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This paper reports ultrasensitive mass detection based on the relative change in the amplitude ratio
of the first mode oscillation using self-excited coupled microcantilevers. The method proposed and
demonstrated using the macrocantilevers in the previous study can measure eigenstate shifts caused
by objects with high accuracy without being affected by the viscous damping effect of measure-
ment environments. In this study, moving towards the use of this method for small mass measure-
ments, we established the self-excited coupled microcantilevers and we have achieved in
measurements of very small mass (about 1 ng) with 1% order of error. © 2015 AIP Publishing LLC.
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Recently, high-performance sensors using a microcanti-
lever have been developed for a variety of purposes including
surface sensing by atomic force microscope,’ measurements
of substances such as pH in solution,H measurements of vis-
cosity in highly viscous liquid,” and mass sensing by artificial
nose. In particular, the use of cantilever in ultrasensitive mass
sensors has been widely investiga'[ed.6_8 Many researches
have employed the ways through the shift of the natural fre-
quency of oscillators depending on measured additional
mass. The natural frequency shift is usually detected from the
frequency response curve under forced or external excita-
tion.””'? However, this method requires high accuracy mea-
surement of the frequency shift in a vacuum because in
viscous environments the peak of the frequency response
curve is not clear and there is no peak for much more viscos-
ity. In order to overcome these difficulties in the detection of
the natural frequency, a method using self-excited oscillation
produced through the velocity feedback of a cantilever has
been utilized."'*'* On the other hand, it is known that the
method based on the eigenstate shift in coupled cantilevers'”
has better accuracy compared to based on the conventional
natural frequency shift.'®'” The eigenstate has been identified
from the magnitude ratio of the resonance peak of the fre-
quency response curve in the coupled cantilevers under the
external or forced excitation.'® However, because it relies on
the frequency response curve, the method encounters the
same issue as the method based on the frequency shift or may
have low accuracy in the high-viscosity regime.

As a method to overcome such difficulties, we proposed
a self excitation for coupled cantilevers.'® The method has
the advantage that the coupled cantilevers respond with the
eigenstate because self-excited oscillation occurs in the state
where the viscous effect in the measurement environment is
compensated by feedback force. Specifically, it is expected
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that the very small mass sensing can be realized not only
with high-accuracy but also in high viscosity environments.

In this paper, we achieve using the micro-coupled canti-
levers as Fig. 1 the method proposed in our previous study'®
and actually measure very small mass. The accuracy of ex-
perimental results of the mass sensing is quantitatively dis-
cussed, and shows that it is possible to measure the mass
with high accuracy without a special measurement environ-
ment, such as an ultrahigh vacuum to provide a high quality
factor (Q factor).

As in the previous study, we introduce a discretized ana-
lytical model,16 as shown in Fig. 2, where x| and x, corre-
spond the displacements of cantilevers, 1 and 2, relative to the
excitation displacement Ax corresponding to the lateral exci-
tation of the supporting point of the coupled cantilevers,
respectively. In Fig. 2, m is the equivalent mass of cantilevers,

FIG. 1. Picture of the coupled microcantilevers fabricated by etching from
an SOI wafer and a polystyrene microsphere to be measured on the tip of the
cantilever 2 (surrounded by a red dashed circle). The area surrounded by a
black dashed line corresponds to the overhang. The dimensions of each can-
tilever are 500 um x 100 um x 10 um. The width and length of overhang are
250 pum and 100 um, respectively.

© 2015 AIP Publishing LLC
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FIG. 2. A discretized analytical model for mass sensing. Each cantilever is
modeled as a mass-spring-damping system, and the overhang coupling effect
is described as the spring between identical two cantilevers.

1 and 2, Am is the mass to be measured, k and c are, respec-
tively, the equivalent stiffness and the viscous damping coeffi-
cient, and k. is the equivalent stiffness of the overhang
coupling two cantilevers as shown in Fig. 1.

Here, in order to generate self-excited oscillation in
coupled microcantilevers, we set Ax as the integral feedback
of the displacement x, of cantilever 1 as follows:

Ax:ajxum (1

where « is the feedback gain. Then, we derive the dimension-
less equation of motion. The dimensionless equation of
motion of the coupled cantilevers is expressed in matrix
form as follows:

X1 I 2))+ﬁ 0 X1
1+x —K Xl 0
—i/(14+0) (1+x)/(1+90) m][o]’ @

where the dot indicates the derivative of dimensionless time
t* = +/k/mt, and K, o, f,andy are dimensionless parame-
ters as expressed as follows:

k. Am m c
K=—,0=—,B=04/—, )= ——. 3
k m P \/;y 2/mk =

The parameters, k and 0, are the dimensionless coupling
stiffness and dimensionless additional mass ratio, respec-
tively, and f§ and 7y are the dimensionless feedback gain and
the dimensionless viscous damping coefficient, respectively.
The first eigenstate of coupled microcantilevers is expressed
as follows:

1
= 5 b)
P 1/{\/<1+5>+W(1+K2)_§(1+K)}
)

It is clarified that by tuning the feedback gain as
follows:
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where w; and w, are eigenvalues corresponding to the
dimensionless first and second modes, respectively, self-
excited oscillation can be produced in the coupled macrocan-
tilevers with only the first mode of the coupled cantilevers
(in-phase mode)."®

Figure 3 is the experimental setup of mass sensor with a
self-excited coupled microcantilevers, and Fig. 4 is the opti-
cal path of the experiment setup and the block diagram. The
system consists of a XY-axis-stage, a piezoelectric actuator, a
deflecting prism, a reflecting mirror, and laser Doppler
vibrometers. Coupled microcantilevers are placed on the
XY-axis-stage and fixed by a leaf spring. The piezoelectric
actuator (FUJI CERAMIC Corp.: Z1T5x5S-SYXN(C-82))
provides the displacement excitation to the support point
(=Ax), so that cantilevers, 1 and 2, connected through the
overhang are moved simultaneously according to the pro-
posed feedback rule. The vibrations of cantilevers are meas-
ured by laser Doppler vibrometers (ONO SOKKI.: LV-1610),
and each laser beam is made so as not to interfere with each
other by the reflecting mirror and the deflecting prism as
shown Fig. 4. The laser beam for measuring cantilever 1
passes through the prism, while the laser beam for measuring
the cantilever 2 is changed in direction by 90° by the deflect-
ing prism. Each laser beam is reflected by the surface of can-
tilevers and returns to the laser Doppler vibrometers. In order
to induce self-excited oscillation in the coupled microcantile-
vers, the signal of the displacement of cantilever 1 measured
by the laser Doppler vibrometer is integrated by an analog in-
tegrator and amplified by a feedback gain o. Furthermore,
based on an amplitude control method previously proposed
for a self-excited single cantilever, we applied a nonlinear
feedback described as o jx?dt not to grow without boundary
with time, but to reach the steady state with a small constant
amplitude; the theoretical validity of the nonlinear feedback
control for the coupled cantilevers will be reported in another
paper. By making the amplitude of the self-excited cantile-
vers small, the nonlinear effect due to the large deflection
does not occur. As a result, we can oscillate the coupled can-
tilevers with the desired linear mode. The linear feedback

Laser Doppler

- vibrometer

a3 >
¥ o

v
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.
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XY-axis-stage

FIG. 3. Top view of the mass sensing system. Coupled microcantilevers are
placed on the XY-axis-stage and moved by the piezoelectric actuator accord-
ing to the proposed feedback control to produce self-excited oscillation.
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FIG. 4. Optical path in the experimental setup and block diagram. The laser
beams to measure the vibrations of cantilevers, 1 and 2, are made so as not
to interfere with each other by the reflecting mirror and the deflecting prism.
The linear feedback produces self-excited oscillation in the coupled micro-
cantilevers, and the nonlinear feedback makes the amplitude of the self-
excited cantilevers small.

signal and the nonlinear feedback signal are added in the ana-
log integrator. The phase of the self-excited frequency com-
ponent in the output is adjusted to delay just 7/2 rad from
that of x; by the phase-shifter and the output of the phase
shifter is given to the piezoelectric actuator. Then, self-
excited oscillation with constant amplitude was realized in
the coupled microcantilevers.

Before starting the experiment with self-excited oscilla-
tion, we clarified the coupling characteristic of the fabricated
mass sensor. The dimensionless coupling stiffness is experi-
mentally identified as k= %{(fg/fl)2 —1}~1.44x 1072
based on the relationship between the first and second natu-
ral frequencies, f; =55.3kHz and f, = 56.1 kHz. The equiva-
lent stiffness k is experimentally identified as k = 3EI /P
= 37 N/m,"® by using the value of E =185 GPa as Young’s
modulus of silicon, the value of 1 =28.33 ,um4 as the moment
of inertia of area calculated with the dimensions of a cantile-
ver, and the value of /=500 um as the length of a cantilever
in Fig. 1. The equivalent mass in the discrete model corre-
sponding to the mass of the cantilever is derived as
m = k/(2nf;)* ~ 306 ng.

We generated self-excited oscillation to the coupled
microcantilevers by increasing the absolute value of the nega-
tive feedback gain o gradually. Exceeding the value at which
the feedback gain is critical, i.e., f equals right-hand side of
Eq. (5) in theory, self-excited oscillation was induced to the
coupled microcantilevers. The spectrum analysis of the self-
excited cantilevers in air is obtained from the spectrum ana-
lyzer (Agilent Technologies.: EXA signal analyzer N9010A)
as shown in Fig. 5, where the ordinate and abscissa indicate
the voltage corresponding to the magnitude of the amplitude
and the response frequency, respectively. According to Fig. 5,
the cantilevers are vibrated at 1:1 amplitude ratio.

Next, we placed a polystyrene microsphere (Polysciences,
Inc.: Polybead) on the tip of the cantilever 2 as shown in Fig.
1. The mean diameter is 15.0 um and the ratio of standard
deviation to the mean diameter (CV value) is 10% or less. Its
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FIG. 5. Spectrum analysis of the self-excited cantilevers in air under the
feedback control without the mass to be measured; blue solid line and red
dashed line correspond to the spectrum of cantilevers 1 and 2, respectively.
The ordinate indicates the voltage corresponding to the magnitude of the
amplitude and the abscissa indicates frequency. In the experiment, we
adjusted the measurement point of cantilever 2 so that the ratio of the ampli-
tude between cantilever 1 and 2 were 1:1.

mass is 1855 pg calculated from the density of the polystyrene
(=1.05 g/em®) and the volume of a sphere with the mean diam-
eter. Note that the ratio of the mass to be measured to the
equivalent mass 306 ng of the cantilever is 6.06 x 1073, The
spectrum analysis of the self-excited cantilevers in air, with
one microsphere placed on the cantilever 2 is obtained from
the spectrum analyzer as shown in Fig. 6. The amplitude ratio
of cantilever 2 to cantilever 1 is 1.24, which means the mass
ratio 6.06 x 1073 induced an eigenstate shift of 0.24, i.e., the
relative change in the eigenstate is 24%.

In addition, we attached a plurality of polystyrene
microspheres, and measured the response amplitude ratios in
the self-excited coupled microcantilevers. Figure 7 shows
the relationship between the experimentally determined
mass values of the microsphere Am, and their nominal val-
ues Am calculated from the dimensions and density of the
microsphere. Since the CV value in the nominal dimensions
of the microsphere is 10% or less, the standard deviation of
nominal values of the mass is shown as error bars. As can be
seen from Fig. 7, the experimentally determined mass values
are almost consistent with a straight line of gradient 1, and
the error between the nominal and experimental values is
4.9% at maximum. The sensing accuracy of the coupled
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FIG. 6. Spectrum analysis of the self-excited cantilevers in air under the
feedback control with a mass of 1855 pg added to cantilever 2; blue solid
line and red dashed line correspond to the spectrum of cantilevers 1 and 2,
respectively. The mass ratio, 6.06 x 10’3, induces the eigenstate shift and
changes the amplitude ratio between cantilevers 1 and 2 from 1:1 to 1:1.24.
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FIG. 7. Measurement results for microspheres. The abscissa and ordinate
indicate, respectively, the nominal and experimental values of the mass of
the microsphere. In the figure, © and error bars are nominal values of the
mass calculated from the dimensions of the microsphere and the standard
deviation of nominal values of the mass, respectively, and x is mass values
obtained from the eigenstates shift under self-excited oscillation in the
experiment. When X falls on the straight line of gradient 1, the experimen-
tally determined mass value is in complete agreement with the nominal
value.

cantilevers may be affected by the position of the mass to be
measured. It is theoretically clarified that the error of mea-
surement value is proportional to the ratio of the deviation of
the position from the free end of the cantilever to the cantile-
ver length; the details will be mentioned in another paper
due to page limitation. In the experiments, the deviation
from the free end of the cantilever is at largest in the order of
the diameter of a microsphere. Thus, the ratio is in order of
0(0.01) and the deviation of the mass sensing in the experi-
ments can be neglected. Therefore, we can say, that the mass
sensor utilizing self-excited oscillation can measure small
objects with such a high accuracy in air. In other words, we
need not prepare the special measurement environment, such
as an ultrahigh vacuum to provide a high Q factor in the fre-
quency response curve. Spletzer et al. invented the ultrasen-
sitive mass sensor using coupled microcantilevers under
external or forced excitation; however, the measurement ac-
curacy was not discussed in their study.'® By performing a
comparison of the experimental and theoretical values, we
have assessed the measurement accuracy in this study.

In conclusion, we have achieved a self-excited type
mass sensor using micro-coupled cantilevers. The fabricated
mass sensor can measure 1855 pg with high accuracy. Unlike
the conventional method, which uses the response frequency

Appl. Phys. Lett. 106, 223105 (2015)

under external or forced excitation, the fabricated mass sen-
sor based on self-excited oscillation can detect the object to
be measured with high accuracy without a special measure-
ment environment to, for example, increase the Q factor.
This is because the utilization of self-excitation can avoid
the effect of the viscous damping effect in the measurement
environment. In the near future, we will achieve the very
small mass measurement in liquid using the self-excited
coupled microcantilevers.
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The National Institute of Advanced Industrial Science and
Technology (AIST) for helpful discussion about fabricating
cantilevers. This work was partially supported by a Grant-in-
Aid for Scientific Research C (Grant No. 25420195) from
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