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Abstract: Evolving over millions of years, hair-like natural flow sensors called cilia, which are found
in fish, crickets, spiders, and inner ear cochlea, have achieved high resolution and sensitivity in
flow sensing. In the pursuit of achieving such exceptional flow sensing performance in artificial
sensors, researchers in the past have attempted to mimic the material, morphological, and functional
properties of biological cilia sensors, to develop MEMS-based artificial cilia flow sensors. However, the
fabrication of bio-inspired artificial cilia sensors involves complex and cumbersome micromachining
techniques that lay constraints on the choice of materials, and prolongs the time taken to research,
design, and fabricate new and novel designs, subsequently increasing the time-to-market. In this
work, we establish a novel process flow for fabricating inexpensive, yet highly sensitive, cilia-inspired
flow sensors. The artificial cilia flow sensor presented here, features a cilia-inspired high-aspect-ratio
titanium pillar on an electrospun carbon nanofiber (CNF) sensing membrane. Tip displacement
response calibration experiments conducted on the artificial cilia flow sensor demonstrated a lower
detection threshold of 50 um. Furthermore, flow calibration experiments conducted on the sensor
revealed a steady-state airflow sensitivity of 6.16 mV/(m s~!) and an oscillatory flow sensitivity of
26 mV/(m s~1), with a lower detection threshold limit of 12.1 mm/s in the case of oscillatory flows. The
flow sensing calibration experiments establish the feasibility of the proposed method for developing
inexpensive, yet sensitive, flow sensors; which will be useful for applications involving precise
flow monitoring in microfluidic devices, precise air/oxygen intake monitoring for hypoxic patients,
and other biomedical devices tailored for intravenous drip/urine flow monitoring. In addition, this
work also establishes the applicability of CNFs as novel sensing elements in MEMS devices and
flexible sensors.

Keywords: cilia; biomimetic sensor; flexible electronics; carbon nanofiber; piezoresistive; flow sensor

1. Introduction

Flow sensing is of utmost importance in fields related to medicine, diagnostics, pharmaceuticals,
process control, weather/environmental monitoring, and forecasting systems. In the past (and, to some
extent, even today), large scale mechanical sensors based on the Venturi effect, hot wire anemometry,
pitot tube, and rotating turbines were employed for tasks involving flow monitoring and control. The
rapid growth of the semiconductor industry and microfabrication technologies in the late 1980s led
to the miniaturization of sensors in general. In 1974, Van Putten and Middelhoek [1] proposed an
integrated silicon thermal flow sensor for the first time. Later, in 1985, Tai et al. [2] utilized newly

Nanomaterials 2020, 10, 211; doi:10.3390/nano10020211 www.mdpi.com/journal/nanomaterials


http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0002-3500-8585
https://orcid.org/0000-0002-3868-7069
http://dx.doi.org/10.3390/nano10020211
http://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/2079-4991/10/2/211?type=check_update&version=2

Nanomaterials 2020, 10, 211 20f 13

emerging micromachining techniques to develop the first microscale flow sensor, which paved the
way for the research and development of a new class of miniaturized micro-machined flow sensors.

Recently, researchers across various disciplines have started taking inspiration from nature to
solve complex engineering and design problems. In particular, bio-inspiration has played a vital role in
the development of some of the most accurate and sensitive flow sensors, inspired by cilia commonly
found in many aquatic creatures, including fish. Cilia are a group of highly-sensitive hair-like natural
flow sensors found in fish, crickets, spiders, and other creatures. Fluid-structure interactions that
occur between the external flow and the high aspect-ratio cilia cause drag-induced bending of the
cilia, which leads to the generation of electrical impulses across the hair cell membranes at their base.
The biological cilia sensors in fish are known for their superior sensitivity, as demonstrated by their
excellent steady-state flow velocity detection threshold, which can be as low as 10 mm/s [3].

Over the past few years, researchers have focused on developing highly sensitive MEMS/NEMS
sensors inspired by biological cilia [4-9]. In most of the cases, the sensors comprised of high-aspect-ratio
polymeric pillars mimicking cilia, with piezoresistive or piezoelectric sensing membranes at the bases.
Some other artificial cilia flow sensors, involving hot wire anemometry and optical sensing, have
also been explored by various researchers [10,11]. Inspired by biological hair cells, Chen et al. [5]
developed an artificial hair cell flow sensor comprising of a silicon cantilever beam with a 700 pm
tall, high-aspect-ratio SU-8 pillar at its distal tip. Experimental flow characterization of their cilia
flow sensor, using a vibrating sphere (dipole) stimulus in water, demonstrated a threshold limit of
1 mm/s. In another work, Zhang et al. [12] developed a silicon-on-insulator (SOI)-based self-bent
piezoresistive microcantilever flow sensor, capable of detecting flow velocities in the range of 0-20 cm/s,
with a sensitivity of 1.5-3.5 )/ (cm s71). Asadnia et al. [7] reported a MEMS self-powered flow sensor
comprising of a stereolithographically fabricated polymer cilium with a Lead Zirconate Titanate (PZT)
micro-diaphragm sensing element. The sensor demonstrated a high sensitivity of 22 mV/(mm s™1)
and a very low detection threshold limit of 8.2 um s~! for oscillatory flows generated using a dipole
vibrating at 35 Hz.

Most of the works reported in the past involved complex and cumbersome microfabrication
techniques involving photolithography, deposition, etching, and so forth. The devices were also limited
by the choice of materials that could be used in the fabrication of the high-aspect-ratio pillars to mimic
the cilia and the sensing element beneath; thus, severely limiting their feasibility in flexible device
applications. To address the complex fabrication issues involved with the design and fabrication of
artificial cilia flow sensors, Kottapalli et al. [8,13] proposed a biomimetic hydrogel-carbon nanotube
(CNT) artificial cilia flow sensor, mimicking the neuromast found in the lateral line systems of fish.
The flow sensor featured a vertically aligned carbon nanotube bundle infused with hyaluronic acid
(HA) hydrogel placed on a suspended piezoelectric polyvinylidene fluoride (PVDF) membrane.
Oscillatory flow calibration experiments conducted on the sensor demonstrated sensitivity figures
of 172 mV/(m s7!) and 45.2 mV/(m s7!), in air and water, respectively. Furthermore, the sensor
demonstrated a detection threshold of 5 mm s~! (in both air and water). Recently, Kamat et al. [9]
proposed a novel workflow for fabricating complex biomimetic sensors, which entailed selective laser
melting (SLM), 3D printing of an appropriate metallic mold, drop-casting polydimethylsiloxane (PDMS),
and subsequent etching to release the cured PDMS structure. The sensor featured a cilia-inspired
cylindrical pillar at the distal end of a cantilever, which housed a flexible microchannel with graphene
nanoflakes, forming a flexible strain gauge. The sensor demonstrated a sensitivity of 30 mV/(m s™1) in
the oscillatory flow velocity range of 65-90 mm s~!, with a lower detection threshold of 58 mm s~

The key to having a highly sensitive artificial cilia flow sensor, primarily lies in the sensitivity of
the sensing element and, to some extent, on the rigidity of the pillar mimicking the cilia. Recently,
flexible sensors utilizing the piezoresistive properties of nanomaterial-polymer composites have gained
traction in wearable device applications. Various types of nanomaterials, such as silver nanowire
(AgNWs) [14], CNTs [15], carbon blacks (CBs) [16], and graphene [17,18], have been used in conjunction
with elastomeric materials like PDMS, eco flex, polyimide (PI), rubber, polyurethane (PU), and so



Nanomaterials 2020, 10, 211 30f13

forth, to develop ultrasensitive, lightweight, and flexible sensors. In the past, our group reported
electrospun carbon nanofiber (CNF) bundle-based piezoresistive sensing elements for flexible sensor
applications [19]. The relative ease of fabrication of piezoresistive CNF bundles renders them an
attractive choice for the development of ultrasensitive and low-powered artificial cilia flow sensors.

In this work, we report a facile method of developing an artificial cilia flow sensor, featuring
a high-aspect-ratio titanium pillar mimicking the cilia, which is attached at the base to a circular
CNF membrane that acts as the sensing element. The electrospun CNF bundle, sandwiched between
two optically clear adhesive (OCA) films, acts as the piezoresistive sensing element. In the presence
of external flow, drag-induced bending of the titanium pillar causes a displacement of the CNF
membrane which, in turn, leads to a change in resistance across the membrane. The change in
the resistance can be subsequently read with an appropriately designed Wheatstone bridge circuit.
Steady-state air flow calibration experiments conducted on the artificial cilia flow sensor, revealed
a linear sensor response with a sensitivity value of 6.16 mV/(m s™!). Furthermore, oscillatory flow
calibration experiments conducted on the flow sensor revealed a linear response in the flow velocity
range of 12-66 mm/s with a sensitivity of 26 mV/(m s71) and a lower detection threshold limit of
12.1 mm/s. Also, CNF sensing elements were embedded in PDMS to develop flexible piezoresistive
sensors and demonstrate the feasibility of the proposed method in wearable device applications. The
facile fabrication method reported in this work will circumvent the complex fabrication methods
and time budget associated with similar MEMS-based devices, which will subsequently allow for
the development and commercialization of a future class of similarly inexpensive, yet accurate and
sensitive, sensors.

2. Materials and Methods
2.1. Fabrication and Synthesis of CNF Bundle Sensing Element

2.1.1. Electrospinning of Polyacrylonitrile Nanofiber Bundles

The CNF bundle sensing membrane was synthesized by pyrolization of electrospun
polyacrylonitrile (PAN) nanofibers. For electrospinning polyacrylonitrile (PAN) nanofibers, a 9% (w/v)
homogenous polymer solution was obtained by dissolving 1.8 g of PAN powder (MW 150,000 g/mol) in
20 mL N, N-dimethylformamide (DMF) solvent. An Inovenso™ NanoSpinner NE300 electrospinning
setup fitted with a rotating mandrel collector (10 cm diameter) was employed for electrospinning
bundled PAN nanofiber films. A standard syringe pump fixed with a 10 mL syringe was used to feed
the PAN polymer solution through a needle (18 G) at a constant flow rate of 1 mL/hr. The rotating
mandrel collector was covered with aluminum (Al) foil and set to rotate at a constant speed of 1500 rpm.
A direct current (DC) voltage of 12 kV was applied between the collector and the conducting needle tip.
A gap of 15 cm was maintained between the needle tip and base of the rotating mandrel collector. The
electrospinning process was carried out for 30 min to obtain a film of uniform nanofibers deposited
on the aluminum foil substrate. A constant temperature of 22 °C was maintained throughout the
electrospinning process.

2.1.2. Synthesis of Electrospun Carbon Nanofibers

The process steps and the critical parameters involved in the stabilization and carbonization of
electrospun PAN nanofibers to synthesize CNF bundles are graphically depicted in Figure 1a. The
electrospun PAN nanofibers were peeled off from the aluminum foil substrate and transferred to a
ceramic crucible for stabilization and subsequent pyrolization. For the first step involving stabilization,
the nanofibers were heat-treated at a temperature of 245 °C for 60 min in the presence of ambient air.
A constant ramp rate of 5 °C/min was used to ramp-up to the stabilization temperature. Following
stabilization, in order to conduct pyrolization, the tube furnace was sealed air-tight, with a constant
nitrogen (N) purge for 30 min to drive out the air inside. Thereafter, the nanofibers were ramped up
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at a rate of 5 °C/min in N, ambience to 750 °C and held for 60 min; followed by a final ramp-up at the
previously mentioned rate to 950 °C, where it was plateaued for another 60 min; before ramping down
to the room temperature at the same ramp rate. Figure 1b shows the photograph of a CNF bundle
placed on a dried-up flower, demonstrating its ultralightweight nature.
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Figure 1. Pyrolization of electrospun PAN nanofibers to synthesize CNF bundles: (a) Graphical
representation of the process steps involved in the synthesis of CNF bundles from electrospun PAN
nanofibers; (b) A CNF bundle placed on a leaf to demonstrate its ultralightweight nature.

2.1.3. Morphological Characterization of CNF Bundles

A FEI Nova NanoSEM 230 field-emission scanning electron microscope (FE-SEM) was employed
to study the morphological properties of both the as-spun PAN nanofibers and synthesized CNF
bundles. Gold-coated nanofiber samples with the dimensions of 2 cm X 2 cm were placed on an
appropriate SEM stub, and SEM imaging studies were conducted to observe the morphological changes
associated with the carbonization process.

The micrographs in Figure 2a,b show the as-spun PAN nanofibers. As observed from the
micrographs, the electrospinning resulted in uniform nanofibers with an average diameter of 610 nm
(averaged over six measurements). As evident from the micrographs in Figure 2c,d, the nanofibers
showed a significant reduction in their diameter after the process of pyrolization, leading to the
formation of CNFs. The CNFs were found to have an average diameter of 285 nm, which is roughly
50% of the as-spun nanofibers. The observed shrinkage in the nanofibers might arise from the breaking
of carbon-nitrogen and carbon-oxygen bonds, and subsequent formation of carbon—carbon bonds,
leading to the observed densification. The observed carbonization induced diameter reduction is in
agreement with prior works reported in literature [20,21].
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Figure 2. SEM micrographs of the electrospun nanofibers before and after carbonization:

(a,b) Micrographs showing the as-spun PAN nanofibers at two different magnifications. The as-spun
nanofibers were found to be uniform in diameter; (c,d) Micrographs showing the carbonized nanofibers
with significantly reduced diameters.

2.2. Cilia Flow Sensor

2.2.1. Sensor Fabrication and Sensing Principle

A flow sensor comprising of a freestanding CNF bundle as the sensing element, and a
high-aspect-ratio titanium pillar mimicking cilia, was fabricated. A circular CNF sensing membrane of
30 pum thickness and 2 mm diameter was defined through two perfectly aligned cavities formed on
two sheets of OCA films, between which the CNF bundle was sandwiched. Figure 3a schematically
represents the process steps involved in the fabrication of the flow sensor. Figure 3b schematically
represents a single sensor unit after dicing. The photograph in Figure 3c shows the fabricated
flow sensor.

The flow sensor comprised of an 8 mm tall and 400 um diameter cilia-inspired cylindrical pillar
formed from titanium. The high-aspect-ratio (20) titanium pillar, mimicking cilia, enables an enhanced
sensitivity in the flow sensor; as compared to the conventional MEMS-based cilia-inspired flow sensors
with shorter cilia-like pillar structures, that fall within the flow boundary layer, and hence experience a
reduced velocity [5]. The cilia-inspired titanium pillar, which is rooted at the center of the suspended
circular CNF membrane (secured using a non-conductive epoxy, EPO-TEK H70E), is free to move at
its distal tip. Flows around the sensor would generate a drag force on the titanium pillar owing to
fluid-structure interaction, which would lead to a displacement in the suspended CNF membrane
on which the pillar is rooted. The displacement of the suspended membrane leads to a change in the
electrical conductance path in the CNF percolation network, signifying an overall resistance change
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which can be measured with an accompanying Wheatstone bridge circuit to which the flow sensor
is connected.
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Figure 3. Fabrication of the cilia-inspired flow sensor: (a) Schematic representation of the process steps
involved in the fabrication of the flow sensor; (b) Schematic representation of a single sensor unit after
dicing; (c) Photograph of the actual fabricated cilia-inspired flow sensor.

2.2.2. Experimental Setup for Steady-State Flow Calibration

For conducting the steady-state airflow calibration tests, a custom in-house built wind tunnel was
employed. The wind tunnel was capable of generating a steady-state laminar airflow of up to a velocity
of 10 m/s. The lower airflow velocity generation threshold of the wind tunnel was 1.8 m/s, which
restricted the accurate determination of the lower detection threshold of the sensor for steady-state
flows. The cilia flow sensor was secured in the test section at the center of the wind tunnel, and
appropriate provisions were made to acquire the output from the sensor.

2.2.3. Experimental Setup for Oscillatory Flow Calibration

In the past, researchers have extensively studied and employed dipole stimuli for assessing
the oscillatory flow sensing performance of cilia-inspired flow sensors [5,7,8]. To assess its dynamic
flow sensing performance, the cilia flow sensor was subjected to oscillatory water flow patterns,
generated by employing an 8 mm sphere connected to a permanent magnet mini-shaker (acquired
from Briiel & Kjeer), by a 120 mm long and 2 mm diameter steel rod. The sphere was driven at a 35 Hz
frequency, using a function generator connected to a power amplifier (Briiel & Kjeer model number
2718). The relationship between the root-mean-square (RMS) velocity of the vibrating sphere and
the sinusoidal driving voltage and frequency, has been characterized in the past by employing laser
Doppler vibrometry (LDV) [7].

2.2.4. Data Acquisition

For all the experiments involving the CNF flexible sensor and cilia flow sensor, the sensors were
connected to appropriately designed Wheatstone bridge circuits, powered by a 9 V constant DC power
supply. The resistance of the CNF-cilia sensors developed in this work was approximately 330 (; and
consequently, the fixed resistors of the Wheatstone bridge circuit were chosen as 330 () in order to
balance the circuit, creating a zero output in the presence of no external flow. A 0—1 k() variable resistor
was used for balancing the bridge circuit. The unamplified voltage outputs from the Wheatstone bridge
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circuits were continuously monitored using a National Instruments data acquisition card (NI-DAQ
UBS-6009), and logged using the NI Signal Express software at a sampling rate of 2 kHz.

3. Results

3.1. Characterization of CNF Bundle-Based Flexible Sensors

The freestanding CNF bundles were bonded to copper tape electrodes on two edges and
encapsulated by PDMS to fabricate flexible and stretchable piezoresistive sensors (Figure 4a,b). To
demonstrate the suitability of the sensors for flexible electronic applications, a series of tests comprising
of quick tapping, stretching, and controlled bending was conducted. Figure 4b shows the fabricated
flexible and stretchable sensor. The sensor was tested for compressive pressing, tensile stretching,
and controlled bending to assess its sensing performance for possible applications in wearable and
flexible devices. For the first experiment involving press-release cycles, the sensor was pressed four
times in quick succession, followed by a gap of ten seconds. The process was repeated five times,
and Figure 4c shows the response plot acquired from the sensor while subjecting it to the quick
press-release cycles. The zoomed-in plot on the right (Figure 4c) shows the sensor response in the
time interval of 11-23 seconds. Overall, a good consistency in the sensor response, with respect to the
pressure stimulus, was observed. The sensor was also subjected to a series of stretch-release cycles to
demonstrate its capability to detect tensile strains. The experiment involved stretching the flexible
sensor and holding it for at least five seconds, followed by release. The sensor response was logged
continuously and presented in Figure 4d. To demonstrate the capability of the CNF sensing element
in detecting bending, a CNF bundle was sandwiched between two layers of optically clear adhesive
(OCA) films, and copper tape electrodes were used to acquire the output. The sensor was subjected
to static bending at six different radii of curvatures (ROCs) (8, 10, 12, 15, 18, and 20 cm). The sensor
was subjected to a fixed bias current of ImA with a constant current source, and the voltage across
the bundle was recorded using a desktop digital multimeter (HP 34401a). To have calibrated bending
response results, 3D printed arc brackets having diameters 8, 10, 12, 15, 18, and 20 cm were used.
The sensor was wrapped around each of those brackets, and the voltage changes were measured, as
presented in Figure 4e. The unstrained sensor, biased with a ImA constant current, demonstrated an
initial voltage drop of 1.894 volts. Upon bending the sensor at the different radius of curvatures, the
conductive path in the bundle comprising of the nanofiber percolation network changed, leading to a
reduction in the bundle resistance which manifested as an overall reduction in the voltage drop (with
the increase in bending curvature angle) across the bundle, as evident from Figure 4e. The results from
the sensing experiments establish the potential of the CNF bundle for the fabrication of flexible and
stretchable sensors.



Nanomaterials 2020, 10, 211 8of 13

(@) Single sensor unit (b)

|t » Flexible
strain sensor

Quick pressing response

(o .
( ) 0.8 Sensor response 074 Sensor response
0.7 o
1 H 0.6
0.6 1 H H
= (18 05
=2 0.5 ' H >
304 ¢ (e 2947
=4 H ' ] |
0 0.3 ¢l 603
0.2 il 0.2
0.1 dil1 (¥ 011
0 10 20 30 40 50 60 12 14 16 18 20 22
Time (s) Time (s)
Stretch-release response Bending response
Sensor response -30
(d) 08 P Stretch  (e) @ Sensor output
7 s Linear regression °
€ -40 -
5
S 0.6 g‘-SO |
- °
3 -
2 <]
5 0.4 2 -60 -
° 3
£ .70
0.2 - S >
H 804 Direction of
\\'J S bending
0.0+ Release 90
0 10 20 30 40 50 60 8 10 12 14 16 18 20
Time (s) Radius of curvature (cm)

Figure 4. Response plots of the CNF bundle-based flexible sensors: (a) Schematic representation of
the flexible and stretchable sensor used for the experiments; (b) Image of the fabricated CNF-PDMS
flexible sensor; (c) Plot showing the response of the sensor to four quick press-release cycles followed
by a gap of ten seconds. The plot on the right shows the zoomed-in sensor response in the time interval
11-23 seconds; (d) Plot showing the response of the sensor to a series of stretch-release cycles; (e) Plot
showing the change in voltage drop across the sensor at different bending ROCs.

3.2. Cilia Flow Sensor Testing and Characterization

The sensor was characterized for both static flow (in the air) and dynamic flow sensing (in water),
to assess its flow sensing performance. The biological cilia observed in nature not only work as flow
sensors, but also as touch and vibration sensors. For instance, the cilia found in the cockroaches
and crickets developed into drum-like shapes, which are sensitive towards ground vibration [22].
In the past, biological cilia were mimicked to not only work as flow sensors, but also as touch and
vibration sensors [23]. To understand the relationship between cilium displacement and sensor
output, an oscillatory stimuli response test involving a controlled displacement of the cilium (and
simultaneous logging of the voltage response) by employing a vibrating sphere, was conducted.
Figure 5a schematically represents the experimental setup employed for the tip displacement response
test involving a minishaker connected to a dipole (details of the experimental setup were discussed
previously in the materials and methods section). The dipole (at rest) was positioned to touch the tip
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of the cilium, and was driven (in a direction perpendicular to the axis of the cilium) by the minishaker
at a constant frequency of 35 Hz, with seven different amplitudes in the range 50-350 um. The
tests were repeated thrice for each of the individual oscillatory amplitude points. The oscillatory
response from the sensor was acquired, and the Fast Fourier Transform (FFT) operation was conducted,
where the resulting peak at 35 Hz was used to extract the sensor voltage response for each of the
oscillatory amplitude points. The sensor demonstrated a clearly discernable peak at 35 Hz for each of
the tested amplitudes. As evident from Figure 5b, the sensor demonstrated a linear response for cilia
displacements up to 350 um, with a lower detection threshold of approximately 50 um. Figure 5¢,d
show the FFT amplitude plots for the sensor driven with a constant frequency of 35 Hz, at two different
amplitudes of 53.4 um and 350 pum respectively.
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Figure 5. Tip displacement versus sensor response characterization: (a) Schematic representation of the
experimental setup used for the test, to characterize the tip displacement response of the flow sensor;
(b) Plot showing sensor output versus the cilium displacement; (c¢,d) FFT amplitude plot showing the
sensor responses at 35 Hz for two different oscillatory amplitudes (53.4 and 350 pum).

The flow sensor was characterized for steady-state wind flow sensing in the velocity range of
1.8-9.3 m/s. Figure 6a shows the schematic representation of the custom in-house built wind tunnel
setup, employed for conducting the steady-state flow calibration experiments. At each of the individual
velocity points, the wind tunnel was turned on and off five times in a periodic fashion, with each cycle
having a duration of 60 seconds; the experiment was repeated thrice. The sensor response from the
Wheatstone bridge circuit was recorded. The Wheatstone bridge outputs for individual flow velocities
were acquired, and average peak heights of the steady-state response signals were determined using
OriginPro data analysis software. The peak heights were averaged over the five on-off cycles (per
experimental run), and standard deviations were calculated for all the individual velocity points over
the three runs of the experiment. Figure 6b shows the superimposed plots of the raw Wheatstone
bridge outputs acquired for three different velocities (1.8, 5.77, and 9.3 m/s). Figure 6¢ shows the
voltage response of the sensor to steady-state flow velocities in the range of 1.8-9.3 m/s, with the error
bars representing standard deviation. The steady-state response of the sensor was found to be linear,
with a high sensitivity of 6.16 mV/(m s71).
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Figure 6. Steady-state airflow sensing characterization: (a) Schematic representation of the experimental
setup involving the wind tunnel for steady-state flow calibration; (b) Superimposition plot showing
the voltage response of the sensor for three different airflow velocities; (c) Plot showing the Wheatstone
bridge output versus the airflow velocity, in the range 1.8-9.3 m/s.

Finally, the flow sensor was assessed for oscillatory flow sensing performance, by submerging
the cilium in deionized (DI) water and generating oscillatory flow stimuli by employing the
dipole-minishaker setup described previously. Figure 7a shows the schematic representation of
the experimental setup employed for the oscillatory flow calibration experiments. The dipole was
entirely submerged below the surface of the water and driven at a constant frequency of 35 Hz to
generate oscillatory dipole stimuli. The sensor was placed in such a way that only the cilium of the
sensor was submerged in water to avoid contact of the suspended CNF diaphragm with DI water.
The tip of the cilium was kept at a distance of 1 cm from the edge of the dipole to avoid any physical
contact between the vibrating sphere and the cilium tip during the flow calibration experiments. The
root-mean-square (RMS) velocity of the flow was swept in the range of 12-72 mm/s by tuning the RMS
driving voltage input to the minishaker, and the sensor response from the accompanying Wheatstone
bridge circuit was recorded. The data were treated with bandpass filters to get rid of the power supply
interference, and FFT operations were carried out on the sensor response data to determine the peak
sensor response amplitude at each of the individual oscillatory flow velocity points. For oscillatory
flow velocities below 12 mm/s, no clearly discernable peaks (from the device noise floor) were observed
at 35 Hz. The experiments were repeated thrice for each of the velocity points, and the standard
deviations were calculated. Figure 7b shows the calibration response plot of the sensor for oscillatory
flow, with error bars representing standard deviation. As observed from the oscillatory flow response
calibration curve, the sensor demonstrated a linear response in the flow velocity range of 12-66 mm/s.
A linear regression fit was conducted in the linear velocity range (12-66 mm/s) to determine the
oscillatory flow sensitivity of the sensor. The sensor demonstrated a sensitivity of 26 mV/(m s~!) in the
linear regime of the flow calibration plot, with a lower detection threshold limit of 12.1 mm/s.
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Figure 7. Oscillatory flow sensing characterization underwater: (a) Schematic representation of the
experimental setup involving the dipole setup for oscillatory flow calibration; (b) Plot showing sensor
output versus the oscillatory flow stimuli.

4. Conclusions and Future Work

In conclusion, we presented a simple process flow for fabricating inexpensive, yet sensitive and
flexible, artificial cilia flow sensors. The proposed sensor comprised of a cilia-inspired high-aspect-ratio
titanium pillar placed on a suspended CNF membrane sensing element. The CNF bundles were
embedded in PDMS to develop stretchable and flexible sensors, to demonstrate the feasibility of
their usage in wearable device applications. Tip displacement response tests conducted on the flow
sensor revealed a linear voltage response, with a low detection threshold of 50 um. Flow calibration
experiments conducted on the sensor revealed sensitivity figures of 6.16 mV/(m s™1)and 26 mV/(m s™1)
for steady-state airflow and oscillatory waterflow, respectively. Furthermore, the sensor demonstrated a
detection threshold of 12.1 mm/s for oscillatory flow tests in water. The simple workflow demonstrated
in this work will enable the design and fast development of a future class of inexpensive, yet sensitive,
artificial cilia flow sensors, for various applications requiring precise flow measurement and control.

For precise flow measurement applications, the sensitivity and the lower detection threshold of
the sensor are crucial; and it is possible to improve these two parameters further by incorporating
drop-casted hydrogel on top of the titanium pillar, to mimic the biological cupula. The biological
cupula found in neuromasts of fish increases the amount of drag force exerted on the sensory hair cells,
subsequently increasing their sensitivity. Additionally, in the past, we have proposed the incorporation
of an array of cilia-inspired sensors into canal neuromast (CN)-inspired biomimetic polymer canals to
reduce noise due to environmental factors [24]. Incorporating the cilia flow sensors into appropriately
designed biomimetic canals with pores that allow external flows to enter the canal could potentially
filter noisy flows. In addition, the canal packages also protect the fragile cilia from mechanical and
accidental damage. Tests from our previous work validated the biomechanical high-pass filtering
capability of biological CN-inspired canals, subsequently improving the signal to noise ratio and
signal selectivity. Hence, an appropriately designed sensor array, with hydrogel cupula and biological
CN-inspired packaging, might potentially enhance the signal to noise ratio, sensitivity, resolution, and
lower detection threshold of the sensor design proposed in this paper.

Author Contributions: Conceptualization, D.S. and A.G.P.K.; methodology, D.S. and A.G.P.K.; data collection
and analysis, D.T. and D.S.; writing—original draft preparation, D.S.; writing—review and editing, A.G.PK;
supervision, A.G.PK. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the University of Groningen’s start-up grant, awarded to A.G.PK.

Acknowledgments: The authors would like to express their sincere gratitude to Ssu-Han Chen, Aron Michael,
and Chee Yee Kwok from the School of Electrical Engineering and Telecommunications, University of New South
Wales, Sydney, for their valuable insights on the sensing mechanisms of the CNF bundles. The authors would also
like to express their gratitude to the Electron Microscope Unit of the Mark Wainright Analytical Centre, Sydney,
where the SEM imaging studies were conducted.



Nanomaterials 2020, 10, 211 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Van Putten, A .E.P,; Middelhoek, S. Integrated silicon anemometer. Electron. Lett. 1974, 10, 425-426. [CrossRef]
Tai, Y.C. Polysilicon-bridges for anemometer applications. In Digest Tech. Papers, 3rd International Conference
on Solid-State Sensors and Actuators (Transducers); Elsvier: Amsterdam, The Netherlands, 1985.
Montgomery, ].C.; Baker, C.E; Carton, A.G. The lateral line can mediate rheotaxis in fish. Nature 1997, 389,
960-963. [CrossRef]

Fan, Z.; Chen, J.; Zou, J.; Bullen, D.; Liu, C.; Delcomyn, F. Design and Fabrication of Artificial Lateral-Line
Flow Sensors. J. Micromech. Microeng. 2002, 12, 655-661. [CrossRef]

Chen, N.; Tucker, C.; Engel, ].M,; Yang, Y.; Pandya, S.; Liu, C. Design and characterization of artificial haircell
sensor for flow sensing with ultrahigh velocity and angular sensitivity. . Microelectromech. Syst. 2007, 16,
999-1014. [CrossRef]

Kottapalli, A.G.P,; Tan, C.W,; Olfatnia, M.; Miao, ].M.; Barbastathis, G.; Triantafyllou, M. A liquid crystal
polymer membrane MEMS sensor for flow rate and flow direction sensing applications. ]. Micromech.
Microeng. 2011, 21, 085006. [CrossRef]

Asadnia, M.; Kottapalli, A.G.P.; Miao, J.; Warkiani, M.E.; Triantafyllou, M.S. Artificial fish skin of self-powered
micro-electromechanical systems hair cells for sensing hydrodynamic flow phenomena. J. R. Soc. Interface
2015, 12, 20150322. [CrossRef] [PubMed]

Bora, M.; Kottapalli, A.G.P.; Miao, J.; Triantafyllou, M.S. Biomimetic hydrogel-CNT network induced
enhancement of fluid-structure interactions for ultrasensitive nanosensors. NPG Asia Mater. 2017, 9, e440.
[CrossRef]

Kamat, A.M.; Pei, Y.; Kottapalli, A.G.P. Bioinspired Cilia Sensors with Graphene Sensing Elements Fabricated
Using 3D Printing and Casting. Nanomaterials 2019, 9, 954. [CrossRef] [PubMed]

Yang, Y.; Chen, J.; Engel, J.; Pandya, S.; Chen, N.; Tucker, C.; Coombs, S.; Jones, D.L.; Liu, C. Distant touch
hydrodynamic imaging with an artificial lateral line. Proc. Natl. Acad. Sci. USA 2006, 103, 18891-18895.
[CrossRef] [PubMed]

Wolf, B.J.; Morton, ].A.S.; Macpherson, W.N.; Van Netten, S.M. Bio-inspired all-optical artificial neuromast
for 2D flow sensing. Bioinspiration Biomim. 2018, 13, 026013. [CrossRef] [PubMed]

Zhang, Q.; Ruan, W.; Wang, H.; Zhou, Y.; Wang, Z.; Liu, L. A self-bended piezoresistive microcantilever flow
sensor for low flow rate measurement. Sens. Actuators A 2010, 158, 273-279. [CrossRef]

Kottapalli, A.G.P; Bora, M.; Sengupta, D.; Miao, J.; Triantafyllou, M.S. Hydrogel-CNT Biomimetic Cilia for
Flow Sensing. In Proceedings of IEEE Sensors; IEEE: Piscataway, NJ, USA, 2018.

Amjadi, M.; Pichitpajongkit, A.; Lee, S.; Ryu, S.; Park, I.; Engineering, M.; Sensor, M.; Convergence, I.T.;
Korea, S. Highly Stretchable and Sensitive Strain Sensor Based on Silver Nanowire A Elastomer
Nanocomposite. ACS Nano 2014, 5154-5163. [CrossRef] [PubMed]

Hu, N.; Fukunaga, H.; Atobe, S.; Liu, Y,; Li, ]. Piezoresistive strain sensors made from carbon nanotubes
based polymer nanocomposites. Sensors 2011, 11, 10691-10723.

Li, Q.; Liu, H.; Zhang, S.; Zhang, D.; Liu, X.; He, Y,; Mi, L.; Zhang, J.; Liu, C.; Shen, C.; et al. Superhydrophobic
Electrically Conductive Paper for Ultrasensitive Strain Sensor with Excellent Anticorrosion and Self-Cleaning
Property. ACS Appl. Mater. Interfaces 2019, 11, 21904-21914. [CrossRef] [PubMed]

Pang, Y,; Tian, H.; Tao, L.; Li, Y.; Wang, X.; Deng, N.; Yang, Y.; Ren, T. Flexible, Highly Sensitive, and Wearable
Pressure and Strain Sensors with Graphene Porous Network Structure. ACS Appl. Mater. Interfaces 2016, 8,
26458-26462. [CrossRef] [PubMed]

Sengupta, D.; Pei, Y.; Kottapalli, A.G.P. Ultralightweight and 3D Squeezable Graphene-Polydimethylsiloxane
Composite Foams as Piezoresistive Sensors. ACS Appl. Mater. Interfaces 2019, 11, 35201-35211. [CrossRef]
[PubMed]

Sengupta, D.; Kottapalli, A.G.P.; Chen, S.H.; Michael, A.; Kwok, C.Y.; Miao, ].; Triantafyllou, M.S. Flexible
Graphitized Polyacrylonitrile Nanofiber Bundles for Strain Sensors. In NEMS 2018 - 13th Annual IEEE
International Conference on Nano/Micro Engineered and Molecular Systems; IEEE: Piscataway, NJ, USA, 2018.


http://dx.doi.org/10.1049/el:19740339
http://dx.doi.org/10.1038/40135
http://dx.doi.org/10.1088/0960-1317/12/5/322
http://dx.doi.org/10.1109/JMEMS.2007.902436
http://dx.doi.org/10.1088/0960-1317/21/8/085006
http://dx.doi.org/10.1098/rsif.2015.0322
http://www.ncbi.nlm.nih.gov/pubmed/26423435
http://dx.doi.org/10.1038/am.2017.183
http://dx.doi.org/10.3390/nano9070954
http://www.ncbi.nlm.nih.gov/pubmed/31262009
http://dx.doi.org/10.1073/pnas.0609274103
http://www.ncbi.nlm.nih.gov/pubmed/17132735
http://dx.doi.org/10.1088/1748-3190/aaa786
http://www.ncbi.nlm.nih.gov/pubmed/29334081
http://dx.doi.org/10.1016/j.sna.2010.02.002
http://dx.doi.org/10.1021/nn501204t
http://www.ncbi.nlm.nih.gov/pubmed/24749972
http://dx.doi.org/10.1021/acsami.9b03421
http://www.ncbi.nlm.nih.gov/pubmed/31124646
http://dx.doi.org/10.1021/acsami.6b08172
http://www.ncbi.nlm.nih.gov/pubmed/27684520
http://dx.doi.org/10.1021/acsami.9b11776
http://www.ncbi.nlm.nih.gov/pubmed/31460740

Nanomaterials 2020, 10, 211 13 of 13

20.

21.

22.

23.

24.

Kim, C.; Park, S.H.; Cho, J.I; Lee, D.Y,; Park, T.].; Lee, W.J.; Yang, K.S. Raman spectroscopic evaluation of
polyacrylonitrile-based carbon nanofibers prepared by electrospinning. J. Raman Spectrosc. 2004, 35, 928-933.
[CrossRef]

Zussman, E.; Chen, X,; Ding, W.; Calabri, L.; Dikin, D.A.; Quintana, ].P; Ruoff, R.S. Mechanical and structural
characterization of electrospun PAN-derived carbon nanofibers. Carbon N. Y. 2005, 43, 2175-2185. [CrossRef]
Liu, C. Micromachined biomimetic artificial haircell sensors. Bioinspiration Biomim. 2007, 2, S162. [CrossRef]
[PubMed]

Alfadhel, A.; Kosel, J. Magnetic Nanocomposite Cilia Tactile Sensor. Adv. Mater. 2015, 27, 7888-7892.
[CrossRef] [PubMed]

Kottapalli, A.G.P.; Asadnia, M.; Miao, ].M.; Triantafyllou, M.S. Biomechanical canal sensors inspired by canal
neuromasts for ultrasensitive flow sensing. In Proceedings of the IEEE International Conference on Micro Electro
Mechanical Systems (MEMS); IEEE: Piscataway, NJ, USA, 2015.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jrs.1233
http://dx.doi.org/10.1016/j.carbon.2005.03.031
http://dx.doi.org/10.1088/1748-3182/2/4/S05
http://www.ncbi.nlm.nih.gov/pubmed/18037725
http://dx.doi.org/10.1002/adma.201504015
http://www.ncbi.nlm.nih.gov/pubmed/26487397
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fabrication and Synthesis of CNF Bundle Sensing Element 
	Electrospinning of Polyacrylonitrile Nanofiber Bundles 
	Synthesis of Electrospun Carbon Nanofibers 
	Morphological Characterization of CNF Bundles 

	Cilia Flow Sensor 
	Sensor Fabrication and Sensing Principle 
	Experimental Setup for Steady-State Flow Calibration 
	Experimental Setup for Oscillatory Flow Calibration 
	Data Acquisition 


	Results 
	Characterization of CNF Bundle-Based Flexible Sensors 
	Cilia Flow Sensor Testing and Characterization 

	Conclusions and Future Work 
	References

