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Abstract
This paper presents the energy method to study the
capillary stiction of a cantilever beam during its drying
process. Similar to the electrostatic pull-in happened in
the electrostatic micro actuators, the cantilever beam
tends to be pulled down to the substrate due to the
nonlinear capillary force with respect to the gap. The
critical one-half gap induced by the capillary force for
this pull-down to be happened is novelly found herein.
Some
surface
tension-driven
actuators
for
micro-air-vehicles are exemplified to justify the critical
one-half gap for capillary stiction.
Keywords: stiction, cantilever, pull-in, critical one-half
gap

1. INTRODUCTION
The capillary phenomenon was firstly investigated
in the early stage of the 19th century [1-3]. The surface
stiction issue in MEMS was firstly studied by
Mastrangelo et al. [4-6]. Since then there are at least two
general ways to evaluate the total surface tension force
applied on the fluidic column in a microchannel, a
microtube or a microgap. One is the force balance
method, and the other is the surface energy method. For
the former, people look at the liquid/solid/air interface (or
the meniscus) and summarize the surface tension force by
multiplying the difference of surface tension (sa-sl) with
the perimeter length of the meniscus contour. For the
latter, the total surface tension force can be deduced from
differentiating the surface energy of the whole liquid
system with respect to the spatial coordinate [7-8].
In this paper, the surface energy formulation of
capillary traction on the micro cantilever is done, and the
author moreover addressed the stability of the
microstructure. Similar to the analysis of electrostatic
“pull-in” phenomenon [9-10], there are at least two forces
including capillary attraction and structure restoring force
existing in the force field [4-6] of a cantilever system
with surface tension. Finally a bionic actuator with a
bundle of comb-shaped cantilevers using as the rudder for
micro-air-vehicles (MAVs) is demonstrated to exemplify
the stability analysis [11-12].

2. THEORETICAL FORMULATION
Micro cantilevers are usually assigned as the
configuration for MEMS sensors and actuators. Using the
surface micromachining to deposit the sacrificial and
structural layers in sequence, people remove the
sacrificial layer, dip in de-ionized (DI) water, and wait for

drying the free standing devices. As the water above the
free structure evaporates to some extent, the meniscus
surface appears. The liquid between the cantilever and the
substrate automatically has a tendency to minimize its
surface. So a pull-down force is employed on the
cantilever to deform vertically and may cause the stiction
problem accordingly [4-6].
2.1. A cantilever’s capillary force derived by the
surface energy method
Regarding the cantilever involving the stiction issue
in Fig. 1(a), the residual liquid under the cantilever is
defined as x×y×h, comparable to the vacant gap space
L×W×h of the cantilever. Similar to the surface energy
method in the previous section, the author summarizes
the total surface energy of Fig. 1(a) as below.
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where Asa and Asl are the areas of the solid-air and
solid-liquid interfaces. The equation of the surface energy
Us neglects the complicated nature of the small liquid-air
meniscus surface [8, 11] since this liquid-air area is much
smaller than others.
Using Eq. (1) and the constant volume of the liquid
in the gap V0=xyh, the author have the surface energy
expressed as below.
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If the bottom plate or substrate remained fixed, a
downward force must be applied to the cantilever to keep
the equilibrium. This force is denoted as Fcap.
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Divide Eq. (3) with the solid-liquid surface A=xy
and give the capillary pressure or the so-called Laplace
pressure exerted on the cantilever.
PLaplace 

Fcap
A



2 la cos  c
h

(4)

Eq. (4) matches the expression of Laplace pressure
mentioned in many prior literatures [2, 4-6, 7-8, 13]. This
capillary force increases nonlinearly with the decreasing
of the gap h.
2.2. Stability analysis of a wetted micro cantilever
A micro cantilever supported by a mechanical spring

論文類別
8. Mechanical, Thermal, Magnetic Sensors and Actuators
2. Design and Analysis

is diagrammed in Fig. 1(b-c). The mechanical spring with
the force constant k denotes the small deformation
behavior of the beam bending. The magnitude of the
mechanical restoring force is as below.

Fmech  kz

(5)
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Therefore, two kinds of curves, one representing the
amplitude of the mechanical restoring force and one
representing that of the capillary force, are plotted as a
function of cantilever position z. The mechanical
restoring force Fmech changes linearly with the position z,
and the capillary force Fcap increases with z in a nonlinear
fashion as Eq. (6).
k

Fcap 
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(6)

Combine Eqs. (5) and (6), and reveal that there are
multiple interception points for the two curves. The
solution for the equilibrium position (or the identical
deformation condition) is as below.
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The graphical method can be used to illustrate the
equilibrium position as the wetting are A changing. In Fig.
1(d) the equilibrium positions of the cantilever under
several wetting area A1-A3 can be found graphically. As
the wetting area increases, the family of curves
corresponding to the capillary force shifts upward.
At a particular wetting area, for example A3 in Fig.
1(d), the two curves representing the mechanical
restoring force and the capillary force intercept at one
point Q tangentially. At this interception point, the values
of the two curves are also identical. The wetting area that
involves such a condition can be defined as the “critical
wetting area” or AQ. So the identical slope condition is
obtained as below.
2 A la cos  c
2
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Combine Eqs. (7) and (8), give the deformation of
the critical point Q.

z0
(9)
2
This critical one-half gap induced the surface
tension for the unstable pull-down is believed to be found
firstly in the literature. Moreover, substitute Eq. (9) into
(5) or (6), give the critical area AQ:
z

2

AQ 
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Table 1 Summary of surface forces and their critical gaps
Surface force Critical Check point
gap
1
Electrostatic
Pull-in
z0
 2
pull-in
voltage
z
3
Capillary
Critical
z0
1

stiction
wetting
area
2
z

3. EXPERIMENT VERIFICATION

2

z  2z0 z  ( z0 

If the wetting area is further increased beyond AQ
(Eq. (10)) or the induced deformation is beyond the
middle position of the gap (Eq. (9)), the two curves will
not have a common interception. Thus the equilibrium
solution disappears. In fact, the capillary force will
continue to grow while the mechanical restoring force,
increasing only linearly, is unable to catch up with the
capillary force. The cantilever will be pulled downward
to the bottom plate or the substrate until touching for
stiction.
In practice, Eq. (10) of the critical wetting area is
more useful than the critical one-half gap position Eq. (9).
The author summarizes the capillary stiction parameters
as well as the electrostatic pull-in and tries to conclude
the similarity of them in Table 1.

(10)

Similar to the small displacement of electrostatic
actuators, the micro actuator using the capillary stiction
force also has the disadvantage of small actuation stroke.
This drawback can be remedied by the configuration of
actuator array. The author has ever developed a
peacock-like comb-shaped actuator to have an obvious
rotating stroke angle [12] and applied to the rudder of a
flapping MAV. The device is shown in Fig. 2 and the
structure material is SU-8. With more than 200 comb
cantilevers, the total actuation angles are around 224°.
The device dimensions are shown as below.
L  2,700 m
w  80 m
t  20 m
z 0  20 m
E  4.4GPa

 la  0.073 N / m
  70 0
Substituting the above parameters into Eq. (10) gives the
critical wetting area as AQ / z 0 2  0.179 or AQ  71.6m 2 .
This critical area AQ is much less than the maximum
wetting area Lw  216,000m 2 . It means that the
cantilever beams are all stuck together. While wetted
with water, from Fig. 2(a) some local collapse of
cantilever tips show the permanent stiction even when
all the water dries out. Moreover, the several stuck
places marked with circles in Fig. 2(b) are similar to the
elastocapillary phenomena mentioned in Bico’s work
[14].
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Additionally, the author changes the structure
material of the surface tension-driven actuator from
SU-8 resist to stainless steel (SUS-304) foil [15]. The
operations of this steel-based actuator are depicted in
Fig. 3. The dimension parameters and material property
are shown as below.
L  3,000 m
w  40 m
t  50 m
z 0  50 m

A=xy

E  200GPa

 la  0.073 N / m
  70 0
Substituting the above parameters into Eq. (10) gives the
stiction area as AQ / z 0 2  46.36 or AQ  115,900m 2 .

Compared

to

the

maximum

wetting

(a)

area

Lw  120,000m 2 , the critical wetting area AQ is almost

the same as wetting area Lw. In other words, if the
contact angle is little bit larger than 70°, or the wetting
area is less than Lw , then the stiction condition is not
feasible. The actual position of the cantilever beam
should be resorted to Eq. (7) or (7a). Referring to several
small actuation angles of the steel-based bionic actuator
corresponding to different wetting surface conditions in
Fig. 3, the non-stiction of this more stiffened device is
verified preliminarily.

(b)

4. CONCLUSIONS
With the capillary force confirmed by the surface
energy method summarized in this paper, the author
found the critical one-half gap for the pull down of a
cantilever beam during its drying process. A peacock-like
micro actuator used as the rudder for a FMAV was
demonstrated as an example to verify the critical gap. The
micro actuator made by SU-8 was stuck after drying, but
the actuator made by stainless steel structure can
withstand the capillary pull down force. Extending this
elastocapillary model with other effects, e.g.,
electrowetting is our future work.

(c)
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(d)
Fig. 1 A micro cantilever: (a) 3D configuration without
deflection; (b) the side view with water under the
cantilever; (c) capillary force Fcap and mechanical
restoring force Fmech; (d) the force field of Fmech
and Fcap.
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(b)
Fig. 2 SU-8 peacock-like micro actuator of 6 mm size; (a)
without water; (b) with water [12].

[10]

[11]

[12]

[13]

[14]

[15]
Fig. 3 Angle changing of the steel-based bionic actuator
due to the water surface tension: (a) steel actuator
without water; (b) steel actuator with water; (c)
parylene-coated steel actuator without water; (d)
parylene-coated steel actuator with water [15].
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