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ABSTRACT

In this paper, the controlled support of a magnetic fluid at a superhydrophobic interface is proposed. It is shown experimentally that the
support of the magnetic fluid has excellent dynamic response characteristics and can be enhanced by increasing the magnetic field intensity.
Numerical simulations are performed to clarify how the magnetic field is distributed, and the support mechanism is revealed theoretically.
This study provides further physical insight into liquid-based support and offers excellent prospects for frictionless and controllable micro-
platforms and laboratory-on-chip applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005639

Manipulating tiny amounts of liquids is becoming a topic of
intense research interest because unique functions can be realized in a
compact space.1–5 The interaction between a liquid and a solid is
always accompanied by interfacial adhesion, on the basis of which
many applications are realized, including surface adhesion,6 self-
assembly,7 and mechanical strengthening.8 In other cases, one may
wish to eliminate the adhesion intentionally and replace it with a sup-
porting capacity.9 For instance, in micro-bearings, creating a liquid
support between the rubbing surfaces would improve the tribological
performance.10

The adhesion and supporting forces originate mainly from the
surface tension of liquids. Placing a liquid at a hydrophilic or hydro-
phobic interface gives rise to an adhesive or supporting force, respec-
tively. In particular, the supporting capacity is highly dependent on the
hydrophobic property, and one of the most direct and efficient ways to
maximize the supporting force is to construct a superhydrophobic
interface.11 However, common liquids are unstable at a superhydro-
phobic interface: with even a slight inclination or compression, they
either slide off or are squeezed off. Therefore, a precursor to achieving
stable support is to be able to confine the liquid to the interface.

A magnetic fluid is a colloidal suspension of magnetic particles
(mean diameter: �10nm) dispersed in a carrier liquid.12–14 Under an
appropriate external magnetic field, it can be positioned in and limited
to designated regions.15–17 By combining the advantages of an external
magnetic field and a superhydrophobic interface, a magnetic fluid
might be a feasible means of providing controllable support.

Herein, we design a magnetic fluid-based support at a superhy-
drophobic interface. As shown in Fig. 1(a), the substrates are made of
polytetrafluoroethylene (PTFE) with dimensions of 15mm� 15mm
� 1mm. Because of its relatively low friction coefficient (0.01) and
high corrosion resistance, PTFE is used widely in many engineering
applications, such as piston rings, clutches, micro-bearings, and guide
ways.18 The upper PTFE is fixed on a glass plate and mounted at the
end of a double parallel cantilever with a small mirror. The lower one
is fixed on the top of a polymethyl methacrylate (PMMA) chamber
inside which magnets are confined. The chamber is placed on a mobile
platform. Cylindrical magnets (N35 NdFeB; axial magnetization;
diameter: 4mm; thickness: 1mm) are used for the tests, and the mag-
netic field intensity is controlled by varying the number N of magnets
(N¼ 1, 2, 6, or 10). Based on the theory of magnetic charge, for a
cylindrical magnet, the demagnetizing factors decrease with increasing
axial thickness of the magnet.

The initial PTFE surfaces are smooth with an average surface
roughness of �0.8lm. The superhydrophobic surfaces are fabricated
using ultraviolet laser machining [Fig. 1(b-‹)] with an output power
of 3W, a frequency of 40 kHz, a pulse width of 0.5ls, and a processing
speed of 1000mm/s. After laser processing, rough PTFE surfaces with
an average surface roughness of �2.8lm are achieved. Figure 1(b-›)
shows the wetting property and progressively enlarged scanning elec-
tron microscopy images of the prepared PTFE surface (the result of
energy-dispersive x-ray spectroscopy is shown in Fig. S1). It features
irregular micro/nano-structures, and together with the low surface
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energy of PTFE, a liquid can remain on top of the asperities and
trap air in the interstices; thus, the Cassie–Baxter state holds.19

The apparent contact angle of de-ionized water on the prepared sur-
face is�150�.

A Fe3O4 water based magnetic fluid is employed, and its prop-
erties are given in Table S1. The apparent contact angle of the mag-
netic fluid is �142� on the prepared surface and �45� on a smooth
one (Fig. S3). Compared to de-ionized water, the decrease in the
apparent contact angle is attributed to the internal Fe3O4 particles
and surfactant. Because the wetting property of the fabricated sur-
faces is close to the superhydrophobic state, they are described
herein as superhydrophobic.

The experimental process is as follows. Placing a 25-ll magnetic
fluid droplet on the lower PTFE surface and moving the platform
upward with a speed of 10lm/s, as the droplet comes in contact with
the upper substrate, the force interaction at the interface deflects the
double parallel cantilever. This deflection is measured by a laser inter-
ferometer (SP2000; SIOS Messtechnik, Germany) mounted on a fixed
rack. Combined with the stiffness of the cantilever, the interfacial force
can be obtained; more details about the measurement are available in
our previous paper.20 The entire process is recorded via a microscope,
and each test is performed three times at an ambient temperature
of�25 �C.

Figure 1(c) shows the forces measured at the PTFE interfaces of
different wettability as a function of height h for N¼ 6. Positive and
negative values represent supporting and adhesive forces, respectively.
The differing starting point of the measured force is due to the differ-
ing initial shape of the magnetic fluid droplet. When the upper (U)
substrate is hydrophilic, the adhesion effect is always present at the
interfaces regardless of whether the lower (L) one is hydrophilic or
hydrophobic. Supporting capacity is achieved when the upper sub-
strate becomes superhydrophobic, and the measured supporting force
of the magnetic fluid droplets at the interface of two superhydrophobic

surfaces is the highest. As indicated by the red line, it increases rapidly
with decreasing h, and the maximum supporting force is �6.7mN at
h¼�600lm. Decreasing h further squeezes the droplet out of the
interface, yielding a dramatic downward trend. Note that magnetic
fluid droplets are unstable at the superhydrophobic interfaces without
an external magnetic field; thus, the corresponding supporting force is
relatively small and uncertain (Fig. S2).

The above results indicate that using an external magnetic field
to limit the magnetic fluid droplets to the superhydrophobic interface
can provide a supporting force. Furthermore, the dynamic response
characteristics of the supporting capacity of this configuration are
determined. As shown in Fig. 2, five load–retract cycles are performed
on a magnetic fluid droplet at the superhydrophobic interface (N¼ 6),
with the inset showing one compression process. The lower substrate
is retracted when the instantaneous supporting force reaches�5.2mN
[smaller than the maximum force of �6.7mN shown in Fig. 1(c)].
The measured supporting forces are extremely repeatable within each
load–retract cycle, having a precision as high as 98.3%. This indicates
that the supporting capacity based on magnetic fluid droplets has
excellent dynamic response characteristics.

Figure 3(a) shows how the magnetic field influences the support-
ing force, with the insets showing the initial shapes of the magnetic
fluid droplets on the superhydrophobic surface for N¼ 1, 2, 6, or 10
magnets. The supporting force increases with increasing N: the force
with N¼ 10 is �10.1mN, which is more than twice that with N¼ 1
(4.4mN). Figure 3(b) shows the distributions of the magnetic field in a
cross section above the PTFE surface. Note that the magnetic field
strengthens with increasing N and becomes concentrated above the
surface when N¼ 6 or 10. Figure 3(c) shows the numerical values of
the magnetic field strength (Mag H) on the PTFE surface (z¼ 0mm),
it being highest at the center point and decreasing gradually to the sur-
roundings. Meanwhile, MagH along the center decreases with increas-
ing z, as shown in Fig. 3(d). The details of the numerical modeling are
shown in Fig. S3.

Overall, the magnetic fluid-based dynamic supporting capacity is
reliable and accurate, and so the supporting mechanism is analyzed
further. Figure 4(a) shows the actual deformation process during com-
pression, and one of the intermediate shapes is extracted for modeling

FIG. 1. (a) Schematic of the designed apparatus. (b) ‹ Ultraviolet laser machining
and › wetting property and progressively enlarged scanning electron microscopy
images of the prepared PTFE surfaces. (c) Forces measured at PTFE interfaces of
different wettability.

FIG. 2. Dynamic supporting capacity of a magnetic fluid droplet at a superhydro-
phobic interface for N¼ 6: (a) details of five compression cycles; (b) loading and
retracting processes; (c) dynamic supporting forces.
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(labeled as ¶) of which the geometrical features are defined. A curved
liquid–air interface yields a Laplace pressure difference DPLap, and a
magnetic field induces a pressure difference DPMag on the droplet.
Following the geometry in Fig. 4(a-¶), assuming that the principal
radii r of curvature are equal, then r can be obtained as

r ¼ AB
2 cos/ABO

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ DL2
p

2 cos 180� � hB � arctan
DL
h

� �� � : (1)

The Laplace pressure difference DPLap is given by

DPLap ¼
2c
r
¼

4c cos 180� � hB � arctan
DL
h

� �� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ DL2
p ; (2)

where c is the surface tension of the liquid. Under a magnetic field, the
Bernoulli equation for points i and j in the droplet at zero speed can be
written as21,22

Pi � l0

ðHi

0
MsdH ¼ Pj � l0

ðHj

0
MsdH; (3)

where l0 is the magnetic permeability of a vacuum andMS is the satu-
ration magnetization of the magnetic fluid. The magnetic pressure dif-
ference DPMag can be written as

DPMag ¼
ðHj

Hi

Pj � PidH ¼ l0MS

ðHj

Hi

rH � dH ¼ l0MS Hj �Hið Þ:

(4)

Together, DPLap and DPMag contribute to a supporting force FSupporting
directed upward, while the surface tension near the three-phase con-
tact line of the upper substrate provides a vertical component that
weakens the supporting capacity. Thus, the total supporting force can
be obtained as

Fsupporting ¼ DPLap þ DPMag
� �

pr2A � 2c cos hA � 90�ð ÞprA: (5)

Combining Eqs. (2), (4), and (5), we arrive at the final expression for
the supporting force, namely,

Fsupporting¼
4ccos 180��hB�arctan

DL
h

� �� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þDL2
p þl0MS Hj�Hið Þ

8><
>:

9>=
>;pr2A

�2ccos hA�90�ð ÞprA: (6)

The apparent contact angles of magnetic fluid droplets on the
prepared surfaces under varying magnetic field are measured and

FIG. 4. (a) Actual deformation process and schematic depicting geometrical features. Comparison between experimental and theoretical results for (b) N¼ 1 and (c) varying N.

FIG. 3. (a) Influence of magnetic field on supporting force. (b) Magnetic-field distri-
butions in cross section above PTFE surface. Numerical values of Mag H(c) on the
surface (z¼ 0 mm) and (d) at centerline (x¼ 0 mm).
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shown in Fig. S3. The theoretical supporting force is calculated by
substituting all the geometrical dimensions from the recorded frames
and the numerical data of the magnetic field into Eq. (6). Figure 4(b)
shows the experimental and theoretical supporting forces as functions
of height h for N¼ 1, and Fig. 4(c) compares the theoretical and exper-
imental results under varying magnetic field. The established theoreti-
cal model appears to be highly accurate in predicting the supporting
capacity. Initially, the supporting force increases very slowly, but it
increases dramatically as the droplet nears the critical state [the red
line in Fig. 4(a)]. The magnetic-field distributions [Fig. 3(b)] suggest
that the magnetic field is effective at limiting the magnetic fluid drop-
lets to the interface. The robust supporting force for N¼ 10 is attrib-
uted to the strong magnetic field density close to the surface, which
prevents droplets from slipping out.

In conclusion, a liquid meniscus of millimeter-scale length exhib-
its a large Laplace pressure. By confining a magnetic fluid droplet at a
superhydrophobic interface via varying external magnetic fields, the
droplet remains at the small-scale liquid meniscus, thereby providing a
controllable supporting force. A strong magnetic field covering the
entire surface is suggested for achieving a robust and stable supporting
capability. The present study provides further physical insight into
liquid-based support and offers excellent prospects for a frictionless
and controllable micro-platform and laboratory-on-chip applications.

See the supplementary material for the main physical parameters
of the magnetic fluid, the Energy dispersive spectroscopy (EDS) result
for the prepared surfaces, the forces measured at the interface of the
two superhydrophobic surfaces without magnets, details of the numer-
ical modeling, and the apparent contact angles of the magnetic fluid
droplets.
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