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Abstract: Neuromast sensors found in fishes detect flows around their body and are known to
generate hydrodynamic awareness. This work reports the development of superficial neuromast
(SN) and canal neuromast (CN) inspired MEMS flow sensors. The MEMS artificial neuromast
sensors mimic the key features of the SN and the CN such as the shape and the mechanical
properties of the cupula. In case of both SN and CN MEMS sensors, hydrogels with varying initiator
concentrations were used to replicate the Young’s modulus of the biological cupula. The MEMS SN
and CN sensors were experimentally characterized in steady-state and oscillatory flows
respectively.
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1. Introduction

The cupula is a naturally occurring polymer-like material that extends from the skin of the fish
into the surrounding flows and interacts with the flows through a drag force based sensing
mechanism [1]. Most flow sensors developed in the past through inspiration from a biological
neuromast mimicked the cupula as a solid cylindrical structure that extends into the flow [2,3].

This work reports the design and fabrication of MEMS steady-state and oscillatory flow sensors
that are inspired by the superficial neuromast (SN) and canal neuromast (CN) sensors in fishes
respectively. The MEMS sensors that are developed in this work attempt to mimic the structural,
material and functional properties of both these neuromast sensors. The SN inspired MEMS sensors
feature liquid crystal polymer membranes with embedded strain gauges and measure the steadystate
flow velocities. The CN inspired MEMS sensors feature Pb(Zros:Ti04s)Os PZT membranes as sensing
elements and measure oscillatory flows. Methacrylic anhydride modified Hyaulronic acid hydrogel
is used to form the artificial cupula for both the SN and CN inspired MEMS sensors. However, the
Young’s modulus of the HA-MA hydrogel cupula was matched with the biological cupula (10 Pa in
case of SN and 10 kPa in case of CN) by regulating the initiator concentration.
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2. Experimental

2.1. Biomimetic MEMS SN Sensors

In case of the MEMS SN sensor, the principal sensing element is a patterned serpentine gold
strain gauge on a liquid crystal polymer(LCP) layer aligned and bonded to a silicon bottom substrate
(with a cavity formed by deep reactive ion etching (DRIE)) by means of intermediate SU-8 adhesion
layer. The sensor fabrication methodology is explained in detail in [4]. A polycarbonate hair cell
structure formed by setereolithography, is mounted at the center of the patterned LCP membrane
(Figure 1a). Electrospinning is carried out on the assembly to form the nanofibril scaffold (Figure 1c).
In order to mimic the soft cupular material of 10 Pa, 2% HA-MA with 0.1% 12959 initiator is used
followed by a ten minute exposure to UV at 365 nm. Nanoindentation and rheology techniques were
used to determine the Young’s modulus and hardness of the artificial cupula material. The
synthesized hydrogel is drop casted (prolate spheroid shaped) on the electrospun nanofibril scaffold
finally to mimic the cupula found in SNs (Figure 1d,e).
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Figure 1. Superficial neuromast inspired steady-state flow sensor. (a) Photograph of LCP membrane
with polycarbonate structure. (b) Schematic representation of the sensing mechanism. (c) Photograph
of the electrospun nanofibril scaffold (d) Schematic representation of the SN cupula. (e) Photograph
of the sensor with HA-MA hydrogel cupula. (f) SEM image of the cross-section of hydrogel.

2.2. Biomimetic MEMS CN Sensors

In case of the CN-inspired MEMS sensor, the sensing is done by a Pb(ZrosTio4s)Os PZT
membrane with a high aspect ratio rigid cylindrical polycarbonate pillar (Figure 2a) [5]. In order to
achieve a stiffer cupula of 10 kPa (determined by Rheology and Nanoindentation techniques), 8%
HA-MA with a 1% 12959 initiator concentration was prepared and exposed to UV for 10 min. Like in
case of the previous SN-inspired MEMS sensor, for this device the high aspect ratio artificial hair cell
pillar drop-casted (in a hemispherical shape) with the harder hydrogel acts as the main structural
element which interacts with the flow (Figure 2b,c).
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Figure 2. Canal neuromast inspired oscillatory flow sensor (a) photograph of PZT membrane with
hair-like copper structure and (b) HA-MA hydrogel of Young’s modulus 10 kPa. (hydrogel is
coloured with rhodamine dye) (c) SEM image of the cross-section of HA-MA hydrogel cupula.

3. Results and Discussions

One of the key differences between SNs and CNss is in the shape of their cupula. The cupula in
SN has a prolate spheroid shape whereas the one found in CN has a hemispherical shape. This work
exploits this particular structural difference between the two neuromast sensors to demonstrate two
biomimetic sensors capable of detecting steady state flows and oscillatory flows.

3.1. Steady-State Flow Sensing Using the Biomimetic MEMS SN Sensors

The SN sensor is subjected to a wind-tunnel test to demonstrate its capability of detecting steady
state flows. The sensor is placed in the test section of the wind-tunnel and tested over a flow velocity
range of 0-9 m/s. The Figure 3a shows the schematic representation of the experimental set up. The
variable resistance output from the sensor is connected to an external Wheatstone bridge circuit
configuration and the voltage output from the bridge circuit is recorded using a National Instruments
data acquisition setup with LabView software. The experiment is repeated over the aforementioned
velocity range for five times and the results are plotted (Figure 3).
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Figure 3. (a) Schematic representation of the experimental setup for testing the steady-state response
of biomimetic MEMS SN sensor. (b) Plot showing the responses of the biomimetic MEMS SN sensor
when subjected to a steady state flow over a velocity range of 0-8 m/s [4].

3.1. Oscillatory Flow Sensing Using the Biomimetic MEMS CN Sensors

The natural CNs are known to detect oscillatory flows pattern generated around swimming
fishes. The fabricated biomimetic MEMS CN with the cupula was subjected to an oscillatory flow
using a dipole stimulus. A vibrating sphere or dipole (16 mm in diameter) connected to a permanent
magnet mini-shaker (model 4810, Briiel & Kjeer, Minden, NV, USA) by means of a 16 cm long rod (4
mm in diameter) is used for generation of oscillatory flow. Figure 4a shows the schematic
representation of the experimental set up. When the dipole is vibrated at a particular frequency, the
water in its vicinity starts vibrating at the same frequency which leads to induction of drag force on
the cupula causing it to vibrate at the same frequency. The sensor is subjected to three different dipole
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stimulus frequencies (5 Hz, 10 Hz, and 35 Hz) and the output for each case is recorded individually
(Figure 4b).
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Figure 4. (a) Schematic of the experimental setup for testing the oscillatory response of MEMS CN
sensor. (b) Response of the CN sensor to three different dipole stimulus frequencies.

4. Conclusions

In this work, the design, fabrication, and testing of MEMS steady-state and oscillatory flow
sensors that are inspired by the SN and CN sensors in fishes are reported. The MEMS sensors that
are developed in this work attempt to mimic the structural, material and functional properties of both
these neuromast sensors. The SN inspired MEMS sensors featuring liquid crystal polymer
membranes with embedded strain gauges are demonstrated to measure the steady-state flow
velocities (over a range of 0-9 m/s) successfully. Similarly, the CN inspired MEMS sensors featuring
Pb(Zr052Ti048)Os PZT membranes as sensing elements are demonstrated to measure oscillatory flows
for three different dipole stimulus frequencies. This work successfully demonstrates the application
of biomimetic MEMS SN and CN sensors for flow sensing applications.
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