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Liquid droplet sliding is an approach for the transportation and manipulation of fluids in micro/nanofluidics related
biosensor applications. Liquid droplet sliding is also instructive to evaluate the degree of boundary slip. In this study,
liquid microdroplet sliding is studied with and without the presence of an electric field using atomic force microscopy on
a polystyrene surface spin coated on a doped silicon wafer with a silicon oxide coating. Droplets with different diameters
are slid with an atomic force microscope tip, and the sliding forces or lateral friction forces are quantitatively measured.
Experimental results show that lateral friction force linearly increases with increasing droplet diameters, which can be
explained by a droplet sliding model. When the electric field is applied, in addition to the decreased contact angle,
diameters of the liquid droplets will increase. As a result, the electric field increases lateral friction force. To further
investigate the impact of applied potential on lateral friction force, voltages from 0 to 80 V are applied to a droplet.
Lateral friction force is found to increase with applied potential.

1. Introduction

The rapid development of micro/nanoscale fabrication techni-
ques combined with biology and life science have stimulated the
development of techniques for transportation and manipulation
of fluids on themicroscale.1 One way to transport fluids is to slide
liquid droplets over surfaces. Various techniques have been used
to transport liquids as droplets by generating a gradient of
wettability,2-4 a driving force based on molecular absorption
by selection of the molecular structure of the incorporated
adsorbates,5 or dielectrophoretic forces which attract polarizable
objects to areas of high field intensity in an alternating or constant
electric field.6 On the microscale, surface forces, especially capi-
llary forces, become dominant compared with the gravitational
force and can be applied to micromanipulation by forming a
liquid bridge between a probe and target objects.7-10 Regarding
droplet sliding, the capillary forces also play an important role
through forming an unbalanced force between the front and back
sides of the sliding droplets.11,12

In addition to the practical applications just mentioned, liquid
droplet sliding is also instructive to evaluate the degree of
boundary slip on hydrophobic and superhydrophobic surfaces
of interest in micro/nanofluidics. It has been experimentally
proven that boundary slip exists at the solid-liquid interface on

both hydrophobic and superhydrophobic surfaces.13-15 The
existence of boundary slip can reduce drag in fluid flow, which
is particularly meaningful in micro/nanofluidics. Regarding the
mechanism of the boundary slip, nanobubbles16-18 present at
liquid-solid interfaces on hydrophobic and superhydrophobic
surfaces are thought to be the reason.

In micro/nanofluidics based biosensor applications, polymers
are widely used. The effect of surface charge to fluid flows on the
micro/nanoscale is of interest to both droplet sliding and boun-
dary slip studies. It is well-known that the wettability of conduct-
ing liquids on a dielectric layer between two electrodes can be
controlled byapplied electric field between the electrodes, which is
called electrowetting.19,20 The presence of an electric field reduces
the surface tension between the liquid and the substrate, leading to
a reduction of the contact angle and enhancing the wettability of
the liquid.21 Since the contact angle and surface tension of liquid
droplets can be tuned locally with applied potentials, electrowetting
has been intensively used to study sliding of fluid droplets with
designed configuration of electrodes and switching of applied
potentials.22,23 Regarding boundary slip study, an electric field is
expected to affect the fluid flow by changing the interaction
between liquid and solid surfaces.

As mentioned earlier, although liquid droplet sliding has
been achieved with various approaches, current research mainly
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focuses on realization of liquid motion, and the driving forces are
seldom measured, especially when potentials are applied to the
droplets and the substrate electrodes. The measurement of sliding
forces is of significance for liquid manipulation related micro/
nanofluidics applications. The measurement of sliding forces can
provide evidence for the quantitative evaluation of the capability
of liquid droplet sliding on specified surfaces. In this study, we
have developed a new method to quantitatively measure the
sliding force with an atomic force microscope (AFM) on hydro-
phobic surfaces. First, calibration forAFMlateral friction force is
carried out. Then micromanipulation is carried out to line up
microdroplets of different sizes by the AFM tip. The force needed
to slide each droplet is measured. To study the effect of electric
field on liquid droplet sliding, the sliding force is measured for
each droplet with electric potentials applied between the AFM tip
and sample surface. The impact of electric potential on droplet
sliding is discussed.

2. Experimental Section

In this section, the experimental setup, sample preparation, and
procedure of the experiment are first introduced. The detailed
process of AFM lateral force calibration is then presented.

2.1. Experimental Setup and Procedure. The droplet sli-
ding experimentwasperformedonapolystyrene (PS) surface spin
coated on a p-type boron doped siliconwafer (1-20Ω cm, Silicon
Quest International) with a 300 nm thick silicon oxide coating
thermally grown on the wafer. The silicon oxide wafer was first
cleaned in a sonication bath of acetone and thenwater before spin
coating. PS (molecular weight 350 000, Sigma-Aldrich) particles
were dissolved in toluene solution with a concentration of 1.5%
(weight). The PS solution was then spin coated onto the silicon
oxide wafer at a speed of 500 rpm. The thickness of the coated PS
filmwasmeasured to be about 60 nmwith an ellipsometer (model
L116C, Gaertner Scientific Corporation). After that, the PS
surface was glued to a metal AFM sample plate with conductive
silver paint to make sure the doped silicon substrate and the
sample plate are electrically connected.

The droplet sliding experiment was performed with a commer-
cial AFM (Dimension 3000, Veeco). An n-type silicon (0.5-2 Ω
cm) cantilever with a nominal spring constant of 3 N/m and tip
radius of less than 10 nm was used to slide liquid droplets. The
liquid is the mixture of water, glycerin, and sodium chloride
(NaCl). The glycerin was added to keep droplets from evaporat-
ing in the ambient environment, whereas the NaCl was added to
make the liquid conductive to perform electrowetting experi-
ments. The static contact angle was measured with a sessile drop
method, as shown in Figure 1 (left). To measure the dynamic
contact angle, the glycerin drop was put on a inclined PS surface.
The incline angle was gradually increased until the liquid drop
started to slide, and then the image was taken, as shown in

Figure 1 (right). The advancing and receding contact angles
measured on the sliding profile at lower contact line and upper
contact are 98.9 ( 2.3� and 60.3 ( 1.7�, respectively.

Before performing the droplet sliding experiment, the AFM
cantilever was first used to laterally scan on a silicon (100)
substrate to calibrate lateral friction force. The conversion factor
which converts lateral deflection signal to friction force was
obtained. To deposit small droplets and then conduct the droplet
sliding experiment, a small amount of liquid mixed with a large
amount of air was quickly sprayed on the PS sample.21 Droplets
with diameters of less than 100 μm were obtained on the surface.
Before sliding, the relative positions between the cantilever tip and
target liquid droplets were adjusted by changing the positions of
the sample stage with the integrated function of the Dimension
AFM. After that, droplets of different sizes were first lined up
through cantilever tipmanipulation and then slid by the cantilever
tip. The sliding speed was 100 μm/s. Here, one should make sure
all liquid in a droplet slides with the cantilever tip, otherwise the
friction force will be underestimated due to the decreased size of
the droplets. By optical microscopy observation, we find this is
satisfied on the PS surface used in this study, and the PS surface
remains dry after droplets slide over. To investigate the impact of
applied potentials on droplet sliding, applied potentials in the
range of 0-80 V were applied between the cantilever tip and the
sample substrate using aDCpower supply (E3612A,HP), and the
sample substrate was connected to power supply ground.

2.2. Lateral Friction ForceCalibration.During sliding, the
cantilever lateral deflection signal was obtained. To convert the
lateral deflection into lateral friction force, it is necessary to
calibrate the lateral friction force for the experimental setup used.
Generally, AFM lateral force can be calibrated with a parallel
scanmethod,24,25 a wedge method,26 or a method relying on stick
contact between the cantilever tip and sample surface before
relativemotion occurs.27 In this study, we call it the pivotmethod.
Here, the lateral friction force generated during droplet sliding is
calibrated with the pivot method.

When the cantilever tip laterally slides on a sample surface, the
cantilever and the contact can be taken as two springs in series.
Therefore, the total lateral contact stiffness ktot can be given as

ktot ¼ 1

kcant
þ 1

kcontact

� �-1

ð1Þ

where kcant and kcontact are the lateral spring constant and lateral
contact stiffness, respectively. For the cantileverused in this study,
kcant is approximately 364N/mwith the cantileverdimensions and
material properties (elastic modulus 130 GPa and Poisson’s ratio
0.28).28,29 The lateral contact stiffness kcontact is given by30

kcontact ¼ 8G�a ð2Þ
whereG*= [(2- ν1)/G1þ (2- ν2)/G2)]

-1, and the radius a of the
contact area is given as

a ¼ 3RFz

4E�
� �1=3

ð3Þ

where R is the tip radius, Fz is the normal load, and E* = [(1 -
ν1

2)/E1 þ (1 - ν2
2)/E2].

31 In the above equations, G1 and G2 are

Figure 1. Images of a static (left) and a sliding glycerin droplet on
an inclined (right) PS surface spin coated on SiO2 substrate. Static
anddynamic contact angles can thenbemeasured from the profiles
of the static and themoving droplets, respectively. Obtained static,
advancing, and receding contact angles are 82.2�, 98.9�, and 60.3�,
respectively.
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shear moduli, E1 and E2 are elastic moduli, and ν1 and ν2 are
Poisson’s ratio for the tip and sample surface, respectively.
Because both the tip and sample surface are silicon, taking
E1 = E2 = 130 GPa, ν = 0.28, applied normal load Fz = 300
nN, and tip radius R = 10 nm, the lateral contact stiffness is
approximately 375 � 106 N/m, which is much larger than kcant.
From eq 1, it is clear that ktot ≈ kcant, which means the deflection
mainly occurs in the cantilever.

When the condition ktot≈ kcant is satisfied, as in this study, the
principle of the pivot method for lateral friction force calibration
can be demonstrated in Figure 2a. The solid and dashed features
represent the cantilever and sample surface before and after a
small lateral displacement l of the sample surface, respectively.
Since l is small, the tip sticks on the sample surface due to the static
friction force generated by applied normal load and adhesion
force. Therefore, there is no relative movement between the tip
and the sample surface.

Figure 2b shows a friction loop obtained based on 10 measure-
ments with a scan size 100 nm and scan rate 1 Hz. It is very clear
that, at the beginning of trace and retrace motions, the lateral
deflection signal linearly increases with horizontal position. The
slopevalueCslope is about 0.026� 109V/m.During lateral scanning,
the lateral friction force Ff applied to the tip is proportional to the

lateral deflection signal Vlateral and can be given as

Ff ¼ CVlateral ð4Þ
where C is the conversion factor which converts the lateral deflec-
tion signal to Ff. From Figure 2b, one can see that Vlateral can be
given as

Vlateral ¼ Cslopel ð5Þ
The lateral friction forceFf exerted on the cantilever tip because

of displacement l can also be given as

Ff ¼ lkcant ¼ l
kR

ðhþt=2Þ2 ð6Þ

where kR = Ewt3/6L(1 þ ν) is the torsional stiffness of the
cantilever. By combining eqs 4-6, the conversion factorC is then
obtained as

C ¼ kR

Cslopeðhþt=2Þ2 ð7Þ

By inserting corresponding values into eq 7, the conversion
factor of about 1.40 � 104 nN/V is obtained. During the experi-
ment, there is a separation d between the bottomof the tip and the
sample surface, and it was kept as 3 μm to make the conversion
factor constant during experiments. Therefore, the conversion
factor C needs to be adjusted because of the existence of d as
Csliding = C (h þ t/2)2/(h þ t/2 þ d)2 = 1.05 � 104 nN/V.

3. Results and Discussion

In this section,microsized droplets with different diameters will
be slid with and without applied potentials, followed by an
investigation of the impact of applied potentials on the sliding
of a certain size droplet.
3.1. Impact of Electrowetting onMicrodroplets.Figure 3a

left and right shows a liquid droplet before and after the potentials
are applied between the tip and the substrate, respectively. θY and
θV,w1 andw2 are the static contact angles andwidth of the droplet
before and after the potential V is applied, respectively, and d is
the separation distance between the bottom of the cantilever tip
and the sample surface of the PS film.

The presence of V reduces surface tension and hence reduces
the static contact angle. When V is applied between the droplet
and doped silicon substrate, the contact angle θV of the droplet
can be expressed by the so-called Lippmann equation,20

cos θV ¼ cos θYþ ε0εd
2tdγLV

V2 ð8Þ

where θY is the Young’s contact angle, ε0 and εd are the dielectric
constants of the vacuumand insulator, respectively, td is the thickness
of the insulator, and γLV is the interfacial tension of the liquid.

In addition to the decrease of contact angle demonstrated in
Figure 3a, the width of the droplet is expected to increase due to
the decrease of the contact angle. To verify the change of the
width, the cantilever is first attached to a droplet with a diameter
of about 60 μm, as shown in Figure 3b. Then voltages of 20 and
40 V are applied. It is clear that the size of the droplet increases
with applied potentials. Fromeq 8, one can see that, in addition to
electric potential V, the thickness td also influences the variation
of contact angle. When the thickness decreases, the contact angle
will further decrease. As a consequence, the width of the droplets
will increase.

Figure 2. (a) Schematic of cantilever deformation induced by
small lateral displacement l of the sample surface. Solid and dashed
features represent the tip and sample surface before and after
lateral displacement l, respectively. h and t are tip height and
thickness of the cantilever, respectively. Twist angleR is generated.
(b) AFM friction loop of the silicon cantilever on a silicon (100)
substrate. Slopes at the beginning of the trace and retrace motions
represent the stick contact between the AFM tip and the Si
substrate. The slope value of 0.026 V/nm is then used to calibrate
lateral deflection signal of the cantilever.
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3.2. Sliding of Droplets with Different Size. Regarding
liquid droplet sliding, Furmidge11 derived an equation describing
the relationship between contact angle hysteresis and the sliding
angle of a water droplet on a slope. This relationship is widely
used to study the movement and manipulation of water drop-
lets.12 The sliding angle is the angle of tilted surface necessary to
produce droplet sliding. Figure 4 shows a droplet during sliding
along a slope. The dashed and solid profiles represent the droplet
before and after movement, respectively. When the droplet slides
downward, the distance dl along the slope with inclined angle φ
without acceleration, the work W done by the drop due to the
component of weight along the slope can be given as

W ¼ mg sin φdl ð9Þ
wherem is themass of the dropand g is the accelerationof gravity.
The work done by the drop in moving a distance dl can be given
as11

W ¼ γLVwdl cos θrec -γLVwdl cos θadv ð10Þ
where γLV is the liquid vapor surface tension andw is the width of
the droplet along the direction perpendicular to the direction of
droplet movement. By combining eqs 9 and 10, one can get the
relationship between the sliding angle needed tomake the droplet
move downward and the advancing and receding contact angles,
given as11

mg sin φ ¼ γLVwðcos θrec -cos θadvÞ ð11Þ
In this case, the driving force to slide droplets is provided by the

cantilever tip, and not by gravity. Figure 5 shows schematically a
droplet sliding without (left) andwith (right) an applied potential.
During sliding, the front side and back side contact angles of the

droplet are expected to be the advancing and receding contact
angles of the droplet.12 Therefore, the angles θY,a, θV,a and θY,r,
θV,r are advancing and receding contact angles for the droplet
without and with the applied potential, respectively.

The immersion of anAFM tip into the droplet may change the
profile of the droplet, which will further change the width of the
droplet. Therefore, it is necessary to check the portion of the
AFM tip immersed in the liquid droplet. According to the
geometry of the cantilever tip used in our study and experimental
setup, the volume of the cantilever tip immersed in the liquid
droplet takes less than 5% of the liquid droplet volume for each
droplet. Therefore, the width of the droplet before immersion of
the cantilever tip can be approximately taken as the value during
liquid droplet sliding. According to eq 11, the initial forces FY,init

and FV,init needed to drive the droplet without and with the
applied potential can be separately given as

FY, init ¼ γLVw1ðcos θY, r -cos θY, aÞ ð12Þ

FV, init ¼ γLVw2ðcos θV, r -cos θV, aÞ ð13Þ
Due to the presence of applied potential V, w2 is larger than w1.
Therefore, the presence of V is expected to increase initial force,
namely FV,init > FY,init.

Four droplets with diameters of less than 30 μm are slid in this
study, as shown in the inset image of Figure 6. The droplets were
first lined up in a sequence of increasing size. Then they were
separately slid without applied potentials. After that, 20 V
potential was applied between the tip and the substrate. The
lateral friction force for droplets without and with the 20 V
potential are plotted in Figure 6. Without the potential, friction
force linearly increases with droplet diameters, as indicated by
eq 12. After the 20 V potential is applied, the friction force also
increases with increasing droplet diameter.More importantly, the
applied potential greatly increases the friction force for each

Figure 3. (a) Schematic of a liquid droplet without (left) and with
(right) an applied potentialV. Before applyingV, the contact angle
is θY with a diameter of w1. When V is applied, the contact angle
decreases to θV and the diameter of the droplet increases to w2.
During the experiment, the distancedbetween thebottomof the tip
and the sample surface is kept as 3 μm. (b) Top view of a droplet
attached by the AFM cantilever with different applied potentials.
The diameter increases with increasing potentials.

Figure 4. Schematic of a droplet sliding downward along a slope
without acceleration. The dashed and solid profiles separately
represent the droplet before and after the displacement dl down
the slope, respectively.

Figure 5. Schematic of a liquiddroplet slidingby themotionof the
AFM tip without (left) and with (right) the potential V. θY,a and
θY,r are advancing and receding contact angles without V, while
θV,a and θV,r are advancing and receding contact angles with V,
respectively.
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droplet. To further investigate the impact of applied potentials on
lateral friction force, different potentials were applied to a droplet
with a diameter of about 16.5 μm. The friction force as a function
of applied potentials is plotted in Figure 7. Friction forces are also
found to increase with applied potentials. The phenomenon of
increased friction force with applied potentials is consistent with
the increasing diameter of droplets induced by the applied
potentials as shown in Figure 3b. As mentioned earlier, since
the thickness of the insulator will change the contact angle and
hence the width of the droplets, in addition to an applied electric
field, one can also change the sliding force through adjusting the
thickness of the coating. By decreasing the thickness, the sliding
force can further be increased.

4. Conclusions

Liquid microdroplet sliding is studied without and with the
presence of an electric field using atomic force microscopy on a

polystyrene surface spin coated on a doped silicon wafer with a
silicon oxide coating. Droplets of different diameters are slid with
an AFM tip, and the sliding forces, which are called lateral
friction force, are quantitatively measured. The lateral friction
forces are found to linearly increase with droplet diameters. That
is because the sliding force is proportional to the diameter of the
droplets based on a model. In addition to the decreased contact
angle, the presence of applied potentials increases the diameter of
droplets. When a 20 V potential is applied between the cantilever
tip and the substrate, the obtained lateral friction force also
increases with increasing droplet diameter. More importantly,
the friction force with the applied potential is larger than that
without the potential for each droplet, because the applied
potential increases droplet size. To further investigate the impact
of applied potentials on lateral friction force, voltages from 0 to
80 V are applied to a certain droplet. Lateral friction force is
found to increase with applied potential.
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Figure 6. Friction force as a function of droplet diameter with and
without 20 V potential when droplets are slid by the cantilever tip.
Friction force increases with droplet size as well as with the applied
potential. The inset shows an optical image of droplets with
different sizes.

Figure 7. Friction force as a functionof appliedpotential.Friction
force increases with applied potentials.

http://pubs.acs.org/action/showImage?doi=10.1021/la903460a&iName=master.img-006.jpg&w=177&h=142
http://pubs.acs.org/action/showImage?doi=10.1021/la903460a&iName=master.img-007.jpg&w=167&h=134

