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ABSTRACT This work proposes a battery-less Near-Field Communication (NFC) milk conductivity sensor
for the early-stage detection of bovine mastitis. A proof-of-concept prototype is designed, which is composed
of a loop antenna, an NFC microchip, a microcontroller, a custom conductivity sensor and a temperature
sensor. A mobile phone is used as a reader, which additionally provides energy to the sensor to power all the
electronic components. Since milk conductivity is temperature-dependent, it is also important to measure the
temperature. The prototype has a precision better than 2%, which is similar to that of commercial hand-held
conductivity meters. Measurements of the conductivity of cows’ milk are made to establish limits that allow
healthy cows to be discriminated from those suffering from clinical or subclinical mastitis. To this end, the
obtained results are analyzed through ANOVA. The reliability of the method can be improved when milk
samples from each quarter are used in the classification. This low-cost device has great potential to be used
as on-farm screening tool for the quick identification of bovine mastitis.

INDEX TERMS Near-field communication, battery-less, mastitis detection, conductivity meter, farm 4.0.

I. INTRODUCTION

Terms such as precision livestock farming (PLF), precision
agriculture (PA), smart farming, agriculture 4.0, and industry
4.0 are more and more widespread [1]. Smart Farming
(also known as Agriculture 4.0, Farming 4.0 or Digital
Farming) describes the application of information and data
technologies to optimize systems and processes in agriculture
and livestock [2]. Precision livestock farming (PLF) and
the integration of digital technology will become the most
influential trends in the sector, as a growing number of
farmers begin to adopt digital technologies to run their
businesses [3]. Mastitis is an infectious disease, mostly
caused by bacteria, that affects mammary glands. Milk
quality in cows is directly tied to the health of the mammary
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gland (Fig. 1). Therefore, mastitis is one of the diseases
causing major economic burden to the dairy industry [4].
It directly impacts on milk quality, reducing its production,
and increasing veterinary treatments and expenses on the
farm.

Bovine mastitis can be classified into two main types:
1) sub-clinical mastitis, where no visible symptoms can
be observed, and 2) clinical, which manifests itself with
visible symptoms such as red, swollen, and painful udder,
as well as changes in the color and smell of the milk.
Somatic cell count (SCC) is applied as an indicator of bovine
udder inflammation, and thus is commonly used to confirm
mammary infection. SCC levels have been set to classify
animals within a healthy group (<200,000 cell/mL), sub-
clinical mastitis group (from 200,000 to 500,000 cells/mL)
and clinical mastitis group (>500,000 cell/mL). Subclinical
mastitis (SCM) can also be considered as the early stage of
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FIGURE 1. Mastitis origin and increase of resistance due to treatment
using antibiotics.

a developing infection. The infection is present and causes
problems within the udder, but not enough to be noticeable.
It also does not cause pain or inflammation of the udder.
Clinical mastitis occurs when subclinical mastitis has not
been treated in time and becomes now noticeable; in addition,
clinical mastitis produces changes in milk quality. Mastitis
is a widespread disease throughout the world in both cows
and buffaloes. It can pose a high risk in the first two
months of lactation. The disease is often transmitted from
infected udders to others by environmental contamination,
by contact from the milking machine or even by manual
milking of other infected cows. Therefore, the management,
control and prevention of bovine mastitis that allows early
detection before the first symptoms appear, limits the spread
of infection and improves the health and welfare of animals,
are essential for dairy farms. As a result, it is expected to
reduce the use of antibiotics, minimizing their impact on
the environment and the emergence of antibiotic resistance
(Fig. 1). The severity of the infection affects the metabolism
of the mammary cells in cows, significantly impacting on
milk quality. The disruption of epithelial cells or enzymatic
activity can lead to a decrease in the levels of potassium, the
main protein in milk, casein, or to an increase in the levels of
lactoferrin. Therefore, early diagnosis of mastitis in cows is
of great importance to reduce or prevent production losses
associated with the disease. None of the methods used in
the laboratory for the diagnosis of bovine mastitis, namely
bacterial culturing, and Polymerase chain reaction (PCR),
can be easily implemented on-farm. As a result, the on-farm
diagnosis of subclinical mastitis commonly relies on the
visual observation of the udder and milk. On the other hand,
the diagnosis of subclinical mastitis is more complicated
because both the milk and the udder do not show evidence of
abnormality, although there are nevertheless a high number of
somatic cells [5]. Diagnosis of clinical mastitis is commonly
based on local and systemic reactions or on milk changes.
On the other hand, the diagnosis of subclinical mastitis is
more complicated because both the milk and the udder do
not show evidence of abnormality. In this case, methods such
as those based on measuring SCC are used, as the increase in
SCC correlates well with the presence of the infection [5].
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Indeed, according to the guidelines given by the Interna-
tional Dairy Federation, the diagnosis of mastitis is mainly
based on somatic cell count and bacteriological culture.
In this context, measuring the electrical conductivity (EC)
of milk is used as an alternative indicator because this
parameter changes during mammary gland inflammation.
In fact, during mastitis, the blood-milk barrier is damaged
and, consequently, the tight junctions between the secretory
cells become permeable. As a result, added to the transfer of
immune cells and factors from blood to milk, other soluble
blood constituents, such as ions, are transferred. In the milk
of healthy cows, Na™ and CI~ concentrations are lower than
those in blood, while K concentrations are higher than in
blood. These ion concentrations are tightly controlled by
active transport mechanisms of the epithelial cells. However,
when the blood-milk barrier is affected, ions can freely move
between blood and milk. As a result, Na©™ and CI— levels
in milk increase, while KT levels decrease. The outcome
is a net increase of the electrical conductivity of milk from
the infected quarter [6]. For this reason, EC is considered
a reliable indicator for early diagnosis of mastitis in dairy
cattle [7], [8].

Compared to other indicators such as SCC and lactate
dehydrogenase (LDH) activity that require laboratory facil-
ities and qualified personnel, EC measurements can be
potentially performed installing the appropriate device on the
milking machine. A main IoT technology used in Farming 4.0
is radio frequency identification Technology. RFID tags
contribute to traceability in the livestock supply chain by
providing information on the origin, health history, and other
relevant details of each animal [9]. Near-field communication
(NFC) technology is a type of Radio Identification (RFID)
that operates at 13.56 MHz band. The use of NFC technology
has grown in recent years for payment applications. Conse-
quently, today most smartphones incorporate NFC readers.
There are commercially-available NFC integrated circuits
(IC) that harvest radio frequency energy from the reader
to acquire and transmit data from sensors to a smartphone
over a short distance. As a result, various battery-less NFC-
based sensors have been proposed in the literature for
several applications [10], [11], [12] including biomedical
ones [13], [14], [15], [16]. These NFC sensors readable from
smartphones can be of great benefit in the Internet of Things
(IoT) paradigm thanks to the ease of accessing the data
cloud, identifying an object, obtaining its location or sensing
physical or biological parameters.

This paper proposes a battery-less NFC sensor based
on conductivity measurements to confirm the diagnosis of
bovine mastitis. A smartphone powers the sensor through
energy harvesting as well as reads information from the
latter. The proposed solution is proven to be effective as a
detection technique and is especially suitable for small farms
where the cost of implementing an automated monitoring
system can be prohibitive. The paper is organized as follows.
Section II proposes a low-power method for the measurement
of the electrical conductivity. Some methods proposed in
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TABLE 1. Cell conductivity constant as a function of the cell geometry.

Geometry Cell factor constant k
Parallel plates d/(W-L)
Coaxial in(b/a)/(2wL)
Parallel cylinders ﬁ ch—1t ( 2% )

the literature are also discussed. Section III describes the
proposed NFC system based on a low-power circuit to
measure conductivity. At the end of this section, antenna
design and tag tuning are described. Experimental results are
shown in section IV. Finally, conclusions are provided in
section V.

Il. CONDUCTVITY: THEORETICAL BACKGROUND

The electrical conductivity of a solution is a measure of
its ability to conduct electricity. It directly depends on the
concentration of ions in the solution. Electrical conductivity
is a measure of the total concentration of dissolved salts in a
solution. In addition to using conductivity measurements as
an indicator of mastitis, these measurements can provide use-
ful information to other applications such as water treatment,
aquaculture, and agriculture. The main methods used to mea-
sure EC include inter-electrode conductivity, electromagnetic
conductivity, and ultrasonic measurements [17]. The last two
methods are usually restricted to measure highly-conductive
solutions. Inter-electrode conductivity measurement method
is based on the principle of electrolytic conductivity. The
conductivity is extracted from the conductance measurement
using a probe or conductivity cell. The conductivity o can
be obtained from the measured conductance G using the cell
constant k£ [18]:

oc=k-G 1

Most low-cost conductivity meters use a two-electrode cell.
The cell constant can be derived for simple structures such
as transmission lines [19] where the distributed conductance
by unit length (G’) is proportional to the capacitance per unit
length (C") between conductors [20]:

G/C' =0o/e 2)

where € is the permittivity. Using this relationship, the cell
constant can be calculated from the expressions in Table 1,
for the case of structures like the one mentioned and other
simple ones represented in Fig. 2. However, a correction
term must be added to simple analytical formulas to consider
fringing effects [21]. This correction term is introduced by
replacing the probe length with an effective probe length
calculated as L, = L + AL. Where AL can be determined
experimentally using two probes with two different lengths.
Another method is to use a calibration solution of known
conductivity. The cell constant is derived from 1. Despite the
necessary calibration, the analytical expressions in Table 1
can serve as a starting point for custom probe design.
Conductivity measurements depend on temperature [22].
As the temperature increases, the conductivity increases
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FIGURE 2. Geometry of the probes: (a) Parallel plates, (b) Coaxial,
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FIGURE 3. (a) Equivalent circuit of conductance cell, and (b) simplified
model.

because the viscosity of the solution is reduced, and the
movement of the ions is accelerated under the electric field.
For this reason, the reading of most conductivity meters is
often referenced to a specific temperature, usually 7o =
259C. The degree to which temperature affects conductivity
depends on the solution and can be calculated using the
following linear equation [23], [24]:

o(T) =00 (1 + (T — Tp)) 3

where o(T) is the conductivity at a temperature 7, og =
o(Tp) is the conductivity at the calibration temperature
To, and « is the temperature coefficient of the solution
at Tg. To determine the o coefficient of a solution, the
conductance is measured over a range of temperatures,
and the slope of the linear fitting corresponds to the «
coefficient. The impedance of a conductance cell depends
on the frequency and can be modeled from an equivalent
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circuit. The impedances of this circuit are the ones associated
with the interface created by the two electrodes, and the
resistance of the bulk solution, R, (Fig.3). An electrical
double layer exists on the interface between the electrode
and its surrounding electrolyte. This double layer is formed
when ions with charge opposite to that of the electrode are
electrostatically attracted. The space between the charged
electrode and the charged ions is often on the order
of angstroms [25]. These charges separated by a thin
insulating layer behave like a capacitor. Thus, the interface
between the electrode and the electrolyte is modeled as a
double-layer capacitance Cp, in parallel with the faradaic
impedance. The faradaic impedance is composed by two
terms in series: the polarization resistance or charge-transfer
resistance (also known as faradaic resistance) and the
Warburg impedance [26]. Warburg impedance models the
diffusion (that arises from the mass transfer) process, and
can be neglected at high frequencies. Therefore, for the
purpose of this work, the faradaic impedance can be modeled
using only a polarization resistance. In Figure 3, R; and
R are the polarization resistances of each electrode, and
Cpr1 and Cpy, are the double-layer capacitance at each
electrode [27]. The lead resistance is usually small and the
parasitic capacitance between electrodes has been omitted in
this schema. A simplified equivalent circuit can be obtained
by grouping the polarization impedance resulting in the
Randle’s equivalent circuit (see Fig.3b). The objective is
to obtain the conductance associated to the bulk solution
(1/Rp) without incorporating any effects caused by the
electrodes. Measurement using an external DC potential
applied to the conductance cell produces some undesired
effects such as electrolysis. Therefore, the excitation must
be at AC. To minimize the problems associated with the
effect of polarization that increases the electrode resistance,
a bipolar pulse of voltage will be applied to measure EC
without any flowing net DC current through the solution.
If the conductance cell is polarized with a low-amplitude AC
voltage (<1 V), the faradaic resistance increases relative to
the double-layer capacitance, helping to reduce the effect of
polarization. Cpr1 and Cpr; can be increased by increasing
the effective surface area with black spongy platinum coating.
Consequently, the excitation frequency must be higher than
the cut-off frequency f, to avoid effect of the capacitance
on the measurement, and thus obtain Rj. Therefore, in this
situation, the conductance (real part of the admittance)
remains constant:

1
"~ 27C,R, - Rp/(R, + Rp)

Je “
In practice, frequency values between 1 kHz and 5 kHz
considerably reduce the electrolytic saturation [28]. On the
other hand, high-frequency values must be avoided to
minimize the effect of the capacitance in parallel with the
resistance of the electrolytic solution (Rp). Another technique
to reduce the effects of polarization is the use of a four-wire
resistance measurement [29], which is based on the use of
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FIGURE 4. Block diagram of the battery-less conductivity meter.

conductivity probes made up of four electrodes. In the four-
electrode conductivity measurement, the meter injects current
between the outer electrodes and measures the voltage drop
caused by the resistance of the electrolyte between the inner
electrodes. In the case of measuring conductivity, it is not
the wire resistance the one to suppress as in the classical
four-wire resistance-measuring method, but rather the added
resistance caused by polarization. By using four electrodes
instead of two, we can measure the voltage difference across
the solution, and completely ignore the resistive effects of
electrode fouling. Additionally, a four-electrode sensor has
a considerably wider dynamic range than a two-electrode
sensor. However, the use of a four-electrode probe increases
the cost of the conductivity meters and thus it is not
considered in this work.

Ill. SYSTEM OVERVIEW

The battery-less conductivity meter designed is integrated
in a tag. It consists of an NFC IC with energy harvesting
capability, the NFC antenna, a microcontroller, a custom
conductivity sensor, a temperature sensor to correct the
effects of the temperature on the conductivity, and a probe
made of two electrodes. The NFC IC is the ST25DV04K
from STMicroelectronics. It complies with the ISO/IEC
15693 standard or NFC forum type 5, which defines the
modulation parameters, and has energy harvesting capability.
The authors have reported in [30] that the chip can supply up
to 3 V and 3 mA unregulated depending on the load, using
a square-shaped printed loop with dimensions of up to 3 cm
on each side. An overview of the proposed system is shown
in Fig. 4. Most modern smartphones are equipped with NFC
and are used as readers in this work. Therefore, no additional
specialized readers are needed, unlike what would happen if
UHF RFID was used, reducing the overall cost of the system.
When the smartphone detects the presence of a NFC tag in
the vicinity, it interrogates it. The NFC tag collects the energy
from the magnetic field at 13.56 MHz ISM band to wake-up
and bias the internal NFC IC, and external components (such
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FIGURE 5. Scheme of the conductivity sensor based on two-electrode
probes and two resistors.

as sensors and microcontroller) are powered up through the
energy harvesting voltage output of the NFC IC, making it
is possible to design low-consumption battery-less sensors
powered wirelessly from the smartphone. The data is saved in
the internal NFC memory and is read using the NFC protocol
by load modulation of the antenna using a sub-carrier.
In this work, as a proof of concept, an 8-bit microcontroller
with 16 kB Flash memory and a 10-bit analog-to-digital
converter (ADC) is used (ATTiny1614 from Microchip). It is
powered by a 2.5 V low dropout regulator (LMS5214IMG-
2.5 from Texas Instruments) connected to the NFC IC energy
harvesting output. When the ADC is active, the current
consumption at 1 MHz is about 600 pnA which can be
powered by the NFC. The microcontroller is responsible for
measuring the conductivity and temperature, performs the
temperature corrections, and saves data to the electrically
erasable programmable read-only memory (EEPROM) of
the NFC IC through the two-wire inter-integrated circuit
(I2C) serial interface. Data is encoded in a standard NFC
data exchange format (NDEF) to be readable via the NFC
protocol from standard applications. The firmware for the
microcontroller is downloaded using a unified program and
debug interface (UPDI) from Arduino IDE. Data can be
uploaded from the smartphone to the cloud to monitor,
store and further process the measurements. The prototype
is manufactured using standard 0.8 mm thick FR4 printed
circuit board (PCB), with relative permittivity 4.7 and loss
tangent (tand) 0.02. The copper metal layer has a thickness
of 35 m (conductivity o = 4.7 - 10% S/m). Figure 6 shows
a circuit diagram of the tag.

According to the equivalent circuit depicted in Fig. 3, the
impedance of the cell can be approximated by Rj at high
frequency, determining its value from the proposed circuit.
The terminals Vi and V; connected to two of the digital
outputs of the microcontroller switch every half period (7/2)
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FIGURE 7. Equivalent circuit for each half-period of bipolar square
waveform excitation: (a) at t=nT, and (b) t=nT*T/2.

between O and the power supply voltage Vpp, in order to
excite the electrodes by means of bipolar pulses applied to
minimize the effect of polarization (see the schema shown
in Fig. 5 and the chronogram in Fig. 8). Figure 7 shows the
equivalent circuit for each half-period. The output voltage
(Vour1 and V,,2) at each half-period can be obtained by
analyzing the circuit of Fig. 7:

Vourt (nT) = % Vo )
Voo nT) = Koy, 6)
out?2 Rb T R DD
VourrnT +T/2) = <Ry %)
Ry + 2R
2R
Voudlu +T/2) = =50 Vo ®)

It can be observed from the chronogram and from the
equations (5)—(8) that the average or DC voltage difference
between both electrodes is zero. The voltage of each of the
electrodes (V,,;1 and V,,n) is measured by the analog-to-
digital converters of the microcontroller. From (5)—(8), the
bulk solution resistance is obtained from either a positive or
negative pulse using:

2R

Vbp
AVarg

Ry, = 9

where AV, is the average voltage difference between the
two electrodes at the beginning (t = nT) and the end
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time

(t = nT + T /2) of the pulse (Fig. 8):

1 1
AV = E(Voutl(nT) — Vourn(nT)) + E(Voml(nT +7/2)
= Voura(nT +T/2)) (10)

When performing this averaging, it is observed that the
error due to the charge and discharge associated with the
capacitive part of the impedance is compensated. Finally,
to reduce noise, averaging of several pulses (typically 8
to 32) is performed. A value of R equal to 1000 €2 has
been chosen to limit the drop voltage between the electrodes
below 1 V and avoid an excessive current consumption in
the voltage divider. The proposed method is simple and
requires low-power compared to the classical method based
on oscillators and transimpedance amplifiers, and subsequent
detection by full-wave detectors [31], which are based on
operational amplifiers (see, for example, the schematic used
in the EC meter commercialized by Seed Studio [32]).
Compared to other methods proposed in [33] and [34]
based on impedance measurements, the proposed method
in this work does not need as many active components
(operational amplifiers), thus reducing the complexity, cost,
and current consumption. A negative temperature coefficient
(NTC) thermistor connected to a voltage divider (see Fig. 6)
is used to determine the temperature of the solution. A
100 k2 NTC protected with thermal silicone to avoid drawing
excessive current and a resistor of 100 k€2 for the voltage
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divider are chosen. The resistance of the temperature probe
(Rntc) 1s determined from the measurement of the voltage at
the output of the divider using another ADC input available
in the microcontroller (ADC3):

R

R =
NTC ( Vop l)
Vabcs

(11

The temperature is calculated from the NFC thermistor using
the Steinhart-Hart equation:

1 1 1 (R
— = — + —n | 2E (12)
T T B\ Ro

where Ry is the nominal NTC resistance at the temperature
To =209 K and B = 3950 K~!.

Due to space limitations, smartphones use smaller coils
compared to those used by custom NFC readers, there are
variations between different phone models, and normally the
structure is not optimal for energy harvesting. In addition,
the read range of sensor tags is reduced when using
energy harvesting compared to those not using it (standard
NFC cards without sensing capability). To optimize energy
harvesting, one must minimize the load current that must
be harvested, and simultaneously try to maximize the power
conversion efficiency between the reader and the tag. In this
design, the voltage divider used to obtain the conductance
(Fig. 5) is the element that requires the highest current
consumption, followed by the microcontroller. To reduce the
total consumption, a microcontroller frequency of 1 MHz and
a supply voltage of 2.5 V are chosen. After the measurement,
the data is saved in the NFC IC EEPROM via the I°C
bus. This bus requires pull-up resistors on both the clock
(SCL) and data (SDA) lines. Pull-up resistors connected to
the NFC energy harvesting output (Vgg) of 20 k<2 are used
in the prototype to limit the sink current when either line
is pulled down. During the interrogation, the smartphone
sends modulated commands to the tag. There are small
voltage drops at the output of the internal IC rectifier and,
therefore, at the energy harvesting NFC output caused by
this modulation. A capacitor Cggy connected to the energy
harvesting NFC output is used to mitigate the voltage drop
during the modulation pauses of the reader because it does not
transmit the carrier during the pause period whose duration
is Tp. In both standards, ISO 14443-3 and ISO 15693 which
are the most used in NFC IC with energy harvesting, T}, is
approximately 10 ws. The voltage drop can be calculated
from the discharge of the storage capacitor:

I - T,
Cen

Vdrop = (13)
where I; is the load current demanded from the energy
harvesting output. For a voltage drop of 20 mV at the
regulator input, which is tolerable for low-drop regulators
and a load current of 2 mA, a minimum storage capacitor
of Cky = 1uF is needed. The low-drop regulator used in
the prototype provides a regulated 2.5 V output from the
unregulated 3 V supplied by the NFC IC’s energy harvesting
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output. It supports a maximum current consumption of 10 uA
and has a voltage dropout of 0.2 V. Therefore, it can absorb
small voltage drop at the input in case of misalignment
between the coils of the reader and the tag or in case of
detuning effects.

A. ANTENNA DESIGN AND TAG TUNING
In this proof-of-concept prototype, there is no space limita-
tion, therefore there is a great degree of freedom in the coil
design. A spiral-shaped coil with 6 turns and an external
diameter of 40 mm has been designed, manufactured on
one of the surfaces of the PCB. The width of the traces
and the separation between them is 0.7 mm. The value of
the inductance is needed to get an initial estimation of the
value of the tuning capacitor since it is necessary to adjust
the resonance of the tag to 13.56 MHz. The inductance is
calculated using the Wheeler’s formula [35]):

L = KijoN (14)

14+ Kyp

where p is the vacuum magnetic permeability constant
Ar - 1077 H/m), N is the number of turns. The average
diameter D,, between the outer diameter D,,, and inner
diameter Dy, is given by:

Dy, = (Dout + Din)/2 (15)

The fill factor p measures the hollowness of the inductor, and
it is defined as:

p — l];uut Dll’l (16)
out + Din

In (14), the coefficients K; and K for a square-shaped
inductor are 2.34 and 2.75, respectively. The quality factor of
the inductance can be obtained from the resistance of the wire
considering the skin effect [36]. The estimated inductance
value and the quality factor obtained are, respectively,
2.06 uH and 134 at 13.56 MHz, values very close to those
obtained with the full-wave simulator Keysight Advanced
Design System (ADS) using the Momentum method (an
inductance of 2.09 ©H and a quality factor of 136). Figure 9
compares the simulated and measured inductance and quality
factor values, in good agreement with those obtained in the
analytical models and simulations. To this end, the inductance
and quality factor are obtained from the impedance calculated
from the reflection coefficient (S11) of a prototype antenna
measured with a VNA. The maximum transfer of energy from
the reader to the tag is achieved when the resonance frequency
of the tag matches the operation frequency (13.56 MHz).
To adjust the resonance frequency, the input impedance of
the NFC IC at the antenna terminals is needed, which can be
approximated by an IC chip capacitance Cjc in parallel with
a resistance R;c. Whereas Cjc is nearly constant for typical
input power ranges and it is provided by the manufacturer
(or it can be easily measured with a capacitance meter), the
resistance Rjc is nonlinear and depends on the input voltage
due to the nonlinear behavior of the internal IC rectifier
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FIGURE 9. Comparison between measurement and simulation

of:(a) Measured and simulated antenna inductance (the inset shows a
zoom around 13.56 MHz), and (b) quality factor as a function of the
frequency.

and the protection limiter at the input of the IC. The IC
capacitance for the ST25DV04 is 28.5 pF. The resonance
frequency is adjusted by adding a tuning capacitance Crping
connected at the input of the antenna. The tag’s resonance
frequency f; is calculated using the following expression:

1
27 /L(Cic + Cp + Cuuning)

where C,, is the antenna parasitic capacitance (including the
interconnections to the IC), which is in the order of a few pF.
The size of the antenna is compatible with the typical size
of the antennas integrated into modern smartphones. These
NFC antennas have sizes of about 2-2.5 cm? [37], [38], [39],
[40] and are integrated around the camera aperture or over
the battery by means of ferrite shields. However, the presence
of metallic parts in the smartphone, when approached to
the tag it reduces its coil inductance and can produce its
detuning. The smartphone antenna usually uses ferrite sheets
and is therefore less detuned than the one on the tag. One
solution, as proposed in [36] consists in shielding the tag
antenna with ferrite as well. Another solution is to adjust
the resonance frequency taking into account the reduction
of inductance caused by the smartphone assuming a distance
between the tag and the smartphone. This adjustment can be
easily performed including a spacer in the protection case
of the tag that fixes the distance between both. Then, the
tuning capacitance is obtained experimentally measuring the
resonance frequency with a vector network analyzer (VNA).
The measurement is performed from the peak in the reflection
coefficient of a test coil located below the tag (at a sufficient
distance for the coupling to be weak) and locating a cell
phone or a metallic plate that emulates the smartphone on
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FIGURE 10. Photography of the prototype including the protection box
(top view) and PCB board with main components (bottom view).

the spacer. In the prototype, the tuning capacitance is 69 pF.
The resonance can be adjusted using (17) as starting point to
find the tuning capacitance. A great variation in the distance
during the measurement can produce an undesired drop of
voltage that can affect the sensor measurement. Therefore,
in this application, the smartphone is expected to be on top of
the tag for the duration of the measurement (few seconds in
this work). Such approach also reduces the cost of the device,
since the use of ferrite sheets is no longer necessary.

B. PROTOTYPE

Figure 10 shows a photo of the prototype. The temperature
sensor and the conductivity probe are integrated into a small
removable measuring cell where the milk sample to be
analyzed is introduced. The measuring cell can be easily
plugged into the main PCB, facilitating its cleaning and
replacement. The board that includes the microcontroller
(MCU), the NFC chip, the antenna, and the rest of the
electronics is protected with a 3D-printed. A microcontroller
programming connector is included to save the MCU
firmware. The tag can be read by placing the mobile phone
on top of it. The energy harvesting range is tested with
the setup described in [30]. Figure 11 shows the measured
voltage at the output of the regulator as a function of the
distance between the NFC reader (smartphone) and the tag.
A multimeter connected to a PC is used for the measurements.
A Xiaomi Redmi 10 smartphone is used as reader, located
on a mobile structure connected to a stepper motor with
a linear actuator controlled by a PC, which permits to
change the distance between smartphone and tag. The figure
shows the measured voltage as a function of the distance for
different MCU clock frequencies. It can be concluded that
the tag can operate close to 20 mm at 8 MHz and almost

VOLUME 12, 2024

26

24r A

CLOCK 1 MHz
======CLOCK 4 MHz
= = CLOCK 8 MHz

221

Measured Voltage(V)
N

25 30 40
Distance(mm)

20 45

FIGURE 11. Measurement of the regulated voltage as a function of the
distance between the tag and the smartphone for different clock
frequencies of the microcontroller.
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Classify Save
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FIGURE 12. Screenshot of the Android application developed to classify
the health status of cows using decision rules based on conductivity
measurements.

30 mm at 1 MHz. The difference is attributed to the increase
of tag current consumption caused by the MCU clock
frequency. An Android application (app) has been designed
for demonstration purposes. A screenshot is shown in Fig. 12.
The app reads the NDEF text saved in the EEPROM of
the NFC IC. A measurement can be saved for each quarter.
Subsequently, decision rules based on a comparison of the
measured conductivity based on a set of threshold levels
and the difference conductivity measured among quarters are
applied to classify the state of the cow into three different
groups: healthy, subclinical or clinical. The measurements
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FIGURE 13. Data flow scheme. Data are stored in a database (InfluxDB)
and can be visualized with a Grafana-designed dashboard.
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FIGURE 14. Measurement and modeling (Randles equivalent circuit) of
the real (top) and imaginary (bottom) part of the impedance of the probe
immersed in milk (conductivity 4.7 mS/cm) as a function of frequency.

can be uploaded to a database. In the prototype, an InfuxDB
database is selected. A cow identifier is used to identify the
cow, and the data is stored in a time series database using
a Representational State Transfer Application Programming
Interface (REST API) call. The app has various options to
configure the database IP and security control. Data can be
easily monitored with a dashboard designed with Grafana tool
(see Fig. 13).

IV. RESULTS

A. PROTOTYPE VALIDATION.

In order to investigate the frequency behavior of the probes
immersed in milk, the impedance between the electrodes is
measured by Electrochemical impedance spectroscopy (ELS)
using a Palm Sense 4 instrument. A probe consisting of two
3 mm diameter cylinders spaced 10 mm apart and 2.5 mm
long is used. Figure 14 shows the measured impedance as
a function of frequency between 10 Hz and 10 kHz. The
elements of the Randles equivalent circuit obtained upon
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data fitting are R,=218.4 2, R,=6140 @, and C,=2.44 uF.
Good agreement is obtained at high frequencies (1 kHz
to 10 kHz) which is the range of interest. However, other
elements such as Warburg impedance must be added to
improve the fitting at low frequencies [41]. The imaginary
part is negligible compared to the real part for frequencies
higher than 1 kHz. Using the obtained Randles equivalent
circuit, the response of the sensor as a function of time is
simulated for pulse frequencies of 1 kHz and 10 kHz (see
Figure 15). The resistance estimated from the simulations is
219.4 Q at 1 KHz, and 200.4  at 10 kHz. Pulses of 1 V
of amplitude and R=1 k€2 are used in the simulations. The
simulation is performed using the Keysight ADS circuit
simulator in transient mode obtaining a good agreement with
the measured resistance of 219.0 Q2 at 1 kHz. These values
are very close to the fitted value of R, of 218.4 Q2. From these
results, it can be concluded that a frequency around 1 kHz
must be used, so that the effect of the capacitance can be
compensated with the proposed method.

Figure 16 compares the conductance measured with an
impedance meter (Keysight model U1731C) measuring the
resistance at 1 kHz and the proposed method for a probe
with cell constant 1 cm ™" for saline (NaCl) aqueous solutions
at different concentrations (the conductivity is measured
with a commercial Hanna conductivity meter). There is
good agreement between the conductance values obtained
in the desired range. The error between the two systems
is less than 3% between 4 and 6 mS/cm, which is the
expected conductivity range in the milk. Figure 17 shows an
example of measurement of the voltage at the probes using
an oscilloscope. The system is powered by the smartphone
and a sample of milk with 4.4 mS/cm is tested. The system
shows a similar behavior to that predicted by the simulations.
In this case, a frequency of 2 KHz pulse is used and the
microcontroller clock is set at 4 MHz. Since the temperature
can vary from one sample to another, milk conductivity
results are shown in Figure 18 as a function of temperature.
The conductivity presents a linear behavior, as described
by (3). The temperature is measured with an NTC sensor
and its slope coefficient (« = 0.01631/K) is obtained by
linear regression. The value obtained for the slope coefficient
is close to that recommended for the 0.01 M KCI solution
given in [42]. The repeatability of measurements between
different sensors is studied. For this purpose, 4 sensors with
their respective probes have been made. It has been observed
that these sensors, using an average value of the calibration
constant cell k (see (1)), present variations in the measured
conductivity of the order of 5%. These are mainly due to the
mechanical manufacturing tolerances of the proposed low-
cost probes. To improve the reproducibility, a calibration
of the probes is required. To this end, each conductivity
cell has been calibrated using a calibration solution with
known conductivity. The HI7039L 5 mS/cm conductivity
standard from Hanna Instruments has been used (which
is close to the typical milk conductivity). The calibration
constant is recorded in the firmware of the microcontroller
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FIGURE 15. Simulation of the response of the sensors at (a) 1 kHz and
(b) 10 kHz using the Randles circuit adjusted for milk with conductivity of
4.7 mS/cm.

and can be updated from the smartphone using a calibration
menu in the configuration. The temperature dependence
has been assumed linear with the same slope coefficient
(¢ = 0.01631/K) for each sensor. Therefore, only a
one-point calibration is required. After this calibration, the
difference between sensors has been improved notability.
Figure 19 shows a boxplot comparing 100 milk samples
with a nominal conductivity of 4.5 mS/cm (measured with
a commercial Hanna HI 98312 conductivity meter) taken
with the smartphone over 10 min. The conductivity for
each sample is obtained using (9) and (10), averaging
32 bipolar pulses. The difference in the mean value between
the four sensors is reduced to less of 0.013 mS/cm or
0.29% of the nominal value. The deviation from the mean
value is associated to measurement noise mainly due to
ADC quantization error and power supply noise. Figure 19
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FIGURE 17. Sensor response measured at 2 kHz biased with the NFC for a
milk sample with conductivity of 4.4 mS/cm.
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FIGURE 18. Measured conductivity and linear regression as a function of
temperature (slope coefficient « = 0.01631/K).

shows that the standard deviation is between 1.7% and
2% of the nominal value. This accuracy is comparable to
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FIGURE 20. Measured conductivity as a function of SCC values
(Correlation coefficient 0.55).

the commercial instrument (which is 2% for Hanna HI
98312 conductivity meter).

B. MASTITIS DETECTION.

Next, the feasibility of predicting mastitis infection from milk
conductivity measurements is assessed. Somatic cell count
(SCC) is used as an indicator of udder health and milk quality
and thus is used here to validate the possibility to confirm
mastitis infection via milk conductivity measurements. From
a heard of Holstein Friesian cattle, 15 cows are selected
and divided in three groups of five cows each, healthy
animals, animals with subclinical mastitis, and animals with
clinical mastitis, according to SCC levels measured during
three consecutive days (healthy animals, <200,000 cells/mL;
animals with subclinical mastitis, 200,000-500,000 cells/mL;
animals with clinical mastitis, >500,000 cells/mL). Then,
milk samples from the four quarters of each cow are collected
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in days 4, 5, 6, 7, 10, 12, and 14. In total, 105 samples
were collected and their SCC levels tested. All those samples
were then used to measure their conductivity. Figure 20
shows the measured conductivity at 252C with the proposed
system as a function of the number of SCC (cells/mL) on
a logarithmic scale. The correlation coefficient between the
somatic cell count and the conductivity is close to 55%.
Interestingly, the dispersion values observed is higher for
clinical and subclinical cases than for healthy cows. The
significance of the difference between means is assessed by
the analysis of variance (ANOVA) [43]. A one-way ANOVA
test is performed to analyze the variance using MATLAB
software. Figure 21 shows the box plots of data by group.
P-values for the test below 0.05 indicate that the group
mean differences are significant. A p-value of 1.4 - 10713 is
obtained. A multiple comparison test by pairwise comparison
to identify the groups that have significantly different means
is performed (see Fig. 22). The p-values obtained are 6.2 -
107°,5.3.107'4,0.47 - 1073 for healthy-subclinical, healthy-
clinical and subclinical-clinical groups, respectively. In the
last figure, the blue circle indicates the mean of the control
group. The red circles and bars represent the means and
confidence intervals for the groups that have significantly
different means from the control group. It can be seen how the
red bars do not cross the dotted vertical line that represents
the mean of the control group. Groups that do not have
significantly different means appear in grey. The figure shows
multiple comparisons of the means. By default, the mean
healthy milk group is highlighted, while the comparison
interval is blue. Because the comparison intervals for the
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FIGURE 23. Confusion matrix considering two classes: healthy and
abnormal or mastitis-infected cows with either subclinical and clinical
mastitis.
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FIGURE 24. Confusion matrix considering three classes: healthy,
subclinical, and clinical mastitis-infected cows.

other two groups do not intersect with the intervals for the
healthy milk group, they are highlighted in red. This lack
of intersection indicates that both means are different from
those of the healthy milk group. It can be shown that all group
means are significantly different from each other. Based on
the mean values of the conductivity a simple classification
of the milk samples can be performed. It is considered that
the conductivity of healthy milk is below 4.9 mS/cm, that
of the subclinical is between 4.9 mS/cm and 5.15 ms/cm
and the milk from clinical mastitis-infected cows presents
values above 5.15 mS/cm. Considering two classes, milk
from healthy and mastitis-infected cows (the latter including
milk from cows with either subclinical or clinical mastitis),
the confusion matrix is shown in Figure 23. The sensitivity
or probability of a positive test given confirming mastitis
infection, calculated as the number of true positives over the
total number of sick individuals in the population is 85.7%.
The specificity or probability of a negative test of a healthy
condition, calculated as the number of true negatives over
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TABLE 2. Variation of conductivity between quarters as a function of the
infection state.

Case Ao | Ao/
Healthy 0.53 | 11.27%
Subclinical | 0.82 | 16.81%
Clinical 0.92 | 18.36%

the total number of healthy individuals in the population
is 74.29%. Figure 24 shows the confusion matrix between
the known and predicted milk groups. This matrix shows
that subclinical cases can be confused with both clinical and
healthy cases and are therefore more difficult to be detected
correctly. Greater reliability could be obtained if differences
between quarters of the same cow were considered, thereby
allowing for variation between animals in the normal or
basal level of these constituents [44]. Table 2 compares
the average variation of the conductivity between quarters
and the normalized variation with respect to the average
conductivity of the quarters for a set of 37 cows. Higher
reliability can be obtained by comparing the readings from
different quarters [44]. Even with a single test, all severely
infected quarters could be detected if one or more were 16%
higher than the lowest in that particular animal, or if the
level exceeded the conductivity threshold [45]. Therefore,
the integration of conductivity sensors in automatic milking
machines would allow continuous monitoring of milk con-
ductivity to quickly identify those animals susceptible to be
infected, and thus be selected to undergo more sophisticated
analysis to confirm mastitis. Furthermore, low-cost solutions
such as the one proposed in this work can also be effective
as screening techniques, especially on small farms where the
cost of implementing an automated monitoring system may
be prohibitive.

V. CONCLUSION AND FUTURE WORK

NFC integrated circuits (IC) with energy harvesting capa-
bilities are currently available in the market. The use of
these NFC ICs, together with low-power microcontrollers,
allows creating battery free and environmentally friendly
battery-less NFC sensors for several applications in IoT, since
they can be read from smartphones. In this work, the design
of a battery-less NFC milk conductivity sensor to be used
on farms that allows for rapid evaluation of the state of
milk and identification of cows susceptible to be infected
with mastitis has been presented. The implementation of
this technique as part of a Farm 4.0 concept can help to
improve farm productivity and reduce the use of antibiotics
thanks to the early identification of animals with mastitis.
A proof-of-concept prototype has been integrated into a
housing to measure the conductivity of milk, with a precision
better than 2%, which is similar to that of commercial
hand-held conductivity meters. A smartphone takes the
role of powering the sensor electronics to measure data,
establishes the communication with the sensor and also
uploads the measured data to the cloud to be registered
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into a database for analysis over time, all of this managed
and displayed through an app. Experimental results have
shown good correlation between the measured conductivity
and SSC values for 105 milk samples, collected from the
four quarters of 15 cows at days 4, 5,6, 7, 10, 12 and
14 from the beginning of the experiment. A classifier based
on the comparison of the conductivity with fixed thresholds
obtained during a measurement campaign has been proposed.
It has been found that the conductivity measured in the
milk collected from healthy cows is less than 4.9 mS/cm,
that of milk samples from cows with subclinical mastitis
is between 4.9 mS/cm and 5.15 mS/cm, and that from the
milk of cows with clinical mastitis presents values above
5.15 mS/cm. In the experiments, the sensitivity and the
specificity obtained are 85.7% and 74.29%, respectively.
The classification of cases with subclinical mastitis is more
complex than in the other cases since the milk from cows
with subclinical mastitis shows more dispersion in the
measured conductivity. For this reason, it has been suggested
that, in doubtful cases, each of the quarters should be
tested. The analysis of the differences between conductivity
measurements of the milk collected from each different
quarter can increase the success rate of the classification
of cows in healthy and infected groups. Differences greater
than 16% can indicate cows are susceptible to be infected
with mastitis. The tests proposed in this work have been
performed manually and are low cost. This creates ease
for farmers, who do not need expert knowledge to perform
the test and analyze the results thanks to the smartphone
app. In the future, the conductivity sensor developed could
be integrated into automatic milking machines to perform
automatic and noninvasive measurements of the entire farm
population.
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