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5 ABSTRACT: Magnetoelastic resonators are gaining attention as
6 an incredibly versatile and sensitive transduction platform for the
7 detection of varied physical, chemical, and biological parameters.
8 These sensors, based on the coupling effect between mechanical
9 and magnetic properties of ME platforms, stand out in comparison
10 to alternative technologies due to their low cost and wireless
11 detection capability. Several parameters have been optimized over
12 the years to improve their performance, such as their composition,
13 surface functionalization, or shape geometry. In this review, the
14 working principles, recent advances, and future perspectives of
15 magnetoelastic resonance transducers are introduced, highlighting
16 their potentials as a versatile platform for sensing applications.
17 First, the fundamental principles governing the magnetoelastic
18 resonators performance are introduced as well as the most common magnetoelastic materials and their main fabrication methods are
19 described. Second, the versatility and technical feasibility of magnetoelastic resonators for biological, chemical, and physical sensing
20 are highlighted and the most recent results and functionalization processes are summarized. Finally, the forefront advances to further
21 improve the performance of magnetoelastic resonators for sensing applications have been identified.

22 KEYWORDS: chemical sensors, biosensors, wireless detection, magnetoelastic resonance, geometry engineering, magnetoelastic alloys,
23 advanced functionalization, high sensitivity devices

24 Transducers are able to translate a given energy input into
25 an easily readable and measurable output signal, and
26 henceforth, they are classified in function of the energy
27 transformation type performed.1 Electroacoustic, piezoelectric,
28 or electrochemical/physical/optical transduction processes are
29 found in many devices of our day-by-day life. The evolution of
30 novel transduction systems is a cornerstone to combine high
31 accuracy with a cheap, quick, repetitive, highly sensitive, and
32 selective detection. Once evolved and improved, transducers
33 will play a key role in developing sensor technologies for the
34 4.0 industrialization or advanced environmental monitoring
35 systems.2−6 In addition, there is no need to mention the key
36 role that biological sensors played to, for example, monitor and
37 control the COVID-19 pandemic.7−9 Nevertheless, wireless
38 sensing is only accessible for some of the transduction
39 technologies reported at the present time. Here is where
40 magnetoelastic systems exhibit intrinsic advantages in compar-
41 ison to alternative technologies.
42 In that respect, magnetoelastic (ME) acoustic wave (AW)
43 type transducers are gaining attention within the scientific
44 community because, in addition to their fast response, low
45 cost, and high sensitivity, they perform the transduction and

46sensing process wirelessly.10−12 In contrast, other AW
47technologies, such as quartz crystal microbalance (QCM) or
48microcantilevers (MCL), lack wireless detection capability,
49which limits their application range.13,14

50The AW-based detection process relies on the variations of
51the properties of the acoustic waves traveling through the
52sensor when exposed to different perturbations. In the case of
53ME materials, a marked magnetoelastic resonance frequency is
54displayed when it is under an alternating magnetic field. This
55resonance frequency varies when the material is exposed to
56such perturbations. So, ME AW transducers themselves are
57able to measure physical parameters such as mass loadings or
58viscosity changes without the need of further modifications.15

59In addition, the surface of the magnetoelastic resonator can be
60functionalized to recognize specific targets (i.e., chemical or
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61 biological), which lead to a magnified surface perturbation (i.e.,
62 mass gain) when the chemical or biological pathogen interacts
63 with the functionalized active layer of the systems. So,
64 generally speaking, magnetoelastic resonance sensor research
65 is commonly based on two main challenges: (i) the
66 improvement of the magnetoelastic resonators response itself
67 and (ii) the surface functionalization of the magnetoelastic
68 resonator in order to endow it with the proper selectivity
69 toward the recognition of the desired analyte. A schematic
70 representation of the described sensing process in that kind of

f1 71 sensors is shown in Figure 1.
72 Research on magnetoelastic materials is diversifying and
73 enriching as the scientific community realizes the potential that
74 this advanced technology holds for the design of advanced
75 functional sensors. Magnetoelastic sensors have been already
76 employed and specifically adapted to measure physical
77 parameters such as viscosity,16 density,17 temperature,18 or
78 pressure,19 and further functionalized with active layers to
79 respond to pH,20 humidity,21 volatile organic compounds
80 (VOCs),22 or heavy metals,23 or even to biological agents such
81 virus or bacteria.24,25

82 Thus, the scope of this review is to bring the potentials of
83 magnetoelastic sensors to all the related research areas by
84 reviewing in an illustrative manner the most recent advances
85 achieved to improve the overall response of magnetoelastic
86 transducers, and the varied strategies that have been applied to
87 functionalize their surface in order to endow them with specific
88 sensing functionalities. To this end, we have first described the
89 fundamentals of magnetoelasticity, a phenomenon on which
90 magnetoelastic devices are based as well as the fundamentals
91 and equations governing magnetoelastic sensor performance.
92 Then, the specific strategies applied to tune and improve the
93 functionality and applicability of the magnetoelastic based
94 transduction for biological, chemical, and physical sensing have
95 been identified. Finally, the most recent advances to further
96 improve the overall response of magnetoelastic transducers
97 have been outlined.

98■ WORKING PRINCIPLE

99AW devices are usually made of a material that presents a
100coupling effect between mechanical and optical, electrical, or
101magnetic energies. The detection process is based on the
102variation of those properties (optical, electrical, or magnetic)
103when exposed to different perturbations, which affects their
104mechanical properties such as mass loadings or viscosity
105changes. In the case of magnetoelastic sensors, they present a
106magnetoelastic coupling effect, i.e., an effective interchange of
107energy from magnetic to elastic (magnetostriction) and from
108elastic to magnetic (magnetoelasticity).26 This effect is based
109on the dynamics of the magnetic domain, including their
110mobility or propagation in the magnetic substrate. At the
111atomic level, this coupling arises from the deformation of the
112crystal lattices inside the domains tending to align with the
113domain magnetization. When the atomic moments occupy
114their sites, they alter the bond lengths, deforming the crystal
115lattice. The magnetoelastic energy tends to align the bonds
116with the domain magnetization, but in counterpoise is the
117elastic bond energy. Macroscopically, the external applied
118magnetic field is adding energy to the system (ΔEm) that is
119counterbalanced by the change in the elastic bond energy
120(ΔEel) along the magnetic material:
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122where k is the macroscopic elastic constant of the material and
123Δλ is the elongation caused by the change in the ΔM
124magnetization.27

125Thus, the cited magnetostriction effect (or Joule effect)
126consists of the relative deformation suffered by the
127ferromagnetic material when subjected to an external magnetic
128field (H).26 Conversely, the magnetoelastic effect (or Villari
129effect) consists of the change in the magnetic state of the

Figure 1. Scheme of a magnetoelastic sensor working principle.
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130 material when a mechanical stress (σ) is applied. Both
f2 131 processes are schematically illustrated in Figure 2 for a

132 material with a positive magnetostriction coefficient (λ > 0).
133 The dynamic behavior of these processes can result in elastic
134 waves propagating along the magnetic substrate. This is the
135 basis of the magnetostrictive delay line (MDL) technique,
136 which has been extensively studied for sensing purposes.27

137 Besides, when the frequency of the pulsed magnetic field
138 applied to a freestanding magnetoelastic ribbon (with
139 associated wavelength λ) matches with the length of the
140 resonator L (in the following way: L = n(λ/2), with n being an
141 integer (n = 1, 2, 3, ...)), the magnetoelastic resonance
142 frequency appears. The basis of the detection process of
143 magnetoelastic AW devices is the dependence of that magnetic
144 state of the material from external forces or mechanical loads.
145 Thus, parameters such as temperature, viscosity, or mass
146 loadings can directly affect the resonance frequency of the
147 freestanding magnetoelastic ribbon, being detected as a shift of
148 the frequency curve (Figure 1).
149 The theoretical value for this magnetoelastic resonance
150 frequency has been modeled by different approaches and
151 degrees of complexity.28 In particular, the induced longitudinal
152 vibration along the length direction (in the following, supposed
153 to be the X-axis) of a magnetoelastic resonator can be
154 described by the eq 2 of motion:
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156 where E is Young’s modulus, ρ is the density, and ν is the
157 Poisson coefficient of the magnetoelastic material. The
158 displacement function (u(x, t)) of the longitudinal elastic
159 wave propagating along the length direction of a rectangular
160 ME resonator of length L is given by
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162 where u0 is a constant and f n is the resonance frequency of the
163 nth harmonic mode. By solving the preceding equations, the
164 theoretical equation for the resonance frequency of a

165freestanding rectangular-shaped magnetoelastic resonator of
166length L is obtained as

f
n
L

E
2 (1 )r 2ρ υ

= ·
− 167(4)

168In conclusion, the magnetoelastic resonance frequency is
169directly proportional to the resonance mode (n) and inversely
170proportional to the resonator length (L).
171The first five consecutive resonance modes of a magne-
172toelastic resonator follow a similar tendency to that
173 f3represented in Figure 3a. Moreover, in close relation to the
174previous insights, the resonance frequency and quality of a
175magnetoelastic resonator also depend on its length and shape,
176which result in a quite useful tool to improve the response of
177these types of transducers. This concept is illustrated in Figure
1783b, where the resonance curves for Metglas 2826MB
179rectangular magnetoelastic resonators of 20, 15, and 10 mm
180in length are represented.
181As can be observed in both cases, the increase on the
182resonance frequency is accompanied by a reduction in the
183amplitude and quality of the signal. Nevertheless, as will be
184detailed later, the higher the resonance frequency, the better
185the sensitivity of the transducer to a perturbation. For that
186reason, finding the ideal sensor’s working conditions
187(resonance mode and resonator size) is key to boosting its
188sensing performance. In particular, most of the studies on
189magnetoelastic sensors work in the first resonance mode to
190gain signal quality, but works focusing on higher resonance
191modes (n = 2, n = 3···) are becoming more and more frequent
192in order to find out the best performance in terms of
193sensitivity.29,30

194Something similar happens when selecting the sensor size,
195and most investigations on magnetoelastic sensors look for a
196compromise between the reduction on the signal quality and
197 t1the increase of the sensitivity. As an illustrative example, Table
198 t11 summarizes the resonance frequency and mass sensitivity
199dependence on resonator size for different magnetoelastic
200materials and analytes. In line with the conclusions stated
201above, the reduction on the resonator size seems to be a key
202factor to increase the mass sensitivity (up to Hz/pg). In

Figure 2. Scheme of the magnetostriction and magnetoelasticity effects on a magnetoelastic resonator with a positive magnetostriction coefficient
(λ > 0).
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203 contrast, the decrease in size implies a reduction in the active
204 area that can be functionalized to recognize certain substrates.
205 A deeper insight on the modifications of the magnetoelastic

206parameters through its size and shape tuning will be given in
207the following sections.
208Moreover, the magnetoelastic resonance frequency value, as
209well as its amplitude, also depend on the applied bias magnetic
210 f4field. Figure 4a shows a representative curve of the dependence

211of the magnetoelastic resonance frequency with the DC
212magnetic field measured for a 25 mm × 5 mm rectangular
213magnetoelastic resonator. Five characteristic magnetic measur-
214ing fields have been highlighted in this curve with colored
215points, and the corresponding ME resonance curves measured
216in these fields have been plotted in Figure 4b. The fields
217represented in that curve are the minimum applied field (H0),
218the applied field at which the resonance frequency is minimum,
219which is related to the anisotropy field (Hk), and the magnetic
220field at the magnetic saturation (Hs). The Hd and Hu fields are
221intermediate among the other fields, but interesting for the
222sake of comparison.
223As can be observed, the bias magnetic field clearly affects the
224resonance frequency value as well as the signal intensity and
225quality. Actually, the main characteristic parameters of a
226magnetoelastic resonator can be derived from the magne-

Figure 3. (a) First five resonance frequency modes measured for a
rectangular magnetoelastic resonator of length L, Young’s modulus E,
density ρ, and Poisson ratio υ. (b) Magnetoelastic resonance
frequency curves measured for rectangular Metglas 2826MB
resonators o with different lengths.

Table 1. Resonance Parameters and Mass Sensitivities of
Different ME Sensors with Different Compositions and
Sizes Towards Different Analytes

ME material Size f r (kHz) S (Hz/μg) ref

Metglas 2826MB 25 × 5 mm 87725 1.22 31,32
25 × 2.5 mm 88175 2.22
20 × 2 mm 109.9 4.5
15 × 1.5 mm 147.0 12.6
10 × 1 mm 220.8 47.2

Fe64Co17Si6.6B12.4 30 × 2 mm 67 7.5 33
20 × 2 mm 102 18.1
10 × 2 mm 206 52.4

f r (MHz) S (Hz/pg)

Fe79B21 1000 × 200 μm 2000 0.042 34
500 × 100 μm 4000 0.338
250 × 50 μm 8000 13.5
100 × 20 μm 20000 333.3

Figure 4. (a) Dependence of the magnetoelastic resonance frequency
with the applied bias magnetic field in a rectangular Metglas 2826MB
resonator (25 mm × 5 mm × 30 μm). (b) Resonance frequency
curves measured at the different bias magnetic fields marked in the
part a.
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227 toelastic resonance frequency curve as well as from its
228 dependence on the applied magnetic field. In particular, the
229 Young’s modulus (E) (and the derived ΔE effect) and the
230 magnetoelastic coupling coefficient (k) of a magnetoelastic
231 resonator could be obtained from the resonance frequency
232 curve by using eqs 5 and 6, respectively.35,36
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235 where E is the Young’s modulus, ρ is the density, ν is the
236 poisson coefficient, L is the length, and f r and fa are the
237 resonance and anti-resonance frequencies, respectively. As can
238 be observed, the Young’s modulus, as the resonance frequency,
239 highly depends on the applied magnetic field, with its
240 minimum value located at the anisotropy field (Hk), and the
241 maximum value at the magnetic saturation (Hs). That
242 dependence of the Young’s modulus with the applied magnetic
243 field, known as the ΔE effect, is the most interesting and clear
244 indicator of magnetoelasticity, and depends on factors such as
245 the length to width ratio, the geometry, or the composition of
246 the magnetoelastic ribbon. The ΔE factor can be derived from
247 the maximum (Es) and minimum (Emin) values of the Young’s
248 modulus37 by using eq 7.
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E E
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·
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250 With respect to the magnetoelastic coupling coefficient, its
251 tendency versus the applied field is inverse to that of the
252 Young’s modulus, with the maximum magnetoelastic coupling
253 coefficient located at the anisotropy field. For that reason,
254 together with the higher signal amplitude at this characteristic
255 magnetic field, sensing experiments are usually performed at
256 the anisotropy magnetic field of the resonator.
257 Moreover, there is another critical parameter that defines the
258 good performance of magnetoelastic resonators: the quality
259 factor (Q). This parameter is associated with damping effects
260 and quantifies the energy lost by the resonator. Therefore, the
261 higher the Q value, the lower the energy losses and the
262 narrower and sharper the resonance curves. Oppositely, a small
263 Q value is related to a higher rate of energy losses and wider
264 resonance curves. This factor can be directly obtained from the
265 resonance frequency curve and is commonly calculated by
266 using eq 8:

Q
f

f
r=

Δ267 (8)

268 where f r is the resonance frequency and Δf is the full width at
269 half-maximum intensity.38 Recent works have reported new
270 methods for a more accurate determination of this factor by
271 numerical fitting of the magnetic susceptibility.39

272 All these parameters characterize the performance of
273 magnetoelastic devices, but certainly, the operation of these
274 devices as sensors is specially defined by its sensitivity, which is
275 related to the resonance frequency shift observed under a
276 specific perturbation on its surface (such as a mass load or a
277 viscosity change). The changes suffered by a ME resonator
278 under a mass loading or a viscosity change are described
279 throughout the following sections.

280Mass Loading Effect. The resonance frequency shift that a
281magnetoelastic resonator suffers under a mass loading is
282described as follows. When a mass loading (Δm) is uniformly
283deposited on the ME resonator surface, the density (ρ) value
284in eq 2 is replaced by ρload

m m
A tload

0ρ =
+ Δ

· 285(9)

286where m0 is the mass of the bare resonator, A its surface area,
287and t the thickness. Thus, solving eq 2 using the corresponding
288ρload, the resonance frequency of the loaded resonator is
289calculated to be
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291and for small mass loads in comparison with the resonator
292mass, the resonant frequency shift of the system is
293approximated by eq 1140

f f f f
m

m2m 0 0
0

Δ = − = − Δ

294(11)

295Thus, the magnetoelastic resonator mass sensitivity (S) is
296calculated tobe

S
f
m

f

m2
0

0
= −

Δ
Δ

=
297(12)

298where Δf is the measured resonance frequency shift, Δm is the
299loading mass, and m0 and f 0 are the mass and the resonance
300frequency of the bare magnetoelastic platform.30 Hence, a
301higher resonance frequency or a lower resonator mass is
302translated into an overall higher sensitivity value. It should be
303noted that this relationship is just an approximation of a more
304general expression, and it is not always valid to explain the
305frequency shift. For this reason, expanded equations are
306sometimes applied to adjust more complex experimental
307data.41

308It should be noted that the mass loading effect on the ME
309resonator is the basis of chemical or biologic agent sensing, in
310air or liquid media. To achieve a selective sensing of these
311targets, a specific surface functionalization of the metallic
312ribbons used as magnetoelastic resonators is required. The
313most frequently employed active layers curently will be
314reviewed two sections later.
315Density and Viscosity Effects. When a magnetoelastic
316resonator is immersed in a liquid, the magnetoelastic resonance
317frequency and the signal amplitude vary as a function of the
318viscosity and density of the media due to the damping effects.
319That frequency shift (Δf) depends on both the density (ρl)
320and the viscosity (η) of the fluid that surrounds the resonator,
321and its value is commonly approximated by16

f
f

d2 s
l

0π

πρ
ηρΔ =

322(13)

323where d and ρs are the thickness and density of the resonator,
324respectively.
325Thus, parameters such as mass and viscosity (among many
326others) could be easily measured by tracing the resonance
327frequency shift under a mass load or under a viscosity change,
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328 respectively. In this regard, the most significative and recent
329 advances and applications of mass and viscosity ME-based
330 sensing devices are collected in the following sections,
331 including surface functionalization processes and a series of
332 strategies to increase their sensitivity. Previously, the type of
333 magnetoelastic platforms usually employed for that must be
334 detailed.

335 ■ MAGNETOELASTIC
336 RESONATORSCOMPOSITION AND
337 FABRICATION
338 Magnetoelastic Alloy Composition. Magnetoelastic
339 resonators consist of amorphous ferromagnetic alloys, usually
340 obtained as iron-rich metallic glasses that are partially alloyed
341 with nickel or cobalt, as well as doped with other metals in
342 smaller proportions (such as boron, molybdenum, or silicon).
343 The accessible compositional variance results in a large
344 number of alloys with very different values of spontaneous
345 magnetization, Curie temperature, magnetostriction constant,
346 crystallization temperature, and corrosion resistance, among
347 others.42

348 In particular, Metglas 2826MB iron-rich amorphous
349 ferromagnetic alloy has been the most employed material as
350 a magnetoelastic platform for sensing applications until the
351 present date. Its high saturation magnetostriction (12 ppm)
352 and saturation magnetization (0.88 T) are two of the reasons
353 for its wide use as a transducer.43,44 It is important to mention
354 that in addition to being a low-cost material, Metglas 2826MB
355 is already industrially produced and commercially applied.
356 Besides, this alloy shows high corrosion resistance which
357 makes it suitable to be used in harsh environments, opening
358 the prospects for its application for biological or chemical
359 sensing purposes. The most important chemical, physical, and
360 magnetic properties of Metglas 2826MB are summarized in

t2 361 Table 2.37,45,46

362 Although Metglas 2826MB is the most employed ME
363 material for sensing applications, other alloys, both commer-
364 cially available as well as home-fabricated, have been employed
365 and improved during recent years. Examples of commercially
366 available alloys, alternatives to Metglas 2826MB, employed for
367 magnetoelastic sensing include other Metglas alloys47 such as
368 Metglas 2605SA1 (Fe90Si5B5) , Metglas 2826CO
369 (Fe67Co18B14Si1), or Metglas 2605S3A (Fe77Cr2Si5B16); as
370 well as Vitrovac type alloys,28 such as Vitrovac 4040
371 (Fe39Ni39Mo4Si6B12) or Vitrovac 7600 (Fe64.5Co18B16Si1C0.5).
372 In addition, intensive research is ongoing to develop
373 homemade alloys with improved magnetoelastic properties,
374 as in the cases of Fe77.5Si7.5B15,

48 Fe79B21,
49 Fe83Ga17,

50 or
375 Fe64Co17Si6.6B12.4,

33 among others. In addition to the
376 composition, the fabrication method and the subsequent

377post-fabrication treatments (such as thermal annealing)
378significantly influence the properties of the metallic glass.
379Magnetoelastic Alloy Fabrication, Shaping, and Post-
380Treatments. As mentioned before, fabrication technology of
381magnetoelastic resonators is in a mature stage, allowing the
382cheap and mass production of a varied scope of magnetoelastic
383alloys, as well as their easy shaping in different forms and
384compositional modification. Magnetoelastic ribbons are
385industrially fabricated by sputtering deposition,49 thermal
386evaporation,51 or melt spinning52 techniques, with the last
387one being the most mature technology from an industrial
388production point of view. Images of magnetoelastic tapes
389fabricated by melt spinning and by sputtering are shown in
390 f5Figure 5 together with the identification of the main
391advantages (green) and disadvantages (red) arising from
392both processes.

393After the ribbon’s fabrication, they are usually shaped into
394the final device with the proper size and geometry. A dicing
395saw,53 scissors,54 polishing and dicing,55 computer numerical
396control (CNC) milling,56 or picosecond pulsed laser ablation28

397are among the state-of-the-art techniques to achieve this end.
398In parallel, it is important to note that direct formation and
399shaping of the resonators by microelectronics fabrication (e.g.,
400sputtering + lift-off) has been also reported.57 The shaping
401technique for magnetoelastic resonators is of special concern,
402since it needs to be the most repetitive as possible while
403avoiding the generation of edge defects in the final resonator.
404Moreover, ME resonators have been also subjected to
405postfabrication treatments in order to improve their signal
406quality or their corrosion resistant by changing the
407composition and size or by annealing the resonators while
408exposed to a transverse magnetic field. In particular, annealing
409treatments have been applied in order to increase the
410magnetoelastic coupling and the ΔE effect of the magne-
411toelastic alloy58 while releasing the residual stress arising from
412its fabrication and shaping.59 Moreover, the corrosion
413resistance of magnetoelastic resonators is another concerning

Table 2. Magnetic, Physical, and Chemical Properties of
Metglas 2826MB Alloy37,45,46 Figure 5. Images of ME tapes fabricated by (a) melt spinning and (b)

sputtering techniques. Reproduced with permission from ref 49.
Copyright (2009) Elsevier.
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414 parameter, especially when working in aggressive environ-
415 ments. That is why different works have already investigated
416 the degradation process of magnetoelastic sensors60 and
417 analyzed the effect of the resonator composition on their
418 corrosion resistant.61,62 In parallel, magnetoelastic alloys can be
419 further coated with protective layers both to improve the
420 sensor performance and to increase its chemical resistance.
421 Chromium and gold metallic protective layers or polymer
422 coatings are usually deposited on the resonator surfaces in
423 order to improve the adhesion, biocompatibility, or anti-
424 corrosion properties.55,63,64

425 Deeper details of the current research in this direction will
426 be given in the following sections, which are specifically
427 focused on the application areas of magnetoelastic resonators
428 as well as on the most recent advances on their property
429 improvement.

430 ■ APPLICATION FIELDS OF MAGNETOELASTIC
431 RESONANCE DEVICES

432 Versatility of magnetoelastic resonators has paved the way to
433 their application as wireless sensors of varied physical,
434 chemical, and biological parameters. As stated before, it is
435 important to note that a magnetic resonator can be directly
436 applied without further modifications to measure physical
437 properties as temperature, density, or viscosity.17,18 In this
438 specific case, the performance of the resonator in terms of its
439 magnetoelastic properties will define the final assessment of the
440 sensor. For chemical and biological sensing, the layer deposited
441 onto the magnetoelastic resonator is the active part of the
442 device that confers the capacity and selectivity to capture the
443 target compound. In parallel, the magnetoelastic resonator
444 transduces the mass adsorbed by the active layer (Δm) in a
445 measurable magnetoelastic frequency shift (Δf). By varying the
446 type of the active adsorbent layer (i.e., polymers, biomolecular
447 recognition elements, metal oxides, nanoparticles, zeolites, or
448 MOFs), different physical, chemical, and biological parameters
449 such microorganisms, heavy metals, carbon dioxide, or VOCs
450 have already been detected through magnetoelastic trans-
451 duction. All the sensing applications based on magnetoelastic
452 resonators explored up to date, together with a brief
453 description of the magnetoelastic resonator, the active layers
454 employed, and the main parameters describing their overall

t3 455 performance, are summarized in Tables 3−5.

456Application Fields of Bare Resonators: Viscosity and
457Density Sensors. Viscosity or density sensors based on
458magnetoelastic resonators generally do not need an active
459layer. In these cases, the resonance frequency shift is a
460consequence of the dissipative shear force created by the
461surrounding fluid, with the magnetoelastic shift dependent on
462the viscosity of the surrounding media.65 By following this
463approach, Stoyanov and Grimes reported a sensor for
464monitoring the concentration of glucose dissolved in
465phosphate buffered saline (PBS) and also of polyethyleneimine
466dissolved in water.16 The detection is based on the dependence
467of the resonant frequency with the square root of the viscosity
468and density product of the studied solutions (see eq 13). As
469the frequency shift is concurrently dependent on the liquid
470viscosity and density, it is not possible to differentiate both
471variables with a simple measurement. Therefore, Stoyanov and
472Grimes were only able to follow up the dependence of the
473resonance frequency shift with the square root of the viscosity
474and density product. Going a step beyond, Grimes et al.
475applied two magnetoelastic sensors for the simultaneous and
476individual determination of viscosity and density parameters.17

477For that, magnetoelastic resonators with the same size but
478different surface roughness (one with a TiO2 coating layer and
479the other uncoated) were employed. Then, from the difference
480between frequency shifts measured for both samples, the
481density and viscosity of the liquid were successfully estimated.
482Along the same line, Cheng et al. reported a magnetoelastic
483sensor able to measure the viscosity of blood by comparing the
484sensitivity of five resonance modes under different liquid media
485(acetone, methanol, ethanol, etc.) with similar densities but
486varied viscosities.29 Thus, after suppressing the density effect in
487the calibration curve, Cheng and co-workers were able to
488analyze and estimate the blood viscosity accurately. The key
489point of this research was the opposite responses of the first
490and fifth resonance modes to the density and viscosity of the
491media. While the first resonance mode exhibits better signal
492resolution, the highest mode was the most sensitive to viscosity
493 f6changes (Figure 6). Finally, they validated the magnetoelastic
494sensor in human blood samples (i.e., blood from healthy
495person, anemic patient, and a patient with polycythemia vera)
496confirming that the resonance frequency was inversely
497proportional to the rate of red blood cells in the samples,

Table 3. Different Physical Parameters Detected Using
Magnetoelastic-Based Sensors

Analyte
Magnetoelastic material and

size
Active
layer ref

Viscosity (glucose and
polyethyleneimine)

Metglas 2826 (37.5 mm ×
12.5 mm)

-- 16

Density and viscosity
simultaneously

Metglas 2826 (30 mm ×
3 mm)

TiO2
layer

17

VOCs and blood viscosity Metglas 2826 (37 mm ×
6 mm)

-- 29

Blood plasma viscosity Metglas 2826 (2 mm ×
0.4 mm)

-- 66

Ethanol Fe83Ga17 wires (6−10 mm, Ø
= 0.7 mm)

-- 50

Air, water, and acetone
viscosity

Fe77.5Si7.5B15 wires (Ø =
125 μm)

-- 48

Oil viscosity Vitrovac 4040/Vitrovac 7600
(30 mm × 6 mm)

-- 28

Figure 6. Normalized resonance frequency as a function of the
viscosity for the first five resonance modes in a Metglas 2826MB
resonator. Reproduced with permission from ref 29. Copyright
(2015) IOP Publishing.
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498 which is directly related to the blood viscosity. A similar
499 approach was followed later by Chen et al. by first calibrating
500 the magnetoelastic resonator in glycerol/water mixtures of
501 different densities and viscosities, and later on developing the
502 in situ measurement of the blood plasma viscosity.66 The
503 frequency shift dependence on the plasma percentage in the
504 mixture makes the magnetoelastic sensor capable of determin-
505 ing blood plasma viscosity values outside of the normal range.
506 The estimation of a lubricant viscosity is also of high
507 importance to ensure the proper operation of many devices,
508 including industrial machinery processes. In this regard, Bravo
509 et al. applied Vitrovac magnetoelastic resonators for the
510 sensing of lubricant oil viscosity.28 By analyzing the damping of
511 the magnetoelastic resonance (which depends on the viscosity
512 of the surrounding medium) and modeling the experimental
513 data by a least-squares fitting, they were able to determine the
514 main parameters characterizing the magnetoelastic resonance
515 as a function of the oil viscosity. These results open the
516 perspective to a fast estimation of the oil viscosities, which are
517 closely related to the quality and end of useful life of lubricants.
518 The main applications of ME resonators to detect physical
519 parameters are summarized in Table 3.
520 Application Fields of Functionalized Resonators:
521 Chemical and Biological Sensing. The functionalization
522 of the resonator surface with active layers able to detect or
523 interact with specific analytes opens the perspective to the
524 application of magnetoelastic transducers for the detection of

525chemical and biological targets. The selection and integration
526of the active layer within the magnetoelastic resonator is key to
527achieving the best sensor in terms of selective, fast, and
528recoverable response. Indeed, it is important to reiterate that
529magnetoelastic resonators transduce mass loadings, so the
530higher the amount of analyte immobilized in the active layer,
531the higher the frequency shift induced. Therefore, the mass of
532the active layer as well as its capacity and specificity to capture
533the chemical or biological pathogen targets are parameters of
534paramount importance to amplify the magnetoelastic response
535of the resonator, and especially its mass sensitivity. Jointly, the
536characteristics of the active layer, of the resonator, and of their
537mutual integration will define the sensor’a final performance.
538Sensing of Chemical Compounds and Chemical Reac-
539tions. Magnetoelastic resonators have also been employed for
540the detection of different chemicals in air or aqueous media.
541Regarding the monitoring of harmful gases, magnetoelastic
542transducers have been applied to sense greenhouse effect gases
543as carbon dioxide, corrosive gases as ammonia, or harmful
544volatile organic compounds (VOCs) as benzene, hexane,
545xylene, or toluene, among others. As mentioned before, the
546selection and integration of the active layer on the resonator
547surface play a key role in the selectivity toward specific
548compounds.
549The first attempt in this direction was the work reported by
550Cai et al. for the detection of CO2 by using a poly(acrylamide-
551co-isooctyl acrylate) copolymer functionalized resonator.67

Figure 7. (a) Scheme of the experimental setup used for the toluene sensing experiments. (b) Toluene sensing experiments results for two different
active layer mass. (c) Resonance frequency shift as a function of the toluene concentration. Reproduced with permission from ref 72. Copyright
(2020) RSC Publishing.
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552 They analyzed the effect of the copolymer active layer mass on
553 the CO2 sensing response of the resonator platform. They
554 achieved a response of 4.4 Hz/%.CO2, estimating a detection
555 limit of 0.7% of CO2 for a polymer with a 1:1 molar ratio of
556 acrylic acid to isooctyl acrylate. Along the same line, Cai et al.
557 developed a magnetoelastic sensor based on a poly(acrylic
558 acid-co-isooctyl acrylate) copolymer as active layer for the
559 detection of ammonia down to a 0.02% concentration.68

560 Polymeric active layer-based resonators have also been applied
561 to sense several VOCs. In particular, a magnetoelastic sensor
562 functionalized with a Bayhydrol-110 polymer as the recog-
563 nition layer was tested over eight different VOCs at different
564 concentrations.22 The results point out that the Bayhydrol-
565 110/resonator sensor exhibits a very low response to hexane,
566 but a high sensitivity to xylene (at least 10 times higher than
567 for the other VOCs). Finally, the sensitivity of the sensor was
568 further improved by increasing the mass of the active layer and
569 decreasing the resonator length.
570 Besides polymers, inorganic-based functionalization of the
571 resonators has been also applied to endow them with specific
572 detection capabilities. Along this line, Zhang et al. applied Pt-
573 TiO2 coatings on magnetoelastic resonators for the detection
574 of ethylene levels below 1 ppm.69 They concluded that the
575 thicker the active layer, the higher the frequency shift, but also
576 the longer the time response due to lower diffusion rates of the
577 analyte into the substrate. Later, Giannakopoulos et al. were
578 the first to benefit from the porous and selective nature of
579 zeolites (i.e., Faujasite) to assemble a magnetoelastic CO2

580 sensor with an improved low detection limit of 0.33%.70

581 Expanding the scope of this strategy, Baimpos et al. analyzed
582 the effect of the zeolite type on the response of a
583 magnetoelastic sensor to different VOCs.71 FAU, LTA, MFI,
584 and b-oriented MFI-type zeolites were directly grown on the
585 surface of a magnetoelastic resonator, and the sensor response
586 was tested over six different VOCs (such benzene, hexane, or
587 xylene). The characteristics of the zeolite porosity was shown
588 to shape the sensitivity and selectivity of the system to detect
589 specific VOCs. For instance, a randomly oriented MFI active
590 layer presents the highest sensitivity to n-hexane, the FAU
591 exhibits the minimum detection limit for o-xylene, and the

592LTA-based sensor shows the highest selectivity to xylene
593isomers.
594More recently, metal−organic framework (MOF) porous
595materials have also been employed as active layers for VOC
596detection in magnetoelastic resonators with different
597shapes.72,73 In particular, UiO66-NH2 was employed as active
598layer on a rhombic magnetoelastic resonator.72 The MOF-
599based sensor was tested for toluene detection, and the effect of
600the active layer mass on its performance was deeply analyzed
601by the authors. It was concluded that the larger the active layer
602mass, the higher the resonance frequency shift and the
603saturation capacity. Sensitivities up to 0.27 Hz/ppm were
604achieved with this novel sensor. Finally, the sensor’s selective
605response was also investigated by measuring the frequency
606change under ethanol, water, and acetone vapor atmospheres,
607confirming that the highest frequency change was measured
608under the presence of toluene. A scheme of this last application
609together with the main obtained response curves are shown in
610 f7Figure 7.
611Magnetoelastic resonators have been further employed for
612detection purposes in liquid media, especially to quantify the
613water content on heavy metals (HMs). In particular, Zhao et
614al. developed magnetoelastic-based sensors for the detection of
615uranium by two different methodologies based on the
616inhibition effect caused by the Uuranium in (i) the catalytic
617effect of Hg(II) on the precipitation reaction of potassium
618ferrocyanide with potassium ferricyanide74 and (ii) the
619catalytic hydrolyzation caused by the α-amylase on a starch
620film deposited on the sensor surface.75 In both cases, the
621increase in the uranium concentration reduces the catalytic
622effect leading to (i) a reduction on the sediment produced or
623(ii) a reduction in the starch film mass loss. The detection limit
624was increased from 0.46 μg/L, when employed the
625precipitation method, to 3.6 μg/L, when employed the α-
626amylase catalytic hydrolyzation. Similarly, Huang et al.
627reported a Hg(II) sensor based in the formation of thymine
628(T)-Hg structures in the presence of Hg(II) in aqueous
629solutions, which led to the release of complementary DNA
630(CDNA).23 To this end, the magnetoelastic platform was
631functionalized with a graphene oxide active layer, which
632adsorbs the released CDNA, and hence leads to a resonance

Figure 8. (a) Scheme of the reaction mechanism between the Pb2+ in solution and the Fe and Ni elements on the Metglas resonator. (b)
Resonance frequency shift as a function of time for the ME resonator immersed in Pb(NO3)2 solutions with different concentrations. Reproduced
with permission from ref 76. Copyright (2016) AIP Publishing.
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633 frequency shift. The sensor presents a linear response in the
634 2.8−88.9 nM range.
635 Along this line, Guo et at. reported the detection of multiple
636 heavy metals (Pb2+, Cd2+, and Cu2+) based on the precipitation
637 of bovine serum albumin protein produced when that protein
638 is in contact with the heavy metal ions.11 It was found that the
639 sensor was more sensitive to heavy metals with larger
640 molecular weight.
641 Moreover, Sang et al. confirmed the capacity to sense lead
642 with bare magnetoelastic resonators.76 It was found that the
643 replacement of the Ni and the Fe in the Metglas 2826MB
644 resonator surface by the Pb2+ ions present in the solution led to
645 an increase in the sensor mass, and hence to a decrease in the
646 resonant frequency. Additionally, they performed a study of
647 the resonator length effect on the sensitivity, confirming that
648 shorter resonators lead to higher sensitivities. A scheme of the
649 process and the results for the sensing response are shown in

f8 650 Figure 8.
651 Finally, bare magnetoelastic-based sensors have also been
652 employed to follow up crystallization, precipitations, or the
653 functionalization or degradation process of the resonator itself.
654 In that context, Bouropoulos et al. monitored the in situ
655 formation and precipitation of calcium oxalate and brushite
656 mineral salts.63 In a similar way, Sisniega et al. reported
657 recently the application of a Fe73Cr5Si10B12 amorphous
658 ferromagnetic alloy to monitor the calcium oxalate precip-
659 itation, showing different frequency shifts depending on the
660 reaction time and the concentration of the solutions.77 The
661 outstanding sensitivity of 1.38 kHz/mg reported for a 17-mm-
662 length rectangular Metglas sensor allows real-time monitoring
663 of the nucleation and crystal growth processes via magne-
664 toelastic resonators.
665 Following this line, Atalay et al. reported the application of
666 magnetoelastic sensors for the detection of Fe3O4 nanoparticle
667 (NPs) and Co12Ni64Fe24 nanowire (NWs) deposition on the
668 resonator surface.47,53 In these works, a dependence of the

669frequency shift on the NPs/NWs mass deposited was
670observed, with the minimum detectable number of NPs
671being about 1.1 × 109, while the minimum detectable weight of
672NWs was around 200 ng. In a similar way, Sagasti et al.
673reported the application of Fe64Co17Si6.6B12.4 resonators of
674different lengths to monitor the deposition of polystyrene (PS)
675polymer onto the magnetoelastic ribbons.33 Consecutive
676polymer depositions were performed by dip coating, and
677resonance frequency shift was measured after each cycle.
678Inversely, magnetoelastic sensors have also been employed
679to follow up the degradation process of the active layer
680incorporated onto their surface. For example, Zhang et al.
681analyzed the degradation behavior of a poly(ethylene glycol)
682layer by measuring the resonance frequency amplitude
683decrease as a function of time.78 They demonstrated that
684magnetoelastic sensors provide a nondestructive method to
685monitor in situ the mass loss of the active layer. All these
686results demonstrated the versatility of ME based sensors for
687chemical detection. Those previously described are summar-
688 t4ized in Table 4.
689Sensing of Biological Compounds. Some of the most
690important applications in which magnetoelastic sensors have
691been employed are in the biological field. Since the assessment
692of their first bioapplication around the 2000s, magnetoelastic
693transducers have already been used in the detection of different
694biological parameters such virus, bacteria, or mutated DNA, or
695even in the tracking of cell growth or for the monitoring of
696force conditions on artificial bones.8,79

697A special focus of interest for the research community is the
698detection of pathogens as bacteria and viruses. To this end, the
699surface of the magnetoelastic resonators is usually coated with
700antibody or phage biorecognition elements, allowing the
701resonator to capture/interact the target microorganism. Once
702captured, the mass gain induces the corresponding decrease on
703the resonance frequency that enables the analyte quantifica-
704tion. In particular, Ruan et al. were the first to describe the

Table 4. Different Chemical Parameters Detected Using Magnetoelastic-Based Sensors

Analyte Magnetoelastic material and size Active layer
Detection limit/sensitivity

(S) ref

CO2 Metglas 2826 (38 mm × 9 mm) poly(acrylamide-co-isooctyl acrylate)
copolymer

0.7% CO2; S = 4.4 Hz/%
CO2

67

Ammonia Metglas 2826 (39 mm × 12.7 mm) (poly(acrylic acid-co-isooctylacrilate)
copolymer

0.02% NH3 68

Ethylene Metglas 2826 (40 mm × 5 mm) Pt-TiO2 films Less than 1 ppm 69
CO2 Metglas 2826 (20 mm × 6 mm) Zeolite (FAU) 0.33% CO2 70
VOCs (×9) Metglas 2826 (20 mm × 6 mm) (BAYHYDROL- 110) polymer S = 0.24 Hz/ppm 22
VOCs (×6) Metglas 2826 (20 mm × 6 mm) Zeolites (FAU, LTA and MFI.) Up to 6 ppm 71
Toluene Metglas 2826 (10 mm × 2 mm rhomb) MOF (UiO66-NH2) S = 0.27 Hz/ppm 72
Uranium (U) Metglas 2826 (18 mm × 6 mm) Polyurethane protection film 0.46 μg/L 74
Uranium (U) Metglas 2826 (10 mm × 3 mm) PVA + starch gel 3.6 μg/L 75
Lead (Pb) Metglas 2826 (37 mm × 6 mm − 3 mm ×

6 mm)
-- S = 24 Hz/mg mL−1 76

Mercury (Hg) Metglas 2826 (18 mm × 6 mm) Graphene oxide 0.885 nM 23
Pb2 Metglas 2826 (5 mm × 1 mm) Bovine serum albumin (BSA) 3.3 × 10−7 mol/L 11
Cd2 2.4 × 10−7 mol/L
Cu2+ 2.3 × 10−7 mol/L
Calcium oxalate and brushite
precipitation

Metglas 2826 (17 mm × 6 mm) Acrylic resin to prevent from corrosion S = 1.38 kHz/mg 63

Calcium oxalate precipitation Fe73Cr5Si10B12 (20 mm × 2 mm) -- -- 77
Fe3O4 nanoparticles deposition Metglas 2605S3A (40 mm × 5 mm) -- 1.1 × 109 NPs 47
CoNiFe nanowires deposition Metglas 2826 (6 mm × 1 mm) -- 200 ng 53
Polymer deposition Fe64Co17Si6.6B12.4 (10, 20, and 30 mm) -- S = 52.4 Hz/μg 33
Polyethylene glycol degradation Metglas 2826 (12.7 mm × 5 mm) Polyethylene glycol -- 78
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705 application of magnetoelastic resonators for bacteria detec-
706 tion.80 They employed Metglas resonators for Escherichia coli
707 (E. coli) quantification by using an anti-E. coli antibody as the
708 active layer attached to the resonator’s surface. The results
709 confirmed the feasibility of magnetoelastic platforms to detect
710 bacteria down to a detection limit of 102 CFU/mL and with a
711 linear response in a wide concentration range. This work paved
712 the way for all the later studies that have been done in this

t5 713 area, as summarized in Table 5 and briefly described in the
714 following section.
715 Since the pioneering work of Ruan et al., magnetoelastic
716 biosensors have been employed to detect a varied scope of
717 bacteria and viruses such as Bacillus anthracis spores,
718 Salmonella typhimurium, Listeria, or Staphylococcus aureus (S.
719 aureus), among many others.81 Applicability of magnetoelastic
720 biosensors goes beyond proof of concept ideal conditions. For
721 example, Xue et al. confirmed the sensing response of Vitrovac
722 resonators toward E. coli, achieving detection limits and linear
723 response over a range of E. coli concentrations similar to that of
724 the Metglas-based sensors.82 Moreover, efforts in this area have
725 been directed to detect pathogens not only in solutions but
726 also in food, as in the example of Salmonella typhimurium,
727 which is a health concern due to its well-known potential

728hazards. In particular, Guntupalli et al. were the first to
729investigate magnetoelastic sensors for Salmonella detection.83

730This work was performed in a solution containing the target
731bacteria in different concentrations. A detection limit of 5 ×
732103 CFU/mL was achieved using 2 mm × 0.4 mm Metglas
733functionalized resonators with polyclonal antibodies. Later,
734they expanded the possibility to sense Salmonella in different
735matrixes, such as milk,84 tomatoes,85 eggshells,86 or spinach,87

736demonstrating good sensing capabilities and detection limits in
737the range of 5 × 102 to 5 × 103 CFU/mL. Along this line, a
738recent work by Beltrami et al. investigated the sensing of E. coli
739and S. aureus in milk by using a hybrid film based on silicon
740alkoxide precursors (TEOS and MAP) as the active layer, thus
741avoiding the use of antibodies.25 This active layer allows one to
742detect the presence of bacteria in the media and, at the same
743time, protect the magnetoelastic resonator from corrosion.
744To go a step forward, multiresonance platforms have given
745access to multiparameter biological sensing as well. This is the
746case of the work reported by Huang et al., which demonstrates
747the concurrent response of a multiple resonator for the
748detection of Salmonella typhimurium and Bacillus anthracis
749spores present in liquid media simultaneously.10 Moreover, it is
750also observed that under exposure to a single pathogen

Table 5. Different Biological Parameters Detected Using Magnetoelastic-Based Sensors

Analyte Magnetoelastic material and size Active layer Detection limit/sensitivity (S) ref

Staphylococcal enterotoxin B Metglas 2826 (6 mm × 2 mm) Antistaphylococcal enterotoxin B
IgG

0.5 ng/mL 82

Bacillus anthracis spores FeB alloy (500 μm × 100 μm) Landscape phage S = 1.2 kHz/ng 57
Bacillus anthracis spores Metglas 2826 (2 mm × 0.4 mm) Phage clone E2 105 spores/mL 96
Salmonella typhimurium and
Bacillus anthracis

Metglas 2826 (2 mm and 1.9 mm) E2 and JRB7 phages 5 × 103 CFU/mL 82

Salmonella typhimurium Metglas 2826 (25 mm × 5 mm − 2 mm
x 0.4 mm)

Rabbit polyclonal antibody 5 × 103 CFU/mL 83

Salmonella typhimurium (in milk) Metglas 2826 (2 mm × 0.4 mm) Phage clone E2 S = 118 Hz/decade 84
Salmonella typhimurium (on
tomatoes)

Metglas 2826 (1 mm × 0.2 mm) E2 phage 5 × 102 CFU/mL 85

Salmonella typhimurium (on
eggshells)

Metglas 2826 (1 mm × 0.2 mm) E2 phage 1.6 × 102 CFU/cm2 86

Salmonella typhimurium (on
spinach)

Metglas 2826 (1 mm × 0.2 mm) E2 phage -- 87

Salmonella typhimurium Metglas 2826 (1 mm × 0.3 mm) E2 phage Less than 100 cfu/mL 81
Listeria Anti-Listeria monocytogenes rabbit

IgG
S. aureus Anti-S. aureus IgG
E. coli Anti-E. coli rabbit IgG
E. coli Metglas 2826 (6 mm × 1 mm) Anti-E. coli O157:H7 antibodies 102 CFU/mL 80
E. coli (in juices) Vitrovac 7600 (1 mm × 0.2 mm) Anti-E. coli polyclonal antibodies

(pAb)
102 CFU/mL in water and 104 CFU/
mL in juice

97

E. coli Metglas 2826 (5 mm × 1 mm) Anti-E. coli ab137967 and ab25823
antibodies

376 Hz/μg 98

E. coli and S. aureus (in milk) Metglas 2826 (5 mm × 1 mm) Silicon alkoxide precursors (TEOS
and MAP)

-- 25

Classical swine fever virus Metglas 2826 (37 mm × 6 mm) E2 glycoprotein and anti-CSFV E2
antibody

2.466 ng/mL S = 56.2 Hz/μg·mL−1 24

Atrazine Metglas 2826 (5 mm × 1 mm) Atrazine antibody 1 ng/mL S = 3.43 Hz/μg mL−1 99
Carcinoembryonic antigen Metglas 2826 (5 mm × 1 mm) DNA-AgNCs and DNA-AgNCs 1 pg/mL S = 105.05 Hz/ng·mL−1 92
Mutated DNA Metglas 2826 (5 mm × 1 mm) Thiolated DNA 0.571 pM S = 72.7 Hz/nM 88
VKORC1 genes Metglas 2826 (5 mm × 1 mm) Different buffer solutions + biotin−

DNA
0.00389 fM S = 45.7 Hz·pM−1 89

Human serum albumin Metglas 2826 (5 mm × 1 mm) Anti-HSA IgG 0.01 μg/mL S = 9.3 Hz/μg·mL−1 91
Glucose (in urine) Metglas 2826 (18 mm × 6 mm) pH-sensitive polymer + GOx and

catalase
S = 61.9 Hz/mM 64

Hemoglobin oxidation Metglas 2826 (2 cm length) ZnO nanoparticles film -- 93
Cell growth Metglas 2826 (12.7 mm × 5 mm) Parylene-C -- 94
Gold degradation in cell culture Metglas 2826 (5 mm × 1 mm) Gold -- 95
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751 solution, only the resonator coated with the corresponding
752 specific phage presents a response, which demonstrates the

f9 753 selective sensing capacity of these kind of multisensors. Figure
f9 754 9 shows the response of these devices under exposure to

755 different pathogen solutions.
756 Along this line, magnetoelastic sensors have given access to
757 measurement of other biological parameters such mutated
758 DNA, lysozymes, carcinoembryonic antigen (CEA), or human
759 serum albumin (HSA), among others. In particular, Guo et al.
760 investigated the detection of mutated DNA responsible for the
761 β-thalassaemia blood disorder.88 After complete functionaliza-
762 tion of the ME resonator, it was tested for the mutated DNA
763 (tDNA). The results indicate excellent selectivity and stability
764 as well as a linear response with the concentration of this
765 tDNA in the range of 1.0 × 10−8 M to 1.0 × 10−12 M,
766 indicating the possibility of employing ME sensors for the
767 cheap and wireless diagnosis of β-thalassaemia disease. In a
768 similar way, Sang et al. expanded the use of ME sensors to
769 detect warfarin doses by monitoring VKORC1 genotypes.89

770 The biocompatibility of the ME sensor was improved using
771 gold layers, while the functionalization with thiolated capture
772 probes, tDNA, and biotin layers leads to a high sensitivity and
773 specific detection. The fabricated sensors show fast and linear
774 responses in the range of 0.1 fM to 10 pM, which demonstrates
775 the possibility of employing cheap magnetoelastic sensors for
776 the biomedical detection of warfarin doses, among others.

777Recently, Huang et al. studied the application of Metglas
778resonators functionalized with a lysozyme antibody.90 The
779biotarget-encoded sensor exhibits a high sensitivity (138 Hz/
780μg·mL−1) and a very low detection limit (1.26 ng/mL). In a
781similar way, Liu et al. expanded the potential uses of ME
782resonators to detect HAS.91 For that, the Metglas ME
783resonators were first coated with chromium and gold layers
784to protect the sensor from corrosion, enhance the biocompat-
785ibility and sensitivity, and improve the immobilization of the
786antibodies. After that, anti-HSA IgG was immobilized on the
787gold functionalized ME resonator. The response of the
788immunosensor was linear, highly sensitive, fast, and reversible
789for HSA concentrations in the range from 0.01 to 100 μg/
790mL−1. The outstanding specificity of this sensor for HSA
791detection was also demonstrated, in which the frequency shift
792caused by HAS is almost four times that caused by other
793biomolecules. Finally, Wang et al. applied ME sensors for CEA
794detection.92 The sensor functionalization was similar to that
795previously described for HAS, but employing a CEA aptamer
796 f10(Figure 10a). The immunosensor exhibits a varied response
797versus the CEA concentrations ranging from 0.002 to 6.25 ng·
798ml−1, with stabilization times up to 40 min (Figure 10b). The
799high specificity toward CEA was one of the most remarkable
800characteristics of this sensor (Figure 10c).
801Other biological parameters such as glucose concentration,
802hemoglobin oxidation, or cell growth tracing have been also

Figure 9. Response curves and surface SEM images for three different ME biosensors (reference sensor, E2 phage sensor, and JRB7 sensor) tested
simultaneously under exposure to different pathogen solutions. Reproduced with permission from ref 10. Copyright (2009) Elsevier.
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803 detected based on other mechanisms. In particular, Gao et al.
804 employed magnetoelastic resonators for the detection of
805 glucose concentration in urine samples based on the glucose
806 oxidase-catalyzed hydrolyzation of the glucose.64 The
807 frequency shift shows a linear response proportional to the
808 glucose concentration between 1 and 15 mM. Based also on
809 the detection of mass gains arising from chemical reactions,
810 Sagasti et al. employed magnetoelastic resonators to detect
811 hemoglobin oxidation.93 Hemoglobin was immobilized on a
812 zeolite active film and later oxidized by H2O2 addition. The
813 system exhibited a linear response of the magnetoelastic
814 resonance frequency versus the H2O2 concentration. Most
815 recently, Shekhar et al. were able to follow up in real-time
816 mammalian cell growth by using magnetoelastic resonators.94

817 In this study, the magnetoelastic sensors were exposed to cell
818 media with different seeding densities, in order to control the
819 number of cells attached to the sensors and, in turn, to
820 introduce a linear variation of the frequency shift of the system
821 as a function of the cell numbers grown on the sensor.
822 Inversely, magnetoelastic sensors have been also employed
823 to follow biological degradation processes. In particular, Menti
824 et al. analyzed the degradation of a bare Metglas 2826MB
825 resonator when exposed to cell culture and compared it with a
826 gold-covered Metglas resonator.95 By this analysis, they
827 observed that the bare Metglas ribbons degrade on contact
828 with the cell culture solution, causing a frequency shift and
829 hence contributing to erroneous sensing results. On the

830contrary, the coating of the resonator with a gold layer protects
831the sensor from degradation and increases its biocompatibility.
832Other relevant fields related to biosensing where magne-
833toelastic resonators have been successfully applied is the
834tracking of degradation rates and force conditions on bones.100

835In this case, the sensing principle is based on the mechanical
836stress produced in the magnetoelastic ribbons during bone
837degradation. Those applications have been already reviewed
838recently by Ren et al.,43 and they will not be focus of deeper
839description in this work.
840For most of the previously reviewed biological applications,
841the target phage/antibody is essential to achieve selective
842sensing.101 Nevertheless, it should be noted that as important
843as the phage/antibody layers are, the ones that prevent the
844corrosion and improve the adhesion of the analytes are the
845magnetoelastic ribbons. The gold layers are the archetypal
846magnetoelastic resonator surface functionalization when
847applying them for biological sensing. In addition to antibody
848functionalization, the surface roughness also has an important
849effect to fasten bacteria detection or to induce a larger
850frequency shift when a thinned and polished surface is
851obtained.98

852■ NOVEL STRATEGIES TO IMPROVE THE RESPONSE
853OF MAGNETOELASTIC SENSORS
854As previously anticipated, there are three critical parameters
855that define the good performance of magnetoelastic resonators
856when working as mass detectors: (i) the sensitivity and the

Figure 10. (a) Schematic diagram of the surface functionalization and detection procedure for the CEA immunosensor. (b) Real-time frequency
response curves for CEA detection at different concentrations. (c) Specificity measurement for the CEA immunosensor. Reproduced with
permission from ref 92. Copyright (2019) IOP Science.
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857 minimum detection limit, (ii) the resonance quality factor, and
858 (iii) the corrosion resistance of the resonator. In this section,
859 the most recent advances to improve the sensitivity of these
860 devices are described.
861 Novel Geometries: Toward Highly Sensitive ME
862 Resonance Sensors. Sensitivity is critical to assess the
863 performance of any sensing device. In this context, the
864 reduction of the transducer size is probably the most used
865 technique to increase the mass sensitivity of the system.33,102

866 This results from the increase of frequency associated with a
867 reduction of the length of the ME resonator (eq 12).33,102 The
868 process of miniaturization requires the use of complex
869 techniques such as sputtering (Figure 5b), and until recently,
870 it was done while maintaining their classic rectangular
871 geometry. However, the miniaturization of resonators also
872 results in some drawbacks: the reduction of the resonance
873 quality factor and the signal intensity. Moreover, edge defects,
874 the lack of dimensional repeatability, and handling issues are
875 also disadvantages when working with microresonator
876 technologies.57

877 The downsizing of magnetoelastic platforms also gives rise
878 to a reduction of the total surface that later on will play a
879 crucial role to host active layers able to detect specific chemical
880 or biological compounds. Hence, the smaller the specific active
881 layers, the smaller the mass change associated with the capture
882 or interaction with the final targets to detect.
883 As a consequence, alternative strategies to improve the
884 sensitivity avoiding the magnetoelastic resonator size reduction

885have already been considered, with truly interesting results. In
886particular, the importance of the magnetoelastic resonator
887geometry in the mass sensitivity or the resonance quality factor
888has been duly investigated recently by exploring the
889magnetoelastic response of triangular and arched triangular-
890shaped magnetoelastic resonators.31,103 In comparison to
891classic rectangular geometries,40 unconventional triangular
892and arched triangular resonators exhibit a huge increase in
893the sensor performance in terms of mass sensitivity and quality
894of the signal.31 Particularly, for a similar length of 25 mm, a 4-
895fold increase in the sensitivity from 1.22 Hz/μg up to 5.34 Hz/
896μg is obtained when using an arched triangular-shaped
897magnetoelastic resonator instead of the rectangular classic
898shapes.
899Other resonator geometries have been explored so far. In
900that context, Saiz et al. recently reported a new geometry based
901on a rhombic symmetric-shaped resonator that increased by a
902factor of ∼1.53 the resonance frequency with respect to the
903classic rectangular systems of the same length.32 A theoretical
904equation for the resonance frequency of rhombic resonators
905was obtained, and the experimental and simulations results
906agree with this theoretical equation. Finally, the higher mass
907sensitivity of this novel geometry compared with the
908 f11rectangular one was experimentally demonstrated. Figure 11
909summarizes those novel approaches and results obtained by
910shifting to novel resonator geometries.
911By following a similar strategy, Ren et al. recently reported
912an improvement in the resonance response when resonators

Figure 11. Scheme of the different geometries previously described and resonance frequency curves and mass sensitivities measured for each of
these resonator geometries with a length of 12 mm.31,32
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913 are shaped as hourglass geometries.56 An increase in the
914 resonance frequency, which is translated into a mass sensitivity
915 gain, was reported as the neck width of the hourglass geometry

f12 916 was reduced (Figure 12b). This sensitivity increases as
917 hourglass-shaped resonators are ascribed to both the change
918 on the geometry and the reduction of the surface of the nodal
919 position of the resonator (red zone in Figure 12a).
920 The nodal position of a magnetoelastic resonator is the part
921 of the sensor that does not suffer any displacement during the
922 resonance and, hence, does not contribute to the frequency
923 shift under an external stimulus such as a mass deposition. This
924 is an important characteristic of magnetoelastic resonators,
925 since it means that they have blind points/zones (nodes of
926 vibration), which do not contribute to the sensing
927 process.104,105 Moreover, the position of these nodes depends

f13 928 on the measurement resonance modes. Figure 13a illustrates
929 the blind measuring points of the first three resonance modes
930 for a rectangular magnetoelastic resonator. As observed in the

931same figure, the blind points could be overcome by measuring
932at different resonance modes (Figure 13b).
933Partial Loadings: Hot Magnetoelastic Sensing Areas.
934As opposed to the blind sensing points, there are some areas of
935the magnetic resonators that exhibit the highest displacement
936values during resonance (Figure 13b), and hence, they can be
937defined as hot-sensitive regions of magnetoelastic resonators.
938In these regions, mass loading leads to a higher frequency shift
939and hence to a higher mass sensitivity value. Thus, the position
940of the mass loading strongly influences the resonant frequency
941shift and, consequently, the sensitivity.
942The hot sensing zones within magnetic resonator platforms
943have already been used to further improve their performance.
944The effect of mass loading position, asymmetric mass loads, or
945selective and concurrent measurements in different resonance
946modes are some of the strategies that have been deeply
947explored in order to extract the maximum detection capacity of
948magnetoelastic resonance-based sensors. Ramasamy and
949Prorok were the first to analyze the effect of mass distribution
950on the magnetoelastic sensor response by computer simu-
951lations.106 By measuring in the first resonance mode, they
952observed that a uniform mass distribution led to a linear
953response of the frequency shift as a function of the mass
954increase and that the maximum resonance frequency shift for
955an equal mass increase is obtained when the mass is deposited
956at the end points of the resonator. Oppositely, a null frequency
957shift was measured when the mass was deposited at the nodal
958 f14position. Figure 14a illustrates these findings, showing the
959resonance frequency shift for a given mass located at different
960delimited areas of the resonator. Based on these results,
961Ramasamy and Prorok developed an equation to model the
962resonator frequency shift as a function of the mass location.106

963The concept to identify the blind and hot sensing areas
964within resonators was further developed later on. In particular,
965Zhang et al. deeply investigated the effect of asymmetric mass
966loads on magnetoelastic resonator response by means of
967theoretical calculations.107 They identified the theoretical
968resonance frequency shift expected under specific locations
969of the mass load, as well as the blind point displacement under
970those asymmetric loadings. This strategy allowed identification
971of the blind and hot sensitivity areas of the resonator, as
972illustrated in Figure 14b. Results indicated that when mass is
973deposited at just one tip of the resonator, the mass sensitivity is

Figure 12. (a) Scheme of the hourglass-shaped magnetoelastic resonator with simulated resonance frequency. (b) Experimental resonance
frequencies measured for hourglass-shaped resonators of 30 mm in length with different “neck” sizes. Reproduced with permission from ref 56.
Copyright (2020) MDPI.

Figure 13. (a) Nodal positions for the first three resonance modes on
a rectangular magnetoelastic resonator. (b) Magnitude of the sensor
displacement as a function of location for the three lowest resonant
modes. Reproduced with permission from ref 105. Copyright (2016)
IOP Publishing Ltd.
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974 maximum at this point, and then it starts to decrease until a

975 point far away from the nodal position, and finally it increases a

976 little again. These asymmetric loads lead therefore to a
977 displacement of the position of the resonator node.

978The partial mass loading approach has more recently been

979expanded to resonators with unconventional geometries, such

980as the triangle and the arched triangle resonators described in
981the previous section. This research confirmed that the mass

Figure 14. (a) Plots representing the resonant frequency shift of a ME resonator of 250 μm in length under different mass distributions along the
resonator.106 (b) Mass sensitivity (Sm) as a function of the mass distribution length ratio (a/l) for asymmetric mass loadings. Reproduced with
permission from ref 107. Copyright (2014) AIP Advances.

Figure 15. (a) Frequency shift as a function of the deposited mass at different distances from the tip of a triangular Metglas resonator of 25 mm in
length. (b) Experimental mass sensitivities as a function of the coated distance measured for different resonator geometries. Inset: Detail of the
lowest mass sensitivity response. Reproduced with permission from ref 31. Copyright (2019) Elsevier.

Figure 16. (a) Resonance frequency curves measured for the multisensor with multiple rectangular resonators showed in the image. Reproduced
with permission from ref 40. Copyright (2002) MDPI. (b) Resonance frequency curves measured for the multisensor based on the combination of
rectangular and rhombic resonators in a single resonator (see inset image). Edited from ref 40. Copyright (2020) IEEE.
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982 sensitivity increases significantly when the mass load is located
983 far from the blind point and close to the tip or tips of the
984 resonator (for the first resonance mode).31 Results of the
985 frequency shift as a function of the mass load position obtained
986 for the triangular geometry, together with the mass sensitivities

f15 987 obtained for the different geometries, are represented in Figure
f15 988 15. The position of the node on these novel geometries was

989 also investigated showing that for asymmetric shapes the node
990 is displaced from a position farther away from the tip.
991 Moreover, as the location of the blind points in the
992 resonator depends on the resonance mode itself, Li and Cheng
993 studied the effect of the mass load location on the resonance
994 frequency shift at different resonance modes.104 They
995 confirmed that a mass load on the resonator center does not
996 affect the frequency when measuring in the first resonance
997 mode, while the frequency shift was maximum at this point
998 when measuring in the second resonance mode and so on. In a
999 similar way, Zhang et al. analyzed the influence of the mass
1000 loading position and resonance mode on the mass sensitivity in
1001 a liquid medium, with the aim of investigating the effect of the
1002 viscous damping coefficient on the sensitivity.108 It was found
1003 that sensitivity decreases with the increase of the viscous
1004 damping coefficient, but this tendency became weaker at
1005 higher resonance modes. All these results indicated the clear
1006 advantages of ME sensors which, unlike other AW sensors,
1007 could overcome the blind point issue by operating under both
1008 odd and even modes, which is the direct benefit of its
1009 freestanding nature.41

1010 Multisensors: Combining Different Nodal Positions
1011 and Multiple Resonators. Since the nodal position is
1012 dependent on the resonance modes, a single resonator can
1013 work as a multisensor depending on the resonance mode
1014 measured. In this context, DeRouin and Ong confirmed the
1015 feasibility of a single resonator as a multisensor by applying
1016 mass loads on the blind points for the different resonance

f16 1017 modes (Figure 16a) and measuring later the resonance
1018 frequency shift at each resonance mode.105

1019 In a similar way, the combination of rectangular resonators
1020 with different lengths enables the design of multisensors with
1021 different resonance frequencies (Figure 16a).40,109 This
1022 approach has been already applied for real sensing of biological
1023 compounds.
1024 Most recently, a multiple sensor design based on the
1025 combination of resonators with different geometries (rectangle
1026 + rhombic resonators) of the same length has been
1027 developed.32 Each resonator present a different resonance
1028 frequency peak that can be simultaneously measured to detect
1029 in a concurrent mode different target chemicals. Unlike for
1030 multiresonators exhibiting ribbons with the same geometry but
1031 different sizes, in this case the surface area associated with each
1032 resonator is the same, which can be an advantage for
1033 comparative purposes (Figure 16b).
1034 Overall, multisensor technology based on single or multiple
1035 magnetoelastic resonators is in a nascent stage, but it holds
1036 great potential to incorporate in the same device specific sites
1037 to monitor and/or concurrently capture physicochemical
1038 parameters or target analytes of varied natures.

1039 ■ CONCLUSIONS AND FUTURE PERSPECTIVES
1040 Magnetoelastic sensors are among the most appealing
1041 transducers, since they are able to measure and sense a varied
1042 scope of physical, chemical, and biological targets in a
1043 continuous, concurrent, and wireless mode. These character-

1044istics, together with their outstanding sensitivity, make a
1045difference in comparison to alternative technologies to achieve
1046continuous and reliable monitoring of industrial, environ-
1047mental, and biological processes, among others. In addition,
1048their wireless sensing response make ME sensors perfectly fit
1049into the Internet of things (IoT) and the future industrial and
1050environmental digitalization aims.
1051Over the last years, magnetoelastic sensors have been
1052employed for the in situ detection of microorganisms, air and
1053water pollutants, or physical parameters such as viscosity or
1054density of complex fluids such as blood. Notwithstanding their
1055impressive performances, there is still room for improvement
1056to further tune the selectivity and sensitivity of magnetoelastic
1057ribbons on the road to a mature technology.
1058While the detection of viscosity or density changes can be
1059directely measured by a bare resonator, different materials have
1060been used to functionalize their surface and so improve their
1061selectivity to sense specific chemical or biological targets. The
1062variety of active layers employed to functionalize magne-
1063toelastic ribbons reflects the tremendous versatility of this
1064technology. From antibodies and zeolites to the recently
1065employed bacteriophages and metal−organic frameworks (for
1066biological and chemical detection, repectively), a variety of
1067options are available to encode the surface of the magnetic
1068resonators.
1069The perspective to increase the sensitivity of magnetoelastic
1070resonators by modifying their geometry, applying partial
1071coatings, or microsizing the ME ribbons through advanced
1072manufacturing will be key aspects to improve ME sensor
1073performance and hence to extend the range of applications
1074accessible for this technological platform. Moreover, recent
1075developments in magnetoelastic sensors for simultaneous
1076multiparameter monitoring could further expand the potentials
1077of magnetoelastic transducers. Selective mass loadings at blind
1078resonance areas of different resonance modes or the
1079combination of varied geometries in a single resonator will
1080open the propects for further improvement and expansion,
1081both on the base ground research to understand the
1082magnetoelastic resonators performance and on their advanced
1083application in ultralow multidetection purposes.
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