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Abstract
In this study, a new technique by which multiple physical quantities can be simultaneously
measured with one motion sensor has been proposed by numerical simulations. The sensor is a
modification of existing physical sensors such as a thermal motion sensor. Cross-axis sensitivity
is an error in such devices, and lower values are generally targeted for the accurate performance
of the device. In this study, however, errors in devices are utilized to simultaneously measure
two or more physical quantities simultaneously using a single motion sensor. Three different
cases are studied: 1) X-acceleration and Z-rotation; 2) X-acceleration and Z-amplitude of
vibration; and 3) measuring acceleration and rotation in all three directions. The physics involved
in measurement is similar to that of a conventional thermal accelerometer, hence the governing
equations predicting the sensor response are based on the conservation of mass, momentum,
and energy, and are solved by using the commercially available software ANSYS FLUENT.
Obtained temperature responses are correlated with input physical quantities, and a graphical
relationship (inverse function) is created between the peak temperature values and input
physical quantities. Another novel approach known as 2D or 3D mapping is also proposed in
which instead of using inverse functions, input physical quantities can be numerically and
geometrically calculated from the output data, obtained by computational fluid dynamics (CFD)
simulations using ANSYS FLUENT. A parametric study is also presented to find the optimum
distance between the heater and sensors. The influence of changing gas medium on the
temperature curves has also been examined and it has been concluded that CO; generates the
maximum performance due to its higher density and lower viscosity. This thesis offers a novel
approach to sensor technologies in unmanned aerial vehicles (UAVs) and similar devices, that
will reduce the volume of sensors, the manufacturing and maintenance expenses through a

decrease in the number of sensors required.



Chapter 1: Introduction

Sensor technology and development has been an important breakthrough in industrial
science and engineering. Over the years, research has been conducted for the design and
manufacturing of efficient, handy, and cost-effective sensors. The development of micro and
nanotechnology has further enabled the miniaturization of these sensors while maintaining
performance. Sensor applications have increased a lot over the years and multiple sensors are
incorporated into engineering devices. One problem that has been pointed out recently is
associated with the incorporation of multiple sensors into such engineering devices. For micro-
and insect-scaled unmanned aerial vehicles (UAVs), installing multiple sensors to measure each
physical quantity not only imposes higher manufacturing and repair costs but can also be time-
consuming. Therefore, to solve this problem, in our study, we propose a novel idea which would
allow the measurement of multiple physical quantities by employing a smaller number of

sensors. This study will provide a new cost-effective and time-saving approach.

In micro- and insect-scaled UAVs, a range of sensors including GPS, ultrasonic sensors,
and magnetic sensors are incorporated [1]. Among these sensors, accelerometers and
gyroscopes play a vital role as they enable the UAV to determine its position by measuring
acceleration and rotational speeds along all three axes, respectively [2]. In UAVs, there are
various types of accelerometers, and thermal accelerometers offer specific benefits due to their
lack of solid-proof mass for operation. These sensors are characterized by their compactness,

lightweight design, ability to detect small accelerations, and lower initial costs [3].

In addition to UAVs, the rising prevalence of sensors in electronic devices like
smartphones and the automotive industry, highlights the necessity to reduce the overall sensor
count. Engine of a car alone has 15-30 sensors, while overall sensors in a car can reach up to 70.
With the current shifting of technology towards C.A.S.E (Connected, Autonomous, Shared &
Services, Electric) this number is expected to be increased. Therefore, ideas such as the one
presented in this paper will not only inspire researchers and industrialists all around the world
to investigate such matter but also provide a concept backed by empirical findings by which two

physical quantities can be simultaneously measured by a single sensor.

The technique presented in this study does not involve creating a completely new device
but modifying existing motion sensors, such as thermal accelerometers. A conventional

accelerometer measures acceleration in all three directions. We have realized in our previous



studies [4], [5] that in addition to acceleration, change in temperature (AT)in a thermal
accelerometer can also be correlated with other physical quantities, such as rotational speed,
and amplitude of vibration. This is accomplished by considering the cross-axis sensitivity, which
is the sensitivity observed in the plane perpendicular to the measuring direction relative to the
measuring direction. Ogami [6] suggested that cross-axis sensitivity should not be removed but
rather exploited. In this way, if multiple motion types are applied on a single axis, with
sensitivities observed in other axes, the input physical quantities will have a relationship with the
output sensitivities. In this study, a thermal motion sensor is considered; using cross-axis
sensitivity, we have presented a technique by which we can measure acceleration and rotational

speed/amplitude of vibration, simultaneously.

In addition to introducing a novel approach to achieve our objective of measuring
multiple physical quantities, we have also presented a parametric study to enhance the
sensitivity and resolution of the motion sensor. For that, we have considered the effect of the
change of gas medium of the device and the distance between the heater and temperature

sensors, as these two factors greatly influence the overall performance of the device.

In this study, we have utilized a FEM simulator ANSYS FLUENT 18.2 and provided
computational results. While the results using Computational Fluid Dynamics (CFD) are reliable
and have been employed by researchers over the year for various studies, verification of the
results with an experimental model is necessary. This study does not provide such validation,
hence, it’s one of the limitations of this study. To thoroughly understand the research work, it is
important to understand some terminologies, which have been described in detail along with
the essential literature references in Chapter 2. The extended methodology and justifications for
the choice of the computational model and simulation conditions are written in detail in Chapter
3. We have considered two different computational models, hence two different meshes to
accomplish our goals. As described in Chapter 4, three cases are considered. For the first two
cases, we utilized the design of a dual-axis motion sensor, while accomplishing the result of
measuring acceleration and rotation in all three directions required a triple-axis motion sensor
(case 3). The result data presented in section 4.1 is published in [4], while the result in section
4.3 is published in [5]. Sections 4.2 and 4.4 are unpublished works which are being presented in

this thesis.



Chapter 2: Literature Review
2.1 CFD Technology

Computational Fluid Dynamics (CFD) is a branch of Fluid Dynamics that utilizes numerical
analysis and data structures to solve fluid flow problems by solving the Navier-Stokes equation.
CFD simulates fluid flow by iteratively reducing the error between the approximate solution and
the partial differential equation solution through numerical methods such as the finite element

method (FEM), finite difference method (FDM), and finite volume method (FVM) [7].

Several software codes to solve fluid flow problems are commercially available: ACE+ [8],
CFX [9], FLOW-3D [10], and FLUENT [11]. Expect for FLOW-3D, all these software uses the finite
volume method (FVM) to solve the governing equations of fluid flow and heat transfer. Flow-3D
is based on a combination of finite difference and finite volume perspectives, and it uses a

control volume approach to solve the conservation equations.

To run a CFD analysis, it is important to first understand and analyse the problem at hand
and what the end goal is expected, this includes deciding on the geometry type and initial and
boundary conditions. Next, a computer-generated design (CAD) model is generated using either
CAD software or integrated features within ANSYS Workbench. Next, a mesh or a grid of the CAD
model needs to be generated and there are two tools accessible for the purpose of grid
generation: ANSYS DesignSpace in combination with Al*Environment and ICEMCFD. In contrast
to other tools, both ANSYS Workbench and ICEM CFD cannot be controlled via a scripting
language; ANSYS Workbench however can handle parameterized geometries. ICEM CFD has only
basic modeling capabilities but supports a wide range of mesh operations and mesh types [12].
ANSYS Meshing tool can be utilized to create either a structured mesh (quadrilateral in 2D and
hexahedron, prism/wedge in 3D) or an unstructured ((triangle in 2D and tetrahedron, pyramid
in 3D), depending on the problem at hand. Sometimes, hybrid meshes or non-conformal meshes
are also generated. A non-conformal mesh is formed when there is partial or zero matchings of

nodes at the interface.

After an appropriate mesh is formed, FLUENT is used for the simulation process, the
solving process, and post-processing. All the Graphical User Interface (GUI) commands are
scripted by the program. However, the existing codes of FLUENT can be modified by User-Defined
Functions (UDFs), which are functions that the user can program (write a code) which can be

dynamically loaded with the FLUENT solver to improve the standard function of the code [13].



CFD is capable of handling complex geometries and reconstructing real-life conditions to

generate high-quality results.

CFD has numerous advantages and has been employed in literature for achieving several
tasks. Some of the applications of CFD include designing and analysing heating, ventilation, and
air conditioning (HVAC) systems [14], in food processing industries including drying, sterilization,
refrigeration, and mixing [15] and aerodynamics design of aircraft [16] amongst numerous others.
Practically, any phenomenon in nature or a system in which a fluid (gas or liquid) is flowing inside

or over an object can be studied, analysed, and optimized using CFD technology.

Along with the benefits of using CFD, there are of course some limitations as well that

need to be taken into account, some of which are listed below.

1. There are limitations to how physical phenomena can be modeled into a geometry.
2. Creating a mesh for complex structures is difficult.
3. Not all boundary conditions in nature can be replicated.

4. For complex systems, computation time is high.

Therefore, keeping this in view, it is important to verify the results of CFD with theoretical or
experimental models. Currently, however, CFD has been integrated with state-of-art
technologies such as artificial intelligence, machine learning, and virtual reality which widens the

applications and possibility of achieving accuracy with CFD.

2.2 Sensor Technology in Unmanned Aerial Vehicles

Unmanned Aerial Vehicles (UAVs) offer a cost-effective and time-saving way to perform
various functions, providing a level of safety and convenience compared to traditional methods.
They have a wide range of uses and can be crucial for multiple applications and industries. They
can be useful for search and rescue operations [17], including disaster relief and emergency
response. They can be used to deliver packages and goods to remote areas or places where road
access isimpossible. In addition, UAVs can be used for inspecting infrastructure such as buildings
and bridges and high-quality images for taking the right decision through the monitoring
approach [18] as well as for monitoring landslides [19]. Applications of UAVs in smart farming
have also been growing rapidly. Praveen [20] described a thorough study of UAV applications in
smart farming including the requirement and challenges. Recently, Amazon has introduced

Amazon Prime Air which will deliver packages to people’s doorstep using a drone [21]. Once an



order is placed by the customer, a drone carrying the package will fly to the customer’s backyard,
hover at a safe height, release the package, and finally fly back again. These are all very exciting

and useful prospects that UAV technology will bring about as it grows further.

In a UAV system, various sensor and communication modules are integrated using
computing platforms, as represented in Figure 1. Computing platforms are hardware processing
units that can connect and act as a medium for processing data from various sensors and
communication modules [22]. A UAV senses and perceives its surrounding by using several
sensor modules, depending on the application and use of the UAV. Moreover, choosing a well-
suited communication module for the specific application is essential, considering its
characteristics. Wireless Fidelity (Wi-Fi) modules are well-known communication modules and

are more commonly used to transfer information in UAVs.

Computing Platforms

Algorithms

Communication

Sensor Modules Modules

Figure 1- A UAV system

To enable the efficient and accurate functioning of UAVs, development in sensor
technology is crucial along with the design and manufacturing technologies of UAVs. Linga [23]
provided a description of the different types of sensors used in autonomous systems and a
parametric comparison of frequency, power consumption, dimensions, and weight. Emad [24]
presented a survey of open-source platform elements that are available including hardware,
software, and simulation drone platforms. In a UAV, several sensors are installed, and each
sensor type has specific functions. Table 1 presents a list of various sensor types along with their
corresponding examples, and references to background studies. In this paper, however, the focus
is on the Inertial Measurement Units (IMUs) i.e., accelerometers and gyroscopes that measure

the position and orientation of UAVs.



Table 1- Classification and literature work of different sensor modules used in UAVs.
Category Sensors Relevant Literature

Vision-based sensors RGB cameras, thermal cameras [25]-[27]

GPS, accelerometers, gyroscopes, [28], [29]
Position-based sensors
magnetometers

Proximity sensors Ultrasonic sensors [30]

mmWave frequency modulated [31]
Radar-based sensors

continuous wave (FMCW) Radar

Radio-Frequency Identification [32], [33]
Wireless system sensors (RFID) Sensor and Ultra-Wideband

(UWB) Sensor

UAV states are generally estimated by fusing data from accelerometers, gyroscopes, and
global navigation satellite systems (GNSS) to determine their pitch, yaw, and roll, as shown in
Figure 2. Common types of MEMS gyroscopes used in UAVs include ring laser, fiber optic, MEMS
vibrating structure, and Coriolis vibratory types. One major problem that occurs in these devices
is the effect of environmental thermal fluctuations. The temperature compensations method
had been presented by several researchers by changing the gyroscope structure to decrease the
frequency variation under different temperatures [34], [35]. However, this limitation of MEMS
gyroscopes remains a challenge. This study proposes a novel concept, which involves the
measurement of rotational speeds in addition to acceleration, achieved by modifying a
conventional thermal accelerometer that can measure only acceleration. To understand how this
is achieved, it is important to understand the different types of MEMS accelerometers commonly

used, which are described in detail in the next section.
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Figure 2- Drone's pitch, roll, and yaw.

2.3 MEMS Accelerometers

The significance of sensor technology in our society is undeniable. These are utilized in
ensuring the proper operation of complex electronic structures and extracting valuable
information from our environment [36]. Microelectromechanical system (MEMS) based sensor-
actuator applications continue to grow in various industries due to their improved sensitivity,
accuracy, and reliability of operations along with low power consumption [37]. The use of MEMS
sensors for vehicular sensing has been gradually increasing [38]. MEMS accelerometers have
substantially been utilized in UAVs owing to their compactness, lightweight, low power, and high
sensitivity. Almost all sensing mechanisms (i.e., capacitive, piezoresistive, piezoelectric, thermal,
optical, electromagnetic, tunneling) have been employed in various accelerometer designs,
however, capacitive, piezoresistive, piezoelectric, and thermal accelerometers are among UAVs'

commonly used MEMS accelerometer types.

Capacitive sensing has been one of the most commonly used sensing principles. An
example of such a sensing device is demonstrated in Figure 3 which is adapted from [39]. In this
type of accelerometer, as the proof mass is displaced by the acceleration, capacitance is sensed
between the rotor and stator electrodes. The varying capacitors are connected to a differential
capacitive bridge and the output signal is sensed by using a voltage amplifier. Simple structure

and low-temperature sensitivity are the characteristics of capacitive-type accelerometers.
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Figure 3- (a) A capacitive type accelerometer (b) the differential capacitive bridge model (adapted from [39]).

A piezoresistive accelerometer produces resistance changes in piezoresistive materials
to convert mechanical strain to a DC output voltage. These devices provide extremely localized
acceleration-induced stress sensing with low noise outputs and have been the subject of
academic as well as commercial research for quite a few years [40]. The development of bulk
micromachining and wafer bonding techniques saw a rise in piezoresistive accelerometer
development toward low g applications [41]. The main advantages of piezoresistive
accelerometers are the simplicity of their structures and the fabrication process used to
manufacture them. Additionally, the readout circuitry is crucial due to the low output-impedance
direct current (dc) voltage generated by the Wheatstone bridge. In 1995, Yuebin [42]
manufactured a high g-force cantilevered type piezoresistive accelerometer that could sustain
loads of up to 100,000 g. Lishuang [43] presented the design and optimization of a high-g
piezoresistive accelerometer that could work normally under 200,000 g overloads. This shows

that such types of sensors are suitable for working under heavy overload.

A piezoelectric accelerometer is an accelerometer that employs the piezoelectric effect
of certain materials to measure dynamic changes in mechanical variables (e.g., acceleration,
vibration, and mechanical shock). It consists of a mass attached to a piezoelectric crystal which
is mounted on a case. When the accelerometer body is subjected to vibration, the mass of the
crystal remains undisturbed in space due to inertia. They have a wide dynamic range, low output
noise, and a wide frequency range [44]. In piezoelectric types, a strain of the piezoelectric film is
converted into output voltage [45]. It has the advantages of high conversion efficiency and easy

implementation [46], [47].

Stephan [48] did a performance analysis of different accelerometer types by considering
data sheets of 118 accelerometers from 27 different manufacturers. It was found that
piezoelectric accelerometers show the highest measurement range which can be more than

10,000 g. Thermal accelerometers, however, show outstanding shock limits of 50,000 g by low



measurement ranges of 5 g. Jiang [49] did an extensive overview of piezoelectric accelerometers
and mentioned how these are effective for high-temperature applications such as aerospace,
aircraft, automotive and energy industries. Thermal accelerometers, however, do not have a
solid-proof mass, hence, the fabrication is simpler, integration of the sensor with the signal
conditioning circuit is easier, and results in improved device durability and measurement

consistency [50].

Accelerometers have diverse applications in the automotive, consumer electronics, and
biomedical industries. Conventional accelerometers convert accelerations into electrical signals
using several mechanisms, including piezoresistivity, piezoelectricity, and capacitive type.
However, the use of a solid-proof mass in such devices imposes mechanical limitations on the
amount of shock and the sensing range they can undergo. In contrast, the convective nature of
a thermal accelerometer with no moving parts can increase the sensing range of such a device.

The description of thermal-based accelerometers is written in detail in the next section.

2.4 Thermal Accelerometers (Thermal Motion Sensors) Theory

Thermal-based accelerometers offer several advantages over conventional proof-mass
accelerometers. They exhibit no measurable resonance, delivering immunity to vibration; no
temperature hysteresis, and excellent zero-g offset stability with the added shock resistance,
hence increasing their reliability [51]. This enhances the sensing range of the device without
failure or vibrational limitations. The concept of a thermal accelerometer is based on free-
convection heat transfer using a working fluid (gas or liquid) as the working media in a sealed
chamber [52]. A heating source generates a consistent temperature profile that is altered by
applied acceleration; thus, this difference in temperature ATis related to the change in
acceleration, as shown in Figure 4. In this figure, the thermal sensor consists of a single heating
source that heats the surrounding gas, creating a symmetrical temperature profile (solid line in
(right)). When no acceleration is applied, the equally spaced sensors placed on the sides of the
heater detect the same temperature. However, when acceleration is applied, the difference in
temperature AT is modified, creating an asymmetrical temperature profile around the sensor
(dashed line in (right)). Figure 5 depicts a clearer image of the concept in terms of the
temperature contours and a side view of a cylindrical cavity with two heating sources. The red
part denotes the highest temperature at the heating sources, and that around the boundaries
(dark blue) is at room temperature (300 K). When no acceleration is applied, the thermal bubble

is consistent around the heating sources. However, when acceleration is applied, the thermal
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bubble shifts in the direction of the applied acceleration. In this way, the pair of temperature
sensors, placed equidistant from the heater, as shown in Figure 4, detect a difference in

temperature, which is correlated with the change in acceleration.
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Figure 4- Heater and temperature sensors (left); temperature profile with and without acceleration (right)
(adapted from [6]).

No acceleration Acceleration
_—

Figure 5- Temperature profile without acceleration (left) and with applied acceleration (right).

This can also be viewed in terms of isotherms from the above figure. As shown in Figure
6, sets of isotherms are created around the heating source, where isotherms near the heater
have higher temperature values. Without the application of any motion, a consistent
temperature profile is obtained as shown in Figure 6(left). However, when acceleration was

applied in the right direction, the sets of isotherms shifted to the right Figure 6(right).
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Figure 6- Change in isotherms with no acceleration (left) and acceleration applied to the right side (right).

Different numerical and experimental studies have been conducted to optimize
multiple-axis thermal accelerometers. Novel triple-axis thermal accelerometers were introduced
by [53] and improved by [54]. However, their sensitivities were still insufficient and required
further improvement. Mukherjee [55] modified the cavity structure of the device to achieve
better sensitivity. Jiang [56] showed that increasing heater power enhanced the sensitivities
along the X-, Y-, and Z-axes. Wang [57] achieved improved sensitivity and a wider ambient
temperature measurement range in a recent study. This design can detect precisely in
environments with varying temperatures. In this study, we aimed to select the parameters that

resulted in high sensitivity and resolution, as reported in studies.

For a dual-axis thermal accelerometer, two sets of temperature sensors are needed
around two axes, on the other hand, three sets of temperature sensors to detect temperature
around X, Y, and Z-axes are needed for a triple-axis thermal accelerometer. To reduce the
installation and maintenance costs, Ogami’s concept [6], which uses cross-axis sensitivity (CAS),
can be used. Due to CAS, when a motion is applied to a single axis, the correlating temperature
change is also observed at the other two perpendicular axes. According to Farahani [58], CAS is
a good measure of sensor performance in response to external factors. Therefore, for high-
accuracy applications, a lower CAS is expected. In this study, using fluid flow and thermodynamic
principles and leveraging CAS, we were able to measure multiple physical quantities

simultaneously. The concept of CAS is described in detail in the next section.

2.5 Cross-axis Sensitivity

Cross-axis sensitivity (CAS) is the maximum sensitivity in the plane perpendicular to the
measuring direction relative to the sensitivity in the measuring direction. It is calculated as the

geometric sum of the sensitivities in two perpendicular directions (Sx and Sy) in this plane. This

12



is explained in Figure 7. A ball inside a box is being accelerated in the positive x-direction. With
no effect of CAS, acceleration is detected by the X-sensor and there is no detection at the Y-
sensor. This should be the ideal condition for a sensor. However, even when there is motion in
the X-direction only, the Y-sensor also detects some value, which is an error in such devices

known as CAS. It is commonly observed in accelerometers and gyroscopes.

acceleration y
— i
O |,

No cross-axis sensitivity Cross-axis sensitivity!

0 \x 0, 0 \X 0 '\y

Figure 7- Description of X and Y sensor response of a body accelerating in the x-direction with and without cross-axis
sensitivity.

To have a reliable MEMS accelerometer device, the performance requirements for
consumer devices include multi-axis operation, low noise floor, low cross-axis sensitivity, low
nonlinearity, and low power consumption. Therefore, in the literature, several research has been
conducted to study such errors in devices and methods to reduce them. Zine [59] presented a
mathematical model in which mechanical sensitivity is developed as a function of the
measurement error of a vibration sensor. Yu [60] developed a compact accelerometer, which
integrates three spring-proof mass systems into a single structure to sense triaxial motion. Cross-
axis sensitivities of the x-axis and y-axis in-plane accelerometers were observed to be 0.03% and

0.21%, respectively.

Cross-axis sensitivity can be significantly reduced in single-axis accelerometers [61],
however, it is difficult to target very low cross-axis sensitivities in double-axis or triple-axis
accelerometers. This is because the geometrical structure for the tri-axial accelerometer is
designed in such a way that the structure is sensitive to all three axes [62]. Shan [63] presented

a micro-grating accelerometer with a double-layer cantilever beam. Theoretical results showed
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that the symmetrical design of the double-layer cantilever beams structure could effectively
reduce the cross-axis sensitivity. Hadi [64] on the other hand, introduced a new technique to
eliminate the cross-axis sensitivity in a 3-axis MEMS capacitive accelerometer based on the

orientation and location of the electrodes.

Shan [63] demonstrated the relationship between the output of acceleration and
acceleration along the sensitive axis. ldeally, the accelerometer can accurately detect the
acceleration along the sensitive axis, as shown by the blue line in Figure 8. However, if the
accelerometer has cross-axis sensitivity, the output of the accelerometer will be affected by the

acceleration along the insensitive axis and become inaccurate.
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Figure 8- Output of accelerometer with or without cross-axis sensitivity (adapted from [63]).

In summary, this research study leverages the extensively researched error found in
the literature for thermal accelerometers to be effectively used as an advantage to measure

multiple physical quantities simultaneously.

2.6 Sensitivity, Frequency Bandwidth, and Resolution of Thermal Motion Sensors

The sensitivity and frequency bandwidth of any sensor device plays important roles in
defining its performance. Sensitivity is the minimum input of the physical parameters that
creates a detectable output change. Frequency bandwidth is a measure of how quickly the
sensor can respond to changes in input physical parameters. Resolution is defined as the smallest
change in a quantity being measured that cause a perceptible change in the corresponding
indication in measured quantity. Over the years, various analytical studies and computational

simulations have been conducted to predict the sensitivity and frequency bandwidth of
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Microelectromechanical Systems (MEMS) thermal accelerometers. The thermal accelerometer
was first reported by Albert [65] in 1997. Dimitris [66] developed a conductive thermal
accelerometer comprising a polysilicon heater and two thermopiles. This device uses electrical
energy as a parameter related to thermal energy. However, the literature has mentioned that
obtaining the temperature profile using temperature sensors and relating it to the input thermal
energy generates better results. Brahim [67] developed a 3D model for FEM simulations using a

derived analytical model to study the conductive behaviour of MEMS thermal accelerometers.

Researchers have developed theoretical, computational, and experimental models for
improving the performance of thermal accelerometers. It has been observed that a high heating
power and a large device size leads to an increase in sensitivity [68]. However, an increase in the
pressure of the air medium results in a decrease in the frequency bandwidth. Additionally, gas
media with high densities and low viscosities appear to result in better sensitivity [69]. Leung
[65], [70] demonstrated that the sensitivity of a thermal accelerometer is linearly proportional

to the Grashof number (Gr):

201 3
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o

where, p, B, L, AT, i, and a are the applied acceleration, gas density, coefficient of
volumetric expansion, characteristic size (generally denotes the cavity size), the temperature
difference between the heater and the boundary of the sensor, kinematic viscosity, and thermal
diffusivity, respectively. These parameters can be used to predict the device’s performance. From
the above equations, it can be observed that the sensitivity of the device can be significantly
increased by using a high-density and low-viscosity fluid. The properties of some fluids and their
calculated Gr and Prandtl (Pr) numbers are listed in Table 2 and Table 3, respectively. These

parameters can be modified and optimized to increase the sensitivity of a thermal accelerometer.
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Table 2- Gas medium properties at 50 °C (adapted from [71]).

) i Kinematic Thermal Thermal
Density Specific Heat . . . L. L.
Viscosity Diffusivity Conductivity
(kg/m3) (kJ/kg-K)
(x10-6) (m?2 /s) (x10-4) (m2 /s) (W/m-K)
Air 1.092 1.007 19.6 0.248 0.02735
N2 1.0564 1.042 17.74 0.249 0.02746
CO2 1.6597 0.8666 9.71 0.129 0.01858
Table 3- Calculated Gr and Pr numbers.
Air N2 CO:
Gr 744 <103 8.07x103 4.24x102
Pr 716 x10* 6.46x10* 522x10*

As seen from Table 2 and Table 3, CO, has the highest density and lowest kinematic
viscosity, as a result, it has the highest Grashof number. In comparison, the air has a lower
density to kinematic viscosity ratio and hence a lower Gr value in comparison to CO,. High

viscosity yields high resistance to gas flow and in return lower sensitivity.

2.7 Scope of this Study

One problem that has been pointed out recently is associated with the incorporation of
multiple sensors into engineering devices. For micro- and insect-scaled unmanned aerial vehicles
(UAVs), installing multiple sensors to measure each physical quantity not only imposes higher
manufacturing and repair costs but can also be time-consuming. Therefore, to solve this problem,
in our study, we propose the novel idea that in addition to acceleration, AT can also be correlated
with other physical quantities, such as rotational speed, amplitude, and frequency of vibration.
This technique does not involve creating a completely new device but modifying existing motion
sensors, such as thermal accelerometers. This is accomplished by considering the cross-axis
sensitivity, which is the sensitivity observed in the plane perpendicular to the measuring
direction relative to the measuring direction. Ogami [6] suggested that cross-axis sensitivity
should not be removed but rather exploited. In this way, if multiple motion types are applied on
a single axis, with sensitivities observed in other axes, the input physical quantities will have a
relationship with the output sensitivities. It has been observed that other physical quantities
such as rotation and vibration can also be measured when applied along with a perpendicular

acceleration. In this study, a thermal motion sensor is considered; using cross-axis sensitivity, we
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can measure the acceleration and rotational speed, and acceleration and amplitude (of

vibration) simultaneously.

In addition to providing the concept of this novel methodology, a parametric study is
also conducted in which two of the important parameters i.e., the distance between heater and
sensors, and gas medium are altered, and results are obtained in comparison to the sensitivities
and resolutions of the motion sensor. This ensures developing a sensor that has a high sensitivity

and performance.

The inverse functions obtained can then be installed in the computing unit of a real
thermal motion sensor so that the sensor can calculate the values of the input physical quantities
from the output values (measured temperature values). We believe, this concept if
commercialized, can provide an innovative and cost-effect solution to, not only UAVs but several

industries and products.
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Chapter 3: Methodology

In this study, ANSYS FLUENT 18.2 was employed to perform computational analyses. A
parametric study can be conducted because the software accommodates changing flow (initial
and boundary) and geometrical conditions. As shown in Figure 5, the thermal bubble around
the heater changes with changing acceleration. In this study, we observed that with the
application of rotation/vibration in addition to acceleration, the thermal bubble around the
heater also changed in the direction of the applied motion. The steps involved in measuring

multiple physical quantities using a motion sensor are shown in Figure 9.

Modeling
Obtaining a simple cylindrical model and meshing
using ANSYS Design Modeler and Meshing

|

Simulation
Using FLUENT for obtaining temperature-time curves
(UDF C programming is used for defining heater input and
sensor output)

Comparison
Finding maximum and minimum temperature
values with respect to acceleration and rotation

|

Data Study
Finding inverse functions using
MATLAB

Figure 9- Methodology flow

In this study, we have analysed three different cases and for all these, the flow conditions

and parameters vary:
Case 1: Measuring acceleration in the x-direction and rotation around the z-axis.
Case 2: Measuring acceleration in the x-direction and amplitude (of vibration) in the z-direction.

Case 3: Measuring acceleration and rotation in all three directions.
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The computational model and mesh for cases 1 & 2 are the same, whereas the design
model, as well as the mesh, is different for case 3. The overall procedure for measuring multiple
physical quantities in all three cases resembles the process illustrated in Figure 9. These steps

are described as follows:
1. Model and mesh generation:

The first step was obtaining a 3D design of the sensor and creating a mesh. For simplicity,
the shape of the thermal motion sensor was chosen to be cylindrical in shape which represents
the cavity of a real sensor. Inside the cavity, four heating sources were defined that created a
thermal bubble around them. Next to each heater, sets of temperature sensors were positioned.
The heating sources and temperature sensors, however, were defined by using computer code,
therefore, the geometry was essentially just a cylindrical shape. These are described in detail
later in section 3.2. Due to the simple nature of the geometry, ANSYS Design Modeler was utilized
for creating the model instead of alternative 3D solid modeling computer-aided software such
as SolidWorks. Although SolidWorks is a popular CAD tool because of its wide array of features
and variety of functionality, keeping in view the additional cost associated with it, ANSYS Design

Modeler was deemed suitable for this task.

The next step, which is one of the most important steps in CFD is the meshing of the
model. In this method, the body is divided into small discrete elements or cells. The small
elements or cells are then treated as independent bodies and governing equations (Navier’s
Stokes equation in this case) are applied to them in order to find the numerical solution. For
ensuring an accurate and reliable solution, the quality of the mesh needs to be significantly well.

The meshing chosen for this study is described in section 3.3.
2. Simulation to obtain temperature-time curves:

Once we have obtained a well-executed meshing of the model, it was used as an input to
the CFD simulation software. In our research study, FLUENT was chosen as the CFD tool, which
is developed by ANSYS. One of the special characteristics of FLUENT is that it is fully integrated
within the ANSYS Workbench, allowing users to quickly solve specific challenges with great ease
[72]. This also enables multi-physics simulation and smooth workflow integration with other

ANSYS products.
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In FLUENT, using appropriate input and boundary conditions (which are described in section
3.4), temperature-time curves were obtained. The meshed geometry was accelerated in one
direction and rotated/vibrated in another. Due to the convective heat transfer phenomena
within the thermal accelerometer, these responses were observed to be periodic in nature, as
represented in Figure 10. It can be observed that the periodicity of the curve began after a certain
time as the temperature started to rise from room temperature 300K at time Os. This is known
as the time lag between the input physical quantities and the corresponding temperature

responses. This may vary depending on the thermal conductivities of the material involved.
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Figure 10- Temperature-time curve illustration

From the temperature-time curves, the output values were extracted which are then
correlated with the input physical quantities. For case 3, output values were simply the extreme
values (maxima and minima) from temperature sensors surrounding the heaters. For case 1 and
2, on the other hand, output values were obtained by first generating temperature-time curves
of two equidistant sensors from the heaters, subtracting the two graphs, and then obtaining
maxima of that graph. Since the temperature response of the two graphs was periodic, the
temperature difference-time graph was also a periodic curve as the one represented in Figure

10, except for changing the y-label from temperature (T) to temperature difference (AT).

3. Comparison: Obtaining output values
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Since there was a correlation between the Tmax/ Tmin and ATmax values with the input physical
quantities, by inputting different values of acceleration and rotation/amplitude of vibration to
FLUENT, sets of data were obtained. Case 1 listings are presented in Table 8 and Table 9, for case

2 in Table 10 and Table 11 and data for case are noted in Table 12, Table 13 and Table 14.
4. Finding Inverse Function

The general method can be described as follows. The idea is to define a relationship between
multiple physical quantities (PQ) that we are interested in and multiple outputs by computational

simulations, as generalized below:
(Output 1, Output 2)= f(PQ1,PQ 2)

For each value of a physical quantity, there is a corresponding set of outputs. However,
the number of outputs should be the same as the number of physical input quantities. Therefore,
cross-axis sensitivity is useful as an input physical quantity applied around one axis, can be
measured using output data at another axis. Once this relation has been obtained, the next step

is to determine the inverse function of this relationship as:
(PQ1,PQ2)="(Output 1, Output 2)

To present the data from the above equation, a 3D plot needs to be drawn, one for each
physical quantity such that the two outputs are plotted on the x and y-axis, and the
corresponding physical quantity is plotted on the z-axis. It is to be noted, however, that the basic
principle of natural convection of the thermal motion sensor for all three cases is the same.
Therefore, the governing equations predicting the response were similar for this study and it is

described in detail in the next section.

3.1 Governing Equations

A computational simulation was performed to observe natural convection, and changes
in the temperature profile as acceleration and rotational speed/vibration were simultaneously
applied to the computational model. The governing equations for predicting the temperature
profile of our thermal motion sensor are based on the principle of conservation of mass,

momentum, and energy, which are as follows:

op
—+V. =0
p- +V.(pu)
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where u is the flow velocity vector field, V is the spatial divergence operator, D is the

pressure, | is the total stress tensor, and f denotes the body forces acting on the fluid. The
parameters Cp, p, and k are the specific heat, density, and thermal conductivity, respectively, of

the fluid in the cavity.

The computational fluid dynamics package FLUENT was employed for the analysis using

the finite-difference method to discretize the governing equations shown above.

3.2 Geometrical Dimensions and Motion Types

Case 1:

A simple cylindrical geometry, representing the cavity of a real thermal motion sensor,
was considered for the analysis with 1 cm of height and a diameter of 2 cm. As shown in Figure
11, four temperature sensors (black dots) adjacent to the four edges of rectangular heaters (red
rectangle) were considered. A double-axis thermal accelerometer was considered in this case.
All four heaters lay on every axis and were placed 0.4 cm from the center of the cavity. The
distance between heaters and sensors was set to be 0.0537 cm. The reason for choosing this

value has been described in section 4.1.2.

The size and power of our target model were determined as follows: in the literature,
different scales of Unmanned Aerial Vehicles (UAVs) have been studied to achieve lighter weight
and lower lifting and sensing power. Kevin [73] built an 80 mg, insect-scale, flapping-wind robot
with a power consumption of 19 mW. Another study specifies the lifting and sensing power to
be 100 mW for an insect-scale UAV with a mass of 100 mg [74]. Therefore, keeping this in view,
our target model consists of a device with dimensions of 1 cm (height) and 2 cm (diameter) with

a heating power of 70 mW for application in small-scale UAVs and robots.
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Figure 11- Model illustration: (a) isometric view; (b) side view and geometric dimensions: (c) cross-section view; (d)
side view.

Heaters and temperature sensors are incorporated into this design using user-defined
functions (UDFs). In the UDFs, the locations of heaters and sensors are defined and tracked using
their cell IDs, which are unique for every cell, even when the geometry is moving. Instead of
tracing the coordinates of heating sources, the cell IDs of cells containing the heating sources are
traced to determine the centroid location of these coordinates (Appendix A). In addition, using
the ‘DEFINE_SOURCE’ UDF, heat is applied to the cells where the heat sources exist. Furthermore,
temperature values are extracted by looping over the entire cells and locating the cell IDs of

sensors (Appendix B).

For case 1, rotation around the center of the cylindrical device in the counterclockwise
direction (z-direction) and acceleration in the negative x-direction were applied simultaneously,
as shown in Figure 12. Four heating sources (red squares, numbered 1-4) were placed at various
positions, and each heating source was surrounded by four temperature sensors (circles in four
colors) in the x- and y-directions. As the device is accelerated and rotated simultaneously in space,
each temperature sensor provides a unique temperature profile that changes with time. Sensors

with the same color generate similar temperature responses. The sensor denoted X21 is the x-
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sensor around Heater 2 in the positive direction (orange circle). Similarly, Y42 denotes the y-
sensor around Heater 4 in the negative direction (purple circle). From Figure 12, any set of one
selected heater with its four surrounding sensors out of the four sets can be considered for the

analysis. All sensors were placed equidistant from the heaters.

Figure 12- Direction of motion and position of heaters and sensors for case 1.

Case 2:

For case 2, similar geometrical dimensions of the cavity and heaters were considered as
case 1. However, instead of X and Y sensor data, X and Z sensors were analyzed. The position of

heaters and sensors is shown in Figure 13.
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Figure 13- Position of heaters and sensors; cross-sectional view (left) and side view (right) for case 2.

Here, we have x-acceleration and z-amplitude as the two input physical quantities,
whereas the response obtained at sensors around heater 1 i.e. AT Xmax and AT Znmqx as the two

outputs which are defined by:
AT X, ., =T_X11-T_Xi2
AT Z .. =T_Z11-T_712

Considering the other heater positions with their four surrounding sensors, similar
results should be generated. For measuring the frequency of vibration, the temperature
response at a single sensor location is obtained to be at the same frequency as the input z-

vibration.
Case 3:

In this case, acceleration and rotational speeds were measured in all three directions.
Therefore, a triple-axis thermal motion sensor needed to be considered here. The design and
geometrical dimensions of the sensor were altered. The placement of the heaters and sensors is
shown in Figure 14. Four heaters (H1-H4) were placed on all four axes, 40 mm from the center
of the cavity. Heaters H1 and H3 on the x-axis are surrounded by pairs of x-sensors X21 and X22,
and X11 and X12, respectively. Similarly, H2 and H4 on the y-axis are bounded by y-sensors Y21
and Y22, and Y11 and Y12, respectively. On the z-axis, each heater constitutes a temperature
sensor located 10 mm away from the heater in the z-direction. The notation of the z-sensors is

such that the number denotes the heater number (e.g., Z1 around H1).
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Figure 14- Position of heaters and sensors; cross-sectional (left) and side views (right) of a triple-axis thermal motion
sensor (for case 3).

At this point in our research, we have established the notion that it is possible to
measure two physical quantities simultaneously using this particular method. In this case, this
relationship is obtained for two quantities in three directions. Therefore, six inverse functions
must be obtained, and the data can be installed in the computing unit of the motion sensor. This

is illustrated in Figure 15.
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Motion of Inverse
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Computing Unit
of Inverse
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o ‘[ Y-rotation

Figure 15- Schematic of obtaining three inverse functions for the measurement of acceleration and rotation in all
three directions.

For the material of the computational domain surrounding the cavity for all three cases,
polyvinylidene fluoride (PVDF) and polyimide were chosen to be best suited because of their
good thermal heat resistance with high values of specific heat capacity (C,) and low values of

thermal conductivity (k), as listed in Table 4.
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Table 4- Mechanical properties of MEMS materials.

Thermal . .
) o Specific Heat  Density
Material Conductivity Capacity (J/ke/k) (ke/m?)
apaci m
(W/miK) PRy TS g
PVDF 0.2 1500 1780
Polyimide 0.1 1100 1420

3.3 Meshing Method

The ANSYS Fluent meshing method effectively applies the element size to any given face
or group of faces, ensuring a consistent, high-quality mesh size for the region. As described in
the previous section, a dual-axis thermal sensor was considered for case 1 & 2 where two
physical quantities were measured simultaneously (x-acceleration and z-rotation & x-
acceleration and z-amplitude of vibration). On the other hand, a triple-axis thermal sensor
needed to be considered for case 3 where two quantities (acceleration and rotation) were
measured in all three directions. The meshing parameters for cases 1 & 2, therefore, were

different from case 3.

3.3.1 Dual-axis Thermal Sensor Mesh

An optimal grid design is required to obtain accurate results with a reduced
computational time. To achieve this, we employed the grid resolution method proposed by
Minhyung [75] and created a computational grid, as shown in Figure 16, using the meshing
software in ANSYS 18.2. The number of elements and nodes of this structure are 310,947 and

1,283,732, respectively.

B .
X

Figure 16- Computational mesh; isometric view (left) and wireframe top view (right) for cases 1 & 2.
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Checking quality of the mesh is essential for ensuring reliable and accurate simulation
results. This was checked here by looking at element quality and aspect ratio of the generated

mesh.

3.3.1.1 Element Quality

The element quality is a composite quality (range from 0 to 1), as shown in the equation

below [76]:

Volume

\/(Z(Edge Length)’ )3

ELEMENT QUALITY =C

where the element determines the value of C which is a constant value. Element quality
is the ratio of the volume to the square root of the cube of the sum of the square of the edge
lengths. If it is 1, it is a perfect square. From the ANSYS Fluent numerical results, most of the

element quality of this experiment is close to 1 as shown in Figure 17.

deh (0B A @y Prokshest K G|V L-EARNRBRTE &S 2QAR QEQAEN
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Figure 17- Element quality of the dual-axis thermal motion sensor.
3.3.1.2 Aspect Ratio

Aspect ratio is the deviation of the component when the length of each side is equal, as

shown in the equation below [77]:
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Long Edge Length
Short Edge Length

ASPECT RATIO =

As shown in the above equation, the aspect ratio value must be about 1. If the ratio is 1,
the shape is a perfect square, and the shape will be distorted if the ratio becomes larger. So, a
value closer to 1 means a better quality of meshing. From the ANSYS numerical results, most of

the aspect ratios of this experiment are below 2.5 and close to 1 as shown in Figure 18.
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Figure 18- Aspect ratio of the dual-axis thermal motion sensor.

3.3.2 Triple-axis Thermal Sensor Mesh

A mesh using quadrilateral elements was also chosen for the tri-axial thermal sensor.
The geometry and dimensional constraints were set up as defined earlier in Figure 14, which was
different than the double-axis sensor because of the installation of z-sensors. In the previous
case, a mesh consisting of 310,947 elements were chosen, which required a reasonable amount
of time to conduct the simulations. In this case, we wanted to test the mesh in a manner that
yields results with a reduced computation time while minimizing CPU power consumption.
Moreover, to validate the reliability and independence of computational simulation results, a
grid-independence test was conducted because no experimental or theoretical models were

available for comparison.

3.3.2.1 Mesh Independence Test

The velocity, pressure (at sensor X11), and temperature variables were evaluated at

500°/s around the z-axis, and 2g was applied to the device in the x-direction using five different
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meshes with varying numbers of elements. The velocity and pressure distributions (viewed from
the top plane of the motion sensor) of a mesh with 166,675 elements are shown in Figure 19. It
can be observed that the velocity of CO, molecules was practically the same throughout the
motion sensor cavity with a maximum velocity of 49.23 m/s? at the instant of t = 2.5 s.
Furthermore, the temperature change with respect to time for all five meshes is shown in Figure

20. The maximum values in this graph were extracted and used for comparison.

Velocity ANSYS  pressure
Volume Rendering 1 — S— R18.2  volume Rendering 1
4.923e+001

L3 I 1.229¢-002
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Figure 19- Velocity (left) and pressure distribution (right) at t = 2.5 s for the mesh with 166,675 elements.
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Figure 20- Temperature response at 500°/s around the Z-axis and 2g applied in the X-direction for different mesh
sizes.
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The results of the grid-independence test are presented in Table 5 and illustrated in

Figure 21 by comparing the Tmax values with respect to the number of mesh elements.

Table 5- Change of variables with changing mesh elements.

No. of Mesh P_X11max

# max P Xllmin P - Tmax K
5 Elements Vimax(m/s) - (Pa) (Pa) &)
1 13,002 49.23 -0.497392 -0.168213 433.7
2 36,930 49.23 -0.509235 -0.167053 411.0
3 166,675 49.235 -0.508066 -0.181941 429.8
4 322,586 49.235 -0.513125 -0.183977 427.5
5 554,001 49.24 -0.518651 -0.185735 426.0
6 752,760 49.16 -0.523673 -0.186014 421.6
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Figure 21- Tpyax vs number of mesh elements.

It can be observed in Figure 21 that a significant increase of 4.6% in the Tpnax value is
observed between the second and third meshes. However, from the third mesh onwards, the
difference in Tmex values between the meshes is about 1%, which is minimal compared to the
first three. As a result, the mesh with 166,675 elements was chosen for future calculations, as it
provides a reliable solution with minimal computational requirements such as CPU time. This is

shown in Figure 22.
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Figure 22- Computational mesh of the triple-axis motion sensor; top view (left) and isometric view of the inside of the
mesh (right).

3.3.2.2 Element Quality and Aspect Ratio

Once a mesh is designed, and its independence from certain parameters is verified, it is
important to check the element quality and aspect ratio of the mesh elements such that
satisfactory results could be drawn from it. The element quality and aspect ratio of the mesh

from Figure 22 are shown below in Figure 23 and Figure 24.
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Figure 23- Element quality of the triple-axis thermal motion sensor mesh.
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Figure 24- Aspect ratio of the triple-axis thermal motion sensor mesh.

It can be observed from the above figures that the mesh elements around the outer
boundary of the sensor have lower quality (52.36%) and a higher aspect ratio of 3.12. This is
acceptable because the heaters and sensors are placed towards the center of the cylinder where
quality of the mesh was in the good range. The quality could be further increased if smaller mesh
elements were considered, however, our goal was to reduce the computation time, this is overall

acceptable.

3.4 Flow Conditions and Parameters

For the simulations, a time step size of 0.0042 s was considered keeping in view
increment velocities. For case 3, the acceleration and rotation ranges were set to be 1-4g and
250-1000°/s. For the case of acceleration, the maximum velocity for a flow time of 3 s was
117.72 m/s with an increment velocity of 0.164808 m/s at 4g. In contrast, for rotational velocities,
a maximum linear speed of 0.174533 m/s was practically the same as the maximum increment

velocity at 4g. The values are listed in Table 6 for comparison.
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Table 6- Maximum and increment velocities at different accelerations and rotations.

Maximum velocity | Increment velocity

at 3 's (m/s) (m/s)
1g 29.43 0.0412
2g 58.86 0.0824

Accelerati
cecieration 3g 88.29 0.1236
4g 117.72 0.1648
250 0.0436 0.0436
500 0.0873 0.0873

Rotati °
otation (%s) 750 0.1309 0.1309
1000 0.1745 0.1745

In FLUENT, a pressure-based transient solver was used along with an energy model
because the flow characteristics were not highly compressible with a lower Mach number.
Regarding the gas medium, carbon dioxide (CO,) was selected because of its high density and
low kinematic viscosity. The low viscosity of CO, enables a more efficient flow and results in
greater sensitivity than gases with higher viscosities because high viscosity impedes gas flow [68].
In section 4.1.3, a comparative study has been presented to determine the better gas medium
amongst Air, CO2, and N2. Moreover, in section 4.1.2, a comparison has also been drawn to

determine the optimal distance between heaters and sensors (0.0537 cm).

In thermal accelerometers, a heating source that generates temperature contours must
be defined. The temperature response is generally greater when the heating power is high, and
the ambient temperature is low. Therefore, differences in peak values increase. However, this
results in higher temperatures inside the cavity, which can lead to the heating of the motion
sensor walls. As explained earlier, a heating power of 70 mW was applied in response to the
device’s intended applicability to small-scale UAVs that require low sensing and lifting powers for
case 1 & 2. In case 3, however, we further reduced the heating power from 70 to 40 mW such
that it can be applied to significantly smaller UAVs. These simulation parameters are listed in

Table 7.
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Table 7- Simulation parameters

St Simulation parameters Parameters value

1 Software ANSYS FLUENT

2 Solver type Transient

3 Model type Energy

4 Gas medium CO;

5 Distance between heater & sensors | 0.0537 cm

6 Heater power 70 mW (case 1 & 2), 40 mW (case 3)
7 User-Defined functions DEFINE_CG_MOTION

DEFINE_SOURCE
DEFINE_EXECUTE_AT_END
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Chapter 4: Results

By employing the methodology described in Chapter 3, we have achieved the goal of

measuring multiple physical quantities for three different cases.
4.1 Measuring X-acceleration and Z-rotation

A dual-axis thermal motion sensor was employed to achieve the goal of measuring X-
acceleration and Z-rotation simultaneously. The computational model used for this study is
illustrated in Figure 11 and the position of heaters and sensors along with the direction of motion

is shown in Figure 12.
4.1.1 Measuring Maximum Temperature Difference Values

As described in Chapter 3, a relationship needs to be obtained between the output
values and input physical quantities. In this case, acceleration in the x-direction and rotational
speed around the z-axis are the two inputs. Corresponding to these inputs, two output values
needs to be determined and measured such that a relationship can be created. In the FLUENT
software, the temperature-time responses are observed to be periodic in nature. We observed
different temperature responses (temperature-time curves) when different combinations of
acceleration and rotation are applied simultaneously. For demonstration, Figure 25 shows the
temperature responses at Y31 and Y32 sensors around heater 3 (orange and blue) when an
acceleration of 27.42 m/s? (3g) and a rotational speed of 12.57 rad/s (3m) are applied

simultaneously.
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Figure 25- Temperature response of sensor Y31 (left) and sensor Y32 (right) at 3g and 3w.

In this study, we have analysed the simultaneous application of x-acceleration ranging
from 9.81 m/s? to 39.24 m/s? (1g-4g) and rotational speeds from 6.28 rad/s to 15.71 rad/s (2t-
5nt rad/s). For extracting output data, we have considered the temperature difference values

(T_Y32 — T_Y31) between the pair of sensors equidistant from the heater. These values are

36



different for different input physical quantities because of natural convection. As the
temperature response of all sensors is periodic, AT w. r. t. time is also periodic and maximum
temperature values (maxima) are extracted from the graph, as the output values. For our analysis,
we considered the results of the sensors around Heater 3, other heater positions and the
surrounding sensors should also generate similar plots. These temperature sensors are denoted
X31, X32, Y31, and Y32 (green, purple, orange, and blue in Figure 12), and the maxima of the
temperature differences of the X and Y sensors are represented as AT Xmax and AT Ymax,

respectively.

To visualize the above-mentioned method, we display the temperature responses at
sensors Y32 and Y31 at a fixed rotational speed of 4t and varying accelerations of 1g, 2g, 3g, and
4g in Figure 26. The next step involved obtaining the difference between these two temperature

responses, represented by T_Y¥32—T Y31, as shown in Figure 27.
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Figure 26- Temperature response of sensors Y32 (a) and Y31 (b) at 4m rad/s with varying acceleration.

37



1g = ATmax values
>

400

200+

Temperature difference (K)

-200-

ATmax values

-600-- Time (s)

Figure 27- Temperature difference between sensors Y32 and Y31 w.r.t time at 4 rad/s with varying acceleration.

From Figure 27, we have evaluated maximum temperature values in determining
AT Ymax. These maxima values change depending on simulation conditions and parameters, and
directly influence the sensitivity of the device. Therefore, to improve the sensitivity, we have
studied the effects of changing the distance between the heater and sensors and changing the
gas medium on the maximum temperature difference values (ATmax). At 1g, 2g, 3g, and 4g with
a constant rotation of 4m rad/s, we have obtained AT values of 238.60852K, 389.7796K,
523.474K, and 575.5737K, respectively.

4.1.2 Study of the Effect of Changing Distance Between Heater and Sensors

To see how changing the distance between heater and sensors affects maximum
temperature difference values (AT_Xmax and AT _Ymqx) and how the performance parameters can
be improved, we have considered six different positions of temperature sensors by changing the
distance from the heater to 0.0179 cm, 0.0358 cm, 0.0537 cm, 0.0896 cm, 0.1254 cm, and 0.1433

cm. Through these simulations, a suitable distance was found.

For those six different positions of the sensors, the AT Ym. values extracted at a
constant rotational speed of 4n rad/s and increasing acceleration from 1gto 4g are shown
in Figure 28, and those at a constant acceleration of 3g and increasing rotation speed from 2m to

5mt rad/s are shown in Figure 29.

38



800

700

600

500

400

300

Maximum temperature difference (K)

200

100

T T
0.0179 cm ——
0.0358 cm —— : : :
0.0896 cm —H—
| 0.1254cm — @
0.1433 cm —&—

1
10 15 20 25 30 35 40
Acceleration (m/s?)

Figure 28- AT_Ymax W.r.t acceleration at 12.57 rad/s with varying distance between heater and sensors.
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Figure 29 - AT_Ymax W.r.t rotation at 3g with varying distances between heater and sensors.

From Figure 28, it can be seen that maximum temperature difference (ATmax) values are

observed to be higher as the distance between heater and sensor is lower. The information that

can be extracted from the graph is how these values change by changing acceleration. For 0.0179

cm distance between heater and sensor, when the acceleration was changed from 2g to 3g,
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AT Ymex increased from 473.1 K to 663.5 K, resulting in a difference in AT Ymax of 190.4 K.
Whereas, for the case of a larger distance, i.e., 0.0896 cm, the temperature difference dropped
to 30.0 K. This means that for acceleration, shorter the distance is, better the results (sensitivity)

are.

In Figure 29 with increasing rotation, we can see that as the distance between heater
and sensors is increased, the sensitivity decreases to a point that almost straight lines in the
graph are observed. In addition to sensitivity, resolution which is defined as the difference in the
output value in response to the input change has also been observed to be reduced by the
increased distance between heater and sensors. Between 3t rad/s and 4m rad/s, AT_Ymax values
for the case of 0.0358cm are observed to be 540.4 K and 504.6 K, respectively, which gives a
difference of 35.8 K as opposed to 5.0 K for a longer distance as 0.1254 cm between heater and
sensors. Thus, a shorter distance between heater and sensors generates better sensitivity and

resolution for changing rotational speeds.

Therefore, it can be concluded from Figure 28 and Figure 29 that, as the distance
between heater and sensor reduces, better sensitivities and resolution are observed for both
acceleration and rotation. In addition to that, we have also observed the uniqueness of the
solution for all six distances for changing accelerations. On the other hand, for changing
rotational speeds, we observed uniqueness from 0.0179 cm to 0.0896 cm distance between

heater and sensors.

4.1.3 Study of the Effect of Changing Gas Medium

Another crucial parameter that can significantly alter the quality of results is choosing
the right gas media for the thermal motion sensor. As described in section 2.6, sensitivity of the
thermal motion sensor is related to the density and viscosity of the gas medium, which means
by varying these properties can vary the performance of the device. The proportionality is

shown in the equation below:

Density

Sensitivity oc — -
Viscosity

To study the effect of changing gas medium, we have considered three different gas

mediums, Air, N, and CO,. Their physical properties are listed previously in Table 2. For

computational simulations, we have considered heater 3 with its four surrounding temperature
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sensors (Figure 25). The distance between the heater and sensors was set to be a medium value

of the preceding simulations as 0.0537 cm. The simulation results of AT Y. W.r.t acceleration

at 3g and rotation at 4 rad/s are plotted in Figure 30 and Figure 31, respectively.
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Figure 30- AT_Ymax W.r.t acceleration at 12.57 rad/s with varying gas media.
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Figure 31- AT_Ymax W.r.t rotation at 3g with varying gas media.
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It can be seen from Figure 30 and Figure 31 that as expected the gas medium CO;
generated maximum sensitivity and resolution for both changing acceleration and rotation. In
Figure 30, as acceleration is increased from 3g to 4g, the AT _Ymax value jumps from 523.5 K to
575.6 K resulting in a difference of 52.1 K, as opposed to N, with a difference of 32.9 K. The more
significant effect of the gas medium has been observed when changing rotation speed from 4n
rad/s to 5mtrad/s as in Figure 31. That is, CO, generates a lot larger difference value of AT_Ymax as

66.3 Kthan 12.2 K for N,.

4.1.4 Measuring Acceleration and Rotation from Maximum Temperature Difference Values

Since the results in Figure 30 and Figure 31 are obtained only at 4m rad/s and 3g,
respectively, to observe the consistency and reliability of results under varying conditions, we
must also obtain these maximum temperature values at more wide ranges of rotational speeds
and accelerations. These AT Xmax and AT _Ymqx values around Heater 3 w.r.t acceleration (from 1g
to 4g) and rotation (from 2m to 5m rad/s) using CO, as the gas medium are listed in Table
8 and Table 9, respectively. The x-sensor and y-sensor results with respect to changing

acceleration and rotational speed are shown in Figure 32 and Figure 33, respectively.
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Figure 32- ATnax at X sensors w.r.t acceleration (a) and rotation (b) at varying rotation values by using CO; as the gas
medium.
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Figure 33- ATmax at Y sensors w.r.t acceleration (a) and rotation (b) at varying rotation values by using CO; as the gas
medium.
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Table 8- AT _Xmax values around heater 3 (case 1).

2n 3n 4n 5n
1lg 3643 329.2 2470 228.9
AT_Xmax (K) 2g 5039 479.5 4035 377.0
3g 5684 561.1 489.9 472.2
4g 591.0 579.4 556.7 555.4

Table 9- AT _Ymax values around heater 3 (case 1).

2n 3n 4an 5n
1g 389.7 330.2 2386 2254
AT_Ymax (K) 2g 5444 520.5 389.8 345.0
3g 602.8 5543 5235 457.1
4g 628.6 5934 575.6 550.7

It can be seen from Figure 32 and Figure 33 that sensitivity is higher at lower rotation
speeds and higher accelerations. Conversely, resolution of the device is higher at higher rotation

speeds and lower accelerations.

From Table 8 and Table 9, we can observe that the values of AT_Xmax and AT_Ymex are
both related to acceleration and rotation, which are to be measured by a real thermal motion
sensor. Figure 34 shows three-dimensional plots of the values of AT Xmex and AT_Ypnax produced
by the accelerations (from 1g to 4g) and rotation (from 2m to 5mt rad/s). The dots on both curves
represent the data, extracted from Table 8 and Table 9, obtained by computational simulations.
Due to the factor of cross-axis sensitivity, the acceleration applied in the x-direction and rotation
around z-axis have generated temperature responses at x- and y-sensors. This is denoted by the

relation:
(AT,.AT,)=f(a,0)

where w is the rotational speed in rad/s and a is the acceleration.
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Figure 34- AT_Xmax (a) and AT_Ymax (b) produced with the given acceleration and rotation.

Since the temperature values obtained above are detected with the given acceleration
and rotation values and change linearly, cubic interpolation using MATLAB has been employed
to obtain more data. This is shown in Figure 35 and the data points are represented by the mesh

points.
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Figure 35- Data obtained after interpolation of AT_Xmax (a) and AT_Ymax (b) w.r.t acceleration and rotation.

Since the above temperature values, AT_Xmax and AT_Ymax can be measured by the x-
and y-sensors of the real thermal motion sensor, respectively, we need to obtain an inverse
function such that the real thermal motion sensor can calculate a and w corresponding to its
measured maximum temperature difference (ATmax) values. This inverse function is represented
in the equation below and the inverse graphs are shown in Figure 36, Figure 37, Figure

38 and Figure 39.

(a,0)=f"(AT,,AT,)
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Figure 36- Graph to obtain a from AT, and AT, data measured around heater 3 (isometric drawing).
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Figure 39- w w.r.t AT, (a) and AT, (b).

For example, using the data shown in Figure 36 and Figure 37, the real thermal motion
sensor can calculate the values of acceleration from the values of AT, and AT, measured by this
sensor. To sum up, theoretically, from the results shown above, both rotation and the
acceleration can be determined simultaneously when the real thermal motion sensor is rotating
at any speed from 2mt rad/s to 5m rad/s and accelerated in the x-direction at any value from 1g
to 4g. This range of rotation speed and acceleration can be further increased when more

simulations are conducted. In this case, the data is collected at x- and y-sensors around heater 3
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only. Considering other heater positions with their four surrounding sensors should generate

similar results.

4.2 Measuring X-acceleration and Z-amplitude of Vibrations

As described in section 4.1, we have successfully demonstrated a technique by which X-
acceleration and Z-rotation can be simultaneously measured. Moving forward, we have
considered another scenario in which a body is accelerating in the x-direction and vibrating
periodically along the z-axis. Therefore, X-acceleration and Z-amplitude of vibration are the two
input physical quantities applied on a dual-axis thermal motion sensor. The computational model
is the same as the one illustrated in Figure 11, the position of heaters and sensors is shown in

Figure 13, and the mesh in Figure 16.

From Figure 13, any of the four heating sources along with their surrounding sensors can
be considered for analysis. We have obtained the temperature response of the sensors around

heater 1i.e. AT Xmax and AT _Zmayx as the two outputs which are defined by:
AT X, =T_X11-T_Xi12
AT Z .. =T_Z11-T_Z712

Considering other heater positions with their four surrounding sensors should generate
similar results as well. The next step is to calculate the maximum temperature difference value
(ATmax) between a pair of equidistant sensors from the heaters. These are listed in Table 10 and
Table 11 when acceleration in the x-direction (1g-4g) and vibration in the z-direction (0.03 m —
0.09 m amplitude) at 25 Hz frequency are applied simultaneously. The Z-maximum temperature

difference (AT _Zmax) With respect to changing acceleration and amplitude are shown in Figure 40.

47



Z-Maximum temperature difference (K)

Z.Maximum temperature difierence (K)

0 L L L L L
0.03 0.04 0.05 0.08 0.07 0.08
Z-amplitude (m)

Figure 40- AT_Zmax w.r.t z-amplitude with varying acceleration (left) and x-acceleration at varying z-amplitudes
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Table 10- AT _Xmex values around Heater 1 (case 2).
0.03m 0.05m 0.07m 0.09m
1lg 315.2 3213 327.7 334.2
AT_Xmax (K) 2g 456.3 4583 459.5 461.9
3g 507.5 504.4 497.5 491.2
4g 5283 527.1 521.5 513.7

Table 11- AT_Zmax values around Heater 1 (case 2).
0.03m 0.05m 0.07m 0.09m
1g 92.1 151.9 203.4 244.1
AT_Zmax (K) 2g 59.7 94.1 124.6 151.8
3g 86.8 142.1 186.1 2134
4q 1145 189.6 251.8 294.4

40

From the data listed above, a surface graph is plotted in which maximum temperature

difference values (ATmax) are listed with respect to acceleration and amplitude, as shown in Figure

41.

48



500

600 450

500 1 400

400 1 as0

300 4
1 300

200 4
1250

100 4
200

Maximum temperature difference (K)

150

40

0.06 30 100
0.08

Amplitude (m) 0.1 10

20

Acceleration (m!s‘?)

Figure 41- AT_Xmax (blue dots) and AT_Zmax (purple dots) w.r.t given acceleration and amplitude of vibration.

Figure 41 shows the three-dimensional graph for Table 10 and Table 11. The blue dots
on the graph surface represent AT Xmax and the purple dots show AT Zy.x. The problem is how
to inversely obtain acceleration and amplitude from the data in Table 10 and Table 11 when
AT Xmax and AT _Zmex are measured by the real sensor system. To do this, we need to obtain an
inverse function. For this, however, more data is needed which is achieved by interpolating the

data using the cubic interpolation technique in MATLAB and the surface is plotted in Figure 42.
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Figure 42- The data obtained from the interpolation (black bots) and the original data (the surface).
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Figure 43 and Figure 44 illustrate the graphs that utilize the interpolated data from Figure
42. The x-axis represents AT Xmax, the y-axis represents AT Zma.x, and the z-axis represents X-

acceleration and Z-amplitude, respectively.
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Figure 43- The graph to obtain x-acceleration from the data of AT Xmax and AT_Znmax (isometric drawing).
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Figure 44- The graph to obtain z-amplitude from the data of AT_Xmax and AT_Zmax (isometric drawing).

From the results shown above, both the acceleration and vibrational amplitude can be

determined simultaneously when the real sensor system is accelerated in the x-direction at any
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value from 1g to 4g and vibrated at the z-direction with amplitudes from 0.03 m to 0.09 m at 25
Hz frequency. The maximum acceleration and amplitude (4g and 0.09 m) can be increased if

more simulations are conducted with larger values for acceleration and vibrational amplitudes.

From the temperature-time plots of the above data, an interesting pattern was observed.
An example is illustrated in Figure 45, which is the graph at an X-acceleration of 2g and Z-

vibration with an amplitude of 0.05 m at 25 Hz frequency.

The frequency of a wave is defined be to 21t/T, where T is the period. As the frequency
of Z-vibration considered here is 25 Hz, this means a period of 0.2513 s. From Figure 45, it can
be observed that the period of Z-vibration is approximately close to this value. Hence, we can
say that the frequency of vibration, as a third physical quantity, can also be simultaneously
measured by measuring the frequency of the temperature-time responses in addition to

observing the data from the inverse functions.
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Figure 45- Temperature-time curve at 2g X-acceleration and Z-vibration at 0.05 m and 25 Hz.

Another observation, that can be made from Figure 43 and Figure 44 is that if a straight
line is drawn parallel to the z-axis, no regions of multiple solutions are observed. This is probably
because, when comparing vibration of a body and acceleration, it is imperative that both signals
be measured on the same frequency range and with the same scale factors. Application of
rotation along with acceleration, however, disrupts the frequency of the signal and hence non-

uniformities in the trend are observed.
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4.3 Measuring Acceleration and Rotation in All Three Directions

In sections 4.1 and 4.2, we have shown the concept of measuring two quantities. The
data extracted, however, is only for measuring X-acceleration and Z-rotation/amplitude of
vibration. Due to the symmetry of the motion sensor, result is also valid for the acceleration
applied in the y-direction along with the Z-rotation/amplitude of vibration. To further stretch on
the results, in this section, we are proposing a method to obtain three inverse functions such
that each inverse function measures one acceleration (a) and one rotation (w) perpendicular to

that acceleration. The inverse functions can be described as follows:

(ax ' a)Z ) = f_l (Txmax ’ Txmin )
(ay7wx) = f71 (Tymax ' Tymin )

(az’a)y): fﬁl (szax'szin)

Cross-axis sensitivity (CAS) is to some extent present in all sorts of thermal sensors,
including the one considered in this paper. In this case, by utilizing CAS, in order to
simultaneously measure an acceleration and a rotation, we can extract peak temperature values
(minimum and maximum) at the axis where only acceleration is applied. In section 4.1, it was
demonstrated that temperature data from both x- and y-axis can be utilized to simultaneously
measure X-acceleration and Z-rotation. As a result, we can extract the data from the axis where

only acceleration is applied by accounting for the influence of CAS.

The computational model and mesh for analysis are shown in Figure 14 and Figure 22,
respectively. As indicated in Figure 9, temperature-time curves are generated via simulations
using FLUENT software. To the cylindrical model, acceleration and rotation are simultaneously
applied, and temperature graphs are analysed to extract the maximum and minimum values. To
illustrate this process, Figure 46 shows the data acquired by the Y12 sensor at a rotational
velocity of 500°/s and 1-4g accelerations. The identified peak values are listed with respect to

physical input quantities (Table 12, Table 13 and Table 14).
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Figure 46- Temperature—time curve for Y12 sensor at 500°/s with varying accelerations from 1 to 4g.

Table 12- Data for T_X11max and T_X11min (case 3).

a @ 250 500 750 1000

lg 477.9 488.9 488.3 489.7

T_X1Tmax 2g 495.0 502.6 501.1 500.7
3g 500.9 504.8 501.4 501.4

4g 498.4 503.3 495.5 496.7

a @ 250 500 750 1000

lg 407.1 415.7 417.3 415.7

T_XTTmin 2g 359.1 373.2 379.5 380.1
3¢ 328.3 338.5 346.1 348.9

ig 312.7 316.4 320.3 322.1

25

53



Table 13- Data for T_Y12 e and T_Y12min (case 3).

a @ 250 500 750 1000

1g 497.3 507.0 512.6 514.3

T_Y12max 2g 499.4 519.3 529.5 536.2
3g 495.6 516.1 527.1 534.8

4g 496.1 512.2 523.5 533.2

a @ 250 500 750 1000

1g 425.9 435.8 440.6 440.0

T_Y12min 2g 381.3 393.7 404.0 408.1
3g 353.7 355.9 361.3 361.0

4g 337.6 333.4 332.3 329.3

Table 14- Data for T_YZ4max and T_Z4min (case 3).

a w 250 500 750 1000

1g 483.1 490.3 497.3 500.2

T_Z4max 2g 4714 4755 486.3 494.3
3g 452.8 454.8 471.9 486.9

4g 438.9 426.8 444.1 457.3

a w 250 500 750 1000

1g 4424 440.6 438.4 444.8

T_Z4win 2g 388.2 398.6 401.7 399.7
3g 350.7 354.8 360.0 360.2

4g 332.2 329.4 333.2 334.0

This research study explores a range of accelerations from 1g to 4g (9.81 m/s?> — 39.24
m/s?) and rotations from 200°/s to 1000°/s in all three directions. As described in Figure 14, four
heaters and pairs of temperature sensors are positioned in all three directions. Due to the
symmetry of the structure, identical results are obtained at X11 & X21, and X12 & X22. Similarly,
Y11 & Y21, and Z1 & Z3 will provide similar extreme temperature values. Therefore, to obtain
the extreme values, the maxima, and minima values of X11, Y12, and Z4 are considered. These
values are then recorded for all different accelerations and rotations in all three directions and

correlated with the applied physical quantities of acceleration and rotation.

Since we have obtained results by computational simulation for only 4 data points for
acceleration and rotation, we need to employ the interpolation technique to obtain more data

between the upper and lower limits of input physical quantities. This is done in MATLAB using
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the cubic interpolation technique that uses 4 data points to compute the polynomial. In this
method, there are no constraints on the derivatives compared to other interpolation techniques

such as spline interpolation.

The data for Tmex and Tpin values for all three axes are listed in Table 12, Table
13 and Table 14, and the inverse functions to obtain both acceleration and rotational speed in
all three directions corresponding to the measured maximum and minimum temperature values
are shown in Figure 47, Figure 48 and Figure 49. The node values indicate each data point. These

inverse functions can then be installed in the computing unit of a real thermal motion sensor.
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Figure 47- Graphs for X-acceleration (left) and Z-rotation (right) values from Xmin and Xmax measured around heater 1.
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Figure 48- Graphs for Y-acceleration (left) and X-rotation (right) values from Y pmin and Ymaex measured around heater 2.
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Figure 49- Graphs for Z-acceleration (left) and X-rotation (right) values from Zmin and Zmex measured around heater 4.

So, using the data from Figure 47, Figure 48 and Figure 49, a real thermal motion sensor
can simultaneously measure all three accelerations at any value between 1 to 4g and rotation
speeds between 200°/s —1000°/s. This range of acceleration and rotational speeds can be further
increased when more simulations are conducted. Furthermore, more data should be extracted

using simulations rather than relying on interpolation techniques to have more accurate results.

4.4 2D Mapping Method

To measure multiple physical quantities simultaneously, we have employed the
methodology summarized in Figure 9. Similar technique was utilized to for all three cases,
described in sections 4.1, 4.2, and 4.3. For all these cases, an inverse function per physical
quantity is essentially obtained and from that inverse function any value within the range can be

measured corresponding to the output values (peak temperature values).

Here, we propose a mapping method (2D or 3D) that could be utilized to measure
multiple physical quantities without using an inverse function. Taking into account case 3, Y-
acceleration and X-rotation for the 2D method, input data, i.e., acceleration and rotational
speeds, are plotted in a graph, as shown in the mapping of input data in Figure 50a (red lines).
On the other hand, Figure 50b (red lines) shows the output data (Tmexand Tmin) extracted
from Table 13. For actual measurements, once these 2D plots are obtained, for any output
(measured) value of the sensor such as the purple circle in Figure 50b, the input value
corresponding to the output value can be numerically and geometrically calculated (blue circle

in Figure 50a) without needing an inverse function.
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Figure 50- A 2D mapping of input data (a) and output data (b) extracted from Table 13.

It can be seen from Figure 50 that we can geometrically and numerically measure input physical

quantities from the plot of output values. The 2D mapping technique shown above can be

applied to the data of every sensor position. The plots for the data at X11 and Z4 are shown in

Figure 51 and Figure 52, respectively.
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Figure 51- A 2D mapping of input data (a) and output data (b) extracted from Table 12.
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500

It can be observed from Figure 51 that some of the quadrilateral shapes overlap with

each other for the output data, this indicates regions of multiple solutions. This method is also

efficient in determining the areas of multiple solution as compared to the inverse function

method, as it can be easily visualized with the 2D plots.

This novel method can also be applied in 3D to achieve measurement of three physical

guantities simultaneously. These are demonstrated in Figure 53 and Figure 54.
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Figure 53- Cells of three inputs

Figure 54- Cells of three outputs

Figure 53 shows the cells created by three inputs with each input positioned in x-, y-,

and z-axis. The eight corners of each cell are supposed to have three outputs that are either
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measured by the real sensor or simulated by CFD. A mathematical equation can be established
for each output value with respect to the input values. Figure 54 shows the cells created by three
outputs which would be calculated by the mathematical equation. The eight corners of each
have three corresponding input values. The red rectangular prism in Figure 53 is transformed

into the red octahedron in Figure 54.

For all the values that lie within the range of the graph demonstrated in Figure 53 and
Figure 54, the coordinate of Outputl, Output2, and Output3 always belongs to the one of the
cells in Figure 53. Then the input values for these outputs can be approximately calculated by

the eight sets of input values on the corners of this cell.

Different numerical approaches can be utilized to find this. The cell in which the
coordinate of the outputs values belongs to can be found by three-dimensional approaches
developed from the algorithms as introduced by Ogami [78]. The paper presented some effective
computational methods for particle searching and positioning by ‘cell registration’ and ‘area
comparison” methods. Both these methods are applicable to structured and unstructured grid

systems.
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Chapter 5: Discussion

In this study, we have presented a novel technique that can be implemented to measure
multiple physical quantities simultaneously using a thermal motion sensor. We have successfully
implemented and demonstrated the simultaneous application of acceleration and rotation
(section 4.1), acceleration and amplitude of vibration (section 4.2), and acceleration and rotation

in all three directions (section 4.3).

A general method can be mentioned here. The idea is to define a relationship between
multiple physical quantities that we are interested in, and multiple outputs by computational

simulations as generalized below:
(output 1, output 2, ...) = f (physical quantity 1, physical quantity 2, ...)

For each value of a physical quantity, there is a corresponding set of outputs (AT and
Tmax Values in our case). Number of outputs, however, should be the same as the number of input
physical quantities. That is why cross-axis sensitivity is useful. Once this relation has been

obtained, the next step is to find the inverse function of this relationship as:
(physical quantity 1, physical quantity 2, ...) = f'* (output 1, output 2, ...)

Using this relation, we can easily obtain a graphical inverse function with a specific range
of physical quantities. Within that range, any value can be extracted concerning its output. In
this study, for case 1, the maximum temperature values ATnqox around the X and Y sensors were
obtained as two outputs corresponding to acceleration in the x-direction and rotation around
the z-axis. For case 2, the maximum temperature values ATqax around the x- and z-sensors were
accounted for as the two outputs corresponding to x-acceleration and amplitude of vibration
applied to the z-axis. For case 3, however, six inverse functions were obtained and Timax and Tmin
values were taken as the outputs. Each inverse function measured one acceleration and a
rotation perpendicular to the axis where acceleration was applied. These data of the inverse
function can then be installed in the computing unit of a real thermal motion sensor so that the

sensor can calculate the input physical quantities from the measured output values.

If the size of the aerial system is increased while keeping the heater power of the thermal
motion sensor constant, similar graph trends as well as performance parameters like sensitivity
should be generated. As described in section 2.6, sensitivity of a thermal accelerometer can be

represented by the Grashof number, and in fluid mechanics, numbers such as Reynold’s number
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and Prandtl number are considered dimensionless groups and therefore the trends remain
similar. So, if the size of the aerial system is changed, the temperature values and inverse
functions need not be altered. It is dependent on the input physical quantities. Moreover, the
acceleration and rotation/amplitude of vibration range considered here is limited and should be
further extended to practically account for any value applied to the device. Once more data is
obtained by computational simulations, in order to incorporate a broader range, the thermal

motion sensor’s computing unit can be enhanced by integrating the modified inverse function.

According to Nguyen [79] and Ogami [6], when working with a 3-axis thermal
accelerometer, they have discussed the idea of cross-axis sensitivity as “the same response can
be observed for two accelerations with different magnitudes and opposite signs” which means
that two combinations of temperature outputs determined a single acceleration. In section 4.1,
we had acceleration in the x-direction and rotation around the z-direction but even by
considering X and Y-sensor responses, because of cross-axis sensitivity, results were observed to
have a unique combination of temperature outputs corresponding to accelerations of 1g-4g and
rotational speeds 2m -5m rad/s. We have defined such a characteristic of results as the uniqueness
of the solution. For 0.1254 cm and 0.1433 cm distances between heater and sensors, we
observed areas of multiple solutions for changing rotational speeds. Therefore, for a defined
range of input physical quantities, we need to verify the results by simulations and find such

parameters that generate unique solutions.

In section 4.1.2, we observed that the shorter the distance between the heater and
sensors is, the better sensitivity and resolution are observed. Six different positions of sensors
were considered, amongst which the shortest distance, 0.0179 cm, gave the most favourable
results while the largest one, 0.1433 cm, was the least. This means that reducing this distance to
the least possible value would generate better performance for the device. However, this
distance is measured from the center of the heater to the center of sensors, so considering the
practical aspects there is a limit to how much this can be decreased. Therefore, a compromise is

needed in choosing the ideal distance between the heater and sensors.

In addition to sensitivity and resolution, another important factor that determines the
quality of results is the frequency response. It is a measure of how quickly the device can respond
to changes in acceleration and rotation speeds. To obtain a fast and wider frequency response,

we need to change the thermal physical properties of the gas medium. A large thermal
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conductivity (a) and a small density (p) will accelerate the thermal diffusion, which consequently
facilitates the heat balance in the cavity and provide fast frequency response to the device.
Multiple works in literature have studied the frequency response of a thermal accelerometer.
Garraud [80] investigated the frequency response using an analytical and CFD model. This could
also be done for a thermal motion sensor measuring multiple physical quantities, which can be

an interesting study as a future work.

For our thermal motion sensor’s material, we have used polyvinylidene fluoride (PVDF),
which is also known for its piezoelectric behaviour. This means that it can generate an electric
charge in response to applied mechanical stress. Therefore, by using this to our advantage, we
may also define a new variable concerning pressure changes around the body. By using this
application of the material, we can measure one additional physical quantity such as applied
mechanical stress simultaneously. PVDF, however, has a high value of the coefficient of thermal
expansion (a) which limits its usage at higher values of temperature. The properties and
responsiveness of PVDF concerning a thermal motion sensor for measuring pressure can be

investigated as a future work.

One problem encountered in the inverse functions is the region of multiple solutions.
This is the region where two identical combinations of maximum and minimum temperature
values generate different input physical quantities. This would render an inaccurate result. This
region can be viewed by drawing a vertical line from the XY plane parallel to the input physical
quantity axis. For measuring Y-acceleration using T_Ymax and T_Ymin, this region is demonstrated
by an eclipse in Figure 55. Therefore, it is necessary to verify the results and find parameters that
generate unique solutions. This may be reduced by either altering the cavity shape of the sensor

or changing the position of heaters and sensors.
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Figure 55- Region of multiple solutions indicated on the graph to obtain Y-acceleration using Ymax and Ypmin.

As no experimental or theoretical model is presented in this paper to support or validate
the numerical simulations. Our future work will be manufacturing a real thermal device using
the results presented in this paper. However, the technique presented in this study may provide

a cost-effective and time-saving solution to the sensor technology of UAVs.

In case 3 (section 4.3), for measuring acceleration and rotation in all three directions,
the method has the disadvantage of requiring both acceleration and rotation. However, by
examining both rotary-wing and fixed-wing UAVs it can be observed that the pitch motion along
the transverse or lateral axis is a vital factor in facilitating smooth and efficient flight throughout
the entire operational duration of the device. Furthermore, a study should also be explored in
which more than two quantities can be measured using a single inverse function must be
conducted. The idea for this was proposed in section 4.4 in which 3D mapping can be utilized for

obtaining three outputs to measure three physical quantities simultaneously.
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Chapter 6: Conclusion

In this study, by using the concept of computational fluid dynamics (CFD) and leveraging
cross-axis sensitivity (CAS) in thermal accelerometers, we have presented a novel technique for
measuring multiple physical quantities simultaneously. As observed in section 4.1, for any
acceleration between 9.81 m/s? and 39.24 m/s? (1g—4g) and rotational speed of 6.28 rad/s—
15.71 rad/s, this device is capable of measuring both quantities simultaneously. The range of
acceleration and rotation can be further expanded by additional computational simulations. The
inverse function can then be installed in the computing unit of a real thermal motion sensor so
that the sensor can calculate the acceleration and rotation speed from the measured

temperature values.

In sections 4.1.2 and 4.1.3, a parametric study was conducted where two parameters
were investigated and by altering those parameters, the performance of the device was
evaluated. It was concluded that the sensitivity and resolution of the device may be increased
by considering a lower distance between heater and sensors, although a compromise is needed
such that there is a sufficient distance between heater and sensors. 0.0537 cm was considered
to be a good distance for the MEMS thermal motion sensor. Furthermore, by utilizing a gas
medium with a high density and a low viscosity such as CO, may also improve the sensitivity and

resolution.

In section 4.2, we have shown that any acceleration between 9.81 m/s?and 39.24
m/s? (1g—4g) and amplitude of vibration of 0.03 m —0.09 m at 25 Hz along the z-axis can also be
measured simultaneously using the inverse function approach. It was also observed that the
frequency of the temperature response was identical to the frequency of vibration. This indicates

that the frequency of vibration can be the third quantity which can be measured simultaneously.

In section 4.3, further extending the idea of measuring two quantities, we have proposed
a concept by which acceleration and rotation can be measured simultaneously in all three
directions, x—, y— and z—axis for applications in unmanned aerial vehicles (UAVs). This is again
achieved by utilizing CAS. For X-acceleration and Z-rotation, we have extracted maxima and
minima of the temperature-time curves of the X-sensor data. Similarly, for Y-acceleration and X-
rotation, the data from Y-sensor were considered, and Z-sensor data for Z-acceleration and Y-
rotation. In this way we have obtained six graphical plots, one for each acceleration and rotation,

such that any acceleration from 1 to 4g and rotation from 200 to 1000°/s can be measured
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simultaneously. Once obtained by computational simulations, these inverse function plots can

then be integrated into the computing unit a real thermal motion sensor.

In section 4.4 we introduced a novel approach known as 2D or 3D mapping, which allows
us to accurately measure multiple physical quantities by analysing the plotted output values in
relation their corresponding input values. This technique offers an efficient numerical
measurement, and this may be a better approach than using inverse function, as the values can

be measured numerically and geometrically.

In all four subsections of Chapter 4 we have introduced a concept by which modifying a
thermal motion sensor and leveraging CAS, we were able to measure multiple physical quantities
simultaneously. In this study, we obtained output values by observing temperature data,
however we believe that by quantifying other quantities such as pressure, this idea can also be
applicable to other sensor types such stress sensors or vibration sensors. Additionally, a
frequency response analysis and an effective sensitivity analysis is missing in this study which

should be thoroughly conducted to verify the quality of the results.

The results obtained by CFD simulations here needs to be tested and validated either
through theoretical analysis or real-world experiments using the MEMS manufacturing
technology. However, overall, this methodology provides a strong framework for measuring
multiple physical quantities and allows researchers all over the world to gain deeper insights into
this new concept and obtain experimental data. This study offers an excellent solution to the

challenges faced by sensor technology in UAVs.
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Appendix A: Locating Cell IDs User-defined Functions (UDFs) code

Cell ID for temperature sensors.c.c X

I

#include "udf

real

Volumne

n"

= 0.0;

DEFINE_SOURCE (energy, c, t, d5,

real
real
real
real

real
real

C_CE

®[ND_ND]
source;
xmin i1,
xmin iz,
xmin_ i3,

xmin_i4,

NTROID (X,

xmin il= 0.00
xmax il= 0.00

xmin_i2=-0.00
xmax i2=-0.00

ymin_ i3=-0.00
ymax_13=-0.00

ymin_i4=-0.00
ymax_i4=-0.00

zmin il= 0.00
zmax_il= 0.00

ymin i2= 0.00
ymax_i2= 0.00

xmin_i4=-0.00
xmax i4=-0.00

if(x[0]>xmin il &&
x[0]>xmin 12 && x|

x[0]>xmin i4 L& x]

zlse

source =
dS[egn] =

Emax il, ymin il,
Emax i2, ymin iz,
Emax i3, ymin i3,
Emax i4, ymin i4,

c, t):

04;
e

42;
38;

0&;
04;

42;
38;

39;
41;

04;
e

0e&;
04;

eqn)

ymax il, zmin il, zmax il:
ymax i2;
ymax_1i3;
vmax i4;

[O]<xmax 1l &£& x[l]>ymin i2 &&

0.1/C_VOLUME (c,t) 7

0.0;

printf|"here %d %f %f %f'n ", c,

x[0],

x

[1]

"

b4
Ol<xmax i2 && =x[l]>ymin iZ && x|
X[0]>xmin i4 &4 x[0]<xmax i4 && x[l]>ymin i3 && x|
O]<xmax i4 &£& =[1l]>ymin i4 L& x|

%[

[l]<ymax 12 &£& x[2]>zmin il &£& x[2]<zZmax il ||

l<ymax iZ && x[2]>zmin il && x[2]<zmax_il ||
J<ymax i3 &£& x[2]>zmin il &£& x[2]<zmax_3il ||
J<ymax i4 L& x[2]>zmin il £& x[2]<zmax_il)
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Appendix B: Defining Source and Motion UDF code

< SOURCE.c X

#include "udf.h"
real Volume=0.0;

DEFINE SOURCE (energy, c, t, dS5, egn)
{

real x[ND HD]:

real source;

int i1=499§2,i2=119862,i3=24912,i4=154812;
f% il1=7C iz2=TF i3=_| i4=F5 */ /* il=left iZ=lower i3=upper id=right */f

if({c==il || c==i2 || c==i3 || c==i4)
{
source = 0.04/C VOLUME (c, t):
dS[egn] = 0.0;
}
else
{
source = 0.0;
dS[egn] = 0.0;
}
return source;
}

DEFINE EXECUTE AT END(execute_at_end X11)
{

real templ3 = 0;

real pl3 = 0;

Domain *d = Get_ Domainil):

Thread *t;

cell © c;

thread loop c(t,d)
{
begin c loop(c,t)
{
if (c==81612)
{
templ3 = C Tic,t);
pl3 = C_Flc,t):
}
}
end c loopic,t)
}
Mez=zage ("%f £ \n", CUREENT TIME, templ3);

75



FILE *ri = fopen("T_Xll.data","a"):
fprintf(ri, "3f %f\n", CUERRENT TIME, templ3):
if (ri) fclose(ri):

FILE *rig = fopen("P Xll.data","a");
fprintf(rig, "%f f\n", CUERRENT TIME, pl3);
if (rig) fclose(rig):

1

DEFINE EXECUTE AT END(execute at end X132)
{

real templ370 = 0;

real pl370 = 0;

Domain *d = Get Domain(l);

Thread *t;

cell © c;

thread loop c(t,d)
{
begin ¢ loop(c,t)
{
if [(c==88212)
{
templ3IT0 = C Tlc,t):
pl370 = C_P(c,t);
1
1
end ¢ loop(c,t)
1
Message ("%f £ “n", CURRENT TIME, templ3T0);

FILE *ribs = fopen("T _Xl1Z.data","a"):
fprintf (ribs, "%f %f'n", CURRENT TIME, templ3T0):;
if (riks) fclose(riks):

FILE *righs = fopen("FP _X12Z.data","a"):
fprintf(rigbs, "%f %f'n", CURRENT TIME, pl370);
if (rigks) fclose(rigks):

1



A CGMOTION.c X

#include "udf.h"

DEFINE CG MOTION |(CGMotion,
{

vel[0]=1l9.e2*Cime;
vel[l]=0.0;

vel[2]=0.0;

omega[0]=0.0;
omegal[l]=0.0;
omegal[2]=8.T72665;
}

de,

vel,

omEga,

time,

dtime)
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Appendix C: MATLAB code for obtaining inverse functions

surf (x,y,tx);

hold off;

set(gca, 'YDir', 'reverse');

xlabel ('Acceleration (m/s”2)"');

ylabel ("Amplitude (m)"');

zlabel ('Maximum temperature difference (K)');

shading interp;
colormap jet;
hold off;

plot3 (xx,yy,tx,'o', 'Color', 'b', '"MarkerSize',7, '"MarkerFaceColor','b");

hold off;

surf (x,y,tz);

hold off;

set(gca, 'YDir', 'reverse');

xlabel ('Acceleration (m/s”2)"');

ylabel ('Amplitude (m)"');

zlabel ('Maximum temperature difference (K)');
shading interp;

colormap jet;

plot3 (xx,vyy,tz,'o', 'Color','b', '"MarkerSize',7, '"MarkerFaceColor', "#FFO0O0

FE");
hold off;
xv = linspace (9.81,39.24,34);
yv = linspace (0.03,0.09,34);
[X,Y]=meshgrid (xv, yVv) ;
TX = griddata (x,vy,tx,X,Y);

(

X,v,tz,%X,Y);

I

TZ = griddata
surf (X,Y,TX)
hold on;

surf (X,Y,TZ);

hold off;

surf (TX,TZ,X);

set (gca,'YDir', 'reverse','FontSize',14);
xlabel ('?T X m a x (K)");

ylabel ('?T 2 m a x (K)'");

zlabel ('Acceleration (m/s"2)"');

view (270,0) ;
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Appendix D: MATLAB code for obtaining 2D mapping plots
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xlabel ("T-Y12 m a x (K)'):
ylakel ("T-Y¥12 m i n (K)'):
set (gca, "FontS5ize',14);

xlim([4535 537])
yvlim([329 441])

plot (507.2,404.1,"o', '"MarkerSize', 12, "MarkerFaceColoxr', 'm', 'MarkerEdgeColox", 'k')
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