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ABSTRACT

In the current study, a microwave device based on a metasurface is investigated regarding its potential application as a pH sensor.

The device was developed on a typical double-sided, Cu—coated FR-4 slide, utilizing the mechanical engraving method. It was

electromagnetically characterized in the microwave band, i.e., 1-5 GHz. Furthermore, theoretical simulations were performed to

confirm the measured electromagnetic response. Moreover, the fabricated device was tested against standard buffer solutions, such

as those used for the calibration of conventional potentiometric pH meters, as well as against home-made acidic and basic aqueous

solutions, with pH levels ranging from 2 up to 12. By analyzing the corresponding electromagnetic response, it is evident that the

aforementioned pH device demonstrates a gradual response in varying pH levels. Furthermore, it exhibits adequate quality factor,

sensitivity, and figure of merit values, indicating a measurable and application-relevant electromagnetic performance. Considering
the above, it is evidently shown that the proposed metasurface—based device could be potentially used for the detection of pH levels

in aqueous solutions.

1 | Introduction

As is known, pH is a logarithmic scale ranging from 0 to
14, through which the acidity/alkalinity of an aqueous solu-
tion can be quantified. It is directly related to the H* /
OH~ ion concentration in the solution. For pH = 7, equal
concentrations of H* and OH™ exist in the solution (neutral
solution). For pH > 7, OH™ ions dominate (alkaline solution),
while for pH < 7, H' cations are the majority ions (acidic
solution).

The accurate pH measurement is essential in a great variety of
applications. For example, monitoring and controlling the water
pH levels gives important information about the water quality

and its possible contamination [1-3]. Moreover, the measurement
of the soil pH has an important impact in agriculture since
it provides crucial information regarding the ability of the soil
to absorb nutrients, while it also indicates any toxic metal
contamination [1-5]. On the other hand, human blood pH level
is strictly between 7.35 and 7.5, thus precise monitoring of the
blood pH level improves human health, preventing diseases [6,
7]. In food science, pH directly affects the taste, texture, and
conservation of foods. Hence, monitoring and control of pH in
food products is essential since it is an indicator of the quality as
well as safety levels that should be achieved during production
and distribution of foods [8-10]. Lastly, in chemistry, precise
knowledge and control of pH levels impacts chemical reactions
[11, 12].
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To date, potentiometric pH meters are the most common devices
used to measure the acidity/alkalinity of aqueous solutions. In
principle, a pH meter consists of a pH-sensitive electrode and
a reference electrode [13]. When the device is immersed in a
solution, a voltage drop develops between the electrodes, which
is directly dependent on the ion concentration. By measuring
this voltage drop, the device converts it in pH scale through a
proper calibration. This method is easy to use; pH meters are
compact and portable, thus they can be used for measurements
outside the laboratory. However, they require regular calibration,
using special buffer solutions, since an uncalibrated pH meter
would give wrong measurements, far away from the real values.
Moreover, the pH electrodes may exhibit degradation issues,
losing their sensitivity through time. In addition, when not in use,
some pH meters must be immersed to special solutions to prevent
electrodes from degradation. Finally, they are fragile, since they
have glass components, as well as they are power-consuming,
meaning that batteries are needed, resulting in their limited
portable use. In summary, conventional pH meters are quite
effective tools for pH monitoring; however, they need special care
during their use as well as when they are stored. Moreover, they
exhibit limited portability and difficulty in remote operation.

In order to overcome such disadvantages, microwave
metasurface-based pH sensors arise as very promising
alternatives. In principle, a metasurface (MS) is a carefully
engineered 2-dimensional structure, which can interact with
microwave signals, giving rise to resonance behavior at certain
frequencies [14, 15]. Such resonance behavior can be tuned by
tailoring MS’s dielectric surroundings, resulting in resonance
frequency shifts and/or resonance intensity alterations, enabling
its sensing capability [16-18]. Therefore, when interacting with
a solution, the effective permittivity of the MS is influenced due
to the complex dielectric permittivity of the solution, resulting
in resonance behavior changes (either resonance frequency shift
or resonance amplitude modulation). Apparently, the complex
dielectric permittivity of the solution is related to its pH level, and
therefore, any alteration of the resonance behavior is straightly
correlated to pH, enabling MS’s capability in pH detection [3, 19].
Such MS—based pH sensors exhibit distinctive advantages, such
as practical sensing performance, miniaturization and versatility.
They are easy-to-use, fast and responsive; they do not require
neither regular calibration or special storage conditions; they are
passive, needing no batteries and power supplies, and they can
be remotely operated, giving real-time pH data.

Considering the above, there are quite a few reports in which
MS—based structures are dedicated for pH detection [19-28]. All
of them exhibit remarkable performance as electromagnetic sen-
sors, with very high quality factor values, allowing the detection
of pH changes either through resonance frequency shift [19, 21,
28], or resonance intensity [22, 27, 29]. In addition, some of them
show considerable response in a wide pH region [20, 22, 24]. Apart
from their significant pH sensing capabilities, such MS—based
architectures include metasurfaces’ advantages, offering high
sensitivity, label-free sensing, miniaturization, fast response, pas-
sive operation, tunable properties, etc. All of the above-mentioned
MS-based pH sensors have been grown using traditional Printed
Circuit Board (PCB) technology. PCB method is conventionally
employed for the development of high-quality metasurfaces. It
consists of various development steps, namely chemical etching,

milling, annealing, etc. In some of those steps, chemicals are
used, with direct environmental consequences. Moreover, the
corresponding infrastructure is expensive and complicated, while
the personnel using such instrumentation must be trained. As a
consequence, the development of metasurfaces, through the PCB
process, becomes complicated.

In this context, other alternative approaches are proposed.
Among them, additive/subtractive manufacturing [30-32] tech-
nology enables the capability to produce complex structures, with
very precise dimensions. Moreover, it allows the easy, quick,
and massive production of MSs, using ordinary, eco-friendly
materials. In such way, the overall cost is reduced, industry-
scale production can be achieved, while safe environmental
conditions can be kept. Employing 3D printing technology, high-
performance microwave sensors, based on metasurfaces, have
been developed for various applications, including microfluidic
[33] and biosensors [34, 35]. Moreover, 3D-printed potentiometric
sensors have been constructed for pH detection [36-39]. Even
more, 4D-printed complex star-like structures have been pro-
posed for pH sensing [40]. Nevertheless, to the best of our
knowledge, there is not any report on a microwave MS—based
pH sensor, fabricated using additive/subtractive manufacturing
technology.

Considering the above, we hereby propose an MS—based pH
sensor, which has been developed employing the Computer
Numerical Control (CNC) method. In contrast to conventional
PCB fabrication routes [19-29], the proposed fabrication approach
enables rapid prototyping, reduced fabrication complexity, lower
production cost, and elimination of chemical etching steps,
while maintaining sensing functionality comparable to previ-
ously reported SRR/metasurface architectures. Therefore, an
alternative and environmentally friendly fabrication strategy for
microwave pH sensing devices is proposed, based on an SRR-
sensing topology, which has been previously evaluated regarding
its real-life sensing performance [27, 33, 41, 42]. Thus, the present
work does not introduce a new SRR/metasurface pH-sensing
mechanism; instead, its novelty lies in the implementation of
an established sensing concept using CNC-based subtractive
manufacturing.

The developed sensor performs in the microwave regime (1-
5 GHz), and it is connected to a portable vector network analyzer
through a coaxial cable. The small dimensions of both the sensor
and the analyzer make the system transferable, while the internal
memory of the analyzer allows for data storage without the use of
a laptop, if desired. With the use of a laptop, the whole system
becomes remotely operated, allowing the data recording and
transfer in long distances. Regarding its detection performance,
the proposed sensor was tested against buffer solutions (stable
solutions with accurately tuned pH levels, used for calibration
of traditional electrode pH meters) as well as other aqueous
solutions with pH ranging from 2 to 12. The sensor exhibited
distinct behavior in varying pH levels, enabling its capability as
pH sensor. The experimental results are corroborated by corre-
sponding theoretical simulations. The overall performance of the
sensors was determined through Quality Factor, Sensitivity, and
Figure of Merit. All three quantities are comparable with others
reported for microfluidic and pH sensors, based on microwave
resonators. Overall, the proposed sensing device shows distinct
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FIGURE 1 | (a) Constructed pH device used in the current study. (b) pH device drawing. Corresponding dimensions are shown. (c) Experimental
set-up used in the current study. The VNA is placed on the stand. The pH device is hanged above a beaker, containing the solution under test. The
software used for monitoring the electromagnetic response of the pH device, is shown in the laptop. The whole set-up is completely portable.

pH- dependent electromagnetic behavior, enabling its potential
use of pH monitoring applications. Portability adds another
positive option in the overall result, and shows the way for in-field
pH sensing applications.

2 | Experimental Details
2.1 | Metasurface Fabrication

In the current study, an MS was developed, employing CNC
mechanical engraving, which is a subtractive fabrication pro-
cess that uses rotating cutting tools to remove material from
a workpiece. The CNC milling system typically consists of a
worktable for positioning the workpiece, a cutting tool, and
an overhead spindle for securing and rotating the cutting tool.
In general, the worktable can be moved in both x and y axes
while the spindle with the cutting tool can be moved along
the z axis. The spindle with the attached cutting tool rotates at
several hundreds of rpms. Thus, by the combined movement of
both the worktable and the spindle, the cutting tool digs the
workpiece at specific areas, so as the desired object is formed.
Usually, CNC is employed in manufacturing metal, plastic, and
wooden parts, with various cutting tools, such as lathes, mills,
drills, etc.

In the current study, a complementary double Split Ring Res-
onator (CSRR) topology is chosen for the meta-atom (Figure 1b).
Such a topology has been recently proposed for the detection
of pollutants in water [42], as well as in quality control in food
products [41, 43]. The complementary structure of the MS also
favors the employment of the CNC engraving, toward a high-
quality, PCB-like MS. Moreover, complementary MSs behave
similarly to the MS, albeit they are the “negative counterpart” of
them. The analogy in the response between of them is described
by the Babinet principle [44].

Typical double side copper coated FR-4 board was used as
the engraving surface. A TTC450 Engraving machine (TELOS
TRADING LIMITED, UK), equipped with an 80 W CNC module,
was used for the engraving process. Appropriately designed MS
drawings were developed using the open-source CAD software
EASEL (Inventables Inc., Chicago, IL, USA). Apart from the CAD

files, this software is capable of producing the corresponding g-
code files needed for guiding the engraver’s movements, while
it can also be used for the automatic operation of the engraver.
In the rotating spindle, a carpenter blade was attached, 1 mm in
diameter. The spindle moves in all three directions, and as soon as
the rotating carpenter blade touches the FR-4 surface, it removes
certain areas of the copper coating, according to the desired CAD
drawing. For the purposes of our studies, the engraving depth
was kept at 0.2 mm. Employing the above-described process, an
engraved MS is constructed, as shown in Figure 1a. The SRRs
are appropriately oriented so that their gaps are opposite to
each other. In such a configuration, each SRR couples with its
neighbor, enhancing the electric field into the gap, and thus the
EM behavior of the MS is improved. SRR dimensions are shown
in Figure 1b, i.e., L = (10.1 £ 0.1) mm, w = (1.40 + 0.06) mm, g =
(1.5 + 0.2) mm, d = (3.48 + 0.06) mm; the whole MS is a = (30.0
+ 0.1) mm long and b = (20.0 + 0.1) mm wide.

2.2 | pH Sensor Construction

Figure 1a shows a picture of the proposed pH device. A SMA
connector is attached to the printed MS. The center contact is
attached to the MS surface while the outer shell is connected
to the back-plate of the MS. Such topology allows to excite the
resonances of the meta-atom via a coaxial cable instead of using
free-space beams or a rectangular waveguide setup.

2.3 | Electromagnetic Characterization of pH
Sensor

The constructed sensor was electromagnetically characterized in
ambient atmosphere. In particular, the device was connected to
a portable vector network analyzer - VNA (LightVNA 64, Shen-
zhen Henlifeng Electronic Commerce Co., Ltd, China), via an
SMA-to—SMA cable (Figure 1c). The whole set-up was connected
to a PC, and the free-released NanoVNA software (OneOfEleven,
Sports management, Germany) was used to operate it. All opera-
tions and data acquisition functions were performed through the
software. Using this experimental set-up, the complex-valued S;
parameter was recorded as a function of frequency, in the range
1-6 GHz.
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FIGURE 2 | (a) EM spectra of the pH device at various positions with respect to the solution surface. (b) Results from corresponding numerical

simulations.

TABLE 1 | Buffer solutions as well as mixed solutions, used in the current study. Code names, measured pH values, suppliers, and Acetic acid /

NaOH solution mixing ratios are given.

Solution pH (T =25°C) Supplier
Buffer PHA4 4.01 Omega Engineering LTD
PHA7 7.00 Omega Engineering LTD
PHAI0 10.01 Omega Engineering LTD
Acetic acid / NaOH ratio
Home-made PH25 2.5 0.3mL /0.1mL
PH51 5.1 0.1 mL /13.7 mL
PH62 6.2 0.01 mL /19.3 mL
PH77 7.7 Only water
PH92 9.2 0/20mL
PHI122 12.2 0/3.2mL
PH132 13.2 0/32mL

2.4 | pH Sensing Experiments

Before testing against any acidic/basic solution, the device was
tested with respect to water. Table water as used as test sample
(Zaros natural mineral water, ZAROS S.A., Greece; pH =7.7). The
device was gradually immersed into the water, and corresponding
EM spectra were recorded, with respect to the position of the
device in relation to the water surface. Corresponding results are
presented in Figure 2. As it will be discussed later, the optimum
position is found to be when half of the device is immersed into
the water.

After verifying the sensing reaction of the device in the presence
of the water, its response to solutions with different pH levels is
investigated. In this context, standard buffer solutions were used;
these commercially available solutions exhibit accurately deter-
mined pH levels, and they are used for calibration of conventional
potentiometric pH meters. Following a similar experimental
procedure as previously described, the EM behavior of the device
was recorded with respect to different buffer solutions, shown in
Table 1.

Finally, the pH device was tested against home-made solutions.
More specifically, the device was tested against aqueous solutions
consisting of glacial acetic acid (A6283, Sigma-Aldrich Chemie
GmbH, Germany, pH 2.5) and NaOH (S5881, Sigma-Aldrich
Chemie GmbH, Germany). The latter material is in pellets;
thus, a precursor aqueous solution was prepared, 1% w/v in
concentration. This precursor solution was used to prepare other
solutions with lower pH values, in combination with the acetic
acid. All home-made solutions are of total volume of 50 mL, and
the acetic acid / NaOH mixing ratios are presented in Table 1.
The pH level of all solutions was measured using a traditional pH
meter. Finally, in all aqueous solutions, table water was used as
solvent.

2.5 | Dielectric Permittivity Measurements

The dielectric permittivity of all studied solutions was measured
using the standard coaxial probe method. An open-ended coax-
ial probe (N1501A dielectric probe kit, Keysight Technologies,
CA, USA) was connected to the P9372A VNA. The probe was
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immersed directly in each solution, and the dielectric permit-
tivity (real and imaginary parts) was automatically calculated
through the VNA software (N1500A Materials Measurement
Software Suite, Keysight, California, USA), in the frequency
regime 1-9 GHz. Corresponding spectra for both the real and
imaginary parts of the dielectric permittivity of all solutions are
shown in Figure SI.

2.6 | Theoretical Simulations

In parallel to the experimental results, numerical simulations
were also performed. The full-wave simulations with continuous-
wave (CW) excitation were performed using the frequency-
domain solver of the commercial software CST Studio Suite.
The pH-sensing antenna was designed on a FR—4 substrate
(microwave permittivity 4.3 and loss tangent of 0.025) with
standard copper (electric conductivity 58 MS/m) as metallization
layers with 35 um thickness. The two split-rings were engraved
on one side (dimensions shown on Figure 1b), and a lumped
50 Ohm port was used as the antenna feed. To compute the
resonance behavior of the antenna, we place it in a cuboid domain
enclosed by perfectly matched layers (PML), modeled via the
‘open’ boundary condition in CST; then, we excite the feed port
and compute the reflection, which indicates if the antenna input
impedance is matched. The operating band, where the antenna
is most sensitive to its environment, is for the frequencies where
we have a minimization of the backscattering into the feeding
port, with |S;;| < —10 dB typically indicating good matching and
antenna resonance.

Note that the environment of the antenna greatly affects its
resonance frequency and bandwidth and that water at the
microwave spectrum presents a high (e, ~ 80) and lossy (tan § ~
0.1) relative dielectric permittivity, meaning that the wavelength
is nine times smaller than the vacuum wavelength.

3 | Results and Discussion

The black solid line in Figure 2a corresponds to the as-recorded
EM response of the studied device in ambient atmosphere. A
sharp dip is observed at 2.29 GHz, while other two broader
minima are observed at 2.94 and 3.56 GHz, respectively. By
immersing the device into the water, the spectrum is dramatically
changed; i.e. a minimum at ~1.44 GHz with a satellite minimum
at 2.01 GHz are observed (red line, Figure 2a). Both of them
are broader than those in the black curve. By fully immersing
the device into the water, both these dips further shift to lower
frequencies (0.78 and 1.19 GHz), while they show lower intensity
and even broader profiles (blue line, Figure 2a). No other dips
are observed. The optimum position of the device into the water
can be considered as the position in which it exhibits maximum
sensing capability. In accordance, the sensing capability is closely
related to the electromagnetic performance of the device, which
can be expressed through the Quality Factor Q:

— fres
f3dB

Q @

where f ;5 is the 3 dB bandwidth and f,, is the frequency where
the dip is observed [45, 46]. Corresponding values are listed in
Table 2.

From the above calculated Q values it becomes clear that, as soon
as the device is immersed into the water, its EM performance
is severely reduced, reflecting the possibility that this proposed
device may not be efficient for sensing applications in aqueous
solutions, let alone detection of pH levels. Indeed, moderate
Q values have been obtained for other MS-based sensors of
similar topology [41-43]. However, in all cases the proposed MSs
succeeded in the detection of tiny dielectric changes, so that they
became potentially usable sensors for water and food quality
control. In this context, their investigation regarding the detection
of the pH level in aqueous acidic/alkaline solutions becomes
prudent.

Corresponding numerical simulation results are shown in
Figure 2b. In the case of the device in the ambient atmosphere, the
produced simulated spectrum shows a sharp peak at ~2.45 GHz,
with another satellite peak at ~3.08 GHz, very close to the
peaks observed in Figure 2a. In the half-immersed position,
the produced simulation spectrum exhibits a steep peak at ~
1.47 GHz accompanied with another broad shoulder at ~2.13 GHz,
closely following the experimental results. In the fully-immersed
position, numerical simulations also show a peak below 1 GHz
and another broad hump above 1 GHz however, their shape
and intensity cannot be compared to the as-recorded spectrum
of Figure 2a. In terms of EM performance (i.e., Table 2), Q
takes its highest values in the half-immersed position, which
is attributed to the very sharp and narrow dip, extracted from
numerical simulations. Thus, numerical simulations succeeded
to qualitatively describe the EM behavior of the sensing device.

Here it should be noted that a quantitative difference exists
between simulated and experimental Q values, implying that
there are several crucial factors influencing the experimental
procedure, resulting the reduced Q, with respect to the numerical
simulation-derived ones. For instance, fabrication tolerances
introduced during the CNC fabrication process are a crucial
parameter. As shown in Figure 1a, SRRs are appropriately printed
with well-defined geometry; however, their corners are rounded,
and the edges of the engraved areas are not perfectly straight and
sharp, which could result in the reduction of the EM response.
In addition, parasitic losses associated with the SMA connector
and the coaxial cable can also contribute to the suppression
of the EM signal of the device. Moreover, uncertainties in the
dielectric properties of the liquid samples can also affect the EM
performance of the proposed device, and consequently lead in
reduced Q values. Nevertheless, both numerical simulations and
experimental results reveal the half-immersed position as the
most appropriate to be applied for sensing applications, for the
investigated device.

In order to clarify the capability of the device to respond
in solutions of varying pH levels, we tested it against buffer
solutions PHA4, PHA7 and PHAI1O, respectively (Table 1). The
corresponding EM response of the device is shown in Figure 3.
In particular, Figure 3a, shows the EM response of the device,
when half-immersed in those solutions. It is evidently shown that
there are distinct EM spectra obtained for each buffer solution,
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TABLE 2 | Resonance frequencies, f345, and Q quantities, for all peaks observed in Figures 2a,b.

Position fres (GHZ) f:%dB (GHZ) Q fres (GHZ) jt’uiB (GHZ) Q
Experiment Simulation
Out of water 2.29 0.017 134 2.45 0.016 153
Half immersed 1.44 0.082 17.6 1.47 0.003 489
Fully immersed 0.78 0.174 6.81 0.867 0.003 289
——PHA4
(b) — PHA7
0 T————PHA10
=3
o o |
z z
= < -6
(%) 2] .
[ dip2  dipT
9r S 7]
1 1 1 " h
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FIGURE 3 | Electromagnetic response of the device in the presence of buffer solutions of varying pH levels, when (a) it is half immersed and (b)

when it is fully immersed. (c) Resonance frequency f (black symbols) and S;; intensity (red symbols) with respect to pH, as extracted from panel (a),

when the sensor is half-immersed. (d) Resonance frequency f for dip 1 (black symbols), S;; intensity for dip 1 (blue symbols) and dip 2 (red symbols) with

respect to pH, as extracted from panel (b), when the sensor is fully immersed.

i.e., for PHA4 (black line), PHA7 (red line), and PHA10 (blue
line). In all cases a sharp dip is observed at 1.53 GHz. The
reflection level is strongly affected by the pH level (black symbols,
Figure 3c), since it is interrelated with the imaginary part of
the dielectric permittivity (Figure Slb) and the fulfillment of
the critical coupling condition. Deviations in the real part of
the permittivity (Figure Sla) lead to a frequency shift, but they
are rather weak in relative terms. In case the device is fully
immersed into the solutions, two broad but distinct dips are
observed (Figure 3b); one at 1.19 GHz, and another at 0.78 GHz.
The reflection levels of both dips similarly vary with changing
pH level (red and blue symbols, Figure 3d). The trend followed is
qualitatively similar to that shown in Figure 3c, when the device
is half-immersed into the solution, indicating a stable response
in pH variations, regardless of the device position. From the
above observations, it can be evidently assumed that the proposed
device distinctly responds to buffer solutions with varying pH
levels.

In general, frequency shifts are closely related to corresponding
variations in the real part of the permittivity and changes in the

minimum reflection level to changes in the imaginary part. Thus,
it is crucial to investigate the variation of dielectric permittivity
with respect to the pH level, in the frequency regime where the
device resonates. The imaginary part of dielectric permittivity
¢” (Figure 4b, as it has been extracted from Figure S1b) gets its
highest value for PHA7 solution, while it reaches low values
for PHA4 and PHAIO solutions. Thus, the low ¢” values of the
latter solutions, as well as the high ¢” of the PHA7, seem to
be related to their EM behavior, namely, S;, becomes weaker
for PHA7, while it is enhanced for PHA4 and PHAI10 solutions
(Figure 3b,d). In contrast, the real part of the dielectric permittiv-
ity € for all three buffer solutions (Figure 4a) shows a monotonic
behavior, which cannot be correlated to the EM response of the
device.

Considering the above discussion, it comes out that the proposed
sensing device can distinguish among solutions with a wide
range of varying pH levels, through S intensity variations,
rather than through resonance frequency shifts. As shown
in Figure 4b, the pH-induced modification of the aqueous
medium predominantly affects the imaginary part of the dielec-
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TABLE 3 | Resonance frequencies, FWHM values and corresponding Q values for all buffer solutions, in two different positions of the device, with

respect to the solution surface.

Device position pH Jres (GHZ) Jzas (GHZ) Q
Half -immersed 4 1.53 0.023 66.4
1.52 0.070 21.7
10 1.52 0.008 185
Fully immersed (dip @ ~1.19 GHz) 4 1.19 0.086 13.8
1.18 0.175 6.77
10 1.17 0.107 11.0
(a) B 152Grz (b) solutions such as those listed in Table 1. Figure 5a shows the
[ @® 1.19GHz g I T electromagnetic signal obtained with the device half-immersed
78.4 _A 0'78_GHZ 3 A 1 into solutions, with increasing pH levels. A well-defined dip is
Lo L r ] observed at around 1.55 GHz, which becomes stronger as pH
780 L | 16 - - increases toward pH = 7, and then it weakens as the solution
™ A ] 15 L ® ] becomes more alkaline (pH > 7). Such behavior is apparent in
W 776 L ] . F = A] Figure 5b, in which the S;; dip intensity is shown with respect
’ © ] L to the pH level. A decreasing trend is observed in the acidic
_— A 13 r ] regime, while an increasing trend is shown in the alkaline region.
’ | 12k (1 A similar trend has been reported for frequency shift in other
I ™y 1 la = :?g g:z ] resonator-based pH sensors [20, 21, 47, 48]. As it has been
L& _. . . !_ § A 0.78 GHz 5 previously discussed, solutions’ dissipation losses result in the
4 6 8 10 e 4 6 8 10 tunable S;; intensity.
pH pH

FIGURE 4 | (a) Real part of the dielectric permittivity as a function
of pH level, for f = 1.54 GHz (black symbols) and f = 1.19 GHz (red
symbols), respectively. (b) Corresponding imaginary part of the dielectric
permittivity as a function of pH level, for both frequencies.

tric permittivity, whereas the real part weakly varies (Figure 4a)
with pH. Thus, pH mainly modulates the resonant dissipa-
tion, giving rise to pronounced changes in the minimum S;
intensity, while the resonance frequency slightly shifts. There-
fore, in the proposed sensing configuration, the S;; amplitude
provides a larger dynamic range and a more robust calibra-
tion parameter than the resonance frequency itself. Such a
behavior has also been previously seen for other resonating pH
sensors [22, 23, 26, 27].

The efficiency of the device as a pH sensor can be determined
through the Quality Factor. In Table 3, Q values for all buffer
solutions, in all immersion positions, are listed. It is clearly seen
that for the PHA7 solution, which shows the lowest ¢”, Q takes the
lowest values, while for PHA4 and PHA10 (high £”), Q increases
significantly, giving credence to the capability of the sensor to
detect pH changes. Moreover, Q values are higher when the
device is half immersed in the solutions, due to the sharp and
deep spectra obtained. When the sensing device is fully immersed
in solutions, dips become broader and shallower, resulting in low
Q values. Thus, the half-immersed position is confirmed as the
most relevant configuration for reliable pH measurements when
using the proposed sensing device.

After the evaluation of the sensor with respect to buffer solutions,
it is prudent to investigate its response to real alkaline / acidic

Sensitivity of the proposed sensing device can be determined
through the slope in the S;; vs pH diagram [22]. In this context,
data are well-fitted to linear regression, with corresponding slopes
and R? coefficients listed in the next table (Table 4), for both acidic
and alkaline regions.

For basic solutions, positive slope for S;; ,;, is observed, in
contrast to the acidic solutions. In addition, S, slopes are
equal (absolute values), within the calculated error. R? values
are comparable of even higher compared to those reported in
the literature [19, 22, 28, 49], for other resonator-based pH
sensors. Comparing to other devices, the sensitivity of which is
determined through the S;; vs. pH curve, the hereby proposed set-
up shows comparable performance [8, 19, 22, 23, 50]. Therefore,
the proposed MS-based device exhibits a consistent capability
to distinguish and quantify pH levels for acidic/basic solutions,
suggesting its potential use as pH sensor.

Corresponding numerical simulation results are also presented in
Figure 5c¢, which qualitatively follow the experimental evidence.
In particular, a minimum is observed at ~1.44 GHz, which
becomes stronger as pH increases toward pH = 7, while it weak-
ens as pH diverges from neutral value. Moreover, in Figure 5d,
calculated S;; intensity is shown with respect to the pH level.
A decreasing trend is observed for in the acidic regime, while
an increasing trend is shown in the alkaline region. Therefore,
numerical simulations qualitatively corroborate the experimental
results.

We also examined thephase of S;; as a function of pH for home-
made solutions (Figure S2a). The phase exhibits a pronounced
dispersive transition at resonance frequency for all solutions.
This transition becomes smoother for strongly acidic/alkaline
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FIGURE 5 | S vs fspectra for solutions with varying pH in half-immersed position; (a) experimental results and (c) corresponding numerical

simulations. (b) Sy; intensity vs pH, as extracted from panel (a). (d) S;; intensity vs pH for, as extracted from panel (c).

TABLE 4 | Slope and R? values, from linear fittings presented in
Figure 4b.

TABLE 5 | Resonance frequencies, f345, Q, €, S(%) and FoM quanti-
ties, for all home-made solutions.

S11, min slope (dB /

pH) Experiment R?
Acidic solutions —(5.2+0.6) 0.97
Basic solutions 45+0.5 0.98

samples, while for samples near neutrality (pH ~ 7) the transition
becomes steeper. However, for solutions with closely similar pH
levels, the corresponding phase curves nearly overlap, making
it difficult to resolve small pH differences. This behavior is
also reproduced by the numerical simulations (Figure S2b),
which qualitatively corroborate the experimental observations.
Moreover, phase measurements are highly sensitive to external
factors such as cable motion, connector repeatability, and residual
calibration imperfections of the portable VNA. These factors
significantly increase the measurement uncertainty and reduce
the overall reliability of a phase-based interrogation scheme. In
view of those findings, and considering that one of the main
advantages of the proposed sensor is its simple and portable
operation with straightforward interpretation by non-expert end
users, we deliberately adopt the amplitude of S;;, as the primary
sensing parameter for the proposed device.

As an MS—based sensor, the proposed device exhibits a distinct
EM response. Thus, it is prudent to determine the EM efficiency
of the device through Quality Factor Q, described in Equation (1),

pH Jres (GHZ)  f345 (GHZ) Q g S(%) FoM
2.5 1.538 0.049 314 794 2.6 53
5.1 1.551 0.036 431 78.7 0.73 20
6.2 1.536 0.016 96.0 793 19 119
7.7 1.542 0.005 308 795 — —
9.5 1.535 0.022 69.8 793 23 104
12.2 1.543 0.045 343 789 1.1 25
13.2 1.552 0.164 9.46 788 09 5.5

Sensitivity S(%), and Figure of Merit FoM, using the following
equations:

fo=Fon
fo

S (%) =100 x 4)

!/ /
A —spH’

FoM = (5)

3dB

where f, = 1.542 GHz, is the resonance frequency of pure water
(pH = 7.7), f,u is the resonance frequency for each solution, f;45
is the 3 dB bandwidth [45], a;H is the dielectric permittivity of
each solution, and ¢, = 79.5 is the dielectric permittivity of table
water (Figure Slc). All calculated quantities for each solution are
presented in Table 5 (half -immersed device). Here it is useful to
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TABLE 6 | Comparison of the electromagnetic performance of the proposed pH sensor and other microwave resonator-based pH sensors, existing

in the literature.

Q MUT S% FoM
[19] 37 Acidic / alkaline solutions N/A N/A
[28] 619 Coco peat samples 5.14 > 3000
[51] 67-92 Water-ethanol solutions 0.063 N/A
[49] 124 DI water N/A N/A
[52] 113 Oil samples 0.3-1.5 70
[53] 24-40 Water-ethanol solutions 0.27 N/A
[25] 75-175 HCI solutions N/A N/A
155-185 NaOH solutions N/A N/A
50-160 NaCl solutions N/A N/A
[54] 20-49 Citric acid solutions <15 N/A
46-60 Glucose <15 N/A
14-16 NaCl Solutions <.5 N/A
[55] 20 Biomolecules N/A N/A
[56] 51 Several liquids 0.23 33
[57] 37.4 Solid materials 3.27 27
[58] 10-20 NH,;, Fe solutions 1.40-1.43 N/A
This work 9-308 Acidic / alkaline solutions 0.9-2.6 5.5-119
(half - immersed)
(depended on pH)

distinguish between the sensitivity, determined through the slope
in the S;; vs. pH curve, and the sensitivity, calculated through
the relation (4). The latter corresponds to the performance of the
electromagnetic device, regardless of its use, while the former
refers to the evaluation of the SRR—based pH sensor efficiency.

It is seen that Q and FoM show relatively high values for pH near
7, which is attributed to the fact that, corresponding S;; spectra
exhibit sharp and narrow dips at such pH levels. As pH deviates
from 7, S; curves become broad and shallow, resulting in low
Q and FoM values. Comparing to other microwave pH sensors,
as well as microfluid and liquid sensing SRR—based devices
(Table 6), it is seen that Q values obtained here are well above the
average, indicating the competitive performance of the proposed
device in pH sensing. Even more, calculated sensitivity S% is
also higher than many others reported so far, while FoM is also
above the average. All in all, the proposed sensor demonstrates a
stable electromagnetic behavior with measurable pH—dependent
response characteristics.

4 | Summary and Conclusions

In the current study, a microwave device, based on a meta-
surface, is proposed for potential pH sensing applications. The
device includes a mm-—scale double split ring resonator engraved
on a double-sided Cu—coated FR—4 substrate. employing con-
ventional Computer Numerical Control (CNC technology. By
properly attaching an SMA connector on the SRR, a compact
microwave resonator was realized, which has been electro-
magnetically characterized both in ambient atmosphere and in
contact to aqueous media. The device exhibits distinct resonance
features at certain frequencies, in the range 1-5 GHz, and when

half-immersed in water, it shows a sharp resonance dip around
1.44 GHz.

Upon exposure to buffer solutions of varying pH, the half-
immersed configuration responds distinctly, showing compar-
atively high quality factor values. Similar behavior has been
observed when the device is fully immersed in the solutions;
however, its performance is drastically degraded. These findings
indicate that the device can distinguish solutions of varying pH
levels and that the half-immersed geometry is the most suitable
configuration for reliable pH measurements.

Furthermore, the device was evaluated against home-made acidic
and alkaline solutions, covering a broad pH range. It was found
that the measured electromagnetic intensity varies linearly with
pH changes, enabling quantitative pH estimation through simple
amplitude analysis. The resulting pH sensitivity is comparable
to other resonator pH sensors in the literature. In addition, the
electromagnetic performance of the device was found to be all
within the range of previously published metasurface and res-
onator architectures. Overall, the proposed sensor demonstrates
reproducible pH-dependent electromagnetic behavior and prac-
tically useful sensitivity, without resorting to complex geometries
or dedicated fabrication schemes.

In addition, it was shown that the employment of CNC—based
subtractive fabrication can be realized as an efficient, environ-
mentally friendlier, and cost-effective alternative to conventional
PCB processing for metasurface pH sensors. The proposed
fabrication route eliminates chemical etching steps, reduces
process complexity, and enables rapid prototyping, while still
yielding functional SRR-based devices with performance metrics
comparable to related resonator pH sensors in the literature.
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Moreover, the compact form of the whole sensing device, along
with the use of a portable vector network analyzer, transforms the
overall system into a portable and suitable platform for in-field pH
monitoring applications. Taken together, these results indicate
that CNC-fabricated metasurface devices constitute a practical
and attractive platform for microwave pH sensing in aqueous
environments.
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