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There exist numerous vibration modes in a resonant structure, and these modes can interact with
each other. Here, the internal resonance between the fundamental mode and higher order modes is
observed in a polyvinylidene fluoride piezoelectric membrane as a resonant mass sensor. Higher
order modes draw energy from the fundamental one and vibrate at integer times of the fundamental
mode’s frequency. The resonance frequency shift of the fundamental mode can thus be magnified
integer times through internal resonance. The sensitivity of the resonant mass sensor, defined by the
resonance frequency shift caused by mass change, is enhanced based on this mechanism. The
sensing characteristics are experimentally studied with a concentrated mass load attached to the
sensor. The sensitivity improvement of directly using higher order modes and detecting the internal
resonance response is tested and compared in our experiment. An 11 times sensitivity magnification
is achieved with the internal resonance method, which has an obvious advantage over the higher
order method. Published by AIP Publishing. https://doi.org/10.1063/1.5057439
Resonant mass sensors are devices that track the resonance frequency shift induced by mass adsorption. Such devices have drawn much attention in biosensor applications for
their high sensitivity, label-free operation, low cost, rapid
detection, and adaption to various environments.1–3 The sensitivity of such sensors is defined by the shift of the resonance
frequency caused by the attached mass. In general, resonant
sensors are designed to operate in the first fundamental mode,
but a resonant structure can support numerous vibration
modes. Enhancement of sensing properties utilizing a multimode system has been reported in several studies.4–6 Higher
order modes have also been experimentally confirmed to have
better mass sensitivity than the fundamental mode in cantilever beams7–9 and membranes.10–12 In particular, when different modes have identical or integer multiple frequencies,
energy will be exchanged between modes resulting in complicated dynamic phenomena, usually called internal resonance.13 There has been considerable interest in these special
dynamic characteristics in recent years, and researchers have
experimentally studied the internal resonance system with
mode frequency ratios of 1:1,14–16 2:1,17–21 3:1,19 and even
23:122 between the directly driven mode and the internal resonance mode. The opposite situation where the higher frequency mode draws energy from the lower frequency mode is
also reported with a frequency ratio of 1:215,23 and 1:3.24,25
Some extraordinary properties such as frequency stabilization
and amplitude saturation18,25 are found in the internal resonance system, which has a potential prospect to improve the
performance of resonators and oscillators. However, there is
no research focusing on magnifying the sensitivity of resonant
mass sensors by detecting the internal resonance response.
In this letter, a piezoelectric membrane made of polyvinylidene fluoride (PVDF) is fabricated into a resonant mass
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sensor. Since the piezoelectric property of PVDF was first
reported in 1969,26 this new piezoelectric material has drawn
continual attention due to its mechanical flexibility, lower
cost, and faster fabrication.27,28 Among them, the PVDF
membrane resonator is studied for sensors and actuators.29–32
Here, various vibration modes of the PVDF piezoelectric
membrane resonator are identified and their concentrated
mass sensitivity is experimentally studied with two methods.
Figures 1(a) and 1(b) show a cross-sectional schematic view
and a photo of the resonant mass sensor used in our experiment. The fabrication process consists of three steps: (1) two
poly (methyl methacrylate) (PMMA) supports are holed to
release the vibrating part and electrode with a laser cutter.
The dimension of the hollow rectangle is 15 mm long and
10 mm wide. (2) A PVDF film (Measurement Specialties
Inc.), with 28 lm and 6 lm thickness of the PVDF material
and silver ink printed electrode on both sides, is firmly
attached between two PMMA supports with epoxy. (3) Two
wires are bonded to silver electrodes to conduct the actuation
signal. The experimental setup is schematically shown in
Fig. 1(c), where two electrodes are connected to a piezoelectric amplifier; thus, a computer controlled alternating signal
is amplified to drive the piezoelectric membrane into vibration. The vibrating motion is measured by a He-Ne laser
vibrometer (PSV-400 Polytec Inc.). The measurement is conducted at atmospheric pressure and room temperature.
To begin with, various vibration modes are searched
based on the average frequency response measured at 57
scanning points uniformly distributed on the membrane, and
the result is shown in Fig. 2(a). Thirteen resonance peaks
marked in red arrows are observed during the frequency
sweep corresponding to thirteen different vibration modes.
The mode shapes of these modes are obtained by scanning
the membrane while the device is driven at the frequency of
each resonance peaks, and shown in the inset of Fig. 2(a).
The color scale in mode shape figures represents amplitude,
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FIG. 1. Cross-sectional schematic (a) and photo (b) of the PVDF piezoelectric membrane resonant mass sensor. (c) The optical measurement setup
schematic of the experiment.
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and the green parts are node points where the amplitude has
the minimum value. Therefore, each vibration mode can be
named base on the amount of anti-nodes (shown in red or
blue) which have maximum movement distributed along the
length and width directions. Then the resonant sensor is
driven at the resonance frequency of the fundamental mode
f(1,1). A 37  25, in total 925 scanning points grid covering
the whole membrane is defined and the frequency spectrum
of all these points are measured. The average result is figured
out and plotted in Fig. 2(b). Besides the fundamental
response at fr attributed to the direct driving signal, it should
be noticed that there exists remarkable response at some integer multiples of driving frequency such as 2fr, 3fr, 5fr, 7fr,
9fr, and 11fr. Mode shapes at the frequency of such a
response are calculated and shown in the inset of Fig. 2(b).
Noting that the mode shapes measured at integer multiples
of the driving frequency are very similar to the ones measured when higher order modes are directly driven [2fr and
(1, 2), 3fr and (2, 2), 5fr and (3, 3), 7fr and (2, 4), 9fr and
(1, 5), and 11fr and (6, 4) as are marked in the dashed outline
in the same color], which indicates that some specific higher
order modes draw energy from the fundamental mode
through internal resonance and start to vibrate at the frequency of integer multiples of the driving frequency even
though they are not directly driven. The specific integer multiples of the driving frequency are close to the resonance frequencies of corresponding higher order modes, which can be
observed by comparing Figs. 2(a) and 2(b).
The integer frequency ratio is achieved in the case of
internal resonance. It is expected that a frequency shift in the

FIG. 2. (a) Frequency response of the
membrane resonator where some specific vibration modes are marked with
red arrows. The pictures in the inset
show the measured mode shapes when
the device is directly driven at the resonance frequencies of each marked
vibration modes. (b) Frequency spectrum of the resonator while the driving
frequency fr is fixed at the resonance
frequency of the fundamental mode
f(1,1). The internal resonance response
at several multiple frequencies is identified by red arrows. The inset shows the
mode shapes measured at the frequency
of each internal resonance response.
Vac ¼ 0.3 V in both measurements.
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fundamental mode will lead to integer times frequency shift
response at higher order modes during the internal resonance, thus the sensitivity of the sensor can be improved.
Besides this method, directly driving higher order modes to
detect mass change is first tested to make a comparison. The
concentrated mass load is achieved by attaching carbon
layers with a dimension of 1  1 mm on the surface of the
membrane, as shown in Fig. 3(a). We first measure the mass
of a large carbon layer with a width and length of 11.88 and
76.00 mm, respectively, and its weight is 103.7 mg obtained
by an analytical balance. Thus, the mass of a single 1  1 mm
carbon layer is calculated as approximately 0.115 mg. In
order to maximize the resonance frequency shift of the fundamental mode, the masses are attached layer by layer at the
only anti-node point of the fundamental mode measured in
Fig. 2(a). The frequency response is measured after every
two layers are attached to figure out the frequency shift of
different vibration modes. The result of the fundamental
mode is shown in Fig. 3(b). As can be seen, the resonance
peak is obviously moving towards lower frequency as the
mass increases. The resonance frequency of the fundamental
mode with different attached masses is calculated by

FIG. 3. (a) Photos of the membrane resonator before and after carbon layers
are attached. In total, 12 carbon layers are attached layer by layer in this
experiment. (b) Measured frequency response curves of the fundamental
mode with different attached masses. (c) Resonance frequency shift of the
fundamental mode and some specific higher order modes as a function of
the number of attached carbon layers. In this experimental, Vac ¼ 0.3 V.
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tracking the peak frequency of Lorentz fitting curves of the
measured frequency response. The resonance frequency
shifts of some higher order modes as a function of mass load
are obtained in the same way and the results are plotted in
Fig. 3(c). The mass sensitivity SD of each mode is obtained
by the linear fit and the results are shown in Table I. In membrane resonant mass sensors, higher resonance frequency
generally corresponds to higher mass sensitivity in the uniform mass distributed condition and the sensitivity improvement magnification approximately equals to the frequency
ratio of the higher order mode to the fundamental mode.10–12
However, in the case of concentrated mass load, the mass
could be located near node points or anti-node points. The
sensing ability of specific higher order modes [(2, 1) and (1,
2)] is worse than the fundamental mode and even insensitive
to mass change [(2, 2)]. There are still higher order modes
that have better sensitivity than the fundamental mode [(1,
3), (3, 3), and (3, 5)], but the sensitivity improvement magnification is less than the frequency ratio as is shown in Table
I. Directly using higher order modes makes no significant
sensitivity improvement when the mass is concentrated in a
small area.
To investigate the sensing characteristics of the internal
resonance method, the frequency spectrum is measured
under each mass load. In each measurement, the device is
driven at the resonance frequency of the fundamental mode
in Fig. 3(b), and the results are shown in Fig. 4. As is
observed in Fig. 4(a), during the response peak of the fundamental mode shifts induced by mass change, an exact 2, 3,
and 5 times frequency shift is achieved in the internal resonance response at higher order modes. A similar 7, 9, and 11
times frequency shift can be found in Fig. 4(b). Hence, the
vibrating frequency shift of the fundamental mode is magnified integer times by measuring the internal resonance
response at certain higher-order modes. In other words, the
sensitivity of the resonant mass sensor is improved by integer times with this method. The mass sensitivity of the internal resonance method SIR is also filled in Table I to make
comparison. In the previous testing method, higher order
modes are directly driven and detected. The higher the order,
the more complicated the mode shape, which unavoidably
leads to a declination in sensitivity to concentrated mass
load. In contrast, if internal resonance is employed, the sensor works at the fundamental mode and internal resonance
response at integer times frequency is detected. The sensitivity improvement magnification maintains at the integer close
to the frequency ratio of the higher order mode to the fundamental mode regardless of mass distribution. Although 11
times magnification is achieved in this test, it is possible to
improve this value by detecting the internal resonance at
even higher order modes.
To conclude, the sensing characteristics of the PVDF
membrane-based resonant mass sensor are experimentally
studied in our work. Piezoelectric actuation and the optical
detection method are utilized. Internal resonance between
the fundamental and higher order modes is observed when
the device is driven at the resonance frequency of the fundamental mode. The higher order modes draw energy from the
fundamental mode and vibrate at integer times of the driving
frequency. A frequency shift magnification mechanism is
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TABLE I. Resonance frequency of different modes and mass sensitivity obtained by the direct and internal resonance methods.
Mode
Resonance frequency, fr (Hz)
Frequency ratio, fr/fr(1,1)
Mass sensitivity, SD (Hz/layer)
Mass sensitivity, SD (Hz/mg)
Sensitivity ratio, SD/S(1,1)
Mass sensitivity, SIR (Hz/Layer)
Mass sensitivity, SIR (Hz/mg)
Sensitivity ratio, SIR/S(1,1)

(1, 1)

(2, 1)

(1, 2)

(2, 2)

(1, 3)

(3, 3)

(2, 4)

(1, 5)

(3, 5)

(6, 4)

1255.8
1
13.12
114.19
1
…
…
…

2208.9
1.76
5.79
50.41
0.44
…
…
…

2710.3
2.16
7.56
65.82
0.58
26.23
228.39
2

3427.1
2.73
0.15
1.28
0.01
39.35
342.58
3

4771.9
3.80
23.35
203.28
1.78
…
…
…

6430.5
5.12
60.89
530.13
4.64
65.58
570.97
5

8177.9
6.51
…
…
…
91.81
799.36
7

11 136
8.87
…
…
…
118.04
1027.75
9

1 2601
10.03
19.18
166.96
1.46
…
…
…

13 938
11.10
…
…
…
144.27
1256.14
11

FIG. 4. (a) and (b) Frequency spectrum of the resonant mass sensor under various attached masses. In each measurement, the device is driven at the resonance
frequency of the fundamental mode after the mass is attached. Vac ¼ 0.3 V in this measurement.

then achieved, and thus the sensitivity of the resonant mass
sensor can be magnified integer times through internal resonance. Compared with directly measuring higher order
modes, the internal resonance method has an obvious advantage in concentrated mass detection.
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