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Abstract—Electromagnetic sensors have received huge 
attention in the last few years, due to the rising demand of 
devices able to improve quality, performance and safety in 
different industrial sectors: both sensing and medical 
industries are outstanding examples. Despite reliable 
diagnostic technologies have been developed, some drawbacks 
are still present: bandwidth, large dimensions and limited 
response control. Metasurfaces, bi-dimensional engineered 
materials, represent an optimal solution to overcome such 
issues enhancing existing systems for an accurate diagnosis. 
Therefore, in this paper, metasurface-based sensors are 
proposed and realized by using new additive manufacturing 
processes. The structures are finally experimentally tested and 
verified in different medical diagnostic applications, namely: 
cancer stage recognition, glucose/sugar levels measurements 
and blood oxygen saturation detection. The high performances 
shown by such meta-sensors, in terms of selectivity and 
sensibility, pave a new way to realize advanced platforms for 
non-invasive, high quality and faster patient diagnosis.  

Index Terms—metasurfaces, sensors, medical diagnostics, 
additive manufacturing, healthcare. 

I.  INTRODUCTION 

The study of electromagnetic sensors and the possibility 
to control and manipulate the properties of such waves at 
will (i.e. amplitude, phase, frequency response and 
polarization) has been a hot topic in the last decades. Of 
great interest, in the last few years, it is their use in practical 
applications such as telecommunications, automotive, 
computer science, and medical diagnostics [1]. The aging 
and expanding population, increasing the demand for an 
efficient and fast medical follow-up, are accelerating the 
development of reliable and accurate real-time diagnostic 
tools [2]. Several technologies have been used to this regard 
showing both interesting advantages (i.e. simplicity and 
speed of analysis, integration, immunity to external 
disturbances, high sensitivity and selectivity, and the 
possibility of mass production) and limitations (relatively 
large dimensions, high losses and scalability) [3]. New 
engineered surface materials called metasurfaces have been 
implemented to overcome such issues [4]. They derive their 
extraordinary properties (i.e. sharp resonant peaks, narrow-
bandwidth, losses) from both material and geometrical 
characteristics. Even though such properties are clearly 
detrimental for many applications, they are extremely useful 
for sensing and medical diagnostics [5]: (i) sharp resonant 
peaks ensures high sensitivity; (ii) narrow-bandwidth permits 
to have high selectivity properties; (iii) losses can be used to 
enhance and boost sensors performances to obtain strong 

localization, confinement and enhancement of the 
electromagnetic field for a more reliable sensing. The main 
advantage in using them as sensors is the possibility to 
design and tune such properties at will, and in doing so, in 
the case of medical diagnosis, to target and detect specific 
molecules or compounds. This is what will be address in this 
paper by developing a rigorous approach to model, design 
and manufacture metasurfaces for medical diagnostics. Such 
a technique creates a robust link between arbitrary shape 
surfaces and their analogue material properties in an intuitive 
manner. The paper is structured as follows: (i) the modeling 
theory links the incident electromagnetic wave properties to 
the field phenomena in the structure, useful to understand its 
EM response. The design section links the field phenomena 
to the geometrical parameters of the structure, a crucial step 
to obtain the full control on the sensor response and tune it 
accordingly to the required application/target; (ii) then, new 
and inexpensive Additive Manufacturing techniques will be 
used to realize multi-purpose sensors; (iii) finally, the 
realized sensing platforms will be used for medical 
diagnostics applications such cancer stage recognition, 
glucose/sugar monitoring and blood oxygen saturation 
detection. 

Results will show how metasurfaces are highly promising 
structures for non-invasive healthcare monitoring 
applications, transforming and improving our everyday life 
quality. 

II. MATHERIALS & METHODS 

Fig.1(a) shows the geometry of a metasurface formed by 
metallic (dielectric) inclusions (whose unit-cell is depicted in 
Fig.1(b)), printed on a grounded dielectric slab with 
thickness t, relative permittivity εslab and magnetic 
permeability of free space µslab=µ0. In [6] it has been 
demonstrated that (electrically) ultrathin metallic/dielectric-
only metasurfaces are not ideal structures for practical 
applications. For this reason, in this work, metal-dielectric 
metasurfaces with finite (still small) thickness [7] are 
considered. With this assumption, we can study the structure 
of Fig.1(a) with a multi-layer model as shown in Fig. 1(c): 
the metasurface with non-homogeneous permittivity ε(r) 
and/or permeability μ(r) depending on the vector position r; 
the substrate as a  homogeneous dielectric with permittivity 
εr; a metallic ground plane acting as a perfect electric 
conductor (PEC).  

 



 
Fig. 1. (a) Generic curvilinear metasurface with grounded dielectric slab 
underneath; (b) Planar view of metasurface unit-cell; (c) Multi-layer model 
for metasurface depicted in (a); (d) Metasurface equivalent circuit model. 

A. Modeling & Design of MetaSurface sensors 
The aim of the modeling step is to link the wave 

properties (amplitude and phase) with the structure field 
phenomena (electric E and magnetic H) through its 
impedance distribution Z (permittivity and permeability). We 
need to solve the appropriate wave equation to find both 
electric and magnetic field components. Such solutions are 
well known in literature for homogeneous materials [8]. On 
the contrary for non-homogeneous media, like the 
metasurface used here, equations (and solutions) became 
more complex [9]: 
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Knowing the electric and magnetic configuration of the 
structure, its equivalent impedance can be easily evaluated as 
[10]: 
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where l is the line chosen element, (a, b) the electric 
potential points and C the closed magnetic loop. The 
impedance Z in (2) fully describe the metasurface structure 
properties, allowing the full control of its response.  
Since we are interested in real-life curvilinear metasurfaces, 
we can model the structure by using spherical coordinates 
(r, θ, ϕ). Therefore, the Impedance in (2) reads: 
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The aim of the design step is to obtain the relation 
between the field phenomena, described by the structure Z, 
and its physical properties: substrate thickness, inclusions 
dimensions (length l, width w, gap g and thickness t) and 
their spatial periodicity Λ. Each field component has its 
counterpart in the related lumped elements circuit model. 

 When a wave is impinging on the metallic (dielectric) 
patches, both electric E and magnetic H field components 
excite induced electric/magnetic density currents J. The 
transverse electric (magnetic) currents will flow with high 
intensity along the metallic (dielectric) layer of the patch; the 
transverse magnetic (electric) currents will be very weak in 
the same region [6]. The equivalent unit-cell circuit 
impedance reads: 
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                  (4.1) 
An ultrathin metallic (dielectric) metasurface can only 

introduce a discontinuity on the transverse magnetic 
(electric) component, resulting in a very limited efficient 
structure [7]. To fully satisfy all the boundary conditions, a 
further discontinuity on the transverse electric E (magnetic 
H) field component is in need: a thicker metasurface or a 
supporting layer (dielectric substrate). This introduces in the 
circuit model a reactive element in series, leading to the new 
Impedance Z:  
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In literature adjacent unit-cells are considered sufficiently 
separated each other, so that any coupling phenomena can be 
neglected [11]. Here, on the contrary, both intra- and inter- 
layer coupling fields play an important role: highly confine 
signals, multi and broad -band responses, enhancement of 
both selectivity and sensibility. Such electric (magnetic) 
fields across the elements introduce, in the final circuit 
model, both mutual capacitances (inductances): 
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Once that all the field phenomena have been described by 
proper circuit elements, we can finally relate them to the 
structure physical dimensions (geometry and size), by using 
formulas coming from electrostatics [12] and magnetostatics 
[13, 14]. The final Impedance circuit model is depicted in 
Fig.1(d). Let’s consider the unit-cell depicted in Fig.1(b): a 
metallic square-shape particle deposited on a homogeneous 
dielectric substrate.  Its field impedance Z(r) is described in 
(3). By using formulas in [13, 14], the total capacitance is the 
contribution of three different terms, representing a specific 
sensing area: Ctot= Cg(w,t,g)+ Cf(w,g)+ Cs(l,w,t,g), where 
 (i) in the gap/cavity area Cg localized and resonant 
phenomena create a strong interaction with the target [15]: 
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 (ii)  The substrate Cf is an extremely sensitive area with 
high Q factor [16]: 
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 (iii) In the surface area Cs the energy is localized at the 
interface in the form of surface waves, crucial for tiny targets 
[17]: 

8
( , , , ) 2 logs sample

w t lC l w g t
g

ε
π π

 +=  
 

 (5.3) 

Similar results can be obtained for Inductive terms. 
 In the next paragraph we will choose and manufacture 
such sensing areas accordingly to the target and application 
required.   

B. Manufacturing MetaStructures  
As dictated by the modeling and design approach, 

Additive Manufacturing (AM) techniques have been used to 
realize the metasurface [18]. 

The morphology and permittivity properties of the 
substrate (Fig.2(a)) was controlled by using the following 
three stages: particulate filler preparation, composite 
production and layer fabrication. The challenge in the 
particulate filler preparation step was to obtain the mixture 
with the requested permittivity value, whilst controlling its 
rheology: dispersion of the fillers, particle size distribution, 
particulate shape, compatibility with the resin used, curing 
process, and volume fraction. Ceramic materials were used 
by the mill machine to generate the powder, composed by 
micro- and nano- meter particles. In the composite 
production stage, both the resin and the ceramic filler were 
pre-processed separately in a vacuum system prior to 
forming the mixture. Subsequently, the filler was added to 
the resin under vacuum to reduce the void content. Finally, in 
the layer fabrication stage, to achieve homogenous 
electromagnetic properties within the layer, it was necessary 
for the dispersed powder to remain as a stable suspension 
during the cure cycle. Once cured, the top surface of the 
structure was machined to match the desired surface profile. 

The conductive grid pattern (unit-cell) is deposited onto 
High Impact Polystyrene (HIPS) planar sheets using screen 
printing (Fig.2(b)). The silver ink is printed through a 
polyester screen mesh; the printed pattern is then applied to 
the screen by using photo-emulsion. The screen mesh is used 
to transfer the printed pattern to the substrate: a dragging bar 
is moved across the screen to fill the open mesh apertures 
with ink. On the reverse stroke, a polyurethane tipped 
squeegee blade deforms the screen into contact with the 
substrate momentarily along a line of contact. This causes 
the ink to wet the sheet and be pulled out of the mesh 
apertures when the screen recoils after the blade has passed. 

Once the conductive grid is deposited onto the planar 
substrate, the structure can be formed into any curvilinear 
surface required for the specific application, through a 
vacuum forming machine. In this process the sample to be 
formed is first heated to its softening temperature, by using 
an infrared panel heater. The created mould is, first, pushed 
into contact with the curved object; and, then, vacuum is 

applied. The resulting imbalance of air pressure on either 
side of the substrate results in it taking the shape of the 
object on which the metasurface is applied. Printed samples 
were formed, giving two slightly different geometries due to 
the thickness of the substrate: the conductive grid (metallic) 
facing towards and the dielectric counterpart facing away, 
from the mould. A porous breather tissue was positioned 
around the base of the mould to prevent the substrate from 
forming a gas seal around the edge of it during forming – 
locking off the vacuum pressure and preventing any further 
deformation of the substrate into the shape of the mould. 

 
By following the design (formulas (3) and (6) and 

manufacturing procedure, both Split-Ring-Resonator (SRR, 
Fig.2(c)) and Complementary SRR (CSRR, Fig.2(d)) have 
been realized. The unit-cell is formed by square patches with 
different sizes (side length l= λ0/15, strip width w= λ0/75 and 
thickness t= λ0/30) printed on a grounded dielectric slab 
(with uniform permittivity value εr=15 and thickness 
s=λ0/10). Both dimensions and spatial periodicity are 
assumed to be smaller than the operative wavelength λ0. 

 
Fig. 2. (a) SEM image of manufactured substrate; (b) SEM image of 
manufactured metasurface; Square-shape configurations used: (c) Split-
Ring-Resonator (SRR); (d) Complimentary Split-Ring-Resonator (CSRR). 

C. Experimental Setups and Data Acquisition   
In order to characterize and test the realized metasurface, 

the following experimental setups have been used [9]:  
(i) Absorption measurements: the metasurface is placed at 

a specific distance from the sample. Changes are detected in 
the transmission coefficient amplitude and bandwidth, while 
its frequency position does not change. From the resonance 
magnitude and amplitude width, we can detect both sample 
type and concentration. 

(ii) Refractive Index measurements. Once the biological 
sample is placed in contact with the metasurface, the 
reflection coefficient characteristics (frequency position and 
amplitude) change as a function of the sample properties. 
From the frequency position of the resonant dip, it is 
possible to discern the kind of substance among others. 

(iii) Surface measurements. A Near Field scanner is used 
and programmed to follow the contours of the structure.  
The probe is positioned very close (0.5 mm) above the 
surface, normal to the flat region of the device: only 
components parallel to the orientation of the probe are 



detected. 
The excitation is provided by a E-plane pyramid horn 

antenna attached to a network analyzer (Agilent N5230C 
PNA-L), representing the input port 1. The metasurface is 
surrounded on its edges by an absorbing layer (εr = 3.8 – 
j7.2) to reduce reflections at the boundaries. The receiving 
antenna is attached the network analyzer, representing 
output port 2.  With this 2-port set up, both reflection (S11) 
and transmission (S21) coefficients are measured.  
To scan the surface regions, an NSI planar scanner is 
programmed to follow the contours of the surface under 
investigation. Measurements have been done at discrete 
points along the devices (resolution of 1 mm x 1 mm) from 
which the corresponding amplitude and phase of the electric 
field component normal to the plane (Ez) are acquired.   

III. RESULTS & DISCUSSION 

We now use the realized metasurfaces for sensing and 
medical diagnostics applications. The sensor consists in SRR 
or CSRR metasurfaces, whose frequency response is 
modified by the surrounding environment (the biological 
sample) changes. Biological tissue properties and their 
frequency response are the results of the interaction between 
the electromagnetic radiation and their constituents at 
molecular and cellular level [19]. Diseases typically induce 
structural, biochemical and mechanical changes, leading to 
significantly different EM properties in terms of sample 
permittivity and/or permeability. The metasurfaces reveal 
such differences, by correlating sample biological changes to 
its response characteristics. The output signal will strictly 
depend on such modifications: amplitude, phase, frequency, 
polarization. 

 
Fig. 3. (a) Breast cancer stage recognition (b) Sugar & Glucose 
concentration measurements; (c) Skin cancer detection (d) Blood oxygen 
level measurements: HbO2/Hb ratio.  

A. Absorption Measurements 
Resonant cavities/absorbers are of great interest in 

medical diagnostics to develop highly selective sensors [15]. 
Organic and inorganic compounds absorb in specific spectral 
regions. This property gives each material a unique signature 
in the electromagnetic spectrum, depending on the related 
molecular structure [20]. Thus, the specificity and 

uniqueness of such spectra can be used for the recognition of 
the biological tissue under test. In this case, it is necessary to 
irradiate the sample in a selective way, to excite only the 
chemical groups of our interest, leaving unaltered the others. 

CSRRs are useful to design high selectivity sensors: 
(1) the electromagnetic field has a different configuration 

pattern compared to the traditional ones. Electric and 
magnetic field components are not only localized in specific 
spots like the SRR gaps or its thin strip surface. In CSRR the 
field lines are present also all along the metal surface plate: 
the sensing area is greater, ensuring a much stronger wave-
sample interaction. 

(2) They can illuminate the sample in a selective way: it 
is possible to design the CSRR sensor response for the 
recognition of specific compounds, by tuning its 
frequency(ies) with the absorption peak(s) of the sample.   

By using eqn. (6.1) and the absorption measurement 
setup, a metasurface-based sensor has been realized for 
cancer stage recognition [21]. The sensor consists of a planar 
CSRR made of circular inclusions. The resonant frequencies 
of the sensor (50, 87, and 99 THz) are designed to coincide 
with the proteins and lipids spectral absorption 
characteristics of three breast sample tissues: infiltrating 
cancer (red), fibrous-cystic mastopathy (blue), and 
fibroadenoma (green). The transmission coefficient peaks of 
the CSRR structure change both magnitude and amplitude 
width, accordingly to the molecular bonds absorption rate of 
the considered tissues at such frequencies (Fig.3(a)).  

B. Refractive index measurements 
Substrate modes can bring lots of advantages in 

biological sensing applications, as the field is confined to a 
very narrow area, that region results to be very sensitive to 
any changes, even the smallest ones. Any molecules can alter 
the total effective refractive index, and therefore change the 
sensor response [16]. Refractive index of solutions increases 
with the increasing of the chemical species concentration. 
Therefore, it would be possible to sense the presence of 
either organic or inorganic compounds [22]. For an accurate 
detection of such substances, a huge electric field 
enhancement can be obtained by designing the related 
sensing area (eqn. 6.2). Practical applications have been 
proposed for sugar and glucose measurements [23]. A highly 
sensitive and selective sugar detection sensor was designed 
and realized by using SRR metasurfaces. The strongly 
localized and enhanced transmission obtained in the 
substrate area highly increase the molecular absorption to 
allow the selective detection of D-glucose and sucrose at low 
concentrations (Fig.3(b)). Thanks to its high sensitivity (30k 
nm/RIU), this device holds the potential for further practical 
applications to be fabricated as a lab-on-a-chip device.  

C. Surface-waves Measurements 
Surface-wave measurements are crucial for sensing 

applications where it is important to carry stronger signals 
with higher bandwidth and transmission rates as compared to 
their counterparts such as optical fibers [17]. Thanks to the 



signal amplification effects caused by the surface waves in 
metasurfaces, both SRR and CSRR structures have been 
realized for: 

(i) Skin cancer recognition. Structural modifications 
(size, shape) of chromophores and pigments produce 
variations of the skin absorption properties [24]. In [25] the 
sensor consists of multilayered resonating inclusions 
arranged in a planar array configuration. The possibility to 
tune the sensing structure resonances with such spectral 
characteristics allows us to identify specific diseases 
(Fig.3(c)). 

(ii) Oxygen levels in blood. Hemoglobin is responsible 
for transporting oxygen, carried by human blood, to several 
tissues and organs, where the oxygen can be used by other 
cells [26]. The absorption spectra of oxyhemoglobin (HbO2) 
and deoxyhemoglobin (Hb) are much different. This 
difference is used to measure the amount of oxygen in 
patient’s blood. In [27] the structure consists of a multiple 
square CSRR particles in a single unit-cell, having its 
resonant frequencies coincident with the HbO2 and Hb 
absorption frequencies. The transmission coefficient 
(magnitude and bandwidth) changes accordingly to the 
sample absorption rates. HbO2 has its lower absorption at 
660 nm (400 THz) compared to Hb having its higher 
absorption at 940 nm (315 THz), as shown in Fig.3(d). 

IV. CONCLUSIONS 

Metasurface-based sensors have been manufactured and 
practically tested for medical diagnostic applications.  

The design method, here proposed, permits to obtain full 
control of the sensor response; most importantly by using 
this approach, the user can manipulate at will the sensor 
features accordingly to the required application.  

Metasurfaces fabrication processes are usually expensive 
and restricted to a small area, and not easily scalable, 
especially for complex shapes. The reason is due to the fine 
size required to operate at the wavelength used in the specific 
application. In this work, instead, we fabricated the sample 
by producing the mesh first, then formed the shape post 
mesh deposition, as dictated by the proposed approach. This 
brings two main advantages: (i) full control of both size and 
shape during the fabrication stage; (ii) high reproducibility 
(different frequency ranges) and scalability (different shape 
and geometry used). 

Such characteristics have been confirmed, also, by the 
experimental tests carried out on both the SRR and CSRR 
configurations: sugar level recognition, cancer detection and 
oxygen levels measurements.  

Metasurfaces showed high performances in terms of 
sensitivity and selectivity, crucial properties to use them as 
sensors in different areas of medical diagnostics. This pave 
the way for their implementation far beyond healthcare 
sector, in other industrial applications, such as: food 
technology, safety, forensics and military.  
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