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  Crickets possess hairy organs attached to their abdomen, the so-called cerci. These cerci contain highly flow-sensitive mechanosensors that
enable the crickets to monitor the flow-field around them and react to specific stimuli form the environment, e.g. air-movements generated by
hunting spiders. Salient is the sensitivity of these sensors, which work at thermal noise threshold levels, and the large number of hairs which,
together with the necessary neural processing, allows the cricket to use the cerci as a kind of "flow-camera". Biologists and engineers have been
working together in the recent past to regenerate part of the outstanding sensing capabilities of crickets in manmade, bio-inspired flow-sensor
arrays. Using micro-electromechanical systems (MEMS) technology sensors are created that are sensitive and show a high degree of directivity.
By analyzing the governing physics the sensors have been optimized to the point that currently the electronic interfacing is the limiting factor.
Arrays of sensors, interfaced using Frequency Division Multiplexing (FDM), have been demonstrated to enable the tracking of the movement
of small spheres.
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INTRODUCTION

Many arthropods are equipped with a variety of mechano-sensors that, depending on mechanical
transduction principles can provide them with such diverse modalities as angular rate sensing (using the
Coriolis effect of wing-beat synchronised so-called halteres) [1,2], IR sensing capabilities as found in
fire-beetles and mediated by IR-absorption and subsequent thermal expansion [3], acceleration sensing,
strain-sensing using strain-enhancement in so-called campaniform sensors [4,5], and flow-sensing by
drag-torque induced hair-rotations [6]. In this paper we restrict our-selves to the latter.

An example of animals making extensive use of hair-sensors for environmental awareness are crickets.
They possess many hair-sensors over their body, but especially on two pairs of so called cerci they have
hundreds of hair-sensors. These hair-sensors provide them with exquisite sensitivity, down to the thermal
threshold of about 30 μm/s [7,8]. At the same time these hairs have a preferable movement in a certain plane
due to the elliptical shape of the socket in which the hairs are lodged [9]. In combination with the two cerci
and the large number of hairs this provides crickets with highly evolved directivity and an organ that allows
them to sense intricate details of even minor flow-patterns. This ability helps them to be successful in, for
example, co-evolved predator prey couples, e.g. as found for wood-crickets and wolf-spiders [10].

PHYSICS OF FLOW-SENSING BY HAIRS

The physics of flow-sensing by hair-sensors has been unravelled independently by Humphrey [11] et al.
and Shimozawa et al. [12] with initial contributions by Tautz [6,13] and Gnatzy [14]. The analysis starts
with the abstraction of a hair-sensor being an inverted pendulum with moment of inertia J [kgm2], rotational
stiffness S [Nm/rad] and rotational damping R [Nms/rad], vorming a second order mechanical system with
the rotational angle φ as the single degree of freedom:

J
d2θ(t)

dt2 +R
dθ(t)

dt
+S0θ(t)= T0(t) (1)

where T0(t) is the driving drag torque. In general the rotation of the hair will lack behind the flow. The
drag-torque needs to be calculated using the difference in air-flow and hair velocity, which is dependent on
the distance to the substrate z. In practice the velocity (difference) is rather small allowing to use the
Stokes [15] expressions in order to calculate the drag-force. This results in:
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where v(t) is in the direction ∥ with the substrate (⊥ to the hair). Since the terms on the right hand side with
time derivatives of θ do not depend on v(t) they can be transfered to the left hand side where they are
responsible for additional terms to the moment of inertia (Jρ , Jμ) and rotational damping (Rμ) [11].
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Note that (Jρ , Jμ) and (Rμ) need to be calculated only once for a given hair geometry using the integrals
implied in eq. 2. For cricket hairs the values of these additive terms can be significant and should not be
neglected [11]. 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 value as J and R.

Once the flow velocity v(t) is known the driving torque T0(t) can be calculated. However, only relative
simple flows allow for straightforward modelling. I.e. the boundary layer effects of transient flows are
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intricate and need to be determined by numerical schemes like Finite Element Modelling (FEM). Harmonic
flows parallel to the substrate may be modelled using the analytic expression [16]:

v(t)=V0 sin(ωt)−V0e−βz sin(ωt−βz) (4)

Substituting 4 in 3 provides all the information needed to calculate the response of the hair-sensors to steady
state harmonic driving.

BIO-INSIPIRED SENSORS

The bio-inspired sensors are based on a hair-like structure, mounted on a membrane that is suspended
by two torsion-beams [17]. When the hair is exposed to flow the drag-forces acting on the hair will provide a
drag-torque which will cause the rotation of the hair and the membrane it is sitting on. Electrodes on the
membrane form a capacitor with an underlying counter-electrode, either the sensor substrate or the device
layer of an SOI wafer. On membrane rotation the capacitances on either side of the torsion-beam will incur
capacitance changes, but with opposite sign. Hence, the pair of capacitors can be used to differentially
measure the rotation-angle, directly reflecting the flow velocity.

FIGURE 1: Schematic of the flow-sensitive hair-sensor.

Microfabrication

The fabrication of the hair-sensor (Fig 2, left [18]) starts by etching isolation trenches into the SOI 25
μm thick device layer down to the isolating SiO2 layer by anisotropic reactive-ion etching (RIE) to form the
bottom electrodes (Fig 2-I). A Si3N4 layer is deposited over the device layer by low-pressure chemical vapor
deposition (LPCVD) (Fig 2-II), for protection during later sacrificial layer etching.

FIGURE 2: Left: Extruded view of a SOI-based hair-sensor [18]. Right: SEM micrographs of single sensor designs [19].
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A sacrificial poly-silicon layer is deposited to a thickness of 600 nm by LPCVD and patterned by reactive-ion
etching (RIE) to form protection trenches (Fig 2-III). A second, 1 μm-thick, SiRN layer is deposited by LPCVD
and patterned by RIE to form the actual membrane and torsion beams (Fig 2-IV) and to complete the
protection of specific areas in the poly-Si layer. The deposition and design of the electrode systems is of prime
importance for the sensor performance (due to membrane curvature by possible internal stress in the metal
layer). After performing several test runs for stress and resistance measurements of the electrode systems,
the thickness of the aluminium layer is set to 100 nm resulting in low- stress, low resistance, electrode
systems. After sputtering the aluminium by low-power sputtering at room temperature, the electrode
systems are patterned by wet-etching in standard resist developer (Fig 2-V). Use of the developer has several
advantages over conventional aluminium etchants, (low etch rate, room temperature etching) and results in
the definition of the electrode systems with high fidelity (< 1% deviation with lateral dimensions of the resist
mask). For the fabrication of 900 μm-long SU-8 hairs, processing was done by a sequential exposure
procedure of two 450 μm-thick SU-8 layers imposed by the maximum exposure thickness of only 700 μm due
to UV light adsorption

Fig. 3 shows some of the characteristics of the current generation of sensors as measured on a single
sensor. The measurements reflect that our models capture the details of the actual sensors quite well (Fig. 3,
left). Fig. 3, middle, shows that our current single hair-sensors are sensitive enough to detect harmonic flows
with an amplitude of about 1.06 mm/s at 250 Hz. At the same time the directivity is near to text-book as
shown in Fig. 3, right.

FIGURE 3: Frequency response of a MEMS-based hair-sensor (left), its single-hair threshold at 250 Hz (middle) and directivity (right).
(Unpublished data and [20]).

DIRECTIVITY

The sensors have a rotational axis and rotation angle θ in the intended direction with torsional stiffness
kθ. In the direction perpendicular to the ’soft’ direction the angle is denoted φ and the rotational stiffness is
kφ. Under a few assumptions we can try to make a model for the prediction of the directivity:

• The plates are much wider and longer than the gap, allowing the use of the expressions for parallel
plate capacitors.

• The flow �u(ω) is assumed to have no component perpendicular to the substrate (z-direction). Also
pressure difference effects on the plates are neglected and therefore the centre of mass of the plates is
assumed not to move in vertical direction.

• The total 2-dimensional rotation of the plates is assumed to be a superposition of the rotations in both
(φ,θ) directions.

The following two graphs show the difference between right and left capacitances (ΔC) as a function of θ
and φ and the ratio of the responsivities for rotation in the θ and φ directions using the following
approximation for the capacitance of the membrane-sides:
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Cright = ε0

∫L
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where g0 is the effective gap including the nitride contributions. The angular sensitivities are given by:
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FIGURE 4: Left: differential capacitance as function of θ and φ. Right: relative sensitivity (Sφ/Sθ) as function of θ and φ.

The two graphs in Fig. 4 show that, despite the differential capacitive measurement, it is still possible to
pick up flow signals in the φ-direction due to the fact that there is a finite change in ΔC with φ which
originates from the 1 over gap dependence of the capacitance. From Fig. 4, right, it can be deduced that
maximum sensitivity in the φ direction can be as high as 15% of the sensitivity in the θ direction. However,
for this to occur the sensor need already to be in a strong asymmetric situation. On the other hand, for the
small rotations normally incurred the cross-talk effects are rather small. Other effects that may reduce the
directivity are flow-disturbances due to objects in the vicinity of the sensor (i.e. the wires or components
around the sensor). Additional effects will arise in dense sensor structures where angle-dependent viscous
coupling between sensors will change the sensitivity dissimilarly in both directions [21–23].

Arrays

The SOI based technology not only serves to reduce parasitics 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, allow for electrical connections. The technology enables frequency division multiplexed (FDM,
[27]) interfacing to individual sensors in a rectangular array, reducing the number of required electrode
connections from 3(n×m) to 2n+m for an n×m array of hair-sensors. Further, this scheme retains the SNR
of the hair-sensors at the level they would have had when each single hair-sensor had been individually
connected. See Fig. 5, left.

The FDM technique allows for real-time read-out of multiple 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,
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�
FIGURE 5: Left: FDM reduces the number of connections while retaining the sensor’s SNR [19]. Right: setup for transient measurements.

i.e. this type of flow-sensor array in principle allows for the observation (of movement) of objects in the
near-field environment, thus acting as a flow-camera. Fig. 7 left, shows an array of sensors, each individually
interfaced by FDM.

Transient airflow measurements using artificial hair sensors

For many insects airflow patterns, as observed by means of their hair-sensors, carry valuable information
exposing the sources of these flows. There are numerous examples representing transient airflow stimuli
such as spider motion [24] and (passing) humming flies [25]. Successful extraction of the characteristics of
the spatio-temporal airflow patterns will give us insight in their features and information contained in them.

In most investigations on our artificial hair-sensors the measurements were conducted using sinusoidal
airflows [26]. Obviously, using transient signals spatio-temporal information becomes richer and
array-measurements will allow to capture important flow events. 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. The sphere moves parallel to the x-axis. A
single-chip array consisting of individually addressed (by FDM interfacing) hair sensors is used for
flow-detection. Fig. 6, left, shows a photograph of the setup.
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FIGURE 6: Left: microphotograph of an 8× 8 array of individually FDM addressable hair-sensors, ordered in pairs with orthogonal
directivity [19]. Right: an example of measured hair sensor response (solid) when exposed to a transient flow.

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 a
flow-profile generated by a dipole source. Fig. 6 right shows an example of a measured hair-sensor response
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due to the sphere movement. The distance to the sphere is encoded in the characteristic points of the
flow-field [26]. 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. Fig. 7, left, shows Dest versus D using the
transient hair response.
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FIGURE 7: Left: Dest versus D using transient measurements, before (solid-squares) and after (solid-circles) deconvolving the 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. Right: normalized output of 4 simultaneously measured sensors when exposed to a sphere passing by at certain distance.

Arrays of hair sensors offer us spatial information, specifically if they are measured simultaneously. Here
we used FDM [27] to simultaneously measure the transient response of multiple hairs i.e. spatio-temporal
airflow pattern measurements. Fig. 7 left shows an image of a single-chip hair-sensor and Fig. 7, right, shows
the response of four single-hair sensors in one row, when they are exposed to a transient airflow produced by
a moving sphere.

As a first trial, we have been able to detect delays using the signals from four hairs in one row, Fig. 7,
right, with sphere propagation speed of 38 cm/s positioned at D = 5 mm with 2 mm separation distance in
between each pair of hairs, while using FDM. The measurements show about 4 ms time delay between each
two subsequent hair-sensors responses. Fig. 7 right 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.

Measurements like these, in principle, allow to extract the following information. 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 [28]. 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. Clearly, any of the above does not reflect the way crickets use their
hair-sensor arrays but it is instructive to see which information a multitude of sensors in principle can
uncover.

CONCLUSION

In conclusion, the feasibility of artificial hair-sensor arrays to measure spatio-temporal flow patterns has
been demonstrated, opening the possibility to develop high-resolution flow cameras. As an example, we
mimicked the cricket-spider escape mechanism using a moving sphere to generate spatio-temporal airflow
patterns i.e. transient airflows. The response of single hair-sensors within an array was measured
simultaneously using FDM interfacing. Performing source localisation using the measured signals
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demonstrates how far we can go with our hair-sensors, either as single sensor or in arrays to detect
spatio-temporal airflow fields. The above results may shed some light on the mechanisms that are at work in
crickets’ flow sensing and how they might exploit spatio-temporal airflow patterns to estimate the occurrence
and direction of moving objects in their close environment (both of which have been described in
literature [24]).
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