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Competing Forces on a Liquid Bridge between Parallel and 
Orthogonal Dissimilar Fibers
H. Aziza and H. V. Tafreshi*a

This paper presents a detailed investigation on the mechanical forces acting on a liquid bridge between dissimilar fibers in 
parallel and orthogonal configurations. These forces were measured experimentally, using a sensitive scale, and were also 
predicted computationally, via numerical simulation. Special attention was paid to the fiber-fiber spacing at which the 
liquid bridge detached from the fibers, and to how a transition from an equilibrium liquid bridge to a spontaneously (time-
dependent) detaching bridge took place. It was found that, while varying the spacing between the fibers affects a liquid 
bridge differently for fibers with different relative angles with respect to one another, the spacing at which the bridge 
detaches from the fibers is independent of the fibers relative angle. This paper also formulates the contribution of the 
geometrical and wetting properties of the fibers competing for the droplet that results from a liquid bridge detachment, 
and presents a mathematical expression to predict the fate of that droplet.

1 Introduction
Liquid bridge between two solid surfaces has been the focus of 
many previous studies for its ubiquitous presence in a variety 
of applications. The capillary force generated by a capillary 
bridge contributes to the adhesion force that frogs, insects, or 
geckoes create to climb a vertical surface.1,2 For instance, a 
particular type of beetle can generate an adhesion force of 
more than 60 times its body weight thanks to an array of liquid 
bridges that forms between its feet and the surface on which it 
walks.3 In industry, liquid bridge plays a crucial role in 
underground oil recovery4,5 and granular systems,6-8 wetting 
and liquid transport in coalescence filters and textiles,9-17 
design of magnetic hard-disks,18  papermaking,19 fiber-based 
microfluidics20,21 and fuel cells22,23 among many others.

Scientific research on liquid bridge started in 1805 by Young 
who investigated a liquid bridge formed between two flat 
plates to study the liquid surface tension.24 Later, Gauss 
derived the Young-Laplace equation which predicts the 
equilibrium shape of an interface separating two immiscible 
fluids.25 Since then, many others studied liquid bridge between 
smooth flat plates for its industrial relevance, and also for the 
simplicity of its axisymmetric profile. These include many 
pioneering investigations where the effects of surface 
roughness or contact angle hysteresis on the shape and 
stability of a capillary bridge were studied.26-30 Significant 

attention has also been paid to the fluid mechanics of a liquid 
bridge between two spherical objects, or between a sphere 
and a flat plate. The main objective of these studies was to 
measure the forces between the involved surfaces in terms of 
the distance between them or as a function of their surface 
properties in the absence31-33 or presence of gravity.34,35 

Given the decades of research on different liquid bridges, very 
little attention has been paid to the case of a liquid bridge 
between two fibers. In contrast to most previous studies, a 
liquid bridge between two fibers does not have an 
axisymmetric profile. This makes it harder to develop a 
mathematical description for the 3-D shape of the bridge. The 
shape of a liquid bridge between two parallel cylinders with a 
small spacing and in the absence of gravity was first studied by 
Princen.36 Later, Protiere et al.37 modified Princen’s equations 
to study how a liquid body transitions from a droplet shape to 
a long liquid bridge between two parallel fibers when varying 
the fiber–fiber spacing, fiber diameter, fiber’s Young–Laplace 
contact angle (YLCA), or the liquid volume. Princen’s equation 
was also used by Schellbach et al.38 to propose a method to 
measure the contact angle of natural fibers. Virozub et al.,39 
Wu et al.,40 and Bedarkar et al.41 simulated the 3-D shape of a 
liquid bridge between two fibers and reported the capillary 
forces acting on the fibers as a function of fiber–fiber spacing 
or the relative angle between the fibers.39 Duprat and 
Protiere,42 Duprat et al.,43 and Soleimani et al.44 also studied 
the problem of a capillary bridge between two fibers but with 
the main focus on fiber deformation in response to capillary 
forces.

The study presented in this paper contributes to the above 
body of literature by presenting a one-on-one experiment–
simulation comparison for a capillary bridge formed between 
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two fibers in parallel and orthogonal configurations in the 
presence of gravity. Our work compares measured and 
simulated capillary forces exerted on the fibers by the liquid 
bridge throughout the stretching process and especially at the 
moment of bridge detachment from one of the fibers. The 
detachment force, in particular, is compared to the force 
required to detach a pendent droplet (with the same volume 
as the liquid bridge) from the fibers. This work also presents, 
for the first time, the effects of fiber radius or fiber YLCA 
dissimilarities on the liquid bridge shape and the capillary 
forces exerted on the fibers at the moment of bridge 
detachment (collapse). Special attention is paid to discuss how 
the two fibers compete for the droplet during bridge 
detachment, and how their radius or YLCA dissimilarity plays a 
role in determining the fate of the resulting droplet.

The remainder of this article is structured as follows. The 
experimental setup and the computational technique used in 
the present study are described in Section 2. The general 
physics of a liquid bridge between two fibers is qualitatively 
discussed in Section 3. Our results are discussed in Section 4. 
This section includes the effects of fiber spacing on the 
capillary forces, detachment force, and the corresponding 
shape of the liquid bridge for two fibers (similar and different) 
in parallel and orthogonal configurations and liquid transfer 
between the two fibers after detachment. The conclusions 
drawn from our study are discussed in section 5.

2 Methods of Investigation
2.1 Experimental Setup

Our experimental set-up is shown in Fig. 1. Flurocarbon 
smooth casting fishing line with radii of 105.5 µm and 190.5 
µm were used in our study. The YLCA for the fishing lines were 
obtained using an image-based method reported in our 
previous work.45-47 In this image-based method, a droplet of 
known volume was deposited on the fiber and imaged. The 
same fiber-droplet system was simulated with Surface Evolver 
code for different YLCA values. The profiles of the droplet 
obtained from experiment and simulations were compared 
with one another to estimate the YLCA of the fiber. The same 
process was repeated for different droplet volumes. The 
experiment was conducted with the two fibers positioned 
horizontally above one another. The lower fiber was mounted 
on a 3-D printed holder placed on a Mettler Toledo AG104 
balance having an accuracy of 0.1 mg. 

The upper fiber was attached to another holder mounted on a 
Mitutoyo electronic height gauge. A New Era NE-300 syringe 
pump with an infusion rate ranging from 0.73 to 1200 µL/h 
was used to produce droplets with desired volumes. The liquid 
used for the experiment was a water-glycerol mixture (15% by 
weight) having a surface tension of 0.071 N/m (measured via 
the pendent droplet method using a DSA25E drop shape 
analyser), viscosity 1.53 mPa.s (measured using a Discovery 

HR—three hybrid rheometer), and a density of 1039 kg/m3 at 
20o C.

The scale was zeroed at the start of the experiment. A droplet 
was placed on the upper fiber and a stable liquid bridge was 
formed by lowering the upper fiber until the droplet touched 
the lower fiber. The upper fiber was then moved upward 
slowly to stretch the liquid bridge until a spontaneous 
detachment process (where no additional stretching was 
needed to deform the liquid bridge) started. The force applied 
by the liquid bridge to the lower fiber was read on the scale 
and the force applied to the upper fiber was obtained by 
adding the weight of the liquid to that. The force applied to 
the upper fiber at the onset of spontaneous detachment is 
referred to here as the detachment force . The liquid bridge 𝐹𝑑

stretching process was recorded by a Phantom Miro LAB340 
high-speed camera at 100 frames per second.  

To ensure that inertial and viscous effects were negligible 
during the experiments, we calculated the Weber and Capillary 
numbers, defined respectively, as and 𝑊𝑒 = 𝜌𝑈2𝑑𝑙𝜎 ―1

 ( , , , and  are density, surface tension, upper 𝐶𝑎 = 𝜇𝑈𝜎 ―1 𝜌 𝜎 𝑈 𝜇
fiber velocity, and viscosity, respectively and  is the 𝑑𝑙 = 3 6𝑉𝑙 𝜋
volume-equivalent diameter of the liquid bridge). With a 
Weber number of  and a Capillary number of 𝑊𝑒 ≪ 1 𝐶𝑎 ≪ 0.1
, it was concluded that our experimental results were not 
affected by inertial or viscous effects.48 

2.2 Modelling Liquid Bridge between Two Fibers

Stretching of the liquid bridge between fibers in our 
experiment can be considered a quasi-static process (up until 
the spontaneous detachment) since both the Capillary and 
Weber numbers are quite small in our study (  and 𝐶𝑎 ≪ 0.1

. This allows us to simulate the liquid bridge 𝑊𝑒 ≪ 1)
stretching using a time-independent formulation such as the 
one implemented in SE code.49 SE computes the equilibrium 
shape of a liquid body by minimizing the total potential energy 
of the system given as

                         (1)𝐸 = 𝜎∬
𝐴𝑙𝑎

𝑑𝐴 ― 𝜎𝑐𝑜𝑠𝜃𝑌𝐿 ∬
𝐴𝑠𝑙

𝑑𝐴 +𝑔∭
𝑉𝑙

𝑧𝜌𝑑𝑉

Here,  is the area of the liquid-air interface (LAI),  is the 𝐴𝑙𝑎 𝐴𝑠𝑙

area of the solid-liquid interface (SLI),  is the volume of the 𝑉𝑙

liquid bridge, and  is the gravitational acceleration. It can be 𝑔
seen from Eq. 1 that, the total potential energy is the sum of 
the surface and gravitational energies (gravity needs to be 
included in the calculations for the range of droplet volumes 
considered here, 0.5 µL to 7.5 µL). The simulations start with a 
rectangular cuboid-shaped liquid body placed on two fibers. SE 
computes the energy of the LAI by computing the area of the 
LAI. It also calculates the area of the SLI  to obtain the 𝐴𝑠𝑙

contribution of each fiber in the total energy of the system. 
The SLIs are constrained to remain on the cylindrical surface of 
the fibers. With SE, one can derive a path integral to account 
for the fiber-liquid interfacial area  for each fiber and to 𝐴𝑠𝑙

compute fiber’s contribution to the total energy of the system. 
For the case of two parallel fibers, the path integral for the 
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contribution to the total potential energy due to  can be 𝐴𝑠𝑙

written as,

    (2)𝐸𝑠𝑙 = 𝜎𝑐𝑜𝑠𝜃𝑌𝐿 ∮
∂𝐴𝑠𝑙[ 𝑦𝑧

𝑥2 + 𝑧2𝑖 +
𝑦𝑥

𝑥2 + 𝑧2𝑘].𝑑𝑙 ―
𝜌𝑔
2

∮
∂𝐴𝑠𝑙

𝑦𝑧2𝑑𝑥

For the case of orthogonal fibers, Eq. 2 was used to compute 
 for the lower fiber. The path integral for  for the upper 𝐸𝑠𝑙 𝐸𝑠𝑙

fiber can be written as,

   (3)𝐸𝑠𝑙 = 𝜎𝑐𝑜𝑠𝜃𝑌𝐿 ∮
∂𝐴𝑠𝑙[ 𝑥𝑧

𝑦2 + 𝑧2𝑗 +
𝑦𝑥

𝑦2 + 𝑧2𝑘].𝑑𝑙 +
𝜌𝑔
2

∮
∂𝐴𝑠𝑙

𝑥𝑧2𝑑𝑦

SE needs to satisfy a constant-volume constraint (input) for the 
liquid bridge while minimizing the energy of the system. The 
volume under the LAI is computed by SE through computing 
the volumes of the vertical prisms formed between each facet 
of the LAI and the  plane. In order to compute the volume 𝑧 = 0
of the liquid bridge , SE needs to subtract the part of the 𝑉𝑙

volume of these vertical prisms from the total volume under 
the LAI. Since, the SLI was not represented by facets in the 
simulations, a path integral was then derived to find the 
volume under the LAI occupied by each fiber. For the case of 
parallel fibers, we obtain,

                                                                                (4)𝑉𝑠 = ∮
∂𝐴𝑠𝑙

𝑧𝑦𝑑𝑥

For the case of orthogonal fibers, we used Eq. 4 for the lower 
fiber, and use Eq. 5 for the upper fiber.

                                                                                (5)𝑉𝑠 = ∮
∂𝐴𝑠𝑙

𝑧𝑥𝑑𝑦

Equations 2–5, allow SE to obtain an equilibrium shape for a 
liquid bridge with a volume of  between the two fibers (see 𝑉𝑙

Figure 2). In this figure, we considered a water-glycerol 
mixture (15% by weight) droplet with a volume of  𝑉𝑙 = 3.5 µL
on two fibers with a fiber–fiber spacing of , a 𝑠 = 2100 µm
fiber diameter of , and an YLCA of .𝑟𝑓 = 190.5 µm 𝜃𝑌𝐿 = 70𝑜

3 Physics of Liquid Bridge Between Fibers
Capillary bridge between two cylinders (filaments/fibers) in 
parallel configuration was first investigated by Princen36 and 
later, by Wu et al.40 and Protiere et al.37 in the absence of 
gravity. The two main morphologies observed in these 
investigations were the barrel-shaped droplet (where droplet 
completely engulfs the two fibers) and the droplet-bridge 
(where the droplet partially wraps around the fibers). Figure 3 
shows experimental and computational images of a liquid 
bridge with a volume of 3.5 µL between two fibers with a 
radius of 190.5 µm and a YLCA of in parallel (Figs. 3a 𝜃𝑌𝐿 = 70𝑜

and 3b) and orthogonal (Figs. 3c and 3d) configurations (see 
also the videos in supplementary information). It can be seen 
for the case of parallel fibers that an asymmetric (about the y-z 
and x-y planes) droplet-bridge is formed at a small fiber 
spacing of . In an earlier study by Farmer and 𝑠 = 600 µm
Bird,50 asymmetric droplet-bridge between two spherical 
particles were reported but in the absence of gravity. This 
indicates that gravity cannot be the main factor responsible for 
the observed asymmetry about the y-z plane (the asymmetry 

about the x-y plane is due to gravity). The asymmetric shape in 
fact corresponds to the lowest energy state for the fiber–
droplet system at the given spacing. As the fiber spacing was 
increased, droplet-bridge penetrated more into the space 
between the fibers, although the asymmetry with respect to 
the y-z and x-y planes sustained till . Further 𝑠 < 1500 µm
increase in spacing from  to  𝑠 = 1500 µm 𝑠 = 2400 µm
resulted in the droplet-bridge becoming symmetric about the 
y-z plane but still remaining asymmetric with respect to the x-y 
plane. Note in this range of spacing that, the bridge becomes 
narrower on the top, which is in qualitative agreement with 
the work of Sun et al.51 on liquid bridge between two parallel 
fibers. 

Figures 3c and 3d show the evolution of the same droplet but 
when the fibers are orthogonal to one another. The shape of 
the liquid bridge in this case was neither a barrel-shaped 
droplet nor a droplet-bridge for , and so we refer 𝑠 ≤ 750 µm
to it as the semi-barrel droplet in this paper. The semi-barrel 
droplet was not imaged (although observed) during the 
experiment due to difficulty in capturing images from a 
longitudinal view at small fiber spacing. Our numerical 
simulation results revealed a transition from the semi-barrel 
droplet to the droplet-bridge at a spacing of about 720 µm < 𝑠

. This transition was also noted in the evolution of < 780 µm
the energy of the system as a function of fiber–fiber spacing 
(only the case of orthogonal fibers) in Figure 3e. Overall, 
depending on the geometrical and wetting properties of the 
given droplet–fibers system, one of the barrel-shaped droplet, 
semi-barrel droplet, or droplet-bridge configurations can be 
expected to prevail. 

For the experiment reported in Figure 3 (parallel and 
orthogonal fiber configurations), the liquid bridge becomes 
unstable for . This starts by droplet changing its 𝑠 > 2400 µm
shape spontaneously with no further increase in the fiber–
fiber spacing, leading to detachment from the upper fiber. 
Images in the last column on the right side of Figures 3a-3d 
show the final equilibrium state of the liquid bridge between 
the fibers. Any increase in the fiber–fiber spacing results in 
liquid bridge detachment from the upper fiber (gravity helps 
the liquid to remain on the lower fiber). 

Note that the comparison between experimental and 
computational liquid bridge perspective shapes in Figure 3a–
3d is only qualitative. A more accurate (i.e., a more 
quantitative) comparison between such non-axisymmetric 
shapes requires imaging their 2-D cross-sectional contours in 
some (e.g., vertical) planes, which is not easy in our 
experimental setup. The final fiber–fiber spacing  and bridge 𝑠𝑑

width (on the upper fiber)  are measured and shown in 𝑤𝑢
𝑑

Figure 3f for both parallel and orthogonal fiber configurations. 
Figure 4 shows the dynamic detachment process for the liquid 
bridge shown in Fig. 3. It can be seen that the dynamic 
detachment process accelerates as the liquid bridge proceeds 
towards the detachment.
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4 Force Balance Analysis 
Figure 5a shows a free body diagram for a liquid bridge 
between two parallel fibers. The upward force is the total 
reaction force  from the upper fiber. The downward forces 𝑁1

are the weight of the liquid bridge  and the reaction force 𝜌𝑉𝑙𝑔
 from the lower fiber. Here,  and represent the net 𝑁2 𝑁1 𝑁2

reaction force. Due to the static equilibrium assumption for 
the liquid bridge, one can write,34,35

                                                                     (6)𝑁1 = 𝑁2 +𝜌𝑉𝑙𝑔 = 𝐹

To avoid confusion, the forces acting on the upper and the 
lower fibers are denoted here as  and , 𝐹𝑢 = 𝐹 𝐹𝑙 = 𝐹 ― 𝜌𝑉𝑙𝑔
respectively. The force acting on the liquid bridge can also be 
calculated at any fiber–fiber spacing by taking the derivative of 
the total potential energy of the droplet  i.e.𝐸(𝑠)

                                                                                      (7) 𝐹(𝑠) =
𝑑𝐸
𝑑𝑠

Note that the force obtained from Eq. 7 is the force between 
the liquid bridge and the upper fiber since the gravity is 
downward. The vertical force exerted by the liquid bridge on 
the fibers is the resultant of the forces from three different 
sources. One is the vertical component of the surface tension 
force acting along the contact line, the other is the force due 
to Laplace pressure, and the last one is the buoyancy force 
(fiber’s partial submersion in liquid bridge).35 Note that as will 
be shown later in the next section, the contribution of 
buoyancy force in the interfacial force between a droplet and a 
fiber is quite negligible near the onset of dynamic detachment 
process. The total force acting on each fiber can be described 
as,
                                    (8) 𝐹𝑖 = 𝜎∫𝐿𝑖𝑐𝑜𝑠𝛼𝑖 (𝑙)𝑑𝑙 ― 𝐴𝑖

𝑝𝛥𝑃𝑖 ± 𝜌𝑉𝑖
𝑏𝑔

where i = l or u, and  is the angle between the direction of the 𝛼
capillary force at each point on the contact line and the 
vertical direction (see Fig. 5b),  is the projected wetted area 𝐴𝑝

(see Fig. 5c),  is the length of the contact line (see Fig. 5d),  𝐿 𝛥𝑃
is the droplet pressure near the fiber, and  is the volume of 𝑉𝑏

the submerged fiber (see Fig. 5c). The upper and lower planes 
shown in Fig. 5b were considered for calculating pressures  𝛥𝑃𝑢

and  on the upper and lower fibers, respectively. 𝛥𝑃𝑙

5 Results and Discussion
5.1 Liquid Bridge between Similar Fibers

We start this section by studying the effects of fiber–fiber 
spacing on the net force between the bridge and fibers for a 
system with a fiber diameter of , a YLCA of 𝑟𝑓 = 190.5 µm 𝜃𝑌𝐿

, and a droplet volume of . Recall from the = 70𝑜 𝑉𝑙 = 3.5 µm
previous section that the liquid bridge between two fibers may 
have an asymmetric profile about the vertical planes passing 
through the fiber’s axis when the spacing is small (leading to 
droplet morphological transitions).

Moreover, the liquid bridge between two closely-spaced 
parallel fibers has a tendency to slowly (but continuously) 

spread along the fibers in the form of a narrow liquid sheet. 
This prolongs the time to reach equilibrium and adds errors to 
the experiments.20,52 For these reasons, we focused our 
experiments on the range of fiber–fiber spacing at which the 
droplet-bridge remains symmetric about the vertical planes 
passing through the fibers (  here). 1500 µm ≤ 𝑠 ≤ 2400 µm
Figures 6a and 6b show the forces on the upper fiber for the 
parallel and orthogonal fiber configurations, respectively. It 
can be seen that the interfacial force between a bridge and the 
upper or lower fiber increases with increasing the spacing 
between the fibers. Good general agreement can be seen 
between the experimental and computational forces for all 
cases considered (upper and lower fibers in parallel and 
orthogonal configurations). To ensure the accuracy of our 
force analysis, we considered both the energy approach of Eq. 
7 and the force balance method of Eq. 8, and both methods 
produced identical predictions, as can be seen in Figures 6a–
6c). Note in these figures that the detachment force is the 
same for parallel and orthogonal fiber arrangements (see Fig. 
S1 in the supplementary information for detailed data 
analysis). Our results also revealed that the contribution of the 
buoyancy force in the detachment force is generally less than 
1% (see Fig. S1e in the enclosed Supplementary Information). 
For this reason, buoyancy is not considered in our detachment 
force calculations in this paper.

We also considered a bridge between two more hydrophilic 
fibers ( ) to confirm the above-mentioned behavior. It 𝜃𝑌𝐿 = 30𝑜

can interestingly be seen in Figure 7a that  becomes 𝐹𝑢

independent of the angle between the fibers  right before δ
spontaneous detachment process starts (i.e., at ). 𝑠/𝑟𝑓 = 13.12
However,  changed significantly with changing  at small 𝐹𝑢 δ
fiber spacing values. The value of  increases more than three 𝐹𝑢

times as the fiber orientation changes from the orthogonal 
position to the parallel position at  (see Figure 7a). 𝑠 𝑟𝑓 = 5.77
This can be attributed to the fact that the shape of the liquid 
bridge (especially near the upper fiber) changes with changing 

 at small fiber spacing (see Figure 7b). It can clearly be seen in 𝛿
Figure 7b that the width of the liquid bridge  near the upper 𝑤𝑢

fiber changes significantly with changing  for . δ 𝑠/𝑟𝑓 = 5.77
This is in agreement with the work of Sauret et al.53 However, 
Fig. 7b also shows that the width of the liquid bridge  near 𝑤𝑢

𝑑

the upper fiber for  (pre-detachment stage) is 𝑠/𝑟𝑓 = 13.12
almost independent of .𝛿

The interfacial force between the upper fiber and the liquid 
bridge is mainly comprised of surface tension force acting 
along the contact line  and the force (𝐹𝑢

𝑐𝑙 = 𝜎∫𝐿𝑢𝑐𝑜𝑠 𝛼𝑢(𝑙)𝑑𝑙)
due to Laplace pressure . We found from our (𝐹𝑢

𝑝 = 𝐴𝑢
𝑝∆𝑃𝑢)

simulations that the surface tension force tends to hold the 
droplet in contact with the fibers while the Laplace pressure 
force tends to detach the droplet from the fibers for all the 
cases we investigated. The force between the upper fiber and 
the liquid bridge is therefore the resultant of these two forces. 
Figure 8a shows the variation of capillary force  with  for 𝐹𝑢

𝑐𝑙 𝜃𝑌𝐿

a liquid bridge with a volume of  between parallel 𝑉𝑙 = 3.5 µL
fibers with a radius of . It can be seen that  𝑟𝑓 = 190.5 µm 𝐹𝑢

𝑐𝑙
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decreases with increasing . However, the changes in  is 𝜃𝑌𝐿 𝐹𝑢
𝑝

negligible compared to those in  (i.e.,  becomes a more 𝐹𝑢
𝑐𝑙 𝐹𝑢

𝑐𝑙

dominant force when decreasing , as can be seen in Fig. 𝜃𝑌𝐿

8b). As a result, the interfacial force between the upper fiber 
and the liquid bridge increases with decreasing . Figure 8a 𝜃𝑌𝐿

also shows that  monotonically decreases with fiber-fiber 𝐹𝑢
𝑝

spacing, in contrast to  which only slightly increases initially 𝐹𝑢
𝑐𝑙

but then decreases (also slightly) with increasing . Overall, the 𝑠
ratio of  to  increases monotonically with increasing fiber-𝐹𝑢

𝑐𝑙 𝐹𝑢
𝑝

fiber spacing (see Figure 8b). It should be noted in Figure 8b 
that this ratio becomes independent of  near the 𝜃𝑌𝐿

detachment moment. Figure 8c shows the effects of fiber 
radius  on  and  for  and a bridge volume of 𝑟𝑓 𝐹𝑢

𝑐𝑙 𝐹𝑢
𝑝 𝜃𝑌𝐿 = 30𝑜 𝑉𝑙

. It can be seen that both  and  increase with = 3.5 𝜇𝐿 𝐹𝑢
𝑐𝑙 𝐹𝑢

𝑝

increasing , and  continues to be greater than . For this 𝑟𝑓 𝐹𝑢
𝑐𝑙 𝐹𝑢

𝑝

case also, the ratio of  to  monotonically increases with  𝐹𝑢
𝑐𝑙 𝐹𝑢

𝑝 𝑠
(see Fig. 8d). 

Referring to the force applied to the upper fiber at the 
moment of detachment as , Figure 9a shows the 𝐹𝑢

𝑑

detachment force versus droplet volume for parallel and 
orthogonal fibers with two different YLCAs of , and 𝜃𝑌𝐿 = 30𝑜

but a radius of . It can again be seen 𝜃𝑌𝐿 = 70𝑜 𝑟𝑓 = 190.5 µm
that the detachment force does not depend on the orientation 
of the fibers relative to each other (liquid bridge detached 
from the upper fiber in all cases reported in Figure 9a). The 
detachment force between the liquid bridge and the fibers 
depends on the length of the contact line, angle between the 
direction of surface tension force and the vertical direction, 
droplet pressure, and the projected wetted area of the fibers 
at  (see Fig. S2 and related discussion in Supplementary 𝑠 = 𝑠𝑑

Information for a detailed data analysis).

It can be seen that the detachment force decreases with 
increasing the YLCA. Detachment force was also measured 
experimentally for fibers having a YLCA of  (with 𝜃𝑌𝐿 = 55𝑜 𝑟𝑓

), and the results are added to Figure 9b. Excellent = 105.5 µm
agreement can again be seen between the experimental and 
computational results.

5.2 Liquid Bridge between Dissimilar Fibers

In this section, we present our results for a liquid bridge 
between fibers having different radii and/or YLCAs. To do so, 
we considered an upper fiber with a radius of  𝑟𝑢

𝑓 = 105.5 µm
and a YLCA of , but a lower fiber with a radius of 𝜃𝑢

𝑌𝐿 = 55𝑜 𝑟𝑙
𝑓

 and a YLCA of . = 190.5 µm 𝜃𝑙
𝑌𝐿 = 70𝑜

Figure 10a shows examples of a liquid bridge with a volume of 
 between the above-mentioned fibers from 𝑉𝑙 𝑟𝑢3

𝑓 = 2129
experiment and simulation at the moment of detachment. 
Figure 10b shows the detachment force for liquid bridges of 
different volumes in parallel and orthogonal fiber 
configurations. The figure also includes the detachment force 
obtained using a lower fiber identical to the upper fiber for 
comparison. It can be seen that detachment force does not 
depend on the relative angle between the fibers or on the 

radius and YLCA of the lower fiber, as long as the detachment 
is from the upper fiber. Additional computational data are 
given in the supplementary information (see Fig. S3) in support 
of the results shown in Figure 10b. However note that, if the 
lower fiber is much bigger in diameter (or is much more 
hydrophilic) than the upper fiber, then the detachment may 
happen at a smaller spacing. This was observed in a series of 
SE simulations conducted for the same upper fiber but a lower 
fiber with a radius of  and a YLCA of  for 𝑟𝑙

𝑓 = 500 µm 𝜃𝑙
𝑌𝐿 = 30𝑜

a liquid volume in the range of .425.8 ≤ 𝑉𝑙 𝑟𝑢3
𝑓 ≤ 2129

The detachment force can be regarded as a factor that 
determines whether or not a droplet originally on the upper 
fiber will move to the lower fiber after detachment. While a 
droplet would obviously move to the lower fiber after 
detachment when the fibers are identical (due to gravity), the 
same cannot be said for when the fibers have different 
physical and/or wetting properties. The latter depends on the 
interfacial forces between the droplet and the fibers. In fact, if 
the detachment force of the upper fiber is greater than the 
sum of the detachment force of the lower fiber and the weight 
of the droplet (i.e., ), then the droplet most 𝐹𝑢

𝑑 > 𝐹𝑙
𝑑 +𝜌𝑉𝑙𝑔

probably remains on the upper fiber after the detachment.

Consider a liquid bridge with a volume of  between 𝑉𝑙 = 2.5 µL
an upper fiber with  and , and a lower 𝑟𝑢

𝑓 = 105.5 µm 𝜃𝑢
𝑌𝐿 = 55𝑜

fiber with  and  (Figure 11a). In this 𝑟𝑙
𝑓 = 190.5 µm 𝜃𝑢

𝑌𝐿 = 70𝑜

case, detachment forces for the upper and lower fibers can be 
found to be  and , respectively. 𝐹𝑢

𝑑 = 84.72 µN 𝐹𝑙
𝑑 = 97.6 µN

The droplet therefore remains with the lower fiber after 
detachment. Swapping the fibers, will not change this outcome 
as  will still be smaller than 𝐹𝑢

𝑑 = 97.6 µN 𝐹𝑙
𝑑 +𝜌𝑉𝑙

, as can be seen in Figure 𝑔 = 84.72 + 25.48 µN =  110.2 µN
11b). Figure 11c however shows the case where the same 
droplet is placed between an upper fiber with  𝑟𝑢

𝑓 = 264.1 µm
and , and a lower fiber with  and 𝜃𝑢

𝑌𝐿 = 30𝑜 𝑟𝑙
𝑓 = 105.5 µm 𝜃𝑙

𝑌𝐿

. The detachment force for the upper fiber is now = 55𝑜 𝐹𝑢
𝑑

 which is greater than  plus the = 142.2 µN 𝐹𝑙
𝑑 = 84.72 µN

weight of the droplet (i.e., ), 84.72 + 25.48 µN =  110.2 µN
and so the droplet remains on the upper fiber. It is therefore 
evident that the outcome of a liquid bridge detachment 
experiment can be predicted using quantitative information 
about the detachment force of the individual fibers. 

In a recent study, Farhan and Tafreshi47 proposed a correlation 
to predict the force required to detach a pendent droplet from 
a fiber (see also the work of Ojaghlou et al.54). Since the 
detachment force investigated in the present study depends 
mainly on the properties of the fiber from which the droplet 
detaches, we compared our results with the detachment force 
values from the correlation of Farhan and Tafreshi47 in Figure 
11d. It can be seen that the detachment forces obtained in the 
present study are about 15–20% lower than those obtained 
from the above correlation. This difference can be attributed 
to the differences between the shape of a detaching pendent 
droplet and that of a detaching liquid bridge. Nevertheless, 
given the close agreement between the two, the correlation of 
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Farhan and Tafreshi47 is used in this study to determine if a 
droplet resulting from liquid bridge detachment remains on 
the upper fiber or if it moves to the lower fiber. We expect the 
droplet to remain on the upper fiber if the following criterion 
is satisfied.

                        (9)(𝑟𝑟𝑒𝑓

𝑟𝑢
𝑓

)2 𝜎
𝜎𝑟𝑒𝑓

(1 + cos 𝜃𝑢
𝑌𝐿)𝜑( 𝑉𝑙

𝑟𝑢3
𝑓

)𝜉(1 ―
𝑅2 + 3𝜉

𝑟

𝑅𝜃 ) > 𝑔

Here , , , 𝜑 = 3894 𝜉 = ― 0.84 𝜎𝑟𝑒𝑓 = 0.0649 N/m 𝑟𝑟𝑒𝑓 = 190.5
, , and× 10 ―6 m 𝑅𝑟 = 𝑟𝑢

𝑓 𝑟𝑙
𝑓

.𝑅𝜃 = (1 + cos 𝜃𝑢
𝑌𝐿) (1 + cos 𝜃𝑙

𝑌𝐿)

Equation 9 can be of great value to applications like fog 
harvesting55-60, coalescence filtration11-17, fibrous membrane61-

67, and even future stretchable electronics68 or additive 
manufacturing processes69 among many others,4,5,19-23,70 
where liquid droplets have to travel through a network of 
vibrating and/or deforming fibers, and where the rate of 
droplet transport depends on how the fibers compete for the 
droplet (in the presence of gravitational and/or a 
hydro/aerodynamic fields).

Although Eq. 9 is easy to use, it is difficult to get a physical 
understanding of the fate of the droplet resulting from liquid 
bridge detachment because of its complexity. A better physical 
understanding of this system can be obtained with the help of 
a phase diagram. However, the challenge in creating such a 
phase diagram is that the fate of this droplet will depend on 
the radius of the upper fiber, ratio between the radii of the 
upper and lower fibers, YLCAs of the upper and the lower 
fibers, and the volume of the liquid bridge. Therefore, such a 
phase diagram will have to have 5 dimensions, which makes it 
very hard to plot. To simplify the problem, we therefore 
present a phase diagram for the case of an upper fiber having 
a radius of , an YLCA of . We also 𝑟𝑢

𝑓 = 105.5 µm 𝜃𝑢
𝑌𝐿 = 55𝑜

assumed a liquid bridge with a volume of  (see 𝑉𝑙 = 0.5 µL
Figure 12a). We chose  as the x-axis and 𝑅𝑟 = 𝑟𝑢

𝑓 𝑟𝑙
𝑓 𝑅𝜃 =

 as the y-axis. The dark blue region (1 + 𝑐𝑜𝑠 𝜃𝑢
𝑌𝐿) (1 + 𝑐𝑜𝑠 𝜃𝑙

𝑌𝐿)
corresponds to the  and  values for which the droplet will 𝑅𝑟 𝑅𝜃

move to the lower fiber, and the yellow region corresponds to 
the case where droplet moved to the upper fiber. It can be 
seen that as  increases the height of the dark blue zone 𝑅𝑟

decreases. This indicates that the minimum lower-fiber YLCA 
at which the droplet moves to the upper fiber decreases with 
decreasing the radius of the lower fiber. It can also be seen in 
Fig 12a that the droplet moves to the upper fiber irrespective 
of the YLCA of the lower fiber for . Figure 12b shows 𝑅𝑟 > 1.8
the phase diagram for same upper fiber but with a liquid 
bridge volume of . Note that, the droplet moves to 𝑉𝑙 = 2.5 µL
the upper fiber irrespective of the YLCA of the lower fiber for 

.𝑅𝑟 > 3

Conclusions

Experiments and numerical simulations were devised to study 
a liquid bridge formed between two parallel or orthogonal 
fibers with similar or dissimilar geometrical or wetting 
properties. It was quantitatively shown that the 3-D shape of 
the liquid bridge and its interactions with the fibers vary 
significantly with varying the spacing between the 
fibers. Focusing on the transition from a liquid bridge in 
equilibrium to one that is detaching from one of the fibers 
spontaneously, it was shown that the relative angle between 
the fibers does not affect the outcome of a liquid bridge 
detachment (i.e., the fiber–fiber spacing at which detachment 
occurs is independent of the angle between the fibers). It was 
also shown that the liquid bridge detaches from the fiber that 
provides a weaker capillary force (after factoring the weight of 
the liquid), and the force needed for detachment does not 
strongly depend on the size or the YLCA of the other fiber (as 
long as it provides a larger capillary force, of course). It was 
also shown that a mathematical criterion can be developed to 
predict which of the two fibers accommodating a liquid bridge 
will take the droplet that results from the bridge detachment.
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Figure Captions
Figure 1: The experimental setup designed for study.

Figure 2: Liquid bridge 3-D shape obtained from SE simulations for a 
water-glycerol droplet with a volume of  between two 𝑉𝑙 = 3.5 μL
fibers in parallel and orthogonal configurations. Fiber radius, YLCA 
and fiber-fiber spacing are , , and rf = 190.5 μm θYL = 70o s = 2100 

 respectively.μm

Figure 3: Variation of liquid bridge 3-D shape with fiber-fiber 
spacing is obtained: (a) from experiment in parallel position; (b) 
from simulation in parallel position; (c) from experiment in 
orthogonal position; and (d) from simulation in orthogonal position. 
In all cases , , , and the liquid is a  rf = 190.5 μm θYL = 70o Vl = 3.5 μL
water-glycerol mixture (15%). Droplet energy versus spacing is 
given in (e). Final droplet width on the upper fiber  and final wu

d
fiber-fiber spacing  are also given in (f) versus droplet volume.sd

Figure 4: Spontaneous detachment process for parallel (a) and 
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orthogonal (b) fiber configurations for , , rf = 190.5 μm θYL = 70o

and .Vl = 3.5 μL

Figure 5: A free body diagram for a liquid bridge between two 
parallel fibers is shown in (a). The immersion angle  for the upper 

and lower fibers, the planes at which the pressure forces are 
calculated are shown in (b). Wetted area and three phase contact 
line are shown in (c) and (d) respectively, for the upper and lower 
fibers.

Figure 6: Interfacial force between the upper fiber and the liquid 
bridge versus fiber spacing for fibers in parallel (a) and orthogonal 
(b) configurations.  Interfacial forces between the lower fiber and 
the liquid bridge versus fiber spacing are shown in (c). For all cases, 

, , and  with the  water-glycerol rf = 190.5 μm θYL = 70o Vl = 3.5 μL
(15%) mixture as the liquid. Each force data point is an average 
value obtained from six repetition. The error bars represent spread 
of data about the mean value.

Figure 7: (a) Interfacial force between the upper fiber and the liquid 
bridge versus fiber spacing for different fiber orientations. (b) 
Shapes  of the liquid bridge for  and  at  δ = 0o,45o 90o s rf = 5.77
and . Here, , , and  s rf = 13.12 rf = 190.5 μm θYL = 30o Vl = 3.5 μL
with water-glycerol (15%) mixture as the liquid.

Figure 8: (a) Variation of the vertical component of the surface 
tension force acting along the contact line of the upper fiber  and Fu

cl
the force on the upper fiber due to Laplace pressure  with fiber-Fu

p
fiber spacing  for  and  and . (b) s θYL = 30o,50o 70o rf = 190.5 µm
Variation of the ratio between  and  with  for  Fu

cl Fu
p s θYL = 30o,50o

and  and . (c) Variation of  and  with  for and 70o rf = 190.5 µm Fu
cl Fu

p s
 and  and . (d) Variation of the ratio rf = 190.5 µm 300 µm θYL = 30o

between  and  with  for and  and  and Fu
cl Fu

p s rf = 190.5 µm 300 µm
. For all the cases,  and fiber configuration is θYL = 30o Vl = 3.5 µL

parallel.

Figure 9: Detachment force  (non-dimensionalized by ) Fu
d 4πσrf

versus liquid volume for different  (a) and different fiber radius  θYL rf
(b) with water-glycerol (15%) mixture as the liquid.

Figure 10: (a) Liquid bridge between parallel and orthogonal 
dissimilar fibers having different radius and wettability from 
experiment and simulation. (b) Detachment force  (non-Fu

d
dimensionalized by ) vs normalized liquid volume for the 4πσru

f
upper and lower fibers with different properties.

Figure 11: Droplet transfer between the upper and lower fibers for 
the case of , , , and  ru

f = 105.5 μm θu
YL = 55o rl

f = 190.5 μm θl
YL = 70o

(a), , , , and  (b), ru
f = 190.5 μm θu

YL = 70o rl
f = 105.5 μm θl

YL = 55o ru
f

, , , and  (c). = 264.1 μm θu
YL = 30o rl

f = 105.5 μm θl
YL = 55o

Comparison between the detachment forces obtained in the 
present study and those of the correlation of Farhan and Tafreshi47 
is given in (d).

Figure 12: Phase diagram showing the fate of the droplet resulting 
from the liquid bridge detachment for the case of liquid bridge 
volume (a)  and (b)  with  and Vl = 0.5 µL  Vl = 2.5 µL ru

f = 105.5 µm
.θu

YL = 55o
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(a) Experiment SE simulation
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