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I. ABSTRACT

This report covers all the steps required for conducting a flow sensor simulation study. First,
a problem context explains the inspiration for the sensor working principle, attempts by other
researchers at creating similar sensors, and the sensor design at hand. Four sensor designs, one
cylindrical and three ellipsoids with different ratios between the minor and major axes, are made
into 3D models using COMSOL software by closely following the supervisor’s requirements for
the sensor geometry. Next, an FSI simulation is set up with the sensor, made out of PDMS,
positioned inside a tube of flowing water. Two tests, investigating various flow velocities and
angles, are configured. A mesh optimization study revealed that coarser mesh density settings
offered the best trade-off between the accuracy and speed of the simulation. The simulations
are computed using a segregated approach. Data about tip displacement, stress, and inner tube
elongation were extracted from the simulations and presented in the form of plots and images
using COMSOL tools and some additional derivations. Finally, all the obtained results were
discussed in light of the performance criteria defined in the problem context. The key findings
of the research are as follows. Thinner sensors reach higher tip displacement but saturate earlier,
hence more suitable for slower flow velocities. A larger difference between width and thickness
leads to a higher degree of directionality in sensor behavior and also increases the stress and
inner tube deformation. An ellipsoid 1:3 is proposed as the best among tested shapes. It exhibited
the highest tip displacement, stress, and inner tube deformation, all of which are desirable as
they increase the likelihood of the real-world sensor producing measurable output.
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II. ABBREVIATIONS

• Lateral Line System - LLC
• Superficial Neuromast - SN
• Canal Neuromast - CN
• Polydimethylsiloxane - PDMS



III. INTRODUCTION

Throughout history, engineers have been
captivated by the endless ingenuity of nature
when it comes to developing sensing mecha-
nisms. From the intricate compound eyes of
insects to the finely tuned sonar systems of
dolphins, the natural world has consistently
inspired engineers to look for better sensor
designs. By studying and emulating the ele-
gant solutions found in nature, engineers have
successfully developed a wide range of sensors
with never-before-imagined accuracy and size.

One such inspiration is a lateral line sys-
tem(LLS) found in most aquatic vertebrates.
This organ consists of tiny sensing units called
neuromasts. While being no larger than seven
millimeters, with some being as small as ten
micrometers (Montgomery, Windsor, and Bas-
sett 2009), neuromasts can detect water accel-
eration as small as 0.1 mm/s2 (Netten 2005).
Besides being highly sensitive and compact,
neuromasts are also multi-functional. Their
functionality consists of detecting fluid veloc-
ity around the fish body, sensing disturbances
in the water, and filtering out background
noises (M. J. McHenry, Strother, and Netten
2008). All of the aforementioned advantages
are highly desirable when creating artificial
sensors.

Although such a sensor can be used wherever
fluid movement detection is required, some of
the most promising use cases include swarm
robots sensing mechanism (Bernoulli Institute
for Mathematics and Intelligence 2021) and
sensing critical flows associated with intra-
venous infusions (Kottapalli, Shen, et al. 2017).
As shown by review papers written by Wang

et al. (2021) and Bora et al. (2018), there have
been many attempts at creating the neuromast-
inspired sensor with ever-increasing success.
Nevertheless, there is still a long way before
engineers can reach the high sensing mecha-
nisms standards set by nature.

Modern technologies allow engineers to test
many designs without ever producing the sen-
sor by creating numerical models and conduct-
ing simulations. This project explores four sen-
sor shapes, which are inspired by the superficial
neuromasts found in nature. The sensor perfor-
mance is accessed by creating 3D models and
conducting fluid-structure interaction(FSI) sim-
ulations. The results are analyzed to determine
areas of stress concentration and sensor body
deformation under various fluid flow velocities
and angles. All the findings will aid future
researchers determine the best shape for an
artificial neuromast-inspired sensor.

IV. PROBLEM CONTEXT AND SYSTEM

DESCRIPTION

A. Lateral Line system

The LLS is a primitive sensory system found
in aquatic vertebrates, including fish and am-
phibians. It allows these organisms to detect
and perceive mechanical disturbances in the
water, serving as a vital "touch at a dis-
tance" sense. The system consists of specialized
mechanosensory organs known as neuromasts,
which play a crucial role in various behav-
iors such as spatial orientation, prey detection,
predator avoidance, and perception of static
obstacles (Netten 2005).

The LLS comprises two main types of neu-
romasts: superficial neuromast (SN) and canal
neuromasts (CN). Superficial neuromasts are
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located on the surface of the animal’s skin,
protruding into the surrounding water, while
canal neuromasts are positioned below the skin
surface within fluid-filled canals. Both types of
neuromasts consist of sensory hair cells and
a gelatinous cupula that covers them (Wind-
sor and M. McHenry 2009). The schematic
overview of neuromast components can be
found in figure 1.

SN and CN serve distinct functions and
possess unique structural features. SN has an
elongated cupula and functions as cantilevered
beams with flexible tips. When SN undergoes
deformation due to the water flow, the bending
of the cupula transfers mechanical information
to the underlying mechanosensory hair cells.
A system model of the SN working principle
can be found in figure 2. SN is involved in
detecting local near-field water motion, such
as those produced by prey or predators, and
plays a role in behaviors like obstacle detection
and mating. In contrast, CN is recessed within
canals beneath the scales and possesses a hemi-
spherical cupula. The cupula behaves as a rigid
body that slides along the epithelium when
pushed by water flow. CN primarily detects
changes in water pressure and is sensitive to
the different frequencies when compared to
SN (M. J. McHenry and Netten 2007) (Mont-
gomery, Windsor, and Bassett 2009).

B. Neuromast inspired sensors

Wang et al. (2021) and Bora et al. (2018)
in their papers performed a comprehensive
overview of existing bio-inspired sensors.
There have been proposed several different sen-
sor designs and most of them use piezoresistive
material as a sensing mechanism. The general

Fig. 1: Schematic overview of the CN and SN,
not to scale. Both neuromasts contain a cupular
matrix that covers kinocilium attached to hair
cells. Picture adapted form M. J. McHenry,
Strother, and Netten (2008)

Fig. 2: The system model of the SN. When the
neuromast gets displaced by the water flow, it
causes the kinocilium inside to move, which
stimulates the hair cells and sends signals to the
nervous system. The displacement is affected
by cupula properties like shape, size, orienta-
tion, and material (Windsor and M. McHenry
2009).

working principle of these sensors can be sum-
marized as follows: When the water pressure is
applied, the sensor body gets deformed, which
causes a proportional change in resistance that
can be measured. This project is focused on
sensors developed by the advanced produc-
tion engineering research group. The simplified
sensor schematics can be found in figure 3.
The sensor design consists of a cupula made
of Polydimethylsiloxane (PDMS). Inside the
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cupula, there is a vertical tube. The tube is
filled with a liquid and left to dry. After all the
liquid evaporates, a thin layer of piezoresistive
material remains on the tube wall. When the
cupula experience deformation, the stress in-
side the tube will change the conductivity of
the piezoresistive material. The piezoresistive
material is deposited as a thin layer on the
inside of an empty tube and does not have a
significant effect on the structural properties of
the overall sensor, so the tube can be modeled
as if it is empty.

Fig. 3: The simplified sensor schematics consist
of a sensor cupula and an empty tube. Different
sensor cupula shapes will be considered during
the research.

C. Tools

The primary tool of this project is a sim-
ulation. It plays a crucial role in the design

and construction of a sensor because it allows
engineers to predict and evaluate the sensor’s
performance and behavior in various scenarios
without the need for physical prototypes or
costly experimentation. The neuromast detects
fluid movement by deforming, thus requir-
ing the use of FSI simulation. FSI simula-
tion is a computational technique that exam-
ines the dynamic relationship between fluid
flow and flexible solid structures, allowing for
an understanding of how they influence each
other’s behavior. During the planning stage of
this research, two main simulation software
were considered: ANSYS and COMSOL. Both
software supports FSI simulation and all the
physics required for it. The ANSYS software
is frequently used when studying the dynamics
of cardiovascular systems (Saeedi, Shamloo,
and Mohammadi 2019)(Shamloo, Nejad, and
Saeedi 2017). With the approval of the first
supervisor the COMSOL software was chosen
due to two main reasons. First, it is available
in the IT service provided by the University of
Groningen. Second, it was used in the earlier
projects conducted by the APE research group.

D. Sensor performance criteria

An important question to ask is how can
a sensor’s performance be measured? In other
words, what are the criteria for deciding how
the sensor’s body shape performs when com-
pared to the other sensors? Other studies about
artificial sensors are looking at what minimum
and maximum deformation can be registered by
measuring the sensor output voltage (Wissman
et al. 2019) (McConney et al. 2009) (Kottapalli,
Bora, et al. 2016) (Peleshanko et al. 2007),
which is heavily dependent on the sensing
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mechanism and sensor production. Since the
physical prototype is out of the scope of this
project, another approach is required.

As mentioned earlier, the sensing mechanism
is based on a piezoresistive material, which
means that a higher strain will result in higher
output from the sensor. The simplest way to de-
termine which sensor experiences higher strain
is by measuring the tip displacement. A greater
tip displacement indicates higher sensor defor-
mation and a better chance of being measurable
in real-world tests. However, the change in
tip displacement is also important, because if
the sensor has the same tip displacement for
different fluid velocities, it is likely that the
output of the sensor will also be the same,
rendering the sensor useless. A desirable sensor
would have a linear relationship between input
and output with a high rate of change.

Another parameter that can be measured is
the elongation of the inner tube. The strain ex-
perienced by the piezoresistive material should
be the same as the strain of the inner tube, so a
higher absolute value of inner tube elongation
is desirable.

Lastly, strain is directly linked to the stress
experienced by the object. Higher stress inside
the sensor body is beneficial, as it will yield
a higher output compared to a sensor with
minimal internal stress.

E. Research objective and questions

The research objective of this project is to
find the correlation between sensor body shape
and performance by creating the FSI simulation
in COMSOL and conducting two main tests:
The effect of water flow velocity on tip dis-
placement, stress inside the sensor body, and

inner tube elongation; The effect of water flow
angle on tip displacement, stress inside the
sensor body, and inner tube elongation. The
test results should aid the development of the
sensor by suggesting the sensor’s body shape
for sensing small-scale fluid flows.

The main research question is:

1) How does the shape of the sensor body af-
fect the sensor performance under various
fluid flow conditions?

The research sub-questions are:

1) What is the right procedure for creating a
sensor 3D model?

2) What are the simulation settings for the
required tests?

3) What is the structural behavior of the
sensor under various flow conditions?

The last sub-question can be further split into
the following questions that directly link to the
tests performed during the research

a) What is the cupula tip displacement
under different flow velocities?

b) What is the stress in the sensor body
under different flow velocities?

c) What is the inner tube elongation under
different flow velocities?

d) What is the cupula tip displacement
under different flow directions?

e) What is the stress in the sensor body
under different flow directions?

f) What is the inner tube elongation under
different flow directions?

The first two research sub-questions are an-
swered in the section V. The last research
sub-question is answered in the section VI.
The central research question of this project is
answered in the section VII
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V. SIMULATION SETUP

A. 3D model

The following section describes in detail the
modeling process of the sensor 3D model. All
the model requirements such as shape and size
were provided by the supervisor. There are 4
main cupula shapes investigated in this project:
one cylindrical and three ellipsoid shapes with
1:1, 1:2, and 1:3 ratios between their major
and minor axes. All the modeling is done using
the COMSOL software. The building steps of
each sensor feature are organized into separate
groups to improve the simulation readability
and make it modification-friendly.

The first feature is the sensor body. An
ellipsoid is created and the bottom half of
it is removed. The 1:1 ellipsoid has a width
and a thickness of 0.03[mm]. The 1:2 ellipsoid
has a width of 0.03[mm] and a thickness of
0.015[mm]. The 1:3 ellipsoid has a width of
0.045[mm] and a thickness of 0.015[mm]. Next,
a cuboid base with a height of 0.025[mm] and a
side of 0.2[mm] is created below the ellipsoid.
To create a cylindrical shape, an additional
feature is added where a cylinder of height
0.245[mm] and a diameter of 0.03[mm] is cre-
ated. This feature is suppressed if the ellipsoid
is required, otherwise, both the ellipsoid and
cylinder are created and merged into one shape.
Since an ellipsoid will be always contained
within a cylinder of the same thickness and
width, only the cylinder remains. The model is
configured in such a way as to avoid creating
separate files for cylindrical and ellipsoid sen-
sors. Suppressing the creation of an ellipsoid
for the cylindrical sensor is also not an option,
because then the program will treat those ob-

jects as different geometries and future merging
and subtracting operations would have to be
configured manually each time the sensor is
changed from cylindrical to ellipsoid or vice
versa. Next, a semi-sphere is placed on top of
the cylinder with the same diameter. The final
sensor cupula height is 0.275[mm].

The second feature is the inner tube.
The tube remains the same for each sensor
shape. First, two vertical cylinders are created
0.02[mm] away from each other with a height
of 0.175[mm] and a diameter of 0.0150[mm].
The tube has the same diameter throughout
its shape. A half-torus is created above the
cylinders with a major radius of 0.01[mm] and
a minor radius of 0.0075[mm]. The torus is
merged with the two cylinders. Next, two hor-
izontal cylinders are created on each side start-
ing a the base edge and ending just below each
vertical cylinder. The cylinders are connected to
the rest of the geometry using a quarter torus
with the same major and minor radii. Finally,
the obtained geometry is subtracted from the
sensor body to create an inner tube. Figure 4
contains images of the geometry building tree
and building steps for an ellipsoid 1:2 sensor

Figure 5 contains the picture of the finished
sensor models. Each sensor cupula has a ver-
sion with additional canals and one without
additional canals. The original sensor design,
without the additional canals, encountered diffi-
culties during the manufacturing process. After
the sensor body is 3D printed, the inner tube
is filled with piezoresistive liquid without any
air pockets to make a continuous layer of
piezoresistive material. Initially, one side of
the tube was used as an inlet and the other
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Fig. 4: This figure contains 1:2 ellipsoid sensor. The left image shows the geometry building
tree. The operations are arranged into 3 main groups: "Cupula shape", "Inner tube", and "Holes
cut". The cylindrical shape group is suppressed unless a cylindrical sensor model is built. On the
right, there are 4 pictures depicting the building steps of a sensor 3D model

as an outlet. In this configuration, the liquid
became stuck at the top of the sensor, where
the tube makes a sharp turn. Additional canals
help mitigate this issue by creating a new outlet
at the points where the liquid used to be stuck.
Canals have a radius of 0.00375[mm], half of
the inner tube radius. One is positioned at the
top of the inner tube, where the air pocket could
form, and two at the side to help the flow of
the liquid.

The last thing to mention about the sensor
model is its orientation inside the software. In
figure 4 the x, y, and z-axis orientation can be
found in the bottom left corner of each 3D
model picture. Inside the simulation the flow
at an angle 0 [deg] will point in the direction
of the z-axis. Later in this report, the different
directions will be simply called x-, y-, and z-
direction.

Fig. 5: The figure shows finished 3D models
of all sensors. Models in the upper row have
additional canals cut out. From left to right the
sensors are: cylindrical, ellipsoid 1:3, 1:2, and
1:1.

B. Variables

There are several variables added to the
simulation file. First, the sensor body height,
width, and thickness are defined. In the pre-
vious section, all the dimensions were given
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explicitly, but in the simulation file all the
parameters that are dependent on the sensor
dimensions, such as geometry size and posi-
tion, are defined through the aforementioned
variables to make the simulation modification-
friendly. Other important variables are inlet
fluid velocity u_in[m/s] and flow orientation
O[deg]. Those variables are used during the
simulation to iterate through several flow ve-
locities and orientations.

C. Simulation settings

The simulation setup begins by choosing all
the required physics modules. For this simu-
lation, solid mechanics and fluid-structure in-
teraction physics are required. The software
automatically adds the laminar flow module.
Next, the 3D model, described in the previous
section, is built using the COMSOL geometry
tools. Additionally, the sensor is positioned
inside a 4[mm] in height and 1[mm] in ra-
dius cylinder, which is used to define water
flow boundaries. The cylinder is also rotated
around the y-axis by an angle of O to set
the flow orientation. Materials are assigned to
each geometry entity. The sensor body is made
out of PDMS, which is one of the built-in
materials. It is located under the material tab
in the MEMS/Polymers folder. The cylinder
material is assigned to water and is added
to deforming domain node under the moving
mesh folder. The sensor geometry is assigned
to solid mechanics physics. The cylinder is
assigned to laminar flow physics. The surface
boundaries of the cupula deform based on both
flow around it and the mechanical deformation
of the cupula body and are added under the
fluid-structure interaction node.

After all the geometry is assigned to the cor-
rect physics, the system constraints are added.
One of the bases of the cylinder is defined as
an inlet with fully developed flow and fluid
average velocity set to u_in. The other base
is defined as an outlet. The lateral surface of
the cylinder is defined as a wall. The bottom
face of a cuboid sensor base is fixed in space
to prevent the sensor from flowing out of the
tube.

D. Test setup

Two stationary studies are used for conduct-
ing tests. One is for a change in flow velocity
u_in and another for a change in flow orienta-
tion O. Initially, the parametric sweep was used
to iterate through all u_in and O values. In the
first round of simulations velocities from 0.1 to
1[m/s], with the step of 0.1, and 7 angles from
0 to 90[deg], with the step of 15, were tested.
Due to the presence of planes of symmetry in
the sensor bodies in the xy and zy planes, the
angle study data, covering angles from 0 to
90 degrees, can be extrapolated to encompass
a full rotation. The angle is fixed to 0[deg]
during the velocity study and the velocity is
set to 1[m/s] during the angle study. The first
issue occurred at the angle of 60 deg when the
simulation for the ellipsoid 1:2 sensor failed to
compute. The reason for this is still unclear and
the angle was changed to 61 for all other shapes
and subsequent studies. Another issue occurred
at an angle of 90 deg. Ellipsoids 1:2 and 1:3
resist bending in the x-direction more than in
the z-direction due to their geometry. When
the flow is exactly at 90 deg, there exist two
possible solutions where the sensor is inclined
more to the left or the right. This effect can
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be clearly seen in the appendix XII-H, where
the ellipsoid 1:3 sensor does not bend in the
direction of the flow when the flow is at 89
[deg]. To avoid this uncertainty, the angle was
changed to 89 deg for subsequent simulations.
In the second round of simulations, it was de-
cided to simulate higher flow velocities values
to investigate when the sensor tip displacement
saturates. Also, a smaller angle step was chosen
to get a better plot resolution. Velocities from
0.1 to 1.7[m/s], with the step of 0.1, and angles
of 10, 20, 30, 40, 50, 61, 70, 80, and 89 [deg]
were tested. The angle study was a success,
while flow velocities higher than 1 [m/s] caused
a failure in the simulation. COMSOL did not
specify the failure reasons. The first proposed
solution was to increase the mesh density.
While this partially solved the problem, higher
flow velocity values still failed to compute and
the computational time became prohibitively
large. After studying official COMSOL guides
(COMSOL 2023a), a solution was found. The
parametric sweep was changed to an auxiliary
sweep. The prime differences between the two
are that the parametric sweep can handle the
geometry change between simulation runs but
will start the simulation from the initial ge-
ometry position for each change in a variable
while the auxiliary sweep only works when
geometry remains the same but can use the
previous solution as a starting point in a new
simulation. This results in a faster simulation
and successful computation for higher fluid
velocities.

The reason for the simulations to be run
only up to a fluid velocity of 1.7 [m/s] is that
the simulation becomes less stable as velocity

increase, with some sensor models failing to
compute for higher velocities. Figure 6 show
a convergence plot for a cylindrical sensor
velocity study from the final simulation run. As
the velocity increases, the stability of the model
convergence gradually diminishes. Due to the
time constraints of this project the velocity of
1.7 [m/s] turned out to be the maximum value
for which all models were successfully tested.

Fig. 6: A convergence plot for a cylindrical
sensor velocity study. Each set of lines rep-
resents an increase in velocity by 0.1 [m/s].
After the solution error becomes small enough,
the simulation begins a new run with updated
fluid velocity, using the previous solution as a
starting point. The final set of lines shows the
convergence plot for the velocity of 1.7 [m/s]

E. Mesh optimization

COMSOL uses finite element analysis for
the simulations (COMSOL 2017) and requires
a geometry mesh for simulated models. Several
mesh densities were tested to find a balance be-
tween simulation speed and accuracy. A denser
mesh offers a more accurate representation of
sensor geometry, resulting in a simulation that
is a better approximation of real-world sensor
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behavior. However, increase in accuracy comes
at the cost of longer computation times. Five
mesh densities were tested ranging from nor-
mal to extremely coarse. Figure 7 shows the tip
displacement of an ellipsoid 1:2 sensor for all
mesh densities. As can be seen, all the meshes
lead to the same displacement curve with an
extremely coarse mesh having the highest de-
viation. The coarser mesh was chosen for all
the simulations because it is close enough to
the normal density mesh while taking only a
third of the time to compute.

Fig. 7: Tip displacement of an ellipsoid 1:2
sensor for five mesh densities: normal, coarse,
coarser, extra coarse, and extremely coarse.

F. Segregated versus Fully coupled approach

FSI simulation requires the use of multiple
physics modules. As a result, the researcher
is faced with the choice of conducting either
a segregated or fully coupled simulation. A
fully coupled approach forms a single system
of equations that incorporates all the physics
involved and solves it. A segregated approach
creates a separate system of equations for each
physics and another system of equations specif-

ically for areas that are directly affected by
multiple physics. In the case of the sensor
model the sensor body is affected by solid
mechanics, the cylinder water pipe is affected
by laminar flow physics and only the outer
shell of the sensor body is directly affected
by both. As stated by the official COMSOL
guide (COMSOL 2023b), the fully coupled
approach is often more robust and converges
using fewer iterations, but has a larger memory
requirement and takes a longer time. Figure
8 shows tip displacement versus fluid velocity
test results for the ellipsoid 1:2 sensor using
both approaches. As can be seen, there is no
measurable difference between the two tech-
niques. A segregated approach is used for all
other tests because it requires less time and
computer memory.

Fig. 8: Tip displacement of an ellipsoid 1:2
sensor using segregated and fully coupled ap-
proaches.

VI. RESULTS

After the simulation is conducted the results
are stored as a solution file inside COMSOL.
There are 4 main parameters of interest: tip
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displacement, stress at the base, stress inside
the inner tube, and the inner tube elongation.

A. Tip displacement

A 1D plot group with a point graph is
created to display the tip displacement. Figure
9 contains the tip displacement of different
cupula shapes under various fluid flow veloci-
ties, where the x-axis shows inlet flow velocity
u_in[m/s] and the y-axis show tip displacement
in the direction of the flow. Initially, only study
up to 1 m/s inlet flow velocity were conducted.
As evident from the graph, at this velocity the
displacement of cylindrical and 1:1 ellipsoid
sensors is not saturated, so higher velocities
were also tested in the final studies. Figure
10 contains the tip displacement in the z-
direction against various fluid flow angles. The
sinusoidal function with a period of 360 [deg]
is added to each plot to be used as a reference
in the discussion section.

Fig. 9: Tip displacement of four cupula shapes
in the z-direction for velocities from 0 to 1.7
[m/s]

Fig. 10: Tip displacement of four cupula shapes
in the z-axis direction for angles from -180 to
+180 [deg]. The flow velocity is set to 1 [m/s]
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Fig. 11: Stress plot of the cupula and inner tube for flow velocities of 0.0, 0.6, 1.0, and 1.7 [m/s].

Fig. 12: Stress plot of the cupula and inner tube for flow angles of 0, 30, 61, and 89 [deg].

B. Stress

A 3D plot group is created to display the
stress experienced by the sensor during defor-
mation. A volume plot is used for displaying
the stress at the base. Figures 12 and 11 show
the plots for the ellipsoid 1:2 sensor. Plots for
the other shapes can be found in the appendix.
The plot colors the model based on the stress it
experiences at a particular point. All the plots
have the color range fixed from −200 to +200

[KPa] to make it easier to compare stress plots
of different sensor shapes. The maximum and
minimum stress experienced by the sensor can
be found above or below the color legend. The
stress used for the plots is the pressure, instead
of commonly used von Mises or Tresca stresses
because it is important to see whether the part
experience stress or strain at a particular point.
Another 3D plot group with the surface plot is
created to display stress on the surface of the
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inner tube. Only the surface of the inner tube
is added to the plot, while other parts of the
sensor are hidden. Figure 12 shows the same
two plots for the change in flow angle.

C. Inner tube deformation

Fig. 13: Sensor inner tube. Four outer lines are
highlighted

Fig. 14: Inner tube length percentage change
for flow velocities from 0 to 1.7 [m/s]

The inner tube central line deformation is
an important parameter because it directly in-
fluences the real-world sensor output. Unfor-
tunately, this information cannot be extracted

from COMSOL because the inner tube is mod-
eled as an empty canal inside the sensor. As
can be seen from figure 13, there are four
lines running along the outer shell of an inner
tube. One of the ways to measure the length
of each line inside COMSOL is to integrate
the number 1 along the line length. Each line
length is measured for all fluid velocities and
angles. Next, a percentage change is calculated
for each line using the equation 1. The average
of 4 line length percentage change is taken to
approximate the inner line length percentage
change. One could ask why specifically this
procedure is used to approximate the central
line length change instead of, for example,
averaging the final length of all four lines.
When a shape is deformed by stretching or
compressing, the lengths of the individual lines
on its surface change. However, these changes
in length may not be uniform across the entire
shape. Some parts of the shape may experience
more stretching or compression than others,
resulting in a non-uniform deformation. If one
were to simply calculate the average of the
lengths of the four outer lines without consid-
ering the scaling factor, it would require the
assumption that the deformation is uniform and
equal across all parts of the shape. There is no
reason to believe this assumption is true in the
case of the sensor’s inner tube. By calculating
the scaling factor for each outer line and then
finding the average of these scaling factors,
one considers the variations in deformation
across different parts of the shape. This average
scaling factor provides a better estimation of
the overall deformation that occurred along the
shape’s path. The percentage change in inner
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Outer line length percentage change = (
Final length
Initial length

−1)/100 (1)

Fig. 15: Inner tube length percentage change
for flow angles from 0 to 89 [m/s]

tube length is shown in figure 14 for different
flow velocities and figure 15 for different flow
angles.

VII. DISCUSSION

The following section contains an analysis
of all the results shown in the previous section.

A. Tip displacement versus velocity

As can be seen from figure 9 the lines can
be separated into two groups. The first group
consists of ellipsoid 1:2 and 1:3 sensors. The
second group consists of cylindrical and ellip-
soid 1:1 sensors. The main difference between
sensors from each group is the sensor thickness.
Sensors from group one have a thickness of
0.015 [mm] while sensors from group two are
0.03 [mm] thick. The first group’s tip dis-
placement increases faster as the flow velocity
increase when compared to the second group.
The first group tip displacement also saturates

earlier and at a higher value of 0.24 [mm].
The second group’s tip displacement does not
reach saturation within the range of tested flow
velocities. Another interesting behavior is that
the ellipsoid 1:3 sensor deforms less than the
ellipsoid 1:2 sensor even though it is wider and
experience a higher force from the fluid flow
around it. One explanation is that increased
structural rigidity, provided by additional ma-
terial, outweighs increased force from fluid
flow. Nevertheless, both ellipsoid 1:2 and 1:3
sensors have almost the same maximum tip
displacement.

Based on the tip displacement graph it could
be said that the first sensor group is more
sensitive to the flow velocity changes and will
work for slower water flows with the ideal
water flow velocity range being 0.1 to 0.6
[m/s]. On the other hand, the second group
is less sensitive but is suitable for higher fluid
flow velocities, however, it is unclear at what
fluid velocity the change in tip displacement
becomes too little to accurately measure.

B. Tip displacement versus angle

In theory, a tip displacement versus angle
graph of a cylinder positioned in a laminar flow
will follow a sinusoidal curve. Any deviation
from the sinusoidal curve implies some degree
of directionality in the sensor behavior. As can
be seen from figure 10 cylindrical and ellipsoid
1:1 sensors closely follow the sinusoidal curve,
while ellipsoid 1:2 and 1:3 sensors deviate
significantly. As was mentioned in section V-
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D, due to the difference in thickness and width
it is easier for the ellipsoid 1:2 and 1:3 sensors
to bend in the direction of their minor axis
rather than their major axis. This behavior is
especially apparent in the ellipsoid 1:3 plot.
The tip makes a large jump as soon as the flow
angle increase above 90 [deg], at which point
the sensor tip falls to the other side. On the
other hand, as the flow angle changes, cylindri-
cal and ellipsoid 1:1 sensors’ tip displacement
gradually changes, because their bending direc-
tion is always aligned with the flow, as can be
seen in appendix XII-B and XII-D.

C. Stress

The first and main conclusion from the stress
plots is that the stress is concentrated where
the cupula is attached to the cuboid base. Fur-
thermore, the inner tube is experiencing stress
not only near the cupula stress concentration
but also inside the cuboid base where the tube
makes a turn, as can be seen in figure 16.

Fig. 16: Stress inside the inner tube of ellipsoid
1:2 at flow velocity of 1.7 [m/s] and flow angle
of 0 [deg]

For the highest fluid velocity of 1.7 [m/s]

the maximum stress is 650 [kPa] for cylindri-
cal, 576 [kPa] for ellipsoid 1:1, 722 [kPa] for
ellipsoid 1:2, and 1030 [kPa] for ellipsoid 1:3
sensors. According to the MIT material prop-
erty database, PDMS has a fracture strength
of 2560 [kPa] (MIT 2004), thus all the sensor
will maintain their structural integrity when
subjected to tested fluid velocities.

Another thing to note is the change in the
distribution of tensile and compressive stresses
as the fluid velocity increase. At first, all the
sensors bend, creating an area of compressive
stress on the inner side of the bend and tensile
stress on the outer side of the bend. As the
sensor body becomes more aligned with the
fluid flow, the flow drag force starts pulling
the sensor instead of bending it. This effect is
best observed on the cylindrical sensor stress
plot. As can be seen in figure 17 the base of
the cylindrical sensor is experiencing predom-
inantly tensile stress when the fluid velocity is
at 1.7 [m/s].

Fig. 17: Cylindrical sensor stress plot for flow
velocities of 1.1 and 1.7 [m/s]

D. Inner tube deformation versus velocity

The first thing to notice from figure 14 is that
the inner tube compresses when the sensor is
subjected to the water flow. The compression
seems to be inversely proportional to the tip
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displacement up until the point where the sen-
sor deformation is saturated. This is a desired
result because the tube deformation is the only
parameter that can be directly measured in a
real sensor by measuring the resistance of the
piezoresistive layer that covers the inner tube
walls. These findings suggest that the sensor
output can be successfully mapped onto the
sensor tip displacement, although only for some
velocity ranges. At higher flow velocities, the
inner tube compression halts and even reverses
for the ellipsoid 1:2 sensor. This is due to the
phenomena explained in the previous section,
where at higher velocities the water drag starts
pulling the sensor instead of bending it, elon-
gating the whole sensor body. Similar to tip
displacement results, the ellipsoid 1:2 and 1:3
sensors are more suitable for lower flow veloc-
ities, while cylindrical and ellipsoid 1:1 sensors
can be used at higher velocities. However,
in contrast to the tip displacement graph, the
inner tube length changes of ellipsoid 1:2 and
1:3 sensors exhibit significant deviations from
each other, with the latter demonstrating an
almost twofold decrease in percentage change
in tube length when compared to the former
at a maximum flow velocity. This means that
ellipsoid 1:3 is a better candidate for sensor
body shape.

E. Inner tube deformation versus angle

As can be seen in figure 15, as the flow
angle approach 90 [deg], the sensors’ inner tube
deformation approach zero, with the exception
of the ellipsoid 1:3 sensor. While ellipsoid 1:2
behavior can be explained by its directionality,
another explanation is required for cylindrical
and ellipsoid 1:1 sensors. One of the reasons for

this behavior could be the inner tube geometry.
As was shown in the section V-A, the inner
tube consists of two vertical cylinders that
merge near the sensor tip. When the flow angle
is 0 [deg], both cylinders bend in the same
way. However, when the flow angle is near 90
[deg], the cylinder further along the flow mostly
compresses, while the other cylinder mostly
elongates. When the deformation is averaged,
elongation and compression cancel each other
out, resulting in the same tube length as when
the sensor is at rest. This is not the case for
the ellipsoid 1:3 sensor. Due to the high degree
of directionality, the sensor is never displaced
enough for one of the cylinders to become
elongated. On the opposite, the sensor is further
compressed, decreasing the final inner tube
length.

F. Summary

The simulation results showed that the el-
lipsoid 1:2 and 1:3 sensors exhibited higher
tip displacement compared to the cylindrical
and ellipsoid 1:1 sensors. This suggests that
the ellipsoid 1:2 and 1:3 sensors have higher
strain and have a better chance of producing
measurable output. Furthermore, the ellipsoid
1:2 and 1:3 sensors had a faster increase in tip
displacement, meaning they are more sensitive
to flow velocity change.

The stress analysis results indicated that
all sensors maintained their structural integrity
within the tested fluid velocities, with the high-
est stress experienced at the attachment point of
the sensor body to the cuboid base. Among all
sensors, an ellipsoid 1:3 sensor had the highest
maximum stress.
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A higher change in inner tube length indi-
cates higher strain experienced by the piezore-
sistive material. The simulation results showed
that the ellipsoid 1:3 sensor had the highest
inner tube compression for the tested fluid
velocities. This implies that the ellipsoid 1:3
sensor may experience higher strain and de-
formation, making it a favorable body shape
choice

Based on this summary, it can be pro-
posed that the ellipsoid 1:3 sensor is the best-
performing shape considering the sensor per-
formance criteria outlined in section IV-D. It
exhibits the highest stress and inner tube de-
formation while having the second-highest tip
displacement, making it a promising candidate
for further investigation.

VIII. CONCLUSION

At the end of the problem context section of
this report, a central research question and three
sub-questions were stated. The findings ob-
tained while working with COMSOL software
provide answers to all proposed questions. The
following paragraphs will answer each question
one by one.

A. What is the right procedure for creating a
sensor 3D model?

Section V-A goes over the process of creat-
ing a sensor model. It contains all the necessary
information for recreating the same sensors
investigated in this project. All the dimensions
follow the supervisor’s requirements, hence the
final model is an accurate representation of the
real-world sensor.

B. What are the simulation settings for the
required tests?

Sections V-B through V-F go over all the
required simulation setups. Solid mechanics,
laminar flow, and fluid-structure interaction
physics were all added to the simulation and
correctly configured to successfully test sensor
deformation when positioned inside the pipe
with different flow velocities and orientations.
Based on the mesh optimization study a coarser
mesh was chosen as it offered the best compu-
tation time while following closely the results
obtained using the finer mesh settings. Finally,
a segregated approach was used when solving
the simulation as it yielded the same results as
a more accurate, fully coupled, approach while
being considerably faster.

C. What is the structural behavior of the sen-
sor under various flow conditions?

This project tested angles from 0 to 89 [deg]
and flow velocities up to 1.7 [m/s]. The data on
flow orientation were extrapolated to fill a full
circle of rotation and the step size was enough
to see the overall shape of the graph. The
tested flow velocities cover the working range
of ellipsoid 1:2 and 1:3 sensors. However, the
Cylindrical and ellipsoid 1:1 sensors did not
reach saturation in tip displacement at the high-
est tested velocity. Testing faster flows could
be the aim of future research. All the required
metrics (stress, tip displacement, inner tube
elongation) were successfully extracted from
simulation data and presented in this report,
thus answering this research question.
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D. How does the shape of the sensor body
affect the sensor performance under various
fluid flow conditions?

All the results obtained were discussed in
light of the performance criteria described in
section IV-D. The first finding is that the thin-
ner sensor is more flexible and reaches a higher
tip displacement for the same fluid velocity
compared to thicker sensors. The thinner sensor
also reaches tip displacement saturation earlier
and will not work for faster flows. Increasing
the width of the sensor does not increase the
tip displacement, however, the sensor develops
higher stress and inner tube deformation. A
wider sensor also becomes more directional
and resists bending in the direction of the major
axis. The ellipsoid 1:3 sensor showed the best
performance among all tested shapes because
the higher tip displacement, stress, and inner
tube deformation are desirable.

IX. LIMITATIONS

The next paragraphs present some of the
key limitations of the study that should be
addressed in future research.

The first limitation of this project is that it
was purely a simulation study, which may not
fully capture the real-world complexities and
variations in fluid flow. Experimental validation
is necessary to confirm the findings and account
for any discrepancies between the simulation
and actual sensor behavior.

Another limitation is uncertainty about how
accurately the tested metrics represent actual
sensor performance. Other studies about arti-
ficial sensors are looking at what minimum
and maximum deformation can be registered by
measuring the sensor output voltage (Wissman

et al. 2019) (McConney et al. 2009) (Kottapalli,
Bora, et al. 2016) (Peleshanko et al. 2007),
which is heavily dependent on the sensing
mechanism and sensor production. Such in-
vestigation was not available for this project
because the physics of the sensing mechanism
isn’t part of the simulated model and the sensor
was not available for real-world testing.

The final limitation is that the research did
not investigate the high enough flow velocities
to see the full dynamics of cylindrical and
ellipsoid 1:1 sensors. It is unclear what is the
maximum tip displacement that can be reached
by the thicker sensors and whether or not they
develop higher stress and inner tube deforma-
tion than the ellipsoid 1:3 sensor.

X. FUTURE RESEARCH

Future research should address the limita-
tions presented in the previous section. Real-
world experiments should be performed to
validate the simulation model’s accuracy. The
physical prototype will allow researchers to es-
tablish a relationship between the sensor output
and the metrics measured in this project.

Also, higher flow velocities should be in-
vestigated to determine the behavior of thicker
sensor shapes. An interesting study to consider
is running a parametric sweep on a range
of thicknesses and widths to find an optimal
trade-off between tip displacement and sensor
working range.
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XII. APPENDIX

A. Cylindrical sensor stress versus flow velocity results

The following is a collage of volume and surface plots displaying the stress developed in the
cylindrical sensor under all simulated flow velocities and flow orientation at 0 [deg]. The title
above each plot shows the flow velocity. All the plots have the color range fixed from −200 to
+200 [KPa]. Above and below the color legends the maximum tensile and compressive stresses
are shown.

Fig. 18: Stress plot of the cupula and inner tube for all tested flow velocities.
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B. Cylindrical sensor stress versus flow angle results

The following is a collage of volume and surface plots displaying the stress developed in the
cylindrical sensor under all simulated flow orientations and at a flow velocity of 1 [m/s]. The
title above each plot shows the flow angle. An angle of 0 [deg] means the flow is oriented along
the z-axis and an angle of 90 [deg] means the flow is oriented along the x-axis. All the plots
have the color range fixed from −200 to +200 [KPa]. Above and below the color legends the
maximum tensile and compressive stresses are shown.

Fig. 19: Stress plot of the cupula and inner tube for all tested flow angles.
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C. Ellipsoid 1:1 sensor stress versus flow velocity results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:1 sensor under all simulated flow velocities and flow orientation at 0 [deg]. The title
above each plot shows the flow velocity. All the plots have the color range fixed from −200 to
+200 [KPa]. Above and below the color legends the maximum tensile and compressive stresses
are shown.

Fig. 20: Stress plot of the cupula and inner tube for all tested flow velocities.
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D. Ellipsoid 1:1 sensor stress versus flow angle results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:1 sensor under all simulated flow orientations and at a flow velocity of 1 [m/s]. The
title above each plot shows the flow angle. An angle of 0 [deg] means the flow is oriented along
the z-axis and an angle of 90 [deg] means the flow is oriented along the x-axis. All the plots
have the color range fixed from −200 to +200 [KPa]. Above and below the color legends the
maximum tensile and compressive stresses are shown.

Fig. 21: Stress plot of the cupula and inner tube for all tested flow angles.
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E. Ellipsoid 1:2 sensor stress versus flow velocities results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:2 sensor under all simulated flow velocities and flow orientation at 0 [deg]. The title
above each plot shows the flow velocity. All the plots have the color range fixed from −200 to
+200 [KPa]. Above and below the color legends the maximum tensile and compressive stresses
are shown.

Fig. 22: Stress plot of the cupula and inner tube for all tested flow velocities.
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F. Ellipsoid 1:2 sensor stress versus flow angle results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:2 sensor under all simulated flow orientations and at a flow velocity of 1 [m/s]. The
title above each plot shows the flow angle. An angle of 0 [deg] means the flow is oriented along
the z-axis and an angle of 90 [deg] means the flow is oriented along the x-axis. All the plots
have the color range fixed from −200 to +200 [KPa]. Above and below the color legends the
maximum tensile and compressive stresses are shown.

Fig. 23: Stress plot of the cupula and inner tube for all tested flow angles.
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G. Ellipsoid 1:3 sensor stress versus flow velocities results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:3 sensor under all simulated flow velocities and flow orientation at 0 [deg]. The title
above each plot shows the flow velocity. All the plots have the color range fixed from −200 to
+200 [KPa]. Above and below the color legends the maximum tensile and compressive stresses
are shown.

Fig. 24: Stress plot of the cupula and inner tube for all tested flow velocities.
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H. Ellipsoid 1:3 sensor stress versus flow angle results

The following is a collage of volume and surface plots displaying the stress developed in the
ellipsoid 1:3 sensor under all simulated flow orientations and at a flow velocity of 1 [m/s]. The
title above each plot shows the flow angle. An angle of 0 [deg] means the flow is oriented along
the z-axis and an angle of 90 [deg] means the flow is oriented along the x-axis. All the plots
have the color range fixed from −200 to +200 [KPa]. Above and below the color legends the
maximum tensile and compressive stresses are shown.

Fig. 25: Stress plot of the cupula and inner tube for all tested flow angles.
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