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Definition

Biomimetic flow sensors are biologically inspired

devices that measure the speed and direction of fluids.

Introduction

This survey starts by describing the role and functioning

of airflow-sensing hairs in arthropods and in fishes,
carries on with the biomimetic MEMS implementations,

both for air and water flow sensing, and ends up with
some perspectives for bio-inspired micro-technologies

based on the latest understanding of the biological

sensors.

Inspiring Biological Systems

Flow sensing systems have been mainly studied on

crickets and cockroaches, and to a lesser degree on
spiders. The fact that the latter are predators of the

former seems to matter little so far, and this entry

will concentrate on the cricket for comprehensiveness.
Flow sensors in crustaceans living in water have been

studied to an even lesser degree but in a similar

fashion, without any relationship with biomimetics,
so that these works are not mentioned here.
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Arthropod Hairs
The filiform hairs of many insects, spiders, and

other invertebrates are among the most delicate and

sensitive flow sensing cells: they measure displace-
ments on the order of a fraction of the hydrogen atomic

diameter (sensitivity ca. 10!10 m " 1 Å) and react to

flow speeds down to 30 mm/s. If one considers the
energy needed to elicit a neuronal spike, one finds

that they react with a thousandth of the energy

contained in a photon, so that they surpass photorecep-
tors. In fact, these mechanoreceptors work at the ther-

mal noise level [19]. These hairs pick up air motion,

implying that they are measuring both the direction
and speed of air particles, in contrast to pressure

receivers, i.e., ears. Many insects have ears, so that

the extra information available in the flow field must
be useful. The biomechanics of the filiform hairs

have been studied with care since several decades by

several groups worldwide, based on the analogy
with a single degree of freedom inverted pendulum

without bending (see the latest review of hair biome-

chanics in [8]).
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, see Fig. 1). Insect hairs have

usually 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 of microns (Fig. 1). Their tapered

shape have been found to have an influence on the drag
forces. Hairs and sockets are ellipsoidal in cross

section, which leads to a movement in a preferred

direction. The hairs of spiders, called trichobothria,
are often curved, are innervated by several sensory

cells and have an ultrastructure which is favorable to

drag while minimizing weight (a feathery structure
which decreases the mass and hence their inertia con-

siderably, while increasing the friction in air). The

studied airflow-sensing trichobothria are located on
the legs. These two aspects regarding the exact form

of cricket and spider hairs show that natural selection is

acting on the tiniest details of biological organization.
The base of the hairs is much more complex, and its

mechanics poorly understood. In crickets, only a single

sensory cell is below the hair shaft, while spiders have
several (Fig. 1). At the base of the socket, another

mechanoreceptor type, the campaniform sensilla,

reacts to deformation of the cuticula produced by the
movement of the socket. Crickets possess often two

sensilla around each hair. Thus the two sensors types
act as a coupled system, extending thereby the range of

forces it can measure.
Arthropods are very often quite hairy, and the high

density of flow sensing hairs implies that they interact

with each other in order to produce a high-resolution
map of flow characteristics, acting like a flow camera

(Fig. 1). Up to now, only the hydrodynamic type of

interaction has been studied, called viscous coupling. It
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 content of the input signal [4]. Hairs often

interact over long distances, up to 50 times their radius,

and usually negatively. Short hairs in particular
“suffer” substantially from the presence of longer

hairs nearby, due to a shadowing effect. Positive inter-

actions, where the flow velocity at one hair is increased
by the presence of nearby hairs, have been however

observed in real animals and reproduced computation-

ally. The biological implications of these interactions
have only very recently been addressed, and hint

toward a coding of incoming signals which relies

strongly on the specific sequence of hairs been
triggered [16]. In other words, the signature of the

incoming signal is mapped into a given sequence of

recruited hairs, which in turn produces a typical
sequence of action potentials.

Single hairs, or groups of hairs, are not placed at

random on the body. For the same reasons that the
exact shape of hairs and their relative position within

a group have been most likely molded by natural

selection, the position of the hairs on the sensory
organ must be shaped by 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 partic-

ularly high acuity) at the base of the cercus has been

hinted already twice, not only due to the highest hair
density in this region, but also because it corresponds

to the region with the largest flow velocities, the cercus

being the largest there. Putting hairs radially around
the cercus enables crickets also to pick up transversal

flows, whose peak flow velocities are larger than in the

situation where the hairs would be placed on a flat
surface; in the later case, hairs are submitted to longi-

tudinal flow with lower peak velocities. In summary,

where you put your sensors relative to your body
geometry matters a lot.
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An action potential triggered by a moving hair ends

up directly in the terminal abdominal ganglion (TAG),

a local neuronal processing unit. Information from all
the hairs, as well as from other sensors, converges there

and is processed by interneurons. The compression and

convergence of information at this stage is huge: About
1,500 afferent neurons of hairs are connected to only

some 20 interneurons [10]. The fact that invertebrates

possess few large, singly identifiable neurons enabling
comprehensive mapping and repeated recordings of

activities is a unique asset which explains the interest

in such exotic systems. Information coming from the
central brain as well as from the higher ganglia also

descends into the TAG. Once processed, the combined

information moves up quickly toward higher neuronal
centers, in particular the ganglia in which the hindleg

movements are being decided. This local feedback

loop, with little input from the main brain, enables
the animal to process vital information and act accord-

ingly very quickly. As so often with invertebrates,

what can be processed locally should be done so,
a distributed processing scheme which explains why

biomimetics has so much to gain from this group of
animals.

The last level of integration is behavior, and flow

sensing is known to be of importance in predator and

prey perception, sexual selection, and most likely other
context, such as noticing 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 using appropriate stimuli. 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 [10]. Computing the speed of an

approaching predator is also carried out by the TAG,

and has been only recently established using appropri-
ate stimuli. Where to jump is a different question, in

which directing stimuli and other conditions intervene.

Natural selection therefore acts along the full chain
of information transfer, from acquisition 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 the exclusive focus of the engineer attention,
could be otherwise lost into an inefficient sequence of

cerci

dendrite

socketfiliform hair

campaniform
sensilla

a b

c d

200 µm

10 µm
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Biomimetic Flow Sensors,
Fig. 1 Habitus of a wood
cricket (a), with the two cerci
highlighted, on which a large
number of filiform hairs,
intermixed with spines and
chemoreceptive hairs, can be
observed (b). The socket of
a hair is a complex systemmade
of several membranous
stoppers. It deflection is sensed
through another type of
mechanosensor, the
campaniform sensilla, which is
a strain detector (c). Both act as
a coupled system, the cuticula
being deformed once the hair
touches the border of the
socket. Each sensor is
innervated by a single
hair cell (d)
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information transfer. As of today, one has however
very little information about the constraints acting on

the different parts of the chain, and hence no idea about
their optimization levels.

Fish Neuromasts
Hair cells of the lateral-line system of fish are able to

detect water displacement of the order of ca. 20 nm [2].
This ability is used in various ecological contexts, such

as prey and predator localization, schooling, and most

likely a host of other behaviors. Fish can also detect
obstacle-created flow distortions of a flow field

they have generated. The blind cave fish, Astyanax
fasciatus, is an interesting model because it is believed
that this species, having lost sight and having to

maneuver in darkness, possesses particularly sensitive

hair cells. The spatial discrimination ability, through
self-induced water movements when approaching

objects, of the blind cave fishes is about 1 mm2. The

hairs of fish are located within specialized units, called
neuromasts. These neuromasts, which are localized in

many different parts of the body and which do not

display a strong correlation with the flow structure of
their environments, are located either just on the skin

(called superficial neuromasts), or in specialized fluid-

filled canals which produce a reticulated pattern on the
head and along the body sides. A single neuromast

consists of sensory cells that project into a jelly-like

material, the cupula, in which several hairs (or cilia) of
different lengths are embedded. The cupula is there-

fore the medium which connects the hairs and the

external fluid.

An Engineering Perspective on
Biomimetic Hairs

Hair-based flow sensing systems of arthropods and fish

contain various levels, ranging from the mechanical

structure, to the generation of action potentials in neu-
rons, and signal transport, collecting and processing

signals from many (hair-) sensors in the various neu-

ronal centers. Taking inspiration from such complex
systems is a non-trivial endeavor. The mechanics of

these sensory systems are relatively easy to mimic in

an engineering context, at least in comparison to the
complexity of the neural system which requires

delicate materials (e.g., membranes with ion-channels)
and fluids with ion concentrations robustly and

actively maintained by the organism. Consequently,
up to date most of the bio-inspired flow sensors actu-

ally are defined merely by the fact that they use a hair,

if needed covered by a cupula resembling cover, to
capture viscous drag forces. Having no neural system

in an engineering context implies that signal transduc-

tion, i.e., from the mechanical to the electrical domain,
needs to be done by rather “un-bio-inspired” methods,

e.g., using capacitive or piezoresistive interrogations

methods. The next level up, namely the arrangement of
the hair sensors into an array like structure (a cercal

canopy for crickets and a lateral line for fish), is again

open to engineering approaches. Mimicking the entire
hair-based sensory system requires the ability to rec-

reate dense hair-sensor arrays, including the associated

electronic interfacing, asking for engineering solutions
to the multiplexing problems. On the signal processing

level, the biomimetic content can be high again, e.g.,

by exploitation of artificial neural networks to extract
features and events from the multitude of array signals.

The insight in the neuronal architecture of the animals

needed for such exercise is however at best sketchy,
with the exception of the architecture behind the

directional acuity of crickets.

In view of the overall shape and sizes of the hairs in
combination with the high densities and large numbers

of hair sensors on the hair canopies, it is obvious that an

artificial version of this kind of sensor arrays cannot be
assembled but should be made monolithically. As it

turns out, the range of dimensions is well attainable

by micromachining techniques as used in the field of
micro-electro-mechanical systems (MEMS). How-

ever, the materials generally used in MEMS are rather

stiff compared to the materials found in nature, calling
for some creative engineering.

Various types of hair-based flow sensors, for

operation in air as well as in water, have been devel-
oped using both conventional machining and

micromachining technologies. They are based on

a variety of materials (including semiconductor,
oxide, and polymers) and transduction principles

(including electrostatic sensing, piezoresistive sens-

ing, thermal sensing, etc.). However, artificial hair-
cell (AHC) sensors represent unique challenges to

microengineering design and fabrication. The high

aspect ratio, vertical, hair must be fabricated using
processing steps that are amenable to engineering,
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manufacturing and eventually scaled production. The
overall process must be scalable to large areas as

the AHC sensors are often used in arrays. Ideally, the
sensors should be integrated with highly sensitive

transduction mechanisms to couple mechanical input

to electrical output. Further, it is desirable that the
AHC sensors be made on a substrate that also houses

the integrated electronics elements for signal condi-

tioning and amplification.
For reasons outlined above, most of the hair-based

flow sensors reported in literature are made using

MEMS fabrication technology. Ironically, the fabrica-
tion of the relative large hair structures poses

considerable difficulties in this technology. Two

basic types of artificial hairs can be distinguished,
namely, hairs fabricated in the wafer plane and hairs

fabricated perpendicular to the wafer plane. The first

is straightforward since surface micromachining
techniques can be used. However, surface-

micromachined hairs cannot easily be combined into

high-density arrays. An overview of the various reports
in literature on ciliar inspired actuators and sensors is

found in [22].

Ozaki et al. [17] were probably the first to provide
flow sensors inspired by insects. Their piezoresistance-

based sensors had either 400–800 mm long hairs in

plane, being cantilevers exposed to flow after remov-
ing large part of the silicon substrate, or consisted of

wires manually glued to a cross-shaped piezoresistive

structure delivering two DOF sensitivity. Characteri-
zation by continuous flows in the m/s range proofed

the functionality and directivity of the sensors.

A comparable in-plane hair fabrication process was
used in [12], but incorporated a stress gradient in the

artificial hairs to make them curve out of plane.

Readout is obtained by tracking the flow-induced
vibrations of a set of dissimilar hairs resonating at

different frequencies when exposed to specific flows.

Argyrakis et al. [1] also use in-plane cantilevers
with piezoresistive readout connected to an artificial

neuronal circuit for spike generation. An alternative

approach was proposed in [15] where the actual hair
consisted of an optical fiber with reduced optical trans-

mission when displaced by viscous drag. The sensor is

meant for DC-flow measurements and achieves high
volumetric sensitivity (mL/min range). Xueb et al. [20]

more or less reverted to the structure of Ozaki using

a cross-shaped frame with piezoresistors with a plastic
hair of about 5 mm length. A nice twist on the hair

sensor is presented in [14] by exploiting piezoelectric
transduction by polyvinylidene fluoride in thermo-

direct written clamped–clamped beam-type structures.
Recently, interesting results have been obtained using

a straightforward cantilever design in combination

with appropriate electronic feedback which helped to
incorporate adaptation of the sensor allowing for sharp

filtering and gain [13].

Hair-Sensor Systems for Operation in Air:
A Case Study

Over the course of several years, the possibilities to

fabricate hair-based flow sensors and sensor arrays
inspired by the hair sensors and canopies as found on

the cerci of crickets have been explored. In several

sensor iterations, understanding optimization criteria
alongside with viable and robust fabrication technol-

ogy and suitable interfacing was targeted, not only for

single hair sensors but also for arrays.
The scaling of the hair sensors is clearly confined by

various requirements. First of all the sensors are sup-

posed to capture a sufficient amount of drag-force.
Evidently, the longer and thicker the hairs, the larger

the drag torque is (see Fig. 2). Even more so since air

flowing over a substrate forms a boundary layer in
which the flow-velocity transitions from zero, at the

substrate, to the maximum (far-field) value. This

boundary layer depends on viscosity and becomes
thinner with increasing frequency. Next, for given

drag torque the angular rotation will increase when

the rotational stiffness decreases. Hence, a small rota-
tional stiffness will be beneficial for the sensitivity and

flow-velocity threshold. However, animals live in

dynamic environments in which the amount of infor-
mation derived from the flow sensors not only depends

on the sensors sensitivity but also on the bandwidth in

which they are sufficiently sensitive. Combining these
observations one finds, unfortunately, that this band-

width goes downwith the square-root of the ratio of the

spring stiffness and moment of inertia. In order for the
animals to capture a large amount of drag torque

while still maintaining a low spring-stiffness at a

usable large bandwidth, it turns out that long and thin
hairs are beneficial. Parametric studies on the drag-

force as modeled by Stokes’ expressions showed that

the dependence on hair diameter is far less than the
dependence on hair length. Based on the mechanical
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responsivity and available bandwidth, one can propose
a figure of merit (FoM) given by:

L1=2

r1=2S1=2D2=3
(1)

where L andD are the hair length and diameter, S is the
rotational stiffness, and r is the specific mass density
of the material from which the hairs are formed. The

FoM is the product of the bandwidth of the sensors

(expressed by the resonance frequency, i.e., square
root of the rotational spring-stiffness S over the

moment of inertia J) times their mechanical

responsivity (i.e., the magnitude of angular rotation a
per unit of flow-velocity V). Clearly it pays off to have
long and thin hairs mounted on flexible suspensions.

The conditions under which hair sensors have to
operate are such that the Reynolds (R) and Strouhal

(St) numbers are relatively low. For a hair diameter of

25–50 mm, an air-oscillation frequency of 250 Hz and
a flow-velocity amplitude of 10 mm/s, R varies

between 0.008 and 0.016 and St between 1.96 and

3.92 (for the flow around the hairs). The rather small
Reynolds numbers and the large hair-length to hair-

diameter ratio allow using the Stokes expressions for

the drag torque exerted by the airflow on the hairs.
Furthermore, these hair sensors are mounted on flat

substrates allowing the use of the Stokes expressions
for a harmonic flow along the hairs. These expressions

predict a viscous flow over an infinite substrate to be
harmonic in time with zero flow velocity and 45# phase

advance at the substrate interface and a boundary

layer thickness (db) proportional to the inverse of

b " o=2v$ %0:5 where n is the kinematic viscosity

(1.79·10!5 m2/s for air at room temperature) and o is

the radial frequency. The Stokes expressions can be
usefully employed for this situation [7]. As an exam-

ple, for a harmonic airflow of 100 Hz, the boundary

layer is roughly 0.5 mm. Note that under most condi-
tions the artificial hairs can be assumed infinitely stiff

and the rotation angles are rather small (in the order

of 1–100 mrad amplitude per m/s flow-velocity
amplitude).

On a basal level the simple principle of a hair sitting

on a torsional mount allowing for drag-induced rota-
tion has been the starting point for these artificial hair

sensors (see Fig. 3). In the implementation, the hairs

are made of SU-8. Using two deposition-exposure
cycles and subsequent development, these hairs can

be made up to 1 mm long with diameters of about

50 mm for the bottom part and 25 mm for the top part.
This configuration hardly reduces the drag torque but

decreases the moment of inertia of the artificial hairs

by about 65%. The rotational freedom comes from two
torsion beams. These beams as well as two membranes

connected to the beams are made of silicon nitride. On
the membranes an Al layer is deposited which forms

a capacitor together with the underlying highly doped

10–4 10–3

F=10–1000 Hz

Dh=50 um

V0=50 mm/s

Lh [m]

10–15

10–14

10–13

T
 [N

m
]

10–12

Slope=2

Drag-torque vs hair-length

Slope=3

Biomimetic Flow Sensors,
Fig. 2 Viscous drag torque on
a cylinder of length Lh,
diameter of 50 mm for various
frequencies with flow
amplitude of 10 mm/s
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silicon substrate. On drag-induced tilting of hair

and membranes, the capacitances change in opposite
fashion allowing for a differential capacitive read-out

scheme. The hairs sit on the membranes as well. Rota-

tional freedom is obtained when the structure is
released by sacrificial etching of the poly-silicon

layer (0.5–1.0 mm thick) that sits between the mem-

brane and a protective silicon-nitride layer on the sil-
icon substrate.

The choice for capacitive transduction is motivated

by the fact that differential capacitive readout can be
very sensitive and allows for rejection of various com-

mon mode signals (e.g., those that originate from flow

in the direction perpendicular to the plane in which the
hair is supposed to tilt). Moreover, contrary to e.g.,

thermal readout, it requires little power and does not

thermally pollute the air around the sensors. This may
not be important for a single hair but since the interest

is in larger arrays, thermal effects could be far from

negligible. Additionally capacitive readout allows
for interrogation of many hair sensors in an array

by frequency division multiplexing. There are also

some clear drawbacks: the electronics required for
capacitive readout are far more complex, certainly

when compared to piezoresistive transduction and the

method asks for rather complex mechanical structures
when applied to sensors for use in liquids, especially in

water. In the latter situation, the volume between the

electrodes is ideally sealed in order to prevent liquid to
get between since this could lead to electrolysis and

large viscous damping. Figure 4 shows an exploded

view of these capacitive, artificial hair-based flow
sensors. Measurements of these sensors are shown in

Fig. 5. Due to a combination of the boundary layer

effect (high pass) and the second-order mechanics
(i.e., its behavior is described by a second-order

ordinary differential equation acting as low pass), the
sensors show a band-pass characteristic.

The beauty of the neural system lies in its robust-

ness as well as its largely localized generation of sig-

nals. In contrast, the capacitive measurement method
employed in these sensors is plagued by parasitic

capacitances that can hardly be avoided and have

a far less localized nature. Changes in temperature,
humidity, wiring geometry, etc. indeed cause fluctua-

tions of the parasitics which are large relative to the

small capacitive changes that the hair sensors induce.
Therefore, control of the parasitics is of paramount

importance for a proper device functioning.

A reduction in parasitics can be obtained using much
smaller electrode areas as well as exploiting shielding.

Both have been shown to be feasible using silicon-on-

insulator (SOI) technology. Results of the latest gen-
eration of sensors are shown in Fig. 6.

Successive iterations led to airflow sensors deliver-

ing sensitivities of about 400 mm/s (300 Hz bandwidth)
with near-perfect figure of eight directivity. In order to

do this, segmented cylinders, each up to 1 mm long,
were used. Large arrays of sensors (over 100) can

Flow

SiRN
membrane

SU-8 Hair

metal
top contact

sacraficial
poly-silicon

highly doped
silicon wafer

Biomimetic Flow Sensors, Fig. 3 Schematic of artificial hair-
based flow sensor with differential capacitive layout

(6)

(5)

(4)

(3)

(2)

(1)

Biomimetic Flow Sensors, Fig. 4 Right: Exploded design
view of a single hair sensor showing: (1) highly conductive
silicon bulk (bottom electrode), (2) 200 nm thick SiRN layer
for insulation and etch-stop, (3) Poly-silicon layer after final
sacrificial etching, (4) 1 mm thick SiRN layer patterned into
membranes, (5) 100 nm thick aluminum for top electrodes and
(6) two 450 mm thick SU-8 layers patterned into a long hair. Left:
SEM images of microfabricated hair sensor arrays with zoom of
the two-stage artificial hairs
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be fabricated and, utilizing frequency division

multiplexing, these sensors can be simultaneously
and individually interrogated (see Fig. 7). This allows

one to carry out measurements of spatiotemporal flow-
patterns rather than single point measurements. Hence

the aim is to develop a system delivering the function-

ality of a “flow camera” with sensor densities of about
25–100 sensors per mm2 [6]. This development has

largely benefitted from insights in the cricket cercal
system.
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Biomimetic Hairs in Water

Though functionally not necessarily different, hair-

based flow sensors in water are confronted with some
different scaling than sensors meant for air. The differ-

ences arise due to the fact that water has a higher mass

density (about 1,000 times) and a smaller kinematic
viscosity (about 20 times smaller). The first means that

the effects of the moment of inertia of the hairs are

smaller whereas the latter translates into boundary
layers about 4.5 times smaller in water than in air.

Hence, hairs for use in water can be both shorter and

larger in diameter.
Hair-based sensing in water may exploit arbitrary

transduction principles. However, the practical prob-

lems associated with capacitive readout caused by
large viscous damping and necessary prevention of

electrolysis may call for rather complicated technolo-
gies [9], as indicated in Fig. 8. This may be one of the

reasons that up to now not much work has been

presented on capacitive aquatic hair-based sensors.

The piezoresistance-based artificial hair cell
device, shown schematically in Fig. 9, consists of

a cilium located at the distal end of a paddle-shaped

silicon cantilever [5]. Doped silicon strain gauges
are located at the base of the cantilever. The cilium is

made of photodefinable SU-8 epoxy and is considered

rigid. Lateral force along the on-axis acting on the
cilium will create a bending moment (M), which is

translated to the silicon beam through the stiff joint.

The torque introduces a longitudinal strain and can be
detected by piezoresistors at the base. The relation

between the induced strain (e) and the moment is

given by

e " 6M

Ewt2
(2)
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where E is the Young’s modulus of silicon, w the

cantilever width, and t the cantilever thickness. When

used as a flow sensor, flow passing along the cilium
introduces a bending moment (M) due to frictional and

pressure drag. The device is primarily designed

for underwater applications that require sensing of
low-velocity and low-frequency flows. Structural and

hydrodynamic model analyses suggest that the sensor’s

sensitivity is mainly determined by the following para-
meters: cantilever width (w), cantilever thickness (t),
cilium height (h), cilium diameter (d), and sensor’s

distance form the leading edge (x).
For real-life underwater applications, good sensitiv-

ity in the sub-1 mm/s flow velocity range is desirable.
Based on the existing signal conditioning circuitry

capability, one can assume the minimum reliable volt-

age reading at 1,000 times signal gain as 1 mV. Taking

70 as a reasonable estimate for the gauge factor value,
1 mV output at 1,000 times signal gain translates into

approximately 0.06 micro-strain using the quarter

bridge model. In order to create and detect 0.06
micro-strain under 1 mm/s flow, the values of w, h,
and d need to be carefully chosen. Figure 10 is a 3-D

map with x, y, and z-axis being the three pertinent
design variables, w, h, and d, respectively. A point

within the plotted plane indicates a cantilever design

that will satisfy the sensitivity requirement. The choice
of w, h, and d are further narrowed down according

to processing capabilities and frequency response
considerations.

Silicon

Poly silicon

SiRN

Aluminum

SU-8
>500 µm

<2 µm

<3 µm

60 µm

450 µm

25 µm

4 µm

<50 µm

" 100 µm
100 µm

Biomimetic Flow Sensors,
Fig. 8 Exploded view of
a capacitive aquatic hair-based
flow sensor. The complex
technology allows for sealed
cavities (etched from the back
side) safeguarding low
damping and preventing
electrolysis

Boundary Layer
Velocity Profile

off-axis

on-axis

Piezoresistor

Piezoresistor

ba

Bridge Resistors
Biomimetic Flow Sensors,
Fig. 9 (a) Schematic drawing
of an individual AHC sensor
with superimposed boundary
layer flow velocity profile.
(b) Cross-sectional perspective
view of the AHC

Biomimetic Flow Sensors 273 B

B



The cantilever thickness is chosen as 2 mm; this

correlates to the thickness of the single crystal silicon
epitaxial layer on the silicon-on-insulator (SOI) wafer

used. For the analysis at hand, the sensor’s distance

from the leading edge (x) is assumed to be 2 mm, set by
the die size. The devices are fabricated on SOI wafers

with a 2 mm thick epitaxial silicon layer on top, 2 mm
thick oxide, and 300 mm thick handle wafer. SU-8
epoxy is chosen for its ability to form rigid high aspect

ratio structures. Figure 11 shows an SEM of an actual

device, and an array of AHC sensors. A series of

mechanical and electrical experiments were performed

to characterize the sensor performance. The steady-
state response to flow in water is presented in Fig. 12.

The sensitivity of artificial hair sensors can be

tailored up to some extent. However, as indicated by
the FoM above there is a trade-off between bandwidth

and sensitivity. There seem to be some indications that

nature does not only, or not per se, maximize the
mechanical response (e.g., the rotational displacement

of the hairs) but also optimizes the energy captured

from the environmental flow. The allometric scaling of
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cricket hairs seems to reflect the principle of mechan-

ical impedance matching [19]. One may reason that
capturing the maximum amount of energy will lead to

the best signal-to-noise ratio whereas a high sensitivity

may be obtained by proper adaptations, e.g., the lever
ratio in the cricket hair-sensor system. Such systems

are foundmore often in nature; for example, the middle

ear of the mammalian hearing system is merely an
impedance transformer. It offsets the impedance

difference by a factor of a few tens in order to capture

maximum energy from air-borne sound waves and
convert it to traveling waves in the cochlea despite

a factor of a few thousand difference in acoustic

impedance. Up to date little has been done in artificial
hair sensors to address this aspect. Nevertheless some

studies have shown the possibility to improve sensor

performance by properly covering the sensory hairs by
hydrogel structures, as discussed above. The high

water content, reminiscent of the cupular material

found in fish neuromast, alleviates the mechanical
impedance difference, which together with the

increased hydrodynamic surface, leads to a 40-fold

improvement in responsivity [18, 21].

Perspectives

The performance of single flow detecting biomimetic

MEMS hairs has steadily improved over the last two
decades and the threshold flow velocity is now only

about one order of magnitude higher than for the most
spectacular biological sensors. This is quite an

achievement, given that the signal transduction aspect
of it is not carried out in a biomimetic approach. Some

clever ideas might however originate from biology in
this respect too. While active sensing, now found not

only in humans and vertebrates but also in insects, has

never been reported in these hairs yet, stochastic reso-
nance has been already observed. This ability of bio-

logical systems to harness background or within-cell

noise in order to improve signal capture needs to be
seriously considered. Another as yet untapped possi-

bility for increasing sensitivity and pattern recognition

lies in the relative positioning of MEMS hairs,
exploiting positive and negative viscous coupling [4].

Major challenges exist on the road until such sensors

will be ready to use. They are brittle and break easily,
in contrast to their natural counter parts which sustain

very large deformations without harm. Furthermore,

stiction problems (static friction) at the MEMS hair
basis are occurring as soon as the flow velocity is too

high, asking for incorporation of anti-stiction measures

such as bumps and adhesion-reducing coatings. Nature
is here again surprisingly resilient to extremes. Beyond

potential technological applications, these hairs can

now finally be turned into excellent physical models
to tackle biological questions too difficult to address

directly on biological materials: for example, the

hydrodynamical interactions of tandem hairs moving
within the same plane is nearly impossible to measure

on real crickets, while MEMS of different lengths can

be arranged at will.
Hair-based flow sensing is one of the few areas in

which applied mathematics has been the common

language of groups as diverse as field ecologists, mate-
rials scientists, aerodynamicists, theoretical physicists,

computer scientists, and neurobiologists [3]. Themath-

ematical toolbox, and its wide acceptance throughout
the scientific community, is an unusual asset in biomi-

metics, as is the MEMS fabrication. Hair-based flow

sensing is therefore uniquely suited for interactions
among biologists and engineers working toward

bio-inspired technologies.
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