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Despite fascinating natural examples of switchable adhesives to wet surfaces, strategies for an artificially
switching capillary adhesion system in situ remains a challenge. Here, we develop a smart reversible
magnetic fluid (MF) meniscus adhesion system whose capillary effect can be regulated by external
magnetic stimuli. It is revealed that the MF filled joint between two solid surfaces undergoes alteration
of its adhesive properties in response to the external stimulus of a varying magnetic field. Compared
with the original capillary force (without stimuli), the stimulated one increases or decreases depending
on the distributions of applied magnetic field intensities, allowing for switchable adhesive behavior. In
addition to the Laplace pressure, hydrostatic pressure induced by the intensity difference in the

Received 7th February 2019, magnetic field between the inner and outer surfaces of the meniscus was found to contribute to wet

Accepted 7th March 2019 adhesion, which accounted for the reversibility. Theoretical models of reversible adhesions have been

DOI: 10.1039/c9sm00270g built and solved as well, and agree well with the experiment results. Our findings not only provide a

deep understanding of MF capillary adhesion, but also provide a new method to design reversible wet
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1. Introduction

Reversible interfacial adhesives possessing an alterable
strength through the modification of near-surface architecture
or surface chemistry attract much attention for their large
potential in practical applications in industry or daily life.
Fascinating examples are widely found in natural organisms,
such as the well-known hairy feet of geckos, allowing free
dynamic alteration of adhesion to dry surfaces via the orienta-
tion and compliance of the fibrillar topography.'™ Inspired by
this dry adhesion, diverse artificial fibrillar surfaces characterized
with reversible regimes have been developed. The main approach
for regulation is utilizing surface topography reorganization
via the application of an external physical stimulus, such as
temperature,”” magnet,®° or preload.'*™"?

Another type of celebrated biological model is switching
interfacial adhesives under wet conditions, which is usually
found on tree frogs, torrent frogs, and newts.'*® Unlike the gecko,
these amphibians are capable of securing their unrestrained
locomotion to wet substrates without slipping or falling off using
their adhesive toe pads patterned with a polygonal microstructure
of epidermal cells separated by narrow mucus-filled channels.’*>*
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The underlying mechanisms were generally suggested to be
contributions from capillary forces, frictional forces, and
viscous forces to the wet attachment,?®*?* distinct from the
protein adhesive of mussels.>® Although recent studies effec-
tively demonstrated the positive role of high friction induced by
toe-pad topographies for wet climbing,'®**® the shear force
seems to be irrelevant for switching or reversing. This is
because the normal adhesive interaction of amphibians
with wet surfaces is mainly based on capillary forces induced
by the visible meniscus around the toe pads, especially under
the mode of standing upright or hanging upside down.?®*’
These amphibians seem to have evolved a perfect organic
system that can dynamically tune capillary forces to achieve a
switchable attachment to wet substrates. Some background
mechanisms based on dynamic actuation of the epidermis’s
topography or amount of liquid meniscus have also been
hypothesized.?®*° The mechanism of the chemical modifica-
tion of the toe pads’ secretion to regulate capillary forces for
reversible adhesion is still unclear.?

Despite exciting progress in studying the toe pads for wet
attachments, strategies to artificially tune the capillary effect for
reversible adhesion to wet surfaces are scarce because of the
complex interfacial interaction, so this mechanism remains a
challenge. Previous studies indicated that the capillary strength
of solid-liquid-solid systems are generally dominated by the
interfacial adhesive property of the middle meniscus with solids,
which suffers from the influence of solid geometries,**** environ-
mental conditions,** ** materials,***” etc. Some approaches, such
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as changing probe shape,*®*° splitting wedged film,*" modifying
surface chemicals*>** and structures,* or employing contact-
angle hysteresis,” " have been also developed experimentally
or theoretically to permanently alter the adhesive performance of
the capillary meniscus. However, compared with the artificial
reversibility of dry adhesion, these methods to regulate capillary
adhesion are cumbersome and irreversible, and most importantly,
it is difficult for them to enable a timely response of adhesive
switching in situ.

Herein, we report a facile strategy that exploits the external
magnetic field to stimulate the capillary force to achieve
reversible or controllable wet-adhesion systems. In this work,
a functional liquid, magnetic fluid (MF), was employed to
produce the meniscus between the spherical probe and sub-
strate, and the external stimuli of varying magnetic fields were
simulated by applying coin-shaped permanent-magnets with
various diameters. We systematically studied the effect of
the varying distribution of an external magnetic field on the
capillary adhesion strength of the probe-MF-glass system, and
revealed the mechanism underlying the switching role. The
relative theoretical models were also built and solved for
comparison with the experimental results. To the best of our
knowledge, this is the first example of achieving a reversible or
controllable wet-adhesion system via magnetically tuning the
capillary effect.
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2. Material and methods
2.1 Capillary meniscus and magnetic field

MFs are formed by single-domain magnetic nanoparticles dis-
persed in a carrier liquid, which are usually used for industrial
tribology and sealing. Here, Fe;0,-based MFs (SS-F10A2; saturation
magnetization M of ~100 Gs, density p of ~0.89; surface tension y
of ~23.8 mN m™ ' at 25 °C) prepared by the co-precipitation
technique were used to produce the liquid bridge between the
probe and glass substrate. The varying stimuli of external
magnetic fields were achieved using coin-shaped magnets
(N35 NdFeB) with various diameters (ESI,T Fig. S1a), which stick
to the back of the glass substrate. The height of the magnet is
fixed at 2 mm, and the diameter d ranges from 2 mm to 9 mm.

Adhesion measurements. Adhesion measurements were
performed using a custom-made setup, as shown in Fig. 1a,
which was detailed in ref. 48 The SiO, substrate (1 mm in
thickness) with a magnet fixed on the center of the back was
placed on a mobile stage, and the glass probe (18.5 mm in curve
radius, R) was mounted at the end of a cantilever with a small
mirror. The wet-adhesion test process is briefly described as
follows: first, a small MF drop was placed on the glass sheet
using a micropipette (ESI, Fig. S1b and c), and then the drop
was positioned at the center of the SiO, probe by moving the
stage under the microscope monitor. The probe was then
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(a) Experimental setup for measuring wet adhesion forces. (b) Force—distance curves of capillary bridge of MF between the probe and glass

substrate, (c) with the magnet of d = 3 mm, (d) with the magnet of d = 9 mm. The black and red lines indicate the probe approaching and retracting,

respectively.
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pressed into the drops to contact the glass substrate with
a preload of 0.5 mN. After a holding time of 5 s, the mobile
stage retracted at a speed of 10 um s~ ' to break the capillary
interaction of the liquid meniscus. Throughout the entirety
of the above process, the force interaction between the probe
and substrate was measured using a laser interferometer and
recorded on the computer. Each test was performed at least
five times.

3. Results and discussion

3.1 Switched capillary force of MF meniscus for reversible
adhesion using magnetic stimuli

Fig. 1b-d show the representative force-distance curves of the
5 uL MF meniscus measured between the probe and substrate
with and without magnetic stimuli. The black lines indicate the
force interaction during the probe’s approach for loading, and
the red lines represent the probe retracting for unloading.
When measuring the adhesion force of the MF meniscus in
the absence of a magnetic field, the force-distance curves
(Fig. 1b) behave smoothly with a long distance of approximately
2750 pm, yielding the highest force of approximately 5.4 mN
(original capillary force). The applied magnetic field led to a
pronounced influence on the capillary interaction of the MF
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meniscus, both in the force value and interacted distance. For a
coin-shaped magnet of d = 3 mm, the capillary force of the MF
meniscus decreased significantly, only showing a value of
approximately 0.668 mN (Fig. 1c), and the interaction distance
also decreased to approximately 1900 um. However, for the
coin-shaped magnet with a large diameter of d = 9 mm (Fig. 1d),
the capillary force of the MF meniscus surprisingly increased to
a value of approximately 7 mN, even surpassing the original
capillary force (Fig. 1b), while the interacted distance continued
to decrease. It appears that the capillary interaction of the MF
meniscus between two surfaces can be regulated by the external
magnetic stimuli, and with a well-designed magnetic field,
switchable and controllable wet adhesion is artificially possible.

3.2 Influence of magnet diameter and liquid volume on the
capillary interaction of MF meniscus

Fig. 2a shows the side views of MF meniscus (fixed at 5 pL)
between the probe and substrate with/without a magnetic field
(d = 2, 9 mm) captured under the microscope system. f is the
filling angle of the meniscus and L is the filling radius. It can be
seen clearly that for a constant volume of meniscus, the contact
area between the MF meniscus and substrate changes slightly
between the experiments with and without magnetic stimuli.
Fig. 2b shows the actual filling radius L and filling angle f of
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Fig. 2

(a) Side views of the MF meniscus between probe and glass substrate with and without the magnetic stimuli. (b) Filling radius L and filling angle 8

of MF meniscus measured with the stimuli of magnets with varying d (d = 0 indicates the case without magnetic stimuli). (c) Capillary forces of the MF
meniscus measured with magnetic stimuli of varying d. (d) Capillary forces of MF meniscus as functions of liquid volume with/without magnetic stimuli.
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the MF meniscus (fixed at 5 pL) measured with the stimulus of
a magnet with varying d (d = 0 indicates the case without
magnetic stimulus) using the microscope. Both L and f
decreased at first, and then increased with increasing d of the
magnet, exhibiting the lowest value at d = 4 mm. This means
that the coin-shaped magnet of d = 4 mm may have the
strongest magnetic field, which firmly adsorbs the MF drop
with little spreading under the indentation of the probe. For a
constant volume, the lowest L or f§ also signifies the thickest
film of MF between the probe and glass substrate.

The normal capillary forces for wet adhesion stimulated by
magnets with varying d are shown in Fig. 2c. As can be seen, the
original capillary force of the MF meniscus between the probe
and substrate is approximately 5.32 mN, and the external
magnetic stimuli for adhesion shows dependence on diameter.
Compared with the original capillary adhesion, the capillary
force of the MF meniscus stimulated with the magnet of
d =2 mm decreased to 1.8 mN, and as d increases, the capillary
force first decreases, then increases. d = 3 mm achieved the
lowest force value of approximately 0.68 mN, and d = 9 mm
achieved the highest value of approximately 6.8 mN, exceeding
the original capillary force. Fig. 2d shows the capillary forces of
the MF meniscus as functions of liquid volume with/without
the magnetic stimuli. The capillary force measured without
magnetic stimuli did not vary significantly with MF volume. In
contrast, for the magnetic stimuli of d = 5, 6, 8, and 9 mm, the
capillary forces decreased obviously with the increase in MF
volume. In summary, our results suggest that the capillary force
of the MF meniscus can be regulated by the external magnetic
field, and the coin-shaped magnet diameter and volume of the
MF both have an influence on the strength of the stimulated
capillary interaction.

3.3 Why the magnetic field alters the capillary force of the MF
meniscus and how to design magnetic stimuli for controllable
wet adhesion

The results of the adhesion tests in the previous sections
demonstrated that the external magnetic stimuli regulated
the capillary adhesion of the MF meniscus depending on
the diameter of the coin-shaped magnet, and the stimulated
capillary forces are very sensitive to variations in volume. The
diameter dependence suggested that the distribution of
the magnetic field intensities may account for the effect of
magnetic stimuli on capillary adhesion. Moreover, we can also
attribute the increasing stimulated capillary force with increas-
ing meniscus volume to the influence of the magnetic field
distribution for the following reason. From previous capillary
theory,>® the normal force of the sphere-liquid-flat system
increases with the increased liquid volume; however, it can
be neglected here because of the very small range of volume
variation. This was confirmed by the negligible change in
capillary force with the increased volume in the absence of
magnetic stimuli (Fig. 2d).

To reveal the mechanism for tunable capillary force of the
MF meniscus, the distributions of the field intensities for all
magnetic stimuli (d varying from 2 to 9 mm) were calculated by
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using finite-element simulation software (Ansoft Maxwell 14.0).
Fig. 3a shows the characteristic contours of field intensities
in the half-space above the substrate with d = 2, 4, and 9 mm.
The field intensities H of the substrate surface generated by
magnets with various d are displayed as a function of position
in Fig. 3b. It can be found that the peak magnetic field intensity
for d = 2 mm is at the center of the substrate, giving approxi-
mately 113 kA m™", and with increasing d, this peak value
increased and achieved the highest at d = 5 mm, then the peak

H(A/m)

d=4 mm

d=9 mm
(b) 200
Along glass substrate Diameter d (M 2 mm
® 3mm
1604 K i <. A 4mm
S s v Smm
e R ¢ 6mm
S RN < 7mm
AIZO— Sy A > 8mm
£ S ® 9mm
< Srleirok
=< . >
Twd FS iS00
40 . # A5F i 3
RN\
_J cente bounda g
0+ T T T T — T
-6 -4 2 0 2 4 6 8
Position x (mm)
(c)
200 150
/’>a/u\n\ .
(u] ]
\ >
R / D ) / T
4 I 50 E
Al 20 o A >o\ 0 <
g =
é 80 - .\ Lo <
T — o
40 - / —o—Center I -50
] —=—Boundary
./ —e—Center-Boundary
0 T T T T T T T T '100
2 3 4 5 6 7 8 9 10
Diameter d (mm)
Fig. 3 (a) Contours of magnetic field intensities for the magnets of

d = 2,4, and 9 mm in the half-space above substrate. (b) Magnetic field
intensities on substrate surface as a function of position with varying d.
(c) Magnetic field intensities as a function of d at the center of substrate
and the triple-phase boundary of substrate/MF/gas. For ease of compar-
ison, the boundaries for all stimulated menisci were approximately fixed at
X =32 mm.
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of intensity—position curve moves outside across the substrate,
creating a valley around the center of the substrate (also reflected
in the MF distribution of ESI,;f Fig. S1b). As a result, these
differences in magnetic fields were suggested to be responsible
for the varying capillary force of the stimulated MF meniscus.

Previous studies have demonstrated that the external non-
uniform magnetic field caused an attraction potential for the
MF, which drives the liquid flow to a more intense magnetic
field.*>~" If such non-uniform magnetic field performs inside
the MF, an additional hydrostatic pressure, APy,g, will form
easily due to the difference in magnetic field intensity, AH,>">
just like the pressure in water induced by the different heights
or depths in a gravitational field. Fig. 3c shows the magnetic
field intensities located at the center of the substrate and the
triple-phase boundary of substrate/MF/gas with varying d. Note
that the boundary can be nearly regarded as the position L
because of the very small height of the meniscus (Fig. 2a); for
ease of comparison, the boundary, i.e., L, for all magnets was
fixed at x = 3.2 mm, though changes slightly with d, especially
for d = 3-5 mm (Fig. 2b). From observation, there are two
distinct regions with varying d, marked as A and B. For region
A, the magnetic field intensity at the center is larger than that
at the boundary, but for region B, the opposite occurs. The
intensity differences (Heenter — Hboundary) i these two regions
were also depicted in Fig. 3c (red line), which interestingly
presents an inverse tendency to the stimulated capillary forces
of the MF meniscus shown in Fig. 2c. These results indicate
that the magnetic field intensity difference between the interior
of the meniscus and the boundary interface of the MF and gas
may play a key factor that gives rise to the tuning effect on the
stimulated capillary force.

In fact, the normal capillary adhesion of the liquid meniscus
between two substrates is exerted by a combination of the
pressure difference between the inner liquid Pj,gqe and outer
atmosphere P, (the major contribution) and the surface tension
force of the liquids. For the MF meniscus without stimuli, i.e.,
the original capillary interaction, this pressure difference is
totally due to the Laplace pressure AP, induced by the
concave meniscus (ESL{ Fig. S2a), which behaves negatively
and is distributed uniformly inside the meniscus (Fig. 2b and
3c). Fig. 4 illustrates the mechanism of the external magnetic
stimuli regulating the capillary adhesion of MF meniscus
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(red signifying high field intensities and blue signifying low ones).
For the magnetic stimuli with a small dimeter (d = 2-7 mm), the
field intensity distribution in Fig. 3b indicates the high value
inside the MF meniscus and the low value on the boundary
interface of the MF and gas, resulting in a positive difference,
Hinside — Hpoundary = AH > 0. This positive AH produces a positive
pressure difference from the center of the meniscus to boundary
interface, ie., the magnetically induced pressure APy, > 0,
which weakens the capillary adhesion between the probe and
substrate first caused by the negative Laplace pressure (Fig. 1c
and 2c). However, if the diameter of the coin-shaped magnet is
enough large, the distribution curves of magnetic fields char-
acterize concave heads (Fig. 3b) which result in a negative
APyp,g because the boundary interface has a more intense
magnetic field than the inside of the meniscus, Hinside —
Hpoundary = AH < 0. As a consequence, the negative Laplace
pressure (AP, < 0) and magnetically induced pressure
(APyag < 0) both play a positive role for capillary adhesion,
leading to a higher adhesion force than the original capillary
force (without magnetic stimuli) (Fig. 1 and 2c). For a clear
comparison, the above characters of capillary adhesion were
expressed using absolute value in Fig. 4, and |Pissige — Pal
reflected the adhesion strength. In addition, the influence of
magnetic stimuli on the meniscus shape of liquid bridge can be
neglected here based on two facts. First, from Young’s law,*?
the boundary of three phases (S/L/G) equilibrates depending on
the inherent surface tension rather the external field stimuli.
Second, we found no obvious changes in the meniscus of the
MF bridge with various stimuli under the microscopic system
(ESL,T Fig. S2).

Fig. 2c also shows a phenomenon that the capillary force of
MF meniscus first decreased then increased with increasing d,
giving a turning point around d = 3 mm. This is possibly due to
the AH (Hinside — Hboundary) Of the MF meniscus first increasing
and then decreasing with increasing d (this can be directly
reflected by the value of Heenter — Hboundary i Fig. 3¢), which
tuns the APy, for capillary adhesion. Fig. 2d shows that
capillary force decreased with the increased volume of MF
meniscus. Actually, the increased volume of MF meniscus
increased the L, i.e., moved the boundary interface of MF-gas
exterior, when under a mandatory indentation of probe. In such
a case, the AH increased with the decrease in Hpoundary-
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Therefore, regardless of positive or negative, the value of APy,
will increase to weaken the contribution of |Pj,siqe — Pa| for the
capillary adhesion of the MF meniscus. In general, the mechanisms
of the magnetic field-regulated capillary adhesion of the MF
meniscus have been revealed well in this paper. Briefly, if
someone wants to weaken the capillary force of the MF
meniscus, they should increase the magnetic field intensity
inside the meniscus and decrease the magnetic field intensity
of the boundary interface of the MF and gas, namely creating a
large positive APy,,. If an enhanced capillary force is desired,
the opposite can be performed for a large negative APy,q.

3.4 Theoretical adhesion models of MF meniscus under
magnetic stimuli

For conveniently designing the magnetic stimuli for a controll-
able adhesive, the theoretical adhesion model of stimulated MF
meniscus was built and solved for comparison to experimental
results. Fig. 5a shows the physical model of the MF meniscus
between the spherical probe and the glass substrate. The force
of capillary adhesion Feapiiary is a result of the pressure differ-
ence P; — P, between the probe surface OA P; and the outer
interface of liquid-gas BA P,, i.e., the atmosphere, and the
surface tension force of meniscus Fgp. Based on the above
discussion, the P; — P, of the MF meniscus with magnetic
stimuli is characterized by two factors: the Laplace pressure

Soft Matter

AP apinary and the magnetically induced pressure APy,g. Referring

previous studies,”®>* Bernoulli equation of i and j point in MF

meniscus under a magnetic field at a flow velocity of 0 is given by
H;

H;
P; — uojo MdH = P, — HOJO MdH,

ey

where P; is the pressure at the point of 7, H; is the field intensity at
point i, y, is the magnetic permeability of free space, P; is the
pressure at point j (inner interface of MF-gas), H; is the field
intensity at the point of j, M is the magnetization of the MF, which
can be regarded as a constant of the saturation magnetization of
MF M; when the intensity of stimulated field is much larger than
the saturation magnetization of MF.>> Here, we neglect the
influence of gravity and assume that the MF moves parallel to
the substrate as the probe starts to detach. The boundary condi-
tion at j in the boundary interface of MF-gas can be written as>*
P+ %qunz = Py + AP, )
where M,, is the normal component of M at the meniscus surface.
After inserting eqn (2) and simplifying, eqn (1) leads to

1
- —Moana

P,'—Pa :APLap-‘r,uOMS(H,'—H/) 3
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The total force of capillary adhesion of MF meniscus is a
combination of the pressure difference P, — P, acting upon a
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Fig. 5

(a) Physical model of the MF meniscus between the spherical probe and the glass substrate. Magnetic field intensity of (b) probe surface OA (H))

and (c) meniscus interface BA (H)) with different d as a function of position x on the substrate. (d) Theoretical results of magnetically stimulated capillary
adhesion force with varying d in comparison to the experimental values.
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cross-sectional area nZ” and the surface tension force Fgp acting on
interface of the meniscus. Thus, F,gnhesion can be described as

L
(Pi—P,)d (nx?) + Fsr

F, capillary = J
0

L
1
=nL*APrap+ Fsp + J [,uOMS (Hi—H;) - zyOan d(mx?).
4)

Based on a previous study,*® the original capillary force F of
meniscus at constant liquid volume is given by

0

F = TELzAPcapillary + FSF

cos(01+f)+ cos 0, ()

= —4myR
Yy 3

where y is the surface tension of the MF, R is the curve radius of
probe, f is the filling angle, 0, and 0, are the contact angles of MF
on the probe and substrate (see Fig. 5a). Replacing the original
capillary force in eqn (4) and discretizing the integral part finally
gives an explicit expression for the capillary adhesion of the MF
meniscus at constant volume with magnetic-field stimuli:

cos(0,+f3)+ cos 0
Fcapillary = 47.WR$

N
M (Hi(k) — Hi(k)) — =My (k)| "
3 o (0100 = 1 (6) 5047

Thus, eqn (6) can be solved by the acquisition of H,(k) along
the probe surface OA and of H;(k) and M(k) along the meniscus
surface BA. In this paper, the data of H,(k) and H;(k) for various
diameters of magnets were accurately extracted from the simu-
lation results (ESLf Fig. S3) depending on their L and f
(Fig. 2b), as shown in Fig. 5b and c. M, (k) is very difficult to
acquire; for ease of calculation, it was approximately equated to
M, i.e., the constant M, because in practice, the field of the
magnet diverges through the small meniscus with a large
normal component. The parameters R, 7, My, L, and f are given
in experimental section and Fig. 2c, and the measured contact
angles of 0; and 0, are nearly zero (ESL T Fig. S4). The detail
process for calculation is schematically illustrated Fig. S5 in
ESI.T Fig. 5c shows a graph of the calculated adhesion force of
the MF meniscus (fixed at 5 pL) with the magnetic stimuli of
varying d in comparison to the experimental results. It appears
that our theoretical model performs well in the prediction of
capillary adhesion force of the MF meniscus stimulated by a
certain magnetic field.

4. Conclusion

We demonstrated the reversible wet-adhesion performance of
MF meniscus between two surfaces under the external stimulus
of a magnetic field. With the varying diameter of applied
magnets, the capillary adhesion force of the MF meniscus
underwent significant modulations, first decreasing then

This journal is © The Royal Society of Chemistry 2019
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increasing, and showing a switching behavior for adhesion.
The increased volume of the stimulated meniscus played a
weakened role in the adhesion strength, whereas little influ-
ence was found on the original capillary adhesion (without
stimuli). Compared with the original capillary interaction, the
stimulated interaction can be increased or decreased directly
depending on the distribution of the magnetic field intensity.
The underlying mechanism was revealed to be the additional
hydrostatic pressure induced by the intensity difference in
the magnetic field between the interior of the meniscus and
liquid—-gas boundary interface imposing a tuning effect on the
pressure inside the MF meniscus, which is usually only domi-
nated by the Laplace pressure in typical capillary adhesion.
Furthermore, the relative physical model was also built and
solved in comparison to the experimental data. The results
indicate that our theories effectively predict the stimulated
capillary force of the MF meniscus. In general, we present a
pioneering work of magnetically induced reversible capillary
adhesives, which can be regarded as a guide for further study in
developing new controllable wet-adhesive systems.
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