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Superhydrophobic Lubrication: Gas-Liquid Bilayer Reduces
the Friction Between Two Solids

Heikki A. Nurmi, Cunming Yu, Dmytro Toptunov, Robin H.A. Ras,* and Ville Jokinen*

Lubrication is one of the most important ways to reduce the effect of friction,
which is the single largest cause for energy losses in society. Typically, friction
reduction is done by lubrication with petroleum-based oils, while technology
focus is shifting toward environmentally-friendly green lubrication. Lowest
friction coefficients with water-based lubrication have previously been
achieved with smooth surfaces such as silicon carbide and silicon nitride or
polyzwitterionic polymer brushes with typical coefficients of friction in the
order of 0.002. Here, a novel concept for green lubrication using a bilayer

of water and ambient air acting as the lubricant between a hydrophilic and
superhydrophobic surface is shown. This method achieves superlubricity with
friction coefficients down to 0.002 as measured with oscillating tribometer
and tilting stage. In addition, possible applications for superhydrophobic
lubrication such as tunable lubrication and a 2D mouse treadmill, are shown.

1. Introduction

Friction between solid surfaces is a major cause of energy
losses. Minimizing this energy loss has been a focus of study
for a long time and there is a wide range of possible lubrication
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methods: lubricating fluids and solids, active
and passive systems, and biomimetic and
engineered systems. Typically, unlubricated
and lubricated materials have friction coef-
ficients u between 1 and 0.0LW and they
can go down to 0.002 with ceramic bear-
ings?l and hydrodynamical bearings.’!
Extremely low friction coefficients have been
reported for polymer brushes, from as low
as 0.0004 at velocities of um s to 0.004 as
the velocity reaches macroscopic values of
10 mm s7\P! Each lubrication method has
its best performance limited to a specific
range of pressure, velocity, and temperature.
For example, hydrodynamic bearing with
oil works best at MPa pressures, =1 m s
velocity and temperatures between 60 °C
and 80 °C. The lowest friction coefficients
(0.002) in commonly used bearings are with hydrodynamic bear-
ings using oil as lubricant®®l or ceramic bearings.>”#! Lubricants
can be modified with additives for added corrosion resistance,
improving anti-biofouling,”! and adjusting viscosity.®) One major
consideration is the environmental friendliness of the lubricants.?!
Pure water would be extremely friendly to the environment but
water as a lubricant faces challenges. Journal bearings with water
lubrication can reach u = 0.011°12 and superlubricity (u < 0.01)13]
has been achieved with water lubrication by using smooth self-
mated silicon carbide (SiC) or silicon nitride (Si3N,) as the sub-
strate. These lubrication systems can have friction coefficients as
low as g = 0.005.78] These extremely low friction coefficients are
due to boundary slipping between water and the smooth SiC or
Si3N, substrate with contact pressure of 300 MPa.

A liquid droplet in contact with a superhydrophobic solid sur-
face shows very low adhesion and friction."! Superhydrophobic
surfaces are characterized by a contact angle larger than 150°, a low
contact angle hysteresis, and a sliding angle lower than 10°.16%
Superhydrophobicity is based on the so-called Cassie state, where
the droplet is supported by a composite surface consisting of solid
and air. The frictional forces affecting droplets sliding or rolling on
a superhydrophobic surface are the contact angle hysteresis (CAH)
force (Fcan) and the viscous dissipating force (Fj).2?! Droplets on
superhydrophobic surfaces have low Fcsy due to the small three-
phase-contact-line-length and the low contact angle hysteresis as
caused by the low solid fraction of the surface (liquid is mostly
in contact with air, which has no inherent hysteresis). The vis-
cous forces are also reduced by the slip, which has been shown to
occur with superhydrophobic surfaces.>?? These factors explain
the widely known property of superhydrophobic surfaces of water
droplets rolling off at low tilt angles with very little friction. The
same friction reduction effect has been exploited for drag reducing
in tubes using superhydrophobic inner walls: water flowing or

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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droplets rolling, though such tubes do so at reduced friction com-
pared to ordinary hydrophilic or hydrophobic tubes.*3-*"]

However, much less attention has been paid to the possibility of
utilizing the low friction properties of superhydrophobic surfaces
for lubrication between two solids: superhydrophobic surfaces
are inherently rough, whereas smoothness is typically considered
to be essential for a good bearing.” Smooth liquid-repellent sur-
faces have been used in hydrodynamic bearings before to achieve
extremely low friction coefficients of 0.0001 for lyophobic surface
with hexanel?”! and low coefficients of 0.05 for hydrophobic with
72% aqueous glycerol solution for lubrication.’% From the wet-
ting perspective, it has been shown that small frictional forces
(1= 0.004) for small velocities (v < 0.001 m s™') are possible, which
is not typical for the hydrodynamical bearings, which operate typi-
cally at velocities larger than 0.1 m s7.3Y The tribological properties
of dry and submerged superhydrophobic surfaces against steel and
tungsten probes have been studied before, and their coefficients
of friction have been in the range of u = 0.01-0.08.32-4 Here, we
show that superhydrophobic surfaces used in tandem with hydro-
philic surfaces can create a lubricating system based on a water—
air bilayer. We achieve superlubricity (4 < 0.01) at low velocities
(v < 0.1 m s7Y) with friction coefficient values down to 0.002 with
pure water and ambient air as lubricant and under light loads.

2. Results

2.1. Ultra-Low Friction Measurements by Oscillating Tribometry

The lubrication by a water—air-bilayer between a superhydro-
phobic substrate and a hydrophilic slider (cover glass) with
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PDMS cargo is measured using an oscillating tribometer. The
oscillating tribometer setup is a slightly modified version of
the oscillating droplet tribometer,?” in which a hydrophilic
slider with magnetic cargo is supported by the water—air-bilayer
on the superhydrophobic substrate (Figure 1). The magnetic
hydrophilic slider oscillates in between two permanent mag-
nets, and from the decaying amplitude, we can calculate the
friction force acting on the substrate. The lubricating bilayer is
formed by utilizing the properties of both surfaces: the hydro-
philic surface ensures the adhesion and complete spreading of
the lubricating water layer, while the superhydrophobic surface
is responsible for sustaining the air layer and lowering the fric-
tion. The water between the slider and the substrate cannot
escape because the adhesion of water to the slider is stronger
than the frictional forces and the pressure from the weight of
the slider is lower than the Laplace pressure of the lubricating
layer (Figure 1c). The superhydrophobic coating used in this
work is a commercially available Hydrobead coating, which has
advancing and receding contact angles of 166° and 160°, respec-
tively. While we only focus on water and a superhydrophobic
surface in this work, the lubricating bilayer can also be formed
with liquids other than water and a suitable liquid-repelling
surface. This allows for further tuning of the surface tension,
viscosity, and evaporation rate.

The frictional forces affecting the superhydrophobic lubri-
cated sliders were measured using the oscillating tribometer,2%
which calculated the energy dissipating forces based on the
decaying harmonic oscillations of a magnetic slider in a har-
monic magnetic potential well. This method can be used for
any object oscillating on a superhydrophobic surface, as the
assumed general harmonic equations hold regardless of the
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Figure 1. Superhydrophobic lubrication. a) Comparison of a lubricated slider (top) and a water droplet (bottom) on a 0.3° £0.5° tilted superhydrophobic
surface. b) Comparison of various lubrication methods with superhydrophobic lubrication.[2>682%35-38 ¢) Schematic of a model slider comprising a
hydrophilic substrate, a superhydrophobic substrate and a water-air bilayer in between them. The weight of the slider and its cargo causes a pressure
P, into the lubricating water layer, while the Laplace pressure P of the water lifts the slider. The low contact angle 6 of the hydrophilic substrate ensures
high adhesion, which holds the lubricating layer under the model slider. %y, %, and yy are the different interfacial tensions between the phases. The
energy dissipating viscous force F,;s. and contact angle hysteresis force Fcay are shown along with the different parts of the lubrication system.
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shape of the oscillating object. The measured frictional forces
can be translated into friction coefficient t.g by comparing the
frictional forces to the normal force affecting the model slider

_|Fﬁ|+|FCAH| _ B[+ Cean
.ueff - -
mg mg

)

where m is the total mass of the slider and g the gravitational
acceleration. For these measurements, the CAH forcel®! is
assumed to be a constant Ccay with respect to velocity

24 .
Fean = ?yD(cos(Grec)— o8 (0.4, )) = —sign (v) Cean (2)

where yis the surface tension of the liquid, D the length of the
three-phase contact line where the superhydrophobic solid, liquid,
and air meet, and 6, and 6,4, the receding and advancing contact
angles. For small contact angle hysteresis forces, it is important to
notice that the difference of the cosines must be very small, which
means contact angles must be close to each other — much cdoser
than what is reliably possible to measure by contact angle goni-
ometry.***!l The viscous force F is linearly dependent on velocity
and the coefficient scales as with Couette flow
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where S is the coefficient of viscosity, A the contact area of the
lubricating film, and h the thickness of the lubricating layer.
Based on Equations (2) and (3), the frictional forces depend
only on velocity, the geometry, amount of liquid, and the prop-
erties of the liquid.

The oscillating tribometer experiments were performed for
lubricant volumes of 20-100 L, slider masses of 131.7-379.0 mg,
and slider diameters of 1-3 cm. The lubricant volume and the
load effect tests were done with a slider diameter of 1 cm which
covers glass weights of 19 mg. The effect of the lubricating
volume and the mass and size of the model slider on the fric-
tion forces are shown in Figure 2. The friction coefficients for
the different measurements vary from 0.002 for static friction
to 0.01 for dynamic friction (v = 100 mm s™). The CAH force
(1-10 pN) is dominant for static friction, as the viscous force
implicates fluids in motion. However, the viscous force domi-
nates the CAH force for the dynamic friction case, because the
viscous force grows significantly (3-7 uN) with velocity increase
to 10 mm s7%; details of these effects are shown in Figures S1-S3,
Supporting Information.

The effect of lubricant volume can be seen in Figure 2a,d,
where the coefficients of friction appear to be constant
(4 =0.002 £ 0.001, &£ = 0.04 £ 0.01) within error bars for respec-
tively, static and dynamic friction (v=100 mm s7!). The size of the

F. = A error bars is partly due to the variability of the different sliders.
= Bv < ﬁv (3) Thi b b . . .
s can be seen by noting that the error bars in Figure 2a
P '
| ! -
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' i .
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Figure 2. The effect of volume, pressure, and size on the friction coefficient. a) Effect of lubricant volume on static friction coefficient. The data points
20-60, 80, and 100 pL are based on the average of four, three, and two separate sliders, respectively with ten repetitions for each slider. The errors
are the standard deviation of the measurements. b) Effect of lubricant pressure on static friction coefficient (n = 10). c) Effect of slider size on static
friction coefficient (average of four different sliders, n =10 each). Each data point is an average from four different sliders with ten repeated measure-
ments. d) Effect of lubricant volume on dynamic friction coefficient (v =100 mm s™) (average of four, three, and two different sliders, respectively, n =
10 each). e) Effect of lubricant pressure on dynamic friction coefficient (v =100 mm s™) (n=10). f) Effect of slider size on dynamic friction coefficient
(»v=100 mm s (average of four different sliders, n =10 each).
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which uses averages of multiple different sliders, are roughly
an order of magnitude higher than the error bars in Figure 2b,
which shows averages of separate measurement with the same
slider. As a direct comparison, the 40 uL data point of Figure 2a
is the pooled results of the four data points (pressure between
16.4 and 16.9 Pa) of Figure 2b. The lubricant volume has two
effects: it increases the thickness of the lubricating layer which
decreases the viscous losses in the film based on Equation (3).
It also raises the center of mass of the slider system, which
makes the slider more labile on top of the lubricating film.
Overall, the volume of the lubricating film affects the viscous
force, but does not affect the contact angle hysteresis force. The
effect of lubricating volume on the coefficient of viscosity and
contact angle hysteresis force is shown in Figures S1-S3, Sup-
porting Information. The effect of lubrication layer thickness
was also explored with a slider (diameter 1 cm, mass 122.1 mg)
by evaporating the lubrication layer (80 uL) over 165 min in
ambient conditions (Figure S9, Supporting Information). The
static friction coefficient varied from 0.0066 * 0.0002 to 0.009 +
0.0003 and the dynamic friction (v = 0.1 ms™) from 0.0268 +
0.0004 to 0.0343 £ 0.0002. The small increase of the static fric-
tion is due to the surface being worn down over 120 oscillations
of the slider.

The effect of pressure was explored by increasing the mass of
the slider from 131.7 to 379.0 mg keeping constant the lubricant
volume (40 pL) and diameter (1 cm). The increased mass does
not influence the coefficient of friction as seen in Figure 2b,e.
However, the increased mass does linearly increase the con-
tact angle hysteresis force and viscous force (Figures S1-S3,
Supporting Information). The maximal load myy,y for circular
sliders allowed by the Laplace pressure can be calculated as

ny(D D’
o =—7(—+—J )
g\2 %

where D is the diameter of the slider and y the thickness of the
lubricating layer. The derivation of Equation (4) can be found in
the Supporting Information. With the given slider parameters
(y=728 mN m™, D =10 mm, and y = 1 mm), the maximum
load is calculated to be 1.3 g. However, the lubrication was func-
tional only up to 379.0 mg sliders instead of the theoretical
maximum load, which implies there are other factors limiting
the load such as the adhesion of the liquid to the hydrophilic
substrate. With masses higher than 379.0 mg, the sliders were
not lubricated due to tilt leading to one edge of the slider drag-
ging along the superhydrophobic surface and water squeezing
out below the slider. By optimizing the slider symmetry, one
could potentially achieve the load closer to the estimated max-
imum load that could be achieved.

The change of lubrication area was explored by imaging the
wetted areas of the different mass (135.8 to 378.9 mg) sliders
with constant diameter (1 cm) and lubrication volume (40 uL).
There is a change of wetted area from 52.33 to 6725 mm? and
in lubricant thickness from 0.76 to 0.59 mm (Figure S10, Sup-
porting Information). The effect of this change can be consid-
ered only a partial explanation as the viscous coefficient changes
much more (167%) as is expected based on Equation (3) (64%).

The tribometer measurements were carried out for four dif-
ferent slider sizes shown in Figure 2cf. The size of the error

Adv. Mater. Interfaces 2022, 9, 2102132 2102132 (4 of 8)
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bars is considerable for the 3 cm slider and is likely due to the
fact that the slider oscillates only just hindering the accuracy of
the analysis. In addition, for two of the 3 cm sliders, the edge
of the slider may have touched the superhydrophobic surface in
some oscillations, which causes increased friction for those
oscillations, increasing the standard deviation of the measure-
ment. The mass of these sliders was selected such that the
Laplace pressure in the lubricating layer remains constant. The
coefficient of friction stays constant as the slider size increases,
showing that at least within this range, the system can be
straightforwardly upscaled.

2.2. Tilted Plane Measurements

The friction coefficient was also determined by tilted plane exper-
iment (Figure 3a). These experiments were done with 1-3 cm
diameter size slider and the lubricant volume 40-120 uL was
scaled to keep the pressure in the lubricant constant (17 Pa). The
tilt angle was calculated from the movement of the slider with
respect to a plumb line (Figure 3b). This angle is shown for each
experiment in Figure S4, Supporting Information. On a tilted
plane, the friction coefficient depends on the tilt angle as

Hmay = tan o ()

where, (L. is friction coefficient of the slider as it moves at ter-
minal velocity and « is the tilt angle of the surface. An example
velocity and location of a 2 cm diameter slider is presented
in Figure 3c. It shows that the slider has achieved terminal
velocity validating the use of Equation (5). The location and
velocity profiles for each slider are shown in Figures S5 and S6,
Supporting Information. The mean tilt angle was o = 0.24° £
0.1°, which corresponds to a friction coefficient u < 0.004 *
0.002. These values are the mean and standard deviation of all
presented measurements shown in Figure 3d. These measure-
ments show that the superhydrophobic lubrication can achieve
superlubricity. The tribometer gives the overall friction in oscil-
lating motion with the slider in constant acceleration, whereas
the tilting plane experiment measures the case of friction when
the velocity is constant. At the terminal velocity, =7 mm s7, the
frictional forces are the largest and the coefficient of friction
can be estimated from the tilt of the plane o according to Equa-
tion (5). The viscous forces are similar to the frictional forces at
the terminal velocity based on the Equations (3) and (4) and the
measured viscous coefficient value.

The results in Figures 3d and 2 show a possibility to upscale
the slider size, so we also studied a set of even larger sliders and
different geometries to show that the superhydrophobic lubri-
cation effect is robust regarding the size and shape of the sur-
faces, at least up to the scale of dozens of centimeters. In one
example, a circular slider with diameter of 18 cm can lubricate up
to 128.3 g of mass, of which 81.4 g is cargo (Video S1, Supporting
Information). In another experiment, a transparent slider with
mass of 108.7 g and diameter of 35 cm moves easily when the
slider is supported by multiple discrete lubricating water drop-
lets instead of by a continuous lubricating water layer (Video S2,
Supporting Information). These experiments demonstrate that
lubrication is independent of the shape of the lubricating layer as

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Friction experiment on an inclined plane at ultralow tilt angles (<0.5°). a) Motion of a model slider on a superhydrophobic surface tilted
by 0.2°. An orange line has been added as a horizontal reference. b) Schematic of the experimental setup that includes a plumb line for accurate
determination of tilt angle . c) Example data set of location and velocity of a 2.5 cm diameter slider. The linear fit of the location data defines the tilt
angle. The velocity of the slider in (c) confirms that the slider is moving near to terminal velocity at 9 mm s, when the tilt of the surface is small,
o= 0.2°. The velocity and location curves for the other sliders are shown in Figures S5 and S6, Supporting Information. d) Coefficients of friction and
tilt angles based on the slider locations and plumb line. This data shows similar coefficients of friction as with the oscillating tribometer. The error bars

correspond to the 95% confidence interval of slope of the slider path.

long as there is sufficient lubrication. The supplementary videos
(Videos S1 and S2, Supporting Information) show both linear
and rotational lubrication on a flat surface proving the concept-of-
experiment. The lubrication should also work for typical bearing
types (journal, linear, and thrust) and curved surfaces if the liquid
adheres strongly enough on the slider and forms the bilayer.

2.3. Tunable Lubrication

We demonstrate that superhydrophobic lubrication allows to
be dynamically adjusted by adding and removing tap-water
after placing the hydrophilic slider on the superhydrophobic
substrate (Figure 4a). The lubricating water is supplied and
removed through the holes in the superhydrophobic coating on
an air lubrication stage (Figure S7, Supporting Information).
The increased pressure causes water droplets to bead from the
holes in the superhydrophobic substrate as shown in Video S2,
Supporting Information. The lubrication can be reversibly
switched on and off by controlling the amount of water between
the two surfaces which is shown in Video S3, Supporting Infor-
mation. This control was done by increasing and decreasing the
pressure in the water storage. Similarly, the decreased pressure
causes the water beads to flow back into the storage.

2.4. Application as 2D Mouse Treadmill
Superhydrophobic lubrication was tested as a replacement

for the air lubrication used in Neurotar’'s Mobile HomeCage

Adv. Mater. Interfaces 2022, 9, 2102132 2102132 (5 of 8)

(Figure 4b).] The cage (mass 46.9 g) provides support for a
mouse (mass 20-25 g) to keep its head stationary for neuroim-
aging while the mouse is awake and active, by allowing the cage
to move freely and nearly frictionlessly under the mouse (to
enable in mouse’s perception that the mouse moves inside the
cage). The cage with deionized water underneath was placed on
a superhydrophobic surface of =30 cm by 30 cm. A demo exper-
iment of the superhydrophobic lubrication with cage is shown
in Figure 4b; and Video S4, Supporting Information. Compared
to air lubrication, the superhydrophobic lubrication is quieter
and passive, which improves the neuroimaging conditions by
keeping the mouse as stress-free as possible.

3. Conclusion

We have demonstrated a water—air lubrication system, which
is completely passive and achieves superlubricity with friction
coefficients of ¢ = 0.002 £ 0.001 at a pressure of 50 Pa and at
a velocity less than 10 mm s7!, which was confirmed by both
oscillating tribometer and tilting plane experiments. We note
that a straightforward way of lowering the friction further
would be to utilize a superhydrophobic surface with an even
lower contact angle hysteresis than the Hydrobead coating used
in this work. This would directly lower the contact angle hyster-
esis force and possibly, also induce more slip to reduce the vis-
cous forces. Previous lubrication research has mostly focused
on surfaces having smooth surfaces!¥ and rough surfaces have
often been found to be suboptimal compared to smooth sur-
faces.l?®l However, we show here that a rough superhydrophobic

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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t=7.2s
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Figure 4. Applications of superhydrophobic lubrication. a) Tunable lubrication. Schematic and time series of a dynamically tunable lubrication system
using a microscopy slide as slider on a superhydrophobic substrate with an array of mm-sized holes. Snapshots taken from Video S3, Supporting
Information. Large black dots at each side of the microscope slide and the black line are included as reference of the position. The lubrication can be
turned on by increasing pressure in the water reservoir forcing water under the slider, and can be turned off by decreasing the pressure, letting water
back to the reservoir and thereby removing water from under the slider. The surface tilt angle is 0.7°, which is sufficient for the slider to move. b) Time
series of superhydrophobic lubrication system with the Mobile HomeCage with a mouse. The time series is from Video S4, Supporting Information,
where mouse can move the cage freely due to low friction of the superhydrophobic lubrication.

surface in tandem with a hydrophilic surface exhibits superlu-
bricity by forming a lubricating bilayer of water and air. The
rough surface and air form a smooth interface with liquid-slip
decreasing the frictional forces. The achieved lubrication com-
pares favorably with conventional lubrication methods in the
low-velocity domain (Figure 1b).

In addition, we have shown possible applications for this
kind of lubrication as tunable lubrication and a mouse cage
for neuroimaging with superhydrophobic lubrication. In these
applications, we have shown that superhydrophobic lubrication
works with different sizes and shapes. Overall, this novel lubri-
cation method could inspire improvements for green lubrica-
tion as well as refocus lubrication research to also include
highly liquid-repellent surfaces.

4. Experimental Section

Superhydrophobic Surface Fabrication: The superhydrophobic coatings
were made using commercial Hydrobead coating. The microscope glass
was cleaned by sonicating in 10%-Deconex solution for 5 min. Then, the
glass was rinsed with deionized water and dried with nitrogen flow. The
glass was spray coated with Hydrobead and left to dry for minimum 2
h. For larger glass panels, the cleaning was done by manual washing
with hot water and detergent. Then, the panel was rinsed with deionized
water and dried with nitrogen flow. The panel was then spray coated with
Hydrobead and left to dry for minimum 2 h.

Oscillating Tribometer: The oscillating tribometer measures the forces
affecting the model slider as it oscillates in harmonic potential created
by two permanent magnets separated from each other by 3 cm (Figure
S8, Supporting Information). The two magnets are connected to a linear
stage (Aerotech PROT65LM), which is moved in a sinusoidal way for two
oscillations, causing the slider to oscillate. The slider's motion follows
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the equation of a general harmonic oscillator with viscous and contact
angle hysteresis force:

(<))

ma = —kx — v —sign(v)Fean (6)

Here m is the mass of the droplet, a acceleration of the slider, k spring
coefficient due to magnetic forces, x displacement of the slider from
magnets axis, 3 viscous coefficient, v velocity of the droplet, and Fcay
the contact angle hysteresis force. The parameters k, f, and Fcay were
solved by fitting the measured slider location with the analytical solution
of Equation (6).¥1 The solution of the general harmonic oscillator is a
piecewise solution for each half-oscillation n as

~
—

x(t):x(%+r)= Xpe1(T) (

}(8)

where Aj is the starting amplitude, @ the angular frequency of the
Fean the dimensionless sliding friction, and B=£,

0 om
the dimensionless viscous dissipation coefficient.?!

A high-speed camera (Phantom v1610) captured the motion of the
model slider with 1000 fps, and a custom MATLAB code obtained
the location of the slider from the recorded video. The MATLAB code
analyzes each frame by cropping the frame at the liquid-solid interphase
and above the slider, and thresholding the grayscale image into binary
black-and-white frame. The centroid of the slider can be obtained
from this black-and-white frame (Figure S8b, Supporting Information).
The centroid location data was fitted into the analytical solution of
Equation (6) by the least squared method to obtain the oscillation
parameters k, f, and Fcay.

where

ull

X = (<1)" A {m[(] + I:')e‘z”"' —2F ie'B”f]e'ﬁ“” cos[an' —cos™! [ﬁ}] +

j=0

oscillation, F =
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The magnetic horizontal force is zero, when the horizontal distance
to the magnets is equal (15 mm). The force affecting the paramagnetic
particles in vertical and horizontal direction can be estimated from

. dM \dH am
equations F, ;) = #OV(M+HW)E and Fip . = —yOVc(M+Hm)x,

where 1 is the permittivity of space, V volume of ferrofluid droplet, M

M . .
il gradient
of magnetization of ferrofluid droplet as a function of the magnetic

magnetization of the particles, H magnetic field strength d

field, d—’: is gradient of the magnetic field in vertical direction, ¢ is field

curvature in horizontal direction, and x is the horizontal coordinate of
the ferrofluid droplet.?% The magnetic force depends on the amount of
paramagnetic particles in the slider or the ferrofluid droplet, thus the
magnetic force acting on the slider can be estimated with a ferrofluid
droplet with the same amount of paramagnetic particles. This estimation
was done by calculating the volume of a ferrofluid droplet with the same
spring coefficient k, and then using the force affecting such a droplet
as the estimate of the magnetic force affecting the slider in an arbitrary
place around the two-magnet setup. The vertical magnetic force as
the slider is 14 mm from the upper magnet and 16 mm from the lower
magnet is 236 UN toward the upper magnet. This force was much lower
than the gravitational normal force of even the lightest slider, which was
1373 uN.

Slider Manufacturing: The slider consisted of hydrophilic substrate
(cover glass) and PDMS cargo. To make cargo for the model sliders, 10:1
ratio of PDMS (Sylgard-184) was mixed, degassed in vacuum, poured
into the template with a PMMA rod of 2.5 mm diameter concentric to
the template, and cured in an oven for 90 min at 70 °C. For extra mass,
copper powder of mesh 100 was added at the ratio of 1:1 by mass. The
cover glass was connected concentrically to the partially cured PDMS
with a droplet of PDSM in the middle of the curing. After curing, a rod
of PMMA was removed to form a hole into which 3 uL of concentrated
ferrofluid with iron oxide nanoparticles was added. The ferrofluid was
dried and then sealed inside the slider with a piece of paper and PDMS,
which was cured.

Tribometer Measurement Protocol: The sliders were prepared by
cleaning the bottom of the slider with oxygen plasma for 5 min,
rendering the bottom hydrophilic. This way, the water wet the whole
bottom surface of the slider preventing the water from escaping between
the slider and surface. After the plasma cleaning, the slider was stored
with its bottom wetted with water to keep the bottom of the slider
hydrophilic. As the slider was placed on the measurement setup, the
slider was dried with lint-free paper and a set amount of lubrication
water was added to the bottom with Finnpipette. The magnets of the
setup oscillated with an amplitude of 4 mm, frequency of 3 Hz, and
two times to make the slider move. With this setup, the slider achieved
8 mm maximum amplitude, which then decayed over 2 s. A high-speed
camera recorded the movement of the slider from which the location of
mass center was analyzed from the side profile of the slider after turning
the grayscale image into a black-and-white image. The acquired location
contained information about the oscillation parameters k, 5, and CCAH,
which were extracted by fitting the analytical model to the data by
nonlinear least squares method.

Tilted Plane Measurement Protocol: The tilted plane measurement
was done by placing the model slider with a set amount of lubricant
by volume at the higher side of the pre-tilted plane with tweezers. The
movement of the slider was recorded by Canon D60 camera, which was
rotated by roughly 30° to increase the location resolution in the direction
of gravity and the movement of the slider. This was done becausethe
differences in the height of the slider were in the order of a pixel and
the swinging motion of the plumb weight was similarly, in the order of a
pixel. The direction of the plumb line was analyzed by thresholding the
video and analyzing the direction by MATLAB’s regionprops function.
The location of the slider was obtained by finding the centroid of the
moving slider by MATLAB's regionprops function after thresholding
the video. The velocity was calculated from the 2D location data and
the frame rate. The tilt angle of the surface was calculated by computing
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the difference of the direction of the plumb line and the angle of incline
of the slider's movement.

Tunable  Superhydrophobic ~ Lubrication — Stage: The  tunable
superhydrophobic lubrication stage is an air lubrication stage with a
superhydrophobic coating. The inside of the stage was filled with tap
water and the pressure in the stage was controlled by changing the
height of the filling tube of the stage. The height difference between
the stage surface and the water level in the filling tube caused a pressure
difference in the water, which was utilized to tune the lubrication.

Lubrication of Neurotar Mobile HomeCage: The cage with mouse was
placed on the superhydrophobic surface, and the mouse’s head was fixed
in the metal clamp. Deionized water was added until the mouse cage
was lubricated. The movement of the mouse was observed and recorded
with a camera. This experiment was done in accordance with the animal
licence ESAVI/31282/2019 issued by ELLA (Eldinkoenlautakunta).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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