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Battery-free and wireless sensing presents a crucial challenge for large-scale and inaccessible
infrastructure, where the difficulty of power supply severely limits continuous monitoring. Here, we
develop a quartz-crystal-microbalance (QCM) technique that enables fully passive sensing at distances
exceeding 50 m, far beyond the operating range of conventional battery-free sensors. This capability is
enabled by a few-millimeter-sized MEMS-QCM sensor incorporating integrated antennas for efficient
coupling between mechanical resonance and free-space electromagnetic waves. On the sensor side,
an extended antenna of approximately 100 mm in length is connected to the MEMS-QCM to enhance
wireless signal transmission. On the instrumentation side, Yagi–Uda antennas are employed for efficient
signal reception and transmission. By exploiting controlled bending of an ultrathin quartz resonator,
we achieve battery-free strain sensing at distances of over 50 m. We further introduce a new sensing
mechanism for displacement measurement based on polarization relaxation on the electrodeless quartz
surface, which also operates wirelessly and without an onboard power source. In addition, the platform is
shown to be applicable to the wireless, battery-free hydrogen-gas sensing. These results establish a general
framework for long-range, battery-free mechanical and chemical sensing, opening a path toward
continuous, nondestructive monitoring of social and industrial infrastructure.
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I. INTRODUCTION

In recent years, the demand for remote sensing under
diverse and harsh environmental conditions has increased
dramatically in various fields, including biomedical diag-
nostics, structural health monitoring, environmental sur-
veillance, and industrial safety. Among the multitude of
sensing modalities, strain (or displacement) and gas
sensors are particularly critical because of their ability
to provide real-time, localized information about structural
integrity [1,2], gas leakage [3,4], air quality monitoring
[5,6], and physiological conditions [7,8]. These applica-
tions often involve locations that are physically inacces-
sible, hazardous to humans, or incompatible with frequent
maintenance. Thus, the development of wireless sensors
capable of reliable long-distance operation without physi-
cal wiring is of paramount importance. However, the
practical deployment of such systems faces persistent
challenges, especially regarding power supply and trans-
mission range.

One of the most significant limitations of current
wireless sensing systems is their dependence on embedded
batteries. While batteries have enabled numerous advances
in mobile and distributed sensing [9,10], they impose
constraints in terms of lifetime, maintenance, and envi-
ronmental sustainability. Battery replacement or recharg-
ing is often infeasible in remote, sealed, or biologically
sensitive environments. Moreover, batteries increase sys-
tem cost and complexity, introduce chemical hazards, and
limit the sensor’s operational lifespan. These constraints
have motivated a growing interest in battery-free sensor
technologies that can harvest energy from ambient
sources, such as radio frequency (rf) signals [11], temper-
ature gradients [12], solid-liquid contact electrification
[13], or biological bodies [14–16]. Battery-free sensors
enable continuous operation without the need for battery
replacement, thereby reducing maintenance costs and
environmental burden. These features make them particu-
larly well suited for large-scale deployment in Internet
of Things (IoT) networks and for reliable long-term use in
industrial automation systems, where frequent mainte-
nance is impractical, and system downtime must be
minimized.*Contact author: ogi@prec.eng.osaka-u.ac.jp
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Over the past decade, significant progress has been made
in the development of wireless, battery-free sensors, par-
ticularly those based on radio frequency identification
(RFID). For instance, passive RFID tags have been used
to detect humidity [17], pressure [18], and gases [19] by
modulating the tag’s impedance or resonant frequency.
Similarly, surface-acoustic-wave (SAW)-based sensors have
been developed for wireless interrogation, leveraging their
frequency sensitivity to environmental parameters [20,21].
Despite these advances, a critical limitation remains: the

effective communication range of most battery-free wire-
less sensors is typically confined to less than 1 m. This
restriction severely hampers their applicability in large-
scale infrastructures, such as bridges, pipelines, and
factories, where sensors have to be deployed at extended
distances from the main instrument. For example, most
RFID-based sensing systems operate efficiently within
0.5 m due to power coupling limitations and signal
attenuation. Even SAW-based sensors, which can offer
longer read ranges than traditional RFID systems, rarely
exceed the 1 m mark [22]. To date, there have been
remarkably few reports of systems that can simultaneously
achieve battery-free operation and wireless communica-
tion over distances exceeding 1 m while maintaining high-
sensitivity sensing capabilities.
In this paper, we develop a wireless, battery-free quartz-

crystal-microbalance (QCM) sensor fabricated using a
novel MEMS process, achieving an operational range
exceeding 50 m. This work marks a significant advance
in remote sensing because QCM sensors exhibit excep-
tional thermal stability [23], surpassing that of conven-
tional sensors, including SAW sensors, and thereby
establishing a new standard for range, robustness, and
functional versatility in passive sensing technologies.
To our knowledge, there are no QCM sensors that operate
at distances exceeding 1 m without wiring and batteries.
By integrating the wireless, battery-free QCM technology,
our system achieves real-time sensing of strain and gas
concentrations without any local power source. We here
demonstrate long-range, wireless, battery-free QCM sens-
ing for strain and hydrogen-gas detection.

II. EXPERIMENTAL

A. Fabrication of QCM sensors

For developing a fully passive QCM sensor operating
over long distances without batteries, we established a
dedicated MEMS fabrication strategy for the mass pro-
duction of high-efficiency, wireless, electrodeless QCM
sensors. We principally developed two types of sensors,
with lateral dimensions of 6 × 6 mm2 and a thickness of
0.6 mm and 3 × 3 mm2 with a thickness of 0.2 mm,
respectively, as shown in Fig. 1. (In this paper, we refer to
the former as a 6 × 6 sensor and the latter as a 3 × 3
sensor.)

In the 6 × 6 sensor, an AT-cut quartz resonator with
dimensions of 1.6 × 1.8 mm2 and a thickness of 13.1 μm,
corresponding to the fundamental shear-vibration resonant
frequency of 125 MHz, is encapsulated in glass casings:
the resonator is located within the central square region
and very gently supported by copper micropillars and
microsupport structures protruding from the surrounding
walls, without any fixed part [Fig. 1(c)]. This absence of
tight mechanical contact enables oscillation with high-
quality factors (>20; 000) [24–26]. Thus, in a 6 × 6
sensor, the quartz crystal is mounted in an essentially
unconstrained configuration. In the 3 × 3 sensor, the
125-MHz AT-cut quartz resonator is packaged in a slightly
bent configuration as shown in Figs. 1(e) and 1(f). As will
be discussed later, a quartz crystal that has undergone
prebending deformation exhibits improved sensitivity to
displacement.
As indicated in Fig. 1, we established MEMS-based

fabrication processes to produce two types of electrodeless
QCM sensor chips. Figure 8 in Appendix A schematically
summarizes the fabrication procedure for the 6 × 6 sen-
sors. First, a 4-inch, 300-μm-thick glass wafer was
prepared with through-glass tungsten vias (150 μm in
diameter), which later serve to electrically interconnect
the inner and outer antennas deposited on the two surfaces
[Fig. 8(a)]. In parallel, a thinner glass wafer (30 μm thick)
with patterned microchannels was fabricated by wet
etching. The two wafers were then bonded by thermal
fusion bonding [Fig. 8(b)]. After depositing the outer
antenna as an Au=Cr thin film on the bottom surface, four
copper pillars (17 μm in height and 190 μm in diameter)
were formed on the inner walls by electroplating.
Subsequently, the inner antenna was deposited as an
Au=Cr thin film [Fig. 8(c)]. Two identical bonded wafer
stacks shown in Fig. 8(c) were thus fabricated. The AT-cut
quartz resonators were placed inside the microchannels of
one stack, where they were supported at their corners by
the four copper micropillars [Fig. 8(d)]. The resonators
were then sealed by laser bonding [Fig. 8(e)]. Finally,
multiple identical 6 × 6 sensor chips were obtained by
wafer dicing. Because the quartz plate and the semicircular
support structure of the microchannel wall have an
approximately 50 μm clearance in the in-plane direction
[Fig. 1(c)], the quartz-crystal resonator is never tightly
constrained, enabling it to oscillate freely. Furthermore,
the distance between the internal antenna and the quartz
resonator is only a few micrometers. This proximity allows
even weak external electromagnetic waves to be efficiently
captured internally, causing the quartz to vibrate.
Figure 9 in Appendix A illustrates the fabrication

procedure for the 3 × 3 sensors, in which the AT-cut
quartz resonators are intentionally prebent. The process
involves preparation of glass wafers with through-glass
copper-via interconnects, deposition of the inner and outer
antennas, and formation of copper micropillars. The
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thickness of the intermediate glass layer was increased to
100 μm to permit larger bending of the quartz resonator. A
single micropillar was formed on the upper layer to press
the center of the quartz resonator and thereby create the
prebent configuration [Fig. 1(f)]. The Au-Sn solder bond-
ing was employed to package the quartz resonators. As a
result, we achieved wafer-scale fabrication of 3 × 3 sensor
chips incorporating prebent quartz resonators for wireless,
battery-free strain sensing.
As described below, the MEMS-QCM sensor alone

was insufficient to achieve long-distance wireless sensing.
Therefore, an extension antenna (>approximately 100 mm
in length) was connected to the integrated antenna of the
MEMS-QCM sensor. Furthermore, Yagi-Uda antennas
were used on the instrumentation side to enable efficient
signal transmission and reception.

B. Resonant-frequency measurement

A pulser-receiver system (WRS-125) manufactured by
Insight K.K. was used to excite and detect the vibration of
the quartz resonator inside the MEMS sensor. Tone-burst

signals with a duration of 150 μs generated by the pulser
were amplified by an amplifier (ZSA5454-100K250M-
O9x, Insight K.K.) to 50 Vpp and applied to the six-
element Yagi-Uda antenna for transmission to radiate
electromagnetic waves toward the sensor chip, for exciting
shear vibration of the quartz resonator. The average power
used for the excitation was less than 100 mW. After
excitation, the resonator continued oscillating for approx-
imately 300 μs, during which electromagnetic waves were
emitted from the quartz via the antenna integrated on the
sensor chip and the extension antenna. The radiated signal
was received by the other Yagi-Uda antenna for detection,
amplified by a 30 dB preamplifier, and digitized using a
16-bit digitizer [Fig. 2(a)]. Fourier transformation was
applied to extract the amplitude and phase at the operating
frequency. By sweeping the excitation frequency and
recording the corresponding amplitude, the resonant spec-
trum was obtained. The resonant frequency was deter-
mined by fitting a Lorentzian function to the spectrum data
and obtaining its center axis. We then fixed the tone-burst
frequency to the measured resonant frequency and

Outer antenna

(a) (d)

(b)

(c)

(e)

(f)

(g)

Outer antennaOuter antenna

Outer antenna

Inner antennas

Bottom glass layer

Top glass layer

Inner antenna

Microprotrusion

Microchannel

Glass

FIG. 1. Two types of MEMS-QCM sensors, featuring inner antennas. (a) Appearance of a 6 × 6 sensor, (b) its inner structure, and
(c) its structure of the corner section for lightly holding the quartz resonator. (d) Appearance of a 3 × 3 sensor, (e) its cross-section
structure, and (f) an x-ray-transmission cross-section image, showing that the quartz resonator is packaged in a prebent state.
(g) Comparison of the appearance of the two sensors.
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monitored the change in the phase. Using a linear relation-
ship between frequency and phase near the resonant
frequency, the phase change can be converted into the
frequency change [27–29].
The Yagi-Uda antenna was designed for operation at

125 MHz with a characteristic impedance of 50 Ω. It has
an overall length of about 2 m along the radiation direction
and lateral elements of 0.7–1 m long.
Two types of extension antennas were used. One was the

compact antenna shown in Figs. 2(b) and 2(c), which was
used to demonstrate the noncontact, battery-free detection
of the resonant spectra of the sensor chips at 65 m distance.
The other was a commercially available air-band antenna
with a length of 0.36 m (NA-772, Quanzhou Truest
Communication Co., Ltd.). A pair of these antennas
was attached to both sides of the sensor chips for the
strain measurements in Figs. 3–5 and for the hydrogen-gas
experiments in Fig. 6.
The wireless experiments were conducted within an

approximately 100-m-long electromagnetic shielding
facility with an inner diameter of 7 m, located within
the Harima Plant of Daicel Corporation (Tatsuno, Hyogo,
Japan) as shown in Fig. 10 in Appendix A, so that leakage
of electromagnetic waves to the outside was prevented.
This was needed to ensure compliance with the Japanese
Radio Law. (An application for approval is currently under

review by the Ministry of Internal Affairs and
Communications in Japan.)

III. RESULTS AND DISCUSSION

We first demonstrate the long-range, battery-free oper-
ation of the sensors that can be achieved by using Yagi-
Uda antennas tuned at the operating frequency and by
attaching extended antennas to the outer antennas
[Fig. 2(a)]. As shown in Figs. 2(b) and 2(c), the antenna
extension is implemented by coupling two solenoid-coil
antennas to both surfaces via a battery-free matching
circuit. Using the measurement system described in the
experimental section, we measured the resonance spectra
of a 6 × 6 sensor while progressively increasing the
distance between the driving instrument and the sensor.
The results are presented in Fig. 2(d). Although the
resonant-peak amplitude and the S=N ratio decrease with
increasing distance as shown in Fig. 2(e), a clear resonance
peak remains observable even at a separation of 65 m
from the measurement instrument. The half-width also
decreases with the distance, but this may be caused by the
distortion of the resonance-peak shape due to a lower S/N
ratio, reducing the reliability of the calculated half-width.
(It is unlikely that the half-width has actually decreased.)
We thus find that this system establishes a previously
unachieved capability for battery-free QCM experiments

(a) (d)

(e)

(b)

(c)

FIG. 2. Long-distance battery-free QCM experiments. (a) An illustration of the typical measurement setup. (b) The matching circuit
and (c) appearance of the extended antenna. The capacitance values for C1 and C2 and the inductance value for L1 are 18 pF, 56 pF, and
100 nH, respectively. (d) Resonant spectra of the quartz resonator with distances up to 65 m from the main instrument. (e) Dependences
of the resonance-peak amplitude, the signal-to-noise (S=N) ratio, and the peak half-width on the distance from the instrumentation
system. The S=N ratio was calculated as the resonance-peak height divided by the baseline noise level.
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operating over distances of 50 m. This has been made
possible by the internal antennas formed on the inner walls
inside the sensors that provide electromagnetic fields of
sufficient strength to efficiently drive the quartz resonator.
Although an extension antenna incorporating a matching
circuit is used, the overall sensor length of approximately
100 mm remains acceptable for infrastructure health
monitoring applications.
Because the frequency bandwidth allocated by the

Ministry of Internal Affairs and Communications,
Japan, is typically extremely narrow, measurements must
be performed within a limited frequency range, and it is
essential to ensure that only a single frequency is observed
within such a narrow range. As shown in Fig. 2(d), these
requirements are confirmed to be satisfied.
Next, we propose long-range, battery-free displacement

sensing using a 6 × 6 sensor, where a through-hole is
machined in the top glass layer, and a contact probe is
inserted to induce controlled bending deformation of the

quartz resonator [Fig. 3(a)]. It has been shown that the
resonant frequency of an AT-cut quartz resonator varies
depending on its bending curvature [25,30]. Owing to the
extremely small thickness of the resonator, it can undergo
large, flexible bending deformations, as shown in Movie
S1 in Supplemental Material [31]. The fracture stress of
quartz is approximately 150 MPa [32], and an FEM
calculation predicts that the maximum bending stress at
the center of the resonator induced by a central deforma-
tion of several tens of micrometers will be well below the
fracture strength [Fig. 3(b)], thereby producing a substan-
tial frequency shift without inducing failure. We applied
the deformation by actuating the contact probe from the
top using a fine-pitch micrometer screw. Figure 3(c) shows
the relationship between the bending deformation and the
shift in resonant frequency for measurement distances of
0 m (wired configuration) and 50 m.
First, it is noteworthy that even at a long distance of

50 m, the frequency response and measurement accuracy

(a)

(b)

(d)

(c)

FIG. 3. Displacement sensing using bending deformation of quartz resonator. (a) Bending deformation of the quartz resonator
induced by a contact probe (upper) and a spring-based model of the contact interface representing the in-plane contact stiffness
Ki (lower). (b) (Upper) Finite-element-method (FEM) calculation of deformation of a 13.1-μm-thick AT-cut quartz plate with
1.8 × 1.6 mm2 area supported at the four corners caused by a normal force of 1.2 mN applied on the center area. (Lower) Relationship
between the maximum bending stress and the center deformation obtained by changing the applied force. The red broken line indicates
the fracture stress. (c) The resonant-frequency shift caused by the deformation of the quartz resonator measured at 0 m (or wired) and at
50 m. (d) Relationship between the resonant frequency and the contact-stiffness ratio, Ki=KQ, where KQ denotes the equivalent spring
constant of the quartz resonator.
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equivalent to the wired measurement have been achieved,
demonstrating excellent performance as a battery-free
displacement sensor for long-distance applications. The
resonant frequency decreases at small deformation but
increases as the deformation becomes larger. Previous
studies indicate that the resonant frequency decreases as
bending deformation progresses because of the curvature
[30], which explains the initial frequency decrease.
However, the subsequent significant increase in frequency
cannot be explained solely by the change in geometry, and
we further propose an alternative mechanism that incor-
porates the concept of interfacial contact stiffness. Because
the probe-quartz contact constrains the in-plane motion
of the quartz resonator, it increases the apparent shear
modulus of the resonator, leading to an increase in the
resonant frequency. This interface can be modeled as an
effective elastic spring, as depicted in the lower figure of
Fig. 3(a), with a spring constant, Ki, that is expected to
increase with the applied normal force, in analogy with
Hertzian contact mechanics [33–35]. As shown by the
analysis in Appendix B, an increase in the contact stiffness
leads to an upward shift of the resonant frequency
[Fig. 3(d)]. Applying the principle discovered here, we
have developed a wireless strain sensor that operates over
long distances without batteries.

Here, a crucial finding in Fig. 3(c) is that inducing a
prebending deformation of approximately 15 μm signifi-
cantly improves the sensitivity to displacement. Therefore,
the 3 × 3 sensor was fabricated in which the quartz
resonator was intentionally prebent by supporting its four
corners from below with four micropillars while pressing
the central region from above with a single micropillar.
The detailed fabrication procedure is provided in Fig. 9 in
Appendix A. Figure 1(f) presents an x-ray transmission
cross-section image of a fabricated sensor chip, confirming
that the quartz-crystal resonator is encapsulated in a
prebent, deformed configuration.
Figure 4 demonstrates the outstanding long-range

(50 m) strain-sensing performance of the 3 × 3 sensor.
An acrylic cantilever beam was clamped at one end, and a
3 × 3 sensor was mounted on its upper surface near the
fixed end. Controlled bending was applied by a microstage
at the free end [Fig. 4(a)]. The resulting deformation of the
beam is transferred to the sensor, which in turn modulates
the curvature of the prebent quartz resonator embedded
within it, leading to a measurable shift in the resonant
frequency (Fig. 11 in Appendix A). The strain caused by
the deformation was evaluated by a conventional strain-
gauge method as shown in Fig. 4(b). The experiments were
conducted under both tensile and compressive bending

(a) (c)

(d)

(b)

FIG. 4. Wireless, battery-free strain measurement at a distance of 50 m. (a) Schematic illustration of the experimental setup for
applying the tensile strain to the sensor. The cantilever was inverted for the compressive strain. (b) Relationship between the free-end
deformation and the strain measured by a strain gauge. (c) Relationship between the resonant-frequency shift and the free-end
deformation and (d) that between the resonant-frequency shift and the surface strain measured at a distance of 50 m.
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conditions by inverting the cantilever specimen. As shown
in Fig. 4(c), the amount of the frequency shift increases
with the progress of the deformation, confirming that the
device sensitively detects the bending strain. Figure 4(d)
shows the relationship between the strain and the fre-
quency shift obtained for five experiments. Linearity
deteriorates under larger deformations, indicating a non-
linear relationship between bending deformation and the
resulting frequency shift. Although the reproducibility
remains limited, to the best of our knowledge, no prior
studies have achieved a strain measurement at distances
over 50 m without the use of batteries, underscoring the
significance and unprecedented nature of the performance
of the developed sensor.
We further propose an alternative deformation-sensing

mechanism based on polarization relaxation in an electro-
deless quartz resonator. In piezoelectric materials, the
electromechanical coupling associated with the piezo-
electric effect increases the apparent elastic stiffness,
thereby elevating the mechanical resonance frequencies,
known as the piezoelectric-stiffening effect [36]. When
surface electrodes are present, they partially weaken sur-
face polarization, leading to a reduction in the resonance
frequency. Significantly, such polarization relaxation is not
limited to directly deposited electrodes: metallic objects
and even dielectric materials placed in close proximity can
induce a similar effect through the flow of induced charges
in conductors and the polarization of nearby dielectrics
in response to the surface electric field. Figure 5 validates
this principle. An edge of the blank AT-cut quartz
resonator was fixed to a plastic base, and flat antennas
were positioned on both sides with 0.5 mm distances. A
0.1-mm-thick aluminum sheet (8 × 5 mm2) was then
inserted by a microstage between the resonator and one
of the antennas, as illustrated in Fig. 5(a), and the
resonance frequency was measured at a distance of 50 m
without the use of batteries. As the overlapping area
between the quartz and the aluminum sheet increased,
the resonant frequency of the quartz resonator decreased
markedly [Fig. 5(b)]: when the aluminum sheet fully covers
the quartz resonator, a frequency shift more than 40 ppm is
observed, which is approximately an order of magnitude
greater than the maximum shift recorded under strain, as
shown in Fig. 4, demonstrating that this mechanism enables
battery-free long-range displacement sensing.
Our finding that the QCM sensor developed here can

operate as a purely passive device over distances of tens of
meters, without any onboard power supply, has far-reach-
ing implications. First, it opens new avenues for deploying
high-resolution chemical and mechanical sensors in loca-
tions previously deemed inaccessible without external
power. This is particularly relevant to structural monitoring
of civil infrastructures and to industrial safety in environ-
ments where human access is difficult. For example, as
demonstrated in Fig. 6, this approach readily enables

(a)

(b)

FIG. 5. Displacement sensing based on piezoelectricity relax-
ation phenomenon at a distance of 50 m. (a) Schematic of
the experimental setup. The blank AT-cut quartz resonator
(1.8 × 1.6 × 0.0131 mm3) was fixed to the plastic base at its
edge using adhesive, and the 0.1-mm-thick aluminum sheet was
inserted so that its area overlapped with the quartz plate.
(b) Resonant-frequency change with increasing the insertion
distance of the aluminum sheet measured at a distance of 50 m in
a battery-free manner.

Wired
(a) (b) (c)

FIG. 6. Hydrogen-gas detection through Pd-alloy thin film. A
200-nm-thick Pd thin film was deposited on a single side of the
quartz resonator using a magnetron-sputtering method, and H2

gas was detected through the bending deformation of the quartz
resonator caused by the volume expansion of the Pd film when it
absorbed hydrogen molecules [30]. The flow injection system
was used to inject 670-ppm H2 gas during the carrier flow of a
high-purity N2 gas. A 6 × 6 sensor was used for these experi-
ments. In (a) and (b), the carrier gas was switched to the sample
gas at 0 min and returned to the carrier gas. Red lines represent
the frequency changes when a 670-ppm H2 gas was injected,
while black lines are those when a N2 gas (or 0 ppm H2 gas) was
injected. (a) Wired measurements and (b) battery-free measure-
ments at a distance of 20 m. (c) Comparison of the magnitude of
the frequency change caused by the gas injection between the
wired and the long-range experiments.
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remote, battery-free hydrogen-gas sensing, providing a
powerful platform for the continuous monitoring of hydro-
gen-gas concentration in nuclear power facilities. Second, it
establishes a scalable framework for constructing distrib-
uted networks of passive sensors, eliminating the complex-
ity, cost, and reliability issues associated with batteries and
periodic maintenance. Third, the long-range, maintenance-
free operation of this platform is expected to substantially
reduce system-level costs and to accelerate adoption across
both emerging and mature technological sectors.
Figure 7 illustrates representative applications enabled

by this sensing platform that were previously unattainable.
Conventional infrastructure inspection relies primarily on
periodic, discrete measurements; by contrast, our sensors
support quasi-permanent data acquisition, allowing a
transition to maintenance strategies based on continuous
monitoring. Moreover, when coupled with artificial intel-
ligence, the persistently available sensor signals can be

exploited not only to extract target information but also
to infer latent system-level information, including early
signs of equipment malfunction in industrial facilities
and patterns of human activity within the monitored
environment.
Currently, the overall system developed here is sum-

marized as follows. On the sensor side, a few-millimeter-
scale MEMS-QCM sensor, together with an extension
antenna approximately 100 mm or longer connected to it,
is required. On the instrumentation side, the system
consists of a pulser-receiver for transmitting and receiving
burst waves, an amplifier for signal amplification, and a
pair of Yagi-Uda antennas that provide highly directional
transmission of the amplified signal toward the sensor as
well as efficient reception. In general, the relatively large
size of the instrumentation side is not a critical limitation
for social infrastructure health monitoring applications.
Measurements can be performed from a fixed base station,

Sensor

Antenna

Instrument

Antenna

Sensor

Sensor Sensor

Antenna

Antenna

Sensor
Sensor

Sensor

Sensor
Sensor

Antenna

(a)
(b)

(c) (d)

(f)

Sensor

Sensors
Extended antenna

(e)

FIG. 7. Possible applications of the wireless, battery-free QCM system developed here. (a) Semipermanent measurement of
hydrogen-gas concentrations in nuclear power plants. (b) Continuous monitoring of hazardous gases at very high chimney outlets.
(c) Continuous monitoring of deformation and stress in bridges. (d) Monitoring the integrity of concrete structures. (e) Long-term
monitoring of internal signals in animals. (f) Monitoring the integrity of rotating wind turbines.
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and by miniaturizing the Yagi antenna to a three-element
configuration, the system can be mounted on vehicles or
helicopters. In contrast, on the sensor side, when the sensor
is implanted in an animal as shown in Fig. 7(e), the
extension antenna should be placed either outside the body
or directly beneath the skin.
Finally, we discuss baseline stability. In QCM systems,

the baseline is inherently stable due to the excellent
temperature stability of AT-cut quartz crystals. For exam-
ple, as shown in Fig. 11 in Appendix A, even during
continuous measurements over approximately 1 h, the
baseline variation remains within �1 ppm. However, in
practical field applications, the sensor response may be
influenced by various factors, including significant tem-
perature and humidity fluctuations in the measurement
environment, obstruction of the propagation path between
the antenna and the sensor, and interference from other
radio frequency devices. Nevertheless, since the proposed
measurement system enables continuous monitoring of the
sensor response, it is possible to perform analyses that
account for such baseline variations. In particular, when
detecting dynamic resonances in structures such as
bridges, the relative frequency variation is of primary
importance (i.e., the structural resonance frequency), and
baseline drift induced by environmental changes is
expected to have only a limited impact.

IV. CONCLUSIONS

We have established a new paradigm for long-range,
battery-free sensing based on QCM technology. We have
developed fully passive sensor chips and a wireless
measurement system that require no onboard power supply
and enable quantitative QCM measurements over distan-
ces exceeding 50 m. Beyond wireless operation, we
introduced a displacement-sensing scheme based on the
direct bending of quartz resonators, revealing that prebent
crystals exhibit markedly enhanced displacement
sensitivity. This insight led to the realization of a
MEMS-packaged QCM sensor in which the resonator is
intentionally precurved, providing a robust and highly
responsive platform for mechanical sensing. Using this
device, we demonstrated remote strain measurements
over a 50 m separation, establishing the feasibility of
long-distance, battery-free mechanical monitoring.
Furthermore, we uncovered and exploited a dielectric
relaxation mechanism unique to bare quartz resonators,
enabling a distinct mode of displacement sensing that also
operates at a range of 50 m. In addition to mechanical
sensing, we showed that the same platform can function as
a remote, battery-free hydrogen-gas sensor, highlighting
the versatility of the proposed architecture.

These advances position passive QCM-based sensors as
a powerful foundation for distributed, maintenance-free
sensing networks. Although challenges remain for prac-
tical implementation, including further miniaturization of
the extension antenna attached to the sensors and overall
downsizing of the data-acquisition system, we anticipate
that such sensors will play a pivotal role in safeguarding
the integrity of critical social and industrial infrastructure,
enabling continuous, high-fidelity monitoring in environ-
ments where conventional powered sensors are impractical
or impossible.
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APPENDIX A: FABRICATION PROCESSES
FOR WIRELESS-QCM SENSOR CHIPS

MEMS processes for fabricating 6 × 6 sensors and 3 × 3
sensors are shown in Figs. 8 and 9, respectively.
Figure 10 shows the 100-m-long tunnel facility where

all experiments were conducted.
Figure 11 shows the frequency changes by applying the

cyclic tensile and compressive stresses.

(a) (d)

(e)(b)

(c)

FIG. 8. MEMS processes for fabricating 6 × 6 sensors.
(a) Preparation of 4-inch, 300-μm-thick glass wafers with
through-glass tungsten vias with a diameter of 150 μm. (b) Bond-
ing of the 30-μm-thick glass wafer for which microchannels were
formed. (c) Formation of copper micropillars with a diameter of
190 μm using an electroplating method and subsequent deposi-
tion of the inner antenna. (d) Setting the AT-cut quartz reso-
nators. (e) Packaging with the laser-bonding method.
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APPENDIX B: INFLUENCE OF THE IN-PLANE
CONTACT STIFFNESS ON THE RESONANT

FREQUENCY

Figure 3 shows that the resonant frequency of the quartz
resonator increases as its bending deformation progresses.
This trend cannot be explained by the change in geometry
because the curvature always decreases the resonator’s
shear-vibration resonant frequency, as demonstrated in
Ref. [30]. We therefore introduce the concept of the in-
plane contact stiffness at the contact interface between the
contact probe and the quartz surface.
Taking the z axis from the top surface to the bottom and

considering the partial plane shear waves propagating
upward and downward, the shear displacement in the
quartz plate takes the following form:

u ¼ Uþ exp ½jðωt − kzÞ� þU− exp ½jðωtþ kzÞ�; (B1)

FIG. 9. MEMS process for fabricating 3 × 3 sensors.
(a) Preparation of 4-inch, 50-μm-thick glass wafers with
through-glass copper vias with a diameter of 50 μm. (b) Dep-
osition of inner and outer antennas. (c) Formation of copper
micropillars with a diameter of 50 μm using the electro-
plating method and subsequent deposition of a gold thin-film
coating. (d) Patterning the outer and inner antennas.
(e) Bonding of the top and bottom layers with a
100-μm-thick glass interlayer with microchannels using the
gold-tin solder-bonding method.

FIG. 10. A 100-m-long tunnel experimental facility buried
inside the mountain. The wireless experiments were conducted
inside this tunnel with an inner diameter of 7 m, located
within the Harima Plant of Daicel Corporation (Tatsuno,
Hyogo, Japan).
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FIG. 11. Changes in the resonant frequency of the 3 × 3
MEMS-QCM attached to an acrylic-resin cantilever during
loading–unloading cycles measured at a distance of 50 m.
(a) Tension and (b) compression. A microstage was used to
apply the deformation up to 15 μm. The red arrows indicate the
application of deformation, while the blue arrows show the onset
of the unloading process.
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whereUþ andU− denote the amplitudes for the downward
and upward partial waves, respectively, and ω and k are
the angular frequency and wavenumber, respectively.
Two boundary conditions are considered. First, the shear
stress on the bottom free surface (z ¼ d) must be zero,
which gives

−Uþe−jkd þU−ejkd ¼ 0; (B2)

where d denotes the resonator thickness. Second, the shear
force resulting from the shear stress, τ, should be balanced
by the force generated by the contact stiffness, Ki, on the
upper surface (z ¼ 0). To simplify the estimation of this
phenomenon, we employ the following weak boundary
condition for this:

τA ¼ jAGkð−Uþ þU−Þ ¼ KiðUþ þU−Þ: (B3)

Here, A and G are the surface area and the shear modulus
of the quartz resonator, respectively. Equations (B2) and
(B3) yield

kd tanðkdÞ ¼ Ki

AG=d
¼ Ki

KQ
: (B4)

Here, KQ ¼ AG=d indicates the equivalent in-plane spring
constant of the quartz plate. Because the contact stiffnessKi
is expected to increase as the contact force at the interface
increases, the progress of the bending deformation increases
the contact stiffness, resulting in the increase in the resonant
frequency as shown in Fig. 3(d).
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