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n Introduction
Fibre wetting is of great importance in 
many fields, including fibre coating (ap-
plying dyes, finishes, etc.), the produc-
tion of composite materials (adhesion be-
tween fibres and resin binders) and many 
other areas. When it is desired that liquid 
should penetrate a fabric, the liquid must 
wet single filaments first. If the garments 
are intended to be water-repellent, then 
the liquid should not coat single fibres. In 
all these cases, we are dealing with fibres 
(assuming they are cylindrical bodies, as 
is in fact the case when we are dealing 
with synthetic fibres). We set forward the 
hypothesis that liquid behaviour on a hor-
izontally-oriented fibre might differ from 
its behaviour on an inclined one. Thus in 
this paper we present our investigation 
into the behaviour of liquid on fibres 
which are inclined at different angles.

The theory of wettability has been stud-
ied intensively over recent decades and is 
quite well understood in scientific terms 
[1 - 5]. When a droplet is put on a solid 
surface, many different physical and 
chemical properties of both the solid and 
the liquid phase influence the fluid’s dy-
namics, such as surface tension, density 
and temperature of both liquid and solid, 
viscosity of liquid, surface roughness and 
shape of the solid [6].
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By definition [7], wettability is the ten-
dency of a fluid to spread on and prefer-
entially adhere to or ‘wet’ a solid surface 
in the presence of other immiscible 
fluids. In other words, liquids are able to 
form an interface with solids.

From a macroscopic point of view, the 
interface between a liquid and its vapour 
is defined by a change of density. Thus 
interfaces are often considered as thin 
membranes and places of special, two-
dimensional conditions and phenomena, 
such as interfacial or surface energy, spe-
cific adsorption, mass transfer, heteroge-
neous catalysis, the Marangoni effect and 
electric double layer, etc. [6].

Molecules at the surface of two different 
phases differ energetically from the ones 
in the bulk of each phase; this is because 
the intramolecular forces in the bulk 
of each phase differ from those acting 
between the particles at the interface of 
two phases (e.g. forces acting in between 
liquid-liquid or liquid-solid phases).

Let us first consider two immiscible 
fluids (see Figure 1). Here, it is well 
seen that the attractive forces between 
molecules of two liquid phases are sub-
stantially smaller than those between 
molecules of the same phase. This results 
in an interfacial tension. 

The molecules of two phases are sub-
jected to cohesion forces that keep them 
united. In the case of a particle that is 
situated at the surface, the sum of these 
cohesion forces is directed towards the 

bulk, resulting in a cohesion pressure. 
However, intermolecular or adhesive 
forces also exist, and these adhere the 
molecules of one liquid to the molecules 
of the other liquid that they contact [8].

In the case of liquid and solid phases 
meeting each other, we can say that 
liquid tends to repel at the surface if the 
forces of adhesion are smaller compared 
to those of cohesion. On the other hand, 
liquid spreads on the surface of the solid, 
when the forces of adhesion are greater 
than the forces of cohesion. A thin film of 
the liquid will form on the solid surface 
in which long-range forces are present 
(usually only van der Waals’ forces are 
taken into account) [9].

Disjoining pressure
A thin liquid film in sub-microscopic scale 
has a thickness of e, which results from 
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Figure 1. Forces acting in the bulk and at the 
interface of two phases:1A - liquid phase1, 
1B - molecule of liquid 1, 2A - liquid phase 2, 
2B - molecule of phase 2,  shows 
cohesion forces between molecules,
shows the sum of cohesion forces, 
shows adhesion forces.
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competition between the long-range forc-
es. The attractive potential of the interac-
tion of long-range forces acting between 
two atoms or molecules decreases with 
intermolecular distance ri as ri-6. When 
this potential is integrated over all pair-
wise interactions between two half-spaces 
separated by a distance e, one finds [9]:

               (1)

where A is a solid-liquid Hamaker con-
stant assumed to be either positive or 
negative between two physical bodies, 
depending on their polarisation. 

Another parameter Πd(e) indicates 
the disjoining pressure, which can be 
defined as the pressure that must be 
brought up to keep the film on a solid at 
a constant thickness. Long-range forces 
are expressed in terms of disjoining 
pressure Πd(e) and can be derived from 
P(e) [9]:

              (2)

Laplace pressure
So far, the forces acting at liquid-solid in-
terfacial area have been discussed. Now 
we shall consider the situation in the 
liquid film which is sufficiently far away 
from the solid-liquid interfacial region 
where the disjoining pressure is absent.

At the liquid-air interface, the cohesion 
forces inside the liquid are stronger than 
the adhesion forces with the air phase. 
The liquid will tend to minimise its sur-
face area, because it is energetically fa-
vourable for molecules to be surrounded 
by other molecules of the same origin. 
Thus, the liquid will try to reach the state 
of minimum energy and the liquid film 
will start to undulate. In a curved liquid 
surface, there exists a pressure differ-
ence between the inside and the outside 
of the surface. Laplace’s law relates the 

pressure difference across a liquid film 
sphere to the tension in the film.

            (3)

where Δp is the difference between the 
internal and external pressures at the sur-
face, γ is a surface tension of the liquid, 
and R1 and R2 are the two main radii of 
curvature.

Disjoining and Laplace pressure
If we coat a fibre of radius r with a liquid 
film having a uniform thickness e0 (see 
Figure 2), the interface spontaneously 
begins to undulate, and highly curved re-
gions with crests and troughs are formed. 
This results in a formation of an array 
of uniformly distributed droplets. The 
equilibrium configuration of a system is 
determined by the competition between 
Laplace pressure and disjoining pressure.

The film spontaneously breaks up into 
small droplets at regular intervals when 
the acting Laplace pressure is greater 
than the disjoining pressure. 

Plateau & Rayleigh [9] indicated that a 
liquid film of radius e0, subjected to a 
disturbance of periodicity λ, becomes 
unstable due to the surface tensions, and 
breaks up into droplets if  λ is greater 
than 2π e0.

The distance between single drops can be 
calculated using Rayleigh’s equation:

λR = 2.88 π r0                 (4)

where r0 is an initial radius of the column 
‘fibre-liquid film’. It has to be noted that 
this formula takes neither the different 
properties of liquids and fibres nor their 
interactions into account [9, 10].

In the scheme presented in Figure 3, the 
situation after film rupture is represented. 

The longitudinal view of a droplet of a 
fluid dwelling on a fibre is illustrated. h(z) 
represents the liquid-air interface profile. 
Outside the droplet, where │z│ → ∞, 
a thin, homogenous film of thickness e 
still coats the fibre. The parameter h0 in-
dicates the sum of fibre radius b and film 
thickness e. The two radii of curvature 
are indicated as R1 and R2 respectively. 
The parameter LW characterises the 
droplet length. The system is rotationally 
symmetric around the fibre axis z, and 
can also be mirrored on the droplet height 
axis h. The dashed line a(z) describes the 
reference shape in the form of a half-
sphere and is determined by 

a(z = 0) = h(z = 0); 

this means that it contacts the surface 
profile of the liquid-air interface h(z) at 
the apex P’. In this osculation point P’, 
the slope and the bend of the actual sur-
face h(z) and the reference surface a(z) 
are identical.

The apparent contact angle θ is described 
by the intersection of the spherically-
shaped surface a(z) and the thin liquid 
film e.

In the literature, two different approaches 
to calculating the apparent contact angle 
can be found.

Neimark [12] derived a formula for ap-
parent contact angle in dependence on 
the droplet height h, the radius b of the 
fibre and the radius of the curvature R0 at 
the top [11]:

(5)

Bauer and Dietrich [13] expressed the 
apparent contact angle by including the 

Figure 2. Liquid film instability.

Figure 3. Sche-
matic profile of a 
droplet [11]; h(z) 
- liquid-air interfa-
ce profile, e - film 
thicknes outside the 
droplet, ho - sum 
of fibre radius b 
and film thickness 
e, R1 and R2 - radic 
of droplet’s curva-
tures, LW - droplet 
length, z - fibre axis, 
h - droplet height 
axis, a(z) - reference 
shape, P’ - apex.
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initial film thickness e0 in equation (5), 
and obtained the following result:

   (6)

Much experimental and theoretical effort 
has been directed towards understanding 
and explaining the multitude of factors 
that govern the wetting of solid bodies. 
Moreover, numerous studies of the shape 
and spreading of droplets deposited on 
cylindrical substrates have been pub-
lished [9, 13 - 18]. However, knowledge 
is still lacking, especially regarding the 
case of Rayleigh instability when fibres 
are withdrawn from a liquid reservoir. 
Efforts are constantly being made by 
researchers to bring more light into the 
field of liquid film instability on curved 
substrates. For instance, Kamath et al. 
[18] derived an expression for the time to 
the total breakdown of a liquid film. To 
draw another example, Quéré, Di Meglio 
and Brochard-Wyart [9] analysed the 
Rayleigh instability of liquid films coat-
ing fibres with regard to its prevention, 
and discovered that a liquid film will be 
stable when its thickness is in the range 
of 100 Ǻ. 

Besides the studies mentioned, no work 
could be found dealing with liquid film 
instability on thin fibres (fibre radius in 
the range of 100 μm) with respect to the 
influence of fibre orientation; such studies 
as have been published only consider hor-
izontally- and vertically-arranged fibres.

Beyond this background, the present 
work evaluates the instability of liquid 
films that coat fibres, and investigates the 
influence of varying inclination angle on 
liquid film instability.

n Materials and test methods
Polyamide 6 fibre was chosen as the test 
material; this was a finish-free smooth 
monofilament, and had a circular cross-
section with a radius of 100 μm. We 
chose glycerol (propane-1,2,3-triol, some-
times called Glycyl alcohol) as the test 
liquid on the basis of a list of references 
[19 - 23, etc.] showing that alcohols, es-
pecially glycerol, are often used in experi-
ments that deal with the wetting properties 
of textile materials. 

A computer-based imaging system was 
used to monitor the interaction of liquids 
with fibrous material. The computer-
based imaging system (see Figure 4) con-
sists of a digital camera (Nikon Coolpix 
4500) connected to a stereoscopic zoom 
microscope (Nikon SMZ 800), a compu-
ter, a light source (cold light, in order to 
avoid any influence of heat on the test 
liquid), a liquid reservoir, an adjusting 
unit for the inclination angle and a wind-
ing unit. 

A special computer program was used to 
display images on the computer screen. 

The polyamide 6 fibre was unwound 
from the yarn supply unit, passed 
through a liquid reservoir containing the 
test liquid, guided over an inclination an-
gle adjusting system, and wound onto a 
rotating cylinder.

The stereo microscope was situated in 
such a way that it could focus on the 
coated fibre immediately after it was 
pulled out of the liquid reservoir. The 
speed at which the filament was drawn 
through the liquid reservoir was main-
tained at 0.003 m/s in order to result in 
a uniformly thin annular film, and to be 
able to compare the results.

When the fibre was uniformly coated by 
the liquid, the winding unit was stopped 
and the dynamic process of liquid film 
breaking into an array of droplets was 
recorded. For each inclination angle, 
twenty records from a side view were 
made. Twenty different inclination an-
gles were adjusted, ranging from 0° to 
90° at an interval of 5°. The liquid in the 
liquid reservoir was exchanged after each 
time in order to prevent changes in the 
viscosity of the test liquid. 

The records were captured as images. 
The initial film thickness as well as the 
development of instability was then 

evaluated using the Lucia image analy-
sis system (version 5.0). As well as the 
measurements of initial film thickness 
and wavelength between neighbouring 
droplets, we were also able to measure 
the characterising parameters of droplet 
profile, namely the radius of droplet 
curvature and the droplet height. These 
parameters provide the basis for calcu-
lations of the Rayleigh wavelength and 
the contact angle that the liquid droplet 
forms on the fibre. 

n Results and discussion
Initial film thickness 
Having captured the moment when the 
liquid film on the surface of the fibre 
was formed, it was possible to measure 
its initial thickness (see Figure 5). As 
the diameter of the filament was known 
(200 μm), the initial film thickness was 
obtained as follows: from the diameter of 
the column ‘fibre-glycerol’, the diameter 
of the filament was subtracted and the 
obtained value dimidiated.

Figure 4. Experimental setup for fibre co-
ating; a) yarn supply, b) liquid reservoir, 
c) adjusting unit, d) winding unit, e) compu-
ter, f) cold light source, g) digital camera, 
h) stereo microscope.

Figure 5. Initial film thickness of glycerol 
film on fibre inclined at 45°.

Table 1. Mean values and coefficients of 
variation of initial thickness of glycerol film.

Inclination 
angle, °

Initial film 
thickness, μm

Coefficient of 
variation, %

0 16±2 9.6
5 17±2 10.0

10 17±1 7.5
15 19±2 8.0
20 19±2 9.7
25 24±2 6.3
30 24±3 10.0
35 25±3 10.0
40 26±3 10.1
45 24±3 10.9
50 13±2 15.1
55 23±3 15.0
60 21±3 14.1
65 23±2 9.8
70 25±4 15.1
75 26±1 4.7
80 26±3 13.0
85 28±4 14.3
90 37±2 5.3
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As the unevenness of the filament di-
ameter varied only within the range of 
0.4%, it was assumed that those changes 
have no significant influence on the 
measurements of initial film thickness. 
Table 1 displays the mean values of the 
initial thickness of the glycerol film for 
the 20 different inclination angles, as 
well as the coefficients of variation. On 
average 20 records were made for each 
inclination angle to obtain the repre-
sentative data.

As it is difficult to see how the results 
change in Table 1, the mean values and 
the trend-line of the initial thickness’ 
dependence on the inclination angle are 
presented in Figure 6.

The linear trend-line shows that the ini-
tial film thickness slightly increases with 
the inclination angle, from 16 μm at the 
inclination angle of 0°, up to 28 μm when 
the inclination angle of a fibre is 85°. 
Only inclination angles of 50° and 90° 
differ from the main tendency in this set 
of experiments. The drop of initial film 
thickness in a former case is quite large 
(outside limits of errors); the increase of 
initial film thickness in the latter case is 
also quite large (also outside limits of er-
rors). Such a comparatively thick film on 
a vertical fibre could be explained by a 
downward flow of liquid due to the grav-
ity, whereas we still have no explanation 
for such a thin liquid film on a fibre being 
inclined at 50°. It might be caused by a 
certain critical angle being influenced by 

the orientation of the fibre-liquid system. 
More experiments should definitely be 
performed with other kind of liquids that 
may help to explain this phenomenon. 

Break-down mechanism 
The development of glycerol film in-
stability proceeds in steps, as is shown 
in Figure 7. The process is documented 
with pictures numbered from (1) to (8). 
As soon as the fibre is entrained, a film 
of glycerol is formed around the fibre, as 
shown in picture (1). The film starts to 
undulate (2), and with time the amplitude 
of waves increases (3). Droplets form 
quickly and they are connected via a thin, 
annular film. This stage is depicted in 
(4). It can be observed that neighbouring 
droplets move towards each other (5). In 
doing so, the one droplet situated below 
the other droplet moves up the fibre, and 
the one drop positioned above the other 
slides downwards until they meet each 
other (6) and coalesce (7). This event 
occurs repeatedly until the droplets reach 
a certain distance from each other, as 
shown in (8).

We thus conclude that gravity forces do 
not play an essential role; although the 
meniscus of glycerin droplet is slightly 
deformed, some droplets move up the fi-
bre (and not only downwards). This leads 
us to the conclusion that the greatest ac-
count is of the Laplace pressure which 
causes the joining of droplets.

Wavelength 
The wavelengths measured between 
droplets are presented in Table 2. As it is 
difficult to see in which way the results 
change in Table 2, the mean values of the 
initial thickness are plotted versus the 
inclination angle in Figure 8.

In Figure 8 it is seen that the slope of 
the measured wavelength first increases 
at inclination angles from 0° to 15°. Yet, 
starting from an angle of 30°, the slope 
constantly decreases. The trend-line 
shows that the overall tendency is for a 
decrease in wavelength with an increase 
in inclination angle. This could be ex-
plained via a change in film thickness, 
which was increasing with the increase 
in inclination angle. As film becomes 
thicker, droplets form more easily; it 
is known that the formation of droplets 

Figure 7. Development of glycerol film 
instability on polyamide fibre inclined at 60°.

Figure 6. Initial film thicknesses of glycerol film. Figure 8. Measured wavelengths of glycerol droplets.

Table 2. Mean values and coefficients of variation of wavelengths between droplets of Glycerol on a fiber.

Inclination angle, ° 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Wavelenght, μm 868 999 1299 1224 1272 1321 1209 1138 1179 1167 1109 971 1072 1026 913 928 1007 1018 1002
Coefficient of 
variation, % 13.8 12.8 11.9 12.5 13.8 15.3 10.0 13.3 14.7 13.0 13.5 14.1 11.5 13.5 11.8 10.9 14.2 15.0 16.7

Table 3. Calculated values of wavelengths between droplets according to Rayleigh.

Inclination angle, ° 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Wavelength, μm 1088 1098 987 1072 1084 1145 1069 1051 1126 1125 995 1052 1069 1108 1030 1141 1051 1139 1087
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might be avoided if the film thickness is 
extremely small (in the range of a few 
hundred angstroms). Gravity also plays 
a certain role here.

The values shown in Table 2 and Figure 8 
were compared to the results obtained by 
applying the formula derived by Rayleigh 
(equation (4)) for the distance between 
neighbouring droplets (see Table 3). The 
results were found to approximately cor-
relate. 

From Figure 9, it is well seen that the 
calculated values are almost constant; the 
difference between them is just 154 μm, 
taking the value of 1141 μm at 75° as 
maximum and the value of 987 μm at 
10° as minimum. This can be verified by 
the linear trend-line. Apparently, those 
calculations show that on the basis of the 
Rayleigh formula, the inclination angle 
has no influence on the distance of neigh-
bouring droplets from each other. 

The difference between the dependencies 
presented in Figure 8 (measured values) 
and in Figure 9 (theoretical values) is 
clearly visible. The compatibility be-
tween these two wavelengths should be 
analysed. However, at this stage of our 
research we first wanted to evaluate the 
influence of the fibre’s indicated angle on 
the behaviour of the liquid which covers 
the fibre. In the near future we plan to 
investigate this relation. We also assume 
that using other test liquids would pro-
vide more information.

This investigation does not match the 
trend of changing the measured distance 

between single droplets residing on in-
clined fibres .

It is also well seen that the slopes of the 
calculated wavelength versus inclination 
angle show a better continuity compared 
to the slopes of the measured wavelength. 

The radii of curvature (average values 
of at least 40 measurements) as measured 
for each inclination angle and the coeffi-
cients of variation are specified in the fol-
lowing Table 4. As it is difficult to see in 
which way the results change in Table 4, 
the mean values of the radii of curvature 
are plotted versus the inclination angle in 
Figure 10.

The trend-line apparently decreases with 
the increasing inclination angle of the 
fibre. This leads to the conclusion that 
the droplet profile is influenced by incli-
nation angles.

The droplet height as measured for each 
inclination angle is almost constant (the 
slope of the trend-line increases only 
very slightly, and can be assumed to be 
constant, having a value of approximate-
ly 50 μm (the coefficient of variation var-
ies from 5.93% to 12.85%). Obviously, 
the inclination angle of the monofilament 
has no impact on the droplet height. 

The contact angle was calculated ac-
cording to equations (5) and (6). The 
results are presented in Table 5.

It is evident that at inclination angles of 
25°, 35°, 40° and 45°, the values calcu-
lated by equation (5) do not match with 

the experimentally observed values (see 
Figure 11).

When examining the images of the fibre-
liquid system obtained for these angles, it 
is clearly visible that droplets are formed. 
Therefore, cos θ is expected to be lower 
than 1.

n Conclusions
In this work we demonstrated that the 
inclination angle of the fibre can be de-

Table 4. Measured values and coefficients of variation of radii of curvature.

Inclination angle, ° 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Mean value of 
curvature, μm 557 612 756 616 671 708 698 773 717 769 693 543 599 546 478 556 434 533 535

Coefficient of 
variation, % 16.6 14.2 12.4 16.0 14.7 15.1 14.7 11.4 16.7 10.8 16.4 14.1 15.6 15.0 13.6 14.6 15.6 15.6 14.4

Table 5. Calculated contact angles of 
droplets, resting on inclined fibers.

Inclination 
angle, °

cos θ cos θ Contact 
angle, °

According 
to equation 

5

According to 
equation 6

0 0.97 0.96 15.48

5 0.98 0.97 14.49

10 0.99 0.98 10.00

15 0.99 0.96 15.22

20 0.99 0.98 12.47

25 1.00 0.98 12.67

30 0.99 0.98 11.10

35 1.01 0.99 9.73

40 1.01 0.97 13.14

45 1.00 0.99 9.89

50 0.99 0.99 9.85

55 0.97 0.96 16.01

60 0.98 0.96 15.37

65 0.97 0.95 17.45

70 0.96 0.96 16.81

75 0.97 0.97 13.17

80 0.94 0.94 20.12

85 0.97 0.95 17.49

90° 0.97 0.96 16.49

Figure 9. Calculated wavelengths of glycerol droplets. Figure 10. Measured radii of curvature of glycerol droplets.
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scribed as one of the parameters of the 
liquid-fibre system that influence the de-
velopment of liquid film instability.
Having investigated liquid film insta-
bility in dependence on the inclination 
angle of the fibre from both experiments 
and theoretical calculations, the specific 
findings are listed below;

Initial film thickness
The analysis showed that the initial film 
thickness of liquid slightly increases with 
the increase in the inclination angle of the 
fibre. Only at the inclination angle of 50° 
did we obtain a sudden drop in the initial 
thickness of a liquid film on a fibre. Thus 
this case will be of interest to us as we 
continue our research work.

Break-down mechanism
A visual investigation of the develop-
ment of droplets on the polyamide 6 
filament leads to the conclusion that the 
driving forces in this dynamic process 
are the Laplace and disjoining pressures. 
It was observed that even at high inclina-
tion angles, two droplets of glycerol coa-

lesce by moving towards each other; one 
droplet moves up the fibre while the other 
one slides down. Apparently, the Laplace 
pressure accounts more for the joining of 
droplets than gravity does.

Wavelength
The work on the measurement of wave-
length discovers that the values of calculat-
ed and measured wavelength between glyc-
erol droplets correlate exceptionally well.

Contact angle
The comparison of the results of contact 
angles obtained by theoretical calculation 
was an important addition; this revealed 
that the formula derived by Neimark 
(equation 5), which does not take the 
initial thickness of the liquid film into 
consideration, is not in accordance with 
the observed contact angles on our fibre-
liquid system. However, the formula 
derived by Bauer & Dietrich (equation 
6), which includes the initial thickness 
of liquid film around the fibre, represents 
the apparent contact angle quite satisfac-
torily from a theoretical point of view. 
It would be advantageous to extend the 
examination of both theoretical formulas 
and, for Neimark’s formula, to describe 
in a more general way when this formula 
will lead to incorrect values.
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