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Abstract The filliform hairs of crickets are among the
most sensitive flow sensing elements in nature. The high
sensitivity of these hairs enables crickets in perceiving
tiny air-movements which are only just distinguishable
from noise. This forms our source of inspiration to design
highly-sensitive array system made of artificial hair sensors
for flow pattern observation i.e. flow camera. The realization of such high-sensitive hair sensor requires designs with
low thermo-mechanical noise to match the detection-limit
of crickets’ hairs. Here we investigate the damping factor
in our artificial hair-sensor using different methods, as it is
the source of the thermo-mechanical noise in MEMS structures. The theoretical analysis was verified with measurements in different conditions to estimate the damping factor. The results show that the damping factor of the artificial
hair sensor as estimated in air is in the range of 10−12 N m/
rad s−1, which translates into a 93 μm/s threshold airflow
velocity.

1 Introduction
In nature, there are large variety of sensory systems that are
already optimized for survival. The biomimetic approach
has attained impressive levels by taking advantage of the
concepts of such sensory systems; by both biologists and
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engineers. In this approach, using the bio-inspired systems
biologists try to understand nature by testing their hypotheses while engineers try to design high-performance sensory systems based on the knowledge of their counterparts
in nature, circumventing the limited performance and poor
robustness of traditionally engineered sensors.
Recently, the mechano-sensory hair system of crickets
has been a common research subject between biologists
and engineers. These hairs, as found on arthropods, notably on spiders and crickets, are among the most energyefficient flow sensory systems appearing in nature. A large
canopy of mechano-sensory hairs residing on the cerci
of crickets forms the sensing part of the cricket’s escape
mechanism e.g. from spider-attacks (Casas et al. 2008).
The air movement due to approaching predator causes
the cricket to run away from the direction of the attack
(Gnatzy and Heusslein 1986; Magal et al. 2006). The large
numbers of hairs, the hair density, the mechanical properties of the hairs, their directivity and the accompanying
neural system all combine to form an effective system
capable of extracting the aerodynamic representations of
animal movements with high spatial resolution. This enables crickets to perceive flow signals at thermal noise levels (as low as 30 μm/s (Shimozawa et al. 1998) and, using
canopies of hairs, to discern flow phenomena at high spatial resolution without interfering with the flow medium
(Krijnen et al. 2007).
Benefiting from the advancements in micro-electro
mechanical systems (MEMS) technology (specifically) the
principle of the artificial hair as an obstacle has gained a lot
of attention to fabricate flow sensors. Inspired by crickets
and with the assistance of MEMS technological advances,
single and arrays of artificial hair flow sensors have been
designed and implemented successfully by different
research groups (Fan et al. 2002; Dijkstra et al. 2005; Wang
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et al. 2007). Different structures with various transduction
mechanisms have been used in the literature for designing
flow sensors, for instance, capacitive, piezoresistive, thermal or optical sensing techniques. Zou et al. in (2001) have
developed a three-dimensional assembly process called
Plastic Deformation Magnetic Assembly (PDMA), which
is used afterwards in the fabrication of piezoresistive flow
sensors to work in water (Fan et al. 2002). This design of
hair sensor consists of a fixed-free cantilever with piezoresistive elements at its base. Chen et al. adapted the previous
process of Zou et al. by replacing the obstacles fabricated
using PDMA process by 700 μm SU-8 hairs at tips of cantilevers and strain gauges at their base (Fan et al. 2002).
Dijkstra et al. (2005) fabricated flow-sensor arrays imitating the filliform hairs of crickets. Surface micro-machining technology has been used to fabricate suspended silicon nitride membranes and hairs were made by a repeated
lithography process to form double layers of SU-8 (negative photo-resist). This approach of making biomimetic hair
flow sensing forms the core of our study. Figure 1 shows
the structure of the artificial hair flow sensor used in this
study and its source of inspiration.
The aim of this study is to develop some guidelines
towards designing highly-sensitive artificial hair sensors
for high-resolution spatio-temporal flow pattern observations. The realization of such highly sensitive sensors
requires designs with both low thermo-mechanical noise
and high-resolution of angular displacement. Here, we
investigate the thermo-mechanical noise (caused by damping) in our artificial hair-flow sensor. The theoretical models used to determine the damping factor were found to
Fig. 1  Artificial hair sensor
geometry and its biological
source of inspiration (SEM
image courtesy of Jérome
Casas, IRBI, Université de
Tours)
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be in good agreement with the measurements. The results
were compared to the actual behaviour of natural crickets’ hairs to identify the limits of the artificial hair sensor
design towards matching the detection-limit of crickets’
hair sensors.

2 Sensor principle and fabrication
2.1 Sensing principle
A bio‐inspired hair flow‐sensor has been realized in our
group exploiting MEMS fabrication techniques using surface micro‐machining technology. The hair sensor consist
of a suspended silicon nitride membranes with about 1 mm
long SU-8 hairs on top. The conductive electrodes deposited on top of the membrane form capacitors with a common underlying electrode; namely the silicon substrate.
Due to the viscous drag torque acting on the hair shaft, the
membrane tilts and, consequently, the capacitors (on both
halves of the sensor) change equally but oppositely. These
capacitive changes are detected differentially as a measurement representing the airflow surrounding the hair shaft.
In combination with two mutually out-of-phase 1 MHz
voltage sources the differential changes in capacitance
are converted into an amplitude modulated voltage signal
(AM signal). Both sides of these differential capacitors
ideally have equal capacitances when the membrane is in
its equilibrium position. This results in a zero output voltage. When the hair is exposed to an external airflow this
results in a capacitance changes in which the output voltage
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is relative the amplitude of the airflow. A synchronous
demodulation technique, which consists of a multiplier followed by a low-pass filter, is used to recover the original
airflow signal from the amplitude modulated (AM) signal
(see Fig. 5).
2.2 Fabrication
Figure 2 shows a 3D schematic of the artificial hair flowsensor geometry. The fabrication process starts with the
deposition of a 200 nm thin silicon nitride protective layer
using low pressure chemical vapour deposition (LPCVD)
on a highly conductive silicon wafer (Fig. 2-I). This is
followed by LPCVD of a 600 nm poly-silicon sacrificial
layer, which determines the capacitors’ gap, and patterning by reactive-ion etching (RIE) (Fig. 2-II). The bottom
silicon layer forms the common electrode of the integrated
capacitors.
A 1 μm thick silicon rich nitride layer is deposited by
LPCVD and afterwards patterned by RIE (Fig. 2-III)
forming the membrane and springs structures. The
top capacitor electrodes are formed by sputtering and

Fig. 3  An SEM image for arrays for artificial hair flow sensor

etching a 100 nm-thick aluminium layer onto the membrane
(Fig. 2-IV). Subsequently, the 1 mm SU-8 hair is fabricated
with two different diameters (50 μm for the bottom part and
25 μm for the top part) using a two-step photo-lithography
process (Fig. 2-V). Finally, the flow sensors are released by
etching the sacrificial poly-silicon layer using either SF6 or
XeF2 as etching gases. Figure 3 shows an SEM image for
array of these fabricated artificial hair sensors.

3 Squeeze film damping in hair sensor

Fig. 2  A 3D schematic representing the structure of the artificial hair
flow-sensor fabricated using MEMS technology

In crickets’ hairs, damping is due to the material properties
of the socket and viscous damping of the moving hair (i.e.
relative velocity between the hair-shaft and the surrounding airflow). In micromachining technology, there are two
basic sources of damping: structural damping and viscous
damping. The structural damping (i.e. intrinsic damping) is
due to the molecular interaction in the material as a result of
deformation. Viscous damping, represented by squeeze film
damping, is due to the interaction between moving structure
and fluid surrounding. In MEMS structures actuated with
parallel plates, the squeeze film damping is the most dominant damping mechanism at normal operation conditions.
In our hair sensor, the damping is associated with the
thermo-mechanical noise. It is caused by both hair-viscous
damping and (mostly) squeeze film damping; as a consequence of membrane geometry in combination with the
small gap of the integrated capacitors. The fluid forces
acting on hair shaft and the mechanical properties of the
hair determine the overall response of the hair sensor. The
mechanics of the hair sensor motion, as governed through
the conservation of angular momentum and approximated
as a forced damped harmonic system, require that (Humphrey et al. 1993):
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dα(t)
d 2 α(t)
+ Sα(t) = Tdrag (t)
+ Reff
Jeff
dt 2
dt

(1)

where Reff is the total damping in the system which includes
frictions at the hair base (R) as well as the damping due to
the added mass of fluid to the hair shaft (Rμ) (Humphrey
et al. 1993), S is the rotational spring constant and Jeff the
total moment of inertia of the hair system.
Based on the design of our hair sensor the main source
of damping is the squeeze film damping. Since the damping represents the detection-limit of the hair system the
noise equivalent drag-torque (T̄n) resulting from the damping (R) can be related to the quality factor (Q) by (Ott 1976;
Nyguist 1928):

T̄n = 4kB TR
(2)
with

R=

Jeff (2 · π fres )
Q

(3)

where fres is the resonance frequency of the mechanical system which defines the bandwidth of the mechanical system.
The average hair angular displacement due to the
thermo-mechanical noise integrated over the entire bandwidth of the hair sensor becomes:

∞
 


Tn2 .|Hs (ω)|2 dω
ᾱavg = 
(4)
0

where Hs is the mechanical transfer function of the hair
sensor. The detection limit of the airflow (Vth) can be determined from:

Vth =

ᾱavg
.
|Hs (ω)|

(5)

frequency. Previously, we discussed the damping effect in
the hair sensor briefly (Dagamseh 2013). Here more detailed
analysis for the damping factor were conducted and compared to the damping factor determined from practical measurements performed in ambient pressure and in vacuum.
4.1 Physical structure
Based on the design of our hair sensor different models have
been used to calculate the damping factor. In these models
and to handle the analytical derivation several assumptions
have been made, which are valid in our case, as:
• Large aspect ratio i.e. the gap is smaller than the membrane’s extent;
• The motion of the structure is slow and hence, the inertia force is neglected.
• Homogenous pressure under the membrane;
• Ideal gas, which is air in our case.
In microstructures, the squeeze film damping has two
forces components (depending on the motion frequency):
• The elastic force component (i.e. air-spring effect which
is associated with the compressibility of the gas); and
• The viscous component.
At low operation frequencies the viscous forces is the
dominant component while the elastic forces dominate at
high frequencies (Starr 1990; Langlois 1962). Normally
for MEMS devices the operation frequency is low (lower
than the first resonance frequency) in which σ << 1. Hence,
the viscous force is dominant and the spring force can be
neglected where the gas can be considered incompressible
(Rocha et al. 2005). The squeeze number (σ) can be defined
as (Starr 1990; Kim et al. 1999; Andrews et al. 1993):

4 Squuze film damping estimation
In our hair sensor, there are two possible noise sources (1)
the electronics noise (due to the interfacing electronics)
and (2) the thermo-mechanical noise (due to the damping
effect). Currently, the detection-limit of the hair sensor
(around 1 mm/s) is due to the electronics noise level (Dagamseh et al. 2013). Decreasing the amount of electronics
noise, without improving the mechanical properties of the
hair sensor, is bounded by the thermo-mechanical noise
level. If the damping is determined (i.e. the minimum possible detection-limit) the improvements expected in the
electronics side can be identified and hence, the anticipated
threshold for each type of noise source.
To estimate the damping factor (R) in the artificial hair
sensor different methods have been used; (1) physical
structure, (2) quality factor (Q) and (3) shift in resonance
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σ =

12µ ω W 2
Pa d 2

(6)

where μ is air viscosity (for air μ = 1.79 × 10−5 kg/m s),
ω is the oscillation frequency, d is the gap size, W is the
width of the membrane and Pa is the ambient pressure.
Accordingly, the damping factor based on double sine
series solution is calculated as (Pan et al. 1998):

R = 12 · µ · (W /2)3 · [(L/2) · (1/d)]3 · β 2 · FBS

(7)

where L is the length of the membrane and β = L / W with
FBS as:
16
FBS = 6
π

∞


n = odd
m = even



1


 

n2 + β 2 · (m + 0.5)2 · n2 · (m + 0.5)2



(8)
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Using the mechanical properties of the hair sensor (i.e.
membrane length = 200 μm, membrane width = 100 μm,
gap size = 0.6 μm) β = 2 and thus for rotational movement
the correction factor Cf is about 0.42 (Bao et al. 2007). The
resulted damping factor is about 3.59 × 10−12 N m/rad s−1,
which is very close (the same order of magnitude) to the
results obtained from Pan’s and Minikes’s models.
Using the results obtained above and based on the artificial hair properties (shown in Table 1) we can summarize
that the estimated damping factor is about 3.6 × 10−12 N m/
rad s−1. Thereby, using the hair sensor model a rotation
angle of about 1.5 μ rad can be obtained due to the effect
of damping over bandwidth of 1 kHz.
4.2 Quality factor
Fig. 4  Top view of our artificial hair sensor structure

Table 1  Mechanical properties of the artificial hair sensor; see Fig. 4
L (m)

W (m)

J (kg m2)

S (N m/rad)

d (m)

200 μm

100 μm

2.7 × 10−16

4.4 × 10−9

0.6 μm

Applying the model above and based on the mechanical
design of the hair sensor shown in Fig. 4, the damping factor R can now be calculated and is found (while taking the
etching holes effect (Bao et al. 2007) into our consideration1) to be 3.94 × 10−12 N m/rad s−1. Table 1 summarizes
the mechanical properties of the hair sensor.
Minikes has also modelled the effect of squeeze film
damping in (Minikes et al. 2005). For small squeeze numbers and with the assumption of small rotation angle, the
damping factor can be defined as shown in Eq. (9). The
resulted damping factor matches the value obtained from
Pan’s model (i.e. Eq. 7):
R=

192µ W L 5
π 6d3



m,n=1,2,...



1
1
2n2 (2m − 1)2 2n2 + (2m − 1)2 η2



(9)

where η is a correction factor for the aspect ratio of the
membrane which depends on β (in our case η = 2).
Bao et al. in (2007) simplified the models of squeeze
film damping presented in Eqs. (7) and (9) as:

R = Cf

16 µ (0.5 W ) L 5
15 d 3

(10)

1
 Etching holes effect will reduce the amount of damping due to the
decrease in the effective area of the membrane and hence, the gas
flow through these holes.

The fluid damping element in the hair sensor, when modelled
as a resistor, has a noise source associated with it (see Eq. 2).
For a rectangular membrane with hair-shaft on top, the coefficient of the damping torque is related to the gap size, hairshaft and membrane geometry. The damping factor can be
estimated using the quality factor (Q) of the mechanical
system. The quality factor can be determined from the frequency response measurements as (Steeneken et al. 2007):
√
R = S.J/Qmeas.
(11)

Figure 5 shows the frequency response measurements’
setup. An amplified sinusoidal waveform was used to drive a
loudspeaker (which represents the airflow source) at different
frequencies. The loudspeaker was calibrated with a commercially available particle velocity sensor [i.e. the Microflown
(de Bree 1997)] to feed a constant airflow of 10 mm/s. The
output of the hair sensor was afterwards amplified and then
demodulated using synchronous demodulation technique.
The quality factor has been determined by fitting the
theoretical model of the frequency response of the hair sensor to the measured frequency response at ambient pressure. The resulted quality factor which has the best fit is
about 0.59. Figure 6 shows the best fit of the theoretical
model with the practical measurements of the frequency
response with respect to the quality factor. Afterwards,
the damping factor was determined using Eq. (11). In our
case J = 2.48 × 10−16 kg m2 and S = 3.6 × 10−9 N m/rad.
Accordingly, the structure has a damping factor of about
1.6 × 10−12 N m/rad s−1 determined at ambient pressure.
4.3 Shift in resonance frequency
The hair sensor can be considered as an inverted pendulum
second-order mechanical system. Thus, it can be described
as damped harmonic oscillator according to Eq. 1. Under
the condition of weak damping, the hair sensor has a resonance frequency approximated to:
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Fig. 5  A schematic representing the measurement setup
used for the frequency response
measurements

Γ =

R
J

(14)

Based on that, the shift in resonance frequency can be
used to estimate the damping factor in hair sensor. This has
been done by comparing the measured resonance frequency
in air (at normal operation conditions) to the resonance
frequency measured in vacuum. The frequency response
measurements of the hair sensor were conducted under two
different conditions:

Fig. 6  Normalized theoretical model of the frequency response of
the artificial hair sensor fitted to the measured frequency response

ωn =


S
J

(12)

However, if the previous assumption is not valid, the
damping affects the overall behaviour of the mechanical
system (e.g. resonance frequency) and thus it has to be
included in the calculations of the resonance frequency.
Accordingly, the resonance frequency of the hair sensor
will shift due to damping effect as:

Γ2
(13)
ωn = ωo2 −
2
where ωn is the resonance frequency while taking the
damping effect into account, ωo the resonance frequency in
case the damping has no effect and Γ the damping contribution in which
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• Ambient pressure conditions; to determine the actual
response of the hair sensor in normal operation conditions. The measurements setup was the same setup
shown in Fig. 5. The effect of the loudspeaker in the
hair sensor frequency response was excluded from
the measurements using a calibration process with the
Microflown particle velocity sensor (de Bree 1997).
• Low pressure conditions; in which the hair sensor was
placed in vacuum chamber and actuated electro-statically using fixed voltage amplitude with different actuation frequencies (the same setup used in Fig. 5 but without the airflow source i.e. without the loudspeaker).
Figure 7 shows the theoretical model of the hair sensor
response fitted to the measured frequency response in vacuum. The results show that the hair sensor has a resonance
frequency at 605 Hz in vacuum compared with resonance
frequency (or the best peak frequency) of 300 Hz in air
(see Fig. 6). The amount of shift due to damping is 305 Hz.
Using Eqs. (12, 13 and 14), the damping can be estimated
and the results show that the hair system has a damping
factor of about 1.16 × 10−12 N m/rad s−1. The frequency
response measurements in vacuum has a quality factor of
Q = 49. Based on that, the estimated damping in vacuum is
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Table 3  Hair sensor parameters of crickets (Shimozawa et al. 2003)
compared to our MEMS-based hair sensor for 1 mm hair length
Cricket hair-sensor Artificial hair-sensor

Fig. 7  Theoretical frequency response of artificial hair sensor fitted
to the measured frequency response in vacuum with background pressure of 0.1 mbar

Table 2  Damping factor estimated with different methods
Method
Theoretical
method
Damping
factor
(N m/
rad s−1)

Quality
factor

Shift in
resonance

3.6 × 10−12 1.60 × 10−12 1.16 × 10−12

Vacuum
1.92 × 10−14

about 1.92 × 10−14 N m/rad s−1 which is about two orders
of magnitude less than the damping factor estimated in air.
Table 2 summarizes the damping estimation for the hair
sensor using different methods.

5 Discussions and conclusions
The work reported here addresses the track of developing
highly‐sensitive sensor‐array systems (made of artificial
hair sensors) towards fulfilling the requirements flow pattern recognition i.e. air‐flow camera. The damping factor was determined using different methods and thereby
the minimum possible detection-limit of the hair sensor.
The results show that the damping factor in our artificial
hair (under normal operation conditions) is in the range of
10−12 N m/rad s−1. This is about two orders of magnitude
larger than the damping factor under vacuum (i.e. in the
range of 10−14 N m/rad s−1). From these results and under
the vacuum condition the response of the hair sensor can
be considered independent of squeeze film damping. Thus,
the losses in the system can be related to the intrinsic losses
(i.e. internal friction in the material). However, in normal

Moment of inertia (J)
(kg m2)

6.5 × 10−18

2.48 × 10−16

Spring stiffness (S)
(N m/rad)

2 × 10−11

3.6 × 10−9

Torsional resistance (R)
(N m/rad s−1)

2 × 10−14

1.6 × 10−12

Quality factor (Q)

0.47

0.59

Threshold velocity (Vth)
(μm/s)

30

93

operation conditions the squeeze film damping is more
effective and is related to the momentum transfer between
the mechanical structure and air molecules. The more pressure the larger interaction between air molecules and the
mechanical structure. This implies that squeeze film damping dominates the losses in the device.
In crickets the damping results, mainly, from the friction between the hair base and the surrounding tissues. The
resulted damping factor is about 2 × 10−14 N m/rad s−1
(Shimozawa et al. 2003). When it is compared to our artificial hair sensor, crickets’ hairs shows about one order of
magnitude better performance down to flow amplitudes
below 30 μm/s (Shimozawa et al. 2003). This can be related
to the material differences and mechanical properties of the
hair sensor and may be the smart utilization of the array
structure. Table 3 shows the hair parameters of the artificial
hair sensor compared to the natural hairs of crickets.
In previous studies, we concluded that the dominant
source is the electronic noise generated by the interfacing
circuitry (detection-limit in the range of 1 mm/s (Dagamseh
et al. 2013). The model predictions show that the thermomechanical noise is less than the electronic noise. From an
electrical design point of view and in case we are able to
reduce the electronic noise of the entire system to below
the thermo-mechanical-noise level, the detection-limit of
artificial hair-sensor could improve down to about 93 μm/s
airflow amplitude, bordering the threshold flow-amplitude
of crickets. Figure 8 shows the calculated detection-limit
(airflow amplitude causing a rotational angle equivalent to
the expectation value of the noise induced angular rotation)
of crickets’ natural hair flow-sensors compared with the
artificial hair-sensor.
In the current design of artificial hair-sensor, squeeze film
damping can be reduced by the design of the etching holes
in the membrane and increasing the gap size. However, this
deteriorates the sensitivity of the hair sensor since capacitance changes are inversely proportional to the gap size
squared. Therefore, an optimization process is required and
the FoM (Krijnen et al. 2007) has to be adapted to include
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Fig. 8  Simulated threshold velocity derived from thermo-mechanical
noise of cricket hairs and artificial hair sensor. The damping in the
artificial hair sensor is estimated at Q = 0.59

the thermo-mechanical noise and the capacitance sensitivity.
The new FOM (FoMadapt.) can thus be defined as:
FoMadapt. ∝

Sensitivity × Bandwidth × Capacitance
Thermo_mechanical noise

(15)

thus,
5/4

FoMadapt. ∝

Lh

1/6

Rρ 1/4 S 1/4 Dh

·

W · L2
2
geff

(16)

where Lh is hair length, Dh hair diameter, ρ hair density,
R torsional resistance, S spring stiffness, L length of hair
membrane and W width of hair membrane.
In summary, the damping effect as the main source of
the thermo-mechanical noise affects the performance of
the hair sensor specifically, the detection-limit. Targeting
designing highly-sensitivity hair sensors requires determining the minimum noise level caused by the mechanical
structure. In this paper, we determined the damping factor
using different theoretical methods verified with practical
measurements. The results have shown good agreement
resulting in a detection-limit of 93 μm/s airflow. We believe
that the adaptation of the mechanical design (i.e. FoM)
together with the interfacing electronics could assist to
achieve the detection-limit of crickets’ hairs (i.e. 30 μm/s).
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