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Abstract: The current stage of non-destructive evaluation techniques imposes the development 

of new electromagnetic methods that are based on high spatial resolution and increased 

sensitivity. Printed circuit boards, integrated circuit boards, composite materials with polymeric 

matrix containing conductive fibers, as well as some types of biosensors are devices of 

interest in using such evaluation methods. In order to achieve high performance, the work 

frequencies must be either radiofrequencies or microwaves. At these frequencies, at the 

dielectric/conductor interface, plasmon polaritons can appear, propagating between conductive 

regions as evanescent waves. Detection of these waves, containing required information, can 

be done using sensors with metamaterial lenses. We propose in this paper the enhancement 

of the spatial resolution using electromagnetic methods, which can be accomplished in this 

case using evanescent waves that appear in the current study in slits of materials such as the 

spaces between carbon fibers in Carbon Fibers Reinforced Plastics or in materials of interest 
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in the nondestructive evaluation field with industrial applications, where microscopic cracks 

are present. We propose herein a unique design of the metamaterials for use in nondestructive 

evaluation based on Conical Swiss Rolls configurations, which assure the robust 

concentration/focusing of the incident electromagnetic waves (practically impossible to be 

focused using classical materials), as well as the robust manipulation of evanescent waves. 

Applying this testing method, spatial resolution of approximately λ/2000 can be achieved. 

This testing method can be successfully applied in a variety of applications of paramount 

importance such as defect/damage detection in materials used in a variety of industrial 

applications, such as automotive and aviation technologies. 

Keywords: nondestructive evaluation; metamaterials lens; metallic strip gratings; fiber 

reinforced plastic composites; evanescent waves 

 

1. Introduction 

In recent years, several nondestructive evaluation (NDE) techniques have been developed for detecting 

the effect of damages/embedded objects in homogeneous media. 

The electromagnetic nondestructive evaluation (eNDE) of materials consists in the application of an 

electromagnetic (EM) field with frequencies ranging from tens of Hz to tens of GHz, to the examined 

object and evaluating the interaction between the field and the eventually material discontinuities.  

A generic NDE system is presented in Figure 1. 

 

Figure 1. Principles of nondestructive evaluation operation. 

Effective data acquisition and display capabilities have led to developments in extraction and 

recording information about discontinuities and material properties. Fundamentally, these methods were 

involved with the evolution of reflected and/or transmitted waves after interacting with the test part. If 

the examined object is electrically conductive, under the action of the incident EM field, eddy currents 

will be induced in the material, according to Faraday’s Law [1]. 
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If the incident EM field has low frequency, usually created by coils circulated by alternating  

current [2–9] or current impulses [10–13], different shapes of coils [14] assure the detection of the 

secondary EM field. In order to obtain a better signal/noise ratio [15–19], it is necessary to use the 

smallest possible lift-off (distance between the EM transducer and the controlled piece). This requires 

working in the near field because the generated and scattered EM waves are evanescent waves (waves 

that are rapidly attenuated with distance [20] and are difficult to be focalized using classical materials). 

Recently, a new approach to the design of EM structures has been introduced, where the paths of  

EM waves are controlled by modifying constitutive parameters through a variation of space features.  

The interaction of the EM field with periodical metallic structures constitutes an interesting domain, both 

from a theoretical point of view as well as experimentally [21–24]. The metallic strip gratings (MSG) 

can act as filters and polarizers [25], also representing the basic elements in rigid and flexible printed 

circuits boards, serving to supply and to the transmission of the signals. MSGs present special properties 

when they are excited with a transversal electric/magnetic along the z axis (TEz/TMz) polarized EM 

field. These structures are intensively studied from a theoretical point of view [26,27], for obtaining 

complex information about their behavior in electronic applications [28] and the design of new types of 

metamaterials (MMs) starting from the existence of surface plasmons polaritons (SPPs) [29]. These 

applications impose a rigorous and rapid quality control. 

Extending the study to composite materials, carbon fiber reinforced plastics (CFRP) with uniaxial 

symmetry [30], as well in the case of reinforcement with carbon fibers woven [7,31], the possibility of 

manipulating the evanescent waves that appear in the space between fibers indicates the necessity to 

improve the spatial resolution of the sensors, to emphasize microscopic flaws. 

The composite materials found wide usage in modern technologies due to the development of 

industries [32], ranging from medicine and sporting goods to aeronautics components. These composite 

components can have various dimensions, from very small panels used in satellite structures to large 

ones used in miniature naval vessels as hulls, 30 m long and 25 mm thick. 

Fiber-reinforced polymer composites (FRPC) have superior mechanical properties to metallic structures, 

assuring simple manufacturing of layered products [33]. FRPCs are classified by the type of reinforcement 

fibers (carbon, glass, or aramids) or the type of matrix (thermoset or thermoplastic). Despite the fact that 

thermoplastic composites are more expensive, they have been preferred in the construction of complex 

structures, due to the advantages of thermoplastic matrix such as recyclability, aesthetic finishing, high 

impact resistance, chemical resistance, hard crystalline or rubbery surface options, and eco-friendly 

manufacturing, making the entire process cost less [34]. Woven carbon fibers are recommended due to 

their high strength-to-weight ratio. Polyphenylene sulfide (PPS) has excellent properties [35], tying into 

the advantages described above. Woven carbon fibers/PPS laminates are characterized by reduced 

damages but are susceptible to impacts with low energies, leading to delaminations, desbonding of 

carbon fibers, and/or matrix cracking [36]. The aerospace industry requires the highest quality control 

and product release specifications [37,38]. The raw material standard, prepreg materials, require 

mechanical property testing (i.e., interlaminar strength and tensile strength) from specimens. Final parts 

also require NDE [39] and structural health monitoring (SHM) [40,41]. The presence of different types 

of defects such as voids, inclusions, desbondings, improper cure, and delaminations are common during 

the manufacture and use of composite materials. 
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Alternative techniques based on phenomenological changes in the composite materials were 

developed to measure damage due to impacts: acoustic emission [42,43], infrared imaging [44,45], 

electrical resistance [46,47], or non-contact techniques such as digital image correlation [48] and X-ray 

tomography [49,50], but these methods have their limitations, being complementary. Nowadays, NDE 

methods are developed for post-damage inspection and assessment such as thermography [51,52], 

ultrasonic C-scan [53,54], eddy current [55,56], and optical fiber [57,58], offering quantitative results. Other 

techniques can be used for online health monitoring of CFRP structures, embedding external sensors or 

additional fiber input in CFRPs. 

This paper proposes the possibility to enhance the spatial resolution of eNDE methods applied  

to MSG and to CFRP, using a sensor with MM lenses. For this, special attention is granted to the sensor 

based on a lens [59,60] with conical Swiss rolls, which allows for the manipulation of evanescent waves 

created in slits and in the dielectric insulating the carbon fibers, respectively, and can reach a spatial 

resolution for visualization of carbon fibers’ layout and eventually of flaws such as delamination created 

by impact.  

2. Metamaterial Sensor for eNDE and Theory 

MMs, EM structures with distinguished properties, have started to be studied especially in the last 

few years. EM MMs belong to the class of artificially engineered materials, which can provide an 

engineered response to EM radiation, not available from naturally occurring materials. These are often 

defined as the structures of metallic and/or dielectric elements, periodically arranged in two or three 

dimensions [61]. The size of the structure is typically smaller than the free space wavelength of incoming 

EM waves. Nowadays, multitudes of MM structural elements type are known, conferring special EM 

properties. Depending on the frequency of the incident EM field, the type and geometrical shape of the 

MM may have a high relative magnetic permeability, either positive or negative [61]. Also, MM lenses 

allow the amplification of evanescent waves [62]. These properties strongly depend on the geometry of 

MM rather than their composition [63], and were experimentally demonstrated [64]. MMs have started 

to interest engineers and physicists due to their wide application in perfect lens [65], slow light [66], data 

storage [67], etc. 

In order to find the effective permittivity and permeability of a slab of MM, the material has to be 

homogeneous. The permittivity and permeability can be found from the S parameters data. For a MM 

slab characterized by effective permittivity εeff and effective magnetic permeability µeff, the refractive 

index is:  

eff effε μn =  (1)

and the impedance is given by: 

eff

eff

μ

ε
Z =  (2)

The relationship between ε and µ for a medium as well as the wave propagation through it can 

categorize the media into the following classes [68,69]: 

(a) Double positive medium (DSP) when ε 0>  and μ 0> ; Only propagating waves; 
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(b) Single negative medium-electric negative (ENG), when ε 0<  and μ > 0; only evanescent waves; 
(c) Double negative medium (DNG) when ε 0<  and μ 0< ; propagating waves and  

evanescent waves; 
(d) Single negative medium-magnetic negative (MNG), when ε 0>  and μ 0< ; only  

propagating waves. 

When the effective electrical permittivity εeff, and the effective magnetic permeability μeff of a MM 

slab are simultaneously −1, the refractive index of the slab is n = −1 [70]. Therefore, the surface impedance 

of such an MM is Z = 1, there is no mismatch and consequently no reflection at the slab-air  

interface [64]. This MM slab forms a perfect lens [62] and is not only focusing the EM field, but also 

focuses the evanescent waves [62]. 

Due to experimental difficulties in obtaining a perfect lens, the manipulation of the evanescent modes 

can be made with an EM sensor with MM lenses that have, at the operation frequency, either  

εeff = −1 when electric evanescent modes can be manipulated, or µeff = −1 when the lens can focus 

magnetic evanescent modes [61]. Moreover, working at a frequency that ensures µeff = −1 for the same 

lens, the magnetic evanescent modes can be manipulated [20,71]. 

According to the above classes, as shown in Ref. [30], the electric evanescent modes can be manipulated 

with a sensor made from a special MM, named Conical Swiss Roll (CSR) [31], functioning in a 

frequency range that ensures the maximum µeff [60]; it did not accomplish the conditions imposed for a 

perfect lens but will lead to the substantial enhancement of spatial resolution. The spatial resolution of 

the system (the distance between two distinctively visible points) was verified according to [59] and the 

analysis of data obtained shows that the realization of MM lenses in the RF range is possible using the 

CSR, whose distortions are minimal and whose calculation is made based on Fourier optic principles. 

EM sensors with MM lenses have been made using two CSRs, the operation frequencies depending 

both on the constitutive parameters of MM and the polarization of the incident EM field (TEz or TMz). 

Figure 2 shows the developed sensor with MM [7,59,60]. A CSR consists of a number of  

spiral-wound layers of an insulated conductor on a conical mandrel [31]. The EM sensor is absolute 

send-receive type; it has the emission part made from one-turn rectangular coil with  

35 × 70 mm dimensions, using Cu wire with a 1 mm diameter. When an EM TMz polarized waves acts, 

at normal incidence, the magnetic field being parallel with the y axis such that Hx = Hz = 0 and Hy ≠ 0, 

in very near field, between carbon fibers similar with MSG, evanescent waves can appear. In the focal 

image point a reception coil with MM lens is placed, having one turn with 1 mm average diameter made 

of Cu wire with 0.1 mm diameter, to convert localized energy in electromotive force (e.m.f.). An 

optimized work frequency of 476 MHz assures magnetic effective permeability of 22. At this frequency, 

the property of CSR to act as an alternative magnetic flux concentrator has been verified. 
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(a) (b) 

Figure 2. Sensor with MM lens: (a) schematic representation; (b) photograph. 

The calculus of the MM lens based on CSR was presented in Ref. [31]; the field in the focal plane of 

the lens is given by 

( ) 2 20
0 2

sin sin
2 2

, , 2
b a b a

b a b a
k k k k

j x y

k k k k
x y

H
H x y z l e

x y

+ + + 
 

− −   
   
   + =

π
, (3)

where z0 = R (Figure 2a) with R << λ, and H0 is the amplitude of incident magnetic field. 

The principle scheme of sensor for the evanescent wave’s detection is shown in Figure 2a. In order 

to enhance the spatial resolution of the sensor, a conductive screen having a circular aperture made from 

perfect electric conductor (PEC) material with a very small diameter is placed in front  

of the lens. The circular aperture serves for the diffraction of the evanescent waves that can occur on 

slits. This ensures paraxial incident beam. The diameter of focal spot provided by MM lens is given  

by [72]: 

4

b a

D
k k

π=
−

 (4)

and is equal with the diameter of the small basis of the conical Swiss roll, i.e., 3.2 mm. The MM lens 

with CSR will be displaced along the x-axis (Figure 2a). When ka = 0 and this value is inserted into 

Equation (4), kb is obtained and the field in the focal plane is calculated with Equation (3). The detection 

principle is similar with near-field EM scanning microscopy (NFESM). NFSEM imaging is a sampling 

technique, i.e., the sample (in our case MSG or carbon fibers) is probed point by point by raster scanning 

with the sensor over the sample surface and recording for energy image pixel a corresponding  

EM signature. 
Selecting a region with dimensions ( ) ( )  c d c dx x x x+ ⋅ + , (where xc and xd are coordinates for 

conducting/dielectric material), using the Fourier optics methods [72,73], an object O(x,y) that can 

represent the eigenmodes in function of the polarization of an incident EM field, has, while passing 

through the circular aperture and the lens, an image I(xʹ, yʹ), given by [68]: 



Appl. Sci. 2015, 5 1418 

 

 

( )
( ) ( )( )

( ) ( )

( )
( ) ( )( )

2 2' ' 2 2
1 1 1 1' '

2
1 2 2

2 2

1 1

1 1
1

1
, exp , exp

2 2

, exp d d d d
2

k x x y y k x y
I x y i P x y i

d d d f

k x x y y
O x y i x y x y

d

∞ ∞

−∞ −∞

∞ ∞

−∞ −∞

 − + −  +   = × λ     
  − + −  
      

 

 

 (5)

where P(x,y) is the pupil function defined as [73Error! Bookmark not defined.]: 

( )
2 2 21

,
0 otherwise

x y d
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 + ≤
= 


 (6)

O(x,y) is the object defined as: 

( ) ( )
( )

, for TEz polarized incident waves
,

, for TMz polarized incident waves
v

v

e x y
O x y

h x y

= 


 (7)

f is the focal distance of the lens equal with the height of CSR; λ is the wavelength in a vacuum; 
2 /k = π λ  is the wave number; 1d R l= +  is the distance from the object to the center of the lens; and 

2d l=  is the distance from the center of the lens to the detecting coil.
 The most convenient method from an experimental point of view is to measure S parameters for the 

MM that fill a waveguide or in free space, using an emission and reception antennas. The relation 

between S11 and S21, applying the effective method [74] using a 4395A Network/Spectrum/Impedance 

Analyzer Agilent (Agilent Technologies, Santa Clara, CA, USA) coupled with an Agilent 87511A S 

Parameters Test kit and effective refractive index n, is given by [75,76]: 
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where 
10

1

1

Z
R

Z

−=
+

 and the impedance Z is obtained by inverting Equation (8) yielding: 

( )
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2 2
11 21

2 2
11 21

1

1

S S
Z

S S

+ −
= ±

− −
 0 21jnk de X j X= ± −  (9)

where 
2 2

21 11 21

1

2 (1 )
X

S S S
=

− +
. 

The focal distance of the lens using an MM is given in Ref. [31] with f l≅ , where l is the height of 

a CSR. Assuming that the passive MM slab has an effective refractive index n and impedance Z, 
according to Ref. [74] the effective permittivity effε  and permeability effμ  are directly effμ nZ=  and 

effε n
Z= . 

3. Studied Samples and Experimental Setup 

The functioning of the MM sensor has been verified using two types of materials, MSGs and FRPC. 
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3.1. Metallic Strip Gratings (MSGs) 

Metallic films on flexible substrates (polyimide or plastic) currently have superior mechanical 

properties compared to ones deposited on glass, in many aspects. Although the glass substrate is hard, 

the polyimide or plastic substrate is lighter, less expensive, flexible, and more suitable for use in small 

devices [77]. Other applications include protective coatings, EM shielding, and electric current 

conductors for microelectronic applications. 

Two types of MSG were taken into consideration: 

Flexible printed circuit with transparent polyimide support, 80 µm thickness, with silver conductive strip 

of 10 µm thickness, the width of the strips being xc = 0.6 mm and the width of the slits being  

xd = 0.4 mm;  

Silver strips realized with polyimide support of 65 µm thickness made from a silver strip having  

14 µm thickness, the width of the strips being xc = 1.2 mm and the width of the slits being xd = 0.8 mm. 

For strips having xc = 1.2 mm, we have taken into account interruptions as well as non-alignments. 

Silver strips were realized by successive deposition of silver paste, using an adequate stencil by screen 

printed method. The adhesion of silver on polyimide has been done with a thin film of resin. The 

conductive silver paste made from microparticles with concentration >80%, density 10.49 g/cm3, resistivity 

1 ÷ 3 × 10−5 Ω cm was used [78]. The silver paste has good adhesion and fast drying speed at room 

temperature. At frequencies around the value of 500 MHz, the permittivity of silver [79] is 
ε 48.8 3.16m j= − + ⋅ . 

The polyimide as flexible substrate can be easily embedded in 3D structures, also ensuring retention 

of bioactive species in the developed structure. They satisfy just about all the requirements for electronics 

applications, being lightweight, flexible, and resistant to heat and chemicals [80]. The flexible MSG 

structures are presented in Figure 3a,b. 

(a) (b) (c) 

Figure 3. Studied samples: (a) MSGs from flexible printed circuit; (b) MSGs realized with 

polyimide support; (c) Plates from FRPC. 

For the MSG having the width of strips xc = 0.6 mm, the study is focused on the appearance of 

abnormal and/or evanescent modes for the cases where various dielectric fluids fill the gaps between the 

strips, and also improvement of the EM images to obtain a better spatial resolution in order to exceed 

the limit imposed by diffraction. 
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3.2. Plates from FRPC Composite Materials 

The study involved quasi-isotropic FRPC plates produced by Tencate [35] (Almelo, The Netherlands), 

having 150 × 100 × 4.2 mm3, containing 12 layers of 5 harness satin (5HS) carbon fibers woven with 

balanced woven fabric [81] (Figure 3c). The matrix is made of PPS, a thermoplastic polymer consisting 

of aromatic rings linked with sulfide moieties. It is resistant to chemical and thermal attack, and the 

amount of gas released due to matrix ignition is low. The carbon fibers are T300JB type (TORAYCA, 

Santa Ana, CA, USA); their volume ratio is 0.5 ± 0.03 and the density is 1460 kg/m3. 

Carbon fiber woven embedded into PPS offers strength of composite to impact. The FRPC has the 

transverse electric conductivity between 10 S/m and 100 S/m and longitudinal conductivity ranging 

between 5 × 103 S/m and 5 × 104 S/m and is paramagnetic, allowing eNDE. The samples were impacted 

with an energy of 8 J [59], in order to induce delaminations. The impacts are induced with FRACTOVIS 

PLUS 9350 CEAST (Instron, Nordwood, MA, USA), which allows the modification of impact energies 

as well as the temperature during impact. The conditions of the impact are designed according to ASTM 

D7136 [82] at a temperature of 20 °C. Under impact, the FRPCs suffer delamination, usually accompanied 

by a dent, deviation, and/or breaking of the carbon fibers. In all cases, a reduction in the space between 

fibers in the thickness direction appears and this causes an increase in fiber contact, leading to a decrease 

of electrical resistance in the thickness direction and modifying the local electrical conductivity both in 

the plane of the fibers and perpendicularly on fibers [83]. The energy absorbed by the composite serves 

as the plastic deformation of the composite in the contact zone, being dissipated through internal friction 

between the matrix’s molecules, carbon fibers, and matrix-carbon fibers, as well as at the creation of 

delaminations. Typical records of force vs. time during impact can give information about the FRPC 

status (delaminated or not) [84]. 

The generation and detection of evanescent waves from slits/fibers has been made using a sensor with 

MM lens and the equipment presented in Figure 4. The rectangular frame used for the generation of the 

TMz polarized EM field has 35 × 70 mm dimensions, from a 1 mm diameter Cu wire. This represents 

the excitation part of the transducer. The lens is constructed from two CSRs with the large bases being 

placed face to face. The insulated conductor is a copper foil with 18 μm thickness laminated adhesiveless 

with a polyimide foil (LONGLITE™200, produced by Rogers Corporation (Connecticut, CT, USA)), in 

order to reduce the losses at high frequencies, with 12 μm thickness (Figure 2b). Each CSR has 1.25 turns, 

20 mm diameter large base, 3.2 mm diameter small base, aperture angle of 20°, and 50 mm height. The 

reception coil with 1 mm diameter and one turn from 0.1 mm diameter Cu wire was placed in the focal 

plane of the lens. A grounded screen made from the same insulated conductor as the CSR, having a 

circular aperture with diameter d = 100 µm, is placed in front of the lens (Figure 2a). The distance 

between screen aperture and the surface to be examined has been maintained at 20 ± 1 µm. 
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Figure 4. Experimental setup. 

The EM sensor with MM lens, presented above, is connected to a Network/Spectrum/Impedance 

Analyzer type 4395A Agilent USA Analyzer (Agilent Technologies, Santa Clara, CA, USA). During 

the measurements, the transducer was maintained in fixed position and samples were displaced with a 

XY displacement system, type Newmark—Newmark Systems Inc. (Santa Margarita, CA, USA) that 

ensures the raster scanning in plane with ±10 µm precision and rotation with ± 2′′ . 

The measurement system is commanded via PC through an RS232 interface (National Instruments, 

Mopac Expwy, Austin, TX, USA) for displacement system and IEEE 488.2 for 

Network/Spectrum/Impedance Analyzer (National Instruments, Mopac Expwy, Austin, TX, USA). The 

data acquisition and storage are made by software developed in Matlab 2012b (The MathWorks, Inc., 

Natick, MA, USA). The e.m.f. induced in the reception coil of the measurement system is the average 

of 10 measurements at the same point in order to reduce the effects of the white noise, the bandwidth of 

the analyzer being set to 10 Hz, also to diminish the noise level. 

The measurements of S parameters were carried out with Agilent S Parameters Test kit 87511A 

(Agilent Technologies, Santa Clara, CA, USA) coupled to Agilent 4395A Analyzer. 

4. Results and Discussion 

The EM sensor used in eNDE must accomplish two roles: 

Induce eddy current into the conductive material to be examined, and 

Emphasize their flow modifications due to material degradation. 

The simplest method to create time-variable magnetic fluxes that can induce eddy current into the 

material to be examined is represented by the coils circulated by alternative currents, by current impulses, 

or more alternative currents with different frequencies. The emission part of the EM sensor has this role. 

To emphasize the induced eddy current and effect of material degradation over their propagation, 

sensors sensitive to variation of magnetic field can be used, in our case a sensor with MM lens. The theoretical 

and experimental study of eigenmodes [71] that appear in the studied MSGs open new domains of 

applications in the eNDE of stratified structures. 
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The method and the developed sensor can serve as the eNDE of conductive strips, in order to 

eventually detect interruptions as well as non-alignments of silver strips or short-circuits between  

the traces.  

According to [59], in the case of MSG with silver strips and sub-wavelength features, excited with 

TMz polarized incident EM field, causing a single evanescent mode to appear in the space between strips 

but disappearing when water is inserted (εwater = 81). This mode could be detected and visualized using 

the sensor described above.  

For MSG with features compatible with the λ value of incident EM field, TMz polarized; the structure 

presents known selective properties of transmission and reflection [85]. When an EM TMz polarized 

waves acts, at normal incidence, for MSG, according to Ref. [27], the reflection coefficient for a strip 

grating with x0 << λ0 is practically 1. 

When MSG represents a layered structure having the features xc = 0.6 mm, xd = 0.4 mm, and thickness 

of 10 µm deposited on polyimide having a relative permittivity of 4.8, the study focuses on the 

appearance of abnormal and/or evanescent modes for the cases where dielectric fluids fill the gaps 

between the strip.  

Using the sensors with MM lenses, it is experimentally confirmed that, in the space between the strips, 

evanescent and abnormal modes appear in the case of modes excited with a TMz polarized EM wave 

with λ = 0.6 m. The images present an increasing of the amplitude of the signal induced in the reception 

coil of the evanescent and abnormal modes created in slits at the scanning of a 1 × 1 mm2 region with a 

10 µm step in both directions. When the slits are filled with air, only the evanescent mode will be 

generated; the amplitude of the signal induced in the reception coil has the shape presented in Figure 5a. 

(a) (b) 

Figure 5. Image of evanescent and abnormal modes generated in slits for TMz polarized 

excitation at frequency of 476 MHz: (a) slits filled with air; (b) slits filled with  

isopropyl alcohol. 

In the central zone of the slits the amplitude is maximum, followed by an accentuated decreasing 

towards the flanks of the metallic strips. The existence of a single evanescent mode, foreseen 

theoretically [7], is experimentally confirmed by the existence of a local maximum in the middle zone 

of the slits, with maximum amplitude on the middle of the slits, followed by an accentuated decreasing, 

symmetrically on the flanks of the strip. The two secondary maxima with smaller amplitude are at  

±42 µm from the vertical strip wall. 
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In slits abnormal modes are generated, in the case of excitation with a TMz polarized wave, for  

large values of the liquid dielectric constants larger than 10, when εd = 17.9, (isopropyl alcohol)  

(Figure 5b). Because the real component of the propagation constant βν for isopropyl alcohol is smaller 

(βν = 4.2 + i·104.321) than the imaginary component, abnormal modes will be generated in slits; the EM 

image of these modes shows a similar behavior to the case of air in the slits. The amplitude of the signal 

is smaller and has a central maximum that is more flat (Figure 5b). This gives new ways for MSGs in 

sub-subwavelength regime to be used as sensors (as biosensors using evanescent modes generated space 

between strips and extremely low frequency plasmons).  

In order to obtain a silver strip with different widths and thickness in the range of micrometers, 

different masks/stencils with different microstrip widths were used. Once a metal coating has been 

applied to a surface, it is critical to determine the adhesion properties of the deposit.  

In the case of an MSG made from silver strip having 14 µm thickness, the width of strips where  

xc = 1.2 mm and the width of slits is xd = 0.8 mm is analyzed, considering that the wavelength of incident 

field is λ = 0.6 m (corresponding to a 500 MHz frequency). 

A region of 16 × 16 mm2 from MSG has been scanned with 0.1-mm steps in both directions.  

The scanning along the x direction was done to correspond with a few periods of gratings, x0 = xc + xd. The 

working frequency was 476 MHz.  

For MSG excitation with EM field TMz polarized, the simulation was performed using XFDTD 6.3 

software produced by REMCOM (State College, PA, USA) [86]. According to Ref. [79], the value of 

dielectric permittivity of silver is εm = −48.8 + j·3.16. Figure 6 shows the dependency of e.m.f. amplitude 

induced in the reception coil of a sensor on the scanning of the MSG taken into study, the image showing 

that this type of sensor correctly relies on conductive strips with 14 µm thickness and eventual  

non-adherence to support and/or interruptions.  

 

Figure 6. Amplitude of e.m.f. induced in the reception coil at the scanning of silver strip grating. 

These results are in good concordance with theoretical estimations. They confirm a good adhesion of 

the silver paste on polyimide, as well as good alignment of the strips. It is known that the biosensing 

characteristic is strongly dependent on the deposition condition, which affects the physical properties of 

the thin film. Using the procedure and sensor described earlier for eNDE of MSG, interruption of a strip 

stopped the propagation of evanescent waves in the nearest slit so that the amplitude of e.m.f induced in 

the reception coil practically decreased to zero when the aperture’s sensor was in the corresponding 

region of the slit. The roughness feature is emphasized by the propagation of surface polaritons [29]. 
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For the second type of material taken into study (FRPC), the EM behavior of the composite was 

simulated by FDTD software; the samples were CAD designed following textiles features, and compared 

with eNDE tests. One cell of woven carbon fiber has been designed in the TexGenTextile Geometric 

modeler software (University of Nottingham, Nottingham, UK) (Figure 7a) and exported in CAD format 

in order to be used in FDTD software (XFDTD REMCOM, State College, PA, USA). The 5 × 5 tows were 

represented in different colors in order to easily follow their intersection when woven. The cell dimension 

in FDTD simulation is 0.04 mm, and the grid size is 146 × 146 × 45 cells. The perfectly matched layer 

boundary condition was applied at the grid boundaries. 

 
(a) (b) 

Figure 7. Simulation of one woven carbon cell: (a) TexGen—different colors show the 

intersections in the woven 5HS; (b) XFDTD—Hy propagation in a plane orthogonal at composite. 

The result of the simulation presented in Figure 7b is a snapshot from a field sequence, showing the 

Hy field progress at a particular slice of the geometry. In this case, the role of conductive strips is taken 

by carbon fibers, which act as MSG [71]; the apparition of evanescent waves can also be emphasized. 

The detection of eventual delamination or the characterization of carbon fibers’ woven structure using 

the eNDE method and the sensors with MM lens is an emerging nondestructive technique combining 

the advantages of conventional eddy current testing and evanescent wave detection, giving a higher 

resolution than a classical eddy current. 

The results are shown in Figure 8, which presents a scan with 1-mm step of a 60 × 60 mm2 region 

from the FRPC sample impacted with 8 J, scanned in both directions.  

 

Figure 8. Sensor data with MM lens for 8 J impact. 
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It can be shown that the MM lens allow the enhancement of spatial resolution, with the layout of the 

woven being emphasized. The proposed method can thus be extended not only for the evaluation of 

MSG but also for the eNDE of FRPC in order to evaluate delaminations as well as the woven layout. 

5. Conclusions 

The structures’ conductive grating allows, by extension, the estimation of results from eNDE of few 

real situations such as evaluation of metallic strips in printed circuit, MSG in the sub-wavelength regime 

as a biosensor, and FRPC. 

In order to significantly enhance the spatial resolution of the EM method, the use of evanescent  

waves that can appear in slits, in the space between FRPC and on the edge of open microscopic cracks, 

is proposed. Special attention is granted to the MM lens based on CSR configurations, with an optimal 

frequency that assures the concentration of the incident electromagnetic field as well as the effective 

manipulation of the evanescent waves. The EM field TMz polarized can be created with a rectangular 

frame, having the plane perpendicular on the plane of MSG/FRPC and fed with an alternating current. 

The use of evanescent waves and sensors with MM lens allows for the manipulation of evanescent 

waves to reach a spatial resolution of approximately λ/2000. 

The performance of the EM sensors with MM lens is improved regarding sensitivity and spatial 

resolution by using the evanescent wave that can appear in the space between slits for structures excited 

with a polarized TMz plane wave. 
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