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Microvalves are critical in the operation of integrated microfluidic chips for a wide range of
applications. In this paper, we present an analytical model to guide the design of electrostatic
microvalves that can be integrated into microfluidic chips using standard fabrication processes and can
reliably operate at low actuation potentials (<250 V). Based on the analytical model, we identify design
guidelines and operational considerations for elastomeric electrostatic microvalves and formulate
strategies to minimize their actuation potentials, while maintaining the feasibility of fabrication and
integration. We specifically explore the application of the model to design microfluidic microvalves
fabricated in poly(dimethylsiloxane), using only soft-lithographic techniques. We discuss the
electrostatic actuation in terms of several microscale phenomena, including squeeze-film damping and
adhesion-driven microvalve collapse. The actuation potentials predicted by the model are in good
agreement with experimental data obtained with a microfabricated array of electrostatic microvalves
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actuated in air and oil. The model can also be extended to the design of peristaltic pumps for
microfluidics and to the prediction of actuation potentials of microvalves in viscous liquid
environments. Additionally, due to the compact ancillaries required to generate low potentials, these
electrostatic microvalves can potentially be used in portable microfluidic chips.

Introduction

The advent of very large scale integration (VLSI) microfluidics
has enabled multi-step and high-throughput applications with
massively parallel operations to be performed on a single chip.*?
Key to these advances was the development of pneumatic
microvalves,® which are fabricated with soft-lithographic tech-
niques and are based on the actuation of a thin polymeric
membrane by pressurized air. Despite successful integration of
such pneumatic microvalves in microfluidic chips for diverse
applications, these microvalves require bulky ancillaries
including a pressure source and external solenoid valves, which
limit the scalability and portability of these microfluidic chips.
Numerous other microvalve technologies have been reported
over the years, many of which are summarized in a recent
review.* These valves can be broadly classified as active micro-
valves (e.g., electrostatic or pneumatic microvalves) and passive
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microvalves (e.g., capillary force-based* and surface hydropho-
bicity-based valves’). However, few of these valve technologies
are amenable to integration into complex microfluidic chips due
to the intensive nature of the required fabrication procedures,
actuation crosstalk between adjacent valves, and/or incompati-
bility of the valve actuation principle with all the chemical and
biological processes on-chip.

Microvalves based on electrostatic actuation retain the small
footprint (<500 pum) and fast response time (<1 s) of their
pneumatic equivalents, while requiring less bulky ancillaries,
which greatly improves portability and scalability. Although
electrostatic actuation has been frequently used to operate valves
in microelectromechanical systems (MEMS) made out of hard
materials (e.g. silicon, glass), very few reports of electrostatic
microfluidic valves, typically made out of soft polymeric mate-
rials, exist in literature. Chang and Maharbiz® used electrostatic
actuation to operate pumps and valves in poly(dimethylsiloxane)
(PDMS) microfluidic chips, while Xie et al.” developed a surface-
micromachined peristaltic pump in parylene based on electro-
static actuation. These valves or pumps are typically fabricated
using a combination of integrated circuit (IC) fabrication
procedures (photolithography, metal and oxide deposition, and
etching) and soft-lithographic processes (polymer molding).
While many of these valves can be integrated on a single chip, the
fact that complex and intensive IC fabrication processes are
required for their manufacture has limited their use.
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Two key challenges need to be addressed to develop micro-
fluidic valves based on electrostatic actuation. First, the fabri-
cation and integration of these valves should be compatible with
standard soft-lithographic processes. As a result, the microvalve
dimensions (e.g., thickness of insulating layers) will be almost an
order larger than those in typical MEMS devices due to fabri-
cation limitations imposed by soft lithography. The relatively
larger microvalve dimensions achievable by soft-lithographic
processes places a lower limit on the achievable actuation
potentials. Second, due to the high surface energies of polymers,
the microfluidic valves tend to collapse during fabrication and/or
operation. This adhesion-driven collapse not only restricts the
allowable microvalve dimensions for reliable and robust opera-
tion, but also enforces a lower limit on the actuation potentials.

To address the above challenges, we use analytical modeling to
guide the design of electrostatic microfluidic microvalves with
respect to feasibility of fabrication and integration (using only
soft-lithographic processes) and reliable and robust operation
(minimizing microvalve adhesion during operation) at low
actuation potentials. The operation of the proposed electrostatic
microvalve is based on the deformation of a flexible membrane
due to electrostatic forces, which involves several physical
phenomena, such as coupling between mechanical deformation
and electric fields, static and dynamic deformation in viscous and
pressurized fluids, and adhesion-driven collapse of membranes.
A systematic model that captures the interplay of these
phenomena is needed to accurately describe the microvalve
operation and to guide subsequent optimization of the micro-
valve design, with the objective of minimizing actuation poten-
tials while maintaining fabrication simplicity and feasibility. The
model-based design becomes especially important for micro-
valves that can be actuated with low potentials (e.g. in portable
microfluidic applications), since any effort to decrease the actu-
ation potential compromises the reliability and robustness of the
microvalve (e.g., collapse of the valves during operation).

We extend analytical models reported in the literature to
microfluidic applications by considering several issues that are
typically ignored in electrostatic actuation of microscale struc-
tures, such as the use of multi-layer components, collapse of
valve membranes, and dynamic actuation in pressurized liquids.
Although the analytical model is described within a generic
framework, we specifically focus on the design of microfluidic
valves fabricated out of soft polymers (e.g., PDMS), which are
key towards the development of VLSI microfluidics, in contrast
to most of the literature that discusses electrostatic microvalves
fabricated out of hard materials (e.g., silicon, glass). The
analytical model reported here explicitly identifies the critical
design parameters from which a set of design guidelines can be
derived to address the challenges mentioned above. Microfluidic
chips with valves and pumps that can be actuated with low
potentials can be used in portable applications, due to the
compact ancillaries required for generation of small actuation
potentials.

Analytical model

Two approaches are most commonly used in the modeling of
electrostatic actuation of microscale structures: (1) numerical
techniques, and (2) analytical and semi-analytical approaches. In

the former approach, finite element analysis (FEA) or numerical
analysis of the governing differential equations has been used to
examine the deflection of compliant structures due to electro-
static forces. These studies have analyzed various phenomena
during electrostatic actuation, including dynamics of pull-in
behavior,? effect of large deformation and non-linear material
properties,” and Casimir forces.'® However, the non-explicit
representation of the design parameters and the complexity of
these computational procedures limit the utility of these
numerical models for the design of new electrostatic valve
configurations. In contrast, analytical and semi-analytical
approaches describe the physical relationships between all the
geometrical, material and operational parameters explicitly. This
approach has been used to model electrostatic actuation in
various microscale applications, including actuation of micro-
electromechanical systems (MEMS) in liquids,’* and measure-
ments of material properties using electrostatic actuation.'? In
this section, we extend these analytical models to microfluidic
applications and develop an analytical model that can be used to
qualitatively and quantitatively describe the operation of our
proposed electrostatic microvalves.

The electrostatic microvalve configuration proposed in this
paper is composed of a thin, flat, and elastomeric membrane
suspended above a microfluidic channel and clamped at the outer
edges (Fig. 1a). The membrane is coated with a layer of con-
ducting nanoparticles, forming the top electrode, and the channel
floor is a stiff conductor, forming the bottom electrode. An
applied potential results in an electric field between the elec-
trodes, which in turn causes the electrostatic forces to collapse
the membrane onto the channel floor, and thus close the
microvalve. We envision that the conducting nanoparticles could
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Fig. 1 (a) Schematic illustration of an electrostatic microvalve in
a microfluidic channel. (b) Parallel-plate capacitor model for the elec-
trostatic microvalve, with electrode gap/channel height g, spring
constant/stiffness of the membrane k, and moveable plate/membrane
displacement y.
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be patterned via micro-transfer printing, and the remainder of
the microvalve could be molded from PDMS, allowing the entire
fabrication to be accomplished exclusively with soft-lithographic
techniques. A thin insulating layer below the upper electrode
prevents short-ciruit of the valve in the closed position. The
cylindrical support post may be designed into the microvalve
configuration to increase the local stiffness of the membrane at
the center, which will minimize the probability of adhesion-
driven collapse of the valve.

We model the microvalve as a parallel-plate capacitor sepa-
rated by a distance g, where one plate is movable, resembling the
deflecting membrane, and is attached to a spring with spring
constant k (Fig. 1b). The parameter y represents the displace-
ment of the membrane and the extension of the spring. In this
capacitor system, the electrostatic forces cause the top electrode
to move toward the bottom electrode until the electrostatic force
is balanced by the tensile force in the spring. First, we derived
expressions for the spring constant of the membrane based on
plate theory.'® Next, we calculated the actuation potential for
a parallel-plate capacitor system using these spring constant
expressions and force-balance equations.

Development of the model: spring constant or stiffness of the
membrane

The assumptions made in deriving the expressions for stiffness of
the membrane are discussed in the supplementary information,
along with the justification. The expression for static stiffness of
a square or circular membrane (the two most common geome-
tries for microfluidic microvalves) that is fixed or clamped along
the outer edges under a uniformly distributed load is given by

k=K, K KMS 1 Ebmtm3 2 a'Otm
— Dbilayer Hpost KA R shape Le4 shape L€2
E‘2l‘23 (1 - V»12)

K; ilayer = 1 T . 3/1 . 2\
bilay +Emtm3(1 —) @)

31 = 1,2 (1 + t2/)° (1 + Eptn/Eaty)
(1 + Em[m/EZIZ)zf(Vm + VZEmtm/EZlZ)z

where
k static stiffness of the membrane per unit area
Eym biaxial modulus of the membrane and is given by:

Em

1 —v,2

Ebm

E., Young’s modulus of the membrane material

v, Poisson’s ratio of the membrane material

tm total thickness of the membrane

o residual stress in the membrane

L. equivalent planar dimension of the membrane (side length
or diameter)

Kihape and thape membrane shape factors, e.g., square vs.
circular'*'?

Kar factor to account for aspect ratio (AR) and is given by:*?

16 /t,\°
Kup=1 m
AR +1 —I/m<Le)

Kys factor to account for membrane stresses (MS) and is given
by:*?

m

2
Kys = 1 +0.488 (5)

Kpilayer factor to account for bilayer configuration'

Ko factor to account for a cylindrical support post (expres-
sion in supplementary information)

E, Young’s modulus of the material of the second layer

v, Poisson’s ratio of the material of the second layer

t, thickness of the second layer.

The factor, Kys, accounts for the effect of membrane stresses
that develop when the deflection of the membrane exceeds half its
thickness. The factor, Kpiayer, accounts for the fact that
membrane properties may not be homogenous along the thick-
ness direction (e.g., due to the presence of an insulating or con-
ducting layer with non-negligible stiffness). In the case of
a homogeneous membrane, Kpiayer 1S 1, while for a membrane
without a post, Ko is 1. Table 1 lists the values of the shape
factors for square and circular membranes. Note that, unlike in
our analytical treatment here, the effects of aspect ratio,
membrane stresses and bilayer membranes (quantified by Kag,
Kns, and Kiijayer, respectively) are typically ignored in the
analysis of microfluidic electrostatic microvalves,®”'* which may
lead to significant differences between analytical predictions of
actuation potentials and experimentally observed values. The
expression for stiffness (eqn (1)) represents the stiffness per unit
area, because the mechanical loading due to the electrostatic
fields is distributed over the entire membrane. If p is the uniform
lateral pressure acting on the membrane and yp.x 1S
the maximum lateral deflection at the center of the membrane,
then p = kymax.

Development of the model: actuation potential of the microvalve

We used a parallel-plate capacitor model to describe the elec-
trostatic actuation of the microvalve, with one plate fixed and the
other attached to a linear spring.!! In the case of the deflection of
a membrane (or any deformable structure) due to forces
produced by an electric field, the system becomes unstable when
the electrostatic forces and the restoring mechanical forces are no
longer in equilibrium." Beyond a certain deflection (critical
deflection), the membrane collapses or snaps in (pull-in insta-
bility). Depending on the relative magnitudes of the critical
deflection and the initial gap between the plates, the operation of
the electrostatic valve is either in the stable deflection regime (i.e.,
critical deflection is never reached) or governed by the afore-
mentioned pull-in instability (i.e., the critical deflection is
exceeded). Based on the operation of the valve, the actuation
potential to close the valve is given by

Table 1 Shape factors for square and circular membranes

Factor Square Circular

Kihape 662314 853314

K 13.57% 1615
shape .
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2
2kg (hc M)
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3
o (o) 8
Velo.ve = Em

napin = 11'
270epuia Yonapin =8 (pull-in)

1 Efluid
yxmlpin = g (h( /871“ + g)
where

Veaose actuation potential required to close the valve

Vsnapin critical deflection beyond which the electrostatic forces
and the restoring mechanical forces are no longer in equilibrium

£quiq Telative permittivity of the fluid

em relative permittivity of the membrane

& permittivity of free space

he thickness of the insulating layer beneath the conducting
layer of the top electrode (Fig. 1b)

g initial gap between the plates

k membrane stiffness given by eqn (1).

The assumptions made in deriving the expressions for actua-
tion potential of the microvalve are discussed in the supple-
mentary information, along with the justification.

Development of the model: adhesion-driven collapse of
microvalve membranes

An important design consideration for membrane-based micro-
valves is the collapse of the membrane onto the floor of the
channel. Collapse can occur during assembly of the microfluidic
chip (self-collapse), or the membranes can remain stuck to the
floor even after the actuation potential is removed (operational
collapse). This phenomenon of collapse is primarily governed by
the interfacial adhesion between the microvalve membrane and
the floor of the channel. PDMS-based microfluidic structures
sealed to a glass substrate are particularly susceptible to collapse
due to their high interfacial adhesion energies with glass
(~30-300 mJ m~2 in air'”'¥). Note that, although the valves will
be actuated primarily in liquids (the surface energies will be
lower), the microfluidic devices will be assembled in air, and
hence, the adhesion-driven collapse in air will also be an
important consideration.

Analytical models for the collapse of free-standing structures
due to interfacial adhesion are available for the case of micro-
machined silicon-based structures and MEMS.'*-?! The collapse
of free-standing structures is commonly referred to as the
‘stiction’ phenomenon. In these models, a dimensionless
parameter W (also referred to as elastocapillary number) is
derived to predict whether a specific valve collapses or not
during actuation.?*?> When W is less than 1, the valves will
collapse due to the interfacial adhesion, whereas valves char-
acterized by a higher value of ¥ do not collapse. Here, we
modified the equation for W?' by integrating the effects of
multilayer (Kpiiayer) and high aspect ratio (Kar) membranes
with a cylindrical support post (Kpos), so that the equation
applies to the collapse of the PDMS-based microfluidic micro-
valves discussed in this paper:

P — m Ebmtm3g2{‘</m.rtKhilayer x
YL Kar

oo L 2 g 2
14y (e 2.
* 2 Ehm (tm) +173 <tm> :|
3)

In eqn (3), v is the interfacial adhesion energy, and 7, 7,, and
13 are constants that depend on the shape of the membrane and
the boundary conditions. These constants can be analytically
derived for simple shapes or determined experimentally.?®-*!

Applicability of the model to actuation in liquids: effect of fluid
viscosity on membrane stiffness

In the expressions for membrane stiffness (eqn (1)), the effects of
fluid viscosity were neglected. The force required for quasi-static
compression of a fluid in an open channel is negligible, but the
effect of fluid viscosity may be significant in the case of dynamic
operation. In order to describe the influence of fluid viscosity on
dynamic motion of the membrane, we assume the membrane
motion to be damped by the fluid. This type of damping is known
as squeeze film damping,?® and accounts for the energy dissipa-
tion due to expansion and compression of viscous fluids between
a fixed and vibrating flat plate. We include the effect of squeeze
film damping in the expression for membrane stiffness (eqn (1))
by using an approximation of the Reynolds equation in fluid film

lubrication®*** and neglecting the inertial effects of the fluid, as
follows:
3
k = Kbi[“}’é'r KP"-‘" % (K;IHWE‘IZ'—Z" + szlulpeoz—[;n) + kﬂuid
) e e (4)
o — 96ul, w
fluid 7T4g3

where w is the vibration frequency of the membrane, and u is the
dynamic viscosity of the fluid. Eqn (4) can be used to estimate the
influence of fluid viscosity on dynamic operation of valves, by
comparing the relative magnitudes of kg,;q and k. For instance,
the effect of fluid viscosity would be significant during vibration
of a typical PDMS-based microvalve in water at frequencies
greater than 60 Hz. Here, we assume that the membrane is
500 um in diameter and 10 um thick, the channel height is 10 um
(typical dimensions of microvalves in microfluidic chips), and the
material properties of PDMS are as listed in Table 3.

Applicability of the model to actuation in liquids: effect of flow
pressure

The expressions for actuation potentials (eqn (2)) do not account
for the flow pressure (pgow). The electric field produced between
the membrane and the fixed electrode will have to perform
additional work against the flow pressure, which results in an
increase in the actuation potentials. Using the principle of force
balance, this increase in actuation potential (Vqey) is approxi-
mately given by:

2
210w (g Y h g-g“’”)

m

Vﬂonr = (5 )

€0 & luid

In the above expression, pg.y is the flow pressure relative to the
atmosphere and is assumed to be constant along the surface of

This journal is © The Royal Society of Chemistry 2012
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the microvalve membrane. For any given situation of actuation
of electrostatic microvalves, the additional potential required to
actuate the microvalve due to the effects of flow pressure can be
calculated using eqn (5) and compared to the actuation potentials
calculated using eqn (2) to determine whether V., can be
ignored or not.

Application of the analytical model to the design of electrostatic
microvalves

In this section, we use the analytical model to design electrostatic
microvalves with dimensions that can be feasibly fabricated with
standard soft-lithographic techniques, can be actuated with low
potentials, and do not collapse during fabrication and/or oper-
ation. We will specifically discuss the design of microvalves with
circular membranes and will use the diameter, D, for the equiv-
alent planar dimension, L., although the model can also be
applied to design microvalves with rectangular membranes. The
dimensions of the electrostatic microvalve that will be used in the
discussion throughout this section are listed in Table 2, which
correspond to typical dimensions in microfluidics. The post
diameter was assumed to be 20% of the membrane diameter.

We assume the two layers of the bilayer membrane to be (1)
a 1-pum thin insulating layer made out of PDMS (¢, = h. = 1 pm),
and (2) a thicker backing layer of thickness t,,, also made out of
PDMS. A few layers of multi-walled carbon nanotubes between
the backing layer and the insulating layer form the top electrode.
Thin layers of PDMS (<100 um) are typically obtained by
spinning PDMS on the desired substrate, which leads to thick-
ness-dependent Young’s modulus (lower thickness — higher
modulus), due to reordering of the polymer chains during spin-
ning to form stronger cross-linked networks.?* Hence, a thick-
ness-dependent Young’s modulus will be assumed in this and
later sections. The material properties of PDMS that will be used
throughout this paper are listed in Table 3. The residual stresses
in the membrane are assumed to be 0.04 MPa, which corresponds
to the lowest residual stress measured in free-standing PDMS
membranes.?®

Critical design parameters

In this sub-section, we use the analytical model derived in the
previous sections —eqn (1) and eqn (2) — to identify critical design
parameters that influence the actuation potential. Table 4 lists
the order of dependency of the actuation potential on different
parameters (scaling relations), with higher order corresponding
to greater influence. The data in Table 4 shows that the actuation
potential is most sensitive to changes in membrane diameter D
and membrane thickness 7, as expected. Less intuitive is the
relation between the actuation potential and the dielectric
properties of the fluid. Based on data in Table 4, an increase in

Table2 Typical dimensions of the electrostatic microvalves microfluidic
devices

Parameter Value (um)
Diameter, D 100-1000
Membrane thickness, 7., 5-40
Channel height, g 2-20

Table 3 Material properties of PDMS

Property Value
Young’s modulus, £ (MPa), thickness dependent 2-10%
Poisson’s ratio, v 5%

Relative permittivity, e 2.75%8
Density, p/ g cm™ 0.95%

the dielectric constant of the fluid will not necessarily decrease
the actuation potential. This counter-intuitive observation is due
to the fact that the dielectric constant of the conducting
membrane in microfluidic microvalves (e.g., &, = 2.7 for
PDMS?®) is not negligible compared to the dielectric constant of
the fluid (e.g., en, = 80 for water), whereas normally the dielectric
constant of the top conducting layer is ignored (e, = o« for
metals).'?

Dimensions of electrostatic microvalves that are feasible with
respect to fabrication and operation

Using eqn (1), eqn (2) and eqn (3), we estimate the design
parameter space for electrostatic microvalves with the following
desirable specifications: (1) feasible from a fabrication point of
view (range of microvalve dimensions in Table 2), (2) low actu-
ation potentials (<300 V), and (3) no failure due to adhesion-
driven collapse during fabrication and/or operation (¥ > 1 in eqn
(3)). Fig. 2 shows the design parameter space with respect to
diameter, D, and channel height, g, for two different membrane
thicknesses, 7,,,. The range of D and g, and the two extreme values
for ¢, (5 pm and 40 pm), are based on the dimensions listed in
Table 2. The design parameter space (shaded region) is bounded
by contour lines corresponding to actuation potential of 300 V,
and lines corresponding to ¥ = 1. Note that the range for y-axes
for the two plots in Fig. 2 are different, because the maximum
allowable diameter (D) for any of the three fluids (air, oil, and
water) is less than 600 pm for maximum gap value (g) of 20 um
for Fig. 2a, when f, is 5 um.

Along with air and water, we estimate the design parameter
space for actuation in oil (3M™ Fluorinert FC-40), a commonly
used liquid in microfluidic applications involving two-phase
flows.?® Also, the dielectric constant of oil (e, = 23!) is similar to
that of air, while the interfacial adhesion properties in oil are
expected to be similar to that in water. We assume that the
interfacial adhesion energy, v, for the PDMS-glass interface in
air is 300 mJ m~2,"® and is reduced by approximately an order of
magnitude in liquids,'”"® i.e., ¥ = 30 mJ m 2 in oil and water. The
shape constants for a fully clamped circular membrane of
n1 = 40/3, 1, = 51/160, and n; = 63/200 were used in eqn (3).%

Table 4 Influence of various parameters on the actuation potential,
scaling relations (higher order implies greater influence)

Parameter Order of dependency

D -2

tm 2.5 for stable region, 3 for snap-in
g 0.5 for stable region, 1.5 for snap-in
€ 0.5 for stable region, 1 for snap-in
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Fig. 2 Range of microvalve diameters and channel heights (shaded

region) that can be actuated with potentials less than 300 V, while not

collapsing during operation (i.e., W > 1), for two different membrane

thicknesses: (a) ¢, = 5 um, (b) t,, = 40 pm. The design parameter space is

estimated for air (darker), oil (hatched) and water (lighter).

In Fig. 2, the design parameter space for air is small compared
to that for oil and water because of the higher interfacial adhe-
sion energy in air, which increases the probability of the
membrane to collapse. Note that the ¥ = 1 contour for oil and
water are the same due to the same value of v, while the 300 V
contour lines for oil and air are close due to similar values for ¢,,,.
Another interesting observation is that the design parameter
space for air and water do not intersect in some regions (Fig. 2b),
which implies that for certain microvalve geometries, reliable
operation in both air and water is not possible. However, as
mentioned before, even for microvalves that operate in aqueous
solutions, adhesion-driven collapse in air is important for
fabrication of these valves to avoid collapse of the valve
membranes. Hence, techniques for minimizing adhesion without
significantly influencing the membrane stiffness is crucial for
fabrication and operation of electrostatic microvalves. One of
these techniques is reduction of the interfacial adhesion energy
(decreasing v), e.g., by the application of coatings with low
surface energies, such as Teflon® and monolayers with pefluoro
or hexadecyl end groups.*?

Effect of residual stresses

Next, we used the analytical model to estimate the influence of
residual stresses on the design parameter space of electrostatic
microvalves. The fabrication of freestanding membranes results
in residual stresses, which may significantly influence the stiffness
of the membrane and consequently, the actuation potential and

the elastocapillary number. To estimate the influence of residual
stresses, we plot the design parameter space for the microvalves
in Fig. 3, similar to that in Fig. 2, for two different values of
residual stresses — zero and 0.04 MPa (lowest residual stress
measured in free-standing PDMS membranes®). We plot the
design parameter space for air and water only, for purposes of
clarity.

The residual stresses in the membrane influence the design
parameter space (Fig. 3). More importantly, minimizing the
residual stresses reduces the values of the feasible diameters of
the microvalves. For example, in Fig. 3a for a 20 um channel
height, the feasible microvalve diameters decrease from 200-550
pm for 0.04 MPa residual stress to 150400 um for zero stress.
The reduced microvalve diameters will enable development of
high-density microfluidic devices. This reduction in feasible
diameter range is more evident for microvalves that can be
actuated with lower potentials (figure in the supplementary
information). Here, we assumed the residual stresses to be 0.04
MPa. In the supplementary information, we have included
a comparison plot (Fig. S2) similar to Fig. 3, where we assumed
the residual stresses to be 0.15 MPa, the maximum observed
residual stresses in PDMS.

Residual stresses in PDMS membranes, freestanding and on
a substrate, have been measured to be in the range of 0.04-0.15
MPa.?6** This implies that residual stresses will influence the
design parameter space of electrostatic microfluidic microvalves
fabricated out of PDMS, as studied here. Ideally, these residual
stresses need to be minimized to decrease the actuation potential
and to enable high-density integration of microvalves. Residual
stresses in freestanding films are often caused by a mismatch of

(a) eo tn=5pum

5001 oo | 0 |0.04 MPa|
" Air (SN | N
5 4007 water|t [

Q 300

200

100

10 15 20
g/pm

(b)t00 tn =40 um
800¢ Y<1
E
600}

Q
400r

> )  Veiose > 300 V
5 10 15 20
g/ pm

Fig. 3 Design parameter space for microvalves for two different values
of residual stresses. The design space is estimated for two different
membrane thicknesses: (a) ¢, = 5 um, (b) 7, = 40 um, and two different
values of residual stresses (0 and 0.04 MPa).

This journal is © The Royal Society of Chemistry 2012

Lab Chip, 2012, 12, 1078-1088 | 1083


https://doi.org/10.1039/c2lc21133e

Published on 17 January 2012. Downloaded by University of Illinois Urbana-Champaign on 8/22/2022 1:34:37 PM.

View Article Online

thermal expansion coefficients between the film and the
substrate. Hence, curing the PDMS structures at room temper-
ature, rather than elevated temperatures, may reduce the residual
stresses. However, room temperature curing of PDMS will lead
to prolonged curing, and hence time-dependent material prop-
erties. To avoid the issues with prolonged curing, the PDMS
structures should be cured and the various layers assembled at
room temperature to minimize residual stress. Then, the assem-
bled device should be tempered at 200 °C for 4 h, which has been
shown to ensure that the PDMS is completely cured, and that the
mechanical properties of PDMS remain constant over time.**

Fabrication and testing of the electrostatic microvalves

In order to experimentally verify the analytical model described
in previous sections, we tested an array of electrostatic micro-
valves actuated in air and oil. We preferred oil as an example of
a liquid system over water, since the conducting properties of
water necessitates high frequency potentials (>10 MHz) for
actuation,® which requires specialized equipment for high-
frequency voltage generation. In addition, a class of applications
involving two-phase flows, e.g., droplet-based microfluidics,
require oil as the carrier liquid.*® In recent years, droplet-based
microfluidics has received increased attention in the fields of
biological and chemical synthesis and analysis, due to the
advantages of efficient mixing, reduced dispersion of reagents,
and the ability to perform parallel experiments.>*¢ Electrostatic
microvalves that can route water droplets in oil will not only
enhance the capabilities of droplet-based microfluidics, but also
provide additional advantages of increased density and
portability.

We used soft-lithographic techniques, a combination of
photolithography and replica molding, to fabricate the main
structural elements of the microvalve, which includes an insu-
lating layer, a conducting layer and a microfluidic channel. The
insulating layer and the microfluidic channel were fabricated by
firstly spinning PDMS on the master of the microfluidic channel,
curing the PDMS, and removing the PDMS mold from the
master. A few layers of multi-walled carbon nanotubes (CNT)
were deposited on top of the insulating layer to form the top
electrode. Finally, a thick layer of PDMS was spun and cured on
the insulating layer to serve as the backing layer, which enhances
the robustness and facilitates convenient handling of the con-
ducting membrane. Details of the fabrication procedures for the
electrostatic microvalves are discussed in the supplementary
information. A thin film of conducting material, indium tin oxide
(ITO), was deposited on a glass slide to create the bottom elec-
trode. For the electrical contacts, a mixture of CNT and PDMS
(~10% CNT by weight) was used to contact the top electrode
(CNT layer), while an alligator clip was used to contact the
bottom electrode (ITO on glass). To actuate the microvalves, we
applied a potential between the two electrodes using a DC power
source. Optical micrographs of open and closed electrostatic
microvalves are shown in Fig. S4 in the supplementary
information.

We tested arrays of circular microvalves with three different
channel heights, g, (2, 4 and 7 um), two different thicknesses, #.,,
(25 and 35 pm), and eight different diameters, D, (200-900 um) to
study the influence of microvalve geometry on actuation

potentials in air and oil (3M™ Fluorinert FC-40 oil). The
thickness of the insulating layer, /., varied between 2 to 5 um
depending on the dimensions of the microvalve, while the
diameter of the post was 20% of the membrane diameter. The
overall thickness of the PDMS membrane and the thickness of
the insulating layer were measured using scanning electron
microscopy, while the membrane diameter and channel height
were measured using an optical microscope and a profilometer,
respectively.

Fig. 4 shows the comparison between analytical predictions
(eqn (1) and (2)) and experimental data for actuation potentials.
Microvalves with geometries above the dashed lines are analyt-
ically predicted to not collapse during fabrication and operation
(eqn (3)), i.e., W > 1; a circle around the data point indicates
a valve that was experimentally observed to reopen after the
actuation potential was removed. Each data point and the error
bar indicate the average value obtained from three separate
microvalves and the standard deviation, respectively.

The lowest observed actuation potential for a valve that
reopened was 110 V for a microvalve with a diameter of 200 um,
thickness 25 pm, and a channel height of 4 um. Also, most of the
valves snapped close into contact with the channel floor after
a certain threshold potential, which we assumed to be the actu-
ation potential. This snap-in behavior is due to the fact that the
microvalve actuation is governed by pull-in instability, as pre-
dicted by the analytical model (eqn (2)). We observed good
agreement between experimentally observed potential values and
analytically predicted values, with the deviation being between
7% and 30% in most cases. The deviation was higher for
microvalves actuated in oil with 2 pm channel height (40 to 50%),
which probably is due to the premature collapse of the valves for
low channel heights in liquds caused by surface tension. Some of
the observed deviation can be attributed to the fact that the
variation in dimensions (g, t.,, /h.) among different valves
(fabrication inconsistency) affect the measured actuation
potentials. Similarly, the assumptions in deriving the expressions
for actuation potentials and more importantly, the values of
material properties from literature (e.g., Young’s modulus and
adhesion energies) influence the analytically predicted values.
Also, the higher observed actuation potentials for some of valves
could be due to the relatively large resistance of the nanotube film
(~4 kQ) that will result in a potential drop across the electrodes,
which is not accounted for in the analytical model.

The occurrence of leakage, typically resulting from incomplete
closure of the valve, can be an important issue when using
microvalves in microfluidic applications. We observed that 85%
of the valve seat was occupied by the valve membrane, indicating
almost complete closure, and hence minimum leakage. A more
detailed experimental characterization of leakage in electrostatic
microvalves has been carried out by Yildrim and Kulah.?” These
microvalves were fabricated out of parylene, a stiffer polymer
than PDMS. We expect valve closure to be better, and hence
leakage to be less of an issue for the valves reported here.

In summary, these preliminary experimental results validate
the applicability of the analytical model to quantitatively predict
actuation potentials for different microvalve geometries. The
experimental data is primarily discussed to highlight the appli-
cation of the model to quantitatively predict actuation potentials
in air and liquids, and a more extensive experimental study with

1084 | Lab Chip, 2012, 12, 1078-1088

This journal is © The Royal Society of Chemistry 2012


https://doi.org/10.1039/c2lc21133e

Published on 17 January 2012. Downloaded by University of Illinois Urbana-Champaign on 8/22/2022 1:34:37 PM.

View Article Online

(a) AR
300
! Channel height / pm

> 250 ; Experimental ¢ , ® , A

3 # Theoretical — < e ™ o=

5 n

> 200} iy

‘g r' i

g 150 | ! \ t =25pum

2 ! Y

3 [ ] b

8 100

®

3

c 50

<

0
0 200 400 600 800 1000 1200
Valve diameter, D/ pm

(c} 300 Valves predicted ! Valves predicted

to reopen ! — to remain shut

2 250t <
é Iy
> 200 } il
S 2 T
= ] k
g 150 } @‘”=1 %, t =35um
2 x
§ 100}
T
2
S sof

0

0 200 400 600 800 1000 1200

Valve diameter, D/ pm

(b) oL
300

250 f

200 ¢ @

150 |

100

Actuation potential, V ./ V

0 200 400 600 800 1000 1200
Valve diameter, D/ pm

300

e

250 f

200 f

150 f

100 f

50 f

Actuation potential, V, _/V

0 200 400 600 800 1000 1200
Valve diameter, D/ pm

Fig. 4 Comparison between actuation potentials (solid, dotted, and dash-dotted lines) predicted with the analytical model and those determined
experimentally for microvalves of different diameters with three different channel heights, 2, 4 and 7 um, and two different thicknesses actuated in air
and oil. (a) #,,, = 25 um in air, (b) ¢, = 25 um in oil, (¢) #,, = 35 pm in air, and (d) #,,, = 35 pm in oil. The valves above the dashed lines (going from bottom-
left to top-right) are analytically predicted to reopen after the actuation potential was removed, while the circle around the data point indicates the valve
that was observed to experimentally reopen. Three valves were tested per data point, and each valve was tested thrice.

fabrication and valve characterization details will be presented in
a future publication.

Design guidelines and operational considerations for electrostatic
microvalves

Based on the analytical model described in the previous sections,
we developed a set of design guidelines and operational consid-
erations for electrostatic microvalves in microfluidic applications
as follows:

1. After identifying the range of permissible microvalve
dimensions, which is determined by the feasibility of fabrication
procedures and the requirements of the end-application, the
model can be used to generate contour plots corresponding to
the desired actuation potential and W = 1. The area bounded by
the two contour lines (Fig. 2) represent the design parameter space
that correspond to dimensions of microvalves, which can be
actuated with low potentials and not collapse due to interfacial
adhesion. Since the devices with microvalves will be assembled
under ambient conditions, a more accurate design parameter
space is obtained by considering the ¥ = 1 contour line for air, as
the membranes are more prone to collapse in air than liquids.

2. Residual stresses in the microvalve membrane not only
increase the membrane stiffness of thin polymeric membranes,
but also increase the values of feasible valve dimensions.

Strategies for reducing residual stresses, such as room tempera-
ture curing of the polymer followed by tempering of the assem-
bled device at high temperatures, are critical towards reliable and
robust operation of the microvalves at low actuation potentials
in dense microfluidic networks.

3. Microvalve operation in the regime governed by pull-in
instability is desirable because in that case, the actuation
potential needs to be only large enough to deflect the valve
membrane to the point of the critical deflection. As a result, the
power requirement for the microvalve operation is reduced as
opposed to the case where the microvalve operation is in
the stable deflection regime. The geometrical parameters of the
microvalve and, to some extent, the relative permittivity of the
membrane material can be adjusted to ensure that the microvalve
operation is governed by pull-in instability.

4. The conducting layer should be as thin as possible to
minimize the increase in membrane stiffness due to the stiffness
of the conducting layer. However, the conducting layer should
also be continuous, since a discontinuous film has a higher
resistance which will result in increased actuation potentials.’® A
method to minimize the effect of discontinuous films on electrical
conductivity is to introduce compressive stresses in the films,
which will tend to close up the cracks.

5. The high electrical fields in electrostatic microfluidic
valves (~1 MV m™') could result in parasitic charging at the
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membrane-fluid interface.’**!' These parasitic charges could
result in up to 100% increase in the actuation potentials
compared to analytically predicted values.*! Hence, strategies to
reduce the effect of parasitic charging at the membrane-fluid
interface, such as reversal of polarity of the electrodes after every
actuation,* will result in lower actuation potentials.

Application of the electrostatic valves in microfluidic devices

Following the design rules described above, the electrostatic
valves designed for low actuation potentials (<300 V) can be used
in microfluidic devices that operate at low pressures or flow rates.
In case of high pressure flows, eqn (5) predicts the increase in
actuation potentials for different flow rates and channel dimen-
sions. For instance, for a microvalve with g = 10 um and 4. =
1 um actuated in water, the approximate increase in potential per
unit flow pressure is 170 V/Pa. This increase in potential can be
reduced by using lower channel heights (decreasing g in eqn (95)),
but the smaller channel heights significantly increase the
hydraulic resistance of the channel and consequently limit the
maximum permissible flow rate. For example, in prior work, the
maximum flow rate successfully achieved in microfluidic devices
employing electrostatic valves was less than 2 nL min~'.%” The
lower limits on flow pressure and flow rates that can be used in
combination with electrostatic valves is a known, inherent
problem.?® This issue is even more pronounced when low actu-
ation potentials are desired. One approach to address this issue
involves the use of a pneumatic pressure-balanced electrostatic
valves to operate at higher flow pressures.**** In these type of
valves, the flow pressure is balanced either internally by the flow
itself, or externally by a separate pneumatic line. The electro-
static actuation is used to only open or close the valve, but not to
perform work against the flow pressure.

The electrostatic microvalves discussed here can also be
applied in the following three scenarios in microfluidics. (1)
Complementary to continuous flow microfluidics, ‘digital
microfluidics’ involving manipulation of quantized volumes (e.g.,
droplets) is an emerging area of research.*® In some of these
applications (e.g., the study of long duration on-chip chemical
reactions**), the liquids are manipulated in a quasi-static manner
(discretized), and hence, the flow rates are very low. The elec-
trostatic microvalves described in this paper will greatly enhance
the automation capabilities and portability of these digital
microfluidic applications. (2) In microfluidic devices using
pneumatic valves, the pneumatic lines required for operating the
valves are controlled by externally connected solenoid valves,
which limit the scalability of the microfluidic device due to
constraints on the number of peripheral connections.*® These
solenoid valves can be replaced by on-chip electrostatic micro-
valves controlled by ICs, which will reduce the size of the
ancillaries and enhance scalability. (3) Normally closed valves
are advantageous compared to the standard normally open
valves (Fig. 1) in applications requiring continuous closed state
of valve operation.*® If these valves could be operated by elec-
trostatic actuation as opposed to pneumatic actuation, the
microfluidic devices using these valves will require compact
ancillaries. The analytical model derived here is valid for
designing electrostatic microvalves in the all of the above
scenarios. Note that in the last two scenarios, electrostatic

actuation does not occur in water, which avoids the water-
associated issues of electric double layer formation. The use of
electrostatic valves in combination with aqueous solutions will be
discussed in the next sub-section.

Application of the electrostatic valves in aqueous solutions

For aqueous solutions, the applied electric field needed to actuate
the valves results in the formation of an electric double layer
(EDL) that effectively shields the applied potential.**:*> To avoid
the formation of an EDL, an alternating or AC potential, rather
than a constant DC potential, can be applied to still actuate the
microvalve. The frequency of the AC potential (f,;¢) required to
actuate the microvalve depends on the geometry of the micro-
valve and the conductivity of the liquid.*® This frequency is
directly proportional to hJ/g* e.g., for the PDMS-based
microvalve discussed here with g = 10 um and s, = 1 pm, fac is
approximately 2 MHz.

The expressions to predict actuation potentials reported above
(eqn (2)) are still valid when using AC potentials. In this case, the
induced electrostatic force is the sum of a static force and a force
at a frequency of 2fac. If the mechanical response of the
microvalve at frequency 2fac is negligible compared to the
response at the microvalve resonance frequency (fiesonance)s i-€-»
2fac > fresonance> then the potential needed to actuate a valve
(Verose) Will be equal to the root mean square (rms) value of the
applied AC potential (V;ps).!* For a typical PDMS microvalve,
the resonant frequency is approximately 5 kHz (see supplemen-
tary information), which is lower than 2fsc for most liquids.'"**
Thus, the above condition for replacing V¢jose by Vims is satisfied,
as implemented in previous sections for predicting actuation
potentials in water based on the model reported here.

Generation of AC potentials with high frequencies (>1 MHz),
especially at voltage values needed for electrostatic actuation of
microvalves (>50 V), requires specialized bulky equipment. The
required frequency fac can be reduced by decreasing /. or
increasing g. However, fabrication limitations imposed by
soft lithography (4. > lum) and limits on the maximum
actuation potential as determined by the microvalve dimensions
(g < 20 pm) place constraints on the minimum allowable value
for fac. In summary, use of the electrostatic microvalves repor-
ted here in portable microfluidic applications involving aqueous
solutions is limited due to the need for of specialized bulky
ancillaries.

Conclusion

In this paper, we used a parallel-plate capacitor model in
conjunction with plate theory to develop an analytical model to
describe the operation of electrostatic microvalves in microfluidic
applications. Based on this analytical model, we identified critical
design parameters and estimated design parameter space with
respect to microvalve dimensions and material properties to
ensure reliable microvalve operation at low actutation potentials.
We discussed the electrostatic actuation in terms of several
microscale phenomena, such as snap-in dynamics due to the
unstable equilibrium between mechanical and electrostatic
forces, squeeze film damping as a result of high fluid viscosity,
and collapse of valves due to adhesion. To validate the analytical
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model, we fabricated arrays of microvalves of different dimen-
sions and tested these for actuation in air and oil. The experi-
mental observations were in qualitative and quantitative
agreement with the analytical model. Based on the analytical
model, we derived a set of design guidelines and operational
considerations that can be used to minimize the actuation
potential of electrostatic microvalves in microfluidic applications
while maintaining feasibility of fabrication and operation.

In this paper, the analytical model was discussed specifically
with respect to the design of electrostatic microvalves in PDMS-
based microfluidic structures. However, the model can also be
used in the design of microfluidic components, such as peristaltic
pumps, in which dynamic actuation of a series of valves is
important, and the equations describing membrane mechanics
can also be used in the design of the presently more commonly
used pneumatic microvalves. Further research, guided by the
analytical model presented in this paper, is needed in the design
and fabrication of electrostatic microvalves that can be inte-
grated in very large scale integrated microfluidic networks with
similar ease and density as the more prevalent pneumatic
microvalves.
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