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We demonstrate that the responsivity of flow sensors for harmonic flows can be improved

significantly by non-resonant parametric amplification. Using electrostatic spring softening by

AC-bias voltages, increased responsivity and sharp filtering are achieved in our biomimetic flow

sensors. Tunable filtering is obtained for non-resonant electromechanical parametric amplification,

applicable at a wide range of non-resonant frequencies while achieving highly selective gain of up

to 20 dB. VC 2011 American Institute of Physics. [doi:10.1063/1.3663865]

Nature displays a variety of mechanisms that constitute

exceptional sensory performance, e.g., with respect to sensi-

tivity, dynamic range, frequency filtering, and selectivity,1

which form a rich source of inspiration to engineers. Inspired

by crickets and their perception of flow phenomena, artificial

hair flow sensors have been developed in our group.2

Improvement of fabrication methodologies (Fig. 1) has led

to better performance, making it possible to detect flow

velocities in the sub-mm/s range.3 To further improve the

performance of these sensors and implement adaptive filter-

ing, we make use of non-resonant parametric amplification

(PA). By modulating the torsional stiffness of the sensory

system, we can make it selective for arbitrary flow frequen-

cies and simultaneously achieve significant amplification of

the sensor response.

Parametric amplification exploits complex interactions

between excitatory signals in which amplitude, frequency,

and phase play important roles in the entanglement of the

signals determining the overall response. Previous

research4,5 shows a system operating at resonance and, with

proper choices of parameters, exhibiting amplification of the

input of the system. In contrast, in this work, we do not oper-

ate at the sensor’s resonance but still achieve electro-

mechanical filtering and selective gain.

The motion of a flow susceptible hair is described by a

second order mechanical system,6 wherein a hair is driven to

periodic rotations by a drag torque with amplitude T0 and

angular frequency xa, caused by viscous forces7 associated

with a harmonic air flow. The system’s response in terms of

its hair rotational angle h is governed by its moment of iner-

tia J, torsional resistance R, and torsional stiffness S,

J
d2hðtÞ

dt2
þ R

dhðtÞ
dt
þ SðtÞhðtÞ ¼ T0cosðxatÞ: (1)

To exploit parametric amplification in the hair-based flow

sensor, an AC-bias voltage is symmetrically supplied to the

electrodes, inducing balanced electrostatic forces (Fig. 2). As

a result, the torsional stiffness S is modulated giving S(t).
The resulting time-dependent stiffness S(t) is calculated

from the geometry of the rotating parallel plate capacitor

with width w, total length 2L, and mutual plate distance g.

The sensor operates in air, for which the relative electric per-

mittivity �r is assumed to be equal to 1. Additionally, the

silicon-nitride layers add some dielectric distance to the gap

given by tSiN/�r,SiN, leading to an effective gap geff,

geff ¼
tSiN;top

�r;SiN

þ gþ tSiN;bottom

�r;SiN

: (2)

Using the parallel plate approximation, the angle dependent

capacitance C(h) is given by

CðhÞ ¼ �0w
cosðhÞ
sinðhÞ ln

geff þ L sinðhÞ
geff � L sinðhÞ

� �
; (3)

where h is the angle of rotation of the upper plate. Applying

transduction principles, the electrostatically softened tor-

sional stiffness S(t) on application of an AC-bias voltage

with amplitude Up, angular frequency xp, and phase /p is

given by

SðtÞ ¼ S0 �
1

4
U2

p

@2C

@h2
� 1

4
U2

pcosð2xptþ 2/pÞ
@2C

@h2
: (4)

As a result, the torsional stiffness S(t) is dependent on fre-

quency, phase, and amplitude of the applied AC-bias volt-

age, further referred to as pump signal. Under the small

FIG. 1. MEMS hair flow sensors fabricated by surface micromachining and

using SU-8 lithography.a)Electronic mail: h.droogendijk@utwente.nl.
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rotational angles normally encountered, the total torsional

stiffness S(t) contains the intrinsic material-based stiffness

S0, a time-independent softening term, and a frequency and

phase-dependent softening term.

For specific conditions, the solution of Eq. (1) can be

obtained using analytical methods and approximations.8

However, as a more general approach to modeling our elec-

tromechanical system, allowing investigation of non-

resonant interactions, a strong pump and a low quality factor

(our flow sensors are nearly critically damped systems), nu-

merical simulations are used to determine the system behav-

ior. Using the ode4 explicit fixed-step solver from Simulink

shows that significant amplification is achieved when peri-

odic softening occurs at twice the flow frequency fa of the

system, requiring frequency matching of the pump to the

harmonic air flow (fa¼ fp).

To study the system performance and to determine its

selectivity, the analysis is divided into two areas: matching

the frequencies of flow and pump (fp¼ fa) and non-matching

of these frequencies (fp= fa). Furthermore, the pump phase

/p is varied between 0� and 360� while keeping the pump

amplitude Up and flow frequency fa fixed.

Non-resonant parametric amplification can give selec-

tive gain or attenuation, depending on the pump frequency fp
and pump phase /p. Equal frequencies for flow and pump

(fp¼ fa) give coherency in torque and spring softening, for

which the pump phase determines whether the system will

show relative amplification or attenuation. Therefore, it is

possible to realize a very sharp band pass/stop filter, depend-

ing on the pump settings.

Experiments were performed using the setup shown in

Fig. 3. A waveform generator (Agilent 33220 A-001) is used

to produce a sinusoidal signal at a frequency fa that is sup-

plied to an amplifier. This amplifier drives a loudspeaker

(Visaton WS 17 E) to generate the harmonic air flow. A sili-

con wafer is glued onto the loudspeaker cone to achieve a

flow profile that is well described by (very) near field

theory.9 The AC-pump voltage supplied to the top electrodes

is generated by a second waveform generator (Agilent

33220 A-001) that is synchronized with the first one to con-

trol the pump phase /p with respect to the air flow signal.

The sensor rotational angle h is derived from laser Doppler

vibrometry using a Polytec MSA-400.

Experiments confirm that significant amplification of the

sensor’s response to the flow signal can be achieved for a

suitable choice of pump parameters (Fig. 4). Here, the pump

frequency fp was set equal to the flow frequency fa (200 Hz).

The pump amplitude Up was varied, and the phase /p was

fixed at the value that produced maximum gain at fp¼ fa. A

non-linear relationship between the rotational angle h and

the amplitude Up of the applied pump voltage is observed,

which is also expected by the quadratic nature of electro-

static actuation.

To investigate selective gain and filtering by PA, three

frequencies were applied simultaneously to the loudspeaker

FIG. 3. (Color online) Measurement setup for determining the rotational

angle of the hair flow sensor.

FIG. 4. (Color online) Amplitude of the periodic hair rotation angle as func-

tion of the pump amplitude Up. The flow frequency fa was equal to the pump

frequency fp (200 Hz), and the pump phase /p was set to the value giving

maximum gain.

FIG. 2. (Color online) Modulating the torsional stiffness in time by applying

AC-bias voltages to the sensor’s capacitances.

FIG. 5. (Color online) Measured gain of about 20 dB for the airflow fre-

quency component at 150 Hz determined by FFT. The pump is fixed at

fp¼ 150 Hz with an amplitude of 5 V.
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(using arbitrary waveform generation), resulting in a periodic

air flow with three frequency components (135, 150, and

165 Hz). The pump frequency fp was set to 150 Hz, with a

pump amplitude Up of 5 V. In Fig. 5, the spectrum of the hair

rotational angle is shown for both the situations with and

without pumping. Clearly, all three frequency components

show gain, the maximum gain of about 20 dB experienced

for the 150 Hz (matched) frequency. However, the ratio

between the components changes when PA is applied to the

system, resulting in a selective gain-advantage of 9 dB or

more. This is in agreement with theory, which predicts

frequency-independent amplification (135, 150, and 165 Hz)

by the second term in Eq. (4) and frequency-dependent

amplification (150 Hz) by the third term in Eq. (4), both for

frequencies below resonance.

To determine mixing of frequencies and the residual

membrane displacement zres when using PA, the FFT ampli-

tude spectra for both matching and non-matching flow and

pump frequencies are examined (Fig. 6). For these measure-

ments, the pump amplitude Up is set to 5 V, the pump phase

/p was set to the value producing maximum gain, and the

pump frequency fp is fixed at 150 Hz. Then, the spectrum is

measured both in the absence and presence of oscillating air

flow (for cases fa¼ 150 Hz and fa¼ 160 Hz). Similar to Fig.

5, by considering the increase in membrane displacement

zamp, selective gain is observed for matching frequencies

(150 Hz, indicated by crosses, Fig. 6 (top)). For both cases

with pump signal (crosses and open squares), the spectrum

exhibits frequency components at and around twice the

pump frequency (2fp¼ 300 Hz), as a result of vertical vibra-

tions of the sensor’s membrane (due to limited vertical stiff-

ness and residual charges built-in the silicon-nitride layers)

in combination with parametric mixing. Although there is a

non-negligible contribution of the parametric pump at

150 Hz in the absence of a frequency matched flow (Fig. 6

(bottom), open square at 150 Hz), the gain achieved by

pumping at the matched frequency (Fig. 6 (top), cross at

150 Hz) is significantly larger, confirming the applicability

of parametric amplification for selective gain and filtering.

Concluding, non-resonant parametric amplification and

filtering have been demonstrated in biomimetic hair-based

flow sensors. By selecting appropriate values for the AC-

pump voltage, selective gain and filtering are achieved. The

responsivity to the incoming airflow can be improved by

20 dB, while having large selectivity with respect to non-

matched frequency signals.
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FIG. 6. (Color online) Amplitude spectrum for frequency matched (top) and

mismatched (bottom) cases, with the pump fixed at 150 Hz, the phase value

set to the value giving maximum amplification, and an amplitude of 5 V.
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