep relationship between
the frictional and viscous dissipations, which, to the best of our
knowledge, has never been considered so far. The extreme sharp-
ness of this transition here may explain why it has never been
observed before.

The reason of the behavior of PDMS50 at 70 �C (Figs. 4b and 5b)
and the relationship between viscosity and slopes (Fig. 7c) how-
ever remain open questions. The topographical heterogeneities of
the fibers may explain our intriguing results in Figs. 4b and 5b
[33–36]. The surface topography of PET fiber is checked by SEM
image in Fig. 8a. It indicates a microscale groove exists on the fiber
surface and evidences the topographical heterogeneity of surface.
Fig. 8b and c show two typical 3D profiler images of fibers on
which the presence of grooves can be quantitatively characterized
by the roughness parameter Sa (arithmetic average of the 3D
roughness). Some very tiny grooves still are visible in the top view
image of Fig. 8b (see Fig. S6a in supplementary material). It should
be noted that the value of Sa reflects the number of grooves as well
as their width and depth, as supported in Fig. S6b–d (see Text S6).
Slope values have a clear tendency to increase with roughness val-
ues as evidenced by Fig. 8d. We hypothesize that the capillary flow
in the microscale grooves cannot contribute to the acquisition of
apparent contact angles, but it will take on the partial dissipation
of energy for the whole system. This causes a reduction of the
apparent spreading velocity, as demonstrated by the inset of
Fig. 8d that shows a slower contact angle relaxation with an
increasing roughness. This is analogous to the situation that a
tributary or subterranean flow reduces flow velocity of a main
stream.

Concerning the link between slopes and viscosity, it may be
understood in terms of the formation of rims ahead of the apparent
contact line, as illustrated in Fig. 9. Apel-Paz and Marmur [37] sug-
gested that there is a competition between the velocity of the
apparent contact line (Va) and the velocity of the rim (Vr) on rough
surfaces. The grooves on PET fiber can trigger the formation of
groove capillary flows on the surface (Fig. 8a–c). Indeed, these
microscale groove capillaries can be fed with liquid by the edge
of the apparent contact line and spread simultaneously with the
penetration of the liquid into the grooves, as supported experimen-
tally by Oliver and Mason [38] and theoretically by Romero et al.
[39]. If Va is faster than Vr, no rim is formed (see Fig. 3). At such
high Va, the PDMS liquid does not perceive the surface roughness
and spreads as if the surface were smooth. This statement is sup-
ported by the work of Cazabat et al. [40]. It gives rise to the
viscosity-independent MKT regime (Fig. 7c). If Va is lower than
Vr, rims exist due to the surface grooves (Fig. 9). It is noted that
the rim exists during the whole wetting process (see Fig. S7). The
role of the rim is very analogous to a precursor film in front of
the contact line of a droplet where there is strong viscous dissipa-
tion [1]. Besides, the true contact line at the leading edge of the rim
does not play a part in the creation of the apparent contact angle
that is measured, and hence the conditions for the MKT are not
realized [13]. Moreover, the liquid in grooves smooth out the sur-
face roughness [41], and the liquid meniscus actually spreads on a
partially pre-wetted solid surface. This reduces the influence of
heterogeneous topographies on the apparent flow of liquid, result-
ing in the viscosity-independent HD regime (Fig. 7c). However,
when Va and Vr are close, a sharp transition appears. In such con-
dition, the wetting dynamics is sensitive to surface topographies
and its heterogeneity induces irregular fluctuations of the relation-
ship between Va and Vr, leading naturally to the combination of
the MKT and HD scaling laws with slopes ranging between �0.75
and �0.5 in the present work.

4. Conclusions

The dynamics of the capillary rise of PDMS20 and PDMS50 on a
PET fiber is studied at different temperatures and the results con-
firm that either the MKT or HD approach can model the sponta-
neous rise phenomenon. It also suggests that varying the
temperature is a way to control the viscosity-tunable channels of
dissipation. More importantly, the transition between the HD and
MKT regimes lies in a very short viscosity interval. Within this
sharp transition region, the fiber roughness plays an important role
in the identification of the dominant channels of dissipation,
whereas they are independent of fiber roughness beyond this tran-
sition region. The formation of rims ahead of the apparent contact
line is observed and it can account for the link between the chan-
nels of dissipation.

The deep relationship between the two models was nearly not
considered in the previous works even though the suitability or
superiority of the two models was studied extensively
[4,18,31,42,43]. In the present work, a sharp transition region link-
ing the two models is uncovered experimentally and we propose a
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qualitative explanation for the sharp MKT/HD transition by
describing the relationship between Va and Vr. A theoretical basis
conciliating the MKT and HD more tightly than the existing com-
bined models [25–27] should provide a more quantitative descrip-
tion. However, modelling this transition goes beyond the scope of
this work. We believe that the experimental characterization of
this link is an important step to better understand the tight rela-
tionship between the frictional and viscous dissipations and it
may serve as the basis for the formulation of a still missing unified
wetting approach. More elaborated theoretical developments con-
sidering the surface topography and its effect on the different
channels of dissipation are however still necessary. It will be the
purpose of future works.
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