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Abstract: This paper presents the results of active adaptation of sensor sensitivity. By applying a DC-bias 
voltage to the sensing electrodes of a cricket inspired artificial hair sensor the effective spring stiffness can be 
adapted resulting in a reduced resonance frequency and increased sensitivity. An array of flow sensors was 
actuated using electrical and acoustical signals at different values of the DC-bias voltage. Characterization 
was done using a scanning laser vibrometer. Both resonance frequency versus applied DC-bias voltage and 
deflection-amplitude versus DC-bias voltage behave well in accordance to theory and show that adaptation 
by DC-biasing can be used for frequency focusing and increasing sensitivity. 
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1. INTRODUCTION 

Crickets have filiform flow sensitive hairs in 
various lengths, diameters and directions on their 
abdominal appendages called cerci [1], see Fig.1. 
Each hair is attached to a sensory neuron at its base 
center, which is mechanically induced by stress due 
to hair deflection. These mechanoreceptor hairs 
have proven to be extremely flow sensitive [2], and 
enable crickets to detect complex flow patterns 
produced by, for instance, predators [3]. 

Fig. 1 Filiform flow sensitive hairs on the cerci of a 
cricket [1] 

This research focuses on mimicking the filiform 
cricket hairs and their sensing abilities. Previously 
we have presented an array of SU-8 artificial 
sensory hairs on top of micromachined read-out 
structures [4]. To increase the sensitivity of these 
sensors with respect to previous work, the shape of 

substrate has been changed to a cercus-like structure 
to minimize the boundary layer [5] and the length of 
the hairs has been increased to about 1 mm to better 
escape the boundary layer effects, see Fig. 2.  

Fig.2 SEM picture of an artificial cercus with 1 mm 
long sensory hairs. Inset: close up of the base 
showing slight curvature. 

In this paper we focus on a third way to increase 
sensitivity: adaptation of the effective spring stiff-
ness by DC-biasing the sensor structures, allowing 
for increased effective compliance of the sensor and 
tuning of the sensors resonance frequencies. 

2. OPERATING PRINCIPLE 

The hair-sensors in this work are fabricated by a 
combination of sacrificial poly-silicon technology 

2EO
4.P



1268
1-4244-0842-3/07/$20.00©2007 IEEE

TR
A

N
SD

U
C

ER
S &

 EU
R

O
SEN

SO
R

S ’07
The 14th International C

onference on Solid-State Sensors, A
ctuators and M

icrosystem
s, Lyon, France, June 10-14, 2007

with low-stress silicon-rich-nitride (SiRN) [6], for 
fabrication of suspended membranes, and SU-8 
polymer processing for hair fabrication [4]. Using 
two 500 µm thick SU-8 spin-exposure cycles, hairs 
with diameters of about 50 µm and a length of 
approximately 1 mm are fabricated. For a detailed 
description of the fabrication process see [4]. A 
schematic of a single sensor is given in Fig. 3.  

Fig. 3 Schematic of an artificial hair sensor 

Flow induced drag torque on the hair forces 
tilting of the silicon nitride membrane. This results 
in a differential change of the two capacitances 
formed by the electrodes on top of the membrane 
and the substrate. For small angles of rotation these 
changes are proportional to the applied flow [4]. 
Read-out of drag-induced membrane-tilting can be 
done by capacitive measurements using charge 
amplifiers and synchronous detection. Using the 
sensor electrodes for actuation rather than for 
sensing, the parameters of the device can be 
dynamically changed and therefore deflection beha-
vior can be adapted. 

3. ADAPTATION 

Transduction theory shows that the effective 
spring stiffness can be modulated by an applied bias 
voltage according to: 
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Where Seff is the effective spring constant,  is the 
membrane angular rotation, S0 is the physical 
rotational spring stiffness of the torsional beams, 
Ubias is the applied bias voltage, C is the capacitance 
of the device and is the second derivative of the 

capacitance with respect to the angle of rotation 
divided by two. Note that Ubias

2 is always positive 
and therefore an applied bias voltage will always 
give a reduction in the spring stiffness. At 
frequencies sufficiently lower than the resonance 
frequency the effective spring stiffness variations 
will allow for adaptive sensitivity variations 
according to: 
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where T is the total drag torque on the hair (depen-
ding on frequency ω  and far-field velocity ampli-
tude 0V ) and 0α  is the angle of rotation for given T
without applied DC-bias. By the relation between 
resonance frequency and spring stiffness we expect 
a dependency of the resonance frequency, 0, on 
the DC-bias voltage according to: 
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Here /S0 is a constant depending on the 
geometry of the structure. From Eqs. (2) and (3) it 
follows that the deflection per unit drag torque of 
the sensors and the resonance frequency can be 
adaptively changed to accommodate optimal signal 
reception. Obviously, judging from Eqs. (2) and (3) 
it can be seen that the biasing effects are dependent 
on the ratio /S0. Moreover, Eq (2) predicts that 
instability (Seff = 0) will occur at a bias voltage of: 

0effS = 0
bias

SU
κ

= ±         (4) 

In order to estimate the sensitivity to DC-biasing we 
calculated the coefficient κ . In General this coef-
ficient cannot easily be calculated analytically for 
any non-zero α . However, in the case of the hair 
sensors studied here, with small angles of rotation 
encountered in practice, κ  is calculated as in Eq. 
(5) where g is the spacing between the capacitance 
electrodes and A the surface area of the electrodes. 
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Using Eq. (5) we find for a stress-induced curved 
circular membrane, with radius R and maximum 
deflection a at the rim: 

( )
40

22
1 1

8 eff eff

R
a t t a

πεκ = −
+

  (6) 

Where teff=d+(tSiRN)/ r, d is the airgap and tSiRN is 
the total SiRN thickness in the capacitors.  

4. CHARACTERIZATION 

Two types of measurements were conducted on 
circular shaped sensors. Electrical actuation was 
used for determination of resonance frequencies at 
varying DC-biases and acoustic actuation was used 
for determination of air flow sensitivity versus DC-
bias. The specific dimensions of the sensor are 
given in table (1). 

Table 1. Sensor dimensions 

Membrane (SiRN) 
Diameter 210 µm 
Thickness 1 µm 
Gap spacing 1 µm 
Curvature aEq(6) 2.5 µm 

Springs (SiRN)  
Length 75 µm 
Width 10 µm 
Thickness 1 µm 

Hairs (SU-8)  
Length 980 µm 
Diameter 50 µm 

With electrical actuation a small amplitude 
frequency sweep superimposed on a bias voltage 
was applied to the electrodes of the sensors. From 
the response of the sensor the resonance frequency 
can be derived. With the acoustic measurements 
actuation was done by means of a loudspeaker. 
Here the sample is placed in the very near field of 
the loudspeaker to make the loudspeaker induced 
particle velocity directly related to the cone velocity 
and the transfer independent of the driving frequen-
cy [7]. Deflection of the sensor membranes was 
characterized using a Polytec MSA-400 laser 
vibrometer. The measurement setup for the acoustic 

measurements is depicted in Fig. 4. 

Fig. 4 Setup using loudspeaker as actuator and 
vibrometer for detection 

5. RESULTS 

Fig 5. shows the measured resonance frequent-
cies for the sensor at different applied DC-bias 
voltages when electrically actuated. The solid line is 
the model, Eq (3), fitted to the measurement data 
using Ubias = 0, resulting in a value for /S0
of 0.016 V-2.

Fig. 5 Resonance frequency versus DC-bias. Solid 
line is the model fitted (Ubias=0).  

Fig. 6 gives the measured maximum membrane 
rotation normalized to the applied air flow from the 
loudspeaker versus the bias voltage at various 
actuation frequencies. 
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Fig. 6 Normalized rotation of the membrane due to 
acoustically induced flow, vs. DC-bias. The model 
parameters are indicated in the figure. 

Fitting the measurement data to the model, Eq 
(2), we find a value for /S0 of 0.0171 V-2.

6. DISCUSSION 

In Fig. (5) and (6) we see that the trend for the 
resonance frequency reduction and the increased 
sensitivity respectively are represented very well by 
the model. For a comparison of the experiments and 
theory we calculate κ  analytically to be 
104·10-12 NmV-2. S0 can be derived from the reso-
nance frequency and the (calculated) inertial 
moment of the sensor and is found to be  
7.50·10-9 Nm/rad. We now find a value for /S0 of 
16.7·10-3 V-2 which is in good agreement with the 
fitted values from the experimental data. 

7. CONCLUSIONS 

Adaptive behavior of the artificial hair sensors 
has been successfully shown. Both a reduction of 
the resonance frequency as well as an increase in 
sensitivity for air flow was measured when applying 
a DC-bias voltage. The theory to describe the DC-
bias induced adaptation was presented and shown to 
be in good agreement with experiments. 
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