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Suspended Microchannel resonators 
with integrated electrodes for thermal 
and electrical characterization of liquids
Alberto Martín‑Pérez1*   , Stefano Stassi1    and Carlo Ricciardi1*    

Abstract 

Suspended microchannel resonator (SMR) has been demonstrated as a versatile technique, allowing to measure 
mechanical, morphological or even optical properties of cells. However, physical properties of cells may substantially 
change depending on the chemical composition of the suspension medium. Therefore, it is essential developing 
novel multiparametric techniques able to provide a complete understanding of the biological samples by character‑
izing also the liquid in which the cells are suspended. In this work we both theoretically and experimentally introduce 
a novel electro-mechanical sensing technique using SMR devices with integrated electrodes that allow measuring dif‑
ferent physicochemical properties of the liquid sample as thermal conductivity, dielectric constant, electrical conduc‑
tivity or even concentration of ions. These measured liquid properties can ultimately be used to complement other 
typical SMR measurements, such as mass. Moreover, we show that this electro-mechanical approach can be also used 
as a transduction method and as a way of tuning the mechanical resonance frequency.

Keywords  Microfluidic devices, Nanomechanical sensors, Electrical sensors, Thermal properties, Electrical properties, 
Heat transfer, Electrolytes

Introduction
The next advances in biomedicine and biotechnology call 
for the development of innovative sensing techniques 
that allow us to reach an unprecedented comprehension 
of the biological entities. However, in many cases, moni-
toring only one parameter provides a limited knowledge 
of the biological system given that cells (as well as other 
biological entities) are not only in a continuous process of 
change but they can also present a wide variability among 
specimens from the same type. Physical parameters as 
cell size, density or mass not only change according to 
the phase of the cell life cycle, but also depends on the 

cell line [1, 2]. For this reason, the development of differ-
ent techniques and platforms that allow the simultane-
ous acquisition of multiple parameters, both physical and 
chemical, of individual cells is gaining more and more 
relevance in the recent years.

In this context, the development of platforms for mul-
tiplexed physical sensing of individual cells has attracted 
the interest of the scientific community using a rich 
variety of approaches, such as microfluidics [3], nano-
mechanics [4] or optics [5]. In this scope, it became espe-
cially interesting the suspended microchannel resonator 
(SMR) sensing technique [6–10], which has been revealed 
as a highly versatile tool allowing to merge the three pre-
viously mentioned approaches in a single device. This 
technique consists on a device containing a microfluidic 
channel which, in a certain region (suspended area), is 
free-standing so it can oscillate in flexural mechanical 
modes. The advantage of maintaining the target ana-
lyte in a liquid environment, combined with the high 
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throughput and hydrodynamic forces provided by micro-
fluidics, is further enhanced by extremely sensitive nano-
mechanical analysis. This analysis detects variations in 
mass or force within the suspended channel by measur-
ing shifts in its mechanical resonance frequency. Thanks 
to this combination of approaches in a single device, this 
SMR technique has been proved as an interesting plat-
form for the multiparametric sensing, having demon-
strated not only its capability for performing individual 
cell mass sensing [11, 12], but also its capability of meas-
uring other parameters of interest in biosensing such as 
growth rate [13], density [14, 15], compressibility [16] or 
hydrodynamic and hydrostatic forces [17–19]. Moreover, 
the SMR device unleashes its full potential when it is fab-
ricated in an optically transparent material, allowing the 
optical imaging of the analytes [20] or the measurement 
of optical properties [21]. On the other hand, in parallel 
to this development of the SMR devices, different electri-
cal techniques have been introduced using microfluidic 
channels for the passive control of cells and particles by 
the application of electric fields that allow trapping or 
separating particles [22, 23] or even techniques for char-
acterization of physical properties of cells as the electric 
impedance spectroscopy [24]. Nevertheless, despite the 
high versatility of SMR devices or of the microchannels 
with integrated electrodes performing cell analysis, this 
investigation becomes more challenging if we consider 
that the different cell parameters may change depend-
ing on the physicochemical properties of the suspen-
sion medium [25]. Indeed, cell analysis should not be 
only limited to measure cell properties, but the physical 
and chemical properties of the cell buffer should be also 
measured, given these properties—in particular ion con-
centrations—have a significant effect on the measured 
cell properties. In this aspect, despite SMRs have been 
demonstrated to measure different physical properties 
which directly depend on the composition of the carrier 
liquid (as density [7, 8, 10], compressibility [18], refrac-
tive index [21] or heat capacity [26–28]), these properties 
do not allow by themselves elucidating directly the chem-
ical composition of the medium.

In this work, we both theoretically and experimentally 
propose a novel electro-mechanical sensing approach to 
complement well-established measurements of cell phys-
ical properties (as mass, size or density) in SMR devices, 
with the relevant information on the physical and chemi-
cal composition of the carrier liquid. This technique ena-
bles the measurement of a liquid’s thermal conductivity, 
as well as electrical properties such as permittivity and 
conductivity. Moreover, we demonstrate that the meas-
urement of the electrical conductivity can be used for 
evaluating the concentration of ions in the solution pre-
sent in the channel. Finally, we show that the developed 

electro-mechanical method can be also used as an actua-
tion mechanism for the SMR device, as well as a way 
for tuning its mechanical frequency. Despite a complete 
disentanglement of thermal and electrical properties of 
tested solutions was not achieved here, this innovative 
approach paves the way for advanced multi-parameter 
sensing in SMR devices, with potential applications in 
chemical and biological analysis, environmental monitor-
ing, and lab-on-a-chip technologies.

Experimental setup
In this work wed use a transparent suspended micro-
channel resonator device with two gold electrodes inte-
grated on the suspended area fabricated by Femtoprint 
SA (Switzerland). This device consists of a doubly-
clamped beam with an embedded microchannel through 
which a fluid can be flown, while on the top of the beam 
are placed the electrodes. Please note that the electrodes 
are not in direct contact with the inner of the channel 
(further details on the structure and dimensions of the 
device can be found in the section S.1. of the Supplemen-
tary Information). The electrodes are separated by a gap 
of 20 µm in the centre of the suspended beam, so when 
a voltage difference is applied between them, an electric 
field is obtained inside the suspended area (including 
the embedded microchannel), opening the door to work 
with the device not only as a mechanical resonator with 
an integrated microfluidic channel, but using it also as 
an electric capacitor. To fabricate these devices, we start 
from a silica glass wafer on which an optical lithography 
is employed to pattern the negative shape of the elec-
trodes (Fig. 1a). After that, a 200 nm thick Ti/Au film is 
deposited. The next step consists on lifting off the resin, 
obtaining the gold electrodes and then exposing the 
wafer to a femtosecond laser. The parts exposed to the 
laser suffer physicochemical changes (compared to their 
unexposed counterparts) and will be etched when the 
wafer is introduced in a potassium hydroxide solution. 
This laser-assisted etching results especially convenient 
to fabricate these suspended microchannels since the 
exposure can be done in different focal planes, allowing 
the release of a suspended beam with buried microchan-
nels, along with a network of buried and surface micro-
channels that enable liquid introduction into the device 
(further details can be found in the section S.1. of the 
Supplementary Information). Finally, the device is sealed 
with a PDMS layer by means of an oxygen plasma treat-
ment (Fig. 1a). Further details on the fabrication process 
can be found in our previous work [8].

Once the SMR device is prepared, it is mounted 
under a laser doppler vibrometer (MSA-500, Polytec, 
Germany) for its mechanical characterization (Fig. 1b). 
The output signal of the vibrometer is connected to the 
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input of a lock-in amplifier (UHFLI2, Zürich Instru-
ments, Switzerland), in order to track the device oscil-
lation while actuated with a piezoelectric transducer 
(PZT), controlled by the output signal of the lock-in 
amplifier. The piezoelectric transducer is attached to 
the SMR device, so when a voltage difference is applied 
between its extremes, a vibration is transmitted to the 
SMR inducing the motion of the suspended microchan-
nel. Moreover, the electrodes of the SMR are connected 
to an additional output of the lock-in amplifier after 
passing through a constant-gain high-voltage amplifier 
(A400, Pendulum Instruments, Sweden), so AC volt-
ages can be applied to the electrodes with amplitudes 
up to 200 V (peak voltage). No sign of electromigration 
or corrosion in the electrodes was evident from optical 
images, even after prolonged measurements.

On the other hand, the microfluidic inlets and out-
lets located in the PDMS layer of the SMR device are 
connected by means of flexible tubes to a microfluidic 
gas pressure pump (MFCS-EZ, Fluigent, France). This 
pump allows obtaining a Poiseuille flow inside the 
channels by controlling the pressure difference among 
the different inlets and outlets. Moreover, the use of 
this microfluidic pump allows changing in a controlled 
manner the liquid inside the suspended region.

Analytical model and working principle
The proposed device combines three different tech-
niques: nanomechanical sensor, microfluidic device and 
electric circuit. This hybrid approach opens the door to 
the emergence of multiphysical phenomena that can be 
used to develop a multiparameter sensor. Hereinafter 
we investigate how the application of an electrical volt-
age to the SMR electrodes varies the mechanical prop-
erties of the device (Fig. 1c).

Electrically, this SMR device can be modelled as 
a resistor–capacitor (RC) circuit given the intrinsic 
ohmic resistance of the gold electrodes as well as the 
electrical capacity obtained by the gap between the 
electrodes (Fig.  1c). Consequently, when a voltage is 
applied, the resistive heating by Joule effect eventually 
produces a thermal expansion of the electrodes (Eq. 1) 
that introduces a mechanical stress in the resonator 
(Eq.  2). The combination of these phenomena induces 
a variation of different mechanical properties of the 
device when a voltage is applied. The impedance of the 
device combining an ohmic resistance and a capacitor, 
makes the electrical-induced mechanical properties 
variations not only depend on the thermal properties of 
the inner liquid (as done in previous works using purely 
ohmic impedances [26, 27]), but also makes them 
depend on the electrical properties of the fluid.

Fig. 1  Experimental setup and analytical model. a Steps of the fabrication process. I. Photolithography. II. Gold deposition and lift-off. III. Exposure 
to femtosecond laser. IV. KOH wet etching. V. Photography of the finished device sealed with the PDMS. Inset: microscope image of the suspended 
region of the SMR device with integrated electrodes. b Schematic of the experimental setup. c Schematic showing how the electrical, thermal 
and mechanical parts of the device interact among each other. Please note that if the inner liquid is not an electrolyte Relectrolyte = 0
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Being  dxx0  the strain produced by the thermal expan-
sion, α the linear thermal expansion coefficient, �T  the 
temperature variation (compared to the room tempera-
ture), σ the induced mechanical stress and E the Young’s 
Modulus.

Given the geometrical constrictions of the device, 
we can assume this stress to be introduced only in the 
direction of the axis of the device. This uniaxial stress 
will introduce a mechanical tension (F) in the resonator 
which eventually changes the dynamics of the resona-
tor. This mechanical tension is directly proportional to 
the temperature difference in the electrode ( �Te ) and to 
the tension susceptibility (ξ, a parameter that depends on 
structural factors of the device), as shown in Eq. 3. Please 
see Supplementary Information (section S.2.) for a com-
plete derivation of the tension and the tension suscepti-
bility parameter.

To know the temperature in the electrodes, it is first 
necessary calculating the dissipated power in the elec-
trodes. To this purpose, we consider a sinusoidal volt-
age and obtain the value of the dissipated power as the 
real part of the product of the current intensity and the 
voltage drop over the extremes of the equivalent circuit 
(Eq. 4).

Being Pjoule the dissipated power, U0 the amplitude of 
the applied voltage, Re the intrinsic ohmic resistance of 
the electrodes, Ce the electrical capacity, ωe the angular 
frequency applied in the electrode, Rc the total resist-
ance of the circuit and ϕe the electrical phase (given as 
arctan[RcCeωe]

−1 ). Initially we are going to consider 
the resistance of the electrodes as the unique resistance 
contribution (i.e. Re = Rc ), while when filling the device 
with electrolytes, an additional variable resistance will be 
computed.

Having an expression for the dissipated power we can 
now use this value to calculate the temperature in the 
electrode ( Te) , which will govern the changes in the res-
onance frequency of the device. Consequently, the dis-
sipation of this heat will determine the temperature of 

(1)
dx

x0
= α�T

(2)σ = Eα�T

(3)F = ξ�Te

(4)

Pjoule(t) = U0
2Re

(Ceωe)
2

1+ (RcCeωe)
2
sin2(ωet)cos(ϕe)

the system. Given the characteristics of the device, we 
can do some assumptions that will make easier the cal-
culation of this temperature distribution. Firstly, since we 
expect small temperature variations ( �T/T0 ≪ 1 ), we 
can neglect radiation-based heat transfer, while we can 
also neglect convective heat transfer since we expect the 
same temperature at both extremes of the microchan-
nel. Secondly, given that the electrodes are much larger 
than both the suspended region and the device width, 
we can simplify the model by assuming that heat flux is 
unidirectional and does not flow along the axial direc-
tion. The electrode geometry favours heat transfer pri-
marily toward the opposite face of the electrodes. The 
validity of this unidirectional heat flux assumption was 
checked with three-dimensional finite element simula-
tions (further details can be found in Supplementary 
Information, S.3.). Thirdly, for the sake of simplicity, we 
can assume a quasi-static model so that the tempera-
ture responses immediately to the changes in the power. 
Moreover, despite the device is made by three layers of 
different materials (glass/liquid/glass) we will study it 
as homogeneous and isotropic with a constant effective 
thermal conductivity. This effective conductivity results 
from averaging the thermal conductivities of the different 
materials weighed to their respective thicknesses. Finally, 
we impose as boundary conditions the temperature 
in the extreme (the one without the gold electrodes) at 
room temperature ( T0 ), while the other extreme has the 
temperature of the gold electrodes ( Te ). Please note that, 
since the thickness of the gold electrodes is two orders 
of magnitude lower than the thicknesses of the glass and 
the liquid, we can reduce them in this model to a point 
temperature. Having made all these considerations, the 
temperature of the electrodes can be determined by the 
balance between the heat flux provided by Joule heating 
and the heat flux evacuated to the room by conduction 
(Eq. 5).

Being  dQ the heat variation, κeff  the effective thermal 
conductivity of the device, Ae the area of the electrodes, 
W  the width of the device and T0 the room temperature.

Considering that the temperature variation is directly 
proportional to the heat variation, being heat capacity 
( Ch ) the proportionality constant, a differential equation 
is obtained (Eq.  6), which can be solved by the Fourier 
method, thus achieving the temperature of the electrodes 
as a function of time (Eq. 7).

(5)
dQ

dt
= Pjoule(t)−

κeff Ae

W
[Te(t)− T0]

(6)
dTe

dt
=

1

Ch

[

Pjoule(t)−
κeff Ae

W
[Te(t)− T0]

]
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(7)
Te = T0 +

√
2π

2
(CeU0)

2Recos(ϕe)

�

W

κeff Ae

�

ωe
2

1+ (RcCeωe)
2









1+
cos(2ωet − ϕt)

�

1+
�

2ChWωe

κeff Ae

�2









Being ϕt = arctan

(

κeff Ae

2ωeChW

)

.
From Eq. 7 it can be appreciated that the temperature 

in the electrodes is composed by the sum of a static and 
a time-dependent term, being the static term the aver-
age value of temperature, while the time-dependent 
term introduces a periodical variation over this value.

Experimental verification of the model
In this section we apply the previously proposed ana-
lytical model to evaluate how the voltage applied to the 
electrodes can change different aspects of the nanome-
chanical motion (oscillation amplitude and resonance 
frequency) of the SMR device and finally compare these 
theoretical predictions with experimental results. We 
here demonstrate that the electrodes can be used to 
actuate the mechanical oscillations, as well as they can 
be implemented to tune the mechanical resonance fre-
quency of the SMR device. Additionally, studying how 
the applied voltage affects the resonance frequency sets 
the bases for the analysis of the electrical and thermal 
properties of the inner liquid that will be done in the fol-
lowing sections.

Effect of the applied voltage in oscillation amplitude
From the time dependent term in the temperature equa-
tion (Eq. 7), it can be deduced that this electrical heating 
can be used to induce the oscillation of the SMR device, 
therefore opening the possibility of using the electrodes 
as actuators for the SMR device. The temperature varia-
tion, through thermal dilatation effect, produces a peri-
odic displacement in the gap between the electrodes (also 
the center of the suspended area) that will introduce a 
force (Eq. 3) parallel to the axis of the SMR in each elec-
trode. Despite these two forces have the same magnitude 
and opposite direction, in the center of the gap there will 
be a deformation due to Poisson effect, producing the 
displacement of the mechanical resonator (Fig. 2a, Eq. 8).

(8)z(t) = −

√
2π

2

νx0ξ

AcsE
(CeU0)

2

(

W

κeff Ae

)

Recos(ϕe)ωe
2

1+ (RcCeωe)
2

cos(2ωet − ϕt)
√

1+
(

2ChWωe

κeff Ae

)2

Being z the displacement along the orthogonal direc-
tion respect to the resonator axis,  ν the Poisson ratio and 
Acs the area of the cross section. Please note the static 
term of the temperature has been dismissed since it does 
not produce any oscillation.

To check the validity of the proposed model, we evalu-
ate this displacement by measuring the mechanical spec-
tra of the SMR while applying an alternate voltage to 
the electrodes. Moreover, to have a comparison for this 
method, we also measure the same flexural modes using 
the piezoelectric transducer as actuator. In the case of the 
actuation with the electrodes on the clamped–clamped 
beam, the oscillation frequency (demodulation frequency 
in the lock-in amplifier) should be the double of the 
applied frequency (output frequency in the lock in ampli-
fier), given the effect of the factor 2ωe inside the cosine in 
Eq. 8.

Looking at Fig. 2, it can be appreciated that the 1st and 
the 3rd flexural modes obtained using the electrodes as 
actuation method reproduce the results obtained with 
piezoelectric actuator, but with an amplitude three orders 
of magnitude lower (Fig. 2b, d). On the other hand, the 
2nd flexural mode was found to be measurable only using 
the piezoceramic actuation (Fig.  2c). This is consistent 
with the proposed model in which the force applied by 
the electrodes is located in the middle of the beam, thus 
given the node at this point for this specific mode the 
actuation becomes ineffective.

Either in the case of the actuation with the piezocer-
amic or with the electrodes, the mode shape was meas-
ured as the profile of the oscillation amplitude as a 
function of the axial position. In the case of the 1st and 
the 3rd flexural modes (Fig. 2b, d) the mode shapes are 
consistent with the mode shapes obtained by the Euler–
Bernoulli model. The mode shapes obtained with the 
electrode transduction are noisier than those obtained 
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with the piezoelectric actuator, which can be attributed 
to the weaker signal obtained when exciting with the 
electrodes. To compare in a quantitative manner the 
noise level between both transduction modes, we meas-
ured the frequency stability of the 1st flexural mode 
finding minimum noise level at 0.05 Hz for the piezoelec-
tric actuator while this value is > 1  Hz for the electrode 
actuation (see section S.4. in Supplementary Informa-
tion for further details). Nevertheless, despite the higher 
noise presented by the electrodes as actuation meth-
ods, they are revealed as an interesting method when 
used at higher modes (Fig. 2d). More specifically, in the 
measurements of the 3rd mode (Fig. 2d), it can be seen 
how the mechanical spectrum obtained with the piezo-
electric actuator is distorted and does not fit well to the 
Lorentzian-like shape of the mechanical resonance. This 
distortion can be attributed to a bad transmission of the 
acoustic waves generated by the piezoceramic device at 
high frequencies. On the opposite, actuating with the 
electrodes we obtain a mechanical spectrum of the 3rd 
flexural mode without this distortion.

Additionally, we also measured how the oscillation 
amplitude in the acquired spectra changes with the 
amplitude of the applied voltage. For this purpose, we 
evaluate the oscillation amplitude at the resonance fre-
quency by fitting the different spectra to a Lorentzian 
function. The obtained results (Fig.  2e) show a quad-
ratic trend for this oscillation amplitude as a function of 
applied voltage, which agrees with the analytical model 
(Eq. 8).

The results obtained for the mechanical actuation of 
the SMR device using the electrodes demonstrate that, 
in general terms, it is not an efficient method when com-
pared to an external piezoelectric actuator. For this rea-
son, hereinafter, a piezoelectric disk will be employed as 
actuator. Nevertheless, using the electrodes as mechani-
cal actuator has provided valuable inputs for checking 
the validity of the model.

Electrical modulation of the resonance frequency
Another effect arising from the mechanical stress intro-
duced by applying a voltage to the gold electrodes is a fine 
tuning of the resonance frequency. To study this tuning, 

Fig. 2  Effect of the electrodes on the oscillation amplitude. a 
Schematic of the stress and the forces acting on the SMR device 
while applying a voltage signal to the electrodes. Comparison 
of the mechanical spectrum (left) and mode shape (right) measured 
actuating the SMR device with the piezoelectric transducer (blue 
line) and using the electrodes (red line) for the first (b), second (c) 
and third (d) flexural modes. e Amplitude of the first flexural mode 
as a function of the applied voltage to the electrodes and its fit 
to a parabola (red line)

◂
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we consider the SMR as a vibrating string whose ten-
sion is modulated by the heating (Eq.  3). Therefore, the 
relative frequency shift can be calculated as this tension 
increment divided by twice the initial tension (F0). For 
the calculation of this relative frequency shift (Eq. 9), we 
consider the average value of the stress variation since we 
have not resolution in the experimental setup to measure 
the periodical changes of the stress over the time.

Being �f  the resonance frequency shift and f0 the reso-
nance frequency when no voltage is applied.

We measured this effect using the piezoelectric actua-
tor to excite the motion of the SMR device and tracking 
its mechanical resonance frequency in real time. When 
we switch on and off the voltage in the electrodes we reg-
ister an immediate shift in the resonance frequency as a 
consequence of the mechanical tension introduced by the 
voltage (Fig. 3a).

Given the dependence of the mechanical frequency 
shift with different experimental parameters (Eq.  9), we 
can obtain response curves of the frequency shift as a 
function of different experimental parameters such as the 
applied voltage, frequency, thermal conductivity or elec-
trical capacity. Consequently, we can use this response 
curves not only to check the validity of the analytical 
model, but also for sensing purposes (as will be shown in 
the next sections). When we study how the applied volt-
age affects the mechanical resonance frequency (using a 
constant applied frequency of 100 kHz), we find a grow-
ing parabolic trend (Fig. 3b), which is in good agreement 
with the analytical model (Eq.  9). On the other hand, 
varying the applied frequency (keeping a constant volt-
age of 200 V) we find that the mechanical resonance fre-
quency is increased with the applied frequency (Fig. 3c). 
To check the validity of the model, we made a non-linear 
fit of these experimental data to the function in Eq.  9 
(solid red line in Fig. 3c). In this case, despite obtaining 
a high a coefficient of determination in this fitting (0.975) 

(9)
�f

f0
=

√
2π

4F0Ae
ξWU2

0

(

C2
e

κeff

)

Re cos(ϕe)ω
2
e

1+ (RcCeωe)2

Fig. 3  Effect of the electrical actuation on the mechanical 
resonance frequency. a Mechanical resonance frequency measured 
when the electrodes are switched off/on/off with different voltages 
and a constant actuation frequency of 100 kHz. b Frequency shift 
measured as a function of the applied voltage for a fixed electrode 
frequency of 100 kHz (blue points) and its fit to a parabola (red 
solid lines).  c Frequency shift measured as a function of the applied 
frequency in the electrodes for a fixed voltage of 200 V (blue points) 
and their fits to the model curve (red solid lines) and the model curve 
considering second-order effects (orange dashed line). d Frequency 
shift as a function of the applied frequency for the first three flexural 
modes

◂
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it becomes evident that there is a second-order discrep-
ancy between the model and the experimental data. Nev-
ertheless, when introducing second order corrections to 
the fitting function (equation S.8, orange dashed line in 
Fig. 3c), a match between data and the fitting is observed, 
increasing the coefficient of determination up to 0.998 
(see Supplementary Information, S.5., for further details).

Moreover, additional experiments were carried out to 
check the validity of the proposed model. On one hand, 
we repeat the measurements of the response curves 
for higher modes (second and third flexural modes) 
obtaining no significant differences between the rela-
tive frequency shift dependence for the different modes 
(Fig. 3d). This fact is consistent with the string approach 
proposed. On the other hand, we also studied how the 
frequency shift is affected by applying different flow 
rates of the liquid, finding the frequency shift is reduced 
as the flow rate is increased. This finding is compatible 
with the proposed electrothermal cause of the frequency 
shift, since the applied flow introduces a new source of 
heat dissipation, reducing the electrodes temperature 
(see Supplementary Information, S.6., for further details). 
Nevertheless, for a better understanding on this effect it 
is necessary introducing a term to consider a forced con-
vection in Eq. 6, something that goes beyond of the scope 
of this paper. Please note that any other measurement 
presented in this work was done without applying a flow.

Characterizing physical properties of liquids
Until this point, all the experiments showed were 
performed with the SMR device filled with deion-
ized water. However, the microfluidic system con-
nected to SMR allows changing easily the inner liquid, 
so different physical properties can be easily tuned 
by introducing solutions with different concentra-
tions, opening the door to exploit the dependence of 
the electrical frequency tuning (Eq.  9) on parameters 
such as the thermal conductivity or electrical permit-
tivity. Firstly, when the inner liquid is changed, a shift 
in the mechanical resonance frequency proportional 
to the density difference is registered. The variation 
of the mass of the liquid inside the suspended chan-
nel allows the device to work as a density sensor with 
a responsivity of − 0.44 mL/µg and a limit of detection 
of 2 µg/mL (see Supplementary Information for further 
details), which is within the range of the state of the art 
of similar SMR sensors [7, 8, 10, 18]. Given the density 
differences between the used solutions, in the experi-
ments presented hereinafter, for each solution the rela-
tive frequency shifts will be referred to the resonance 
frequency measured initially for each specific solution 
without any alteration ( f0).

Nevertheless, when we apply a voltage to the SMR 
filled with different liquids, the proposed device is 
revealed as a powerful tool for measuring different physi-
cal properties of liquids, since the response curve (Eq. 9) 
change with parameters as the electrical capacity, as well 
as its thermal conductivity. Please note that the electric 
capacity is proportional to the electrical permittivity of 
the inner liquid and, for aqueous solutions, it changes 
linearly with the electrical permittivity (see Supplemen-
tary Information, S.8., for further details on this aspect). 
If one of these two parameters is changed while keeping 
the other constant, we can straightforwardly model how 
the resonance frequency shift is affected by this variation 
(compared to a reference solution, Eqs. 10 and 12) defin-
ing a thermal conductivity and an electrical permittivity 
responsivity for our device (Eqs. 11 and 13), respectively. 
Moreover, if the thermal conductivity and the permit-
tivity change simultaneously, the frequency shift can be 
obtained as the product of Eqs. 10 and 12.

Being 
(

�f /f0
)

liq
 the frequency shift of each specific liq-

uid, 
(

�f /f0
)

ref
 the frequency shift produced by a liquid 

taken as reference, Rth the responsivity to thermal con-
ductivity variations, Wwall the thickness of the wall of the 
SMR device, Wliq the thickness of the inner channel, κwall 
the thermal conductivity of the walls of the SMR device, 
κ0 the thermal conductivity reference liquid, Rε the 
responsivity to electrical permittivity changes, C0 and C1 
the fitting parameters for the electric capacity as a func-
tion of the permittivity (see Supplementary Information, 
S.8. for further details).

To check the validity of the proposed device as thermal 
and electrical properties sensor, we varied progressively 
the characteristics of the inner liquid by introducing 
aqueous solution of glycerol with different concentra-
tions ranging from 0 to 14% (in weight). Measuring the 
response curves of the relative resonance frequency devi-
ation using different glycerol solutions (Fig. 4a), it can be 
seen that the shift increases with the concentration of 

(10)
(

�f

f0

)

liq

=
(

�f

f0

)

ref

(

1

1+Rth�κliq

)

(11)Rth =
(

2Wwall

Wliq
κwall + κ0

)−1

(12)
(

�f

f0

)

liq

=
(

�f

f0

)

ref

(1+Rε�ε)2

(13)Rε =
C1

C0 + C1εref
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glycerol. This trend in the response curves indicates that 
the effect of the reduction on the thermal conductivity 
due to the glycerol concentration (from 0.59 WK−1  m−1 
at 0% concentration to 0.54 WK−1 m−1 at 14% concentra-
tion, known from the nominal values) dominates over the 
reduction in the electrical permittivity (from 78 ε0 at 0% 
concentration to 74 ε0 at 14% concentration, also known 
from the nominal values). However, when plotting 
the inverse of the frequency shift for a specific voltage 
(200  V) and applied frequency (100  kHz) as a function 
of just the thermal conductivity of the liquid (Fig.  4b), 
we do not obtain a linear trend as the model predicts 
(Eq. 10). However, the curve in Fig. 4b tends to a linear 
behavior for low thermal conductivities (i.e. high glycerol 
concentration), indicating that in this range the effect of 
neglecting the variations on the electrical permittivity is 
appropriate. Thus, we can extrapolate the responsivity to 
the thermal conductivity in such a region as the tangent 
of the curve, obtaining a responsivity of 0.7 km/W, which 
is in a good agreement with the expected value from the 
analytical model ( ∼ 1 km/W). On the contrary, if we plot 

the frequency shift as a function of the quotient of the 
square of the permittivity and the thermal conductivity, 
a linear trend is obtained (Fig. 4c). This result agrees with 
the analytical model and reveals that, despite in the cho-
sen solutions the effect of the variation in thermal con-
ductivity is higher than the effect of the variation in the 
electrical permittivity, the effect of the frequency varia-
tion induced by this last parameter cannot be neglected 
with the changes in concentration.

Alternatively, to demonstrate the use of the SMR device 
as an electrical permittivity sensor, we introduced sodium 
chloride aqueous solutions with different concentrations 
ranging from 0.1 to 0.9 M inside the microchannel. In this 
specific case, we can neglect the problem of the simulta-
neous variation of the thermal conductivity and the elec-
trical permittivity since, given the concentration range 
used, the variation of the thermal conductivity is lower 
than 1%, while the electrical permittivity varies around 
10% [29]. Please note that, despite the fact of keeping the 
thermal conductivity constant while the electrical per-
mittivity is varying does not represent the general case, 

Fig. 4  Multiparametric physicochemical characterization. a Response curve measured for the device filled with aqueous solutions of glycerol 
with different concentrations (dots) and its fit to the analytical model (solid lines). b Response measured of the device for a given voltage (200 V) 
and applied frequency (100 kHz) as a function of the thermal conductivity (dots) and a tangent to this curve (solid line). The normalized frequency 
shift shown hereinafter in the vertical axis is the relative frequency shift of each liquid divided by the relative frequency shift of the reference 
liquid (pure water). c Response measured for a given voltage (200 V) and applied frequency (100 kHz) as a function of the quotient of the square 
of the electrical permittivity and the thermal conductivity (dots) and its linear fit (solid line). d Response curve measured for the device filled 
with aqueous sodium chloride solutions with different concentrations (dots) and its fit to the analytical model (solid lines). e Response measured 
of the device for a given voltage (200 V) and applied frequency (100 kHz) as a function of electrical permittivity (dots) and its fit to a parabola (solid 
line). f Calibration plot for the device resistance as a function of the electrical conductivity and the ionic concentration
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the specific case of using sodium chloride is of high rel-
evance when it comes to analyze samples of biological 
interest. Now, when plotting the response curves for the 
different concentrations (Fig.  4d) it is appreciated that 
the frequency shift becomes higher when the concen-
tration decreases (i.e. when the permittivity increases). 
Moreover, when plotting the frequency shift for a con-
stant applied frequency (100 kHz) and voltage (200 V) of 
the electrical stimulus given to the gold electrodes as a 
function of the permittivity (Fig. 4e), a quadratic trend is 
appreciated as predicted by the analytical model (Eq. 12). 
Additionally, from this fit it is obtained a responsivity of 
0.013 ε0−1.

Nevertheless, the response curves in this case (Fig. 4d) 
present a different shape than those obtained with the 
glycerol solutions (Fig. 4a). This change in the curvature 
of the frequency shift response is due to the electrolytic 
nature of the NaCl solutions, turning our device into an 
electrolytic capacitor, which needs introducing some 
additional considerations in the equivalent electrical cir-
cuit. Sodium chloride introduces charge carriers in the 
inner liquid which shields the electrical field produced by 
voltage in the electrodes. Please note that a glass insulat-
ing layer separates the liquid from the electrodes. This 
shielding reduces the magnitude of the electric field, 
resulting in a lower current in the electrodes. Regarding 
the equivalent circuit (Fig.  1c), this shielding effect can 
be modelized as a new resistance connected in series to 
the capacitor, whose value is directly proportional to the 
ionic conductivity (Eq. 14), increasing the overall resist-
ance of the circuit.

Being γ an electric and geometric factor and � the elec-
trical conductivity of the electrolyte.

On the other hand, the response curve (Eq. 9) presents 
an inflection point, whose position depends on the resist-
ance of the circuit, so the higher the circuit resistance, 
the higher the electrode actuation frequency at which 
this inflection point happens. For the measurements pre-
viously obtained with the dielectric glycerol-water solu-
tions, this inflection point was positioned at a frequency 
lower than the frequency range used (from 5 to 100 kHz) 
however, thanks to the resistance increase produced by 
using an electrolyte, this inflection point is displaced to 
higher values and now it can be appreciated within the 
investigated electrode actuation frequency range, which 
explains the different curvature in these response curves.

As a consequence of this increase of the electri-
cal resistance, the response curve can be simplified by 
approaching it to a polynomial function thanks to a Tay-
lor expansion around ωe =0 (Eq. 15).

(14)Rc = Re + γ �

This new version of the response curve not only makes 
easier the fitting of the experimental data, but also opens 
the door to quantify the value of the variations in the cir-
cuit resistance. From Eq. 15, it can be deduced that the 
value of the resistance of the circuit can be extracted by 
operating with the second ( p2 ) and fourth order ( p4 ) 
parameters obtained in the fitting of the response curves, 
as shown in Eq. 16. Moreover, given the dependency of 
the circuit resistance with the electrical conductivity 
(Eq. 14), we can use the device as a sensor of the electri-
cal conductivity. Given that for the concentration range 
we used the electrical conductivity of NaCl is directly 
proportional to the concentration of ions, we can define a 
calibration plot for the ion concentration as follows:

Being M the molarity of the solution and m the conver-
sion factor from conductivity to concentration.

Plotting the circuit resistance as a function of the elec-
trical conductivity as well as the molarity (Fig.  4f ), we 
obtain a linear response (as expected) revealing a 10.5 
Rem/S responsivity in electrical conductivity and a 1.3 Re/
mol in concentration. Considering the initial estimation 
the electrodes ohmic resistance ( ∼ 2 Ω, see section S.8. 
in Supplementary Information for further details), these 
values became 21 m/S and 2.6 mol−1.

Conclusions
In this work, we have both theoretically and experimen-
tally introduced a novel method for using a suspended 
microchannel resonator as a multiparametric sensor, by 
integrating gold electrodes to form a capacitor in the 
centre of the SMR device. When a voltage is applied to 
the SMR device, the impedance of the electrodes dis-
sipates a part of the electrical energy in thermal heating 
and, consequently, a mechanical stress is introduced in 
the resonator due to the thermal expansion of the elec-
trodes. We have proved that this effect allows actuat-
ing the mechanical resonator as well as finely tuning 
its mechanical resonance frequency. However, while 
checking experimentally the actuation method using 
the electrodes helped to support the validity of the ana-
lytical model, it should be underline that this actuation 
method is not efficient as an external piezoelectric disk, 
given the highly noise signal it provides. The capacitor 
structure of the device makes the dissipated power and, 
consequently, the frequency shift depends either on 
the thermal conductivity or the electrical permittivity 

(15)
�f

f0
≈ Recos(ϕe)

(

ωe
2 − Ce

2Rc
2ωe

4
)

(16)
√

p4

p22
= Re +mM
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of the inner liquid. We eventually exploited this feature 
of the tuning of the resonance frequency to develop a 
new approach for determining the thermal and elec-
trical properties of the liquids. Finally, we have taken 
advantage of the induced electrical resistance that 
appears when the SMR is filled with an electrolyte to 
correlate it to the electrical conductivity and the ionic 
concentration of the solution. One of the challenges 
of this technique that should be addressed in future 
works is disentangling the dependence between the 
thermal conductivity and the electrical permittivity in 
the frequency shift response. In this work we have also 
indicated one possible path to develop this solution 
by introducing a flow in the internal channel that can 
modulate the heat dissipation.
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