
Chapter 17
Crickets as Bio-Inspiration for MEMS-
Based Flow-Sensing
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Ram K. Jaganatharaja and Jérôme Casas

Abstract MEMS offers exciting possibilities for the fabrication of bio-inspired
mechanosensors. Over the last few years, we have been working on cricket-
inspired hair-sensor arrays for spatio-temporal flow-field observations (i.e. flow
camera) and source localisation. Whereas making flow-sensors as energy efficient
as cricket hair-sensors appears to be a real challenge we have managed to fabricate
capacitively interrogated sensors with sub-millimeter per second flow sensing
thresholds, to use them in lateral line experiments, address them individually while
in arrays, track transient flows, and use non-linear effects to achieve parametric
filtering and amplification. In this research, insect biologists and engineers have
been working in close collaboration, generating a bidirectional flow of information
and knowledge, beneficial to both, for example, where the engineering has greatly
benefitted from the insights derived from biology and biophysical models, the
biologists have taken advantage of MEMS structures allowing for experiments that
are hard to do on living material.
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17.1 Introduction

The filiform hairs of many insects, spiders and other invertebrates are among the
most delicate and sensitive flow sensing structures: they measure displacement of
less than a hydrogen diameter (sensitivity ca. 10 9 10-10 m = 1 Å) and react to
flow speeds down to 30 lm/s. If one considers the energy needed to trigger a cell
reaction, one finds that they react with a thousandths of the energy contained in a
photon, so that they surpass photoreceptors in energy sensitivity. In fact, these
mechanoreceptors work at the thermal noise level (Shimozawa et al. 2003). These
hairs pick up air motion, implying that they measure both direction and speed of
airflow, in contrast to pressure receivers, i.e. ears. Since several decades, the
biomechanics of the filiform hairs has been studied with care by several groups
worldwide, based on the analogy with a single degree of freedom inverted pen-
dulum (see e.g. the review of hair biomechanics in Humphrey and Barth 2008).

Among insects, mainly cockroaches and crickets have been studied, because
their airflow sensitive hairs are put on two antenna-like appendages, the cerci
(cercus in singular). Insect hairs usually have a high aspect ratio, with a length of a
few hundreds of microns up to 2 mm, and with a diameter of less than a dozen
microns (Fig. 17.1). Their longitudinal shape is conical which has been proposed

Fig. 17.1 Illustration of the hair-sensory system of crickets
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to have an important influence on the ratio of drag forces to moment of inertia and
is supposed to be subjected to evolutionary pressure (Shimozawa et al. 2003).
Hairs and sockets are ellipsoidal in cross-section, which leads to a preferential
direction of movement. The base of the hairs is complex, and its mechanics poorly
understood. In crickets, only a single sensory cell is below the hair shaft
(Fig. 17.1).

Single hairs, or groups of hairs, are not placed at random on the body (Miller
et al. 2011; Heys et al. 2012). Exact shape of a hair, its position on the sensory
organ and its relative position within a group of hairs have been driven by natural
selection. This aspect of mechanosensory research is, however, badly neglected.
As for the positions along the cercus, the presence of a potential acoustic fovea
(i.e. a location with particularly high acuity) at the base of the cercus has been
hinted at (Dangles et al. 2008), not only due to the highest hair density in this
region, but also because it corresponds to the region with the largest flow veloc-
ities, due to the cercus being the largest there. Putting hairs radially around the
cercus enables crickets also to pick up transversal flows. In such an arrangement,
the received peak flow velocities are larger than if the hairs would be placed on a
flat surface; in the latter case, hairs are submitted to longitudinal flow with lower
peak velocities (Dangles et al. 2008). In summary, where sensors are placed
relative to body geometry matters a lot.

Filiform hairs are innervated by a single mechanosensory receptor neuron.
These neurons get mechanically stressed by the hair movement and transduce the
mechanical signals received by the hair into neuroelectrical signals, i.e. action
potentials. The axons of the receptor neurons are bundled in the cercal nerve and
their terminals form excitatory connections onto neurons within the terminal
abdominal ganglion (TAG). Information from all hairs, as well as from other
sensors, converges and is processed by interneurons. The convergence of infor-
mation at this stage is enormous: the about 1,500 afferent neurons of hairs are
connected to only some 20 interneurons (Jacobs et al. 2008). The fact that
invertebrates possess few large, singly identifiable neurons enabling comprehen-
sive mapping and repeated recordings of activities in identified neurons is a unique
asset which explains the interest in this mechanosensory system. Descending
information from the central brain and higher order ganglia also reaches the TAG.
Once processed, the combined information moves up towards higher neuronal
centres, in particular the ganglia in which the hind-leg movements are triggered.
This local feedback loop enables the animal to process vital information and act
accordingly very quickly. Thus, as is observed often among invertebrates, what
can be processed locally will be done so. This type of distributed processing
explains why biomimetism has so much to gain from this group of animals.

After processing, the perceived sensory information must be converted into an
appropriate behavioral action. Flow sensing is known to be of importance in
predator and prey perception, mate selection and most likely other context, such as
perceiving its own speed and movement. Predator avoidance is obviously a major
selection force, where speed is of paramount importance. Jumping or running
away is the behavior which is elicited in response to appropriate stimuli.
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The cricket possesses in the TAG an internal map of the direction of the stimuli
from the outside world and the geometric computation of the direction of incoming
flow by the cercus is one of the nicest case studies of spatial representation in the
central nervous system (Jacobs et al. 2008). Computation of the speed of an
approaching predator is also carried out by the TAG, a task that has been only
recently studied using appropriate stimuli (Dangles et al. 2006). Where to jump
is a different question, and how and where in the brain this decision is made, is
presently unknown. Presumably, directing stimuli and other conditions intervene
in this process.

Natural selection acts along the full chain of information transfer, from acqui-
sition and processing, up to actuation. This is important to restate in a biomimetic
context, as the extreme sensitivity on the biomechanical side of the hair shaft, which
has been almost the exclusive focus of the engineer attention, could be otherwise
lost into an inefficient sequence of information transfer. However, as of today, we
have very little information about the constraints acting on the different parts of the
chain, and hence no idea about their optimisation levels.

17.2 Hair-Sensors

Although hair-sensors are abundant in nature and are found on animals of virtually
all scale, they seem to be especially important on smaller animals, e.g. small
invertebrates such as insects and arachnids. Important in this respect is that the,
e.g. predator–prey, interactions between the animals take place at distances that
are small relative to the wavelength of the sounds emitted, i.e. they take place in
near-field conditions.

17.2.1 Flow as Information Source

Whereas for many (larger) animals flow may not provide a very information-rich
modality to probe the environment, nature seems to have numerous examples of
species that exactly do this. To put this in perspective, it may be helpful to look at
the fields produced by a harmonically moving sphere (dipole), which, in a
somewhat simplistic view, resembles natural sources such as wing-beats of flying
insects or tail movements of fish.1

Obviously the fields produced by a dipole entail both pressure and flow fields.
Depending on the medium in which the dipole resides, e.g. water or air, and more
specifically on the mediums compressibility, it may seem that pressure and flow

1 Although emission patterns may be far more complex and need description by a multipole
expansion, higher order poles tend to drop off faster with distance.
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could play comparably important roles. However, pressure is a scalar field only,
whereas flow-fields inherently carry directional information (being vector-fields)
helping a flow-sensory system to more easily determine the direction of a source
than a pressure based one, especially at low frequencies. Further, although pressure
and flow may have a fixed ratio at relatively long distances2 near the source flow-
fields are ‘comparatively stronger’. This is shown in Fig. 17.2, where on-axis
pressure and velocity, normalised to their respective values at k � r ¼ 1 (with k the
wavenumber and r the distance), are plotted as a function of normalised distance.
Both the situations of compressible (solid lines) and incompressible (dashed lines)
media, as calculated from the equations in Lamb (1910), are shown.3 The ratio
between pressure and flow-velocity4 equals jqxr=2 (q being the density of the
medium and x the angular frequency) for k � r� 1 indicating that pressure
becomes comparatively small at shorter distance and lower frequencies. As an
example for an interaction of a flying wasp with a wing beat of about 150 Hz with,
say, a caterpillar (Tautz and Markl 1978) the condition k � r ¼ 1 corresponds to
r & 0.34 m a relative large distance as measured in body lengths of the animals.
In other words: at the scale of the interaction distances of e.g. crickets and their
predators, and at the frequencies of concern, it is easier to monitor the near-field
environment from spatio-temporal flow-profiles than from pressure signals.

Fig. 17.2 Theoretical
dipole-field as function of
normalised distance

2 For compressible media one could think of at least a few wavelengths away from the dipole.
3 Clearly, for k � r� 1, i.e. distances small compared to the wavelength, there are only minor
differences between the expressions for compressible and incompressible media, a fact that can
be readily exploited when modelling relative complex aerodynamic predator–prey interactions
at short distances Kant and Humphrey (2009).
4 The ratio of pressure and flow-velocity would be the acoustic impedance for compressible media.
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17.2.2 Hair-Sensor Mechanics

Both natural as well as artificial hair-sensors, can be understood mechanically as a
so-called ‘‘inverted pendulum’’ (Shimozawa et al. 1998). That is, a second-order
rotational-mechanical system with moment of inertia J, [kgm2], rotational stiffness
S, [Nm/rad], and rotational damping R, [Nms/rad], (see Fig. 17.3). Airflow gen-
erates a torque on the hair-shaft, primarily by viscous drag since at the velocities
and geometries normally encountered pressure drag is small. Note that under most
conditions artificial hairs can be assumed infinitely stiff and that the rotation angles
are rather small (of the order of 1–10 mrad amplitude per m/s flow-velocity
amplitude).

17.2.3 Hair-Sensor Physics

The physics of flow-sensing by hair-sensors has been unravelled independently by
Humphrey et al. (1993) and Shimozawa et al. (1998) with initial contributions by
Tautz and Markl (1978) and Gnatzy and Tautz (1980). In general, these flows have
been assumed to be small which, in combination with the small hair diameters,
yields rather small Reynolds (Re) numbers. Moreover, the frequencies are limited
to a few 100 Hz causing the Strouhal number (St = xd/2Vr) to be small as well.
For a hair-diameter of 25–50 lm,5 an air-oscillation frequency of 250 Hz and a
flow-velocity amplitude of 10 mm/s, Re varies between 0.008 and 0.016 and St
between 1.96 and 3.92 (for the flow around the hairs).

SR

J
Air flow

T (t)

Fig. 17.3 Schematic of the
hair-sensor mechanical
system (after Shimozawa
et al. 1998)

5 These are diameters encountered in MEMS-based hairs with a length of up to 1 mm; natural
hairs tend to be much smaller in diameter.
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Here we reiterate the modelling by Humphrey et al. as given in Humphrey and
Barth (2008). The analysis starts with the abstraction of a hair-sensor being a
second-order mechanical system, with the rotational angle h the single degree of
freedom:

J
d2hðtÞ

dt2
þ R

dhðtÞ
dt2
þ S0hðtÞ ¼ TðtÞ ð17:1Þ

where T(t) is the driving drag torque due to the airflow. In general, the rotation of
the hair will lack behind the flow and the drag-torque needs to be calculated using
the difference in airflow and hair velocity, which is dependent on the distance to
the substrate z.

The rather small Re and the large hair-length to hair-diameter ratio allows using
the Stokes expressions for the drag-torque exerted by the airflow on the hairs
Stokes (1851) and to integrate it over the length of the hairs. This results in:
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where v(t) is in the direction || with the substrate (\ to the hair), l is the dynamic
viscosity, D the diameter of the hair, g = ln(s) ? c, with c Euler’s constant

(0.5772…) and S ¼ D=4ð Þ
ffiffiffiffiffiffiffiffiffi
x=v

p
, and G ¼ �g

�
g2 þ p2=16ð Þ. Since the terms on

the right-hand side with time derivatives of h do not depend on v(z, t) they can be
transfered to the left-hand side where they appear as additional terms to the
moment of inertia (Jq, Jl) and rotational damping (Rl) (Humphrey and Barth
2008).

J þ Jq þ Jl
� 	 d2hðtÞ

dt2
þ ðRþ RlÞ

dhðtÞ
dt
þ S0hðtÞ ¼4plG

ZL

0

vðz; tÞzdz

þ pqD2

4
� p2

gx

� �ZL

0

dvðz; tÞ
dt

zdz

ð17:3Þ

For cricket hairs, the values of these additive terms can be significant and
should not be neglected (Humphrey and Barth 2008). For MEMS based bio-
inspired hair-sensors these contributions are relatively small for operation in air.
However, for sensors working in water, both for bio-inspired as well as natural
sensors, these terms may be of comparable magnitude as J and R.
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Once the flow velocity v(z, t) is known the driving torque T(t) can be calculated.
However, only relative simple flows allow for straightforward modelling, i.e., the
boundary layer effects of transient flows are intricate and need to be determined by
numerical schemes like Finite Element Modelling (FEM). Our artificial hair-
sensors are mounted on flat substrates allowing the use of the Stokes expressions
for harmonic flows along the hairs (Humphrey et al. 1993). We have shown
previously that the Stokes expressions can be usefully employed for our artificial
hair-sensors (Dijkstra et al. 2005). Based on the no-slip condition, these expres-
sions predict a viscous flow over an infinite substrate to be harmonic in time with
45� phase advance near the substrate interface and a boundary layer thickness ðdbÞ
proportional to the inverse of b ¼

ffiffiffiffiffiffiffiffiffiffiffi
x=2v

p
where v is the kinematic viscosity

(1:79� 10�5 m2=s for air at room-temperature) and x is the radial frequency. As
an example, at 100 Hz the boundary layer is roughly 0.5 mm thick.

vðz; tÞ ¼ V0sin(xtÞ � V0e�bzsin(xt � bzÞ ð17:4Þ

Substituting 17.4 in 17.3 provides all the information needed to calculate the
response of the hair-sensors to steady state harmonic driving. Comparison between
calculation and model is shown in Fig. 17.4. Obviously, the agreement is rather good.

17.2.4 Hair-Sensor Design

Despite the beauty and sensitivity of natural hairs, it is not possible6 to copy them
one-to-one to artificial versions. The basic principle of capturing flow by drag-
forces exerted on a hair can be used. However, lacking artificial neurons, the

Fig. 17.4 Mechanical
response versus frequency for
a MEMS-based hair-sensor
(unpublished data)

6 Note that despite the fact that ‘copying’ is not possible it is not desirable either since the
artificial hair-sensors have to operate under much different conditions and with different purposes
as well.
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transduction mechanism needs to be entirely different. In our work, we have
decided to use differential capacitive read-out: we fabricate hairs on top of a
membrane, suspended by torsional beams, allowing the hair plus membrane to
rotate when exposed to drag-torque (see Fig. 17.5). On the membrane we have an
aluminium electrode, roughly 100 lm long by 100 lm wide, on each of the two
sides. In combination with the underlying higly conductive silicon substrate, from
which the membranes are only separated by a gap of 600–1,000 nm, these elec-
trodes form capacitors which can be read-out using AC signals.7 On membrane
rotation one capacitance will increase, on the side where the gap reduces, and on
the side where the gap increases the capicatance decreases. These changes are
read-out differentially to reduce parasitic effects.

17.2.4.1 Hair-Sensor Design Optimisation

From a biological standpoint, one may want to understand the interrelationship
between the geometric and physical parameters of the hair-sensor system as they
are. However, from an engineering viewpoint, things look slightly different since
(a) not all detail and interplay of all the involved parameters of the insects hair-
sensor system are well-known (i.e. plain mimicking of the cricket cercal system
is no option) and (b) MEMS fabrication technology offers a latitude of size
possibilities and material choices that only partly overlaps the natural system.
Therefore, the values of various design parameters need to be determined from
additional analyses.

Fig. 17.5 Left schematic of the artificial hair-sensors using differential capacitive read-out. Right
Scanning Electron Micrograph (SEM) of a realised hair-sensor array

7 The membranes are connected to the outside world by aluminium electrodes running over the
torsion beams.
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Hair Length and Boundary Layer

The length of the hairs (L) plays a dominant role in the overall performance of the
hair-sensors. Obviously, when exposed to a uniform flow, the total drag torque on
cylindrical hairs would increase proportional with the hair-length squared. How-
ever, due to the boundary layer, in which the flow-velocity increases with distance
to the substrate, the drag-torque first increases with the third power of hair-length,
i.e. O(L3), up to about the boundary layer thickness db. Then when the hairlength is
above db the drag-torque follows a quadratic dependence (see Fig. 17.6). But at the
same time the hair inertial moment (J) is of order O(L3). Hence, the hair-length
needs to be chosen judiciously to balance drag-torque versus inertial moment.

Hair Diameter and Viscous Drag

When increasing the diameter of the hairs (D) the resulting drag-force will
increase as well. Using numerical evaluation of the Stokes expressions for drag-
force shows that the dependence on diameter is weak in the range of interesting
hair-diameters, of the order of O(D1/3). At the same time, the hair moment of
inertia J is of order O(D2), negatively affecting the resonance frequency (i.e.
bandwidth). Therefore, it is beneficial to have thin hairs. Technologically it turns
out to be rather difficult to make hairs with aspect ratios of more than about 10–20.
We have tackled this problem by segmenting our artificial hairs with a lower part
diameter of 50 lm and a top part diameter of 25 lm, reducing the hair inertial
moment by about 65 % (Jaganatharaja et al. 2009), see Fig. 17.7.

Fig. 17.6 Drag-torque
versus hair-length for
harmonic airflow of various
frequencies as predicted by
Stokes’ equations. Initial
dependence is cubic for
L \ db) and turns over into
quadratic for L [ db
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Torsional Stiffness

Obviously, when looking for the largest rotation angle for any given drag-torque
one may want to choose the lowest possible torsional stiffness (S). But for given
hair inertial moment, a reduction of S also leads to a reduction of the resonance

frequency which is given by x0 ¼
ffiffiffiffiffiffiffiffi
S=J

p
.

Damping

Damping of the hair-sensors comes in multiple forms. For the crickets, the hair-
sockets provide some torsional damping (R) by visco-elastic material properties
(see McConney et al. 2007 for such material properties in spider hair mechano
sensors) whereas for the artificial hair-sensors torsional damping is caused by both
material as well as squeeze film damping due to the small gap between the silicon-
nitride plates and the substrate. On top of these damping contributions, the hairs
themselves incur damping by viscous forces when the hairs move relative to the
surrounding air. In the case of crickets, the total damping seems to be appropri-
ately controlled (Bathellier et al. 2012) by the organism yielding hairs that are
approximately critically damped. It is hypothesized that mechanical impedance
matching helps the sensors to obtain maximum energy from the surroundings
(Shimozawa et al. 1998). On the other hand, on critically damping a second-order
system one also maximizes its agility to respond to (transient) flows. Nevertheless,
the evolutionary pressures driving the appropriate damping for cricket hair-sensors

Fig.17. 7 Extruded SOI-
based hair-sensor structure
(Dagamseh et al. 2010)
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have not yet been identified. In the artificial hair-sensors, except for adding specific
holes to the membranes to tailor the squeeze film damping, not much can be done
to optimise the damping without far-reaching consequences for the fabrication
technology.

Torsional Spring Material

The mechanical sensitivity of our hair-sensors is currently about two orders of
magnitude less than those of crickets, primarily due to a much larger rotational
stiffness: 1:5� 10�11 Nm/rad for crickets versus 4:85� 10�9 Nm/rad for our
sensors. But reducing the torsional stiffness comes with two difficulties. In order to
conserve bandwidth, the moment of inertia of the hairs needs to be further reduced.
The second complication is that the suspension beams provide torsional (S) as well
as vertical stiffness (K). Both decrease with increasing length l but S decreases
with O(l-1) whereas K decreases with O(l-3). The result is that a large rotational
compliance combined with a large vertical stiffness can only be obtained using
compliant materials, i.e. with low Youngs modulus and appropriate beam-cross-
sections. A nice reference to natural hairs, where the materials in the hair-sockets
are rather soft compared to the stiff silicon-nitride beams used in the artificial
sensors, despite the fact that our torsional suspension and the cricket hair-sockets
have little in common.

Figure of Merit

Optimisation of our hair-sensors has been driven by a Figure of Merit (FoM)
(Krijnen et al. 2007), being the product of mechanical responsivity8 and band-

width: FoM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L=qSD4=3

q
. This has emphasized what could be learned directly

from observation of cricket hair-sensors, i.e. that hairs should be long and thin, and
mounted on very compliant suspensions. However, with respect to damping the
optimum damping factors still need to be identified. Compared to crickets, for a
1 mm long hair, the FoM of our hair-sensors is about a factor of 70 smaller due to
the larger rotational stiffness and thicker hairs.

Capacitive Read-Out

The angular rotations induced by harmonic flows normally encountered are rather
small: on the order of 1 mrad/mm/s. Therefore, the capacitive read-out needs to be
judiciously implemented. Our hair-sensors are based on a differential read-out,

8 For the hair-sensor system, one can define the mechanical responsivity as the angular rotation
of the hair per m/s of flow-velocity.
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using a 1 MHz interrogation signal, a charge amplifier and a multiplier to retrieve
the base-band information. Since parasitics due to bond-pads and wires are rela-
tively large the fractional capacitance changes, which ultimately determine the
sensitivity of the sensor, need to be optimised. Because the sensor’s membrane
area close to the rotational axis does not generate much capacitance change the
membrane should primarily be long. Also, the smaller the effective gap between
the capacitor electrodes, the larger the effect. Eventually the fractional capacitance
change is given by oC=oa� 1=C ¼ l=d, i.e. one should aim for a long membrane
and a small (effective) gap. Early generations of our sensors were affected with
stress-induced upward curvature of the membranes, negatively influencing the
capacitive sensitivity. In later generations, aluminium is used as electrode material
since it has a high electrical conductivity (and therefore the layer can be thin), has
a low Young’s modulus (thus will cause relative little bending when under stress)
and can be deposited at low temperatures (reducing residual thermal stress).

The latest generation of our artificial hair-sensors is based on silicon-on-
insulator (SOI) technology (see Fig. 17.7), which helps to reduce parasitic
capacitances. The performance of this type of sensors is shown in Figs. 17.8 and
17.9 where results are displayed for a single hair-sensor. The threshold flow-
amplitude value is at about 1.00–1.25 mm/s for frequencies between 100 and
400 Hz which is currently determined by electronics noise (thermal–mechanical
noise is predicted to be more than two orders of magnitude smaller). There is also a
clear directivity pattern, closely matching a theoretically ideal figure of eight,
Fig.17.9 (Dagamseh et al. 2010).

Fig. 17.8 Single-hair
threshold at 250 Hz
(Dagamseh et al. 2010)
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17.2.4.2 Optimisation of Hair Geometry

Artificial hairs on top of the sensor membranes are the mechanical interfaces that
cause the flow information to result in membrane rotations inducing capacitance
changes, which are eventually transformed into equivalent electrical signals.
Making long hairs in micro-fabrication technology is by no means an easy chal-
lenge since both the absolute length as well as the aspect ratio of these structures
are non-standard for MEMS.

Importance of Hair Shape

For the effective operation of our artificial hair sensors, the shape of the hair plays
a central role. The hair geometry serves two basic purposes: (1) it determines the
amount of flow-induced drag-torque acting upon the hair and (2) it contributes to
the mass moment of inertia, which determines the mechanics of the sensory sys-
tem. Finding the optimum balance between the drag-torque reception and the hair
moment of inertia has been the primary motivation for such optimisation.

Taking a closer look at the shape of cercal filiform hairs themselves, could
guide towards the first steps of hair shape optimisation. The hairs on the cerci are
found to appear in a wide range of lengths from 30 to 1,500 lm with diameters
occurring from 1 to 9 lm (Humphrey et al. 1993). Initially, the structural effects of
the cercal hairs were analysed by assuming a cylindrical (Humphrey et al. 1993) or
linearly tapered conical shape (Shimozawa and Kanou 1984). But upon accurate

Fig. 17.9 Single hair-sensor
directivity (Dagamseh et al.
2010)
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measurements, the hair shape was found to follow extremely elongated parabo-
loids, i.e. the diameter of the hair increases with the square-root of the distance
from the tip (Shimozawa et al. 1998). Other electron microscope studies showed
the hairs to be hollow tubes, with the diameter of the inner hollow cavity being
approximately one-third of the outer diameter (Gnatzy 1978). The elongated-
paraboloid shape of the filiform hairs apparently strikes a fine balance between the
drag-torque reception capability and its moment of inertia. The goal is, thus, to
fabricate artificial hairs which closely resemble the natural filiform hairs.

Artificial Hairs: Past and Present

Artificial hairs were initially fabricated by etching structures on bare silicon wafers
and covering them with silicon-nitride using low-pressure chemical vapour depo-
sition (LP-CVD). Upon selectively etching the silicon substrate, silicon-nitride
hairs were fabricated (Fig. 17.10) (van Baar et al. 2003). These hairs were very
complex to be integrated into a functional sensor. Subsequent generations of our
sensor arrays comprised an artificial hair made of SU-8, a negative-tone, epoxy-
based photoresist, fabricated by means of standard photo-lithography. First, a single
layer of SU-8 photoresist was used resulting in hairs of about 450 lm length
(Dijkstra et al. 2005) (Fig. 17.11 left). In later generations of our hair sensors, two
subsequent layers of SU-8 were spun and hairs of length of up to 900 lm were
photo-patterned by top-side exposure (Fig. 17.11 right). The result was that hairs
were long and had a cylindrical shape with a uniform diameter of about 50 lm.

For the current generation of artificial hairs (as discussed before and shown in
Fig. 17.7), a new geometry was chosen in order to reduce the hair moment of
inertia. The idea is to fabricate artificial hairs in two parts (i.e. two layers of SU-8
photoresist), where the hair diameter of the upper part is only half of that of the
bottom part. Such a hair geometry effectively reduces the hair moment of inertia
by about 65 % while reducing the drag torque by only about 20 %.

Fig. 17.10 Initial attempts to make hairs were based on Deep Reactive Ion etching in silicon
with subsequent conformal nitride overgrowth and silicon removal
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One of the difficulties in using multi-spun SU-8 layers for artificial hairs is that
alignment of structures on the subsequent layers becomes critical. Further, the
standard top-side exposure of SU-8 lithography limits us to to only two or three
hair length variations on one device. Therefore, to fabricate artificial hairs with a
more nature like shape, a new and less-complex fabrication technology is sought in
order to realise hairs of varying hair-lengths in a wider range, all within the same
device and made at the same time in the same process.

Nature-Like Hairs: Future?

Bottom-side exposure of SU-8 layers is a well-known technique, commonly used
as molds in the fabrication of micro-needle arrays for drug-delivery applications
(Huang and Fu 2005; Kim et al. 2004; Yu et al. 2005). For our requirements, we
used the above-mentioned bottom-side exposure for fabrication of hairs with
gradually tapering tips aimed to resemble the shape of actual filiform hairs of cerci.
A simple, proof-of-concept process-flow was developed to fabricate SU-8 hairs by
a bottom-side exposure method. For the fabrication, a patterned aluminium layer
with circular openings on top of a standard glass substrate is used. Two layers of
SU-8 are spun to a thickness of 900–1,000 lm, after which the glass substrate is
flipped and the SU-8 exposed through the circular openings. Owing to the illu-
mination dynamics inside the SU-8 layer, upon the development nature-like SU-8
hairs, resembling their natural counter-parts closer than previous versions of our
artificial hairs (Fig. 17.12) are created. Further, the variations in the diameter of
the circular openings of the patterned aluminium layer allow us to achieve a wide
range of hair length variations, all in a single photolithographical step (Fig. 17.13).

Fabricated nature-like hair samples were analysed to find the optimal exposure
time and the effect of different design parameters of the aluminium pattern on the
hair geometry. The next challenge is to develop a new process scheme to integrate
the nature-like SU-8 hairs into the existing sensor fabrication flow. The process

Fig. 17.11 First (left) and second (right) generation artificial hair-sensors
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flow for wafer-through etch-holes on the silicon wafers for back-side exposure and
the applicability of aluminium as both capacitor electrode and hair mask should be
tested and optimised.

17.3 Viscous Coupling

Arthropods are very often quite hairy, and the high density of flow sensing hairs
implies that these hairs may interact with each other through viscous effects, i.e.
when the distance between hairs is too small, one hair may reduce the drag-torque
on its nearby neighbour. This fluid-dynamic interaction between hairs, called
viscous coupling, has been studied only recently and was found to be highly
dependent on the geometrical arrangement of hairs, of their respective lengths and
preferential planes of movement, as well as on the frequency of the input signal
(Casas et al. 2010). Hairs often interact over long distances, up to 50 times their
radius, and usually negatively. Short hairs in particular ‘suffer’ substantially from

Fig. 17.12 Scanning
Electron Microscope image
of nature-like hairs with
variations in hair-length
determined by the diameter of
the open circles used for
exposure
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Fig. 17.13 The length of the
nature-like hairs depends on
the diameter of the opening
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the presence of nearby longer hairs. Positive interactions, where the flow velocity
at one hair is increased by the presence of other nearby hairs, have, however, been
observed in biological cases and reproduced numerically (Lewin and Hallam
2010). The biological implications of these interactions have only very recently
been addressed, and hint towards a coding of incoming signals which relies
strongly on the specific sequence of hairs being triggered (Mulder-Rosi et al.
2010). In other words, the signature of the incoming signal may be mapped into a
given sequence of recruited hairs, which in turn produces a typical sequence of
action potentials.

On the physical level, it is rather hard to determine viscous coupling effects on
real animals due to the pseudo randomness of hair-position, hair-length and
hair-orientation. Here the MEMS capabilities to form regular structures with well-
defined inter-hair distances present a way to tackle the problem. We have made
various structures to systematically investigate viscous coupling effects. Both the
flow-profiles (Casas et al. 2010) as well as the hair-rotations in the presence of
perturbing hairs (Jaganatharaja et al. 2011) have been studied. Figure 17.14 shows
the layout of hair-sensor devices that were particularly made for viscous coupling

Fig. 17.14 SEM images showing different portions of the chip for characterisation of viscosity-
mediated coupling. Top-left free-moving reference hair-sensor placed near a fixed perturbing hair
of same length. Top-right schematic of a hair-sensor. Bottom-left hair-sensors are arranged at
various inter-hair distances. Bottom-right close-up of the Si(r)N membrane and hair base
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experiments: the membranes were rather short and only covered with aluminium to
get a good reflection in order to enable laser-vibrometer measurements. The results
of the measurements are shown in Fig. 17.15. The left graphs shows a frequency
response of a hair-sensor with two perturbing hairs (black), one perturbing hair
(red) and no perturbing hairs (blue). The hair sensors spacing was about 2.1 times
the hair diameter. Figure 17.15, right, shows the coupling constant, as introduced
in Bathellier et al. (2005), for the various situations with one or two perturbing
hairs. Clearly, with one or two perturbing hairs the hair-rotations are smaller than
without perturbing hairs. Other experiments (not shown here) have confirmed the
overall tendency reported that viscous coupling increases with decreasing fre-
quency an decreasing inter-hair distance.

17.4 Array-Sensing

Whereas a single hair-sensor is an interesting object by itself, a collection of such
sensors, forming geometric arrays, enables an entire different class of measure-
ments: the determination of spatio-temporal flow-fields. The array compares to the
sensor as a camera chip to a single photodiode; with the array it becomes feasible
to observe the environment and the movement of objects in it. Therefore, we often
use the name flow-camera when referring to an array of flow-sensors.

17.4.1 Interfacing Array Sensors

The SOI-based technology not only serves to reduce parasitic capacitance but also
allows for crossing electrodes since both the silicon device-layer of the SOI wafer
as well as the top aluminium layer, mutually separated by silicon-nitride, can serve
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Fig. 17.15 Left Influence of inter-hair viscous coupling on hair-rotation amplitude. Right
frequency dependence of the viscous coupling constant for 2 versus 0 perturbing hairs (black),
2 versus 1 perturbing hair (red) and 1 versus 0 perturbing hairs (blue). The normalised distance
(D/S) between the hairs is &2.1. Lines are predictions based on a modified model introduced in
Bathellier et al. (2005) in the limit of arrested hairs, dots are measurements with uncertainty intervals
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as electrical connection. The technology allows for frequency division multiplexed
(FDM) interfacing to individual sensors in a rectangular array, reducing the
number of required electrode connections from 3ðn� mÞ to 2nþ m for a n� m
array of hair-sensors (Dagamseh et al. 2012). Further, this scheme retains the
signal-to-noise ratio (SNR) of the hair-sensors at the level they have when each
single hair-sensor is individually connected (see Fig. 17.16).

The FDM technique allows for real-time read-out of many sensors in parallel.
Therefore, it enables the observation of spatio-temporal flow-patterns in which the
details carry information of the source of the field, i.e. this type of flow-sensor
ar-ray in principle allows for the observation of moving objects in the near-field
en-vironment, thus acting as a flow-camera. Figure 17.17, shows an array of
sensors, each individually interfaced by FDM.

17.4.2 Transient Airflow Measurements Using
Artificial Hair Sensors

Airflow patterns observed hair-sensors carry highly valuable information about the
sources of these flows. The successful extraction of the characteristics of these
spatio-temporal airflow patterns will give us insight in their features and information

Fig. 17.16 Frequency division multiplexing reduces the number of electrical connections while
retaining the original sensor SNR (Dagamseh et al. 2011)
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contained in them. In nature, there are numerous examples representing transient
airflow stimuli such as spider motion (Dangles et al. 2006) and (passing) humming
flies (Barth et al. 1995).

In most investigations on our artificial hair-sensors, measurements were
conducted using sinusoidal airflows (Dagamseh et al. 2010). Obviously, using
transient signals spatio-temporal flow-structures become richer and array-
measurements will allow to capture important flow events. Here we describe
measurements of spatio-temporal airflow fields generated by a transient airflow by
means of our artificial hair-sensor arrays. The measurements show the hair-sensors
ability to determine the flow field with sufficient temporal and spatial resolution.

We measured responses of our biomimetic hair sensors to airflow transients
using a sphere with 3 mm radius attached to a piston system to represent the
motion of a spider at a distance (D) from the substrate. A single-chip array con-
sisting of single hair sensors is used for flow-detection. Motion direction of the
sphere was parallel to the x-axis. i.e. the line of the sensors. Figure 17.18 shows a
photograph of the measurement setup.

The results show that our hair sensor is able to capture the essential features of
the transient airflow field generated by the moving sphere. Interestingly, the hair-
sensor response shows strong similarities with the field shape generated by a dipole
source. Figures 17.19 and 17.20 show an example of a theoretical and a measured
hair-sensor response as caused by a passing sphere. The distance to the sphere is
encoded in the characteristic points9 of the flow-field (Dagamseh et al. 2010).
Hence, it can be derived from the sensor output. In the transient response, the time
difference between the characteristic points can be translated into position using the
piston speed, and subsequently into an estimated distance (Dest) between sphere and
hair sensor. Figure 17.21 shows Dest versus D using the transient hair response.

To exclude the effects of the hair-mechanics, a deconvolution was performed to
recover the flow-velocity. The results show that the deconvolved sensor data

Fig. 17.17 Microphotograph
of an 8 9 8 array of
individually FDM
addressable hair-sensors,
ordered in pairs with
orthogonal directivity
(Dagamseh et al. 2011)

9 The characteristic points are the points in the flow profile where the parallel component of the
flow either changes direction or where it is maximum. The points are easily recognisable in
Fig. 17.19.
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Fig. 17.18 Setup used for
transient measurements

T

Fig. 17.20 Example of
measured hair-sensor
response (solid) when
exposed to a transient flow

Fig. 17.19 Theoretical
transient dipole flow-field
parallel to the direction of
orientation of the flow-sensor
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nearly matches the raw sensor data with a slight increase in the distance between
the characteristic points. Hence, we assume that the hair sensor is following the
temporal course of the flow profile rather well, a consequence of the nearly critical
damped system with best frequency in the range of 250–300 Hz. The deconvolved
sensor data (Fig. 17.21) indicate that the linear-line fit of Dest more closely mat-
ches the physical D while for the raw sensor data the Dest seems to closer resemble
the distance to the centre of the hair shaft. This is due to the effect of the mechanics
and the hair-shaft of the sensor. Since we know of no way to correct for the
integrated drag-force on the length of the hair, we consider the torque as a
reasonable representation of the flow field at between 1/2 and 2/3 the hair length
(i.e. 600–700 lm above the substrate).

Arrays of hair sensors offer us spatial information, specifically if they are
measured simultaneously. Here we integrated frequency division multiplexing
(FDM) to simultaneously measure the transient response of multiple hairs, i.e.
spatio-temporal airflow pattern measurements. Figure 17.22 shows the response of
four single-hair sensors in one row, when they are exposed to a transient airflow
produced by a moving sphere. Using the signal profiles as detected by the entire
array would allow us to determine an increasing number of source properties. By
virtue of the piston velocity, the delay represents the separation distance in
between two hairs divided by the sphere velocity. Thus, the sphere velocity can be
determined independently of the distance to the sphere.

Using the signal profiles as detected by an entire array would allow us to
determine a number of source properties. By virtue of the piston velocity, the delay
represents the separation distance in between two hairs divided by the sphere
velocity. Thus, the sphere velocity can be determined independently of the dis-
tance to the sphere. As a first trial, we determined the delays between the signals
from four hairs in one row. As an example, Fig. 17.22 displays the normalised
responses for four hair-sensors in line where the sphere was moved along.

Fig. 17.21 Dest versus
D using transient hair-
response measurements,
before (solid-squares) and
after (solid-circles)
deconvolving the hair-sensor
response. The best linear-line
fit for both measurements are
compared with ideal linear-
line (dotted). D represents the
height of the sphere centre
relative to the substrate. The
error bars represent the
uncertainty in determining
the zero-crossing points of
the measured dipole profile
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The measurements show about 4 ms time delay between each two subsequent
hair-sensor responses. From the sensor-responses and the distance between the
sensors, a speed of 512 mm/s at a distance of 5–7 mm was inferred (Franosch et al.
2005; Dagamseh et al. 2012). This demonstrates the possibility to perform spatio-
temporal flow pattern measurements using a single-chip hair sensor array with
FDM and to, subsequently, use the features of these flow profiles to determine
source parameters (i.e. size, speed and position).

Measurements like these, in principle, allow to extract the following informa-
tion: (a) The projection of the velocity of the passing sphere in the direction
parallel to the row of the sensor array can be determined using the distance
between the sensors and the time of flight; (b) Once the velocity is known, the
distance of the sphere trajectory perpendicular to the row of sensors can be
determined from the characteristic points of the dipole-induced signal (Franosch
et al. 2005; Dagamseh et al. 2012); (c) With the distance to the sphere and its
velocity known, the amplitude of the signal can be used to determine the size of
the sphere; (d) Additional sensors allow to track the motion of the sphere in other
directions as well. We do not know whether crickets use their hair-sensors in a
similar way as we use our artificial sensors. Nonetheless, it is highly instructive to
see what information a multitude of sensors in principle can uncover.

17.5 Beyond Bio-Inspiration: Parametric Effects

Apart from using the capacitively interrogated hair-sensors strictly for sensing, one
may achieve parametric effects by application of additional DC or AC bias-
voltages to the electrodes (Fig. 17.23). These voltages will produce electrostatic
forces, which in a balanced situation (i.e. no tilt of the hair) do not change the
rotational angle, but in a tilted situation will produce the largest forces on the side

Fig. 17.22 Normalised
output of four simultaneously
measured sensors when
exposed to a sphere passing
by at certain distance
(Dagamseh et al. 2012)
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with the smallest gap. So, the electrostatic torque tends to add to the flow-induced
torque and therefore the applied voltages will serve as an electronic means to
adaptively change the spring-stiffness of the hair-sensor system, i.e. electrostatic
spring softening (ESS).

17.5.1 DC-Biasing

A DC-bias voltage can be used to change the system’s torsional stiffness. Experi-
mentally the mechanical transfer is determined for flow frequencies from 100 to
1,000 Hz with and without the application of a DC-bias voltage. During this
measurement, a DC-bias voltage Udc of 2.5 V is used, giving an increase in sensi-
tivity of about 80 % for frequencies within the sensor’s bandwidth.10 Also lowering
of the resonance frequency xr, is observed (about 20 %). Overall, measurements are
in good agreement with modelling and it is shown clearly that DC-biasing leads to a
larger sensitivity below the sensor’s resonance frequency (Fig. 17.24) (Droogendijk
et al. 2012a). With respect to the FoM, it may be remarked that the responsivity is

proportional with 1/S and the bandwidth with
ffiffiffiffiffiffiffi
S=I

p
so that the FoM, being the

product of both, increases with
ffiffiffi
S
p

. Hence, for the measurements of Fig. 17.24, the
FoM increases by a factor of 1.44 due to the Udc bias current of 2.5 V.

17.5.2 Parametric Amplification

To improve the performance of these sensors even further and implement adaptive
filtering, we make use of non-resonant parametric amplification (PA). Parametric
amplification is a mechanism based on modulation of one or more system
parameters, in order to control the system’s behavior. This leads to complex

AC Voltage

Air flow

SU-8

Aluminum
SixNy

Silicon

Fig. 17.23 Electrodes can
also be exploited for
electrostatic actuation
(Droogendijk et al. 2012a)

10 It was experimentally shown that also AC biasing, using frequencies significantly higher than
the resonance frequency of the hair-sensor, can be used to obtain ‘virtual DC-biasing’
(Droogendijk et al. 2012a).
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interactions between the modulating signals in which amplitude, frequency and
phase play important roles (Rugar and Grütter 1991). In this work, we obtain the
conditions for PA by changing the DC-bias voltage to an AC-bias voltage (also
called pump signal), which is another way of exploiting ESS.

Parametric amplification can give selective gain or attenuation, depending on
the pump frequency fp and pump phase /p. Equal frequencies for flow and pump
(fp = 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 realise a very sharp band pass/stop filter, depending on
the pump settings.

Setting the frequency of the AC-bias voltage to 150 Hz, its amplitude to 5 V
and the pump phase to the value producing maximum gain, and supplying an
oscillating airflow consisting of three frequency components (135, 150 and
165 Hz), filtering and selective gain of the flow signal are demonstrated. See
Fig. 17.25. The presence of bias-signal through the action of non-resonant PA,
increases the frequency-matched signal by 220 dB, whereas the other two com-
ponents are only amplified by 8–9 dB, resulting in selective gain of the flow signal
(Droogendijk et al. 2011).
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17.5.3 Electro-Mechanical Amplitude Modulation

We also implemented ESS by setting the AC-bias voltage frequency considerably
higher than the frequency of the airflow. As a result, the system’s spring-stiffness
is electromechanically modulated, which results in Electro Mechanical Amplitude
Modulation (EMAM). Experimentally, generating a harmonic flow at 30 Hz and
setting the AC-bias voltage frequency to 300 Hz the flow is modulated and the
flow information is upconverted to higher frequencies (Droogendijk et al. 2012b).

The incoming airflow signal is recovered by demodulation (using synchronous
detection) of the measured rotational angle. Without EMAM, a noisy relationship
between the flow amplitude and the resulting output voltage is observed. Also,
large, undesired, fluctuations are observed (Fig. 17.26). However, with EMAM, a
clear linear relationship) is observed for flow velocity amplitudes above 5 mm/s,
showing that the measurement quality of low frequency flows too can be improved
by ESS.

17.6 Summary and Conclusions

Crickets possess a sensitive, distributed hair-sensor system with near to thermal–
mechanical noise-threshold sensitivities, which is an interesting example for
sensory-system engineering. Engineers and biologists working together on this
system have been able to make artificial hair-sensor systems and quantify the
effects of viscosity mediated coupling. Interfacing arrays of sensors by means of
FDM has delivered systems with simultaneous read-out of many sensors, which
can be used as flow cameras. The capacitive structure for read-out doubles as a
means for actuation of the hair-sensors and allows such exciting things as para-
metric amplification and filtering, adaptive-reversible sensor-modifications and
electromechanical amplitude modulation (frequency shifting of signals). Future
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work will encompass studies on the use of stochastic resonance and application of
our technology to other bio-inspired sensing modalities.

Despite all advancements in artificial hair-sensor systems the biological
example is still far more complex, evolved and capable. The full three-dimensional
shape of the cricket cerci, the large number of innervated hairs, the robust gen-
eration of neural signals and subsequent intricate processing in the TAG are still
unattainable in current technology. And even if this were technologically possible,
still much of the cricket flow-sensing system is unknown holding both challenges
and promises for the future
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