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ABSTRACT 
We report the design, fabrication, and 

characterization of PDMS encapsulated physically 
flexible (bendable, foldable) gallium-based liquid metal 
band-stop frequency selective surface. A band-stop 
frequency selective surface (FSS) with targeted operation 
in the X-band (7~11.2 GHz) was designed. Liquid metal 
was embedded in PDMS microfluidic channels replicated 
from a deep etched Si mold. Ultra-low pressure (5.75 x 
10-6 Torr) vacuum at cryogenic temperatures (10 K) was 
employed for clean encapsulation of liquid metal. An 
array of 5 x 5 FSS has been fabricated. Characterization 
of the fabricated FSS was carried out in a waveguide 
environment. The S-parameter values of the simulated 
and measured band-stop FSS response showed an 
excellent agreement. 
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INTRODUCTION 
Frequency selective surface (FSS) is a periodic array 

structure of sub wavelength metallic elements on 
dielectric surface in one or two-dimension [1-2]. FSSs are 
broadly classified into high pass, band-pass, band-stop 
and low pass filters [3-4] based on geometry [4], physical 
construction and material [5].  

Alike a spatial filter, FSS allows the transmission, 
absorption, or reflection of electromagnetic waves. 
Characteristics of a FSS largely depends on the frequency 
band for which it is designed to operate. The response 
towards the respective frequency band results in the 
generation of scattered waves. FSS performance is 
influenced by the surrounding metallic frames, array 
number, periodicity, substrate conductivity, and geometry 
[5]. FSS forms an indispensable component of 
communication system involving radar, satellite 
communication and wireless networks.  

Gallium-based liquid metal has been one of the 
emerging materials in recent years. A variety of 
applications has been demonstrated due to its metallic 
property combined with its liquid property along with its 
biocompatibility. One of the interesting applications is use 
of liquid metal as “deformable” metallic conductors for 
soft/flexible electronics applications [6].  

Liquid metal has been used in FSS, but previous 
works were all based on FSS fabrication in rigid 
substrates [7]. In this paper, we report a liquid metal-
based physically flexible (bendable, foldable) band-stop 
FSS in the X-band. To the best of our knowledge this is 
the first experimental demonstration of a mechanically 

flexible liquid metal-based band-stop FSS. 
 

DESIGN 
The liquid metal-based band-stop FSS unit cell is 

designed to have a Jerusalem cross loaded with a floating 
parasitic patch next to each end cap, as shown in Figure 1. 
The 200 μm thick liquid metal layer made of Galinstan 
(conductivity σ = 3.46 × 106 S/m) is embedded in PDMS 
(relative permittivity εr = 2.3 and loss tangent tan δ = 
0.02) and filled through a layer of holes located directly 
above.    

The liquid metal-based band-stop FSS design has 
been simulated using ANSYS HFSS. In the simulation, an 
infinite 2D array of FSS unit cell was used. The 
transmission and reflection coefficient at normal angle of 
incidence with peak band-stop characteristic slightly 
below 10 GHz are shown in Figure 2. 

 

 
FABRICATION 

Fabrication sequence of the designed FSS is shown in 
Figure 3. Fabrication has been started with Microposit® 
S1813 spin coating and patterning on a 4-inch bare silicon 
wafer. Following evaporation and photoresist liftoff, 
Chromium hard mask (Fig. 3a) was formed. Deep silicon  
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Figure 1: Liquid metal band-stop FSS unit cell in 
PDMS: (a) side view (h1=2.95 mm and h2=1.9 mm), 
(b) modified Jerusalem cross layer (l1=4.3 mm, w1=0.3 
mm, l2=2 mm, w2=1 mm, g=0.2 mm and p=10.5 mm), 
(c) liquid metal filled hole array (d=1 mm). 

Figure 2: Simulated band-stop FSS results.  
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plasma etching has been performed to form a 5 x 5 array 
FSS unit cells. PDMS was spin coated on a scrap mask 
and Teflon coated Si wafer was placed over it (Fig. 3b-c). 
A square shaped 3D printed border of 2 mm height was 
glued using Devcon epoxy (Fig. 3d) around the FSS array. 
FSS-PDMS was replicated from the Si mold (Fig. 3e-f). 
To have efficient injection of liquid metal into the FSS 
pattern, 3D printed pillar array of 1 mm diameter (Fig. 3g) 
with heights higher than the borders was attached to the Si 
wafer using Devcon epoxy (Fig. 3h). Hole-array PDMS 
was replicated from the 3D pillar array mold (Fig. 3i-j).  

Following alignment, the hole-array PDMS and FSS-
PDMS were plasma bonded and cured (Fig. 3k-l). The 
hole-array PDMS was flooded with Galinstan (GaInSn 
eutectic alloy, 99.99%), after placement on an open top 
3D printed container (Fig. 3m-n). The container was 
loaded into a high vacuum chamber and subjected to 
pressure in range of 10-6 Torr vacuum at cryogenic 
temperatures (9~12 K) for 2 hours. Following venting, 
Galinstan filling took place in the PDMS microfluidic 
FSS structures through the hole array because of the 
positive pressure difference introduced by the 
atmospheric pressure. Following hole-array surface 
cleaning, PDMS was used to seal off the holes and cured 
at room temperature (Fig. 4a). 

One of the common problems in liquid metal 
injection in microfluidic channel is air bubbles. The 
vacuum filling technique we used fills liquid metal into a 
large array of the delicate FSS microfluidic channels and 
does not allow air pockets when compared to 
conventional injection filling [8]. We found that a 
combination of ultra-high vacuum and filling in cryogenic 
temperature could completely fizz out air bubbles. Air 
bubbles are serious problems in structures like FSS as its 
RF (radio frequency) characteristics is significantly 

compromised with irregular placements of air pockets in a 
structure that should be periodic.  

In the final fabrication step, the PDMS hole array was 
peeled away that leaves behind FSS-PDMS layer (Fig.  
4b). A thorough examination was done to study the 
effectiveness of the gallium oxide adhesion with respect 
to FSS-PDMS layer under no stretch/stretch condition. 
The adhesion was also examined with respect to the 
flexibility of the FSS-PDMS by placing the bare liquid 
metal filled FSS-PDMS array in a vertical position. 
Repeated bending experiments were performed. 
According to the observation, liquid metal did not seep 
out of the FSS-PDMS structures demonstrating the 
complete encapsulation of the liquid metal in PDMS. 
 

 
 
 
 
CHARACTERIZATION 

The fabricated liquid metal encapsulated PDMS FSS 
has been characterized using a waveguide measurement 
setup around 8 ~ 13 GHz. We used a sample size equal to 
the inner dimensions of the WR-90 waveguide (22.86 mm 
× 10.16 mm), which is approximately the size of a 1×2 

Figure 3: Fabrication sequence of FSS structures in ultra-low pressure: (a) Chromium hard mask on Si, (b) Teflon 
coated Si, (c) Si attached to scrap mask, (d) 3D borders attached to Si wafer, (e) PDMS poured on Si mold, (f) cured 
FSS-PDMS, (g) 3D pillar array mold, (h) pillar array mold attached to Si wafer, (i) PDMS poured on pillar array 
mold, (j) cured hole-array PDMS, (k) alignment of hole-array PDMS on FSS-PDMS, (l) bonded structure, (m) 
bonded structure placed in open top 3D container, (n) 3D container flooded with Galinstan. 

(a) (b) 

Figure 4: Liquid metal filled FSS structure by 
vacuum filling and post cleaning (a) top view, (b) 
side view demonstrating flexibility and lyophilicity. 
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array. The sample was cut and placed inside a waveguide 
shim milled out of 6.35 mm thick aluminum. The 
measurement setup, sample holder, and the fabricated 
liquid metal-based band-stop FSS sample are shown in 
Figure 5. Two ports of a Keysight N5242A PNA-X 
network analyzer have been connected through waveguide 
to coax adapters to measure S-parameters calibrated up to 
the sample. 

To have precise measurement of the FSS, the hole 
array (Fig. 6a) on top of 1 x 2 FSS array was removed 
which leaves the 1 x 2 band-stop FSS array (Fig. 6b).  

For sake of comparison, simulation of the 1 x 2 FSS 
array used for measurement inside the WR-90 waveguide 
was also performed. Comparison of measured and 
simulated results of the FSS with hole array removed, is 
shown in Figure 7. Excellent agreement between the 
simulated and measured results can be seen with clear 
band-stop characteristic peak at around 11 GHz, which 
was slightly (~10%) shifted from its originally designed 
operation frequency (Fig. 2). 

 
CONCLUSION 

In this work, feasibility of fabricating large scale (5 x 
5 array) liquid metal encapsulated physically flexible FSS 
structure was demonstrated using ultra-high vacuum at 
cryogenic temperature has been demonstrated. The 
simulated and measured response of the band-stop FSS in 
the X-band showed excellent agreement. The hole-array 
PDMS was peeled off during characterization, opening 
the possibility of using this facile fabrication methodology 
further for integrating an even larger array FSS structure.  

 

 

Although this paper focuses on the experimental 
verification of a FSS at a fixed frequency in the X-band, 
the floating patches are incorporated into the design as a 
potential tuning element for actively tuned FSSs. We 
envision a large array physically flexible (bendable, 
foldable) on-demand dynamically tunable FSS using 
liquid metal in microfluidic channel as a tuning element 
which can be used in a wide variety of communication 
and military applications.       
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Figure 7: Simulated and measured response of FSS 
sample with hole array removed in WR-90 
waveguide. 

Figure 5: Waveguide measurement setup for the FSS 
sample using WR-90 waveguide. 
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