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Abstract
Attaining the information of the hydrodynamic flow rate and direction is essential to the maneuvering of autonomous under-
water vehicles (AUVs). This work presents a pillar-based flow sensor that measures hydrodynamic flow rate and direction. 
We propose a design that mimic the working principle of the neuromast, a ubiquitous organ in fishes that sense the water 
flow. By utilizing advances in piezo-resistive pressure sensors and 3D printing technology, sensor fabrication becomes fast 
and cost-effective, owing to reductions in labor and material cost for small batches. Measured results showed that the sensor 
sensitivity was 9.24 mV/m/s in the single mode and 20.3 mV/m/s in the differential mode. The resolution of the flow sensor 
was measured to be 4.93 mm/s in the water tunnel testing. The angular resolution of the flow sensor was 2.25°.

Keywords  Flow sensors · Autonomous underwater vehicles (AUVs) · Neuromast · Pillar-based sensor · Pressure sensor · 
Piezoresistive sensor

List of Symbols
Adrag	� The cupula area subjected to the flow
Ac	� The contact area
CD	� Drag coefficient
Fdrag	� The drag force applied to the cupula
Fpush	� The moment delivered to the Ecoflex™ layer
h	� The length from the cupula center of mass to the 

cilia’s center of rotation
P	� Pressure
u	� Flow rate
Vout	� Output voltage
w	� The length of the cilia leg
ρ	� Liquid density
δ	� Sensitivity
β	� Offset

1  Introduction

Roughly 70% of the Earth’s surface is covered with water 
[1]. Work in many research areas is driving further discov-
eries of the underwater environment and explorations of 
its geography. Since safety, efficiency and operation cost 
were priorities in the marine environment and geoscience 
researches, the demand for functional robots to take over 
humans in the examination of the ocean floor has been 
emerging. Development of AUVs technology can facilitate 
actions to save the marine environment from adverse human 
activities.

This prompted the development of autonomous under-
water vehicles (AUVs) to support the discovery process [2]. 
The history of AUVs began in the 1970s but the technical 
issue of navigation and localization remains challenging to 
present days [3]. A variety of technologies was utilized to 
control AUVs. Controlling AUVs requires integration of 
multiples sensor system such as global positioning system 
(GPS), Doppler velocity log (DVL) and inertial measure-
ment unit (IMU) [4, 4]. Along with indirect navigation and 
inertial measurement approaches, measuring relative hydro-
dynamic flow around AUVs also provides crucial data for 
AUV maneuvering.

The process of evolution has equipped creatures with 
unique solutions for specific functions, which can all be 
studied for the purposes of biomimicry. The efficiency, 
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reliability and precision of nature’s design is the ultimate 
goals that inspired the design of this artificial pillar-based 
flow sensor. For example, the blind cavefish, which spends 
its entire life in the deep and dark water zone, has devel-
oped a set of highly sensitive neuromasts that can sense 
steady flow rate down to 10 mm/s [6] and 18–35 µm/s for 
10–20 Hz oscillation flow [7]. These exceptionally large 
neuromasts provide the blind cavefish with higher sensitiv-
ity than other fish [8]. In nature, the neuromasts and lateral 
line system evolved to attain a distinctive sense generally 
called “hydrodynamic vision” [9]. By integrating informa-
tion of hydrodynamic flow and pressure, fish are able to 
effectively regulate their swimming, schooling, hunting 
and hiding activities [10].

From the engineering perspective, hydrodynamic flow 
is comprised of three components: velocity, frequency, and 
direction. There are various mechanisms which can be used 
to measure the hydrodynamic flow rate including pressure 
sensors [11, 12], optical reflection [13, 14], piezoelectric 
and piezoresistive effects [15–17] and thermal transfer [18, 
19]. In terms of design, some works found inspiration in the 
cricket’s filiform hairs [20–22] while other works attempted 
to mimic the canal neuromast sensor found in fish [23, 
24]. These approaches possess unique attributes in terms 
of sensitivity, resolution, and the capability to detect flow 
direction.

The advance of micromachining technology makes it 
possible to study and imitate the biological structures and 
mechanisms [25]. Many works have attempted to mimic 
fish’s neuromast and lateral line for flow sensing. Fan et al. 
developed a vertical PDMS cilium attached to a piezore-
sistive cantilever [26]. In that work, when fluid flow was 
applied to the cilium, force was transferred to the cantile-
ver, causing resistive change. Mathematical and experi-
mental results have confirmed that the change in resistance 
was proportional to the square of the flow velocity. Ko et al. 
proposed a piezoresistive acceleration sensor that mim-
icked filiform hairs by attaching a rigid rod to the top of 
a piezoresistive membrane [27]. The piezoelectric effect is 
another solution for flow sensing that offers the benefit of 
self-generated power. Bian et al. coated a metal core cilium 
with a piezoelectric ceramic to mimic the working principle 
of the cricket’s filiform hairs [20]. When the cilium was bent 
and deformed, repolarization occurred in the piezoelectric 
ceramic electrode, thus inducing a voltage between two elec-
trodes. The cilium structure was successfully mimicked to 
sense flow rate in previous works [28]. Furthermore, flow 
direction can be detected if multiple flow sensors are inte-
grated in four cardinal directions. This principle is applica-
ble for a variety of sensing mechanism such as piezoresist-
ance [29, 30], optical reflection [13] or thermal transfer [31]. 
Xu et al. proposed a setup of multiple pressure sensors along 
an autonomous underwater vehicle which detects obstacles 

by comparing the magnitude and phase difference in each 
sensor [32].

The majority of the previous designs for flow sensing 
involve adhering a cilia structure to the top of either a pie-
zoresistive or a piezoelectric membrane. Modifications to 
the flow cilia structure provide different characteristics to the 
sensor. This simple solution has proven itself practically in 
terms of efficiency, reliability, and accuracy. It is, however, 
omnidirectional, in that the sensor provides the same output 
for flows from any direction. It is this limitation that restricts 
the maneuvering of AUVs in a practical situation.

In this work, we aimed to sense flow rate and flow direc-
tion simultaneously by mimicking the morphology of the 
neuromast among fishes (Fig. 1). Unlike highly sensitive 
flow sensors used for object detection [33, 34] our pillar-
based flow sensor was expected to encounter strong flow 
currents in its environment. Thus, achieving a consistently 
robust design was desirable. Advanced 3D printing tech-
nology was applied to fabricate the complex cilia. Multiple 
pressure sensors were then integrated into the novel cilium 
mimicking unit. As a result, both flow velocity and direction 
were obtained from a single flow sensor. The developed flow 
sensor is expected to improve the maneuvering of AUVs for 
self-exploration applications.

2 � Methods

2.1 � Sensing Principle

The lateral line in fish performs a critical role in the fish’s 
perception including schooling, detecting reverse flow, 
and avoiding obstacles [35]. The lateral line consists of 

Fig. 1   The concept of the biomimetic flow sensor
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neuromast units, which are composed of a staircase group 
of sensory hair cells, covered by a cupula, an elastic struc-
ture that deforms to the water flow, and connected to the 
nerves [36]. The natural designs of the hair cell are diverse. 
The cupula is either exposed to the external flow (superficial 
neuromasts or SNs) or enclosed inside the lateral channel 
(canal neuromasts or CNs) [37]. In both cases, water flow 
deforms the cupula. The sensory hair detects these changes 
and sends the signal to the nerves through sensory cells.

The flow rate sensor discussed in this work is com-
prised of four off-the-shelf piezoresistive pressure sensors, 
a printed circuit board, a biomimetic pillar structure and a 
PDMS cupula (Fig. 3). The artificial pillar was inspired by 
the structure of a fish hair cell.

The flow sensor was designed to apply the same sensing 
principle as the neuromast. The 3D-printed pillar resembles 
a natural sensory hair cell, and the pressure sensors serve the 
same purpose as the sensory cells.

For the sensing element, a gauge type die-level pressure 
sensor (SM30D, Silicon Microstructures, Inc, Milpitas, CA, 
USA) was utilized. This pressure sensor die was gauge type 
where the reference pressure was taken as atmospheric pres-
sure (open to air). The sensor was designed to be operated 
within a pressure range of 0–80 PSI with a standard supply 
voltage of 5 V.

In order to detect flow direction, four pressure sensor 
dies were integrated into a single PCB following four car-
dinal directions. The arrangement of the pressure sensor 
dies and pillar is depicted in a top-down view in Fig. 2b. 
As the amplitude of the output voltage scales with the flow 
rate, flow direction can be detected by comparing the output 
amplitude of the four pressure sensors. For example, with 
horizontal flow (from left to right), the pillar will tilt to the 
right in accordance with the lever principle (Fig. 2b). It will 
thus transmit the drag force it received to a push on sensor 
3 and a pull at sensor 1 while delivering no actuation on 
sensor 2 and 4.

The pressure sensors’ output signal readout was col-
lected by a data acquisition device (DAQ). Analysis of the 
frequency spectrum and low pass filter was processed on 
MATLAB program.

2.2 � Theoretical Model

We have deduced a model that relates the Wheatstone bridge 
output voltage to the fluid flow rate. We calculated the drag 
force generated by the flow and convert this force to the 
pressured applied on the pressure sensor. This relation was 
described by a second order equation, which is referred as 
the general equation.

The drag force applied on the cupula is a function of flow 
rate u, drag coefficient CD, subjected area Adrag and liquid 
density ρ.

Fig. 2   Sensing mechanism of the flow sensor. a The drag force inter-
action model of the pillar. b Top view of the arrangement of the four 
pressure sensors under the artificial pillar allowing directional sensing 
of the flow

Fig. 3   Flow sensor assembly
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We considered the PDMS cupula and pillar structure 
forms a united structure. Then, the moment Fpush that deliv-
ered to the Ecoflex™ layer and pressure sensor is considered 
as following:

where h, w is the length of the links.
By assuming the contact area Ac, the moment applied on 

the pressure sensor was converted to pressure:

Owing to the linearity of the pressure sensor die, the out-
put voltage of the sensor was calculated using the sensitivity 
δ and offset β:

Integrating Eqs. (1), (2), (3) and (4), we obtained the gen-
eral function relating the flow rate and flow sensor’s output 
voltage:

The general Eq. (5) confirmed that the output voltage Vout 
is proportional to the second order of the flow rate u.

In this model, the effect of cupula size on sensor per-
formance can be deduced from Eq. (5). For example, if the 
radius of the cylinder is doubled, the subjected area Adrag 
is quadrupled, therefore, the Vout is also quadrupled. Equa-
tion (5) also implies a trade-off between sensor performance 
and size.

2.3 � Fabrication

The flow sensor assembly diagram is shown in Fig. 3. Firstly, 
3 g of Ecoflex™ 0050 was poured to a 5 cm Petri dish con-
taining the PCB to form a thin layer of Ecoflex™ on top 
of the pressure sensor. Secondly, the pillar was carefully 
aligned with the four legs resting precisely on four pres-
sure sensor dies. An additional amount of Ecoflex™ was 
poured on the pillar legs to cover and affix the pillar position. 
Then, the bottom and top 3D printed covers were attached. 
The PDMS cupula, which was replicated from a 3D printed 
mold, was then attached to the cilia. Electrical connectors 
were soldered to the PCB to complete the assembly process. 
Lastly, Sil-Poxy silicon rubber adhesive (Smooth-On Inc, 
USA) was used to seal all exposed electrical connections 
for water-proofing.

(1)Fdrag =
1

2
CD�u

2Adrag

(2)Fpush =
h

w
Fdrag

(3)P =
Fpush

Ac

(4)Vout = �P + �

(5)Vout =
h�CD�u

2Adrag

2wAc

+ �

2.4 � Calibration

The equipment setup for the calibration experiment is 
shown in Fig. 4a. The goal of this experiment was to cali-
brate the flow sensor so that a linear correlation could be 
verified between a known applied force on the pillar and 
the output voltage of the flow sensor. In the setup, the 
load cell, a transducer used to measure compressive force, 
was attached to a programmable stage. A small range load 
cell (SMN-2L, CAS, S. Korea) was used in this experi-
ment. The stage was set to move vertically at a velocity of 

Fig. 4   a Setup of the calibration test showing the load cell. b The out-
put voltage versus applied force of the flow sensor
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0.01 mm/s. The movement was controlled via a computer. 
The load cell was moved forward to exert a certain level 
of force on the pillar which was held for 30 s. The micro 
controller interface recorded data during this 30 s period, 
after that the load cell was moved again to increase the 
applied force to the next level displacement for another 
30 s. A USB camera (Dino LITE, AM4113T) was arranged 
to focus on the cilia, allowing the observer to examine the 
experiment process. A micro controller was utilized to col-
lect the flow sensor’s output in this experiment.

2.5 � Water Tunnel Test

The second experiment examined the performance of the 
sensor in a water tunnel. The water flow was generated and 
controlled by a pump. A continuous circulating flow was 
introduced into a square acrylic tunnel (Fig. 5). This setup 
was advantageous for low flow rate as relatively laminar 
flow was observed with flow velocity under 200 mm/s. The 
sensor was fixed to the bottom of the tunnel with adhe-
sive tapes. To monitor the applied flow rate in the water 
tunnel, particle image velocimetry (PIV, particle image 
velocimetry) method was used. This method detects the 
velocity vectors with high accuracy and has high tempo-
ral resolution in fractions of a second [38]. Additionally, 
PIV allows measuring the flow field without interfering 
the flow, enabling us to find the precise flow rate that is 
applied to our flow sensor.

2.6 � Angular Test

The angular resolution of the flow sensor was tested in air 
with a manual rotation base. In the angular testing experi-
ment, we recorded the output voltage of the four pressure 
sensors while rotating the sensor from 0° to 360° at the 
increasement of 3°. Data acquisition system (MonoDAQ-
U-X) was implemented to record signals of four sensors 
simultaneously. Low pass filter and normalization was 
applied in this test for the convenience of comparison.

3 � Experimental Results and Discussion

In the interest of characterizing the flow sensor, three princi-
pal experiments were conducted. The first experiment inves-
tigated the sensitivity of the sensor’s output. In the second 
experiment, the performance of the flow sensor underwater 
was tested for different flow velocities. Finally, in the third 
experiment, the angular resolution was examined.

3.1 � Sensor Calibration

The calibration result was plotted in Fig. 4b. The load cell 
exerted a force ranging from 0 to 0.54 N on the pressure 
sensor and induced a corresponding output voltage rang-
ing from 0 to 78 mV. A linear fit model was proposed for 
the graph with an R-square value of 98%. In this paper, we 
considered the R-squared larger than 90% indicated a good 
linear regression to the data. The slope of the fit line, which 
is the force sensitivity was measured to be 131.6 mV/N.

3.2 � Water Tunnel Experiment

In this experiment, signal of a single pressure sensor was 
processed to detect the flow rate. Figure 6 showed response 
of the flow sensor to different conditions of flow rate. First, 
the relation between the sensor 3 output voltage and the 
flow rate was quadratic, which is in agreement with the 
general Eq. (5). Additionally, we observed that when the 
flow rate is less than 231 mm/s, the response of the flow 
sensor was quite linear. Therefore, a linear fit model was 

Fig. 5   The setup to measure the sensitivity of the flow sensor in the 
water tunnel. In this setup, water flows from left to right, in parallel 
with sensor 1 and 3

Fig. 6   The exponential response in single mode (sensor 3) and differ-
ential mode (sensor 3–sensor 1) to the water flow rate. The model of 
the differential mode was calculated based empirical model in Eq. (6)
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applied to the output voltage at the flow rate ranging from 
0 to 231 mm/s with the R-square of 90.5%. Therefore, 
the linear sensitivity of sensor 3 in the low flow rate was 
calculated to be 9.24 mV/m/s.

The noise and uncertainty of the flow sensor was inves-
tigated in order to determine the resolution of the sen-
sor. Sources of noise were various, including the sensor’s 
intrinsic noise, electronic noise in the data acquisition 
devices and environment, and the turbulence of the water 
or air flow. In order to measure the intrinsic noise of this 
sensor, we recorded the sensor’s output voltage as it was 
excited by 5 V DC without the input flow stimulus. The 
average peak to peak voltage of this measurement was 
determined to be the intrinsic noise of the flow sensor, 
which was measured to be 0.084 mV maximum. This noise 
level was related to the minimum resolution of the flow 
sensor. The linear resolution in this case can be calculated 
by taking the ratio between the noise voltage and sensitiv-
ity, which was 6.93 mm/s in sensor 3.

By observation, it was noticed that the flow in the water 
tunnel was steady and laminar when the flow rate was less 
than 200 mm/s. At the onset of 200 mm/s and beyond, 
turbulence flow can be observed in the water tunnel. The 
strong turbulence at high flow rate explained the noise that 
was recorded as seen in Fig. 7. Additionally, it is noticed 
that during the experiment at the instant of changing water 
flow rate, there was a short period of 2–5 s that the flow 
had strong fluctuation, which was also reflected in Fig. 7.

It was observed that the two opposite sensors (for 
example, sensor 1 and 3) produced reverse output voltage 
(Fig. 7a). An explanation for this relation would be the 
effect of the Ecoflex™ coating. As the Ecoflex™ covered 
the pillar legs and pressure sensor membrane, when pillar 
leg pressed on the sensor 3, it also pulled the membrane of 
sensor 1 upward, resulting in a reverse response in sensor 
1. In term of the amplitude, sensor 3 produced the output 
voltage larger than that of sensor 1 fivefold. Therefore, 
it is better to detect the flow rate by using the difference 
between the voltage of sensor 3 and sensor 1. Figure 7b 
showed the differential voltage of sensor 3 and sensor 1 
versus the flow rate. Again, the linear fit was implemented 
for the flow rate less than 231 mm/s to find the linear flow 
rate sensitivity with the R-squared of 92.2%. In this case, 
the calculated sensitivity was 20.3 V/mm/s, which is also 
twice the low flow rate sensitivity of sensor 3 solely. The 
resolution of the differential mode was calculated to be 
4.93 mm/s. Notice that the calculated linear sensitivity was 
valid for the low flow rate only. Furthermore, doubling the 
sensitivity also doubles the resolution. Therefore, the dif-
ferential voltage of the two opposite sensors was preferable 
to detect the flow rate more accurately.

An exponential equation was proposed for the differential 
voltage of sensor 3 and sensor 1 to associate input flow rate 
and output voltage in Fig. 6:

where Vout is output voltage of the sensor measured in mV 
and u is flow rate in the water tunnel measured in mm/s. The 
exponential empirical model obtained an R-squared of 99% 
to measured data.

(6)Vout = −0.116(1 − e−0.012u)

Fig. 7   The temporal response of the flow sensor in the water tunnel. 
a Comparison between the two opposite sensors 1 and 3. b The dif-
ferential voltage of sensor 3 and sensor 1. The right-y axis in both 
graphs indicates the input flow rate as controlled by the pump in the 
water tunnel
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3.3 � Directional Detection Experiment

When rotating the flow sensor for 360°, each part of the 
pressure sensors produced a sinusoidal signal proportional 
to the rotation angle. Output voltage of each pressure sensor 
was normalized. The plot of the normalized output of four 
pressure sensors showed a good fit to four sinusoidal waves 
(Fig. 10). We calculated the angular resolution based on the 
uncertainty of the output voltage. The tool to calculate the 
angular resolution was adapted from the method proposed 
by Chen, et al. [16]. In this experiment, the angular position 
of the pressure sensor referred to the angle between the posi-
tion of the pillar structure and the sensing axis of that pres-
sure sensor (Fig. 8). Theoretically, the output voltages at two 
different angular positions �

1
 and �

1
+ Δ� should be larger 

or equal to the noise voltage in order to be distinguishable. 
The different angle Δ� is then considered to be the angular 
resolution of the sensor:

where V
0
 is the maximum output voltage of the sensor 

and ΔV  is the noise voltage, which was 0.07 mV, 0.1 mV, 
0.08 mV and 0.11 mV in sensor 1, senor 2, sensor 3 and 
sensor 4 correspondingly. Based on Eq. (7), the angular reso-
lution Δ� depends on the angular position �

1
 . Figure 9 illus-

trated the degrading of the angular sensitivity as the angular 
position changing from 0° to 90°. In Fig. 9, the maximum 
angular resolution obtained was 0.33° and the minimum was 
9.24°. In another words, the angular sensitivity is high when 
the flow direction is perpendicular to the sensing axis (or 

(7)ΔV = V
0
(cos

(

�
1
+ Δ�

)

− cos�
1
)

Fig. 8   Setup of the experiment to measure angular resolution

Fig. 9   The angular sensitivity of the as a function of the angular posi-
tion. The angular position referred to the sensing axis and off axis of 
each pressure sensor

Fig. 10   The normalized output of four pressure sensor in the air. The 
rotation range was 360° with 3° increasement
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parallel to the off axis) and less when the flow direction is 
parallel to the sensing axis (Fig. 2b). For example, in Fig. 10, 
sensor 3 signal appeared to have high angular resolution at 
the angular position of 90° and 270° while less sensitive at 
the angular position of 0° and 180°.

Additionally, when integrating the four pressure sensors 
for angular detection, the pressure sensors’ outputs compen-
sate each other so that the high angular resolution zone of a 
sensor can cover the other less sensitive zone. Normalizing 
pressure sensor output was necessary for the convenience 
of comparing its output. Figure 10 showed the correlation 
between four pressure sensor output.

3.4 � Discussion and Comparison with Other Flow 
Sensor Designs

The measured specification of the sensor discussed in this 
work was compared to a variety of other documented flow 
sensors in Table 1. Piezoresistive sensors are preferable 
for flow sensing over piezoelectric sensors because their 
resistance changes in direct response to material deforma-
tion and not the rate of deformation. As a consequence, 
piezoresistive sensors yield stable outputs even for static 
stimuli, which is an advantage of piezoresistive sensors 
over piezoelectric ones. Among previous designs [39, 40], 
the cantilever (or hair cell) was constructed of piezore-
sistive materials and exposed to the flow directly. These 
piezoresistive flow sensors could detect flows of under 

20 mm/s, which was suitable for both object detection 
or location purposes. Thermal transfer flow sensor was 
less prone to breakage but its low response time (a few 
seconds) limited their application [31]. The optical flow 
sensor appeared to have high resolution and sensitivity. 
However, the complex optical setup makes it unsuitable 
for AUV application.

In terms of physical dimension, the sensor developed in 
this work is larger than other piezoresistive-base flow sen-
sors (Table 1). As the goal of this work was to sense low 
steady DC flow of 5 mm/s, the sensor’s size was increased 
for the sake of resolution and sensitivity, according to 
Eq. (5). Considering the application of this work, AUVs 
commonly have maximum dimension ranging from tens to 
hundreds of centimeters [39, 41]. The size of the flow sensor 
developed in this work was acceptable for the application of 
the AUV’s steady flow sensor.

The fabrication of the cilia, cover, cupula mold was done 
using 3D printing technology. The application of 3D printing 
allows us to rapidly fabricate the prototype from a design 
in a few hours. In comparison, MEMS sensors require the 
fabrication to take several weeks minimum, and it is hard 
to have any modification in the design once fabricated. We 
chose to use 3D printed parts, because it was easy to make 
design changes or fix a failed fabrication batch, which was 
advantageous for making of prototypes [40]. Also, 3D print-
ing can be cost effective for small volumes, whereas MEMS 
sensors are cost effective in large volumes.

Table 1   A comparison between this work and other state-of-the-art work on flow sensors

Ref. Operation principle Size Performance Span Angular 
resolution

Remarks

[39] Piezoresistive Cantilever: 
1.5 × 0.1 × 0.6 mm

Sensitivity: 0.07 mV/mm/s N/A N/A Object detecting
Sensing DC flow rate

[40] Piezoresistive Cantilever: 
1.5 × 0.1 × 0.6 mm

90 mm/s error for 
500 mm/s in air

N/A N/A Linear response
Sensing DC flow rate

[44] Piezoresistive Cupula: 2.7 × 1 mm Resolution: 18 mm/s
Sensitivity: 77 mV/m/s in 

water

0–500 m/s N/A Cupula structure increase 
sensitivity 3.5 times

Sensing DC flow rate
[45] Strain gauge base Cilia: 1.5 × 4 mm

Cantilever: 
4.5 × 1.5 × 1.5 mm

Resolution: 58 mm/s
Sensitivity: 30 mV/m/s

58–90 mm/s N/A Sensing AC flow rate

[33] Piezoelectric 2.7 × 3.5 mm Sensitivity: 22 mV/mm/s 8.2 µm/s N/A Biomimetic CN sensor
Sensing AC flow rate

[16] Piezoresistive 700 µm tall hair cell Resolution: 0.7 mm/s N/A 2.16° Study of the biological 
world

Sensing AC flow rate
[13] Optical Pillar length: 64.8 mm

Sphere radius: 4 mm
Max. resolution 5 µm/s N/A 1.8° Resolution depends on 

stimulation frequency
Sensing AC flow rate

[31] Thermal 3 × 3 mm chip Resolution: 500 mm/s 0–10 m/s 5° High power consumption
Sensing DC flow rate

This work Piezoresistive Pillar: 3 mm × 20.6 mm
Cupula: 30 mm × 30 mm

Resolution: 4.93 mm/s
Sensitivity: 20.3 mV/m/s

0–500 m/s 9.24° Nonlinear
Sensing DC flow rate
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A disadvantage of our design is the sensor’s fragility. As 
long as the flow sensor is exposed to the environment, it is 
at risk of being damaged by high reverse flow, turbulence, 
or collision during maneuvering. The flow sensor discussed 
in this work was filled and covered with a soft silicone mate-
rial called Ecoflex™. The purpose was to increase robust-
ness and provide waterproofing for the pressure sensor dies 
inside. In addition, the flexibility of the cured Ecoflex™ 
enhances the spring effect, which moves the pillar back to 
its original position when not exposed to flow forces. One 
of the concerns raised in this investigation was that sensors 
filled with Ecoflex™ would have reduced sensitivity. As 
Ecoflex™ exhibits high nonlinearity [42], it is challenging 
to include Ecoflex™ into theoretical model. However, as far 
as we understand, Ecoflex™ acted as a spring that connects 
between the pillar and pressure sensor. Depending on the 
targeted detection flow rate, the amount of Ecoflex™ can 
be tailored to provide enough sensitivity while still provide 
enough protection to the pressure sensors.

The flow sensor was designed to support AUVs by means 
of providing necessary flow information for maneuvering. 
Along with IMU and GPS, the flow sensor increased the 
operation range of AUVs in harsh marine zones [43]. In 
addition, as an extension application of this sensor, the flow 
sensor can be used to monitor flow rate in different environ-
ments, such as water treatment plants and sewage systems. 
It is important to carefully monitor the flow rate in water 
treatment facilities to ensure a proper purification process as 
well as high-quality water produced. The potential contribu-
tion of the presented flow sensor in environmental researches 
remains promising though further works are necessary to 
realize its applications.

4 � Conclusion

In this work, a biomimetic flow sensor was developed that 
was capable of detecting flow rate and direction simulta-
neously for AUV applications. The design was inspired by 
the fish neuromast structure. The pillar was designed to be 
robust and 3D printed with high precision. Pressure sensors 
were utilized for the sensing element, which allowed high 
accuracy and sensitivity. The sensor was shown to detect 
the minimum flow rate of 4.93 mm/s. The angular resolu-
tion was 9.24°. The flow sensor is expected to support the 
maneuvering of AUVs in harsh conditions.
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