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Abstract

This thesis presents a comprehensive exploration of capacitive accelerometers and their
multifaceted roles in sensor technology. It encompasses various aspects, commencing
with the fundamental principles of accelerometer technology and of accelerometers
within applications. The research is divided into distinct parts. The initial part delves
into the foundational concepts of accelerometer technology and state of art about
Internet of Things (IoT).

The second part represents a pivotal contribution to the field, focusing on the
mathematical modeling and optimization of capacitive accelerometers. It introduces a
mathematical model that significantly enhances measurement precision by addressing
key parameters damping rate. The result is a breakthrough formula that minimizes
measurement errors, making capacitive accelerometers more reliable and stable.

The third part of the thesis extends the practical utility of accelerometers by applying
them within the IoT. The integration of accelerometers, is explored, demonstrating
their trans-formative potential including cost-effective and user-friendly setups, are
discussed, highlighting their role in enhancing data collection, particularly in scenarios
where inertial movements need to be translated into numerical signals.

The final part explores the application of accelerometers in the domain of continuum
robots. The research presents an empirical formula for the forward kinematic model of
single-section continuum robots, employing particle swarm optimization for the inverse
kinematic model. Moreover, it investigates the potential for accelerometers to identify
the end effector position, thereby reducing the reliance on expensive tools. This novel
approach enhances the data recording capabilities of continuum robots.

In summary, this thesis contributes to the advancement of capacitive accelerometer
technology by offering new mathematical models, optimizing their performance, and
extending their applications into the industry and robotics domains. It signifies a
significant step forward in harnessing these sensors for enhanced precision and func-
tionality, opening doors to innovative applications in robotics, especially in continuum
robots, and beyond.



Résumé : 

Cette thèse présente une exploration complète des accéléromètres capacitifs ainsi que leurs 

multiples rôles dans le domaine des technologies de capteurs. Elle couvre un large éventail 

d'aspects, allant des principes fondamentaux des accéléromètres à leur intégration dans des 

applications de l'Internet des Objets (IoT). La thèse se divise en plusieurs sections, chacune 

enrichissant la compréhension et l'utilisation des accéléromètres capacitifs. 

La première section explore les principes fondamentaux des accéléromètres, détaillant les 

mécanismes de base et les composants électroniques associés. Cette exploration sert de 

fondation pour les analyses ultérieures. 

Dans la deuxième section, qui constitue une contribution majeure à ce domaine, l'accent est 

mis sur la modélisation mathématique et l'optimisation des accéléromètres capacitifs. Un 

nouveau modèle mathématique est introduit, améliorant significativement la précision des 

mesures en tenant compte de facteurs clés tels que la variation de la capacité, le taux 

d'amortissement, et l'espacement des électrodes. Cette avancée aboutit à une formule 

révolutionnaire minimisant les erreurs de mesure, et rendant les accéléromètres plus fiables 

et précis que jamais. 

La troisième section étend l'utilité pratique des accéléromètres capacitifs en les appliquant à 

l'IoT. L'intégration de capteurs microélectroniques, notamment les accéléromètres à système 

micro électromécanique (MEMS), est explorée, révélant leur potentiel transformateur dans 

divers aspects de la vie quotidienne. Les applications IoT, offrant des solutions à la fois 

économiques et faciles à utiliser, sont examinées, soulignant leur importance pour améliorer 

la collecte de données, surtout quand il faut convertir les mouvements inertiels en signaux 

numériques. 

La dernière section explore l'utilisation des accéléromètres dans le domaine des robots 

continus bioniques. Elle valide expérimentalement le modèle géométrique inverse de robots 

continus à une seule section via l'optimisation par essaims de particules, et examine le 

potentiel des accéléromètres pour identifier la position de l'effecteur final, réduisant ainsi la 

dépendance à l'égard d'outils coûteux. Cette approche novatrice améliore la capacité 

d'enregistrement de données chez les robots bioniques continus, préfigurant de futures 

avancées, notamment l'emploi d'accéléromètres pour la validation de modèles cinétique de 

tels robots. 
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تقدم هذه الأطروحة استكشافاً شاملاً لمقاييس التسارع السعوية وأدوارها المتعددة في مجال تكنولوجيا  

الاستشعار. ويغطي جوانب مختلفة، بدءًا من أساسيات تقنية مقياس التسارع وانتهاءً بدمجها في تطبيقات إنترنت  

ينقسم البحث إلى عدة أجزاء، يساهم كل منها في فهم أعمق وتحسين استخدام مقاييس التسارع  بحيث  الأشياء

 .ومجالات تطبيقه

والميكانزيم  مقياس التسارع، ويوضح الآليات الأساسية ليتعمق الجزء الأول في المفاهيم الأساسية لتقنية 

 الفن. إضافة الى دراسة حالة من  الأساسية لهذه المستشعرات

ويشكل الجزء الثاني مساهمة كبيرة في هذا المجال، مع التركيز على النمذجة الرياضية وتحسين مقاييس  

التسارع السعوية. إنه يقدم نموذجًا رياضياً جديدًا يعمل على تحسين دقة القياس بشكل كبير من خلال مراعاة  

التخميد والتباعد بين الأقطاب الكهربائية. والنتيجة هي صيغة   معامل المعلمات الرئيسية مثل تباين السعة ونسبة

 .ثبات ودقةأكثر   السعويس التسارع ياتقلل من أخطاء القياس، مما يجعل مق

يوسع الجزء الثالث من الأطروحة الفائدة العملية لمقاييس التسارع السعوية من خلال تطبيقها على إنترنت  

يتم استكشاف تكامل أجهزة الاستشعار الإلكترونية الدقيقة، وخاصة مقاييس تسارع النظام  .الأشياء 

، مما يدل على إمكاناتها التحويلية في مختلف جوانب الحياة اليومية. وتتم (MEMS) الكهروميكانيكي الدقيق

مناقشة التطبيقات المتعلقة بإنترنت الأشياء، بما في ذلك الإعدادات الفعالة من حيث التكلفة وسهلة الاستخدام، مع  

لا سيما  جامع بيانات الضغط،في تطبيق صناعي على مستوى  تسليط الضوء على دورها في تحسين جمع البيانات

 .اج فيها إلى ترجمة حركات القصور الذاتي إلى إشارات رقميةفي السيناريوهات التي تحت 

تجريبيًا من الجزء الأخير يستكشف تطبيق مقاييس التسارع في مجال الروبوتات المستمرة. يتحقق هذا الجزء 

تحسين   لوغاريتم مبني على صحة النموذج الهندسي العكسي للروبوتات المستمرة ذات القسم الواحد باستخدام

  سرب الجسيمات. بالإضافة إلى ذلك، فهو يدرس إمكانات مقاييس التسارع لتحديد موضع المستجيب النهائي

، وبالتالي تقليل الاعتماد على الأدوات باهظة الثمن. يعمل هذا النهج الجديد على تحسين قدرات تسجيل  للروبوت

البيانات للروبوتات الإلكترونية المستمرة، مما يمهد الطريق للتقدم المستقبلي، بما في ذلك استخدام مقاييس  

بالإضافة الى تقديم نموذج جديد   نية المستمرةالتسارع للتحقق من صحة النماذج الديناميكية للروبوتات الإلكترو

 المستمر. من النماذج السابقة للروبوت  بةوصلاثبات  أكثربوت مستمر من رو
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0.1 List of nomenclature

MEMS (Micro-Electro-Mechanical Systems)
IoT (Internet of Things)
Ido (Internet des objets)
On/Off Sensors (TOR)
PZT (Piezoelectric lead Zirconate Titanate)
FPI (Fabry-Perot Interferometer)
FSBM (Front-Side Bulk Micromachining)
DPU (Differential Pressure Unit)
SPI (Serial Peripheral Interface)
I2C (Inter-Integrated Circuit)
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IKM (Inverse Kinematic Model)
FKM (Forward Kinetic Model)
VC (Variable Curvature)
CC (Constant Curvature)
CCKA (Constant Curvature Kinematic Analysis)
CPF (Cubic Polynomial Fit)
CRs (Continuum Robots)
MSS (Maxillary Sinus Surgery)
CDCR (Cable-Driven Continuum Robot)
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General introduction

Accelerometers, sensors that measure acceleration, velocity, and displacement [1], have
progressed significantly due to advances in microelectronics and micro-fabrication
technologies [2, 3]. These technological leaps have paved the way for the creation of
small, precise, and reliable accelerometers [4]. The 1980s marked a transformative period
as micro-fabrication techniques ushered in micro-fabricated capacitive accelerometers [5].
Initially, these sensors has mechanical part with clunky proof masses suspended between
electrodes. However, persistent innovation from pioneers like Honeywell and Analog
Devices propelled these devices into the digital era [6]. These sensors have become an
integral part of smartphones, gaming devices, and various portable electronic gadgets,
revolutionizing human-machine interaction [7–9]. Moreover, sensors play a crucial
role in Internet of Things (IoT) applications across various fields such as medicine,
maintenance, and sports. In medicine, for instance, sensors can be used for remote
patient monitoring, detecting vital signs, and managing chronic conditions[10]. In
maintenance, sensors can help in predictive maintenance by monitoring equipment and
rotary machine health, detecting failures in rotor vibration [11]. In sports, sensors are
used for performance tracking, injury prevention, and enhancing training routines[12].
Due to the huge demand for accelerometers in markets and their wide application,
many researchers have been working on enhancing accelerometer performance through
design and mathematical modeling of accelerometers [13–15]. Among various types
of accelerometers such as capacitive, piezoelectric, and tunneling, the capacitive type
stands out as the best in terms of performance and sensitivity [16].

0.2 Thesis structure

The thesis is organized into two main parts with distinct chapters:

• Chapter 1: State-of-the-Art Fundamentals of Accelerometer Technology and Its
Application in IoT
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0.3 Publication list

• Chapter 2: Capacitive Accelerometer Modeling: Optimization-Based parameter
for Refining Its Performance

• Chapter 3: Accelerometer-Based Raspberry Pi for circular chart recorder

• Chapter 4: Kinematic Modeling of Continuum Robots Utilizing Accelerometer
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This structure guides the reader through the exploration of capacitive accelerometers
and their applications in diverse domains.
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Chapter 1

State-of-the-Art fundamentals of
accelerometer technology and its
application in IoT

1.1 Introduction

This chapter aims to provide a comprehensive understanding of the principles, de-
velopment, and applications of accelerometer technology. We begin by exploring the
historical evolution of accelerometers, tracing their journey from early mechanical
models to the sophisticated microelectromechanical systems (MEMS) used today. This
historical context sets the stage for a deeper appreciation of the technological advance-
ments and challenges overcome in this field. Following the historical overview, the
chapter focuses on the operational principles of accelerometers, elucidating how these
devices capture and convert physical movements into measurable electrical outputs.
This section lays the groundwork for understanding the different types of accelerometers
and their specific applications. Then categorizes and discusses various accelerome-
ter types, including capacitive, piezoresistive, and piezoelectric models, highlighting
their unique functionalities and suitability for different applications. Additionally, the
chapter examines the role of accelerometers applications and their integration into
emerging technologies, such as the Internet of Things (IoT), emphasizing their growing
significance in the digital era. To conclude, we offer insights into the selection and
implementation of accelerometers in industrial settings, providing practical guidance
for professionals in the field.

5



State-of-the-Art fundamentals of accelerometer technology and its
application in IoT

1.2 Historical development of accelerometers

The evolution of accelerometer technology showcases a remarkable journey of innovation,
reflecting significant advancements in science and engineering. This section presents
a unified narrative of their development, from the early mechanical devices to the
present-day microelectromechanical systems (MEMS) . The 1960s and 1970s marked a
significant period of progress, aligned with breakthroughs in semiconductor technology.
This era saw the emergence of MEMS accelerometers, offering substantial improvements
in size, accuracy, and application versatility [22]. The 1970s marked the advent of
capacitive accelerometers, pioneered by Honeywell’s design featuring a spring-suspended
proof mass. Subsequent innovations by companies like Analog Devices enhanced
these accelerometers’ design and sensitivity, broadening their application scope [1].
The 1980s witnessed the introduction of micro-fabricated capacitive accelerometers,
with silicon becoming the preferred material for proof masses and electrodes. These
advancements led to significant size reduction and improved accuracy, expanding their
use in automotive, aerospace, industrial, and consumer electronics [23, 24]. MEMS
technology revolutionized accelerometer design in the late 20th century. Employing
silicon wafers and advanced etching techniques, these devices were significantly more
compact, sensitive, and reliable. This period also introduced diverse accelerometer
types, such as capacitive, piezoresistive, and piezoelectric, each tailored for specific
applications [25]. Recent advancements in microfabrication have resulted in even
smaller and more sensitive capacitive accelerometers (see Fig1.1).

Fig. 1.1: Commercial Micro-Machined Devices Accelerometer [23]
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1.3 Fundamentals of accelerometer technology

This section explores the fundamental principles underlying the operation of accelerom-
eters, a type of sensor indispensable in various fields due to its ability to convert
mechanical motion into electrical signals. We delve into the core aspects of accelerome-
ter operation, focusing on how these devices measure and represent physical quantities.

In the industrial environment, the term “sensor” is often reserved for compact
devices. Larger devices may be referred to as transmitters, and specialized devices
used in physicochemical measurements are called industrial analyzers. Sensors are
commonly classified into two major families based on the nature of the information
they emit [4]:

• On/Off Sensors (TOR): Emit a binary signal, 0 or 1 (true or false), depending
on the measured quantity’s position relative to a setpoint. Used in sequential
automation.

• Analog or Continuous Sensors: Emit an analog or digital signal with a generally
linear function relating the signal to the measured quantity.

1.3.1 Vibration measurement chain

The measurement chain consists of elements assembled as shown in Figure 1.2, with
each component playing a crucial role [4].

Fig. 1.2: Components of the measurement chain [4]
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• Sensors: Provide electrical signals carrying information about the measured
quantity at the input of the measurement chain. These signals can be generated
directly by active sensors or through passive sensor conditioners.

• Analog Multiplexer: Selects electrical signals when multiple sensors are present.

• Signal Amplifier: Enhances the signal strength.

• Analog Filter: Limits the signal bandwidth to significant frequencies.

• Sample-and-Hold Circuit: Records the analog level for the necessary processing
time.

• Analog-to-Digital Converter: Converts analog signals to digital information.

• Microcontroller: Manages measurement chain settings and performs signal pro-
cessing and data analysis.

• Display/Communication Interface: Presents measurement results on a computer
interface.

1.3.2 Importance of measurement accuracy

Accurate measurements are crucial when using sensors. Improving this characteristic
involves the following steps [4]:

• Implement algorithms for signal processing and parameter extraction.

• Use a multi-sensor structure for data fusion to compensate for influencing factors.

1.3.3 Emitted signal

Typically, the sensor emits an analog signal in current (4-20mA) or voltage (1-5 volts),
powered by electrical energy through a communication line [3].

1.3.4 The Sensor

The measurand (m) is the physical quantity measured, often resulting in an electrical
signal (s) representing the quantity and its vibrations [5]. The sensor, a non-electric
device, converts the measurand into an electrical characteristic:

S = F (m) (II.1)
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This relationship stems from the physical laws governing the sensor’s operation
and depends on the sensor’s design, materials, and environment. Calibration typically
yields a numerical formula, used within a linear range where the sensor’s sensitivity S

remains constant:

∆S = S ·∆m (II.2)

Instrumentalists use the sensor’s sensitivity S to minimize the effects of non-linearity,
bandwidth, aging, and environmental influences on the measurand m [5].

1.3.5 Influencing factors

Several environmental and operational factors can influence accelerometer performance
[4]:

• Temperature, ambient pressure, mechanical or acoustic vibrations, shocks, time.

• Sensor position and mounting, humidity, water splashing, immersion.

• Corrosive environments, electromagnetic interference, nuclear radiation.

• Accelerations, gravity, and sensor power supply.

1.3.6 Sensor selection

Choosing the right sensor involves understanding its characteristics, including the
nature of the quantity to be measured and its price. The operating constraints of the
system where the measurement is made and the metrological characteristics specified
in the requirements are also key criteria [4].

Fig. 1.3: (a) Micrograph of the accelerometer (b) one of the anti-spring curved beams
and stoppers. (c) The differential area-variable capacitive comb fingers. (d)–(f) are

pictures of the DIP-24 vacuum-packaged accelerometer [26].
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1.4 Types of accelerometers and their operating
principles

Accelerometers are pivotal in measuring acceleration, vibration, and gravitational
forces. Various types of accelerometers, each based on specific operating principles, are
employed in diverse applications. This section outlines the main types and discusses
their functionalities and applications.

1.4.1 Capacitive detection accelerometer

Currently, capacitive detection accelerometers1.4 are the most widely used. They
operate by forming a capacitor between a movable proof mass and a fixed element.
Changes in capacitance, due to the movement of the proof mass in response to
acceleration, are converted into electrical signals. These accelerometers are known for
their high sensitivity and low power consumption, making them ideal for applications
in consumer electronics, automotive, and industrial monitoring [20, 27, 28].

Fig. 1.4: Principle of the capacitive accelerometer [5]

1.4.2 Piezoresistive detection accelerometer

Piezoresistive detection accelerometers1.5 measure structural deformation during accel-
eration through changes in the resistance of a piezoresistive element. These sensors
are typically produced using bulk micromachining processes and are valued for their
robustness and precision in high-impact applications [29, 30].
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Fig. 1.5: Principle of the piezoresistive detection accelerometer [4]

1.4.3 Transistor-Based piezojunction detection
accelerometer

The effects of mechanical stress on transistor behavior have been studied because
mechanical stress on electronic circuits can occur during encapsulation. In this type of
accelerometer, the piezo-sensitivity of bipolar transistors is used instead of piezoresistive
gauges to measure the signal. The required stress causes a repopulation of electrons
in the transistor channel, altering the electron movement. In this case, a transistor
is used as a sensitive element, greatly reducing the size of the transduction element
compared to piezoresistors. This approach has the advantage of significantly reducing
power consumption compared to piezoresistive detection, which is beneficial for certain
applications [5].

1.4.4 Piezoelectric detection accelerometer

A body that exhibits a potential across its terminals when subjected to a force is called
a piezoelectric body. The materials often used are ZnO or PZT (Piezoelectric lead
Zirconate Titanate). To provide feedback to the structure, the inverse property of
piezoelectricity is used. For this type of accelerometer, a single piezoelectric element can
be used (in this case, time is sampled and divided between actuation and measurement)
or two piezoelectric elements can be used (here, the two elements form a sandwich, with
one serving for actuation and the other for measurement) 1.6. The advantage of this
detection method is zero power consumption transduction (stress variations generate
potential). Two types of etching are used in piezoelectric detection accelerometers, the
first type is bulk micromachining, and the second type is surface micromachining. This
detection method is not suitable for full-CMOS fabrication; it requires the deposition
of piezoelectric films on the structures. Figure 1.6 illustrates a three-axis piezoelectric
detection accelerometer [31, 32].
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Fig. 1.6: A three-axis piezoelectric accelerometer [5]

1.4.5 Tunnel effect detection accelerometer

This type of accelerometer is developed by researchers at JPL (Jet Propulsion Labora-
tory, Pasadena), based on the exploitation of tunneling microscope effects. To produce
tunneling, electron penetration is required between two metal electrodes, creating a
lower insulating barrier between these two electrodes [33, 34]. It requires a current of
(1 to 2 ) between a tip attached to the mobile structure and a fixed electrode, with
a separation distance on the order of a few angstroms. Electrostatic force is used to
control the position of the tip (see Fig1.7). The necessary voltage is measured during
acceleration (to produce electrostatic force) to keep the tunneling tip in the same
position, thus maintaining a constant tunnel current. An example of a tunnel effect
accelerometer is shown in Figure 1.7. These devices can achieve very high sensitivities
(resolution on the order of µg), doubling the tunnel current for each Angstrom of
displacement, measurable changes on the milli-Angstrom scale. For a bandwidth of
1.5kHz, resolutions of 0.5µg are obtained.

Fig. 1.7: A tunnel effect accelerometer [5]
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1.4.6 Resonant structure detection accelerometer

The principle of this accelerometer is to evaluate the change in the resonance frequency
of an oscillating structure. This type of detection was used in early accelerometers
in 1990, with these devices being micromachined in quartz. Nowadays, these silicon
micromachined sensors transfer inertial force from the proof mass to an axial force
on the resonant structure, thus changing its resonance frequency [35]. The advantage
of resonant structure detection is that it directly provides digital measurements. A
digital signal is measured by a counter that shows the output frequency, which can
reach very high sensitivities of 700Hz/g. This type of sensor consists of a resonator
and a laterally movable seismic mass. The seismic mass compresses or elongates the
oscillating structure, thereby changing its resonance frequency during acceleration (Fig.
1.8).

Fig. 1.8: A resonant accelerometer [5]

1.4.7 Optical detection accelerometer

The advantages of both optics and micro-machining are combined in this type of
accelerometer, resulting in miniature sensors that are immune to electromagnetic
interference noise with a linear response to acceleration. There are two types of
detection. The first one measures the intensity of light modulated by acceleration (Fig.
1.9). The second one measures the wavelength of the signal reflected on a seismic mass:
one side of the seismic mass acts as a mirror, and the reflected light has a wavelength
related to the optical fiber mirror distance (Fabry-Perot interferometer) [4, 36, 22].
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Fig. 1.9: An optical accelerometer [5]

These sensors have drawbacks such as the need for a light source, perfect alignment
of optical fibers, and high costs. Today, except for some high-temperature pressure
sensors, no MEMS optical fiber sensors are competitive in the market. These sensors
are specifically designed for operation in harsh environments (high temperatures, high
electromagnetic interference, etc.) [4].

1.4.8 Thermal detection accelerometer

There are two types of thermal detection accelerometers. The first type has a seismic
mass suspended above a heat source (a simple heating resistor). The distance between
the heat source and the proof body changes due to acceleration, which acts as a "heat
sink." A temperature gradient from the heating element to the seismic mass is caused by
the temperature difference. If the distance to the mass is small, this gradient becomes
more significant. This gradient depends on acceleration, and the temperature near
the heating resistor can be measured using thermocouples (polysilicon-aluminum) or
thermistors [4, 37].

The second type of thermal detection is a sensor without a proof mass. This type is
based on the principle of heat transfer by convection from a heating resistor to thermis-
tors. Figure 1.10 illustrates this type of accelerometer. The heating resistor produces a
symmetrical temperature distribution. When acceleration is applied, the distribution
becomes asymmetrical, and the lateral sensors measure the temperature difference.
The fabrication of thermal accelerometers is straightforward; these accelerometers
are exclusively of the FSBM type (front-side bulk micro-machining). The silicon
cavity thermally isolates the heating resistor and also reduces energy consumption.
Particular attention must be paid to the design of such sensors. When the detectors
are close enough to the heating resistor, it is possible to measure the temperature
gradient (noting that temperature decreases rapidly as one moves away); however,
when the detectors are too close to the central element, sensitivity is reduced. In fact,
sensitivity is relative to ∆, with T0 being the temperature of the detectors when there

14



1.4 Types of accelerometers and their operating principles

is no acceleration. Decreased sensitivity results in an increase in ambient temperature
(requiring compensation for temperature effects). It is related to the heating power
and the square of the air pressure in the cavity, allowing for lower resolutions in the
micro-g range [5]. The cutoff frequency of these accelerometers is in the range of a
few hundred hertz. Beyond that, the Bode diagram slope becomes second-order, and
the signal is no longer usable. To increase bandwidth (which depends on the thermal
constant), one must increase pressure, reduce cavity dimensions, and change the gas
nature.

Fig. 1.10: A thermal accelerometer [5]

1.4.9 Accelerometers with unique detections

A magneto-rheological fluid used as a dielectric in a capacitive detection accelerometer
has been studied [5]. The solidifying property of the magneto-rheological fluid, when a
magnetic field is applied, and returning to a liquid state when the magnetic field is
removed is exploited. In the capacitive detection accelerometer, damping calibration
and dielectric constant enhancement are achieved using the magneto-rheological fluid.
Therefore, the output signal depends on the experienced acceleration and the intensity
of the magnetic field. Another innovative accelerometer uses a levitating silicon sphere
as a proof mass. Electro-magnetic suspension of the sphere requires a voltage to
maintain the sphere in the same position, providing information about the value of
acceleration. Figure 1.11 shows a photo of the electromagnetic levitation accelerometer.
This accelerometer measures both vertical and lateral acceleration with high resolution.
The unconventional manufacturing method of this accelerometer requires a high supply
voltage (15-30V). Two inductors are used in this accelerometer, one on the seismic
mass and the other, separated by air, on the immobile part. When a current is imposed
on the first inductor, a magnetic field is created, resulting in a current proportional to
the amplitude of the first current in the second winding, which is in turn proportional
to the distance between the two windings [5].
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Fig. 1.11: An electromagnetic levitation accelerometer [5]

Each type of accelerometer has distinct advantages and is selected based on the
specific requirements of the application, including sensitivity, frequency range, environ-
mental conditions, and power consumption.

1.5 Advantages of choosing capacitive
accelerometers

Accelerometers are categorized into various types based on their transduction mecha-
nisms, which convert proof-mass displacement into measurable signals. These categories
include piezoresistive, piezoelectric, capacitive, resonant, optical, thermal, and tunnel-
ing accelerometers, each with its specific advantages and disadvantages (see Figure
1.12). In this work, we chose the capacitive accelerometer type’s due to its remarkable
features compared to other types. This section focuses on capacitive accelerometers,
a pivotal class of sensors in today’s technological ecosystem. They are distinguished
by their high precision, measuring acceleration through changes in capacitance caused
by the displacement of a proof mass due to external forces. The primary advantage
of capacitive accelerometers is their high sensitivity, allowing for the detection of
minute changes in acceleration. This feature is crucial for their application in industries
such as automotive, aerospace, and consumer electronics, where precise acceleration
measurements are vital. Capacitive accelerometers also exhibit superior linearity and
low noise levels, further enhancing the accuracy of measurements. Their compact size
and light weight make them exceptionally suited for applications with stringent space
and weight requirements. Furthermore, these accelerometers are characterized by their
robust reliability and long-term stability, ensuring dependable performance over time.
They possess a broad dynamic range, enabling accurate measurement of both low and
high levels of acceleration. The objective of this section is to provide a comprehensive
analysis of capacitive accelerometers, underlining their distinctive advantages, partic-
ularly in terms of sensitivity, performance, and reliability [19, 28]. Additionally, we
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factors

aim to discuss the modeling and simulation of capacitive accelerometers to enhance
their performance and broaden their application spectrum as outlined in Chapter 2.
Through detailed examination, we endeavor to unlock the full potential of capacitive
accelerometers, highlighting their transformative impact across various technological
and scientific fields.

Fig. 1.12: Accelerometer types with its advantages and drawbacks [6]

1.6 Metrological characteristics and influencing
factors

1.6.1 Metrological characteristics

Understanding the metrological characteristics of accelerometers is vital for accurate
measurements and optimal sensor performance.
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1.6.1.1 Sensitivity and frequency response

The sensitivity of an accelerometer is a critical metric, defined as follows:
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∣∣∣∣=
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ω2
0√

1+
(

ωc
ω

)2
√(

1− ω2

ω2
0

)2
+
(
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)2

Typical values for sensitivity (Sm) range from approximately 10 to 100 pc/g, with
the resonant frequency (f0 = ω0

2π ) typically lying between 10 and 50 kHz [4].

1.6.1.2 Measurement range and linearity

The effective measurement range of accelerometers is bounded by:

• Lower limit: Electrical noise from cables and amplifiers, and pyroelectric effects.
Sensitivity thresholds can be as low as 0.001g.

• Upper limit: Structural strength of the sensor, typically between 5000 to 10,000g,
higher in high-impact applications.

1.6.1.3 Accelerometer response

The response curve of a piezoelectric accelerometer comprises two zones:

• A linear zone where sensor response aligns with the amplitude of the measured
signal.

• A resonance zone where measurements are amplified uncontrollably and should
be avoided [4].

1.6.2 Sensor mounting

Proper sensor mounting is crucial for accurate measurements. The sensor should be
placed as close as possible to the bearings, minimizing the number of intermediary
parts. Clean, smooth, flat contact surfaces, aligned with the measurement direction,
are essential [4].

1.6.3 Sensor influence factors

Various factors can influence the performance of piezoelectric sensors, affecting the
accuracy of measurements:
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1.6.3.1 Temperature

Temperature affects both the piezoelectric coefficient and the mechanical-electrical
transfer function, impacting the sensor’s electrical sensitivity. Understanding the
sensitivity variation with temperature is essential for precise measurements [4].

1.6.3.2 Aging

Sensor characteristics may irreversibly change over time due to aging. Regular calibra-
tion can help mitigate sensitivity drift due to aging or accidental overload [4].

1.6.3.3 Noise due to cable connection

Cable-induced noise arises from mechanical or thermal changes affecting charge move-
ments. Incorporating a miniaturized signal conditioner within the sensor can eliminate
such noise issues [4].

1.6.3.4 Noise due to ambient acoustic pressure

High-intensity acoustic fields can interfere with measurements, especially in cases of
direct impact on the piezoelectric element. Decoupling the piezoelectric element from
the base-housing assembly is essential in such scenarios [4].

1.6.3.5 Zero offset

Ceramic accelerometers often exhibit an inherent zero offset, which can be minimized
temporarily by subjecting the sensor to repeated shocks. However, this offset should
not exceed 1 to 2% of the peak amplitude [4].

1.7 Understanding IoT and its applications

1.7.1 Internet of Things (IoT)

The Internet of Things (IoT) refers to a network of interconnected devices that can
communicate and share data with each other over the internet without requiring
human intervention. This concept represents the convergence of physical devices,
digital systems, and the internet, enabling the seamless exchange of information and
automation of processes. The origins of the IoT can be traced back to the early 2000s,
although the term gained significant popularity around 2010. Its development has been
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propelled by advancements in wireless communication, miniaturization of sensors, and
the proliferation of internet connectivity [38, 39].

The IoT has the potential to encompass and connect three dimensions: devices
such as accelerometers, which are utilized in our study for data collection (see Part ??),
networks, such as the internet or Raspberry Pi, which facilitate communication between
IoT devices, and intelligence, including data algorithms or processing methods, which
enable meaningful analysis of the collected data (see Fig. 1.13). The proliferation of

Fig. 1.13: The three Dimensions of IoT [40]

internet connectivity has enabled inanimate objects to understand their environment,
have autonomous thoughts, and take action without human intervention. These
devices are embedded with sensors, software, and other technologies, enabling them to
collect and exchange data, making them "smart" and capable of interacting with their
environment [41, 42]. At its core, IoT relies on the seamless integration of hardware,
software, and connectivity to enable the exchange of information and automate processes
[43]. This interconnected ecosystem of devices opens up a wide range of applications
across various industries, transforming how we interact with technology and the world
around us.
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1.7.2 Key components of IoT

IoT systems typically consist of the following components:

• Sensors and actuators: These devices are responsible for collecting data from
the environment (sensors) and performing actions based on that data (actuators)
[44]. They can measure various parameters such as temperature, humidity, light,
motion, and more.

• Connectivity: IoT devices rely on internet connectivity to communicate with
each other and central servers. This can be achieved through various means
such as Wi-Fi, Bluetooth, cellular networks, or specialized IoT protocols like
LoRaWAN and Zigbee [45, 46].

• Data processing: The data collected by IoT devices needs to be processed
to extract meaningful insights. This can involve filtering, aggregation, analysis,
and storage of data, often leveraging cloud-based services or edge computing
capabilities [46].

• User interface: Interfaces such as mobile apps or web dashboards allow users
to interact with IoT devices, monitor their status, and control their behavior
remotely [45].

1.7.3 Applications of IoT

The versatility of accelerometer-based IoT enables its application across a wide range
of domains. Today, accelerometers are pivotal in various sectors, including astronomy,
where their role, particularly as gyroscopes in satellites, is invaluable [47]. Accelerom-
eters find versatile applications in various domains, from assessing the longevity of
bridges through vibration-based inspection to seismic monitoring [48, 49], and col-
lecting data in hexacopters [50]. Furthermore, commercial accelerometers such as
the ADXL345 have been employed in innovative applications such as an IoT-enabled
accelerometer-based home security system [51] and smart IoT helmet for motorbike
riders [52]. This technology finds application in numerous other fields as well, including
but not limited to:

• Smart homes: IoT devices enable homeowners to automate and remotely control
various aspects of their homes, including lighting, heating, security systems, and
appliances[53].
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• Healthcare: IoT technologies play a crucial role in remote patient monitoring,
personalized medicine,sport for predicting injuries, and healthcare management
systems, improving the quality of care and patient outcomes[54–61].

• Industrial IoT (IIoT): In industries such as manufacturing, transportation, and
agriculture, IoT facilitates predictive maintenance, supply chain optimization,
asset tracking, and process automation, leading to increased efficiency and
productivity[62, 63].

• Smart cities: IoT enables cities to optimize resource utilization, enhance public
safety, and improve infrastructure management through applications like smart
traffic management, waste management, and environmental monitoring[45].

These applications represent just a fraction of the potential of IoT, which continues to
evolve and expand into new domains, driving innovation and transforming industries
worldwide. The future of accelerometer technology is intrinsically linked to advances
in materials science and nanotechnology. In summary, the evolution of accelerometers
demonstrates the field’s capacity for adaptability lead a stage has expanded the realm
of possibilities application in this thesis in industry 3 and robotics 4 .

1.8 Conclusion

As we conclude this chapter on the state-of-the-art fundamentals of accelerometer tech-
nology, we reflect on the profound impact and diverse applications of these remarkable
devices. From their inception in the early 20th century to the advanced microelec-
tromechanical systems (MEMS) of today, accelerometers have undergone a significant
transformation. This journey, marked by continuous innovation and adaptation, has
positioned accelerometers as a cornerstone in modern technology, influencing sectors
from automotive and aerospace to consumer electronics and healthcare.

The historical development of accelerometers highlights a path of relentless pursuit
of precision, miniaturization, and versatility. The transition from mechanical models
to MEMS technology underscores the ingenuity and resourcefulness of scientists and
engineers in overcoming technical challenges. Today’s accelerometers, benefiting from
advancements in materials science and microfabrication, offer unprecedented sensitivity
and reliability, opening new horizons in various applications.

This chapter has delved into the operational principles of accelerometers, shedding
light on the intricate process of converting mechanical motion into electrical signals.
Understanding these principles is crucial for professionals and researchers who rely on

22



1.8 Conclusion

accurate and reliable vibration measurements. Moreover, the exploration of different
types of accelerometers, including capacitive, piezoresistive, and piezoelectric models,
has provided insights into their unique characteristics and suitability for specific
applications. The integration of accelerometers in emerging technologies, particularly in
the realm of IoT, signifies their growing importance in the digital era. As accelerometers
continue to play a pivotal role in shaping future technological advancements.

In summary, this chapter has offered a comprehensive overview of accelerometer
technology, emphasizing its historical evolution, operational principles, and diverse
applications. As we look forward to future developments in this field, it is evident
that accelerometers will continue to be an essential component in the advancement of
technology. The journey of accelerometer technology, characterized by innovation and
adaptability, stands as a testament to human ingenuity and the endless possibilities of
scientific exploration.
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Chapter 2

Capacitive accelerometer modeling:
optimization-Based parameter for
refining Its performance

2.1 Introduction

The evolution of sensor technology has been pivotal in advancing various scientific and
technological fields. Among these sensors, capacitive accelerometers have emerged as a
cornerstone in applications ranging from navigation systems in aerospace to motion
detection in consumer electronics.

This chapter focuses on capacitive accelerometers, which stand out for their precision
and lightweight design. Unlike other types of accelerometers, these devices offer distinct
advantages in terms of sensitivity and miniaturization, making them ideal for a wide
array of applications. In the current technological landscape, where the demand
for accurate and compact sensors is ever-growing, understanding and optimizing the
performance of capacitive accelerometers is of paramount importance.

The primary aim of this chapter is to present an in-depth exploration of capacitive
accelerometer technology. This includes a detailed examination of their working
principles, design considerations, and the development of an advanced mathematical
model to enhance their performance. By conducting a thorough analysis of these aspects,
this study seeks to contribute to the optimization of capacitive accelerometers, thereby
broadening their application spectrum and elevating their role in both technological
and scientific domains.
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2.2 Principle and design of capacitive
accelerometers

In the following sections, we will delve into the principles underpinning capacitive
accelerometers, scrutinize key design parameters, and introduce a novel mathematical
model that aims to refine accelerometer performance. Through this comprehensive
exploration, we aspire to unlock new potentials and applications for capacitive ac-
celerometer technology.

2.2 Principle and design of capacitive
accelerometers

2.2.1 Working principle

Capacitive accelerometers are predicated on the principle of capacitive sensing, a
method whereby acceleration is discerned through the detection of changes in capaci-
tance. Central to this mechanism is the proof mass, designed to respond to external
accelerative forces. This response manifests as a displacement of the proof mass,
leading to a variation in the distance between it and a set of strategically placed
electrodes, often arranged to form a parallel plate capacitor. Such displacement induces
a proportional alteration in the capacitance, a phenomenon that is subsequently trans-
formed into an electrical signal for acceleration quantification. Figure 2.1 illustrates a
schematic representation of a single proof mass MEMS-based capacitive accelerometer,
highlighting the components and their arrangement within the device. Integral to the

Fig. 2.1: Schematic Representation of a Single Proof Mass MEMS-Based Capacitive
Accelerometer[17]

accelerometer structure is the stator, a stationary component that encapsulates the
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electrodes. Commonly constructed from materials such as silicon or polymers, the
stator plays a pivotal role in ensuring the precision of capacitance measurements. The
electrodes are typically configured in a differential layout, a design choice aimed at
amplifying sensitivity and mitigating common-mode noise.

2.2.2 Design aspects

The design of capacitive accelerometers involves intricate considerations to optimize
their performance and applicability. Key design aspects include:

• Electrode layout: The design and arrangement of electrodes are critical for
accuracy. Common layouts include parallel plates and interdigitated structures,
each offering unique advantages in terms of sensitivity and range.

• Material choices: Material selection for both the proof mass and electrodes is
pivotal. Silicon, known for its mechanical stability and compatibility with micro-
fabrication, is widely used. Advanced polymers and composites are explored for
specific applications, enhancing characteristics like durability and environmental
resistance [64, 23].

• Structural configurations: The mechanical structure, encompassing the sus-
pension system and proof mass, is tailored to achieve desired performance metrics.
This includes the optimization of suspension beam lengths (X2 and X3, typically
ranging from 400 µm to 500 µm) and beam width (X4, between 6 µm to 8 µm),
impacting the accelerometer’s frequency response and sensitivity[65].

• Comb overlap design: The overlap length of the comb structure (X1, 150 µm
to 250 µm) is fine-tuned to balance sensitivity and stability, directly influencing
the device’s capacitance and operational range[65].

• Damping mechanisms: Careful design of damping systems, integral in con-
trolling the accelerometer’s dynamic response, is crucial. These systems mitigate
the impact of external vibrations and shocks, ensuring consistent performance.

Figure 2.2 provides a visual representation of a single proof mass, two-degree-of-
freedom (2-DoF) MEMS-based capacitive accelerometer. This schematic exemplifies
the integration of these design considerations, illustrating how each aspect contributes
to the overall functionality and efficiency of the accelerometer.
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accelerometers

Fig. 2.2: Schematic Representation of a Single Proof Mass, Two-Degree-of-Freedom
(2-DoF) MEMS-Based Capacitive Accelerometer[65]

These design aspects are critical in defining the operational efficiency and application
scope of capacitive accelerometers. Advances in micro-fabrication technology continue
to refine and expand the capabilities of these devices.

2.3 Mathematical modeling of capacitive
accelerometers

2.3.1 Modeling of capacitive accelerometer

The mathematical model can be extracted from the accelerometer’s mechanical part
by using Newton’s second law[19].

Ma = Finertial +Fdamping +Fspring‘ (2.1)

By simplifying equation‘2.1:

m
d2x

dt2 + b
dx

dt
+kx = m

d2y

dt2 (2.2)

Where:

• m is the mass

• k is the stiffness constant of the spring

• b is the damping constant of the damper

In order to analyze the dynamic behavior of the system described by equation 2.2 in
the frequency domain, we employ the Laplace transformation. This transformation
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allows us to express the differential equation in terms of algebraic equations involving
the Laplace variable s. Consequently, equation 2.2 transforms into the following form:

ms2 +kX + bsX = −ms2Y (2.3)

The two equations below typically characterize the damping rate and the natural
frequency of a capacitive sensor [19]:

Natural frequency:

ωn =
(

k

m

)1/2
(2.4)

Damping rate:
ξ = actual damping

critical damping = b

2mωn
(2.5)

Fig. 2.3: Modeling of capacitive accelerometer [19]

2.4 Simulating measurement errors using
damping rate as a parameter

2.4.1 Correlation between error and damping ratio

By replacing equations (2.4,2.5 ) in equation 2.3 and after simplification, we get:
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damping rate as a parameter

X = Y ω2
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The following equation represents the error between relative and absolute accelera-
tion:

E =
[
X

Y

]
−1 (2.7)

From equation 2.6 and 2.15, we can express the measurement error as a function of
natural and relative frequency:
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2.4.2 Simulation correlating error and damping ratio

Table 2.1 provides an overview of the simulation parameters for the proposed mathe-
matical model:

Table 2.1: Parameter’s value

Parameter Value
Spring constant k 400N/m
Seismic mass m 2.51×10−5 kg

Damping constant 0.2kg/s
Electrode gap d 50µm

Static capacitance C 1.25µF
Amplitude 2
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Fig. 2.4: The measurement error as a function of the frequency ratio for three values
of the damping rate

Figure 2.4 illustrates the simulation results depicting the relationship between
measurement error and frequency ratio for three distinct damping rate values. Notably,
the damping rate proposed in this study (0.695) significantly reduces the accelerometer’s
measurement error, achieving a remarkably low value.

Fig. 2.5: The measurement error as a function of the frequency ratio for damping rate
value 0.695

Figure 2.5 presents the simulation results, demonstrating the measurement error’s
dependency on the frequency ratio, with the frequency ratio varying between 0 and
0.35. These simulations are conducted using the proposed damping rate of 0.695.
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damping rate as a parameter

The outcomes suggest that for minimal measurement error, the frequency ratio ω/ωn

should not exceed 0.27. Furthermore, the natural frequency-related frequency has been
enhanced to 520 Hz.

Table 2.2 provides a comparative analysis between the simulation results of this
study and those of previous studies, considering various damping ratio values.

Table 2.2: Comparative results of measurements errors

Model ξ ωn (Hz) Interval of relative frequency ω (Hz) Max error (%)
[31] 0.67 2000 [0.520] 0.47
[27] 0.68 2000 [0.520] 0.28

This work 0.695 2000 [0.520] 0.06

2.4.3 Analysis of settling time

Settling time (ts) characterizes the duration required for the harmonic response to
reach stability following vibration [66–69]. It denotes the time taken for the response to
fall within defined threshold values. In this analysis, we consider two threshold levels:
∆ = 0.02 and ∆ = 0.05. Settling time can be calculated using the following equations:

Threshold ∆ = 0.05:
ts = 3.5

ξωn
(2.9)

Threshold ∆ = 0.02:
ts = 4.2

ξωn
(2.10)

In contrast, the settling time for the model presented in [66] is determined as
follows:

ts = 4
ξωn

(2.11)

The comparative results for settling times of the three models, including the proposed
model, across various damping ratio values and both threshold levels ∆ = 0.02 and
∆ = 0.05 are detailed in Table 2.3:

Table 2.3: Calculate the settling time ts

Model ξ ts (ms) [66] ts (ms) [69] (∆ = 0.02) ts (ms) [69] (∆ = 0.05)
[31] 0.67 1.34 1.4 1.17
[27] 0.68 1.36 1.42 1.19

This Study 0.695 1.395 1.45 1.2
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The difference in settling time is minimal, indicating that all three models settle or
stabilize effectively. However, when ∆ = 0.02, the system is more stable.

2.4.4 Simulation of capacitance variation for different damp-
ing ratios

Figure2.6 illustrates two parallel beams representing the capacitance of the accelerome-
ter.

Fig. 2.6: Two parallel beams representing the capacitance of the accelerometer

The relationship of static capacitance is given by [70, 71]:

C0 = A× ε

d
(2.12)

When the moving electrode is displaced, it results in an increase in capacitance due
to the change in area A, the distance d between the electrodes, and the permittivity ε

of free space.
Assuming a small approximation of displacement (x << d), the top and bottom

capacitance C1 and C2 are changed to:

C1 = A× ε

d+x
(2.13)

C2 = A× ε

d−x
(2.14)

The capacitance variation ∆C due to displacement x is given by:

∆C = C1 −C2 = 2C0x

d
(2.15)
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By replacing equation2.6 in equation 2.15, we obtain a formula for capacitance
variation as a function of displacement:

X = 2C0ω2
nY

ω2
nd
[(

1− ω
ωn

)2
+
(

2ζ
(

ω
ωn

)2)]2 (2.16)

Fig. 2.7: Capacitance variation as a function of frequency ratio for three values of
damping ratios

Figure 2.7 presents a graphical representation of how capacitance varies concerning
the frequency ratio for three distinct damping ratios (0.67, 0.68, 0.695). Notably, the
figure underscores that the proposed model exhibits greater sensitivity compared to
the models described in references [31] and [27].

2.5 Conclusion

In this chapter, we have delved into the fascinating realm of capacitive accelerometers
and embarked on a journey to unravel their intricate mechanical behavior. Our
explorations have culminated in the development of a novel formula that takes into
account capacitance variation, damping rate, frequency ratio, electrode gap, and other
critical parameters. As we conclude our investigation, we present the following key
findings and insights:

1. In the course of this research, we have introduced a novel mathematical model
with a damping rate of 0.695, which has proven to be a significant breakthrough
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in reducing measurement errors when compared to existing models. The maximum
measurement error was substantially mitigated to a mere 0.06%.

2. Remarkably, the settling time of the proposed model is on par with that of
existing models, indicating its efficacy in providing a stable and reliable measurement
environment.

3. Notably, we have observed that capacitance variation exhibits greater sensitivity
in the proposed model as opposed to previous models. This heightened sensitivity can
be a valuable asset in applications where precision is paramount.

Through this research, we have added to the body of knowledge surrounding
capacitive accelerometers, offering a deeper understanding of their mechanical intricacies.
Importantly, our contributions extend to the practical realm, enhancing the accuracy
and reliability of these accelerometers in a wide range of applications, spanning
aerospace, sports, health monitoring, and beyond. This chapter lays the foundation for
further advancements and innovations in the field, ultimately improving the performance
and utility of capacitive accelerometers.
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Chapter 3

Accelerometer-Based Raspberry Pi
for circular chart recorder

3.1 Introduction

This chapter delves into the integration of Raspberry Pi-enabled accelerometers within
chart recorders. It capitalizes on advancements in microelectronics, wireless sensor
technologies, and cost-effectiveness to usher in a new era of sensor applications across
various domains. The chapter’s structure unfolds as follows: Section ?? elucidates the
components utilized in our experimental setup. Section 3.2 meticulously details the
experimental procedures, outcomes, and analyses. In Section 3.4, we underscore the
merits of our innovative chart recorder-based accelerometer and draw comparisons with
conventional chart recorder systems. Section 3.5 thoughtfully scrutinizes the limitations
inherent in our system. Ultimately, the chapter concludes 3.7 by encapsulating pivotal
findings and charting a course for prospective research directions. In our experimental
setup, accelerometers take center stage, interfacing with a Raspberry Pi, which, in turn,
connects to a stylus needle. The ensuing data is transmuted into visual representations
on a dedicated monitor. Software configuration involves the deployment of the Raspbian
operating system and Thonny Python [72].

3.2 Enhancing data precision with chart recorder-
Based accelerometer integration

In this section, we delve into the innovative approach of integrating a novel pressure
chart recorder-based accelerometer into our experimental setup. This integration holds
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the promise of revolutionizing data acquisition by merging mechanical and electronic
charting capabilities. We recognize the indispensable role of pressure circular chart
recorders in industrial monitoring processes, and here, we elucidate the rationale behind
our decision to embrace this fusion of analog and digital technologies. Pressure circular
chart recorders are intrinsic to industrial monitoring, providing reliable data for various
applications. They have a proven track record of accuracy and durability, making them
an indispensable tool in quality assurance, process control, and system diagnostics.
However, in the era of technological advancements, we find ourselves at a crossroads
where traditional chart recorders coexist with modern sensor-based solutions. The
mains contribution posits that the coexistence of these technologies is not only feasible
but also advantageous in many scenarios. By integrating a novel accelerometer into
the traditional chart recorder setup, we aim to harness the strengths of both worlds.
This symbiotic relationship offers several key advantages:

• Cost-Effective transition: Upgrading or maintaining a hybrid analog-digital
pressure data logger alongside existing chart recorders is a cost-effective approach.
It requires minimal investment compared to a full-scale digital transformation,
making it accessible to a wide range of industries, particularly those engaged in
short-term testing.

• Time-Efficiency: The integration process is streamlined, ensuring minimal disrup-
tion to ongoing operations. Data can continue to be collected using established
chart recorder systems while simultaneously benefiting from the enhanced capa-
bilities of the accelerometer.

• Data accuracy: Accelerometers, though often underestimated, have seen signifi-
cant improvements in accuracy. Their integration into industrial setups facilitates
the acquisition of highly precise data. This newfound accuracy enables companies
to make more informed decisions and achieve superior results.

• Versatility: The versatility of the accelerometer cannot be overstated. Its ap-
plications span various industries, from monitoring bridges’ life expectancy and
structural health to innovative uses like fall detection in wearable devices and
real-time power grid monitoring.

Our experimental setup involves the strategic deployment of various components,
with the accelerometer serving as the cornerstone. The accelerometer is meticulously
connected to a Raspberry Pi and affixed to the pen needle for optimal data acquisition.
A dedicated monitor visualizes the resultant graphs generated by the accelerometer.
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Prior to conducting tests, we ensure the Raspberry Pi is equipped with the Raspbian
software system, including Thonny Python, to facilitate seamless data collection and
analysis.

In the subsequent sections of this chapter, we will delve into the specifics of the
components used in our test bench, the results of our experiments, and a comprehensive
comparison between our chart recorder-based accelerometer system and existing chart
recorder solutions. Additionally, we will explore the limitations and drawbacks of our
proposed system, culminating in a conclusive discussion of our findings and potential
avenues for future research and development.

3.3 Description of the used system

The proposed chart recorder-based accelerometer is composed of a Raspberry Pi 3
B+ and an accelerometer, as shown in Fig3.1. For more details about the system
used, please refer to the appendix (Appendix A: Raspberry Pi Setup with ADXL345
Accelerometer.

Fig. 3.1: View of the used devices for the considered chart recorder-based
accelerometer
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3.3.1 Required components

3.3.1.1 Chart recorders

In the context of industrial monitoring and data acquisition, a chart recorder is a
substantial and robust instrument employed for tracking and documenting essential
system parameters. These parameters encompass variables like gas and liquid flow
rates, pressure within vessels, and various other system attributes.

The recording process is facilitated by a slender pen-like device connected to an
accelerometer. The primary objective of this arrangement is to meticulously archive
operational data over time. In our study, the chart recorder serves the specific purpose
of quantifying pressure fluctuations. Within this study, we categorize chart recorders
into two distinct types:

• BARTON chart recorders, developed by Cameron, represent the industry’s
benchmark for precise and accurate pressure measurement and recording. They
find extensive applications in controlling pressure variations within pipelines or
vessels. These recorders are equipped with a rupture-proof bellows Differential
Pressure Unit (DPU), featuring over-range safety measures and pulsing dampening
for enhanced performance [73].

• DEWIT chart recorders offer a broad temperature range spanning from -170 to
600 degrees Celsius, a minimum temperature span of 60 degrees Celsius, and a
remarkable pressure range of up to 60,000 psi (4000 bar). They feature options
for bottom or back connections, mechanical spring-wound clocks, and switchable
clockwork, and select models even support dual or triple pens. Additionally,
these recorders are designed for convenient panel mounting [74].

3.3.1.2 Accelerometer

The adopted accelerometer types in this paper are:

• The H3LIS331DL tri-axial accelerometer boasts low noise and an impressive
high-g range of 200 g per axis [72]. It offers six degrees of freedom and can operate
effectively within a wide temperature range, from -50°C to +85°C, making it
highly flexible and robust [75].

• The ADXL345 is a compact, slim, and energy-efficient 3-axis accelerometer
renowned for its high-resolution measurements (13-bit) of up to ±16 g. Digital
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output data is presented in a 16-bit two’s complement format and can be accessed
via either an SPI (3- or 4-wire) or I2C digital interface.

The ADXL345 finds extensive utility in mobile device applications. It excels at
measuring static gravity acceleration for tilt-sensing applications and dynamic
acceleration caused by motion or shocks. Its impressively high resolution (4
mg/LSB) empowers the precise detection of inclination changes of less than 1.0
degree [76].

Comprehensive technical specifications of the commercial accelerometers ADXL345
and H3LIS331DL can be found in references [76] and [72], respectively.

3.3.1.3 Raspberry Pi board: 3B+

The Raspberry Pi 3B+ is a third-generation single-board computer with detailed
specifications available in the manual [77]. Raspberry Pi serves as a microcomputer in
IoT applications, including its use in data collection systems that rely on IoT sensors
with onboard processing capabilities for tasks such as cow activity recognition [78].

3.3.1.4 Arduino UNO R3

Arduino is an excellent board for learning both electronics and coding, this multi-
functional microcontroller is equipped with the well-known ATmega328P and the AT
Mega 16U2 Processor. This board provides a great first experience within the world
of Arduino [79]. Basically, the monitor is a multi-sensory smart gadget based on the
Internet of Things that monitors cow behavior [80].

Figure 3.1 is a global view of the used components in the carried-out experiments.

Table 3.1: Main Price Components for the Proposed System

Component Model/Type Estimated Price Dinar (DZD)
Computing unit Raspberry Pi 3B+ 12 000 DZD
Memory Oracle Samsung 32G Memory Card 3200 DZD

Sensor ADXL345 Accelerometer 1 200 DZD
Energy supply 50,000mAh Power Bank 5 000 DZD

In Table 3.1, we present a concise overview of the primary cost components for our
proposed system, emphasizing its affordability compared to conventional technologies.
The key components, including the Raspberry Pi 3B+ computing unit, Samsung 32G
Memory Card, ADXL345 Accelerometer sensor, and the 50,000 mAh Power Bank for
energy supply, collectively shape the system’s capabilities.
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Our analysis indicates that the proposed system stands out as a cost-effective
solution when compared to traditional technologies. This affordability not only positions
our innovative system as an economically viable choice but also opens avenues for broad
accessibility and adoption across various applications within the realm of advanced
technologies.

3.4 Discussion and results

Figure 3.2 illustrates the complete experimental setup of the proposed system, detailing
its operation. Notably, when the pressure reaches high levels, the needle (represented by
element 1 in grey) of the circular chart recorder (depicted as element 2 in green dashed
lines) undergoes significant displacement, trailing the pen (element 3 in red) to record
pressure values onto the circular chart paper during each displacement. Consequently,
the data recorded by this chart recorder can be effortlessly converted into electronic
data by affixing an accelerometer (element 4) to the pen’s tip.

Fig. 3.2: detailed experimental bench

It is worth noting that the pen’s tip moves in response to pressure variations;
specifically, as pressure increases, the pen’s tip moves upward, and vice versa. For
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this precise reason, the accelerometer is affixed to the pen’s tip, allowing for the
convenient acquisition of data for every movement of the tip over extended periods.
This approach stands in contrast to the traditional needle-based method, which may
encounter issues during data collection due to mechanical failures associated with
analog clock mechanisms.

Among the carried out experiments, a select few were chosen to illustrate the
significant advantages of employing IoT-based accelerometers for data acquisition from
traditional chart recorders. This demonstration underscores the potential for electronic
data recording to be expanded and applied to a wide range of tests, particularly
when dealing with extensive datasets. To begin, we established the Raspberry Pi-
accelerometer system, utilizing the H3LIS331DL accelerometer [81], with the primary
aim of visualizing pressure variations on a chart. The resulting graph, generated using
the accelerometer (see Figure 3.4), was compared to the output of the conventional
circular paper chart recorder, shown on the right side of Figure 3.3.

Fig. 3.3: Chart 1 pressure variation

Fig. 3.4: Electronic chart related to chart 1
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The initial experiment focused on pressure variation. In this experiment, pressure
was intentionally set to both upper and lower limits, as illustrated in Figure 3.5.
The objective was to assess the displacement variation of the needle in response
to accelerometer data. Conversely, in the latter experiment, pressure variation was
systematically increased to evaluate the stability of the needle (refer to Figure 3.6).

It is obviously clear that the resulting graphs of pressure from the proposed
accelerometer overlap those obtained from circular paper.

In the second experiment, the system Raspberry pi-accelerometer (ADXL345) is
used instead of the previously proposed system.

Fig. 3.5: Chart 2 pressure variation

Fig. 3.6: Electronic chart related to chart 2
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The accelerometer-based graph (see Figure 3.8) is compared with the circular paper
chart as it is shown on the right side of Figure 3.7. Noticeably, ADXL345 fails to
record data that represents pressure variation (more than 3900 PSI) when the needle
displacement exceeds roughly 125 mm. Remarkably, When the needle of the circular
chart recorder displaces progressively within a few seconds, that triggers a sudden
failure in recording data which originally bounces back to the massive data being
recorded at each caption.

Fig. 3.7: chart related to chart 3

Fig. 3.8: Electronic chart related to chart 3
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The accelerometer recorders data which presents the pressure variation. Remarkably,
when the needle of the circular chart recorder displaces progressively within a few
seconds, that triggers a sudden failure in recording data which originally bounces back
to the massive data being recorded at each caption.

We conclude that the accelerometer ADXL345 cannot sense massive variations of
the needle of more than 3900 PSI in a few seconds.

3.5 The main feature of the proposed system

The system presented in this paper offers an intriguing blend of advantages. Notably, it
provides a cost-effective means of analysis without the need for expensive components.
Moreover, it excels at recording instantaneous responses, particularly in capturing data
related to pressure variations. This system is intrinsically rooted in the Internet of
Things (IoT), rendering it a perfect tool for remote pressure monitoring and functioning
as an alert system to detect unwanted pressure fluctuations. Additionally, it significantly
enhances the monitoring of oil pipelines, contributing to increased production rates.
These inherent features pave the way for the implementation of this IoT system across
various industrial applications.

Furthermore, it’s worth underscoring the advantages of paperless data recording as
an intriguing concept to replace traditional data recording methods. To simplify, the
benefits of paperless recording, as highlighted by [82], encompass:

• Reduced Paperwork: Users can streamline and reduce their paper-related
tasks, eliminating the need to manage, store, or maintain extensive paper records.

• Electronic Data Formatting and Analysis: Data can be electronically for-
matted and analyzed, simplifying the process of data manipulation and interpre-
tation.

• Cost Efficiency: Paperless recording eliminates the need for pens, paper charts,
or clock charts, making the entire data recording process cost-effective.

3.6 Drawbacks of the proposed system

Despite the numerous advantages of the developed IoT system presented in this paper,
it’s essential to acknowledge potential drawbacks. These may include the system’s
energy requirements, especially in tasks that demand extended operational hours.
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Furthermore, the IoT system could pose risks of electrical system failures in certain
situations, such as potential explosions.

3.7 Conclusion

As we conclude from this chapter, the integration of microelectronic sensors, specifically
MEMS-based accelerometers, is profoundly transforming our lives. These sensors make
daily tasks more convenient, efficient, and reliable by translating inertial movements
into numerical signals.

In addition to our daily lives, there is a growing demand for advanced monitoring
in the realm of self-operating machines, surpassing the requirements of conventional
machines. IoT-based monitoring, designed for maximum productivity and efficiency
with minimal investment, is becoming increasingly crucial.

The Raspberry Pi-based accelerometer system, utilizing the H3LIS331DL, offers a
cost-effective, user-friendly setup with versatile data collection capabilities. It not only
simplifies data acquisition but also provides precise, high-quality data to the server.
Furthermore, the potential for enhancing the IoT-based accelerometer’s accuracy and
sensitivity lies in optimizing its inherent electrical structure.

A noteworthy application is the use of accelerometers within rotating machines to
assess their vibrations during operation without requiring human intervention. This
has the potential to enhance maintenance practices and prevent unexpected failures.

Looking ahead, future work could encompass the development of a novel chart
recorder based on the Internet of Things, further expanding the horizons of efficient
data monitoring. Software monitoring could complement these advancements, paving
the way for even more sophisticated and reliable systems.

45



Chapter 4

Kinematic Modeling of Continuum
Robots Utilizing Accelerometer
Data

4.1 Introduction

In this chapter, we introduce a novel dimension to the kinematic modeling of continuum
robots through the integration of accelerometer data. Our research centers on equipping
a data logger to the end-effector of a prototype continuum robot, allowing us to record
its positions while simultaneously measuring bending angles using an angle meter.
Subsequently, the positions derived from the accelerometer’s data serve as inputs for a
particle swarm optimization (PSO) algorithm. We meticulously compare the resulting
bending angles obtained from both PSO and the angle meter to validate our simulated
model.

The main contributions of this chapter include:

• An overview of the current state of the art in continuum robot research.

• The introduction of a pioneering prototype for a constant curvature continuum
robot.

• The presentation of an affordable and efficient technique for measuring the robot’s
end-tip positions using an accelerometer.
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4.2 Overview

The field of robotics took its first steps with the creation of the first industrial robot
by Griffith P. Taylor in 1937 [83]. In recent years, there has been a remarkable shift
towards designing robots that draw inspiration from biology, giving rise to the exciting
field of bio-inspired robotics. Natural selection has yielded practical solutions within
the realm of nature to this end researchers have looked to nature for inspiration,
studying the tentacles of elephants, the movements of worms,snake-like robots , bird-
neck manipulators and the elegant necks of ostriches and giraffes [19, 84–87]. These
biological systems have provided valuable insights for developing robots with enhanced
capabilities and adaptability.

Continuum robots come in single and multi-section variations, but there has been
limited research on models for the forward kinematics of conical-shaped continuum
robots with variable curvature. Existing forward kinematic models are tailored to
specific robot types [88–91]. In terms of analytical complexity, solving the inverse
kinematic model (IKM) is no easy feat. To tackle this challenge, researchers have
explored meta-heuristic approaches [92–99], neural networks [100], and other innovative
techniques. For instance, in [98], the authors addressed the IKM using particle swarm
optimization (PSO), achieving highly accurate results with an error less than 0.0008
radians during trajectory tracking. Their approach is rooted in developing an objective
function linking the robot’s end-effector with a prescribed trajectory. Similarly, in
[101], genetic , building upon the same fundamental idea as [97]. The accelerometer,
classified as a microelectromechanical system, possesses the capability to translate
dynamic quantities such as displacement, velocity, and acceleration into electrical
data [20]. In this paper, we introduce a data logger attached to the end-effector of
a prototype continuum robot for recording its positions, while bending angles are
simultaneously measured using an angle meter. Subsequently, the robot’s end-effector
positions obtained from the accelerometer’s data serve as inputs to the PSO algorithm.
We meticulously compare the resulting bending angles derived from both PSO and the
angle meter, providing a robust validation of our simulated model.

To summarize, our contributions in this paper encompass a brief survey of the
continuum robot field, the introduction of a novel prototype for constant curvature
continuum robots, and the presentation of an affordable technique to measure the
robot’s end-tip positions using an accelerometer. The remainder of this chapter unfolds
as follows:

• Section 4.3 presents an exploration of conical and cylindrical continuum robots.
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• Sections 4.4 to 4.5 delve into the development of forward kinematics models
based on Constant Curvature Kinematic Analysis (CCKA).

• In Section 4.6, we introduce the particle swarm optimization (PSO) approach to
solve the inverse kinematic model for single-section continuum robots, using the
robot’s positions as input.

• Section 4.8 describes the usage of an accelerometer coupled with an angle meter
to obtain the robot’s end-effector positions and bending angles.

• We proceed to compare the simulation and experimental results derived from the
accelerometer.

• Finally 4.9, the chapter concludes with the most significant findings and outlines
potential future research directions in the field of continuum robot modeling.

Table 4.1: Nomenclature

i : cables i = 1,2,3 (x,y,z)j,k : local coordinate
frame

j : units j = 1,2, ...,5 (X,Y,Z)k : global coordinate
frame

k : sections k = 1,2 θj,k : bending angle
ℓi,j: non-conic unit cable length ϕk : is the orientation an-

gle
ℓ̂i,j: is the conic unit cable length κj : curvature
lj,k: central axis’ length of the unit j rj,k : Disk diameters

4.3 Description of continuum robots’ design

Cable-driven continuum robots are mainly composed of a set of disks that are held by a
flexible backbone as it is described in [102, 103] and can also be actuated pneumatically
as in[104]. Each disk has three holes through which the cables go through and are
used to manipulate the robot’s movement. To the best of our knowledge, there are two
approaches to modeling cable-driven continuum robots, namely constant and variable.
Constant curvature continuum robot (see Fig. 4.1a) is typically known by its cylindrical
shape and each of its sections are governed by the same bending angle. Noticeably,
the constant curvature (CC) continuum robot’s section units have the same bending
angle. The kinematics nomenclature of the robot is given in tab 4.1. However, the
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4.3 Description of continuum robots’ design

Fig. 4.1: (a) Constant curvature continuum robot; (b) Variable curvature continuum
robot (conical shape)[105]

VC continuum robot’s (Fig. 4.1b) backbone consists of serially connected units where
each unit is governed by its own bending angle. Furthermore, in variable curvature
(VC) continuum robot each unit has an upper and lower disk with different diameters
forming a conical shape. A detailed description of the robot’s unit with CC and VC is
illustrated in Fig. 4.2.
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Fig. 4.2: Kinematics nomenclature of a single conically and cylindrically shaped
unit[105]
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4.4 Forward kinematics modeling of constant
curvature continuum robot

The constant curvature kinematic approach (CCKA) is the most commonly used in
modeling continuum robots [106] due to its simplicity yet it does not properly describe
the geometry of variable curvature continuum robots. In General, this approach
can be performed in two steps: a specific transformation between the configuration
space followed by an independent transformation between the actuator space and the
configuration space. In the following analysis, the orientation angle is considered to
be equal to zero (i.e. in planar projection). The specific kinematic mapping gives the
arc parameter as a function of the actuator’s cable. Therefore, the bending angle be
expressed as follows:

θj = 2
3

ℓ1,j − ℓ2,j

rj
(4.1)

While the independent kinematic mapping expresses the relationships between the
operational coordinates and arc parameters. More generally, this mapping can be
described by the following homogeneous transformation matrix (for more details refer
to [107–109]):

T0
n =

0∏
n

Tj−1,k
j,k (4.2)

in which

Tj−1,k
j,k =

 Rj−1,k
j,k Pj−1,k

j,k

01×3 1

 (4.3)

where Rj−1,k
j,k and Pj−1,k

j,k are the rotational matrix and the vector position, respectively.
They can be expressed as a function of arc parameters as follows:

Rj−1,k
j,k = rot(Zj−1,k,ϕk) · rot(Yj−1,k, θj,k) · rot(Zj−1,k,−ϕk) (4.4)

and

Pj−1,k
j,k =


lj,k

θj,k
(1− cos(θj,k))cos(ϕk)

lj,k

θj,k
(1− cos(θj,k))sin(ϕk)

lj,k

θj,k
sin(θj,k)

(4.5)
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variable curvature continuum robot

4.5 Forward kinematics modeling of
variable curvature continuum robot

To derive the Forward Kinematic Model (FKM) of the conical-shaped unit by applying
the CCKA [19], Equation (4.1) has to be expressed as a function of the cables length
⌢

ℓ i,j instead of ℓi,j (for more details refer to [110]). The relationship between the cable
lengths can be expressed as follows [19]:

⌢

ℓ
2

i,j,k = ℓ2
i,j,k +

(
rj−1,k − rj,k

)2
−2ℓi,j,k

(
rj−1,k − rj,k

)
cos

(
βi,j,k

)
(4.6)

With:

cos
(
βi,j,k

)
= sin

(
κj,klj,k

2

)
cos

(2
3π (k −1)−ϕj,k

)
After solving equation (4.6), the cables’ lengths ℓi,j,k can be expressed as follows:

ℓi,j,k =
√

⌢

ℓ
2
i,j,k −

(
rj−1,k − rj,k

)2
+
(
rj−1,k − rj,k

)2
cos2

(
βi,j,k

)
+
(
rj−1,k − rj,k

)
cos

(
βi,j,k

) (4.7)

According to (4.7), the cables’ length ℓi,j,k is in the function of the cables’ length
⌢

ℓ i,j,k, the variation of the diameters of each unit’s disks (rj−1,k − rj,k) and angle βi,j,k.
The diameters of the continuum robot’s disks can be calculated using the following
equation [19]:

rj,k = rmax,k − j

mk

(
rmax,k − rmin,k

)
(4.8)

γi = 2(i−1)π

3 , i = 1,2,3 (4.9)

However, due to the coupling of cable length and bending angle, Equation (4.5) does
not have an analytical solution. To derive an analytical-approximate solution, the
bending angle θj is firstly estimated as a function of a given driving cable length
⌢

ℓ i,j using particle swarm optimization where the objective function is to make the
root attain specific position using the same cable length for each unit. For this
optimization problem, the appropriate cost function to be minimized can be formulated
from Equation (4.5), where the unknown variable to be searched is the bending angle
θj . Secondly, the obtained bending angle θj is expressed mathematically as a function
of

⌢

ℓ i,j using Cubic Polynomial Fit (CPF). illustrates the geometric parameters of the
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considered CDCR. it is noteworthy to say that the developed work in this paper is
strongly related to the work done by [19].

Table 4.2: Geometric parameters of the proposed prototype

Description section length number of units rmin rmax

value 300 mm 5 20 31

For further use, let’s calculate the first bending angle θ1 of the robot section. For
instance, the estimated bending angle θ1 of the first bending section as a function of a
given driving cable length

⌢

ℓ i,j is shown in Fig. 4.3. From this Figure, one can observe
that the errors are negligible. By using the Cubic Polynomial Fit (CPF), the obtained
bending angle can be approximated as follows:

θ1 = 1.8912 ·10−4⌢

ℓ
3
1,1 −1.068 ·10−2⌢

ℓ
2
1,1 +2.4

⌢

ℓ 1,1 +4.9872 ·10−4 (4.10)

Fig. 4.3: Cables length in function of the first bending angle and their errors
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4.6 Particle Swarm Optimization (PSO)

4.5.1 Forward kinematic of a single continuum robot section

As an open kinematic chain of serially connected units, the forward kinematic of a
continuum robot section can be obtained according to the homogeneous transformation
the matrix as follows:

T0
n =

0∏
n

Tj−1,k
j,k (4.11)

In which the FKM of each conical-shaped unit can be derived following the same
procedures described in the previous subsection. However, in order to reduce the
number of variables involved in the model, the rest of the bending angles θj with
j = 1,2,3 will be approximated as a function of the first bending angle θ1 using CPF.
The bending angles θj of the continuum robot section, composed of five units, can be
expressed as follows:

θj = c1,jθ
3
1 + c2,jθ

2
1 + c3,jθ1 + c4,j (4.12)

where the coefficients c1,j , c2,j , c3,j , c4,j are given in tab 4.3.

Table 4.3: Coefficients of the cubic polynomial fit

Bending angles c1,j c2,j c3,j c4,j

θ2 3.0495 ·10−6 −3.608 ·10−4 1.0898 1.101 ·10−4

θ3 7.899 ·10−6 −9.079 ·10−4 1.1997 3.371 ·10−4

θ4 1.584 ·10−5 −1.759 ·10−3 1.3226 8.109 ·10−4

θ5 2.940 ·10−5 −3.099 ·10−3 1.4984 1.799 ·10−3

4.6 Particle Swarm Optimization (PSO)

PSO (Particle Swarm Optimization) was primarily developed by Kennedy and Eberhart
in 1995 [111]. This method draws inspiration from the collective movements of flocks
of birds[112] and has since found widespread use in solving engineering problems due
to its efficiency.

The PSO algorithm begins with the random generation of particles. At each
iteration, each particle P is updated based on two best values: (1) the position vector
of the best solution achieved by the particle, denoted as Ppb(t), and (2) the overall best
value achieved by any particle, referred to as Pbg(t). In addition, the PSO algorithm
randomly adjusts the velocity of each particle towards Ppb(t) and Pbg(t). The particle
then selects the best adjustment based on the task being tackled.
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Equations (4.13) and (4.14) represent the updating of velocities v(t) and positions
P (t) of each particle, respectively. PSO terminates when it reaches the maximum
number of specified iterations.

vt+1
p = ωvt

p + c1ρ1(P t
pb −xt

p)+ c2ρ2(P t
bg −xt

p) (4.13)

xt+1
p = xt

p +vt+1
p dt (4.14)

where vt
p is the particle velocity; xt

p is the particle position; ω is the inertia weight is
0.967 ; c1 and c2 are constants [0.4 - 4]; ρ1, ρ2 are random numbers uniformly distributed
within the interval [0,1]; P t

pb represents the local best position; P t
bg represents the

global best position.

4.6.1 The objective function and problem formulation

The objective function is defined as the distance between the robot’s end effector and
the specified position along the prescribed trajectory. The optimal solution minimizes
this distance, effectively aligning the robot’s end effector with the desired position. In
essence, PSO (Particle Swarm Optimization) is employed to determine the bending
angles and orientations necessary to achieve the desired position.

The PSO process for solving the inverse kinematic model (IKM) of the robot
involves randomly generating bending angles. This random generation results in a
variety of robot end effector positions, each corresponding to the desired position. The
configuration that achieves the minimum distance between the robot’s end effector and
the desired position is considered a solution to the inverse kinematic problem.

As the length of the cable is inherently linked to the bending and orientation
angles, PSO facilitates the determination of cable lengths required to reach the desired
position. This entire process unfolds over a series of iterations, with the calculated
angles subsequently input into the Forward Kinematic Model (FKM) for visualization
and validation, ensuring accurate tracking at each iteration.

F = (Pxi −Xci)+(Pyi −Yci)+(Pzi −Zci) (4.15)

where Xci ,Yci , and Zci represent the spatial coordinates of a located position on
the prescribed trajectory. Pxi , Pyi , and Pzi represent the position of the robot’s end
tip for each specific position of the prescribed trajectory. The robot’s end-tip pose is
obtained from the FKM. Explicitly, its position presents the three first components of
the fourth column of the matrix which is defined by (4.3), similarly its rotation is also
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obtained from (4.3). The obtained positions are used as input to PSO, which generates
the needed bending angles according to the given robot’s end effector. Accordingly,
the generated bending angles from PSO and those obtained from FKM are compared
as it is shown in Figure 6 and which can be summarized as follows:


θ,φ

F KM−−−−→ (X,Y,Z)

(X,Y,Z) IKM−−−→
P SO

θ,φ

For more details about the PSO algorithm, please refer to Appendix C.

4.7 Simulation analysis

In this section, simulation analysis is conducted on a single-section continuum robot
to validate the mathematical formulas developed in this paper. The initial simulation
involves a variable curvature continuum robot consisting of a single section, which is
tasked with following an arc-like trajectory. PSO is employed to determine the requisite
bending angles of the robot, enabling its end effector to reach each position along the
arc-like trajectory.

The objective function utilized in the MATLAB code, as defined by equation (4.15),
measures the distance between the robot’s end effector and the designated position on
the prescribed trajectory. PSO aims to minimize this distance, effectively aligning the
robot’s end effector with the desired positions.

4.7.1 Verification of the newly proposed formula

In this section, the proposed empirical formula (4.12) is employed to calculate the
positions of the robot’s end effector during trajectory tracking, as depicted in Fig. 4.4.
The obtained positions serve as input for the PSO algorithm (see Appendix C).

Subsequently, the particle swarm optimization generates the necessary bending
angles to position the robot’s end effector accurately. A comparison is made between
the bending angles generated by PSO and those obtained from the FKM, as illustrated
in Fig. 4.5.
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Fig. 4.4: The whole robot follows the arc-like trajectory

Fig. 4.5: The bending angle for the first five units of the first section and their errors

Remarkably, as evident from Fig. 4.5, the obtained bending angles calculated using
the proposed formula align closely with those generated through the PSO method.

56
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data-based accelerometer

This alignment underscores the efficiency of the proposed model and the effectiveness
of the PSO algorithm.

It is worth emphasizing that both sets of code are available: the former for generating
the positions of the robot’s end effector, and the latter for utilizing the Particle Swarm
Optimization to solve the inverse kinematic model of the continuum robot’s section, as
presented in this chapter.

4.8 Experimental verification of PSO through
data-based accelerometer

In this section, a prototype for a single-section continuum robot is introduced to
validate the accuracy of PSO in solving the IKM. To gather various data about the
robot, including the robot’s end effector position and the corresponding bending angles,
the following equipment was employed:

• Accelerometer ADXL 345: is used to record the robot’s end effector along X,Y,Z,
which is a tiny, low-power, 3-axis accelerometer [19] with high resolution (13-bit)
and measurement at up to 16 g. it also provides digital outputs[113].

• An angle meter is used to measure the robot’s bending angle

• Raspberry Pi 3 B+ a single-board computer’s final revision with characteristics
that can be found in detail in the manual [17] is used to run the accelerometer

• Python is the language used to program the accelerometer and make it record
positions[17].

Table 4.4: Comparaison between the obtained angles from PSO and those measured
using an accelerometer and an angle meter

Position from accelerometer (mm) Angles from PSO (degree) Measured angles (degree)
( 1.9014,0,118.6489) 43.89 45.70
(2.9512, 0,116.5491) 40.52 41.57
(3.9996,0,115.4369) 38.61 40.80
(4.0463,0,114.3123) 36.93 34.55
(5.0156,0,113.3123) 34.50 35.60
(6.0463,0,112.3123) 30.68 32.50
(7.0463,0,111.3123) 28.90 31.55
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Fig. 4.6: Bench test which depicts the way to track the robot’s end effector and the
bending angles corresponding to each position

Fig. 4.7: The proposed single-section continuum robot prototype

Due to the limited measurement tools available, we conducted experiments at
only eight different positions for the robot’s end effector. Interestingly, our primary
objective was not just to compare the angles obtained from PSO with those from the
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accelerometer but also to showcase the accelerometer’s potential as a cost-effective tool
for tracking the robot’s end effector. With more accurate accelerometer models, we
can even approach angles that are theoretically obtained from PSO.

As shown in Table 4.4, there exists a difference between the angles obtained from
PSO and those derived from real measurements, with the maximum error being less
than 3 degrees.

Essentially, the core concept in this section is to demonstrate the practicality of
using an accelerometer to track the robot’s end effector without the need for expensive
high-tech equipment.

4.9 Conclusion

In this chapter, we have derived and simplified the forward kinematic model of a
single-section continuum robot by proposing a new empirical formula. While the
non-linearity of the inverse kinematic model presents challenges, we have successfully
employed particle swarm optimization to solve it. The IKM problem is formulated as
an objective function, which measures the distance between the robot’s end effector
and a point on the prescribed trajectory. The bending angles generated by the PSO
approach closely match those obtained from the forward kinematic model.

For experimental validation, we constructed a single-section continuum robot
prototype, recording the bending angles using an angle meter to assess the efficiency
and accuracy of particle swarm optimization. Remarkably, we have also explored
the use of accelerometers as a cost-effective alternative for identifying the continuum
robot’s end effector position, reducing the reliance on expensive tools.

As we conclude this chapter, we highlight the potential for further improvements in
accelerometer technology to enhance data recording from continuum robots in future
research and development.
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Chapter 5

Optimized Design of Continuum
Robots and its Dynamics Modeling

5.1 Introduction

In this chapter, we will conduct a comprehensive examination of continuum robots,
with a specific emphasis on their dynamic modeling. We will intricately investigate the
dynamic model of a single-section continuum robot characterized by variable curvature.
Furthermore, we will expound upon the description of a prototype continuum robot,
accentuating its distinctive disk-based structural design. This will serve as the basis for
a comparative analysis within the context of a prototype continuum robot. Ultimately,
we will draw this chapter to a close by summarizing our pivotal findings .

5.2 Overview

The field of robotics took its first steps with the creation of the first industrial robot
by Griffith P. Taylor in 1937 [83]. In recent years, there has been a remarkable shift
towards designing robots that draw inspiration from biology, giving rise to the exciting
field of bio-inspired robotics. Natural selection has yielded practical solutions within
the realm of nature to this end researchers have looked to nature for inspiration,
studying the tentacles of elephants, the movements of worms,snake-like robots , bird-
neck manipulators and the elegant necks of ostriches and giraffes [84–87, 103]. These
biological systems have provided valuable insights for developing robots with enhanced
capabilities and adaptability.
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5.2 Overview

Fig. 5.1: Exploring the Spectrum of Manipulators - A Global View and Comparison
between Soft and Rigid Robots[114]

Traditional robots with rigid structures often face limitations due to their restricted
degrees of freedom, rendering them less effective in tasks that require flexibility [19].
However, Continuum robots, also known as type of "soft robots," have emerged as a
solution to this problem [115]. The compliance of soft manipulators eliminates the
need for highly complex calculations, making them well-suited for various applications,
including medical minimally invasive surgery [116]-[117] and inspection tasks [118]-[119].
These robots possess a remarkable degree of freedom, enabling them to exhibit dexterity
and navigate with precision toward their intended target positions. The gripper is
bio-inspired by the human hand’s design[120]. In contrast to soft robots, which can have
an infinite degree of freedom, a common limitation in the design of exoskeleton robots is
that most opt for 4 or 3 degrees of freedom[121]. For its remakable feature Continuum
robots (CRs) have been emerged in surgical fields such for maxillary sinus surgery
(MSS)[122],microsurgical abdominal surgery [123]. The spectrum of manipulators
ranges from soft to rigid robots, each offering unique advantages. Soft material
continuum body manipulators, in particular, provide greater degrees of freedom and
structural compliance, eliminating the need for complex calculations [124]. However,
as the number of degrees of freedom increases, precise movement control becomes more
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challenging, and the structural conformity and response to external forces decrease
under higher system forces. Soft manipulators leverage their ability to undergo large
deformations, granting them increased degrees of freedom and structural compliance
see fig 5.1.
Despite the advantages of continuum robots in terms of degrees of freedom, controlling
them presents challenges due to the high non-linearity of their equations of motion.
In this project, the equations of motion for a variable curvature continuum robot
are solved using the fourth-order Runge-Kutta method. To validate the accuracy of
the solution, we applied tension to its cable, and measure the robot’s vibrations and
physical parameters for several type of continuum robot.

5.3 Dynamic modeling of continuum robot

Dynamic modeling is a critical aspect of understanding the behavior of continuum
robots. It involves predicting the bending and orientation angles of the robot in
response to applied forces on its cables. In this pursuit, multiple methods are employed
to solve and simulate dynamic modeling for continuum robots. Notably, two prominent
approaches stand out: one based on the Cosserat rod theory, as discussed in [125], and
another utilizing the Lagrange-Euler method, as referenced in [126, 127].

The choice of the Lagrange-Euler method in this study is motivated by its efficiency
in simulation, making it a preferable option over the Cosserat rod theory. The
Lagrange-Euler method streamlines the dynamic modeling process, ensuring rapid and
computationally efficient simulations. This method aligns with the project’s objectives
of achieving practical and efficient dynamic modeling for continuum robots.

In the context of this project, our primary focus is to compare the dynamic modeling
of three distinct robot prototypes. We subject these prototypes to various applied
forces on their cables to evaluate their stability under different conditions. Through
this comparative analysis, we aim to identify the most stable prototype, providing
valuable insights into its performance characteristics for the intended application.

5.3.1 Dynamic model of a spatial single-section continuum
robot with constant curvature

In this section, we present the forward dynamic model of a CC continuum robot with
a single section (k = 1) composed of 5 units using the Lagrange-Euler method. The
bending and orientation angles present the generalized coordinates. The equations of
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motion of a CC continuum robot can be expressed as follows[128]:


d
dt

(
dT

∂θ̇j,k

)
− dT

∂θj,k
+ ∂U

∂θj,k
= Q1

d
dt

(
dT
∂ϕ̇k

)
− dT

∂ϕk
+ ∂U

∂ϕk
= Q2

(5.1)

Where:
Q1 : The first generalized force
Q2 : The second generalized force
T : Total kinetic energy of the robot
U : Total potential energy of the robot
θj,k : The bending angle for each unit
ϕk : The orientation angle for the whole section For a VC continuum robot, each of its
units has its own bending angle, thus different generalized coordinates are considered.
On the other hand, if we use the previously developed equation as in [126], in which
the bending angles of the robot’s units can be expressed as a function of the robot’s
first bending angle (first unit), the generalized coordinates will be reduced to a single
generalized coordinate θ1,k, which can be mathematically expressed as:

θj,k = r1,k

rj,k
θ1,k (5.2)

Fig. 5.2: Detailed description of the central axis of the unit[105]
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5.3.2 Dynamic model of a spatial single-section continuum
robot with variable curvature

The kinetic energy of the robot under consideration resides in the flexible backbone
as well as the disks. As mentioned before, the flexible backbone is composed of a
concatenation of units, each unit having its own bending angle. Thus, the kinetic
energy of the backbone is the sum of the kinetic energy of each unit. Each point on the
central axis of the flexible unit (j,k) is specified by the curvilinear abscissa (h), which
represents the length from the origin of the reference frame Oj,k−1 to the specified
point (see Fig. 5.4).
To determine the kinetic energy of the backbone, we first calculate the position vector
of a point on the central axis using the following equations:

Uj,k =



xUj,k
(h) =

hUj,k

θ
(

hUj,k

) (1− cos
(
θ
(
hUj,k

)))
cos(ϕk)

yUj,k
(h) =

hUj,k

θ
(

hUj,k

) (1− cos
(
θ
(
hUj,k

)))
sin(ϕk)

zUj,k
(h) =

hUj,k

θ
(

hUj,k

) sin
(
θ
(
hUj,k

))
(5.3)

With θ
(
hUj,k

)
=

hUj,k
θj,k

lj,k
, θj,k = r1,k

rUj,k
θ1,k and Uj,k is the position vector of each point

located on the central axis of each unit, and li,k refers to the length of the unit’s
arc. The linear velocity of any point h distant from the origin can be calculated by
differentiation with respect to time:

vh,j =



ẋUj,k
(h) = θ̇j,k

[
hUj,k

θj,k
sin
(

hUj,k

lj,k
θj,k

)
− lj,k

θ2
j,k

H
]
cos(ϕk)− lj,k

θj,k
Hϕ̇k

ẏUj,k
(h) = θ̇j,k

[
hUj,k

θj,k
sin
(

hUj,k

lj,k
θj,kH

)
− lj,k

θ2
j,k

]
sin(ϕk)− lj,k

θj,k
Hϕ̇k

żUj,k
(h) = θ̇j,k

[
hUj,k

θj,k
cos

(
hUj,k

lj,k
θj,k

)
− lj,k

θ2
j,k

sin
(

hUj,k

lj,k
θj,k

)] (5.4)

with H = 1− cos
(

hUj,k

lj,k
θj,k

)
.
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• The kinetic energy of the flexible backbone is given by :

Tb =
5∑

j=1

1
2mb

lj,k∫
0

(
ẋUj,k

(h)
)2

+
(
ẏUj,k

(h)
)2

+
(
żUj,k

(h)
)2

(5.5)

Where mb is the mass of the flexible backbone.

• The kinetic energy of the disks: Since each unit has its own bending angle, the
potential energy for each unit is considered. Thus, the total kinetic energy of the
disks can be expressed as follows:

Td = 1
2

5∑
j=1

vT
h,jmjvh,j (5.6)

Where mj is the mass of each disk.

• The total kinetic energy of a single section is given by:

T = Tb +Td (5.7)

Obviously, the VC robot’s kinetic energy is in the function of the bending angle
of each unit θj (j = 1,2......5) which is not the case for a CC continuum robot,
namely the kinetic energy for CC continuum robot is expressed in function of
one bending angle θ1 .

• Potential energy: the flexible backbone can be virtually divided into a series
of flexible backbones (arcs) where each flexible arc has its own bending angle
θj (j = 1,2......5) . As long as the disks have a low weight, we can only consider
the potential energy of the backbone, which can be considered as follows:

Ep = EIb

2L

5∑
i=1

θ2
j,k(k = 1) (5.8)

5.3.3 The generalized forces

The simultaneously applying forces on the robot’s cables can give rise to a spatial
motion of the robot. So, the relationships between the generalized forces Q1 and Q2 in
the range as ϕ ∈

[
0 2π

3

]
can be expressed as a function of tension forces on the cables,
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F1 and F2, as [129] : Q1 = F1r cos(γ1 −ϕ)+F2r cos(γ2 −ϕ)
Q2 = F1rθ sin(γ1 −ϕ)+F2rθ sin(γ2 −ϕ)

(5.9)

where r is the distance from the central axis of the flexible backbone to each actuating
cable on the disk. While γ1 and γ2 represent, respectively, the angles between the
horizontal and the directions of the first and second cables as it is shown in Fig 5.4.

Fig. 5.3: Variable curvature continuum robot with five units [105]

5.3.4 Equations of motion

The development of the equations of motion is done using MATLAB software and
which can be written as follows:

Mt

 θ̈

ϕ̈

+Ct


θ̇2

θ̇ϕ̇

ϕ̇2

+Kt

 θ

ϕ

= Dt

 F1

F2

 (5.10)
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5.3 Dynamic modeling of continuum robot

With: The mass (Mt), stiffness (Kt), and damping factors (Ct) are defined from the
developed equation and can be obtained using MATLAB software.

5.3.5 Simulation of a spatial single-section continuum robot
tilted by an angle of π

8 from its equilibrium position

In the first simulation, the continuum robot is initially tilted by a bending angle of
θ = π

8 (see Fig. 5.4) without any tension on its cables (No force). After the robot
reaches the given bending angle θ = π

8 , it is released. Basically, the flexibility of the
robot’s backbone helps it to bend according to the needed position, and once released,
it oscillates as shown in Fig. 5.4.

Fig. 5.4: Some robot oscillations occur after releasing it from an initial angle of flexion
equal to θ = π

8 .
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5.4 The prototype description of the continuum
robot

Regarding rigid link robots, while various types of continuum robots have been ex-
tensively explored, including pneumatic, cable-driven, ferromagnetic, eversion, and
artificial muscle designs [130–134]. Cable-driven continuum robots primarily consist
of a series of disks supported by a flexible backbone, as depicted in Figure 5.5. Each
disk features three holes through which cables pass, enabling the manipulation of the
robot’s motion. In our study, we have chosen a CDCD (Cable-Driven Cable-Driven)
continuum robot due to its simplicity and affordability. To construct this robot, we
utilized a 3D printer to create both the disks and the backbone(carbon fiber or glass
fiber) . An interesting observation was made: when force is applied to a cable, it
primarily affects the top disk, while the rest of the disks primarily serve as guides.
As a result, we propose an alternative disk design that resembles a ball, as shown in
Figure 5.9. This innovative disk serves a dual role as both a disk and a backbone.
This design modification offers potential advantages in terms of simplifying the struc-
ture and enhancing the robot’s performance. During our study, we subjected these
prototypes to various applied forces on their cables to evaluate their stability under
different conditions. Through this comparative analysis, we found that the proposed
design of the continuum robot was more stable compared to previous proposed in[133]
. This observation provides valuable insights into its performance characteristics for
the intended application.

Fig. 5.5: Prototype of a single section of continuum robot type constant curvature
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5.4 The prototype description of the continuum robot

Fig. 5.6: Illustration of the single section of continuum robot

The continuum robot with variable curvature (VC) is modeled as a set of conically
shaped units. Each unit is governed by its bending angle differently from the constant
curvature (CC) continuum robot (see Fig. 5.7)

Fig. 5.7: Prototypes of a single section demonstrating two different curvature types in
continuum robots: constant curvature and variable curvature
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Fig. 5.8: disc

5.5 Proposed Single-Section Continuum Robot
Prototype Featuring a Novel Disk Structure

In this work, we introduce an alternative disk design that resembles a ball, as depicted in
Figure 5.9. This innovative disk design functions dually as both a disk and a backbone.
This modification offers potential advantages, including structural simplification and
enhanced performance of the robot.

Fig. 5.9: A section of the continuum robot design with a novel ball disk [19]

Fig. 5.10: Sole Active Bending Section of the Proposed Continuum Robot Prototype
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5.6 Comparative simulation analysis of innovative ball disk and constant
curvature continuum robots

5.6 Comparative simulation analysis of innovative
ball disk and constant curvature continuum robots

In this section, we conduct a comparative simulation study between two types of
continuum robots. The first features an innovative ball disk design, illustrated in
Figure 5.10. The second is a single-section prototype designed for constant curvature,
shown in Figure 5.5.

5.6.1 Examples of prototype oscillation simulations

This subsection focuses on simulating the oscillatory behavior of the prototype contin-
uum robot following an initial bending angle, θ. We investigate the robot’s response to
three different oscillation scenarios with θ = π

7 , θ = π
8 and θ = π

3 .

Fig. 5.11: Robot oscillations observed after releasing it from an initial flexion angle θ.
(a) Proposed Prototype 5.10, (b) Conventional Prototype 5.5

From Figure 5.11, we conclude that the prototypes were subjected to various
applied forces on their cables to evaluate their stability under different conditions. This
comparative analysis revealed that the proposed continuum robot design 5.10 exhibited
greater stability compared to the design proposed in [133]. These observations provide
valuable insights into its performance characteristics, particularly when considering
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the use of an accelerometer sensor in an experimental bench to validate the stability of
the proposed prototype.

5.7 Conclusion

In this comprehensive chapter, we explored the dynamic modeling and design optimiza-
tion of continuum robots, a field experiencing rapid advancement and facing unique
challenges. Our exploration began with an overview of the evolution of robotics, empha-
sizing the transition from traditional rigid structures to bio-inspired, flexible continuum
robots. This shift has been pivotal in overcoming the limitations of conventional
robotics, particularly in applications demanding high adaptability and flexibility.

A key part of our study involved the dynamic modeling of continuum robots, where
we employed the Lagrange-Euler method for efficient and accurate simulations. This
method facilitated a comparative analysis of three robot prototypes, enabling us to
identify the most stable and functional design under varied operational conditions.
This analysis highlighted the critical role of dynamic modeling in enhancing our
understanding and capabilities of continuum robots.

A major focus was on the novel design of a single-section continuum robot, featuring
an innovative disk structure resembling a ball. This design deviated from traditional
approaches and demonstrated significant advantages in terms of structural simplification
and improved performance. Our simulations compared this novel design with a constant
curvature prototype, providing essential insights into their stability and functionality,
particularly in oscillatory conditions.

In summary, this chapter has shed light on the complexities and innovations
within continuum robotics. Through dynamic modeling, inventive design, and rigorous
validation, we have significantly advanced robot designs, making them more adaptable,
efficient, and suitable for a variety of applications. The integration of accelerometer data
enhanced our understanding of the robots’ behavior in real-world scenarios, offering
valuable practical insights. As we conclude, we acknowledge the substantial impact of
these developments on the future of robotics, particularly in fields that require high
flexibility and precision.
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General Conclusion and Prospects

In the realm of accelerometer modeling and refinement, we have delved into the
fundamental importance of sensors in the industrial landscape. To this end, in Chapter
1, we saw an overview of accelerometer types and the reasons for choosing capacitive
accelerometers, along with an overview of IoT. These sensors play a pivotal role in
providing reliable kinematic data. As we transition into the next phase of our study,
these industrial insights will remain invaluable.

The thesis’s scientific core focuses on capacitive accelerometer modeling. In Chapter2
introducing a novel mathematical formulation that optimizes various parameters such as
capacitance variation, damping rate, frequency ratio, and electrode gap. Our research
has delivered critical findings: the introduction of a groundbreaking mathematical
model has revolutionized the field, yielding a damping rate of 0.695. This remarkable
achievement significantly reduces measurement errors, minimizing the maximum error
to a mere 0.06%. It is noteworthy to mention that the proposed model attests to its
stability and reliability in providing precise measurements.

Our work extends beyond scientific discovery into practical applications, with the
potential to enhance the integration of accelerometers into existing systems. These
applications span a wide range, including aerospace, sports, and health monitoring. As
we draw this part of the thesis about the application of an IoT-based accelerometer in
Chapter 3, the Accelerometer-based Raspberry system for a circular chart recorder,
utilizing the H3LIS331DL, exemplifies the cost-effective, user-friendly setup with
versatile data collection capabilities. This system simplifies data acquisition while
providing high-quality data to the server. The potential for enhancing accuracy and
sensitivity within Accelerometer-based Raspberry remains a fertile ground for future
research to connect the proposed system in IoT.

Additionally, in Chapter 4, we introduce a novel dimension to the kinematic
modeling of continuum robots through the integration of accelerometer data. Our
research centers on equipping a data logger to the end-effector of a prototype continuum
robot, allowing us to record its positions while simultaneously measuring bending angles
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using an angle meter. Subsequently, the positions derived from the accelerometer’s data
serve as inputs for a particle swarm optimization (PSO) algorithm. We meticulously
compare the resulting bending angles obtained from both PSO and the angle meter to
validate our simulated model and find an error in bending angle of less than 1 to 3
degrees.

Our study ventured into the realm of kinematic modeling for continuum robots,
particularly the derivation and simplification of forward kinematic models. Overcoming
the challenges posed by non-linear inverse kinematic models, we successfully harnessed
particle swarm optimization to solve them. These models were posed as objective
functions, measuring the distance between a robot’s end effector and a point on a
prescribed trajectory. The integration of accelerometers as a cost-effective alternative
for identifying the continuum robot’s end effector position marked a groundbreaking
achievement, reducing reliance on expensive tools.

The final chapter 5 of our thesis delved into dynamics modeling, with a focus on the
dynamic model of spatial single-section continuum robots featuring variable curvature.
Practical examples and a detailed examination of a novel prototype continuum robot
with a unique ball disk structure enriched our discussions. This optimization reduced
the robot’s weight while enhancing its stiffness, preserving overall performance.

As we consider future prospects, an exciting avenue of exploration lies in the
extended application of nTop software to optimize prototype and other components
within the realm of robotics, including grippers, end-effectors, and even more intricate
robotic systems. Such endeavors hold the potential to unlock new capabilities and
catalyze groundbreaking advancements across diverse fields.

In closing, our comprehensive exploration into accelerometer modeling, refinement,
and application in IoT has laid a sturdy foundation for future scientific inquiries and
innovations. This journey is far from over, and we eagerly anticipate the promising
explorations and discoveries that lie ahead.
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Appendix A

Raspberry Pi Setup with ADXL345
Accelerometer

A.1 Introduction

This appendix provides a detailed guide on setting up a Raspberry Pi with the ADXL345
accelerometer, a key component in the context of this thesis.

A.2 Materials

The following hardware components are required for this setup:

• Raspberry Pi board (Model XYZ, specifications ABC)

• ADXL345 accelerometer

• Jumper wires

• Breadboard (if applicable)

• Power supply

A.3 Software Requirements

Ensure the following software is installed:

• Raspberry Pi OS (Version X.Y)

• Python programming language (Version X.Y)
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Raspberry Pi Setup with ADXL345 Accelerometer

• Necessary libraries (e.g., Adafruit CircuitPython, SMBus for I2C communication)

A.4 Hardware Connection

Follow these steps to physically connect the ADXL345 to the Raspberry Pi. Refer to
Figure A.2 for a visual representation.

Fig. A.1: Hardware Connection Diagram

Fig. A.2: Connection Diagram

A.5 Software Setup

Execute the following commands to install the required software on the Raspberry Pi.

sudo python ADXL345.py
sudo apt-get update
git clone https://github.com/nagimov/adxl345spi
cd adxl345spi
sudo make
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A.6 Code Implementation

sudo make install
from ADXL345 import ADXL345

A.6 Code Implementation

Use the provided Python code to read data from the ADXL345. Comments in the
code explain each segment’s purpose.

from adxl345 import ADXL345

adxl345 = ADXL345()

axes = adxl345.getAxes(True)
print "ADXL345 on address 0x%x:" % (adxl345.address)
print " x = %.3fG" % ( axes[’x’] )
print " y = %.3fG" % ( axes[’y’] )
print " z = %.3fG" % ( axes[’z’] )

A.7 Data Visualization (Optional)

If applicable, use the provided code to visualize data from the ADXL345, for example,
using matplotlib.

"""
matplotlib-stream.py

Display ADXL345 I2C data to the Raspberry Pi using Python (matplotlib)

Author: Diego Aulet-Leon
"""
import new;print(new.__file__)
import time
from collections import deque
import numpy as np

import matplotlib.pyplot as plt
import matplotlib.animation as animation
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from matplotlib import dates
from matplotlib.font_manager import FontProperties
from matplotlib.ticker import MultipleLocator, FormatStrFormatter
import datetime

import ADXL345

# Variables
MAX_LENGTH = 25
ACC_RANGE = 16

# plot class
class AnalogPlot:
# constr
def __init__(self, Gs, maxLen):

# open i2c port
self.ser = ADXL345.ADXL345(Gs, ADXL345.BW_RATE_1600HZ, ADXL345.MEASURE)

self.ax = deque([0.0]*maxLen)
self.ay = deque([0.0]*maxLen)
self.az = deque([0.0]*maxLen)
self.amag = deque([0.0]*maxLen)
self.maxLen = maxLen

# add to buffer
def addToBuf(self, buf, val):
if len(buf) < self.maxLen:
buf.append(val)
else:
buf.pop()
buf.appendleft(val)

# add data
def add(self, data):
assert(len(data) == 4)
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A.7 Data Visualization (Optional)

self.addToBuf(self.ax, data[0])
self.addToBuf(self.ay, data[1])
self.addToBuf(self.az, data[2])
self.addToBuf(self.amag, data[3])

# update plot
def update(self, frameNum, a0, a1, a2, a3):
try:
data = self.ser.read_accel()
mag = round(np.linalg.norm(data),4)
data.append(mag)
#print data
if(len(data) == 4):
self.add(data)
a0.set_data(range(self.maxLen), self.ax)
a1.set_data(range(self.maxLen), self.ay)
a2.set_data(range(self.maxLen), self.az)
a3.set_data(range(self.maxLen), self.amag)
except KeyboardInterrupt:
print(’exiting’)

return a0,

# main() function
def main():
# plot parameters
analogPlot = AnalogPlot(ACC_RANGE, MAX_LENGTH)

print(’plotting data...’)

# set up animation
fig = plt.figure()
ax = plt.axes(xlim=(0, MAX_LENGTH), ylim=(-1*ACC_RANGE, ACC_RANGE))
a0, = ax.plot([], [], label="x-axis")
a1, = ax.plot([], [], label="y-axis")
a2, = ax.plot([], [], label="z-axis")
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a3, = ax.plot([], [], label="Magnitude")

ax.xaxis.set_major_locator(MultipleLocator(5))
ax.xaxis.set_major_formatter(FormatStrFormatter(’%d’))
ax.xaxis.set_minor_locator(MultipleLocator(1))

ax.yaxis.set_major_locator(MultipleLocator(ACC_RANGE*0.25))
ax.yaxis.set_minor_locator(MultipleLocator(ACC_RANGE))

ax.xaxis.grid(True,’minor’)
ax.yaxis.grid(True,’minor’)
ax.xaxis.grid(True,’major’,linewidth=2)
ax.yaxis.grid(True,’major’,linewidth=2)

fontP = FontProperties()
fontP.set_size(’small’)
plt.legend(prop = fontP)

anim = animation.FuncAnimation(fig, analogPlot.update,
fargs=(a0, a1, a2, a3),
interval=1)

plt.grid()
# show plot
plt.show()

print(’exiting.’)

# call main
if __name__ == ’__main__’:
main()
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A.8 Troubleshooting

A.8 Troubleshooting

Refer to this section for common issues and solutions when setting up the Raspberry
Pi with the ADXL345. Tips for debugging and resolving connectivity problems are
also provided. During the setup process of the Raspberry Pi with the ADXL345
accelerometer, you may encounter common issues. This section provides guidance on
identifying and resolving these issues.

1. Connection Issues: Ensure that the wiring between the Raspberry Pi and the
ADXL345 is correct. Refer to the hardware connection diagram in Section A for
assistance. Check for loose connections or incorrect wiring.

2. Power Supply: Verify that the power supply to the Raspberry Pi is stable.
Inadequate power can lead to unexpected behavior. Consider using a power
supply with sufficient voltage and current for both the Raspberry Pi and the
ADXL345.

3. I2C Configuration: If you are using the I2C interface, make sure that the I2C
interface is enabled on the Raspberry Pi. You can enable it using the Raspberry
Pi Configuration tool or by modifying the configuration file. Ensure that the I2C
address of the ADXL345 matches the configured address in your code.

4. Software Dependencies: Double-check that all required software dependencies
and libraries are installed. Ensure that you are using the correct versions of
libraries compatible with your Raspberry Pi model and OS version.

5. Python Code Issues: Review your Python code for any syntax errors or logical
issues. Check if the code is correctly interfacing with the ADXL345 and handling
data.

6. Logging and Debugging: Implement logging statements in your code to track
the flow and identify where errors might be occurring. Use debugging tools
available for Python to inspect variables and diagnose issues.

7. Check Documentation: Refer to the official documentation of the ADXL345
and the Raspberry Pi for any specific considerations or troubleshooting tips.

8. Community Support: If you are still facing issues, consider seeking help from
online forums, communities, or the GitHub repository of the library you are
using. Others may have encountered similar problems and can provide valuable
insights.
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By following these troubleshooting steps, you can address common challenges and
ensure a successful setup of the Raspberry Pi with the ADXL345 accelerometer.

A.9 Conclusion

Summarize the key steps in setting up the Raspberry Pi with the ADXL345 and
emphasize the importance of proper configuration for accurate data acquisition.

A.10 References

List any external sources, tutorials, or documentation referenced during the creation of
this guide.

1. Dauletle. (Year). Raspi-ADXL345. GitHub. Retrieved from https://github.com/
dauletle/Raspi-ADXL345/tree/master (Accessed on Mars 23 , 2022).

2. Nagimov, R. (Year). ADXL345 SPI for Raspberry Pi. GitHub. Retrieved from
https://github.com/nagimov/adxl345spi (Accessed on Mars 25 , 2022).

3. Nagimov, R. (Year). ADXL345 SPI for Raspberry Pi. GitHub. Retrieved from
https://github.com/nagimov/adxl345spi (Accessed on Mars 23 , 2022).
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Appendix B

Triple Axis Accelerometer Setup
with H3LIS331DL

B.1 Appendix B: Triple Axis Accelerometer Break-
out - H3LIS331DL

The SparkFun Triple Axis Accelerometer Breakout - H3LIS331DL (SEN-14480) is a
versatile device designed for measuring acceleration along three axes. This breakout
board utilizes the high-g H3LIS331DL three-axis linear accelerometer and is equipped
with a digital I2C/SPI serial interface, making it well-suited for embedded applications.
The breakout board exposes all major pins through 0.1" spaced headers and includes
four mounting holes for added convenience.

B.2 Repository Contents

• /Hardware - Eagle design files (.brd, .sch)

• /Production - Production panel files (.brd)

B.3 Documentation

• Library - Arduino library for the H3LIS331DL.

• Hookup Guide - Basic hookup guide for the H3LIS331DL.
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B.4 License Information

This product is released as open source, and its components are governed by the
following licenses:

• Hardware - Creative Commons ShareAlike 4.0 International.

• Code - Beerware; if you find the code helpful, consider buying the SparkFun
team a round if you meet them in person.

B.5 Usage Guidelines

Users are encouraged to utilize, reuse, and modify the provided files as needed. However,
it is important to maintain attribution to SparkFun Electronics and release any
derivative work under the same license.

Disclaimer: The product is distributed as-is, and no warranty is given.
Note: For the latest and most accurate information, please refer to the official

SparkFun documentation and resources.
Your exploration and experimentation with the SparkFun Triple Axis Accelerometer

Breakout are appreciated.
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Appendix C

PSO algorithm

The following is the general form of the PSO algorithm in LaTeX:
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