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Abstract 
There is increasing interest in developing low-cost sensors for economical structural health 
monitoring of civil engineering infrastructures. In addition to their price, they have the additional 
benefit of being easily connected to low-cost microcontrollers such as Arduino. A reliable data 
acquisition system based on Arduino technology can further lower the cost of data collection and 
monitoring, enabling long-term monitoring at an affordable cost. This thesis proposes the 
following four high-precision low-cost monitoring systems. 

Firstly, to correctly measure structural responses, a Cost Hyper-Efficient Arduino Product 
(CHEAP) has been developed. CHEAP is a system made up of five synchronized accelerometers 
connected to an Arduino microcontroller that works as a data collecting device. CHEAP is a 
uniaxial MEMS accelerometer with a sampling frequency of 85 Hz. To validate its performance, 
laboratory experiments were carried out and the results were compared with those of two high-
precision accelerometers (PCB393A03 and PCB 356B18). 
Secondly, a unique low-cost inclinometer is presented, the Low-cost Adaptable Reliable Angle-
meter (LARA), which measures inclination through the fusion of different sensors: five 
gyroscopes and five accelerometers. LARA combines a microcontroller based on Internet of 
Things technology (NODEMCU), allows wireless data transmission, and free commercial 
software for data collection (SerialPlot). To confirm the precision and resolution of this device, its 
measurements under laboratory conditions were compared with the theoretical ones and with those 
of a commercial inclinometer (HI-INC). Laboratory results of a load test on a beam demonstrate 
LARA's remarkable accuracy. It is concluded that the accuracy of LARA is sufficient for its 
application in detecting bridge damage. 
Thirdly, the effect of combining similar range sensors to investigate the increase of the accuracy 
and mitigation of the ambiental noises, is also elucidated. To investigate the sensor combination 
theory, a measuring equipment composed of 75 contactless ranging sensors controlled by only two 
microcontrollers (Arduinos), was built. The 75 sensors are 25 HC-SR04 (analog), 25 VL53L0X 
(digital), and 25 VL53L1X. (digital). In addition, the impact of various environmental conditions 
on the standard deviation, distribution functions, and error level of these sensors (HC-SR04, 
VL53L0X, and VL53L1X) is determined. 
Finally, a novel remote versatile data acquisition system is presented that allows the recording 
of time with microsecond resolution for the subsequent synchronization of the acquired data of the 
wireless sensors located at various points of a structure. This functionality is what would allow its 
application to static or quasi-static load tests or to the modal analysis of structures. The system 
developed has a noise density of 51 g/Hz and a sampling frequency of 333 Hz. This device was 
used to identify the eigenfrequencies and modal analysis of several structures (polvorín footbridges 
in Barcelona and Andoain Bridge, Donostia-San Sebastian). The comparison of the modal analysis 
of the Andoain Bridge using the acquired data of the developed accelerometer and data acquisition 
equipment with those of commercial accelerometers (PCB 607A61) were satisfactory. 
The low-cost accelerometer, inclinometer and data acquisition system developed and validated in 
this thesis can make SHM and infrastructure damage detection a reality at low cost, long term and 
remotely. 
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Resumen 
Cada vez hay más interés en desarrollar sensores baratos para conocer de manera económica el 
estado de las infraestructuras civiles. Además de su precio, estos sensores tienen la ventaja añadida 
de poder conectarse fácilmente a microcontroladores de bajo coste como Arduino. Un sistema 
fiable de adquisición de datos basado en la tecnología Arduino puede disminuir aún más el coste 
de la recogida de datos y la monitorización, lo que permitiría una monitorización a largo plazo a 
un coste asequible. Esta tesis propone los cuatro siguientes sistemas de monitorización de alta 
precisión y bajo coste. 
En primer lugar, para medir correctamente las respuestas estructurales, se ha desarrollado el Cost 
Hyper-Efficient Arduino Product (CHEAP). CHEAP es un sistema compuesto por cinco 
acelerómetros sincronizados de bajo coste conectados a un microcontrolador Arduino que hace el 
papel de dispositivo de recogida de datos. CHEAP es un acelerómetro MEMS uniaxial con una 
frecuencia de muestreo de 85 Hz. Para validar su rendimiento, se efectuaron unos experimentos 
de laboratorio y sus resultados se compararon con los de dos acelerómetros de alta precisión 
(PCB393A03 y PCB 356B18).  
En segundo lugar, se presenta un inclinómetro de bajo coste, un Low-cost Adaptable Reliable 
Angle-meter (LARA), que mide la inclinación mediante la fusión de distintos sensores: cinco 
giroscopios y cinco acelerómetros. LARA combina un microcontrolador basado en la tecnología 
del Internet de las Cosas (NODEMCU), que permite la transmisión inalámbrica de datos, y un 
software comercial gratuito para la recogida de datos (SerialPlot). Para confirmar la precisión y 
resolución de este dispositivo, se compararon sus mediciones en condiciones de laboratorio con 
las teóricas y con las de un inclinómetro comercial (HI-INC). Los resultados de laboratorio de una 
prueba de carga en una viga demuestran la notable precisión de LARA. Se concluye que la 
precisión de LARA es suficiente para su aplicación en la detección de daños en puentes. 
En tercer lugar, también se dilucida el efecto de la combinación de sensores de rango similar 
para investigar el aumento de la precisión y la mitigación de los ruidos ambientales. Para investigar 
la teoría de la combinación de sensores, se construyó un equipo de medición compuesto por 75 
sensores para la medición de distancias acoplados a dos microcontroladores de Arduino. Los 75 
sensores son 25 HC-SR04 (analógicos), 25 VL53L0X (digitales) y 25 VL53L1X (digitales). 
Además, se determina el impacto de diversas condiciones ambientales en la desviación estándar, 
las funciones de distribución y el nivel de error de estos sensores. 
Por último, se presenta un novedoso y versátil sistema de adquisición de datos a distancia que 
permite el registro del tiempo con una resolución de microsegundos para la sincronización 
posterior de las lecturas de los sensores inalámbricos situados en diversos puntos de una estructura. 
Esta funcionalidad es lo que permitiría su aplicación a pruebas de carga estáticas o quasi-estaticas 
o al análisis modal de las estructuras. El sistema desarrollado tiene una densidad de ruido de 
51 g/Hz y una frecuencia de muestreo de 333 Hz. Este dispositivo se utilizó para identificar las 
frecuencias propias y los modos de vibración de varias estructuras (pasarela polvorín en Barcelona 
y Puente de Andoain, Donostia-San Sebastian). Los modos calculados en una de ellas, el Puente 
de Andoain, a partir de los datos obtenidos con el acelerómetro y sistema de adquisición de datos 
desarrollado se comparan satisfactoriamente con los de sensores comerciales (PCB 607A61).  
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El acelerómetro, el inclinómetro y el sistema de adquisición de datos de bajo coste desarrollados 
y validados en esta tesis pueden hacer realidad la SHM y la detección de daños en infraestructuras 
a bajo coste, a largo plazo y de forma remota.  
Palabras clave: Sensores de bajo coste, análisis modal, Arduino, Raspberry, post-sincronización. 
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Chapter 1  Introduction 
 

1.1 Motivation  

Civil structures and infrastructures can be considered the leading basis of any modern society. 
Typically bridges serve as symbols of a country's infrastructure. It should be noted that bridges are 
crucial for tying together people, goods, and transportation. For that, bridges have significant 
economic, political and cultural impacts on society.  

It should be noted that depending on the nation and the built asset, these structures are planned for 
a service life of 50 to 120 years [1]. Over time, several factors and situations such as fatigue, 
construction defects, environmental factors and fatigue can reduce the safety, performance and 
serviceability of a structure [2]. In fact, the American Society of Civil Engineers (ASCE), which 
publishes a Report Card for America's Infrastructure every four years, provides information on the 
state and performance capabilities of every sort of infrastructure in the United States of America 
(USA). The report of ASCE infrastructures in 2021 indicates that about 617,000 bridges in the 
USA currently exist, out of which more than 42% are at least 50 years old. It is essential to mention 
that most of these bridges are designed for a service life of 50 years. 

Consequently, an increasing number of bridges will need rehabilitation and monitoring as time 
goes by. Additionally, more than 7.5% (or 46,154) of them are considered structurally deficient 
and are in poor condition. It is also reported that bridge repairs across the country are estimated to 
cost $125 billion [3].  

The increasing need for infrastructure monitoring and rehabilitation is not exclusive to the United 
States; for example, in Spain, various media outlets, including "La Voz de Galicia" [4] and "El 
Confidencial" [5], have discussed the issues caused by the lack of maintenance in the 
infrastructures. In reality, the pathologies (such as those associated with a lack of structural and 
mechanical properties of the materials) in the structures can advance substantially faster due to a 
lack of or ineffective continuous maintenance and repair efforts. It is essential to highlight that 
these pathologies can endanger the very stability of the structures [6]. The possibility of lowering 
the risks connected with structural pathologies depends on the feasibility of accurately analyzing 
its structural performance [7]. In addition, continual maintenance and repair activities are required 
to ensure functional and safe conditions throughout the life cycle of civil infrastructures and 
buildings [8].  

Visual examination or non-destructive testing are typically used to analyze the serviceability of 
structures. In fact, structural system identification techniques  [9] are generally used to supplement 
the information gained from inspections of the damages. Structural system identification is a 
domain whose application is to evaluate the integrity and the state of a structure for determining 
the actual characteristics of a structure. It should be noted that structural system identification 
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approaches require the actual reaction of the structure assessed on-site as input data to detect and 
quantify structural damages. This required information is typically collected using a sensor based 
Structural Health Monitoring (SHM) application [10]. Nowadays, several commercial sensors are 
available to accurately measure the response in structural members (such as accelerations, 
inclinations, and crack width) and the environmental parameters (such as temperature and 
humidity).  

 

The literature review of structural health monitoring applications shows the following detected 
gaps: 

1- The high price of the commercial accelerometers: Commercial accelerometers are 
expensive, restricting their application to singular complex and iconic structures (such as 
long-span bridges) with a high budget for their SHM monitoring. However, the installation 
of accelerometers is not usual in conventional structures, which are those in which a more 
significant number of pathologies occur. No low-cost solutions are available to measure 
low acceleration amplitudes with high accuracy that could be compared with traditional 
commercial sensors.  

2- The high price of the commercial inclinometers: Low-cost inclinometers found in the 
literature review of SHM of bridges show the following shared drawbacks: (1) Production 
plan: Building instructions for these inclinometers are not available. Consequently, 
researchers cannot use those works to create their own tailored inclinometer, (2) Accuracy: 
Most of the available low-cost solutions do not have comparable resolution or precision 
with the commercial ones. Consequently, they may not be suitable for bridge damage 
detection applications that need bridge inclination measurement.    

3- Improving the standard deviation of low-cost noncontact ranging sensors: The 
resolution and accuracy of low-cost noncontact range measuring sensors are significantly 
lower than that of conventional commercial systems, which is one of their biggest 
shortcomings. Moreover, standard deviation and distribution functions for distance 
measuring equipment are needed to model theoretical physical models to improve 
structural system identification techniques. However, researchers who are knowledgeable 
in analytical analysis may not have access to experimental records. Consequently, they 
often estimate these values. 

4- High price and lack of versatility of commercial data acquisition systems: The 
development of low-cost accelerometers is not enough for an economic SHM application. 
In fact, a system capable of recording the measured structural response is needed. 
Furthermore, long-term monitoring is also economically expensive due to the high 
maintenance and repair expenses associated with costly data acquisition equipment and 
sensors. There is a lack of consistent work, including all the following points in single 
inception for a low-cost data acquisition equipment (1) Access to the time through the 
Internet, for accurate post synchronization of the low-cost accelerometers, (2) Remote 
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control and data management, (3) Automatic data acquisition, and, finally, (4) Performing 
experimental eigenfrequency analyses on actual infrastructures. 

 

To fill these gaps, novel low-cost accurate sensors (low-cost accelerometers and an inclinometer) 
and data acquisition equipment based on the Internet of Things (IoT) for SHM of bridges are 
developed and validated in this work. Moreover, a study aiming to improve the accuracy of low-
cost noncontact ranging sensors and an analysis of their standard deviation and distribution 
function is presented. 

It is also to be noted that funding for this research has been provided for Seyedmilad 
Komarizadehasl by Spanish Agencia Estatal de Investigación del Ministerio de Ciencia Innovación 
y Universidades grant and the Fondo Social Europeo grant (PRE2018-083238). The research is 
also indebted to the Spanish Ministry of Economy and Competitiveness for the funding provided 
through the research project BIA2017-86811-C2-1-R directed by José Turmo and BIA2017-
86811-C2-2-R.  

 

1.2 Objectives 

The global objective of this work is to develop and validate low-cost reliable sensors and data 
acquisition equipment based on Arduino and Raspberry Pi technology for economical SHM of 
bridges. To reach this aim, the following partial objectives are detailed: 

 

Objective 1: Development and laboratory validation of a novel Cost Hyper Efficient Arduino 
Product (CHEAP) for accurately measuring frequency and acceleration amplitude of vibrations 
with low frequency and acceleration amplitude range. 

Objective 2: Development and laboratory validation of an IoT based Low-cost Accurate Reliable 
Angle-meter (LARA) for economically measuring rotations that is accurate enough to be used for 
weight in motion applications and damage detection of bridges using deformation measurements.  

Objective 3: Improving the accuracy of low-cost noncontact distance measuring sensors based on 
Arduino technology and presenting their corresponding standard deviation and distribution 
functions. 

Objective 4: Development and filed validation of a reliable data acquisition device with 
microsecond resolution time stamp capability that can be used for post synchronization of several 
accelerometers.  
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1.3 Thesis organization 

Based on the presented objectives, this thesis is organized into seven chapters. Each chapter deals 
with a particular topic: (1) State of the art, (2) Development of a low-cost system for the accurate 
measurement of structural vibrations, (3) A novel wireless low-cost inclinometer made by 
combining the measurements of multiple MEMS gyroscopes and accelerometers, (4) Low-cost 
sensors accuracy study and enhancement strategy, and, (5) Low-cost wireless structural health 
monitoring of bridges. It should be noted that the sequence of the presented chapters is based on 
the written journal articles. After writing each paper, new gaps in the literature were found, and 
they were satisfied or studied in the subsequent publication. It should be noted that the published 
date of the papers is not the same as their written order.  

The summary of the introduced chapters is as follows: 

In Chapter 2, first, the state of the art of structural health monitoring applications is gathered. 
Secondly, the standard sensors used in structural health monitoring applications are illustrated. 
Lately, four gaps have been detected according to the illustrated literature review. 

In Chapter 3, a novel application for improving the accuracy of low-cost accelerometers based on 
Arduino technology is demonstrated. The accuracy of the developed sensor (CHEAP) is then 
compared with two commercial accelerometers (PCB 393A03 and PCB 356B18) through 
laboratory experiments. 

In Chapter 4, a low-cost accurate inclinometer is introduced. This inclinometer is based on the 
fusion of five synchronized accelerometers and gyroscopes. Furthermore, this inclinometer's noise 
analysis is studied using time domain noise characterizing applications (such as Allan variance). 
Finally, the accuracy of the developed inclinometer is compared with a commercial inclinometer 
suitable for SHM. This comparison is performed through a series of laboratory experiments.  

In Chapter 5, the accuracy improvement of three types of noncontact range measuring systems 
(HC-SR04, VL53L0X and VL53L1X) based on Arduino technology is studied. The improvement 
is made using averaging the outputs of several similar synchronized sensors. In addition, useful 
information about standard deviation and distribution of the studied sensors under various 
environmental situations are detailed. 

In Chapter 6, a low-cost data acquisition equipment based on Raspberry technology is announced. 
This data acquisition equipment can be used with any Arduino-based system and is capable of 
remote control and data management. This system is used for the eigenfrequency and modal 
analyses of an under-operation bridge. Moreover, the acquired eigenfrequencies of the low-cost 
solution are compared with those of the commercial accelerometers (PCB 607A61).  

Finally, in Chapter 7, a summary of the thesis plus the conclusion of the aforementioned chapters 
are drawn. In addition, the significant contributions of this thesis together with its future research 
work, are described.   
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1.4 Methodology 

To satisfy the objectives of this thesis, the following steps are taken:  
 
Step 1:  Bibliography and state of the art review.  

1) Literature review of SHM applications and the used commercial sensors 

2) Literature review and carrying out Internet surfing to find eligible low-cost sensors. 

3) Literature review of low-cost microcontrollers and single board computers. 

4) Deep studying of possible ways of connecting several similar sensors to the same Inter-

Integrated Circuit (I2C) port of a single microcontroller.  

5) Literature review of signal processing and noise characterizing in both time and frequency 

domains. 

Step 2: Microcontroller coding and grasping on working with low-cost sensors. 

1) Master writing codes in the Arduino platform. 

2) Python programing for possible ways of real-time data acquisition and visualization.  

3) MATLAB coding for writing signal and data post-processing applications. 

Step 3: Development of the solutions: 

1) Low-cost accelerometer development based on Arduino technology (First objective). 

2) Low-cost IoT-based Inclinometer development using NODEMCU technology (Second 

objective). 

3) Building of a range measurement device composed of 75 sensors (Third objective). 

4) Development of a low-cost versatile data acquisition equipment based on Raspberry Pi 

technology (Fourth objective). 

Step 4: Static and Dynamic validation experiments carried out in the Laboratory of Technology of 
Structures & Materials "Lluis Agulló" (LATEM). 

1) Vibration acquisition validation of the developed accelerometer on the available actuator 
in the LATEM (First objective).  

2) Accuracy validation of the developed inclinometer employing several experimental tests 
on a beam model (Second objective). 

3) Range measurement tests of the developed distance measuring device using the available 
static hydraulic jack of LATEM (Third objective). 
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Step 5: Analysis of bridges using the developed data acquisition system and the accelerometer 
(Fourth objective). 

1) Eigenfrequency analysis of a footbridge in Barcelona 
2) Operational modal analysis of a Bridge in Donostia-San Sebastian. 

Step 6: Preparation of journal articles, the doctorate dissertation and participation in international 
conferences: 

1) Publishing four journal papers as the consequence of this thesis 
2) Collaborating with other researchers in publishing three journal papers through sharing the 

technology and the developed systems of this thesis. 
3) Participation in international conferences, presenting and publishing 12 conference papers 

from this thesis.  
4) Preparation and writing of the doctoral dissertation. 
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Chapter 2 : State of the art 
In this Chapter, the first subsection details a brief literature review of traditional structural health 
monitoring applications. This subsection also includes a thorough literature review of traditionally 
used and recently developed low-cost sensors for measuring the static and dynamic structural 
responses. Further in this subsection, the most famous microcontrollers compatible with low-cost 
sensors are presented. Finally, the second subsection presents the gaps found in the given literature 
review and the proposed solutions of this work. 

2.1 Structural health monitoring 

The methods used for construction have seen a significant change throughout the years. The 
building business has witnessed a consistent trend of simple to complicated construction, from 
natural materials to composite materials for a specific structure [11]. These constructions are 
subjected to a variety of environments, which causes them to deteriorate and finally results in 
structural deficiency [12]. There are many causes of structural deterioration, including heavy 
traffic volume, natural disasters, and others [13]. Therefore, for maintenance applications, 
optimizing repair costs, and, eventually, ensuring building/infrastructure safety, monitoring and 
assessing the health condition of these structures is needed [14].  

The structural deficiency reduces the margin of safety margin and serviceability span, ultimately 
endangering civilians' life[15]. Therefore, structural Health Monitoring (SHM) applications are 
widely used as an emergent and powerful diagnostic tool for damage detection and condition 
monitoring of civil structures [16]. 

In fact, the past failures of civil structures have increased the interest of engineers and researchers 
in SHM applications [17] as the central system of preventing future accidents and human death 
[18]. Applications for SHM systems provide assessments on the status of structures, how they 
operate, and how they respond structurally [19]. In addition, the SHM is broadly used for 
calibrating the computer-based model (also known as digital twin [20]) of the understudy structure 
[21]. In fact, the calibrated digital twin can then be used for system performance evaluation that 
helps the decision-making process during the maintenance phase [22]. In addition, it should be 
noted that one of the essential purposes of any SHM application is to measure the current structural 
conditions accurately and to detect possible structural damages [23]. 

SHM typically consists of four critical elements of: (1) Data acquisition [24], (2) Structural system 
identification [25], (3) Structural condition assessment [26], and, (4) Decision 
making/maintenance [27]. These key elements are illustrated in Figure 2-1. Data acquisition is 
reported to be the most expensive part of any SHM application due to the high price of the available 
commercial sensors, data acquisition equipment, installation and maintenance costs [28]. 
Moreover, the high price of data acquisition elements limits studying multiple nodes and long-
term SHM of structures to unique structures with a relatively high structural health monitoring 
budget [29]. Therefore, this thesis and its corresponding literature review focus mainly on this 
element.  
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The data acquisition element of SHM measures the structural response (such as accelerations, 
rotations, strains, or deflections) over time. Some environmental parameters (such as humidity or 
temperature), which can cause crack opening, rotations, settlements, corrosion, and other 
pathologies, change over time at such a slow rate that they may be called static or quasi-static [24]. 
On the other hand, the nature of some structural reactions that some events, such as the wave 
response owing to earthquake ground motion, traffic-induced vibrations, or ambient activities, 
must be taken into account for the dynamic response of the structure. Figure 2-1 also shows the 
two branches of data acquisition applications with the measurement of a structure's structural 
dynamic responses on one side and the static or quasi-static responses on the other. 

 

 

Figure 2-1. Key elements of SHM applications 

 

Sensors are frequently utilized in SHM applications to measure static and dynamic responses. 
Accelerometers are reported to be often employed to track the structures' dynamic behavior. In 
contrast, strain gauges, inclinometers, and thermometers are the most frequently used sensors for 
measuring static structural responses. It should be noted that all sensor types need data acquisition 
equipment to save their outputs.  

In the following, first, an introduction to commercial and recently developed low-cost solutions 
for measuring the dynamic responses of a structure under the subsection of “Accelerometers” is 
presented. Next, a subsection entitled “Inclinometers” details the price and characteristics of a 
number of commercial and inclinometers and low-cost prototypes. The third subsection, 
"Noncontact Distance measuring sensors” presents a brief literature review of noncontact distance 
measuring sensors in which both traditional range measuring systems and recently trending ones 
are detailed. Finally, the fourth subsection (“Low-cost microcontrollers”) illustrates a literature 
review on the current low-cost microcontrollers and that can be programmed to work with low-
cost sensors.   
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2.1.1 Accelerometers  
Accelerometers can calculate and pinpoint a structure's dynamic properties by measuring 
variations in the structural response. It is also essential to note that different SHM applications 
require accelerometers with specific characteristics [30][31]. In fact, the literature (see, for 
instance, [32]) states that the important natural frequencies of most civil constructions range 
between 0.2 and 100.0 Hz. For example, short-span bridges (with span lengths up to 40 m [33]) 
often have an eigenfrequency range between 3 and 30 Hz [34]. Moreover, medium-span and long-
span bridges' eigenfrequencies vary from 0.1 to 8.0 Hz (such as [35]). Additionally, it should be 
emphasized that the majority of ambient vibrations in civil structures have low amplitudes [36]. In 
actuality, these structures' acceleration amplitudes might be as low as 0.04 g. This feature 
demonstrates the need for accelerometers with high sensitivity and low noise density for SHM of 
bridges [37].  

Accelerometers are typically force-sensors that are fastened to a seismic mass. In the presence of 
external vibration, the mass exerts a particular force that is inversely proportional to the measured 
acceleration. The applied force of the seismic mass results in an electrical signal that can be 
converted to acceleration and saved using data acquisition equipment [38].  

One of the following three major principles—piezoelectricity, piezoresistivity, or differential 
capacitive measurement—underpins the most popular kind of vibration sensing technology [38]. 
The four most popular accelerometers based on the aforementioned principals are detailed below:  

1) Piezoelectric accelerometers can function at a wide range of frequencies (up to 12 kHz) 
and record dynamic changes in mechanical variables by using the piezoelectric action of 
certain materials [39].   

2) Piezoresistive accelerometers are also known as strain gauge accelerometers and when 
mechanical loads are applied, they can measure the change in the electrical resistance of a 
piezoresistive element [40].  

3) Differential capacitive accelerometers determine the displacement of the proof mass by 
monitoring changes in their capacitance [40].  

4) Micro Electro Mechanical Systems (MEMS) can be manufactured from any of the 
mentioned acceleration measurement principles (piezoelectricity, piezoresistivity, or 
differential capacitive measurement). It should be noted that the majority of MEMS sensors 
include signal processing circuitry and can have a bandwidth of up to a few kHz [26]. 
MEMS accelerometers have found their way into various industrial applications because 
of their significant continuous technological developments. Several of these 
accelerometers provide more economical options than traditional Piezoelectric 
accelerometers [27].  

Figure 2-2 presents the used principal for manufacturing the reviewed accelerometer types. 
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Figure 2-2. The principal behind the four most known accelerometer types. 

Table 2-1 provides a summary of information on several accelerometers that are now on the market 
for various structural health monitoring applications. The pricing of the accelerometers has 
determined the order of this table. This table includes the following information sorted in columns: 
(1) Sensor number, (2) Sensor name: the title of the sensor and the reference to its datasheet, (3) 
Acceleration range: saturation capacity of the sensors, (4) Frequency range, (5) Spectral noise 
density: more information about spectral noise density and its calculations are presented in [41], 
(6) Sensor price: The prices are based on early quotes from retailers in the year 2020 and do not 
include the VAT. Although the prices can vary slightly and often depend on the supplier, they can 
be used as a good approximation, and, (7) Used application: The structure type where the sensors 
are used. 
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Table 2-1. Summary of the characteristics of the accelerometers commonly used in the literature. 

No. Name Acceleration 
range (g) 

Frequency 
range (Hz) 

Spectral 
noise  
(µg/√Hz) 

Price (€) Used 
application 

1 3713B112G 
[42]  ±2.0 [0.00, 250]  22.90 2070.0 Wind Turbine 

[43] 
2 

356B08 [44] ±50.0 [0.50, 5000] 40.00 1610.0 Bridge Crane 
[45] 

3 
356A45 [46] ±50.0 [0.70, 7000] 125.00 1410.0 Forward Swept 

Wing [47] 

4 
356B18 [48] ±5.0 [0.50, 3000] 11.40 1300.0 

Motorbike 
Speedway 
Stadium [49] 

5 3711B1110G 
[50] ±10.0 [0.00, 1000]  107.90 870.0 Railroad 

Bridges [51] 

6 
KB12VD [52] ±0.6 [0.30, 2000] 0.06 828.0 

Concrete 
School 
Building [53] 

7 
393B12 [54] ±0.5 [0.15, 1000] 1.30 820.0 

Historical 
Masonry 
Structures [55] 

8 KS48C [52] ±6.0 [0.25, 130] 0.60 750.0 Footway  
Bridge [56] 

9 
393A03  [57] ±5.0 [0.50, 2000] 2.00 710.0 

Brick Masonry 
Constituents 
[58] 

10 
352A24 [59] ±50.0 [1.00, 8000] 80.00 540.0 Hallow Square 

Beams [60] 

11 352C33 [61] ±50.0 [0.50, 10000]  39.00 380.0 Bridges [62] 

12 LIS344ALH 
[63] ±2.0 [1.00, 500]  50.00 12.0 Steel beam 

[64]   
13 ADXL335 [65] ±3.6 [0.50, 550] 300.00 10.7 Bridges [66] 

14 
MPU9250 [67] ±16.0 [0.24, 500] 300.00 5.8 Steel Pile and 

Column [68] 

15 MPU6050 [69] ±16.0 [0.24, 500]  400.00 5.4 Building 
Model [70]   
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The analysis of Table 2-1 illustrates a great range of sensor prices. For example, 3713B112G 
accelerometer (the most expensive accelerometer in this table with the price of 2070 €), is 385 
times more expensive than MPU6050 (the cheapest accelerometer in this table with the price of 
5.4 €). One of the primary barriers to the practical implementation of SHM applications is the cost 
of the accelerometers, which many scholars have stated (see, e.g. [28]). However, the cost of 
vibration acquisition applications is not limited to the price of accelerometers, as they typically 
need data acquisition equipment (such as real-time controller, data acquisition software, and 
workforce for data analysis). On average, 700 € per channel of an accelerometer needs to be 
invested in the data acquisition equipment [41].  

Further analysis of this Table shows that sensors with lower noise density have lower acceleration 
range (such as 4, 7). As illustrated in Table 2-1, low-cost accelerometers typically are characterized 
by higher noise density and a lower frequency range. Consequently, the literature review 
[71][67][66][64][68][70] shows the implantation of these sensors typically in projects with strong 
motions and low frequencies. 

To tackle the high price of commercial accelerometers, numerous researchers attempted to develop 
an adequate low-cost solution for SHM applications [72]. In the following, a literature review of 
some inexpensive accelerometers is organized. 

• Grimmelsman et al. [66] developed a low-cost accelerometer using the ADXL335 circuit. 
They compared the performance and capabilities of their inexpensive accelerometer with 
those of commercial accelerometers from PCB company (PCB 393A03 and 3741E122G). 

• Girolami et al. [64] proposed a system for analyzing the modal analysis of a beam modal 
using a number of synchronized low-cost sensors manufactured from LIS344ALH circuits.  

• Ozdagli et al. [71] developed a Low-cost Efficient Wireless Intelligent Sensor (LEWIS) 
using MPU6050 circuit. To examine the accuracy of LEWIS, it was mounted on a shaking 
device and its measured outputs were compared to those of a commercial accelerometer 
(PCB 3711B1110G) and a Linear Variable Differential Transformer (LDVT) 

• Aguero et al. [67] presented an updated model of LEWIS using MPU9250 circuit. LEWIS 
2 is developed to have data storage, be battery-powered, and have better accuracy than 
LEWIS. The results of the laboratory experiments of LEWIS 2 on an actuator were 
compared with LDVT sensor. 

• Meng et al. [73] represented a low-cost vibration acquisition system composed of a 
LSM9DS1 circuit and a Raspberry Pi 4. The outputs of this device were compared with 
those of a commercial accelerometer (PCB 356B18). 

The essential characteristics of the reviewed accelerometers are summarized in Table 2-2. This 
table includes the following information sorted in columns: (1) Sensor number, (2) Sensor name: 
The proposed name of the developer or the name of the used chipset for developing the system, 
(3) Acceleration amplitude range: the saturation magnitude of the accelerometer, (4) Sampling 
frequency: also known as rate sample is the speed rate of the accelerometer. It should be noted that 
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the bandwidth of an accelerometer is equal to half of its sampling frequency, (5) Noise Density 
(ND), (6) NTP: Network Time Protocol (NTP) column refers to the capability of the system to be 
connected to the accurate time of the Internet or the Global Positioning System (GPS), (7) Remote 
access, and, (8) Used application. 

Table 2-2. Some of the low-cost vibration acquisition applications of the civil engineering 
literature. 

No. Name 
Acceleration 
Range (g) 

Sampling 
Frequency 
(Hz) 

Noise 
Density 

(µg/√Hz) 

NTP 
Remote 
Access 

Used 
application 

1 ADXL335 ±3 g 100 300 No No [66] 

2 LIS344ALH ±2 g 100 50 No Yes [64] 

3 MPU6050 
(LEWIS) 

±2 g 100 400 No No [71] 

4 MPU9250 
(LEWIS 2) ±2 g 500 300 No No [67] 

5 LSM9DS1 ±2 g 952 No data Yes Yes [73] 

The analysis of Table 2-2 illustrates that the majority of the presented solutions have almost the 
same sampling frequency and acceleration ranges. However, LSM9DS1 (No. 5 in Table 2-2) is 
the only developed system with a very high sampling frequency, which requires further studying 
since the sampling frequency of the developed accelerometer is equal to the sampling frequency 
of the used circuit (LSM9DS1). Furthermore, it should be noted a developed vibration acquisition 
system from a circuit requires further laboratory validation tests because depending on the used 
microcontroller, cable and connections quality, and the data acquisition system, the noise density, 
sampling frequency and accuracy may alter [74]. Furthermore, the shown noise density in Table 
2-2 is not reported from the experimental tests of the researchers. In fact, this noise density is 
declared from the datasheets provided by the circuit producer company. Finally, it is essential to 
state that only the developed system of Meng et al. [73] could synchronize its internal clock with 
the exact time of the Internet through the NTP procedure. In addition, further analysis of Table 2-2 
represents that only developed solutions No. 2 and 5 (LIS344ALH and LSM9DS1) can be reached 
remotely. 

It should be noted that accelerometers are used for Operational Modal Analysis (OMA) techniques 
[75] OMA is a technique used for modal characterization of structures d when it is hard to excite 
the structure artificially. In fact, OMA evaluates the reaction and interplay of environmental and 
operational influences during structure usage [76]. In vibration testing, there are two primary OMA 
methods: the non-parametric technique in the frequency domain and the parametric method in the 
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time domain. The Frequency Domain Decomposition (FDD) approach analyzes structures under 
environmental excitations in the frequency domain. Because of its simplicity, this approach is 
commonly utilized in civil engineering applications. Because of its capacity to detect many roots, 
this approach is also known as Complex Mode Indicator Function (CMIF) [77]. It should be noted 
that to compare the mode shapes extracted from an OMA analysis of two different types of 
accelerometers Modal Assurance Criterion (MAC) value is typically used. MAC can also be used 
to compare an experimental test's mode shapes with those of an analytical model [78]. 

2.1.2 Inclinometers 
To calculate the angular rotation of a target item about a synthetic horizon, angular sensors 
(inclinometers or tilt sensors) are typically used. This angular rotation may also be utilized to 
compute the vertical deflection of the horizontal parts as well as the drift of the vertical members 
[79]. The majority of inclinometers follow the principle of measurements induced by pendulum 
behavior due to gravity [80].  

In several industries during the last few decades, inclinometer sensors have been employed 
extensively. In fact, in the civil engineering sector, inclinometers were initially used for 
geotechnical purposes [80]. Improvements in sensor accuracy over time have made it possible to 
use inclinometers in other areas of civil engineering, such as monitoring the structural health of 
bridges [79]. It should be noted that many scholars implanted inclinometers in their research for 
monitoring and checking various parts of bridges. An example of this implantation is the work of 
Glišić et al. [81], who analyzed the performance of a post-tensioned concrete bridge during its 
construction, post-tensioning and first-year operation stages, using inclinometers and long-gauge 
deformation sensors. This study evaluated the understudy bridge's health state and post-tensioning 
verification. It is essential to mention that reviewing the literature on civil engineering [82] also 
shows the significant role of inclinometers in the long-term monitoring of cable-stayed and 
suspended bridges [83][84][85]. It should be noted that literature shows the traditional use of 
inclinometers in civil engineering for analyzing the boundary condition response of the bridge 
abutments [86] [87]. Furthermore, it can be seen that number of researchers have also used 
inclinometers for calculating the deflection of the bridge deck [88]. In addition, the literature 
review shows the use of inclinometers for model calibration techniques. In fact, Robert-Nicoud et 
al. [89] used an inclinometer on the Lutrive bridge in Switzerland to validate several model 
calibration techniques.  

Table 2-3 lists the characteristics of some commercial inclinometers and is organized by sensor 
cost. This table includes the following information sorted in columns: (1) Sensor name, (2) 
Measurement range, (3) Resolution, (4) Sampling rate, (5) Sensor price: The prices are based on 
early quotes in the year 2021 from retailers and do not include the VAT. Although the prices can 
vary slightly and often depend on the supplier, they can be used as a good approximation, and, (6) 
Reference: Reference to the datasheet of the introduced inclinometer.  
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Table 2-3. Characteristics of some of the commercially available inclinometers. 

Inclinometer Measurement 
Range (Degrees) 

Resolution 
(Degrees) 

Sampling 
rate (Hz) 

Price 
(€) 

References 
 

ZEROTRONIC  ±0.5° 10 × 10−5° 10 3950 [90] 
JDI 200 ±1.0° 10 × 10−5° 125 2250 [91] 
T935 ±1.0° 3 × 10−5° 10 1696 [92] 
ACA2200 ±0.5° 10 × 10−5° 20  710 [93] 
HI-INC ±15.0° 100 × 10−5° 100  650 [94] 

Analysis of Table 2-3 reveals a broad price variation ranging from €650 to €3950. Further study 
of this table shows a varying measurement range (from 0.5 to 15.0 degrees) of the presented 
inclinometers. It is clear that inclinometers with a smaller range have greater prices and resolution. 
Additionally, inclinometers with better resolution often cost more.  

Several researchers developed low-cost inclinometers to tackle the high price of the current 
inclinometers. For example, Yan et al. [95] developed a low-cost wireless inclinometer with a 
resolution of 0.002°. This inclinometer was able to transmit its data streaming up to 2000 m away. 
Moreover, Ruzza et al. [96] presented a low-cost inclinometer with an accuracy of between ±0.162 
and ±0.304°. Andò et al. [97] introduced a low-cost multi-sensor system based on Arduino 
technology to analyze structures' structural responses.  

2.1.3 Noncontact Distance measuring sensors 
It should be noted that in load testing range sensors can help pinpoint the damage and its extension 
as long as a specific reference point is present. The literature review shows the following latest 
trends in noncontact distance measuring systems developed for SHM applications. 

• Park et al. [98] developed Terrestrial laser scanning (TLS) device for measuring the 3D 
displacement of any particular point and the static deformed shape of a 
structure. Unfortunately, this system has a maximum error of 10 mm. Therefore, a 
displacement measurement model is further developed to increase the system's accuracy. 
The model's accuracy and dependability were tested experimentally using a steel beam that 
was simply supported and underwent a concentrated load. The accuracy of this system is 
reported to be 1 mm and within 1.6% of those measured directly by a Linear Variable 
Displacement Transducers (LVDT) sensor.  

• Yoon et al. [99] presented a noncontact distance measuring device using an Unmanned 
Arial System (UAS) equipped with a commercial-grade video camera. The observed 
displacement of a railroad bridge under revenue-service train traffic was replicated using a 
motion simulator in a laboratory experiment to test the suggested technique. The 
experimental tests show a difference of 2.14 mm between the developed system and the 
reference value obtained by a Krypton 3D measurement system (K600) with an accuracy 
of 0.02 mm. 

• Nasimi et al. [100] illustrated a noncontact displacement measuring system for railroad 
inspections within the US rail bridge inspection manuals. A camera and a laser sensor are 
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combined to make this system. The system's camera corrects the laser's rotation and 
translation during the measuring. Additionally, the dynamic movement of the structure may 
be recorded using this novel technology, which is impossible with just a laser or camera. 

• Artese et al. [101] developed a system for eigenfrequency analysis and measurement of the 
acceleration amplitude of the oscillations of tall structures. This methodology is formed 
from the fusion of Terrestrial Laser Scanner (TLS) and a Ground-Based Real Aperture 
Radar (GB-RAR) applications. Using TLS and GB-RAR system fusion, the comparison of 
numerical and experimental analysis reveals a precise displacement measurement with a 
5mm error.  

It should be noted that traditional range sensors are typically categorized by their measuring 
methods. In the following four most famous measuring principals of noncontact range sensors are 
described:  

(1) Ultrasonic sensors: These sensors, also known as sonar sensors, are among the most 
popular devices for detecting distances. They start by sending out high-frequency 
ultrasonic waves to determine their distance from the target. The wave then encounters any 
item within the range of the ultrasonic sensor, bounces off, and reflects back toward the 
sensor. Finally, the sensor determines the distance using the speed of sound and the wave's 
transit time [102]. The color and transparency of the object have no bearing on ultrasonic 
measurement equipment. Additionally, they are unaffected by the brightness of their 
surroundings. However, they are unable to gauge a distance between objects having a 
complicated surface (such as a sponge). Additionally, this sensor is typically combined 
with humidity and thermometer sensors to increase the accuracy of ultrasonic sensors 
because the speed of sound is sensitive to both humidity and temperature [103].  

(2) Infrared sensors (IR): They typically calculate the angle of reflection after producing 
infrared light signals (triangulation principle [104]). This angle is then used to determine 
the distance from an object. It should be noted that these types of sensors are sensitive to 
the ambient light and surface color of the object [105]. 

(3) Light Detection and Ranging (LiDAR) sensors: The working principal of LiDAR sensors 
can be introduced as a hybrid of an IR and ultrasonic sensor. The transmitter component 
of LiDAR emits a laser beam on the target to measure the distance to an item. Then, the 
target object's reflected light signal is picked up by the LiDAR's reception section. The 
distance of the test object is then determined by multiplying the time it takes for the laser 
signal to traverse a certain distance by the constant speed of light in the air [106]. Among 
the other techniques, this one can measure the distance of small objects with the highest 
accuracy (like 0.005% of their final range [107]). These sensors can cost up to 4,700 euros 
[108], and some of them can hurt unprotected eyes. 

(4) Time-of-flight (ToF) sensors: These sensors use the time-of-flight concept methodology to 
estimate distances falling under the wide LiDAR spectrum. ToF sensors detect the time 
between each pulse's emission and reception using brief light pulses [105]. 

Table 2-4 presents the characteristics of some low-cost sensors based on the introduced principles 
and is organized by sensor cost. This table includes the following information sorted in columns: 
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(1) Measuring principle, (2) Limitations: the limitations of this specific distance measuring 
principle, (3) Low-cost sensor: Model of a famous low-cost sensor based on the presented 
principle, (4) Sampling frequency, (5) Distance range, (6) Dimension: the dimension of the sensor, 
(7) Input voltage, (8) Sensor price: The prices are based on early quotes in the year 2021 from 
retailers and do not include the VAT, and, (9) Used application: the application in which the 
presented low-cost sensor was used. Although the prices can vary slightly and often depend on the 
supplier, they can be used as a good approximation. 

Table 2-4. Specifications of different low-cost range sensors. 

Measurement 
principle Limitations Low-cost 

sensor 

Samplin
g 

frequen
cy (Hz) 

Distanc
e 

Range 
(cm) 

Dimension 
(mm) 

Input 
voltage 

Price  
(€) 

Used  
application 

LiDAR 
Dangerous 

to eyes, 
expensive 

Lite v3 [109] 500 5-4000 48.0*40.0 
*20.0 5.0 109.0 Drones 

[110] 

IR 

Low 
frequency 

and 
sensitivity 
to ambient 
light and 
surface 
color 

GP2Y0A21YK
0F [111] 26 10-80  29.5*13.0 

*13.5 5.0 7.8 
Air 

Levitation 
[112] 

ToF 

sensitive to 
Surface 

color and 
ambient 

light 

Vl53l0x [113] 500 3-200 13.0*18.0 
*2.0  3.3 5.4 

Rail gap 
measureme

nt [114] 

Ultrasonic 

Complex 
objects, low 
frequency, 
sensitive to 
temperature 

variation 

HC-SR04 [115] 40 2-400 45.0*20.0 
*1.5  5.0 2.5 Robotics 

[116] 

Table 2-4 analysis reveals that the HC-SR04, while being less expensive, outperforms the 
GP2Y0A21YK0F sensor in terms of reading range and data sampling speed. Additionally, the only 
sensor in Table 2-4 whose calculations are unaffected by ambient light is HC-SR04. However, the 
distance measurement from objects with an area range of less than 0.5 square meters or a 
complicated surface is acknowledged in this sensor's datasheet as inaccurate [115]. Further study 
of this table shows that Lite V3 sensor, which is the most expensive sensor in this table, has the 
widest measurement range. Even though this gadget employs laser class 1 technology, it is strongly 
suggested to avoid gazing directly at the laser beam, according to its datasheet [109]. It can also 
be deducted that the introduced ToF sensor has the same sampling frequency as the LiDAR one 
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with an affordable price tag. Moreover, the beam lights produced by this type of sensor are 
indicated as safe for bare human eyes. This makes working with this type of sensor easier and 
safer.  

It is also important to mention that standard deviation and distribution functions for measuring 
equipment such as those presented in Table 2-4 are needed when modeling theoretical physical 
models in order to further improve structural system identification techniques. However, as 
researchers who are knowledgeable in the analytical analysis may not have access to experimental 
records [6][117]. Subsequently, these values are often approximated [118]. 

2.1.4 Low-cost microcontrollers  
Nowadays, demands for low-cost monitoring are continuing to rise. In the study of Mobaraki et 
al. [119], a thorough literature review on using inexpensive sensor applications for building 
monitoring is detailed. The increasing implantation of low-cost sensors in civil engineering is 
demonstrated in Figure 2-3. The data was taken between the years 2011 and 2021 from the 
SCOPUS database. 

 
Figure 2-3. the growth of the use of low-cost microcontrollers in the civil engineering sector 

adopted from [120] 

Figure 2-3 demonstrates that from 2011 to 2017, the number of publications related to the use of 
inexpensive sensors for structural monitoring was negligible (18.2%), and more than 81% of the 
articles found had been published within the previous four years.  
It should be noted that low-cost sensors are typically controlled, programmed and set up using 
low-cost microcontrollers. Low-cost microcontrollers come in wide varieties, with Arduino being 
one of the most well-liked ones on the market [121]. 
Further in this subsection, the literature review of Arduino microcontrollers and Raspberry Pi as 
the most famous single board computer available on the market are presented.  

2.1.4.1 Arduino  
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Arduino is a low-cost microcontroller capable of connecting with many different types of analog 
and digital sensors. 

 It has a friendly interface, active developer, and user community. Moreover, its open-source 
hardware and software allow its users to customize their systems.  

It is essential to point out that normally Arduino microcontrollers can interact with third-party 
sensors or other microcontrollers through several communication means. Some of the shared and 
most used communication means of low-cost microcontrollers such as Arduino are: Digital pins: 
Which can be set up to work as either inputs or outputs, Analog pins: These pins' primary purpose 
is to read analog sensor data and return 10-bit integers with a range of 0 to 1023. Additionally, 
they can be used and worked as digital pins as well, Integrated Circuit Bus (I2C):  These ports are 
generally used for serial data exchange between integrated circuits and the microcontroller. They 
can also be used for connecting multiple microcontrollers as well. In this scenario, one 
microcontroller will serve as the Master while the others work as slaves. (The term Master and 
Slave are known terminologies of this type of communication), Serial Peripheral Interface (SPI): 
These pins are typically used for synchronous serial data protocol for communication of the 
microcontroller with one or more peripheral devices [122][123].  

Moreover, the Arduino platform and devices are supported by a vibrant development and the user 
community is the significant benefit of utilizing this kind of microcontroller. To solve problems, 
this group communicates constantly. Arduino products also offer a flexible design, a user-friendly 
interface, and are simple to understand. Finally, Arduino's open-source hardware and software let 
users modify their developed systems [71]. It should be noted that many low-cost valuable sensors 
in monitoring applications can interact directly with an Arduino microcontroller (accelerometers 
12 to 15 from Table 2-1 can be connected to an Arduino) [124].  

Many scholars used Arduino micrcontrollers for developing low-cost structural monitoring 
systems. For example, Mei et al. [125] developed an unmanned gound vehicle based on an Arduino 
micrcontroller for evaluating the pavement distress. Nasimi et al. [126] illustrated an acoustic 
monitoring for SHM of bridges based on Arduino technology. This system is build to assist bridge 
inspectors to find surface deterioation using nondistructive tests. Angelini et al. [127] created a 
portable Electrochemical impedance spectroscopy (EIS) instrument based on an Arduino to 
research the efficacy of coatings in protecting metallic historical artifacts. 
Table 2-5 summarizes the characteristics of some of the Arduino products. The information 
gathered in this table is based on the presented data on the Arduino website [128]. 
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Table 2-5. Characteristics of the Arduino products 

Arduino product Flash 
Memory SRAM Clock Speed Microcontroller 

processor 
Arduino Uno 32 KB 

 
2.0 KB 

 
16 MHz 

 
ATmega328P 

 
Arduino Nano 32 KB 

 
2.0 KB 

 
16 MHz 

 
ATmega328 

 
Arduino 
Leopard 

32 KB 
 

2.5 KB 
 

16 MHz 
 

ATmega32U4 
 

Arduino Micro 32 KB 
 

2.5 KB 
 

16 MHz 
 

ATmega32U4 
 

Arduino Nano 
Every 

48 KB 
 

6KB  
 

20MHz 
 

ATMega4809 
 

Arduino Nano 
33 BLE 
 

1 MB  
 

256KB 
 

64MHz 
 

nRF52840 
 

Arduino Due 512 KB 
 

96 KB 
 

84 MHz 
 

AT91SAM3X8E 
 

Arduino Mega 256 KB 
 

8 KB 
 

16 MHz 
 

ATmega2560 
 

The analysis of Table 2-5 shows a variety of choices of Arduino products. It should be noted that 
each system may be useful for a specific use. Among the presented microcontrollers, Arduino Due 
seems to have the highest clock speed, making it very interesting for further development of low-
cost solutions with the need for high sampling frequency [74]. Figure 2-4.a shows an Arduino Due 
microcontroller.  

http://ww1.microchip.com/downloads/en/DeviceDoc/ATmega48A-PA-88A-PA-168A-PA-328-P-DS-DS40002061A.pdf
http://www.atmel.com/Images/Atmel-7766-8-bit-AVR-ATmega16U4-32U4_Datasheet.pdf
http://www.atmel.com/Images/Atmel-2549-8-bit-AVR-Microcontroller-ATmega640-1280-1281-2560-2561_datasheet.pdf
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(a)                               (b) 

Figure 2-4. (a) Arduino Due, and, (b) NOEMCU microcontrollers. 

It should be noted that other microcontrollers are imitating the functionality of Arduino products. 
NODEMCU is one of the most famous types of microcontrollers based on Internet of the Thing 
(IoT) technology and can be programmed using the Arduino platform. NODEMCU is shown in 
Figure 2-4.b. The performance of this system can be compared with Arduino Due. However, its 
value is one-tenth of the price of the Arduino Due. NODEMCU runs on the ESP8266 chipset, a 
low-cost Wi-Fi microchip with the Internet protocol suite (TCP/IP) capability [129]. The low price 
and versatility of NODEMCU make its use very interesting in IoT systems and further 
development of low-cost sensors [130].  

2.1.4.2 Raspberry Pi 

Raspberry Pi is a single board small size Linux-based computer with many capabilities. In fact, 
due to the high demand for Raspberry Pi in different industry sectors, there is a shortage of this 
type of single-board computer nowadays. Raspberry Pi systems have the possibility of 
communicating, programming and controlling the third-party microcontrollers (such as Arduino) 
that are connected to them. This way, the operator can access the microcontroller codes for 
modifying or upgrading purposes.  

Additionally, Raspberry Pi products run on Linux operating system and have preinstalled Python 
programming language. In fact, Python helps turn this low-cost computer board into low-cost data 
acquisition equipment. Using libraries of Python, the streamed data of sensors can be saved with 
microsecond resolution time stamps. These time stamps can be further used for studying and 
measuring the sampling frequency of the attached system to the Raspberry Pi.  

There are several developed monitoring systems that use Raspberry Pi products for SHM purposes. 
For example, Özcebe et al. [131] studied the acquired data of 15 Raspberry Pi based low-cost 
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vibration acquisition systems whose signals were captured during multiple seismic events. 
Caballero-Russi et al. [132] validated a recently developed wireless sensor network based on a 
Raspberry Pi microprocessor to monitor the dynamic structural responses for estimating the modal 
parameters of civil structures. Jeong et al. [133] designed a wireless smart sensor-based automated 
real-time serviceability assessment system to monitor cable-stayed bridges. This system is based 
on a Raspberry Pi processor. 
Table 2-5 summarizes the characteristics of several available Raspberry Pi products. The detailed 
characteristics of each presented product are based on the shown data on the Raspberry Pi website 
[134]. 

Table 2-6. Characteristics of several Raspberry Pi products. 

Model WLAN LAN RAM CPU power 
Pi Zero No No 512MB 1GHz 
Pi Zero W Yes No 512MB 1GHz 
Pi 1 Model A+ No No 512MB 700MHz 
Pi 1 Model B+ No Yes 512MB 700MHz 
Pi 2 B No Yes 900MB 1GHz 
Pi 3 A+ Yes No 512MB 1.4GHz 
Pi 3 B Yes Yes 1GB 1.2GHz 
Pi 3 B+ Yes Yes 1GB 1.4GHz 
Pi 4 Yes Yes 2, 4, 6 or 8 GB 1.5GHz 

Analysis of Table 2-5 shows a variety of choices for Raspberry Pi products. For using Raspberry 
Pi as a data logger or data acquisition equipment, systems with a RAM capacity of at least 1 GB 
are suggested [41]. Figure 2-5 shows a Raspberry Pi 3 B+, one of the most used low-cost 
processors due to having a HDMI outlet, affordable price and sufficient RAM for data acquisition 
[119] purposes.   

 

 
Figure 2-5. Raspberry Pi B+ 
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2.2 The gaps detected and proposed solutions. 

Based on the aforementioned state of the art, this thesis detects four gaps and elaborates a solution 
for each.  

1) Gap: Development and laboratory validation of low-cost accurate accelerometer suitable 
for SHM 
 
It is stated by many scholars (see, e.g. [28]) that the cost of the accelerometers is one of the 
main limitations for the practical application of SHM analyses. These high prices usually 
lead to high maintenance and repair costs which reduce the applicability of the sensors for 
long-term monitoring. To tackle this matter, many researchers tried to develop low-cost 
accelerometers. To apply SHM applications to structures with a low budget for their health 
monitoring and long-term monitoring of infrastructures, low-cost, reliable and accurate 
accelerometers are needed. However, most of the solutions, such as those presented in 
Table 2-2, do not have comparable noise density, frequency range and accuracy with those 
of the commercial accelerometers shown in Table 2-1. 

Solution: Development and laboratory validation of a low-cost system for the accurate 
measurement of structural vibrations. 

Chapter 3 presents a Cost Hyper-Efficient Arduino Product (CHEAP) to fill this gap. 
CHEAP comprises five low-cost synchronized MEMS accelerometers that an Arduino Due 
controls. The main novelty of this development is noise level reduction in the vibration 
acquisition by combining the measurements of five synchronized accelerometers. To 
validate this theory, a laboratory-based experiment is designed. First, the developed sensor 
is located on an actuator together with two commercial seismic accelerometers (PCB 
393A03 and 356B18). Dynamic motions with modest range amplitudes and frequencies 
between 0.5 and 10Hz were evaluated in this experiment. Then, the analyzed results of 
CHEAP and the commercial sensors were compared with each other. 

2) Gap: Development and laboratory validation of low-cost inclinometers with precision 
suitable for SHM application. 

The presented literature review shows that the currently developed low-cost inclinometers 
based on the microcontroller technology reveal no precise, inexpensive inclinometers 
based on Arduino or NodeMCU technology that could be utilized in SHM of bridges 
because of the unique characteristics of this type of monitoring [80]. In fact, scholars (such 
as [135] ) indicate that the minimum accuracy of tilt measurement of the developed 
solutions for measuring the deformation of a bridge should be at least 0.05 degrees. It can 
be seen in the literature review of bridge damage diagnosis using inclinometers that a 
passing loaded truck induces a deformation of an order of magnitude of 0.2 degrees on the 
mid-span of a simply supported bridge with a span length of 20 m.   
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It can be deduced that the commercial inclinometers with high accuracy and an acceptable 
resolution are too expensive for SHM monitoring of the majority of the bridges and the 
currently developed low-cost inclinometers do not have an adequate accuracy for their 
integration in SHM applications.  

Solution: Development and laboratory validation of a novel wireless low-cost inclinometer 
made from combining the measurements of multiple mems gyroscopes and accelerometers 

To fill this gap, Chapter 4, for the first time in the literature, presents a Low-cost Adaptable 
Reliable Angle-meter (LARA) solution that is suitable for SHM of bridges. LARA is a 
wireless inclinometer powered by NodeMCU microcontroller with an accuracy of 
inclination measurement of 0.003 degrees. Furthermore, this Chapter studies the 
complementary and Kalman filter for the fusion of the measurements of accelerometers 
and gyroscopes of a microcontroller-based inclinometer. Moreover, a custom-designed 
Printed Circuit Board (PCB) containing five aligned gyroscopes and accelerometers is 
designed and manufactured to build an accurate inclinometer with low noise density. 
Finally, the Allan variance and deviation of LARA are further studied to illustrate the noise 
characteristics of the produced inclinometer.  

3) Gap: There is a gap in the literature with the study of the accuracy improvement and 
reducing the negative impacts of personal or environmental noises of low-cost noncontact 
distance measuring devices. Moreover, various low-cost sensors' standard deviation and 
distribution functions are typically unavailable. It should be noted that those who work on 
developing structural system identification methods need these values for modeling 
measurement data. In fact, knowledgeable researchers in the analytical analysis of 
modeling theoretical physical models for further improvement of structural system 
identification methods, in the absence of access to actual measurement data, assume values 
for standard deviation and distribution functions.  

Solution: Study of the accuracy of low-cost sensors and enhancement strategies. 

Chapter 5 aims to investigate the improvement accuracy ratio of low-cost noncontact range 
sensors and mitigation of the ambient noises using similar sensor combinations. In 
addition, it is investigated whether when several comparable sensors are coupled together 
to measure the same parameter, the overall accuracy will be better than the estimate of a 
single sensor.  

This Chapter employs 75 different distance sensors installed on a firm foundation with 3D 
printed bases to test the similar sensor combination theory. Only two microcontrollers (An 
Arduino Mega and an Arduino Uno) have been coupled to control 25 of each type of 
sensors (HC-SR04, VL53L0X, and VL53L1X). The serial communication gates of the 
microcontrollers' transmission and receiving ports (RX and TX ports) have been used to 
link the microcontrollers. A Raspberry Pi was attached to one of the microcontrollers to 
perform the data acquisition process. Furthermore, these low-cost range sensors' standard 
deviation and distribution functions for various environmental conditions are presented.  
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4) Gap: Performing low-cost vibration acquisition systems comparable to commercial 
solutions.  

Most of the data acquisition equipment in the market is restricted by the technology of the 
companies that developed them and cannot be customized or connected easily with 
solutions developed by other companies. This characteristic might result in the need to 
apply technologies from different companies to monitor the structures' main structural and 
environmental parameters.  

There is a gap in the civil engineering literature with the development of a low-cost 
versatile data acquisition system with a steady sampling frequency with an accurate 
timestamp with microsecond resolution is missing. Further study of the presented literature 
review reveals a lack of consistent work, including all the following points: (1) Data 
acquisition system with access to the accurate time of the Internet for post synchronization 
of different nodes. (2) Remote control, (3) A system capable of scheduling for a 
synchronized data acquisition initiation, and, finally, (4) Performing experimental 
eigenfrequency and modal analyses on an operational structure.  

Solution: Development, laboratory and field validation of a low-cost wireless structural 
health monitoring prototype for bridges. 

Chapter 6 aims to upgrade CHEAP to tackle all the detected drawbacks. To do so, this 
Chapter develops a system containing an accelerometer and data acquisition equipment. 
The system's name is chosen Low-cost Adaptable Reliable Accelerometer (LARA). 
Compared with CHEAP, LARA has the following significant upgrades: (1) Higher 
sampling frequency: by efficiently rewriting all the library codes of CHEAP, LARA 
achieved almost four times higher sampling frequency (333Hz) than CHEAP, (2) Data 
acquisition equipment: this system has its own attached data acquisition equipment which 
is built from a Raspberry Pi and can save the acquired data on its SD card and later upload 
it to a cloud drive, (3) Triaxial accelerometer: Unlike CHEAP, LARA is a triaxial 
accelerometer, (4) Noise Density (ND): Through laboratory experiments the actual noise 
density of LARA and CHEAP are presented, (5) Internet timestamp for pot 
synchronization: By activating the Network Time Protocol (NTP) of LARA, it has access 
to the accurate time of the Internet. Furthermore, using python scripts and libraries, LARA 
can perform scheduled data acquisition. Subsequently, various LARAs located on different 
nodes of a structure can start a data acquisition procedure simultaneously, (6) Modal 
analysis: in this Chapter, a short-span footbridge situated in Barcelona, Spain, was 
instrumented and the analyzed eigenvalues by a certified vibration sensing device were 
compared with those of LARA.  Moreover, a bridge in Donostia-San Sebastian, Spain was 
instrumented using LARA and commercial sensors (PCB 607A61) and the mode shapes 
generated from OMA analysis of the acquired vibrations of LARA are compared with those 
of PCB 607A61 accelerometers, and (7) remote access: the system can be reached, 
controlled or reprogrammed remotely.  
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Chapter 3 :  Development and laboratory validation of a 
Low-Cost System for the Accurate Measurement of 

Structural Vibrations 
3.1 Introduction  

Nowadays, engineers are widely using accelerometers to record the vibration of structures for 
structural verification purposes. The main obstacle for using these data acquisition systems is their 
high cost, which limits its use to unique structures with a relatively high structural health 
monitoring budget. In this Chapter, a Cost Hyper-Efficient Arduino Product (CHEAP) has been 
developed to measure accurately structural accelerations. CHEAP is a system that is composed of 
five low-cost accelerometers that are connected to an Arduino microcontroller as their data 
acquisition system. Test results show that CHEAP not only has a significantly lower price (14 
times cheaper in the worst-case scenario) compared with other systems used for comparison but 
also shows better accuracy on low frequencies for low acceleration amplitudes. Moreover, the final 
output results of Fast Fourier Transformation (FFT) assessments showed a better observable 
resolution for CHEAP than the studied control systems.  

This Chapter is organized as follows: Firstly, in Subsection 2, CHEAP is fully explained and 
presented. Then, two piezoelectric sensors as the control systems are introduced together with their 
needed equipment. Finally, in Subsection 3, the laboratory test carried out in the Laboratory of 
Technology of Structures & Materials "Lluis Agulló" (LATEM) to validate the proposed 
methodology and the developed accelerometer is presented the obtained results are detailed.  

3.2 Signal acquisition and processing system 

In this section, the characteristics of CHEAP and control accelerometers are introduced. Moreover, 
the needed equipment for each sensor is reviewed together with their setting up protocol. 

3.3 A Cost Hyper-Efficient Arduino Product (CHEAP) 

In this section, a low-cost system is proposed to accurately measure accelerations. The main 
novelty, which is never done before in the literature, is that instead of using the results of a single 
sensor, this approach averages the results of five similar low-cost MEMS accelerometers. This 
combination results in amending the noises, improving the resolution, and lowering the sensitivity 
of low-cost accelerometers. The experiences finally selected this number of combined sensors 
learned from the analyzed structures in the frame of the present research.  

CHEAP is composed of the following elements:  

• Microcontroller: for this project, Arduino Due has been selected among many others 
provided because, firstly, it can provide a reasonable amount of memory to upload 
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complicated codes. Secondly, it has a faster clock speed (84MHz) of communication 
compared with other alternatives. In Figure 3-2.a, a sketch of this microcontroller created 
with the software Fritzing [136] is provided.  

• MPU9250 accelerometers: the reason why MPU9250 was chosen for CHEAP is the fact 
that this one is the newest among those that were presented in Table 2-1, has a reasonable 
price, uses less energy compared with MPU6050 with less noise density and has a better 
range of frequency in comparison with LIS344ALH and ADXL 335, especially on low-
frequency signals. The developed accelerometer needs five aligned synchronized 
MPU9250 sensors.  

• Multiplexor: MPU9250 sensor uses the inter-integrated circuit (I2C) protocol for 
communicating with the Arduino [137]. I2C allows multiple “slave” digital integrated 
circuits (Sensors) to communicate with one or more “master” chips (Arduino). Each one 
of the sensors is introduced into the Arduino with a different address. On this application, 
five similar addressed MPU9250 have been used. Figure 3-2.b shows the attachment of the 
low-cost accelerometers (MPU9250) on a stiff steel plate producing the sensing part of the 
CHEAP. The Arduino needs a different address for each connected component to its I2C 
port to interact and control the sensor. A multiplexer (TCA9548A) was used to change the 
address of similar sensors. The multiplexer has eight bi-directional switches that are 
controlled by the I2C bus. For introducing each sensor in the Arduino platform, only the 
address of this multiplexer and the occupied channel by the sensor on the multiplexer is 
required [138].  

• Sensor alignment: Since CHEAP consists of five sensors, they have to be placed on a rigid 
plate. This plate should be from a material that would not absorb or dissipate the vibrations 
(such as steel or aluminum). The MPU9250 sensors have their Z-axis perpendicular to their 
surface. Since this Chapter presents a uniaxial sensor, all MPU9250 sensors must be glued 
to this plate with only their Z-axis paralleled with each other. 

• Ground connection: Connecting the system to the ground: the GND pin of Arduino Due 
must be connected to earth ground [139]. It was noticed that in the absence of this 
connection, the system initiation could face problems and rebooting the system would be 
required. 



Development and laboratory validation of a Low-Cost System for the Accurate Measurement of 
Structural Vibrations | Seyedmilad Komarizadehasl 

28 

 
(a) 

 
(b) 

Figure 3-1. Developed signal and acquisition systems: (a) schematic CHEAP and (b) CHEAP on 
the experiment jack 

After the hardware setting up was finished, a code was written on the Arduino platform, which 
gets the acceleration from all five of the accelerometers (MPU9250) simultaneously. Experiences 
show that Arduino Due can print information with a frequency of 250 data per second (250 Hz) 
for one MPU9250. With more sensors connected to the Arduino, more data has to be printed by 
the microcontroller with the consequent speed reduction. In fact, the frequency decreases to 85 Hz 
when five of these MPU9250 sensors are connected. The data printing is a highly time-consuming 
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operation, ergo the frequency of the overall kit decreases dramatically when more results have to 
be printed. The five sensors in CHEAP are not synchronized. The Arduino executes codes one line 
at a time. It means that when the code is executed, the Arduino connects with the first sensor and 
gets its measurement, and then, with the second one, and so on. This takes time. In the current 
CHEAP, the lag between each sensor-print is about 2.2 milliseconds. This lag is not hampering 
the FFT application, as this does not work with the exact time of data capture. However, if the 
timeline has to be improved, CHEAP measurement time output can be modified deducing 4.4 
milliseconds (half the total lag between the first and last measurement).  

Once recorded by Arduino, the data was saved into a PC using Python. This programming 
language was chosen because of its: (1) Connectivity: The library Serial enables a direct 
communication between Python and the Arduino serial-port, and (2) Resolution: by using the date-
time library, the exact capture time of data became possible with a resolution of one microsecond. 
To do so, Python saved the printed data from the Arduino serial port along with their capture-time 
on a text file. Finally, the acceleration from all five of the MPU9250 accelerometers was averaged 
and reported as the final output of CHEAP.  

A few essential points need to be indicated about the CHEAP project are as follows: (1) 
Dependency:  The python program needs to be run from a computer physically attached to the 
Arduino. In other words, the data acquisition equipment the present system needs is a computer. 
It is also important to mention that the used data acquisition equipment for commercial 
accelerometers (PCB 393A03 and 356B18) is also dependent on an attached computer. In a 
nutshell, both compared systems are not wireless, (2) Automation: Even though python can be 
scheduled for the experiments described in this Chapter it was activated manually. Since 
programming the jack for each experiment was time consuming, the beginning and finishing of 
the data collection for the commercial accelerometers as well as for the CHEAP were done 
manually, (3) Serial-port: The acquired data of both commercial accelerometers and CHEAP are 
transferred to the attached computer during the data acquisition, and (4) Internet of Things (IoT): 
By running the written acquisition python code of CHEAP from a shared folder with OneDrive, 
the saved information was uploaded to cloud storage when the test was finished automatically.  
This way, the acquired data from every test is accessible.   

Figure 3-3 illustrates the required steps of the proposed metering system. This process is as 
follows: (1) Uploading the written code to the memory of the Arduino microcontroller from the 
Arduino platform. (2) Connecting all the sensors and the multiplexor to the Arduino. (3) 
Connecting the Arduino USB port to the computer activates the sensors, and(4) Acquiring data by 
executing the code written in Python by the computer.  

 
Figure 3-2. Diagram of needed steps for proposed kit data acquisition. 
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In a nutshell, CHEAP is an accelerometer with a low noise density and high resolution which is 
constructed from five low-cost accelerometers (MPU9250 sensor) with high noise density and 
consequently low resolution. Using a multiplexor, CHEAP receives data from all five 
accelerometers at the same time. At every time stamp, Arduino due receives the acquired data of 
all sensors. In the following, Arduino due averages the received data of five sensors and prints a 
single output which contains the inherent noises of the five MPU9250 sensors and the understudy 
signals. 

CHEAP was developed for uniaxial data acquisition purposes, but MPU9250 has the possibility 
of recording data from all directions (Table 2-1). In other words, CHEAP is a potential triaxial 
accelerometer that has been programmed to be uniaxial. Unlike the usual uniaxial sensors, which 
only can acquire data only from one axis, CHEAP can be programmed to receive uniaxial data 
from any of the three directions. By programming three sets of CHEAP, one in the X direction, 
one in the Y direction, and one in the Z direction, a triaxial dynamic data acquisition system can 
be built.  

It is also important to point out that the current accelerometer requires a voltage-current of 3.3 up 
to 5 Volt that consumes 200 mA per hour. Moreover, the currently developed accelerometer is not 
evaluated on an actual structure. However, for applying CHEAP for testing an actual structure, 
further developments are needed. CHEAP it is not waterproof or humidity-proof. For making this 
accelerometer waterproof, an appropriate box must be designed. Furthermore, CHEAP needs to 
be screwed or glued [140] properly [141] to the structure for accurate data acquisition.  
3.4 Control systems description 

In this section, the main characteristics of the signal acquisition and processing system of two 
famous piezoelectric sensors are detailed. The acquisition equipment is presented as follows: (1) 
cRIO-9064: Embedded real-time sound and vibration input module controller that provides up to 
12 channels [142], and (2) NI9234, four-channel dynamic signal acquisition module that 
incorporates integrated electronic piezoelectric signal conditioner for accelerometers [143]. The 
needed power for the real-time controller was supplied through a constant current power supply. 
The signal conditioner, together with this power-supply, assured the constant current excitation to 
the sensors required for proper operation [58]. The program used for data acquisition was able to 
record the acceleration time-history from the two connected accelerometers simultaneously [58]. 
The bestowed program was created using NI LabVIEW 2016  [144].    

Two individual piezoelectric accelerometers (393A03, 356B18) were connected to the introduced 
acquisition equipment for reporting separated readings. The sensor 393A03 was chosen for its low 
noise density. Consequently, it is used as a comparison benchmark for CHEAP. This sensor is a 
uniaxial piezoelectric accelerometer with a sensitivity of 1000 mV/g with a proof mass of 210 
grams [57]. On the other hand, the sensor 356B18 is a triaxial piezoelectric accelerometer that has 
the same sensitivity and a frequency range as low as 393A03 with a proof mass of 25 grams [48].  
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Although the 356B18 has a higher noise density compared with 393A03, it was used as the second 
reference point for CHEAP. This second reference point was used because it was thought that 
CHEAP may not be able to provide data as accurate as 393A03. Although 393A03 has a noise 
density of 2 µg/√Hz, the accelerometers which are used to make CHEAP have each a noise density 
of 300 µg/√Hz. The rest of the characteristics of both sensors are listed in Table 2-1 (sensors 4 and 
9).  

Acquisition system of the two studied accelerometers can be seen in Figure 3-1. a. As illustrated 
in this figure, both accelerometers were connected to the real-time controller equipped with the 
vibration input module. Finally, the real-time controller was connected to a computer using a LAN 
wire. The used accelerometers and their positioning in the laboratory tests are illustrated in Figure 
3-1.b. 
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(a) 

 

(b) 
Figure 3-3. Control systems: (a) Data acquisition system for piezoelectric accelerometers and (b) 

positioning of the accelerometers. 

Real-time controller 

Vibration input module 

Power supply 

PCB 356B18 

PCB 393A03 
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3.5 Laboratory test and results   

This section illustrates the resolution and accuracy of CHEAP in laboratory conditions. Firstly, the 
laboratory test performed is described. Then, the results obtained from the carried-out experiments 
are presented and discussed.  

3.5.1  Laboratory test 
In this section, the equipment and test setup for producing the input acceleration time-waves are 
presented. In these tests, the acceleration recorded by the CHEAP was compared with those 
obtained by the control systems. These tests were carried out on the servo-hydraulic fatigue testing 
machine (INSTRON 8803 [145]), shown in Figure 3-2.b, located at the Structural Laboratory Lluís 
Agulló of Technical University of Catalonia (Spain). This jack was programmed using 
WaveMatrix2 Dynamic Software [146].  

To launch the acceleration time-wave signals, this device was programed to vertically move its 
lower jaw with various frequencies but with the same movement of +/- 0.1 millimeters from its 
equilibrium location. The input acceleration amplitudes for each frequency test was calculated by 
getting two time differential of Eq.3-1. 

𝑦𝑦 = 𝑑𝑑 ∗ sin(2 ∗ 𝜋𝜋 ∗ 𝑓𝑓 ∗ 𝑡𝑡 + 𝜑𝜑),            (3-1) 

where y represents the position of the lower jack plate based on the time t, d represents the 
maximum allowed Jack displacement (0.1 mm), f is the set frequency, and φ is the phase constant. 
By getting the second-order derivative of Equation (1), the accelerations presented in Eq.3-2 can 
be obtained.  

𝑎𝑎 = 𝑑𝑑2∗𝑦𝑦
𝑑𝑑𝑡𝑡2

= 𝑦̈𝑦 = −𝑑𝑑 ∗ (2 ∗ 𝜋𝜋 ∗ 𝑓𝑓)2 ∗ sin (2 ∗ 𝜋𝜋 ∗ 𝑓𝑓 ∗ 𝑡𝑡 + 𝜑𝜑)              (3-2) 

Altogether 11 experiments were launched. In Table 3-1, the set frequencies of performed tests, 
input amplitude during each part of the test, and the number of performed cycles are presented. In 
this Table, IF is the Input Frequency, and IA is the Input Acceleration Amplitude. IF and IA are 
expected to be recorded by the accelerometers. In this Table, the number of cycles was chosen to 
ensure that each experiment had the same data length for post-processing evaluations.  
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Table 3-1. Characteristics of introduced Waves. 

IF  
(Hz) 

IA 
(milli-g) 

Number 
of 
cycles 

0.5 0.1006 200 
1.0 0.4024 400 
2.0 1.6097 800 
3.0 3.6219 1200 
4.0 6.4389 1600 
5.0 10.0610 2000 
6.0 14.4874 2400 
7.0 19.7191 2800 
8.0 25.7550 3200 
9.0 32.5970 3600 
10.0 42.9300 4000 

 

It is essential to mention that a real structure typically faces a sum of the waves introduced in Table 
3-1. However, using FFT evaluation helps engineers to extract all the summed waves from a mixed 
signal and illustrate them individually. In fact, the commercial accelerometers are certified and 
calibrated on shaking tables and not on actual structures. The shaking table, which typically is 
uniaxial, induces vibrations within known acceleration amplitudes and frequencies. Furthermore, 
the results of the studied accelerometers are then compared with the known induced vibrations by 
the shaking table. The aforementioned information has been conducted through studying, 
communicating and meeting with commercial companies. Such companies sell calibrated and 
certified accelerometers by testing their products on a uniaxial shaking table. Then, by changing 
the frequency and acceleration amplitude they validate the reliability of their products. Moreover, 
they recalibrate or certify custom made accelerometers such as CHEAP. In the future projects, 
CHEAP will be calibrated and certified in one commercial company to make a professional data-
sheet for it. In the current work for avoiding high expenses of sensor certifications, the introduced 
experiments of this work (Table 3-1) have been designed for frequency and acceleration accuracy 
tests.  

The setting up of the sensors had to be done carefully in order to avoid any unwanted noise. Figure 
3-1 and Figure 3-2 illustrate the set up for the test for both sensors (control and CHEAP). There 
are many ways of mounting the sensors; each one has its advantages and disadvantages, as reported 
in [140]. Since the surface flatness plays a vital role, special consideration was given to the mating 
surface. If needed, machining processes (such as lapping, spot-facing, grinding, milling, or 
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turning) can provide an acceptably flat mounting surface [141]. In this work, for a proper 
attachment of the sensors, a steel plate was bolted to the jack firmly, and the sensors were glued 
to this plate to avoid independent vibrations.  

The sampling frequency of the CHEAP kit was fixed on 85Hz due to the speed capacity of 
Arduino. The sampling frequency for the two control systems was fixed to the same frequency for 
comparison purposes. 

In this Chapter, after getting the saved signals from the accelerometers, they have been fed to the 
FFT assessment method.  

While the control systems are feeding FFT with the data of each independent sensor, CHEAP uses 
averaged results of the five sensors to feed the FFT evaluation. The FFT process highlights the 
most captured signal as the main one and dials down the emphasis of the less frequent data. With 
this evaluation, the primary signal from the averaged data of five sensors gets more robust. 

3.5.2 Results and discussions  
In this section, firstly, the frequencies and amplitudes obtained by the different sensors (CHEAP, 
393A03, 356B18) are compared. Secondly, the Marginal benefits of increasing the number of 
sensors in CHEAP are studied. Finally, the price comparison of the different measuring systems 
is presented. 

3.5.2.1 Accuracy and resolution of CHEAP 

By comparing the final results of the CHEAP with those of the control systems acquired is studied 
in this section. Furthermore, the errors of their reported data from the input frequencies and 
acceleration amplitudes are reported in this section. Finally, the better functionality of CHEAP 
compared with the control sensors is shown. 

After feeding the measured data from the accelerometers to the FFT application, frequencies and 
amplitudes of the experiment were calculated. In Table 3-2, frequencies extracted from each of the 
acquisition systems are presented together with their errors from the IF (Input Frequency). In this 
Table, MF is the Measured Frequency obtained by the sensors. 
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Table 3-2. Frequency extracted from the acquired accelerometers together with their error. 

IF 
(Hz) 

393A03 356B18 CHEAP 
MF 
(Hz) 

Error 
(%) 

MF 
(Hz) 

Error 
(%) 

MF  
(Hz) 

Error 
(%) 

0.5000 - - - - 0.5012 0.2420% 
1.0000 - - - - 0.9993 0.0690% 
2.0000 2.0003 0.0150% 2.0003 0.0150% 2.0002 0.0100% 
3.0000 3.0005 0.0167% 3.0005 0.0167% 2.9996 0.0133% 
4.0000 3.9997 0.0075% 3.9997 0.0075% 3.9996 0.0100% 
5.0000 4.9998 0.0040% 4.9998 0.0040% 5.0007 0.0140% 
6.0000 6.0002 0.0117% 6.0002 0.0117% 5.9997 0.0050% 
7.0000 7.0004 0.0057% 7.0004 0.0057% 6.9994 0.0086% 
8.0000 8.0006 0.0075% 8.0006 0.0075% 7.9991 0.0112% 
9.0000 8.9998 0.0022% 8.9998 0.0022% 9.0004 0.0044% 
10.0000 9.9996 0.0040% 9.9996 0.0040% 10.0004 0.0040% 

Table 3-2 shows that all the accelerometers are working correctly on frequencies equal and higher 
than 2 Hz and are reporting precisely the input frequencies (IF). CHEAP (unlike the control 
systems) works well even for low range frequencies. In fact, while the control sensors were unable 
to allocate signals lower than 2 Hz, CHEAP was able to capture them. Although the data-sheet of 
the control systems (Table 2-1, sensor 4 and 9) illustrates that these sensors should be able to read 
frequencies from 0.5 Hz to 3000 Hz, the obtained results showed that they were not able to read 
accurately frequencies lower than 2 Hz with low acceleration amplitudes. The results of all 
applications are pretty close from 2Hz to 10 Hz (less than 0.014 % of error from the reference 
frequency).   

In Table 3-3, amplitudes extracted from the accelerometers for the Z-axis, together with their errors 
from the IA (Input Acceleration), are presented. In this Table, MA refers to the Measured 
Acceleration amplitudes by the sensors.  
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Table 3-3. Amplitudes extracted from the accelerometers together with their error. 

IA 
(input 
wave) 
(Milli-

g) 

393A03 356B18 CHEAP 

MA 
(Milli-

g) 

Error 
(%) 

MA 
(Milli-

g) 

Error 
(%) 

MA  
(Milli-g) 

Error (%) 

0.1006 - - - - 0.1022 1.5530% 
0.4024 - - - - 0.3966 1.4538% 
1.6097 1.7319 7.5900% 1.7561 9.0934% 1.5977 0.7468% 
3.6219 3.4947 3.5113% 3.7569 3.7281% 3.6638 1.1576% 
6.4389 6.3189 1.8635% 6.3507 1.3696% 6.3536 1.3245% 
10.0608 9.9082 1.5164% 10.2988 2.3660% 10.0016 0.5880% 
14.4918 14.5964 0.7517% 14.4106 0.5308% 14.5063 0.1298% 
19.7191 19.8035 0.4281% 20.1582 2.2268% 19.3468 1.8880% 
25.7555 25.4122 1.3331% 25.9151 0.6195% 25.5072 0.9642% 
32.5969 33.1459 1.6843% 33.4779 2.7028% 33.5534 2.9345% 
40.2430 40.0529 0.4725% 40.5612 0.7906% 41.1806 2.3298% 

 

The analysis of Table 3-3 shows that for those accelerations whose value was lower than 25.5, 
Mili-g. CHEAP worked better than the 356B18. For the accelerations whose amplitude was lower 
than 14.5 Milli-g, CHEAP worked better than the 393A03. These data clearly show that CHEAP 
was able to compete with the two control systems. This Table also illustrates how the performance 
of CHEAP is especially interesting for small amplitudes.  

In Figure 3-4, the MA error of the control systems and CHEAP is shown. The horizontal axis 
represents the frequency (Hz) of the experiment, and the vertical axis shows the error in 
percentage.  
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Figure 3-4. Comparing MA error of the two control systems with CHEAP 

Analysis of Figure 3-4 shows that on lower amplitudes, CHEAP (compared with the two control 
systems) worked steadier and more accurately until 6 Hz. This figure also illustrates that the control 
systems only began to provide better accuracy on frequencies higher than 6 Hz. Moreover, in 
higher amplitudes, the errors of the different applications were quite close. The maximum 
experienced errors from the input acceleration amplitude on the highest experienced amplitude for 
CHEAP, 393A03 and 356B18 were as low as 0.47%, 0.79%, and 2.33%, respectively.  

3.5.2.2 Effect of the number of sensors 

In this section, the beneficial effects of adding an increasing number of averaged sensors are 
studied in detail. 

In Figure 3-5, estimated errors obtained for a different number of sensors in CHEAP are compared.  
The Max and the Min in each graph represent the enveloped error for all the possible sensor 
selections from the five available accelerometers (CHEAP represents the proposed kit with five 
sensors). The results of the increasing number of sensors are presented in Figure 3-5.a (one sensor), 
3-5.b (two sensors), 3-5.c (three sensors), 3-5.d (four sensors). In all these figures, the horizontal 
axis presents the frequency of the experiment, and the vertical one illustrates the MA error in 
percentage. The MA for 0.5 Hz is not presented in Figure 3-5.a and 3-5.b because the system 
resolution for acquiring low acceleration amplitudes was insufficient.  
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a)  

  

b) 

  
      c)  

 

d)  

 
Figure 3-5. Estimated MA error for different number of sensors: one sensor (a), two sensors (b), 

three sensors (c), four sensors (d) 

The analysis of Figure 3-5 shows that, as expected, the error depends to a greater extent on the 
number of sensors and the analyzed frequency. The experienced error for one, two, three, four and 
five (CHEAP) were at the worst-case scenario 18.67%, 20.12%, 17.58%, 8.17%, and 1.55% 
respectively. Therefore, it can be concluded that lower errors are obtained when the number of 
accelerometers is increased, especially on the tests with lower acceleration amplitude (less than 
0.4 milli-g). Results in Figure 3-5 also show that the part of the experiment which had the lowest 
frequency (0.5 Hz) could be considered as the most important one for the following reasons. 
Firstly, the highest experienced error appears there. Secondly, the lowest acceleration amplitude 
(0.1022 milli-g) is in this part of the experiment. In a nutshell, locating this low-level acceleration 
amplitude (MA) from the FFT evaluation was an opportunity to compare the resolution and 
accuracy of CHEAP with a different number of sensors.  
For a single MPU9250 accelerometer, the resolution for this part of the experiment was not 
enough. The resolution of the kit with a single accelerometer appeared to be at least 0.19 Milli-g. 
The amplitude of the needed signal was less than this resolution. As a result, finding and reporting 
this signal from the FFT output was not possible. The resolution for the kit of sensors with two 
MPU9250 accelerometers was not entirely clear either. This resolution was at least 0.13 milli-g, 
which is still 0.03 milli-g higher than the value of the captured signal. The resolution for the kit of 
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sensors with three MPU9250 was about 0.10 milli-g. As a result, finding the amplitude of this part 
of the experiment was still impossible.  
Results of the FFT application for the lowest tested frequency (0.5 Hz) for a different number of 
sensors is presented in Figure 3-6.a (four sensors), Figure 3-6.b (five sensors).   

      a)  
 

     b)  

Figure 3-6. FFT data process for 0.5 Hz experiment errors for four sensors (a) and five sensors 
(b) 

For reporting the resolution of each system from the FFT diagram, the amplitudes of acquired 
signals were investigated. It is known in this figure that the MA should have a frequency of 0.5 
Hz. As a result, any other wave can be considered as an unwanted signal, and the highest amplitude 
among these unwanted signals is the resolution of this system. Table 3-3 reports the IA for the 
signal with a frequency of 0.5 Hz as 0.1006 Milli-g. The analysis of Figure 3-6.a illustrates that 
with four MPU9250 accelerometers, the resolution of the system is slightly less than 0.08 Milli-g. 
This resolution enabled locating the needed signal from the FFT output diagram possible. This 
figure reports the MA of the signal as 0.10384 Milli-g, which has a 3.22% error from the IA.  On 
the other hand, the analysis of Figure 3-6.b shows that the kit of sensors with five MPU9250 
(CHEAP) provides a resolution of around 0.06 Milli-g. In addition, it was deducted that CHEAP 
had an error of 1.55% from the IA. 
A kit of sensors with five MPU9250 (CHEAP) has a sampling frequency of 85Hz and a resolution 
of 0.06 Milli-g. In addition, CHEAP provided exceptionally accurate outputs for accelerations less 
than 14.5 milli-g. Moreover, CHEAP worked properly where the commercial sensors were unable 
to provide any data whatsoever. As it was already discussed, the two studied control systems were 
not able to provide MA of the needed signal for the experiment with 0.5 Hz frequency. This was 
due to the low resolution of the control accelerometers. From the FFT outputs for the experiment 
with 0.5 Hz frequency, it was seen that 393A03 and 356B18 have a resolution of about 0.5 and 1.6 
milli-g, respectively.  

3.5.2.3 Price comparison  

The overall price comparison of the used sensors and their equipment has been presented in this 
section. 
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In Table 3-4, the price of the equipment of each of the studied acquisition applications is presented. 
This Table includes the following information organized in columns: (1) System: the application 
which uses the illustrated accelerometer, (2) Price of the used accelerometers: the accelerometer 
of CHEAP was composed of five MPU9250 with a unitary cost of 5.76 €, a 3.22 € multiplexor 
(TCA9548A) and a 4.03 € breadboard, (3) Price of the microcontroller, (4) Price of the cable: the 
cable for all of the systems were three meters. CHEAP is using normal cables, whereas cables 
required by the two control systems are special noiseless cables, (5) Price of the real-time 
controller, (6) Price of the vibration input module, (7) Dimension of the sensing part, (8) Weight 
of the sensing part. It can be deducted that CHEAP is not much bigger or heavier than the control 
accelerometers. It must be noted that although the software used for the control systems was 3549 
€, CHEAP used the Arduino platform and Python, both free. It should be noted that the indicated 
prices in this table are based on the declaration of the realtors in 2021.  

Table 3-4. Price comparison of the three systems 

System 
Cost of the 

Accelerometer 
(€) 

Cost of the 
Microcontroller 

(€)  

Cost 
of the 
Cable 

(€)   

Cost 
Real-time 
controller 

(€)  

Cost 
Vibration 

input 
module 

(€)  

Dimension 
of the 

sensing 
part 

 (mm)   

Weight 
of the 

sensing 
part 
(gr) 

 393A03  710 - 75 2010 2050 28*28*56 210 

 356B18  1300 - 210 2010 2050 20*26*20 25 

CHEAP   36.1 38.017 10 - - 50*50*10 357 

From the analysis of Table 3-4, it can be seen that the price of an acquisition system with a single 
393A03 is 57 times higher than CHEAP. Nevertheless, the introduced equipment for the control 
systems has the capacity for more sensors. In order to make a fair price comparison between the 
control systems and CHEAP, the full capacity of the equipment should be taken into account. Real-
time control provides 12 channels, and the vibration module has four channels. For a uniaxial 
control system on full capacity: 12 393A03 accelerometers, 12 sets of single channeled cables, one 
real-time controller, three vibration input modules are needed. The overall price is about 17580 € 
(VAT excluded). For a triaxial control system on full capacity: four 356B18 accelerometers, four 
sets of three channeled cables, one real-time controller, three vibration input modules are needed. 
The overall price is about 14200 € (VAT excluded). As it was mentioned before, three sets of 
CHEAP can be programmed to make a triaxial sensor. As a result of this potentiality, 12 sets of 
CHEAP can either be used as 12 uniaxial accelerometers or four triaxial accelerometers with a 
proximate price of 1008.84 (VAT excluded).  
In Figure 3-7, a comparison of the total price of the different measuring devices, when each 
acquisition system has 12 channels, is presented. This comparison does not take into account the 
price of the control system software nor the needed power supply for the control sensors. It should 
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be noted that comparing an academically developed device with a commercial alternative is not 
fair. 

  
Figure 3-7. Price comparison of CHEAP with control systems 

As shown in Figure 3-7, the total price of an acquisition system with 12 channels of CHEAP is 
about 17 times lower than the control acquisition system with all the 12 uniaxial (393A03) 
accelerometers and 14 times lower than the same system occupied with four triaxial (356B18) 
accelerometers. In addition, the needed equipment for running the CHEAP is fewer than the 
control systems, which would make setting up the CHEAP easier and faster than the control 
systems.      
There are a few developed SHM applications in the literature that use low-cost solutions for 
vibration acquisition that stand out. Using the CHEAP methodology in either of them can make 
the SHM system cheaper and will be addressed in future works. For example, P. Barsocchi et al. 
[147] proposes a united structural simulation and monitoring application for health assessment of 
a historical building. It is mentioned that the wireless SHM system has an acceleration amplitude 
range of 0.1 up to 1000 milli-g with a sampling frequency of 100 Hz. P. Barsocchi et al. [148]  
presents a monitoring system connected to a wireless network with automated continuous data 
evaluation in real-time. This Chapter presents informative data on the long-term monitoring of a 
heritage building. This application has an automatic modal identification procedure that allows 
long-term monitoring of the effects of the temperature and wind on the eigen frequencies of the 
under-study structure. The vibration acquisition has been made by a custom-made uniaxial 
accelerometer with a sensitivity of 1.35 V/G, noise output of 7 µg/√Hz and acceleration amplitude 
range of ±2g. (3) M. Bacco et al. [149] illustrates the implementation of a remote SHM application 
that uses an Unmanned Aerial Vehicle (UAV) for collecting environmental and mechanical 
acquired data of several sensors. The used vibration acquisition system of this project uses the 
same chipset (Colibrys Safran model VS1002) as in [148] It is essential to mention that this 
methodology can make structural inspection faster, easier and safer. P. Barsocchi et al. [150] also 
present a remote long-term structural monitoring system. This system uses the LIS344 (Number 
12 in Table 2-1) circuit. For solving the low resolution of the used accelerometer, a signal-
processing procedure was performed, which limited the outputs of the vibration acquisition to a 

0

3000

6000

9000

12000

15000

18000

393A03 356B18 CHEAP

C
os

t €



Development and laboratory validation of a Low-Cost System for the Accurate Measurement of 
Structural Vibrations | Seyedmilad Komarizadehasl 

43 
frequency range between 0 and 5 Hz. CHEAP uses several fused sensors for noise enhancement 
and has a frequency range of 85 Hz. Moreover, the presented results of CHEAP in this Chapter 
are carried out without using any data post-processing or applying low-pass or high-pass filters.  
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Chapter 4 : A Novel Wireless Low-Cost Inclinometer Made 
from Combining the Measurements of Multiple MEMS 

Gyroscopes and Accelerometers 
4.1  Introduction 
Structural damage detection using inclinometers is getting wide attention from researchers [151]. 
However, the high price of inclinometers limits this system to unique structures with a relatively 
high Structural Health Monitoring (SHM) budget. This Work presents a novel low-cost 
inclinometer, Low-cost Adaptable Reliable Angle-meter (LARA), that combines five gyroscopes 
and five accelerometers to measure the inclination. LARA incorporates an Internet of Things (IoT) 
based microcontroller technology enabling wireless data streaming and free commercial software 
for data acquisition. This Work investigates the accuracy, resolution, Allan variance and standard 
deviation of LARA produced with a different number of combined circuits, including an 
accelerometer and a gyroscope. To validate the accuracy and resolution of the developed device, 
its results are compared with those obtained by numerical slope calculations and a commercial 
inclinometer (HI-INC) in laboratory conditions. 

The results of a load test experiment on a simple beam model show the high accuracy of LARA 
(0.003 degrees). The affordability and high accuracy of LARA makes it applicable for structural 
damage detection of bridges using inclinometers. 

This Chapter is organized into four Subsections. In the second Subsection, first, the proposed low-
cost solution (LARA) is presented. Then, the commercial inclinometer used as a reference value 
in the Chapter (HI-INC) is introduced. In the third Subsection, resolution experiments analyzing 
the beneficial effect of a similar sensor combination are illustrated. Finally, the fourth Subsection 
is dedicated to laboratory experiments verifying the accuracy and resolution of the LARA, plus 
the results and discussions. 

4.2 Control system and the proposed inclinometer  

In this section, first, the proposed inclinometer of this work is presented. In addition, the needed 
equipment and the setting up protocol of the control system and the proposed inclinometer are 
reviewed. Then, the main characteristics of a control system for measuring inclination are drawn. 

4.2.1 Low-cost Adaptable Reliable Angle-meter (LARA) system 
In this section, the hardware architecture of the proposed inclinometer is presented. Then, the 
software part of this system is explained and shown.  

4.2.1.1 Hardware Architecture of LARA 

This Chapter proposes multiple combinations of gyroscopes and accelerometers for producing a 
more accurate inclinometer. To this end, five chipsets of MPU9250 are engineered together on a 
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single PCB and synchronized using a multiplexor (TCA9548A). To avoid the problems of a 
manual fabrication (such as nonalignment of the circuits, time-consuming process of aligning, 
soldering and sensor quality control and size), the PCB of LARA was designed and produced to 
satisfy the delicacy of current project measurements. In addition, the required components of 
LARA are soldered to the PCB using machine assembly. Figure 4-2.a and Figure 4-2.b show the 
produced sensor and its blueprint.  

 

 

 

 

 

 

Figure 4-1. Illustration of LARA: (a) The produced product, (b) The blueprint of the designed 
PCB, (c) The Fritzing sketch of the system, and (d) NODE MCU microcontroller. 

TCA9548A 

MPU9250 

5V 
GND 
SDA 
SCL 

(b) (a) 

(c) 

(d) 

Output ports 



A Novel Wireless Low-Cost Inclinometer Made from Combining the Measurements of Multiple 
MEMS Gyroscopes and Accelerometers | Seyedmilad Komarizadehasl 

46 
It should be noted that LARA can be assembled by hand using available commercial MPU9250 
circuits and a TCA9548A multiplexor. Figure 4-2.c shows the Fritzing [136] sketch of the system. 
The cost of a LARA made by connecting five MPU9250 and TCA9548A and a bulk company-
produced PCB with assembled components is around 37 and 51 €, respectively.  

As shown in Figure 4-2.a and b, LARA has four output ports. These wires should be connected to 
a microcontroller to power up the sensors, acquire the sampled data, and convert the gyroscope 
and the accelerometer to tilt and pitch inclination. The used microcontroller of this Chapter is 
NodeMCU and shown in Figure 4-2.d. This low-cost open-source Internet of Things (IoT) 
platform runs on the ESP8266 chipset. ESP8266 is a low-cost WiFi microchip with the Internet 
protocol suite (also known as TCP/IP) capability [129].  

4.2.1.2 Software Architecture of LARA 

In this section, the used software for this project is presented in the following: 

• Arduino platform: NodeMCU is first programmed using the Arduino platform. This 
program first estimates the angle in real-time from each of the individual MPU9250 
chipsets. Then, the formulas for calculating the rotation using a triaxial accelerometer for 
X and Y axes are presented in Eq.4-1 and Eq.4-2, respectively.  

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  tan−1 � 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2

� × �360
2𝜋𝜋
�                                 (4-1) 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  tan−1 � 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2

�× �360
2𝜋𝜋
�                                 (4-2) 

where, 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are the calculated angles from the acquired data of a 
MPU9250 accelerometer around the X-axis and Y-axis, respectively. The 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 represent the obtained acceleration data of X, Y and Z axes. Then, using a 
complementary filter, the calculated angle from the accelerometers and the acquired data 
of the gyroscopes are combined. Eq.4-3 and Eq.4-4 present the used complementary 
equation for the fusion of the gyroscope and the accelerometer results for measuring the 
rotation around X and Y axes, respectively.  

• 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �0.96 × (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 0 + 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)� + 0.04 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎                        
(4-3) 

• 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �0.96 × (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 0 + 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)� + 0.04 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎Y                        
(4-4) 

where, 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are the final calculated rotations around X and Y-axes, 
respectively. The 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎0 and 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎0 are the estimated angle of the system from the 
previous measurement. In the initiation of the data acquisition, it should be noted that this 
value equals zero. After that, it represents the rotation progress. The 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 and 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 
represent the measured angular speed of the gyroscope for X and Y axes, respectively. The 
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 presents the interval time between two measurements. Further analysis of these 
equations shows that the angle calculated from the accelerometer is multiplied by a smaller 
coefficient than that of the gyroscope [152]. This low coefficient factor of 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is for 
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mitigating the impact of environmental vibrations (also known as cross-talk of vibration) 
and can vary between 0.02 and 0.05 [153]. 
These equations are repeated for every MPU9250 chipsets of LARA. Then, the inclination 
values of the five chipsets are averaged separately for X and Y axes. It is to be known that 
this code makes the implemented accelerometers and gyroscopes of LARA to sample data 
and estimate the angles in a synchronized way. Finally, using the already introduced 
Service Set Identifier (SSID) and the router's password in the Arduino code, the averaged 
results of X and Y axes are transmitted to a made-up server client by the built-in ESP8266 
chipset. LARA prints a server address and a port number at this stage on the serial port of 
the Arduino. This information should be noted and LARA can be detached from the 
programming computer. After this, the sensor can be disconnected from the PC and 
plugged into any available USB power break.  

• Virtual serial port: After connecting LARA to a USB power source, the data sampling 
function initiates automatically. This chipset's TCP/IP capability helps this sensor provide 
its outputs on a local server. A computer connected to the same SSID as LARA can stream 
the sampled data by introducing the noted server address and port number of LARA. In 
order to acquire the sampled data and have a real-time graphical representation of the 
LARA inclination, a virtual serial port application is used [HW [154]]. This free software 
needs the server address and the port number of LARA and creates a virtual serial port 
communication connection between LARA and a windows-based computer. By selecting 
the provided virtual port of the HW software on the Arduino platform, LARA's sampled 
data can be streamed or graphed just when the sensor is connected to the computer. A 
computer can indeed be connected physically to several sensors, but with HW virtual serial 
port, up to 99 devices can be wirelessly attached to a single computer.  

• Data acquisition: Unlike the Arduino platform, free commercial software like SerialPlot 
[155] can represent the sampled data in real-time in a graphical interface and save the data 
with the date and timestamp of data acquisition. The presented flowchart in Figure 4-3 
shows the steps of real-time inclination acquisition using LARA.  

 

Figure 4-2. The required steps of real-time wireless inclination acquisition using LARA 
inclinometer. 
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4.2.2 Control system description 
In the current study BeanDevice® Wilo HI-INC (Figure 4-1.a), an Ultra-Low-Power (ULP) biaxial 
WIFI inclinometer, was used as the high-accuracy controlling system. This device contains a built-
in data logger that can store up to 5 million data logs with a maximum wireless range of 200 
meters. Regarding angle measurements, it combines a high-performance inclinometer sensor and 
a 24-bit delta-sigma analog-to-digital converter, making it possible to have a high-level accuracy 
of ±0.003° for ±15° and a resolution of 0.001°. In addition, the body of the HI-INC inclinometer 
is composed of a lightweight aluminum casing with waterproof capability [156]. The program used 
for data acquisition is a commercial solution promoted by the BeanDevice company and costs 
350 €. By taking in the price of this inclinometer from Table 2-3 and the needed commercial 
software for data acquisition. In other words, the whole solution costs around 1000 €. It should be 
noted that these prices are based on the purchase of the Bean air company's commercial solution 
in 2021.  

The data acquisition program of BeanDevice company acquires and in real-time illustrates the X 
and Y axis' inclinations (Figure 4-1.b). Finally, it should be noted that the settings of data 
acquisition (such as sampling frequency) can be modified from the main menu of the commercial 
program (Figure 4-1.c).  

 
Figure 4-3. HI-INC biaxial inclinometer, b) inclination streaming over X axis and c) Sampling 

frequency rate. 

It should be noted that the inclinometer HI-INC has been recently used as a wear on gadget for 
frequency analysis of a walking pedestrian for assessment of lightweight glass slabs (see e.g. 
[157]).   
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4.3 Statistical representation of combining dynamic-sensor theory 

This section first studies the effect of sensor combination on the noise density, standard deviation 
and resolution of angle measurements. Then, the Allan variance and its importance in evaluating 
the noise density of inclinometers in the literature are explained. Finally, the Allan variances of 
several combined sensors are presented.  

4.3.1 Noise reduction of Inclinometers 
This section explains an experiment that leads to combining up to five similar circuits (MPU9250) 
for reducing the overall dynamic (harmonic) noises. During this experiment, the inclinometers 
were placed in a quite environment, far away from crowds and with reduced induced ambient 
vibrations. The aim of this experiments is to measure and evaluate the pure noise ratio of different 
combined inclinometers. 

It was noticed that the average value of outputs of several aligned synchronized inclinometers has 
lower noise density than the those of a single one. The standard deviation of up to five combined 
inclinometers is presented in Figure 4-4.a.  
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Figure 4-4. Representation of the noise ratio of a single and up to five combined inclinometers 
using: (a) standard deviation, and (b) noise density in frequency-domain. 

The analysis of Figure 4-4.a shows that the higher the number of sensors considered the lower the 
noise density of their averaged measurements that the more combined inclinometers have a lower 
noise density. The reason behind the beneficial behavior of combined inclinometers is within the 
inherent dynamic noises of the produced accelerometers and gyroscopes chipsets. Figure 4-4.b 
shows the frequency domain illustration of the performed experiment. Data transformation from 
the time domain to frequency domain is done using Fast Fourier transformation (FFT). The 
analysis of Figure 4-4.b shows that the magnitude of the dynamic noises of the averaged values of 
a set of sensors made from combined inclinometers is lower than that of a single one. It can be 
seen that on 1 Hz the measured noises for a single inclinometer and five combined inclinometers 
are 3.9×10-4 and 2.6×10-4 degrees, respectively.  
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These results led to investigating the beneficial impact of dynamic sensor combinations. Analyzing 
the individual outputs, the five used MPU9250 sensors showed that every single sensor has unique 
dynamic noises.  

Furthermore, a single output that includes the averaged inherent noises of all individual 
inclinometers plus the understudy signal (the rested situation or sets of dynamic movements) is 
obtained by averaging the outputs of several inclinometers. Since the understudy signals are not 
dependent on the characteristics of the inclinometers, they have not affected throw-out the FFT 
process. The FFT highlights the most repeated signals (the understudy ones) and undervalues those 
that are repeated less, such as the inherent individual noises of the sensors. By improving the noise 
density, the inclinations that in the first place were smaller than the noise density of the sensor can 
now be detected due to the improved noise level. 

4.3.2 Study of Allan variance  
Allan variance is typically used to characterize and analyze those noises that drift throughout time 
in time-domain series [158]. In fact, Allan variance quantifies the measurement variance of a 
sensor across different timescales. On the contrary to frequency-domain noise evaluation methods 
such as spectral Noise Density (ND), Allan variance is a time-domain evaluating tool of different 
noise sources (such as Quantization, angle random-walk, bias instability, rate random-walk, and 
rate ramp) [159]. Allan variance shows the progress of a noisy sensor signal over time which can 
be very useful to identify the progressive random walk of a gyroscope instead of ND that quantifies 
the noise density of an accelerometer [158]. Allan deviation is more commonly used as the square 
root of Allan variance[160]. The available acquired inclination acquisition data for measuring the 
standard deviation of the previous subsection was used for the Allan variance and deviation 
calculations. Figure 4-5.a and Figure 4-5.b shows the log-log plot of Allan variance and Allan 
deviation of a single and up to five synchronized inclinometers, respectively.  
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Figure 4-5. Quantifying the noise progress of various inclinometer combinations in time-domain 
using: (a) Allan variance, and (b) Allan deviation. 

Analysis of Figure 4-5.a shows that the higher number of combined inclinometers, the lower 
progressive the noise is. For example, the first calculated value of Allan variance (Figure 4-5.a) of 
a single inclinometer and five combined ones are 0.0145 and 0.0067, respectively. The beneficial 
effect of additional synchronized sensors can also be seen in the Allan variation presented in Figure 
4-5.b. It is indicated in the literature [161] that various noise types (such as White noise, Flicker 
noise and Random) can be detected from the log Allan deviation plot. Detection of different noise 
types from a gyroscope output is presented in [162]. 

This Figure showed that sensor combination decreases noise magnitude in both time-domain and 
frequency-domain.  

4.4 Laboratory experiments 

In this section, LARA's measurement accuracy is evaluated by comparing its results with the 
estimations of a HI-INC inclinometer in four tests in the LATEM. Then, the combinatory analysis 
presents the accuracy improvement of inclination measurement of up to five combined 
inclinometers. Finally, the accuracy and resolution of HI-INC and LARA are validated by 
performing four load tests on a simply supported aluminum beam.  

4.4.1 Accuracy evaluation 
In this section, the experimental tests targeted at verifying the accuracy of LARA are shown. In 
order to make sure that LARA and the commercial inclinometers measure the same inclination, 
LARA was glued on top of the HI-INC clinometer. Then, the HI-INC was connected to the rigid 
metallic plate using its magnetic plate. After that, the metallic plate was connected to a rotational 
device (Figure 4-6). By rolling the small gear of this rotational device, the connected stiff plate 
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rotates. Then, induced rotations were measured by the LARA and HI-INC. Finally, the outputs of 
LARA for the tests were compared with those estimated by the HI-INC inclinometer.  

 

 

Figure 4-6. Test setup intended for comparing inclination estimation of LARA with HI-INC. 

 

Table 4-1 presents the results of the carried out experimental tests. This table takes in the following 
information collected in columns: (1) No.: Four tests are carried out for evaluating the accuracy of 
LARA in different inclinations, (2) HI-INC: the estimated inclination by HI-INC inclinometer, (3) 
LARA: the measured inclination of LARA, and (4) Difference: the absolute difference of LARA 
and HI-INC measurements.  

Table 4-1. Accuracy comparison of LARA with HI-INC. 
No.  HI-INC 

(Degrees) 
LARA  

(Degrees) 
Difference 
(Degrees) 

1 0.9996 0.9615 0.0382 
2 1.9770 1.9267 0.0503 
3 3.0180 2.9618 0.0563 
4 4.0254 3.9583 0.0671 

 

The analysis of Table 4-1 shows that the difference in LARA measurement from the HI-INC is 
related to the induced inclination. In fact, it was seen that for more than five degrees of change, 
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the difference of LARA from HI-INC was higher than 0.1 degrees. For that reason, their data are 
not included in Table 4-1. Therefore, it can be concluded that the accurate measuring range of 
LARA is up to four degrees. This range is accurate enough for the target application of bridge 
monitoring as in this kind of structures increments of rotation higher than 0.5 degrees are not 
expected [135][163]. 

4.4.2 Combinatory analysis 
In order to study the difference of the measured values from the reference sensor for different 
inclinometer combinations, a combinatory analysis was performed. This evaluation illustrates the 
maximum and minimum envelope difference from the commercial inclinometer for all the possible 
sensor selections from the five available inclinometers. The maximum and minimum values of the 
increasing number of inclinometers are shown in Figure 4-7, 7.a (one sensor), 7.b (two sensors), 
7.c (three sensors), and 7.d (four sensors). It is to be noted that n all these figures LARA shows 
the estimation calculated by combining the results of five inclinometers together.  
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(a) (b) 

 
 

Figure 4-7. Estimated measured inclination difference for a different number of combined 
inclinometers from HI-INC estimations: One sensor (a), two sensors (b), three sensors (c), and 

four sensors (d). 

The analysis of Figure 4-7 shows that the accuracy of the whole system is directly influenced by 
the number of combined inclinometers. For example, the minimum accuracy of a single 
inclinometer (Max difference from HI-INC) is 0.0557 degrees for an induced inclination of 0.9996. 
However, for the same experiment, LARA showed a measurement difference of 0.0381 from HI-
INC. As expected, the higher the number of sensors, the better the accuracy of the modular system. 
It is essential to note that the minimum difference from HI-INC estimations reported in Figure 
4-7.a does not correspond to the measurement of a single sensor for all four experiments. It can 
also be seen that the distance between minimum and the maximum differential from HI-INC values 
is decreasing with a higher number of combined sensors. In fact, having a lower range of possible 
errors can help making the final product more reliable. This reliability is very important when an 
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inclinometer has a high sampling frequency. This way, optimizing filters (such as different Kalman 
filter formulations [164]), which could alter the primary signal and slow down the acquisition 
speed, are no longer necessary.   

4.4.3 LARA resolution and accuracy verification  
In order to present the resolution and accuracy of LARA more clearly, a load test is performed on 
a small-scale beam with a length of 1.24m. This section compares the slope estimation of two 
sensors (LARA and H-INC) located on the support of a simply supported aluminum beam model 
under a point load of 467 gr (4.58 kN) with hand calculation of slope at the beam edges. It should 
be mentioned that, for this test, LARA was again mounted on the top of the HI-INC.  

This test is carried out using a U-shaped aluminum profile with section dimensions of 25×25×3×3 
mm in the laboratory of UPC university. The effective length of the beam model, which is the 
distance between the null axis of its support, is fixed as 1080 mm.  

 

                     (a) 

 

                         (b) 

 

                         (c) 
Figure 4-8. Load test of a beam model: (a) test setup, (b) load test, and (c) sketch of the load 

test.. 

Pinned support 

Roller support 
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The test aim was to read the maximum slope of the beam model deck under a known applied load 
on the mid-span. The maximum slope at the supports can be calculated by Equation 4-5. Therefore, 
LARA and HI-INC were attached to achieve this objective on top of the beam model support. 
First, LARA and HI-INC worked for a while without any loads (Figure 4-8.a) and their estimations 
were acquired. Next, the point load was set on the mid-span of the beam model (Figure 4-8.b and 
Figure 4-8.c) and then another data acquisition process was carried out to measure the slope of the 
beam by LARA and HI-INC. It is essential to mention that this test was repeated three times. This 
is done to study the human errors and possible mistakes or issues that can happen during an 
experiment. 

 The used formula for calculating the slope of a simply supported beam with a load located on its 
midspan by hand is presented in Eq.4-5 [165]. 

∆𝜃𝜃1 = 𝑃𝑃×𝐿𝐿2

16×𝐸𝐸×𝐼𝐼
                                                           (4-5) 

In Eq.4-5, where, ∆θ1 (Radians) is the maximum slope at the supports, P is the value of the applied 
load at the mid-span, L is the effective beam length, E (69637.05 MPa) is the beam elasticity 
module, and I (12853.08 mm4) is the beam moment of inertia. ∆θ is then calculated as 0.000373 
radians. This value corresponds to 0.021372 degrees on inclination. The comparison of the 
estimated values of LARA and HI-INC with those of the hand calculations is presented in Table 
4-2. It should be noted that this test was repeated three times (Table 4-2) to check the accuracy of 
the developed inclinometer.  

Table 4-2. Comparing the inclination estimation of LARA and HI-INC 
Number of 

the 
experiments 

Hand  
calculation 

slope 
(degrees) 

LARA  
Difference 
(degrees) 

LARA 
(degrees) 

HI-INC 
difference 
(degrees) 

HI-INC 
(degrees) 

1 0.021372 0.001613 0.022985 0.002447 0.018925 
2 0.021372 0.002316 0.023688 0.000853 0.020519 
3 0.021372 0.001362 0.022734 0.005196 0.016176 

The analysis of Table 4-2 shows that the accuracy of LARA based on these experiments is less 
than 0.002 degrees. Further study of Table 4-2 illustrates that the accuracy of HI-INC is around 
0.005 degrees. In fact, this is very close to accuracy value detailed in its datasheet (±0.003° for 
±15° version) [166]. This value validates the accountability of the performed experiment. 
Therefore, having accuracy in the range of 0.05 degrees makes LARA applicable for the SHM of 
bridges.   

Another experimental test was carried out on this beam model (Figure 4-8.a) using a heavier weight 
(21.942 N). In this experiment, instead of putting the weight only on the midspan, the weight was 
set on various beam locations. Then, the support slope was measured using HI-INC and LARA. 
Finally, the sensors' measurements are compared with the hand calculations [165]. Figure 4-9 
presents the slope measurement comparison of HI-INC and LARA with the hand calculation 
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values. It is vital to mention that this experiment is carried out on the same beam model presented 
in Figure 4-8.a. As showed in this figure, the inclinometer is mounted on a pinned support. 

 

Figure 4-9. Support slope of a simply supported beam under a point load located on various 
spots. 

Analysis of Figure 4-9 shows that LARA has a maximum measured difference of 0.003 degrees 
from the hand calculation slope. In addition, it can be seen that LARA has a closer trend to the 
hand calculation values compared to those of HI-INC.  

It should be noted that LARA can be used in static load tests aiming to identify the location of 
structural damages which had altered the influence line of a bridge [135].  

It is interesting to compare LARA's final price (54.95 €) with those presented in Table 2-3. It 
should be noted that comparing an academically developed device with a commercial alternative 
is not fair. However, the most critical contribution of current work is developing a low-cost, 
accurate device and for that, this comparison is needed. It can be seen from Table 2-3 that HI-INC, 
ZCT-CX09 and DNS have a resolution of 0.003 degrees. Therefore, LARA can be compared with 
them. Figure 4-10 presents the price comparison of these inclinometers.  
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Figure 4-10. Price comparison of LARA with traditional commercial inclinometers with a 

resolution of 0.003 degrees. 

Analysis of Figure 4-10 shows a significant difference between the price of LARA and 
inclinometers with the same resolution. LARA is 12, 6 and 6 times cheaper than HI-INC, ZTC-
CX09 and DNS inclinometers, respectively.  
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Chapter 5 : Low-Cost Sensors Accuracy Study and 
Enhancement Strategy 

5.1 Introduction 

Today, low-cost sensors in various civil engineering sectors are gaining the attention of researchers 
due to their reduced production cost and their applicability to multiple nodes. Low-cost sensors 
also have the advantage of easily connecting to low-cost microcontrollers such as Arduino. A low-
cost, reliable acquisition system based on Arduino technology can further reduce the price of data 
acquisition and monitoring, which can make long-term monitoring possible. This Chapter 
introduces a wireless Internet-based low-cost data acquisition system consisting of Raspberry Pi 
and several Arduinos as signal conditioners. This study investigates the beneficial impact of 
similar sensor combinations aiming to improve the overall accuracy of several sensors with an 
unknown accuracy range. The Chapter then describes an experiment that gives valuable 
information about the standard deviation, distribution functions, and error levels of various 
individual low-cost sensors under different environmental circumstances. Unfortunately, these 
data are usually missing and sometimes assumed in numerical studies targeting the development 
of structural system identification methods. A measuring device consisting of 75 contactless 
ranging sensors connected to two microcontrollers (Arduinos) was designed to study the similar 
sensor combination theory and present the standard deviation and distribution functions. The 75 
sensors include: 25 units of HC-SR04 (analog), 25 units of VL53L0X, and 25 units of VL53L1X 
(digital). 

This Chapter is organized as follows: first, Subsection 2 presents the methodology for making a 
distance measurement device, including 25 of each type of sensors (L530LX, VL53L1X, and HC-
SR04). Subsection 3 describes the characteristics of the performed laboratory experiments and 
validates the benefits of combining sensors. Finally, Subsection 4 discusses the results of the 
performed experiments.  

5.2 Material and Method 

This section describes the characteristics of the sensors used in the experiment to validate the 
accuracy improvement of the similar sensor by coupling several together. A device containing 25 
VL53L0X, 25 VL53L1X, and 25 HC-SR04 sensors was constructed to investigate the beneficial 
effects of averaging the results of multiple distance sensors. 

The first subsection of this section introduces the low-cost distance sensors used as a measuring 
device. The second subsection describes the relations and connections between the 
microcontrollers, Raspberry Pi, and the sensors. Finally, the third subsection explains the 
relationship of the sensors to a single solid foundation. 
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5.2.1 Low-cost distance sensor 
HC-SR04 is a low-cost distance sensor based on the sonar concept methodology with a distance 
measuring range of 20 to 4,000 millimeters and a resolution of 3 millimeters. The Arduino interacts 
with this sensor by digital pin, which is connected to the transmitter and the receiver. For the 
initiation, the Arduino sends a voltage pulse to the pin, which changes the digital pin from a low 
to high situation for a moment. This change sends a signal wave through the ultrasonic transmitter. 
As soon as the signal is sent, the pin status returns to low. When the transmitted signal bounces 
off of the targeted object toward the sensor's ultrasonic receiver, the receiver sends a voltage pulse 
to the digital pin, making it high again. The Arduino estimates the location of the targeted object 
by multiplying the interval time of the elevated pin by the speed of the sound. Since sound speed 
depends on ambient temperature and humidity, this data should also be estimated in every 
ultrasonic distance estimation. When the environmental temperature increases, the kinetic energy 
of air molecules and the sound velocity increase as well. Sound velocity also has a direct relation 
to humidity.  

To estimate the sound velocity, the temperature and humidity were measured by DHT22. The 
sound speed is calculated from Eq.5-1 [167]. 

Sound-velocity = 331.4 + (0.606*temperature) + (0.0124*humidity) (5-1) 

Where Sound-velocity and temperature are measured in m/s and degrees Celsius, respectively. 
Humidity is given in relative terms (%) and shows the ratio of water vapor in the air at a given 
temperature. Figure 5-1 shows the ultrasonic, temperature, and humidity sensors. 

 
Figure 5-1.The used low-cost sensors of the project: HC-SR04 (ultrasonic sensor), DHT22 

(temperature and humidity sensor for calibrating the ultrasonic sensor), TCA9548A 
(multiplexor), VL53L0X (ToF sensor) and VL53L1X (ToF sensor). 

HC-SR04 DHT22 

TCA9548A VL53L0X VL53L1X 
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Two of the most widely recognized ToF sensors (VL53L0X and VL53L1X) have been used in this 
project. These sensors have a distance measuring range of 2 and 4 meters, respectively, with a 1 
mm resolution. VL53L0X and VL53L1X communicate with the Arduino through an I2C 
communication port. This communication port consists of a Serial Clock Line (SCL) and a Serial 
Data Line (SDA) pin, which can be connected to various digital sensors (those which have SCL 
and SDA pins) simultaneously as long as the connected sensors have a different address. There are 
two different connection ways to connect a number of ToF sensors to a microcontroller: (1) by 
default address changing [168] or (2) through a multiplexor. Default address changing with 
VL53L0X and VL53L1X circuits involves using a few lines of code to change their default address 
to other addresses [29], [169] (TCA9548a). A multiplexor connects the sensors with the same 
address to Arduino. Up to 64 similar sensors can be introduced to the Arduino [170]. Although the 
first methodology seems more accessible and cheaper, it is not as reliable or stable as the second 
method. Moreover, if a ToF sensor in the first method gets damaged, burned, disconnected, or 
stops working for any reason stops working, the whole system stops working until the problem is 
solved or the burned sensor is replaced. To improve reliability, this research connected the I2C 
sensors to the microcontrollers through a multiplexor. 

5.2.2 Microcontroller section and data acquisition 
This subsection studies the correct connection of the distance sensors to microcontrollers for data 
sampling and data acquisition, the number of microcontrollers needed, and microcontroller 
communication. Data acquisition posed a few challenges, which are detailed here along with their 
corresponding solutions: (1) Electricity shortage: by using a single Arduino Uno with 75 sensors, 
the input voltage for the ultrasonic was lower than 3.5 V, which resulted in no measurement 
estimation from HC-SR04. An Arduino Mega connected to a spread power source was used to fix 
this issue. The sensors were distributed among these two Arduinos. (2) Single output: the serial 
communication of Arduino Uno was connected to the Arduino Mega to save data from only one 
Arduino and have the sensors measuring simultaneously. During the distance measurement, these 
Arduinos were in touch with each other. First, both Arduinos checked their connected sensors. 
Second, the Arduino Uno printed a character that ordered the Arduino Mega to activate its 
connected distance sensors. Third, the Arduino Mega received the character and confirmed the 
Arduino Uno by sending a different character. At this moment, both microcontrollers have already 
forced their connected sensors to measure the distance of the targeted object. The Arduino Uno 
then prints the values of its sensors in its serial communication and waits for another character 
from the Arduino mega. When the Arduino Mega is finished with its measurements, it triggers a 
short delay (making sure that Arduino Uno is finished with its printing and is waiting for Arduino 
Mega), it sends the character. Shortly after printing this character, the Arduino Mega sends all of 
its measurements to the Arduino Uno. Finally, by receiving the Arduino Mega character, Arduino 
Uno starts printing the outputs of the Arduino Mega with a space from its printing. This way, the 
information is only received from the Arduino Uno. (3) Data acquisition: Raspberry Pi is 
connected to the master Arduino (Arduino Uno) for saving all the measurements. The Raspberry 
Pi provides power for the Arduino Uno and acquires its output through a written python code. (4) 
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Supply: the Raspberry pi requires input power with 5V and 2.5A. Standard adaptors for mobile 
charging or power-banks only provide 5V and 2.1A. Consequently, the Raspberry Pi showed a 
low-power error that affected the connected Arduino Uno. However, the Arduino Mega can 
connect to any habitual power bank or micro-USB mobile charger.  

5.2.3 Construction of the measurement device 
A few steps were taken to make sure that all sensors measured the same distance from the object 
under study. (1) Sensor base: a PVC plate (Figure 5-2.a) provided a solid, uniform, and smooth 
base for the sensors. (2) Sensor connection to the PVC plate: 3D printed clamps were designed to 
connect the sensors to the plate (Figure 5-2.b). These 3D printed clamps were developed to hold 
the HC-SR04, VL53L0X, and VL53L0X at a known height. These clamps were glued to the PVC 
plate (Figure 5.a) and then the sensors were glued to the 3D printed clamps (Figure 5-2.c). At this 
position, the measuring part of the ultrasonic sensors (the top of the HC-SR04 sensors) was located 
at a 25mm height from the PVC plate. The thickness of the ToF sensors was fixed to 2mm. These 
heights were taken into account by implementing these values to the Arduino code. (3) Wiring: 
the sensors were wired as shown in Figure 5-2.d. The 25 ultrasonic sensors were connected to the 
digital ports of the microcontrollers, and the 50 sets of ToF sensors were connected to I2C ports 
of the microcontrollers using multiplexors (Figure 5-4). (4) The Raspberry Pi was connected to 
the Arduino Uno for wireless control and saving measurements. Then, the Arduino Uno was 
connected to the Arduino Mega using two jumper wires (Figure 5-4).  Finally, the Arduino Mega 
and Raspberry Pi were connected to an external power source. Figure 5-5 shows the developed 
distance measuring device in the laboratory. As seen, the device is located on a fixed platform 
experiment testbed. The mobile part of the actuator is the upper jaw of the jack (Figure 5-5).  
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a) PVC plate and assignment of the 3D 
printed clamps 

b) Placement of sensors on the 
tailored 3D printed clamps 

 

c) Placement of the sensors for making the non-contact multisensory device  

 

d) Connection of the sensors to the Arduino Mega and Uno using wires 

Figure 5-2. The components of the distance measuring device: a) PVC sheet for 
attaching the sensors and the data acquisition equipment, b) Designed 3D printed base 

for holding the various sensors together at a known height, c) sensor allocation, d) 
Wiring the system together. 
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In addition, the flowchart of the construction of measurement device is presented in Figure 5-3. 

 

Figure 5-3. Flowchart of the construction of the proposed measurement device 

In Figure 5-4 shows all of the assets required to make the multisensor distance measuring device. 
Figure 5-4 also displays the serial connection of Arduino Uno and Mega, as drawn by Fritzing 
software [136]. Pins 0 (RX) and 1 (TX) on the Arduino Uno are connected to pins 1 (TX) and 0 
(RX) on the Arduino Mega, respectively. RX and TX pins stand for Receiving and Transmitting 
pins of the Arduino serial communication. 

 

Figure 5-4. Scheme of the connections between the microcontrollers and the Raspberry pi. 

Since this Chapter targets static sensors, the sensors are not synchronized with microsecond 
resolution. Even though the ToF sensors have a very high sampling frequency, the ultrasonic 
sensors need some time to measure data. For that, some delay functions have been used in the 
Arduino code of the tailored device. This system measures distance once every 10 seconds. In the 
absence of ultrasonic sensors, ToF sensors could have been synchronized with microsecond 
resolutions, just like the recently published article by the same authors [29].  

USB-A to USB-B HUB 
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5.3 Laboratory Validation 

In this section describes the validation experiments of the multisensor distance measuring device. 
An experiment at the Structural Laboratory Lluís Agulló of Universitat Poliècnica de Catalunya, 
Barcelona Tech (Spain) assessed the impact of sensor combination and provided a fair comparison 
between the introduced ToF and ultrasonic sensors. The jack seen in Figure 5-5 was used to 
measure the distance of an object from the distance measuring device. The distance between the 
machine's upper and lower jaw can be altered. This jack has been selected for this laboratory 
experiment for three key reasons, as described below. (1) Dimension of target object: the area of 
its movable part (the upper jaw) is slightly above 0.5 square meters. This makes the distance 
between the two jaws measurable by the HC-SR04 sensors [115]. (2) Movability: since the upper 
jaw of this jack moves, different distances can be measured by the tailored distance measuring 
device. The distances were calculated by a steel measurement pattern. (3) Ambient light: a 
projector light has been placed on the side of this jack to produce an extremely bright situation for 
simulating day and night in the laboratory. To show the capability of the proposed device under a 
noisy environment commonly found in the industry, the experiments were carried out during the 
active hours of the laboratory. In addition, the projector shown in Figure 5-5 was used for 
additional environmental noises.  

 
Figure 5-5. The laboratory experiment equipment. 

Ten static tests were carried out on this jack. In every test, the upper jaw of the jack was fixed with 
a measured distance from the lower jaw by a steel measurement pattern. Every test had a duration 

Upper jaw 
of the jack 

The projector  

Lower jaw of the 
jack 

The device 
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of 15 minutes. Additionally, the distance of the lower jaw from the tip of the sensors was measured 
for data post-processing. The lower jaw of the jack is located precisely 60mm lower than the tip 
of all sensors mounted on the device.  

Each of these ten experiments was performed once with the projector off and once with the 
projector on. This ambient light simulates the presence and the absence of the sun. In outdoor 
measurements, there are moments when the sun may be shining directly on the distance measuring 
sensors. This work examines the sunlight effect through this laboratory experiment, which this 
work refers to as experiments with excessive ambient light. The experiments without ambient light 
were acquired while the projector in Figure 5-4 was off. However, the laboratory has a permanent 
lighting system that could not be turned off during working hours. Table 5-1 shows a summary of 
the experimental tests. 

Table 5-1. Characteristics of the performed tests. 
Test Number Steel measurement pattern (mm) 

1 290 
2 340 
3 440 
4 540 
5 640 
6 740 
7 834 
8 940 
9 1040 
10 1140 

All the tests listed in Table 5-1 were conducted twice (once with the projector on and once with 
the projector off). Steel measurement pattern was used to secure the measurements. The numbers 
refer to the tip of the measuring device's sensors to the jack's upper jaw. 

5.4 Result and discussion  

This section describes the experimental results. The first subsection discusses the detected errors 
of the sensors and proposes a code for data post-processing. This subsection also presents the 
average results of all similar sensors. The second subsection shows the beneficial effect of coupling 
similar sensors by comparing the results of a random sensor with the fused results of 25 similar 
sensors. Finally, the third subsection presents the increasing accuracy of devices with a higher 
number of similar coupled sensors. This investigation has been done by comparing combinations 
of connected similar sensors with the benchmark measurements. The results show that all other 
varieties of the selected sensors will have higher accuracy than the values presented in this work. 

5.4.1 Error recognition  
Some ultrasonic and ToF sensors reported an error during certain tests and their data were excluded 
from the post-process data. These errors can be categorized into two types:  
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• Ultrasonic errors: since the further inspection of the measuring device showed no faulty 

connections and no problem with the uploaded code, it was concluded that the flow of the 
electricity is causing issues in random sensors during some of the experiments. The ToF 
sensors draw more current from the device when they estimate the distance of an object 
which is located further away. Drawing more current from a multisensor device within a 
constant 400 mA current output (200mA each Arduino [122]) resulted in a voltage drop. 
As already mentioned, the HC-SR04 could not work with a current lower than 3.6 V. The 
sensors indicated an error by either printing "0" or printing a value smaller than the actual 
distance. Unlike ToF sensors, ultrasonic sensors are low-frequency sensors with steady 
outputs. By plotting the results of ultrasonic sensors and studying them, these outliers are 
approximately 10% smaller than the estimated value. These values have been considered 
faulty values as well and have been excluded from the outputs. Figure 5-6 shows an 
example of this error. 

 

Figure 5-6.Excluding the outliers of HC-SR04 estimations. 

• ToF sensors: these sensors are sensitive to ambient light. Whenever a robust environmental 
light beam was focused on a sensor, the sensor was printing an error coded as "8190" 
instead of the measured distance. Also, this type of sensor will print a coded value of 
"65535" if it is either burned, has a faulty connection, or the input power is not enough. 

To address the issues above, a code was used to exclude the faulty readings. This code first 
extracts the acquired HC-SR04, VL53L0X, and VL53L1X sensor data from the Raspberry 
Pi output in three different matrixes. In each matrix, the columns specify a given sensor 
and each row is a measurement cycle. Second, the code excludes the rows in which at least 
one of its values is faulty. Incorrect values are the coded errors mentioned above, including: 
0, 8190, and 65535. 

Table 5-2 displays the average (Mean) result of all similar sensors with their standard deviation 
(STDEV) for each experiment in with excessive ambient light (such as VL53L1X Light) and 
without it (such as VL53L1X). The first column lists the distance of the sensors from the targeted 
object, as measured by a steel measurement pattern. The column average then represents the 
average results of 25 distance sensors for 80 measurement cycles. The STDEV column represents 
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the standard deviation of the same distance sensors on average for 80 data acquisition cycles in 
each experiment. The columns with no information show the incapability of distance measurement 
by the sensor type.  

Table 5-2. The normalized values of similar sensors. 

Steel 
Measure

ment 
Pattern 

HC-SR04 VL53L1X  VL53L1X 
Light VL53L0X  VL53L0X 

Light 

(mm) 
Mean 
(mm) 

STDE
V 

Mean 
 (mm) 

STDEV 
Mean 
 (mm) 

STDEV 
Mean 
 (mm) 

STDEV 
Mean 
 (mm) 

STDEV 

290.0 302.2 0.9 301.7 5.1 303.5 6.0 319.1 7.3 319.5 8.3 
340.0 348.4 1.1 347.7 5.8 350.5 7.3 367.2 8.8 368.0 10.3 
440.0 448.1 1.3 448.2 7.8 452.8 11.4 471.5 13.2 475.7 18.7 
540.0 547.8 1.4 550.8 10.0 557.7 13.8 575.0 18.1   

640.0 646.9 1.5 651.4 13.2 660.8 21.4 679.7 24.4   

740.0 746.1 1.9 755.9 15.4 772.7 30.9     

834.0 838.4 2.0 853.3 19.2 876.6 40.5     

940.0 945.6 2.2 980.3 22.7 1009.4 52.1     

1040.0 1047.7 2.7 1096.5 26.5 1126.0 60.3     

1140.0 1147.7 3.0 1214.1 30.5 1244.2 71.6     

1170.0 1176.7 3.1 1241.3 30.0 1270.4 75.1     

Table 5-2 shows that ultrasonic sensors can measure higher distances more accurately. Moreover, 
ToF sensors decrease in accuracy as its distance from the target object increases. Further analysis 
of Table 5-2 shows that the standard deviation of all sensors in all situations rises with the 
increment of the object distance. Ambient light results in lower accuracy for ToF sensors and 
produces a more significant standard deviation. ToF sensors are also more sensitive to ambient 
light at larger distances. Table 5-2 also shows that even though VL53L0X measured distances up 
to 68 centimeters in the absence of the projector light, it only measured distances up to 48 
centimeters when the projector light was on. VL53L0X sensors were also affected by ambient 
light. Subsequently, the VL53L0X can be introduced as the least effective distance sensor in this 
experiment due to its short distance range. This higher data fluctuation resulted in a significant 
standard deviation ratio and incorrect calibration. HC-SR04 and VL53L1x report very similar 
results on short distances, which demonstrates their accurate company calibration. For distances 
greater than 450mm, the difference between the results of the ultrasonic sensor and VL53L1X is 
more than 3 millimeters. Another interesting result from the analysis of this table is the effect of 
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the projector light on VL53L1X. This sensor measured a higher distance from the estimations of 
the HC-SR04 and the steel measurement pattern measurements when the projector was on.  

Errors of faulty sensors can easily affect the overall performance of data acquisition. Consequently, 
errors should be removed in post-processing evaluations. If a sensor shows dissonance among 
other ones, the data output of the faulty sensor or sensors should be deleted and the sensor replaced. 
During long-term monitoring, when the health status of a sensor that is a part of the sensor 
combination is suspicious, the data of that sensor can be excluded. The overall accuracy and 
resolution decreases by removing a sensor from the sensor combination, but the system still works 
at a lower resolution until the faulty part is replaced. If a traditional single sensor is used for the 
same purpose, however, its health status is unlikely to be evaluated because there is no other sensor 
to compare to its results. In such cases, no data can be acquired until the traditional sensor is 
identified and replaced.    

5.4.2 Beneficial effect of combining similar sensors 
This subsection investigates the benefit of coupling all the sensors of a similar type. Figure 5-7.a, 
Figure 5-7.b, and Figure 5-7.c illustrate the filtered results for a single experiment for 25 sets of 
VL53L0X, 25 sets of VL53L1X, and 25 sets of HC-SR04 in the absence of excessive ambient 
light with the targeted object exactly 29 centimeters away, respectively. In these figures, the 
vertical axes represent the distance of the jack's upper jaw from the device, as measured by the 
sensors. The horizontal axes indicate the number of measurement cycles. In every Figure, 25 
different colors were used to show the measurements of the 25 sensors of each type.  

 

 

 

 

 

 

 



Low-Cost Sensors Accuracy Study and Enhancement Strategy 
| Seyedmilad Komarizadehasl 

71 

 

(a) 

 

(b) 

 

(c) 

Figure 5-7. Filtered output of distance sensors for an experiment: (a) results of VL53L0X, (b) 
results of VL53L1X, and (c) results of HC-SR04. 

Analysis of Figure 5-7 shows the fluctuation of acquired data by various distance measuring 
technologies. VL53L0X has higher data fluctuation and sensitivity to the environmental situation 
than the other sensor types. VL53L1X shows more stable results. For example, although data 
acquisition by VL53L0X shows 90mm of data fluctuation, VL53L1X shows less than 40mm. 
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Figure 5-7 also shows that HC-SR04 has the most stable data report among the selected distance 
measuring sensors. In fact, HC-SR04 has less than 6mm of data fluctuation. The standard deviation 
of a single VL53L0X, VL53L1X, and HC-SR04 sensor from Figure 5-7 was on average about 7.3, 
5.1, and 0.9, respectively. 

The results of all 25 sensors for each cycle have been averaged to illustrate the benefit of the sensor 
combination. Figure 5-8 illustrates the results of this development. The orange line refers to the 
measurement carried out by a steel measurement pattern. 

 

 

 

(a) VL53L0X (b) VL53L1X (c) HC-SR04 
Figure 5-8. Combined outputs of similar sensors. 

Analysis of Figure 5-8 shows the benefit of using the averaged results of 25 sensors for measuring 
a distance instead of using the results of a single sensor. The fluctuation of VL53L0X data 
decreased to 7mm, which is 12 times less fluctuation. The fluctuation of VL53L1X and HC-SR04 
was reduced to approximately 4mm and 1mm, respectively. The standard deviation of 25 
combined VL53L0X, 25 combined VL53L1X, and 25 combined HC-SR04 sensors is 1.3, 1.1, and 
0.2, respectively. The combing sensors significantly improve noise-canceling and graph 
smoothing, as well. Each sensor has inherent noises different from the other similar sensors. By 
averaging the results of multiple sensors, these noises are either getting smaller or canceled 
altogether. The randomness of these noises has been investigated through a few experimental tests. 
Further analysis of Table 5-2 and Figure 5-8, shows the potential bias associated with the incorrect 
or lack of calibration of individual sensors. In fact, the offset of the VL53L0X sensor from the 
steel measurement pattern measurements is about two centimeters. Additional calibration of this 
sensor is needed for sensitive measurements. 

5.4.3 Effect of coupled similar sensors 
This subsection investigates the beneficial impacts of adding an increasing number of fused 
sensors in detail.  

285
295
305
315

0 33

D
IS

TA
N

C
E 

(m
m

)

NUMBER OF 
SAMPLES

VL53L0X

285

295

305

315

0 33

D
IS

TA
N

C
E 

(m
m

)

NUMBER OF 
SAMPLES

VL53L1X

285

295

305

315

0 33

D
IS

TA
N

C
E 

(m
m

)

NUMBER OF 
SAMPLES

HC-SR04



Low-Cost Sensors Accuracy Study and Enhancement Strategy 
| Seyedmilad Komarizadehasl 

73 
Errors measurements were calculated by a steel measurement pattern to compare all sensors (see 
Table 5-2). A combinatory program written in Matlab was used to find the least effective sensor 
combination for each experiment. This code first opens all the documents related to filtered outputs 
of similar sensors for all the experiments. Second, the code generates various sensor combination 
probabilities for the 25 sensors. Since the server computer used for this experiment could not 
calculate more than eight fused sensor combinations, this study's most effective fused sensor 
combination is eight. Even though 25 similar sensors have been mounted on the distance sensing 
device in this work, only up to eight sensors have been used for the combinatory analysis. 
Experimental tests show no significant improvement as of eight combined sensors. Figure 5-9, 
Figure 5-10, and Figure 5-11 shows the maximum possible error for every sensor combination for 
different experiments with different distances.  

 
(a) 

 

(b) 

Figure 5-9. Comparing the worst-case sensor combination for VL53L0X with and without 
ambient light  
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(a) 

 

(b) 

Figure 5-10. Comparing the worst-case sensor combination for VL53L1X with and without 
ambient light. 
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(e) 

Figure 5-11. Comparing the worst-case sensor combination for HC-SR04. 

Analyses of Figure 5-9.a and Figure 5-9.b reveal the limited distance range of VL53L0X for 
experiments with and without ambient light. Despite the high errors associated with this type of 
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in the absence of ambient light, the exact measurement with eight fused sensors showed only 13% 
error, which confirms the benefit of combining sensors. This sensor is more accurate for 
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with three VL53L0X sensors coupled together.  
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light. Figure 5-10.b shows that the worst-case estimation error scenario for a single sensor is 9%. 

In contrast, the worst-case combination of 8 fused sensors has an estimation error of 4% in the 
same experiment. This sensor, like the VL53L0X, estimates distance in an intermediate range. 
However, the medium range of VL53L1X is more significant and is between 34cm and 64cm. 
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The highest and lowest error for a single sensor in the absence of high ambient light was between 
4% and 18%, and by combining eight sensors, that range became 3% to 12%. The error continues 
to lower more with a higher number of combined sensors. The most significant effect of sensor 
coupling for VL53L1X is observed with at least four averaged sensors.  

Figure 5-11 shows the high accuracy and low data fluctuation of the HC-SR04 sensor, although 
combining sensors increases the accuracy and describes the estimation error. Analysis of Figure 
5-11shows that the effect of sensor combination is not as evident for HC-SR04 sensors when 
compared to ToF sensors. However, carefully studying the performance of HC-SR04 sensors 
shows their improving accuracy with distance increment. The most significant impact of the sensor 
combination is observed in the experiment when the target object is at a distance of 29 centimeters. 
In that experiment, the error of a single sensor in the worst-case scenario improves from 6.7% to 
5.9%, with eight ultrasonic sensors fused in selecting the worst-case combination. 

Further analysis of these Figures shows that the sensor combination improves the estimation 
accuracy of VL53L0X and VL53L1X sensors more than the HC-SR04. ToF sensors (such as 
VL53L0X and VL53L1X) are known to experience more noises than ultrasonic (such as HC-
SR04) sensors. Consequently, the data acquisition of ToF sensors is usually post-processed for 
noise reduction and signal improvement [171]. Averaging the results of a number of similar 
sensors helps reducing individual noises or imperfections of the used sensors. Since ToF sensors 
are influenced by more environmental parameters (color, material, distance and lighting), their 
combination shows a more significant accuracy improvement than ultrasonic sensors that are only 
affected by fewer environmental parameters (such as temperature).  

The higher benefits occur when at least two sensors are combined. In such cases, the overall error 
for the worst-case scenario is 6.33%. Even though the error from combining eight VL53L1X for 
all experiments in the absence of ambient light was between 3% and 12%, a single HC-SR04 
reports errors between 1% and 7%, which is very low. Here, the precision of a single ultrasonic 
sensor for the distance measurement of semi-controlled laboratory experiments is higher than eight 
fused VL53L1X sensors. The price of a single VL53L1X is about five times more than a single 
HC-SR04. As a result, the low cost of HC-SR04 makes it the best candidate for sensor combination 
applications.  

This work presents a way of improving the accuracy of low-cost sensors without post-processing 
or manipulating the outputs. In the current form, a device made from only ultrasonic sensor 
combinations can be used in different locations of a dam to measure the approximate water level 
or drones. The device is not currently tailored to be used in the industry. This device contains 75 
sensors (analog and digital) with a radius of 250mm, which is used to research and analyze the 
impact of combining similar sensors. The results of this Chapter can be used further in making 
tailored devices with an acceptable range of accuracy for a known ambient situation. For example, 
in a dark place with a measuring range of 540mm, two combined Vl53l1x have up to 3.7% error. 
The size of a device made from these two sensors would be 26x18x2mm. The price and size of 
any sensor combination can be calculated from the data available in Table 2-4. 
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It is essential to mention that combining commercial circuits will oversize the final product. To 
reduce this enlargement, the Printed Circuit Board (PCB) of the sensor can be redesigned for 
specific measuring purposes. Therefore, the proposed device of this Chapter with the current 
resolution is suitable for remote liquid level detection where the size of the object under-study 
(water level) is large enough for the oversized device made from sensor combination. In civil 
engineering, this level detection is commonly used for imposed load calculation of dams [172], 
safety and water level open and closed canals [172] and bridges [173].  

5.4.4 Statistical evaluation 
This subsection presents the distribution function of the sensors for every test. It is essential for 
every researcher who works on structural system identification methods to model measurement 
data in their research. As indicated by many scholars (such as [6][117]), these standard deviation 
functions are usually assumed without being measured. This section can further enrich the current 
literature with actual data by proving the standard deviation functions of various non-contact 
distance sensors in different ambient situations. These functions can help advance structural 
system identification applications and noise-canceling functions without learning the required 
electronic engineering skills for setting up low-cost distance sensors. 

In order to show an overall distribution of each type of sensor for each performed laboratory 
experiment, the normal distribution function for averaged results for each kind of sensor has been 
calculated in Excel. The normal distribution check of the estimated data is then calculated through 
with SPSS software using the Shapiro-Wilk P-value and Kurtosis Z-value methods. Many scholars 
indicate that a distribution is normal as long as the Z-value is +/- 1.96 and the P-value is higher 
than 0.05. 

Figure 5-12, Figure 5-13, Figure 5-14, Figure 5-15, and Figure 5-16 show the normal distribution 
function for VL53L0X, VL53L1X, and HC-SR04 sensors for all of the experiments presented in 
this study. The horizontal axis of all graphs are the averaged estimated data of all sensors in 
millimeters, and the vertical axis is the normal distribution function. It should be noted that title of 
the presented figures shows the actual range that the sensors were supposed to measure. Table 5-3, 
Table 5-4, Table 5-5, Table 5-6, and, Table 5-7 investigate the normal distribution of the 
estimation.  
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Figure 5-12. The normal distribution function of VL53L0X for tests with ambient light. 

Table 5-3. Statistical analysis of VL53L0X for tests with ambient light. 

Steel 
measurement 
pattern 

Mean  Variance Standard 
Deviation 

Shapiro-
Wilk  
P-value 

Kurtosis  
Z-value 

290 320 2.61 1.61 0.75 0.18 
340 368 4.61 2.15 0.05 -0.43 
440 475 14.54 3.81 0.43 0.59 
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Figure 5-13. The normal distribution function of VL53L0X for tests with no excessive ambient 

light. 

Table 5-4. Statistical analysis of VL53L0X for tests with no excessive ambient light. 

Steel 
measurement 
pattern 

Mean  Variance Standard 
Deviation 

Shapiro-
Wilk  
P-value 
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340 367 3.29 1.81 0.19 2.02 
440 472 6.82 2.61 0.79 -0.15 
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640 679 23.27 4.82 0.21 0.59 
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Figure 5-14. The normal distribution function of VL53L1X for tests with ambient light. 

Table 5-5. Statistical analysis of VL53L1X for tests with ambient light. 
Steel 
measurement 
pattern 

Mean  Variance Standard 
Deviation 

Shapiro-
Wilk  
P-value 

Kurtosis  
Z-value 

290 304 1.60 1.27 0.73 0.36 
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540 558 8.58 2.93 0.99 0.02 
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940 1009 145.54 12.06 0.66 -1.05 
1040 1126 151.65 12.31 0.06 -0.56 
1140 1244 194.23 13.94 0.74 0.60 
1170 1270 174.50 13.21 0.73 -0.80 
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Figure 5-15. The normal distribution function of VL53L1X for tests with no excessive ambient 

light. 

Table 5-6. Statistical analysis of VL53L1X for tests with no excessive ambient light. 

Steel 
measurement 
pattern 

Mean  Variance Standard 
Deviation 

Shapiro-
Wilk  
P-value 

Kurtosis  
Z-value 
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340 348 1.31 1.14 0.93 -0.62 
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740 756 9.81 3.13 0.02 4.75 
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940 981 16.41 4.05 0.74 -0.67 
1040 1096 23.59 4.86 0.04 -1.49 
1140 1214 31.14 5.58 0.52 -0.91 
1170 1241 34.78 5.90 0.30 -0.95 
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The analysis of Figure 5-12, Figure 5-13, Figure 5-14, and, Figure 5-15, shows that the distribution 
function value for ToF sensors decreases when the target object is located further away from the 
distance sensor. The area under the graph increases with the target object located further away. 
The presence of ambient light makes this area even bigger. These indicators mean that the 
probability of estimating the right answer by the ToF sensors decreases as the distance increases, 
or when ambient light exists.  

Careful inspection of Table 5-3, Table 5-4, Table 5-5, and, Table 5-6 illustrate that the distributions 
of VL53L0X and VL53L1X in both the presence and absence of excessive ambient light are 
normal. 
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Figure 5-16. The normal distribution function of HC-SR04 for various distance measurements. 

Analysis of Figure 5-16 shows that some of the distributions are not following the regular pattern. 
In fact, the information in Table 5-7 helps check the normal distribution of HC-SR04 outputs for 
the performed laboratory experiments. 
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Table 5-7. Statistical analysis of HC-SR04 values. 

Steel 
measurement 
pattern 

Mean  Variance Standard 
Deviation 

Shapiro-
Wilk  
P-value 

Kurtosis  
Z-value 

290 305 0.12 0.35 0.60 1.30 
340 351 0.07 0.27 0.58 -0.42 
440 451 0.11 0.33 0.01 4.67 
540 551 0.12 0.35 0.20 0.67 
640 650 0.11 0.34 0.93 -0.24 
740 749 0.15 0.39 0.18 2.04 
834 841 0.25 0.50 0.71 -0.59 
940 949 0.20 0.45 0.80 0.40 
1040 1050 0.45 0.67 0.04 2.64 
1140 1151 0.47 0.68 0.32 0.44 
1170 1180 0.34 0.58 0.10 2.31 

Analysis of Table 5-7 shows that most of the estimations follow a normal distribution. In fact, the 
assessments that are not following normal distribution may appear because of the lack of electrical 
current necessary for the sensors to perform accurately. 

Table 5-8 shows the price of devices made from combining similar sensors for an experimental 
test. In this test, sensors have estimated a distance of 540mm in the absence of excessive ambient 
light.  

Table 5-8. price comparison of the devices made from coupled sensors. 

Sensor name Sensor type 
Number of 
needed 
sensors 

Error 
(%)  Price  

(€) 

HC-SR04  Ultrasonic 2 1.85%  5.0 
Vl53l0x  ToF 8 8.55%  43.2 
Vl53l1x  ToF 2 3.70%  25.0 
HC-SR04  Ultrasonic 1 2.40%  2.5 
Vl53l0x  ToF 1 10.17%  5.4 
Vl53l1x  ToF 1 4.10%  12.5 

Analysis of Table 5-8 shows that the accuracy of Vl53l0X is so low that even after combining 
eight sensors, the error is still higher than Vl53l1X and HC-SR04. In fact, by using only two 
Vl53l1X sensors, the benefits of sensor combinations, such as a smoother standard deviation and 
having a backup sensor in case one sensor is faulty can be reached with a lower price. The 
ultrasonic sensor has the highest accuracy, but it cannot be used in places with high ambient 
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temperature variations. A commercial non-contact distance sensor acquisition resolution is 
extracted from its datasheet to show the cost efficiency of the systems in this study. O1D100 in 
the distance range of 200mm to 1,000mm has an 18mm accuracy (1.8%). The price of O1D100 is 
383 € [174]. 

Further analysis of Table 5-8 suggests no need to combine 25 similar sensors to improve the 
accuracy of data acquisition. By using two combined HC-SR04, the estimation error will be 
already less than two percent. The same number of combined VL53L1x will also result in accurate 
distance estimation. In fact, based on the required sensitivity, more sensors can be combined. The 
final number of sensor combinations depends on some variables) such as the size of the understudy 
object and its movements).  
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Chapter 6 : Low-Cost Wireless Structural Health 
Monitoring of Bridges 

6.1 Introduction 

Nowadays, low-cost accelerometers are getting more attention from civil engineers to make 
Structural Health Monitoring (SHM) applications affordable and applicable to a broader range of 
structures. The present accelerometers based on Arduino or Raspberry Pi technologies in the lit-
erature share some of the following drawbacks: (1) high Noise Density (ND), (2) low sampling 
frequency, (3) not having the Internet's timestamp with microsecond resolution, (4) not being used 
in experimental eigenfrequency analysis of a flexible and a less flexible bridge and (5) syn-
chronization issues. To solve these problems, a new low-cost triaxial accelerometer based on Ar-
duino technology is presented in this work (Low-cost Adaptable Reliable Accelerometer-LARA). 
Laboratory test results show that LARA has a ND of 51 µg/√Hz, and a frequency sampling speed 
of 333 Hz. In addition, LARA has been applied to the eigenfrequency analysis of a short-span 
footbridge and its results are compared with those of a high precision commercial sensor.  Finally, 
a highway bridge is instrumented using two LARA accelerometers and three uniaxial commercial 
accelerometers (PCB 607A61). The modal analysis of LARA is compared with those of the 
commercial ones using Modal Assurance Criterion (MAC). It is reported that the MAC value of 
the first three mode shapes has a value of higher than 0.93.   

This Chapter is organized as follows: In Subsection 2, LARA (the updated version proposed by 
this Chapter) is presented with its detailed characteristics. In Subsection 3, the validating 
laboratory tests of CHEAP, LARA and MPU9250 are presented together with their results. Finally, 
in Subsection 4, the validation of eigenfrequency and modal analysis of LARA on a short-span 
footbridge and a highway bridge are presented.  

6.2 Triaxle wireless Low-cost Adaptable Reliable Accelerometer (LARA) 
with the post-synchronization capability 

In this section, the main features and innovations of the Low-cost Adaptable Reliable 
Accelerometer (LARA) in terms of software and hardware are detailed. 

LARA is an updated CHEAP version, a wireless triaxial accelerometer that can be controlled, 
monitored, and programmed wirelessly.  

This new accelerometer has a frequency sampling of 333 Hz, an acceleration range of ±2.0g, and 
effective bandwidth of 165 Hz. LARA is built into two parts: (1) A sensing part: Contains the 
aligned accelerometers and the multiplexor, which is shown in Figure 6-1.a. It should be noted that 
like CHEAP, LARA consists of five aligned low-cost MEMS accelerometers. It is due to the fact 
that when the results of a few accelerometers with unique inherent dynamic noises are averaged, 
the signal under study remains invariable. However, the dynamic noises of individual sensors are 
divided by the square root of the number of averaged sensors, and (2) an acquisition part: 
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Consisting of an Arduino and a Raspberry Pi. The sensing and acquisition parts of LARA are 
shown in Figure 6-1.b. In addition to the CHEAP components, LARA includes:   

• A Raspberry Pi: Raspberry Pi is a small size Linux-based computer that can be connected 
to Arduino microcontrollers. This way, the operator can access the Arduino codes for 
modifying or upgrading purposes. To save and acquire provided data of the accelerometers, 
a python code was written to save the acquisition data on the Raspberry Pi memory card. 
For synchronizing different LARAs for future SHM applications, the Arduino's acquired 
data were saved with an accurate timestamp. The timestamp is reported from the inner 
clock of the Raspberry pi. For constantly synchronizing the inner clock of the Raspberry 
Pi with the accurate time of the Internet, the Raspberry Pi's NTP protocol was activated. 
Figure 6-1.c shows the connection between the Arduino and the Raspberry Pi. Arduino 
gets its needed power from a USB port of the Raspberry Pi. Raspberry Pi can be powered 
up by using an adaptor or a power bank. It is also noteworthy to mention that the time 
keeping accuracy when using a Raspberry Pi model 3b+ with a NTP server was already 
published in the literature [73]. In this work, an overall deviation of 0.01 seconds was 
measured after a 40-hours test. This value corresponds to a time accuracy of 0.07 Parts Per 
Million (PPM).  

• A PCB board: A Printed Circuit Board (PCB) was used to place the sensors in the targeted 
location with all their axes aligned. The sensors used the shortest possible wire lengths for 
connections between the multiplexor the accelerometers. In Figure 6-1.a, the adjustment of 
sensors on LARA by the PCB is shown. In fact, it can be seen in Figure 6-1.a and Figure 
6-1.c that the PCB board has aligned X, Y and Z axes of the MPU9250 accelerometers.  
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                                                                                     (c) 

Figure 6-1. LARA elements: (a) the adjustments and wire connections of the sensing part, (b) the 
sensing and acquisition part and (c) LARA in detail. 

• An aluminum box: The sensors are placed inside a box to preserve the accelerometers from 
environmental conditions (such as humidity, dust, and environmental activities). A very 
rigid and stiff material was needed to reach the same input signal to all the accelerometers 
[141]. Aluminum material was chosen to hold the accelerometers because it is very stiff, 
but, at the same time, it is a very light and conductive material. The conductivity helps the 
sensor's grounding. Besides, in Figure 6-1.b, the boxing of LARA is illustrated. The 
dimensions of this element are 52*72*44 millimeters.  

• A USB 4G dongle: This device included a modem with an internet connection connected 
to the Raspberry Pi that was used for the following purposes: (1) Providing the accurate 
time of the internet for the data acquisition time stamp, (2) Controlling remotely the data 
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acquisition process, and (3) Transferring wirelessly the acquired data from the memory 
card of the Raspberry Pi to another computer.  

• A plastic box for the acquisition equipment: A plastic box was used to preserve the 
Arduino, Raspberry Pi part and the internet dongle. The connection between two boxes is 
within four sets of wires. The red, black, green and orange wires connect the 5-volt Voltage 
Common Controller (VCC), GrouND (GND), Serial Clock Line (SCL) and Serial Data 
Line (SDA) of the sensing part to the acquisition part. 

Besides the extra hardware parts that LARA possesses compared with CHEAP, LARA uses a new 
code and a library code that makes it faster and triaxial. The software enhancement of LARA refers 
to: 

• Increasing sampling frequency: Frequency sampling of LARA is increased by rewriting 
the old library code and using a faster communication clock along with the main code.  

• No coding error: Increasing the frequency sampling of a system can result in error 
reporting, interruptions, data loss, or fluctuation in the frequency sampling speed. In an 
experiment, LARA worked for an entire week and saved data with no errors or 
interruptions or data loss.  

• Schedule data acquisition: A code has been prepared on python to schedule and end 
vibration acquisition. This scheduling has two benefits. Firstly, it makes wireless sensor 
synchronization possible with free software. Secondly, it can be used for OMA 
applications. It should be noticed that when a structure is heavily excited by ambient 
causes, the accelerometers can extract more valuable data. Therefore, an accelerometer 
with schedule capability can help acquire data only when the structure is under high traffic 
or extreme activity.  

• Internal sensor synchronization lag enhancement: The accelerometers inside each LARA 
are not 100% synchronized. In fact, the Arduino executes codes one line at a time. When 
the main code is executed, the Arduino opens the library code and uses the information to 
get the first sensor's acceleration, and after the second one, and so on. This operation takes 
time. In the CHEAP, the lag between each sensor-print was about 2200 microseconds. By 
the hardware and software improvement, the corresponding lag of LARA is decreased to 
210 microseconds, which is 10.47 less than the lag of CHEAP. In fact, a lower lag time 
contributes to a better sensitivity of LARA for acquiring higher frequencies.  

• Post synchronization of several LARAs: To use LARA's outputs in the OMA application, 
various accelerometers' data must first be synchronized and have the same sampling 
frequency. Since LARA has access to the accurate time of the internet, the acquired data 
can be stamped with the precise time of the Internet with microsecond resolution. This 
timestamp helps calculate the sampling frequency of each LARA precisely and, more 
importantly, the fluctuation of the vibration acquisition process. Even though the reported 
sampling frequency of each LARA is calculated by measuring the number of acquired data 
during the acquisition process, the fluctuation is calculated by measuring the needed time 
for saving 100 data. It is seen through laboratory experiments that when the input power is 
insufficient, the fluctuation is unsteady. This insufficient input power can be due to low-
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speed of the used USB wire, the long length of the USB cable, the imperfection of the used 
power bank, or simply using a power source that can not provide 2.5 A and 5 V [120].  

6.3 Laboratory tests and results   

This section aims to validate the performance of LARA. Firstly, the resolution, sensitivity, and 
ND of a single MPU9250, CHEAP and LARA are presented. For that, an extended duration test 
was performed in an office. Secondly, a test has been carried out on the hydraulic jack of the 
laboratory. In that test, LARA was validated and compared with CHEAP. Next, the performed 
tests for validating LARA's accuracy in terms of various frequencies are investigated. Finally, the 
acceleration amplitude evaluation is shown.  

It should be noted that the performance of CHEAP was validated using two high-precision 
accelerometers (PCB 393A03 and 356B18) [29] in several laboratory experiments for a range of 
frequencies from 0.5 to 10 Hz. These tests were performed on the same shaking platform used in 
this work. This platform is an INSTRON 8803 model located at the Structural Laboratory Lluís 
Agulló of Technical University of Catalonia (Barcelona, Spain). In addition, it is essential to 
mention that LARA was calibrated in the laboratory of the Applus company. In that certification, 
the acceleration amplitude accuracy of LARA was studied in several experiments with a fixed 
RMS acceleration amplitude of 0.5 g within the range of 5 to 160 Hz. This certification is shown 
in Figure 6-2. It should be noted that the name of the developed solution used to be Super 
Adaptable Reliable Accelerometer (SARA). This name is changed to LARA, due to the fact that 
there is a company entitled SARA that produces accelerometers. 
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Figure 6-2. Calibration certificate of the developed accelerometer. 
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6.3.1 Sensitivity, ND and resolution evaluation 
This section compares the sensitivity, ND, and resolution of a single MPU9250 accelerometer with 
CHEAP and LARA.  

The accelerometers' sensitivity can be defined as the ratio of the input (induced vibrations of the 
shaking table) to the output (the information reported by the accelerometer). This concept is 
measured and calculated differently for analog and MEMS sensors. Although an analog 
accelerometer usually produces electronic pulses related to the input vibrations, MEMS 
accelerometers convert these electronic pulses into digital signals. While the sensitivity of analog 
sensors is reported as V/g (Voltage per gravitational acceleration), MEMS accelerometers report 
their sensitivity in the Least Significant Bit per gravitational acceleration (LSB/g) [10]. Since this 
value is a characteristic of a sensor, it should be the same for MPU9250, CHEAP and LARA. The 
Data-sheet of MPU9250 reports a sensor sensitivity for the acceleration amplitude range of ±2.0 g 
of 16384 LSB/g. MPU9250 accelerometers work with an operating voltage of 2.5 volts and its 
scale for converting data from analog to digital (Analog to Digital Converter ADC) is 16 bits [67]. 
The ADC formula for calculating the LSB is shown in Eq.6-1 [10].  

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
2(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)                                                          (6-1) 

In Eq.6-1, with an input voltage of 2.5 and an ADC scale of 16, each unit of LSB is equivalent to 
0.03814 mv. In this way, with 16384 LSB/g for acceleration amplitude range of ±2.0g, the 
comparable sensitivity of MPU9250, CHEAP and LARA is calculated as 625 mV/g.  

To calculate ND and resolution of the devices, a long-term test was performed. The ND results of 
the different accelerometers, are calculated using Eq.6-2 [160]. It should be noted that CHEAP 
was located to read the signals from the Z direction. For validating this test and the used formula, 
an MPU9250 accelerometer was tested. In addition, the reported results of its data sheet are 
compared with the results of the tests. It should be noted that the presented noise density 
measurement of this work is a standard procedure to characterize the noise of the developed 
accelerometer [175]. This typically appears on the datasheet of commercial accelerometers [176]. 
However, it should be noted that those applications that aim to characterize the noises throughout 
time (such as Allan variance or Allan deviation) are out of the scope of this Chapter. Typically, 
these applications are used to investigate the noises of sensors (such as gyroscopes) which data 
drift throughout time in the time-domain series.  

𝑁𝑁𝑁𝑁 = �∑ (𝑥𝑥𝑖𝑖−𝜇𝜇)2𝑁𝑁
1
𝑁𝑁∗𝑓𝑓

                                                             (6-2) 

In Eq.6-2, the 𝑥𝑥𝑖𝑖 is the reported values of the accelerometers in the time-domain, μ is the average 
of all 𝑥𝑥𝑖𝑖 values, N is the number of used samples and f is the sampling frequency of the 
accelerometer.  

The calculated ND of MPU9250, CHEAP and LARA for the Z-directions are 390, 162 and 81 µg/
√Hz, respectively. In addition, the ND of LARA for both X and Y directions is 51 µg/√Hz.   
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The data-sheet of MPU9250 reports its ND as 300 µg/√Hz. In fact, the illustrated information of 
data-sheets is usually acquired under the best possible circumstances. It can be deducted from the 
calculated ND that using shorter wires and better connections made LARA 50% less noisy than 
CHEAP by reducing the ND value from 162 to 81 µg/√Hz in the Z-direction. The calculated ND 
values also shows that LARA has almost 79% less ND on the Z axes than a single MPU9250 
accelerometer by reducing the ND value from 390 to 81 µg/√Hz. Further studying of these values 
shows a lower ND of LARA on the X and Y axes. These two axes do not measure the gravitational 
acceleration of the earth; subsequently, the ND of LARA is 51 µg/√Hz. 

Since the evaluation of the accelerometer's resolution depends on the number of samples [177], 
for a fair comparison between devices with various sampling frequencies, the same number of the 
acquired samples were used in the test. For illustrating the resolution of the accelerometers, their 
reported data have been transformed from time-domain to frequency-domain by a Fast Fourier 
Transform (FFT). The results for different sensors are reported in Figure 6-3.  

 

 

 

 

Figure 6-3. Frequency domain diagrams for Z axis of: (a) MPU9250, (b) CHEAP, (c) LARA. 

Analysis of Figure 6-3 shows that while LARA and CHEAP resolution are almost equal, the 
resolution of a single MPU9250 is almost twice as the CHEAP or LARA. By studying Figure 6-3, 
MPU 9250's resolution, CHEAP and LARA for the Z-axis are reported as 0.00016 m/s², 0.00009 
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and 0.00009 and respectively. It is to be considered that this test needed a long duration of data 
capture; consequently, it was done in an office at midnight. The FFT method reports more accurate 
outputs when it has a higher number of inputs [177]. For a fair comparison between MPU 9250, 
CHEAP and LARA, the same number of data had to be evaluated by the FFT method. Although 
sampling two million sets of data took MPU9250 and CHEAP 6.5 hours, LARA acquired two 
million sets of data in about 1.7 an hour. Figure 6-4 shows the frequency domain diagrams of 
acquired data of LARA for all the axes.  

 

Figure 6-4. Frequency domain diagrams of LARA for: (a) Z, (b) X and (c) Y-axis. 

Analysis of Figure 6-4 shows that the resolution of LARA for X and Y axes is 0.00005 m/s². The 
resolution for X and Y-directions is 44% better than the Z-axis because of the absence of 
gravitational acceleration of the earth in those directions. As a result, the resolution of this 
accelerometer is evaluated as 0.00005 m/s². 

After calculating LARA's sensitivity, ND, and resolution, LARA can be compared with 
instrument-graded accelerometers. In Table 6-1, various commercial triaxial MEMS applications 
are presented. The contents of this table are ordered by the noise density of the accelerometers. 
This table includes the following information, which is reported by the data sheets provided by the 
producers or measured in this work, organized in columns: (1) sensor number, (2) sensor name, 
(3) acceleration range, (4) sampling frequency speed, (5) Noise Density (ND): The RMS resolution 
can be calculated by multiplying the ND by the square root of the sampling frequency, (6) 
sensitivity: For a better comparison, the analog converted sensitivities by the producer companies 
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are reported for each product, (7) price of the sensor (VAT excluded): Prices are based on the 
recent declaration of the producer. The reported price of LARA, CHEAP and MPU9250 refers to 
research prototypes and includes the used inceptions (such as accelerometer, Arduino, wires, 
multiplexor and Arduino) in them. It should be noted that the rest of the sensors are commercial 
solutions. The information in this column is to illustrate the price ranges and not to compare the 
price of the prototype sensors with the commercial ones, and (8) acquisition equipment.  

Table 6-1. comparison of commercial triaxial MEMS accelerometers with LARA. 
No. Name Acceleration 

Range  
(G) 

Sampling 
Frequency 

(Hz) 

Spectral 
Noise 

(µg/√Hz)  

Sensitivity 
(V/G) 

Price  
(€) 

Acquisition 
System   

1 IAC-Hires 
[178] 

±2.0 800 8 2.000 1192 Recovib 
Monitor 

2 3713F112G 
[179]  

±2.0 500  10 0.675 2130 482C27 

3 Unquake  
[180] 

±2.0 500  25 0.400 2500 Independent 

4 Recovib 
Tiny [181] 

±2.0 500  30 0.600 1125 Independent 

5 LARA ±2.0 333 51 0.625 1140 Independent 
6 CHEAP ±2.0 85 162 0.625 284 A computer 
7 MPU9250 ±2.0 85 390 0.625 350 A computer 

Analysis of Table 6-1 shows that noise level of the commercial solutions (IAC-Hires [178] , 
3713F112G [179], Unquake [180], and Recovib Tiny [181]) ranges from 8 to 30 µg/√Hz. In 
addition, analyzing Table 6-1 indicates that LARA has a more comparable ND with the introduced 
commercial accelerometers in Table 6-1 than with any of the low-cost accelerometers [5-7] 
presented in Table 2-2. The noise level of the commercial solutions (IAC-Hires [178] , 3713F112G 
[179], Unquake [180], and Recovib Tiny [181]) ranges from 8 to 30 µg/√Hz.  

It is shown in Table 6-1 that 3713F112G and IAC-Hires need extra data acquisition equipment for 
acquiring the vibrations. In fact, 3713F112G needs a signal conditioner such as 482C27 with a 
price of 5070 € with four channels, and the IAC-Hires requires a data acquisition such as Recovib 
Monitor with a price of 3700 €, which can provide up to eight reading channels. Moreover, CHEAP 
and MPU9250 are dependent on an attached computer for their signal monitoring and saving. 

However, Unquake, Recovib Tiny, and LARA do not need any acquisition system for their data 
acquisition. Accelerometer Unquake, samples internally, and the measurements are timestamped 
with absolute time from GPS. The measurements are synchronized in the post-processing stage 
based on the timestamps by using the software that comes for free from the company. In addition, 
Recovib Tiny and LARA are both wireless sensors. 

                                                 
1 Research prototype 

2 Research prototype 

3 Research prototype 

https://micromega-dynamics.com/wp-content/uploads/2020/01/RecoVibTiny-EN-Rev1p4.pdf
https://micromega-dynamics.com/wp-content/uploads/2020/01/RecoVibTiny-EN-Rev1p4.pdf
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Further analysis of Table 6-1 shows a wide range of prices (varying between 1192€ up to 2500 €) 
of commercial solutions. In fact, as stated in [28], the cost of accelerometers is known to be one 
of the critical limitations of SHM analysis and long-term monitoring. 

6.3.2 Frequency validation 
This subsection illustrates the experiments aiming at the frequency measurement accuracy of 
MPU9250, CHEAP and LARA on a vibration platform.  

An experiment to validate the frequency report of LARA is presented in this section. A jack that 
could induce displacements with a known frequency was used. Although the jack is very accurate 
in reproducing a specific frequency, its performance is limited in movement. Therefore, for every 
experiment, the jack presents a report. This report is the time domain information of the activities 
of its lower jaw.  

It should be noted that the vibration platform used in this work (INSTRON 8803) was programmed 
using WaveMatrix2 Dynamic Software This jack can create various waveform types with the 
frequency range of 0.1 to 100 Hz and its resonant frequency is 134 Hz. The movement direction 
of this vibration platform (Z-direction) is shown in Figure 4.b.  

In this work, the waveform is set to a sin wave. All the additional technical features of this 
hydraulic jack, its programming software, and its datasheets are presented in [29].  

Figure 6-5.b shows the placement of the CHEAP and LARA on the hydraulic jack.  
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(a) 

   

(b) 
Figure 6-5. Laboratory validation of LARA: a) mounting CHEAP and LARA to the shaking part 

of the jack, b) The used vibrating platform (INSTRON 8803). 

It can be seen from Figure 6-5.a that both CHEAP and LARA are attached to a rigid metal plate. 
This attachment was carried out by using an industrial adhesive (X60). X60 made by HBM 
company, is a two-component methyl-methacrylate adhesive that is widely used for accelerometer 
mounting [140]. Moreover, the metal plate containing CHEAP and LARA is bolted to the shaking 

LARA 
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table. For validating the accelerometers' accuracy, eleven tests with various frequency ranges 
(from 0.1 Hz to 32 Hz) were performed. For finding the frequency report of the accelerometers, 
the accelerometers' time-domain raw data were converted to the frequency domain by an FFT 
program written in the MATLAB software. To show the methodology of the calculation of the 
accelerometer's frequency errors from the jack's results, four frequency domain plots of LARA for 
0.1 Hz (Figure 6-6.a), 0.2 Hz (Figure 6-6.b), 0.3 Hz (Figure 6-6.c) and 0.5 Hz (Figure 6-6.d) are 
presented in Figure 6-6.  

 
 

a)   (b) 

 

 

(c)  (d) 
Figure 6-6. FFT representation of the low-frequency signals: a) 0.1 Hz, b) 0.2 Hz, c) 0.3 Hz, and 

d) 0.5 Hz. 

The accelerometer's frequency error is estimated by calculating the percentage error of the plot 
value from the reference value of the excitation device. Table 6-2 compares the frequency errors 
of LARA, CHEAP and MPU9250 with the jack's reference values. Table 6-2 is organized in 
columns: (1) Frequency (Hz): The reference value of the excitation device, (2) LARA's error (%), 
(3) CHEAP's error (%), and (4) MPU9250's error (%). 

LARA Z LARA Z 
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Table 6-2. Frequency validation of the accelerometers 
Frequency (Hz) LARA's  

Error  (%)  
CHEAP's 
Error 
(%) 

MPU9250's 
Error (%) 

0.1 0.450     
0.2 0.295 

  

0.3 0.260     
0.4 0.050 0.470 

 

0.5 0.006 0.011   
2 0.005 0.025 0.025 
4 0.000 0.000 0.000 
8 0.003  0.003 0.003 
10 0.004 0.004 0.004 
16 0.001 0.001 0.001 
32 0.003 0.003 0.003 

Analysis of Table 6-2 shows that a single MPU9250 is reporting the same frequency error as the 
CHEAP from 2 Hz on. Since this particular MPU9250 is one of the CHEAP accelerometers, its 
frequency report is synchronized with CHEAP. It can also be deduced from this table that a single 
MPU9250 has not enough resolution for frequencies smaller than 2 Hz. Further analysis of Table 
6-2 shows that CHEAP cannot visualize signals with a frequency smaller than 0.4 Hz either. In 
fact, LARA has a broader range of frequency than MPU9250 and CHEAP and can locate signals 
up to 0.1 Hz with 0.5 % of error. In fact, the frequency range of LARA, based on the presented 
information, is between 0.1 Hz and its bandwidth (165 Hz). 

Further investigation of Table 6-2 illustrates that MPU9250, CHEAP and LARA have similar 
errors for signals with frequencies bigger than 2 Hz, but the error is still not 0.000%. In fact, the 
FFT evaluation can be influenced by irregularities such as the number of sampled data and the 
sampling frequency speed [177]. However, controlling all the data for such accuracy is not the aim 
of this work.  

6.3.3 Acceleration amplitude validation 
This subsection first compares the acceleration amplitude accuracy of MPU925, CHEAP and 
LARA using a sine wave with a known frequency and acceleration amplitude. Then, to check the 
ultimate acceleration range of LARA, a laboratory experiment using a sin wave with the RMS 
value of 1g was performed.  

An experiment was carried out with the jack to compare the acceleration acquisition of MPU925, 
CHEAP and LARA. The jack was calibrated to move with a frequency of 4 Hz and a displacement 
range of 0.1 millimeters from its null axis. During each test, the jack reported its time-domain 
information with a sampling frequency of 500 Hz. Figure 6-7 illustrates jack's report for this 
experiment in the frequency-domain diagram.  
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Figure 6-7. displacement report of the jack in a frequency-domain diagram. 

Analyzing Figure 6-7 shows that the jack was moving with a frequency of 4Hz and an averaged 
displacement of 0.10181 millimeters; consequently, the jack was working with a 1.81% error rate 
from 0.1 millimeters that the programmed displacements.   

For validating the accelerometers' accuracy, their acceleration amplitude report of the sensors was 
converted to displacements. Then, high-pass and low-pass filters removed signals with frequencies 
smaller than 0.1 Hz and bigger than 1/10 of the accelerometer's bandwidth. These filters are 
MATLAB functions that can filter the signals out of the interest range. 

Finally, the FFT analysis was carried out, and obtained results are presented in Figure 6-8. Figure 
6-8.a, Figure 6-8.b and Figure 6-8.c show the reported displacement of MPU9250, CHEAP and 
LARA, respectively. It should be noted that the accuracy of the accelerometers for measuring the 
magnitude of the induced vibration is analyzed in the frequency domain representation. It is due 
to the fact that making a unique noiseless signal on a shaking table or an actuator is significantly 
challenging [182]. In addition, for the OMA of bridges, accelerometers are mounted to measure 
the structural response of the bridges under ambient vibrations, such as those induced by traffic, 
wind and temperature variation. Therefore, this sum of ambient vibrations is usually evaluated in 
the frequency domain representation [35].  

 

jack 
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                                       (a)                                        (b) 

 
(c) 

Figure 6-8. Displacement report of the accelerometers: (a) MPU9250, (b) CHEAP and (c) 
LARA. 

Analysis of Figure 6-8 shows that even though all accelerometers are reporting the same frequency, 
they measure the induced signal's magnitude inconsistently. MPU9250, CHEAP and LARA have 
measured the jack's displacement as 0.098913, 0.10023 and 0.10068 millimeters. The MPU9250's 
displacement measurement is off by 1.31% from the CHEAP's report and 2.85% off from jack's 
report (Figure 6-7). Further analysis of Figure 6-8 shows that CHEAP and LARA's magnitude 
report has less than 0.5% error from each other. In fact, CHEAP and LARA have measured the 
jack's displacements with 1.55% and 1.2% errors from the introduced displacement measurement 
of the jack in Figure 6-7.  

It should be pointed out that the shown displacement magnitude of Figure 6-8.c corresponds to a 
measured acceleration amplitude of 0.006 g. Furthermore, for measuring the top acceleration 
amplitude range of LARA, another test is carried out on a dynamic actuator. This time, the used 
dynamic actuator was programmed to induce vibrations with a Root Mean Square (RMS) value of 
one g. This test was performed for one minute, and after that, the RMS value of the acquired 

A single 
MPU9250 

CHEAP 

 

LARA Z 
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vibrations was calculated. The time-domain representation of this test for a time duration of one 
second is presented in Figure 6-9. The calculated RMS value of the acquired data of LARA for 
one minute is 0.991 g. This value shows a 0.9% error from the reference RMS value of the test.  

 

Figure 6-9. The time-domain presentation of a vibration acquisition with RMS value of one g by 
LARA. 

It should be noted that LARA, like any other accelerometer, has an acceleration amplitude range 
for each of its axes. The sensor gets overloaded when a signal has an acceleration amplitude that 
exceed a certain range. It should be noted that when MEMS accelerometers reach their saturation 
level (get overloaded) [183], they are not able to measure the magnitude of the impact anymore 
[184]. In fact, LARA, unlike piezoelectric solutions, does not require a parametric analysis as it 
does not experience a drift after saturation [21]. More information about the saturation of MEMS 
accelerometers can be found in [183].  

LARA is set to have an acceleration amplitude range of ±2g. It should be noted that the LARA 
was calibrated in Applus [185] under RMS acceleration amplitude of 0.5 g and frequency range of 
between 5 and 160 Hz. In addition, Figure 6-9 presented acceleration amplitude verification of 
LARA for 1g where the maximum measured impact was 1.42g. In order to investigate its 
theoretical saturation level (±2g), an experiment with an acceleration amplitude higher than 2g 
was performed. Figure 6-10 presents the time domain representation of this experiment. 

 
Figure 6-10. The time-domain presentation of acceleration amplitude saturation of LARA 
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The analysis of Figure 6-10 shows that LARA could not measure the acceleration amplitude of the 
produced signal beyond the ±2g magnitude as the top and bottom of the signal are cut. This means 
that LARA is overloaded. It is also noted in the literature that when substantial impact happens, 
the output voltage of MEMS accelerometers (such as LARA) reach a fixed value that does not 
vary (saturation) [186]. To decrease the chance of overloading of accelerometers (saturation), low-
pass filters are traditionally recommended [187].  

To summarize the collected information of the laboratory tests in subsections 3.2 and 3.3, LARA 
accurately measured frequencies of sine waves within the range of 0.4 and 32 Hz. Furthermore, 
LARA accurately measured the acceleration amplitude of a sine wave with a magnitude of 0.006 
g. Moreover, LARA's maximum acceleration amplitude measurement was investigated using an 
induced sine wave with a RMS acceleration amplitude of 1 g. 

6.4 Real structure test and results 

This section first presents a field test aiming to validate the eigenfrequency analysis of LARA. 
Then, to compare the modal analysis of LARA with those of commercial accelerometers, another 
field test performed on a bridge located in Donostia-San Sebastian, Spain is illustrated.  

6.4.1 Eigenfrequency validation of a footbridge 
This subsection presents a field test carried out on a short-span bridge (Pasarela Polvorín) in 
Barcelona for comparing the measured eigenfrequencies of LARA with those of a high-precision 
sensor. The noted coordinates of this bridge from the Google Maps are 41.363677, 2.139906. The 
location of this bridge is shown in Figure 6-11. 

 

Figure 6-11. The location of the Pasarela Polvorín footbridge in Barcelona, Spain. 



Low-Cost Wireless Structural Health Monitoring of Bridges| Seyedmilad Komarizadehasl 
106 
In the first place, the footbridge is shown in Figure 6-12.a. As shown, it is connected to an elevator 
box and from the other side, it is located on an abutment. Figure 6-12.b and Figure 6-12.c show 
the plan and section of the bridge, respectively. 

  
 

                                 (a) 

 
                                   (b) 

 
                                                                                         (c) 

Figure 6-12. (a) A picture of the Footbridge (Pasarela Polvorín), (b) plan of the bridge and (c) 
section of the pass way bridge (all units are in mm). 

 After mounting the sensors to the bridge, they were connected to the rest of the monitoring 
components (power bank, USB 4G dongle, Arduino and Raspberry Pi) manually. It is important 
to highlight that to enable its communication throughout the internet, the Raspberry Pi was 
previously configured with a WiFi hotspot. In fact, after its assemblage on site the Raspberry Pi 
was used to initiate the data acquisition process remotely, using the Virtual Network Computing 
(VNC) software [188]. The acquired data was first collected on the memory card of the Raspberry 
Pi. Then, when the data acquisition process finished, the obtained data were moved to a computer 
using the VNC software. Figure 6-13.a presents the diagram of LARA setup on the bridge. The 
location of the commercial dynamic sensor (HI-INC) and LARA on the mid-span of the bridge is 
shown in Figure 6-13.b. 

Elevator Box 
Abutment 

Y 

X 
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                                     (a) 

 
 

(b) 

Figure 6-13. Mounting the sensors to the mid span of the bridge under study: a) Mounting 
diagram of LARA to the bridge and b) Photo of the mounted LARA and HI-INC sensors. 

It is also important to mention that the cables shown in Figure 6-13.b are not for connecting LARA 
or HI-INC to a laptop. Both systems were controlled remotely. These cables are either for power 
source connection or for connecting the Arduino and the Raspberry Pi. 

The outputs of the eigenfrequency analysis of LARA is shown in Figure 6-14.a, Figure 6-14.b and 
Figure 6-14.c. for X, Y and Z axis, respectively.  
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LARA  
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(a)                                                                                   (b) 

 

   (c) 

Figure 6-14. Eigenfrequency analysis of a footbridge using LARA for (a) Vertical, (b) 
Longitudinal, and (c) Transversal directions of the footbridge. 

Analysis of Figure 6-14 shows that the bridge is not significantly excited about its X-axis 
(longitudinal direction). It is appeared that the bridge is excited very well about Y and Z axes.  

Table 6-3 presents results of the eigenfrequency analysis of LARA and the used high precision 
inclinometer dynamic (HI-INC). This table also presented the difference percentage of the 
measured frequencies with LARA from those of the HI-INC sensor.  
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Table 6-3. Comparison of the first three mode steps frequencies of LARA with HI-INC. 
Mode number HI-INC LARA Difference 

1 3.90 Hz 3.85 Hz 1.28 % 

2 7.91 Hz 7.91 Hz 0.20 % 
3 9.94 Hz 9.93 Hz 0.88 % 
4 26.25 Hz 26.01 Hz  0.91 % 
5 42.81 Hz 41.70 Hz 0.27 % 

 

 Comparing the measured eigenfrequencies of LARA with those of HI-INC, shows a maximum 
error of 1.28%.  

6.4.2 Modal analysis validation of a Bridge 
To validate the modal analysis of LARA, two LARA accelerometers and three uniaxial 
commercial accelerometers (PCB 607A61) were attached on a Bridge (Puente de Andoian) located 
in Donostia-San Sebastian, Spain. The noted coordinates of this bridge from the Google Maps are 
43.219019, -2.024778. The location of this bridge is shown in Figure 6-15. 

 

Figure 6-15. The location of the Andoain bridge in Donostia-San Sebastian, Spain. 

In the first place, the bridge before instrumentation is shown in Figure 6-16.a. The blue circles 
show the approximate location of the accelerometers. For operational modal analysis of this bridge, 
the center point and one forth-span of its middle girder were instrumented.  The plan of this bridge 
is illustrated in Figure 6-16.b.  It should be noted that all dimensions are in meters. The original 
blueprint of this bridge is shown in Figure 6-16.c. The location of the installation of the sensors 
are shown on this Figure. Sensor number 1 corresponds to the accelerometer located on the mid-
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span and 2 indicates the mounting location of the accelerometer situated on one-fourth span of the 
girder length.  

 

                                   (a)                                                                                 (b) 

 

(c) 

Figure 6-16. Andoin Bridge: a) A photo of the bridge before instrumentation, b) The dimensions 
of the bridge under study. 

It should be noted that the middle point of the understudy girder was instrumented using two 
perpendicular uniaxial (PCB 607A61) accelerometers. This was done to monitor this bridge's 
vertical (Z direction) and transversal (Y direction) movements. One-fourth of span length of this 
girder was instrumented using only a PCB 607A61 accelerometer to monitor this point's vertical 
movement. This way, three channels were available: Z and Y direction of the mid-span and Z 
direction of the one-fourth of span length (Figure 6-16.c). These accelerometers were mounted for 
monitoring of the dynamic performance of this bridge. Subsequently, two triaxial LARA 
accelerometers were mounted next to the points where the commercial accelerometers were 
situated.  

X Z 

1 2 

Z axis 

Z &Y axes 
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Y 



Low-Cost Wireless Structural Health Monitoring of Bridges| Seyedmilad Komarizadehasl 
111 
To perform this monitoring, LARA had to be specially boxed. This bridge does not have constant 
access to electricity. In fact, only during the night, the light bulbs of the bridge are connected to 
the city's main electricity source. For that, the implemented sensors needed enough battery to 
acquire data during the day and have fast chargers to charge their batteries during the night. It 
should also be noted that this instrumentation was done during the summer, so it was assumed that 
nights would be shorter the normally. Figure 6-17.a illustrates the designed box. This box includes 
three fast charging power banks with 2000 mA capacity. This box also includes fast chargers 
dedicated to charging the power banks. This way, these power banks can be fully charged in less 
than two hours. The USB 4G dongle wireless modem provides Internet for remotely controlling 
the sensors. Figure 6-17.b shows the location of the installation of the data acquisition box on the 
Andoain bridge.   

 

(a)                                              (b)   

Figure 6-17. Data acquisition part of LARA: a) Box of the data acquisition equipment of LARA, 
b) The installation of the box on the bridge 

Finally, the sensing part of LARA was mounted on the bridge. The sensing part was connected to 
the acquisition box using special USB cables with signal amplifiers. It was observed in the 
laboratory tests that standard USB cables can be used up to 3 meters for attaching the sensing part 
to the acquisition part. However, this range can be extended to 18 meters using USB cables with 
amplifiers. Figure 6-18 presents the Andoain bridge instrumentation.  
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Figure 6-18. Instrumentation of Andoain bridge using two LARA (sensing part only) mounted 

next to the PCB 607A61 accelerometers. 

In order to compare the results of the commercial and LARA sensors, the vibration acquisition 
data of the day 22nd of May 2022 between 11:00 and 11:30 am (CEST) are compared with those 
of LARA accelerometers. The modal analysis of the acquired data of both solutions is done using 
the Frequency Domain Decomposition (FDD) method. This analysis was done using an open-
access MATLAB code [189]. It should be noted that the comparison of the results of the other 
days of structural monitoring is not included in this current work. It is because the commercial 
sensors were not acquiring data due to some technical issues on some days. After three months of 
system troubleshooting, the company in charge of installing and maintaining the commercial 
sensors decided to terminate the monitoring.   

The Modal Assurance Criterion (MAC) value was used to compare the mode shapes of the 
commercial sensors and LARA accelerometers for three channels. The vertical and transversal 
direction of the girder midspan and vertical direction of the girder on-fourth span. The MAC value 
is calculated using the formula presented in Eq. 6-3: 

𝑀𝑀𝑀𝑀𝑀𝑀(𝑟𝑟, 𝑞𝑞) =  �{𝜑𝜑𝐶𝐶}𝑇𝑇{𝜑𝜑𝐿𝐿}|2

({𝜑𝜑𝐶𝐶}𝑇𝑇{𝜑𝜑𝐶𝐶})({𝜑𝜑𝐿𝐿}𝑇𝑇{𝜑𝜑𝐿𝐿})
                                         (6-3) 

Where {𝜑𝜑𝐶𝐶} and {𝜑𝜑𝐿𝐿} are the extracted mode shape matrices from FDD analysis of the commercial 
and LARA accelerometers, respectively. The MAC number for each mode shape must be between 
0.8 and 1 to show a remarkable resemblance of the mode shapes [78]. Table 6-4 shows the modal 
and eigenfrequency analyses of PCB 607A61 and LARA accelerometers for the first three mode 
shapes of the bridge understudy. This table includes the following information: (1) Mode number, 
(2) LARA: These number corresponds to the location of the accelerometers, (3) Mode shape Y: 
the normalized value of the mode shape value of the transversal axis of the bridge, (4) Mode shape 
Z: the normalized value of the mode shape value of the vertical axis of the bridge, and (5) 
Frequency: The results of the eigenfrequency analysis of the acquired data of LARA. It should be 
noted that the descriptions of columns 6, 7, 8 and 9 are as precisely as those for columns 2, 3, 4 
and 5, respectively. The only difference is that they correspond to the PCB 907A61 accelerometers.  

 Table 6-4. Modal analysis outputs of LARA and the PCB 907A61 accelerometers. 

1 2 
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Mode 
number  LARA  

Mode 
shape 
Y 

Mode 
shape 
Z Frequency  

PCB 
607A61  

Mode 
shape 
Y 

Mode 
shape 
Z Frequency  

1 
1 0.11 -1.00 12.27 1 0.06 -1.00 12.14 2   -0.62 2   -0.56 

                  

2 
1 -0.19 -1.00 13.73 1 -0.19 -1.00 13.66 2   -0.60 2   -0.53 

                  

3 
1 0.27 -1.00 14.99 1 0.27 -1.00 14.89 2   -0.63 2   -0.57 

Analysis of Table 6-4 shows that the values generated from both data acquisition systems are very 
close. It can be seen that the highest difference between the estimated eigenfrequencies of LARA 
accelerometers from those of the commercial accelerometers is 0.13 Hz for the first 
eigenfrequency which corresponds to 1.13% of difference. 

To better compare the eigenfrequency and modal analyses of these systems, Table 6-5 is presented.  

Table 6-5 compares the modal and frequency analyses of these two solutions using MAC value 
and the percentage of eigenfrequency difference. This table is organized in the following columns: 
(1) Mode number, (2) MAC 2D: This value compares the mode shapes of three channels. It is 2D 
because two of the channels correspond to the bridge's vertical (Z direction) vibrations and one 
channel corresponds to those of the transversal (Y direction) axis, and (3) Frequency difference: 
The percentage difference of the eigenfrequencies calculated from the data acquisition information 
of LARA from those of the PCB 907A61 accelerometers. 

Table 6-5. Comparing the modal and eigenfrequency analysis of LARA and PCB 907A61 
accelerometers 

Mode 
number MAC 2D 

Frequency 
difference (%) 

1 0.996505 1.13 

2 0.997242 0.56 

3 0.998601 0.62 

Analysis of Table 6-5 shows that the difference of the eigenfrequency analysis of LARA and PCB 
607A61 accelerometers is less than 1.2 %. In addition, it can be seen that the MAC value 
comparing three channels of the commercial solution and the LARA accelerometer is more than 
0.99. This value can very well demonstrate the high accuracy of the presented solution.  
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Chapter 7 : Conclusions and future research 
7.1 Conclusions 

Structural Health Monitoring (SHM) applications are typically required to identify maintenance 
applications, reduce repair costs, and ensure the safety of the structures. SHM systems are 
generally based on traditional commercial sensors and additional data acquisition equipment. The 
high price tag of these instruments is considered a significant drawback because currently, many 
structures do not have a sufficient monitoring budget, or the available budget is insufficient to 
comply with all the deficient and old ones. Consequently, the development and validation of low-
cost sensors and equipment for decreasing the instrumentation cost of structures with a low 
available SHM budget is essential. Moreover, low-cost sensors can enable engineers to afford 
long-term SHM applications without considering leaving expensive equipment on the site.  

I. Firstly, to tackle the high price of the available commercial accelerometers for SHM applications, 
this thesis developed and validated a Cheap Hyper-Efficient Arduino Product (CHEAP). CHEAP 
is constructed from five synchronized MEMS chipsets (MPU9250). Through laboratory 
experiments, it was detected for the first time in the literature that averaging the outputs of 
synchronized low-cost accelerometers improves the system's resolution and accuracy. This 
achievement is the most significant contribution of this thesis.  

CHEAP is designed to be a uniaxial accelerometer based on Arduino technology with a sampling 
frequency of 85 Hz. The eigenfrequency analysis and acceleration amplitude measurement of 
CHEAP were compared with those of two commercial seismic accelerometers (393A03, and 
356B18). It was concluded that only CHEAP could accurately measure induced vibrations with 
acceleration amplitude of lower than 14.5 milli-g. This was conducted through laboratory 
experiments on an actuator located at the Laboratory of Technology of Structures & Materials 
"Lluis Agulló" (LATEM) The laboratory experiments with low magnitude vibrations revealed that 
CHEAP, 393A03 and 356B18 accelerometers were able to detect signals with acceleration 
amplitudes of 0.06, 0.5 and 1.6 milli-g, respectively. The eigenfrequency analysis of all 
accelerometers in the frequency range of 2 Hz until 10 Hz was acceptable. It is essential to mention 
that CHEAP was the only accelerometer that could detect frequencies below 2 Hz.  

Conclusively, CHEAP can be used for SHM of conventional structures with low eigenfrequencies 
with low monitoring budgets.  

II. Secondly, to improve the sampling frequency of the currently available inclinometers used for 
SHM applications and decrease their price tag, a Low-cost Adaptable Reliable Angle-meter 
(LARA) with a sampling frequency of 250 Hz was developed and validated. LARA comprises five 
synchronized accelerometers, five synchronized gyroscopes, a multiplexor and an Internet of the 
Thing (IoT) based microcontroller (NODEMCU). The main novelty of LARA is combining the 
measurements of 5 low-cost accelerometers and 5 gyroscopes using a complementary filter to 
decrease the inherent noise density of the used chipsets. The Printed Circuit Board of LARA was 
designed and constructed using machinery assembly to align the synchronized chipsets. It should 
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be noted that this thesis also presents an easy way of building LARA out of five MPU9250 chipsets 
in a laboratory which can help SHM researchers to construct their low-cost inclinometer.  

Four laboratory tests were conducted to verify the hypothesis of noise reduction and signal 
improvement of inclination measurements using the averaged results of multiple aligned 
inclinometers. In fact, it is established that a system made up of five aligned inclinometers has 
substantially better Allan variance and deviation than a single inclinometer. 

Furthermore, an experimental test was conducted to assess the measurement of LARA in a rotation 
range of 0.0 to 4.0 degrees (it should be noted that most bridges rarely experiment with a slope of 
more than 0.5 degrees). In this experiment, the values of a commercial inclinometer (HI-INC) were 
compared to the data collected by LARA. LARA was observed to present up to 0.04 and 0.07 
degrees of error in tests with one and four degrees of inclination.  

A load test on a beam was also conducted to compare the accuracy of LARA and the commercial 
inclinometer (HI-INC). In this test, LARA's results were contrasted with those of the commercial 
inclinometer and hand calculations. As a result, it was demonstrated that the theoretical slope 
computed by LARA differed from the hand-determined values by less than 0.003 degrees. In 
addition, HI-INC illustrated precision with a magnitude of 0.005° that complied with the accuracy 
reported in its datasheet. 

In conclusion, LARA has sufficient accuracy and resolution for being implemented in SHM 
applications aiming for bridge damage detection methods.  

III. Thirdly, it was suggested in this thesis that combining the measurements of several aligned sensors 
can also improve the distance estimations of low-cost sensors. Moreover, this thesis presented the 
distribution functions and standard deviation of HC-SR04, VL53L0X and VL53L1X sensors under 
various environmental conditions. To investigate the impact of combining the measurements of 
low-cost distance sensors, a measuring device consisting of 75 analog and digital sensors (25 HC-
SR04, 25 VL53L0X and 25 VL53L1X) was designed and examined in the LATEM laboratory.  

The data assessment demonstrated that, regardless of the ambient lighting conditions, the sensor 
combination was advantageous for both analog and digital sensors. The combination of 25 
identical sensors revealed a substantial improvement in estimated accuracy and data fluctuation 
for all sensor types. Additionally, it was demonstrated that the worst sensor combination still had 
a lower estimation error than a single sensor. Further examination of the obtained data revealed 
that, in laboratory tests conducted in LATEM laboratory with and without excessive ambient light, 
the inexpensive analog distance sensor HC-SR04 had higher estimation accuracy than the pricey 
Time of Flight (ToF) sensors (VL53L0X and VL53L1X). Additionally, the sensor combination 
approach for this type of sensor can be justified by the HC-SR04's reduced cost compared to the 
other employed ToF sensors. 

It is concluded that by averaging the outputs of a few combined uncalibrated sensors, the accuracy 
of the distance estimation improves. Additionally, throughout the data acquisition process, the 
sensitivity and accuracy of individual sensors may be evaluated by comparing the measurement of 
each sensor with the sum of the findings of a few sensors. Moreover, rather than only relying on a 
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single measuring tool's outputs in the event of a sensor failing or malfunctioning, the acquisition 
process may still proceed due to the availability of several coupled sensors. 

IV. Finally, this thesis presented a data acquisition equipment based on the Raspberry Pi technology 
with remote control. This system has an activated Network Time Protocol (NTP) that can access 
the Internet's accurate time. In addition, the developed data acquisition system can attach a 
timestamp with microsecond resolution to the streamed data of the sensors attached to its channels.  
The time stamp and the accurate time of the internet can enable post-synchronizing the vibration 
acquisition of several sensors located in various locations of a structure connected to different data 
acquisition systems.  

Additionally, CHEAP accelerometer was upgraded to be triaxial and had a sampling frequency of 
333 Hz. Several lab studies were conducted to assess the upgraded accelerometer's performance, 
resolution, and ND.  

The upgraded accelerometer and the developed data acquisition equipment were used in a field 
test on a footbridge in Barcelona with a span of 14 meters. The eigenfrequency analysis of the 
developed solution was then compared with those of a commercially available high-precision 
sensor (HI-INC). This comparison shows a maximum difference of 1.3 % in eigenfrequency 
analysis between the developed prototype and the commercial solution.  

Moreover, the upgraded accelerometer was used for monitoring of a bridge in Donostia-San 
Sebastian, Spain. To do that, the mid-span and one-fourth span of the middle girder of the Andoian 
bridge was instrumented using LARA and commercial accelerometers (PCB 607A61). The 
comparison of the modal and eigenfrequency analyses of LARA accelerometers with those of the 
PCB 607A61 shows a Modal Assurance Criterion (MAC) value of almost 1 for the first three mode 
shapes of the bridge and an eigenfrequency difference of less than 1.2 %. 

In closing, the upgraded version of CHEAP with the newly developed data acquisition equipment 
can revolutionize the structural health monitoring of bridges through low-cost accurate and remote 
monitoring. It should be noted that this developed system's remote access, data management, data 
control and post synchronization capability are only available as long as the Internet connection is 
provided. 

7.2 Future steps 

The proposed future lines drawn from this thesis can be organized as the following: 

1- One of the essential future plans is to use the developed accelerometer (Chapter 3) and the 
data acquisition system (Chapter 6) for operational modal analysis of a bridge and compare 
the results with those of an analytical model and commercial accelerometers. The novelty 
of this new system is the auto synchronization program written in Matlab for synchronizing 
the data acquisition of a number of accelerometers located at different locations of the 
understudy bridge. 

2- It is also interesting to validate the accuracy of the developed accelerometer (Chapter 3) on 
structures with low eigenfrequency range (such as long-span bridges). In this case, instead 
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of having onsite data acquisition equipment, an offsite computer is planned to be combined 
with several sensors located on a long-span bridge. The acquired vibration of the sensors 
will be uploaded to a server that is linked to the offsite computer. The computer 
automatically saves the data, synchronizes them and performs a modal analysis. The modal 
analysis results will then be published on an IoT-based platform. It should be noted that in 
case of a steady abnormality, an error can be sent to the person in charge of monitoring the 
bridge understudy. This solution is made to deal with Big Data concept and is capable of 
finding the abnormal structural responses together with overall structural behavior trend of 
the structure.  

3- Use the developed sensor combination system (Chapter 3) for developing different 
accelerometers, such as seismic accelerometers and accelerometers with higher 
acceleration amplitude ranges.  

4- Using this thesis's designed inclinometer (Chapter 4), a low-cost portable deformation 
measurement device will be built for a damage detection application. To build this system, 
the acquired data of the developed inclinometer must be synchronized with those of a range 
sensor. First, the influence line of the understudy structure is needed to locate the damage. 
It should be noted that this influence line must be estimated for the undamaged structure. 
Then, the influence line of the damaged structure can be drawn using the range detector, 
the developed inclinometer, and a passing vehicle with a steady speed. By comparing the 
influence lines of the damaged and the undamaged structure, the location and severity of 
the damage can be estimated. 

5- It should be noted that, as reviewed in the state of the art of this thesis, the ultimate aim of 
SHM applications is to evaluate the health state of a structure and detect damages if 
possible. To do that, it is planned to use a structural system identification method such as 
dynamic observability application and the developed system of Chapter 6 to create an 
efficient structural system identification and damage detection solution. 

6- It should be noted that the performance of sensors, like any system or structure, needs to 
be monitored and, in case of a hitch, must be diagnosed or reported.  To automatically 
monitor the health state of the developed system in Chapter 6, A Robotic Process 
Automation (RPA) application is developed through collaboration with another researcher. 
Furthermore, this developed system must be deployed on a structure for a long-term SHM 
application. During this monitoring, the RPA will check the developed sensors' 
performance during a long-term field test.  

7- It is planned to develop a Modular system integrated that can acquired parameters such as 
acceleration, inclination, corrosion and temperature. This IoT-based Automated device is 
built for long-term offsite structural health monitoring bridges.    

7.3 Related works and publications 

This thesis resulted in several publications. The following four journal publications directly 
resulted from Chapters 3, 4, 5 and 6, respectively:  

1. Seyedmilad Komarizadehasl, Behnam Mobaraki, Ma Haiying, Jose Antonio Lozano-
Galant and Jose Turmo. Development of a low-cost system for the accurate measurement 
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of structural vibrations, Published at Sensors journal (Q2), September 2021. 
https://doi.org/10.3390/s21186191 

2. Seyedmilad Komarizadehasl, Fidel Lozano, Jose Antonio Lozano-Galant, Gonzalo 
Ramos and Jose Turmo. Low-Cost Wireless Structural Health Monitoring of Bridges, 
Published at Sensors journal (Q2), July 2022. https://doi.org/10.3390/s22155725 

3. Seyedmilad Komarizadehasl, Mahyad Komary, Ahmad Alahmad, Jose Antonio Lozano-
Galant, Gonzalo Ramos and Jose Turmo. A Novel Wireless Low-Cost Inclinometer Made 
from Combining the Measurements of Multiple MEMS Gyroscopes and Accelerometers, 
Published at Sensors journal (Q2), July 2022. https://doi.org/10.3390/s22155605 

4. Seyedmilad Komarizadehasl, Behnam Mobaraki, Ma Haiying, Jose Antonio Lozano-
Galant and Jose Turmo. Accuracy Enhancement of Various Low-Cost Distance Sensors, 
Published at Applied sciences (Q2), March 2022. https://doi.org/10.3390/app12063186 

Using the developed and presented data acquisition system and the accelerometer of this thesis 
(Chapter 6), a collaboration has been done with a researcher from Pontificia Universidad Católica 
de Valparaíso in Chile. Through this collaboration, a Robotic Process Automation (RPA) system 
is developed and validated for monitoring the performance of sensors and automatic self-diagnosis 
of the data acquisition equipment in case of an error.  

Robotic Process Automation (RPA) is gaining traction in a variety of industries, both as a 
standalone technology and as a supplement to other technologies. RPA enables the automation of 
human operations on a computer, particularly those that are repetitive and large in volume. RPA 
reduces labor hours while increasing process productivity. The use of RPA in civil engineering is 
still in its early stages, and there has been little published work on the issue. 

This paper is an application of research that manages and controls the functional capability of a 
low-cost prototype accelerometer (Chapter 6). This case study is being produced in civil 
engineering for the first time. Furthermore, this article suggests an RPA installation workflow. 
This workflow is extended to make it repeatable for other projects and encourage scholars, civil 
engineering experts, and the maker community to explore this technological area. The sensors' 
control, administration, and system troubleshooting require a large number of man-hours. RPA 
reduces this workflow by increasing the capability of continuous system monitoring and automatic 
self-troubleshooting. One of the primary benefits of RPA is its ease of programming. 

The following paper illustrates this collaboration: 

5. Edison Atencio, Seyedmilad Komarizadehasl, José Antonio Lozano-Galant and Matías 
Aguilera, Using RPA for Performance Monitoring of Dynamic SHM Applications, 
Published at Buildings (Q2), August 2022. https://doi.org/10.3390/buildings12081140 

Another successful collaboration has been done with a researcher from Universidad de Castilla 
La Mancha (UCLM). Through sharing the knowledge of connecting several similar sensors 
(Chapter 5 of this thesis) to Arduino-based microcontrollers, thermometers consisting of 
several synchronized sensors have been developed and validated. Furthermore, the 
development and validation of the constructed devices resulted in two journal articles.  These 
papers are as followings: 

https://doi.org/10.3390/app12063186
https://doi.org/10.3390/buildings12081140
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6. Behnam Mobaraki, Seyedmilad Komarizadehasl, Francisco Javier Castilla Pascual, Jose 
Antonio Lozano-Galant and Rocio Porras Soriano, A Novel Data Acquisition System for 
Obtaining Thermal Parameters of Building Envelopes, Published at Buildings (Q2), May 
2022. https://doi.org/10.3390/buildings12050670 

7. Behnam Mobaraki, Seyedmilad Komarizadehasl, Francisco Javier Castilla Pascual and 
Jose Antonio Lozano-Galant, Application of Low-cost Sensors for Accurate Ambient 
Temperature Monitoring in Buildings, Published at Buildings (Q2), September 2022, 
https://doi.org/10.3390/s22186762 

The following papers are published in the international conference as a consequence of this thesis: 

1. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. A comprehensive description of a low-cost wireless dynamic real-time data 
acquisition and monitoring system, XV International Conference on Durability of Building 
Materials and Components DBMC, Barcelona, Spain, 2020. 

2. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. Practical application of low-cost sensors for static tests , XV International 
Conference on Durability of Building Materials and Components DBMC, Barcelona, 
Spain, 2020. 

3. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. Comparison of different low-cost sensors for Structural Health Monitoring,10th 
international conference on Bridge management, safety and management IABMAS, 
Sapporo, Japan, 2020. 

4. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. A comprehensive description of a low-cost angular data monitoring system, 7th 
international symposium on life-cycle Civil Engineering IALCCE , Shanghai, China, 2020. 

5. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. Detailed Evaluation of Low-Cost Ranging Sensors for Structural Health 
Monitoring Applications, recent trends in constructions engineering and education 
RTCEE, Brisbane, Australia, 2020. 

6. Seyedmilad Komarizadehasl, Behnam Mobaraki, Jose Antonio Lozano-Galant and Jose 
Turmo. Evaluation of Low-cost Angular Measuring Sensors, recent trends in geotechnical 
and geo-environmental engineering and education, Brisbane, Australia, 2020. 

7. Seyedmilad Komarizadehasl, Fidel Lozano, Mahyad Komary, Jose Antonio Lozano-
Galant and Jose Turmo, Development of an accurate low-cost device for structural 
vibration acquisition, IABSE Symposium on Challenges for Existing and Oncoming 
Structure, Prague, Czech Repub, 2022. 

8. Seyedmilad Komarizadehasl, Fidel Lozano, Mahyad Komary, Jose Antonio Lozano-
Galant and Jose Turmo, Resolution improvement of Low-Cost MEMS accelerometer by 
aligning simulations sensors, IABSE Symposium on Challenges for Existing and 
Oncoming Structure, Prague, Czech Repub, 2022. 

9. Seyedmilad Komarizadehasl, Mahyad Komary, Fidel Lozano, Victor Torralba, Jose 
Antonio Lozano-galant and Jose Turmo, Using Few Accelerometer for Improving the 
Resolution and Accuracy of Low- Cost Accelerometers, Proceedings of the Eleventh 

https://doi.org/10.3390/buildings12050670
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International Conference on Bridge Maintenance, Safety and Management (IABMAS 
2022), Barcelona, Spain, 2022. 

10. Seyedmilad Komarizadehasl, Mahyad Komary, Fidel Lozano, Victor Torralba, Jose 
Antonio Lozano-galant and Jose Turmo, Low-Cost Accurate Acceleration Acquisition 
Sensor, Proceedings of the Eleventh International Conference on Bridge Maintenance, 
Safety and Management (IABMAS 2022), Barcelona, Spain, 2022. 

11. Seyedmilad Komarizadehasl, Ahmad Alahmad, Jose Antonio Lozano-Galant, Victor 
Torralba, Gonzalo Ramos and Jose Turmo, Beneficial Effect of Combining Similar Low-
Cost Accelerometer to improve the overall Accuracy and Noise Density, IABSE 
Symposium on Bridges and structures: Connection, Integration and Harmonization, 
Nanjing, China, 2022. 

12. Seyedmilad Komarizadehasl, Ahmad Alahmad, Jose Antonio Lozano-Galant, Victor 
Torralba, Gonzalo Ramos and Jose Turmo, Experimental Verification of A Novel 
Accelerometer Intended For Structural Health Monitoring of Bridges, IABSE Symposium 
on Bridges and structures: Connection, Integration and Harmonization, Nanjing, China, 
2022. 
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