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Elastomer-based Pneumatic Switch for Radio
Frequency Micro-Devices
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Thach G. Nguyen, Wayne S. T. Rowe, Member, IEEE, and Arnan Mitchell, Member, IEEE

Abstract—This  article reports the realization and
characterization of a pneumatic micro-switch integrated with a
high frequency RF transmission line on an elastomer substrate. A
process for the fabrication of low-loss RF coplanar transmission
lines on flexible elastomeric polydimethylsiloxane (PDMS)
substrates was developed and devices realized using this process
were used to determine the characteristics of PDMS as an RF
substrate with uniform low-loss and low dielectric constant being
measured. To demonstrate the capabilities of this elastomer-
based RF platform, a micro-mechanical switch exploiting a
pneumatic membrane valve was integrated with the PDMS RF
transmission line. Repeatable switching was observed with
greater than 20 dB suppression in the ‘off’ state and minimal
degradation of the transmission line characteristics in the ‘on’
state being achieved over a multi-octave 2-20 GHz bandwidth.
These valve-integrated transmission lines had insertion loss
0.16 dB mm™' at 20 GHz. This proof-of-concept device represents
a novel combination of the areas of micro-pneumatics, flexible
electronics, and broadband microwave devices with excellent RF
properties, low-interference, bias-free pneumatic switching and
relatively simple fabrication.

Index Terms—Pneumatic switching, RF devices, Flexible
electronics, PDMS, Coplanar waveguides

I. INTRODUCTION

Flexible electronics as an emerging technology builds on
widely available microfabrication processes, combined often
with soft lithography and nano-imprint techniques [1], [2], and
has generated significant interest as it enables circuit
functionalities to be employed on non-planar and conformal
surfaces. Flexible devices have been realized on a variety of
plastic and elastomeric substrates such as polyethylene [3],
polyimide or Kapton [4], parylene [5], and
polydimethylsiloxane (PDMS) [6], [7]. Rather than being
limited to electronics applications such as light emitting
diodes [8], these devices are increasingly capturing the
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attention of researchers in radio frequency (RF) technologies
and metamaterials physics, driven by the pliable, conformal,
and stretchable characteristics of elastomeric substrates [4]-
[10].

Examples of RF devices demonstrated on flexible device
platforms include curved antennas [9], patch antennas and
coupled line filters [10], frequency selective surfaces and
metamaterials [4]-[6], microwave frequency switches [11],
and stretchable microfluidic RF antennas [12].

The use of PDMS in flexible electronics is of particular
interest as it is widely employed in microfluidic and lab-on-a-
chip devices due to its low surface energy [1], [2]. To control
the flow of fluids in these devices, valves are often
incorporated to either isolate or actuate the liquid flow [13],
with such valves operating on piezoelectric [14],
electromagnetic [15], or pneumatic [16] principles. The
integration of such valve-based flow has enabled microfluidic
devices with significant complexity to be realized.

One of the most important devices being explored in radio
frequency micro-electro-mechanical systems (RF MEMS) is
the electro-mechanical switch. These switches must provide
strong suppression of the transmission over multi-octave
bandwidths, while also offering low actuation voltages such
that systems of these switches could be effectively realized
[17], [18]. Methods to reduce the actuation voltage of
switching for RF transmission lines by using complementary
metal oxide semiconductor MEMS (CMOS-MEMS)
techniques have been widely explored, but these solutions
must often compromise on the quality of the RF device in both
switching states (on and off) in order to achieve low-voltage
actuation [19].

In this work, we report on the combination of PDMS-based
RF electronic devices and pneumatic valves to achieve a
pneumatically-switched RF coplanar waveguide. PDMS has
stable high frequency dielectric properties and low loss [20],
while pneumatic valve technology offers a non-electronic
form of control of RF devices eliminating electromagnetic
interference and parasitic effects caused by bias lines. The
outcomes present opportunities for pneumatically-switched
addressable RF devices and elements. Devices incorporating
such pneumatic elements have potential switching times in the
range of 10 ms [21]. These can be utilized to control RF
transmission in order to potentially activate or disable RF



IEEE/ASME Journal of Microelectromechanical Systems — Shah ez al. 2

devices such as antenna and metamaterials [22]. This will
enable a new category of switchable and variable antennas
and metamaterial arrays.

II. FLEXIBLE MICROELECTRODES ON ELASTOMERIC
SUBSTRATES

To begin this investigation, we present a method for wafer-
scale micro-fabrication of patterned conductors. This
technique serves as a platform for the realization of flexible
RF micro-devices to be discussed in the following section.
The technique was developed to be compatible with standard
silicon-based micro-fabrication processes [6], [23], [24]. A
schematic of the fabrication sequence is shown in Fig. 1. A
solvent cleaned silicon substrate was coated with a thin layer
of aluminum [Figs. 1(a) and 1(b)], which prevents permanent
adhesion of the subsequently coated PDMS to the silicon. A
uniform layer of PDMS is spin-coated onto these substrates
with its thickness in the range of 100 to 250 pm with the exact
thickness controlled by spin speed depending on the
application [Fig. 1(c)] (see supplemental material, available at
http://ieeexplore.ieee.org).

A conductive metal layer is deposited on these substrates by
electron beam evaporation [Fig. 1(d)], followed by
photolithography and wet chemical etching to pattern the
conductors [Fig. 1(e)]. Finally, the entire PDMS layer is
peeled off the silicon substrate, to realize free-standing and
flexible elastomeric substrate with metal patterns [Fig. 1(f)].
The use of aluminum on the silicon substrate ensures a 100%
yield in the last step, without which the PDMS layer tends to
tear. Figure 2 shows an example of such a micro-fabricated
device, where the PDMS substrate layer is 100 um thick and
the metal conductors are defined by a gold-chromium
combination about 200 nm thick. Patterned conductor strips
with pads can be seen in Fig. 2(a), while Fig. 2(b) depicts the
flexible characteristics of the elastomeric PDMS substrate.

Fig. 1. Schematic of the fabrication sequence for flexible elastomeric micro-
devices: (a) pre-cleaned substrate, (b) deposition of 20 nm aluminum, (c) spin
coating of PDMS, (d) deposition of metal layers, (¢) patterning of metal
layers, and (f) release of the flexible device from the substrate.

Fig. 2. Examples of fabricated elastomeric devices: (a) Optical micrograph of
straight resistors and (b) flexed and twisted elastomeric device [24].

These results demonstrate that it is possible to use the
described technique to realize electrodes with lines as narrow
as a few microns and also with gaps in the same order. Simple
conductivity testing has indicated that the devices retain their
low resistance under bending and deformation.

III. COPLANAR WAVEGUIDES ON PDMS

Having demonstrated a technique that enables realization of
micro-scale electrode structures on PDMS, we now utilize this
technique to realize an RF transmission line in the form of a
coplanar waveguide (CPW) and wuse this structure to
characterize the broadband RF properties of the flexible
PDMS substrate.

A. Design and Fabrication

The CPWs are relatively simple RF structures consisting of
a central conductor and two symmetric adjacent ground planes
(Fig. 3). Such CPW structures are travelling wave
transmission lines which exhibit very uniform impedance,
phase delay, and attenuation over ultra-broad bandwidths, and
thus, can be used to accurately determine the RF properties of
the dielectric substrates on which they are realized. For this
work, the CPWs were designed to operate up to the RF
frequency of 20 GHz. The width of the center conductor line
and the gaps were calculated using standard design principles
to achieve an impedance of 50 Q [25]. A design constraint
was placed on the distance between the midpoint of the center
conductor and edge of the ground planes to be less than
400 um (based on the pitch of the RF probes used for testing).
For the initial design, an approximate value of 2.55 was
chosen for the dielectric constant of PDMS, being at the mid-
point of 2.3-2.8 quoted as the dielectric constant for this
material [20]. The resulting design had a central conductor
width of 600 um (w) and symmetric gaps of 60 um (g), as
shown in Fig. 3.
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Fig. 3. Schematic of a coplanar waveguide showing its geometry and RF
testing arrangement.

The thickness of the gold was set to 3 um (#) to ensure that it
exceeded several skin depths at microwave frequencies [25].
The length L of the CPW transmission lines varied from 10 to
40 mm (in 10 mm steps) to enable the accurate extraction of
PDMS dielectric properties. Using these design parameters,
elastomer-based CPW transmission lines were fabricated
using the process in Section II (and Fig. 1). The PDMS layer
was 250 pm thick to improve handling and stability during RF
probing and measurements. The metal deposition in this case
was performed by DC magnetron sputtering to attain 3 um
thick gold films.

The thickness of the gold and the final stage of release of
the flexible PDMS device from the silicon substrate [Fig. 1(f)]
resulted in surface micro-cracking of gold surface Fig. 4(a).
Such micro-cracking only slightly increases the electrode
resistance, with the effect of this determined during RF
characterization. It should be noted that the micro-cracking
enables the electrode structures to return to original resistance
state after flexing or stretching, as the cracks allow the metal
layers to coalesce. Further atomic force microscopy (AFM)
characterization of the gold layers was also carried out. A
typical result is presented in Fig. 4(b). These results highlight
the textured surface of gold arising from the thermal mismatch
between gold and PDMS [26]. This results in micro-scale
wrinkles and macro-scale near-periodic peaks and troughs.
The micro-cracks appear at these troughs and are found to be
~1.3 um deep and <0.5 um wide. These surface micro-cracks
relate to ~40% of the gold thickness indicating a significant
portion of the gold that is greater than a few skin depths
remains intact. The ability of the realized CPW to conform
and flex is illustrated in Fig. 4(c).

B. Characterization of the CPWs and Extraction of the RF
Properties of PDMS

The fabricated CPW lines were measured to estimate the
dielectric constant and dielectric losses of the PDMS
substrate. The CPWs under test were adhered to a glass slide
to provide a rigid platform for probing and a vector network
analyzer (VNA) was used in combination with high precision
RF probes (40A-GSG-400-Q Picoprobe, GGB Industries,
Inc.) as schematically depicted in Fig. 3.
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Fig. 4. Fabricated elastomeric coplanar waveguides utilizing 3 um thick gold
layers: (a) Electron micrograph of micro-cracked morphology, (b) atomic
force microscope scan showing surface micro-cracks, and (c) 40 mm long
gold CPW electrodes (with dimensions as shown in Fig. 3) remain conductive
when flexed as shown.

CPWs with four different lengths (10, 20, 30, and 40 mm)
were measured and the voltage transmission line response
from Port 1 to Port 2 (S21) was recorded. The transmission
properties for these four measurements are presented in the
supplemental ~ material as  Fig. SI available  at
http://ieeexplore.iece.org. From the phase responses of the
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Fig. 5. Comparison of simulated and measured RF characteristics of a 40 mm long elastomeric CPW: (a) insertion loss and (b) return loss.

measured transmission response (S21), the RF effective index
(Nm) of the CPW’s was estimated to be in the range 1.3804 to
1.4217 with average RF effective index of 1.396. To estimate
the RF dielectric constant of PDMS, the CPW electrode
structure was simulated using a two dimensional finite
element method (FEM) model [27]. The simulations were
carried out for substrate dielectric constant ranging from 2.2 to
3.0 (see Fig. S2 available at http://ieeexplore.ieee.org.). From
the FEM simulation results and the measured CPW RF
effective index, the dielectric constant of PDMS was
estimated to be 2.72 which is slightly higher than our initial
approximation, but within the range of the reference data [20].
Figures 5(a) and 5(b) show the measured transmission (S21)
and reflection (S11) response of one particular CPW with
length of 40 mm. Ripples can be observed in Fig. 5(a), as a
by-product of minor impedance mismatch arising from the
difference in ideal PDMS dielectric properties to the true
dielectric properties. This minor mismatch is to be expected,
as one of the aims of this process is to determine the true
dielectric properties starting with ideal characteristics. Since
the reflection response of Fig. 5(b) remains below 10 dB at all
frequencies, it can be concluded that the impedance of the
transmission line remains close to 50 Q over the entire
bandwidth. The transmission response attenuates across the
band with approximately 5.5 dB additional loss at 20 GHz.
This loss is high, but not excessively so. The components of
loss will be conductor loss due to the finite conductivity of the
gold electrodes and the dielectric losses of the substrate. It
may also be expected that the micro-cracks evident in
figure 4a will contribute some additional resistive losses. The
loss will have the form:
S, oc (M

where

a(f)=af +a.f )
with a. and ag are the loss coefficients due to finite

conductivity of the electrodes and the dielectric loss of the
substrate respectively. The loss due to the conductivity of the

electrodes themselves can be readily calculated using the 2D
FEM simulation results and a perturbation approach. The
conductor loss coefficient a. was calculated to be
0.033 dB cm™! GHZz . If conductor loss was dominant, the
transmission response would drop characteristically as the
square root of frequency, however the response in Fig. 5(a)
appears quite linear with frequency. The calculated conductor
loss would also contribute significantly less attenuation than
that observed in Fig. 5(a) and thus it can be concluded that the
attenuation of the CPW electrode is not dominated by
conductor loss. If we assume that the additional loss is entirely
due to the dielectric loss PDMS we can estimate the
magnitude of this loss by adjusting the value of a4 until we
obtain a best fit to the data in Fig. 5(a). Using this method, the
PDMS dielectric loss aq was estimated to be in the range of
0.055-0.065 dB cm™' GHz'. To the authors’ knowledge, this is
the first determination of the RF propagation loss properties
for PDMS in the frequency range up to 20 GHz range. It
should be noted that the impact of the micro-cracks observed
in Fig. 4(a) must be considered as potential sources of loss,
however the loss coefficient calculated above does represent
an upper limit on the dielectric coefficient of PDMS.

The transmission and reflection coefficients simulated using
these extracted parameters are also presented in Figs. 5(a) and
5(b). It is clear that these parameters do provide a good
description of the RF performance of the transmission line.

IV. PNEUMATIC SWITCHING OF COPLANAR WAVEGUIDE

A. Pneumatic Micro-Valves

Having demonstrated the realization and characterization of
a broadband travelling wave CPW electrode on a PDMS
substrate, we can now explore the exploitation of the
elastomeric properties of this substrate material. To illustrate
the utility that PDMS offers for RF we chose to implement a
RF switch based on a pneumatically-actuated membrane
valve. The valve design was based on that of Unger et al. [21],
with the design scalable to as small as 20 pm x 20 pm. This
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Fig. 6. Schematic with plan and cross-section views depicting the operation of the pneumatic RF switch in (a) closed state and (b) open state. An animated video

of the operation is provided in the supplemental information (Video S1).

valve consisted of two bonded PDMS layers: a thick layer
containing the control channel to enable the valve air pressure
to be adjusted and a thin elastomeric membrane which is
actuated by differential air pressure across the membrane.

These multilayer valves were realized using a combination
of soft lithography and bonding techniques [21]. A thin metal
electrode (silver epoxy) was defined on top of the membrane
using an imprinting process. Full details of the fabrication
process used to realize the micro-valve and the imprinted
electrode are provided in the supplemental material available
at http://ieeexplore.ieee.org.

Figure 6 presents an illustration of how this valve is
operated as an RF switch. The valve structure is oriented such
that the metalized membrane is placed face down over the
CPW electrode. The low surface energy of the PDMS of both
the valve and the CPW components is sufficient to bond these
two components together. In the ‘off” state [Fig. 6(a)], the air
pressure in the control channel is made slightly positive in
order to ensure good contact between the CPW electrodes and
the shorting electrode on the membrane. In the ‘on’ state
[Fig. 6(b)], the air in the control channel is evacuated, the
membrane is thus retracted into the control channel cavity
breaking the electrical contact with the CPW electrodes and
removing the shorting electrode from the vicinity of the CPW.
An animated video of the switching process is provided as
supplemental material available at http://ieeexplore.ieee.org.

Figure 7 presents a photograph of the realized pneumatic
switch assembled with the CPW electrode. The wvalve
membrane dimensions (10 mm X 1 mm) and channel depth
(80 um) were chosen to ensure stable and repeatable
switching  performance (see Fig.S3  available at
http://ieeexplore.ieee.org).The length of the shorting electrode
on the PDMS membrane was in excess of 800 um to ensure
that all three CPW conductors (the central conductor and the
two outer ground planes) were electrically shorted when the
shorting electrode was brought into contact. The fabricated
pneumatic micro-valve (Section IVA) is placed in contact
with the elastomeric CPW structure (Section IIIA). The silver
conductor on the micro-valve membrane is positioned (using
an optical microscope) such that it overlaps the three
conductors of the CPW. The control channel was actuated and
evacuated using a manual syringe as shown in Fig. 7(a).

B. Testing of Pneumatic Switching

Switching functionality was first tested under direct current
(DC) conditions using a multi-meter, before proceeding to RF
testing. This showed that slight positive pressure is required
for the shorting electrode to make good electrical contact with
the gold CPW electrodes [Fig. 6(a)]. After DC testing, the
device was placed on an RF probe station as shown in
Fig. 7(b).

The first stage of testing focused on determining whether
the integration of the PDMS valve on top of the CPW had a
detrimental effect to the RF signal transmission. Figure 8(a)
presents the measured transmission coefficient of the original
elastomeric CPW line (Fig. 5) to the measured transmission
coefficient of the integrated CPW line and pneumatic switch
set to the ‘on’ position by evacuating the control channel as in
Fig. 6(b). The results show that the insertion loss increases
slightly when the air region over the CPW is replaced with
PDMS. This increased loss can be attributed to an increase in
the effective index of the transmission line (resulting in higher
conductor losses due to the longer duration spent interacting
with the electrode); an increase in the characteristic
impedance of the line and also additional dielectric loss due to
the increased interaction with additional PDMS valve layer.
To illustrate the utility of our extracted PDMS parameters, the
transmission characteristics of the transmission line was
modeled using FEM and the extracted parameters from the
previous section both with and without the pneumatic valve
layer in place and the simulated results are presented in
Fig. 8(b). Excellent agreement between simulated and
measured data is evident, supporting the accuracy of our
extracted dielectric loss parameter for PDMS.

The switch was then set to the ‘off” position by returning air
to the control channel with slightly positive pressure as in
Fig. 6(a) and the transmission characteristics were again
measured using the RF probe station [Fig. 7(b)] with the
measured results presented in Fig. 8(c). With the shorting
electrode in contact with the CPW, the measured transmission
drops by 20dB with respect to the un-shorted case in
Fig. 8(a). This extinction of the transmission is effective over
the entire 20 GHz bandwidth indicating excellent contact
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Fig. 7. (a) Integrated pneumatic RF switch with valve placed on a CPW transmission line, with inset showing an optical micrograph of the closed state. The valve
dimensions are shown in Fig. S3. (b) Photograph of the RF testing arrangement with the integrated device.
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Fig. 8. Measured and simulated transmission data presented in (a) and (b), respectively, demonstrates the effect of placing the valve (in its inactive, open state) on
top of the CPW line. A slight increase in loss is observed. Measured and simulated data presented in (c) and (d), respectively, characterizes the pneumatic
switching. A minimum 20 dB difference can be observed between the valve open (full transmission) and closed (nil transmission) states.

is achieved between the CPW and the pneumatically actuated  (Fig. S5 available at http://ieeexplore.ieee.org). The expected
shorting electrode. The RF signal that is not transmitted is in  transmission behavior in the off state was also modeled using
fact reflected back to Port 1. This reflection coefficient was  FEM and our extracted PDMS parameters and these simulated
also measured and is included in the supplemental material  results are presented in Fig. 8(d).
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Again, excellent agreement is evident between the
measured results and simulated predictions, further
demonstrating the utility of our extracted PDMS parameters.
These results show that pneumatics can be used successfully
to achieve a broad band, high extinction RF switch which is
free from electromagnetic interference due to the absence of
bias lines.

These devices with potential switching times in the range of
10 ms [21] can be utilized to alter the state of RF transmission
and/or potentially activate or disable RF devices such as
antenna and metamaterials [22]. The excellent agreement
between our measured and simulated results also indicate that
our extracted parameters can be used to reliably model and
design RF devices that utilize PDMS as an pneumatic electro-
mechanical platform.

V. CONCLUSIONS

We have demonstrated the integration of flexible
electronics, microfluidic technology, and RF/microwave
components to demonstrate the first pneumatically-switched
RF micro-devices. A process for high yield flexible device
fabrication is presented, along with the technical adaptations
required for the fabrication of RF micro-devices (coplanar
waveguides). A travelling wave electrode realized using this
technique has been used to extract the RF properties of the
PDMS material. An RF switch based on pneumatic valves
were designed using these extracted PDMS properties and
were fabricated and integrated with these coplanar
waveguides. The integration of this pneumatic switch had
only minor impact on the RF properties of the CPW in the
‘on’ state and provided 20 dB extinction of the transmission in
the ‘off” state. Excellent agreement was achieved between the
simulated design and the measured results highlighting the
utility of our extracted RF characteristics of the PDMS
material used.

Future work will examine designs that reduce losses of the
CPW transmission lines. It will also explore changes in RF
transmission when the structures are flexed or bent. Such
clastomer-based devices can be used to realize more
sophisticated networks of pneumatically controlled RF
devices with particular emphasis on applications in
reconfigurable circuits and even metamaterials.
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