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ABSTRACT: This paper describes the first version of a sensing system for monitoring movable scaffolding systems, an 
equipment used for the construction of large multi-span viaducts. This research project involves BERD, a company that provides 
innovative solutions for bridge construction and CONSTRUCT-ViBest, a research group of FEUP, responsible for the 
development of sensors. This project has the following main objectives: i) development of a monitoring system including strain 
gauges, temperature sensors and accelerometers; ii) development of data processing techniques to extract useful information 
from the collected data; iii) development of an user  interface tool to present relevant results and allow the user to take decisions 
at different stages of the bridge construction process. The focus of this document goes to the first part of this project, where the 
architecture of the developed data acquisition system is detailed. The main concern was to use wireless, compact, autonomous, 
and robust solutions. The efficiency of the developed monitoring system is demonstrated with the results of the first in-situ 
measurements and tests. 
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1 INTRODUCTION 
The continuous dynamic monitoring of structures is an area 
that has lately assumed great importance in Civil Engineering. 
The main reason is related to the subject of Operational Modal 
Analysis (OMA), which aims to identify the modal parameters 
of a structure in operating conditions (particularly with regard 
to natural frequencies, damping ratios and mode shapes) 
taking into account the measured ambient vibrations at critical 
points.  

In these cases, the measurement of vibrations is performed 
without disturbing the normal functioning of the structures, 
which may be implemented in buildings, bridges (railway, 
roadway, highway), dams and offshore structures. Given the 
importance of this subject, the Laboratory of Vibrations and 
Structural Monitoring FEUP (CONSTRUCT-ViBest) has 
carried out consistent work in this area [1], both in the 
development of numerical tools for identifying modal 
parameters and in the continuous measurement of vibrations 
in actual structures (see www.fe.up.pt/vibest).  

Parallel to this area, CONSTRUCT-ViBest has also 
developed and implemented vibration measurement 
techniques that enable to solve specific problems of current 
systems and to evolve toward a new generation of 
measurement systems [2, 3]. In particular, the difficulties that 
are to be overcome include: a) excessive cost of traditional 
measurement systems; b) excessive dependence on external 
power supply; c) frequent failures in data acquisition 
attributed to heavy operating systems; d) difficulty in being 
physically integrated into structures, taking up too much space 
and being barely manageable, and; e) when using cables, the 
number of sensors is limited due to the exponential 
complexity of the acquisition system.  

In contrast, data acquisition systems based on 
microcontrollers and new sensors offers the following 

advantages: a) cost attractive; b) enable wireless solutions; 
c) autonomous and small size (easily integrated into 
structures); d) possibility of installation of high number of 
sensors; e) low power consumption (can run on batteries or 
solar panels); f) simplicity of functioning and robustness; 
g) low maintenance, and; h) may be easily customized.  

In this context, this paper intends to divulge the 
instrumentation solutions that have been used in the context of 
the research project SMART_OPS - Intelligent monitoring 
system for large movable scaffolding systems used in bridge 
construction, particularly involving measurement systems 
including strain gauges, temperature sensors and 
accelerometers. The general architecture of these systems is 
described, as well as its implementation in a case study 
structure followed by the presentation of the first results. 

2 NEW GENERATION OF MEASUREMENT SYSTEMS  
The interest of the research in measurement systems emerged 
from the technological evolution of the last decades in the 
topic of sensors and data acquisition systems based on 
microcontrollers. This was encouraged by the easy access to 
this technology and by the easy access to information 
available on the internet. In fact, the quantity of tutorials and 
blogs around this topic is immense. 

At same time, researchers who work in actual structures 
with data acquisition systems, often face many challenges and 
problems. The lack of robustness of some traditional 
instrumentation solutions is one of these difficulties. The 
failure of these systems when working for long periods is not 
the only cause of that lack of robustness. Sometimes there are 
also external causes like power failures and adverse weather 
conditions, beyond to other causes of diverse origin. Some 
data acquisition systems are also too complex, involving too 
many cables and connections. The high cost of measurement 
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systems is another factor that hinders the widespread use of 
these systems in common Civil Structures. 

In this context, the objective of the research in this area is to 
develop instrumentation that meets the following 
characteristics: i) wireless and compact size, for easy 
integration and installation in structures; b) robust, allowing 
the functioning of the system for long periods with no crashes; 
c) long autonomy; d) flexible, by allowing a variety of 
different sensors in several mounting schemes; e) accurate, 
and; f) cost attractive. 

Certainly, the role of these systems is not to substitute the 
traditional systems. However, there are many applications 
where these instruments have the same effectiveness as the 
traditional ones, with additional advantages. In fact, they can 
simplify the process of installation and operation; they can be 
custom-made, including the use of 3D printing; maintenance 
and replacement is facilitated, and; more interesting, their 
attractive cost may allow the generalization of dynamic 
monitoring systems in Civil Structures. Nevertheless, the 
implementation of these new data acquisition systems also 
raises some challenges. Particularly with regard to the 
following issues: a) power supply; b) data transmission; c) 
reduced energy consumption; d) miniaturization of the 
systems, and e) reliability.  

Probably the main question about these new systems, most 
of them based on distributed sensor networks, is how to power 
them. If they need external electrical energy materialized by a 
cable, then the wireless functionality does not make any sense. 
In this case, the power and data transmission are provided by 
the physical connection. If they are fully wireless, they need 
to have a local power supply. It is worth to mention that most 
of the times, sleep modes in dynamic monitoring are not 
useful, since the frequency rates are usually high. In addition, 
many energy-harvesting solutions do not provide enough 
power for continuous measurement systems.  

In parallel to this issue, it is necessary to consider how and 
how often data is transmitted. It is generally accepted that 
Civil Engineering structures do not need continuous online 
observation, except for special cases. Therefore, the 
continuous data transmission might be not mandatory in many 
applications. This will save a lot of energy and will increase 
autonomy and the robustness of the system. So, it is suggested 
that data may be accessed by several ways. In some 
applications the most interesting is to get data physically by 
accessing sensors periodically to copy files or replace memory 
cards. On the other hand, data also may be transmitted 
wirelessly, but in this case, it should be selected a limited 
period of the day to do that. In this case, the wireless 
connection is established, the data is transmitted, and in the 
end the wireless communications are disconnected. This 
means that the transmission only works for a few minutes 
each day, saving a lot of energy. Another possibility is to send 
data continuously and have a procedure to routinely replace 
the system batteries, a valid solution in the context of a 
construction site. 

3 RESEARCH PROJECT SMART_OPS 
The SMART_OPS project is linked to an innovative bridge 
construction system patented by the BERD company. OPS 
means Organic Prestressing System, which take advantage of 

hydraulic actuators to compensate static or quasi-static 
deflections of scaffolding systems particularly during the 
concreting phase [4]. This technology permits to use 
scaffolding systems that are normally used in the construction 
of decks until 60 meters length, to spans up to 90 meters.  

Although the OPS has already sensors for a continuous 
monitoring of structural deflections, additional measurement 
systems allows to better understand the behavior of the 
scaffolding systems and, at the same time, to provide real-time 
information to operators and stakeholders at all stages of the 
working cycle. Obtaining and processing this additional 
information is one of the objectives of the SMART_OPS 
research project, which will also contribute to the 
improvement of the safety and risk management in bridge 
construction [5]. 

In this project, two types of independent measurement 
systems were adopted. A commercial one based on classic 
sensors and classic data acquisition systems, and systems 
based on the new generation of sensors. Other project goal is 
to compare the performance of both, and to investigate the 
possibility of safely use the more accessible technology in the 
monitoring of scaffolding systems. With this aim, this paper 
dedicates section 6 to compare the first measurements 
obtained with both solutions.  

4 INSTRUMENTATION BASED ON NEW SENSORS 
With this regard, several types of new sensors were used in 
this project, namely, systems working with strain gauges, 
temperature sensors and accelerometers. In this section, the 
architecture of the adopted solutions is described. While the 
use of accelerometers and temperature sensors had already 
been used in previous applications, the strain gauges system 
was used firstly in the context of the SMART_OPS project. 

4.1 Strain gauges 

The functioning of the strain gauges units is based on the use 
of the HX711 module which is an Avia Semiconductor’s 
patented technology. It integrates a 24-bit analog-to-digital 
converter associated to a programmable gain amplifier which 
works independently for each of the two available channels.   

The strain gauge module used in this project works with two 
HX711 modules, enabling the simultaneous acquisition of 
four channels. It integrates an ATmega328P microcontroller, a 
microSD card to save data locally, and a precision Real-Time-
Clock used to organize a folder structure with 10 minute files. 
Depending on the location of each module, it can operate with 
different number of channels (1 to 4) and may work at 
different output data rates. The strain gauges used for this 
application are of three-wire type, resulting that a three-wire 
quarter-bridge circuit that must be completed for each channel 
inside the module.    

This system is powered by 3 batteries of 3400 milliamps 
capacity each. Depending on the different options used for 
each module, the autonomy may vary significantly. With four 
channels acquiring at the maximum data output date, this 
battery solution lasts about a week.  

4.2 Temperature sensors 

The temperature sensors used in the developed 
instrumentation are of DS18B20 type from MAXIM company 
(instead of PT100 used with the commercial system). These 
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digital sensors measure temperatures from -55°C to +125°C, 
having an accuracy of ±0.5°C from -10°C to +85°C, which is 
adequate for this application.  

The major advantage of this sensor is its simplicity, because 
no extra hardware is required and because it has a 3-wire 
communication with the microcontroller. In addition, due to 
the unique 64-Bit address, a high number of sensors can be 
used simultaneously through a single digital port on the 
microcontroller. 

The temperature sensors are connected to the same units of 
the strain gauges (see figure 1a), which store temperature 
readings each 10 minutes.  

4.3 Accelerometers 

These devices are composed of a tri-axis MEMS 
accelerometer which is operated by means of an ATmega328P 
microcontroller (see Figure 1b). The data is saved locally in a 
microSD card. The files have a duration of 10 minutes each 
and are organized in a folder structure identified according to 
the time and date of the measurements. 

The MEMS accelerometer is of digital type integrating a 20 
– bit ADC, and includes internal antialiasing filters, 
programmable frequency rate and dynamic range. In this 
application, the frequency rate was fixed at 62.5 Hz, being the 
low-pass cut-off frequency set to 15.625 Hz and the high-pass 
cut-off frequency set to 0.24 Hz.    

This system is powered by 3 batteries of 3400 milliamps 
capacity each, enabling an autonomy of 2 months in 
continuous operation. 

At this stage, aiming the energy saving, the on-line data 
transmission of accelerometers (as well as all previous 
described sensors) is disabled. This means that the data needs 
to be physically acceded, by changing the microSD card by an 
empty one. Because of the optimized design of the sensors, 
the enclosures are designed to minimize the size of the 
devices, recurring for this effect to 3D printing. 

5 INSTRUMENTATION LAYOUT 
The structure under analysis is a movable scaffolding system 
(MSS) used in the construction of a set of viaducts crossing 
the Danube River 10km from the center of Bratislava, 
Slovakia [5]. This equipment was instrumented when the west 
viaduct (53m + 10x67.5m + 53m) was under construction. 
The positioning of the various sensors throughout the 
structure is shown in the Figures 2 and 3, which corresponds 
to the sections instrument by two independent data acquisition 
systems (DAQs) arranged in parallel (a commercial one and 
the one developed at FEUP). 

Figure 2 represents the location of the 11 measuring points 
using strain gauges and temperature sensors primarily 
intended to assess axial stresses on the structure’s bars. In 
fact, to have some redundancy, these sensors are duplicated on 
each two sides of the main truss. However, only one side is 
analyzed in this paper.  

On the other hand, Figure 3 represents the location of the 
accelerometers of both DAQs which were positioned in the 
same sections and measured the same directions. “ETNA102” 
and “ETNA104” (representing the commercial system) 
measured accelerations in one side of the main lateral truss 

and the other unit “ETNA103” measured signals in the other 
side of the structure.  

A more detailed description of the installation of the 
previously described instrumentation may be consulted in 
reference [5]. 

6 COMPARISON OF THE FIRST RESULTS 
In this section, a comparison of the first results involving the 
two DAQs used in this project is performed. The dates of the 
available data involving either the commercial system or the 
one developed at FEUP varies according to the 
instrumentation installation plan. The most interesting phases 
of comparison of results correspond to the concreting phase 
and to the launching of the movable scaffolding system. This 
results from the structure being subjected to relatively sudden 
variations in load, causing significant increase in stresses in 
the steel bars, as well as a variation in the structural dynamics. 

One of these events occurred in the third week of December 
2019 when the 10th span of the previously mentioned viaduct 
was under construction. As a result, next sections are referred 
mainly to that period. 
 

 
     (a) 

 
      (b) 

Figure 1. (a) Strain gauge unit, also used to measure 
temperatures; (b) Sensor unit used to measure accelerations. 
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Figure 2. Location of the 11 measuring sections using strain 
gauges and temperatures. 
 

 
Figure 3. Location of the 3 measuring sections using 
accelerometers. 
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6.1 Strain gauges measurements 

As representative results, Figure 4 shows a comparison of the 
measurements of the two DAQs in the period of 10 to 26 
December related to sections 1, 4 and 11 (ext1, ext4 and 
ext11, respectively in Figure 2). The similarity of the 
measurements is very good, which demonstrates the 
suitability of the system used in this project for strain 
measurement. 

The mentioned examples are related to linear strain gauges 
aiming the measurement of axial strain in bars of the structure. 
In addition, some drift is noted when comparing both DAQs. 
This issue is being studied and will be discussed in later 
publications.     

6.2 Temperature measurements 

Figure 5 represents a comparison of the temperature 
measurements taken by both systems at same sections as the 
strain gauges mentioned before. The used sensors are of 
different types, but are positioned side by side, which means 
that the temperature measurement can be compared. The 
proximity of the measurements is very good. 

Although the sensors are not of the same type, the similarity 
of the results shows that sensors of DS18B20 type are suitable 
for these applications, despite being cheaper than PT100 
based temperature sensors. This economic benefit is not 
related to the sensor itself, but mainly because the signal 
conditioning system for PT100 sensors is more complex.  
 

 
(a) 

 

 
(b) and (c) 

 
Figure 4. Comparison of strain gauges collected by the two 
DAQs: (a) Section1; (b) Section 4; (c) section 11. 
 
 
 
 
 

6.3 Accelerometers 

Regarding the measurement with accelerometers, Figure 6 
compares the color maps representing the evolution of the first 
singular value spectra obtained by the Frequency Domain 
Decomposition method (FDD) during the period from 14th to 
23th December, relative to the measurements taken with 
ETNA seismographs (from Kinemetrics) and with the 
accelerometers used in this project. Samples of two different 
scenarios may be found in Figure 7 where the spectra are 
represented for two specific periods of one-hour duration.  

The main difference between the two systems has to do with 
the noise level of the sensors. Clearly, the commercial system 
has a lower noise level compared to the other system, which 
makes it perform better, particularly when the vibration levels 
are very low. Even so, using the alternative system developed 
in this project, it is still possible to identify the natural 
frequencies of the structure over time. Moreover, considering 
that the developed system is much more interesting in terms 
of cost, size and autonomy, it can be concluded that it may be 
successfully used in the monitoring of structures like the one 
studied in this project. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 5. Comparison of temperatures collected by the two 
DAQs: (a) Section2; (b) Section 4; (c) section 11 
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(a)  
 

(b)  
 

Figure 6. Evolution of the 1st singular value FDD obtained 
from signals collected by the two DAQs: a) Etna commercial 
system; b) Accelerometer used in the project. 

 

 

 
 
Figure 7. Two sample spectra comparing the two DAQs. 
   

7 CONCLUSIONS 
This paper aims to compare the performance of two different 
Data Acquisition Systems in the context of the objectives of a 
research project involving BERD company and 
CONSTRUCT-ViBest research group of FEUP. One system 
is composed of equipment involving well-known commercial 
solutions, and the other is a system based on a new generation 
of sensors using equipment developed at FEUP. 

It was stated that the role of these new systems is not to 
substitute the traditional DAQs, but there are many 
applications where these devices have the same effec-tiveness 
of the traditional ones with additional advantages, such as 
lower cost, high robustness, high autonomy, flexibility and 
low maintenance.  

Within this scope, strain gauges, temperature sensors and 
accelerometers from both solutions were tested in a movable 
scaffolding system used in the construction of a viaduct 
crossing the Danube River close to Bratislava. In general, it 
was observed a very good correlation of the measurements 
obtained by these two distinct systems, showing that solutions 
based on a new generation of sensors may be used 
successfully in the dynamic and static monitoring of 
scaffolding systems, contributing to provide real-time 
information to operators and stakeholders at all stages of the 
working cycle, as well as to improve the safety and risk 
management in bridge construction. 
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