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[bookmark: _Hlk151009910]This study presents the design, simulation, and analysis of Micro Electromechanical Systems (MEMS) sensors, constituting the principal components of MEMS-based Inertial Measurement Units (IMUs). The main objective of the study is to design, simulate and analyze 3-axis capacitive accelerometer and 3-axis gyroscope. The MEMS-based capacitive accelerometers and gyroscope are analyzed using Ansys Workbench. Modal, Static Structural and harmonic analysis are used to obtain resonant frequencies, deformation/stress and profile of amplitude over a wide range of frequencies. Mechanical sensitivity analysis of the designed accelerometer and gyroscope is performed using the Finite Element Method (FEM). Analytical equations are developed to calculate mechanical sensitivity and capacitance sensitivity and a comparison is performed between the FEM analysis and the analytical calculations. A simulation study is performed in MATLAB/Simulink for the designed MEMS accelerometer and gyroscope to analyze the performance of the designed accelerometer and gyroscope sensors. Kalman filter is employed in the Simulink model to investigate the effects of measurement noise. The main findings of the study demonstrated that under typical loads of 10 g accelerations and 34.9 rad/s angular rate, the structures of the two sensors can withstand such loading and exhibit little deformations. The IMU sensor can be used in various applications in unmanned aerial vehicles (UAVs) and drones.
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تصميم ونمذجة مقياس التسارع السعوي MEMS القائم على FEMوالجيرسكوب لتطبيقات الطائرات الرباعية/الطائرات بدون طيار
الملخص
[bookmark: _Hlk151009714]تعرض هذه الدراسة تصميم ومحاكاة وتحليل أجهزة استشعار الأنظمة الكهروميكانيكية الدقيقة(MEMS)، التي تشكل المكونات الرئيسية لوحدات القياس بالقصور الذاتي (IMUs) القائمة على MEMS. الهدف الرئيسي من هذه الدراسة هو تصميم ومحاكاة وتحليل مقياس التسارع السعوي ثلاثي المحاور والجيروسكوب ثلاثي المحاور. يتم تحليل مقاييس التسارع والجيروسكوب المستندة إلى MEMSباستخدامAnsys Workbench. يتم استخدام التحليل الهيكلي والثابت والتوافقي للحصول على ترددات الرنين والتشوه/الإجهاد وملف تعريف السعة عبر نطاق واسع من الترددات. يتم إجراء تحليل الحساسية الميكانيكية لمقياس التسارع والجيروسكوب المصمم باستخدام طريقة العناصر المحدودة(FEM) . تم تطوير المعادلات التحليلية لحساب الحساسية الميكانيكية وحساسية السعة ويتم إجراء مقارنة بين تحليل FEM والحسابات التحليلية. تم إجراء دراسة محاكاة في MATLAB/Simulinkلمقياس التسارع والجيروسكوب المصممين MEMS لتحليل أداء مستشعرات مقياس التسارع والجيروسكوب المصممة. تم استخدام مرشح كالمان في نموذج Simulink لدراسة تأثيرات ضوضاء القياس. أظهرت النتائج الرئيسية للدراسة أنه في ظل حمل نموذجي يبلغ تسارعًا قدره 10 جم ومعدل زاوي قدره 34.9 راد/ثانية، يمكن لهياكل المستشعرين تحمل مثل هذا التحميل وتظهر تشوهات قليلة. يمكن استخدام مستشعر IMU في تطبيقات مختلفة في المركبات الجوية بدون طيار (UAVs) والطائرات بدون طيار.
مفاهيم البحث الرئيسية: التسارع السعوي، الجيروسكوب، وحدة القياس بالقصور الذاتي، تحليل الحساسية الميكانيكية، مرشح كالمان.



[bookmark: _Toc153060699][bookmark: _Hlk152311788]Acknowledgements
First and foremost, I would like to express my gratitude to Allah for giving me strength, determination, and patience. I would also like to express my special thanks to my supervisor, Prof. Khalifa Harib, for his hard work and continuous support to get great work and results in the thesis. His guidance and instructions were always helpful. Additionally, I would like to express my heartfelt gratitude to Advanced Concepts company family, especially Mr. Saeed Al Mansoori, for his support and consideration. Finally, I am thankful to my family and friends for their belief in my capabilities, which has been a source of inspiration.

[bookmark: _Toc156770905][bookmark: _Toc58922750][bookmark: _Toc153060700]Dedication
















This Thesis is dedicated to the people who have supported me throughout my education journey. 















[bookmark: _Hlk58540692][bookmark: _Hlk56895700][bookmark: _Hlk58536921]
[bookmark: _Toc153060701]Table of Contents
Title	i
Declaration of Original Work	iii
Approval of the Master Thesis	iv
Abstract	vi
Title and Abstract (in Arabic)	vii
Acknowledgements	viii
Dedication	ix
Table of Contents	x
List of Tables	xii
List of Figures	xiii
List of Abbreviations	xvi
Chapter 1: Introduction	17
1.1Overview	17
1.2Statement of the Problem	20
1.3Research Objectives	20
1.4Relevant Literature	21
Chapter 2: Methods	29
2.1	Overview	29
2.2	Structure and working principle of MEMS accelerometer	29
2.3	Dynamic Modeling of the Accelerometer	32
2.4	Numerical Modeling	35
2.4.1	Geometry Description and CAD Modeling	35
2.5	Applying Loads & Constraints for Modal Analysis	38
2.6	FEA for determination of stresses & deformation	39
2.7	Sensitivity analysis	40
2.7.1	Displacement Sensitivity	40
2.7.2	Capacitance sensitivity	41
2.8	MEMS Gyroscope theory and analytical modeling	42
2.9	Driving Mode	48
2.10	Sense Mode	49
2.11	Sensitivity of MEMS gyroscope	51
2.11.1 Cross-axis Sensitivity of MEMS Gyroscope	52
2.12	Finite Element Modeling of the Gyroscope	52
2.12.1	CAD modeling & Meshing	52
2.12.2	Modal analysis	54
2.12.3	Applying Loads & Constraints for Modal Analysis	54
2.12.4	Transfer Matrix for Gyroscope	55
2.13	Extended Kalman Filter Equations	56
2.14	Simulink Model for IMU sensors	58
2.14.1	IMU Subsystem	58
2.15	Transfer Function	61
2.16	Kalman Filter Block for Acceleration Filtering	63
Chapter 3: Results and Discussions	66
3.1	Overview	66
3.2	Accelerometer	66
3.2.1	Model Analysis	66
3.2.2	Static Structural Analysis	69
3.2.3	Accelerometer Sensitivity Analysis	75
3.3	Gyroscope	77
3.3.1	Modal Analysis	78
3.3.2	Sensitivity of MEMS gyroscope	84
3.3.3	X-sense Displacement:	85
3.4	IMU Sensor Fusion	98
3.4.1	Transfer Function	98
3.4.2 Simulink Output	100
Chapter 4: Conclusion	105
References	107
[bookmark: _Toc454786574][bookmark: _Toc153060702]List of Tables
Table ‎2.1 : Accelerometer Dimensions and specifications	19
Table ‎2.2 : Mechanical Properties of Poly-Silicon Material	21
Table ‎2.3 : Design specification of gyroscope	37
Table ‎2.1 : Comparison of the resonant frequency obtained through analytical and numerical simulation	53
Table ‎2.2 : Resonant frequencies of the proposed single-drive, 3-axis MEMS gyroscope.	67
Table ‎2.3 : Sense-mode analysis parameters of single-drive, 3-axis MEMS gyroscope	68
Table ‎2.4 : Percentage Error Between Analytical and FEA values.	80
Table ‎2.5 : Displacement Sensitivity Comparison	80



















[bookmark: _Toc454786575][bookmark: _Toc153060703]List of Figures
Figure ‎2.1: Three-axis MEMS Capacitive accelerometer [24]	30
Figure ‎2.2: The Working principle of MEMS capacitive accelerometer; 
when no acceleration is applied (Left) when external 
acceleration is applied (a=0) (middle & right) [24]	30
Figure ‎2.3: Mathematical modeling for vibration analysis of 3-axis 
MEMS capacitive accelerometer [25]	33
Figure ‎2.4: CAD model of 3-axis MEMS capacitive Accelerometer	37
Figure ‎2.5: Meshed model of the accelerometer and its Zoomed view	38
Figure ‎2.6: Boundary conditions applied for Modal analysis on 3-axis 
MEMS capacitive Accelerometer	39
Figure ‎2.7: Boundary conditions applied for static structural analysis 
on 3-axis MEMS capacitive Accelerometer	40
Figure ‎2.8: The mechanical structure of 3axis MEMS gyroscope [60]	43
Figure ‎2.9: The object rotating in the reference frame subject to the 
Coriolis force	43
Figure ‎2.10: Position vectors to the point P from inertial XYZ and 
 non-inertial frame of the reference xyz [63]	44
Figure ‎2.11: The single mass vibrating gyroscope mechanical 
structure[63]	45
Figure ‎2.12: Gyroscope vibration analysis model as a 
two-degree-of-freedom vibrating system[63]	46
Figure ‎2.13: Single degree of freedom vibration analysis 
model of 3-axis MEMS gyroscope[60]	48
Figure ‎2.14: Proposed 3D Cad model for Gyroscope (a) Isometric 
View (b) Front View	53
Figure ‎2.15: Meshed model of the single-drive, 3-axis MEMS 
gyroscope and its Zoomed view	54
Figure ‎2.16 Boundary conditions applied for Modal analysis on 
 3-axis MEMS gyroscope	55
Figure ‎2.17: Main model implementation containing IMU Model 
and Kalman Filtering	59
Figure ‎2.18: Properties of signal generator block	60
Figure ‎2.19: Inside the 6 axis IMU model block	60
Figure ‎2.20: Accelerometer Model	61
Figure ‎2.21: Gyroscope Model	61
Figure ‎2.22: Amplitude vs frequency, accelerometer	62
Figure ‎2.23: Amplitude vs frequency, gyroscope	63
Figure ‎2.24: Inside of a 3-channel filtering generator block that 
 uses three Kalman filters	64
Figure ‎2.25: Properties of Kalman filter block.	65
Figure ‎3.1: Resonant frequency and mode shape of the 3-axis 
MEMS capacitive accelerometer	68
Figure ‎3.2: Directional deformation in X-direction	70
Figure ‎3.3: Directional deformation in Y-direction	71
Figure ‎3.4: Directional deformation in Z-direction	72
Figure ‎3.5: Tabular data on acceleration 'g' input, from ansys	73
Figure ‎3.6: Von Mises Stress, Accelerometer	73
Figure ‎3.7: Deformation Vs. Acceleration in X, Y and Z directions	74
Figure ‎3.8: Acceleration Vs. von Mises Stress for accelerometer	75
Figure ‎3.9: Displacement Sensitivity of accelerometer	77
Figure ‎3.10: Acceleration Vs. Change in capacitance	77
Figure ‎3.11: Constraints used for gyroscope: Fixed points	78
Figure ‎3.12: Drive mode Frequency	79
Figure ‎3.13: Y sense mode frequency	80
Figure ‎3.14: x-sense mode frequency	80
Figure ‎3.15: Z Sense mode frequency	81
Figure ‎3.16: Unwanted frequency	82
Figure ‎3.17: Unwanted frequency	82
Figure ‎3.18: Unwanted frequency	83
Figure ‎3.19: Applied loads and constraints for x-sense 
 displacement analysis	85
Figure ‎3.20: X-Sense deformation	86
Figure ‎3.21: The Von-Mises stress distribution within the designed 
single drive 3-axis MEMS gyroscope under x-sense displacement	87
Figure ‎3.22: Shear stress distribution within the designed single drive 
3-axis MEMS gyroscope under x-sense displacement	87
Figure ‎3.23: Applied loads and constrains for y-sense displacement 
analysis	88
Figure ‎3.24: The y-sense displacement of the designed single 
drive 3-axis MEMS gyroscope	89
Figure ‎3.25: The Von-Mises stress distribution within the designed 
single drive 3-axis MEMS gyroscope under y-sense displacement	90
Figure ‎3.26: Shear stress distribution within the designed single 
drive 3-axis MEMS gyroscope under y-sense displacement	90
Figure ‎3.27: Applied loads and constrains for z-sense 
displacement analysis	91
Figure ‎3.28: The z-sense displacement of the designed single 
drive 3-axis MEMS gyroscope	92
Figure ‎3.29: The Von-Mises stress distribution within the designed 
single drive 3-axis MEMS gyroscope under z-sense displacement	93
Figure ‎3.30: Shear stress distribution within the designed single 
drive 3-axis MEMS gyroscope under z-sense displacement	93
Figure ‎3.31: X- sense displacement at various angular input rate of 
the designed 3-axis MEMs gyroscope	94
Figure ‎3.32: Y- sense displacement at various angular input rate of 
the designed 3-axis MEMs gyroscope.	95
Figure ‎3.33: Z- sense displacement at various angular input rate of 
the designed 3-axis MEMs gyroscope.	95
Figure ‎3.34: Von-mises stresses produced within designed gyroscope 
at different angular rates applied in x-axis.	97
Figure ‎3.35: Von-mises stresses produced within designed gyroscope 
at different angular rates applied in y-axis	97
Figure ‎3.36: Von-mises stresses produced within designed gyroscope 
at different angular rates applied in z-axis.	98
Figure ‎3.37: Transfer function block in Simulink, (a) Accelerometer 
(b) Gyroscope	100
Figure ‎3.38: Simulation of three axis accelerometer	101
Figure ‎3.39: Simulation of three axis gyroscope	101
Figure ‎3.40: Comparison of simulation results for three axis
accelerometers	102
Figure ‎3.41: Zoomed view Comparison of simulation results for 
three axis accelerometers	103
Figure ‎3.42: Comparison of simulation results for three axis gyroscope	104
Figure ‎3.43: Zoomed view of Comparison of simulation results 
for three axis gyroscopes	104


		







[bookmark: _Toc153060704][bookmark: _Toc454786576]List of Abbreviations
	DOF
	Degree of Freedom

	FEA
	Finite Element Analysis

	FEM
	Finite Element Method

	IMU
	Inertial Measurement Unit

	MEMS
	Micro Electromechanical Systems

	UAV
	Unmanned Air Vehicle 

















 (
xiv
) (
xiv
)
 (
xiii
)
[bookmark: _Toc153060705][bookmark: _Toc58922751][bookmark: _Toc88046814][bookmark: _Toc156769773][bookmark: _Toc156770952]Chapter 1: Introduction
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[bookmark: _Toc58922753][bookmark: _Toc88046816][bookmark: _Toc88035761]In recent years, Microelectromechanical systems (MEMS) have attracted great attention and are widely used in various scientific fields and different applications such as UAV/quadcopter, the automotive industry, defenses, consumer electronics, and biomedical engineering. These are miniaturized devices consisting of micromechanical components and electrical circuits. MEMS devices are fabricated using standard microfabrication techniques. The MEMS technology has revolutionized the sensor/production industry and enabled the development of small, low-cost, low-power sensors and actuators with high accuracy and sensitivity. They are replacing the macroscale equivalent devices used in different traditional applications such as inertial measurement units (IMU). IMU consists of three-axis accelerometer and three-axis gyroscope, and these sensors measure the acceleration or rotation rate or angle of a body with respect to the reference frame. The linear acceleration and angular velocity in 3D can be used to track the motion of the object or body by using some mathematical operations [1][2][3][4].MEMS sensors in IMU are in the range of 1 micrometer to 1 mm and have mechanical and electrical parts. They respond to different measurands such as pressure, force, acceleration, and rotation. The moving mechanical part will produce a distance between the two plates and a variation in the capacitance. The variation in the capacitance can be used to determine the force. 
An accelerometer is a device designed to measure external acceleration. It consists of a movable proof mass that is attached to a fixed frame through spring structures. The proof mass is displaced from its original position when an external acceleration is applied, and the magnitude of this displacement is proportional to the magnitude of the acceleration and inversely proportional to the stiffness of the spring structures. The acceleration is converted into a proof mass displacement in the sensor. The sensor then extracts the magnitude of the displacement using its sensing scheme.
The MEMS-based gyroscope or Coriolis vibratory gyroscope is robust, consumes less power, low cost, and has the potential for miniaturization. It operates on the principle that a vibrating object tends to maintain its vibrations in the same plane as the rotation of its support. In a gyroscope, inertial mass oscillates around its natural resonance frequency and the Coriolis force generated by the sensing elements (due to an external angular velocity) is measured. MEMS Coriolis vibratory gyroscopes are classified into two main types such as resonant and non-resonant gyroscopes. The Resonant MEMS gyroscopes operate at resonance, with both the drive and sense mode frequencies matched to achieve high mechanical sensitivity.The performance of the MEMS gyroscope is largely dependent on the ambient conditions and fabrication standards. The defects or imperfections during the fabrication will significantly change the resonance frequency and which will introduce a mismatch between the drive and sense mode frequencies. The mismatch will lower the performance of the MEMS gyroscope and reduce the amplitude response significantly. In order to minimize such effects and improve performance, an additional feedback circuit or system is used to decrease the mismatch in the drive and sense mode frequencies.
IMU sensors are used in numerous applications such as unmanned aerial vehicles (UAVs) and drones due to their small size, reliability [5][6].The accelerometer and gyroscope in the IMU measure the UAV/drone accurate position and maintain stability. UAVs and drones are widely used in civil and security applications such as monitoring electrical transmission lines at high voltage, and in rescue missions and surveillance.
The integration of data from multiple sources is known as sensor fusion. In this study, data is collected from MEMS gyroscopes and accelerometers for the IMU. The sensor fusion improves the accuracy, reliability, and robustness of the IMU. It provides accurate and reliable measurements about the orientation and position of the system on which IMU is mounted. The Kalman filter or extended Kalman filter is widely used to remove noises and errors from the IMU. 
The MEMS-based inertial sensors have had numerous advantages as compared to the traditional er and gyroscope[7]. These are lightweight devices and can be easily integrated with complimentary metal-oxide-semiconductor (CMOS) technology[8]. Extensive research has been carried out in the field of MEMS to improve the performance of inertial sensors. For example, single-axis MEMS to multiple-axis MEMS have been explored in the literature[9]. MEMS inertial sensors (accelerometer and gyroscope) are categorized into different groups depending on the sensing mechanisms. For example, capacitive, optical, piezo-resistive, piezoelectric, thermal, resonant, and magnetic[10][11]. However, such sensors are known to be noisy and can be affected by vibrations, whether it was internal vibration or external vibration. Internal vibration occurs due to the movement/vibration of a nearby component, and external vibration occurs due to air resistance or turbulent flow that the vehicle might go through. The output data of an IMU is used to aid the navigation in the UAV, so these interferences affect the output readings, which leads to an error in position data sent to the navigation system of the UAV. As a solution for the noises, filtering techniques must be used in order to reduce/avoid the noises of IMU sensors. Another issue related to an IMU is geometrical design related, in which it has a stress act upon it, and due to its compact and small size it will not output the required data properly and it might deform. 
[bookmark: _Hlk148599050]This study includes the design and modeling of six-degree freedom IMU sensors based on capacitive MEMS sensing techniques. The capacitive MEMS accelerometer detects the proof mass displacement with the change in the capacitance between the proof mass and the sense electrodes[12]. The gyroscope measures the vibration between the proof mass and the electrodes using electrostatic forces. The capacitive MEMS-based inertial sensors have several advantages as compared to the other type of inertial sensors, as they have low power consumption, high sensitivity, low noise, and low nonlinearity.In this thesis, the 3-axis MEMS accelerometer and gyroscope of different geometries are designed and modeled with the help of Creo software and ANSYS WORKBENCH. The acceleration and angular velocity ranges are defined and the dynamics shocking environment for the accelerometer are estimated. The accelerometer and gyroscope parameters are tested using lumped element approximation. The finite element analysis FAE tool is used to perform simulations of the gyroscope and accelerometer under different operating conditions and to determine the optimum configuration of inertial sensors. The developed design is also tested in MATLAB/Simulink to evaluate the performance of the six-degree-of-freedom IMU sensor in quadcopter applications.Lastly, Kalman filter is used in this study to reduce noise and error and estimate the position and orientation. 
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[bookmark: _Toc156766944][bookmark: _Toc156765898][bookmark: _Toc156767159][bookmark: _Toc156766078][bookmark: _Toc156765940][bookmark: _Toc156765926][bookmark: _Toc156765884][bookmark: _Toc156765856][bookmark: _Toc156765842][bookmark: _Toc156770910][bookmark: _Toc156765954][bookmark: _Toc156768368][bookmark: _Toc156765828][bookmark: _Toc156769732][bookmark: _Toc156765870][bookmark: _Toc156765912]The UAV/Quadcopter is widely used in various applications such as agriculture, search and rescue, environmental monitoring, and military and defense.Accurate information about UAV's orientation, acceleration, and angular velocity is crucial for various reasons such as safe and stable operation, and precise and reliable control of the UAV. It will prevent crashes and improve the quality of data being collected.The existing studies on MEMS-based sensors such as accelerometers and gyroscopes have some applications in UAVs and drones.However, the studies related to the six-degree-of-freedom (6-DOF) using MEMS sensing techniques and integrating both 3-axis capacitive MEMS accelerometers and gyroscopes in the sensor for UAV applications are largely missing in the literature. Previous studies focused on the single-axis and dual-axis capacitive accelerometers but the challenges are sensitivity issues related to the 6 DOF IMU are missing. The sensitivity analysis and mechanical reliability of IMU sensors under different gravitational and angular rate conditions are critical for UAV/drone navigation.
This study will focus on the design and analysis of 6 DOF IMU sensors composed of a 3-axis accelerometer and a 3-axis gyroscope. It can be used as an IMU sensor to track the position and motion of the UAV/Quadcopter. The applicability of the MEMS-based IMU as a navigation solution will be explored. Sensitivity, resolution, and accuracy are highly desirable performance parameters for the IMU sensors in UAV applications. It is highly desirable in various applications to have sensing accelerations and angular velocities in the micro-g and micro degrees per second respectively. Several research studies are conducted in the literature for optimizing the accelerometer and gyroscope geometry and improving the sensitivity and resolution.The study will analyze the sensitivity and resolution of the IMU sensor and incorporate a Kalman filter to remove the noises.
[bookmark: _Toc153060708][bookmark: _Toc88046817][bookmark: _Toc88035762]Research Objectives
The aim of this study is to conduct the design and modeling of six DOF MEMS-based capacitive accelerometer and gyroscope for the IMU sensors for UAV applications. The main objectives of this study are as follows:
1. To design and simulate a 3-axis Capacitive MEMS accelerometer and Gyroscope using Workbench Ansys (6 DOF).
2. To perform the mechanical sensitivity analysis of the accelerometer and gyroscope using FEM for the IMU sensor.
3. To develop the MATLAB/Simulink model to analyze the performance of accelerometer and gyroscope in the IMU sensor.
4. To investigate the noise in IMU sensors and employ filtering techniques to reduce the noise.
[bookmark: _Toc88035763][bookmark: _Toc58922754][bookmark: _Toc153060709][bookmark: _Toc88046818]Relevant Literature
Capacitive accelerometers are also known as vibration sensors and the change in electrical capacitive between plates depends on the distance between plates. The distance between capacitive plates is proportional to the applied acceleration. In the literature, many studies are focusing on the MEMS capacitive accelerometers design and fabrication for various applications. For example, Zhou et al. studied MEMS capacitive accelerometers and measured the frequency response and quality factor of the accelerometer [1].The accelerometer has a symmetrical H-shaped beam structure on both sides. The symmetrical structure was fabricated from the SOI wafer. The sensitivity of the accelerometer is 0.24 V/g.Hu et al. designed and fabricated a sandwich capacitive accelerometer using a double-device-layer SOI wafer[14].The L-shaped symmetrical beam was used to suspend proof mass. The fabricated structure has low cross-axis sensitivity, and the L-shaped beam suspension overcomes the Brownian noise. The accelerometer has an open loop and closed loop capacitance sensitivity of 55 pF/g and 1.09 v/g respectively. Mistry et al. explored high-resolution single-axis accelerometer and developed a 3-dimensional model by employing the finite element method[15]. They investigated various parameters such as capacitance values, resonant frequency, and mechanical and electrical sensitivity for the different cases of SOI-MEMS accelerometer. Tahmasebipour et al. fabricated the single-axis capacitive MEMS accelerometer from the steel by using the micro-wire electrical discharge machining (μWEDM) process[16]. They achieved a high-proof mass by using the novel fabrication process and significantly reduced the Brownian noise. The capacitive accelerometer measured high amplitude without any failure. It has achieved a sensitivity of 18 mV/g. They operated the sensor in an air medium, so the packaging was easy.Daeichin et al. fabricated the MEMS device using a MEMS device are fabricated using the POLYMUMPs fabrication technique[17]. They developed an electrical circuit to measure the capacitance change and obtained a mechanical and electrical sensitivity of 35 nm/g and 5.3 mV/g respectively.The accelerometer was tested up to 95 volts without any pull-in breakdown. Gao et al. designed and developed a low-noise, wideband capacitive accelerometer using the micromachined technique and used it to measure the acoustic signals[18]. The proof mass to the substrate was attached through the annular membrane and the displacement was measured using a fixed electrode. The fabricated accelerometer has low noise. Xio et al. fabricated the double differential capacitive accelerometer based on a V-shape beam[19]. The optimized torsional accelerometer structure comprised a torsional beam and four proof masses. The resonant frequency and the quality factor of the accelerometer were 1485 Hz and 28.02 Hz respectively. The proposed prototype has a sensitivity of 0.14 mV/g. The three-axis acceleration sensing for the particular application can be obtained by connecting two or three single accelerometers. The accelerometers have analogous performance on distinct substrates. Hemmati et al. proposed a three-axis accelerometer for acceleration measurement[20]. The system has high sensitivity and low noise levels. They showed that the acceleration at each axis has a minimum effect on the other two axes. The system has a sensitivity of 4 fF/g in the z-axis direction and 9 fF/g in the x and y axes directions. Aydemir et al. developed a three-axis capacitive MEMS accelerometer to measure the external acceleration in three axes[21]. The accelerometer was fabricated on a glass substrate using an anodically bonded SOI wafer. They performed different tests at the system level to check the performance of the three-axis MEMS accelerometer. The noise floor was 14 μg/√Hz for the x- and y-axis accelerometers and 17.8 μg/√Hz for the z-axis accelerometer. Capacitive MEMS accelerometers are also used as inertial sensors at high temperatures in various fields of study such as automotive, energy, and aerospace. The accelerometers have a low dependency on temperature. Asiatici et al. studied capacitive accelerometers and proved the feasibility of the method at temperatures of up to 400 °C[22]. They discussed the temperature dependence phenomenon of the sensors and developed an electromechanical and dynamic model for the capacitive accelerometer. Zhou et al. performed an analytical analysis of the temperature coefficients of MEMS capacitive accelerometers[23]. The MEMS accelerometer was operating in closed-loop mode. Kavitha et al. proposed capacitive accelerometers for the structural health monitoring of buildings[24]. They designed a comb drive capacitance accelerometer and showed that a displacement sensitivity of 21.39 μm/g, a capacitive sensitivity of 1.22 pF/g, and a voltage sensitivity of 1783 mV/g/V can be achieved with the proposed structures. The accelerometer has a high resolution and low noise floor. They compared the results of the capacitive MEMS accelerometers with the studies reported in the literature. Weng et al. proposed an innovative and effective approach based on the genetic algorithm (GA) for designing the compliant mechanism-in MEMS devices[25]. They developed a MEMS accelerometer containing a mechanical motion amplifier. The experimental results demonstrated a100% increase in sensitivity and bandwidth product and a 141% improvement in sensitivity compared to a device designed with traditional orthogonal shapes.
Dong et al. developed a closed-loop MEMS accelerometer particularly for inertial navigation purposes [26]. The accelerometer exhibits an input full scale of 11 g, covering a bandwidth of 300 Hz. They achieved a noise level of 1.7 𝜇𝑔/√𝐻𝑧 and a dynamic range of 120 dB.Yazdi et al. [27] a fabricated a MEM accelerometer based on a surface-bulk micromachining process. They achieved a sensitivity of 19.4 Pf/g. Zakriya et al. presented the design and optimization of the single and dual-axis capacitive accelerometer using a simplified comb structure to detect capacitance change between rotor and statorfingers[28]. The proposed designs were optimized to produce large capacitance change as a function of proof mass displacement by adjusting the gap spacing. The Finite element analysis (FEA) was used for the design optimization, and the simulated results showed that the single and dual-axis accelerometers have differential capacitive sensitivity of 80 fF/g and 68 fF/g respectively. The accelerometers have high sensitivity, linearity, and low cross-axis sensitivity. The capacitance-voltage (CV) measurements of such devices showed parabolic behavior which is a significant property of these accelerometers. The single-axis accelerometer has a sensitivity of 35 fF/g. They showed that proof mass varied proportionally with sensitivity and inversely with bandwidth. Therefore, the design of the sensor is very challenging. M.S Khanet al. performed comparative analysis of 3 DOF MEMS capacitive accelerometer by using numerical and analytical approaches. They fabricated 3 single-axis accelerometers on a substrate with a size of3 mm×3.1 mm.The sensitivity of 0.65 fF/g, 0.78 fF/g, and 0.90 pF/g is achieved for the x, y, and z axes respectively. The displacement values for the x, y, and z axes are nearly the same for the numerical and analytical calculations[30].
Yamane et al.developed a dual-axis gold-plated MEMS accelerometer, as the gold has high density and reduces the Brownian noise on the proof mass. The proof mass has out-of-plane and in-plane motion[30]. The developed miniaturized accelerometer can be used to measure the acceleration in the range of sub-1G resolution. S khan et al. [31]improved  the sensitivity and bandwidth of the accelerometer by using a mechanical amplifier. They compared the results with the literature and showed 62% improvement in sensitivity and 34% in bandwidth for the single-axis accelerometer and 27% and 25% for the dual-axis. The device has an interfinger gap of 4 μm, axial sensitivity of 0.58 V/g for both the axes (single and dual axes), and a cross-axis sensitivity of less than ±2%. Li et al.studied the comb drive MEMS capacitive accelerometer with a footprint of 2mm. They performed design optimization, modeling, fabrication and characterization of the device. By optimizing the ratio of the anti-finger gap to finger gap spacing high sensitivity can be achieved. The gap ratio 3.44 gives capacitive sensitivity of 80 fF/g and a displacement sensitivity of 0.0139 μm/g. They used Finite element analysis to determine the frequency and mode shape. The capacitance readout circuit was used to measure the electrical sensitivity of 35.93 mV/g[32].
It is highly desirable in the MEMS to have high sensitivity, large bandwidth, and low nonlinearity. One way to increase sensitivity is by using a narrow finger gap, a high number of fingers, and low-stiffness springs. It requires a larger proof mass, which increases the footprint of the accelerometer. Furthermore, the use of low-stiffness springs limits the bandwidth of the sensor. Therefore, it is challenging to design an accelerometer with both high sensitivity and large bandwidth due to these conflicting design requirements. To mitigate the tradeoff between sensitivity and bandwidth in accelerometers, a small finger gap is suggested. For example, Chaudhuriet al. achieved a large 3 dB bandwidth of 10 kHz and improved sensitivity by using a 500 nm finger gap  [33]. Maspero et al. used a smaller gap of 350 nm to achieve a bandwidth of 4 kHz, a sensitivity of 6 fF/g, and a small footprint of 0.24mm2 [34]. Jeong et al. used the HARPSS™ process to achieve a finger gap of 300 nm with in-plane and out-of-plane and achieved high frequency and high sensitivity[35]. However, the fabrication of such nano-metric finger gaps requires a dedicated process. Keshavarzi et al. [36] designed and simulated a single-axis capacitive differential accelerometer with two proof masses. They achieved differential design by splitting the proof mass into two electrically isolated parts a. They reduced the parasitic capacitance and increased the sensitivity by employing these proof masses. The simulation results showed the capacitive and mechanical sensitivity of 15.8 fF/g and 29.8 nm/g respectively.
Moriera et al. developed a single-axis MEMS accelerometer using a surface micromachining fabricationprocess[37]. It consists of double-ended tuning fork resonators in a differential configuration and employs a force amplification mechanism to enhance sensitivity. A real-time proportional-integral-derivative closed-loop controller architecture was employed to adjust the excitation frequency, which was set to half the resonance frequency of the resonators. Experimental measurements yielded a scale factor of 170 Hz/g and a non-linearity of 0.63%FS within an operational range of ±1 g. The results indicate the relative sensitivities of 0.08%Hz/g/nkg and 0.48%Hz/g are among the highest reported for DETF-based devices.
Giacci et al. performed a comparative analysis between piezo-resistive and capacitive gyroscopes and studied the resolution limit. They also validated the theoretical results with the experimental measurements [38]. Prandi et al. studied3-axis silicon MEMS vibratory gyroscope and it has low power consumption, small size, and lowcost[39]. Saukoski et al. investigated the design and implementation problems of MEMS angular velocity sensor[40]. They developed a MEMS vibratory micro gyroscope and operated it in the low-pass mode having a moderate resonance gain and open loop configuration. The different issues such as nonidealities in the synchronous demodulation, the compensation of the mechanical quadrature signal, the dynamics of the primary resonator excitation, and the zero-rate output were investigated in detail. They also designed a readout circuitry for the MEMS gyroscope and the readout systems consist of continuous time front-end performing the capacitance-to-voltage (C/V) conversion, filtering, and signal level normalization and the other circuit blocks. Din et al. proposed a design to reduce the cross-axis sensitivity in MEMS gyroscope[8]. They investigated the multi-axis MEMS gyroscope based on a mode-split approach using COMSOL Multi-physics. Using the proposed design, they reduced the cross-axis sensitivities for x and y-axis to 0.018% and 0.073%, respectively. Lobur et al. investigated the performance of capacitive sensing circuits for MEMS gyroscopes and proposed a low-noise chopper stabilized readout circuit for capacitive measurements in MEMS gyroscopes[9]. Chen et al. developed a novel MEMS sensor design and a motion estimation method for measuring the tilting motion of a micro-stage [41]. The on-chip sensing and motion estimation is crucial for in situ applications, and the precision in measuring high-frequency tilting motion of the micro-stage defines the accuracy of a MEMS gyroscope. Alper et al. developed a silicon-on-insulator (SOI) MEMS gyroscope with decoupled oscillation modes [42]. The gyroscope was fabricated through the commercially available SOIMUMPS process of MEMSCAP Inc. The structure has matched-resonance-frequencies, large drive-mode oscillation amplitude, high sense-mode quality factor, and low mechanical cross-talk. The gyroscope has angular rate sensitivity of 100 μV/(°/s) at atmospheric pressure and in vacuum it improves 24 times to 2.4 mV/(°/s). Sonemezoglu et al. studied the mode-matched MEMS gyroscope with wide and tunable Bandwidth [43]. They proposed the usage of the phase relationship between the residual quadrature and drive signals in the gyroscope to achieve and maintain the automatic frequency matching between the resonance modes.
Sung et al. proposed a single-proof mass dual-axis gyroscope design and achieved x and y-axis cross-axis sensitivities of 25.2% and 20.1%, respectively due to the quadrature error [44]. In another study, Tsai et al. carried out an experimental evaluation of tri-axis MEMS and measured cross-axis sensitivities for the x/y-axis and z-axis based on the mechanical coupling of the masses [45]. Juneau et al. presented a dual-axis mode-matched micro-machined gyroscope and experimentally characterized the cross-axis sensitivities [46]. The results showed that the cross-axis sensitivities were in the range of 3% to 16%. Yang et al. and Yuzawa et al. designed 3-axis MEMS gyroscope and performed simulations[47][48]. They achieved cross-axis sensitivity of 2.82% and 2% respectively. Rocchi et al. proposed a single-structure, 3-axis MEMS gyroscope based on a U-shaped coupling spring for coupling the drive masses to obtain synchronized drive motion[49]. Cazzaniga et al. suggested improving the driving structure aimed at the integration of a single-drive, 3-axis MEMS gyroscope, including a coupling mechanism based on a folded spring [50]. Sonmezoglu et al. emphasized a triple-tuning fork structure using a single vibrating element and proposed auxiliary masses in place of a major proof mass to produce the drive motion [51]. Auxiliary drive masses control the undesired mechanical coupling of force and motion from the drive mode to the Coriolis sense modes. Jia et al. presented a single structure, three-axis MEMS gyroscope based on a drive spring mechanism with anchors[52]. An anchor faces losses as a result of drive masses moving in opposite directions. A driving spring, consisting of several anchors control coupling springs from manufacturing processes. Moreover, for material expansion or contraction, thermal stresses between the anchors impact the performance of the device. The more coupling springs and anchors can boost the structure's complexity. Seok et al. suggested a single-structure, three-axis MEMS gyroscope, consisting of a decoupled drive based on an advanced anchor mechanism [53]. To integrate the individual proof masses, a novel tree-shaped spring was applied as a coupling mechanism. 
Greenheck et al. designed and validated the performance of the IMU prototype comprised of several individual MEMS IMU. They derived computationally inexpensive coning and sculling algorithms to address the dead-reckoning errors produced due to the motion of the vehicle [54]. Alteriis et al. developed a low-cost MEMS-based IMU system for small UAVs [55]. The system comprises six IMUs arranged in a cubic fashion and redundancy significantly improves the performance of the system. They evaluated the performance of the IMU system for the UAV short flight durations and measured the altitude.The measurements are compatible with the drone requirements for navigation. Welch et al. explained the Kalman filter in detail in their study [56]. It is a very powerful filter in several aspects and supports the estimation of present, past, and future states. The extended Kalman filter is used in IMU's, as EKF supports non-linear processes. 
The literature covers different aspects of the MEMS based accelerometer and gyroscope. However, the application of six-degree-of-freedom (6-DOF) IMU sensor comprising of MEMS accelerometer and gyroscope mounted on UAV/Drone for navigation purpose lacks in depth analysis. For example, sensitivity analysis of such IMU sensor under the different g (acceleration due to gravity) and angular rates used in the UAV/drones is not focused in the literature. The IMU sensors in UAVs also experience different mechanical and electronic noises and such noises have significant impact on the accurate estimation of the position, acceleration, and rotation angle.Implementation of the filtering algorithms on the data generated by IMU sensors requires detailed analysis so that that UAV/drone can navigate safely. The Von-Mises stress and shear stress are the important parameters for the IMU sensors and mechanical reliability of the device can be predicted from it and the literature studies lacks detailed analysis. The reliability information is useful for the sensitivity analysis of the MEMS IMU sensor.
[bookmark: _Toc58922757][bookmark: _Toc88046822][bookmark: _Toc153060710]Chapter 2: Methods
2.1 [bookmark: _Toc153060711]Overview
This chapter presents the theoretical background of the Inertial Measurement Unit (IMU) along with its major components such as MEMS accelerometer and gyroscope. Moreover, the design details of these components are also presented along with their CAD model. The theoretical discussion on the sensitivity analysis of the accelerometer and gyroscope is also discussed. The details of Finite Element Modeling (FEM) starting from the development of the CAD model, meshing generation details, FEM model development, and solution is also presented. The MATLAB Simulink model of the IMU sensors along with Kalman Filter equations used for filtering is also discussed in this chapter.
2.2 [bookmark: _Toc153060712]Structure and Working Principle of MEMS Accelerometer
The accelerometer considered in the present work is 3-axis comb capacitive accelerometer, which is a type of differential capacitive accelerometer as shown in Figure ‎2.1.Accelerometer is a sensor that is used to measure external acceleration. It consists of anchors, folded beams, proof mass, moveable, fixed, and sensing fingers. The basic working principle of comb drive capacitive accelerometer is explained as: there are two situations first in which no external acceleration (a=0) is applied on the accelerometer, under that condition the distance between moveable and fixed fingers does not change, therefore no change in capacitance occur. The position of moveable fingers is presented in Figure ‎2.2: The Working Principle of MEMSCapacitive Accelerometer; when no acceleration is applied (Left) when external acceleration is applied (a=0) (middle and right) [24]Figure ‎2.2(Left). The second situation is when the accelerometer is subjected to the external acceleration then applied acceleration is transferred to the proof mass and the proof mass along with moveable fingers moves in the respective direction of the applied acceleration. However, the fixed fingers remain stationary, therefore the distance between the fingers changes, that in turn causes the change in capacitance[57-60]. In this way, a change in capacitance is used to measure acceleration. The second condition is illustrated in Figure ‎2.2 (middle andright). 
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Figure ‎2.1: Three-axis MEMS CapacitiveAccelerometer [24]
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[bookmark: _Ref152615780][bookmark: _Toc152620495][bookmark: _Ref152615654][bookmark: _Ref152615774]
Figure ‎2.2: The Working principle of MEMS Capacitive Accelerometer; when no acceleration is applied (Left) when external acceleration is applied (a=0) (middle and right) [24]


	



When there is no external acceleration applied on the accelerometer (a = 0), the moveable fingers remain in the middle of the air gap between the left and right fixed fingers as shown in Figure ‎2‑2(left). In this situation, the left and right capacitances known as C1 and C2 are equal in magnitude and are referred to as Co (its rest capacitance) as follows.
When no acceleration is applied: 
		(‎2.1)
							
In Equation (2.1) εois the permittivity of air, Ns represents the number of sensing fingers, Lf denotes the length of the fixed fingers. Whereas t is the thickness of the device and d is the distance between the fingers. Now assuming that the external acceleration is applied, and the finger is moving to the right or left through a non-zero distance x as shown in Figure ‎2.2(right) then the gap on the one side increased, and the gap on the other side decreased. The gap 'd' will be the summation of the gap distance between the fingers in addition to the distance caused by the acceleration. Is when the accelerometer is moving to the right, whileis when it is moving to the left [61, 62]. 
                                                        (‎2.2)
								

(‎2.3)
			
In order to have linearity the displacement x should be very small in comparison of the air gap between fixed and the moveable fingers (d). When the applied acceleration is in the +x direction, then the displacement is produced in the positive (+x) direction and thus capacitance C1 increases and C2 decreases. But, in the case of the acceleration applied in –ve direction displacement is produced in –vex-direction and in that case C1 decreases and C2 increases. Moreover, for achieving high linearity, the displacement of the proof mass or the moveable fingers should be restricted to 20% of the air gap between the fingers d. The simplified form of both of the above equations is as follows: 
(‎2.4)
Using Bionomial expression: 



(‎2.5)
						
Equation (2.4) and Equation (2.5) are obtained using binomial expansion. 
In the case of the non-zero acceleration, the capacitance C1 and C2 become unequal and the difference/change in the capacitance may be expressed as follow.

           (‎2.6)
       (‎2.7)
: Static Capacitance

2.3 [bookmark: _Toc153060713]Dynamic Modeling of the Accelerometer
The accelerometer designed in this work is built on the principle of mechanical vibration. In general, the working principal of a 3-axis MEMS capacitive accelerometer is modeled by employing the lumped parameters methods. The accelerometer consists of a proof mass suspended through folded springs and its vibration model can be developed as shown in Figure ‎2.3. The elastic beam element is considered as a spring to store potential energy/ strain energy and proof mass along with moveable fingers, and it is assumed to be a mass element having inertia to store the kinetic energy of the vibration. The displacement is directly proportional to the magnitude of the acceleration and inversely proportional to the stiffness of the spring structures. MEMS accelerometers are modeled mechanically as a second-order mass-spring damping system [60-62]. 
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[bookmark: _Ref149843672][bookmark: _Toc152620496]
Figure ‎2.3: Mathematical modeling for vibration analysis of 3-axis MEMS capacitive accelerometer [25]

Force is acted upon on the accelerometer, the exerted force on the mass can be written by D’Alembert’s inertial force equation F=ma. The force displaces the spring by a distanceand the total force can be written as:
                                  (‎2.8)
The differential equation for the dynamic system can be written as:
                                             (‎2.9)
where m is the proof mass, b is the damping coefficient; k is the equivalent spring constant,is the displacement of seismic/proof mass andis the external acceleration. Moreover, in this case the equivalent spring constant is calculated as follows [60-62].
(‎2.10)
In equation (2.10) E denotes Young's Modulus/elastic modulus of the beam material, Wb is the width of the beam that is used to suspend the proof mass, t denotes the thickness of the beam and Lb represents the length of the beam. Moreover, the sensing mass of the accelerometer is calculated as follows. 
(‎2.11)
In Equation (2.11)denotes the density of the material used to fabricate the device, t is the thickness of the accelerometer,represents the width of the proof mass,is the length of the proof mass,: numbers of fingers, denotes the is the movable finger width andis the movable finger length. From Equation (2.11) it can be analyzed that in computing the sensing mass of the accelerometer, the influence of proof mass and the moveable fingers is encountered. Now the resonant frequency of the 3-axis MEMS capacitive accelerometer is calculated from the following relationship and it’s shown in Equation (2.12).
(‎2.12)
whererepresents the resonant frequency of the spring-mass system/accelerometer,is the total/ equivalent spring constant andis the sensing mass.
By taking the Laplace transform of Equation (2.9), transfer function was obtained. The transfer function describes the system’s behavior in the frequency domain and is considered a powerful tool that simplifies the analysis of the system, particularly for control systems design and stability analysis.The transfer function here relates the displacement of the seismic mass to the applied acceleration in x direction.
                                      (‎2.13)
(‎2.14)
                                                                    (‎2.15)
It is second order function with a (acceleration) as the input and x (displacement) as the output. Equation (2.16) shows the transfer matrix of accelerometer in all directions which has been obtained from accelerometer’s transfer function. 
                        (‎2.16)
where, masses in x, y and z direction respectively; whereas damping in x, y and z direction respectively. Further, the stiffness in x, y and z-directions are represented by.
2.4 [bookmark: _Toc153060714]Numerical Modeling
2.4.1 [bookmark: _Toc153060715]Geometry Description and CAD Modeling
In order to conduct the Finite Element Modeling (FEM) and to analyze the sensitivity of the 3-axis MEMS capacitive accelerometer to displacement and capacitance, static structural tool in workbench ansys will be used. Sensitivity analysis quantify how is the change in displacement or capacitance due to acceleration input. For performing FEM, the 3-axis MEMS capacitive accelerometer CAD model is idealized and only proof mass, suspension beam elements, and moveable fingers were generated, to simplify the analysis by reducing further modeling and meshing complexities. The CAD model of the designed accelerometer is developed in Creo Software. Creo is computer aided design software allows the user to 3D design the models. The accelerometer dimensions and specifications used in this study are given in Table ‎2.1.

[bookmark: _Ref149892963][bookmark: _Toc11021]Table ‎2.1: Accelerometer Dimensions and specifications
	Design Parameters
	Dimensions/ performance

	Beam Width Wb
	2µm

	Beam Length Lb
	290 µm

	Mass Width Wm
	70 µm

	Mass Length Lm
	350 µm

	Movable finger width Wf
	4 µm

	Movable finger-length Lf
	160 µm

	Total number of driving fingers Nd
	8

	Total number of Sensing fingers Ns
	24

	Device thickness t
	4 µm

	Capacitance gap d0
	2 µm

	Gap d1 between two driving and sensing finger groups
	4 µm

	Gap d2 between driving and sensing finger groups
	6 µm

	Anchor size
	20 µm ×20 µm

	Outermost device area
	460 µm × 630 µm

	Static capacitance C0
	0.068pF

	Sensing mass Ms
	0.42 µg





The isometric and the front view of the designed accelerometer are presented in Figure ‎2.4. Once the CAD model of the accelerometer has been developed then the next step is to perform the finite element modeling. During FEM, the first step is the material selection, poly-silicon material is considered as a material that is used to fabricate the accelerometer because it is widely used in the fabrication of accelerometers [1]. The mechanical properties of the poly-silicon are given in the Table ‎2‑2. Polysilicon material is considered to be linear elastic for the model, as it’s assumed that it will return to its original shape after load removal. Mechanical properties given in Table ‎2‑2 are sufficient for elastic linear analysis. The next step in performing FEM is meshing the model. Meshing is simply the process of dividing the continuum physical domain in the discretized domain into elements.
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[bookmark: _Ref148603666][bookmark: _Toc152620497]Figure ‎2.4: CAD Model of 3-axis MEMS Capacitive Accelerometer


[bookmark: _Ref148603703][bookmark: _Toc28894]Table ‎2.2: Mechanical Properties of Poly-Silicon Material
	FMaterial property 
	Value

	Young’s modulus of poly-Si 
	170 GPa

	The density of poly-Si is ρ
	2330 Kg/m3

	Poisson’s ratio 
	0.28



The meshing of the accelerometer is carried out in ANSYS Static structural module, where the uniform structured mesh is developed by using cubical mesh elements where the element size is kept 1 µm. Cubical mesh was chosen due to its ability to fill all the space in the geometry of accelerometer with maintaining regularity and isotropy of mesh quality. Cubical mesh is a uniform element shape in which it helps in minimizing numerical errors and ensure that mechanical properties are not biased by mesh orientation. 1 micro-meter mesh size is a compromised size to ensure detailed representation of the structure under loading. It’s important to avoid a higher fine mesh which leads to time loss. Moreover, the size of elements was further reduced to analyze the impact of mesh size on the resonant frequency. For that purpose, elements with 0.8 µm and 0.6 µm were used but there is negligible impact of reduced mesh size on the resonant frequency, as both results in 12744 and 12743 Hz resonant frequency, respectively, and they are not exceeding 2% of significant change. The meshed model of the accelerometer along with zoomed view mesh is presented in Figure ‎2‑5. Total Nodes and elements for accelerometer meshed model are 4836069 and 1021265 respectively. 
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[bookmark: _Ref148603995][bookmark: _Toc152620498]Figure ‎2.5: Meshed Model of the Accelerometer and its Zoomed View

2.5 [bookmark: _Toc153060716]Applying Loads and Constraints for Modal Analysis
To determine natural frequencies and natural mode shapes the Modal analysis of the 3-axis MEMS accelerometer has been performed. Modal analysis is used to determine resonant frequency since from accelerometer theory it is observed that resonant frequency is the function of sensing mass and the equivalent spring stiffness. Thus, in performing the Modal analysis no external force is applied, and constrained are applied to analyze accelerometer-free vibration behavior. The boundary condition of accelerometer is to have fixed anchors, in which it indicates where the capacitive accelerometer is mechanically attached to the substrate. To ensure no movement relative to the fixed supports during modal analysis, the DOF constrained at the fixed areas were all translational and rotational (in X, Y and Z) simulates a solid attachment to the substrate. After applying boundary conditions, resonant frequency and natural mode shapes have been determined. The applied constraints are presented in Figure ‎2.6.
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[bookmark: _Ref151401104][bookmark: _Toc152620499]Figure ‎2.6: Boundary Conditions Applied for ModalAnalysis on 3-axis MEMS Capacitive Accelerometer

2.6 [bookmark: _Toc153060717] FEA for Determination of Stresses andDeformation
The finite element analysis of the accelerometer is conducted to determine stresses and deformation produced with the accelerometer when some sort of excitation is applied to it. The excitation may be applied in the form of force, displacement, velocity, and acceleration. The excitation is applied at the center of the capacitive accelerometer, this location simulates the uniform acceleration, as how it would be experienced by capacitive accelerometer during the operation, that will ensure the originality of the analysis to the real-world condition. Figure ‎2.7 shows the model of the accelerometer after applying loads and constraints, moreover, in the present case, excitation is applied at the center of gravity of the model at one node, and it’s applied as gravitational acceleration form. 
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[bookmark: _Ref149827428][bookmark: _Toc152620500]Figure ‎2.7: Boundary Conditions Applied for Static Structural Analysis on 3-axis MEMS Capacitive Accelerometer

2.7 [bookmark: _Toc153060718]Sensitivity Analysis
2.7.1 [bookmark: _Ref148772879][bookmark: _Toc153060719]Displacement Sensitivity
Sensitivity analysis is to study the output behavior with change in the input. For capacitive accelerometer, proof mass displacement will change due to change in acceleration hence change in capacitance. The expression for displacement sensitivity is derived by combining Newton's second law of motion and hook's law of elastic bodies. According to Newton's second law statement: 
(‎2.17)
Whereas in Equation (2.17) mis the sensing mass of the accelerometer and a is the acceleration due to gravity and body acceleration. In this research, acceleration will be considered as gravitational acceleration. Since the model is treated as a spring mass, the force can be expressed as:
(‎2.18)
Re-arranging the equation (2.18) and (2.19), and replacing the deflection xwithwill get the theoretical value of the displacement sensitivity, following equation in (m/g): 
(‎2.19)
Where the sensing is mass andis the equivalent spring constant and these factors are already discussed in section 2.3.
                           (‎2.20)
                                                    (‎2.21)
By substituting the values of sensing mass and equivalent stiffness constant in the above equation (2.21) we get the following expression for the displacement sensitivity of the accelerometer.
   (‎2.22)
The critical observation of the above equation (2.22), revealed that the displacement sensitivity of the accelerometer is directly proportional to the width, and length of the proof mass Wm, Lm, and the dimensions of the moveable fingers (i.e., width (Wf) and length (Lf) as well as their number. In addition to this, MEMS accelerometer displacement sensitivity also depends upon the length, width, and thickness of the suspension beam element. Among these parameters thickness (t) and the width of the beam Wb may be changed according to the limitation of the selected fabrication process. The displacement sensitivity of the 3-axis MEMS capacitive accelerometer will be analyzed theoretically by using equation (2.19) in (m/g). Moreover, the displacement sensitivity in the present study is also analyzed through FEM. Furthermore, the simulation value ofdisplacement sensitivity is determined through the displacement versus applied acceleration graph. The displacement versus acceleration graph gives estimated displacements at various accelerations obtained from finite element simulation. The displacement sensitivity of the designed accelerometer is estimated by finding the slope of the displacement versus acceleration curve.
2.7.2 [bookmark: _Toc153060720]Capacitance Sensitivity
The sensitivity of the designed accelerometer is also determined in terms of capacitive sensitivity and the capacitive sensitivity is the slope of the line plotted by determining change in capacitance versus applied acceleration. The change in capacitance is determined from the following equation, equation (2.23), and it has already been presented in section 2.2.
(‎2.23)
Where C0 is the rest capacitance when no acceleration is applied on the accelerometer and d0 is the capacitive gap. Whereas,is the displacement of the accelerometer on applied acceleration and it is determined from the simulation. 
2.8 [bookmark: _Toc153060721]MEMS Gyroscope Theory and Analytical Modeling
Gyroscope is a sensor that is used to measure the orientation or the angular velocity of a system relative to an inertial reference frame. The significant advancements in MEMS (Microelectromechanical Systems) technology have led to the emergence of silicon-based MEMS gyroscopes. These devices measure angular velocity and, as an alternative to classical rate gyroscopes, they play an important role in inertial navigation and control systems of flight vehicles. Gyroscopes have potential applications in diverse fields such as automobile design, defense, consumer electronics, and biomedical engineering. The advantages of micromechanical gyroscopes over classical gyroscopes encompass enhanced robustness, reduced power consumption, the possibility of miniaturization, and lower production costs. Vibrating structure gyroscopes rely on the Coriolis force, a fictitious force that appears to act on objects that are in motion within a reference frame that rotates with respect to an inertial one [63].
The mechanical structure of the three-axis MEMS gyroscope is presented in Figure ‎2.8, it consists of the four masses named M1, M2, M3, and M4, suspended by various springs in XY plane. All the masses are connected to each other through a special coupling spring. There are two types of motion one is known as the drive mode of the gyroscope and the second is the sense mode. In drive mode two mass opposite to each other have similar movements i.e., two masses move outward as in this case M2 and M4, whereas two masses move in an inward direction as in this case M1 and M3. Whereas in case of the sense mode, the gyroscope rotates at about a certain axis and that mode is known as the respective axis mode [60].
The working principle of the vibrating MEMS gyroscope is based on the Coriolis effect. Whenever the driving masses are driven at resonance and an input angular rate is applied to a movable sense-mass, the sense-mass experiences a force called the Coriolis force. This Coriolis force generates a displacement in the movable sense-mass perpendicular to the direction of drive motion, as well as to the axis of rotation, called sense displacement. 
[image: ]
[bookmark: _Ref148605768][bookmark: _Toc152620501]Figure ‎2.8: The Mechanical Structure of 3axis MEMS Gyroscope [60]
[image: ]
[bookmark: _Ref149377478][bookmark: _Toc152620502]Figure ‎2.9: The Object Rotating in the Reference Frame Subject to the Coriolis Force
In Figure ‎2.9 the concept of the Coriolis force, it is the force that is acting on the rotating object perpendicular to its movement, and its magnitude can be expressed as follows:
		(‎2.24)
In the above equation (2.24), m denotes the mass of the moving object, vr represents the relative velocity of the object with respect to its frame of reference rotating at angular rate Ω. Let’s consider a fixed inertial frame of reference XYZ and a non-inertial frame of reference with origin at O and at O′ respectively. The non-inertial frame of reference rotates at the angular velocity of {Ω} with respect to the fixed one as shown in Figure ‎2.10. The vibrating gyroscope proof mass is denoted by a material point P, whereas the motion of the material point P is constrained to in-plane motion in the non-inertial rotating reference frame. However, the non-inertial frame of reference is rotating within the inertial frame of the reference. 
[image: ]
[bookmark: _Ref148606066][bookmark: _Toc152620503]Figure ‎2.10: Position vectors to the point P from Inertial XYZ and Non-Inertial Frame of the Reference xyz[63]

The position of the point P is represented by the vector {R (t)} and the position of the point P within the non-inertial frame of reference is located by the vector {r (t)}. Furthermore, the position of the origin O′ within the inertial frame of the reference is denoted by a vector, Now the relation between the two positions vector used to locate material point P and origin O′ may be expressed as follow.
	(‎2.25)

Then the time derivative of the position vector used to locate the material point P in an inertial frame of the reference is as follows.

	(‎2.26)

The term in the above equation (2.26) represents the drag velocity or the velocity of the material point P as dragged by the non-inertial frame of reference. Moreover, the is the relative velocity vector or the velocity of the material point P in the non-inertial frame of reference XYZ. Now differentiate the above equation (2.26) to the acceleration of the material point P in the inertial frame of the reference.
(‎2.27)

The acceleration of the material point P has three terms the first termis referred to as the drag term and the relative acceleration vectors, with analogous meanings to the relative and drag velocities. Moreover, the last termrepresents the Coriolis acceleration that causes fictitious force found in the rotating frame of the reference.

[image: ]
[bookmark: _Ref148606633][bookmark: _Toc152620504]Figure ‎2.11: The Single Mass Vibrating Gyroscope Mechanical Structure[63]

The mechanical structure of the single-mass vibrating gyroscope as shown in Figure ‎2.11 can be modeled as a two-degree of freedom system spring-mass-damper arrangement presented in Figure ‎2.12.

[image: ]
[bookmark: _Ref148606716][bookmark: _Toc152620505]
Figure ‎2.12: Gyroscope Vibration Analysis Model as a Two-degree-of-freedom Vibrating System[63]

The already used notation such as XYZ for the inertial frame of the reference and xyz for the non-inertial frame of the reference connected to the gyroscope structure. This system can be represented through lumped mass parameters if the coupling effects of anisoelasticity and anisodamping are neglected, then the lumped parameters of the vibration system are:

· m is the proof mass that is free to oscillate in x axis and y-axis
· kxandkyare the stiffness constants that suspend the proof mass over the substrate
· cxand cy are the equivalent damping coefficients.

By applying Newton's second law of motion, the governing dynamic model of the system will be as follows
(‎2.28)

In the above equation, theis the external force applied on the proof mass,andrepresents the linear acceleration and the angular velocity of the rotating gyroscope frame respectively. Moreover,denotes the position, velocity, and acceleration vector of the proof mass (m) with respect to the rotating frame of the reference.
,and(‎2.29)
and and (‎2.30)
Now the above equation ABC for x-axis and y-axis, and it is also assumed that the linear acceleration is negligible, then the motion of the single mass vibrating gyroscope can be written as follow[64].
     (‎2.31)
(‎2.32)
In the above equation (2.31) Fxis the external force applied in the x-direction whereas in equation (2.32)Fyis the external force applied in the y-direction. Moreover, and denotes the components of the angular velocity vector.
The above equation will be further simplified into equation (2.33) and (2.34), after the assumption that angular velocity has only one component which is non-zero then will be as follows:
 (‎2.33)
	(‎2.34)
From the above equations, it can be noticed that the drive mode and sense modes are coupled through angular velocity. It means that in the absence of external force along the y-axis on the proof mass, the displacement produced in this direction is only due to the applied angular rate. Furthermore, when the angular velocity is assumed to be constant and very small as compared to the excitation frequency then =0 and. Moreover, the drive mode amplitude is significantly higher as compared to the sense mode response thus the = 0, after applying these conditions above equation is further simplified as shown in equation (2.35) and (2.36). 
                                                (‎2.35)
		       (‎2.36)
Most of the 3-axis MEMS gyroscopes employ a combination of the masses and the flexible elements by applying the lumped parameter model to form a single-degree-of-freedom vibration system. Then the dynamic response of the single-degree-of-freedom vibrating system may be determined by solving the following 2nd-order differential equation represented in equation (2.37).

	(‎2.37)
			
[image: ]
[bookmark: _Ref148609337][bookmark: _Toc152620506]
Figure ‎2.13: Single Degree of Freedom Vibration Analysis Model of 3-axis MEMS Gyroscope[60]
In Figure ‎2.13, the vibration analysis of the 3-axis MEMS gyroscope is presented and vibration response can be determined through equation (2.37) of motion. Then the drive mode and sense mode response of the Single degree of freedom vibration analysis model of 3-axis MEMS gyroscope is discussed in the section analyzed through the following.
2.9 [bookmark: _Toc153060722]Driving Mode
Coriolis force depends on the conservation of momentum law, in a vibrating gyroscope; an oscillation system is included with driving electrodes to generate harmonic disordering and to maintain the momentum along the driving axis. The motion equation (2.38) is shown below: 
                                     (‎2.38)
The subscript D denotes driving mode. The right side of the equation represents the force FD which represents harmonic excitation to the system. Amplitude response for harmonic force is defined by quality factor and driving resonant frequency, equation (2.39) represents amplitude response: 
                                               (‎2.39)
Where  is the driving mode amplitude. 
                                (‎2.40)
In equation (40),  is the quality factor and it's equal to . The quality factor is very important in terms of explaining the performance of the system, gyroscope system is a very crucial system in which it must sustain the stability of driving resonant amplitude.  The driving mode resonant frequency amplitude (displacement) is shown in equation (2.41) below: 
                      (‎2.41)
2.10 Sense Mode
Sense mode operation depends on Coriolis Effect.is developed while the gyroscope is in rotation movement and this force excites the sensing mode system. To simplify, assume the drive mode system oscillates/vibrate at driving resonant frequency with stable driving amplitudethen the Coriolis force equation becomes as it’s shown in equation (2.42): 
	(‎2.42)
Then the equation of motion becomes: 
                   (‎2.43)
Since the excitation is harmonic and thus the response of the system should be harmonic and the response is assumed in the form of harmonic function. Then find its derivate and put it into equations (2.44)
      (‎2.44)
After substitution, we get the below equation
         (‎2.45)
Take yothroughout the left side and  from 1st and 3rd term then we have
	  (‎2.46)
Using trigonometric relationship:
                (‎2.47)
After using the above relationship shown in equation (2.47) now equate the coefficients of and  for both sides of equation (2.46).
We get 
(a)
                    (b)       (‎2.48)
Now in order to get a non-zero solution for roots of the above 2nd order differential equation we simplify equation (a) from equation (2.48)
                               (‎2.49)
After taking mscommon from the denominator we get 
		(‎2.50)
While, 
				(‎2.51)
(‎2.52)
Now after the substitution, we get the following equation (2-51):
				(‎2.53)
Whereas xo=xdmax
In the above equation, ysmaxdenotes the sensitivity of a 3-axis MEMS gyroscope, whereas [image: ]is used for angular input rate in (degrees per second) ωd (drive mode frequency), Xdmax is (maximum displacement of drive mode), ωs (corresponding sense mode frequency) and Qs (Sense quality factor).

2.11 [bookmark: _Toc153060724]Sensitivity of MEMS Gyroscope
The mechanical Sensitivity of a gyroscope is presented as displacement values at x, y, and z. To obtain these values, a relationship of input/output must be defined. A vibrating gyroscope works on Coriolis Effect. The resonant frequency of the drive mode is expressed as in Equation (2.54):
(‎2.54)
The equation of motion in x is expressed as: 

In x motion, Coriolis force can be negligible since the sensing mode is very small compared to the driving mode response. 
  Summation of force in X:    (‎2.55)
Summation of force in Y:(‎2.56)
Whereis the Driving Force,is the Coriolis force,is the sensing force, m is the proof mass, are the displacement in driving motion and sensing motion respectively andis the external rotational rate.
[bookmark: _Toc153060725]2.11.1 Cross-axis Sensitivity of MEMS Gyroscope
The cross-axis sensitivity of the MEMS gyroscope is defined as the gyroscope output on the sense axis when the angular rotation is applied on the orthogonal axis. The cross-axis sensitivity of the MEMS gyroscope may be expressed in percentage. The cross-axis sensitivity of the three-axis MEMS gyroscope is defined by the equation (2.57) below: [65, 66].
	                      (‎2.57)
The first subscript denotes the primary axis in which the angular input rate is measured, whereas the second subscript denotes the axis in which angular input is applied. In case when x-axis and y-axis are only considered then the above equation (2.57) is reduced to the equation below   
       (‎2.58)

2.12 [bookmark: _Toc153060726]Finite Element Modeling of the Gyroscope
2.12.1 [bookmark: _Toc153060727]CAD Modeling & Meshing
The CAD model is developed to perform finite element modeling and sensitivity analysis of the 3-axis MEMS gyroscope. The CAD model of the MEMS gyroscope consists of several components such as four masses, outer springs, inner springs, and coupling springs. The MEMS gyroscope is developed as a single integrated part, rather than the assembly of the above-mentioned parts. All the masses present in the MEMS gyroscope are coupled through coupling springs. The design specifications of the 3-axis MEMS gyroscope are presented in Table ‎2.3. The CAD model of the proposed gyroscope design was developed in Creo. The isometric view and front view of the developed MEMS gyroscope are presented in Figure ‎2.14. Moreover, in the proposed design the number of coupling springs was reduced to one coupling spring with the aim to reduce its design and optimization complexities.
[bookmark: _Ref148611334][bookmark: _Toc18839]Table ‎2.3: Design specification of gyroscope
	Parameters 
	Values (µm)

	Mechanical structure size
	924x 924

	Structure thickness
	30 

	Spring width 
	2.5 

	Coupling spring length
	113 

	Outer spring length
	331 

	Inner spring length
	200 



 (
(b)
) (
(a)
)[image: ]

[bookmark: _Ref148611475][bookmark: _Toc152620507]Figure ‎2.14: Proposed 3D Cad Model for Gyroscope (a) Isometric View (b) Front View

2.12.2 [bookmark: _Toc153060728]Modal Analysis
The meshing of the single-drive, 3-axis MEMS gyroscope is performed in the ANSYS meshing tool, where the uniform unstructured mesh is developed by using tetrahedral mesh elements. Linear tetrahedral elements are used for mesh analysis due to complex geometry of gyroscope, hence it’s more adequate in representing the geometry and provide more reliable results. The size mesh element through the domain is kept uniform and its value is 1 µm. The good quality mesh is generated with the orthogonal quality of 0.9. Moreover, the size of elements was further reduced to analyze the impact of mesh size on the drive and sense mode frequencies, however, negligible impacts were noticed with a significant increase in computation time. Thus, the mesh size is not reduced further and it is kept at 1 µm. The meshed model of the single-drive, 3-axis MEMS gyroscope along with zoomed view mesh is presented in Figure ‎2.15.
[image: ]
[bookmark: _Ref148611636][bookmark: _Toc152620508]Figure ‎2.15: Meshed Model of the Single-Drive, 3-axis MEMS Gyroscope and its Zoomed View
2.12.3 [bookmark: _Toc153060729]Applying Loads & Constraints for Modal Analysis
In order to perform modal analysis for determination drive, sense and unwanted mode frequencies the single-drive, 3-axis MEMS gyroscope is fixed at five different points highlighted in Figure ‎2.16. Four points known as an anchor which are the points at the end of the outer spring as it’s shown in the zoomed view.
 (
Anchor
)[image: ]
[bookmark: _Ref148611733][bookmark: _Toc152620509]Figure‎2.16 Boundary Conditions Applied for Modal Analysis on 3-axis MEMS Gyroscope
2.12.4 [bookmark: _Toc153060730]Transfer Matrix for Gyroscope
The simplified differential equation of the gyroscope can be written as: 
(‎2.59)
      (‎2.60)
                     (‎2.61)
Where T is the torque and  is the angular displacement. The transfer function relates the  to applied torque (T) is given as it’s shown in equation (2.62): 
 (‎2.62)
Transfer matrix for 3-axis gyropscope is as shown below:
       (‎2.63)
Where:
 Inertias for x y, and z rotation axis 
 damping in x y and z axis
 Stiffness in x y and z axis
Now, to relate angular rate  as an output with input , equations (2.64), (2.65) and finally (66) shows the steps to get a transfer function of output as angular rate: 
                                          (‎2.64)
                 (‎2.65)
When Substitute T into Transfer function:  
(‎2.66)
The simplified transfer function for a gyroscope is given in equation (2.66). In real conditions, gyroscopes have more complex behavior due to sensor errors, noise or nonlinearities. The transfer function links the input torque to the output angular velocity. It represents a simplified, linearized model of the behavior of gyroscopes, and it can be used to predict the response under different conditions. 
2.13 [bookmark: _Toc153060731]Extended Kalman Filter Equations
The objective of this part is to design a sensor fusion algorithm in MATLAB with a specific set of key properties. The algorithm exclusively relies on data from the FEM design of gyroscopes and accelerometers. This section aims to contribute to the field of sensor fusion by addressing these critical aspects.
Kalman filtering includes a set of techniques for estimating the state of a system using a model and measurement updates. There are various types of Kalman filters, but they all originate from the basic Kalman filter. The basic Kalman filter is a great estimation tool when certain conditions are met, like having a linear system and modeling errors with specific characteristics. In real-world situations, systems are often not linear, leading to the development of the Extended Kalman Filter (EKF).
The Extended Kalman Filter (EKF) equations for an Inertial Measurement Unit (IMU) typically involve predicting and updating steps, which are used to estimate the orientation, position, and velocity of a moving object based on accelerometer and gyroscope measurements. Below are the basic equations for an EKF applied to an IMU sensor fusion problem:
In discrete time, this system can be re-written as 
              (‎2.67)
                   (‎2.68)
Where  and  represent the state transition and the observation (measurement) models of the two non-linear functions. The state vector is  , the measurement vector is  and  is the input. While  and  are the process and measurement noises. The extended Kalman Filter applied to the non-linear model estimates  at each step  gives following steps of initialization, prediction and update:
Initialization: 
,  .                       (‎2.69)
Where  is the initial state,  is the expected value of the random variable , and the  is the state vector k and the initial estimate of the covariance matrix is . 
 (‎2.70)
             (‎2.71)
Such that is the process noise covariance matrix corresponding to and  is the predicted covariance estimate. The covariance prediction equation of the linear version of Kalman cannot use the state transition function, therefore, the Jacobian  can be estimated as: 
 (‎2.72)
The discrete-time Jacobian of the measurement function can be denoted as  and determined as:
 (‎2.73)
With  and represents the length of y.
Then, the Kalman gain   is computed in order to conduct the correction step through updating both the state and the covariance estimates as follows:
    (‎2.74)
Where is the measurement noise covariance matrix corresponding to .  is the identity matrix in .
2.14 [bookmark: _Toc153060732]Simulink Model for IMU Sensors
Figure ‎2.17 shows the main system simulated using MATLAB Simulink.The input signals are used to generate the real values of acceleration and angular velocity. Six input signals are used, where three belong to input acceleration and the other three for angular velocity. The Simulink’s Signal generator block is used for the said purpose. The properties of the signal generator block are as shown in the following figure. There are multiple options to set the wavefront such as sawtooth, sine, square. For the said purpose sawtooth signal with different frequency and amplitude is used.
2.14.1 [bookmark: _Toc153060733]IMU Subsystem
The IMU subsystem consists of the Accelerometer and Gyroscope, the parameters of both are discussed in the above section. The damping ratio and natural resonant frequency values are used in this subsystem. The transfer function derived for the accelerometer and Gyroscope in section 2.3 and 2.9 are used. Figure ‎2.18 is the parameter block for the input acceleration in x direction.



[bookmark: _Ref151534714][bookmark: _Ref152617977][bookmark: _Toc152620510][image: ]

Figure ‎2.17: Main model ImplementationContaining IMU Model and Kalman Filtering
[bookmark: _Ref148613642][bookmark: _Toc152620511][image: ]
Figure ‎2.18: Properties of Signal Generator Block
[image: A diagram of a computer program
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[bookmark: _Ref149828459][bookmark: _Toc152620512]Figure ‎2.19: Inside the 6 axis IMU Model Block
6 Inputs are considered in IMU sub-systems, 3 for accelerometer and 3 for gyroscope. Thus, three outputs are expected in the 4 directions. Figure ‎2.19 shows the models of accelerometer and gyroscope. Transfer function generated for accelerometer and gyroscope will be implemented for both sensors. Figure ‎2.20 and Figure ‎2.21 show the models inside subsystems block: 
[image: ]
[bookmark: _Ref148614114][bookmark: _Toc152620513]Figure ‎2.20: Accelerometer Model
[image: ]
[bookmark: _Ref148614120][bookmark: _Toc152620514]Figure ‎2.21: Gyroscope Model
2.15 [bookmark: _Ref148772822][bookmark: _Toc153060734]Transfer Function
Second order systems are more applicable for accelerometers and gyroscopes. However, it doesn’t include noise, for that purpose, in Simulink model, noise will be added to the system. Second order transfer function for capacitive accelerometer and gyroscope is expressed in equations (2.75) and (2.76) below:
         (‎2.75)
          (‎2.76)
Subscript a and g denote accelerometer and gyroscope respectively. 
 can be obtained from modal analysis in workbench ansys, however,which is damping ratio, is usually obtained by experiments. Half-power method is defined as a graphical technique in dynamic and vibration analysis. It’s used to determine the damping ratioby obtaining frequency response bandwidth plotted with amplitudes. Harmonic analysis in ANSYS workbench is used to plot frequency bandwidth with displacement amplitudes in mm. Figure ‎2.22 and Figure ‎2.23 obtained from ANSYS, and it illustrate frequency bandwidth plot with amplitude in mm for accelerometer and gyroscope, respectively.
[image: ]
[bookmark: _Ref148771566][bookmark: _Toc152620515]Figure ‎2.22: Amplitude vs Frequency, Accelerometer
[image: ]
[bookmark: _Ref148771576][bookmark: _Toc152620516]Figure ‎2.23: Amplitude vs Frequency, Gyroscope
(‎2.77)
Equation (2.77) is used to determine damping ratio.is the frequency at the highest peak of amplitude.andare the frequency bandwidth of 70.7% of maximum amplitude. 
2.16 [bookmark: _Toc153060735]Kalman Filter Block for Acceleration Filtering
A subsystem block contains three Kalman filter blocks to filter the acceleration in each direction is shown in Figure ‎2.24. The input acceleration is used to generate linear acceleration and the IMU Acceleration shows measured acceleration through IMU MEMS. The rate transition block compensates the sampling rate, if there is any mismatch. The Kalman filter block implements the linear Kalman filter. The MATLAB has built in KALMAN filter block to implement the KALMAN filter for any application. The properties of KALMAN filter block are given in Figure ‎2.25 and Figure ‎2.24.
[image: ]
[bookmark: _Ref148614206][bookmark: _Toc152620517]Figure ‎2.24: Inside of a 3-Channel Filtering Generator Block that uses Three Kalman Filters
The model source is provided as state-space model of the IMU MEMS sensor. The transfer function of MEMS structure and its State Space matrices, A, B, C, D are as follow:
MEMS Model Transfer Function  
(‎2.78)
State Space Model is shown in equations (2-76 to 2-82)
(‎2.79)
(‎2.80)
                                                        (‎2.81)
                                                           (‎2.82)

[image: ]
[bookmark: _Ref148614720][bookmark: _Toc152620518]Figure ‎2.25: Properties of Kalman Filter Block.
The values of damping factor and resonant frequency derived from the FEM simulations are used. The parameters Q and R in Figure ‎2.25 refer to the process noise covariance and sensor noise covariance respectively. The Q and R factor to account for over all IMU noise. The product of Q and R should be equal to total noise power of the MEMS. Since our noise power is 0.1, the value of Q= 0.01 and R=1. The N is set as zero.

[bookmark: _Toc58922763][bookmark: _Toc88046825][bookmark: _Toc153060736]Chapter 3: Results and Discussions
3.1 [bookmark: _Toc153060737]Overview
[bookmark: _Toc88046830]This chapter is concerned with the analysis of 3-axis MEMS accelerometer and gyroscope. The designed MEMS accelerometer has the ability to measure acceleration and deceleration of up to 10 g and maintains the resonant frequency at 20 kHz. For that purpose, modal analysis and of MEMS accelerometer and gyroscope were conducted and presented in this chapter. The important performance factors such as resonant frequency, mode shapes, stresses, deformation, displacement sensitivity, capacitive sensitivity, modal analysis, cross-axis sensitivity analysis are investigated in this study. The details of these performance analyses and the corresponding results are presented in this chapter.
3.2 [bookmark: _Toc153060738][bookmark: _Toc148964748]Accelerometer
In this section, results of the accelerometer modal and structural analysis are presented. The various mechanical properties of the accelerometers were simulated, and the results were compared with analytical values. To simulate the accelerometer displacements, a simplified model of the accelerometer was produced. The model shown in Figure ‎2.4 was created to simulate the resonant frequencies and displacement of the accelerometer, as well as other mechanical attributes. Finite-Element-Method (FEM) analysis using ANSYS Workbench was used to solve resulting dynamic and structural equations numerically whereas these equations for the frequency and the sensitivity were also solved analytically. The relative difference between the simulation and analytical values has been determined. The accelerometer mass has an impact on the spring stiffness. The maximum acceleration that is measured in this study is under 10 g and it results in a mass displacement of 0.0159 μm. The displacement of the accelerometer is measured from 1 to 10 g. The simulated results show good agreement with the analytical result and the maxim relative difference of 17.5% observed for resonant frequency.
3.2.1 [bookmark: _Toc153060739][bookmark: _Toc148964749]Model Analysis
Accelerometer design (geometric parameters given in Table ‎2.1) is simulated using ANSYS workbench though employing FEM approach to determine various system parameters such as resonant frequency, mode shapes and damping coefficient.Figure‎2.1 shows the mode shape when the accelerometer vibrates at its resonant frequency. Determining the primary resonant frequency of an accelerometer is an important design characteristic in order to avoid chances of structural resonances to occur, thus enhancing its service life and it also defines the frequency bandwidth that the sensor can operate at. The damping is also an important characteristic of the vibrating system that affects dissipation of the energy of the accelerometer.The large amount of damping in the system affects also the frequency response.
The resonant frequency/ natural frequency of the accelerometer is part of its design characteristics; thus, it depends upon the mass and the stiffness of the system. Moreover, it can be analytically calculated using the sensing massand the equivalent spring constant.Using Equation (2.20) (in chapter 2) and parameter values given in Table ‎2.1, the  can be calculated as:



Similarly, as the proof mass is suspended by rectangular folded beam, thus its total or equivalent stiffness constant () can be calculated as follows, and can be found by first calculating the beam spring constant:
                                                               (‎2.1)
                                                            (‎2.2)
 : Inertial momentum of the beam
Substituting geometric parameter of accelerometers, which are  and  into equation (2.81) to get inertial momentum of the beam, after that, it will be substituted in equation (2.80) along with the material’s mechanical properties from Table ‎2.2.


Two sections of a folded beam are equal length and are connected in series. Hence the spring constant  of one folded beam can be calculated as the half of the beam spring 
                (‎2.3)
 can be calculated as 4 times , since all four folded beams are connected in parallel and have same size. 

Substitute & into equation (12): 

The fundamental resonant frequency obtained using equation (2.12) (given in chapter 02) is10383.8 Hz.  After getting an analytical value of the resonant frequency of the accelerometer, the 3-axis capacitive MEMS accelerometer model is simulated in ANSYS Workbench, where its modal analysis is carried out to validate the analytical results value.  The results of the modal analysis, obtained in terms of resonant frequency and mode shape is presented in Figure ‎2.1. The resonant frequency obtained through modal analysis that employs FEM to determine vibrating system resonant frequency is 12593 Hz. Frequency shown is at amplitude at which accelerometer will resonate or vibrate. 
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Comparing both results of the simulation and analytical solution, it is found that the FEM developed model yields results that are close to those obtained through analytical estimation. Moreover, the deviation of 17.5% that is found through the performed error analysis can be attributed to the simplifying assumptions made in the mathematical model to reduce the mathematical complexities. For that reason, simulations value is set to be the base value. In addition, the deviation in the results could also be due to the simplification made in the accelerometer geometrical model to avoid meshing and simulation complexities. The comparison of the resonant frequency obtained through analytical and modal analysis is presented in Table ‎2.1. 
[bookmark: _Ref149818249][bookmark: _Toc1546]Table ‎2.1: Comparison of the resonant frequency obtained through analytical and numerical simulation
	Parameter 
	Analytical valueHz
	Simulation valueHz
	Error%

	Resonant frequency 
	
	12593
	17.5



3.2.2 [bookmark: _Toc148964750][bookmark: _Toc153060740]Static Structural Analysis
In order to perform the simulation of the accelerometer, 3D model was imported to the static structural module of the ANSYS Workbench. The static structural analysis was then performed through employing FEM approach at different values of the applied acceleration. The proof mass activated the movement due to set acceleration value. The force is applied on the central plate body and denoted as a force point in ANSYS. The simulated results would show displacements and stresses in each axis. However, the axial direction of the applied force should have a much larger displacement than the other two axes. According to the requirements the MEMS accelerometers will be used in UAV and Quad-copters. Therefore, the device should survive 10 g of acceleration. The high-level accelerations are not required in this case. When an acceleration ‘g’along the horizontal direction parallel to the device plan is applied to the accelerometer, the beam deflects under the effect of inertial force. The deflection of beam is in the direction of the applied acceleration. The displacement sensitivity of the device is defined as the displacement of the movable mass (and movable fingers) per unit gravity acceleration g (1g=9.81) along the device sensitive direction. The beam-mass structure of the accelerometer can be treated as a simplified spring-mass model. The folded-beam can be treated as four springs connected in parallel. For each folded-beam, both sections of the beam can be treated as two springs connected in series. Each beam section can be treated as double-clamped beam model.
The finite element analysis of the accelerometer is conducted to determine stresses and deformation produced with the accelerometer when some sort of excitation is applied on it. The excitation may be applied in the form of force, displacement, velocity and acceleration.Figure ‎2.2,Figure ‎2.3 and Figure ‎2.4 show the directional deformation result of the accelerometer model after applying loads and constraints. The excitation applied is in acceleration form equal to 10 g and assumed to be exerted at the center of the proof mass. 
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In Figure ‎2.2, the amount of deflection was color coded with red being the highest deflection. The maximum deflection was found to be about . If we highlighted the local area of the springs, it can be easily observed that the deflection is minimum at and near the anchors because they are fixed and have zero deflection. Deflection increases gradually towards the center of the spring where the proof mass was connected because of the increased distance from the fixed point. Another reason for this is that the deflection is higher at proof mass since the load is applied directly on the proof mass. 
Maximum Deformation in the y-axis iswith an applied acceleration of 10 g. However, most of the accelerometers employed in quadcopter/UAV applications have to deal with applied load of no more than 4.6 g gravitational accelerations. Figure ‎2.3 shows the deformation contour in Y-direction. 
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Lastly, Figure ‎2.4 shows that the maximum deformation in the z direction is equal to mm. 
Looking into the results obtained from the static structural analysis, we notice that the deflection along the acceleration direction (y-axis) is dominant and way higher compared to the deflection of the x-axis and the z-axis, as they are relatively small, 2% and 0.2% respectively. 
In addition to this, static structural analysis is also used to compute stresses generated within the designed accelerometer under different values of applied acceleration. As presented in Figure ‎2.5, it can be seen that the acceleration is only applied in the y direction with 10 steps to ensure 10 g acceleration values.The variation of Von-Mises stresses within the structure of the accelerometer is presented in Figure ‎2.6. From Figure ‎2.6 it is observed that stresses produced within the accelerometer are highly uniform and maximum stresses are at the anchors of the accelerometer. Anchors are fixed, so they tend to resist the force applied thus it experience more stress, however in the proof mass, the holes are reducing the weight resulting in even distribution of the stress. Nonetheless, the maximum Von-Mises stress produced in designed accelerometer is 0.0268 MPa which are quite low as compared to the yield strength of the material can reach up to 10 GPa. Thus, the designed accelerometer is safe from the strength point of view.
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[bookmark: _Ref148625419][bookmark: _Toc152620523]Figure ‎2.5: Tabular Data on Acceleration 'g' Input, from ANSYS
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By applying a tabular data for the acceleration from 1 g up to 10 g, we can see the effect of acceleration on the deformation and stress graphically. Figure ‎2.7 and Figure ‎2.8 indicate that both have linear relationships with the acceleration.

[bookmark: _Ref149818500][bookmark: _Toc152620525][bookmark: _Hlk148627075]
Figure ‎2.7: Deformation Vs. Acceleration in X, Y and Z Directions
In Figure ‎2.7, it’s observed that there is no significant change in deformation in X and Z directions. However, it’s clear in Y direction the accelerations affect the deformation. At 10 g gravitational acceleration the deformation in y-direction is . The variation of Von-Mises stresses is plotted against the applied force and is depicted in Figure ‎2.8. From the graph, of the stress verses applied force, it can be determined that linear relationship exists between the applied force (or acceleration) and the Von-Mises stresses. Moreover, from the graph it is also determined that 0.0321 MPa stresses resulted within the design accelerometer at an applied force of 1g, whereas 0.321 MPa Von-Mises stresses resulted at an applied force of 10g. Furthermore, it is also observed from the obtained results that the designed accelerometer experiences quite low stresses at an applied force of 10g, thus the designed accelerometer has significant potential to sustain higher applied forces. The yield strength of the Polysilicon material used is around 165 MPa, and the maximum stress at 10 g is 0.32163 MPa is lower than the yield strength, which indicates that the structure can withstand the load in strength point of view.

[bookmark: _Ref148690531][bookmark: _Toc152620526]Figure ‎2.8: Acceleration Vs. Von Mises Stress for Accelerometer
3.2.3 [bookmark: _Toc148964751][bookmark: _Toc153060741]Accelerometer Sensitivity Analysis
In this research sensitivity of the device is analyzed through displacement sensitivity and capacitive sensitivity. Initially the displacement sensitivity is analyzed theoretically and through simulation.The mechanical sensitivity and maximum displacement of the accelerometer define the maximum possible range of accelerations measurable by the device. Mechanical sensitivity isthe displacement of the mass per unit of acceleration, which is important. The Brownian noise inherent in the accelerometer determines the minimum acceleration that may be mechanically resolved [69]. The low noise in the design is desirable in this study. 
The displacement sensitivity can be calculated using Equation (2.19) in Chapter 2.


The displacement sensitivity is also determined using ANSYS simulation. The gravitational acceleration was applied to the model in Ansys and total displacement were found, the data was extracted into excel. A linear relationship was obtained for g versus Displacement, and that shows how the input (acceleration) is affecting the output (displacement). Evidently, as expected, as the acceleration increase the displacement increases too. Figure ‎2.9 shows the displacement sensitivity of the accelerometers.The slope of the plot shown in Figure ‎2.9 is the displacement sensitivity that is obtained from the simulation. The sensitivity obtained from ANSYS simulation is: 


The relative percent difference between the analytical and ANSYS simulation value for displacement sensitivity is 15.5%. There is a huge reduction in displacement sensitivity when compared 0.2 nm/g displacement sensitivity to 3nm/g value 3nm/g reported by Sharma et.al [70]. 
The sensitivity of the designed accelerometer can also be determined in terms of the capacitive sensitivity. It can be calculated using Equation (2.23) (from Chapter 2).

Analytical capacitive sensitivity is then to be calculated by dividing capacitance change by gravitational acceleration g:

The capacitive sensitivity is the slope of line plotted through determining change in capacitance verses applied acceleration. Plot in 
Figure ‎2.10 was obtained using ANSYS workbench to get x values then substituted the change in the capacitance equation. The slope of the plot is 20 fF/g.
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Figure ‎2.10: Acceleration Vs. Change in Capacitance
3.3 [bookmark: _Toc148964752][bookmark: _Toc153060742]Gyroscope
In this section, the finite element modeling is performed to understand the static and dynamic behavior of the MEMS Gyroscope under different conditions. For that purpose, 3D CAD model of the 3-axis MEMS gyroscope is developed and imported to ANSYS Workbench. The static structural and modal analysis of the designed gyroscope is performed in ANSYS Workbench through employing FEM approach. The displacements, stresses, strains and forces in the structure produced by assumed loads can be determined with the static structural analysis of the device. While the natural frequencies and mode shape of the device can be determined with the help of Modal analysis. To analyze gyroscope, it is known that it can be validated by getting frequency values, on x y and z, in addition to the unwanted frequency. Modal analysis is used to obtain these values. In order to perform modal analysis for determination of drive, sense and unwanted mode frequencies the single-drive, 3-axis MEMS gyroscope is fixed at five different points circled in Figure ‎2.11.Four points known as anchor and the center mass spring shown in figure below. 

[image: ]
[bookmark: _Ref148631176][bookmark: _Toc152620529]Figure ‎2.11: Constraints used for Gyroscope: Fixed Points
3.3.1 [bookmark: _Toc148964753][bookmark: _Toc153060743]Modal Analysis
The Modal analysis of single-drive, 3-axis MEMS gyroscope is performed to determine its Eigen frequencies and mode shapes. The determination of Eigen frequencies and mode shapes are highly important parameters used for further evaluation and optimization of MEMS gyroscope for various applications. 
Since the main purpose of design and analysis is to develop a gyroscope that remain safe during the operation while efficiently performing its intended function. In this regard, the modal analysisof the single drive three axis MEMS gyroscope was conducted to determine its natural frequencies and possible mode shapes. Moreover, it is well known from the basic concept of mechanical vibration, that a system having n-DOF should have n-natural frequencies and n-mode shapes. Thus, in order to determine natural frequencies and mode shapes modal analysis is performed for which the above mentioned constrained were applied, whereas no external force is applied because natural frequencies and natural modes solely depends upon the distribution of mass and stiffness within the structure and they are pure design dependents. The mode shape is defined as “as the pattern of the motion of vibrating body/system. Since vibrating body is elastic in nature thus it can move in various patterns and those patterns have particular mode associated frequency. 
Drive mode is a particular pattern of the motion of the single-drive, 3-axis MEMS gyroscope in which two opposite drive masses moves outward whereas other two opposite drive inward as shown in Figure ‎2.12. This particular pattern of the motion is associated with particular frequency of the system and that is known as drive mode of the single drive 3-axis MEMS gyroscope. 
[image: ]
[bookmark: _Ref148631284][bookmark: _Toc152620530]Figure ‎2.12: Drive Mode Frequency
Moreover, the function of the single drive 3-axis MEMS gyroscope is to sense the applied rotation in particular axis. In this regard, the sense mode basically the pattern of the motion of the single-drive, 3-axis MEMS gyroscope in which gyroscope rotate about x-axis. Additionally, that pattern of motion about the x-axis is also associated with particular value of the frequency which is known as x-sense frequency. The frequency of the MEMS gyroscope in the x-sense mode is determined as 41550Hz and the movement of the gyroscope at a particular frequency is shown in Figure ‎2.14. 
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[bookmark: _Ref148631643][bookmark: _Toc152620532][image: ] (
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)Figure ‎2.13: Y-sense Mode Frequency
Similarly, the y-sense mode is particular pattern of motion of the single drive 3-axis MEMS gyroscope in which gyroscope rotate about the y-axis. This pattern of the gyroscope movement is associated with particular value of the frequency. That frequency is known as y-sense frequency and the amplitude at that time is called y-sense amplitude. The y-sense mode shape is presented in Figure ‎2.13. The frequency of the MEMS gyroscope in the -sense mode is 45052 Hz.
The z-sense mode is the pattern of the motion of the gyroscope in which gyroscope rotates about z-axis and frequency associated with z-sense mode is known as z-sense frequency. Since the gyroscope is employed to sense the rotation of the object, in this regards it’s all three sense mode frequencies are of particular importance in design and analysis for its efficient design. The z-sense mode of the gyroscope is presented in Figure ‎2.15 and it is equal to 37202 Hz.
[image: ]
[bookmark: _Ref148631957][bookmark: _Toc152620533]Figure ‎2.15: Z-sense Mode Frequency
The unwanted mode shapes are the pattern of motions of single drive 3-axis MEMs gyroscope that vibrates in unwanted directions. Unwanted modes are also associated with particular frequency of the gyroscope, but these patterns of movements are not regular that these cannot be used to sense applied rotation. The unwanted modes along with their Eigen Frequencies are given in Figure ‎2.16, Figure ‎2.17 and Figure ‎2.18 are vibration patterns that are not desirable. 
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[bookmark: _Ref148632113][bookmark: _Toc152620534]Figure ‎2.16: Unwanted Frequency
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[bookmark: _Ref148632116][bookmark: _Toc152620535]Figure ‎2.17: Unwanted Frequency
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[bookmark: _Ref148632119][bookmark: _Toc152620536]Figure ‎2.18: Unwanted Frequency
Summary of simulation results of the modal analysis of the proposed MEMS gyroscope is presented in Table ‎2.2. Frequency differences are calculated as indicated below:
X: fdr- fcx‎2.4
Y: fdr- fcy‎2.5
Z: fdr- fcz‎2.6
[bookmark: _Ref148632183][bookmark: _Toc32285]Table ‎2.2: Resonant frequencies of the proposed single-drive, 3-axis MEMS gyroscope.
	Frequency Mode
	Frequency Hz
	Frequency Difference

	fdrDrive Mode
	53809
	--------

	fcx x-sense Mode
	41550
	12259

	fcy y-sense Mode
	45052
	8758

	fcz z-sense Mode
	37202
	16607



3.3.2 [bookmark: _Toc153060744][bookmark: _Toc148964754]Sensitivity of MEMS Gyroscope
[bookmark: _Hlk137929576]The analytical value for the mechanical sensitivity of the single-drive, 3-axis MEMS gyroscope can be obtained by using Equation (2.53). In order to calculate the sensitivity of the MEMS gyroscope, the values given in Table ‎2.3 are used.
[bookmark: _Ref148633282][bookmark: _Toc28037]Table ‎2.3: Sense-mode analysis parameters of single-drive, 3-axis MEMS gyroscope
	Parameter 
	Value

	Angular input rate ()
	2000 dps (34.90659 rad/s)

	Driving force 
	0.378 µN

	Drive mode frequency (ωd)
	53809 Hz (337920.52 rad/s)

	Maximum displacement of drive mode (Xdmax)
	 µm

	X-sense (ωsx)
	41550 Hz (260934 rad/s)

	Y-sense (ωsy)
	45052 Hz (282926 rad/s)

	Z-sense (ωsz)
	37202 Hz (233628 rad/s)

	Mass
	(From ansys)



The driving mode resonant frequency amplitude (displacement)can be calculated using Equation (2.41) and its values found to be . The sensitivity of the single drive 3-axis MEMS gyroscope is defined in terms of the sense mode displacement. The sense mode displacement is determined by using the Equation (2.53). Whereas the sensitivity is slope of the sense displacement in particular direction against applied rate of the angular input. Moreover, in this section the sense mode displacement is computed in all directions named as x-sense displacement, y-sense displacement and z-sense displacement. The analytical value of the x-sense displacement is 0.49167 nm, y-sense displacement is 0.91028 nm and z-sense displacement are 0.432 nm. .
[bookmark: _Hlk137929605]Furthermore, the sense displacement of the single 3-axis MEMs gyroscope is determined through finite element modeling in ANSYS workbench, where the where the sense displacement for each mode is calculated through applying angular rate input and the drive force in the respective axis of the gyroscope. A comparison through the performed analysis is introduced, by simplifying and having assumptions made in the mathematical model to reduce the mathematical complexities, simulation value will be set as a base value.
3.3.3 [bookmark: _Toc153060745]X-sense Displacement:
The x-sense displacement is determined through static structural analysis of single drive 3-axis MEMS gyroscope for which a drive force of 0.378 µN is applied along the x-axis and an angular input rate of 34.9 rad/s is applied. Moreover, the model is fixed at anchor shown in Figure ‎2‑19.
[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148636078][bookmark: _Toc152620537]Figure ‎2.19: Applied Loads and Constraints for X-sense Displacement Analysis
The x-sense displacement is determined through analyzing the directional deformation along the x-axis. For that purpose, the gyroscope is fixed at the central anchor point and the angular input rate varied from 0 rad/sec to 34.6 rad/s and a drive force of 0.378 µN is applied. The deformation that results within the designed gyroscope is analyzed and presented in Figure ‎2.20. From the deformation contour, it is found a maximum deformation of 0.49167 nm results within the designed gyroscope. Moreover, it should be noted that the maximum direction deformation within the gyroscope is in the direction of the applied force. 
[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148709086][bookmark: _Toc152620538]Figure ‎2.20: X-Sense Deformation
Von-Mises stresses distribution within the designed gyroscope at the angular input of 34.6rad/s and drive force of 0.378 µN applied in x-direction is presented in Figure ‎2.21. From the contour of the von-misses stresses distribution it is observed that the higher stresses are developed within the spring because the spring suspends the masses in desired positions. Moreover, it can be analyzed that maximum Von-Mises stresses are much lower than the yield strength of the material therefore designed gyroscope is safe while operating in x-sense mode. In Figure ‎2.22, shear stress is also computed and it is shown that maximum shear stress is equal to 0.038 MPa. The results show that von-mises and shear stresses are quite small in magnitude; thus, the designed gyroscope is capable of sustaining higher angular rates and applied drive forces.

[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148636860][bookmark: _Toc152620539]Figure ‎2.21: The Von-Mises Stress Distribution within the DesignedSingle Drive 3-axis MEMS Gyroscope under X-sense Displacement

[image: ]
[bookmark: _Ref148712279][bookmark: _Toc152620540]Figure ‎2.22: Shear Stress Distribution within the Designed Single Drive 3-axis MEMS Gyroscope under X-sense Displacement

The y-sense displacement is determined similarly through employing FEM to static structural analysis of the single drive 3-axis MEMS gyroscope. For that purpose, a drive force of 0.378 µN is applied in y-axis along with the angular input rate of 34.9 rad/s. Moreover, the gyroscope is fixed at the anchor point. The applied boundary condition and the constrained are shown in Figure ‎2.23.
[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148709125][bookmark: _Toc152620541]Figure ‎2.23: Applied Loads and Constrains for Y-sense Displacement Analysis
The y-sense displacement contour at the angular input rate of 34.6 rad/s and drive force of 0.09729 µN is presented in Figure ‎2.24. From the deformation contour it is found that under above mentioned applied conditions and constrains the designed gyroscope produces 0.91028 nm displacement in y-direction. From the contour it is also noticed that maximum displacement is produced by that mass on which force is applied.
[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148969405][bookmark: _Toc152620542]Figure ‎2.24: The Y-sense Displacement of the Designed SingleDrive 3-axis MEMS Gyroscope
The Von-Mises and Shear stress distribution within the designed gyroscope is presented and analyzed in Figure ‎2.25 andFigure ‎2.26. From the Von-Mises and Shear stress distribution, it is observed that the maximum stresses are produced within the outer and coupling spring since the outer springs are fixed at its anchor, thus their movement is constrained and results in higher resistance to the applied loads. Moreover, the coupling springs connects two masses and one mass among these masses is subjected to drive force due to which it experiences higher stresses. Moreover, the stresses produced within the designed gyroscope are quite small in magnitude thus designed gyroscope is safe from strength point view and it has higher factor of safety.
[image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Ref148637767][bookmark: _Toc152620543]Figure ‎2.25: The Von-Mises Stress Distribution within the Designed Single Drive 3-axis MEMS Gyroscope under Y-sense Displacement
[bookmark: _Ref148712926][image: C:\Users\HP\AppData\Roaming\Ansys\v191\preview.png]
[bookmark: _Toc152620544]Figure ‎2.26: Shear Stress Distribution within the Designed Single Drive 3-axis MEMS Gyroscope under Y-sense Displacement
In order to determine the z-sense displacement static structural analysis of the single drive 3-axis MEMS gyroscope is performed under the applied angular input rate of 34.6 rad/s and drive force of 0.378 µN. The angular rate input and drive force were applied in z-axis as shown in Figure ‎2.27 and the gyroscope is fixed at its central anchor. Then the governing equations were solved for each time step and rate of the angular rate input is varied from 0 rad/s to 34.9 rad/s within nine steps. 
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[bookmark: _Ref148637913][bookmark: _Toc152620545]Figure ‎2.27: Applied Loads and Constrains for Z-sense Displacement Analysis
The z-sense displacement contour is analyzed and presented in Figure ‎2.28, at the angular input rate of 34.9 rad/s and drive force of 0.378 µN. From the presented contour it is found that maximum directional deformation of 0.432 nm in z-axis is produced within the designed gyroscope. From deformation contour it is observed that maximum deformation is produced within the coupling and inner spring. It is also found that deformation produced is very small and designed gyroscope operate within elastic limit.
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[bookmark: _Ref148638245][bookmark: _Toc152620546]Figure ‎2.28: The Z-sense Displacement of the Designed Single Drive 3-axis MEMS Gyroscope
The Von-Mises and Shear stress distribution within the designed gyroscope is presented and analyzed in Figure ‎2.29 and Figure ‎2.30. From the Von-Mises and Shear stress contours it is found that maximum stresses are produced within the coupling springs which are connecting to the mass on which the drive force is applied. From the von-Mises stress distribution contour it is estimated that 0.0799 MPa stresses are produced within the designed gyroscope and these are quite small as compared to yield strength of material thus the designed gyroscope remains safe from strength point of view. 
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[bookmark: _Ref148638508][bookmark: _Toc152620547]Figure ‎2.29: The Von-Mises Stress Distribution within the Designed Single Drive 3-axis MEMS Gyroscope under Z-sense Displacement
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[bookmark: _Ref148713503][bookmark: _Toc152620548]Figure ‎2.30: Shear Stress Distribution within the Designed Single Drive 3-axis MEMS Gyroscope under Z-sense Displacement
Data obtained from the finite element analysis of the MEMs gyroscope is then plotted to better understand the relation between angular rate as input and displacement as output. The variation of the direction deformation along three coordinate axes against applied angular input rate is plotted and presented in Figure ‎2.31, Figure ‎2.32 and Figure ‎2.33. In order to determine the sense displacement, angular input rate is applied on the gyroscope to their respective axis according to the sense displacement. From the graph, it is observed that there exists linear relationship between the angular input rate and the sense displacement for the x and z axes of the gyroscope, thus sensitivity of designed MEMS gyroscope is actually the slope of the straight line. However, in y-direction a non-linear behavior is observed in displacement versus angular rate plot. This because the gyroscope model has design features, thus it affects the sense displacement in each direction. Also, due to mechanical load and constraints, gyroscope movement or sensing capabilities are different, for example, the central mass is fixed and the angular rate is applied on it. Thus, the sensitivity of designed gyroscope is computed and found to to be 0.0002 nm/dps, 0.00046 nm/dps and 0.00022 nm/dps in x, y and z direction respectively.
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[bookmark: _Ref148639966][bookmark: _Toc152620549]Figure ‎2.31: X- sense Displacement at Various Angular Input Rate of the Designed 3-axis MEMs Gyroscope
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[bookmark: _Ref148640013][bookmark: _Toc152620550]Figure ‎2.32: Y- sense Displacement at Various Angular Input Rate of the Designed 3-axis MEMs Gyroscope
[image: ]
[bookmark: _Ref148640025][bookmark: _Toc152620551]Figure ‎2.33: Z- sense Displacement at Various Angular Input Rate of the Designed 3-axis MEMs Gyroscope.
The percentage error between the analytical and FAE values of the X-sense displacement ysx, Y-sense displacement ysy and Z-sense displacement ysz is given in Table‎2.4. The methodology used to calculate mechanical sensitivity is similar to Din, Iqbal and Lee(2020) study, the only difference that they used COMSOL for FEA analysis[4]. Table ‎2.5 shows the comparison between the analytical values of this study and Iqbal and Lee(2020) study. It’s observed that mechanical sensitivity of the study is much lower than Din, Iqbal and Lee (2020) study. 
[bookmark: _Ref148639889][bookmark: _Toc22378]Table ‎2.4: Percentage Error Between Analytical and FEA values.
	Parameter
	Analytical values ()
	FEA values ()
	% Error

	ysx
	
	0.49167
	2.048 

	ysy
	
	0.91028
	28.59

	ysz
	
	0.432
	13.89



[bookmark: _Ref151354278][bookmark: _Toc12308]Table ‎2.5: Displacement Sensitivity Comparison
	Parameter
	Analytical values ()
	Analytical values (), Iqbal and Lee(2020) study[4]

	ysx
	
	27.087 

	ysy
	
	22.52

	ysz
	
	21.49



The Von-Mises stresses variation is plotted against the applied angular input rate and presented in Figure ‎2.34, Figure ‎2.35 and Figure ‎2.36.
To predict the Von-Mises stresses within the designed gyroscope, angular input rate applied on the gyroscope to their respective axis and the stresses were computed numerically. Moreover, from the graphs it is observed that angular input rate has linear relationship with the stresses that resulted in the designed gyroscope. However, it is observed that the behavior is not linear in y-direction for the same reasons discussed in displacement plots. Moreover, it is also noticed that quite low Von-Mises stresses are produced within the designed gyroscope, thus the designed gyroscope is safe from strength point of view. Furthermore, the designed gyroscope has higher factor of safety and it is capable of sustaining higher angular input rate values.
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[bookmark: _Ref148640488][bookmark: _Toc152620552]Figure ‎2.34: Von-mises Stresses Produced within Designed Gyroscope at different Angular Rates Applied in x-axis
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[bookmark: _Ref148640524][bookmark: _Toc152620553]Figure ‎2.35: Von-mises Stresses Produced within Designed Gyroscope at different Angular Rates applied in Y-axis
[bookmark: _Ref148640834][image: ]
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: Von-mises Stresses Produced within Designed Gyroscope at different Angular Rates applied in Z-axis.
)

3.4 [bookmark: _Toc148964755][bookmark: _Toc153060746]IMU Sensor Fusion
3.4.1 [bookmark: _Toc153060747][bookmark: _Toc148964756]Transfer Function
In Section 2, Equation (2.75) and (2.76) depict transfer function of second order systems of accelerometer and gyroscope. Using Figure ‎2‑22 and Figure ‎2‑23 ,is calculated as indicated below using equation (2.77):
Accelerometer: 
, amplitude in mm = and 70.7% of amplitude is , thenis found and it’s equal to , respectively. 


Natural frequency of accelerometer (in rad/s) from modal analysis is . Then Second Order Transfer Function can be expressed as shown below: 



Gyroscope: 
 amplitude in mm = and 70.7% of amplitude is , thenis found and it’s equal to , respectively. 

Natural frequency of gyroscope (in rad/s) from modal analysis is . Then Second Order Transfer Function can be expressed as shown below: 

Figure ‎2.37 shows transfer function block in Simulink for accelerometer and gyroscope. 

 (
(b)
) (
(a)
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[bookmark: _Ref149819154][bookmark: _Toc152620555]Figure ‎2.37: Transfer Function Block in Simulink, (a) Accelerometer (b) Gyroscope

[bookmark: _Toc148964757][bookmark: _Toc153060748]3.4.2 Simulink Output
In this section, the Simulink model developed in Chapter 2 for IMU sensor is simulated. The output is taken from the three-channel multi-axis oscilloscope block of Simulink. The three mux blocks before the oscilloscope are used to merge the signals in a 3-vector and show them on one plot for comparison. The simulation results of the accelerometer and gyroscope in x, y and z direction are given in Figure ‎2.38 and Figure ‎2.39 respectively.
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[bookmark: _Ref148966829][bookmark: _Toc152620556]Figure ‎2.38: Simulation of three axis accelerometer
[image: ]
[bookmark: _Ref148646227][bookmark: _Toc152620557]Figure ‎2.39: Simulation of Three Axis Gyroscope
IMUs generate measurements at a certain sampling rate. In some cases, the sensors may not produce measurements at exactly the same rate or may experience variations due to hardware or timing issues. It can lead to a mismatch in the timing of data, and which can affect the accuracy of the sensor fusion process.
The rate transition block in a Kalman filter for an accelerometer is responsible for handling the timing discrepancies. It ensures that the data from different sensors are synchronized or adjusted so that they align correctly in time. It is crucial as the Kalman filter relies on consistent and properly timed sensor data to estimate the state of the system accurately.
In Figure ‎2.40, The red curve shows the input linear acceleration (real acceleration) and the blue curve shows the acceleration measured with IMU sensor. The measured data is noisy and has MEMS resonance and bias. While yellow curved shows the filtered sensor data predicated through the KALMAN filter. The Kalman filter parameters are discussed in section 2.10. It can be observed that when the acceleration passes through the Kalman filter block the noise is removed from the signal and converges very closely to the actual linear acceleration
[image: ]
[bookmark: _Ref148966654][bookmark: _Toc152620558]Figure ‎2.40: Comparison of Simulation Results for Three Axis Accelerometers
[bookmark: _Ref148966669][image: ]
[bookmark: _Toc152620559]Figure ‎2.41: Zoomed View Comparison of Simulation Results for Three Axis accelerometers
Like accelerometer part, a subsystem block in MATLAB is used for the Gyroscope. It contains three Kalman filter blocks to filter the orientation in each direction that is measured with IMU model. The properties of the blocks are the same as in section 2.10. The integrator block in the gyroscope Simulink model is used to integrate the input angular velocity. It is used by Kalman filter for the prediction purpose.
The output observed at the oscilloscope at the output of the Kalman filter block is given in Figures below.
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[bookmark: _Ref148966570][bookmark: _Toc152620560]Figure ‎2.42: Comparison of Simulation Results for Three Axis Gyroscope
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[bookmark: _Ref152619293][bookmark: _Toc152620561]Figure ‎2.43: Zoomed View of Comparison of Simulation Results for Three Axis Gyroscopes
Each graph in Figure ‎2.42 and Figure ‎2.43 shows the filtered and simulation result for x, y and z direction orientations. The red curve shows the input orientation (integral of input angular velocity). The blue curve shows the orientation measured with a gyroscope. It has noise and bias. The noise and bias were introduced in the block of the IMU sensor discussed in section 2.10. The yellow curve shows the filtered sensor data predicted through the KALMAN filter.
[bookmark: _Toc153060749]Chapter 4: Conclusion
In this study, the design and modeling of IMU sensor consisting of 6 DOF capacitive accelerometer and gyroscope were performed. The findings show the significance of design considerations to optimize the performance of IMU sensor. The geometric parameters for the accelerometer and gyroscope were selected based on the detailed analysis of the literature studies. The accelerometer was designed with dimensions of accelerometer (460 µm × 630 µm), while the gyroscope was configured with dimensions of (924 µm x 924 µm).In order to perform simulations, boundary conditions were fixed to identify the specific points in the accelerometer and gyroscope structure and to ensure stability. These conditions were also useful in determining resonant frequencies and modal shapes in Workbench ANSYS using modal analysis.
The CAD model of the accelerometer was specifically designed to perform finite element analysis and assess the accelerometer's sensitivity. The model was simplified by focusing only on the proof mass, suspension beam elements, and movable fingers. It effectively minimized modeling and meshing complexities. Similarly, the CAD model for 3-axis MEMS gyroscope consisting of four masses and various springs suspended in XY plane was designed. The masses were connected to each other through special coupling. The gyroscope was operated in two distinct modes: the drive mode, where opposing masses exhibit synchronized movements, and the sense mode, where rotation occurs around a specific axis, termed the respective axis mode. Modal analysis was performed to determine the resonant frequency of the accelerometer and Gyroscope. The resonant frequencies of 12593 Hz and 33870.8 Hz were obtained for accelerometer and gyroscope, respectively.
Static structural analysis of the accelerometer and gyroscope was performed to determine stresses and deformation produced when the load was applied. A load of up to 10 g was applied to the accelerometer and 34.9 rad/s on the gyroscope. The maximum deformation of accelerometermm,mmandmm was achieved in x, y and z directions respectively. The von mises stress produced in the accelerometer under 10 g load was 0.321 MPa. Similarly, the deformation in gyroscope in x, y and z directions were 0.49 nm, 0.91 nm and 0.432 nm respectively. The von mises stress did not exceed 0.09 MPa and was below the polysilicon's yield strength. Therefore, it can be concluded that both sensors can withstand the applied load.
The analytical equations were developed to calculate the mechanical sensitivity and capacitance sensitivity. The displacement sensitivity for the accelerometer was 0.23 nm/g and the capacitance sensitivity was 0.00002 pF/g. Similarly, the displacement sensitivity for the gyroscope along x, y and z axes were 0.4816 nm, 0.65 nm and 0.372 nm, respectively.The displacement sensitivity was also determined using Finite element analysis. The relative percent difference between analytical and FEA values of the sensitivity were calculated and the maximum difference of 29% was observed.
A Simulink model was developed to analyze the performance of the proposed MEMS accelerometer and gyroscope. The Mathematical equations were derived for both sensors and implemented in Simulink model. Six input signals were generated to provide a real value of acceleration and angular velocity. In real-world applications, the IMU sensor experiences random noise. Therefore, in this study, white noise and bias were added to the generated input signals.A Kalman filter was implemented to remove the noise from the system and the results showed that it has significantly reduced the noise.
The limitation of this study is that there is no experimental validation to the modelling and simulations results, as it’s important to confirm simulation results with real-world testing. Also, since the cad design is different than existent design, the comparison with experimental benchmark is difficult. Lastly, the actual environmental operational factors weren’t included, such as temperature fluctuations, electromagnetic interfaces, pressure difference due to difference altitudes and the effect of repeated mechanical stresses. 
In future work, the load on the accelerometer in terms of g and load on the gyroscope in terms of rotational rates can be increased to study high impact of loading on the structure. Also, employ environmental parameters to the simulation to predict real-world operation. Finally, perform testing to confirm simulations outputs and results. 
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def. in X-axis (µm)	1 g	2 g	3 g	4 g	5 g	6 g	7 g 	8 g	9 g	10 g 	5.9137000000000091E-6	1.1827000000000017E-5	1.7741000000000022E-5	2.365500000000002E-5	2.9569000000000018E-5	3.5482000000000044E-5	4.1396000000000083E-5	4.7310000000000094E-5	5.3223000000000036E-5	5.9137000000000095E-5	def. in y-axis (µm)	1 g	2 g	3 g	4 g	5 g	6 g	7 g 	8 g	9 g	10 g 	1.5946000000000009E-3	3.189100000000002E-3	4.7837000000000044E-3	6.378200000000004E-3	7.9728000000000073E-3	9.5673000000000008E-3	1.1162000000000009E-2	1.2756000000000002E-2	1.4350999999999996E-2	1.5946000000000005E-2	def. in z-axis (µm)	1 g	2 g	3 g	4 g	5 g	6 g	7 g 	8 g	9 g	10 g 	1.0502000000000014E-5	2.100500000000004E-5	3.1507000000000029E-5	4.2009000000000038E-5	5.2512000000000096E-5	6.3014000000000058E-5	7.3517000000000089E-5	8.4019000000000078E-5	9.4521000000000188E-5	1.0502000000000012E-4	Acceleration (m/s2)

Deformation (µm)



Von-Mises stresses (MPa) 	1 g	2 g	3 g	4 g	5 g	6 g	7 g 	8 g	9 g	10 g 	3.2163000000000004E-2	6.4327000000000037E-2	9.649000000000002E-2	0.12864999999999999	0.16081999999999999	0.19298000000000001	0.22514000000000001	0.25731000000000021	0.28947000000000023	0.32163000000000008	Acceleration (m/s2)

Von-Mises stresses (MPa)



Accelerometer Displacement Sensitivity 
Displacement on y	y = 2E-10x
R² = 1
9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	2.3046133154001345E-9	4.6092266308002798E-9	6.9138399462004105E-9	9.2184532616005529E-9	1.1523066577000713E-8	1.3827679892400834E-8	1.6132293207800925E-8	1.8436906523201112E-8	2.0741519838601221E-8	2.3046133154001336E-8	Displacement on x	9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	0	0	0	0	0	0	0	0	0	0	Displacement on z	9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	0	0	0	0	0	0	0	0	0	0	Gravitational Acceleration g in m/s 

displacement in m



Acccelerometer Capacitive Sensitivity 
Capacitance change in x	9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	0	0	0	0	0	0	0	0	0	0	Capacitance change in y	y = 2E-14x
R² = 1
9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	1.5671370544720944E-13	3.1342741089441893E-13	4.701411163416284E-13	6.2685482178883857E-13	7.8356852723604794E-13	9.4028223268325761E-13	1.0969959381304628E-12	1.2537096435776717E-12	1.4104233490248826E-12	1.5671370544720941E-12	Capacitance change in Z	9.81	19.62	29.43	39.24	49.05	58.86	68.669999999999987	78.48	88.29	98.1	0	0	0	0	0	0	0	0	0	0	Gravitational Acceleration 'g' in m/s

Capacitance change in F
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