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ABSTRACT

We have designed and fabricated an electrostatic actuator for
operation in ionic media. The device was designed to mechanically
stimulate cells and to study their mechanical properties. The
frequency dependence of the device has been characterized for
different media. A simple lumped capacitor circuit model for the
device agrees fairly well with the experimental results. Surface
treatment techniques to avoid stiction in the device have also been
studied.

INTRODUCTION

Mechanical stress is known to affect cell life [1] and the role
of forces acting on a cell is an important field of study. Initial work
utilized soft-lithographic techniques to study the interaction
between cell and substrate [2]. A number of biophysical
techniques have also been developed to study the properties of
cellular and sub-cellular components [3, 4]. Some of these
techniques include optical tweezers, atomic force microscopy
(AFM), micropipette aspiration and shear flow chambers. Optical
tweezers and AFM provide high force resolution but are limited to
low force ranges. Micropipette aspiration is a technique that has
been successfully applied to study the properties of cell
membranes and non-adherent cells. However, these techniques do
not interact through the focal adhesions of a cell on a substrate.
Other single cell manipulations have been demonstrated using off
chip actuators. For example, Lin et al measured the forces in
cardiac myocyte contraction with microfabricated polysilicon
cantilevers [5]. Saif et al [6] and Yang et al [7] employed a
functionalized micro-cantilever with an external piezoelectric
actuator to measure the mechanical properties of fibroblasts. For
on chip actuation, Chronis and Lee developed an electrothermally
actuated SU-8 microgripper for cell manipulation without control
of the loading profile[8]. Most similar to our design, the dual comb
electromechancial nano-material testing devices developed by Zhu
and Espinosa are used in air or vaccum for characterizing carbon
nanotubes [9].

The device presented here will enable simultaneous
stimulation and measurement of mechanical properties. We have
incorporated two pairs of comb-drives to enable drive and sensing
functions for force-displacement, strain rate and cyclic loading
characterization of cells patterned and cultured on the devices. The
actuator is designed with thin-film gold islands to be
functionalized with molecules suitable for cell adhesion. Ionic
shielding effects are circumvented by operating the device at high
frequency. The system response is estimated from lumped model
capacitor models for the electrodes, which can be related to the
properties of the electrolyte using the theory of diffuse charges.

THEORY

The comb-drive actuator comprises interdigitated pairs of
electrodes, with one suspended and free to move. When a voltage
V is applied across the electrodes, the electrostatic force is
balanced by the stiffness in the suspension [10]. The force
displacement relation is given by
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Where k is the suspension stiffness, is the permittivity of the
medium. N is the number of fingers, d is the gap length and b is the
thickness of the device. However, this relation holds only for a
dielectric medium in the gaps. The cells also need to be kept away
from the regions of fringing electric fields. A FEMLAB (now
COMSOL Multiphysics) model was used to estimate the field
distribution in such a system. Figure 1 shows that the field is

practically zero at locations more than 200 m above the right
electrode. Moreover, the moving electrode will be grounded along
with the substrate, so that the cell binding substrate is well shielded
from the electric field effects.

Fig 1. Electrostatic field distribution for a pair of comb-drive electrodes

Electrostatic actuation in ionic media was demonstrated by
Sounart et al. [11] and Pachawagh et al [12]. They demonstrated
that the ionic screening of the electrodes can be avoided by using a
high frequency signal that modulates the required actuation signal.
The frequency is such that the polarity of the field changes at a rate
faster than the ions can respond to and the shielding of the field is
avoided.

Bazant et al [13] argued that the charging dynamics of an
electrode-electrolyte system is governed by the RC time constant
of the system. When a solid surface is immersed in an electrolyte,
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there is spontaneous accumulation of ions near the electrodes due
to surface potential at the interface. The same occurs when an
external potential is applied at the electrode. The linearized
expression for the double layer capacitance per unit area is given
by,

D

c
EDL

(2)

where D is the Debye length of the double layer. Its dependence
on the electrolyte properties in terms of the ionic charge valence z,
average solute concentration C, Boltzmann constant kb and
temperature T is given in terms of as follows [13].
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The conductivity of a symmetric electrolyte with ions of
charge z can be expressed as follows.
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where D is the diffusivity of the ions. For an electrode pair of
spacing d immersed in a symmetric electrolyte of charge z, the
effective time constant is as follows.
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The electrode pair (Figure 2) is silicon with native oxide of
thickness t~2 nm. The gap of length d is filled with the electrolyte
medium. The circuit model for this is shown in Figure 3 where, Cox,
CEDL and CW are the capacitances of the oxide, double layer and the
actuator respectively. RW is the resistance of the medium between
the electrode, which is derived from the electrolyte conductivity
relation above. The term RSi is not part of the electrode system, but
arises due to the resistivity of the substrate through which the
signal propagates. Specifically in this case, it is the resistance of
the beam suspensions through which the shuttle is grounded.

Fig 2. The electrodes are

modeled as capacitors with

gap d, and series

capacitance of the dielectric

native oxide.

Fig 3. Lumped parameter circuit of the

system. The resistance of the silicon, RSi

is currently the limiting term in

performance.

The dominant time constant of this circuit is evaluated as
follows.
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where, ox and w refer to the relative permittivity of the
oxide and water respectively.

FABRICATION

The devices are fabricated on a Silicon-On-Insulator (SOI)
wafer; a fabrication schematic is shown in Figure 4. The silicon
electrodes and suspension beams are etched into the device layer
by Deep Reactive Ion Etching (DRIE) process. The metal lines
comprising of Chromium/Platinum/Gold are patterned by a lift-off
process. The wafer saw is used to obtain single dies before the
sacrificial layer release etch. The devices are released by a timed
wet-etch of the underlying oxide. The devices are then dried in a
liquid CO2 critical point dryer (CPD) to avoid stiction. Figure 5 is
a Scanning Electron Micrograph of a released device.

(a) Silicon DRIE etch

(b) Pattern metal

(c) Wet oxide etch release

Fig 4. Schematic of fabrication steps

Fig 5. Scanning Electron Micrograph of a device

The device design consists of a drive electrode to actuate, a
sense electrode to measure displacement by change in capacitance
and a cell binding substrate with gold islands to adhere cells to.
The beam suspension is designed as a folded fixed-guided beam.
The stiffness of the cell and that of the beam would be in parallel,
necessitating the beams to be as compliant as possible to extract
stiffness properties of the cells. For fibroblasts, the average
stiffness has been reported as 0.001 N/m with a maximum
elongation of about 15 m [6]. The suspension in the devices has
stiffness of k = 0.24, 0.58 or 1.46 N/m. The maximum
displacement of these devices is about 20 m, which is set by the
onset of side instability.
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EXPERIMENTAL DETAILS

The device was packaged on a ceramic Dual Inline Package
(DIP) as shown in Figure 6. The actuation voltage was applied
between the electrodes, with the substrate grounded. The actuator
requires tens of volts for actuation in air, while it needs less than
ten for actuation in water or ionic media. The DC signal was
supplied through Kepco power amplifier. The AC signal was
applied from an Agilent 33120A function generator. The actuator
displacement was measured optically by a CCD camera attached to
an upright microscope.

The package cavity was filled with the fluid for measurement.
The device with the leads was setup under the microscope as
shown in the Figure 7. The displacement between the two gold
pads as shown in figure was measured by a code written in
MATLAB. Pixel resolution of the camera enables a measurement
with an accuracy of about 200 nm in displacement. Image
processing techniques to improve resolution are under
investigation as are improved signal conditioning circuits for using
the sense electrodes signal for feedback control.

Fig 6. A chip with 6 devices is

mounted and bonded in a leaded

chip carrier. The carrier creates a

natural well for cell culture media.

Fig 7. Experimental setup with a

Leica DMRXA2 upright

microscope, and Leica 350fx CCD

camera.

RESULTS

DISPLACEMENT CHARACTERIZATION

Displacement as a function of frequency and amplitude of
applied voltage was evaluated in air, de-ionized water, and ionic
media. The displacement was found to be linear with the square of
voltage. Two different tests were conducted for the same device in
DI water. The first test is to measure the voltage-displacement
curve and the second is to measure the frequency response of the
displacement. The results are plotted in Figures 8 and 9
respectively. The theoretical estimate of the displacement is also
shown.
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Fig 8. Actuator displacement vs. square of applied voltage for a device

immersed in DI water, operated at 1 MHz.
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Fig 9. Actuator displacement vs. signal frequency for a constant

amplitude of 3.5 V. The plots are normalized to the maximum

displacement. The model predicts the square of the voltage across the

actuator for different frequencies, which is proportional to the

displacement.

The frequency response does not flatten out at higher
frequencies but rolls off due to substrate losses that were larger
than anticipated. The path resistance due to the long suspended

beams of about 0.02 -cm is 2.67 k . This causes a low-pass
effect as the resistive component dominates at higher frequencies.

In order to stimulate cells, the device needs to operate in ionic
media. The device displacement was characterized in different
concentrations of Potassium Chloride (KCl) solution and
Dulbecco’s Modified Eagle Medium (DMEM). The results of the
tests are plotted in Figures 10 and 11. The theoretical predictions
according to the lumped capacitor model are also indicated on the
graph.

Fig 10. Normalized actuator displacement in varying concentration of

KCl solutions. Solid lines represent theory and symbols represent data.
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Fig 11. Actuator displacement at 5 V in different dilutions of DMEM, a

common cell culture media. Isotonic solutions for cells require 100%

DMEM.
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The curves show an increase in transition frequency with
media concentration. However, there is little difference between

the curves for 1 M KCl and 10 M KCl, which is thought to be
due to the presence of impurities in the solution and at the die
surface. The effective conductivity of the medium is increased by
these impurities. The effect of dissolved impurities would be lower
in the case of higher concentrations of KCl. It was not possible to
achieve actuation for concentrations higher than 10 mM in the case
of KCl and less than 1:100 dilution in the case of DMEM.
Applying signals of amplitudes greater than 5V also caused
electrolysis at the electrodes, accompanied by the release of gas
bubbles.

SURFACE TREATMENT

The devices need to be released in a CPD to avoid stiction of
the suspended structures. This limits the reusability of the devices
as they cannot be dried and cleaned before reuse. This becomes
important in the case of biological samples, where the substrates
need to be cleaned between subsequent experiments. Anti-stiction
self-assembled monolayer (SAM) coatings for MEMS may
improve the reliability of these devices [14]. We coated the devices
with 1, 1, 2, 2-Perfluorodecyltrichlorosilane (FDTS) in water vapor
plasma. The contact angle after treatment was measured to be
104±30. However, the increased surface energy made it difficult to
displace air from the narrow gaps in the devices as shown in figure
12. Moreover, the highly hydrophobic surfaces likely collapsed
when immersed in water as no actuation was observed in these
devices. When the devices were dried and tested in air, they did not
show any actuation. Further work is required to tune the surface
energy to an optimum level.

Fig 12. Image of a FDTS coated device immersed in water

CONCLUSIONS

We have designed and fabricated an electrostatic actuator for
stimulating cells in ionic media. The displacement characteristics
of the device have been measured in media of different
concentrations. Two limitations will be addressed in the future
designs. First is the potential drop across the path resistance at
higher frequency. High path resistance prevents the use of the
device at frequencies required by cell culture media. It will be
reduced by using a higher doped substrate or by plating the
conducting path with metal lines. The second limitation of these
devices is their re-usability. Once immersed in media, the devices
cannot be dried in air without stiction problems nor returned to the
CPD in a clean room. In order to mitigate this, silane surface
treatment was investigated. However, the highly hydrophobic
surface causes stiction when immersed in water. Moreover the
surface tension causes air bubbles to be trapped between narrow

gaps in the device. Tuning the surface energy to an intermediate
value may solve both the problems.
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