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Abstract
When microscopic droplets are placed between fibers held at a fixed angle, the droplets spontaneously move toward the apex of the fibers. 
The speed of the droplet motion increases both with the angle between the fibers and the distance the droplet spans across the fibers. The 
speed of these droplets can be described by a simple scaling relationship. Bending these fibers into a sawtooth geometry results in a 
droplet ratchet where cyclic motion in a fiber results in extended linear motion of the droplet, and can even be used to induce droplet 
mergers.
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Significance Statement

Transportation of microscopic droplets is important in many natural and engineered systems, from cacti using their needles for water 
harvesting to microfluidic devices used to encapsulate and deliver medicines. We have developed a system where we can control the 
motion of droplets using thin fibers held at fixed angles. Droplets migrate spontaneously to the meeting point of two fibers, and 
the motion can be explained with a simple model. Based on these principles, a rigid fiber is bent into a specific pattern which allows 
rapid motion of droplets over large distances using a ratchet-like motion. The mechanism by which droplet motion is achieved is 
versatile and can accomplish complex and selective motion of droplets relevant in microfluidic applications.
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Introduction
When a cactus needle is placed in a foggy environment, the needle 
will collect droplets which spontaneously migrate toward the plant 
stems (1, 2). Conversely, fibers in the fur of otters prevent water 
transportation and allow the otter to remain warm in arctic condi-
tions (3). The wide range of interactions between liquids and fibers 
has naturally resulted in a host of applications seeking to replicate 
nature (4–7) and there has been great interest in understanding the 
physics of such systems. The ideal case of a single droplet wetting a 
single stiff fiber has been well studied (8, 9). Depending on the size 
of droplet, the size of the fiber, and the interfacial tensions in-
volved, the liquid will adopt either an axisymmetric barrel-like or 
clam-shell configuration on the fiber (9). Yet even with a single fi-
ber, adding additional parameters can immediately introduce sig-
nificant complexity (10–17). For example, a flexible fiber may coil 
around or within a droplet (18–21) and a fiber with a gradient in 
the radius is what causes droplet motion in cactus needles (1, 22).

With such varied behavior in single fiber systems, the difficulty 
in understanding how droplets interact with multiple fibers be-
comes clear. Therefore, it has not been until more recently that 
there have been great advances in the study of droplets 

interacting with fiber arrays, often driven by fundamental inter-
ests, but also to improve applications like fog harvesting. Work 
has ranged from studying how droplets interact with fiber pairs 
(23–32) to large grids of fibers (33–36). For example, capillary forces 
can bring two fibers together causing droplets to move toward the 
open end (25), similar to the case of a droplet between plates (37). 
Recent work has also shown that bent fibers can effect how much 
liquid is supported before droplets fall due to gravity (30). In grids, 
varying the fiber thickness in different strands of the grid can be 
used to pattern droplets (35).

Here, we report on droplets placed between thin stiff fibers held 
at some angle as shown in Fig. 1. We find that a droplet migrates to-
ward the apex of the fibers and develop a simple scaling model that 
describes the droplet motion. In general, geometric limitations in 
droplet–fiber systems mean the distance the droplet can be trans-
ported is limited by the diameter of the droplet. We overcome this 
limitation with a droplet ratchet mechanism that can transport 
droplets across long distances, independent of droplet size, by 
coupling a straight fiber and a fiber with alternating bends. 
Lastly, we illustrate that the ratchet mechanism, and a conceptual-
ly similar alternative, can both be used to initiate droplet mergers.
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Experimental setup
To study the interaction between the droplet and rigid fibers, we 
design an idealized system such that we can assume that only ca-
pillary interactions and viscous dissipation are important. We use 
small droplets with radius rd ∼ 100 μm. Since the droplets are 
smaller than the capillary length, we can ignore gravity. A further 
simplification can be made by ensuring that the fibers are small 
compared to the droplet. Since the droplets are small, the fibers 
need to be thin, with radius rf ∼ 10 μm. For most materials, suffi-
ciently long fibers with this radius held at one end would deform 
significantly due to capillary forces from the droplet, and hence 
alter the angle we try to control. To avoid this, we use the glass fi-
ber system shown in Fig. 1a.  Full details of the manufacturing are 
described in Fig. S1. Briefly, thin glass fibers are heated and pulled 
from rods to diameters ∼ 10 μm. A home-built microforge is used 
to bend the fibers into rectangular C shapes. These fibers are 
then bonded to much thicker rods (1mm diameter) to maximize 
stiffness. With the rectangular C-shaped fibers, the fiber bending 
from capillary forces remains minimal at ∼ 0.1◦ or ∼ 1 μm deflec-
tion for a ≈ 1,000 μm fiber length (see Fig. S2).

For the droplets, we use silicone oil (1,000 cSt, Gelest), which is 
chosen for two reasons. First, the silicone oil is nonvolatile which 
allows for longer timescale experiments. Second, silicone com-
pletely wets the fibers reducing the possibility of pinning, thereby 
allowing measurements even when the driving force is low.

To control the fibers at small lengthscales, we use a custom 
goniometer that can precisely control the angle between the fibers 
while keeping a point of interest within a ∼ 10 μm2 area (see 
Fig. S3). With the two fibers positioned, a droplet is deposited. 

The process of droplet deposition involves first dip coating a thin 
glass fiber (thinner than the fiber of interest) with the silicone 
oil. The coated fiber can then be slid across the fiber under study. 
Due to the reduced surface area, droplets bind more weakly to 
thinner fibers, which enables the transfer of a droplet from the 
coated fiber to the fiber of interest.

The droplet–fiber system is imaged from above and a sequence of 
images is used to track the droplet migration (see Movie S1). The 
droplet is found to migrate spontaneously toward the apex of the fi-
bers (Fig. 2a). To quantify this motion, we use simple edge detection 
to track the center of the droplet cross-sectional area. With the drop-
let center location, we can determine the droplet speed as well as the 
distance the droplet bounds between the fibers (Fig. 2b and Movie S2).

To return the droplets to their original position, we simply rotate 
the fibers to a negative angle to reverse the direction of motion al-
lowing us to repeat experiments. During droplet motion, the silicone 
oil leaves a thin Landau–Levich film on the fibers that increases with 
deposition speed (13, 38). To minimize the thickness and variability 
in the Landau–Levich film, the droplets are returned slowly 
(v ≲ 1 μm s− 1) at a shallow angle ( θ ≈ 1◦), which results in a thin 
coating on the fiber with thickness <1 μm. With this process, we 
are able to quantify how droplets move along fibers held at an angle.

Results and discussion
Scaling model and comparison to experiments
With the ability to measure the speed and span of the droplets, we 
can develop a simple scaling model for droplet motion. We have a 

a

b

c

Fig. 1. a) Sketch of the experimental setup. A silicone oil droplet is placed 
between two thin glass C-shaped fibers, which are mounted onto thicker 
glass rods. The C-shaped fibers are glued at both ends to the thicker rods 
to ensure minimal deflection due to capillary forces. b) Expanded view of 
the experiment with the relevant parameters indicated, Ω is the volume, d 
is the distance spanned by the fibers, and θ is the angle between the fibers. 
c) A typical image of the droplet between the two fibers. These images are 
viewed from above, with the fibers in the horizontal plane.

a

b

Fig. 2. a) Image showing three snapshots of the droplet through time 
(t = 0, 35, 98 s). The droplet moves from left to right toward the apex. The 
blue lines (lines going through the fibers) show position tracking for the 
fibers, the red line (line along the perimeter of the droplet) shows the edge 
of the droplet, and the central red dot the position of the droplet. The 
position is defined by the averaged location of all pixels within the red 
line. b) Plot of droplet speed as a function of the distance between 
between the fibers at the position of the droplet center. We note that the 
droplet moves toward the apex, thus from the right (large d) to left (small 
d) in this plot (sketches of typical configurations are inset).
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droplet with volume Ω, viscosity η, and surface tension γ, which 
contacts two thin fibers. The droplet fully wets the fiber. If we as-
sume that the surface area of the droplet is much larger than the 
wetted interface of the droplet with the fiber (i.e. fiber diameter is 
≪ Ω1/3) then the free energy of the system is simply the product of 
the surface tension with the surface area of the droplet: γS. As 
shown in Fig. 1, the angle between the fibers is θ, the x coordinate 
is given by the symmetry-axis of the system, and the apex of the 
fibers defines x = 0. The distance between the fibers at the loca-
tion of the droplet, d(x), is d(x) ≈ xθ for small θ which is valid for 
the experiments carried out. Because the surface-to-volume ratio 
decreases as the distance between the fibers decreases, the drop-
let migrates toward x = 0. The characteristic speed of the system 
is set by the capillary velocity γ/η.

The velocity of the droplet must depend on the parameters 
{d, Ω, θ, η, γ}, and we start with the simple ansatz that at the level 
of scaling we have

v ∝
γ
η

d
Ω1/3

􏼒 􏼓α

θ β, (1) 

where the exponents α and β are to be determined. Since the sur-
face area of the droplet for thin fibers and small angles only de-
pends on Ω and d (assuming small angles), the capillary force 

driving the droplet to the apex depends on the gradient of the sur-
face energy:

fcap =
∂

∂x
[γS(Ω, d)] ≈ γθ

∂
∂d

[S(Ω, d)]. (2) 

With the kinematic viscosity, ν, the Reynolds number in the 

experiments is given by Re ≡ vl/ν ∼ (10−4 m s−1)(10−3 m)/

(10−2 m2 s) ∼ 10−5. Given that Re ≪ 1, we can neglect inertial ef-
fects and the velocity is proportional to the driving force. Since 
fcap ∝ v, we obtain the exponent β = 1 and we have the experimen-

tally testable scaling relationship

v ∝
γθ
η

d
Ω1/3

􏼒 􏼓α

. (3) 

To test Eq. 3, we first perform experiments with a range of fiber an-
gles, θ ∈ [2.1◦, 11.3◦], while keeping the volume fixed, Ω = 18 nL. In 
Fig. 3a, the results of the droplet velocity as a function of the dis-
tance the droplet spans between the two fibers are shown. As the 
span decreases, so does the speed of the droplet (droplet is less de-
formed and closer to equilibrium the smaller the span). 
Furthermore, at a fixed span, the velocity increases with the angle, 
which is consistent with the expectation that the capillary driving 
force increases linearly with the angle (see Eq. 2).

a

b

Fig. 3. a) Plot of the speed of a droplet (Ω = 18 nL) as a function of its span 
for a selection of angles. The fits shown are to v = ad3. b) Plot of speed 
normalized by angle in radians as a function of the distance spanned by 
the droplet. Note here that there are 11 different angles in this plot with 
the color-bar indicating the specific angle of each plot.

a

b

Fig. 4. a) Plot of speed normalized by angle as a function of the distance 
spanned by droplets for several different volumes. The data for each 
volume represent 10–15 separate angle experiments. Droplet volume is 
calculated by taking a volume of revolution of the droplet while 
symmetric on a single fiber. b) Plot of speed normalized by angle in 
radians as a function of the aspect ratio of the droplet for a series of 
volumes.
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The data in Fig. 3a are consistent with a power law in the span 
as expected from Eq. 3 with the exponent α ≈ 3, as shown by the 
best fit lines to the expression v = ad3, with a a fit parameter. 
We note that a free fit to the data used for Fig. 3a gives 
α = 3.3 ± 0.4. For the largest angles, the match to power law starts 
to break down but the scaling still qualitatively matches the data. 
In Fig. 3b, we confirm the scaling dependence on the angle, θ, pre-
dicted by Eq. 3 by plotting v/θ as a function of the span, d, for 11 
different experiments which is well described by a single curve 
(v/θ = bd3, with b = 4.5 ± 0.6 mm−2 s−1).

All the experiments discussed thus far (Fig. 3) are with a fixed 
volume. We next turn to the dependence of the dynamics on the 
droplet volume. Experiments were performed, just as shown in 
Fig. 3, but for a range of droplet volumes with Ω ∈ [18 nL, 210 nL]. 
In Fig. 4a, we plot v/θ as a function of d for five volumes and at least 
10 angles for each volume. We see that for a given speed, the small-
er droplets move more quickly. This result is consistent with the 
intuition introduced above that a smaller droplet requires a larger 
aspect ratio (further from equilibrium) to span the same distance 
as a larger droplet. Lastly, guided by the scaling of Eq. 3, we plot 
the angle-normalized speed as a function of the aspect ratio 
d/Ω1/3, as shown in Fig. 4b (see Fig. S4 for data with varying fiber 
thickness). We find the data collapses reasonably well to a simple 
master curve given by the expression v/θ = c(d/Ω1/3)3, with 
c = 690 ± 90 μm s−1. In Fig. S5, we generalize this procedure for 
other liquids and show that the scaling holds for both hydropho-
bic and hydrophilic liquids. Despite the assumptions made in 

the simple scaling model, the model well captures the essential 
physics of the motion of droplets between stiff fibers held at an 
angle.

Droplet ratchet
Now that we have an understanding of the physics at play, we can 
use the concepts to develop a droplet ratchet that turns cyclic mo-
tion of a fiber into linear motion of a droplet. The principle is sim-
ply to take advantage of the fact that the droplet will move to the 
apex. The ratchet system involves a placing droplet between a 
straight fiber and a sawtooth-shaped fiber (Fig. 5a). A sawtooth fi-
ber is prepared through a series of bends in a thin glass fiber 
(Fig. S1). We align the bends in one plane and ensure a consistent 
angle between the bends. The sawtooth pattern consists of the 
straight portions that move toward or away from the other fiber 
and the corner portions where the fiber changes direction.

The mechanism of motion starts with a droplet between a 
straight fiber and a straight portion of sawtooth (Fig. 5a). Since 
the droplet is in between two fibers held at an angle it will move 
toward the apex, in this case the corner of a sawtooth (Fig. 5b). 
Once at the apex, we translate the straight fiber downwards to 
cross the sawtooth fiber (Fig. 5c). The first translation leaves the 
droplet in a place of unstable equilibrium. We then translate the 
straight fiber slightly in the intended direction of motion to break 
the symmetry, and the droplet begins moving in that direction 
(Fig. 5d). While this motion is happening, or when the droplet is 
in a stable equilibrium at step 2, the straight fiber can be retracted 
horizontally back to its original position. With once cycle com-
plete the process can be repeated to further move the droplet 
(Movie S3).

Without any optimizations for speed, we are able to move high-
ly viscous (1,000 cSt) nanoliter droplets at speeds of ∼ 100 μm s− 1 

over many droplet lengths (Fig. 5e and Movie S4). With this meth-
od, the magnitude of droplet motion is decoupled from the magni-
tude of each translation step required for motion. In principle, the 
sawtooth pattern could be repeated for whichever distance of 
droplet motion is desired, providing an effective method of trans-
porting microdroplets across large distance without the pressure 

a

b

c

d

e

Fig. 5. Images and corresponding sketches of droplet migration driven by 
the ratchet mechanism (scalebars are 500 μm, see Movie S3). a) Droplet 
moving toward the apex. b) Droplet at the corner of a sawtooth, once at 
this point the straight fiber can be translated downwards to the other size 
of the sawtooth fiber. c) Droplet at point of unstable equilibrium, the 
straight fiber can be translated horizontally to initiate droplet motion in 
the desired direction. d) Droplet once again moving spontaneously toward 
the apex, at this step the straight fiber can be retracted horizontally to its 
original position. e) Overlaid images of droplet moving across several 
teeth of a sawtooth pattern, while both fibers return to their original 
position after each cycle (Movie S4).

a

b

c

Fig. 6. Series of images showing the the use of a sawtooth pattern to first 
move droplets the same distance and then merge the droplets (Movie S5). 
The colors are guides to the eye to identify the left and right droplets. a) 
Initial location of droplets. b) Droplets are moved across one of the teeth 
in the sawtooth pattern, t = 55 s. c) The two droplets are merged, t = 70 s. 
All scalebars are 500 μm. Larger motions result in simultaneous motion 
where smaller motions allow for a merger. A detailed mechanism is 
outlined in Fig. S4.
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differentials required standard channel-based methods. Since 
there is flexibility in the fiber translation distances and speeds re-
quired for droplet motion (Fig. S8), the ratchet mechanism is easily 
automated.

In addition to moving a single droplet large distances, we can 
also use the same ratchet mechanism to selectively move or 
merge multiple droplets along a single sawtooth (Fig. 6). The de-
tailed mechanism for the selective movement and merger process 
is outlined in Fig. S7. In brief, since the motion requirement to 
move a droplet out of unstable equilibrium depends on the size 
of the droplet, we can selectively move individual droplets by 
changing the extent of fiber motion. Using our selective ratchet 
mechanism technique it is possible to first move two droplets in 
the same direction, and then by changing motion parameters, 
have the droplets merge. We note that the ratchet mechanism is 
just one variation on a theme and is not the only method that ex-
ploits the flexibility of this fiber system for droplet transport. For 
example, we have exploited a variation of this theme whereby 
we rotate two fibers such that the system transitions from a par-
allel configuration to a crossed-fiber geometry (see Figs. 7 and S6). 
With this geometry, two droplets on the opposite side of the as-
sembly can be reliably made to merge at the intersection of the fi-
bers to generate droplet motion resulting in mergers.

Conclusion
With a combination of glass fiber manufacturing and microscale 
fiber control, we can study the motion of a droplet between two 
stiff fibers. We have developed a simple scaling model that de-
scribes the essential physics of the droplet–fiber system and ex-
plains why the droplet moves toward the apex of the two fibers. 
The geometry of fibers converging at an apex imposes a limit on 
the distance a droplet can traverse. To overcome this limitation, 
we propose a ratchet method that involves coupling a straight fi-
ber with a sawtooth-shaped fiber, enabling the long-distance 
transportation of microdroplets.

We note that the combination of the sawtooth and straight fi-
bers is just one example exploited here. Variations of this theme 
can be used to accomplish complex and selective motion of drop-
lets, including, as we have shown, the mixing of droplets through 
mergers. Unlike traditional microfluidics, these mergers can be 
conducted with nanoliter quantities at atmospheric pressure, al-
lowing for ultrasmall-scale chemistry. The ability to transport 
droplets over considerable distances has practical applications 
in diverse fields, ranging from large-scale fog harvesting to the de-
velopment of a novel microfluidic platform.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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