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Abstract
Micro- and nanomechanical resonators are widely used for chemical and biological detection.
Mode localization sensing, based on the distribution of energy between two or more coupled res-
onators, has demonstrated enhanced sensitivity with respect to the conventional frequency shift
method. In contrast, this work introduces an alternative sensing concept based on acoustic delocal-
ization, where energy redistribution is induced in initially uncoupled surface acoustic wave (SAW)
cavities by particle-triggered acoustic scattering. We implement this concept using two orthog-
onally arranged SAW resonators operating with a center frequency of around 415 MHz. Particle
adsorption at the intersection region generates wave scattering that effectively couples the resonant
cavities. This scattering-driven interaction leads to a redistribution of acoustic energy that was ini-
tially confined to a single cavity, enabling detection through the signal emerging in the non-driven
cavity and providing information on the mechanical properties of the particles. Devices were fabri-
cated to validate the proposed mechanism and demonstrated the detection of particle arrays. Finite
element simulations agree well with experimental results and further reveal how the acoustic scat-
tering coefficient depends on the mechanical properties of the particles and their spatial distribu-
tion. These results demonstrate the feasibility of acoustic delocalization sensing using SAW scatter-
ing and highlight its potential for robust and sensitive detection of micro- and nanoparticles.

1. Introduction

Mechanical resonators at the microscale represent a powerful concept for the detection of small amounts
of analytes. Devices based on this approach have become an established tool for chemical and biologi-
cal detection, including quartz crystal microbalance [1], surface acoustic wave (SAW) resonators [9], and
suspended microstructures [7]. In their most basic realization, resonant sensors rely on a single mechan-
ical degree of freedom whose resonance frequency shifts in response to changes in device mass [3] or
stiffness [14]. The pursuit of enhanced sensitivity has led to the miniaturization of resonators to scale
down their mass and scale up their resonance frequency [4]. However, the normalized sensitivity of the
resonance frequency to the mass in resonant sensors of one-degree-of-freedom is limited to 1/2 [10], and
miniaturization increases susceptibility to temperature drifts and other environmental fluctuations.

A compelling alternative has gained traction in the last years to mitigate these limitations through
the use of mode-localized sensors [20]. These devices exploit the large redistribution of vibrational
energy among nearly identical weakly coupled resonators induced by small perturbations. In such sys-
tems, a perturbation caused by mass adsorption on one resonator is detected through the resulting
asymmetric energy redistribution, rather than through a shift in resonance frequency. Recent develop-
ments have further expanded the application of mode localization sensing. For example, mode-localized
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Figure 1. (a) Schematic illustration of the energy distribution in the SAW device. (b), (c) Schematics of the SAW device showing
the interaction between two acoustic cavities before and after perturbation. A particle placed at the device center represents the
perturbation for illustration purposes. The figure is not to scale. The four focused IDTs serve as electrical interfaces for character-
izing wave scattering. Transmission from port 1 to port 2 characterizes the directly transmitted waves, while transmission from
port 1 to port 3 (or port 4) characterizes the scattered waves.

resonators have been employed for gas sensing in combination with gas absorption films [18]. In addi-
tion, blue-sideband excitation has been exploited to drive both interresonator and intermodal modes of
mode-localized resonant sensors, leading to enhanced sensitivity and reduced noise floor [17]. Overall,
mode localization sensing offers significant improvements in sensitivity for a given resonator size by sev-
eral orders of magnitude [13], and inherent rejection of disturbances affecting both resonators, such as
temperature variations [11,16]. Despite these advantages, widespread adoption of this sensing principle
is hindered by the need for system parameter identification [20], and vulnerability to asymmetries intro-
duced by fabrication tolerances [15].

This work builds on the simultaneous use of two resonators for sensing by introducing a novel
approach termed acoustic delocalization sensing. Unlike previously demonstrated mode-localized sensors,
which rely on weak intrinsic coupling between resonators, our method begins with completely uncou-
pled acoustic resonant cavities sharing the same material platform. Upon analyte adsorption, SAW scat-
tering by the analytes induces coupling between two SAW cavities, redistributing acoustic energy that
was initially confined to a single cavity. While SAW scattering from elastic inhomogeneities (dots) has
previously been visualized using scanning acoustic force microscopy [8], here we investigate this scatter-
ing from the perspective of scattered power, quantified through electrical measurements at interdigitated
transducers (IDTs). This approach establishes acoustic delocalization as a promising sensing mechanism
that combines enhanced sensitivity with improved robustness and implementation simplicity.

We present a realization of this concept through a device composed of two SAW cavities arranged
in a mutually orthogonal geometry, see figure 1. Each cavity is formed by two focusing IDTs, and
they intersect at the shared focal point. In the unperturbed state, the cavities are effectively decoupled,
i.e. acoustic excitation in one does not yield a detectable acoustic wave in the other. When analytes are

2



J. Micromech. Microeng. 36 (2026) 085016 QWang et al

adsorbed at the focal intersection, the SAWs are scattered, redirecting part of the acoustic energy from
one propagation axis into the orthogonal axis. For analyte sensing, one cavity is driven by an applied
signal, while the generated signal in the orthogonal cavity is monitored as the sensor output. The cho-
sen geometry with focusing IDTs creates a localized scattering region with high energy concentration,
offering superior sensitivity per unit of active area compared to conventional SAW devices with straight
IDTs. Our method aims to exploit the advantages of mode localization sensing without imposing strin-
gent requirements on system symmetry, weak coupling strength, and operation in the immediate vicinity
of the localization transition point, thereby potentially improving fabrication tolerance and extending the
measurement range. Submicrometer-sized particles deposited on the substrate were used in this work to
induce wave scattering, mimicking the adsorption of analytes such as airborne engineered nanoparticles.

2. Method

2.1. SAW device design and fabrication
SAW devices were implemented on a 1 µm-thick AlN film deposited on a 500 µm Si substrate, with four
sets of interdigital transducers (IDTs) oriented at 90◦angles, as shown in figure 2. The IDT fingers were
designed in a 60◦ circular arch shape to focus SAWs, in contrast to conventional straight IDTs. The 60◦

angle was selected to ensure sufficient acoustic transmission by increasing the IDT finger length, while
maintaining adequate separation between neighboring ports. The geometric focal length, defined as
the distance from the IDT center to the geometric focal point, was set to 1 mm. This results in a fin-
ger overlap length ranging from 0.895 mm to 1.105 mm. The IDTs were based on a conventional bi-
directional design, with finger width and spacing equal to a quarter of the designed wavelength, λ=
12 µm. The duty cycle of the fingers is fixed to 50%, which results in a finger width w= λ/4= 3 µm.
The acoustic wave velocity (v) in 1 µm-thick AlN on Si(1 0 0) is estimated as 4920 m s−1 [2]. The
designed center frequency was therefore designed as f = v/λ= 410 MHz.

The SAW devices were fabricated through a sequence of AlN deposition, photolithography, alu-
minum evaporation, and lift-off processes. The AlN film was deposited on a Si(100) substrate by reac-
tive sputtering with a set thickness of 1 µm. Trikon Sigma 204 sputtering machine was used with a
pulsed DC magnetron sputtering technique. The deposited AlN thin film was initially measured using
a Woollam ellipsometer, yielding a thickness of approximately 850 nm. A more accurate thickness mea-
surement was obtained from an SEM cross-section image, which gave a thickness of 975.8 nm, as shown
in figure 3. For IDT fabrication, 200 nm-thick aluminum was deposited on top of AlN using a CHA
Solution e-beam evaporator and subsequently patterned through a lift-off process in an ultrasonic bath
using acetone.

2.2. Nanoparticle deposition
Arrays of cylindrical-shaped nanoparticles were deposited at the focal point of the SAW devices for
perturbation using focused ion beam induced deposition (FIBID) with an FEI Helios G4 CX system.
Trimethyl platinum precursor gas was introduced through the MultiChemGIS system, resulting in plat-
inum deposition on the device substrate. An ion beam current of 2− 6 pA µm−2 and a dwell time of
200 ns, were used. For a target deposition diameter set as 0.5 µm, an ion beam current of 1.1 pA was
selected. Due to wear of the ion beam aperture, the actual beam current deviated from the selected
value and was measured to be 1.80 pA. A 2× 2 array of FIBID platinum cylinders was deposited on
one device, with measured heights of 818.5 nm± 62 nm and diameters of 656.5 nm± 13.3 nm. A
3× 3 array of FIBID platinum cylinders was deposited on another device, with measured heights of
947 nm± 66 nm and diameters of 653.8 nm± 13.7 nm, as shown in the inset of figure 2 for illustration.
In both arrays, the cylinders were deposited with a center-to-center spacing of 5 µm.

2.3. Experimental setup
Four SAW devices were investigated in this work fabricated using identical design parameters. Two
devices, without nanoparticles, served as unperturbed references, while the other two were modified
by depositing localized nanoparticle arrays at the acoustic focal region. Specifically, one device was per-
turbed by the 2× 2 nanoparticle array and the other by the 3× 3 nanoparticle array, and are hereafter
referred to as perturbed device 1 and perturbed device 2, respectively. A microscopic image of perturbed
device 2 is shown in figure 2 as an example. This set of devices enables a systematic comparison of the
acoustic response between the reference devices and devices subjected to two different perturbation
conditions.
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Figure 2.Microscope top-view picture of one of the fabricated SAW devices (perturbed device 2). The device features IDTs with
a finger width of 3 µm and a pitch of 12 µm. The nanoparticle array consists of cylindrical particles with diameters of∼ 650 nm
and heights of∼ 950 nm, arranged with a center-to-center spacing of 5 µm. Left inset: SEM image of the FIBID Pt nanoparticle
array. Right inset: magnified view of the port 2 IDT.

Figure 3. Cross-sectional SEM image of the deposited AlN film on the Si substrate acquired at a tilted angle. The AlN film
thickness, corrected according to the tilt angle, is labeled in the figure.

S-parameter measurements were conducted on these SAW devices with a probe station and a vec-
tor network analyzer. The acoustic transmissions were measured pairwise between both coaxial IDTs
(direct transmission, e.g. from port 1 to 2) and orthogonal IDTs (orthogonal transmission, e.g. from
port 1 to 3 or from port 1 to 4), characterizing the directly transmitted waves (S21) and scattered waves
(S31, S41) for each device.

2.4. Simulation setup
The effects of particle mass and spatial distribution on the ability to scatter SAW into the orthogonal
direction were investigated through the finite element method performed in COMSOL Multiphysics.
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Figure 4. FEMmodels to simulate the direct and orthogonal transmission of SAW. The orthogonal model is symmetric with
respect to the symmetry planes indicated in the figure. The vertical (z) axis is scaled 10 times for visualization; the zoomed-in
insets of IDT and particle array are shown in the true scale.

To calculate the acoustic scattering by the nanoparticles, models for direct and orthogonal transmis-
sions were implemented, as shown in figure 4. Straight IDTs with a pitch of 12 µm pitch and a width
of 100 µm were modeled using a 200 nm Al layer on a 1 µm AlN film on a Si substrate, matching
the material stack and thickness of the fabricated devices. To reduce the computational burden, the
large focused IDTs used in the experiments were replaced by narrow straight IDTs in the simulations.
Orthogonal scattering was modeled using a configuration consisting of two straight SAW devices cross-
ing at the center. Owing to the geometric symmetry, only one quarter of the structure in an L-shaped
domain was included in the model, with symmetry boundary conditions applied to the two faces, as
illustrated in figure 4. The Si substrate was assigned a thickness of one SAW wavelength, with an addi-
tional layer of one wavelength thickness at the bottom implemented as a perfectly matched layer (PML)
to absorb outgoing waves and thus eliminate reflections. At both ends of the IDTs, the domains were
laterally extended by one wavelength and also assigned as PML. All remaining side walls in both simula-
tion models were applied with low-reflecting boundary conditions. In the orthogonal scattering model,
nanoparticle arrays consisting of 2× 2, 3× 3, and 4× 4 particles with an inter-particle spacing d were
placed at the intersection region, respectively. Each particle was represented as a 1 µm3 cube and mod-
eled as pure platinum with a density of 21.45 g cm−3 and a Young’s modulus of 168 GPa. In the simula-
tions investigating the effect of particle mass density, a 3× 3 particle array with an inter-particle spacing
of 6 µm was used. The particle density was swept from 10 g cm−3 to 40 g cm−3 while the particle vol-
ume was fixed at 1 µm3. The mesh size in all simulations was chosen to be smaller than one-eighth of
the SAW wavelength to ensure numerical accuracy.
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Figure 5.Measured direct transmission of the reference and perturbed devices. The inset shows the Fabry–Pérot resonance rip-
ples in a zoomed-in region around the device center frequency.

3. Results

3.1. Experimental measurements
The direct transmissions of the two perturbed devices and two independently fabricated but identical
reference devices are shown in figure 5. The measured S21 responses show transmission bands of these
devices with a center frequency fc of around 415 MHz and a 3 dB bandwidth ranging approximately
from 406 MHz – 421 MHz. Outside the 3 dB bandwidth, the device still exhibits sufficient transmis-
sion, resulting in a usable bandwidth of 400–430 MHz. From the zoomed-in inset, the ripple character-
istics of the reference devices differ from those of the perturbed devices. The reference devices exhibit
highly consistent ripple locations and widths with a spacing of approximately 1.25 MHz, whereas the
perturbed devices show similarly consistent ripples but with a spacing of approximately 2.5 MHz, which
is twice that of the reference devices. These ripples in the transmission curves originate from reflections
within the SAW cavities, and the frequency location of each ripple peak can be described by the Fabry–
Pérot cavity resonance fn = (nvSAW)/(2l), where n is an integer and l is the cavity length. For the ref-
erence devices, the SAW cavity length is approximately the distance between the midpoints of the two
opposing IDTs, which is about 2 mm. When nanoparticles are introduced at the center of the perturbed
devices, additional reflections occur between the particles and the IDTs, effectively forming a new cavity
with an effective length of half the original one. As a result, the ripple spacing increases by a factor of
two. These direct transmission measurements confirm the formation of new SAW cavities and coupling
between the two orthogonal SAW modes induced by the nanoparticles. From the inset of figure 5, the
changes in transmission magnitude induced by the particle perturbations are comparable to the device-
to-device variations. Consequently, little information about the particles can be extracted from the direct
transmission response.

To characterize wave scattering by nanoparticles, figures 6(a)–(c) compare the measured direct and
orthogonal transmissions for perturbed device 1 and perturbed device 2, with 2×2 and 3×3 nanopar-
ticle arrays at the focal area, respectively, to those of a reference device. The corresponding nanoparti-
cle array distributions are shown in the insets. As shown in figure 6(c), the orthogonal transmission of
perturbed device 2 shows distinct ripples, compared to the smooth orthogonal transmission curve of
the reference device (figure 6(a)). These ripples can be explained by the scattering of the acoustic waves
from the driving cavity (1–2) to the orthogonal sensing cavity (3–4) by the nanoparticles. Although the
scattered portion represents only a small fraction of the total acoustic power and therefore produces
negligible changes in the direct transmission S21, it leads to a pronounced emergence of a frequency-
dependent pattern in the orthogonal transmission, which is otherwise nearly absent in the reference
device. The ripples exhibit a frequency spacing of approximately 2.5 MHz, which is consistent with
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Figure 6.Measurement results of SAW scattering by particle arrays. (a)–(c) Measured raw data of the direct transmission and
orthogonal scattering of the reference device and two perturbed devices. (d), (e) Extracted scattering coefficients for perturbed
devices 1 and 2. Only the central high-transmission band of the SAW device is considered in the analysis; frequency regions out-
side this band are shaded in gray. Insets in (b) and (c) show SEM images of the particle arrays on perturbed devices 1 and 2, with
scale bars of 3 µm and 5 µm, respectively.

the spacing observed in its direct transmission and consistent with the frequency difference associated
with standing waves at the SAW cavity. Using the SAW phase velocity found from the device response
vSAW = λfc = 4980 m s−1 and considering the distance between the particles and the IDTs, l= 1 mm,
the expected frequency spacing is ∆f = vSAW/(2l) = 2.49 MHz at the center of the transmission band.
This confirms that the ripples arise from standing waves in the cavity formed between the nanoparticles
and IDTs 3 and 4. As figure 6(b) shows, the orthogonal transmission of perturbed device 1 also exhibits
ripples, although much less pronounced than for perturbed device 2. This observation suggests a much
smaller scattering effect for the 2×2 array than for the 3×3 array.
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As observed in figure 6(a), the reference device shows significant and unexpected orthogonal trans-
mission in the range of −71 dB to −66 dB, despite the absence of wave scatterers. Although the orthog-
onal transmissions S31 and S41 measured along different directions are theoretically expected to be
identical, discrepancies of a few dB are observed between them. This parasitic signal might arise from
IDT crosstalk effects, unrelated to acoustic wave scattering. To further analyze the acoustic scattering of
nanoparticles, the S-parameters measured for perturbed devices 1 and 2 were processed to eliminate the
crosstalk effects. For that, the measured S31 and S41 were smoothed to obtain the baseline transmis-
sions without ripples, S310 and S410. Then, these baselines were subtracted from the measured orthog-
onal transmissions, and the results were normalized by the direct transmission coefficient of the refer-
ence device, S21ref. A comparison of the origninal, smoothed, and corrected orthogonal transmission is
shown in Supplementary Information figure S1. This calculation results in the scattering coefficient of
the nanoparticles toward ports 3 and 4:

β31 =
S31− S310

S21ref
(1)

β41 =
S41− S410

S21ref
. (2)

The scattering coefficients defined in equations (1) and (2) are introduced specifically for the acoustic
delocalization sensing proposed in this work to quantify the scattering strength of particles through the
scattering-induced coupling between orthogonal SAW cavities. Figures 6(d), show the scattering coef-
ficients of the nanoparticles, β31 (from port 1 to port 3) and β41 (from port 1 to port 4), for the per-
turbed devices. The increased fluctuations in the scattering coefficient outside the 400–430 MHz range
(gray shaded regions) arise from the weak SAW transmission in these frequency regions, where the mea-
sured signals approach the system noise floor. For perturbed device 1 with the 2× 2 particle array, the
scattering coefficients exhibit relatively low values within the device bandwidth. Given the low ripples
found in S31 and S41 for this device, the obtained values for the scattering coefficient might be deter-
mined only by measurement noise. Still, it can be concluded that the scattering coefficients are below
0.1% for the 2×2 particle array. For perturbed device 2 with the 3× 3 particle array, the obtained coef-
ficients, ranging from 1% to 7% across the device bandwidth, show nearly identical scattering to direc-
tions 3 and 4 (β31 ≈ β41). At the measured device center frequency (415 MHz), the 3× 3 particle array
scatters approximately 2% of the incident waves. The calculated scattering coefficient across the device
frequency band exhibits variations, likely influenced by the parasitic signals observed in the orthogonal
transmissions. To minimize errors introduced by these parasitic signals and other sources, the scatter-
ing coefficient value at the device center frequency, where the SAW transmission is strongest, is used for
comparison with the simulation results in the subsequent analysis.

3.2. FEM simulations
To elucidate the experimental results, particularly the large difference found in the scattering coeffi-
cients of the fabricated 2×2 and 3×3 nanoparticle arrays, numerical simulations were performed using
COMSOL. Finite element simulations were used to investigate how the particle mass and spatial distri-
bution affect the ability to scatter acoustic waves into the orthogonal direction. Two simulation mod-
els were implemented, as shown in figure 4. The models’ geometries were simplified while retaining
the dominant device features in order to ensure computational feasibility. The first model simulates
the direct transmission of a reference device without nanoparticles and the second model simulates the
orthogonal scattering in which an array of n particles separated by distance d is situated at the inter-
section. The simulated direct transmission of the reference device, together with the orthogonally scat-
tered signals of the reference device and a perturbed device, are shown in figure 7. The simulation
results exhibit a center frequency and bandwidth comparable to those observed experimentally. Because
the simulations are performed in an ideal, noise-free environment, even extremely weak signals can be
resolved. As a result of the geometrically simplified model employed to ensure computational feasibility,
small but unavoidable scattering signals appear in the simulated orthogonal transmission of the reference
device, with magnitudes below −120 dB. The presence of nanoparticles on the perturbed device leads to
substantially stronger orthogonally scattered signals. Near the center frequency, the direct transmission
exhibits ripples with a spacing of approximately 1.25 MHz, whereas the orthogonally scattered signals
show ripples with a spacing of approximately 2.5 MHz. This behavior is consistent with the experimen-
tal observations and confirms that the scatterers effectively form a new SAW cavity with half the origi-
nal cavity length. The scattering coefficient is extracted using the same definition as in the experiments
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Figure 7. Simulated direct transmission of the reference device and orthogonal transmissions of the reference and perturbed
devices. The perturbed device is modeled with a 3× 3 particle array with an interparticle spacing of d= 5 µm.

(equations (1) and (2)), with S310 and S410 replaced by S31ref and S41ref. The simulations were per-
formed to quantify the dependence of the orthogonal scattering coefficient on the number of particles n,
the inter-particle spacing d, and the particle mass m.

The effect of particle number and spatial distribution was first investigated by sweeping the center-
to-center inter-particle spacing d in 2× 2, 3× 3, and 4× 4 particle arrays. Simulations were performed
with nanoparticle arrays as the spacing d was varied from 1 µm to 13 µm. At the minimum spacing of
1 µm, the particles form a single block. As the spacing increases to 12 µm, it approaches one wavelength
of the SAW at the simulated device center frequency (410 MHz). The calculated scattering coefficients
as a function of the inter-particle spacing are shown in figure 8(a). For each particle configuration, the
frequency-dependent scattering coefficient was evaluated over a frequency range of ±10 MHz around
the center frequency and condensed into a single representative value by averaging over this band. This
averaging was performed because the simulated transmissions clearly showed strong Fabry–Pérot cavity
resonances, as shown in figure 7. These resonances produced oscillations in both the transmissions and
the scattering coefficients derived from them, superimposed on their respective envelopes. The open cir-
cles indicate the averaged scattering coefficients, while the error bars represent the variation across the
frequency range. For all three arrays with different numbers of particles, the orthogonal scattering coef-
ficient peaks when the inter-particle spacing approaches either the minimum feasible value (d= 1 µm)
or one wavelength (d= 12 µm), in agreement with Bragg’s law. At d= λ, the peak values also increase
with the number of particles, from 17.4% for a 2×2 particle array, to 34.6% for a 3×3 particle array,
and 52.1% for a 4×4 particle array. These results are explained by the cumulative effect of particles on
scattering strength when the waves scattered by each particle interact constructively. It is worth noting
that the propagation path difference between waves scattered by different particles is approximately equal
to the distance between the particles, as the particle size and spacing are substantially smaller than the
overall SAW cavity length. The propagation path associated with each particle is illustrated in figure 8(c)
using the 3× 3 array as an example. For clarity, the particle array is shown at an enlarged scale rela-
tive to the overall device, and the propagation path length associated with each particle is labeled in the
figure. This propagation path difference explains the different spacing-dependent trends observed in the
scattering coefficients of the three particle arrays. At half-wavelength spacing (6 µm), destructive interfer-
ence between waves scattered by adjacent particles in the 2× 2 and 4× 4 arrays results in low scattering
coefficients, hence the dips observed in the top and bottom panels of figure 8(a) at d= 6 µm. However,
for the 3× 3 array, the scattered waves do not fully cancel out due to the odd number of rows in the
array, resulting in a small peak in the scattering coefficient at half-wavelength spacing. The locations of
the peaks and dips obtained from the simulations match the mathematical predictions for the maxima
and minima of amplitude resulting from the superposition of n× n waves with the corresponding phase,
as shown in figure 8(b).
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Figure 8. (a) Simulated orthogonal scattering coefficient by 2× 2, 3× 3, and 4× 4 particle arrays as a function of particle spac-
ing. Orange stars denote measured results. (b) Mathematical calculation showing the superposition of 2× 2, 3× 3, and 4× 4
sinusoidal waves, each with unit amplitude and with wavelength and phase corresponding to the simulation. The x-axis param-
eter path difference is equivalent to the particle spacing shown in (a). To avoid zero values in logarithmic representation, a small
positive constant ϵ (ϵ= eps in MATLAB) is added to all values. (c) Wave scattering paths to the orthogonal direction in a 3× 3
particle array.

The values of the scattering coefficients at the device center frequency from the experimental mea-
surements are indicated by the orange stars in figure 8(a) for comparison. The simulated scattering
coefficients on the frequency domain at particle spacings 5 µm and 6 µm are shown in Supplementary
Information figures S2 and S3. The simulations predict a scattering coefficient of 1.1% for the 2× 2 par-
ticle array with 5 µm spacing, while the experimental result indicated a value below 0.1%. For the 3× 3
particle array with 5 µm spacing, the simulation predicts a scattering coefficient of 2.2%, and the exper-
imental result indicated a value of about 2% at the center frequency. Both the simulations and experi-
ments show reduced scattering for the 2× 2 array near half-wavelength spacing and enhanced scattering
for the 3× 3 array near the half-wavelength spacing, following the expected rules of constructive and
destructive interference. The measurement and simulation results are therefore in qualitative agreement,
with the simulations providing support for the experimental observations.

To investigate the effect of particle mass density on SAWs scattering, simulations were performed
in which the particle density was varied while the particle volume was kept constant. The simulation
results are shown in figure 9(a). For low mass values, the ability of the particles to scatter acoustic waves
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Figure 9. (a) Simulated scattering coefficient by a 3× 3 particle array as a function of particle mass, and resonance frequency of
the particle array. The light pink band represents the analyzed SAW frequency range of the device. (b) Simulated modal shape
associated with the resonance frequency of the particle array.

increases almost linearly with their mass, up to a particle mass of 25 pg. Above that value, the scatter-
ing coefficient decreases with mass. To elucidate this observation, an eigenfrequency analysis was per-
formed on the particle array. The results show that one of the resonance frequencies of the array falls
closely to the SAW frequency used in this study. The vibration shape associated with this resonance cor-
responds to the out-of-plane vibrations of the particles in opposite phases, as illustrated in figure 9(b).
The resonance frequency of the 3× 3 particle array near the device operating frequency was simulated
and plotted as a function of the particle mass, shown by the orange curve on the right axis. As observed,
the peak of the scattering coefficient at 25 pg coincides with the particle mass at which the particle array
exhibits a resonance frequency of 409 MHz. This resonance frequency falls approximately at the center
of the SAW frequency range analyzed. When the particle mass is lower than 25 pg, the SAW operating
frequency is much lower than this resonance frequency of the particles. According to Gil-Santos et al [6],
this lies in the inertial regime, where the particles act as static mass loading. As the resonance frequency
of the particle array approaches the SAW frequency, the acoustic waves interact with the resonance
of the particle array, entering the coupling regime. The turnaround in the mass-dependent trend can
be attributed to the coupling between the SAW and the particle resonances. When the particle mass
increases further, the SAW frequency becomes higher than the particle resonance frequency, entering the
insensitive regime. In this regime, the device becomes less sensitive to particle variations, resulting in a
slower decrease in the scattering coefficient.

4. Discussion

Conventional resonant mass sensors for particle detection primarily rely on monitoring the resonance
frequency shift induced by mass loading. In contrast, the present work explores an alternative sensing
mechanism based on the scattering of SAWs by particles. The proposed approach employs two cross-
ing SAW cavities to directly measure particle-induced acoustic scattering. In this configuration, analytes
interact directly with the propagating SAWs, allowing particle characteristics to be extracted without
using resonators as intermediate sensing elements. The experimental and simulation results suggest that
the orthogonally scattered waves carry information about particle mass and spatial distribution, indicat-
ing the feasibility of extracting particle characteristics through scattering responses.

In the proposed device, two orthogonal SAW cavities are used as actuating and sensing channels.
Particles located at the intersection region scatter acoustic energy from the actuating cavity into the
sensing cavity, generating signals that are otherwise absent in the unexcited cavity. Because the sensing
mechanism relies on the redistribution of acoustic energy from the actuating cavity to the sensing cavity,
the system shares the advantage of sensitivity enhancement observed in mode localization method, where
small perturbations lead to pronounced energy redistribution between coupled resonators. Meanwhile,
the coupling between the two cavities is established through particle-induced scattering rather than
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structural coupling. Therefore, the two cavities do not require precise matching, which significantly
relaxes the design constraints and fabrication tolerances of the device.

The preliminary experimental measurements, although limited to two representative data points,
qualitatively support the simulated trend between particle distribution and scattering intensity. These
results serve as an initial proof-of-concept demonstrating the feasibility of detecting the particle scatter-
ing coefficient in the proposed configuration.

The numerical simulations indicate that the scattering coefficient of the particles increases with par-
ticle mass when particle resonances are not involved. This trend can be understood from the enhanced
perturbation of the local SAW field caused by larger inertial loading. In addition to particle mass, the
simulations also reveal a dependence of the particle array scattering coefficient on the inter-particle spac-
ing and the size of periodic particle arrays. This behavior originates from the interaction between scat-
tered waves generated by neighboring particles, which can lead to constructive or destructive interference
depending on their separation, analogous to Bragg’s law. Consequently, both the number of particles
and their spacing influence the total scattered intensity received at the orthogonal port. The number of
scattered waves contributing to the superposition, together with their phase relationships determined
by their propagation paths, leads to alternating enhancement and suppression of the scattered intensity,
producing peaks and dips in the scattering coefficient as the particle spacing varies.

In this work, the particle arrays are regularly arranged at the center of the SAW device, which does
not reflect the random distribution typically encountered in real analyte measurements. However, such
periodic particle or pillar configurations can be beneficial for biosensing and chemical sensing appli-
cations, where increased surface area and controlled adsorption sites are essential. One advantage is
that regularly arranged pillars can serve as effective carriers to improve analyte capture efficiency with
increased surface-to-volume ratio [19], thereby improving sensing performance by utilizing collective
effects rather than individual analyte responses. Periodic pillars can also enhance interactions between
analytes and the substrate by increasing cell and tissue adhesion [12], and can be used as biointerfaces
for sensing the intracellular environment, cellular traction forces, and other biological parameters [5].
Furthermore, building on this work, using regularly positioned particles or pillars as analyte carriers
could enhance sensing performance by intentionally localizing analytes in regions of strong acoustic wave
interaction.

The results from this work suggest that the proposed scattering-based sensing approach using acous-
tic delocalization between SAW cavities, may provide access not only to particle mass information but
also to spatial information about particle distributions. The present study focuses on demonstrating the
feasibility of acoustic delocalization sensing through scattering-induced coupling between orthogonal
SAW cavities. Several factors that may influence the scattering response remain to be investigated, includ-
ing irregular particle attachment configurations and different particle materials such as non-metallic and
biological analytes. Understanding how these factors affect the scattering strength and mechanism will
be important for extending the applicability of the proposed sensing approach. In addition, the exper-
imental validation presented in this work is limited to a relatively small set of particle configurations.
Future studies should include a larger experimental dataset covering a wider range of particle numbers
and inter-particle spacing to establish a more comprehensive understanding of the relationship between
particle distribution and scattering response. Furthermore, the current work establishes the fundamental
sensing principle but does not address key sensor performance metrics, such as sensitivity and limit of
detection, which will be the subject of future studies toward the development of a complete sensing plat-
form. In the present work, the sensing information is obtained from a single orthogonal sensing cavity,
which limits the amount of spatial information that can be extracted. Future device layout incorporating
additional sensing cavities crossing at different angles could provide multiple channels to capture waves
scattered in different directions. For example, additional IDT ports could be introduced at 30◦, 45◦, or
60◦, in addition to the existing ports at 90◦. This would primarily result in a linear increase in the VNA
measurement and subsequent data processing effort. Such a configuration may enable reconstruction of
particle distributions at the device center, potentially solving for the number of particles and their rela-
tive positions.

5. Conclusion

In conclusion, based on the above experiments and simulations, the feasibility of using SAW scattering
to detect an array of particles adhered to a substrate has been demonstrated. Our results reveal a com-
plex relationship between the scattering coefficient and the properties of the particle array, including the
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particle number, spacing, and mass density. The number of particles and spacing determine the over-
all scattering coefficient of the array, as a result of the constructive/destructive interference of scattered
waves by the individual particles. The scattering coefficient is maximized for a spacing of an integer
number of wavelengths, corresponding to maximum constructive interference, and increases with the
number of particles. For half wavelength spacing, 2× 2 and 4× 4 arrays result in destructive interfer-
ence, but 3× 3 array provide significant scattering. The experimental results on 2× 2 and 3× 3 parti-
cle arrays with particle spacings close to half SAW wavelength agree with the trends observed in simula-
tions. Furthermore, the resonance frequency of the particles plays an important role. For SAW frequency
below the resonance, the scattering coefficient increases with the particle mass. However, the observed
inverted trend near the particle resonance frequency represents an important limitation of the proposed
sensing approach for wide-range mass sensing. In this regime, the relationship between scattering coeffi-
cient and particle mass is no longer monotonic, making it difficult to uniquely determine particle mass
from the measured scattering response. Therefore, practical sensor designs should ensure that the operat-
ing frequency range remains sufficiently separated from particle resonance modes that can be excited by
the SAW. These findings showcase the suitability of SAW scattering to detect particles in small areas and
characterize their mechanical properties.
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