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This article presents a review of fre-
quency-selective structure (FSS) 
manufacturing materials and pro-

duction methods ranging from the com-
mon printed circuit board (PCB)-based 
designs to textile, ink, metal, or fluid 
prototypes. Our work gathers some of 
the most relevant solutions published by 
the scientific community and considers  
several examples depicted for each case. 
Additionally, the main physical param-
eters that may have a significant impact 
on FSS performance have been identi-
fied, e.g., electrical conductivity of the 
FSS conductive element and the relative 
permittivity and thickness of the FSS 
dielectric material. Finally, a compara-
tive analysis of the materials and tech-
niques is presented, which highlights the 
benefits and limitations of each solution.

DESIGN OF FSSs
FSSs are periodic arrays of unit cells, 
which can be either thin sheets [qua-
si-two-dimensional (2-D) surfaces] or 
three-dimensional (3-D) elements that, 
as the name suggests, exhibit specific 
frequency selectivity for impinging elec-
tromagnetic (EM) waves. These struc-
tures have evolved considerably in their 
design, complexity, and performance 

since the 1960s [1]. However, in 1956, a 
partially reflective surface made with a 
dichroic filter was introduced by Trentini 
[2]. This evolution has been used in mili-
tary and commercial applications, two 
fields that are continuously developing 
wireless technology. The improvement 
in analytical methods and availability of 
full-wave-solver software solutions, cou-
pled with nonstop increasing compu-
tational power, allowed researchers to 
study and propose many different FSS 
designs by varying their unit-cell com-
plexity or manufacturing materials. Typ-
ical FSS applications include, but are 
not limited to, spatial/angular filters in 
indoor environments, radomes, dichroic 
filters, or artificial beamsteering [1]–[13].

Whether for laboratory proof-of-
concept assessment or for large quanti-
ties as a commercial solution, including 
the environment for which the FSS is 
intended, there are numerous criteria 
that may dictate the FSS source mate-
rial and, consequently, the manufac-
turing method. This article provides an 
overview of this topic based on several 
journal and conference publications, 
highlighting the main benefits and lim-
itations of each material and produc-
tion method.

FSS MATERIALS
FSSs can be manufactured using dif-
ferent materials and, for some, mul-
tiple manufacturing techniques may be 
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available. This review focuses only on 
“ready-to-use” materials, i.e., products 
that may be manufactured from the 
combination of different source/raw ele-
ments. With this definition in mind, five 
main categories were considered: PCBs, 
ink, textiles, metal, and fluids.

PCBs
PCBs are manufactured by several com-
panies with diverse compositions that 
yield different mechanical, electrical, and 
thermal properties. Many scientific pub-
lications use PCBs to manufacture and 
measure different FSS prototypes, such 
as in [14]–[45]. A PCB consists of copper 
sheets laminated onto a nonelectrically 
conductive substrate and, depending on 
its application, may be single sided (one 
copper sheet), double sided (two copper 
sheets at both sides of a single substrate), 
or multilayered (multiple substrate and 
copper layers). The desired pattern may 
then be obtained from the copper-pan-
elized PCB with a subtractive method, 
more specifically through milling, laser 
ablation, or, more commonly, by etching 
chemical procedures.

FSSs are typically single [29], [34], 
[35], [37], [39] or double sided [14], 
[26]–[28], [33], [35], [38], [44], with 
some authors assembling multilayer 
FSSs [30], [35], [36], [40], [42], [43], [45], 
which consist of single- or double-sided 
boards spaced by an air gap or substrate. 
The latter boards are usually chosen 
to increase the FSS frequency roll-off 
factor or to combine different frequen-
cy responses for a specific multiband 
behavior. Examples of FSS prototypes 
are illustrated in Figure 1.

In relation to flexible PCB substrates, 
there is a range of substrates used for 
FSSs, including Mylar (sometimes 
referred to as polyester films) [14], [15] 
and RO3003 [16]. They can be very inex-
pensive on a per-cell basis and offer low 
transmission losses and increased flex-
ibility [15], [16].

A passive FSS frequency response 
may be significantly modified, either 
once in the assembling stage or, for 
switching/tuning capability, by includ-
ing discrete components within the unit 
cells. In a fixed-frequency response FSS 
scenario, surface-mount device capaci-
tors may be used, while, for active FSSs 
(e.g., controlled through applied voltage 
bias), p-i-n diodes [26], [28], [29], [31] or 
varactors [24], [32] may be soldered to 
the PCB. Consequently, some authors 
devise the bias grid on the same layer as 
the FSS, while others may use an addi-
tional layer for such a purpose.

The aforementioned FSSs are com-
monly referred to as frequency-selective 
surfaces or 2-D FSSs since they are 
formed from very thin sheets of cop-
per and substrate. A different approach 
involves arranging multiple PCB sheets, 
resulting in a 3-D FSS [35], [36], [41]. 
These structures are usually chosen 
for improved frequency response and 
angular-incidence stability, as shown in 
Figure 1(d).

INK
Electrically conductive ink has also been 
used by several authors as an alterna-
tive approach to manufacture FSSs [46]–
[55]. In fact, some methods perform 
adequately even when flexible textile 

substrates are used [55]. Metal nanopar-
ticle-based inks allow the use of different 
substrates such as paper [46], glass [50], 
[54], various polyester materials, e.g., 
polyethylene naphthalate [48] and poly-
ethylene terephthalate (PET) [49], [51], 
[52], as well as solid (3-D printed) objects 
that may be coated with these inks [47]. 
Excluding the simple method of brush or 
spray deposition of ink on a solid object 
like the one performed in [47], additive 
manufacturing techniques using conduc-
tive inks (as opposed to subtractive tech-
niques used with a PCB) can be quite 
diversified. This is true because of the 
similarities to radio-frequency identifi-
cation (RFID) tags and flexible circuit-
manufacturing markets, in which various 
techniques have been proposed, e.g., 
inkjet printing, lithographic techniques, 
and roll-to-roll (R2R) printing technolo-
gies, the latter of which have high yield 
and cost-efficiency [49].

A common ink choice in both re
search and commercial applications is 
silver nanoparticle ink, which, aside from 
having the highest conductivity of all 
metals, is the most readily available in 
inkjet printable form. Recent develop-
ments have enabled stable formulations 
that provide reproducible print charac-
teristics over a wide range of substrates 
[46]. Figure 2 depicts some examples of 
FSSs manufactured with conductive ink.

The authors of [46], [47], and [49] 
use silver ink as the FSS conductive ele-
ment with different types of substrates 
and application methods. In [46], sev-
eral factors that contributed to the inkjet 
manufacture of FSSs were investigated 
when the FSS was printed on a paper 

(a) (b) (c) (d)

FIGURE 1. Examples of FSSs manufactured from PCB boards. (a) A single-layer passive square loop [37], (b) a single-layer active 
annular ring [29], (c) a double-layer active square loop [26], and (d) a passive 3-D stepped-impedance resonator [35].
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class that contained an inorganic, micro-
porous receiving layer. The number of 
deposited layers as well as the ability to 
deposit droplets on demand allowed for 
modifying the original FSS array ele-
ment design by reducing the amount 
of deposited conductive material. The 
authors concluded that single-layer, 
thin lines were prone to discontinuities, 
especially in the case of frame elements, 
which could be somewhat mitigated by 
the addition of extra layers of ink. Com-
pared to a PCB-etched FSS, the print-
ed prototype yielded a lower frequency 
transmission null (associated with dif-
ferent substrate thickness and relative 
permittivity), with a somewhat similar 
isolation performance when three layers 
of conductive ink were applied. In [47], 
a 3-D proprietary plaster-based material 
with a vinyl polymer was used to print 
several FSS elements. These elements 
were subsequently hand coated with two 
layers of silver conductive paint. In [48], 
the authors used a proprietary catalytic 
ink that, after application on a PET sub-
strate, was subjected to an ultraviolet 
curing process and then immersed in a 
solution of copper ions. The ions were 
deposited on the printed tracks through 
an autocatalytic deposition process. The 
implementation of FSS-based chipless 
RFID tags on a PET foil substrate [49] 
and a sheet-fed screen-printing machine 
were used to print the specific patterns 
on the substrate with a microparticle-
based silver paste. In [50], the authors 
modified the coat ing procedure of 
low-emittance glass, thereby allowing 
the printing of desired patterns on test 

windows. The soft-coating method is a 
technique in which very thin metallic 
oxide layers are deposited on the glass 
surface in a vacuum chamber to provide 
high thermal insulation [50].

TEXTILE
Fabric-based FSSs can be seen as yet 
another alternative approach to conven-
tional FSS materials such as PCBs and 
were the subject of research in [56]–
[61]. Textile-conductive structures have 
received attention in recent years, partly 
due to the growing interest in wear-
able technology as well as on- and off-
body communications. These structures 
offer several advantages, such as light 
weight, flexibility, and softness [57], [58]. 
Another benefit associated with this type 
of FSS is its integration with advanced 
manufacturing techniques, e.g., comput-
erized knitting [57], embroidery [58], and 
weaving machines [59]. These machines 
should be able to provide a consistent 
output of prescribed geometries for 
large-scale solutions. Other textile FSS 
manufacturing techniques are screen 
printing [59] and hand looming [60]. 
Finally, other researchers may attempt 
a hybrid solution by integrating cut-to-
shape pieces of commercially available 
conducting textiles with traditional (non-
conducting) fabrics [56] attached with 
adhesive, stitches, or other means.

For the textile FSS to operate as 
intended, an appropriate conductive 
yarn must be carefully chosen. Subse-
quently, the type of yarn will depend 
on the manufacturing procedure since 
it needs to have mechanical properties 

compatible with the computerized/
manual machines. In [57]–[59], differ-
ent manufacturing techniques (knit-
ting, embroidery, and weaving) were 
employed and, therefore, compatible 
yarns for FSS patterning, such as Denier 
filament polyamide yarn, nylon thread, 
and Amberstrand fiber were selected. 
Common to all of these materials is that 
they were coated or embedded with 
silver ink to provide electrical conductiv-
ity properties.

A few examples of textile-based FSSs 
are shown in Figure 3. The authors of 
[57] experimented with knitting two dif-
ferent FSS designs, i.e., grid and patch, 
for a high- and low-pass frequency-
filtering characteristic response. They 
achieved this prototype using a comput-
erized flat-bed knitting machine. The 
nonconducting base yarn was polyester 
and the conducting yarn, with approxi-
mately 4-Ω cm, was formed by embed-
ding silver nonparticles on the surface 
of a 235 Denier 34 filament polyamide 
6.6 yarn. The reflectivity measurements 
demonstrated the expected filtering char-
acteristics, although the authors acknowl-
edged that the conductive-yarn contact 
mechanics at the contact areas are very 
complex and their impact on FSS per-
formance was not fully understood. The 
study in [58] assessed the performance 
of a textile FSS array manufactured 
using an embroidery machine. The FSS 
was fabricated on felt cloth measur-
ing 0.8 mm in thickness, with a 234/34 
two-ply, silver-plated, nylon-type thread 
with 14-Ω ft used as the conductive 
yarn. The FSS pattern was sewn using a 

(a) (b) (c) (d)

FIGURE 2. Examples of FSSs manufactured using conductive ink. (a) Skewed lattice frame dipoles printed on Printed Electronics 
Ltd. (PEL) paper [46], (b) a 3-D printed triple cross [47], (c) a broken convoluted square array printed on a PET substrate [48], and 
(d) an FSS-based, chipless RFID tag printed on PET foil [49]. 
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professional embroidery digital machine. 
The authors highlighted the challenge in 
finding a highly conductive yarn that is 
physically compatible with the embroi-
dering process. The band-reject FSS 
prototype produced poor results, with 
a transmission null slightly better than 
−10 dB and a roughly 250-MHz frequen-
cy offset. The authors theorized that such 
discrepancies could be attributed to the 
lossy nature of the yarn and felt; however, 
and as the reader may see in the “Main 
FSS Performance Variables” section, the 
conductive-yarn bulk conductivity and 
substrate permittivity have a significant 
impact on FSS performance. In [59], 
FSS square-loop prototypes were manu-
factured by using weaving and screen-
printing methods. The woven sample 
used two picks of a silver-coated fiber 
and the base material was woven from 
2/60-mercerized natural cotton with 
polyester sewing thread. The screen-
printed FSS was produced using silver 
paste printed on a 100% polyester-base 
layer. The prototype was cured at 180 °C 
for 10 min. Both prototypes exhibited 
relatively good performance results. The 
authors of [60] produced three FSS 
prototypes using different methods and 
materials: one was produced using weav-
ing with one pick of conducting yarn on 
a loom machine, one used embroidery 
with a polyester-spun yarn with stain-
less-steel fibers, and one was woven on 
a handloom with annealed bare copper 
wire. Of all the prototypes, the embroi-
dered FSS produced the worst results, 
with the authors attributing the cause to 
the lower conductivity of the chosen yarn 

as well as the zig-zag stitching, which the 
authors assumed did not optimize cur-
rent flow in the preferred directions.

Overall, textile-based FSSs can be 
a credible alternative to conventional 
manufacturing techniques. Taking into 
consideration that the production of 
this type of FSS can be integrated with 
established manufacturing procedures 
and associated with its general flexibil-
ity, softness, and overall visual tolerance 
by humans in indoor environments, this 
may be most useful for EM shielding 
at select frequency bands in building 
environments. If aesthetically integrat-
ed with curtains, the FSS can serve as 
both a visual and an EM barrier. An FSS 
designer should, however, take into con-
sideration the impact that bending these 
flexible FSSs may have on the overall 
frequency response and, if so, compen-
sate or account for such influences.

METAL
A characteristic common to all FSS 
designs is the requirement to have an 
electrically conductive element present in 
a specific arrangement within each unit 
cell. Instead of being partially composed 
of (or covered by) such conducting ele-
ments, an FSS might instead be entirely 
made of a metallic material. The authors 
of [62] and [63] proposed an FSS design 
that only has a nonconductive material 
as a support/fixation element. With this 
type of FSS, the electrical conductivity 
of the unit-cell elements is assured, since 
all metals exhibit good bulk conductivity 
values, a matter that is further addressed 
in the “Electrical Conductivity” section.

Figure 4 presents the FSS prototypes 
assembled by previously cited authors. 
The prototype of [62] consists of a peri-
odic array of spring-resonator element 
structures. The unit cells are made of 
a thin aluminum wire (1 mm in diam-
eter) wound into a helical spring resona-
tor, and the 6 × 6 array is sandwiched 
between two foam substrates for struc-
tural support. By altering the height of 
the springs through applied mechanical 
pressure, a tunable frequency response is 
obtained. The authors of [63] presented a 
3-D cylinder FSS in a dual-ring arrange-
ment. The thought process consisted of 
expanding the classic 2-D ring-loop FSS 
to 3-D. By properly adjusting the radius 
of this dual-cylinder arrangement, the 
authors demonstrated a highly selective 
passband with one stopband on each 
side within a 1-MHz offset. Although the 
material used to assemble the prototype 
was not specified, a foam-based material 
was used for structural support.

The benefit of an all-metal FSS comes 
from the design’s simplicity as well as its 
relatively easy manufacturing procedure. 
The structural integrity of a metal-based 
FSS is also significantly higher when 
compared to a PCB-based FSS or ink-
covered designs. In the case of the pres-
sure-tunable FSS in [62], the absence of 
discrete active elements or bias grids to 
achieve frequency tuning may prove use-
ful in specific applications.

FLUID
Contrary to ink-based FSSs, liquid-tun-
able FSSs rely on the implied state of mat-
ter to achieve the desired performance 

(a) (b) (c) (d)

FIGURE 3. Examples of FSSs manufactured using textiles. (a) Two knitted patterns on polyester base yarn [57], (b) an 
embroidered pattern on felt cloth using a computerized machine [58], (c) details of contact points on the woven patterns on 
natural cotton [59], and (d) woven FSS square loops [60]. 
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characteristics. Some FSS prototypes 
based on this property have been 
investigated, and some have displayed 
interesting results [64]–[67]. Two such 
publications, [66] and [67], used liq-
uid metal to achieve frequency tun-
ing, while the authors of [65] relied on 
liquid crystals.

The authors of [67] developed an 
FSS based on alternating volumes of 
liquid metal and dielectric fluid in peri-
odically spaced tubes. Mercury (Hg) 
was the selected liquid metal, and min-
eral oil was the incompressible carrier 
fluid used to separate the Hg droplets. 
Polytetrafluoroethylene tubing was cho-
sen because of its nonwetting surface 
properties. By means of a T-junction 
located within the pumping control 
circuit, specific liquid lengths for both 
metal and dielectric fluids should be 
possible and, consequently, achieve 
appropriate FSS tuning. The single-
polarization manually controlled FSS 
prototype achieved a tuning range 
of 4.1–16.9 GHz, which equates to a 
122% fractional bandwidth. Figure 5(a) 
depicts this FSS array design.

In [66], a similar approach to that 
of [67] was considered but with slight 
topology differences. Galistan, an eutec-
tic alloy of gallium, indium, and tin 
was chosen as the liquid metal, flowing 
through Teflon tubes with air separat-
ing adjacent droplets. The FSS topology 
of [66] has the tube arrays embedded 
in a multilayer arrangement, with three 
different metal layers separated by two 
dielectric layers. The top and bottom 

metallic layers consist of square patches, 
while the middle layer is a metallic wire 
grid. The liquid-filled Teflon tubes are 
embedded on the two dielectric sub-
strates that separate the metallic layers, 
as shown in Figure 5(b). 

Tuning is achieved by carefully 
adjust ing the liquid-metal-droplet 
length and its relative position with 
respect to the adjacent square patches. 
This adjustment modifies the capaci-
tance value of each unit cell, which, if 
replicated across the entire FSS, will 
modify the overall FSS resonant fre-
quency. The waveguide FSS proto-
type achieved a tuning range of 7.6 to 
12.1  GHz; however, significant trans-
mission losses at the higher-frequency 
tuned values were observed. The non-
toxic liquid metal used in this prototype 
has the disadvantage of rapidly oxidizing 
when exposed to air [67], thus creating a 
gallium-oxide skin on the surface of the 
liquid, which is undesirable to large FSS 
arrays in an oxygenated environment.

The authors of [65] exploited the 
dielectric anisotropy of liquid crystals 
in D-band (110–170 GHz). The pro-
posed FSS design consists of a two-layer 
array of dipole copper slots patterned 
on the inner surfaces of two supporting 
quartz wafers. The middle-layer cavity 
was filled with a proprietary liquid-crys-
tal mixture. This mixture was biased 
through applied voltage between both 
copper-slot layers. This biasing rearrang-
es the liquid-crystal molecules and, as 
a result, the relative permittivity of the 
overall liquid. As such, FSS frequency 

tuning is easily achieved by modifying 
the relative permittivity of a specific 
layer. The prototype exhibited a reso-
nant-center frequency of 129–134 GHz 
for a maximum bias adjustment of 10 V. 
The authors of this prototype stated that, 
from the observed frequency response, 
this type of FSS should be better suited 
for a switching operation since it yields 
roughly 7 dB of dynamic range between 
0- and 10-V bias states at 134 GHz.

A fluid-based FSS has been investi-
gated with tuning capabilities through 
the manual or automatic adjustment of 
metallic/dielectric liquid ratios within 
unit cells. These techniques do not rely 
on electronic devices but, in some cases, 
are able to achieve significant tuning 
ranges, albeit for single polarization 
only, due to tubing-structural layouts. 
The liquid-crystal FSS of [65] was also 
included in this section despite its tun-
ing being achieved by substrate permit-
tivity modification.

MAIN FSS PERFORMANCE  
VARIABLES
The overall performance of an FSS, 
whether it is 2-D or 3-D, bandpass or 
bandstop, may be dictated by only a few 
physical elements and their specifica-
tions. As such, this section provides a 
performance analysis of the most rel-
evant parameters, i.e., electrical bulk 
conductivity of the FSS conductive ele-
ment and the relative permittivity of 
the dielectric element. This information 
should be basic acquired knowledge for 
researchers with a moderate FSS back-
ground. However, the authors consider 
that given the context of this article, 
such information should be presented.

ELECTRICAL CONDUCTIVITY
From the “FSS Materials” section, one 
may notice that common to all FSS 
manufacturing materials is the require-
ment of a good electrical conductive 
element. This element may be the cop-
per sheets laminated onto dielectric sub-
strates or the silver nanoparticles mixed 
in inks or embedded in textiles. Lower 
conductivity corresponds to higher resis-
tivity to electric current flow, which, 
when applied to an FSS design con-
text, translates to lower transmission/

(a) (b)

FIGURE 4. Examples of FSSs manufactured using metals. (a) A helical spring 
resonator [62] and (b) a 3-D dual cylinder [63]. 
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reflection performance for bandpass/
stop designs, respectively.

To assess the influence that electrical 
conductivity has on FSS performance, 
simulations were performed on the CST 
Microwave Studio Suite, where a canoni-
cal 2-D square loop and square slot 
etched from a FR4 PCB were chosen as 
demonstration examples. Both simulated 
designs have identical unit-cell dimen-
sions with 35 µm of copper-sheet thick-
ness on a 1.5-mm FR4 substrate, the 
results of which are shown in Figure 6. 
As one may observe from both plots, 
a conductivity value >50 kS/m should 
be targeted to obtain good FSS perfor-
mance. Although these observations are 
only presented for 2-D PCB-based FSSs, 
they should remain valid for other 2-D or 
3-D FSS manufacturing materials.

SUBSTRATE PERMITTIVITY
For all FSS designs that require the 
electrical conductive element to be 
physically supported by a dielectric 
material, the relative permittivity and 
thickness of the latter may cause a 

substantial impact on FSS performance. 
In the present study, the effect of dielec-
tric loss (i.e., loss tangent) was consid-
ered to be negligible since its impact 
cannot be easily de-embedded from 
the S21 analysis. This circumstance is 
even further the case when the overall 
insertion loss of the FSS in the passband 
is <2 dB. To understand how the FSS 
frequency response is affected by such 
parameters, simulations were performed 
using a PCB-based FSS.

Figure 7 presents results for two dif-
ferent parameters, specifically relative 
permittivity (fr) and dielectric thickness 
(h). From Figure 7(a), we see that per-
mittivity can significantly alter the reso-
nance frequency for a fixed FSS unit-cell 
design. On the other hand, the dielectric 
thickness has a smaller impact on reso-
nance-frequency offset, which is depen-
dent on the permittivity value, as shown 
in Figure 7(b).

COMPARISON OF TECHNOLOGIES
For all of the previously mentioned 
possible FSS mater ia l s  and their 

manufacturing technologies, one may 
attempt to compare and evaluate them 
for certain metrics, such as cost, unit-cell 
shape complexity, tuning or switching 
viability, physical flexibility, and the ele-
ments’ electrical conductivity.

A cost comparison may be the most 
difficult idea to quantify because, de
pending on whether it is a one-off pro-
totype or a large-volume order, prices 
will significantly vary for some, if not 
all of the aforementioned FSS materi-
als. A PCB technique has the advantage 
of being widely available but is difficult 
to implement using flexible substrates; 
however, new techniques for flexible 
assemblies based on inkjet printing are 
becoming available [55], which will help 
overcome this problem in the future. 

The unit-cell shape complexity is dic-
tated by manufacturing procedures, i.e., 
high-precision machinery will be able to 
manufacture more complex FSS designs. 
Fluid-based FSS designs require some 
sort of tubing for the electrically con-
ductive fluid (from examples depicted in 
the “Fluid” section) and, as such, should 
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FIGURE 5. Examples of fluid-based FSSs. (a) Liquid metal on polytetrafluoroethylene tubing [67], (b) liquid metal on Teflon 
tubing sandwiched between three metallic layers [66], and (c) liquid crystal sandwiched between quartz wafers with copper 
film dipole slots [65]. 
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be the least-effective performer in this 
regard. PCBs and ink designs should, 
on the other hand, create more complex 
unit-cell designs.

In most situations, tuning and/or 
switching capability requires the inclu-
sion of some discrete active element 
within the FSS unit cell, which, with 
appropriate biasing, will modify the 
overall frequency response. On PCB-
based designs, common solutions include 
varactors, p-i-n diodes, or microelectro-
mechanical systems. Introducing these 

elements may result in higher constraints 
where ink- or textile-based materials are 
concerned due to fixation and/or flex-
ibility issues. The fluid-based designs 
presented in this article do, however, 
achieve tuning by controlling the ratio 
of electrically conductive fluid versus a 
dielectric medium.

Although most of the reported FSSs 
in this article are not mechanically flex-
ible, certain applications may benefit 
from, or even require, flexibility in the 
FSS. PCB- and metallic-based designs 

have very low to no flexibility, while 
textile and some ink-based designs 
(depending on the substrate material) 
should allow for significant flexibil-
ity. Fluid-based FSSs may also achieve 
some flexibility if the unit cell is devised 
with flexible tubing. On the other hand, 
FSS performance may depend on the 
amount of exerted flexing, and, there-
fore, it must be assessed and accounted 
for in the FSS design stage.

The “Electrical Conductivity” sec-
tion discussed the impact that the bulk 
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electrical conductivity has on the overall 
FSS performance. With this in mind, 
some presented materials do have sub-
stantially better conductivity values than 
others. To more easily demonstrate this 
disparity, see Table 1. Silver, copper, and 
aluminum have the highest conductivity 
values but vary from a cost perspective. 
On PCB-based designs, the conductive 
element is a copper sheet, while silver in 
a nanoparticle form is most commonly 
mixed in inks or embedded in textiles, 
as mentioned previously. Both conduc-
tive textiles and inks may have different 
concentrations of silver as well as other 
metallic elements in their composition, 
hence the broad range of values pre-
sented in Table 1.

An FSS researcher should, therefore,  
identify the best solution for his or her 
project based on (but not limited to) the 
following metrics: cost-effective choice 
per unit cell, tuning possibility, shape 
complexity, mechanical flexibility, and 
electrical conductivity. These have to be 
properly evaluated based on the specific 
project requirements. For example, if the 
unit-cell approximate cost is not a limiting 
factor for the project, then PCB material 
should be a good candidate as it is widely 
available and it outperforms the other 
materials in almost all the other metrics.

CONCLUSIONS
This article reported on several approaches 
for manufacturing an FSS, highlighting 
some of the most relevant materials pres-
ent in scientific literature. For each mate-
rial, possible manufacturing methods were 

also identified. To the authors’ knowledge, 
the approaches presented in this article 
were lacking in scientific literature and, 
therefore, should prove useful for both new 
and more experienced FSS researchers.

PCB-based FSSs are widely used 
in the scientific community as the pre-
ferred material for validation purposes, 
e.g., one-off or low-volume prototypes.
Conductive inkjet printing with silver 
nanoparticle ink and R2R technology 
may be a viable commercial solution pro-
moting high yield and cost efficiency.

Textile-based FSSs could be a viable 
solution for indoor environments, per-
haps even in visually exposed implemen-
tations. On-body shielding is another 
possibility offered by conductive textiles. 
Conductive filaments/fabrics should be 
carefully selected since some reported 
solutions displayed low conductivity val-
ues, which negatively impacted the FSS 
prototype performance.

Metal-based FSSs are yet another 
alternative design approach in which 
good electrical conductivity is assured. 
Metal designs may, however, exhibit rela-
tively high weight per unit cell compared 
to other approaches. Metal transforming 
in the machine industry is a very mature 
topic; therefore, high-yield commercial 
solutions should be possible.

Fluid-tunable FSS papers demonstrat-
ed interesting results, although these may 
require increased rigorous manufacturing 
and maintenance control when compared 
to other solutions. It was demonstrated 
that low electrical conductivity values 
severely limit FSS performance. Sub-
strate properties may also have an effect 
on FSS characteristics but are manifest-
ed through a frequency offset, which is 
directly related to the relative permittivity 
and thickness of the substrate. Finally, the 
presented materials were also compared 
against each other for several important 
metrics, such as approximate cost, tun-
ing possibility, mechanical flexibility, and 
electrical conductivity.
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