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Flexible radio-frequency micro electro-mechanical switch
towards the applications of satellite communications
Yingli Shi1,2, Chao Zhou2, Zibo Cao2, Yurong He2, Jingwen Guo2, Chunxin Li2, Qianhong Wu2, Kui Liang 2✉, Yanzhao Li2✉ and
Yuan Lin 1✉

This paper presents a flexible radio-frequency microelectromechanical system (RF MEMS) switch integrated on cyclo-olefin polymer
(COP) substrate using a modified surface MEMS processing technology, which could be used in the 17–19 GHz frequency band of
satellite communication. Through systematic simulation analysis, it is found that flexible RF MEMS switch can achieve certain
bending radius by miniaturizing the electronic dimension, without degrading the RF performance. It is demonstrated that the RF
characteristics of flexible RF MEMS switch with special anchor structural design, fabricated by modified surface MEMS processing,
are not sensitive to bending deformation under the curvature of 0 mm−1, 0.05 mm−1, 0.10 mm−1. Furthermore, the range of
bending curvature which will affect the RF characteristics is given through systematic simulation. The flexible RF MEMS switch with
high process compatibility and stable RF performance is believed to be promising candidates for future microwave
communications and other consumer electronics.
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INTRODUCTION
The evolution of technology has brought us the era of flexible
electronics, which is far beyond the scope of the application fields
for conventional rigid electronics1,2. Flexible electronics trigger
plenty of interest in applications, such as portable display3,4,
wearable health care5,6, flexible communication7–10, flexible
sensors11–13, flexible energy conversion14,15 and so on, for the
merit of the advantages in weight, volume, and portability. The
wireless data transmission of flexible electronics has provoked
great research interest in the last few years. One of the widely
used strategies is to integrate rigid data transmission chips and
other devices through flexible substrate16 or flexible structures17.
However, this solution will debase the flexibility of the system to a
great extent. In order to settle this problem, flexible RF devices for
communication have been demonstrated recently, such as flexible
film bulk acoustic wave resonators (FBARs)18,19, antennas20,21,
transmission lines22,23, supercapacitors24, and high cut-off transis-
tors25–27. The flexible devices based on the mechano-electrical
coupling strategy12,28–31 provide feasible solutions to the require-
ments of flexible conformal or stretchable RF applications32–34.
RF MEMS refer to electronics manufactured by MEMS proces-

sing technology to replace traditional devices in the field of radio
frequency (RF) and microwave, and improve various functional
parameters of traditional RF and microwave devices with the help
of many advantages of MEMS, for example, lower power
consumption and isolation loss, and higher cut-off frequency.
Therefore, it has broader application prospects in many fields such
as switches, capacitors, filters, phase shifters, amplifiers, reconfi-
gurable antenna and so on35. Flexible RF MEMS36,37 play an
irreplaceable role in flexible communications for reliable micro-
wave performance and ultralow-power consumption. With the
advantages of conformal, flexible, impact resistant, and low cost,
flexible RF MEMS are very suitable for airborne/space borne radar
or internet of things communication system.

In satellite systems, the cost of launching a satellite is hundreds
of thousands of dollars per kilogram of payload. The communica-
tion subsystem accounts for more than 15% of the satellite load.
Flexible reconfigurable RF MEMS can not only ensure lightweight,
high integration and high performance, but also meet the
requirements of large curvature bending or stretchable conformal
integration in satellite communication applications, which
includes flexible RF MEMS switch matrix38,39, MEMS phase
shifters40,41, reconfigurable MEMS antennas and phased array
MEMS antennas42,43. As the basic structural unit of the above
applications, it can be integrated with the large curvature or
stretchable flexible RF MEMS system through ingenious mechan-
ical structure design, such as island-bridge44 or fractal45 structure
design connecting the MEMS units. In this way, the single MEMS
unit in the system, serving as the island in the island-bridge
structure or the node in the fractal connection, only need to stand
a certain degree of curvature. The pioneers have carried out
research on RF MEMS from different aspects such as structure,
material, preparation process and theoretical modeling, such as,
double-clamped beam switch based on flexible liquid crystal
polymer (LCP) substrate46, RF MEMS switch fabricated on a flexible
organic substrate (FR-4) by the wafer transfer technology (WTT)47,
thin film silicon beam micro-resonator on flexible polyethylene
terephthalate substrates with a low processing temperature48,
double-clamped beam resonator based on a ultrathin (10 μm
thick) flexible polyimide substrate49.
Existing studies indicate that the performance of flexible RF

MEMS devices are significantly affected by bending deformation,
both driving characteristics and RF characteristics50–53, as shown
in Table 1. Especially, research on the multi-physical field models
of flexible RF MEMS switch under bending deformation shows that
when the bending curvature of the substrate increases from 0m−1

to 28.6 m−1, the return loss S11 of the On state flexible RF MEMS
switch deteriorates from -27.1 dB to -22.0 dB, with a decreasing
rate up to 18.9%52.
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However, the flexible RF MEMS with stable RF performance
under curved condition has not yet been demonstrated, mainly
due to the difficulty of compatibility between the fabrication
process of miniaturized MEMS and high performance. In the
published results, the length of the flexible RF MEMS switch
membrane beam with a double-clamped beam structure is
basically about 500 μm or even longer, the thickness of the
membrane beam is about 1 or 2 μm. The driving voltage of the RF
MEMS switch of this size is generally in the order of tens of volts,
which is more in line with the voltage range of commonly used
communication equipment. For example, Zhang’s team proposed
two sizes of FR-4 substrate-based flexible RF MEMS switch
membrane beams with lengths of 400 μm48 and 800 μm54,
thicknesses of 1 μm, and drive voltages of about 25 V to 35 V.
Han’s team proposed an LCP substrate-based flexible RF MEMS
switch membrane beam with a length of 600 μm50,52, a thickness
of 2 μm, and a drive voltage of about 50 V. However, when the
beam span is reduced to 120 μm, the driving voltage required for
the beam with a thickness of 2 μm will be up to 550 V. Confronting
this problem, it is believed that reducing the thickness of the
MEMS membrane beam is a very effective and easy-to-think
solution to maintain a low driving voltage while miniaturizing the
MEMS membrane beam structure. For instance, a 0.2-μm-thick
beam with the length of 120 μm corresponds to 80 V driving
voltage, as shown in Supplementary Fig. 1.
In this work, we developed and fabricated a flexible RF MEMS

switch with stable performance under curved condition and high
process compatibility, which is designed within the frequency
band of 17–19 GHz for satellite communication applications,
corresponding to Ku/K band55. Modified surface MEMS processing
technology based on flexible cyclo-olefin polymers (COP) thin film
substrate56 is adopted to fabricate flexible RF MEMS switch.
Special anchor structure with three-side support cavity structure
has been designed in order to avoid the adhesion or peeling of
MEMS membrane beam. The reflection loss (S11) of the flexible RF
MEMS switch at on state exceeds -18 dB in the frequency band of
17–19 GHz with a driving voltage of 60 V. Two bending radii of
10mm and 20mm are achieved without degrading performance.
Furthermore, the range of bending curvature which will affect the
RF characteristics is given through systematic simulation. As the
basic structural unit, a flexible RF MEMS switch determines the
performance of flexible reconfigurable RF devices based on MEMS
switch in the bending conformal integration scenario. The
realization of flexible RF MEMS switch with high process
compatibility and stable RF performance will promote a key step
for the development of flexible reconfigurable devices (MEMS
phase shifters, reconfigurable antennas and phased array anten-
nas etc.) based on MEMS and other applications of Flexible MEMS
(sensor and actuator etc.) with movable components.

RESULTS
Miniaturized flexible RF MEMS switch for large curvature
The flexible double-clamped beam RF MEMS switch structure is
shown in Fig. 1a. The MEMS membrane beam is suspended on the
signal line of the coplanar waveguide (CPW), and a dielectric layer
is laid on the signal line. The driving voltage is applied between

the signal line and the membrane beam to supply a pull-down
electrostatic driving force for the beam. When the beam is pulled
down by electrostatic force to be attached to the signal line, the
switch will turn to the closed state, as shown in Fig. 1b i and b ii.
When the flexible RF MEMS switch under large curvature bending
condition, the gap between the suspending beam and the signal
will various greatly, which will lead to great impact in the driving
characteristics and RF characteristics of the switch, as shown in
Fig. 1b iii and b iv. By miniaturizing the electronic dimension, the
flexible RF MEMS can achieve certain bending radius without
degrading the performance. Special anchor structure and
modified surface MEMS processing technology are introduced to
design and fabricate the miniaturized flexible RF MEMS switch
with stable performance and high process compatibility. The
miniaturized design flexible RF MEMS switch attached to a curved
frame with a curvature radius of 10 mm is shown in Fig. 1c. The
dimensions of the RF MEMS switch are as follows: beam length
120 μm, beam width 20 μm, beam thickness 0.2 μm, the suspend-
ing beam gap 2 μm, the signal width 40 μm, the distance between
the central signal line and ground is 40 μm, and the thickness of
the CPW is 1 μm, shown in Fig. 1d.
Finite element analysis (FEA) is performed to evaluate the

mechanical and RF characteristics of the flexible RF MEMS switch,
through the multi-physical field simulation method based on
ANSYS Workbench. The driving characteristics and RF character-
istics of the switch in the on and off states with bending curvature
of 0 mm−1 (flat substrate), 0.05 mm−1 and 0.1 mm−1 are
simulated. The electrostatic drive and RF characteristics are
simulated through Maxwell 3D, Static Structure, and HFSS
modules in ANSYS Workbench. See the FEM multi-physics field
analysis section and Supplementary Fig. 2 for the simulation
process details.
The reflection loss S11 and insertion loss S21 characteristics of

the flexible RF MEMS switch under variety of bending conditions
calculated from the simulation show high consistency as shown in
Fig. 1e–h. S11 of on state RF MEMS switch with different curvature
remains at about -27 dB in the frequency band of 15–20 GHz, and
the value various range within 1 dB. In sharp contrast, the variation
range in the previous results reached more than 5 dB52. S21 of on
state RF MEMS switch with different curvature maintains within
the range of -0.03 dB to -0.06 dB. It can be seen from the FEA
model that under the bending deformation of the flexible RF
MEMS switch with curvature of 0.05 mm−1 and 0.1 mm−1, the
suspending beam gap hardly changes, and the parallel capaci-
tance of on state does not change significantly, which leads to
almost negligible impact on the RF characteristics. S11 and S21 of
off state RF MEMS switch with different curvature maintain within
the range of -0.07 dB to - 0.09 dB. S11 and S21 of the off state under
different bending curvature are less different than those of the on
state, which are almost consistent at the corresponding frequen-
cies. For the S11 and S21 of off state, the electrostatic driven
membrane beam is in contact with the signal line. Bending
deformation will not transform the attachment state, which means
no matter how large the bending curvature is, it will not have a
significant impact on these two RF parameters.

Table 1. Comparison of the performance of Flexible RF MEMS under bending condition.

Type of flexible RF MEMS Bending radius Return loss (S11) flat/curved substrate Actuation principle Reference

Double Clamped Beam MEMS Switch 22.6 mm −18 dB @ 20 GHz/Null Electro-static 50

V-Shaped Beam MEMS Switch 30.0 mm RF Characteristics Null, Actuation Current Changes 13.70% Electro-thermal 51

Double Clamped Beam MEMS Switch 35.0 mm −27.1 dB/−22.0 dB @ 10 GHz Electro-static 52

Low-pass RF MEMS Filter 35.0 mm −22.7 dB/−5.7 dB @ 10 GHz Null 53
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Flexible RF MEMS switch design and fabrication for
characterization
To demonstrate the RF performance of the proposed RF MEMS
switch under the flexible deformation of the substrate, the flexible
RF MEMS switch is fabricated based on special anchor design and
modified surface MEMS process technology. The RF MEMS switch
unit with characteristic impedance of 100Ω is connected with the
CPW test port with characteristic impedance of 50Ω through the
impedance transformation of 1/4 design frequency (17.7 GHz)
wavelength, so that the RF performance can be measured by
feeding the SubMiniature version A (SMA) connector, as shown in
Fig. 2a and Supplementary Fig. 3a. A customized SMA connector
with an impedance of 50 Ω (frequency: DC - 40 GHz) is designed as
shown in Fig. 5 and Supplementary Fig. 8 for the RF performance
measurement. Figure 2a shows the overall design of the proposed
flexible RF MEMS switch. The partial enlarged view of the RF MEMS
switch unit is shown in Fig. 2b, in which the red dumbbell

structure demonstrates the membrane beam of the MEMS switch.
Here, the MEMS switch adopts the electrostatic drive strategy to
achieve the On state and Off state of the switch by controlling the
DC bias voltage, as shown in Supplementary Fig. 3c. In order to
avoid the crosstalk between DC driving signal and RF signal during
the measurement and eliminate the breakdown risk of DC voltage
to the measurement equipment during the measurement, the
structural design of separating the applied DC drive voltage from
RF signal is adopted to realize the controllability and reliability of
the structure and the safety of the measurement equipment, as
shown in Fig. 2b, d. The anchors at both ends of the beam adopt
the cavity structural design of three-side support to ensure that
the suspending thin beam can be fabricated successfully, as
shown in Fig. 2c. The equivalent-circuit model of the RF MEMS
switch is shown in Supplementary Fig. 3b. ZL is the characteristic
impedance of the CPW transmission line under the membrane
beam, Z1/4λ is the resistance of the 1/4λ impedance transformation
line, Z0 is the characteristic impedance of the test port CPW, C is

Fig. 1 Miniaturized flexible RF MEMS switch for large curvature. a Schematic diagram of flexible double-clamped beam RF MEMS switch.
b Configuration diagram of flexible RF MEMS switch in different modes: i) On state and ii) Off state of MEMS switch with flat substrate; iii) On
state and iv) Off state of MEMS switch with curved substrate. c Image of a miniaturized MEMS switch attached to a curved surface. d Structure
of miniaturized MEMS switch. e On state S11, (f) On state S21, (g) Off state S11 and h Off state S21 of membrane beam under different bending
curvatures.
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the parallel capacitance generated between the membrane beam
and the signal line, R is the resistance of the membrane beam of
the electrostatic driving electrodes, and L is the inductance of the
membrane beam of the driving electrodes.
Based on the flexible RF MEMS design, the mask layout of the

surface MEMS process, the structural design details, and dimen-
sions of the flexible RF MEMS switch indicated on the mask are
shown in Supplementary Fig. 4. For fabrication of the switch,
modified surface MEMS process flow is carried out. The prepara-
tion and release of the sacrificial layer is the critical process in the
fabrication of the device. The photoresist with natural flow
flattening is used as the sacrificial layer, and the wet release
method is utilized to release the sacrificial layer. The process
parameters need to be strictly controlled. To fabricate the
suspending thin membrane beam, magnetron sputtering deposi-
tion is utilized to take over the common electroplating process for
MEMS beam fabrication, considering that the thickness of the
beam designed is only 0.2 μm. In order to solve the curling or
bulking of the membrane beam, the residual stress of the beam
metal layer structure is reduced by segmented multiple deposi-
tion. More details of the surface MEMS process flow are described
in the Methods section.
It is worth noting that the flexible COP film used in this work has

been widely used as substrate for flexible consumer electronics
(e.g. flexible antenna on screen), due to its ultra-high optical
transmittance, RF characteristics of low losses56. Our flexible MEMS
device based on COP substrate and high process compatibility has
great potential to integrate with other flexible or highly integrated

electronic components (e.g. RF front-end, interconnections, LEDs)
to form a multifunctional flexible consumer electronics system.
Figure 3a demonstrates the optical microscope morphology of

the fabricated flexible RF MEMS switch, showing the top and
oblique view of the intact and clean switch structure. Figure 3b
shows the surface morphology of the RF MEMS switch measured
by the 3D surface morphology instrument. The thickness of the
switch and the height of the cavity layer can be finally measured
through the scanning results. The flexible RF MEMS switch with
COP substrate can be attached to the surface of objects in various
shapes. In Fig. 3c, the flexible RF MEMS switch is adhered to a 3D
printed curved surface frame with a radius of 10 mm conformally.
3D surface topography contour of flexible RF MEMS switch in
membrane beam driving state is shown in Fig. 3d.
Scanning electron microscope (SEM) images further reveal the

key free-standing microstructures in the fabrication process.
Figure 4 shows the SEM image of MEMS switch with double-
clamped membrane beam. Figure 4a demonstrates overall
structure diagram of RF MEMS switch. Figure 4b, c detail
magnified image of the free-standing membrane on the anchor
air cavity, which is designed to prove sufficient support for the
suspending membrane beam to ensure the successful fabrication.
Moreover, the thin-walled anchor can be compatible with the thin
metal deposition by magnetron sputter process. Figure 4d shows
the membrane beam on the signal transmission line and the air
gap between them. SEM results show that the key suspending
parts of RF MEMS switch are clearly presented. Only through
appropriate sacrificial layer preparation and release process and

Fig. 2 Flexible RF MEMS switch design for characterization. a Design of RF MEMS switch including test port and impedance transformation.
b Partial enlarged view of RF MEMS switch unit design. c Anchor structural design of three-side support cavity. d Side view of schematic
diagram of RF MEMS switch.

Y. Shi et al.

4

npj Flexible Electronics (2022)    80 Published in partnership with Nanjing Tech University



membrane beam metal layer deposition process can the
suspending components with complete morphology be obtained
(seen in Methods section for details).

Performance demonstration under bending deformation
The flexibility and RF characteristics of the flexible RF MEMS switch
include the electrostatic driving and RF performance under
different bending conditions, including the curvature of 0 mm−1

(flat substrate), 0.05 mm−1, and 0.1 mm−1. The instruments
needed are as follows: vector network analyzer, DC voltage
source, high-sensitivity digital multimeter, customized SMA
connector and curved surface frames. The specific measurement
physical diagram and the circuit diagram of the measurement
platform are shown in Fig. 5a and Supplementary Fig. 7,
respectively. The physics image and the structural design diagram
of the customized SMA connector (RPC 2.92, R02K246-40ME3,
Rosenberger) are shown in Fig. 5b and Supplementary Fig. 8. The
FEA simulation process of flexible RF MEMS switch driven by
electrostatic force under different bending condition is shown in
Supplementary Fig. 9 and Supplementary Fig. 10. Based on the
geometry obtained from electrostatic drive simulation, the RF
characteristics simulation of switches with different configurations
can be carried out. The results of experimental measurement and
simulation analysis show that the driving voltage of flexible RF
MEMS switch fabricated is 60 V under the bending curvature of
0 mm−1 (flat state) to 0.05 mm−1 and 0.10mm−1.
Figure 6 demonstrates the S11 and S21 characteristics of the

flexible RF MEMS switch under different bending condition
measured by the measurement platform, together with the

corresponding simulation results. When the bending curvature
varies from the 0mm−1 (flat state) to 0.05 mm−1 and 0.10mm−1,
the return loss S11 of On state flexible RF MEMS switch is almost
the same, which is less than −18 dB in the frequency range of
17–19 GHz. The peak value of S11 within this frequency range
changes from -23.0 dB to -22.3 dB, only decreasing by 3.0%
(corresponding bending radius: 10 mm). The stability of RF
performance under bending conditions is significantly better than
the achievements listed in Table 1. Only the central frequency has
a slight shifting, considering the impact of bending deformation
on the CPW test port. The reason for the poor performance of S11
beyond the frequency range of 17–19 GHz is that the center
frequency of the MEMS switch and the design frequency of
impedance transformation are 17.7 GHz. Therefore, the RF
characteristics that deviate from this frequency will introduce
additional losses due to impedance mismatch. The RF perfor-
mance beyond the frequency range of 17–19 GHz is random, with
some frequency points having good performance and others
having poor performance, shown in Supplementary Fig. 11. S11 of
on state flexible RF MEMS switch shows the same tendency with
S11, which maintains in the range of −4 dB to −6 dB (S21 is
relatively high, which is introduced by the DC drive electrode pads
design in the CPW layer. See Supplementary Fig. 12 for details).
The reason why the RF characteristics of on state flexible RF MEMS
switch remain stable under different bending conditions is that
the beam length (100 μm) is relatively small compared with the
bending radius (10 mm or 20mm). In this case, the suspending
beam gap changes little, and the parallel capacitance of on state
does not change significantly, so the impact on the RF

Fig. 3 Illustrations of fabricated flexible RF MEMS switch for characterization. a Optical microscope top view and oblique view of flexible
RF MEMS switch. b Oblique view of 3D surface topography contour of flexible RF MEMS switch membrane beam. c Photograph of the flexible
RF MEMS switch device bent on a curved surface. d Oblique view of 3D surface topography contour of flexible RF MEMS switch in membrane
beam driving state. (Membrane beam width: 20 μm).
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characteristics can be almost ignored. For S11 and S21 of the off
state, it can be seen from the results in Fig. 6e–h that there is
almost no change in the off state S11 and S21 under different
bending curvature. As already discussed, substrate bending has
little effect on the RF performance of the switch in the driving
state with the membrane beam. The relatively large difference
occurs between and experiments for some results in Fig. 6, which
is mainly caused by the deviation of the device fabrication process
and the error in the measurement process. The characteristic
impedances of the fabricated CPW measurement port, 1/4 λ
impedance transformation and MEMS switch unit are not same as
the designed value precisely. The factors that may cause
performance deviation in the measurement process include
impedance matching at the DC block and connectors in the
measurement link.

Discussion on the applicable curvature of flexible RF MEMS
switch
In order to systematically investigate the influence of bending
curvature on the RF characteristics of flexible RF MEMS switch and
find out the curvature range that can keep the RF characteristics of
flexible RF MEMS switch stable, analysis of bending curvature
influence on beam gap and RF characteristics is carried out,
detailed analysis process shown in the Supplementary Note 2,
Supplementary Figs. 13 and 14. And also, systematic parametric
FEM simulations of the relationship between the flexible bending
curvature and the RF characteristics of RF MEMS switch are
performed.
Figure 7a shows the on state S11 variation with the substrate

curvatures at 17–19 GHz. When the bending curvature is less than
0.2 mm−1, S11 changes slightly from −26.7 dB to −24.5 dB. When
the curvature increases from 0.2 mm−1 to 1 mm−1, S11 changes

rapidly from −24.5 dB to −19.7 dB, which indicates that the
bending curvature has a significant impact on the RF character-
istics of the flexible RF MEMS switch. When the curvature
continues to increase from 1mm−1, S11 sharply decreases from
−19.7 dB to −0.28 dB when the curvature is 1.25 mm−1. In this
case, the bending deformation of the substrate has made the
flexible RF MEMS switch unable to work normally. As the bending
curvature continues to increase, S11 remains at about −0.1 dB,
which is equivalent to the S11 value of the off state switch. This
“off” state is due to the flexible bending deformation of the
substrate. Figure 7b shows the on state S21 variation with the
bending curvature at 17-19 GHz. When the bending curvature is
less than 1.11 mm−1, S21 changes slightly from −0.044 dB to
−0.18 dB. This indicates that the effect of bending deformation on
the RF characteristics of flexible RF MEMS switch can be almost
ignored within this curvature range. However, as the curvature
increases to 1.25 mm−1 or even to 2mm−1, S21 changes sharply to
−31.1 dB and further to 41.8 dB, which is equivalent to the S21
value of the off state switch. The variation of on state S11 and S21
with the bending curvature is basically consistent with the
variation of suspending beam with the bending curvature, which
is obtained in Supplementary Note 2, Supplementary Figs. 13 and
14.
Figure 7c and d demonstrates the Off state S11 and S21 variation

with the bending curvature at 17–19 GHz. It can be seen that S11
various from −0.075 dB to −0.1 dB and S21 various from -41.5 dB
to -42.5 dB with the bending curvature increases to 2 mm−1,
corresponding to the curvature radius of 0.5 mm, which is already
a considerable degree of bending deformation. These two
parameters exhibit approximately horizontal with the change of
curvature, indicating that S11 and S21 of the off state flexible RF
MEMS switch are not affected by bending deformation. The
reason for the above results is that the electrostatic driven

Fig. 4 SEM image of MEMS switch with double-clamped membrane beam. a Overall structure diagram of MEMS switch, (b) magnified image
showing the free-standing membrane on air cavity at the anchor, (c) magnified image showing the anchor structure and (d) magnified image
showing the membrane beam on the signal transmission line and the air gap between them.
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membrane beam is in contact with the signal line. Bending
deformation will not transform the attachment state, which means
no matter how large the bending curvature is, it will not have a
significant impact on RF characteristics.
The RF performance of the fabricated flexible RF MEMS switch

with measurement ports under larger bending curvature is as
shown in Supplementary Fig. 15, which exhibits a consistent trend
with the simulated results in Fig. 7. After exceeding the specific
curvature (0.50 mm−1 for this device), the RF performance of the
device deteriorates significantly with the increase of curvature for
the On state MEMS switch.

DISCUSSION
In this work, we proposed a flexible RF MEMS switch, which is
designed within the frequency band of 17–19 GHz towards
satellite communication applications. The reflection loss (S11) of
the flexible RF MEMS switch at on state is exceeds -18 dB, with a
driving voltage of 60 V, and maintains stable under the bending
curvature of 0 mm−1, 0.05 mm−1, 0.10 mm−1. S21 at on state meets
the same tendency with S11. Through systematic experimental
measurement and simulation analysis, it is found that flexible RF
MEMS switch can achieve certain bending radius by miniaturizing
the electronic dimension, without degrading the RF performance.
Furthermore, the range of bending curvature which will affect the
RF characteristics is given through systematic simulation. The
realization of flexible RF MEMS switch with high process
compatibility and stable RF performance is a promising electronic
component for future microwave communication and other
applications of Flexible MEMS with movable components, with
the advantages of light weight, high speed and low power
consumption.

METHODS
Fabrication of the flexible RF MEMS switch
The fabrication process flow (Supplementary Fig. 5) is as follows: (i)
Prepare 0.5 mm thick glass, clean it with acetone and ultrasonic,
and then dry it in a 120 °C vacuum drying oven for 2 h. Use
optically clear adhesive (OCA) glue to stick the 25mm thick cop
film material with 0.5 mm thick glass through a roller film
applicator. (ii) To form the CPW layer patterned metal, metal
layers (Mo/Al/Mo: 20 nm/1000 nm/20 nm) are deposited on COP
film by sputter and then patterned through photolithography and
wet chemical etching. (iii) Considering that the resistant tempera-
ture of flexible COP film material cannot exceed 130 °C, the low-
temperature deposition process Thin Film Encapsulation Chemical
Vapor Deposition (TFECVD, working temperature: around 85 °C) is
used for dielectric layer (SiNx: 1500 nm) deposition instead of
Plasma-Enhanced Chemical Vapor Deposition (PECVD, working
temperature: over 300 °C) in order to form the isolation layer on
the driving electrode pads, and then patterned dielectric layer the
through photolithography and patterned by reactive ion etching
(RIE). (iv) Photoresist (AZ GXR 601) is used as the sacrificial layer
material to prepare the sacrificial layer under the metal film beam.
The thickness of the sacrificial layer should be controlled as
required, which determines the gap between the metal mem-
brane beam and the signal transmission line. It is worth noting
that the photoresist forming the sacrificial layer should be
naturally leveled for more than 30minutes by standing horizon-
tally in the fume hood before curing, so as to enhance the flatness
of the sacrificial layer. (v) To form the patterned membrane beam,
metal layers (Mo/Al/Mo: 10 nm/200 nm/10 nm) are deposited on
the sacrificial layer by sputter and then patterned through
photolithography and wet chemical etching. In order to reduce
the residual stress of the membrane beam, the method of multiple
deposition is used in the sputter deposition of the metal layer to
prevent the temperature rise from being too high during the
sputter process and to achieve the purpose of controlling the

Fig. 5 RF performance measurement platform and SMA connector. a Measurement platform with network analyzer, DC source, DC block,
SMA connection and probes. b The SMA connector used to measure the RF performance of the switch (Impedance: 50Ω; Frequency: DC −
40 GHz). Connection diagram between (c) flat substrate and SMA, curved substrate (Radius: 10 mm) and SMA.
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residual stress of the membrane beam. (vi) The wet release
technology is used to release the sacrificial layer. Put the sample
with patterned membrane beam into degumming solution (AZ
300MIF) and maintain at 40 °C for 90min. Then wash the sample
with deionized water, put into deionized water and maintain for
10min. Then put the sample into isopropyl alcohol (99.8%) and
maintain for 300 min. Finally, place the sample in 60 °C vacuum
drying oven for 60min. (vii) Place the sample released from the
sacrificial layer on the cold table for 2 min, and take advantage of
the characteristic that the viscosity of OCA decreases with the
temperature drop to realize the separation of the flexible COP film
from the glass substrate, so as to peel off the flexible RF MEMS
switch57.

RF characteristics measurement of the flexible RF MEMS
switch
The driving characteristics measurement platform (Supplementary
Fig. 7) contains the following instrument: DC voltage source
(KEYSIGHT, E36106B, DC Power Supply, 100 V, 0.4 A, 40W), high-
sensitivity digital multimeters (FLUKE, 150+ DIGITAL MULTIMETER),
electrode probes and curved surface frames. Via this measurement
platform, not only the driving characteristics of flexible RF MEMS
can be measured, but also the structure of RF MEMS can be
checked by observing the contact resistance through multimeter 2
under different driving states. The RF characteristics measurement
platform (Fig. 5 and Supplementary Fig. 7) contains the following

Fig. 6 RF characteristics under different bending curvatures. On state S11 of (a) experiment and (b) simulation; On state S21 of (c) experiment
and (d) simulation; Off state S11 of (e) experiment and (f) simulation; Off state S21 of (g) experiment and (h) simulation under different bending
curvatures radius of the flexible substrate.
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instruments: vector network analyzer (ROHDE & SCHWARZ, ZNB-40,
10MHz–40 GHz), DC voltage source (KEYSIGHT, E36106B, DC Power
Supply, 100 V, 0.4 A, 40W), DC Block, electrode probes and curved
surface frames. Via this measurement platform, the RF character-
istics of the switch in the on and off states under different bending
curvatures can be realized.

FEM multi-physics field analysis
The multi-physical field simulation model is established in ANSYS
workbench to investigate the flexible RF MEMS switch performance.
Using the Static Structure module in the ANSYS Workbench, the
topology transformation from flat flexible RF MEMS switch to flexible
RF MEMS switch with different curvature is realized. Then, based on
the geometric model before and after bending derived from the
Static Structure module, the electrostatic field distribution of RF
MEMS switch under different bias voltages is obtained by using the
Maxwell 3D module in the ANSYS Workbench. Then, the electrostatic
field distribution results are imported into the Static Structure
module as the initial conditions. Under the initial conditions of the
electrostatic load of the RF MEMS structure, the driving deformation
simulation results of the RF MEMS membrane beam under the
electrostatic force can be obtained. Till now, the RF MEMS switch
geometric models under different curvature, before and after the
membrane beam drive are obtained. By using the HFSS module
integrated with the ANSYS Workbench, the RF characteristics of the
RF MEMS switch under different states can be simulated. Considering
the efficiency of modeling, the metal film beam layer of Mo/Al/Mo is
replaced by a uniform Al metal layer. The thickness of CPW metal
layer is 1 μm. The thickness of membrane beam if 200 nm. The
thickness of COP substrate is 25 μm. The density, young’s modules,
Poisson’s ratio, relative permittivity and bulk conductivity are
2770 kgm−3, 7.1 × 1010Pa, 0.33, 1 and 3.8 × 1010 Siemensm−1 for
Al. The density, young’s modules, Poisson’s ratio, relative permittivity
and dielectric loss tangent are 1700 kgm−3, 2.47 × 1010Pa, 0.17, 3.5,
and 0.008 for COP.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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