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Abstract

®

CrossMark

In this paper, the supporting capacity of a ferrofluids (FFs) ring bearing is investigated
experimentally and numerically. The bearing consists of a floating plate, a substrate, and a FFs
ring sandwiched between them. The FFs ring is formed and restrained by applying a ring magnet
below the substrate. For a FFs ring with a thickness of 0.25 mm, the maximum supporting force
is about 1.78 N. Numerical analysis reveals that, compared with the Laplace force, the magnetic
force plays a dominating role in the total supporting force. Such a liquid ring support may give
underlying applications for frictionless bearings or precision positioning systems.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Friction is everywhere, from the scale of tiny atoms [1] to
the crustal plates [2]. It can be defined as the rubbing of one
body against another. Except for some technical applications
that pursue higher friction, it is usually undesirable. Non-
contact fluid bearings, known as hydrodynamic or hydrostatic
bearings, are the most important methods to reduce friction.
For hydrodynamic bearings, the solid—solid contact is elim-
inated by the support of a pressurized lubricating film due
to relative movement [3]. Irrespective of the motion, hydro-
static lubrication is the proper way and the pressure is gen-
erated by a hydraulic pump [4]. However, the constraints on
pressurized film formation restrict the applications of these
two bearings to some degree, especially in micro-precision
machinery.

Recently, liquid bridge bearings have offered another way
to provide liquid support [5-8]. Surface tension between the
thin liquid film and the patterned hydrophobic/hydrophilic sur-
faces acts as the bearing mechanism [6]. As an example men-
tioned in [7], alternate hydrophobic and hydrophilic annular
tracks were fabricated to produce free energy barriers on the
surface of a solid (see figure 1(a)). Thus, the liquid can be

1361-6463/21/175004+7$33.00

anchored on the hydrophilic track, forming a liquid ring. When
compressed, the Laplace pressure built in the liquid ring is
significantly greater than the atmospheric pressure and can
provide an extra load-carrying capacity. Made of a fluid, the
liquid bridge bearing may, obviously, avoid the solid—solid
contact and improve the motion precision and reliability. The
bearing mechanism usually requires complicated processes to
fabricate the qualified surfaces with alternant hydrophilic/hy-
drophobic structures. Questions then arise: is there any other
method to locate the liquid? In addition, besides the Laplace
pressure, can any other kind of pressure be formed in the liquid
to further enhance the total supporting force?

Ferrofluids (FFs) are smart colloidal suspensions of single
domain ferromagnetic nanoparticles dispersed in a liquid car-
rier [9]. To avoid agglomeration, the surface of the nano-
particles is decorated with a long-chained organic molecule.
The behavior of FFs depends mostly on their magnetic prop-
erties. In the presence of an external magnetic field, such a
fluid can be shaped and positioned at a desired area [10].
Meanwhile, due to the particle magnetization and pole orient-
ation, an extra ‘magnetic pressure’ is formed in the fluid [11],
which may generate a controllable supporting force. Then, for
a liquid bridge bearing, the total load-carrying capacity will be

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Diagram of a liquid ring bearing and (b) a FFs ring bearing under a magnetic field.

expected to increase further when using field-induced FFs as
a liquid medium.

In this paper, two groups of experiment were carried out. (a)
The liquid bridge bearing capacities of water-based FFs and
pure water on the patterned hydrophobic and hydrophilic sur-
faces were tested and compared. (b) On the superhydrophobic
(or hydrophilic) surface, the bearing force of a FFs ring under
a magnetic field was measured. Much attention was paid to
the effect of the magnetic field. Meanwhile, numerical calcu-
lation was performed to better understand the performance of
the axial FFs ring bearing.

2. Experimental details

The liquid bridge bearing contained two glass plates with the
size of ®50 x 0.5 mm. The surfaces of the two glasses were
sprayed with a commercial paint (NeverWet, Ross Technology
Corp., USA) to form a superhydrophobic chemical coating
(water contact angle ~165°). After that, a ring pattern of the
coating with the inner radius Ry, = 10 mm and outer radius
Rowt = 12.5 mm was removed by laser-marking technology.
Due to the relatively high surface energy, the exposed ring sur-
face of the glass was hydrophilic (water contact angle ~37°)
and the rest was still superhydrophobic. The ring pattern was
only fabricated on the lower glass surface, as illustrated in
figure 1(a). To dispel the effect of atmospheric pressure, a pore
was processed in the center of the lower glass to link the out-
side environment and the inside cavity of the liquid ring. As a
certain volume of water was dropped on the hydrophilic sur-
face, a liquid ring was formed due to the surface energy bar-
rier at the border of the ring pattern. When compressed by the
upper glass, the Laplace pressure inside the liquid may pro-
duce a supporting force.

Figure 1(b) shows a schematic drawing of a FFs bear-
ing under a magnetic field. A ring magnet (N35 NdFeB,
®25 mm x $20 mm x 5 mm) with the same inner and outer
radius as the ring pattern (shown in figure 1(a)) was applied
under the glass plate. The magnetic field strength on the ring
surface was about 280 mT. When a drop of FFs was injected
to the lower glass surface, due to the adsorption of the mag-
netic field, a closed FFs ring appeared on the glass surface.
Similarly, such a FFs ring may also be expected to provide
bearing capacity as a result of FFs magnetization. Here, two

Reducer Servo motor Servo driver

Figure 2. Diagram of the test system.

simple surfaces were applied: glass (hydrophilic) and glass
covered with a superhydrophobic chemical coating (superhy-
drophobic).

Two kinds of supported liquid ring were tested by using a
force-testing platform, as shown in figure 2. The upper glass
plate fixed with a pull-press sensor shifted in a vertical direc-
tion at a speed of 0.008 mm s~!. The range of the sensor was
5 N with a resolution of 0.001 N. Before the test, the lower
glass was kept horizontal by using an air level. The upper one
was covered on the surface of the lower glass. After that, the
upper glass was fixed with the force sensor and moved up.
In this way, the two glasses could be regarded as parallel.
For each test, the dosage of the liquid (water or FFs) injec-
ted on the lower substrate was controlled at 0.2 ml. As the
upper glass pressed on the fluid surface, the data of the liquid-
bearing force over the axial displacement could be captured
by a data-acquisition system. Meanwhile, the outline pictures
of the FFs ring in a certain gap were taken using an industrial
digital camera. Thus, the interfacial contact angles of the fluid
on the upper and lower glasses could be obtained.
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Table 1. Main properties of the ferrofluid. 0.15
Parameters Value 3 —Water ring é—FFS ring
) S| ez
Nanoparticles Fe304 Vi . / ‘
olume: 0.2 mL
Particles diameter, d 10 &2 nm '3 ‘
Volume fraction of nanoparticles, 0, 4.3% 0.09
Density, p 12gem™ _ : ) 2
Dynamic viscosity, 7 5 mPa-s | i) ‘ L:
Surface tension, 32mNm™! R, ﬁ’ "0 Rou "‘“ﬁ" i 10.06
Saturation magnetization, M 1.52 x 10* Am™! Cross-section of the liquid ring J I
W Superhydrophobic coating _ %
i & 40.03
) ) . M Glass G 6512 .
For comparing with water, a commercial water-based FFs
comprising Fe3O4 nanoparticles was chosen and the main B ..l \Z'Va‘fer . FIFSI —1o.00
properties of the fluid are shown in table 1. The contactangles 12 11 1.0 09 08 07 06 05 04 0.3

of the fluid were measured using an industrial digital camera
and the values were 152° and 19° on the superhydrophobic
coating and hydrophilic glass surface, respectively.

3. Results and discussion

The supporting force of the liquid bridge bearing with an indi-
vidual liquid ring between patterned glass surfaces, as depicted
in figure 1(a), was tested and the result is shown in figure 3.
The force of the liquid ring enhances gradually while the upper
glass is moving down, and the maximum value reaches 0.13 N
for a water ring with a thickness of 0.4 mm. As mentioned
in [7], the supporting force mainly consists of two parts. One
is the Laplace force, which originates from the Laplace pres-
sure difference across the air/liquid interface and its direc-
tion is vertically upward. The other is the normal compon-
ent of the capillary force, which assists to drag the upper and
lower glasses together. Usually, this part is small enough to be
ignored, but it deserves greater attention in microscale. Based
on the Young—Laplace equation, the pressure difference across
the liquid/air interface is APp,, = y/Rc, where 7 is the sur-
face tension of the liquid and Rc is the curvature radius of
the air/liquid interface. R¢ can be calculated as 1/(1/r +1/R),
where r is the curvature radius of the interface in the fluid
cross-sectional plane, and R is the interfacial curvature radius
in the horizontal plane of the ring. Actually, R > r, therefore
Rc = 1oy Or 1y, (see figure 3). As the upper glass approaches
the lower one, the R¢ decreases gradually, which enhances the
APy, as well as the supporting force. Theoretically, the sup-
porting force relies mainly on the limited contact angle of the
fluid and the gap height of the two glasses.

It is interesting to find that the force fluctuates obviously
when the height (%) is lower than 0.4 mm. Given the decreas-
ing gap between the two glasses, the cross-sectional image
of the liquid ring deforms gradually. When the liquid contact
angle exceeds its critical value on the superhydrophobic coat-
ing, tiny droplets of the liquid may migrate from the ring bulk
and the supporting force decreases rapidly. However, due to
the surface tension, a new integrated ring is formed shortly
afterwards. Accompanied by the decreasing height in the gap,
the force enhances again. Because of the reduced volume of
the total liquid, the bearing force declines obviously com-
pared with the previous ring. The supporting behavior of the

h (mm)

Figure 3. Supporting force of the liquid ring between the patterned
glass surfaces.
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Figure 4. Supporting force of the FFs ring under a magnetic field.

water-based FFs ring presents the same variation tendency as
the water ring. Compared with the FFs, pure water exhibits a
higher contact angle. The differences in contact angle could be
caused by two reasons. One is the difference in mass due to the
different fluid density [12]. The other could be the lower sur-
face tension of the FFs due to the existence of surfactant. As is
known, to overcome particle agglomeration, a magnetic nan-
oparticle is usually decorated with a surfactant made of long-
chained molecules [9]. Such molecules in carrier liquid could
decrease the surface tension of the FFs to some extent. Thus,
the water ring possesses a larger bearing capacity at the same
gap height and its first decline also appears at less of a gap
height in contrast with the FFs.

The supporting force of the FFs ring under a magnetic field,
as depicted in figure 1(b), was measured and the result is given
in figure 4. The wettability of the glass surface was taken into
account. The maximum values of the force range from 1.25
to 1.78 N at the gap height of 0.25 mm in the four cases.
The different starting positions come from the various initial
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h: 0.40 mm
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Figure 5. Cross-sectional views of the FFs outline under a magnetic field at different gap heights (FFs ring is between superhydrophobic

surfaces).

N R
o~ g1

Figure 6. Geometrical model for an instantaneous cross-sectional
view of the FFs ring between two glass plates.

shapes of the FFs ring. As the upper (U) glass is hydrophilic,
the adhesive force appears at the very beginning whether the
lower (L) glass is hydrophilic or hydrophobic. And the force
transforms into a supporting one as the upper glass continues
to move down. Provided that the upper glass is superhydro-
phobic, the FFs ring presents the supporting force all the time
and the force is always higher than that when the upper glass
is hydrophilic at the same gap height (%). The bearing capa-
city of the FFs ring between two superhydrophobic surfaces
is the largest, while the lowest appears between hydrophilic
surfaces. Overall, compared with the surface wettability, the
effect of the magnetic field dominates the bearing capacity of
the FFs ring.

Note that the maximum supporting force (1.25-1.78 N)
of the four situations is about ten times the bearing capa-
city (0.13 N) of the liquid ring between patterned glass sur-
faces (see figure 3), although the same ring size and liquid
volume are applied. It is known that each nanoparticle in FFs
may be treated as a superparamagnetic nanoparticle suspen-
ded in a liquid carrier. Here, the liquid carrier of the FFs is
water. In the presence of an external magnetic field, the ori-
ginal poles of these particles with random orientation will
align in the direction of the external field. The interaction
between the FFs and the magnetic field generates attract-
ive force on each particle. The force on individual particles
manifests itself as a magnetic body force [13] or ‘magnetic
pressure’ [11] on the bulk of the FFs. This force can act

as an effective bearing capacity of the magnetized FFs ring.
Generally, the magnetic force shows a linear relation with
the external magnetic field intensity and gradient [14]. Due
to the decreasing gap height, both the intensity and gradi-
ent of the magnetic field applied on the FFs become higher.
As a result, the bearing capacity of the FFs ring continues
to grow.

Meanwhile, the curve of the force keeps a steady growth
even when the gap of the height (%) reaches 0.25 mm. No force
fluctuatations are observed, which is quite different from the
results shown in figure 3. As mentioned above, the force fluc-
tuations of the liquid bridge bearing derive from the escape of
the tiny liquid drops. Because of the existence of the magnetic
field, FFs can always be restricted and positioned between the
glass gap without mass loss. Therefore, the supporting force
of the FFs ring is smoother and more controllable under a
magnetic field.

To further understand the bearing mechanism, numerical
calculation of the FFs ring under a magnetic field was con-
ducted. For simplicity, the case of a FFs ring between two
superhydrophobic surfaces was chosen. During the compress-
ing process, the pictures of the FFs ring’s outline at different
h were taken using an industrial digital camera. The interfa-
cial contact angles of the fluid on the upper and lower surface
were obtained based on the collected pictures. As can be seen
in figure 5, the outline of the FFs ring changes and the corres-
ponding contact angles on the contact line also vary. Figure 6
shows a geometrical model of an instantaneous cross-sectional
view of the FFs ring at a certain gap height.

In this model, the FFs supporting force with three aspects is
taken into account. Similar to the liquid ring anchored on the
hydrophilic track (see figures 1(a) and 3), the curved air/liquid
interface creates the Laplace force (F14p), and the normal com-
ponent of the capillary force (F.,) is close to the air/liquid/solid
contact line of the upper glass. The new addition is a magnetic
force (Fmag) caused by the external magnetic field. As men-
tioned above, during the magnetization process, the force on
each magnetic particle transforms the bulk of the FFs.

As shown in figure 6, assuming the curvature radius r is
equal, then it can be written as

h
"7 Cos (180° — 0) + cos (180° — 0p)

ey
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where / is the height of the FFs ring in the supporting gap, and
0 and 0y are the corresponding FFs interfacial contact angles
on the upper and lower surfaces.

As mentioned above, the Laplace pressure between the
inside of the fluid and the atmosphere is APLap = ~/R¢c, where
R is the curvature radius of the liquid/air interface. In figure 6,
Rc can be calculated as 1/(1/r +1/R), where r is the curvature
radius of the liquid/air interface, and R is the curvature radius
of the FFs ring in a horizontal plane. Due to the value of r < R,
then Rc =~ r, and hence

v v[cos(180° —f4) +cos (180° — )]

APLap = E = h (2)

where 7 is the surface tension of the FFs. The Laplace force
(FLap) can be expressed as follows:

FLap = APLapﬂ—(rout2 - rinz)
_ my[cos (180° — Ba) + cos (180° — 6p)] (rou’ — rin”)
= ’ .

3

To calculate the Laplace force (F1ap), we should get the val-
ues of ry, and roy, Which are the radius of the inner and outer
vertex of the FFs ring to the z axis. Since the volume of the
FFs is constant, it can be approximately expressed as

VA [ (rou+ ALY = (1 — ALY )
where AL can be calculated from the following equation:
AL = rsin (180° — fg) — rsin (180° — 04 . 5)

According to equation (4), one of the relations between rj,
and r,, can be obtained. Meanwhile, due to the air pore in the
center of the lower glass, the pressure of the inner FFs inter-
face equals that of the outer (atmospheric pressure). Hence, the
field intensity applied on the two interfaces (outer and inner)
could be considered approximately equal, namely H,, = H,,.
By using finite element software, at a certain height (%) above
the lower glass, distributions of the magnetic field along the
direction of the magnet’s radius can be obtained. And the
imported dimensional and magnetic parameters are consistent
with the ring magnet ($25 mm x $20 mm x 5 mm, reman-
ence B;: 1.20 T and relative permeability y,: 1.1). As shown in
figure 7, based on H,,, = H,,,, one more relation between ri,
and ryy can be achieved. Combining equation (4), we can get
the values of rj, and ry, at different gap heights, so that the
Laplace force (Fr4p) of the FFs ring at a certain gap height can
be calculated.

Then, the force induced by capillary force (F,) can be writ-
ten as

F., = 27yc0s (0a — 90°) (Four + Tin) (6)

where 6, is the contact angle on the contact line (see figure 5).
The direction of F, is vertically downward and it reduces the
supporting force.

300

0.25 mm

250+ Height: 0.4 mm *°

H (kA/m)

200+

150

0 5 10 15 20
Radius of the magnet (mm)

H (kA/m)

100

50

0 5 10 15 20 25 30
Radius of the magnet (mm)

Figure 7. Distribution of magnetic field intensity at the height of
0.4 mm above the lower glass as a function of the magnet’s radius
(the inset shows the five different heights).

Next is to calculate the magnetic force. As shown in the
geometrical model (see figure 6), under an external magnetic
field, the pressure for points ¢ (r;,) and i (r;, any point on the
upper surface) on the FFs based on Bernoulli’s equation is
given by [15]

H H

Pr; —,U,()/MHdH: Pri“ — Mo /MHdH (7)
0 0

where [ is the space permeability and My is the magnetiza-
tion of the FFs.

For ideal FFs with spherical nanoparticles, discarding the
interaction between each particle, the magnetization of FFs
can be determined by the Langevin equation [16]:

e -1 «

®)

2a 1 1
MH—MSL(a)—MS<e + >

where M, (1.52 x 10* A m~!) is the saturation magnetization
of the FFs. « is the Langevin parameter and can be written
as o = pomgH/ (kT), where mgq is the magnetic moment of a
nanoparticle, H is the external magnetic field, k is Boltzmann’s
constant, and 7 (300 K) is the absolute temperature.

The magnetic moment of a particle is mgq = éMdﬂ'd3, where
d (10 nm) is the diameter of the particle. My = MS/Q)p is the
domain magnetization of solid particles. Here, (), (4.3%) is the
volume fraction of the nanoparticles in the FFs.

So the magnetic pressure at any point of the FFs upper sur-
face can be written as

H,
1

Pri:Prin+M0/
H,

T

H,,
2c¢
e “+1 1
MHdH:P,m+,u0Ms/T——dH
e r—1 «
H,

Tin

in
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Figure 8. Calculated and experimental curves of the supporting
force produced by the FFs ring between superhydrophobic surfaces.
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Figure 9. Multiple cycles supporting process of a FFs ring under a
magnetic field between superhydrophobic surfaces: (a) four cycles

of compression; (b) loading and unloading processes; (c) dynamic

supporting force of each cycle.

H,, H,, H,
2
= Pri"+MOMS /dH+/WdH
e T —

Tin

T 2pgmgy, : "
e T — .
=P, + poM; In— _ —In—2
Homad e —1 Hrin

Tin

2pgmgHy,

_(Hri _Hrin):| . (9)

Once the pressure distribution (P,,) on the upper surface
of the FFs ring is known, the magnetic force (Fag) can be
calculated by integrating over the bearing surface

Tout

Fyag = / P, —P, dA

2pgmgHy;
= 27 oM / A N
- HoMg ZHU'ZdH' 1 Hp,

Fin

—(H,, —H,m)} ridr. (10)
Thus, the total supporting force can be written as
FSupporting :FLap +FMag_F'y° (11

Combine equations (3), (6), (10), and (11), the total sup-
porting force can be rearranged to become

FSupporting = FLap + FMag - F’y

_ my[cos (180° — ) + cos (180° — Og)] (rou” — rin®)
N h
2pgmgH;
wl kT [ W -1 H,
+ 27T,UOIWS f In 2pgmgHy, —In—
rin | HoOMd e —1 H;,

—(H,, — H,i“)] ridr — 2wy cos (0 —90°) (rou + rin) -
(12)

Figure 8 shows the calculated and experimental curves of
the supporting forces produced by the FFs ring with a mag-
net. As can be seen, the theoretical results calculated by using
equation (12) are in good agreement with the experimental
data. Shown in figure 8 is a brief calculation example for point
A. When the gap height between two glasses is 0.4 mm, the
corresponding contact angles 05 and g are 132° and 141°,
which can be obtained from the cross-sectional view of the
FFs ring (see figure 5). According to equations (1) and (5),
we can get r = 0.277 mm and AL = —0.03 mm. Considering
the constant volume of the FFs and the same magnetic field
intensity at the positions of ry, and roy (equation (4) and
H, =H,),the values of rj, = 7.71 mm and o, = 14.85 mm
can be obtained. Then, based on figure 7, the value of H,, =
73.35kAm~! can be achieved at the gap height of 0.4 mm.
Now, the three forces Frap = 0.059N, Fyae = 0.640N, and

=0.003 N can be calculated, respectively. Thus, the total
supporting force of the FFs ring is Fsypporting = 0.696 N. It
seems that the magnetic force plays a dominant role in the
total FFs supporting force. More detailed information about
the calculation process and main physical parameters of FFs
can be found in the supplementary material (available online
at stacks.iop.org/JPD/54/175004/mmedia).

The above results manifest that FFs restricted on a supe-
rhydrophobic surface by an external magnetic field can pro-
duce a liquid supporting force. Next, in order to figure out
the dynamic characteristics of the bearing capacity, the mul-
tiple cycles force test was performed. As shown in figure 9,
four cycles of the load—unload process of the FFs ring under a
magnetic field were operated between superhydrophobic sur-
faces. The maximum force of the first cycle is about 1.77 N,
which is almost the same as the value shown in figure 8. The
force curves of the four cycles remain consistent in general,
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with good repeatability. Such a result confirms that the bear-
ing capacity of the FFs ring under a magnetic field has good
repeatability and dynamic performance. Besides, the axial FFs
bearing has an adaptive loading property so long as the load
is lower than the limited supporting capacity. As shown in
figure 9(c), a slight drop of the maximum force is observed,
which may be caused by the evaporation of the carrier liquid
(water). As is known, at a certain gap height, the supporting
area of the liquid will reduce during the volatilizing process.
Thus, the total supporting force decreases slightly. To elim-
inate the issue, FFs with low-volatile carrier liquid should be
chosen.

4. Conclusions

In this paper, the bearing force of FFs under a magnetic field
was measured and the force was compared with the water
bridge bearing. Numerical calculation was carried out to better
understand the behavior of the axial ring bearing stack. The
results show that, either on hydrophilic or superhydrophobic
surfaces, FFs can be confined at desired places with the aid of
a magnetic field. This may produce a controllable liquid sup-
porting force, which is at least one order of magnitude higher
than that of the liquid bridge bearing with the same dimension.
Numerical analysis further confirms that, by comparison of the
Laplace force, the magnetic force plays a dominating contri-
bution in the total FFs support. This work gives new thought
to liquid supporting, both static and dynamic, for applications
that require frictionless bearing or high-precision positions.
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