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Abstract—Chronic wounds have emerged as a significant
healthcare burden, affecting millions of patients worldwide
and presenting a substantial challenge to healthcare sys-
tems. The diagnosis and management of chronic wounds
are notably intricate, with inappropriate management con-
tributing significantly to the amputation of limbs. In this
work, we propose a compact, wireless, battery-free, and
multimodal wound monitoring system to facilitate timely and
effective wound treatment. The design of this monitoring
system draws on the principles of higher-order parity-time
(PT) symmetry, which incorporates spatially balanced gain,
neutral, and loss, embodied by an active —RLC reader, an LC
intermediator, and a passive RLC sensor, respectively. Our
experimental results demonstrate that this wireless wound
sensor can detect temperature (T), relative humidity (RH),
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pressure (P), and pH with exceptional sensitivity and robustness, which are critical biomarkers for assessing wound
healing status. Our in vitro experiments further validate the reliable sensing performance of the wound sensor on human
skin and fish. This multifunctional monitoring system may provide a promising solution for the development of futuristic

wearable sensors and integrated biomedical microsystems.

Index Terms— Biomedical sensors, parity-time (PT) symmetry, wearable sensors, wireless sensors, wound healing.

. INTRODUCTION

EARABLE sensors that monitor the physical and
Wchemical conditions of the human body have gained
increasing importance in the past decade [1], [2], [3], [4], [5].
To date, various wearable sensors, such as glucose sensors
[1], blood pressure sensors [2], and electrocardiogram sensors
[3], [4], have been proposed to assist clinical decision mak-
ing, treatment, and health management. Despite these recent
advances, relatively less attention has been paid to chronic
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wound monitoring. Chronic wounds that fail to heal in an
orderly manner within expected timeframes affect more than
6.5 million people in the United States alone and cost the
economy over $25 billion annually [6], [7]. This burden is
still surging due to the rising prevalence of obesity, diabetes,
and aging population [6], [7]. In current clinical practice,
wound assessment relies primarily on the visual inspection
of the wound size and depth, as well as signs of inflammation
[8]. The reliability of visual assessment depends largely on
the experience of clinicians and is inevitably influenced by a
degree of subjectivity. Especially for chronic wounds whose
early symptoms are subtle and difficult to distinguish from
those of normally healing wounds, the traditional assessment
method may fail to provide sufficient information of the
wound, leading to improper or delayed treatment. Recently,
researchers have disclosed the underlying relationship between
wound status and various pivotal biomarkers (e.g., tempera-
ture, moisture, pH, strain, and oxygen levels) [9], [10], [11],
[12], [13], [14]. Monitoring these physiological parameters
may provide a more quantitative evaluation of the wound heal-
ing process and allow for more rapid and accurate diagnosis
of chronic wounds.

In this context, a plethora of wearable biosensors have
been developed to effectively monitor temperature [9], [10],
humidity [11], [12], and other crucial parameters in the vicinity
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Fig. 1. (a) Schematic of the wireless wound monitoring system, where
the parameters to be detected (e.g., temperature, RH, pressure, and
pH) are obtained from the shifts of narrow resonant dips. (b) Equivalent
circuit diagram of the third-order PTX-symmetric sensing system, which
consists of an active —RLC reader, an LC intermediator, and passive
RLC sensors.

of the wound site [7], [13], [14]. The objective, sensor-based
assessment is definitely an immense improvement compared
with conventional methods. Yet, most reported wound sensors
still suffer from one or more critical limitations, such as
high manufacturing cost, insufficient sensitivity, unavoidable
battery usage, and redundant wire connections linking sensors
to external reading equipment (which restrict the activities
of patients) [15], [16], [17], [18]. Moreover, some of the
sensing systems can only detect a single parameter of wound
healing [14], [19], [20], [21], which is obviously inadequate
since wound healing is a complex and multistage process
accompanied by dynamic changes in multiple physiological
parameters. To address the existing limitations, we present
a battery-free, multiplex sensing platform for monitoring the
wound healing process. The platform leverages the concept
of generalized higher-order parity-time (P7) symmetry [22],
[23], [24], [25]. As depicted in Fig. 1(a), the wound site
parameters, including temperature (T), relative humidity (RH),
pressure (P), and pH level, can be captured by detecting the
resonant dip shifts in the reflection spectrum. These measured
indicators are important for assessing the wound status. Typ-
ically, normal skin or a healing wound has a temperature of
30.2 °C-36.9 °C and a slightly acidic pH of 5.0-6.5, while an
infected wound experiences a suddenly increased temperature
and a slightly basic pH (above 7.4) due to the presence of
certain types of enzymes and bacteria [19], [20], [26], [27].
Moisture is a parameter that must be carefully managed in the
wound environment, since dry wounds usually show a slower
epithelialization, while moist wounds may have an increased
risk of infection [28]. Pressure is predominantly linked to cell
proliferation and neovascularization [11].

In this article, we present a systematic theoretical study and
experimental demonstration of the generalized higher-order

PT-symmetric wound sensing system, which can monitor
multiple wound healing indicators with excellent sensitivity.
Although PT-symmetric telemetry has been applied to several
wireless sensing applications, experimental demonstrations to
date have been detecting single resistive or reactive change
on the sensor [29], [30], [31]. To the best of our knowledge,
this is the first time that multiple physiological parameters are
sensed at the time using the PT-symmetric telemetry. In this
work, we experimentally verify that a P7-symmetric wound
sensor can be used to simultaneously monitor temperature
(20 °C-50 °C), RH (30%-90%), pH (4-10), and pressure
(0-200 mmHg). The sensing ranges are carefully designed
to cover all possible environmental conditions surrounding
a wound or surgical site. The proposed PT-symmetric
multimodal sensing platform enables a myriad of healthcare
applications, such as wound management, wearable Internet
of Things (IoT) devices, biotelemetry, and telemedicine.

[I. THEORETICAL ANALYSIS

PT symmetry is an essential milestone in non-Hermitian
physics, unveiling that nonconservative Hamiltonians that sat-
isfy parity (P) and time-reversal (7') operators can possess
completely real eigenspectra [29], [32], [33]. This revo-
lutionary discovery has made an enormous difference in
the fields of optics [34], [35], electronics [34], [36], [37],
electromagnetics [38], [39], [40], [41], and acoustics [42].
Standard PT-symmetric electronic systems have shown signifi-
cant advancements in sensing applications, exhibiting superior
sensitivity compared to traditional RLC sensors [21], [23],
[29], [37]. The enhanced sensitivity of the standard second-
order PT-symmetric system can be attributed to eigenfre-
quency bifurcation near the exceptional point (EP), which
allows significant resonance frequency shift in response to
small impedance perturbations. Despite their effectiveness in
improving the sensing performance, the second-order P7-
symmetric system can only detect one type of resistive or
reactive change. The third (or higher)-order P7-symmetric
telemetry with more than three eigenfrequencies offers a
greater degree of freedom in data interpretation. Furthermore,
PT-reciprocal scaling (P7X) symmetry has been introduced
as a generalized form of PT symmetry [23], [39], [43]. In
principle, PT-symmetric systems necessitate a precise balance
of gain and loss, whereas such a weak constraint can be
removed in the PTX-symmetric systems, even though PT
and PTX systems share the same eigenspectrum but different
eigenmodes [23]. Hence, PTX-symmetric systems may provide
more design degrees of freedom.

Fig. 1(b) shows the schematic of the generalized higher-
order PT-symmetric wound sensing system, which comprises
an active —RLC reader (gain), an LC intermediator (neutral),
and two passive RLC sensors (loss). The two RLC tank
sensors, which share the same reader, respectively, make the
system fulfill the PT- and PTX-symmetric conditions. As
shown in Fig. 1(b), the PTX-symmetric system is similar to
its PT-symmetric counterpart, but with all elements in the tank
sensor scaled in a specific manner (i.e., R — xR, L — xL,
and C — x~'C, where x is the reciprocal scaling factor).
Here, the PT sensor includes a thermistor and a capacitive
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humidity sensor, and the PTX sensor consists of a resistive
pressure sensor and a pH sensor. This telemetry system can
simultaneously monitor the temperature, humidity, pressure,
and pH at the wound site. The PT- and PTX-symmetric
systems can be described by Kirchhoff’s laws, which provide
us with the effective non-Hermitian Hamiltonian H.g of the
system [23], [29], [36]. For the PT/PTX-symmetric system
shown in Fig. 1(b), there exist eigenfrequencies, which can
be obtained by letting |H — wI| = 0. Under the PT/PTX-
symmetric condition (i.e., |-R| = R;,C = Cj), the three
eigenfrequencies can be written as follows:

\/2;/2 11— J1— 42+ 82
w1 = Wy

1

2y2(1 — 2«?) (12)

Wy = a)o(: l/«/LC) (1b)

o = o 292 — 14+ /1 —4y2 + 8y4k? (16)
S 2y2(1 — 2¢?)

where y denotes the gain-loss parameter or the effective
Q-factor of the resonant tank (y = R™'.WJL/C), « is
the coupling coefficient between the neighboring resonators
(k = M/L, where M is the mutual inductance), and wy
is the resonant angular frequency of the neutral LC tank
(wy = 1/+/LC). We note that the PT- and PTX-symmetric
systems share the same eigenfrequencies. The real parts of
eigenfrequencies are plotted in Fig. 2(a), where the theoretical
and experimental results are presented by colored contours
and dots, respectively. In Fig. 2(a), an EP can be clearly

observed at
vep =V 1+v1—2¢2/(2) (2)

where an eigenfrequency bifurcation occurs along the EP loci.
When y > ygp, the system is in the exact PT-symmetric phase,
whereby the eigenfrequencies are purely real and correspond
to the resonant (angular) frequencies.

Fig. 2(b) shows the contours of reflection as a function
of frequency and gain-loss parameter y for the third-order
PT/PTX-symmetric system, where the reflection minima occur
at the eigenfrequencies (or resonant frequencies). Unlike
the standard second-order PT7T- and PTX-symmetric systems
that display dissimilar resonance line shapes [23], [43], the
third-order PT- and PTX-symmetric systems possess exactly
identical reflection spectra. Noticeably, the PTX system may
offer wider design flexibility as it allows for adjusting/scaling
the lumped element values on the sensor side. As evident from
Fig. 2(a) and (b), when the system operates at the exact PT-
symmetric phase, the two resonant frequencies, w; and ws, are
sensitive to the gain-loss parameter y and coupling coefficient
k. Especially when y is around ypgp, even a tiny resistive or
reactive perturbation that alters y can lead to noticeable shifts
of w; and w3. On the other hand, the eigenfrequency w; is
fixed to wy.

When monitoring wound parameters, the system experi-
ences changes in both resistance and capacitance and should
be able to distinguish between changes in each. These vari-
ations could slightly break the PT/PTX symmetry of the
system. Considering a small resistive perturbation applied on
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Fig. 2. (a) Real parts of eigenfrequencies of the PT/PTX-symmetric
system in Fig. 1(b), where the calculated and measured results are rep-
resented by color contours and scattered points, respectively. (b) Con-
tours of reflection coefficients as a function of the gain-loss parameter y
and the normalized angular frequency w/wp; here, k = 0.5.
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the sensor, ie., Ry, = (1 4+ 7)|—R| and (r « 1), the
eigenfrequencies of the third-order PT/PTX system can be
approximately expressed as follows:

o ~ 292 —1—1— /(0 +1)2 —4y2(1 + 1) + 8y*?2
: 2y2(1 — 2«?)
(3a)

oy ~ an(=1/VLC) (3b)

0.~ 292 —1—14+ /(1 +1)2—4y2(1 + 1) + 8y*k2
: 2y2(1 — 2«2) '

(30

We note that in case t = 0, which conveys that the system
satisfies the PT/PTX symmetry, (3) is equivalent to (1).
Equation (3) states that with slightly unbalanced resistance
in the sensor and reader, w; and w3 are influenced by the
resistive perturbation while w, remains unchanged. Therefore,
we conclude that whether the system is symmetric or slightly
asymmetric in resistance, w; is only related to L and C values
and is independent of y and «.

Since the coil inductance L and coupling coefficient « are
fixed, the equivalent capacitance C can be determined from the
offset of w,. After the equivalent capacitance of the sensor is
obtained, the effective resistance of the sensor can be obtained
by tracking w; or ws, which varies with y = R™'\/L/C.
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One can first adjust the varactors on both the reader and
intermediator to attain a distinct resonance at w,. Subse-
quently, by fine-tuning the effective resistance of the reader,
three resonant dips can be observed in the reflection spectrum
(i.e., the exact PT symmetry). This step enables retrieving the
sensor’s resistance R. As a consequence, the third-order PT-
symmetric sensing system allows for simultaneously detecting
resistive and capacitive changes on the sensor, which may
not be possible with standard second-order P7-symmetric
system [23], [29], [37] or traditional passive wireless sensing
methods [21], [44], [45]. In the pursuit of optimal wound
management, we utilize the third-order PT/PTX-symmetric
system with two tank sensors, as shown in Fig. 1(b), for
simultaneous monitoring of multiple biomarkers crucial to the
healing process. This approach allows us to precisely track
two resistive parameters, namely, temperature and pressure,
along with two capacitive parameters, humidity and pH. It
is worth highlighting that through judicious adaptations of
the sensors and transducers, the PT/PTX telemetry platform
may also facilitate concurrent detection of other wound site
parameters and biological indicators, including but not limited
to oxygen, thermal conductivity, and uric acid.

I1l. EXPERIMENTAL DEMONSTRATION

Fig. 3(a) shows the photograph of the PT/PTX sensing plat-
form (left) and the flexible, wearable wound sensor embedded
in a smart bandage (right). When monitoring wound status, the
smart bandage can be easily affixed onto the wound site, while
the associated reader is directly connected to a vector network
analyzer (VNA) to acquire the reflection spectrum. As shown
in Fig. 3(a), the PT/PTX-symmetric wound sensor consists of:
1) a negative temperature coefficient (NTC) thermistor from
Murata Electronics (NCP15XC680E03RC); 2) a capacitive
humidity sensor from Innovative Sensor Technology (P14-W);
3) a force sensing resistor from Ohmite (FSRO6BE); and 4) a
custom-made pH sensor, fabricated by polyaniline modifica-
tion of laser-induced graphene electrodes. The integrated smart
bandage is based on a single flexible polyimide substrate with
a thickness of only 0.16 mm, rendering it eminently suited for
deployment in wearable technology. The wound parameters
to be monitored can be derived from the resonance dips
in the measured reflection spectrum, provided that the coil
inductance L and coupling strength « are fixed at appropriate
values. As shown in Fig. 3(b), a reflection minimum was first
found at f, by tuning the capacitance of the intermediator
and reader, and the resonance frequency f; is used as a sign
of balance in capacitance (i.e., C = Cy); here, the three
resonant frequencies are denoted by f, = w,/27w,n = 1,2,
and 3. Three reflection dips were then acquired by adjusting
the resistance of the reader until the PT symmetry is achieved
(i.e., |—R| = R;, C = Cy) [Fig. 3(c)]. By this simple, two-step
tracking of resonance frequencies of the third-order PT/PTX-
symmetric system, R; and C; values can be obtained with high
accuracy. It is evidently seen from Fig. 3(c) that resonance
at f, is dominated by the capacitance of the system and is
unaffected if the resistance values of the reader and the sensor
are slightly different. What observed from Fig. 3(b) and (c)
is consistent with the theoretical result in (3), indicating that
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Fig. 3. (a) Photograph of experimental setup for the wound monitoring
system (left) and the compact, flexible, and wearable wound sensor
(right). Measured reflection spectra for two scenarios: (b) when both Rs
and Cs are unknown, one first tries to determine Cs, and (c) after Cs is
known, one tries to find the exact value of Rs.

the proposed sensing mechanism can be effective for multi-
plexed sensing of the wound site. During the experiment, the
coupling coefficient «, associated with the distance between
the neighboring coils, was kept at a fixed value of 0.45. The
value of k is chosen to make the system operate close to
the EP.

A. Temperature and Humidity Monitoring

During the measurement of temperature and humidity, the
coil inductance L is fixed at 1120 nH, and the equivalent
resistance and capacitance of the sensor are influenced by
temperature and RH, respectively. The NTC thermistor, with
a parallel connected resistor of 182 €2, exhibits an equivalent
resistance of 48.7 € at room temperature (25 °C). The
capacitance of the capacitive humidity sensor is measured to
be 126.6 pF at 30% RH, such that at 25 °C and 30% RH,
y = 1.93 and the system operates around the EP. Fig. 4(a)
shows the reflection spectra of the wound sensing system
under different temperature conditions; here, RH = 30%. The
experimental results (solid lines) show great consistency with
theoretical ones (dashed lines). It is observed from Fig. 4(a)
that f; and f; respond sensitively to temperature variations,
while f, remains constant. This agrees with the previous
theoretical investigation that f, is only affected by the sensor’s
effective capacitance related to RH. We note that while both
f1 and f3 are responsive to variations in temperature, the latter
one shows a more remarkable shift due to the eigenfrequency
bifurcation effect discussed in the previous section (Fig. 2).
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Fig. 4. Reflection spectra of the PT/PTX-symmetric wound monitoring
system with (a) 30% RH and different temperature and (b) 50 °C and
different RH. Here, the solid and dashed lines, respectively, represent
the measured and calculated results.

Therefore, the detection of wound temperature is undertaken
by tracing the shifts of the third resonant frequency f3; or
the frequency ratio f3/ f>. Fig. 4(b) plots the resonance at f,
with different RHs, which further demonstrates the feasibility
of monitoring RH levels through the detection of shifts in the
resonant frequency f>.

The influence of RH on the capacitance of the humidity
sensor is presented in Fig. 5(a), where a notable increase
from 126.6 to 138.1 pF is observed upon an increase in RH
from 30% to 90%. The increase in capacitance results in a
downshifting f,. The frequency shift Af, as a function of RH
is shown in Fig. 5(b); here, Af, = f> — f2lru=90%- As RH
ascends from 30% to 90%, the increase in capacitance leads to
a drop of f> by approximately 600 kHz, indicating a sensitivity
of 9.3 kHz/%RH. Fig. 5(c) depicts the variation in the equiv-
alent resistance of the NTC thermistor, which is proportional
to temperature changes. We find that the equivalent resistance
decreases from 48.7 to 26.6 €2, as temperature increases from
25 °C to 50 °C. The reduction in resistance increases the
value of y, and thus, the frequency ratio f3/f, increases
with temperature, as presented in Fig. 5(d). When the RH
is 30% and 90%, the sensitivity of monitoring temperature
is 81.1 kHz/°C and 84.7 kHz/°C, respectively. Sensitivity
increases slightly with the moisture level, as higher RH
corresponds to a higher capacitance and thus a lower gain-loss
parameter y (closer to ygp). The sensing ranges (i.e., 25 °C—
50 °C and 30%-90% RH) may cover all possible variations in

(a) (b)
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Fig. 5. (a) Measured capacitance of the capacitive humidity sensor
versus RH. (b) Frequency shift Af, as a function of RH. (c) Measured
equivalent resistance of the NTC thermistor versus temperature. (d) Fre-
quency ratio f3/f, as a function of temperature. The error bars are
generated from three measurements.

temperature and humidity around the wound site. It is evident
from Fig. 5(b) and (d) that the relationship between Af, and
RH remains constant irrespective of temperature. Furthermore,
once RH is ascertained, the relationship between f3/f> and
temperature becomes apparent [Equation (1c)]. Therefore, the
third-order PT/PTX-symmetric sensor possesses the capability
to simultaneously acquire wound temperature and humidity.
Moreover, the sensitivity levels for both temperature and
humidity sensing are highly commendable. In particular, the
sensitivity of resistive temperature sensing experiences a con-
siderable enhancement due to the eigenfrequency bifurcation
occurring around the EP and can be further improved when
the system is operated near the divergent EP (DEP) [22], [24],
[25]. In addition, there are several deficiencies in experimen-
tal measurements, including asymmetric coupling, fabrication
errors, and parasitic effects of the circuit boards, which
slightly destroy the P7-symmetric condition and could affect
the accuracy of the measurement results. The performance
of the PT-symmetric wound sensor may be further improved
through several strategies. For instance, a feedback control
system could be utilized to precisely pitch the positions of
the reader and intermediator, ensuring consistency of the
coupling strength between the reader and intermediator and
that between the intermediator and sensor. A properly designed
dielectric spacer made of low-permittivity materials can also
provide better coil alignment. In addition, the errors due to
parasitic effects and manufacturing flaws can be significantly
suppressed by using the advanced complementary metal-oxide
semiconductor (CMOS) integrated circuit and packaging tech-
nology (e.g., on-chip RF reader).

B. Pressure and pH Monitoring

To obtain pressure and pH around the wound, the reader and
intermediator used are the same as those used in temperature
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Fig. 6. Reflection spectra of the PT/PTX-symmetric wound monitoring
system with (a) pH = 10 and different pressures and (b) P = 200 mmHg
and different pH values. Here, the solid and dashed lines, respectively,
represent the measured and calculated results.

and humidity monitoring, namely, that their coil inductance
is still 1120 nH. The passive RLC tank sensor follows the
reciprocal scaling rule, where the scaling factor x = 3.8.
Here, the variations in resistance and capacitance, respec-
tively, correspond to the changes in pressure and pH. The
force sensing resistor (in parallel with a 187-Q resistor to
fulfill PTX-symmetric condition) has an equivalent resistance
of ~187 @ at 0 mmHg. The pH sensor is connected in
parallel with a voltage-controlled varactor diode (MAVR-
000405-0287FT, MACOM Technology Solutions). Thus, the
changes in the potential difference between pH electrodes
(i.e., a reference electrode, RE, and a sensing electrode, SE)
can be translated to capacitance variations. At pH = 10, the
equivalent capacitance of the sensor is measured to be 31.8 pF.
The gain-loss parameter y is thus 1.96 at 0 mmHg and 10 pH.
Fig. 6(a) and (b) plots the reflection coefficients with different
pressures and pH, respectively, where the solid (dashed) lines
denote the measured (calculated) results. As with our prior
analysis, the pressure that corresponds to the resistance value
can be monitored by tracking the alteration in the third
resonant frequency f3 or the frequency ratio f3/ f>, and the pH
level that corresponds to the capacitance value can be obtained
directly from the second resonant frequency f>.

Fig. 7(a) presents the measured electrode potential and
capacitance at different pH levels. The electrode potential,
which serves as the bias voltage for the varactor diode,
decreases with increasing pH. As pH increases from 4 to 10,

an increase in the capacitance from 22.5 to 31.8 pF can be
observed, giving rise to a left shift of f,. Fig. 7(b) illustrates
the frequency drift Af> (Afa = fo — f2lpu=10) With different
pH levels, showing a ~2500-kHz frequency change when pH
varies from 4 to 10. It is seen that the pH can be read from f,
regardless of the pressure conditions. The sensitivity of mon-
itoring pH remains at 434.0 kHz per unit change in pH. After
the pH level is acquired, a direct correspondence can be found
between the pressure and the frequency ratio f3/ f>. Fig. 7(c)
shows the equivalent resistance of the force-sensing resistor as
a function of pressure. We see that its equivalent resistance is
~187 © at 0 mmHg, and as pressure increases to 200 mmHg,
the resistance drops to ~120 2. With pressure increases,
the resistance drop results in an increase in the gain-loss
parameter y and also an increase in f3/ f,, as described in
Fig. 7(d). The sensitivity of pressure monitoring, calculated
as the shift of f3, is 6.4 kHz/mmHg when pH = 4 and
is 7.8 kHz/mmHg when pH = 10. Again, the sensitivity
slightly increases with pH, as higher pH pushes the system
closer to the EP. By virtue of the proposed PT/PTX-symmetric
sensing platform, the pressure and pH are simultaneously
detected with excellent linearity and sensitivity. The sensing
performance of the PT/PTX-symmetric wound sensor could
be further improved by using a set of y and « closer to
the EP or DEP and reducing the parasitic effects and losses
in the circuit components. The wound parameters monitored
in this work (i.e., temperature, humidity, pressure, and pH)
play an important role in assessing the wound healing pro-
cess. Besides these, the PT/PTX sensing system may also be
applied to detect other clinically significant biomarkers, such
as strain, uric acid, and oxygen concentration. We envision
that the proposed PT/PTX-symmetric sensing system would
serve as a steppingstone toward chronic wound manage-
ment, wearable biotelemetry, as well as various noninvasive
techniques.

C. In Vitro Demonstration

To further validate the wound healing sensing system,
a series of in vitro experiments are conducted. Specifically, the
performance of the wound sensor is compared when the sensor
tag is placed in the air, affixed to human skin, and affixed to
a fish. As clearly illustrated in Fig. 8(a) and (b), the ultrathin
and flexible characteristics of the wound sensor afford it the
ability to conform seamlessly to the curved surfaces of human
skin and piscine organisms. Fig. 8(c) displays the reflection
spectrum of the system under identical temperature and RH
conditions, with the sensor tag positioned in three different
settings, namely, in the air, on human skin, and on a fish. The
temperature employed in this investigation is 33.2 °C, corre-
sponding to the typical skin temperature. To ensure uniformity
in temperature conditions, a hotplate is employed to sustain a
temperature of 33.2 °C for the sensor tag located in the air and
affixed to the fish, which closely approximates the temperature
of human skin. Furthermore, the ambient RH is consistently
maintained at a level of 30%. As seen in Fig. 8(c), despite the
tag being placed on different substrates (air, human, and fish),
the measured reflection spectra are nearly the same as long
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Fig. 7. (a) Potential difference between the pH electrodes (left axis)

and equivalent capacitance of the sensor (right axis) versus pH level.
(b) Frequency shift Af, as a function of pH level. Inset: schematic
of the tank sensor when performing pressure and pH measurement.
(c) Equivalent resistance of the force sensing resistor versus pressure.
(d) Frequency ratio f3/f, as a function of pressure. The error bars are
generated from three measurements.
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Fig. 8. Photographs of the wound sensor (a) affixed to human skin and
(b) affixed to a fish. The reader setup is exactly the same as that shown
in Fig. 3(a). (c) Measured reflection spectrum of the wound sensing
system with T = 33.2 °C and RH = 30%. (d) Frequency shift Af, as a
function of RH with T = 25 °C (top). Frequency ratio f3/f, as a function
of temperature with RH = 30% (bottom). (c) and (d) Indicate that the
resonant frequency and sensing efficacy of the wound sensor exhibit
remarkable consistency when deployed in air, adhered to human skin,
and adhered to a fish.

as the same temperature and RH are ensured. The resonant
frequencies, or resonant dips, which encode the information
of sensing parameters, are barely affected by the presence
of the human body or animal tissue. This is due to the fact
that the communication between the reader and sensor tag
is through inductive links. The coupling strength between coil

inductors is unrelated to the permittivity but only related to the
permeability of the dielectric media. For most dielectric media,
including biological tissues and liquids, the permeability has a
constant value of 1. Consequently, the presence of human, fish,
or other biological tissues has little impact on the inductive
coupling strength and resonant frequency of the wound sensing
system.

Fig. 8(d) compares the performance of the wound sensor
when used to monitor RH (top; temperature is fixed at 25 °C)
and temperature (bottom; RH is fixed at 30%). It can be seen
that the frequency shift Af, as a function of RH and the
ratio f3/ f» as a function of temperature are almost unaffected
whether the tag is placed in the air or affixed to a fish. Our
in vitro experiments demonstrate that the proposed wound
monitoring system performs with good consistency and relia-
bility, even in the presence of biological tissues. These findings
underscore the sensor’s potential as an appealing solution for
wound monitoring and diverse wearable medical and health
monitoring applications.

IV. CONCLUSION

We have proposed the multifunctional PT/PTX-symmetric
sensing platform with great potential for applications in
real-time wireless wound monitoring and management. We
have theoretically studied and practically implemented the
proposed sensing platform, which enables simultaneous mon-
itoring of multiple physiological parameters associated with
capacitive and resistive perturbations on the sensor. Specifi-
cally, we have experimentally demonstrated the simultaneous
in situ detection of body temperature, RH, pressure, and pH,
which are all relevant indicators of wound status. In addition,
we have performed in vitro tests to verify and validate that the
effectiveness, uniformity, and reliability of the proposed wire-
less wound monitoring technique when the compact wearable
sensor is in contact with the human skin and animal tissue.
Such a fully passive and wireless multiplex sensing platform
may be beneficial for developing the next-generation wearable
biomedical devices and systems.
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