
Phone: +4121 693 11 87 
E-mail: Guillermo.Villanueva@epfl.ch 
Website: nems.epfl.ch 
 
 

EPFL STI IGM NEMS 
Guillermo Villanueva 
Station 9 – MED 2 2726 
CH-1015 Lausanne 

 

 

Advanced NEMS Laboratory 
Faculté de Sciences et Techniques de l’Ingénieur 
EPFL-STI-IGM NEMS 

Advanced NEMS Lab 

1 

 

 

 

 

 

 

 

Suspended micro/nano channel resonators: a review 

 

A. De Pastina and L. G. Villanueva 

 

 

 

 

This is the Accepted Manuscript version of an article accepted for publication in Journal 

of Micromechanics and Microengineering. IOP Publishing Ltd is not responsible for any 

errors or omissions in this version of the manuscript or any version derived from it. The 

Version of Record is available online at http://doi.org/10.1088/1361-6439/ab6df1 

 



IOP Publishing Journal Title 

Journal XX (XXXX) XXXXXX  https://doi.org/XXXX/XXXX 

xxxx-xxxx/xx/xxxxxx 1 © xxxx IOP Publishing Ltd 
 

Suspended micro/nano channel resonators: a 

review 
Annalisa De Pastina1,2, and Luis Guillermo Villanueva2 

1 Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), Trinity College Dublin 

(TCD), Ireland 
2 Advanced NEMS Laboratory, École Polytechnique Fédérale de Lausanne (EPFL), Switzerland 

 

 

E-mail: guillermo.villanueva@epfl.ch 

 

Abstract 

Micro- and Nano- electromechanical systems (M/NEMS) have demonstrated outstanding sensing capabilities 

down to the yoctogram (10−24 g) scale in vacuum environment and cryogenic temperatures. In order to bring 

such extraordinary resolution levels into the study of biological processes, Suspended Microchannel 

Resonators (SMRs) have been developed. SMRs are hollow devices allowing for fluidic confinement inside 

the body of the resonator, which can thus be kept in dry environment or encapsulated in vacuum. Analyte 

binding and flow-through experiments can be performed, these latter enabling single-cell analysis. In this 

paper, we survey the progress of over the past 20 years in the field of SMRs. We review the main fabrication, 

transduction and packaging strategies. We also provide an insight into the working principle of the sensors and 

their applications to microfluidics and biology. 
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1. Motivation 

A strong link between cell mechanics and human diseases 

has been demonstrated by several studies in the past two 

decades. Cell physical properties such as mass, stiffness or 

viscoelasticity represent a valid diagnostic biomarker for 

several pathologies like cancer, malaria and sickle cell anemia, 

among others (1-7). These findings, revealing the mechanical 

nature of many fundamental biological processes, encouraged 

developments in cell mechanics research (8) using a new set 

of dedicated Micro- and Nano- electromechanical sensors 

(M/NEMS) called Suspended Microchannel Resonators 

(SMRs), which we are going to review here (9). The main 

benefit of using SMRs stems from their capability of 

performing single cell analysis. Indeed, classical approaches 

such as cell culture in a petri dish collect the average response 

from cell populations, while SMRs can resolve individual 

responses from the single entities. As a result, analysis via 

SMRs allows to reveal sample heterogeneity and access single 

cell biological processes.  

2. Introduction 

M/NEMS are mechanical transducers with micro- and 

nano- sized moving parts. They are usually cantilever-shaped, 

but can also include clamped-clamped beams (CC-beams), 

plates, disks and bulk acoustic devices. Their fabrication relies 

on standard semiconductor processing techniques, enabling 

for efficient batch production 

Advances in the field of cell mechanics as well as micro- 

and nano- technology fostered, in the past 20 years, the 

development of M/NEMS for life-science applications (9-11). 

Continuous advances in micro- and nano-fabrication 

techniques allow the size of mechanical devices to be 

comparable to the size of some biomolecules. This results in a 

highly sensitive mechanical response and in outstanding mass 

resolution, down to the detection of viruses and single 

molecules (12-15). Furthermore, M/NEMS can exhibit 

extremely high mechanical compliance, which allows for the 

measurement of pN forces generated by biological 

interactions, by translating them into a mechanical 

displacement, enhancing force responsivity (16, 17).  
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Mechanical biosensors can operate in static or dynamic 

mode, depending on whether quasi-static deflection or shifts 

in the resonance frequency are monitored and thus related to 

the biological event under study. Static mode biosensors are 

usually cantilever shaped and typically measure surface stress 

or surface forces induced by the binding of biological entities 

such as single-base DNA, pathogens or protein biomarkers 

(11, 18). These devices have shown remarkable label-free 

capabilities; however, deflection is highly susceptible to non-

specific binding, temperature and flow fluctuations. Very 

stable flows, together with differential measurements of non-

functionalized cantilevers help to partially circumvent 

spurious deflections (9). Dynamic mode biosensors are 

mechanical devices that vibrate close to their resonance 

frequency 𝑓𝑟, which is proportional to the square root of the 

ratio between effective stiffness 𝑘 and effective mass 𝑚 of the 

structure. Their sensing performance can be evaluated by 

calculating the responsivity and resolution to the target 

parameter (i.e. mass of the analyte landing or binding on the 

resonator surface). Mass responsivity ℜ is defined as the 

change in resonance frequency due to a change in mass, 

calculated as in Eq. ( 1 ) (10, 19): 

ℜ =
𝜕𝑓𝑟
𝜕𝑚

≈ −
1

2

𝑓𝑟
𝑚

 ( 1 ) 

In order to achieve the highest mass responsivity, one can 

reduce the mass or increase the frequency of the mechanical 

sensor (or both). 

Mass resolution 𝛿𝑚 is the minimum detectable mass a 

mechanical resonator is able to perceive. 𝛿𝑚 is given by the 

ratio between the frequency noise and the responsivity, as 

shown in Eq.( 2 ) (20): 

𝛿𝑚 ≈
𝛿𝑓

ℜ
= −2 𝑚

𝛿𝑓

𝑓𝑟
≈ −2 𝑚

1

𝑄

𝑁𝑜𝑖𝑠𝑒

𝑆𝑖𝑔𝑛𝑎𝑙
  ( 2 ) 

From Eq. ( 2 ) it is clear that a large quality factor 𝑄 as well 

as a large signal-to-noise ratio are required to maximize the 

sensing performance. M/NEMS have demonstrated 

extraordinary resolutions down to the yoctogram (10−24 g) 

scale (21), as a result of ideal experimental conditions such as 

ultra-high vacuum levels and cryogenic temperatures. Such 

conditions are ideal to reduce the energy dissipation due to the 

medium surrounding the resonator, as well as to limit thermal 

fluctuations, but they are not compatible with biological 

processes.  

2.1 Dynamic mechanical biosensors in liquid 

When tackling real time biosensing applications, like 

protein or DNA detection, the immersion of the resonator into 

fluids is almost inevitable since most biological processes 

naturally occur in a fluidic environment. In this scenario, fluid 

viscous damping causes a drop of 𝑄 of several orders of 

magnitude and a consequential degradation of mechanical 

performance (22). We can identify four main strategies 

developed to exploit M/NEMS sensor performances for 

biological detection: (i) capture the analyte in fluidic phase 

and analyse a posteriori in vacuum environment (23); (ii) 

perform the measurements in a high-humidity environment 

(24); (iii) continuous operations in liquid, focused on 

enhancing the quality factor (25, 26); (iv) confinement of the 

fluidic sample inside the resonator structure (SMRs, object of 

this review). 

In the first approach, cantilever arrays are functionalized to 

capture analytes directly from the fluid phase (blood serum) 

(23). Resonators are subsequently dried and analyzed in 

vacuum. Although this approach demonstrated femtomolar 

sensing capabilities, it does not allow for real time analysis of 

the biological sample. 

Concerning the second strategy, certain biological species 

like bacteria can grow and survive in highly humid 

environment. In this case, even though viscous damping is 

larger than in vacuum, it does not reach the levels of full 

immersion in liquid, thus the quality factor remains 

acceptable. An example of this biodetection is the growth 

monitoring of Escherichia coli using cantilevers coated with 

nutritive layers (sugar) and operation in air above 93% 

humidity (24).  

Many other scenarios require full fluidic immersion of the 

M/NEMS while the measurement is running (third approach). 

One solution to limit the degradation of 𝑄 due to the viscous 

damping generated by the surrounding fluid, consists in the 

use of acoustic modes, which are less impacted by viscous 

losses with respect to flexural (out-of-plane) vibrational 

modes. Acoustic sensors such as quartz crystal microbalance 

(QCM) and surface acoustic waves (SAW) devices 

demonstrated label-free and real-time detection of 

biomolecules such as DNA, protein and bacteria (26-30). To 

permit the use of QCM or SAW as a biosensor, analyte-

specific molecules are immobilized on the device surface to 

catch the target molecules from sample solution. 

QCM consists of a quartz disk with electrodes that allow 

for the excitation of a shear acoustic mode, which has an 

inherent low viscous interaction with the surrounding fluid 

(31). However, in order to have devices that are not too fragile, 

the overall thickness is kept in the range of some millimeters, 

corresponding to frequencies in the tens of MHz. With such 

devices, the mass resolution is limited because of their own 

mass (thickness) (27). 

SAW devices generate and detect acoustic waves using 

interdigital transducers (IDT) on the surface of a piezoelectric 

(PZE) crystal. The surface acoustic wave travels along the 

space between the IDTs, known as delay-line. The acoustic 

energy stays confined close to the surface of the PZE crystal 

in a depth range close to the acoustic wavelength, regardless 

of the thickness of the complete substrate. For this reason, the 

wave is potentially very sensitive towards any change on the 

surface, such as mass loading, viscosity and conductivity 

changes. The highest sensing performances of SAW devices 
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have been achieved by Love mode SAW sensors, where a 

waveguide layer maintains the acoustic wave near the device 

surface (32, 33). SAW devices can be as thin as few hundreds 

of micrometers and their typical frequencies are much larger 

than those of QCMs. Nevertheless, the acoustic waves are not 

purely shear, and radiate compression waves into the liquid, 

which induces larger damping than in the case of shear modes, 

but lower than in the case of flexural (26).  

As seen in Eq. ( 2 ), the minimum detectable mass that a 

resonator is able to measure is proportional to the mass of the 

device itself. In order to minimize said parameter, the 

optimum choice is to work with flexural devices, which can 

reach nanoscale dimensions and masses in the order of 

picograms, potentially allowing single molecule mass sensing. 

However, flexural devices exhibit out-of-plane vibrations, 

therefore their energy loss when they vibrate in a fluid 

environment is much larger compared to acoustic resonators. 

Several strategies have been implemented in order to enhance 

mechanical performance of flexural devices immersed in 

liquids, such as exciting higher vibrational modes (larger 

frequencies) (25), or reducing the surface of contact between 

liquid sample and resonator (34-36). However, confinement 

of the fluidic sample inside the resonator body, which is the 

case of SMRs, represents the best solution in terms of 

resolution, sensing surface and throughput (number of 

particles analysed per unit of time), while also enabling single 

cell detection.  

 

 

Figure 1: Schematic representation of a cantilever-shaped 

suspended microchannel resonator (SMR). The U-shaped 

microfluidic channel is embedded in the hollow resonant 

structure. The resonator can be kept in dry environment, while the 

fluidic analyte runs through the microchannel, allowing real-time 

analysis of liquid samples. Electrodes for device transduction can 

be integrated during the fabrication process.  

 

In 2003 Scott Manalis’ group presented a device (37) 

inspired by the millimeter scale densitometer developed by 

Stabinger and co-workers in 1965 (38, 39). SMRs, 

schematically represented in Figure 1, consist of a hollow 

resonant structure containing embedded microfluidic 

channels. The fluid to be analyzed flows inside the resonator, 

thus viscous damping is almost completely suppressed, and 

mass loading is minimized. Real time analysis of fluidic 

samples is made possible while the whole device can be kept 

in dry environment, thus retaining high mechanical 

performance. Quality factors up to 15000 and mass 

sensitivities down to 1 attogram in 1 kHz bandwidth have been 

demonstrated (40).  

Most SMRs are cantilever-shaped resonators excited in 

their flexural modes. However, other hollow resonator 

geometries and vibrational modes have been reported in 

literature such as hollow clamped-clamped beams (CC-

beams) and plates, or torsional and in-plane modes. 

In this review, we focus on hollow resonant devices for 

biosensing applications. We start by providing an overview of 

the main fabrication strategies reported in literature, as well as 

the transduction approaches for the actuation and the readout 

of the sensors. We discuss the complex SMR chip-to-world 

interfacing and the packaging strategies adopted in state-of-

the art. We then review the sensing capabilities, modes of 

operation and the main reported applications of SMRs in 

microfluidics and biological field. We conclude by briefly 

discussing the device challenges and future perspectives. 

3. Fabrication  

SMR fabrication must meet the requirements of mechanics, 

microfluidics and, in case of integrated transduction, 

electronics. Therefore, it can be a complex, long and rather 

costly process.Materials and geometrical dimensions need to 

reach both fabrication feasibility and device functionality. 

Properties such as biocompatibility, chemical stability and 

hydrophilicity should be considered when selecting the 

resonator material, together with thermal budget, residual 

stress, etching selectivity and fabrication cost.  

The main approaches developed for SMR fabrication are 

shown in Table 2 and can be classified in two categories: (i) 

fabrication processes which require the deposition of a 

dedicated sacrificial material for microchannel definition 

(Table 2, A-C); (ii) fabrication processes which do not require 

a sacrificial material (Table 2, D-H). Indeed, the definition of 

the microfluidic channel embedded in the mechanical 

structure represents the most challenging step of SMR 

fabrication. 

3.1 Process requiring sacrificial material 

The use of a dedicated sacrificial material, despite adding 

on an already complex fabrication process, allows the fine 

control of microfluidic channel geometry and dimensions.  

Within this approach, it is fundamental to carefully choose 

a structural material that possesses excellent selectivity 

towards the chemical used to etch the sacrificial material in 

the channel. Silicon nitride/polysilicon as well as silicon 

oxide/silicon are good structural/sacrificial material options, 

considering long wet etching in KOH or XeF2 (41). 

Polysilicon (37, 42-45), as well as silicon oxide (46, 47), 

inlet

outlet

Structural material Substrate Metal 

Electrodes for integrated transduction
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photoresist (48) and metals (49), are examples of sacrificial 

materials reported in literature for SMR fabrication. 

The first reported SMR fabrication processes rely on the 

long wet etching of a sacrificial polysilicon (37, 42). In 

particular, fluidic channels are defined via deposition and 

patterning of the sacrificial layer deposited on top of the 

structural material (low stress silicon nitride, ls-SiNx) of the 

resonator. Channels are then sealed with a second silicon 

nitride deposition. Sacrificial polysilicon removal is achieved 

defining access holes at the two extremities of the fluidic 

channel (i.e. inlet and outlet) and immersing the wafer in wet 

etchant (KOH) for several hours. This fabrication process 

allows to obtain fluidic channels embedded inside the flat 

surface of resonators or extruded from the cantilever base, as 

shown in Table 2.A and B, respectively. Typical channel 

dimensions range from few micrometer down to few hundreds 

of nanometers. As a drawback, several hours in aggressive 

chemicals (i.e. KOH), can be detrimental to the wafer 

integrity. More recently, the same approach shown in Table 

2.B was proposed with a different selection of 

structural/sacrificial materials (parylene/photoresist (48), 

silicon nitride/silicon oxide from Tetraethyl Orthosilicate 

(47)) that enabled shorter times for channel emptying, in the 

order of few minutes.  

An alternative approach is the one represented in Table 2.C, 

where channel walls are defined by filling high-aspect ratio 

trenches in the sacrificial layer (45). In this case, channel 

emptying is achieved via the definition of discontinuous 

apertures that provide direct access to the channel interior 

along their full length. This strategy allows for fast channel 

emptying (within few minutes), thus preventing damages to 

the wafer substrate. Microfluidic channel of few micrometer 

size can be obtained, and their dimensions accurately fine-

tuned. Furthermore, the etching duration is independent of 

channel length, enabling the controlled definition of arrays of 

multiple SMRs having different lengths. In addition, after 

channel definition, the wafer has a flat surface that enables 

further microfabrication processing (i.e. integration of 

electrodes for device transduction). However, this approach is 

rather costly as it requires two e-beam lithographies and 

several thin film depositions. 

In the three cases (Table 2.A-C) the shape of the resonators 

is defined via photolithography and dry etching, while SMRs 

are finally suspended via isotropic wet or dry etching.  

3.2 Process not requiring a sacrificial material 

In order to simplify and shorten the SMR fabrication, 

alternative process flows have been developed, that do not 

require the additional deposition and etching of a sacrificial 

material (Table 2.D-H). In general, simpler and shorter 

process flows are achieved at the cost of less control in 

channel dimensions and cross sectional shape. 

Table 2.D presents a strategy based on fusion bonding of 

two silicon-on-insulator (SOI) wafers, previously etched to 

define the microfluidic channel cavity (40, 50, 51). 

Photolithograpy and dry ethings are used for both SMR 

definiton and release. This methodology provides a simple 

fabrication process and a flat resonator surface. Within this 

category, this is the technology that provides the best control 

of  microfluidic channel dimensions and shape. However, SOI 

wafers can be rather costly and several fabrication steps are 

still required. 

Table 2.E shows a different strategy, where SMRs are 

fabricated defining buried cavities underneath the surface of 

the wafer and sealing them with a single deposition of 

structural material. Few examples refer to (52-54), where 

dashed apertures are opened via dry etching, in a low stress 

silicon nitride layer deposited on a silicon wafer. The 

underlying silicon is isotropically etched in SF6 gas, leading 

to the coalescence of the etched regions and to the formation 

of a continuous channel, about 10 µm in diameter. Finally, 

channel walls are uniformly coated with a single low stress 

silicon nitride deposition, that also seals the etch apertures. 

Resonators are patterned and finally released in isotropic SF6 

gas etching. This technique requires the engineering of dashed 

apertures distribution and spacing, easily achievable via 

simulation software or analytical modelling. In addition, it 

allows an easy and fast fluidic channel definition below the 

flat surface of the wafer, with etching times in the order of few 

minutes. However, it reduces the control of the dimensions 

and geometry of channel and resonator, compared to the 

previous strategies. For instance, channel dimensions are 

limited by the ability to control etching rate and uniformity 

across the wafer.  

Table 2.F shows the fabrication of SMR CC-beams, via 

Nanoscribe® and/or Femtoprint® technology. The latter 

consists of femtosecond laser direct writing on a glass 

substrate (55). This technology is based on local material 

density modification via femtosecond laser exposure. As an 

effect, exposed regions exhibit a different etching rate in HF 

or KOH. In addition, moving the laser focal point across the 

substrate thickness allows to obtain three dimensional (3D) 

geometries embedded in the glass wafer (i.e. hollow 

structures). After exposure the wafer is immersed in KOH 

solution for several hours in order to obtain released SMRs. 

This approach allows to dramatically simplify the SMR 

fabrication process and enables the fabrication of 

microchannel of few micrometers in diameter. However, it 

requires long etching in aggressive chemicals (KOH) and does 

not provide optimal control of the microfluidic channel 

dimensions and cross-sectional shape. Another option is to use 

2-photon polymerization of a negative-tone resist to directly 

define the channel walls, with a subsequent immersion in 

development solution (56). 
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The fabrication technology shown in Table 2.G is based on 

Silicon self-assembly and enables the fabrication of hollow 

microtubes within a three-step process (57). This process, 

called silicon-on-nothing (SON) consists of the dry etching of 

cylindrical pores in a standard silicon substrate. The wafer is 

then annealed at high temperature (1050 °C) for about 20 

minutes, under a controlled Argon atmosphere. Self-

assembled buried cavities, with a diameter of 1.8 µm, are 

obtained after annealing. Access holes are defined via dry 

etching and the wafer is later dry oxidized in a furnace to coat 

channel interior. Resonators are finally released in SF6 gas 

isotropic etching. This approach allows for the simple 

fabrication of hollow tube resonators, with tuneable channel 

wall thickness and microfluidic diameter in the range of few 

µm. However, due to the tubular shape of the resonator arms, 

further microfabrication for transduction integration is rather 

difficult. Table 2.H shows SMRs CC-beam obtained via 

pulling and laser heating of commercial glass capillaries. This 

methodology allows to reduce the capillary diameter from few 

hundreds to few microns, and to increase its length by few 

centimeters. The obtained microchannel is flexible and can be 

easily folded by 180°. The resonator length can be defined by 

simply supporting the capillary at two contact points. The 

unpulled sections at both ends of the capillary facilitate 

handling and liquid delivery. However, it is difficult to 

achieve constant cross sectional dimensions along the pulled 

capillary, as well as to fine tune the resonator geometry (58).  

4. Motion Transduction 

SMR transduction needs to translate the mechanical 

vibration of the solid structure into a detectable electrical 

signal and vice-versa, for readout and actuation, respectively. 

Transduction approach must be selected while taking into 

account fabrication processes as well as packaging strategies. 

For instance, electrical transduction strategies have impressive 

degree of miniaturization, but impose high fabrication 

complexity and design restrictions. On the other hand, optical 

techniques offer great flexibility in fabrication and design, but 

require bulky instrumentation and complex alignment, set 

geometrical constraints between the optical probe and the 

device, and are limited at the nanoscale by light diffraction 

(59). Table 1 summarizes the most common actuation and 

detection strategies used for M/NEMS, while in Table 3 some 

of the several SMR publications and related transduction 

strategies are listed. 

The most basic actuation approach for SMRs consists in 

using a commercial piezoceramic actuator put in contact with 

the chip (42, 57, 60). In this case, a piezoelectric (PZE) block 

in the size range of few millimeters delivers mechanical 

vibration at a specific frequency, upon connection to an 

external voltage source. This method is extremely practical, 

cheap and easy to implement; however, simultaneous 

actuation of multiple frequencies is cumbersome, and 

particular care is needed in order to firmly attach or put in 

contact the PZE block with the chip. This strategy can also be 

used to reduce electrical coupling between actuation and 

electrical detection as done in (61), where a commercial 

piezoceramic actuator was used instead of integrated 

electrostatic actuation (available on chip), in order to avoid 

coupling with the piezoresistive readout. In (62), the same 

group superimposes piezoceramic actuation in phase with 

electrostatic one. The goal is to provide enough vibrational 

amplitude to exert nanonewton-scale centrifugal force on 

single particles, in order to guide them into mechanical traps 

within the SMR. 
 

Table 1: Common transduction techniques for mechanical sensors at 

the microscale. Actuation can be achieved by applying a pressure, a 

force or a deformation to the device. Readout can be attained by 

reading an optical signal, or by sensing a generated force or 

deformation. Some techniques allow both actuation and readout. 

ACTUATION 

Pressure Force Deformation 

Shape Memory 

Polymers 
Magnetic Piezoelectric 

 Electrostatic Thermal 

DETECTION 

Optical Force Deformation 

Optical lever Magnetic Piezoelectric 

Interferometry Capacitive Piezoresistive 
 

The most widespread integrated actuation strategy found in 

literature for SMRs is electrostatic actuation (37, 63-65). This 

is achieved by defining, during SMR fabrication, two metal 

electrodes: one in proximity of and another one on the 

resonator. In general, this technique provides non-linear, but 

fast response with low power consumption. In addition, it can 

be used both in actuation and in detection (capacitive), as seen 

in (50, 64, 66). The main limitations are the small achievable 

displacements (thus the previously mentioned 

superimposition with PZE block), and the lower efficiency at 

the nanoscale due to the scaling down of the electrodes area. 

Optical-induced thermal actuation has also been reported 

by Craighead and coworkers, for doubly clamped low-stress 

silicon nitride SMRs with nano-sized channels (43). In this 

case, thermal expansion and contraction are induced via 

thermal injection in the resonator material, through an 

amplitude-modulated laser.  

Piezoelectricity has been applied to SMR devices, not only 

for actuation but also for detection (45, 67). Piezoelectricity is 

a non-dissipative effect: current flowing in the PZE layer is 

rather low, thus avoiding heating of devices, typical of optical 

or piezoresistive techniques (68, 69). It provides a fast and 

linear response and enables both actuation and detection (70). 

Efficient piezoelectric actuation of SMR arrays has been 

recently reported in (45). An aluminium nitride PZE layer 

sandwiched between two Pt electrodes was integrated near the 

clamp of SMR arrays, enabling individual resonator 

transduction, both in actuation and readout. 



Table 2: Overview of the main microfabrication strategies for SMRs. The different approaches can be divided in the ones requiring a 

dedicated sacrificial material (A-C) and the ones not requiring the deposition of a sacrificial material (D-H). The additional process steps 

necessary for the integration of electrical transduction are not considered in this table. In the center, the schematic process flow is 

represented in cross section, while the right column shows real images of fabricated devices.  

 

A) Planarized sacrificial material, slow channel emptying, flat resonator surface (37). 

 

 

B) Patterned sacrificial material, corrugated resonator surface (42, 47-49). 

 

 

C) Trenches defined in sacrificial material, fast channel emptying, flat final surface (45). 

  

D) Silicon fusion bonding, flat resonator surface (40, 50, 51, 71). 

  
E) Buried channels, flat final surface (52-54, 72). 

 
 

F) Laser modification of photosensitive material and wet etching (55, 56). 

  
G) Silicon self-assembled microchannels: etching of pore arrays, thermal annealing and thermal 
oxidation (57). 

 
 

H) Pulling glass capillaries and laser heating (58, 73). 
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SMR readout has been largely performed via optical lever 

and interferometry, as can be seen in Table 3. A close 

feedback loop configuration involving 𝑛 phase locked loops 

(PLLs) was recently implemented for the optical readout of 𝑛 

SMRs: devices were arranged in an array configuration and 

actuated by a piezoceramic actuator, driven by the sum of the 

𝑛 signals demodulated by the PLLs (60). 

SMR integrated electrical readout has been demonstrated, 

not only via piezoelectricity and capacitive technology, as 

already mentioned, but also via piezoresistive detection (61, 

74), as shown in Table 3. Piezoresistive sensors can be 

fabricated close to the resonator anchor, via ion implantation 

into single crystal silicon (61). The deflection of the cantilever 

induces a change in resistance in the piezoresistor that can be 

measured with a Wheatstone bridge. Piezoresistive readout is 

easily implemented in large arrays and it is linear for small 

displacements. However, this is a dissipative phenomenon 

(thermal dissipation via Joule effect) and the thermal noise 

associated to thin piezoresistive layers can limit detection 

efficiency. 

5. Packaging and interfacing 

Packaging in vacuum and device-to-world interfacing are 

fundamental steps to connect microfabricated devices to 

external equipment and make them operational in a 

comprehensive experimental setup. Microfluidic and 

electrical interconnections need to be planned during the 

design stage, in order to take into account size-limitations, 

material compatibilities and geometrical configurations (75). 

For instance, microfluidics does not scale together with 

microelectronic miniaturization, which makes fluidic delivery 

and control a challenge at the nano and microscale. In 

addition, packaging cannot be standardized as it depends on 

the specific application of the sensor to characterize (76). 

Hence, custom experimental platforms need to be engineered 

to support efficient operation of devices. 

In order to operate SMR sensors, key requirements are: (i) 

provide fluidic connection, in order to efficiently interface 

millimeter-scale commercial tubing to the micrometer-sized 

embedded channels. (ii) Provide electrical connection (in case 

of integrated transduction), for example via wire bonding to a 

printed circuit board (PCB). (iii) Stabilize the temperature of 

the sensors, in order to avoid crosstalk due to temperature 

shifts. (iv) Encapsulate the devices in vacuum, in order to 

maximize SMR resolution, according to Eq.( 2 ) 

The methods reported in literature for SMR packaging are 

based on two main approaches: (i) Wafer-level packaging 

(Figure 2.A); (ii) Chip-level plug-and-play configuration 

(Figure 2.B). 

Both strategies show optimal control and reliability, and are 

schematically represented in cross section and 3D rendering 

in Figure 2 (left and right column, respectively).  

Other simpler approaches can also be found in literature. 

For instance, in (43) NanoPort Assemblies (IDEX-HS) are 

glued directly to the chip for fluidic delivery and to serve as 

fluid reservoir. NanoPorts are then closed with commercial 

fittings to ensure fluidic confinement, allowing the assembled 

chip to be placed in a vacuum chamber for in-vacuum 

operation.  

5.1 Wafer-level vacuum packaging 

Wafer-level vacuum packaging entails the vacuum 

encapsulation of the whole SMR wafer that can be 

subsequently diced in chips for individual interfacing to 

fluidic and electronic equipment (40, 60, 77, 78). It constitutes 

an elegant and permanent solution. However, additional 

process steps are required, further complicating the process 

flow and increasing the fabrication costs. 

Wafer-level packaging can be achieved via SMR wafer 

bonding to a glass substrate. In (40), the glass wafer also 

includes patterned bypass channels for fluid delivery, as well 

as electrical connections for electrostatic actuation. Devices 

are sealed at pressures below 10−3 mbar, and an on-chip getter 

(SAES, Italy) ensures stable vacuum levels over extended 

time periods. 

5.2 Chip-level plug-and-play configuration 

Chip-level plug-and-play configuration allows to 

reversibly encapsulate the chip in a modular platform, where 

fluidic connections and vacuum sealing are provided, together 

with temperature control (79-81). This is a lower cost and fully 

reversible approach, but requires more manual handling and 

plugging by the operator. 

In (81), an o-ring based modular interface is described 

(Figure 2.B). The SMR chip is sandwiched between a 

micromachined fluidic connector and a metal plate. The 

fluidic connector contains bypass channels for fast exchange 

of fluidic samples. In addition, a central cavity is used to (i) 

provide visual access to SMRs and fluidic inlets/outlets for 

alignment; (ii) create an on-chip vacuum chamber, via 

connection to a vacuum pump and sealing with a glass lid. The 

metal plate is in contact with a Peltier cell and a thermistor to 

maintain stable temperature during experiments. Electrical 

connections are provided via wire bonding of the SMR chip to 

a PCB. A similar configuration is proposed in (79), where 

fluid delivery and vacuum encapsulation are totally 

decoupled: fluid samples are delivered from the backside of 

the chip, while an on-chip vacuum chamber is built in the 

front. Another example, but not including vacuum 

encapsulation, is given in (51), where a customized plug-and-

play platform with electrical spring probes and o-ring based 

fluidic sealing is presented. 

 

 



A) Wafer-level vacuum encapsulation (53, 57, 78). 

 

 

B) Chip-level plug-and-play approach (51, 79, 81). 

 

 

Figure 2: Simplified schematic (left) and 3D rendering (right) of the two main SMR packaging and interfacing approaches. A) Wafer-level 

vacuum encapsulation, achieved via pyrex wafer bonding to the SMR wafer, which can be later cleaved into chips and interfaced to fluidics 

and electronic connections. B) Chip-level plug-and-play approach, totally reversible and exchangeable within different chips, but requiring 

manual operation for alignment and assembly. 

 

6. Sensing capabilities 

SMRs have the capability to sense any magnitude directly 

affecting their mechanical response. This includes sensing of 

mass, mass density, viscosity, stiffness, temperature and heat, 

among others.  

According to the resonator geometry, SMRs can be 

operated both in static and dynamic mode. Flexural resonators 

(i.e. cantilevers) are the most exploited geometry in literature, 

as can be seen in Table 3, because of their excellent resolution 

and because they enable both static and dynamic operation.  

6.1 Static mode operation 

The standard static operation of classic cantilevers consists 

in detecting the quasi-static deflection induced by a difference 

of surface stress between the two faces of the resonator. This 

is in general the result of biomolecules binding on the 

functionalized surface of the cantilever. When considering 

SMRs, this strategy is difficult to be applied because the 

functionalization of the embedded microchannel would result 

in a uniformly distributed binding of receptors on all channel 

walls. In order to have a proper response, the asymmetry 

needed in the SMR structure (microfluidic channel position 

with respect to the cantilever neutral axis) should be so large 

that it becomes unrealistic (82). 

Static deflection of bimaterial SMR cantilevers has been 

applied in the field of photothermal spectroscopy (44). In this 

application the SMR can be considered as a thermal sensor, 

and its deflection amplitude is studied as a function of the 

wavelength of the absorbed light. The SMR has a bimaterial 

composition that results in thermal expansion mismatch 

between the layers, thus enhancing temperature responsivity. 

This approach does not require chemical functionalization, 

therefore it overcomes difficulties related to chemical 

preparation and binding specificity. 

Force spectroscopy is another field example of SMR 

operated in static mode (49). Hollow cantilevers with an open 

tip measured adhesion forces of single cells immobilized on a 

substrate, in liquid environment. In this case, the open 

microfluidic channel is not filled with a fluid, but it serves to 

apply a negative pressure on single cells to partially overcome 

and study their adhesion forces on the substrate. Despite sub-

nN resolution, this technique is rather slow (in the order of few 

cells per minute), since careful alignment of the SMR to each 

cell is required. 

6.2 Dynamic mode operation 

The vast majority of SMR publications focuses on sensors 

operating in dynamic mode (see Table 3). The main reason is 

that this approach enables several strategies to maximize 

device resolution, such as signal averaging, working at the 

onset of mechanical nonlinearities and applying frequency 

noise cancellation techniques (20, 69, 83). 

In general, an analyte flowing through or binding on the 

resonator induces a relative frequency shift which is 

proportional to the analyte mass and stiffness (69). This has 

been exploited via two modalities of operation: (i) affinity-
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based capture, based on the immobilization by molecular 

recognition of the analyte on the functionalized surface of the 

microchannels (Figure 3.A); (ii) Flow-through detection, 

which consists in monitoring the SMR frequency response in 

real time, as single particles run through the resonator (Figure 

3.B).  

 

6.2.1 Affinity-based capture 

This approach allows to detect target biomolecules binding 

inside the SMR, upon functionalization of the microfluidic 

channel walls. It is therefore possible to measure the 

concentration of these molecules in solution. The exact 

(buoyant) mass of accumulated molecules can be quantified 

by measuring the resonance frequency before and after 

injection of the target analyte (40, 78). In fact, molecular 

capture causes an increase of the resonator mass, which 

induces a frequency shift Δ𝑓𝑟 towards lower frequencies, as 

shown in Figure 3.A, and directly proportional to the 

accumulated mass. Importantly, since measurements are made 

in liquid, the mass that generates changes in the resonant 

frequency is the buoyant mass, i.e. the mass of the analyte 

minus the mass of the displaced fluid (84). 

 

6.2.2 Flow-through detection 

Flow-through detection consists in tracking the SMR 

resonance frequency while an analyte runs through the 

embedded channel. A particle travelling through the SMR 

induces a transient frequency shift, directly related to the 

particle mass and stiffness, and function of the cell position 

along the U-shaped channel (69). When the analyte flows 

through the clamp of the resonator (position 1 and 3 in Figure 

3.B), a shift towards higher frequencies is expected, due to the 

particle stiffness contribution to the SMR resonance 

frequency. Conversely, a relative frequency shift towards 

lower values is measured when the analyte travels close to the 

SMR tip, where its buoyant mass contribution is maximum.  

A slight variation of this strategy consists in trapping the 

analyte at the tip of the resonator via centrifugal force, and 

subsequently release it by increasing the flow rate (71, 85). 

This nice tactic has a double effect: it enables longer averaging 

times, enhancing the resolution. It also allows to suppress the 

measurement error due to uncertainty in the lateral position of 

particles travelling through the U-turn at the tip of the 

cantilever (40). Another method to circumvent this latter issue 

is to excite the SMR in its second flexural mode of vibration 

and make the U-turn around the nodal point of the mode, 

rendering it nearly insensitive to the lateral position of the 

particle in the channel (85). 

Flow-through detection approach has the great advantage 

to allow real-time monitoring of single particles. Furthermore, 

measurements do not require chemical treatment of the 

channel surface or the use of expensive reagents. Flow-

through detection applications have achieved mass resolution 

down to the attogram precision, for the case of nano-sized 

fluidic channels (86). However, the main limitation of SMRs 

operated in such configuration is throughput, as will be 

discussed in Section 8. Challenges. 

Stiffness detection is considerably more challenging, as its 

effect on the resonance frequency is orders of magnitude 

lower than the mass contribution (69, 87). However, single 

cell stiffness sensing has recently been demonstrated, by 

combining SMRs with acoustic technology, as described in 

the next section (88).  

 

 
A) 

 
B) 

Figure 3: SMR dynamic modes of operation. A) In affinity-based 

capture operation, molecules are immobilized onto the channel 

walls, via biomolecular recognition. Particle accumulation 

induces a frequency shift 𝛥𝑓𝑟, directly proportional to the 

accumulated mass. B) Flow-through detection allows the real-

time analysis of single particles. Transient resonant frequency 

shift can be detected, as a function of particle mass, stiffness and 

position along the microchannel. 

 

7. Applications 

SMRs with micro- and nano-scale channels have 

demonstrated great sensing capabilities down to the attogram 

scale and have been used in a plethora of applications such as 

characterization of the rheological properties of fluidic 

samples, as well as single cell measurements of mass, density 

and growth. SMRs have also been combined with other 
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technologies, such as electrophoresis, acoustic scattering and 

infrared (IR) spectroscopy, further expanding their field of 

application to single particle surface charge, stiffness and IR 

absorption. 

Table 3 provides a detailed summary of SMR main 

applications. Per each publication considered, fabrication, 

transduction and packaging strategies, limit of detection, 

geometrical and mechanical parameters are listed. A 

schematic classification of SMR applications is shown in 

Figure 4. 

7.1 Characterization of fluids 

The concept of hollow resonator dates back to 1965, when 

Stabinger and co-workers employed a hollow glass tube to 

measure the density of milliliter liquid samples (89, 90). The 

miniaturization of devices enabled the application of this 

concept to the characterization of the rheological and thermal 

properties of microfluidic samples, down to few femtoliters.  

In (50), a vacuum-encapsulated silicon tube is used as fluid 

density sensor, providing a measurement of water density at 

different temperatures and reaching density resolution down 

to 4 µg/ml. Similar applications were reported in further 

publications, where miniaturization and design optimization 

allowed to reach density resolution of 1 µg/ml (45, 55, 57, 58, 

79). 

Combining resonance frequency and quality factor 

measurements, fluidic viscosity was also resolved down to 25 

µPa·s (79, 91). However, this technique is only valid in a 

narrow viscosity range, due to the non-monotonic behaviour 

of quality factor as a function of fluid viscosity, a complex 

phenomenon peculiar of SMR devices and largely studied in 

literature (92). 

Bimaterial bridge resonators with embedded microfluidic 

channels have been used for thermal fluidic analysis (46). The 

resonator surface is locally heated via irradiated laser power 

of a laser Doppler vibrometer, also used to measure the 

frequency response of the device. The different thermal 

expansion coefficients of silicon nitride and silicon dioxide, 

structural materials of the resonator, induce an internal tensile 

stress. This, in turn, is used to detect the local temperature in 

the fluidic channel, based on resonant frequency variations. 

The authors measured a local heat responsivity at the center of 

the bridge of 8.6 ppm/µW and a temperature responsivity of 

140 ppm/K, demonstrating potential application to single cell 

calorimetry. 

7.2 Characterization of floating particles and molecules 

Functionalizing the inner surface of microchannel walls, 

SMRs are capable of immobilizing molecules flowing in 

solution. Affinity-based detection enables measurement of 

particle concentration in liquid medium (40, 78). A relevant 

example is given in (93), where the authors developed a label-

free surface binding assay that allowed for picomolar 

detection of target proteins in undiluted serum, reaching a 

limit of detection of 10 ng/ml.  

When operating SMRs in flow-through configuration, mass 

detection of single floating particles is the most exploited 

application, as can be seen in Table 3. This application does 

not require surface functionalization, since it is usually 

performed in flow-through configuration. Device and 

measurement setup optimization allowed to reach mass 

resolutions down to few ag in 1kHz bandwidth, resolving 

nanoparticles down to 10 nm in diameter, with a throughput 

of more than 18000 particles per hour (86). SMR is the only 

technology that allows for this outstanding combination of 

mass resolution and throughput. In addition, single particle 

mass measurements can be exploited to obtain other 

fundamental parameters such as cell mass density, cell growth, 

mass accumulation rate and response to drugs. 

The mass density of single cells has been measured via 

SMRs with a precision down to 1 mg/ml. The general 

measurement approach consists of detecting the buoyant mass 

of flowing cells in different fluids of known densities. In (94), 

a cell travels through the whole SMR length, and pauses in an 

exit bypass channel containing fluid of a higher density; 

subsequently, the flow direction is reversed so the cell can 

travel a second time through the SMR in the opposite 

direction, to be measured in the second fluid. This method 

requires absolute control of pressure and flow within the SMR 

device. In addition, the throughput is limited to up to 15 

seconds per cell, due to two requirements: each cell is forced 

to flow twice through the same resonator, and the two fluids 

should be sufficiently mixed by diffusion before reversing the 

flow. An alternative configuration is presented in (62), where 

mechanical traps are integrated inside the SMR to physically 

trap a single cell. This approach allows to continuously 

monitor cell buoyant mass and density while the surrounding 

fluids are exchanged, also enabling larger integration times. 

Although mechanical trapping enables better resolution and 

additional information with respect to the previous strategy, it 

also adds microfabrication complexity. Furthermore, pressure 

fluctuations during fluidic exchange can cause the cell to 

escape the trap; also, cell expulsion from the trap requires 

large differential pressures and can it be difficult due to cell 

adhesion to the trap walls. Another strategy to measure single 

cell density is presented in (95), where two SMRs connected 

in series are exploited. The two devices are filled with fluids 

of different known densities and connected by a long 

serpentine channel to ensure mixing. High-throughput 

measurements of cancer cell mass and density is 

demonstrated. Clearly, accurate measurement of both buoyant 

mass and density of a single particle allows to easily estimate 

its volume, thus providing a multiparametric characterization 

at a single cell level. 

Another quantity that can be derived from measurements 

based on mass detection is mass accumulation rate (MAR), 
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defined as the increment in mass per unit of time. MAR 

directly relates to cell growth. The simplest strategy to 

measure cell growth consists in repeatedly flowing a cell back 

and forth through the same resonator (94). However, in order 

to achieve larger throughputs and avoid the same cell to travel 

multiple times through a single device, the best solution is 

implementing SMR arrays connected in series. In (60), an 

array of 10-12 SMRs allows to measure the buoyant mass of 

the same cell as it flows through multiple resonators. Inserting 

long serpentine delay channels between each resonator 

provides the cell time to grow between consecutive 

measurements. In addition, multiple cells can be loaded in the 

array, as long as the dilution is adequate to ensure one single 

analyte per SMR. This approach has achieved MAR down to 

0.02 pg/h for bacteria, and a throughput of ∼60 cells per hour. 

Furthermore, single-cell MAR measured over many hours 

allows to accurately determine the response and resistance to 

drugs (96). In (97), a MAR assay reveals response to drugs in 

primary human multiple myeloma cells, demonstrating its 

potential to be used to predict therapeutic response on clinical 

samples. In (98), measurements of mass and growth rate via 

SMRs are linked to genomic profiling at single cell level, 

providing unprecedented knowledge in terms of biophysical 

signature of single biological entities. This is achieved via the 

development of a SMR serial platform with a downstream 

collection mechanism: the last analysed cell exiting the SMR 

array is captured into a polymerase-chain reaction (PCR) tube 

for RNA sequencing.  

SMR devices combined with electrophoresis achieved 

measurement of surface charge of single particles (99). A 

sinusoidal electric field applied longitudinally to the SMR 

causes the particle flowing through the channel to oscillate at 

the same frequency of the applied field. Spectral analysis of 

the resulting resonance frequency signal over time allows to 

extract the particle electrophoretic mobility. This latter 

parameter, combined with the buoyant mass information, can 

be used to compute size, absolute mass and surface charge of 

discrete microparticles, providing the means of quantitatively 

differentiating complex particle mixtures.  

Singe cell stiffness detection with high temporal resolution 

(< 1 min) has recently been demonstrated, via the combination 

of SMRs with acoustic technology. In (88), the authors use the 

vibration of a SMR in its second flexural mode as an acoustic 

energy source. A particle travelling through the SMR interacts 

with the generated acoustic field. The particle interaction with 

the surrounding fluid causes acoustic scattering, which shifts 

the resonance frequency of the device. The relative frequency 

shift is measured when the particle is at the node, where its 

mass has negligible effect on the resonance frequency (69). 

Hence, the authors demonstrate via experiments and FEM 

simulations that the frequency deviation at node is related to 

the cell mechanical properties and is generated by the acoustic 

scattering from the cell’s surface. 

The static mode operation of SMRs has showed promising 

results in the field of single molecule spectroscopy. 

Photothermal cantilever deflection spectroscopy (PCDS) 

combines the high thermal responsivity of a bimaterial SMR 

with highly-selective mid-infrared (IR) spectroscopy (44). 

This application consists in measuring the static 

thermomechanical response of a bimaterial SMR subjected to 

periodic heating by IR radiation of varying incident powers. 

Bimaterial SMRs achieved a minimum power measurement of 

60 µW and an energy resolution of ∼240 nJ, which are 

promising results towards biomolecule sensing and analysis of 

bioreactions in confined volumes.  

Another static mode application of hollow resonators is 

single cell force spectroscopy, demonstrated in (49). SU-8 

flexible SMRs with an opening at the tip measure adhesion 

forces of single cells in the sub-nN range. The measurement is 

performed in liquid environment and cells are immobilized on 

a substrate. The cantilever tip is put in contact with the cell 

while the microfluidic channel serves to apply a negative 

pressure for aspiration. The deflection of the cantilever is 

monitored via optical readout and related to cell elasticity and 

adhesion forces.  

 

 

Figure 4: Classification of SMR applications. 
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8. Challenges 

M/NEMS sensors have the unique ability to sense diverse 

parameters of biological systems. Their miniaturization to the 

micro- and nanoscale enables the mechanical properties of 

living cells to be directly correlated with their biological 

activities. However, the market of biological detection is 

mainly occupied by electrical and optical sensors, which have 

been studied for over 30 years and constitute a robust and 

well-established technology. The main reason is that 

M/NEMS technology suffers from a number of disadvantages, 

including reproducibility and reliability in signal response 

thus making its application to the medical field still limited. 

Exhaustive discussions about the comparative advantages and 

the challenges of M/NEMS for biological detection can be 

found in excellent reviews available in the literature (9, 100). 

In particular, SMRs constitute nowadays the best trade-off 

between resolution and throughput, and have the unique 

capability to perform multi-physical characterization at the 

single cell level. Nevertheless, these sensors can be extremely 

complex to fabricate and to operate. 

As seen in section 3, several different strategies have been 

developed in order to reduce and simplify SMR fabrication 

process. Simpler fabrication strategies (e.g. glass fiber pulling 

or laser modification of quartz) dramatically reduce 

fabrication cost, time and complexity. However, these 

techniques usually do not provide for transduction and 

packaging, which therefore need to be implemented at a later 

stage per each device. Furthermore, some of these processes 

require the use of higher loss materials and result in loss of 

dimension control, thus negatively affecting sensing 

performance. 

Concerning SMR operation, the main limitation of these 

sensors is measurement throughput. In the case of flow-

through detection, throughput is limited by the minimum 

residence time of the particle inside the channel, in order to 

enable sufficient averaging to obtain a detectable signal above 

the noise floor (101). Throughput can be improved via sample 

preconcentration or measurement parallelization, as stated in 

(101). For instance, a valid approach could be the 

implementation of large arrays of SMRs connected in parallel. 

However, this would not only increase the complexity of the 

microfluidic network, but also yield higher chances for 

channel breaking or clogging. 

Another option to improve throughput is to reduce the noise 

floor of the measurements. As an example, in (86), 

improvements in the detection system enabled precise mass 

quantification of nanoparticles with a throughput of more than 

18000 particles per hour. This was achieved reducing the size 

of the microfluidic channels that, at the same time, results into 

a larger fluidic resistance. Therefore, despite enhanced 

resolution, nano-sized channels require extremely large 

pressures to be operated, once again increasing experimental 

complexity and increasing the chances of structural damage to 

the devices or to the cells within the experiment.  

In case of affinity-based operation, throughput is limited by 

the kinetics of molecule diffusion and binding, which 

determine both the flow rate and the channel dimensions. 

Surface capture can be improved by maximizing the 

microchannel cross section, which would also allow to 

increase throughput. However, bigger channels would result 

in heavier devices thus lowering mass resolution. A good 

compromise is to fabricate wider channels in order to provide 

surface area for binding, while minimizing the thickness of the 

device in order to reduce the total mass.  

As a general remark for all modes of operation, a trade-off 

between throughput and resolution must be found when 

designing the resonators. 

Definitely, the exceptional characteristic of SMRs of 

enabling the determination of different parameters within a 

single experiment comes at the cost of great experimental 

complexity. For instance, in the case of mass density 

measurements, the buoyant mass of single cells needs to be 

measured in two different fluids. This requires the 

development of protocols for cell trapping, quick fluidic 

exchange, or reversing the flow direction, as explained in 

section 7. Alternatively, a simpler but not integrated solution 

could be the coupling of an SMR with a flow cytometer, in 

order to estimate the size of each cell. Combining the size 

information with the buoyant mass provides a straightforward 

evaluation of the mass density. 

SMR sensors possess extraordinary sensing capabilities that 

have the power to offer unprecedented insight in biological 

molecules and their biophysical functions. However, 

technological and experimental complexity constitute a 

limitation to their widespread application on the biological 

market. Further considerations about SMR practical 

limitations can be found in an excellent dedicated review by 

Arlett and Roukes (101). 

9. Conclusion and Outlook 

In this paper we have provided a succinct revision of the 

current state of the art on suspended microchannel resonators. 

We offer different ways to classify them: based on fabrication, 

packaging and application. This review is meant to help other 

researchers to quickly catch up with the latest advances on the 

topic and to realize of the potential of these devices for 

fundamental research but also as laboratory tools, for example 

for diagnostics. 

We are currently in a crucial point where the fabrication 

technology is mature and integration is more stable, so 

naturally applications are going to multiply. Several start-up 

companies have been created in the past few years and many 

more are yet to come. We believe that the most interesting 

directions where the field of SMRs can really make a 
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difference are in the study of physical attributes (physical 

phenotyping) of single-cells with high throughput. 
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Table 3: Overview of the main publications about SMR sensors.  
Group 

and 

year 

Geometry Material 
Fabrication 

type* 

Sample 

Volume 

Solid/Li

quid 

volume 

Actuation 

Method 

Readout 

method 

Resonance 

Frequency** 

Quality 

Factor*** 
Limit of Detection 

Packaging 

strategy§ 
Target/Application 

          Responsivity Resolution   

Stabinger  

1965 (39, 

90) 

hollow tube Glass 
Glass 

technology 
1 ml N.A. Magnetic 

Digital 

counter 

~10 kHz 

(torsional) 

N.A. Accuracy of 10-6 N.A. N.A. Fluid density 

Stemme 

2000 (50) 
tube loops Silicon D 0.035 ml 0.06 Electrostatic Capacitive 

~10 kHz 

(torsional) 

3400 

200 ppm/(kg m-3) 

29 ppm/ ◦C ( in 20-

100°C range) 

4 µg/ml A Fluid density and temperature 

Manalis 

2003 (37, 

80) 

cantilever 

low stress 

Silicon 

Nitride 

A 27 pl ~1 Electrostatic Optical ~40 kHz ~90 (in air) 2.6 ppm/pg 
1 ng/cm2 in 4mHz-

4Hz BW 
B (no vacuum) Affinity-based protein detection 

Manalis 

2007 (40) 
cantilever Silicon D 9.6 pl ~7 Electrostatic Optical ~220 kHz 15000 ~15 ppm/pg 

0.01 ng/cm2 

300 ag in 1Hz BW 

A 

Affinity-based detection of single 

molecules. 

Flow-through detection of 

nanoparticles and bacteria. 

Elwenspo

ek 2008 

(102) 

CC-beam 

low stress 

Silicon 

Nitride 

E ~1 nl ~0.04 Thermal Resistive N.A. N.A. 0.2 uV/(nl min-1) N.A. N.A. Thermal flow sensor. 

Manalis 

2008 

(103) 

cantilever Silicon D 10 pl ~7 Electrostatic Optical ~200 kHz 15000 0.1 ug/(ml mHz) ~3 ug/ml A 

High-performance liquid 

chromatography (HPLC). Flow-

through operation. 

Manalis 

2009 (99) 
cantilever 

Silicon – 

Silicon 

dioxide 

D 10 pl ~7 
Commercial 

Piezoactuator 
Optical ~200 kHz  15000 N.A. 

particles diameter < 

3um 
A 

Mass and surface charge of 

microparticles. Flow-through 

operation. 

Manalis 

2010 (93) 
cantilever 

Silicon – 

Silicon 

dioxide 

D 10 pl ~7 Electrostatic Optical ~200 kHz  15000 46 ng/cm2/Hz 10 ng/ml A 
Affinity-based picomolar detection of 

proteins in undiluted serum. 

Manalis 

2010 (84, 

104) 

cantilever Silicon D 
10 to 50 

pl 
1 to 7 Electrostatic Optical ~102 kHz  ~10000 N.A. 3 fg in 1Hz BW A 

Mass, density, volume and growth of 

single cells. Flow-through operation. 

Craighea

d 2010 

(43) 

CC-beam 
Silicon 

Nitride 
A/C 1 to 5 fl 7 to 14 

Optical 

(thermal) 
Optical ~25 MHz  

~4000 

(empty) 

~800 (fluid-

filled) 

4 ppm/fg 

~16 ppm/(kg m-3) 

2 fg in 250 mHz BW None. (NanoPorts) Fluid density. 

Manalis 

2010 (71) 
cantilever Silicon D 140 fl ~3.5 Electrostatic Optical ~630 kHz ~8000 ~1.6 ppm/fg 27 ag in 1 kHz BW A 

Single mass detection of 

nanoparticles via flow-through 

operation and inertial trapping. 

Piazza 

2010 (67) 
CC-beam 

Aluminum 

Nitride 
B 1.34 pl ~6 PZE PZE 

~450 MHz 

(in plane- contour 

mode) 

170 (in air) N.A. N.A. None. 
High frequency piezoelectric 

resonator for liquid analysis. 
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Manalis 

2011 (61) 
cantilever Silicon D 

26.5 pl 

and 

51.3 pl 

1.7 
Commercial 

Piezoactuator 

Piezoresistiv

e 

346.6 kHz 

and 

92.1 kHz 

3700 

and 

10850 

~15 ppm/pg 

and 

~8 ppm/pg 

3.4 fg in 1 kHz BW 

and 

18.1 fg in 1 kHz BW 

A 
Mass of single cells via piezoresistive 

readout and flow-through operation. 

Manalis 

2011 (94) 
cantilever Silicon D N.A. ~1 Electrostatic Optical ~389 kHz ~10000 N.A. 0.001 g/ml A 

Single-cell density via flow-through 

detection in different fluids. 

Boisen 

2011 (42) 
cantilever 

low stress 

Silicon 

Nitride 

B 6.4 pl ~0.5 
Commercial 

Piezoactuator 
Optical ~150 kHz N.A. ~100 ppm/(kg m-3) 0.025 g/ml None. Fluid density. 

Caillat 

2011 (64) 
plate Silicon D ~250 fl ~30 Electrostatic Capacitive 

78 MHz (in plane 

– Lamè mode) 
3000 (in air) 15 ppm/pg 1.5 fg A (no vacuum) 

Full-capacitive liquid phase 

detection. 

J. Lee 

2012 (91) 
cantilever Silicon D ~50 pl ~2 N.A. N.A. ~90 kHz ~10000 120 ppm /(kg m-3) 0.035 mPa·s A Fluid viscosity (<10 mPa·s).. 

Boisen 

2013 (79) 
cantilever 

low stress 

Silicon 

Nitride 

B 5 pl ~0.5 
Commercial 

Piezoactuator 
Optical ~130 kHz ~15000 ~120 ppm/(kg m-3) 

10 ug/ml 

0.025 mPa·s 

B Fluid density and viscosity. 

Ono 2013 

(46) 
CC-beam 

SiO2/ls-

SiNx/SiO2 
B 270 pl ~0.1 

Piezoactuator + 

LDV power 

heating 

Optical 1.25 MHz 170 (in air) 

140 ppm/K 

8.6 ppm/µW 

N.A. None. 
Sensing of local heat generated in 

liquids. 

Manalis 

2013 (95) 

dual 

cantilever 
Silicon D ~500 pl N.A. Electrostatic Optical. 

~140 kHz 

and 

~170 kHz 

N.A. ~30 kHz/(g /ml) ~0.001 g/ml A 
Single-cell density via dual SMRs 

and flow-through detection. 

Manalis 

2013 

(105, 

106) 

cantilever 

with channel 

constriction 

Silicon D ~180 pl ~1 Electrostatic Optical ~2 kHz N.A. N.A. 1 pg A 
Cancer cells deformability an surface 

friction in flow-through detection. 

Staufer 

2013 

(107) 

cantilever 
Silicon 

oxide 
D ~2.5 pl ~4 N.A. Optical ~150 kHz 435 (in air) ~0.2 ppm/fg 

Aspiration rate: 85 

al/s 
None. 

Liquids and nanobeads aspiration via 

hollow AFM-cantilever. 

Burg 

2013 (65) 
cantilever Silicon D 2.8 pl ~1 Electrostatic Optical 

1.17 MHz 

(torsional) 

6000 (water-

filled) 

30 zg in 1 kHz BW 

using autocorrelation 

analysis 

0.016 ppm/fg A 

Mass of single biomolecules and 

nanoparticles. Flow-through 

operation. 

Manalis 

2014 (86) 
cantilever Silicon D 

20 to 80 

fl 
5 to 8 

Commercial 

Piezoactuator 
Optical 

0.589 MHz 

to 2.87 MHz 

~15000 up to 5.5 ppm/ag 0.85 ag in 1 kHz BW A 

Weighing nanoparticles, exosomes 

and self-assembled DNA structures. 

Flow-through operation. 

Agache 

2015 (51) 
plate/disk Silicon D 0.7 to 4 pl 

~50 to 

200 
Electrostatic Capacitive 

20 to 90 MHz (in 

plane) 

~10000 (in 

air) 
N.A. 

4 fg in 20ms 

averaging time 
B (no vacuum) 

Weighing single particles in liquids 

from nm to um scale. Flow-through 

operation. 

Manalis 

2015 

(108) 

cantilever Silicon D 560 fl ~6 
Commercial 

Piezoactuator 
Optical 

40.48 kHz 

to 

1351 kHz 

3620 

to 

7770 

N.A. 

40 ag (bandwidth 

between 150 and 500 

Hz) 

A 

High-speed multimode mass sensing 

of nanoparticles. Flow-through 

operation. 
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Tamayo 

2015 (73) 
CC beam Glass H ~20 nl ~2 

Commercial 

Piezoactuator 
Optical 78 kHz 130 ~30 ppm/(kg m-3) 50 ug/ml None. Real-time monitoring of fluid density 

Boisen 

2016 
CC-beam 

low stress 

Silicon 

Nitride 

B 
~30 to 50 

pl 
~1 

Commercial 

Piezoactuator 
Optical N.A. N.A. N.A. N.A. N.A. Micron-scale calorimetry. 

Manalis 

2016-

2018 (60, 

96, 109) 

cantilever 

array 
Silicon D 

~10 to 

180 pl 
~1 to 6 

Commercial 

Piezoactuator 

Optical or 

piezoresistiv

e 

700-1100 kHz 1500 - 5000 N.A. 

0.2 pg/h (cells) 

0.02 pg/h (bacteria) 

A. 

High-throughput platform for cell 

growth analysis. Cancer cells drug 

responsivity. Linked gene expression. 

Flow-through operation. 

Zambelli 

2016 (49) 
cantilever SU-8 B 

from 10 

to 75 pl 
~7 

N.A. (static 

deflection) 
Optical N.A N.A. N.A. < nN None. 

Single cells force spectroscopy of 

yeast cells via AFM. 

Thundat 

2016 (44) 
cantilever 

low stress 

Silicon 

Nitride/gol

d 

B 
48 – 115 

pl 
<1 

N.A. (static 

deflection) 
Optical N.A N.A 

up to 74 nm/mW 

up to 250 nm/K 

4 mK, 60µW, 240 nJ None. 
Photothermal cantilever deflection 

spectroscopy for biosensing. 

Barniol 

2016 (66) 
CC-beam Metal A 6 fl ~7 Electrostatic Capacitive 25.4 MHz 250 (in air) 25 ag/Hz N.A. None. 

Fabrication of SNR bridges 

integrated with CMOS circuitry. 

Fully electrical transduction. 

Lee 2016 

(57) 

CC-beams 

and 

cantilevers 

Silicon 

dioxide 
G ~ few fl <1 

Commercial 

Piezoactuator 
Optical 0.6 to 7 MHz 

2500 to 

14000 

up to 1 mHz/(kg m-3) 

and 2.044x1019 Hz/kg 

down to 0.19 ag and 

0.125 mg/ml 
A 

Fluid density. Single mass detection 

of microparticles in flow-through 

operation. 

J. Lee, 

2016 (58) 
CC-beam glass 

Pulling glass 

fibers 
4.6 nl ~0.4 

Commercial 

Piezoactuator 

Quartz 

tuning fork 
24.5 kHz ~250 (in air) ~0.13 ppm/(kg m-3) 

31 nm (mineral oil 

droplet radius) 
None. Density and mass sensor. 

Thundat, 

2017 

(110) 

cantilever 
Silicon 

dioxide 
G ~0.5 pl ~0.6 

Commercial 

Piezoactuator 
Optical 1.8 MHz 2500 

132 ppm/(kg m-3) 

~2.4 ppm/µM (BSA 

in DI water) 

N.A. A 

Portable platform including capillary 

gel electrophoresis-coupled to SMRs 

for mass spectroscopy. 

Villanuev

a 2018 

(45) 

cantilever 

array 

low stress 

Silicon 

Nitride 

C 25 pl ~1 PZE PZE/optical ~200 kHz ~500 (in air) 5.6 ppm/pg N.A. None. Fluid density. 

Boisen 

2018 (54) 
CC-beam 

low stress 

Silicon 

Nitride 

E ~90 pl <1 
Commercial 

Piezoactuator 
Optical N.A. ~4000 N.A. 2.75 pg in 1 kHz BW N.A. 

Multi parameter analysis of liquid 

samples and single cells. IR 

absorption spectrometry. 

Ricciardi 

2019 (55) 
CC-beam Glass F 157 pl ~7 

Commercial 

Piezoactuator 
Optical 364.85 kHz ~2700 

0.234 ppm/pg 

24 ppm/(kg m-3) 

0.11 pg 

1.04 ug/ml 

N.A.  

Fluid density and cell mass sensing 

(multiple cells inside SMR). Flow-

through operation. 

Manalis 

2019 (88) 
cantilever Silicon D ~200 pl ~0.6 

Commercial 

Piezoactuator 

Piezoresistiv

e/Optical 

~ 1 MHz (2nd 

mode) 
N.A. N.A. 

temporal resolution 

<1 min 
A 

Single cells stiffness via SMRs and 

acoustic scattering. Flow-through 

operation. 

* Fabrication type refers to the classification seen in Table 2. Per each paper considered, the closest fabrication process in Table 2 is assigned. 

** Resonance frequency refers to the 1st flexural vibrational mode, unless differently specified. 

*** Quality factor refers to resonators operated in vacuum, unless differently specified. 

§ Packaging type refers to the classification seen in Figure 2. Per each paper considered, the closest configuration in Figure 2 is assigned. 
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