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Abstract
Strain sensors have been developed in various fields by converting mechanical deformation into
electrical signals. Surface acoustic wave (SAW) devices are beneficial for strain sensing due to
their simplicity of fabrication and wireless operation capabilities. In this study, we investigate
SAW strain sensors operating at 1.25GHz. The fabricated SAW resonators using standard
photolithography technology are characterized with a custom-made cantilever setup capable of
applying defined strain values up to approximately −4000µϵ to 4000µϵ. From these
measurements, a high responsivity even up to this high strain values is demonstrated. We also
explore the impact of geometric design parameters on strain-sensing performance. We vary the
length of the SAW resonator and observe that the longer the SAW resonator, the more
responsive the device gets to strain changes. When the distance between the two reflectors
confining the SAW is 2207µm, the responsivity to strain is 114.99Hzµϵ−1. In summary, this
study investigates the feasibility of GHz SAW resonators as high-strain sensors on non-flexible
substrates with a custom-built experimental setup, to evaluate their potential for future
applications in extreme mechanical environments.

Keywords: surface acoustic waves (SAW), strain sensor, GHz frequency, frequency shift,
resonator length, mechanical strain

1. Introduction

Strain sensors that convert mechanical deformation into
electrical signals are widely researched and utilized in
fields such as civil and architectural engineering, automot-
ive and aerospace, and the medical device industry [1]. High-
sensitivity strain sensors can be expensive due to complex
manufacturing processes. For example, micro-strain sensitive
devices based on fiber-optical transducers [2–4] and capacitive
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transducers [1, 5–7] require intricate manufacturing tech-
niques. However, advancements in batch-compatible com-
plementary metal–oxide–semiconductor (CMOS) technology
have significantly reduced costs, enabling mass production
with high precision and consistency. Surface acoustic wave
(SAW) sensors, which can also be fabricated with CMOS
technology [8–10], offer additional advantages. They are sim-
pler to manufacture, requiring only a layer of piezoelectric
material on a substrate and interdigital transducers (IDTs).
Moreover, SAW strain sensors are low-power devices that
offer the potential for wireless operation [11–14].

When strain is applied to a SAW sensor, both the length
and the elastic modulus of the substrate get modified, causing
the path and propagation velocity of the SAW to change. This
results in a shift in the frequency and phase of the reflected
waves. SAW strain sensors provide high sensitivity and fast
response times [15–19], making them suitable for real-time
monitoring of strain variations [20–22]. However, a drawback
of SAW strain sensors is their cross-sensitivity to temperature
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changes, which affects the accuracy of the strain measure-
ments, necessitating the use of materials with minimal temper-
ature sensitivity and comparable thermal coefficients of expan-
sion (TCE). Aluminum nitride (AlN) is an excellent choice for
SAW strain sensors due to its thermal properties. AlN has a
TCE of 4.2× 10−6 ◦C−1 [23] and temperature coefficient of
frequency (TCF) of −25 ppm ◦C−1 [24, 25]. In comparison,
lithium niobate (LiNbO3) and zinc oxide (ZnO) have TCFs
of −58 to −90 ppm ◦C−1 and −60 ppm ◦C−1, respectively
[15, 24]. Thus, AlN is relatively less affected by temper-
ature. Even more, the high sound velocity of AlN, above
5000m s−1 enables the realization of high frequency SAWs in
the GHZ range [9, 26], such as those in the GHz range. Shorter
wavelengths at GHz frequencies allow for the design of more
compact as well as lightweight sensors. In fact, SAW strain
sensors operating at high frequencies such as around 900MHz
and 4GHz have been researched [27–29], particularly in wire-
less RF applications, where higher frequencies improve com-
ponent compatibility.

Previous studies on SAW strain sensors on non-flexible
substrates have focused mainly on a strain regime below
±1000µϵ [12, 30–37]. This limit is typically chosen to ensure
that the sensors operate within the linear strain regime of
the substrate materials, avoiding nonlinear effects and ensur-
ing repeatable sensor operation. However, some studies have
applied large strain values up to 1200µϵ on non-flexible
substrates [38] and up to 5000µϵ on flexible substrates [21].
To the best of the authors’ knowledge, however, SAW strain
sensors on non-flexible (i.e. mechanically rigid) substrates
were not characterized up to ±4000µϵ so far [20, 21, 39].
To fully exploit their performance for future applications, the
sensing performance of these devices is evaluated beyond the
standard strain regime. Furthermore, few studies have invest-
igated how geometric design parameters affect the strain-
sensing capability under such high mechanical loads [17, 40].
These studies have examined geometric design parameters,
such as the piezoelectric material’s thickness or the IDT elec-
trodes’ width. However, the effect of resonator length on
strain-sensing performance is still not investigated.

In this study, we fabricate AlN SAW resonators operat-
ing in the GHz range for strain sensing. We use a custom-
designed experimental setup, integrating a cantilever system
capable of applying controlled mechanical strain values, thus
allowing us to investigate its impact on the resonance fre-
quency shift of the fabricated SAW resonators. For this pur-
pose, the GHz SAW resonators are fixed to a bendable canti-
lever capable of applying different strain values under defined
mechanical loading conditions up to approximately±4000µϵ.
Even more, we also measure the response to strain changes of
various GHz SAW resonators with different resonator lengths
but keep the other design parameters constant for reasons of
comparison. Our primary aim is to demonstrate the feasibil-
ity of SAW strain sensing under high mechanical loads and
understand how resonator length influences strain responsiv-
ity, rather than optimizing sensor performance, which would
require different design trade-offs. These insights lay the
foundation for the future development of GHz SAW strain

sensors for applications such as structural health monitoring
and aerospace systems, where high responsivity and robust-
ness are essential.

2. Experimental details

2.1. Fabrication process

SAW resonators using AlN with frequencies in the GHz range
are fabricated by optical photolithography with a line and
a space width of 1µm, as reported in [26]. Figures 1(a)–
(h) shows the fabrication process of GHz SAW resonators
starting with a pure silicon (Si) wafer with a thickness of
360µm. AlN thin films with a thickness of 1.4µm are sputter-
deposited using a DC magnetron sputtering system, LS730S
(Von Ardenne) at a chamber pressure of 2µbar in a pure
nitrogen atmosphere with a constant flow rate of 50 sccm
and plasma power of 800W. AlN synthesized through a sim-
ilar deposition process exhibits piezoelectric coefficients of
d33 = 3.15pmV−1 and d31 = 1.28pmV−1 for a film thickness
exceeding 100 nm [41]. We use an aluminum (Al) disk with
a diameter of 6.0 inches as a sputter target with a substrate-
to-target distance of 65mm. Next, the SAW resonator on the
AlN film operates in resonance frequencies above 1GHz, with
a SAW wavelength of 4µm, and an IDT electrode width
designed to be 1µm. The photoresist (AZ5214) in diluted pro-
pylene glycol monomethyl ether acetate is spin-coated onto
the AlN layer with a thickness of about 560 nm. The photores-
ist film is then sequentially exposed to UV light by an MLA
150 (Maskless Aligner) and developed to pattern the SAW res-
onators. Afterward, we deposit an Al metal layer with a thick-
ness of 140 nm and a capping layer of gold (Au) with a thick-
ness of 10 nm to prevent oxidation of the Al layer. The latter
layer stack is lifted off by dipping in acetone. Finally, the wafer
is diced, resulting in individual devices.

Figure 1(i) shows the fabricated SAW device under an
optical microscope. The IDT is centered with two reflectors
placed equidistantly on either side. The reflectors, separated
by a distance dr, confine the SAWs generated by the IDT
and determine the resonator length. The additional electrode
descending from one of the busbars connected to the IDT
fingers is directly connected to the electrode pad through a
coplanar waveguide line. In this study, we investigate three dif-
ferent SAW resonator designs, as shown in table 1. All designs
have the same number of electrode finger pairs in IDT Np,
the number of grating electrodes in a reflector Ng, the SAW
wavelength λ, the electrode width p, and the transverse IDT
electrode widthW. The only difference is the distance between
the two reflectors dr: device 1with dr1 = 685µm, device 2with
dr2 = 1205µm, and device 3 with dr3 = 2207µm. We fabric-
ate these three devices to study how strain sensing depends on
the resonator length.

2.2. Measurement setup

The concept of experimental setup involves applying strain to
a GHz SAW resonator attached to a cantilever and monitoring
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Figure 1. (a)–(h) Schematics of the fabrication process for the GHz SAW devices. (a) Preparation of a cleaned pure silicon (Si) wafer. (b)
Sputter-deposition of AlN film. (c) Coated photoresist film. (d) UV exposure and development process for SAW structure patterns. (e)
Evaporation of Au/Al. (f) Lift-off process. (g) The wafer after process (a)–(f). (h) Obtained devices after dicing the wafer. (i) Optical
micrograph of an actual device. The IDT is placed in the middle between two reflectors called distributed Bragg mirrors. The geometric
parameters of the SAW strain device are: wavelength of SAW λ, width of IDT and grating electrodes p, number of IDT electrode pairs Np,
number of reflector’s electrodes Ng, width of transverse IDT electrodes W, the distance between two reflectors dr. Electrode pads are placed
below IDT by designing a coplanar waveguide (CPW) transmission line. The pads are connected from the busbar of the IDT. Some
contamination spots near the electrode pads are removed for clarity.

Table 1. Geometric design parameters of the three SAW resonators.
The three SAW resonators (Device 1, Device 2, and Device 3) have
identical geometric parameters (λ, p, Np, Ng, and W) except for the
distance between the reflectors (dr). The parameter dr for each
resonator is labeled as dr1, dr2, and dr3 respectively.

Fixed geometric parameters

Np 50
Ng 250
λ 4µm
p 1µm
W 400µm

Variable geometric parameter dr

Device 1: dr1 685µm
Device 2: dr2 1205µm
Device 3: dr3 2207µm

shifts in resonance frequency [42]. Strain is applied by bending
the cantilever tip, and the corresponding strain value is calcu-
lated using the Euler–Bernoulli beam theory. The resonance
frequency is then extracted from S11 measurements using a
vector network analyzer (VNA), allowing us to evaluate the
sensor’s responsivity to strain.

The entire setup is shown in figure 2. The SAW device
and a custom-made printed circuit board (PCB) are directly
glued onto the cantilever with an EC101 two-component resin
from Polytec as shown in figure 2(a). The cantilever is made
of Al with length L of 200mm and thickness hc of 3mm. The

thickness of the Si wafer used as the device substrate, the thick-
ness of the deposited AlN, and the thickness of the electrode
metal are about 360µm, 1.4µm, and 0.15µm, respectively.
Therefore, the total thickness of the chip hs is about 362µm. A
defined strain ε can be applied to a SAW device depending on
the tip displacement of the cantilever dc at the position of the
device x0. The device contains a SAW resonator, and the cen-
ter position of the SAW resonator is x0 as shown in figure 2(a).
The position-dependent strain ε is given by the equation

ε=−3
2
dc (hc + 2hs)

L3
(L− x0) , (1)

which is based on Euler–Bernoulli beam theory [42, 44].
When the cantilever is bent down with a negative value of dc,
the SAW device experiences tensile strain ε with a positive
sign. Conversely, if the cantilever bends upward with a posit-
ive value of dc, the SAWdevice is subject to compressive strain
ε with a negative sign. The displacement of the cantilever
tip is automated by Stepperonline’s Nema 17 stepper motor,
shown in figure 2(b). This motor driver board is controlled by
an Arduino Mega, which includes a motor driver board that
is controlled by a Python script. The spindle, rotated by the
stepper motor, has a pitch of 1mm/rev. and provides an over-
all resolution of 0.05 rev., which corresponds to minimum tip
displacement of 0.25mm. The tip displacement ranges from
−30.00 to 30.00mm [42]. For a device positioned at x0 of
10.00mm, strain values between ±3979µϵ can be reached.

Figure 3(a) shows the strain ε calculated by equation (1).
When the positions of the device x0 are 10.0, 30.0 and
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Figure 2. The strain measurement setup. (a) Schematic illustration of the key measurement setup with an Al cantilever, a SAW device, and
a printed circuit board (PCB) as key components. When an Al cantilever with length L is bent, the cantilever tip displaces by dc. The SAW
device is glued on the Al cantilever at the position x0 from the edge of the cantilever. The PCB is glued directly underneath the SAW device.
Reproduced from [43]. © 2024 The Authors. CC BY 4.0. (b) The photo of the entire measurement setup including an Al cantilever (I) and a
vector network analyzer (VNA) (II) to characterize the SAW devices. The cantilever is bent by a Nema 17 stepper motor (III) which is PC
controlled (IV). This photo represents the real experimental configuration used to apply defined strain values to the SAW device and to
monitor its frequency response. (c) The photo of the actual SAW device under mechanical load conditions.

Figure 3. (a) Mechanical strain ε given by the cantilever tip displacement dc at the position of strain sensor x0 of 10.0, 30.0, and 197.5mm.
(b) Mechanical strain distribution depending on the location along the chip axis. The x-axis represents the relative position within the
resonator, and the y-axis represents the strain value calculated at each location. When the SAW resonator is positioned at 1mm, the central
position inside the resonator is ∆x=0.00mm.

4

https://creativecommons.org/licenses/by/4.0/


J. Micromech. Microeng. 35 (2025) 035005 M Kwon et al

197.5mm, the tip displacement of the cantilever beam dc is
bent from −30 to 30mm. In our setup, when the device is
positioned at the maximum distance from the fixed end, x0 =
197.5mm, the strain ε that can be applied to the SAW reson-
ator is between ±52µϵ. When the positions of the device x0
for SAW sensing experiments are 30.0 and 10.0mm as from
the fixed end, the applicable strain regimes are ±3560µϵ and
±3979µϵ, respectively. Although the position of the device
is fixed at x0, the applied strain ε is not perfectly homogen-
eous across the entire length of the SAW resonator. Figure 3(b)
shows the distribution of local strain ε across the resonator
length when the resonator is positioned at x0 = 10.0mm. The
x-axis represents the relative position inside the SAW res-
onator length of 2.21mm, and the center of the resonator is
at ∆x= 0.00mm. The y-axis represents the strain ε at the
point away from the center of the resonator ∆x. When the
strain ε applied to the center of the resonator is 3979µϵ, the
strain ε applied to both ends of the resonator are 3995µϵ
and 4002µϵ, respectively, resulting in a strain error of up to
1.16% in the SAW resonator. The strains ε used in our exper-
iments refer to the applied strain at the center of the reson-
ator at the position on the cantilever x0. Due to minor vari-
ations in strain, this impact is regarded as negligible. Thus,
the strain across the SAW resonator can be considered as uni-
form, primarily determined by the device position x0 on the
cantilever.

We characterize the SAW devices with reflection measure-
ments using a (VNA, Rohde & Schwarz ZVL-6) as reported
in [26]. The PCB glued onto the cantilever is connected to
the metal pads on the SAW device by gold wire bonding. The
transmission lines on the PCB are designed for a characteristic
impedance of 50Ω and end in SubMiniature version A (SMA)
connectors for connecting to the VNA. The VNA and the cable
with the SMA connector are calibrated with a calibration kit
(Rohde & Schwarz ZN-Z135). We use a full one-port calib-
ration as in the short-open-match measurement for reflection
measurements.With the VNA, wemeasure the reflection coef-
ficient S11 of the devices as a function of frequency at room
temperature. To minimize frequency changes due to temperat-
ure fluctuations during strain sensing measurements, the char-
acterization is performed in a temperature-controlled laborat-
ory maintained at room temperature (25 ±1 ◦C). Figures 2(b)
and (c) show the setup for SAW strain measurement includ-
ing the Al cantilever and VNA. We measure the reflection
coefficient S11 of the device 10 times and save the average
value.

This experimental setup allows us to apply mechanical
strain to the SAW resonator and measure the corresponding
frequency shifts in real-time. Notably, this is the first study to
investigate strain sensing in GHz SAW resonators under high
strain regimes of up to approximately−4000µϵ to 4000µϵ on
non-flexible substrates. Furthermore, by designingly varying
the resonator length, we aim to observe how geometric design
parameters influence the performance of SAW strain sensors
under high strain.

3. Result and discussion

3.1. GHz SAW resonators

In the reflection coefficient S11 spectrum of the SAW resonat-
ors, we define the resonance frequency as the minimum value
of the magnitude of the reflection coefficient |S11|. Figure 4(a)
displays the magnitude of the reflection coefficient |S11| of a
GHz SAW resonator without applied strain and not attached to
an Al cantilever. The measured device in figure 4 is designed
with the geometric parameters from table 1 as device 1. In the
|S11| spectrum, several modes appear simultaneously depend-
ing on the resonator length. In our study, we define the fre-
quency of the central mode as the resonance frequency of the
SAW resonator. The difference between this resonance fre-
quency and the adjacent modes is called the free spectral range
(FSR). The minimum value of the reflection coefficient |S11|
between 1.25 and 1.26GHz is 1.254 76GHz. The differences
between resonance frequency and the adjacent mode frequen-
cies, FSR1 and FSR2, are 6.37 and 5.67MHz, respectively.
The single electrode reflectivity can be calculated with FSR2
which is closer to the resonance frequency [26, 45]. The single
electrode reflectivity of the resonator we measure in figure 4 is
0.0127, which is reasonable as for the SAW resonators repor-
ted in [45].

The impedance of the SAW resonator can be modeled with
the Butterworth–Van Dyke equivalent circuit at the measure-
ment ports. In this model, the reflection coefficient S11 can be
calculated as

S11 ( f) =
(Qe −Qi)/Qe + i(2Qi ( f− f0))/f0
(Qe +Qi)/Qe + i(2Qi ( f− f0))/f0

, (2)

with the resonance frequency of the SAW resonator f 0, the
external quality factor Qe, and the internal quality factor Qi

[26, 46]. We use equation (2) as a fit function of the measured
reflection coefficient S11 to obtain the resonance frequency
and quality factor Q. The total quality factor Q is obtained
as the reciprocal value of the sum of the reciprocals of the
external quality factor Qe and the internal quality factor Qi.
Figure 4(b) shows the magnitude (green circles) and the phase
(pink squares) of the measured reflection coefficient S11 as
the zoomed-in SAW response of figure 4(a). The solid lines
are fitted by using equation (2) resulting in 1.254 76GHz of
resonance frequency, 4497 for the external quality factor Qe,
and 2690 for the internal quality factor Qi. Thus, the total
quality factor Q is calculated as 1683. This SAW resonator
has a high quality factor compared to geometrically similar
devices, resulting in a high Qf product of 1.2× 1012 Hz [26,
47–49]. Next, we analyze the data by applying strain to the
SAW resonator, using the same fitting procedure to extract
the resonance frequency as a function of external mechanical
strain.
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Figure 4. (a) Measured magnitude of reflection coefficient S11 from the fabricated SAW resonator without applied strain. When the middle
minimum represents is the resonance frequency, the length between adjacent dips is indicated as the neighboring minima to the left and right
represent FSR1 and FSR2. (b) Central signal of the reflection coefficient S11 in zoomed-in view around the resonance frequency. The green
circles represent the magnitude, and the pink squares represent the phase of the reflection coefficient S11. The solid lines are the fitting curve
from equation (2).

3.2. Frequency shift under high strain conditions

Figure 5(a) shows the magnitude of reflection coefficient |S11|
spectrum of Deive 1 as a function of the Al cantilever tip dis-
placement dc at x0 = 30.0mm and the device measured is the
same resonator characterized in figure 4. To visually notice the
shift in the SAW response as the displacement of the cantilever
tip varies by 5mm, the response, magnitude of reflection coef-
ficient |S11| is deliberately offset.When the tip displacement dc
is 0, and no external strain is applied, the magnitude of reflec-
tion coefficient |S11| is positioned at 0.0 dB and each data set
is shifted by 0.1 dB according to the displacement value dc.
As compressive strain is applied, the resonance frequency of
the SAW decreases, and as tensile strain is applied, the res-
onance frequency increases. When the cantilever is bent to its
maximum displacement, dc = ±25mm, these two frequency
values are connected by a black solid line as a guide to the eye.

As shown in figure 4, the resonance frequency of device
1 is 1.254 76GHz before gluing the device to the Al canti-
lever. After gluing it to the Al cantilever and with the can-
tilever tip displacement dc = 0mm, the resonance frequency
we measured is 1.254 87GHz. The relative frequency shift at
zero strain, calculated as the difference between these two res-
onance frequencies divided by the initial resonance frequency
of 1.254 76GHz, is approximately 0.008 76%. Therefore, the
influence of the glue on the resonance frequency is less than
about 0.01% and can be considered negligible. Hence, we
consider the resonance frequency measured after gluing onto
the Al cantilever, with dc = 0mm, as the zerostrain resonance
frequency.

Figure 5(b) shows the frequency shift∆f under the applied
strain range ±3560µϵ as blue circles from experimental data
of figure 5(a). The frequency shift ∆f on the y-axis is calcu-
lated by subtracting 1.254 87GHz, the resonance frequency
at zero strain, from the strained device resonance frequency
obtained from the fit curve using equation (2). The result
shows that the frequency shift is linear over the full strain

interval. The solid line is a linear function fitted to the data, and
its slope is the SAW strain responsivity R, so this device has
a responsivity R of 93.80Hzµϵ−1 which is higher by approx-
imately 17% than the reported responsivity of 80.09Hzµϵ−1

achieved with a similar SAW resonator design [37].

3.3. Dependence on resonator length

A key parameter in the design of the SAW resonator is the res-
onator length which is defined by the position of the reflect-
ors. The experimental data in figure 5 is obtained from the
SAW resonator of Device 1 with dr1 = 685µm. We perform
experiments with SAW resonators of different lengths of dr2 =
1205µm and dr3 = 2207µm, to evaluate the impact of res-
onator length. Both SAW resonators are designed accord-
ing to the parameters in table 1 as device 2 and device 3.
Additionally, we increase the strain range up to ±3979µϵ by
placing the SAW resonators on the cantilever at the position
x0 = 10.0mm and changing the displacement of cantilever tip
dc from −30.0 to 30.0mm in steps of 2.5mm. These two res-
onators with different resonator lengths are measured and data
are fitted with the same procedure, as introduced above shown
in figure 5(b).

Figures 6(a) and (b) demonstrate that the frequency shift
trend remains similar over the full strain interval even within
a large strain regime between ±3979µϵ. The responsivities
R of the SAW strain sensors for device 2 and device 3 are
100.48 and 114.99Hzµϵ−1. Interestingly, the results for SAW
strain sensing with different resonator lengths show that the
responsivity R to strain increases as the distance between two
reflectors dr increase, as shown in figure 6(c). The gray dashed
line, representing the linear fit function of the responsivity
R of the three devices, shows that for each 1µm increase in
resonator length dr, the responsivity R increases by approx-
imately 0.014Hzµϵ−1. This observation suggests that longer
resonator lengths result in larger frequency shifts at a given
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Figure 5. (a) Measured raw data of magnitude of reflection coefficient |S11| for different strain values in SAW. Positive values of the
cantilever tip displacement dc indicate compressive strain, while negative values indicate tensile strain, applied to device 1 at x0 = 30.0mm.
The black solid line underneath the experimental data |S11| connects the two resonance frequencies when the strain is at its maximum and
minimum values as gray dotted lines. Reproduced from [43]. © 2024 The Authors. CC BY 4.0. (b) The frequency shift of device 1 under
applied strain value. SAW sensor responsivity R is 93.80Hzµϵ−1 in strain regime of ±3560µϵ range. The circles represent the
experimental data from (a), and the solid line is a fit to this data. R is the slope of the linear fit function.

strain value. This is because, with a longer resonator, the path
of the propagating SAWs is extended. As the SAWs propag-
ate this extended path, they undergo more cumulative deform-
ation from applied strain. This increased deformation ampli-
fies the effect of the strain on resonance frequency, leading
to more pronounced frequency shifts. Our results show that
long resonators significantly improve responsivity, providing
a way for optimizing SAW sensors for applications requiring
high sensitivity.

However, this increase in responsivity R comes at the
expense of decreasing linear output characteristics, as indic-
ated by larger error bars shown in figure 6(c). These error
bars represent the standard deviation of the slope of the fit-
ted linear function, which corresponds to the responsivity R.

Notably, the largest error bar is observed for device 3, and upon
examining figure 6(b), it is evident that −3979µϵ, the data
points deviate more significantly from the fitted linear func-
tion by approximately 120 kHz. Therefore, while longer res-
onator lengths may provide higher responsivities R, they also
introduce nonlinearities into strain sensing.

3.4. Nonlinearity in longer resonator

From our experiments, we assume that nonlinearity begins to
appear in the longer SAW resonators. To investigate this phe-
nomenon, we first analyze the geometric and material non-
linearities and then assess the errors arising from fitting the
experimental data. Geometric nonlinearity occurs when the
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Figure 6. (a), (b) The frequency shift of device 2 and device 3 under applied strain value. SAW sensor responsivities R of (a) 100.48
Hzµϵ−1 and (b) 114.99Hzµϵ−1 in strain regime of about ±3979µϵ range. The circles are the experimental data, and the solid line is a line
fit to the data. R is the slope of the linear fit function. (c) Responsivity R as a function of different distances between the two reflectors dr.
The gray dash line is the linear fit function of the three devices. The gray error bars indicate the deviation of the data values from the linear
fit function of the response shown in figures 5(b), 6(a), and (b). Reproduced from [43]. © 2024 The Authors. CC BY 4.0.

deformation of a structure is so large that it causes signific-
ant changes in shape. Specifically, we examine the effects of
geometric nonlinearity by incorporating nonlinear terms into
the strain equations. Additionally, we explore material nonlin-
earity, which occurs in solid mechanics when the relationship
between stress and strain is no longer linear. We investigate
whether variations in Young’s modulus and residual stress in
the AlN films might contribute to the observed nonlinearity.
Lastly, we analyze the errors from the data fitting process to
determine if non-linear effects play a major role.

In Euler–Bernoulli beam theory, where x is the coordinate
along the length of the beam and u is the displacement in the
x-direction, the longitudinal strain at the neutral axis of the
beam is given by ε= du/dx. The strain ε at x= x0 is obtained
from equation (1) without considering any non-linear effects.
Including geometric nonlinearity introduces additional terms
to the equation. The strain equation considering nonlinearity
following the basic nonlinear strain-displacement relationship,
based on von Kármán strain theory [50], is given by:

εnonlinear =
du
dx

+
1
2

(
dw
dx

)2

= ε+
1
2

(
dw
dx

)2

,

where w=
dc
2L3

(
3Lx2 − x3

)
. (3)

Here, z is the coordinate along the cantilever thickness and w
is the displacement in the z-direction. To quantify the influ-
ence of the geometric nonlinearity in our setup, we compare
the strain ε from equation (1) and εnonlinear from equation (3)
at x= x0, where dc = 30mm and x0 = 10mm. The influence
of geometric nonlinearity is about 6% at the strain of approx-
imately −4000µϵ, calculated as the difference between ε=
−3979µϵ and εnonlinear =−3738µϵ. This comparison indic-
ates that while a 6% influence is not dominant in the overall
structural response, it is also not negligible. The small nonlin-
earities observed near strain of −4000µϵ in figure 6(b) could
be attributed to the geometric nonlinearity we have calculated.

While geometric nonlinearity can be one factor, we have
also considered other potential contributors to the observed
nonlinearity. Material nonlinearity is related to properties such
as Young’s modulus [51]. As reported in [52], the study invest-
igated how the thickness of sputter-deposited AlN films on
Si substrates under conditions similar to ours affects both the
residual stress and the Young’s modulus. Young’s modulus
increases slightly from 232 to 248GPa as the AlN film thick-
ness increases from 600 to 1220 nm, showing a generally con-
sistent value without significant variation. The residual stress
in AlN films decreases from 350MPa at 600 nm to 87MPa at
1220 nm. In our SAW strain sensing, with an AlN film thick-
ness of 1400 nm, the residual stress is less than 87MPa as
reported in [52]. While shorter resonators like device 1 and
device 2 do not exhibit significant nonlinear behavior, the
slight nonlinearity observed in longer resonators like device
3 could be more influenced by variations in material prop-
erties due to the longer path length. As the resonator length
increases, even small variations in AlN film thickness can
lead to changes in residual stress distribution, contributing to
the observed nonlinearity. Thus, the longer resonator lengths
might be more sensitive to these material property variations.
Furthermore, stress variations in the adhesive layer (e.g. glue)
under high strain could also play a role in the nonlinear-
ity. However, quantifying the specific impact of the bonding
material is challenging in our current setup and requires fur-
ther investigation.

In the previous two paragraphs, we examine the causes
of the observed nonlinearity from geometric and material
factors. Here, we analyze the errors arising from fitting the
experimental data to evaluate whether these errors indicate
nonlinearity as shown in figure 6(b). Figure 7(a) shows all
measured data of the magnitude of reflection coefficient |S11|
in figure 6(b) respectively. The data are intentionally off-
set to clearly distinguish each frequency response when the
displacement of the cantilever tip dc changes by 2.5mm.
Figure 7(b) not only shows clearly how the resonance fre-
quency shifts with an applied strain like figure 6(b), but also
shows error bars which indicate the standard deviation errors
of resonance frequencies from the fitted curve. Under negative
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Figure 7. (a) Measured raw data of magnitude of reflection coefficient |S11| of Device 3 for different strain values in SAW. When the
cantilever tip displacement dc is from −30mm to 30mm is applied to Device 3 in table 1 with dr3 of 2207µm at x0 = 10.0mm. The black
dashed lines are the fitting curves from equation (2). The black solid line underneath the experimental data |S11| connects the three
resonance frequencies when dc is −30mm, 0mm, and 30mm as gray dotted lines. (b) The frequency shift of Device 3 as green circles.
Error bars indicate the standard deviation errors of each fitting parameter from the fitted curve in (a). The solid line is a linear fit to the data
as the same in figure 6(b). (c), (d) Measured |S11| for Device 3 under strains of ε=−3647µϵ (dc =−27.5mm) and ε= 0µϵ (dc = 0mm),
respectively. Blue and green circles are experimental data, and black solid lines are fitting curves. (e) Quality factors Q of Device 3
according to strain ε change.
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(compressive) strain, larger error bars indicate higher uncer-
tainty in the fitted resonance frequency. The standard devi-
ation errors are calculated as the square root of the diagonal
elements of the covariance matrix obtained from the fitting
procedure, which reflects the uncertainties in the parameter
estimates. Figure 7(c) shows raw data of the magnitude of
reflection coefficient |S11| as circles and fitted curves as dashed
lines with strain ε=−3647µϵ. At this strain level, the data
starts to deviate from the fitted linear function. The standard
deviation error for the fitted resonance frequency, according
to equation (2), is 32.32 kHz. In contrast, figure 7(d) presents
the same with strain ε= 0µϵ and the standard deviation error
for the fitted resonance frequency is 17.90 kHz. Notably, non-
linearity is observed in this frequency shift where the error in
the fitted resonance frequency increases.

We capture the broadening bandwidth of the reflection
coefficient |S11| when compressive strain is applied, as shown
in figure 7(a), and compare the total quality factors Q for
each dataset in figure 7(e). There is a clear trend showing
that the total quality factor Q improves with the application
of tensile strain. This indicates that the SAW resonator experi-
ences less energy loss and potentially storesmore energy under
tensile compared to compressive strain. The quality factor Q
of a resonator is significantly influenced by external condi-
tions, such as the strain applied to the resonator. One import-
ant concept in understanding this behavior is thermoelastic
damping, which refers to the energy loss due to the interac-
tion between thermal and elastic deformations in the mater-
ial. In mechanically highly stressed micro/nano resonators,
thermoelastic damping plays a crucial role [51]. Additionally,
repeated thermal stress associated with thermoelastic damp-
ing can contribute to the formation of micro-defects over time.
When tensile stress is applied to the material, it can reduce
existing micro-defects, thus decreasing energy loss pathways
and increasing the quality factor Q. Conversely, compressive
strain can increase micro-defects within the structure, leading
to higher energy loss. Our results confirm that SAW strain
sensors exhibit improved performance under tensile strain
conditions. This suggests that SAW strain sensors can be prac-
tically utilized under tensile rather than compressive strain
conditions.

Our investigation into the nonlinearity of longer SAW res-
onators reveals that geometric and material nonlinearity vari-
ations and fitting errors contribute to the observed behavior
under high mechanical loading conditions. Geometric non-
linearity, though not dominant, shows about a 6% influence
at high strain levels, suggesting its role in the slight devi-
ations observed near −4000µϵ. Material nonlinearity, par-
ticularly due to potential variations in residual stress distri-
bution and AlN film thickness, may also play a role, with
longer resonators potentially being more sensitive to these
variations. The fitting errors indicate increased uncertainty
under compressive strain, further highlighting the nonlinear-
ity in the frequency response. Our analysis of the total qual-
ity factorQ demonstrates improved performance under tensile
strain.

3.5. Benchmarks

The AlN-based SAW strain sensors investigated in this study
at a resonance frequency of 1.25GHz and show a responsivity
R of 114.99Hzµϵ−1 in a strain regime of±3979µϵ. We com-
pare the performance of our SAW strain sensors with those
reported in literature, as shown in table 2. While most papers
on SAW strain sensing have studied the resonance frequency
within the MHz range, we show SAW strain sensing oper-
ating at the higher frequency range as GHz. Both resonator
and delay line types of SAW sensors have been studied pre-
viously with a similar focus. In our setup, the strain regime
reaches up to ±3979µϵ, which is the highest in strain sens-
ing studies compared to data reported in the literature. This
excludes cases where flexible materials are utilized, as shown
in figure 8, which visualizes the data from table 2.

The typical piezoelectric materials used in SAW strain
sensors are quartz, LiNbO3, ZnO, Langasite (LGS), and AlN.
The SAW performance is affected depending on how the crys-
tals of the piezoelectric material are aligned or cut, and on
which substrate they are integrated. For example, quartz-based
strain sensors with 36◦ AT-X cut [33] and 42.75◦ ST cut
[53] are fabricated with similar designs as resonator types and
resonance frequencies of 433 and 438MHz. However, when
using quartz with 42.75◦ ST cut, the responsivity R to strain is
551Hzµϵ−1 which is more than twice as large as the respons-
ivity R of 241Hzµϵ−1 using the quartz with 36◦ AT-X cut.
Among AlN-based strain sensors, our sensor and the strain
sensor reported in [34] on a Si-based substrate have similar
responsivity R of 115 and 107Hzµϵ−1, respectively. However,
AlN strain sensors on polymeric and TC4 substrates [60, 61]
have higher responsivities R of 577 and 402Hzµϵ−1, respect-
ively. These comparisons highlight the competitive perform-
ance of our AlN-based SAW strain sensors on a Si-based non-
flexible substrate, demonstrating its potential for highly accur-
ate strain sensing applications.

As shown in table 2 and figure 8, the lowest responsivity R
of 20Hzµϵ−1 is reported for the LGS-based sensor [37], while
the highest responsivity R of 577Hzµϵ−1 is reported for the
AlN-based sensor [60]. Our AlN-based strain sensor has the
responsivity R of 115Hzµϵ−1 which is within the range of
responsivity values as data reported in the literature.

4. Conclusion

In this article, we investigate the performance of GHz SAW
resonators as strain sensors. Using a custom-built bendable
cantilever setup, we applied controlled mechanical strains of
up to ±3979µϵ. Our results demonstrate that these sensors
can detect shifts in resonance frequency under high mechan-
ical strains. GHz SAW resonators for strain sensing are fab-
ricated on a Si substrate using photolithography techniques.
The resonance frequency and total quality factor Q of the
SAW resonator without applied strain are 1.25GHz and 1683,
respectively. The experimental data shows a linear relationship
between strains and frequency shift ∆f, with a responsivity R
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Table 2. Comparison of strain SAW sensing performance with different piezoelectric materials.

Materials
Resonance

frequency (MHz)
Responsivity
R (Hzµϵ−1)

Strain regime
(µϵ) Type Reference

Quartz plates with 36◦ AT-X cut∗ 260 252 1 to 5000 Delay line [21]
Quartz substrate with 36◦ AT-X cut 433 241 50 to 400 Resonator [33]
Quartz substrate with 42.75◦ ST cut 438 551 0 to 400 Resonator [53]
LiNbO3 substrate with 128◦ YX cut 98 −103 0 to 62 Delay line [54]
LiNbO3 substrate with 128◦ YX cut 151 126 0 to 400 Delay line [32]
LiNbO3 film with 128◦ Y cut∗ 325 193 −3500 to 3500 Delay line [20]
ZnO film on PET∗ 111 130 0 to 2500 Delay line [55]
ZnO film∗ 133 35 −3000 to 3000 Delay line [56]
ZnO film∗ 138 137 0 to 3000 Delay line [57]
LGS film with a 3rd Euler angle of
117◦ on Si substrate ∗

153 45 1 to 1800 Resonator [39]

LGS substrate with a 3rd Euler angle
of 117◦

169 20 0 to 500 Resonator [37]

LGS substrate with a 3rd Euler angle
of 26.7◦

196 −41 0 to 100 Resonator [58]

LGS substrate with a 3rd Euler angle
of 26.6◦ †

225 143 0 to 700 Resonator [35]

LGS substrate with a 3rd Euler angle
of 32.9◦

311 −182 0 to 250 Resonator [59]

LGS film with a 3rd Euler angle of
72◦ on Si substrate

400 350 0 to 1200 Resonator [38]

AlN film on SiO2/Si substrate 108 107 0 to 90 Resonator [34]
AlN film on polymeric substrate∗ 190 577 0 to 181 Delay line [60]
AlN film on TC4 substrate 249 402 0 to 400 Resonator [61]
AlN film∗ 290 180 0 to 1332 Delay line [62]
AlN film on Si substrate 1225 115 −3979 to 3979 Resonator This work
∗indicates flexible material.
† indicates the SAWs propagate at an orientation of 30◦ to the applied strain.
PET: polyethylene terephthalate.
polymeric substrate: polymeric polyethylene naphthalate substrate.
TC4: titanium alloy (Ti–6Al–4V).
Euler angles for LGS include a first angle of 0◦ and a second angle of 138.5◦.

of 93.80Hzµϵ−1 within a strain range of±3560µϵ. Moreover,
our study reveals a correlation between resonator length and
responsivity, as longer resonators achieved higher respons-
ivity within a strain range of ±3979µϵ. It is observed that
longer resonator lengths resulted in higher responsivities, with
R values of 100.48 and 114.99Hzµϵ−1 for reflector distances
of 1205 and 2207µm, respectively. However, nonlinearity is
observed in longer resonators especially under compressive
strain. Additionally, the total quality factor Q decreased under
compressive strain, suggesting that SAW strain sensors are
better utilized under tensile strain conditions for improved
performance.

This study focuses on the fundamental performance of GHz
SAW strain sensors under high mechanical strain conditions,
demonstrating their stable responsivity under extreme loading
on non-flexible substrates. While optimization for a specific
application is beyond the scope of this work, these findings
show the high potential of GHz SAW resonators for advanced
sensor applications. In the near future, further investigations
will focus on investigating the impact of non-linear effects
on device performance under high-loading conditions, thus

paving the way for new applications of compact and low-
power SAW strain sensors such as needed in structural health
monitoring applications and wireless sensor networks.

Figure 9 illustrates how SAW strain sensors can be applied
in structural health monitoring systems. In aircraft, sensors
can monitor high-stress areas such as the wing-fuselage junc-
tion, with data transmitted wirelessly to onboard reader units
installed within the aircraft’s monitoring systems for real-time
analysis. Similarly, in buildings and bridges, these sensors
detect strain in critical load-bearing structures, with reader
units positioned centrally such as maintenance hubs to aggreg-
ate data. The collected data is transmitted to a centralizedmon-
itoring system, where the resonance frequency shifts (∆f )
caused by strain are analyzed to detect and quantify poten-
tial damage. While this study employs a simple SAW reson-
ator design for one-port measurements at fundamental phys-
ics, future collaboration with antenna-based strain sensing
mechanisms [63, 64], machine learning algorithms for predict-
ive analysis [65], and real-time data computing technologies
[66, 67] could significantly enhance its application
potential.
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Figure 8. Correlation of absolute value of responsivity |R| and strain on different piezoelectric materials. Numbers on the data are reference
numbers from table 2 and ∗ indicates flexible material. The maximum strain applied is 1200µϵ which is indicated as the red dashed line
among strain on different piezoelectric materials except flexible material and this work’s material.

Figure 9. Illustration of a structural health monitoring system integrating SAW strain sensors for real-time strain detection and analysis.
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