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Mechanically coupled resonators have been applied in the last years to the{develepment of nanomechanical mass-
sensors based on the detection of the different vibration modes of the system by megasuring on a single resonator. Their
sensitivity and capability for detecting multiple analytes strongly depends©n the design and coupling strength between
the mechanically coupled resonators in an array format. We present aytheoretical and experimental study of the
behavior of an asymmetrically coupled array of four different resonators, These doubly clamped beam resonators are
elastically coupled by an overhang region of varying length along the transversal axis of the array. The results show that
parameters such as the gap between microbeams and the overhang.length affect the coupling strength, tuning the
system from highly disordered and highly localized (weak coupling) to highly.delocalized (strong coupling). In the strong
coupling and partially-localized case, the distances between resgnant-peaks are larger, reaching higher eigenfrequency
values. In this case, relative changes in a specific eigenstatejdue to an.added mass, can be markedly large due to the
energy distribution over a single microbeam. A strong coupling also facilitates performing the detection on the relative
frequency shift mode which can usually be resolved with better pregision than the amplitude changes.

One of the key features sought when developing @ mass sensor is the capability to simultaneously detect several
analytes. In the case of microcantileversyor micrebeams based biosensors, the development of a high-throughput
system involves not only the fabrication of artaysiof microcantilevers, which is currently a well-established and low-cost
process, but also the implementation ofua complex read-out system to independently read each microcantilever
response.”

The use of mechanically coupled resonators arises as an alternative to avoid this drawback, by allowing the detection of
several resonators using a singleinput and single output approach.*> The mechanical coupling of an array of resonators
to a common mass produtes a mode_loCalization phenomenon. An action on any of the resonators affects the vibration
state of the other resonatersé¢ When adding a perturbation (e.g., a mass) to the coupled resonators, the periodicity of
the system is brokenj changing the dynamics of the structure and leading to the localization of the vibration energy at
certain areas of the system (Anderson’s localization).®

Coupled systems,present several resonance peaks where each peak is related to a specific mode of the coupled system.
The resonant peaks, of the coupled system expand depending on the stiffness of the coupling region between
resonators, k.. Eér periodic, four identical mechanically coupled resonators, with identical stiffness k and effective mass
m, the-minimum resonance frequency corresponds to the an isolated oscillator, while the maximum resonance
frequéncy increases with the strength of the coupling,” as shown in Eq.(1).

wq = k/m
w0y = VT F A% (1)

where « is the coupling coefficient, defined as the ratio of stiffness of the coupling element to the stiffness of the
resonating element, x = k./k. In the scope of this work, weak coupling is defined when k < 0.05, while strong coupling is
when k > 0.05. When the coupled resonators are nearly identical, the eigenstates are said to be non-localized, and
beautiful examples of collective dynamics can be found in the literature ,>! and start becoming localized when a small
mass is added to one of the resonators (in each eigenstate, one resonator oscillates more than the other).1213 By
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PUblIShlng reasing the mechanical coupling coefficient, the relative changes between eigenstates (i.e., the normalized mode)
' be larger than the relative change between the eigenvalues of a single resonator.”** When such a strong localization

occurs, the effect of the added mass causes a drastic change in the system dynamics,’® enhancing the amplitude
changes.'®¥” Working with an array of 15 nearly-identical coupled microcantilevers, Spletzer et al. propose the
examination of experimentally measured patterns of eigenmode shifts to identify which microcantilever is detecting the
analyte.’® And Lee et al. demonstrate the feasibility of performing quantitative photoacoustic spectroscopy with six
identical microcantilevers coupled to a shuttle mass.'® However, although reducing the coupling would increase the
responsivity in a weakly-coupled system, this would only work for small initial detuning of the individual frequencies.
After some mass deposition, the system would lose the collective behavior and passto.be completely localized, being
unusable for further sensing. Insertion of asymmetry or non-identical resonators in a.coupled system provides a method
with unique responses when any of the resonators is perturbed. In this way, DeMartiniiet al. demonstrate single input-
single output multianalyte detection and identification, by measuring the resonance frequency variation of a coupled
system that is strongly localized initially.1>?° More recently, the signal-to-noise, ratiosamplification of strong coupled
systems has been as well demonstrated.??

In this work, we make use of mechanically coupled resonators for_implementing«a system able to detect several
analytes simultaneously, reducing the required read-out instrumentation andssimplifying the data processing, while
maintaining a high sensitivity and dynamic range. To that end, we,_proposé, an original geometry of four dissimilar
frequency resonators with different (asymmetric) mechanical eoupling.betweéen neighboring resonators to modulate
the coupled system response. We investigate the effect of the coupling strength on the performance of such a system
experimentally and numerically by using finite element analysis (FEA).

The proposed mechanical sensor is composed of an array of fourmicrobeams clamped at both ends by an overhang
region of varying length along the array. To achieve this, thesset of microbeams is fabricated inside a trapezoidal frame,
with a specific slope on two of the sides, as shownin Fig. 4(a), Which leads to microbeams with small variations in their
lengths and, therefore, in their natural individual nen-coupled resonance frequencies. At the same time, the coupling
stiffness ratio, Kk =k ;/k;,; (with k.; beingfthe coupling region spring constant and k,; being the beam spring
constant), is different between neighboring resanatess, being lower for beams with smaller overhang length.!* Different
combinations of the frame slope, the gapdetween microbeams and the microbeam widths are analyzed. The proposed
system can be considered initially disordered.in the sense that all the resonators have different individual natural
frequencies.

The mechanical sensor is fabricated following a process that is described in detail in the Supporting Material (Fig. S1).
We fabricate various differentsarrays of four doubly clamped beam resonators into 300 um length frames. We sweep
three parameters in the design: slope angle of the coupling region (3°, 5° and 7°), beam width (w = 10 pum, 20 um and
35 pm) and inter-beam gap (g =10 um and 20 pm), for a total of 18 different designs. The thickness of the beams is 2
um. Silicon nitride and silicon oxide ‘age the microbeams main structural material. We achieve the coupling ledge, see
Fig. 1(a) and 1(b), in silicon™nitride by over-etching during release with Tetramethylammonium Hydroxide 25% (TMAH).

The characterization of these devices is performed using an in-house free-space optical interferometer, locating the
laser spot approximately in the middle of each beam. The frequency spectra are obtained by performing a Fast Fourier
Transform (FFT) "ef the thermomechanical noise response of the array. Using the Brownian motion of the devices
ensures théat the,respanse of the system is spatially uncorrelated.?? To simplify the analysis and discussion within this
paper, all amplitudes are normalized to the maximum value that is obtained in each measurement. Fig. 1(c) shows the
frequegheysspectra fof an array configuration of four microbeams of 10 um width, 10 um gap and slope of 7°. The peaks
in the spectra ¢orrespond to the first four eigenstates of the coupled system. As expected from theory,? the relative
vibratiom_amplitude of each mode depends on the geometry of the whole array but also on the beam on which the
measurement-is done.

Fig. 1. Image of the fabricated coupled array structure: (a) under the optical microscope and (b) under SEM. (c) Modal
dnalysis of the first four eigenstates obtained by FEA, and experimental resonance spectra when focusing on the middle
of each microbeam.
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PUbllShlan ite element simulations of the system indicate that the lowest resonance peak in the frequency spectrum
dIresponds to an eigenstate where all the resonators move in-phase, see Fig. 1(c). The next three eigenstates of the
structure correspond to the out-of-plane vibration modes where one of the microbeams moves out of phase.

The position of the individual modes within the coupled system strongly depends on the coupling coefficient, k, which
varies with the coupling region geometry. An increase in the length of the coupling region (i.e. higher slopes), facilitates
the distribution of the energy in the coupled system, inducing a more delocalized response of the vibration modes
(strong coupling). Consequently, the separation of the frequency peaks augments, facilitating the identification of each
eigenstate. This is confirmed experimentally for systems of minimum beam width and&ap (g=10 um, w =10 um), where
the coupling between resonators increases for higher slopes (see Fig. S2 in the Supplementary Material). The system
eigenfrequencies overlap for the case of a slope of 3° which presents a narrow fréquengy splitting (Af=20 kHz) and the
lower coupling coefficient estimated from Eq.(1) (k= 0.015). The total splitting,increases with the slope angle, attaining
values of Af=43 kHz for 5° and Af=74 kHz for 7°. Increasing the slope angle and“educing the gap 4 provide the largest
splitting (strongest coupling, k> 0.05).

For a given slope, the coupling between resonators decreases when the gap.of the'microbeams increase, as shown in
Fig. 2 for a slope of 7°. As expected, the response of arrays with narrower microbeams occurs at higher frequencies and
with larger frequency splitting. Similarly, arrays with smaller inter-beam gaps show larger frequency splitting because of
the stronger coupling.

Fig. 2. Effect of the microbeam width and gap on the minimum*resonant frequency of the system (bars representing the
frequency splitting, the distance between maximum and minimum frequency), for a frame slope of 79.

Finite element modelling for different geometries“rgproduees the experimental behavior described in the previous
paragraph (Fig. 3). When the slope of the ledge is the'smallest, the coupling is also the smallest, and the system is
disordered and weakly coupled, with the eigenstates lacalized in each individual beam for each vibration mode. In the
case of an angle of 5°, only the first mode is totally localized, while the second, third and fourth eigenstates are non-
localized. Finally, the system would be stronglyscoupled, with all the microbeams vibrating in all the system modes, for
an angle of 7°, 10 um width and 20 pm gap.

Fig. 3. Finite element modelling of the\shape-mode for different array configurations (from weak-coupled and highly-
lacalized, to strong-coupled and highly delocalized).

Depending on the stréngth oficoupling and the magnitude of disorder, upon mass addition the vibration energy localizes
more in certain beaims of the structure. Adding a mass to one of the beams tends to localize more the vibration around
the loaded beam/@tdower freguencies. If sufficient mass is added, the eigenstate with the lowest frequency corresponds
to a vibration of the beam where the mass was added, and that alone.

In order t0 experimentally evaluate the effect of mass change over the system, we deposit a volume of a thermally
killed bacteria,(Listeria) solution 10 nM (in SSC 5x buffer) by using a drop deposition system able to print spots down to
10 um (NanoEnakler system, Bioforce, USA). The printed volume is deposited at the middle of a beam (in the case
shown.in Fig 4(@), this is beam B4) to maximize the effect of the mass change with respect to that of the stiffness change
(which isshigher'when the load is added near the clamped ends).?* The volume is then dried before the measurement to
stick it to the beam.

Fig 4(a).shows the largest frequency change (before/after mass addition) on the fourth eigenstate, which is consistent
with the finite element modelling results. As expected, the observed frequency shift does not depend on the beam
where we perform the measurement, other than a slight shift due to warming up of the beam.?> The mass responsivity
ofithe i" mode, is defined as R ~ Af;/Amgsr, where mesis the mode effective mass.

Fig 4(a) also shows the change in vibration amplitude, i.e. change in the eigenmodes. In this case, we can evidently see a
strong variation depending on the beam where we focus the laser spot. Zero amplitude change indicates that the
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P plitude of the mode does not change after adding the mass. It also shows that, while the effect of adding the mass is
Publishing™" oo . ‘ ; nass |
2tainly measurable, it is different depending on the modes, and may even be opposite for certain modes in this
strongly coupled asymmetric system (see also Fig. S3 in the Supplementary Material). This suggests that a detection
method based on frequency shifts may be more adequate when using strongly coupled arrays,?® as opposed to the

mainstream thought of using amplitude measurements.!?

ss onto the B4 of a coupled
nt simulations results for the
the center of the fourth

Fig. 4. (a) Experimentally measured frequency and amplitude changes after adding a
array of microbeams with 10 um width, gap of 10 um and tilt angle of 5°. (b) Finite el
same array configuration before and after adding a homogeneous mass of 75x10x1im?3

beam. 3

Fig. 4(b) shows the results of finite element simulations when a mass that covers,a whole central area of the B4 beam is
added. The simulations show that the main effect of adding the mass is to te the energy of the first mode on
the microbeam being loaded, which agrees with the experimental obsérvations, where the energy of the system is
redistributed towards the first vibration mode when focusing on B4. Furthérsimulatiens in which the load is applied to
different beams confirm this point (see Fig. S4 in the Supplementary Material).

simulation (within a realistic boundaries) to match the experi y measured frequencies (see Table I). One possible
cause of discrepancies between experimentally measured; a ulad frequency values is the local variations in
dimensions and properties (e.g. the simulations assumed ho enequs pre-stress for the whole array).

The dimensions, density and location of the added mass, as<well the )e—stress magnitude, are chosen in the
entall
ni h

Table I. Comparison of the simulated, Fsim, and em Fexp, €igenvalues (kHz), before and after adding a mass.

 —

F exp. ( F si F mass exp. F mass sim.
peak 1 699.08 ?qll‘nﬁ 695.89 693.04
peak 2 710.6 \. 5.92 703.36 709.08
peak 3 3~QK 21.32 715.71 714.32
peak 4 742. I~ 731.12 731.37 720.85

In conclusion, we discu interplay of different parameters on the coupling strength of different length
asymmetrically coupled #esonators:“/arious geometries are studied ranging from highly localized (weak coupling) to
highly delocalized (stréong“eolpling)ssystems. The results show the effect of the design on the final sensitivity of the

K ith.thé proposed design, if sufficient mass is added into a beam, the eigenstate with the

system for mass semSing. Wi

lowest frequency co r&skd;to vibration of the beam where the mass is added. This makes it possible to identify the
beam reacting uﬂ?§ a biodetection by measuring the mode amplitude change. Also, a strong coupling facilitates
performing the detection on the relative frequency shift mode which can usually be resolved with better precision than
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