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Abstract—We report improvements in detection limit and
responsivity of biomimetic hair flow sensors by electrostatic
spring-softening (ESS). Applying a DC voltage to our capacitive
flow sensors results in a reduced sensory threshold, which gives
an improvement for the flow detection limit of more than 30%. In
addition, the mechanical transfer shows large (80% and more)
voltage-controlled electro-mechanical amplification of the flow
signal for frequencies below the sensor’s resonance.

I. INTRODUCTION

Nature displays a variety of mechanisms that constitute ex-
ceptional sensory performance, e.g. with respect to sensitivity,
dynamic range, frequency filtering and selectivity [1], and
which forms a rich source of inspiration to engineers. Inspired
by crickets and their perception of flow phenomena, artificial
hair flow sensors have been developed successfully in our
group (Fig. 1) [2]. Improvement of fabrication methodologies
has led to better performance, making it possible to detect and
measure flow velocities in the range of sub-mm/s [3].

Fig. 1. From flow perception by crickets (SEM pictures courtesy of Jérome
Casas, Université de Tours) to MEMS hair flow sensors fabricated by surface
micromachining and using SU-8 lithography.

To increase the sensitivity and enhancing the mechanical
transfer of these sensors, we make use of Electrostatic Spring
Softening (ESS). Previously, the use of ESS was demonstrated
for electrostatically actuated flow sensors [4]. In this work, we
show that ESS is indeed applicable to adaptively change the
electro-mechanical properties of the system for oscillating air
flow perception.

II. THEORY AND MODELING

A. Stiffness control

The motion of a flow susceptible hair is described by
a second order mechanical system (Fig. 2) [5], wherein a
harmonic air flow causes the hair to periodically rotate due to
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a drag torque T'(t) caused by viscous forces [7]. The system’s
response is governed by its moment of inertia J, torsional
resistance R and torsional stiffness S:

2
ddﬁtgt) + R%(tt) + S6(t) = T cos(wt) (1

In our MEMS hair flow sensory system, the torsional
stiffness .S is controlled using a DC-bias voltage on the sensor
membrane electrodes (Fig. 3). By symmetrically supplying
voltages to the electrodes of the sensor, the electrostatic trans-
duction nature of the system is exploited to obtain ESS. To
model the system’s behavior under application of symmetric
DC-bias voltages, we consider the electrostatically induced
torque and stiffness which can be calculated from the first and
second derivative of the energy in the capacitor with respect
to 6 respectively.

J

Fig. 2. Model of a flow sensing hair based on an inverted pendulum [5].

Due to the small angles # encountered in practice and since
the gap is much smaller than either the width w and length
of the plates 2L, the capacitor is treated as a parallel plate
geometry (Fig. 4). The sensor operates in air, for which the
relative electric permittivity ¢, is assumed to be equal to 1.
Additionally, the silicon-nitride layers add some distance to
the gap given by tsini/€rsini leading to an effective gap gegr.
The angle dependent capacitance C'(6) for the rotational sensor
using the parallel plate approximation is given by:
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Fig. 3. Controlling the torsional stiffness by applying DC voltages to the
sensor’s capacitances.
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where x is the direction parallel to the plates and 6 is the angle

of rotation of the upper plate. The solution of this integral is
given by:

Z-OS(Q) In (geff +L sin(e))

gett — L sin(6) 3)

2L
Fig. 4. Geometry of the angle-dependent rectangular capacitor.

Transduction principles are used to find the electrostatic
spring softening by an angle-dependent and voltage-controlled
capacitor. Since the total energy in the transducer, which is the
sum of electrostatic energy in the capacitor and elastic energy
in the spring, is given by

1 1
E = -S00* + = 4
the torque 7'(0) is found from
dE®0)| 12 do9) 1., dC(0)
I A Yo R R S R

q

and the effective stiffness from dT'(0)/d0 = d>E(9)/d6>.
Hence on applying a DC-bias voltage Uy the total torsional
stiffness S becomes:

1d?C
2 do?
These expressions state that the total torsional stiffness con-
tains the intrinsic material-based stiffness Sy and, under
the small rotational angles normally encountered, a time-
independent softening term dependent on the applied DC-
bias voltage. For frequencies below the sensor’s resonance

S =8, —nUz  with 7 (©6)

frequency the system shows a larger sensitivity. In addition,
since the torsional stiffness S is reduced, also the resonance
frequency w, of the system is affected:

_ So — 77U(120
wp =1/ 7 (7

Therefore, the sensor’s sensitivity increases with applied DC-
bias voltage, whereas the sensor’s resonance frequency is
simultaneously reduced.

B. Hair mechanics

The flow susceptible hair is subjected to an oscillatory flow
u(t) with a given amplitude Uy and angular frequency w.
Assuming that the flow u(t) is oscillating over a flat surface the
no-slip boundary condition gives rise to the height y-dependent
velocity profile [6]:

u(t) = Uy sin(wt) — Upe P sin(wt — By) (8)

where [ is proportional to the reciprocal of the boundary layer

thickness, with v the kinematic viscosity (8 = y/w/(2v)).
Using trigonometric identities, this expression is written as

a sinusoidal function with an amplitude Uy and phase shift (y:

uy(t) = Uy sin(wt + () (€))
where
U, = UO\/l + e=28Yy — 2e=PY cos(By) (10)
and
- e~ Py sin(ﬂy)
Cy_arCtan(leﬁycos(ﬁy)> (11)

With the velocity profile known, the forces exerted on
the hair are calculated by Stokes’ mechanical impedance Zg
of an inverted pendulum in an oscillatory flow. Under the
assumption of small angular displacements [7] the relationship
between the flow velocity U and the drag force per unit length
F' can be expressed as:

F )
Zs = T Zsr + jZsx (12)

where

d\ 2
Zsg = 4mp,G Zsx = =2 11,G + Tpq (2> w (13)

In these equations G, g and s are dimensionless parameters:

9 _ _d je_
G—m g—’erln(s) 84\/:dﬂ
(14)

where the dimensionless parameter s << 1 and d is the hair
diameter. The dynamic drag force Fi(t) can be expressed as:

F(t) = Uy| Zg| sin (wt + ns) (15)
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where

Z
Zs| = \/ 22 + Z%5 15 = arctan (SX) (16)
Zsr

The absolute velocity profile of the oscillatory flow is given
by (9), but to calculate the drag forces on the hair using
Stokes’s mechanical impedance, the relative velocity of the
hair u,y is required, where y is the position along the hair.
Also, the resulting hair movement is assumed to be sinusoidal:

Uy (t) = Uy sin(wt + ¢y) — yOmw cos (wt + ¢m)  (17)

Using Stokes’s mechanical impedance, the resulting force
per unit length on the flow susceptible hair is found:

Fy(t) = |Zs| {Uy sin(wt+Cy+ns) —yOmw cos (wt + dm + 1s)
(18)
The torque 7'(¢) on the hair is calculated from the force per
unit length F'(¢) acting on the hair:

L
T(t) = /O Fy(t,y)ydy (19

Using Stokes’ mechanical impedance and following [5], the
angular deflection Oy, is calculated:

N

Om = 2 2
\/ (5= Jw2 = Cw| + |(R+ D)w]

(20)

where

L L
A= / |Zs|Uyy cos(Cy +ns)dy  C = / |Zsly* sin(ns)dy
0 0

L L

B :/ | Zs|Uyy sin(Cy + ns)dy D:/ |Zs|y2 cos(ns)dy
0 0

(21)

III. EXPERIMENTAL
A. Setup

Experiments are performed using the setup shown in fig-
ure 5. A waveform generator (Agilent 33220A-001) is used
for generating a sinusoidal signal at a frequency f, that is
supplied to an amplifier. This amplifier drives a loudspeaker
(Visaton WS 17 E) to generate the oscillating air flow at a
frequency f,. A wafer is glued on the loudspeaker cone to
achieve a flow profile that can be well described by (very)
near field theory [8].

Another voltage source (Delta Elektronika — Power Supply
E 030-1) is used to supply the DC bias voltage to the
top electrodes. The bottom electrode is grounded as is the
measurement setup. The sensor rotational angle # was derived
from Laser Doppler Vibrometry using a Polytec MSA-400,
since there is a simple factor between the measured membrane
displacement and the hair rotational angle.
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Fig. 5. Measurement setup for determining the membrane displacement of
the hair flow sensor.

B. Mechanical transfer

First, the mechanical transfer of the hair sensory system was
determined (Fig. 6). During this measurement, a voltage of 2.5
V was used, giving an increase in sensitivity of about 80% for
frequencies within the sensor’s bandwidth. Also lowering of
the resonance frequency w,. is observed (about 20%).

Mechanical transfer for DC biasing
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Fig. 6. Enhancing the mechanical transfer of the hair flow sensor by applying
a DC voltage.

Further, the relationship between DC-bias voltage Uy, and
its effect on the mechanical transfer of the system is measured
(Fig. 7). For both frequencies of 100 Hz and 300 Hz a non-
linear relationship is observed.

C. Threshold lowering

Next, the detection limit of the flow sensory system was
measured with an without application of a DC-bias voltage
for an harmonic flow of 110 Hz. Specifying the detection limit
as being the flow-velocity amplitude at which the Signal-to-
Noise Ratio (SNR) is equal to 1, our sensory system shows
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Fig. 7.
voltage.

Sensitivity increases nonlinearly with respect to the applied DC bias

an improvement of more than 30% (Fig. 8). The fitted model
for the membrane displacement z is based upon the SNR:

z = (SCUQ)2 + ]VC2

(22)

where Uj is the flow velocity amplitude, and S, and N, are
fitting constants.
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Fig. 8. Threshold lowering by DC biasing at 110 Hz, giving an improvement
of more than 30% for Ug. = 2.5 V.

IV. DISCUSSION

Measurements for the mechanical transfer are in good agree-
ment with modeling and it is shown clearly that DC-biasing
leads to a larger sensitivity below the sensor’s resonance
frequency (Fig. 6). The resonance frequency of the system
is also lowered, as predicted by (7). As a result, ESS can be
used to adapt the sensor’s performance to the environment by
either adjusting it for a large bandwidth or a high sensitivity.

The non-linear relationship between the DC bias voltage Uy
and the torsional stiffness S is confirmed by measurements

(Fig. 7). Fitting the model from (20) and evaluating the
constant 1 defined in (6), a value of 0.5- 102 Nm/(radV?)
is found, which is comparable to the calculated value of
0.58 - 10 Nm/(radV?) for a gap g of 1 um.

Although a higher DC bias voltage results in an increased
sensitivity, there exists a trade-off between increased sensitiv-
ity and stability, because of the pull-in effect — S becomes
very small or negative.

Depending on the origin of the noise present in the sensory
system, ESS can result in a lower sensory threshold and thus
help to improve the detection limit of the sensor. Our current
flow sensors have a detection limit of about 1 mm/s for
oscillating air flows at about 100 Hz, but based on thermal
noise calculations it is expected that this can be lowered
significantly [9]. Our measurements show that ESS increases
the detection limit of the sensor by increasing its sensitivity,
although the noise floor itself is also slightly increased (Fig. 8).
A possible explanation is the reduced capacitor gap g due to
the sensor’s limited vertical stiffness. As a consequence of an
increased DC-bias voltage, the squeezed film damping is also
increased and thus the thermal mechanical noise.

V. CONCLUSION

In conclusion, applying a DC-bias voltage to our biomimetic
hair flow sensors gives both an increase in sensitivity for fre-
quencies within the sensor’s bandwidth and lowers the sensory
threshold. Therefore, we can detect lower flow velocities by
adapting our flow sensors using DC-bias voltages.
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