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Moving Contact Line Instability on Soluble Fibers

Jinhong Yang and Quanzi Yuan*

This paper presents a new kind of instability when inserting a soluble fiber
into liquid. After wetting and dissolving the fiber by the liquid, the moving
contact line (MCL) spontaneously loses stability. Because the sculpted shape
of the fiber looks like a Chinese pagoda, this instability is named as the
pagoda instability (Pl). The coupling of dissolution and wetting leads to other
special phenomena, i.e., dissolving-induced jet flow, and optimizes the fiber
shape, etc. A criterion of Pl is proposed and the competition between the
interfacial energy and chemical potential to deduce the MCL motion and Pl is
shown. A phase diagram is used to summarize the final shapes of the fibers.
By conducting atomic force microscopy (AFM) measurements, it is found that
fibers with optimized shapes have a low adhesion force. Using the optimized
fiber can decrease the influence of the capillary force during AFM measure-

ments in humid environments by 70%.

1. Introduction

The study of the behaviors and mechanisms of wetting on
fibers is of critical importance in the fields of directional droplet
transportation, [l coating,¥! the surface modification of fibers,
the preparation of micro-/nano-devices, etc.

As we know, the wetting system develops in the direction of
interfacial energy reduction or stays the same without external
energy input. Besides, wetting should be treated as an irrevers-
ible process because it is the process of energy dissipation.[®!
The instability of wetting on insoluble fibers requires the input
of external energy. For example, a hydrophilic fiber touches the
surface of water, the solid-air (SA) interface is replaced by the
solid-water (SW) interface because of capillary rise (the inter-
facial energy of SW is smaller than that of SA), and the area
of SA interface decreases.”! Even keeping the fiber away from
the surface of the water, the SW interface does not disappear,
and the liquid on the fiber shrinks and breaks to the droplet.
The interfacial energy of the system reduces, eventually (This
phenomenon is known as Plateau-Rayleigh instability,®l PRI).
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Gendelman et al. found and analyzed a
very impressed and interesting phenom-
enon that when polymer solutions were
deposited on vertical plates and dried
with hot air, mesoscopically ordered self-
assembled polymer films were obtained
because of Marangoni instability.!

In this work, we report a new instability
on the soluble fiber surface, which seems
beyond the law of interfacial energy evolu-
tion for wetting. In the experiments, the
liquid completely slides off the surface
of the fiber, and the area of the SA inter-
face is larger than that before entering
the water (see Figure 1a). The sculpted
shape from the fiber looks like a Chinese
pagoda, does not agree with the previous
studies.'%B3]  Therefore, we designate
this instability as the pagoda instability (PI). Based on the
mechanics and thermodynamics modeling, we reveal that the
PI is formed by the competition among surface tensions and
chemical potential. Under the atomic force microscopy (AFM)
test, we further demonstrate that the tip with a pagoda shape
can reduce capillary adhesion greatly.

2. Results and Discussion

In our cases, the deformation of the solid induced by shear
stresses can be ignored because of the slow flow velocity. The
sizes of the material defects (the defects are mainly bubbles,
and their sizes are on the order of microns) are far smaller
than the radii of the solids, so we can ignore the influence of
the defects on the pagoda structure. Besides, we also ignore
the influence of solid vibration. The fiber always keeps vertical
with the surface of the liquid, and the schematic of the experi-
mental facility is shown in Figure S1 and Movie S1, Supporting
information.

2.1. Characterization of PI

Inserting soluble fibers with different radii (0.5-5 mm) into the
liquid induces PI and forms various structures. The water rises
along the fiber wall to a certain height, and then the water—
oil interface falls to a new position and rises again. This loop
repeats until the liquid separates from the fiber (see Figure 1a).
Every loop of the rise and fall is similar; thus, we propose that
the forming process of the pagoda structure is self-similar.
Therefore, after clarifying the forming mechanism for the first
floor, we can deduce the whole process of fiber dissolving. The
profile of the first floor is shown in Figure 2a. Without loss of
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Figure 1. The process of pagoda instability. a) Time-lapse photography of the process of pagoda instability. b) Hall of Prayer for Good Harvests. c) A

tip forming by PI. d) The shapes of the eaves and the tip.

generality, we build a model in which the fiber is surrounded
by two liquids. One is a solvent (denoted by L), and the other
is a covering that is immiscible with the solute and solvent
(denoted by O). If the outside factors can be ignored, the cov-
ering does not need to be considered in the experiments. In
this case, the symbol O represents air. The dissolution on the
surface of the fiber results in instability, and the forming pro-
cess of the pagoda structure can be divided into three stages:
liquid rise, instability, and liquid fall.

2.2. Rise of Liquid on the Soluble Fiber

Unbalanced forces cause the liquid to rise. The dimensionless
numbers involved in the study of wetting include the Capil-
lary number Ca, Reynolds number Re, and Bond number
Bo. In our experiments, the Capillary number Ca=mn.v/%0 is
much smaller than 1 (the viscosity of liquid L 7 = 107 Pa s,
the flow velocity near the liquid L-liquid O (LO) interface
v =10 m s7!, the surface tension ¥ = 102 N m™}), so the sur-
face tension is larger than viscosity force. The Reynolds number
Re=p,vL/n. = 1072 (the density of liquid L p; = 103 kg m=,
the characteristic length L = 10 m), so the viscosity force is
larger than inertia force. The effect of inertia can be ignored.
The Bond number Bo=p;gl’/yio = 1072 (the acceleration
of gravity g is 10 m s72), so the surface tension is larger than
gravity. We ignore the gravity effect on the LO interface based
on the low Bond number. We analyze the driving forces and
resistances that arise from free energy and dissipation, respec-
tively. Free energy consists of interfacial energy and chemical
potential resulting from dissolution and rise. With the change
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in interface shape induced by dissolution and rise, the direction
of surface tensions and the interfaces vary, and then the inter-
face energies change. It is worth to noted that the influence
of concentration on surface tensions is so slight that it can be
ignored based on the results of experiments.' When the solute
enters the liquid from the solid, solvent molecules surround
it.! Therefore, the chemical potential is related to the con-
struction of solute molecules apart from the concentration. We
use the solvation energy density T, i.e., the chemical potential
per unit volume of the solid, to characterize the solute influ-
ence on the solution.® The dissolution effect can be expressed
as a force with surface tension dimension I'cie, where € and
¢ are the cutoff of the moving contact line (MCL)"! and the
saturation concentration of the solute, respectively. The dissipa-
tion is induced by contact line “friction” and liquid viscosity.!'®]
The contact friction can be expressed as 7é,R,h, where & is
the friction parameter, R, is the nth floor initial radius, and h
is the liquid rise velocity. The viscosity dissipation mainly exists
in the boundary layers of liquid L and liquid O. The viscosity
related dissipation induced by the rise of liquid L is expressed
as 37nR, 871" fohvz dz, where 17 and ¢ are the liquid viscosity and
the boundary layer thickness, respectively. The subscript I notes
as L or O, and they are liquid L or liquid O, respectively. Con-
sidering v ~ h, the boundary layer thickness & is proportional
to \mR./pih , where p is the density of the liquid. Because the
rise velocity is slow, we hypothesize that the process of rise is
quasi-static. In other words, the driving forces always maintain
a balance with the resistance. Consequently, based on Onsag-
er’s variational principlel””l and ignoring the change in Capillary
number (see Supporting Information S2), we obtain the scaling
law of liquid rise:
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Figure 2. Schematics of the model. a) Liquid O rises along the soluble fiber, while liquid L dissolves the solid. When the liquid rises to a certain posi-
tion H,, the LO interface bends to the fiber. b) Contact line instability occurs. c) After the instability, liquid L falls to the new position. Finally, the liquid
rises again and enters the next loop until the liquid separates from the fiber. d) The liquid rises again.

h _(t )1/ ’ () 2.3. Recession of the Solid-Liquid (SL) Interface

R, \7

In our case, the solute is heavier than the solvent, so the high-

concentration liquid flows along the direction of gravity. The

Here, 7 =(C,~284)/(R}C?) is the characteristic time, and C, diameter of the solid keeps decreasing until the liquid sepa-
and C, are constants. Liquid rises with the advancing anglel'”  rating from the solid, and the diameter of the solid inside
65, which is the sum of 65 and 6. With increasing contact  liquid L affects the final results. To avoid the evaporation and
angle 65, the contact angle 6, decreases, and the rise velocity ~ condensation of the liquid, in our experiment, the silicone oil
of the liquid slows down. (liquid O) is coved on the surface of water (liquid L). Therefore,
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Figure 3. Flow field. a) The low-concentration liquid flows up along the water—silicone oil interface and dissolves the glucose. The high-concentration
liquid containing glucose flows down while the SL interface recedes. b) Plots show the velocity distribution near the SL interface. The points (circle,

square, triangle) are the raw data, the lines are the fitting curves.

solid only dissolves when it contacts with liquids. As shown in
Figure 3b, dissolution takes place in the boundary layers near
the SL interface and results in dissolving-induced jet flow. The
thickness of the boundary layer depends on the viscosity 7, and
diffusivity D. The relative importance of the viscosity and the
diffusivity can be characterized by the Schmidt number Sc =7,/
(oLD), and we estimate Sc = 10% in most cases. Therefore, the
large Schmidt number implies that the solid dissolves into the
solvent by the shear effect rather than diffusion. Besides, for
the sculpted processes dominated by diffusion, the final shape
of the solid is similar to the initial shape of the solid. Obviously,
the sculpted fibers in our case are much different from the
initial shape. In our case, the dissolution velocity of the radial
direction depends on the shear stress in the boundary layer &g,
ie., vy oc|7] ~ Nevy /81, 2% where vg and 7). are the flow velocity
and characteristic viscosity of liquid in the boundary layer J,
respectively. Here, the boundary layer thickness near the SL
interface is & o< /1R, /(pUyx), where p. is the characteristic
density of liquid in this boundary layer, and Uy is the char-
acteristic flow velocity near the SL interface. The buoyancy
differences in fluid induce near-body flows and develop the
interface layer.'¥ Therefore, the characteristic flow velocity
near the SL interface Uy =,/Bgc.R, 2! where g and f are the
gravitational acceleration, and the solutal expansion coefficient,
respectively. The velocity is fitted by raw data and expressed as
vy =Un(1—2z/h)"* (see Figure 3). As we said before, the SL inter-
face recedes with the rise of liquid. Thus, the dissolution time
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is dominated by liquid rise; then, we can obtain the dissolution
time as t4 o« (h® — 2%), according to Equation (1). Obviously, the
profile of the SL interface can be represented as fg; = v,tq. We
assume that the dissolution of solid below the horizon (z < 0) is
uniform because the slope of the fiber wall is small (<5°). There-
fore, we believe that the shape from the fiber below the horizon
remains cylindrical; thus, the dissolution time and dissolu-
tion velocity satisfy tq « h® and v,|, - o, respectively. It is worth
explaining that the dissolution in the zone below the horizon is
different because the flow separation occurs at the end of fiber.
There is a quiescent region on the bottom of the fiber because
the flow separates from the end of the fiber. In the quiescent
region, the flow velocity is very slow and =10 m s7.. The trans-
port method of the solute depends on the relative importance
of the flow velocity and diffusion velocity, the ratio of which is
the Péclet number. As we mentioned before, the diffusivity D is
=10 m? 57!, and the size of the quiescent region ¢, is =<10* m
by experimental measurements. The Péclet number is 1072 and
so low that the convection effect can be ignored in the quies-
cent region. The change in the fiber length can be expressed
as Al=D(c,—C)tq/6,. In addition, the profile of the LO interface
satisfies the equation fio/+/1+(dfio/dz)* =R,. The condition

dfio /dZL:h =tan 6 leads to the function of the LO interface, i.e.

fio= %[(1 —tan(6i0))e™ R +(1+ tan (810 ) ) e ] -R, (2)
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Figure 4. Interface evolution of a dissolving fiber. a) Time-lapse photos showing the change at the interface. Red lines and blue lines are the SL and LO
interfaces, which are obtained by theory. b) Plot showing the change in height h with time. t4 is the time necessary to rise. c) PIV experiment indicating

that the quiescent region exists at the bottom of the fiber.

where 6o = 64 — 65, the advancing angle of liquid L moving
on the solid is obtained by experimental measurements. The
651 can be obtained by the slope of function f5; at MCL, i.e.,
65, =arctan (df. /dz|,_ ). According to Figure 4, the key to
pagoda construction formation is liquid fall caused by instability.
Therefore, we further studied the process of MCL instability.

2.4. Criterion of Pl

According to the results of the experiments (Figure 5), the
instability differs from PRI. From an energy perspective, liquid
rise is a process of free energy desecration. For the rise without
dissolution, the SL interface replaces the SO interface, having a
lower interfacial energy. During the rise of liquid on the surface
of the soluble fiber, liquid rise accompanies dissolution. The SL
interface replaces the SO interface, while solute molecules enter
the solvent, further reducing the free energy. As a result, the
height of the liquid rise accompanied by dissolution is higher
than that without dissolution. According to the above analyses,
we built a model to calculate the change in the free energy
F, which is a function of the liquid height h and includes the
change in interfacial energy and chemical potential of the solu-
tion, i.e., F = %AAq + %oAAso + YioAAro + [TcdVg, where
AA is the change of the area. Here, the change in free energy
in different stages is calculated by the numerical method and
shown in Figure 5a. Obviously, with the rise of liquid along the
fiber, the free energy has the minimum value, i.e., a potential
well. Elaborating on this process, the free energy decreases
because the area of the SL interface increases, resulting from
the rise and dissolution of the liquid. The dissolution continues

Adv. Mater. Interfaces 2022, 9, 2201248

2201248 (5 of 8)

to proceed because the solution is unsaturated. The pertur-
bation makes the liquid oscillate around the potential well
(dF/dh=0, d’F/dh’>0). We further calculate the changes
in free energy during liquid fall (the formula of free energy is
shown in Supporting Information S3), the results of which are
shown in Figure 5a by the blue lines. Free energy decreases
with the fall of liquid. Given that the position of the poten-
tial well is not the stable point of the system, the MCL losses
are stable in the position of the potential well. Figure 5 shows
that the liquid does not fall to the origin and stops at a cer-
tain position, which we call the recovery of stability unless the
liquid separates from the fiber during sliding. It is noted that
the liquid falls with the receding angle, which distinguishes
it from the advancing angle. In the process of liquid fall, the
fall velocity is much higher than the dissolution velocity; thus,
we disregard the dissolution during liquid fall. As liquid L dis-
solves the solid, the LO interface loses stability as soon as liquid
L reaches a certain height H,, which is the height of the nth
floor. For getting the criterion of the instability, we study the
change of the free energy before and after instability (see Sup-
porting Information S4). The perturbation of the height for the
MCL results in the change of the free energy JF, and it can
be expressed as OF =—}s00Aso +VswOAsw + YwoOAso +AtéVso,
where V denotes as the volume. When OF < 0, the system is
stable and the MCL remains rising. When 6F > 0, the system
is unstable, and the liquid falls. According to the critical state
OF = 0, we can obtain the criterion of the instability:

H, o Yso ~¥sw ~Ywo 3
R T &)
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Figure 5. Criterion of pagoda instability and shapes from dissolving fibers. a) The diagram of the free energy shows that the change in energy in every
loop (one rise and one fall) is similar. b) The instability criterion, showing that the change in the scaling law of H, with R, is 5/8. c) Diagram showing
the geometrical conditions for obtaining different shapes of fibers, which include pagoda-like with a flat end, pagoda-like with a cuspidal tip, single

floor with a cuspidal tip, and single floor with a flat end.

Consequently, the criterion can be expressed as H, « R,/®. PI is
also the result of the competition between chemical potential
and interfacial energy.

We disregard the dissolution effect during liquid fall because
the falling velocity is much faster than the dissolution velocity.
Therefore, the height of stability recovery can be expressed as

2k

Jn o< Rn—l ln (4)

n-1

which is similar to the height of the meniscus on the insoluble
surface. The curves in Figure 6a also show that the PI is peri-
odic, which is the reason why the solvent erodes the fiber into
pagoda structures. According to Figure 5a, the variations in free
energy in each instability are similar, which further proves that
fiber erosion is a self-similarity process.

2.5. Formation of Fiber for Different Shape

In Figure 5¢, we summarize the experimental results of the dif-
ferent radii (0.5-5 mm) of the fiber. It is worth to noted that
it is difficult to control the experimental conditions (the envi-
ronment vibration, solid deformation, material defects, water
entry angle of solids, and so on) of the fiber with small radius
(0.5 mm), so we do not discuss the results of the fiber with
a small radius. We mention that the fiber can be eroded into
different shapes, including a single floor, a pagoda-like struc-
ture, a cuspidal tip, and a flat end. Here, we elaborate on the
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formation of the tip. During the formation of the tip, the dis-
solution velocity on the fiber wall (radial direction) competes
with that at the bottom of the fiber (axial direction). As we men-
tioned before, the convection effect dominates the dissolution

Optimized tip

Approach ——
Retreat ——

0.0

Fal (¥10Rmax)
S
N

0.3 {\ N\M \ﬁ W\[\/\M\!VVV"N

F.sis the adhesion force for the usual tip

0.4 F,pis the adhesion force for the optimized tip
-0.5 0 0.5 1 1.5 2
X/hmax

Figure 6. Measuring adhesion force by AFM. The black and pink lines
are the loading curves of the optimized tip and usual tip (Bruker MLCT),
respectively. The blue and green lines are the unloading curves of the
optimized tip and usual tip, respectively.
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on the fiber wall, and the diffusion effect dominates the dis-
solution at the bottom of the fiber. Thus, in general, the dis-
solution velocity in the axial direction is slower than that in
the radial direction. Unless the insertion depth of the fiber
inserted is small, the fiber becomes a cuspidal tip. When the
liquid separates from the fiber or the dissolution depth in the
radial direction is greater than the radius of the fiber during
the first instability, the fiber will form a single floor. Because
of the axial dissolution of the fiber, the inserted depth [ is the
key parameter that decides the shape of the tip. According to
the parameters I and R, we divide fibers into four types in the
phase diagram (Figure 5c). When the solid is merely in con-
tact with the Liquid L, i.e., I = 0, the fiber with large radius
(0.5-5 mm) will be dissolved into single floor with a flat end
(type IV). However, we do not discuss the results of the fibers
with the microscopic or mesoscopic diameters, because it is
difficult to produce the specimens and control the positions of
specimens to merely contact with the liquid L.

2.6. Adhesion Force of the Reshaped Fiber

We use AFM to measure the adhesion force of the reshaped
fiber on air-liquid interface by contact mode, and the results of
the AFM experiment are shown in Figure 6. The adhesion force
on the surface of the fiber is about 10 nN and much smaller
than that of the common commercial probe (Bruker MLCT).
The special shape of the tip helps to prevent the adhesion of
liquid and can be found in some substances with low surface
energy, such as pollen??l and spiky particles.?’]

3. Conclusion

In summary, we observe and explain the dynamic process of
inserting a soluble fiber into liquid. The liquid rises along the
soluble fiber to a certain height, which is proportional to the
initial radius to the power of 5/8, and then the MCL loses sta-
bility and falls. The competition between the interfacial energy
and chemical potential induces the movement and instability of
the MCL. In some cases, the liquid repeats the process of rise
and fall until it separates from the fiber completely. Because
every instability is self-similar, the fiber forms a pagoda struc-
ture. We further demonstrate that the Pl-optimized fiber has
low-adhesion characteristics can be a general strategy for low-
adhesion design, such as hydrophobic surface,?¥ micro-needle
patches for the rapid and painless injection of drugs,?! fabrica-
tion of AFM probe,?% heat exchange devices based on the spon-
taneous dewetting,/”’l and so on.

4. Experimental Section

Sample Preparation: Glucose was melted at 250 °C and became
caramel. The liquid of caramel was poured into a mold made by
polydimethylsiloxane. The caramel from the mold was removed when
the caramel cooled. The radii of the fiber were ranging from 0.5 to 5 mm.
The fiber was fixed in the lifting platform to control the position of the
fiber. Water was used as the solvent, and the size of the container used
to hold the water was 205 x 145 x 200 mm. The fiber with a thin layer of
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silicone oil to prevent the influence of humidity on the experiment was
covered. Images were captured from the side view by a camera.

Preparation of Particle Image Velocity (PIV) Experiment: PIV technology
was used to observe and record the flow field. A sheet light with a
0.5 mm light waist was produced by a semiconductor laser (LASERWAVE
LWGL532-5W-L). Polystyrene beads (Bangs Laboratories. Inc. PS07001)
with a 6 um radius were mixed with water. The flow of the beads was
recorded by high-speed camera (Revealer M220) in 1000 fps.

Adhesion Force Measurement: In the AFM experiments, the optimized
tip made of copper fiber was prepared by electrochemical corrosion. The
initial diameter of the copper fiber was 100 pm. The electrolyte consisted
of calcium chloride (CaCl,), water (H,0), and hydrochloric acid (HCl),
and the volume ratio of the three was CaCl, : H,O : HCl = 60:36:4. The
voltage of electrochemical corrosion was 25 V. The final shape of the
fiber was single floor with a cuspidal tip (the diameter of the tips was
50 nm). The copper fiber was cut with the optimized tip and it was glued
with the AFM probe (Bruker NP-O10) without the tip by Focused lon
beam (FIB, Helios NanolabG3 CX). The adhesion test was conducted by
AFM (Asylum MFP-3D infinity) in contact mode. The curve of the force
versus the distance between the tip and the surface of the water was
recorded. The water was fully filled in a container with 35 x 35 x 5 mm.
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